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Abstract 

FenFlux: The Short Term Climate Response of Carbon Dioxide and 

Methane Fluxes from a Regenerating and a Semi-Natural Fen in East 

Anglia, United Kingdom 

 

Gong Pan 

 

Peatlands store ~30% of global soil organic carbon (SOC) and are frequently carbon 

dioxide (CO2) sinks, while also being sources of methane (CH4) due to anaerobic 

decomposition under waterlogged soil conditions. Hence, the role of peatlands in the 

radiative forcing of the Earth’s atmospheric system and their impact on the global 

climate system is complex. This study presents the first long-term direct flux 

measurements of land-atmosphere CO2 and CH4 exchange at a temperate lowland fen 

peatland in East Anglia, UK. The dynamics and magnitude of CO2, H2O, CH4 and 

energy fluxes were quantified using the eddy covariance (EC) technique at two sites: a 

former-arable regenerating site (Baker’s Fen, BF) and a semi-natural fen (Sedge Fen, 

SF) at Wicken Fen NNR. This allowed investigation and comparison of ecosystem 

responses to climate variability and restoration. EC measurements at BF covered three 

annual cycles (2013 - 2015), and at SF two and a half cycles (August 2013 - December 

2015). BF acted as a net CO2 source in all years, emitting 161.03±12.51, 83.61±11.53 

and 98.39±13.31 g CO2-C m-2yr-1 in 2013, 2014 and 2015, respectively; it was a net 

CH4 source of 6.067±0.096 g CH4-C m-2yr-1 in 2013 and 2.009±0.087 g CH4-C m-2yr-1 

in 2015, and of 2.845±0.103 g CH4-C m-2 (8th April - 31st December 2014). The annual 

carbon balance for BF was lower than average carbon losses from arable fens, 

indicating that restoration can achieve net carbon emissions reduction. SF was also a 

net CO2 source of 297.59±9.16 g CO2-C m-2 (1st August - 31st December 2013), and a 

large net CO2 sink of -356.86±49.13 g CO2-C m-2yr-1 in 2014 and of -243.78±15.25 g 

CO2-C m-2yr-1 in 2015. Large inter-annual variability in CO2 exchange at SF indicates 

sensitivity to climatic conditions, and highlights the need to maintain an appropriate 

water level height to prevent or reduce soil carbon losses to the atmosphere as CO2. 
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Introduction and Thesis Overview 
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1.1. Research Context 

Peatlands are wetland ecosystems that store approximately 30% of global soil carbon 

(C) stocks and are, in a natural state, frequently carbon dioxide (CO2) sinks (Strack, 

2008). At the same time, they are a source of methane (CH4) to the atmosphere because 

of reduced rates of aerobic decomposition in a perennially waterlogged soil 

environment (Baird et al., 2009). It is recognized that peatlands have a significant role 

in the global C balance and climate regulation (Charman, 2002). However, peatland 

ecosystems are also particularly sensitive to climate change.  

 

The atmospheric concentration of greenhouse gases (GHGs) has been increased 

significantly by human activities since 1850 (i.e. by 30% for CO2, 150% for CH4 and 

17% for N2O) which has caused an enhanced global warming effect of the Earth 

(Bonan, 2008; IPCC, 2014a; Walther et al., 2002). It is suggested that the major 

contributions toward anthropogenic GHG emissions are fossil fuel combustion and land 

management / land use change (Canadell et al., 2010; Raupach & Canadell, 2010). The 

global surface temperature increased by 0.74±0.18 ºC during 1906 - 2005 (Trenberth et 

al., 2007), while Solomon et al. (2007) predict that, by 2100, the global surface 

temperature rise could reach 1.4 to 5.8 ºC. Anthropogenic changes to peatland 

ecosystems and the resulting changes in GHG fluxes (e.g. Roulet, 2000; Sirin et al., 

2008; Turetsky et al., 2002) can make a contribution to the observed increase in the 

concentration of GHGs in the atmosphere and, thereby, to global climatic change.  

 

Peatland ecosystems are vulnerable to a range of land use pressures, including drainage, 

agriculture, forestry, peat harvesting and fire (Joosten & Clarke, 2002; Page et al., 

2002). As a result, for example, a large quantity of C is now being released to the 

atmosphere in the form of CO2 due to the drainage of peatland following a long period 

of historical accumulation (Couwenberg, 2011; Couwenberg et al., 2011). Changes in 

climate and land use can alter the hydrology of peatlands, local geomorphology, and 

vegetation production and subsequently the vegetation cover of the peat surface 
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(Limpens et al., 2008), therefore, reducing or reversing the peatland C sink capacity 

(Oechel et al., 2000; Page et al., 2011). There is also concern that current and future 

global warming caused by modern human activities can drive a C storage loss in 

peatlands, leading to large C emissions into the atmosphere (Charman, 2002). As a 

result, peatland ecosystems have a significant influence on past, present and future 

climates due to climate feedbacks associated with GHG emissions into the atmosphere 

and their role in global warming (Denman et al., 2007). 

 

Peatland ecosystems are the largest semi-natural ecosystem and terrestrial C store in the 

UK, storing up to 3200±300 Mt C, and hosting a variety of nationally important species 

and habitats (Smith et al., 2007) (Figure 1). They are also crucially important for 

biodiversity and other ecosystem services (Wilson & Carpenter, 1999). However, 10 

Mt CO2-C yr-1 are lost to the atmosphere from the UK’s damaged peatlands (i.e. as a 

result of drainage, agriculture, forestry, peat harvest and burning) (Worrall et al., 2011). 

On the global scale, it is estimated that some 500,000 km2 of degraded peatlands emit 

around 2 Gt CO2-C yr-1 due to drainage, fire and peat extraction (Joosten, 2009).  

 

Fens are minerotrophic peatlands of global importance for huge storage of soil C and 

high biodiversity (Lamers et al., 2002). Lowland fen peatlands in England occupy 958 

km2, store large amounts of C and are subject to very high levels of land use pressure 

because of their high agricultural productivity (Thompson, 2008). Drained fen peatland 

is among the most profitable and productive soil types in the UK (Morris et al., 2000; 

2010). Therefore, in England, nearly all of the original fens have been drained and 

cultivated for intensive agricultural land use (Baird et al., 2009). In the fenland region 

of East Anglia (The Fens), this has resulted in an oxidative loss of peat at a rate of 

about 1 cm yr-1 (Thompson, 2008). 
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Figure 1: Peat and peaty soil of United Kingdom. Peat map is based on the Hydrology of Soil Types 

classification (HOST, for more information see http://www.macaulay.ac.uk/host/index.html). The map 

also indicates the location of the study site (Wicken Fen) and the other DEFRA project level 1 sites 

(edited from Evans et al., 2011).  

 

 

Evidence suggests, however, that it is possible to reduce or even reverse the loss of C 

from peatlands through habitat restoration, and the possibly resulting CH4 emissions 

are likely to be small in relation to the overall GHG benefits from protecting the 

remaining peatland C stores and restoring their potential for C sequestration (Holden et 

al., 2008; Smith et al., 2012; Thompson, 2008). The rewetting of the ecosystem by 

raising and stabilizing the water table near the peat soil surface, and the re-

establishment of a vegetation community dominated by peatland species, are the two 

specific objectives in peatland restoration projects (Wheeler et al., 1995). Conservation 

and restoration activities in peatlands, which are expected to re-establish the C sink 

function of the disturbed ecosystem, have started worldwide (Page et al., 2009; 

Schumann & Joosten, 2008). However, there are also concerns about the long period 

required for the re-establishment of peatland ecosystem functions and the sharp 

increase in CH4 resulting from the rewetting during the restoration process (Hahn-

http://www.macaulay.ac.uk/host/index.html
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Schöfl et al., 2011). Thus, more study of the detailed effects of peatland rewetting on 

the GHG emissions over the longer term is needed.   

 

To gain a better quantitative understanding of the relationships between climate 

variability and peatland ecosystems, accurate measurements of GHG fluxes are needed 

to compile a full ecosystem C and energy balance. In recent decades researchers have 

tried to measure C, water and energy fluxes between ecosystems and the atmosphere by 

using different techniques, such as the chamber technique, eddy covariance method, 

and remote sensing techniques (Baldocchi, 2003; Lee et al., 2004). The results of these 

on-going studies have the potential to inform future conservation and restoration 

policies for peatland ecosystems. 

 

On UK peatlands, to date, most measurements of GHG fluxes have been collected on 

upland blanket bogs (mainly located in the northern and central parts of the country). 

However, there is a lack of quantitative evidence on the C fluxes on lowland temperate 

fen ecosystems (Couwenberg, 2011; Teh et al., 2011). Moreover, very limited data 

exist on C flux for any types of fen ecosystem that are undergoing restoration following 

intensive arable land use (Baird et al., 2009). There is also a concern about whether the 

research findings on blanket bog GHG fluxes (both degraded and restored) can simply 

be assumed to apply to lowland fens, since there are very large differences between the 

two ecosystems in terms of vegetation, the physical and chemical characteristics of the 

peat soil, hydrology, climate and land use. Therefore, this lack of data and knowledge 

of the large areas of degraded lowland temperate fen ecosystems in the country must be 

systematically addressed. 

 

The fenland region of East Anglia contains the largest contiguous area of temperate 

lowland fens in the British Isles (Baird et al., 2009). The area is one of the driest 

regions of the UK (Figure 2). It also is under great pressure from the agricultural sector 

and from an increasing population, both of which place a demand on available water 

resources (Anglian Water, 2007). Moreover, in 2012, the inherent variability of the 

climate of England and Wales was unusually extreme which emphasised the impact 

that climatic irregularities can pose for peatland restoration schemes in this part of the 

UK. From April 2010 to March 2012, large parts of southern, central and eastern 
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England (especially lowland England) were declared to be experiencing one of the ten 

most significant droughts of one- to two-years duration in the last 100 years (Kendon et 

al., 2013) (Figure 3). The drought led to visible impacts on the lowland peat soils in the 

Fens, where road surfaces started to crack due to peat contraction. However, in spring 

2012 the prolonged severe drought was dramatically terminated by the wettest April to 

July period over England and Wales in almost 250 years (Parry et al., 2013).  The 

unusual hydrological climate in the last few years provides an opportunity to 

investigate the impacts of climate variability on the GHG emissions from lowland 

fenland ecosystems in the UK which is the central objective of this thesis. 

 

 

 

Figure 2: Annual average precipitation in United Kingdom from 1981 to 2010.  The map also indicates 

the location of the study site (Wicken Fen) with the yellow dot (edited from Met Office UK actual climate 

maps, for more information see: http://www.metoffice.gov.uk/climate/uk/summaries/anomacts ). 

 

 

 

http://www.metoffice.gov.uk/climate/uk/summaries/anomacts
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Figure 3: Precipitation anomalies for the year 2011 in UK comparing to 1971 - 2000 annual average, 

also delineating ‘Lowland England’ area in solid black line, the yellow dot indicates the location of the 

study site (Wicken Fen) (Kendon et al., 2013; edited from Met Office UK climate anomaly maps, for 

more information see: http://www.metoffice.gov.uk/climate/uk/summaries/anomacts ). 

 

 

Two study sites were identified in the Fenland region of East Anglia. The first study 

site is located at Baker’s Fen (BF). This is a rewetting temperate lowland fen located at 

Wicken Fen National Nature Reserve (NNR). It has been drained and was formerly 

under intensive agricultural use from around the mid-19th Century. The peat soils of the 

study site are highly degraded compared to the semi-natural areas in the same nature 

reserve owing to drainage and agricultural cropping which have promoted peat 

oxidation. The site has undergone restoration by the landowner, the National Trust 

(NT), since 1995 who undertook ditch blocking to raise the ground water table. During 

the restoration, it was replanted with several locally common graminoid species. Since 

2003, the site has been subject to conservation grazing by Konik ponies and Highland 

cattle that are free-roaming over the site and the neighbouring area of the Adventurer’s 

Fen. 

 

http://www.metoffice.gov.uk/climate/uk/summaries/anomacts
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The second study site is located close-by in the same fenland landscape on the Wicken 

Fen NNR. Sedge Fen (SF) is a near-pristine temperate lowland fen, a remnant of the 

former East Anglia floodplain fens in the UK, which has never been drained or used for 

agriculture or peat extraction. SF lies about 2 m above the adjacent drained farmland 

where BF is located, with peat lost due to compaction and wastage. There are numerous 

ditches (lodes) around / on the site; therefore the SF is hydrologically isolated because 

of the management regime with the ditches. The NT installed a wind mill in 2011 to 

supply (pump) minerotrophic water from the Wicken Lode to the site. The dominant 

species of SF are giant sword sedge (Cladium mariscus) together with common reed 

(Phragmites australis). Both species can typically be found in waterlogged 

environments, and both can supply oxygen internally to their root systems and, by the 

same passive diffusion process, transport CH4 to the atmosphere. The fen vegetation 

has historically been harvested commercially and is currently being harvested in 

sections every 3 or 4 years for conservation purposes. This vegetation management 

regime produces a mosaic of vegetation stands of varying ages, and arrests the natural 

process of ecosystem succession towards scrub and woodland. 

 

In earlier scientific studies, most biosphere-atmosphere exchange measurements in 

ecological studies relied on chamber enclosure techniques. The chamber technique uses 

a sealed chamber that is gas tight to the atmosphere to calculate the flux rate of non-

reactive gaseous compounds by monitoring changes in concentration over time 

(enrichment or depletion) in the enclosure (Livingston & Hutchinson, 1995). The data 

obtained from studies using chamber techniques are limited in terms of continuity, 

repeatability and measurement period. In the last few decades, micrometeorological 

techniques have been introduced into geophysical and ecological research, including 

the flux-gradient method, the mass balance technique, and the eddy covariance method. 

Among these micrometeorological methods, the eddy covariance (EC) technique is 

considered to be one of the most direct tools for quantifying vertical exchanges of trace 

gases, energy and water between the atmosphere and biosphere at an ecosystem scale, 

providing continuous long-term measurements without introducing significant 

measurement artefacts (Baldocchi, 2003). Long-term measurements make it possible to 

detect not only daily variations but also seasonal and inter-annual variations of C fluxes 

in response to environmental conditions (Lee et al., 2004). Recently, globally, EC has 
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become one of the main and standard flux measurement methods (Aubinet et al., 2012). 

FluxNet, the global long-term flux micrometeorological measurement network, has 

been established in order to evaluate C, water and energy exchange dynamics in 

different ecosystems and to co-ordinate global scale studies for synthesis and modelling 

(Baldocchi et al., 2001a). 

 

In 2009, the Centre for Landscape and Climate Research (CLCR) / Department of 

Geography, University of Leicester (UoL), along with the Centre for Ecology and 

Hydrology (CEH, Wallingford) established two EC towers, with one located at BF and 

one at SF. These were the first such measurement stations to be installed on temperate 

lowland fen peatlands in the UK. A third EC tower has subsequently been installed on 

fenland used for horticultural production; this is in the northern Fens, on the Norfolk 

and Lincolnshire border, some 40 km north from Wicken Fen NNR. Thus, a complete 

GHG flux measurement system for UK lowland fens has been established, covering 

three different temperate lowland fen ecosystems under different land uses and 

hydrological conditions (i.e. regenerating fen, semi-natural fen, and agricultural fen).   

          

1.2. Research Aims and Specific Objectives 

The FenFlux project is a collaborative project between the University of Leicester and 

the CEH, Wallingford. The aim of the FenFlux project, to which this study contributes, 

is to understand the climate change impact on lowland peatland C stocks, and the 

response of CO2 / CH4 and energy fluxes to seasonal / inter-annual climatic and 

hydrological variability. Moreover, the research programme aims to investigate 

whether the lowland peatland ecosystem functions as a net CO2 / CH4 sink or source 

according to different land management conditions (i.e. regenerating and semi-natural). 

 

Specifically, the main objectives of this thesis are to (i) quantify the CO2 and CH4 

exchanges between the two different types of fen ecosystems and the atmosphere, and 

investigate their daily, seasonal and inter-annual variability using the EC technique; (ii) 

determine the role of seasonal and inter-annual climatic variability (e.g. temperature, 
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hydrology, ecosystem soil and plant processes etc.) on CO2 and CH4 fluxes in lowland 

fen ecosystems; (iii) assess the effect of land use changes (specifically restoration) on C 

cycling in fen peatlands. However, the CH4 measurement instruments on SF were 

supported by another funding source. Therefore, the results of the CH4 measurements 

on SF will be published in a collaboration paper (i.e. Kaduk et al., 2015) but not in this 

thesis.   

1.3. Research Questions 

In light of the general research context described and the objectives detailed in the 

previous sections, this thesis seeks to address the following research questions with 

reference to lowland fens in the East Anglian region of the UK.  

 

i. What is the magnitude of land / atmosphere CO2 and CH4 exchanges at the 

rewetting (regenerating) ex-arable site? Does this site function as either a net 

CO2 / CH4 sink or source during the measurement period? Does this site present 

a positive or negative radiative forcing to the atmosphere?  

ii. What is the diurnal, seasonal and annual pattern of land / atmosphere CO2 and 

CH4 exchange at the rewetting (regenerating) ex-arable site? What are the main 

environmental drivers influencing the land / atmosphere CO2 and CH4 

exchanges at this site?  

iii. What is the magnitude of land / atmosphere CO2 exchange at the semi-natural 

(near-pristine) site? Does this site function as a net CO2 sink or source during 

the measurement period? Does this site present a positive or negative radiative 

forcing to the atmosphere? 

iv. What is the diurnal, seasonal and annual pattern of land / atmosphere CO2 

exchange at the semi-natural (near-pristine) site? What are the main 

environmental drivers influencing the land / atmosphere CO2 exchange at this 

site? 
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v. Based on the results, what is the likely impact of land use change on land / 

atmosphere CO2 exchange at lowland fen ecosystems? 

 

The outcomes of this research will provide an improved understanding of the role of 

lowland temperate fen ecosystems in terms of the UK’s terrestrial C budget. The results 

will help understand the impact of land-use type on the C balance of lowland fen 

peatland ecosystems and highlight which climatic / hydrological factors play an 

important role in influencing the C budget, thereby providing information to support 

policy making on land management and ecosystem restoration to mitigate land-based 

GHG emissions.    

1.4. Thesis Structure 

The chapters in this thesis are grouped into three sections (Figure 4). The first section 

including chapters one through four presents the general research context and 

background information, introduces the study sites, also describes the methodology 

employed in the research, and outlines the underlying theory. The following section, 

chapters five and six, present and discuss the results of the research undertaken at the 

two study sites. Chapter seven presents and discusses the results of the comparison 

study of the two sites. The last section, chapter eight provides a summary of the 

research described in the thesis, highlighting the main achievements and concluding 

with the key findings and recommendations for future research arising from the 

findings of this study.  
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Figure 4: Sections and subsections comprising the thesis structure. 

 

 

Chapter 1. Introduction and Thesis Overview 

 

This chapter presents the general context, background and the broader field of the 

study, outlines the thesis structure, and brings out the research questions. The aims 

and objectives of the thesis are clarified as well. 

 

Chapter 2. Peatland and Climate Change 

 

This chapter gives an introduction to peatland ecosystems, especially peatlands in 

the UK, as well as providing a conceptual understanding of the role of peatlands in 

the natural climate system and the impact of environmental changes (climate 

changes and anthropogenic effects) on peatland ecosystem C cycling. Ecosystem 

restoration on peatlands is also discussed in this chapter.  

 

Chapter 3. Study Sites 

 

This chapter provides an introduction to the Wicken Fen NNR where this study was 

undertaken. The history of and the vegetation on the site are described, and the 
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ecosystem restoration activities are presented. This provides an intensive 

understanding of the whole study area to gain a clear picture of the study locations, 

namely Baker’s Fen (BF) and Sedge Fen (SF). 

  

Chapter 4. Methods, Data Collection and Processing  

 

This chapter describes the measurement instruments and methods employed in this 

study to collect the data upon which subsequent analyses are based. It also gives an 

introduction to the underlying theory of the methodology - eddy covariance. The 

flux data processing routines, quality control, statistical analyses, gap filling and all 

aspects relating to the manipulation of the data are presented as well.  

 

Chapter 5. Short-term climate response of carbon dioxide and methane fluxes in a 

regenerating fen (Baker’s Fen)  

 

This chapter presents the seasonal and inter-annual dynamics and magnitude of land 

/ atmosphere CO2 and CH4 exchanges at a rewetting ex-arable lowland temperate 

fen (BF), and addresses research questions 1 and 2.   

 

Chapter 6. Short-term climate response of carbon dioxide fluxes in a semi-natural fen 

(Sedge Fen)  

 

In this chapter, the seasonal and inter-annual dynamics and magnitude of land / 

atmosphere CO2 exchange at a semi-natural lowland temperate fen (SF) are 

analysed, and research questions 3 and 4 are addressed. 

 

Chapter 7. Comparison of carbon dioxide fluxes between two temperate lowland fens 

with different land-use types 

 

This chapter compares the influence of the two different land-use types of temperate 

lowland fen on the dynamics and magnitude of land / atmosphere CO2 exchange 

under similar climate conditions over the same period, and addresses research 

question 5. 
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Chapter 8. Conclusions, Research Limitations and Outlook 

 

This chapter provides a synopsis of the thesis work, highlighting the main 

achievements, summarising the key findings, and a critical review of the research 

describing the limitation etc. in the study. Recommendations for future research 

arising from the study are also included in the last chapter.  
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Peatland and Climate Change 
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2.1. Carbon Storage in Peatland Ecosystems 

2.1.1. Peatland Ecosystems 

Peatland ecosystems are unique wetland ecosystems in which slow accumulation of 

peat has occurred due to incomplete decomposition of plant litter under more or less 

water-saturated conditions (Rydin & Jeglum, 2013). Long-term or seasonal inundated 

conditions create the poorly aerated soil with low soil temperature amplitude and the 

anoxic conditions preferred by anaerobic bacteria (Holden et al., 2004). Peat formation 

is the accumulation of organic material due to incomplete decomposition of plant 

debris (i.e. litter fall, dead roots; Rydin et al., 1999). However, due to the slow 

decomposition and compaction processes, the net peat accumulation rate is only about 

0.5 to 1 mm yr-1 in the northern hemisphere (Quinty & Rochefort, 2003). Therefore, 

deep peat soil formation is the result of thousands of years of decomposition and 

compaction processes.  

 

Normally, peatlands can be classified into two main ecosystem types (fens and bogs) 

based on hydrological and nutrient gradients. Fens (minerotrophic peatlands) are a type 

of peatland with a water table close to the surface, which are fed by precipitation 

together with surface runoff water. As a result, they can be rich in base cations 

(alkaline), and have relatively high pH (4 - 8.5) (Glenn et al., 2006; Sonnentag et al., 

2010). Fen ecosystems can be further classified along the pH gradient as poor (pH 4 - 

5), intermediate (pH 5 - 6), rich (pH 6 - 7) and extremely rich (pH 7 - 8.5) fens (Worrall 

et al., 2011). Fens often support a relatively high diversity of vegetation species (Baird 

et al., 2009); with the dominant peat forming species changing from mosses to vascular 

plant communities along the fen pH gradient (Pan, 2010). In the UK, the most common 

types of fens are basin and floodplain fens (Baird et al., 2009).  

 

Another type of peatland - bogs are ombrotrophic peatlands with a peat surface that is 

above and isolated from ground water, and which can only receive water and nutrients 

from rainfall and atmospheric inputs, creating a plant species and mineral poor 
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ecosystem, also lower in pH (3.5 - 4). Peat mosses (Sphagnum spp.) are the dominant 

peat forming species on bogs (Granath et al., 2010; Rydin et al., 1999). Bog 

ecosystems can be further classified as raised (lowland) and blanket (upland) bogs 

(Baird et al., 2009).   

 

In peatlands, the slow accumulation of peat soil deposits gradually raises the surface 

vegetation above the influence of groundwater, altering the environmental conditions 

of the substrate and changing the vegetation distribution. Moreover, some bog species 

of peat moss (Sphagnum spp.) also can acidify the environment to favour themselves 

over the vascular plants by producing an acid decay-resistant litter and forming a drier 

habitat (Pan, 2010; van Breemen, 1995). These autogenic factors cause a slow and 

unidirectional transition, expressed as the typical peatland ecosystem succession, from 

a fen community gradually to a bog environment (Granath et al., 2010). Therefore, the 

water level plays an important role in peatland ecosystem succession (Rydin, 1985). 

However, this ecosystem succession also can be reversed due to water level changes by 

allogenic processes (i.e. climate change, rewetting management) (Hughes & Dumayne-

Peaty, 2002; Magyari et al., 2001).    

 

In comparison with other terrestrial ecosystems (e.g. forests, grasslands), peatlands are 

minor terrestrial ecosystems that only cover an estimated 400 million ha, which 

accounts for about 3% of the Earth’s total land surface (Gorham, 1991). Yet their role 

in C storage and land surface GHG exchange exceeds that of these other systems. They 

are estimated to store up to one third of the global soil C pool (300 - 600 Pg C; Turunen 

et al., 2002). The distribution of peatland ecosystems is closely associated with the 

hydrological climate, depending on the balance between precipitation and evaporation. 

Thus, climate is a major determinant of the distribution and character of peatland 

ecosystems, determining the location and diversity of the peatlands in the world 

(Tanneberger & Wichtmann, 2011). Most peatlands occur in the boreal zone of the 

northern hemisphere, mainly in North America, Russia and Northern Europe. For 

example, peatlands cover 11% of Canadian territory (Quinty & Rochefort, 2003). There 

are significant amounts of tropical peatlands (30 - 45 million ha) occurring in Southeast 

Asia, the Caribbean, Central America and Southern China, while temperate peatlands 
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are distributed more sparsely in Central Europe and Asia, mostly in low-lying areas 

(Page et al., 2011; Strack, 2008). 

 

 

2.1.2. Plant Diversity in Peatland Ecosystems 

Peatlands exhibit highly characteristic ecological traits, hosting a variety of globally 

important species and habitats. Therefore peatland ecosystems are of global importance 

for biodiversity and comprise a wide spectrum of rare, threatened and endangered 

plants, animals and habitats (Tanneberger & Wichtmann, 2011). 

 

Peatland ecosystems have a narrow range of environmental conditions; many species in 

peatlands are peatland specialists and therefore have restricted distributions 

(Gunnarsson et al., 1999). Because of the low nutrient availability as well as flooding 

and anoxic conditions, the more nutrient poor and lower pH side of the peatland range 

(bog and poor fen systems) are normally dominated by Sphagnum species (Snäll et al., 

2003). Bryophytes in general, particularly the brown mosses, benefit from better 

adaptability to high pH and mineral rich conditions, and thus substitute for Sphagnum 

species to dominate in rich fen ecosystems (Pan, 2010). There are, however, several 

Sphagnum species that can be found in rich fen ecosystems and which are indicators of 

relatively high pH, such as Sphagnum warnstorfii, S. contortum and S. teres (Rydin & 

Jeglum, 2013). Along the water and nutrient gradients, the nutrient and mineral richer 

fen ecosystems (i.e. intermediate and rich fens) are characterized by dense swards of 

graminoids, such as sedges (Cladium spp., Carex spp., Eriophorum spp., Poaceae and 

other Cyperaceae) (Pedrotti et al., 2014). Moreover, there are a considerable number of 

herb species (e.g. orchids) that occur in intermediate and rich fens (Rydin & Jeglum, 

2013).  

 

2.1.3. The Global Peat Carbon Store 

 

Where peat soils remain water-saturated throughout the growing season, creating 

anoxic conditions that inhibit decomposition, organic matter accumulates over years to 



 

19 

millennia (Lafleur et al., 2001). Thus, peatland ecosystems represent globally 

significant soil C stocks, many of which have been accumulating since the era of the 

last glaciation, i.e. a period of around 12,000 years (Drösler et al., 2008). Currently, 

around a third of the global soil organic C is stored in peatlands (about 550 Pg of C), an 

amount that is more than half of the C stored in the atmosphere (approximately 750 Pg) 

(Smith, 2004; Strack, 2008). At UK level, peatlands (including upland blanket bogs, 

lowland raised bogs, fens and shallow peaty soils) store about 5.1 billion tonnes of C 

(Smith et al., 2007), which contain more than half of the total amount of C stored in all 

kinds of soils in the country (9.8±2.4 billion tonnes) (Dawson & Smith, 2007). 

However, it is reported that the UK peatlands are currently a net source of 5.73 Mt 

CO2-C yr-1 (Worral et al., 2011). And for high-latitude global peatlands, there is a 

concern that modern anthropogenic forcing will drive the climate towards warming, 

and as a result, these peatlands will become permafrost-free, emitting stored C into the 

atmosphere (Cai et al., 2010; Sagerfors et al., 2009; Sottocornola & Kiely, 2010). On 

the other hand, since peatland ecosystems store such large quantities of C, even small 

changes in C fluxes could have a significant impact on the global climate system 

(Frolking & Roulet, 2007). Therefore, when considering the potential effects of climate 

change on the ecosystem-atmosphere C exchange and hydrological regimes in 

peatlands, it is critical to gain a better understanding of how CO2 and CH4 fluxes, the 

energy balance and hydrological processes in peatland ecosystems are linked to climate, 

and how climate might respond to the changes in peatland ecosystems.  

 

In very simple terms, the C lost from peatland ecosystems is principally due to net 

ecosystem exchange of CO2, emissions of CH4, and aquatic losses of Dissolved 

Organic Carbon (DOC), Dissolved Inorganic Carbon (DIC) and Particulate Organic 

Carbon (POC) (Dawson & Smith, 2007). The GHG balance of a peatland ecosystem is 

particularly affected by the uptake or efflux of CO2 and CH4 (Dawson & Smith, 2007) 

which, in turn are influenced by a series of complex physical, biological and 

hydrological processes. 
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2.2. Carbon Cycling in Peatlands 

2.2.1. Peatlands and Greenhouse Gases 

 

The greenhouse gases (GHGs) are the gases that affect the radiative forcing of the 

atmosphere and are responsible for causing the Earth’s greenhouse effect. GHGs 

absorb and re-emit the infrared radiation emitted from the Earth’s surface (Chapin et al., 

2002). The main GHGs are water vapour (H2O), CO2, CH4 and nitrous oxide (N2O) 

(IPCC, 2008). Since the mid-18th Century, the atmospheric concentrations of GHG 

have increased strongly (IPCC, 2014a). The total global emission of GHG increased 

from 29 Gt CO2 equivalents in 1970 to 50 Gt CO2 equivalents in 2004 of which 77% is 

attributed to CO2 and 14% to CH4 (Olivier et al., 2005). The fast rise of GHG 

atmospheric concentration has contributed significantly to a 0.6 ºC increase of global 

mean temperature in the last 100 years (IPCC, 2014a). Thus, the increase of the GHG 

atmospheric concentration is considered as the main factor causing anthropogenic 

climate change (Pan et al., 2012). Therefore, an international agreement (the Kyoto 

Protocol) was adopted in 1997 aiming to reduce GHG emissions globally (UNFCC, 

1997). In the last few decades, the attention of the scientific community has been 

focused on assessing the role of different ecosystems on GHG emissions as well as 

global C and water cycling (Baldocchi, 2008). 

 

Chapin et al. (2006) proposed that, at an ecosystem scale, the net ecosystem carbon 

budget (NECB) presents the total rate of organic C flux in the ecosystem. The net flux 

of several forms of C contributing to NECB are the flux of CO2, CO, CH4, DOC, 

dissolved inorganic carbon (DIC), volatile organic carbon (VOC) and the net lateral 

transfer of particulate (non-dissolved, non-gaseous) carbon (PC) (Equation 1). In the 

equation, a positive NECB indicates a net C source. In peatland ecosystems, the GHG 

flux accounts for most of the ecosystem C flux (Limpens et al., 2008).  

 

 

NECB = NEP + FCO + FCH4 + FVOC + FDIC + FDOC + FPC          (Eq. 1) 
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There is a large body of previous and on-going research suggesting that natural 

peatlands may function as a net sink or a small net source for atmospheric CO2, and 

generally as a source of atmospheric CH4 (Gorham, 1991; Limpens et al., 2008; Pastor 

et al., 2002; Roulet et al., 2007; Waddington & Roulet, 2000; Walter et al., 2001). In 

general, N2O emissions are quite low from natural peatlands, but there is evidence to 

suggest that peatlands under agricultural use could release significant amounts of N2O 

(Augustin et al., 1996; Martikainen et al., 1993; Roobroeck et al., 2010). Frey and 

Smith (2005) also suggested that peatlands are important sources of DOC to 

downstream ecosystems. DOC, although not in itself a GHG, can be converted to CO2 

as a result of bacterial decomposition in waterways (Frey & Smith, 2005). However, at 

the current time, studies of NECB of peatland ecosystems are still rare globally 

(Hendriks et al., 2007; Koehler et al., 2011; Nilsson et al., 2008) and in most studies, 

the components of the NECB of peatland ecosystems are considered individually (Levy 

et al., 2012; Sagerfors et al., 2009; Warburton, 2003).      

 

Both CO2 and CH4 are potent GHGs and their exchange is strongly determined by 

peatland ecosystem function (Figure 5). Studies have suggested that peatlands might 

act as a CO2 sink in some years and a source in others, the response being related to 

regional and local differences in ecology, hydrology and climate. Emission of CH4 is 

similarly variable in space and time (Blodau & Moore, 2003; Moore et al., 1998).          

 

The mode of gas fluxes in peatland ecosystems strongly differs between drained and 

water saturated conditions (Hooijer et al., 2010). In drained peatlands, diffusion is 

responsible for more than 90% of the total gas fluxes due to the presence of 

permanently air-filled pores. However, in water saturated peat soils, a substantial part 

of the gases are transferred to the atmosphere by ebullition, with the bubbles containing 

comparatively high concentrations of CH4 (10 - 90%) and CO2 (Chanton & Whiting, 

1995).   
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Figure 5: Simplified conceptual diagram of carbon cycling in peatland ecosystem. Dashed arrows show 

microbial processes (edited from Parish et al., 2008; Rydin & Jeglum, 2013). 

 

 

2.2.2. Net Ecosystem Carbon Dioxide Exchange in Peatlands 

 

Like in all other ecosystems, the CO2 exchange between a terrestrial ecosystem and the 

atmosphere includes both CO2 taken up by plants via photosynthesis and that released 

to the atmosphere through ecosystem respiration (Reco; including autotrophic respiration 

and heterotrophic respiration) (Heimann & Reichstein, 2008). Carbon dioxide is 

absorbed from the atmosphere by plants (and other autotrophs) through gross 

ecosystem photosynthesis (GEP) when sunlight is available as a source of energy, 

where oxygen (O2) and carbohydrate ({CH2O}) are produced during the process (Taiz 

& Zeiger, 2010; Equation 2). A fraction of these carbohydrates is consumed within the 

ecosystem through autotrophic respiration during day and night time in aerobic 

conditions (Winegardner, 1995; Equation 3). The remainder of the carbohydrates is 

stored in the biosphere and can be converted to CO2 and H2O by heterotrophic 

respiration (Winegardner, 1995; Equation 3). 
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      CO2 + H2O → {CH2O} + O2                            (Eq. 2) 

 

O2 + {CH2O} → CO2 + H2O + ATP                        (Eq. 3) 

 

The net ecosystem exchange (NEE) is defined as the difference between Reco and GPP 

(Valentini et al., 2000; Equation 9). Therefore, negative values of NEE indicate net 

CO2 uptake by the ecosystem which means the net CO2 accretion is to be maintained 

over time (Page et al., 2011). An imbalance would affect the CO2 concentration in the 

atmosphere, which plays an important role in influencing global climate (Taneva & 

Gonzalez-Meler, 2011). Therefore, measurements of CO2 flux are used to define 

whether an ecosystem is a net source or sink of CO2 at different temporal scales. As 

already discussed, peatland ecosystems are a potential CO2 sink due to the typically 

waterlogged and anoxic conditions, which result in low ecosystem respiration rates and 

hence low rates of organic matter decomposition (Byrne et al., 2004). 

 

Theoretically, the amount of CO2 taken up and stored in a peatland ecosystem results 

from the difference between CO2 uptake by GEP and CO2 release through Reco (Figure 

6; Rydin & Jeglum, 2013). The balance can be broken in either way. On one side, the 

primary productivity rate (productivity of organic components from atmospheric CO2) 

of plants is related to the vegetation community type, which is driven by insolation 

duration, temperature, nutrient availability and hydrology (Frolking et al., 1998; Griffis 

et al., 2000; Malmer, 1986; Waddington et al., 1998). Similarly, on the other side, Reco 

is also related to vegetation communities, both due to the inclusion of autotrophic 

respiration in Reco and the varying decomposability of organic matter of different peat 

substrates and vegetation types (Moore & Basiliko, 2006). However, Reco also can be 

affected directly by temperature, substrate composition and hydrology. For example, 

low water levels could result in an increased Reco rate since the decomposition rate is 

faster under aerobic conditions compared to anaerobic conditions (Moore & Dalva, 

1993). Environmental variations may result in peatlands acting as a CO2 sink in some 

years and as a source in others (Chimner & Cooper, 2003).   
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Figure 6: Conceptual diagram of the net carbon balance in peatland ecosystem. 

 

 

 

2.2.3. Land-atmosphere Methane Exchange in Peatlands 

 

Methane (CH4) is the second most potent greenhouse gas after CO2. The relative global 

warming potential (GWP) for a 100-year horizon is 25 for CH4 and the radiative 

forcing of CH4 is 0.48±0.05 W m-2, which means CH4 is about 25 times more efficient 

as a GHG than CO2 (IPCC, 2014a; NOAA, 2010). Methane can also react with other 

atmospheric pollutants (i.e. dichlorodifluoro methane) in the troposphere producing 

other GHG (i.e. ozone (O3), carbon monoxide (CO) and CO2). Atmospheric CH4 

accounts for 15% - 20% of the total warming effect of GHGs (IPCC, 2014a). However, 

the interactions of CH4 in the climatic system are still poorly understood, and the global 

budget of CH4 is also very uncertain (Kirschke et al., 2013).  

 

During last few centuries, the atmospheric CH4 concentration increased dramatically 

(from 1.06 × 10-12 in 1750 to 1.75 × 10-12 in 1998); especially after the Industrial 

Revolution, it increased more than 10% per decade before the 1980s (IPCC, 2001). 
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However, more recent reports indicate that the CH4 atmospheric concentration has been 

quite stable over the period 1999 - 2007 (IPCC, 2008). The underlying reasons for this 

stabilization of CH4 concentration in the atmosphere are still not clear, but several 

studies have suggested that the response of global wetlands to recent climate variability 

and rice agriculture policy changes have both played a role (Heimann, 2011; Kai et al., 

2011). Over the last decade since 2007, however, the atmospheric CH4 concentration 

has started to increase rapidly again, with some suggesting that global wetlands may 

play an important role in this change (Kirschke et al., 2013; Montzka et al., 2011). 

Globally, 80% of CH4 emissions come from biogenic sources (Teh et al., 2005). 

Wetlands are the largest natural source of CH4, contributing 70% of natural biogenic 

CH4 emissions, an amount equal to 20% of global CH4 fluxes (IPCC, 2014a). Using 

ecosystem modelling, Kirschke et al. (2013) estimated that the natural wetland 

emission of CH4 is 217 Tg yr-1 for 2000 - 2009 based on their bottom-up approach.   

 

In peatlands (as well as in other wetlands), the production of CH4 results from slow 

anaerobic biomass decomposition under strictly anaerobic conditions by methanogens 

in the saturated zone of peat soil (Lai, 2009). Once CH4 is produced, it can be oxidised 

by methanotrophs in the upper aerated peat soil layer and in the rhizosphere (rooting-

zone) of vascular vegetation, or transported to the atmosphere via molecular diffusion, 

ebullition (as gas bubbles) or as simple molecular diffusion or convective gas flow 

through vascular plants (Megonigal et al., 2004; Reddy & Delaune, 2008) (Figure 7). 

Theoretically, CH4 could be effectively consumed in a sufficiently thick aerobic layer 

as methanotrophs have higher metabolic activity than methanogens under suitable 

temperature conditions. Thus, methanotrophs modulate the CH4 emission from soils by 

diffusion depending on the thickness of the aerobic layer (Hornibrook et al., 2009; 

Whalen, 2005). In addition to diffusion from the surface, CH4 is also released by 

ebullition, gas bubbles released from soil or water (Chanton & Whiting, 1995; Glaser et 

al., 2004), and flow through vascular plants acting as a gas conduit (Chanton et al., 

1993; Whalen, 2005) thereby bypassing any surface aerobic layer and 

methanotrophism. As a consequence, wetland CH4 release to the atmosphere is strongly 

dominated by active or passive vascular plant transport (Hornibrook et al., 2009; 

Whalen, 2005). Moreover, a considerable amount of CH4 can be stored in plants (e.g. 

Sphagnum species) that lack aerenchyma or in the saturated zone of peat soil where the 
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peat surface is barely covered by vascular plants (Chanton & Whiting, 1996). Thus, 

peatland CH4 emissions have been found to be closely related to water level (thickness 

of the aerobic soil layer), vascular plant coverage and peat soil temperature (Bubier et 

al., 1995; Kellner et al., 2006; Roulet et al., 1992; Stamp et al., 2013; Vitt, 2006).  

 

 

 

Figure 7: A conceptual diagram of methane fluxes in peatland ecosystems. 

 

 

Theoretically, drainage turns peat soils from a source to a weak sink of CH4 as a result 

of reduced CH4 production in the drier peat soil and enhanced consumption of CH4 in 

the aerated zone of the surface peat (Byrne et al., 2004). However, obviously, a drained 

peatland has a larger oxic zone that increases organic matter decomposition resulting in 

large quantities of CO2 being released into the atmosphere. Harriss et al. (1982) found 

that swamp forest can be a CH4 sink during drought conditions by consuming 

atmospheric methane at rates of 0.001 to 0.005 g CH4 m-2day-1. While these results 

cannot be extrapolated to all peatlands, they illustrate the potential complexity of 

processes that regulate net flux of CH4 between peatland soil and the atmosphere. The 

oxidation of CH4 in soil can be found across a range of other ecosystems in tropical, 
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temperate and even arctic regions (Mosier et al., 1991; Seiler et al., 1984; Whalen & 

Reeburgh, 1990). Globally, soil as a sink of CH4 can assimilate approximately 30 Tg 

CH4 per year (Wang et al., 2002). Dörr et al. (1992) and Kruse et al. (1996) have 

suggested that soil porosity is the main soil physical property affecting soil CH4 

oxidation rate by influencing the air transported within the soil layer. Czepiel et al. 

(1995) also found that the CH4 oxidation process is closely related to soil moisture, 

since water may reduce the air transport rate by reducing the air-filled porosity of soil. 

It is also worth mentioning that both CH4 production and oxidation, as microbial 

processes, are positively related to peat soil temperature, with Dunfield et al. (1993) 

suggesting that production rates are more sensitive than the rates of CH4 oxidation to 

soil temperature. 

 

On the other hand, rewetting is often cited as a beneficial peatland restoration method 

in terms of GHG emissions (Limpens et al., 2008). A rewetted peatland has a relatively 

high water table that increases the C storage capacity of the peatland due to a smaller 

oxic zone. However, there is a concern that while the larger anoxic zone can reduce 

peat surface CO2 emissions it may lead to increased CH4 emissions to the atmosphere 

contributing to the global greenhouse effect (Levy et al., 2012). Moreover, the increase 

in evapotranspiration (ET) caused by rewetting might change the local climate 

(Dinsmore et al., 2010). 

 

2.2.4. Dissolved Organic Carbon in Peatlands 

 

During the last few decades, the Dissolved Organic Carbon (DOC) concentration in a 

large area of freshwaters in the Northern Hemisphere has increased dramatically 

(Monteith et al., 2007). For example, in England, Evans et al. (2006) found that DOC 

concentrations have almost doubled in eight streams and ten lakes in southern England 

from 1988 to 2003. Research has suggested that wetlands, especially peatlands, have a 

significant impact on the DOC concentration in most of the freshwaters in the Northern 

Hemisphere, because of the high rates of organic matter production in these ecosystems 

(Urban et al., 1989). Thus, the dynamics of DOC export from peatlands influenced by 
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global climate changes have been considered as one of the main reasons for the 

dramatic increase in the DOC concentration of freshwaters in the Northern Hemisphere 

(Roulet & Moore, 2006). 

 

DOC plays an important role in the overall C cycling in peatlands, by representing a 

significant part of the C released from decomposition. The production of DOC in 

peatland can be associated with desorption of peat soil organic C arising from the 

decomposition of plant tissues by micro-organisms, and the exudation of organic C 

from the plant rhizosphere (Figure 8). Particularly, in minerotrophic peatlands (fens), 

underground water DOC inflow counts for a considerable proportion of the DOC intake 

into the ecosystem.  

 

 

 

Figure 8: A conceptual model of DOC production (modified from Bengtson & Bengtsson, 2007). 

 

 

There have been several hypotheses suggested by researchers to explain the increase in 

the concentration of DOC exported from peatlands. First, the increase of temperature 

and moisture might increase the rates of decomposition of organic litter in peat soil 

(Freeman et al., 2001). Freeman et al. (2001) also noticed that the proportion of 

phenolics (the main component of DOC) might increase with increasing temperature, 

which could enhance the effective export of DOC in peatlands by decreasing the 
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biodegradability of DOC during the export process. Second, the elevated atmospheric 

CO2 concentration may have a fertilising effect stimulating plant primary production. 

Increasing exudation of DOC from the plant rhizosphere may trigger priming 

promoting further peat soil decomposition, thereby increasing the concentration of 

DOC exported from peatland ecosystems (Freeman et al., 2004). Hydrological change 

is another important factor in influencing DOC discharge from peatlands. As 

mentioned, the dynamics of water level have significant impacts on redox state and 

biogeochemistry in peatlands therefore altering the production and retention of DOC in 

the ecosystem. However, it should be noted that the increased water flow from 

peatlands could result from an increase in runoff without any changes in DOC 

concentration, whereas the increased DOC concentration can occur with no changes in 

hydrology (Roulet & Moore, 2006). It is also worth mentioning that Evans et al. (2006) 

suggested that the relatively recent decrease in sulphur deposition following regulations 

on air pollution might be another important explanation for the increase in DOC being 

exported from peatlands. Reductions in soil solution SO4 have raised the acidity of the 

soil solution and ionic strength, thereby increasing DOC mobilization from the peat 

causing significant increases in surface water DOC concentration in peatlands (Evans 

et al., 2006).  

 

All in all, DOC plays a significant part in C release from peat soil decomposition, and 

thus, along with CO2 and CH4, is an important part of the overall C cycle in peatland 

ecosystems.   

 

2.2.5. Water Budget in Peatlands 

 

Peatland is one of the most important ecosystems occurring in the headwater areas of 

many freshwaters. It plays an important role in influencing the quantity and quality (i.e. 

of nutrients, organic matters) of the receiving waters. The hydrological dynamics also 

have large impacts on the C cycling and energy balance within the ecosystem (Brooks, 

1992). 
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As mentioned earlier, there are significant differences between the hydrological 

processes in bogs and fens. Here the focus is on fen ecosystems. Carter (1986) 

produced a general water balance formula for fen ecosystems as (Equation 4): 

 

 

P + SWI + GWI = ET + SWO + GWO + ΔS                 (Eq. 4) 

 

 

The water inputs into a fen ecosystem include precipitation (P), surface water inflow 

(SWI) and groundwater inflow (GWI), while the water outflow from a fen ecosystem 

includes evapotranspiration (ET), surface water outflow (SWO) and ground water 

outflow (GWO). The difference between the in- and outflow is the storage in the 

ecosystem ΔS (Carter, 1986) (Figure 9). As a function of the capacity of peatland 

water storage, water level, is the key hydrological parameter of peatland, which is 

affected by landscape morphology, geology, soil physical properties and the balance 

between the inflows and outflows of water. The changes in storage, reflected by the 

changes in water level, have significant impacts on CO2 and CH4 fluxes, and DOC 

production and transport in peatland ecosystems. It is important to note that the water 

chemistry changes resulting from surface groundwater exchanges between ecosystems 

also have impacts on the overall C cycling in peatlands.  

 



 

31 

 

Figure 9: Generalized peatland water budget (modified from Mitsch & Gosselink, 2000). 

 

 

Evapotranspiration (ET) may be one of the most important hydrological fluxes at 

peatland sites. This is especially so where the ecosystem is hydrologically isolated from 

the groundwater by impervious soil layers, in which case ET might become the major 

loss pathway of water from the ecosystem, accounting for more than 80% of water 

losses during the summer season (Acreman & José, 2000). It is suggested that wetland 

ecosystems tend to have higher ET rates than other terrestrial ecosystems (e.g. forests, 

grasslands etc.) due to their long-term waterlogged condition and dense vegetation 

cover (Bullock & Acreman, 2003). However, the actual ET rates vary between 

different peatland ecosystems due to the differences in land cover vegetation types and 

the proportion of open water on the site (Acreman et al., 2003). A high ET rate may 

cause a large water loss from the peatland ecosystem and thus have an influence on 

downstream water resources. Therefore, it is important to quantify the ET rate on a 

peatland site in order to better support the hydrological management of the ecosystem 

and to determine regional available water resources at the larger scale (Kelvin, 2011).   

 

Conservation and restoration management of peatland ecosystems may also involve the 

active manipulation of the water storage of the ecosystem by control over either the 
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inflows to or outflows from the ecosystem by using ditches, sluices and pumps. As a 

result, particular water levels will be controlled by management operations; however, 

there may still be seasonal variations (Acreman et al., 2003; 2007; Gasca-Tucker et al., 

2007). Drainage for forestry, peat extraction and agriculture substantially decreases the 

water storage in peatland ecosystems. Thus, the major objective of peatland restoration 

is limiting water loss from the ecosystem (e.g. by using ditches blocking, straw 

mulches on the peat surface etc.; Quinty & Rochefort, 2003). 

 

2.3. Response of Peatlands to Environmental Changes 

 

Large-scale environmental changes (i.e. climate changes, land-use changes, drainage, 

and peat extraction) are associated with significant impacts on peatland C balances 

(Byrne et al., 2004; Joosten & Clarke, 2002). There are numerous environmental 

factors which limit or stress vegetation differently; among these, temperature, radiation, 

water availability and nutrient availability, and atmospheric gas concentration generally 

exert the most important roles in peatland ecosystems (Rydin & Jeglum, 2013; Taiz & 

Zeiger, 2010). When one of these environmental factors is beyond the optimal range 

for plant growth, it becomes a stress factor (Galvagno, 2011).  

 

Considering the peatland ecosystem, one of the most important environmental changes, 

a lowered water table (e.g. due to climate change or drainage management) will yield a 

deeper oxic layer leading to increased aerobic decomposition and enhanced rates of 

CO2 release and DOC losses (Holden et al., 2004). However, lowered water levels 

favour methanotrophs and trigger a strong reduction or even complete cessation of CH4 

emission (Limpens et al., 2008). In some cases, peatlands drained for forestry may still 

act as an ecosystem C sink, although this may not happen over a short period of 

afforestation and not at all sites (Laine et al., 1996). Conversely, rewetting of peatland 

for restoration may decrease the rate of peat decomposition, thus increasing the C 

uptake, but increase the rate of CH4 emission owing to the re-establishment of 

anaerobic conditions in the surficial peat layer (Hughes et al., 2011; Renger et al., 
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2002). In general, peat harvesting after drainage and drainage for agriculture usually 

convert peatlands to C sources (Kasimir-Klemedtsson et al., 1997; Rodhe & Svensson, 

1995). However, the CH4 emissions from harvested peatlands are low and may stay at a 

low level for a long period until methanogen populations recover (Tuittila et al., 2000). 

Hence, responses of peatland ecosystem C budgets to restoration rewetting have 

emerged as a relevant and complex question.  

 

In terms of the response of peatland ecosystems to climate change, previous research 

has indicated that temperature and water level are the two main factors influencing the 

C cycling processes in peatlands (Blodau, 2002; Vasander & Kettunen, 2006). 

Generally, warmer conditions and a lowered water table may lead to an increase in Reco, 

a reduction in GPP or a combination of the two, causing the net loss of CO2 (Aurela et 

al., 2009; Bubier et al., 2003; Griffis et al., 2000; Leppälä et al., 2011). It has been 

suggested that an increased temperature could increase peat decomposition (Updegraff 

et al., 2001) and CH4 emission (Fowler et al., 1995a) directly, and may significantly 

alter C budgets in temperate and boreal peatland ecosystems. Furthermore, changes in 

temperature (i.e. air temperature, soil temperature), hydrological climate (i.e. 

precipitation, humidity) and irradiance could alter the distribution, coverage rate and 

even the dominant species of the vegetation on a site, thereby affecting the C cycling 

process in the ecosystem (Rydin & Jeglum, 2013). The concomitant changes in water 

table as a result of climate warming or drainage may increase the rate of CO2 emission 

and, in most cases, lead to a strong reduction in CH4 emission (Laine et al., 1996). It 

has been suggested by previous research that an increase of 2 ºC could increase CO2 

emissions by up to 30%, whilst a 15 - 20 cm lowering of the WT would increase the 

CO2 emission by 50 - 100% (Silvola et al., 1996). However, it is still unclear how GHG 

exchanges will respond to the increasing frequency of meteorological extremes rather 

than the climatic changes in average conditions alone (Ciais et al., 2005; Reichstein et 

al., 2007; Rogiers et al., 2008).   

 

The role of a single environmental factor on influencing an ecosystem is often complex. 

Environmental factors and ecosystems interact over multiple temporal scales from 

seconds to years, and act differently on complex biological processes (Stoy et al., 2009). 

For instance, fast changes in sunlight, temperature or precipitation may influence the 
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daily CO2 and water exchanges. Over the longer term, phenology and water level 

changes influence the ecosystem processes on monthly to seasonal scales, while long-

term climate changes have an impact on the timing of phenological events annually and 

inter-annually (Baldocchi et al., 2001b).   

 

The influence of climate change is likely, therefore, to be complex and the impacts on 

peatland ecosystem C cycle processes are likely to be interacting and synergistic. Yet, 

the impact of climate changes on peatland C stocks and GHG exchanges remain poorly 

understood and quantified.  

 

2.4. Related Research 

 

In order to quantify and understand the GHG flux in peatland ecosystems, techniques 

that allow for accurate and continuous monitoring of the net exchange of GHG over 

prolonged periods of time are required. Most early biosphere-atmosphere exchange 

measurements in ecological studies relied on chamber techniques which are inherently 

limited in terms of continuity, repeatability, measurement period and statistical 

significance (Lenschow, 1995; Moncrieff et al., 1997). Moreover, the physical 

perturbation of the site, such as damage to vegetation and compaction of the ground 

soil, are also concerns when conducting chamber measurements (Baldocchi et al., 

1988). Therefore, more and more micrometeorological techniques have been 

introduced into geophysical and ecological research in the last few decades, including 

the flux-gradient method, the mass balance technique and the EC method (Baldocchi, 

2003). Among these micrometeorological methods, the EC technique is considered one 

of the most direct and defensible ways to quantify trace gas exchange rates by 

measuring fluxes within the lower atmospheric boundary layer, and also benefiting in 

terms of providing a continuous long-term measurement record without adverse 

disturbance to the environment under study. Long-term flux measurements make it 

possible to detect not only daily variations but also seasonal and inter-annual variations. 

Recently, globally, EC has become one of the main and standard flux measurement 
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methods. FluxNet, the global long-term flux measurement network, is built up for 

global scale studies on biosphere-atmosphere exchanges (Baldocchi et al., 2001a).  

 

During the last few years, the EC method has been commonly used for CO2 flux 

measurements on peatland ecosystems. Benefiting from continuous long-term 

measurement collection, Lafleur et al. (2005a) conducted a five year long CO2 flux 

measurement study by EC on a boreal bog in Canada from 1998 to 2003. Lafleur et al. 

(2001) focused on seasonal variation of CO2 fluxes during the first year of 

measurement, and found the bog functioned as a sink of CO2 during the summer 

growing season and a source during the winter. A subsequent four year measurement 

period (Lafleur et al., 2003) suggested the ecosystem was sensitive to inter-annual 

climatic variance (acting as a sink of CO2 for the first three years but barely in the 

fourth year as a result of a summer drought). Lafleur et al. (2005a; 2005b) also 

suggested that the ecosystem respiration of the bog may be sensitive to peat 

temperature, but not to the water level and that ET was not significantly related to 

water table variations due to a persistently low water level in the bog. Aurela et al. 

(2002) suggested that wintertime efflux may play an important role in influencing the 

peatland ecosystem annual CO2 flux by showing that CO2 fluxes for the winter period 

(105 g CO2 m
-2) were even greater than the absolute value of the total annual fluxes (-

68 g CO2 m
-2). The advantage, therefore, of continuous long-term measurement records 

has been shown distinctly here compared to the short-term static technique that might 

only be conducted during the growing season. 

 

Previous studies on peatland ecosystems have shown high spatial and temporal 

variability in land / atmosphere CO2 exchanges (Lindroth et al., 2007; Riutta et al., 

2007; Teh et al., 2011). In the last few decades, most of the C flux studies on peatlands 

have focused on the natural (undisturbed) ecosystems of the arctic and boreal climates 

(Teh et al., 2011). However, most temperate peatland ecosystems show some degree of 

anthropogenic disturbance and therefore might be large sources of CO2 (Billett et al., 

2010). Only very limited recent studies have reported net CO2 fluxes at temperate 

peatlands (e.g. Hatala et al., 2012; Jacobs et al., 2007; Lloyd, 2006; Nieveen et al., 

2005; Veenendaal et al., 2007). There is a concern that the research findings on near-

pristine boreal peatlands are unlikely to reflect the dynamics of NEE operating in 
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managed temperate peatland ecosystems since there are very large differences between 

the two ecosystems in terms of vegetation, the physical and chemical characteristics of 

the peat soil, hydrology, climate and land use (Teh et al., 2011). The EC measurement 

conducted on a site changing from peatland to agricultural land indicates that the land 

use change might cause a huge amount of annual C loss (1061±500 kg C ha-1yr-1) 

(Nieveen et al., 2005). A flux measurement study on tropical peatland also suggested 

that drainage disturbance may convert the peatland ecosystem into a CO2 source 

(Hirano et al., 2007). However, Hargreaves et al. (2003) witnessed a newly drained 

peatland for afforestation become a source of CO2, but then a sink again when ground 

vegetation recolonized (2 - 4 years) in a fen in Scotland. Conversely, Lohila et al. 

(2004) argued that land use change might cause the peat to decompose more rapidly 

even after more than 100 years of cultivation activity. These results could be explained 

by the different vegetation community recolonized on the peat soil.     

 

In the UK, to date, most measurements of GHG fluxes have been collected on 

ombrogenous peatlands (mainly located in the northern and central parts of the country) 

(Billet et al., 2010; Dinsmore et al., 2010; Koehler et al., 2011; Sottocornola & Kiely, 

2010), while there is a lack of quantitative evidence on C fluxes on lowland temperate 

fen ecosystems (Couwenberg, 2011; Teh et al., 2011). Moreover, very limited data 

exist on C flux for fen ecosystems that are regenerating after intensive arable land use 

(Baird et al., 2009). The lowland fen ecosystems were only included in reporting of UK 

peatland C budgets recently (Billet et al., 2010). There has been one report on the C 

balance of grazed and mown lowland fen in the Somerset Levels which reported a 

small net emission of 59 g CO2-C m-2yr-1 from the ecosystem for only one year 

measurements (Lloyd, 2006). But the current CO2 sink / source status of the large areas 

of degraded lowland temperate fen ecosystems in other parts of the country remains 

largely unquantified (Evans et al., 2011).                  

 

Earlier studies on CH4 fluxes were mostly conducted by chamber techniques owing to 

the limitations in the measurement equipment (a high-frequency sensor is needed). The 

implementation of EC measurements of CH4 started to become successful only in the 

late 1990s using closed-path systems with tuneable diode laser (TDL) spectrometers. 

The quantum cascade laser (QCL) spectrometers have been developed subsequently 
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and used recently for the same purpose (Kroon et al., 2010). Fowler et al. (1995b) have 

tried to combine flux gradient, EC and relaxed eddy accumulation methods to measure 

the CH4 emission on a peatland in Scotland, and found that CH4 emission may be over-

estimated on high latitude wetlands. Hargreaves & Fowler (1998) also conducted 

another measurement of CH4 fluxes on a temperate peatland by using a combination of 

micrometeorology methods to discuss the relationships between CH4 emission and peat 

temperature and water level. These were pioneer studies using micrometeorology 

methods to measure CH4 fluxes. Heikkinen et al. (2002) compared the measurement of 

CO2 and CH4 fluxes by the static chamber and the EC methods, and found that the static 

chamber results showed lower CO2 and higher CH4 fluxes than those estimated from 

EC measurements (the CH4 flux was measured by a fast response TDL spectrometer 

added to the EC system). 

 

2.5. Summary  

This chapter reviewed the scientific and policy literature relative to the project (2.4). 

The importance of peatland ecosystem in terms of C storage and climate change was 

outlined (2.1). The C cycling (physical and biological processes) in peatland 

ecosystems was described (2.2). The current state of knowledge relating to lowland fen 

ecosystems, peatlands restoration was reviewed (2.1) and the impacts of anthropogenic 

activities on peatland ecosystems were discussed (2.3).  

 

At the current time, very limited observation data exist on GHG fluxes from lowland 

temperate fen ecosystems in the UK. Until now, the best estimates of CO2 losses from 

arable fens in East Anglia were represented by Bradley (1997) and Gauci (2008). The 

scarcity of GHG flux research at lowland peatland sites has been identified as a key 

evidence gap (Evans et al., 2011). Moreover, there is a lack of quantitative evidence on 

the change in GHG fluxes from rewetting / regenerating peatland ecosystems on which 

to base a description of the detailed effects of peatland restoration on GHG emissions 

in the longer-term. Understanding the current and potential future roles of the large 

areas of lowland temperate fens in the UK requires quantification of GHG fluxes and 
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all climate relevant C budgets across different land-use status and site types. The novel 

knowledge of the dynamics of land / atmosphere GHG exchanges is essential for 

designing effective conservation and restoration policies on peatland ecosystems. 

 

The two EC stations in this project were the first such measurement stations to be 

installed on temperate lowland fen peatlands in the UK, and can provide continuous 

direct measurements on a rewetting / regenerating fen and a semi-natural fen in the 

same geographic location. The field observation measurements of GHG fluxes at an 

ecosystem scale represent a first step towards full land C budget accounting. The 

continuous direct measurements on a rewetting / regenerating fen compared to those 

from a near-by semi-natural fen provide long term quantitative evidence to explore the 

detailed effects of rewetting-restoration on peatlands GHG emissions. This research 

therefore makes an important step towards filling the current gaps in knowledge and 

longer-term direct observation data.  
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3.1. Wicken Fen  

3.1.1. Wicken Fen National Nature Reserve 

 

This Ph.D. project focuses on research undertaken at Wicken Fen NNR, 

Cambridgeshire, UK (52°18’ N, 0°16’ E). Both of the study sites are located in this 

NNR, namely at Baker’s Fen (BF), and at Sedge Fen (SF). The Wicken Fen NNR is 

one of the oldest nature reserves in the country, located to the south of Wicken village 

and approximately 26 km north east of Cambridge. It is within the original great East 

Anglian Fenland Region (Rowell & Harvey, 1988; Figure 1) and situated in an area of 

low relief (McCartney et al., 2001). Whilst originally part of an extensive wetland, the 

nature reserve is now surrounded by arable land on peat soils and is an isolated semi-

natural peatland ecosystem (Friday & Colston, 1999; National Trust, 2007).  

 

Due to the large demand for farmland by the increasing UK population, the great 

drainage of the Fens in the 17th Century resulted in the conversion of former wet fen to 

agricultural uses, resulting in an enormous loss of natural fen habitats, which could be 

described as the greatest ecological disaster in the history of the country (Rotherham, 

2013). However, small parts of the Fens, including much of Wicken Fen NNR, avoided 

drainage (Rowell & Harvey, 1988). Therefore, Wicken Fen NNR is one of the few 

remaining, well preserved fragments of East Anglian fenland, thereby providing a 

unique habitat for many characteristic wetland species. The NNR has an exceptionally 

diverse flora and fauna; over 8000 species have been recorded making the site one of 

the most species rich nature reserves in Great Britain (Warrington et al., 2009). The site 

also is one of the most important wetland habitats in Europe, famous for the presence 

of unusual Molinia caerulea-Cirsium dissectum and Phragmites australis-Peucedanum 

plant communities (Friday, 1997). Wicken Fen is protected under UK law as a Site of 

Special Scientific Interest (SSSI), and is also on the list of Wetlands of International 

Importance under the terms of the RAMSAR Convention (RAMSAR, 2014).     

 

Wicken Fen NNR was established by the NT as the first UK nature reserve in 1899. 

The NT, a Non-Governmental Organisation (NGO), manages the site and has expanded 
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the reserve area from an original 0.6 ha to a current area of circa 930 ha (Hughes et al., 

2011; McCartney et al., 2001; Warrington et al., 2009). A further expansion plan for a 

landscape scale wetland restoration project - Wicken Fen Vision, has been set up in 

1999, aiming to create a maximum of 5,300 ha of wetland nature reserve by 2100 by 

bringing more adjacent land into conservation management through restoration of fen 

and wetland habitats (Warrington et al., 2009; Figure 10). However, the reserve area is 

still under tremendous pressure from intensive farming, increasing populations and 

other human activities on adjacent areas. It is anticipated that over 44% of the proposed 

restoration will target the degraded peat soil currently used for agriculture (National 

Trust, 2007). There is, however, concern about the feasibility of reserve expansion due 

to the availability of adequate water for rewetting in this agriculturally dominated 

landscape (Ness & Procter-Nicholls, 2008).   Further concerns relate to the isolation of 

the reserve area which is quite some distance from other wetland reserves, thus limiting 

species dispersals. 

 

 

 

Figure 10: A recent map of Wicken Fen Vision plan and the adjacent area of Wicken Fen (edited from 

Warrington et al., 2009). 

 

The Wicken Fen area receives an average yearly precipitation of 560 mm yr-1 and the 

mean annual temperature has been recorded at 10.4 0C (1979 to 2008) (Morrison et al., 
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2013). The annual potential ET rate is about 594 mm on average; the precipitation is 

evenly distributed throughout a typical year (McCartney & de la Hera, 2004; Stroh et 

al., 2012). The growing season lasts from March to October in this region (Kelvin, 

2011). During most of the growing season the ET is more than the precipitation in the 

area (McCartney et al., 2001; McCartney & de la Hera, 2004). The dominant wind 

direction is south-west throughout the year (Stroh et al., 2012).   

 

The peat depth on the site ranges from about 0.75 m to more than 4 m; the south-

western part of Wicken Fen NNR has deeper peat profiles, whereas the north-eastern 

part is shallower. The underlying impermeable Gault clay is about 15 - 23 m thick 

which could inhibit vertical drainage (McCartney & de la Hera, 2004). Due to land 

drainage, peat harvesting, and intensive farming, the fen is now perched 2 - 3 m above 

the adjacent farmland.   

 

 

 

Figure 11: An old map of Wicken Fen (from Friday, 1997). The Priory Farm is rewetted and called 

Baker’s Fen nowadays. 

 

Wicken Fen has been sub-divided into several isolated areas by lodes or ditches and 

into different management units during the 17th and the 18th Centuries (Figure 11). The 

vegetation communities in different areas present different stages of the fenland 
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ecological succession reflecting differences in the land use history. The diverse 

vegetation communities in the area are characteristic of moderate to low fertility 

floodplain fens and high pH peat soils (McCartney & de la Hera, 2004). The shallow 

open waters, such as the lodes, ditches and meres, represent the very early stages of the 

hydrosere, and are distributed sporadically in the area. The subsequent successional 

stage is the reed-beds stage which can be found in the southern part of the reserve (the 

Adventurer’s Fen) (Figure 12). The establishment of sedge communities is the next 

successional stage (e.g. the SF) and woody vegetation (fen “carr”) is the final stage 

which can be found at the edge of the SF (Figure 12). 

 

 

 

 

Figure 12: Map of Wicken Fen, indicating the location of the two study sites Sedge Fen and Baker’s Fen 

(map provided by John Bragg from the NT). 
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3.1.2. History of Wicken Fen 

 

Wicken Fen is a lowland temperate fen located on the southern edge of the original 

East Anglian Great Fenland region which formed between the uplands of Lincolnshire, 

Cambridgeshire, Suffolk and Norfolk (Moore, 1997).  

 

In the 17th Century, the East Anglian Great Fenland covered around 3,367 km2, running 

north to south from Lincoln to near Cambridge, and east to west from Brandon to 

Peterborough (Darby, 1983). Frequent but irregular flooding events from the North Sea 

and the Great Fenland rivers created this waterlogged flooded plain. The deposition of 

silts from the incursions of seawater formed the low-lying base, and the incomplete 

decay of the dead vegetation formed the peat soils in the frequently waterlogged 

conditions in the areas further from the sea in the southern part of the Fenland expanse 

(Moore, 1997). 

 

In the Romano-British period, the waterlogged conditions provided little opportunity 

for large scale human settlement in this vast flooded plain area. Only the drained 

coastal region of the northerly siltlands, and the margin or the isolated islands of the 

southern peatland area (e.g. Ely) were developed for human settlement and grazing 

land during this period. By contrast, no prosperous settlement or large scale land 

transformation could be found in the southern peatland area during this time. In the 

southeast corner of the Fenland, several lodes (i.e. Reach Lode, Swaffham Bulbeck 

Lode, Bottisham Lode; Figure 10) that represent ancient waterways still exist to this 

day. These are believed to have been dug by the Romans for transport but not for 

drainage purposes. After the Roman period, most of the area of the Fenland was held as 

ecclesiastical property for quite a long time. During this period, due to the lack of 

technology, only small-scale drainage schemes were conducted for generating revenue. 

The land became Crown property in the mid-16th Century after the dissolution of the 

monasteries in 1539 (Darby, 1956; 1983; Kelvin, 2011; Rowell, 1997).   

 

Large-scale extensive drainage schemes of the peatland area were initiated in the early 

17th Century in the Great Fens region. The largest drain plan called the Fen Project was 

proposed by the Crown in 1620. Initially, the project was aimed at preventing flooding 
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as a priority, since the region suffered from flooding both from upland water and the 

sea quite often during this period. Several catastrophic floods happened in 1607 and 

1613, which were probably the greatest disasters since the flood of 1236. With the help 

of the Dutch engineer Cornelius Vermuyden, an extensive drainage network in the 

region was built, and the natural watercourses and the artificial Roman lodes were 

strengthened. The project was completed in 1663, and greatly improved the life of the 

settlers, and brought large areas of land into agricultural production (Darby, 1956; 1983; 

Harris, 1953).                            

 

Turf (peat) digging also prevailed in the Great Fen region in the 17th Century. The first 

documented turbary was built in 1091 in the neighbourhood of a cropland area, but by 

the 12th and 13th Centuries turbaries started to be widespread in the region. After the 

large-scale drainage in the 17th Century, the turf digging activities increased 

dramatically due to an increase in the demand for fuel in the Fenland areas where wood 

and other fuel sources were in short supply. Another important reason for this was 

probably that it was much easier to harvest peat after the great drainage. Turf digging 

appeared to decline from the late 18th Century onwards on both Baker’s Fen and St. 

Edmunds Fen (Figure 12), and certainly by the time of the establishment of the Wicken 

Fen nature reserve. However, Burwell Fen and Adventurers’ Fen (Figure 10) still 

supported the largest turbary for commercial digging until cessation of these workings 

in the mid-20th Century after the Second World War (Lohoar & Ballard, 1990).  

 

Many documents note that the SF is the only area in the Great Fen region which had 

not been allotted to be drained during the Fen Project in the 17th Century (Gardiner & 

Tansley, 1923). As a result of this supposition, there are reasonable grounds to believe 

that the original SF area has never been drained (Rowell & Harvey, 1988). The giant 

sword sedge (Cladium mariscus) is the dominant species on the SF. This sedge had 

been harvested commercially as the cut material could be used for fuel, thatching, 

domestic and agricultural litter and fodder. The sedge cutting was not an annual event, 

but only took place once in perhaps three to five years. The high commercial value of 

the sedge is believed to be the main reason for keeping this area away from the 

drainage efforts. However, due to the drainage and the peat extraction in the 
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neighbouring area, the total area of sedge only now covers 8% of the site (Rowell, 

1997).     

 

In the early 20th Century, the establishment of the Wicken Fen nature reserve combined 

the subdivisions of the Wicken Fen under a single ownership. Both drainage and peat 

digging in the neighbourhood area ceased during this period as well. This landmark 

progress successfully protected the enclosed area from further disturbance. Even 

though the commercial value of sedge dramatically declined in the late 19th Century, 

the SF had fortunately survived from the collapse of the sedge industry by being 

recognised as a site of ecological and historical importance. The nature reserve initially 

only covered part of the SF, but has since been expanded to its present extent for 

conservation purposes (Rowell, 1997).           

 

3.1.3. Conservation and Restoration at Wicken Fen 

 

The conservation value of Wicken Fen was recognised as a result of the diverse flora, 

fauna and habitats found at the site, and also the presence of many endangered plant 

species such as fen violet (Viola persiciflora) and milk-parsley (Peucedanum palustre) 

(Kelvin, 2011).  It was designated as a NNR in 1993 (Lock et al., 1997).  

 

Under current management by the NT, the plan is to use a more naturally sustainable 

approach to create a mosaic of mostly self-regenerating wetland habitats, including 

diverse micro-ecosystems such as wet grasslands, reed beds, marsh, fen and shallow 

ponds and ditches, chalk grassland and woodlands (National Trust, 2009). This natural 

regenerating restoration approach lets the species assemblages change over time under 

appropriate controls in environmental conditions and requires less intensive and costly 

management. The exact composition and distribution of the self-regenerating mosaic 

habitats is less predictable but will be more sustainable both in the short and long term.  

The NT is deliberately aiming for a “lighter touch”, also, for those parts of the site 

under restoration management, only sometimes supplementing with some seeding of 
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appropriate vegetation species, reducing the infield water losses and introducing 

conservation grazing (Warrington et al., 2009).  

 

As on the reclaimed agricultural land under restoration management and elsewhere in 

the nature reserve, the NT has used ditch sluice and pump mechanisms in order to 

maintain water levels and reduce the infield water losses. Different types of pump 

technology have been used in the last few decades, such as wind-driven pumps, steam-

driven pumps and modern electrically powered pumping mechanisms (Kelvin, 2011). 

The water levels in soil and ditches have been controlled appropriately by the modern 

electrically powered pumping mechanisms nowadays on the site, although seasonal 

variations can occur. Ditch sluice and impermeable membranes are also employed for 

preventing infield drainage in order to allow the appropriate permanent wetland 

vegetation to develop (Friday, 1997). In some particular areas of the nature reserve, the 

land is allowed to become much wetter to encourage birds, wildflowers, and insects.    

 

 

 

Figure 13: Konik Pony at Baker’s Fen (photo taken by © Mike Peacock) and Highland Cattle at Baker’s 

Fen (photo taken by © Hugh Venables). 

 

 

Conservation grazing was introduced to Wicken Fen in 2003 at BF and Adventurer’s 

Fen (the area between the Wicken Lode and Burwell Lode; Figure 10). This grazing 

compartment covers over 155 ha; the naturalistic grazing system allows animals free-

roaming over the whole available area throughout the year. The Konik Pony, an eastern 

European breed of primitive pony, is one of the species chosen to graze on the site 

(Figure 13). Another grazing animal chosen for the site is the Highland Cattle which 

originates from the Highlands and Islands of Scotland (Figure 13). The Konik Pony 
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was introduced from a nature reserve in the Netherlands with a similar management 

system; and the Highland Cattle were from a similar free-range system on the Isle of 

Mull, so both of them quickly settled in at Wicken Fen. Both the Konik Pony and 

Highland Cattle are tough, robust animals which are well-adapted to and thrive in 

wetland habitats and have been used successfully to help manage nature reserves right 

across Europe. There is wide acceptance that conservation grazing can be a valuable 

tool to influence the developing vegetation in the regenerating wetland ecosystems, 

since the grazers can keep the landscape open and help the vegetation to become 

established (Laidlaw, 2011). The large animals also can create other habitats such as 

trodden paths, dusty hollows, water-filled hoof prints and piles of dung, making the 

animals act as catalysts for the introduction of new flora and fauna to the ecosystem. 

The grazing wardens from the NT only provide necessary help to the herds (e.g. regular 

inspections, monitoring, recording etc.) under the “hands-off” approach to avoid any 

further disruption to the animals by human intervention (Laidlaw, 2011; National Trust, 

2011;  personal conversation with Carol Laidlaw, the grazing warden at Wicken Fen 

NNR).                 

3.2. Study Site One: Baker’s Fen 

The study site at BF is located in the southern part of Wicken Fen NNR, covering an 

area of about 55 ha (Priory Farm in Figure 11). BF is a rewetting temperate lowland fen 

that was formerly under intensive agricultural use from around the mid-19th Century 

(Figure 14). The site, called “Priory Farm” in the last centuries, was initially drained in 

1840 and used for intensive row crop production in the years prior to restoration 

(Friday & Colston, 1999). The site was recently initially restored in 1994 and rewetted 

in 1998 by ditch blocking to raise the ground water table. Calcareous water is 

abstracted from Monks Lode to the site only between November and April due to the 

summer water rights being fully allocated to the surrounding agricultural land use (M. 

Lester, personal communication; Figure 11). During the restoration, it was replanted 

with some native common grass and rush species (i.e. Poa trivialis, Agrostis stolonifera 

and Juncus inflexus) (Friday, 1997). Today, there still is quite a large area of arable 
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land to the south-west side of BF, but on the other sides it abuts onto the established, 

original fenland features of the nature reserve. 

 

 

Figure 14: A view at Baker’s Fen from the south-west (dominant wind direction) to the flux station with 

Highland Cattle standing on the site (photo taken by © Ajay Tegala). 

 

 

Conservation grazing with Konik Pony and Highland Cattle was introduced to BF and 

the neighbouring Adventurer’s Fen in 2003. There were 29 Konik Ponies and 29 

Highland Cattle on the site at the end of 2008. Today, there are 31 Konik Ponies and 28 

Cattle on the site (C. Laidlaw, personal communication). The number of animals has 

fluctuated over the years because of breeding, animal social behaviour or management. 

However, the grazing pressure is controlled at a flexible population density of roughly 

one animal for every 1.5 ha (Laidlaw, 2011).   

 

The surface of BF is a mosaic of semi-natural grassland communities and consists of ~ 

60% relatively dry areas with rough grassland, ~ 30% perennially saturated areas and ~ 

5% drainage ditches at variable spacing (Morrison, 2012). The relatively dry areas are 

dominated by rough bluegrass (Poa trivialis), creeping bent (Agrostis stolonifera), 

couch grass (Elytrigia repens), cocksfoot (Dactylis glomerata) and false oat-grass 

(Arrhenatherum elatius); perennially wet areas are dominated by soft rush (Juncus 

inflexus), hairy sedge (Carex hirta) and creeping bent (A. stolonifera); and the drainage 

ditches are dominated by common reed (Phragmites australis) (Morrison, 2012). 
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Peat soils at BF are highly degraded Adventurer’s series (sedge) fen peats of about 0.55 

m in depth, overlying 15 - 23 m impervious grey Gault clay. The soil organic matter 

(SOM) in the top 0.3 m of the peat profile is about 34% (Morgan, 2005; Stroh et al., 

2012) and peat bulk density is approximately 1.1 g cm-3 (Ness & Procter-Nicholls, 

2008). The growing season lasts from March to October (Morrison, 2012).  

 

3.3. Study Site Two: Sedge Fen 

The second study site SF is located in the north of Wicken Lode in the Wicken Fen 

NNR, covering an area of 137.7 ha (Figure 15). Documents suggest that this original 

SF is one of the very few remnants of the original fens in the great East Anglian 

Fenland region in the sense that it has never been drained or used for agriculture or peat 

extraction in its history (Rowell & Harvey, 1988). It is a rich calcareous fen (pH ~7) 

which forms the nucleus of the Wicken Fen NNR (Kelvin, 2011).  

 

 

 

Figure 15: A view at Sedge Fen to the west (dominant wind direction) from the top of the flux tower 

(photo taken by © Jörg Kaduk). 
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The peat soil at SF is Adventurer’s series (sedge) fen peat which is more than 4 m deep 

at the south-western end, and less than 1 m deep in the north-eastern corner, overlying 

on 15 - 23 m thick impervious grey Gault clay (Friday et al., 1997). The peat depth is 

circa 2 m at the location of the flux tower. The SF lies about 2 m above the adjacent 

drained farmland, between 3 - 5 m above the sea level. The SOM is about 77% in the 

top 0.5 m of the peat profile, and the bulk density is about 0.2 g cm-3 to a depth of 0.5 

m (Morgan, 2005; Stroh et al., 2012).  

 

There are numerous ditches / lodes on the site (Figure 11). The primary source of 

calcareous water to the SF is the Wicken Lode (Kelvin, 2011; Figure 11). Historically, 

SF was subject to winter flooding from Wicken Lode and a drought period in summer 

(Godwin, 1931). In the 1940s, a sluice and pump were installed upstream to maintain 

the lode water levels and prevent the site from flooding (Lock et al., 1997). Thus, the 

ditches are employed as drainage channels during winter and irrigation channels during 

summer.  To limit water loss from SF to the adjacent agriculture land at a lower 

elevation, an impermeable membrane was installed along the northern boundary to the 

agricultural area in the late 1980s (Friday, 1997). Therefore, the SF is hydrologically 

isolated by the impermeable membrane within the northern boundary, a ridge of clay to 

the Northeast and the Wicken Lode to the South and West, as well as the impermeable 

Gault clay layer beneath the peat layer (McCartney & de la Hera, 2004). In the early 

investigations of the hydrological regime at the SF, Godwin & Bharucha (1932) 

determined that the ditch water levels only affect soil water levels outside of the ditch. 

As the site presents an isolated hydrological unit, further research suggested that the 

main factor producing the lower water table in summer was the enhanced summer 

transpiration loss from the vegetation surface, rather than the rainfall observed at the 

site or the ditch water level fluctuations (Gilman, 1988; Gowing, 1977). However, its 

isolated hydrological condition meant that there was no minerotrophic water supply to 

the site and, therefore, the site showed signs of drying (McCartney & de la Hera, 2004). 

In response to this finding, a wind mill to pump minerotrophic water from the Wicken 

Lode into the fen was installed by the NT in 2011, aiming to abstract additional 

calcareous water from Monks Lode and delivers it to the fen during the winter months 

(Kaduk et al., 2015; Figure 11).   
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In SF, the sedge has historically been harvested commercially for fuel, thatching, 

domestic and agricultural litter and fodder, enabling the site to persist as open fen 

habitat (Rowell, 1994). By the mid-15th Century, the established standard practice was 

for the 3 or 4 year old sedge to be harvested in summer. This practice ceased in the late 

19th Century when the site was placed under conservation management by the NT. 

Instead of summer harvesting, an intermittent winter cutting regime was implemented 

during the early 20th Century which led to a decline of sedge communities and the 

colonisation of the fen by carr woodland (Rowell & Harvey, 1988). Therefore, the 

traditional summer cutting was re-implemented following an extensive scrub clearance 

programme to restore open fen vegetation (Friday, 1997). Nowadays, the sedge is 

harvested in sections every 3 or 4 years and scrub clearance takes place when needed to 

preserve the sedge plant communities (Kaduk et al., 2015).  

 

The human management practices such as controlling soil water levels and the sedge 

cutting regime have maintained diverse vegetation communities and arrested the 

natural process of ecological succession towards carr vegetation. Giant sword sedge 

(Cladium mariscus) has historically been the dominant species together with common 

reed (Phragmites australis) (Figure 15); this vegetation type corresponds with the 

Symphytum officinale sub-community of Phragmites australis-Peucedanum palustre 

tall herb fen of the National Vegetation Classification (NVC S24c) (Rodwell, 1995). 

Both species can typically be found in waterlogged environments as they have an 

internal air space system to supply oxygen to the submerged parts of the plant (Conway, 

1936; 1938). Therefore they have been capable of persisting at the site, despite winter 

flooding. Moreover, these dominant species can transport CH4 from the soil to the 

atmosphere via their internal channels thus forming a CH4 emission pathway that 

bypasses the methanotrophic zone in the soil or surface water (Brix et al., 1996; Figure 

7).    

3.4. Summary 

This chapter provides an overview of the flux measurement sites at the Wicken Fen 

NNR (3.1.1). The ecological and edaphic conditions (3.1.1), together with the history 
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(3.1.2), the current management practices and ecosystem restoration activities (3.1.3) 

employed at the two study sites (3.2 and 3.3) were presented separately. This provides 

an intensive understanding of the study region and a detailed picture of the study 

locations. 
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Chapter 4   

Methods, Data Collection and 

Processing 
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4.1. The Eddy Covariance System 

The ground-based EC system is the primary instrumentation system used in this 

research to measure land-atmosphere CO2 and CH4 exchanges at the two study sites. In 

this section the EC theory is introduced, summarising the most important elements 

from detailed reviews of the EC techniques that are available in the literature (e.g. 

Aubinet et al., 2000; Baldocchi, 2003; Baldocchi et al., 1988; 2012; Burba & Anderson, 

2010; Foken et al., 2012; Monson & Baldocchi, 2014).    

 

4.1.1. Eddy Covariance Theory 

 

Flux density can be defined as transport of a scalar or vector quantity expressed 

through a unit area per unit time, which can be used for mass, heat, momentum etc. 

(Burba & Anderson, 2010). Therefore, the measurement of the appropriate flux density 

is widely used to estimate the exchanges of trace gases, heat or water in an area of 

interest. Over the last decades, the EC technique as a method to measure the flux 

density has been widely used as one of the most direct and reliable methods available 

to quantify the land-atmosphere trace gas fluxes over relatively large “footprint” areas 

(ecosystem-scale) in different ecosystems continuously (Baldocchi et al., 1988; Laine 

et al., 2006). EC can also be used to measure the fluxes of sensible heat, latent heat and 

momentum (Aubinet et al., 2012; Baldocchi et al., 2001a). The EC method has been 

recently widely used for studies of plant physiology and role of environmental factors 

on ecosystem functions (Aubinet et al., 2000). Currently, there are over 500 EC sites all 

over the world (Monson & Baldocchi, 2014). 

 

EC measurements rely on sensing the turbulent airflow within the planetary boundary 

layer (PBL) at the interface between the atmosphere and the biosphere. The turbulent 

motion within the surface boundary layer can be imagined as a horizontal flow of 

numerous eddies of various frequencies rotating in 3 dimensions (3-D; Figure 16) (Stull, 
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1988). Each eddy is characterised by a specific temperature, concentration of water 

vapour and gases such as CO2, and has a vertical wind component. Therefore the 

concentration, temperature, humidity and vertical wind speed of eddies can be 

measured by EC instrumentation installed at a fixed height (Zm) to determine the 

difference between the amount of mass and energy that is moving upwards to the 

atmosphere and downwards to the biosphere, i.e. the net flux (Foken et al., 2012; 

Figure 16). 

 

 

 

Figure 16: a) Schematic representation of the surface layer above a homogeneous land surface divided 

into inertial sub-layer and roughness sub-layer; b) Schematic representation of the eddy covariance 

tower and the control volume with which the expression of the gas exchange is determined (edited from 

Kroon, 2010). 

 

 

In mathematical terms, in turbulent airflow, the vertical flux (F) can be presented by 

the equation as (Burba, 2013; Equation 5): 

                                 

𝐹 = 𝜌𝑎𝑤𝑠                       (Eq. 5) 

 

In the Equation 5, flux computed as the mean product of the air density (ρa), vertical 

wind speed (w) and the mixing ratio of the interest gas (s). The Equation 5 can be 

broken into means and deviations by Reynolds decomposition and simplified as (Burba, 

2013; Equation 6): 
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   𝐹 = (𝜌𝑎 𝑤 𝑠 + 𝜌𝑎𝑤′𝑠′ + 𝑤 𝜌𝑎
′

𝑠′ + 𝑠 𝜌𝑎′𝑤′ + 𝜌𝑎′𝑤′𝑠′)      (Eq. 6) 

 

To further simplify Equation 6, an important assumption has been made in the EC 

method: in conventional EC measurements, the terrain has been assumed to be 

horizontal flat and uniform, which means the average fluctuation is assumed to be zero 

(Baldocchi, 2003; Foken, 2008; Horst & Weil, 1993). In other words, the conventional 

EC measurements should be used over a flat and vast ground layer with homogenous 

vegetation type, under atmospheric turbulence conditions which do not change over the 

averaging time period (i.e. 30 or 60 minutes). Therefore, the air density fluctuation, and 

flow divergence can be considered negligible (absence of horizontal advection) (Burba, 

2013; Leuning, 2004). Based on these assumptions, the eddy flux can be computed as 

in Equation 7, where the overbar denotes the temporal averaging (i.e. 30 or 60 minutes), 

and the prime denotes the deviation from the mean of air density (ρa), vertical wind 

speed (w) and the mixing ratio of the interest gas (s) respectively (Equation 7).  

 

      𝐹 ≈ 𝜌𝑎  𝑤′𝑠′                     (Eq. 7) 

 

However, most instruments usually do not measure mixing ratio of the interest gas (s) 

but the gas density (ρc), so a more practical formula is presented as (Burba, 2013; 

Equation 8):                         

 

𝐹 ≈ 𝜌𝑎  𝑤′𝑠′ ≈ 𝑤′𝜌𝑐′            (Eq. 8) 

 

 

Thus, the eddy flux can be presented as the mean covariance between deviations in 

instantaneous vertical wind speed (w) and the gas density (ρc) (Equation 8). Based on 

these theoretical principles, the EC method assesses the gas exchanges across the 

biosphere-atmosphere interface by sampling the turbulent motions along with their 

scalar concentrations over a time integral under the assumptions made in the method 

proposed by Baldocchi et al. (1996).     
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There are also several other assumptions that have been made in the EC method, which 

should be considered carefully during the site selection and instrument installation 

phases (Table 1): i) the measurement point (tower position) should represent an upwind 

area; ii) the measured fluxes are originating from the surface of interest (Burba & 

Anderson, 2012; Scheupp et al., 1990); iii) the measurements should be done inside of 

the boundary layer of interest and only from the interest area (Malhi et al., 2004); iv) 

the EC instruments used can respond to small changes at very high frequency (10 Hz or 

20 Hz) (Moore, 1986; Munger et al., 2012); v) the turbulent exchange should be 

stationary and fully developed (Foken et al., 2004; 2012). 

 

Table 1: Main theoretical assumptions for eddy covariance theory (edited from Morrison, 2012; Burba & 

Anderson, 2010) 

 

Theoretical Assumptions Reference 

Sensor can respond to high frequency variations in turbulence 

and scalar concentrations 

Moore, 1986 

Munger et al., 2012 

Measurements are made within the surface (constant flux) layer Malhi et al., 2004 

A flat homogeneous surface (or fetch) with a uniform 

source/sink status exists for an extended upwind distance from 

the tower 

Foken, 2008 

Horst & Weil, 1994 

 

Absence of horizontal advection Leuning, 2004 

Fluctuations average to zero over time 
Baldocchi, 2003 

Foken, 2008 

Turbulent exchange is stationary (e.g. steady-state) and fully 

developed 

Foken & Wichura, 1996 

Foken et al., 2004; 2012 

Atmospheric density fluctuations are negligible 

Webb, Pearman & 

Leuning, 1980 

Burba & Anderson, 2012 

  

 

However, due to these theoretical assumptions being rarely fully met in practice, as 

well as the physical phenomena, instrument systematic errors, specificities of terrain 
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and experimental setup, and other uncertainties, there are a number of potential 

measurement errors (Moncrieff et al., 2004; Ruppert et al., 2006; Table 1). It should be 

noted that none of the flux measurement errors are trivial (they may combine to over 

100% of the initial measured flux value). To minimize or avoid such errors, it is very 

important to install the instruments properly and maintain instruments carefully 

(Rebmann et al., 2012). There are also a number of corrections possible during data 

processing and data quality control that serve to minimize the errors (Burba & 

Anderson, 2010; Table 2). For example, most of the frequency response errors due to 

the instruments can be partially reduced by proper instrumental setup, and further 

corrected by frequency response corrections. The proper instrument maintenance with a 

spike removal procedure and filtering of raw (20 Hz) EC data can minimize the effect 

of spikes and noise to a large degree (Vickers & Mahrt, 1997). There are also a series 

of corrections that can be done during the data processing, such as (Table 2): i) 

coordinate rotation correction for unlevelled instrument flux (sonic anemometer) (Lee 

et al., 2004; Wilczak et al., 2001); ii) Webb-Pearman-Leuning correction related to 

temperature and humidity fluctuations (Webb, Pearman & Leuning, 1980); iii) sonic 

heat correction for sonic temperature errors affecting sensible heat flux measurements 

(Schotanus et al., 1983); iv) time lag corrections between sonic anemometer and scalar 

sensors (Foken, 2008); v) coefficient corrections of LE and H (Mauder et al., 2008); vi) 

storage corrections in the air column below Zm (Papale et al., 2006);  and vii) high 

frequency co-spectral loss corrections (Moore, 1986). 

 

Some errors are most severe in specific types of EC instrument. For example, time 

delay errors and tube attenuation errors are observed mostly in closed-path analyzers. 

However, missing data always occur during use of open-path analyzers due to rain or 

snow. A number of different mathematical methods (e.g. Monte Carlo Method) can be 

used for data gap filling by testing what the error is for a specific data set (Aubinet et 

al., 2000). Comparing the closed-path and open-path analyzers, closed-path analyzers 

require more power supply than the open-path analyzers do. The relatively new open-

closed path (enclosed) (e.g. LI-7200) analyzer may minimize the disadvantages both 

from the open-path and closed-path analyzers to some degree, but it requires more 

power than an open-path system due to the power requirement for pumping the intake 

air into the analyzer (Aubinet et al., 2012).  
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Table 2: Summary of main processing procedures for calculation fluxes from raw eddy covariance data 

(LI-COR, 2015c) 

 

Processing Procedure Description 

De-trending of raw 

time series 

Applied to eliminate non-stationary behaviour (i.e. trend) of the measured 

variables during the averaging period (Mauder et al., 2008)  

Coordinate rotation for 

sonic anemometer title  

(SAT) correction 

Applied to align instrumental coordinate system with the local terrain to the 

mean streamlines of the wind to remove contamination of the vertical component 

of wind speed by the other two horizontal components (Foken, 2008) 

Angle-of-attack  

dependent correction 

(Gill’s only) 

Applied only for vertical mounted omni-directional SAT to compensate the 

effects of flow distortion induced by the transducer self-shading by frame on the 

turbulent flow field (Gash & Dolman, 2003; Nakai & Shimoyama, 2012) 

Time lags 

compensation 

Applied to compensate measurements time lags between SAT and any other high 

frequency instrument due to spatial separation and passage of air into sampling 

lines (Foken, 2008) 

Statistical analysis and 

spike removal 

Applied to screen raw data statistically due to instrument and electrical noise, 

remove spikes, drop-outs, data exceeding absolute limits, poor amplitude 

resolution and skewness and kurtosis issues from any further flux computation 

(Mauder et al., 2013; Rebmann et al., 2012; Vickers & Mahrt, 1997) 

Data conversion and  

computation  

Applied to convert sonic temperature to true temperature for calculation H; 

compute of the averages of all measured variables with a half time stamp 

(Schotanus et al., 1983) 

High frequency 

response corrections  

Applied to compensate high frequency flux contribution losses due to finite 

sensors separation, signal attenuation, path averaging, time constants of EC 

system (Baldocchi, 2003) 

Low frequency 

response corrections 

Applied to compensate low frequency flux contribution losses due to finite 

averaging length and de-trending (Massman & Clement, 2004; Moncrieff et al., 

2004).  

Atmospheric density 

fluctuation correction 

(WPL correction, 

open-path only) 

Molar density measurements are influenced by fluctuations of temperature, 

humidity and pressure that generate expansion and contraction of air volume. 

The Webb, Pearman and Leuning (WPL) correction applied to adjust these 

effects on measured fluxes (Leuning, 2004; Webb, Pearman & Leuning, 1980)  

Storage corrections  

The storage term need to be counted during periods of weak turbulent mixing, 

the fluxes from surface may accumulate and not reach the measurement height 

(Zm). Generally, the storage term is negligible over short vegetation with low Zm 

(Aubinet et al., 2012; Papale et al., 2006).  

Random uncertainty 

estimation 

Calculate flux random uncertainty due to sampling error (Finkelstein & Sims, 

2001; Mann & Lenschow, 1994) 

Footprint estimation 

Applied to calculate the distance from the EC tower contribution to the measured 

fluxes, which will use for quality control (Burba & Anderson, 2011; Kormann & 

Meixner 2001) 

Quality control test 
Flag data quality based on steady-state and developed turbulence tests (Foken et 

al., 2004) 
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On the spatial scale, the EC method represents an intermediate vacancy between (i) the 

leaf / single plant measurements (i.e. leaf cuvettes) or small scale measurements (i.e. 

soil chambers) and (ii) regional assessments (i.e. remote sensing). Comparing with the 

other intermediate-scale ground based GHG flux measurement techniques (i.e. chamber 

measurement); both methods have some advantages and disadvantages (Table 3). 

However, the ground based measurements are restricted to spatially discrete 

observations. A current strategy to use optical remote sensing techniques based on 

Earth observation data to create a consistent global dataset of primary production 

estimates is advocated widely in the future work, emphasizing the value of multi-scale 

observations for modelling (Friend et al., 2007; Heinsch et al., 2006).   

 

 

Table 3: General comparison between eddy covariance method and chamber techniques (edited from 

Drösler et al., 2008) 

 

Characteristics 

Methods 

Eddy 

covariance 

Automatic 

chamber 

Manual 

chamber 

Undisturbed gas exchange ++ +/- +/- 

Integration over spatial variability ++ - - 

Direct measurement of small-scale spatial variability 

and management 
-- + ++ 

Tracking temporal variability ++ ++ - 

Costs -- -- ++ 

Workload ++ + -- 

Performance under all climatic conditions +/- +/- ++ 

“+” means advantage, “-” means disadvantage 
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4.1.2. Quality Control  

 

Quality control (QC) is a data filtering procedure to check the processed half-hour 

dataset quality and exclude the flux data of suspect quality due to unfavourable micro-

meteorological conditions and to instrument malfunctioning (Foken, 2003). The QC 

procedures are site specific, but typical QC steps include: a) remove data flagged as 

being in a low quality class, during precipitation, snow, and frost events (Foken, 2003; 

Foken et al., 2004; Göckede et al., 2004; Mauder & Foken, 2011); b) removal of 

statistical outliers (above or below thresholds) in half-hour flux dataset (Elbers et al., 

2011; Papale et al., 2006); c) friction velocity (u*) filtering (statistical tests for 

turbulence conditions) (Foken et al., 2004; Ruppert et al., 2006); d) footprint modelling 

for spatial assessment of flux measurements (Hsieh et al., 2000; Kljun et al., 2004; 

Kormann & Meixner, 2003).  

 

One of the important challenges relates to the EC measurements during nocturnal 

periods (Aubinet et al., 2012). During the night and under thermally stable conditions, 

when NEE represents exclusively respiratory processes, low turbulence conditions can 

cause the respired CO2 to accumulate below Zm (Aubinet et al., 2012; Papale et al., 

2006). In such conditions, horizontal advection may transport CO2 away from the site 

of production therefore the assumptions underlying the EC theory are not fully met. As 

a consequence nocturnal NEE could be underestimated and the further cumulative CO2 

sequestration overestimated (Aubinet et al., 2012; Goulden et al., 1996). This issue is 

addressed by filtering flux data obtained during the stable stratification periods under a 

certain u* threshold, with the generated gaps being replaced using the gap-filling 

procedure described below (Goulden et al., 1996; Lohila et al., 2011; Papale et al., 

2006).  

 

4.1.3. Data Gap-filling 

 

Together with unavoidable original gaps in EC measurements due to system downtime, 

artificial gaps after QC procedures affect the flux dataset (Papale, 2012). Normally, 
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typical EC data coverage is 40% to 60% at annual timescales (Falge et al., 2001). 

Although processed available data with gaps is unproblematic for obtaining a 

defensible annual budget and is adequate for analyses of functional relationships, a 

gap-filling procedure is required to produce daily, seasonal and annual sums of CO2 

exchange (Papale, 2012).  

 

A range of gap-filling methods have been reported and compared, and can be divided 

in to several main types: non-linear regression (Desai et al., 2005); look-up table types 

(Reichstein et al., 2005); artificial neural networks (Papale & Valentini, 2003) and 

others (e.g. mean diurnal variation; Moffat et al., 2007). All these gap-filling methods 

have advantages and disadvantages; method choice ultimately depends on amount and 

distribution of gaps, availability of meteorological data and the balance between 

implementation costs and gap-filling performance (Moffat et al., 2007; Richardson & 

Hollinger, 2007; Richardson et al., 2008). An online high performance gap-filling 

method of Reichstein et al. (2005) as one of the standardized methods has been made 

available and widely adopted by the whole EC flux measurement community (i.e. 

Carboeurope-IP project and FluxNet). 

 

4.1.4. Flux Partitioning 

 

The EC measurement only provides direct measurement of NEE, while GPP and Reco 

cannot be discriminated from the measurements of daytime NEE (Reichstein et al., 

2005; 2012). Therefore, a modelling approach needs to be used to partition the 

measured NEE into its component fluxes (Lasslop et al., 2010; Reichstein et al., 2005; 

2012). 

 

From an ecosystem aspect, a negative NEE indicates existence of a sink of CO2 when a 

net uptake of CO2 appears in the ecosystem; while a positive NEE means the ecosystem 

is acting as a source of CO2 when CO2 is away from the surface to the atmosphere. The 

net CO2 flux can be expressed as (Equation 9): 
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𝑁𝐸𝐸 = 𝑅𝑒𝑐𝑜 − 𝐺𝑃𝑃                (Eq. 9) 

 

Nowadays, many different flux partitioning algorithms have been developed (Desai et 

al., 2005; Lasslop et al., 2010; Reichstein et al., 2005). One of the most widely used 

algorithms in the community is based on extrapolating measurement of nocturnal NEE 

to NEE during daytime as Tair, with GPP estimated by difference (Reichstein et al., 

2005). An alternative approach is estimation of daytime Reco as the y-intercept of the 

light response to daytime NEE (Smith et al., 2010).  

 

4.1.5. Energy Balance Closure 

 

The evaluation of the energy balance closure (EBC) is commonly used to assess EC 

estimate performance (Leuning et al., 2012; Wilson et al., 2002). Wilson et al. (2002) 

defined that “EBC is an expression of the first law of thermodynamics, which requires 

the sum of the turbulent energy fluxes measured with the EC system (the sensible heat 

flux, H and the latent heat flux, LE) to balance the sum of all other energy terms”. In 

simple terms, the energy balance can be defined as “the turbulent fluxes H and LE 

against the available energy which can be approximated by the difference between net 

radiation (Rn) and ground heat flux (G)” (Oke, 1987) (Equation 10):  

 

 

𝑅𝑛 − 𝐺 ≈ 𝐻 + 𝐿𝐸            (Eq. 10) 

 

 

where Rn is measured using a net radiometer, G is measured by soil heat flux plates, 

and H and LE are EC measurements (for all terms, units are expressed in W m-2). As a 

plausibility test, the smaller the difference between the two terms, the higher is the 

quality of the data used. However, in reality, full EBC is rarely attained in observation, 

mostly around 70% to 90% across a range of ecosystems (Foken et al., 2006; Jacobs et 
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al., 2008). There are various potential reasons that can cause an imbalance in EBC, 

some of which may influence the flux measurements; however, it should not be used to 

correct the trace gas flux measurements (Foken et al., 2011; Twine et al., 2000).  

 

4.2. Instrumentation 

4.2.1. Instrumentation at Baker’s Fen 

 

An EC system consists of multiple sensors making simultaneous measurements of all 

flux terms, as well as the relevant meteorological instruments. The Baker’s Fen EC 

station is located at 52018’15”N, 0017’27”E, at Wicken Fen NNR. The station is based 

at 4 m above mean sea level (amsl) with a clear fetch over BF, over 600 m along the 

dominant (southwest) wind directions, about 300 - 400 m in all other directions (Figure 

17). The instruments are mounted on the tripod arm at about 2.3 m above the ground 

level, about 1.5 m above the vegetation surface (i.e. over twice the maximum summer 

vegetation height; Foken, 2008). The EC system is composed of the following 

instruments (Figure 18). All meteorology measurements were logged on a datalogger 

CR1000, the datalogger clock was synchronised during each field work visit. The 

whole system was set to Greenwich Mean Time (GMT) during the whole measurement 

period. The power system was provided by an array of four 250 W solar panels and a 

bank of four 6 v car batteries (Solar-wind Ltd., Ipswich, UK). The power control 

system and the batteries were housed in a box located north of the EC tower. The 

station was within a fenced enclosure to protect damage by / to grazing animals. The 

vegetation within the enclosure was cut intermittently to maintain similar conditions to 

the grazed site. Dip wells were installed and maintained by the NT; water level data 

from 107-1 (location marked on the map) which was used in this study was provided 

by John Bragg from the NT (Figure 17). 
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Figure 17: Footprint of Baker’s Fen eddy covariance site. The red marker indicates the location of the 

EC station. The green marker labeled 107-1 points to the location of the automatic dipwell managed by 

the NT of which the data are used in this study. The red lines show 100 m distance to the North, East, 

South and West of the EC tower. 

 

 

High frequency measurements (20 Hz) were taken by: 

 1 × CSAT3 Three Dimensional Sonic Anemometer (Campbell Scientific Ltd., 

Shepshed, UK) at 2.24 m height 

 1 × LI-COR LI-7500A Open-Path CO2 and H2O Infrared Gas Analyser (IRGA) 

(LI-COR Ltd., Lincoln, Nebraska, USA) at 2.24 m height 

 1 × LI-COR LI-7700 Open-Path CH4 IRGA (LI-COR Ltd., Lincoln, Nebraska, 

USA) at 2.26 m height 

 1 × LI-COR LI-7550 Analyser Interface Unit (LI-COR Ltd., Lincoln, Nebraska, 

USA) 
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Figure 18: Setup of the EC station at Baker’s Fen with sonic anemometer, the IRGAs, radiometers, 

relative humidity and temperature probe, solar panels and the power control system in the green box 

within a fence enclosure (© G. Pan). 

 

 

Meteorology measurements were taken every 10 seconds and averaged to 30 min 

means by: 

 1 × CR1000 Data Logger (Campbell Scientific Ltd., Shepshed, UK) 

 1 × CNR1 Net Radiometer (Kipp & Zonen Ltd., Delft, The Netherlands) 

 1 × SKP215 Quantum Sensor (Skye Instruments Ltd., Powys, UK) 

 1 × HMP45C Relative Humidity and Temperature Probe (Campbell Scientific 

Ltd., Shepshed, UK) 

 4 × HFP01SC Soil Heat Flux Plates (Hukesflux Ltd., Delft, The Netherlands) at 

8 cm below the ground surface 

 1 × ARG100 Tipping Bucket Rain-gauge (Environmental Measurements Ltd., 

North Shields, UK) 
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4.2.2. Instrumentation at Sedge Fen 

The SF station is located at 52018’35”N, 0016’47”E, within the old Sedge Fen area in 

Wicken Fen NNR. At this station, there is an automatic weather station (AWS) and an 

EC station mounted on separate tripods. Both the AWS and the EC station are at 4 m 

amsl with a clear fetch over SF of 150 m to the north of the EC tower by an area of 

woodland, but at least 400 m in all other wind directions (Kaduk et al., 2015; Figure 

19). The instruments on the AWS and the EC station are mounted at about 4 m above 

the ground level, about 2.5 m above the sedge canopy (about double the mean 

vegetation height) (Foken, 2008). Meteorology measurements of the EC station and the 

AWS were logged on separate dataloggers. The datalogger clocks were synchronised 

during each field work visit. The whole system was set to Greenwich Mean Time 

(GMT) during the whole measurement period. The system power was similar as BF 

with an array of four 250 W solar panels and a bank of four 6 v car batteries (Solar-

wind Ltd., Ipswich, UK). There is a box located north of the EC tower housed the 

power control system and batteries. 

 

 

 

Figure 19: Footprint of Sedge Fen eddy covariance site. The red marker indicates the location of the 

AWS and EC station. The green marker labeled NW07 points to the location of the automatic dipwell 

managed by the NT of which the data are used here. The red lines show 100 m distance to the North, 

East, South and West of the flux tower. The remaining blue and green markers are further dipwells 

managed by the NT (from Kaduk et al., 2015). 
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The AWS was equipped with the following instruments (Figure 20). Measurements 

were taken every 10 seconds and averaged to 30 minute means. Dip wells were 

installed and maintained by the NT, water level data from NW07 (location marked on 

the map) which was used in this study was provided by John Bragg from the NT 

(Figure 19).  

 

 1 × CR1000 Data Logger (Campbell Scientific Ltd., Shepshed, UK) 

 1 × HMP45C Relative Humidity and Temperature Probe (Campbell Scientific 

Ltd., Shepshed, UK) 

 2 × HFP01 Soil Heat Flux Plates (Hukesflux Ltd., Delft, The Netherlands) at 5 

cm below the ground surface 

 2 × Cup Anemometers 

 

 

 

Figure 20: Setup of the AWS at Sedge Fen with the relative humidity and temperature probe, two cup 

anemometers and radiation sensor, white weatherproof boxes house datalogger and instrument control 

units (© G. Pan). 

 



 

70 

The instrumentation setup of the EC station was composed of the following instruments 

(Figure 21):   

 

Meteorology measurements were taken every 10 seconds and averaged to 30 minute 

means by: 

 1 × CR3000 Data Logger (Campbell Scientific Ltd., Shepshed, UK) 

 1 × CNR1 Net Radiometer (Kipp & Zonen Ltd., Delft, The Netherlands) 

 1 × HMP45C Relative Humidity and Temperature Probe (Campbell Scientific 

Ltd., Shepshed, UK) 

 2 × HFP01 Soil Heat Flux Plates (Hukesflux Ltd., Delft, The Netherlands) at 8 

cm below the ground surface 

 

High frequency measurements (20 Hz) were taken by: 

 1 × Gill R3-50 Ultrasonic Anemometer (Gill Instruments Ltd., Lymington, UK) 

at 3.94 m height 

 1 × LI-COR LI-7500A Open-Path CO2 and H2O IRGA (LI-COR Ltd., Lincoln, 

Nebraska, USA) at 3.79 m height 

 1 × LI-COR LI-7700 Open-Path CH4 IRGA (LI-COR Ltd., Lincoln, Nebraska, 

USA) at 3.6 m height 

 1 × LI-COR LI-7550 Analyser Interface Unit (LI-COR Ltd., Lincoln, Nebraska, 

USA) 
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Figure 21: Setup of the EC station at Sedge Fen with the sonic anemometer, the IRGAs, radiometer and 

second relative humidity and temperature probe, white weatherproof boxes house datalogger, instrument 

control units and washer water storage tank (© G. Pan). 

 

 

4.2.3. Output Variables of Instruments  

 

The output variables of and further information about all the instruments which have 

been used in this study at each study site are presented in the Table 4. 
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Table 4: Main output variables from all the instruments which have been used in this study in the EC 

system. Further information about the instruments is also indicated as reference.  

 

Instrument Measured Variables (notation) Site Reference 

CSAT3 Three Dimensional 

Sonic Anemometer 

Horizontal wind velocity: u’ (m s-1); v’ (m s-1) 

Vertical wind velocity: w’ (m s-1) 

Speed of sound: c (m s-1) 

BF (Campbell 

Scientific, 

2015a) 

Gill R3-50 Ultrasonic 

Anemometer 

Horizontal wind velocity: u’ (m s-1); v’ (m s-1) 

Vertical wind velocity: w’ (m s-1) 

Speed of sound: c (m s-1) 

SF (Gill 

Instruments, 

2007) 

LI-COR LI-7500A Open-

Path CO2 and H2O IRGA 

CO2 concentration density: CO2 (μmol m-2s-1) 

H2O concentration density: H2O (mmol m-2s-1) 

BF/ 

SF 

(LI-COR, 

2015a) 

LI-COR LI-7700 Open-

Path CH4 IRGA 

CH4 concentration density: CH4 (μmol m-2s-1) 

Air temperature: CH4 temperature (ºC) 

Air pressure: CH4 pressure (kPa) 

BF/ 

SF 

(LI-COR, 

2015b) 

Li-COR LI-7550 Analyser 

Interface Unit 

Temperature measured at LI-7550: Temperature 

(ºC) 

Barometric pressure measured in LI-7550: 

Pressure (kPa) 

BF/ 

SF 

(LI-COR, 

2015a) 

CNR1 Net Radiometer Solar radiation (shortwave): SWin (W m-2) 

Reflected solar radiation (shortwave): SWout (W 

m-2) 

Far Infrared incoming radiation (longwave): LWin 

(W m-2) 

Far Infrared radiation from soil surface 

(longwave): LWout (W m-2) 

CNR1 temperature: CNR1T (K) 

Net Radiation: Rn (W m-2) 

BF/ 

SF 

(Campbell 

Scientific, 

2011) 

SKP215 Quantum Sensor Photosynthetically active radiation: PAR (PPFD, 

μmol m-2s-1) 

BF (Campbell 

Scientific, 

1996) 

HMP45C Relative 

Humidity and Temperature 

Probe 

Relative humidity: RH (%) 

Air temperature: Tair (ºC) 

BF/ 

SF 

(Campbell 

Scientific, 

2009) 

HFP01SC Soil Heat Flux 

Plate 

Ground heat flux: G (W m-2) BF/ 

SF 

(Campbell 

Scientific, 

2012) 

ARG100 Tipping Bucket 

Rain-gauge 

Rainfall intensity: Rain (mm) BF (Campbell 

Scientific, 

2010) 
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4.3. Data Processing and Analysis 

4.3.1. Software 

 

Data loggers ran Campbell Scientific CRBASIC (Campbell Scientific, 2013) to 

calculate 30 min averages of meteorological data. The LI-7550 ran embedded software 

version 5.0.1 from 01/01/2013 to 16/08/2013, version 6.5.5 from 16/08/2013 to 

10/09/2014 and from then on version 7.0.1. Raw EC measurements were processed 

with EddyPro 6.1.0 (LI-COR, 2015c) which also read in the meteorological data as 

external biomet data files for flux computation. The output, 30-minute fluxes and 

meteorology data were inputted into R version 3.1.3 (R Core Team, 2014) for QC, flux 

partitioning, data analysis and visualization mostly with self-developed code. For data 

gap-filling and some visualization the R package REddyProc developed by the Max 

Planck Institute for Biogeochemistry in Jena was used (MPI Biogeochemistry, 2014), 

which is based on Reichstein et al. (2005).  

 

4.3.2. Eddy Covariance Data Processing 

 

High frequency (10 and 20 Hz) raw EC measurement data was processed by EddyPro 

software package (version 6.1.0) to calculate half-hour turbulent fluxes of CO2, CH4, 

latent and sensible heat and momentum. A half-hour interval is recognised to be 

adequate to capture low frequency contributions without affecting diurnal changes in 

the measured variables (Burba & Anderson, 2010). Negative fluxes denote uptake from 

the atmosphere to the biosphere and the positive fluxes represent losing from the 

ecosystem.  

 

In particular, the main procedures implemented in this study by using EddyPro (version 

6.1.0) include: 
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 De-trending: all deviations were calculated as block averages over half-hour 

averaging interval. Obeys Reynolds decomposition rule (the mean value of 

fluctuations is identically zero). Block average method retains the largest 

portion of low frequency content (Mauder et al., 2008). 

 Coordinate rotation: A double rotation was applied to each 30-minute data set 

of raw measurements. 

  Angle-of-attack dependent correction: angle-of-attack errors in the measured 

wind speed were corrected according to Nakai et al. (2006) for site SF only 

(using Gill’s SAT). 

 Time lag compensation: sonic anemometer and IRGA measurements were 

synchronized using covariance maximisation to account for sensor separation 

and electronic delays. 

 Statistical analysis and spike removal: the raw data were statistically screened 

for the detection and removal of spikes, drop-outs, data exceeding absolute 

limits, poor amplitude resolution and skewness and kurtosis issues based on 

Vickers & Mahrt (1997). 

 Density fluctuation correction: density fluctuations were corrected according to 

Webb, Pearman & Leuning (1980). 

 Frequency response corrections: High and low frequency losses were estimated 

following Moncrieff et al. (2004) and Moncrieff et al. (1997), respectively.  

 Storage correction: storage of CO2 below the measurement height (Zm) was 

estimated from successive CO2 concentration measurement (Papale et al., 2006)  

 Random uncertainty estimation: the flux random uncertainty due to sampling 

error was estimated with the method Finkelstein & Sims (2001). 

 Footprint estimation: in the first instance the footprint model of Kljun et al. 

(2004) was implemented in Eddypro was used to estimate spatial 

representativeness of the fluxes, and switch to the footprint model of Kormann 

& Meixner (2001) if the requirements of the model of Kljun et al. (2004) are 

not fulfilled.  

 Quality control test: the fluxes were assigned quality flags (QF) for QC using 

the 0-1-2 system described by Mauder & Foken (2004).  
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4.3.3. Quality Control 

 

4.3.3.1. Low Quality Data, Outlier, Spikes Removal  

 

This step of QC of the half-hour turbulent fluxes involved removal of statistic outliers, 

data flagged as low quality, values outside a likely range and de-spiking.  

 

The QC procedures implemented in this study include: 

 All flux data were removed if quality flagged as 2 in the 0-1-2 flag system 

(Mauder & Foken, 2004). 

 All flux data were filtered using the median absolute deviation (MAD) method, 

data were treated separately for daytime and night-time period using a moving 

window of 13 days and the recommended z-value of 5.5 (Papale et al., 2006).  

 All flux data were removed when it was raining and the half-hour after rain 

(unfavourable meteorological conditions). 

 CO2 and LE flux data were discarded when LI-7500A AGC (parameter of the 

cleanness of the LI-7500A optical path) increased above 80 or LI-7500A signal 

strength dropped below 85%. CH4 flux data were removed when LI-7700 

signal strength dropped below 15%. 

 The CO2 fluxes were removed if they were outside the range observed in 

similar ecosystems (˗50 to 50 μmol m-2s-1); LE fluxes were removed if out of 

the range ˗50 to 500 W m-2; H fluxes were removed if out of the range ˗200 to 

500 W m-2. 

 The CH4 fluxes were removed if they were outside the range observed in 

forests, wetlands, croplands and pasture (˗0.1 to 2.5 μmol m-2s-1) (Nicolini et 

al., 2013). 

 The CO2 and CH4 flux data were removed if either H or LE were removed 

because the density correction requires H and LE. 
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4.3.3.2. Friction Velocity Threshold 

 

The periods of low turbulence condition and limited air mixing were identified using a 

friction velocity (u*) threshold for u* filtering (Gu et al., 2005). The assumption of the 

u* filtering approach is that the night-time CO2 fluxes represent respiratory processes 

only and do not depend on turbulence regimes. The measured CO2 fluxes will only be 

accepted when they are independent from changes of u* when the u* value is above the 

threshold (Massman & Lee, 2002). The u* threshold value is site-specific and varies 

from 0.0 to 0.6 m s-1 in different ecosystems (Gu et al., 2005; Massman & Lee, 2002).  

 

In this study, the u* threshold was calculated for different years at the two study sites 

respectively based on Reichstein et al. (2005) and Papale et al. (2006). The nocturnal 

NEE data (when global radiation Rg < 20 W m-2) were split into six temperature classes 

of equal size and each temperature class has been dived into 20 u* classes. For each 

temperature class, the u* threshold was identified as the u* class where the mean was 

less than 95% of the mean of higher u* class (Papale et al., 2006). As u* varies across 

the different seasons and years considered, the u* threshold was calculated on different 

time aggregations in separate years. At both sites, the u* filtering was finally performed 

using the growing season (May to October) threshold which was the highest value 

found on both sites on this basis.  

 

The u* threshold was set to 0.32 m s-1 for BF 2013; 0.28 m s-1 for BF 2014; 0.28 m s-1 

for BF 2015; 0.26 m s-1 for SF 2013; 0.39 m s-1 for SF 2014; 0.39 m s-1 for SF 2015. 

All flux data were filtered using these u* thresholds for different years / sites separately. 

 

 

4.3.3.3. Flux Footprint Estimates 

 

Footprint analysis allows an assessment of the spatial representativeness of the flux 

measurements, i.e. “the field of view” of the EC system. In particular, the footprint 

model provides a measurement of relative contribution from one upwind point during 

each half-hour period (Scheupp et al., 1990). There are various methods available in 

the community for modelling footprints (Burba & Anderson, 2011). In this study, in the 
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first instance the footprint model of Kljun et al. (2004) was implemented and then 

switched to the footprint model of Kormann & Meixner (2001) if the requirements of 

the model of Kljun et al. (2004) were not fulfilled.  

 

The Xmax (maximum upwind distance from the tower) allows identification of the part 

of the source area affecting the measured fluxes. The flux data originating from further 

than the Xmax were assumed to originate from outside of the target area.   

 

The Xmax was set at 200 m for BF and 150 m for SF based on Eddypro footprint outputs. 

All the flux data originating from further than 200 m at BF and 150 m at SF were 

removed. 

 

4.3.4. Data Coverage  

 

At the BF station, the EC measurement data collected for this thesis started on 1st Jan. 

2013 and ended on 31st Dec. 2015. At the SF station, data collection started on 1st Aug. 

2013 and ended on 31st Dec. 2015. In total, there are about 5.5 site years of data 

included in this study. There was a long gap in continuous measurements between 3rd. 

January and 14th. February 2014 at BF due to batteries being stolen from the station; 

and a long gap between 15th Mar 2014 and 8th May 2014 at SF due to system 

malfunction.  

 

Together with significant data gaps due to instrumental failure during the data 

acquisition phase, the QC procedure also further reduced the amount of available data. 

In general, data coverage during winter and night was inferior compared to summer and 

daytime data acquisitions because of more frequent power or instrument malfunctions, 

and low quality data on the basis of u* threshold. This is particularly so for methane 

due to its low atmospheric concentration and hence complexities of high frequency 

measurements with low maintenance and low instruments (Rinne et al., 2007). Many 

studies have reported low data coverage after QC that is mainly caused by data lost 

during winter and at night (Jackowicz-Korczynski et al., 2010; Rinne et al., 2007). 
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Figure 22: Data coverage for different periods in different years. From left to right, the complete dataset 

(whole year), the growing season (May to October) and the non-growing season (rest of year). Data 

coverage calculated using all flux data (CO2, CH4, H2O, LE and H). Original gaps (missing) and the 

gaps generated by different QC procedures are outlines by the colour palette.   

 

 

After the QC, the available data retained for two sites in different years are (Table 5): 

 

Table 5: Data coverage for different periods in different years (% of valid data). 2013 SF only covers 

data from August to December 2013.  

 

Year / Site Whole Year Growing Season Non-growing season 

2013 BF 49% 59% 39% 

2014 BF 42% 51% 34% 

2015 BF 53% 63% 42% 

2013 SF (Aug. - Dec.) 16% 19% 13% 

2014 SF 46% 55% 37% 

2015 SF 53% 63% 42% 
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The data coverage during the growing season (May to October) on both sites was 

similar as shown in other studies in similar ecosystems (Wohlfahrt et al., 2008; Zeeman 

et al., 2010; Table 5). As expected, data coverage during the non-growing season was 

much lower than the coverage during the growing season in the same year (Figure 22). 

Most of the missing data can be attributed to the non-growing season or to night-time 

measurement periods when biological activity is very low. Nevertheless, it was 

concluded that the data set was sufficient for the reconstruction of an annual cycle.  

 

4.3.5. Data Gap-filling and Partitioning 

 

The 30-minute turbulent flux data after the QC were gap-filled using the Marginal 

Distribution Sampling (MDS) method (Reichstein et al., 2005) to produce daily, 

seasonal and annual sums. MDS is a variant of the Mean Diurnal Variation (MDV) 

approach (Falge et al., 2001), and is widely adopted by the community (i.e. 

Carboeurope-IP project and FluxNet). The gap-filling algorithm is derived from 

covariance and temporal auto-correlation of the fluxes. The gaps have been substituted 

by the data measured under the similar meteorological conditions according to its types 

(Look up tables, LUT) within a time window ±7 to 14 days, or substituted with data 

measured at the same time of the year (MDV).   

 

The CO2 fluxes were filled using Rg, Tair and water vapour pressure deficit (VPD) as 

meteorological variables in the algorithm; latent heat fluxes were filled using Rn, VPD 

and Tair; sensible heat fluxes using Rn, Tair and VPD; and CH4 fluxes were filled using 

Rn, water table (WT) and Tair. The selection of the variables used for gap filling was 

based on an exploration of the co-variation of the variables and the R2 of the predictions 

from the gap filling for the existing measurements. 

 

The partitioning of NEE into CO2 flux components (GPP and Reco) was performed by 

the modelling approach used widely by the community (e.g. Moffat et al., 2007; 

Reichstein et al., 2005). The Reichstein et al. (2005) partitioning approach uses only 

original data to model nocturnal NEE (representing solely respiratory process nocturnal 
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Reco) as a function of temperature. The nocturnal NEE data are therefore used to fit the 

Lloyd & Taylor (1994) respiration model (Equation 11): 

 

 

𝑅𝑒𝑐𝑜(𝑇) = 𝑅𝑒𝑐𝑜,𝑟𝑒𝑓 · 𝑒
𝐸0·{

1

𝑇𝑟𝑒𝑓−𝑇0
 − 

1

𝑇−𝑇0
}
            (Eq. 11) 

 

 

where Reco,ref is basal ecosystem respiration at reference temperature (Tref) set to 10 °C; 

𝐸0  (K) is the activation-energy; T is either air or soil temperature and T0 is the 

temperature where Reco reaches zero (set constant at ˗ 46.02 °C). This function is 

applied over small window periods assuming model parameters are time-varying with 

changes in ecosystem properties. For each period, the best values of the regression 

parameters are used to estimate daytime Reco and missing Reco values, and GPP is 

estimated by the difference (Equation 12): 

 

  

𝐺𝑃𝑃 = 𝑅𝑒𝑐𝑜 − 𝑁𝐸𝐸                 (Eq. 12) 

 

 

4.3.6. Uncertainty Estimation for Annual Sums 

 

The uncertainty of the annual sums was explored using a Monte-Carlo simulation 

procedure assuming a normal distribution for each single 30 minute flux datum. For 

original data, it was assumed that their random error calculated according to Finkelstein 

& Sims (2001) approximates their standard deviation (SD). For gap-filled fluxes the 

SD as reported by the gap-filling procedure was used. For each 30 minute flux, 

uncertainties were generated assuming a normal distribution of the measurement with 

the mean of the measurement and the assigned SD. Using these distributions 1000 flux 

time series were generated by drawing randomly from the normal distributions for each 

http://www.rapidtables.com/convert/temperature/celsius.htm
http://www.rapidtables.com/convert/temperature/celsius.htm
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of the 30 minute fluxes. The SD and the 95% confidence interval of these 1000 

realisations were taken to indicate the uncertainty of the annual sums. 

 

4.3.7. Energy Balance Closure 

 

The EBC was evaluated by linear regression of the sum of the turbulent energy fluxes 

(LE + H) measured with the EC system against energy fluxes (Rn - G) obtained by 

independent methods. In this study, EBC evaluation was performed on 30 minute time 

scale with quality controlled (not gap-filled) data and on daily scale by using daily 

averages of the turbulent and available energy fluxes (gap-filled) (Leuning et al., 2012).  

 

 

Figure 23: Energy balance closure for Baker’s Fen. The left panel shows the measured (non-gap-filled 

but quality controlled) 30 min latent (LE) and sensible (H) heat fluxes plotted against measured net 

radiation (Rn) reduced by the ground heat flux (G) at Baker’s Fen during the whole measurement period. 

The right panel shows energy balance closure evaluated using daily averages (with gap-filled data). 

Regression equations, coefficients of determination are provided. 

 

As shown in the Figure 23 and Figure 24, the turbulent energy fluxes were well 

correlated with the available energy at 30 minute scale and with daily averages on both 

sites (R2 of 0.88, 0.88, 0.88 and 0.76, correspondingly). The EBCs of both sites were 

within the range of values reported across a range of wetland ecosystems globally (68%, 

88% at 30 minute scale; 79%, 86% with daily averages, respectively; Merbold et al., 

2009; Veenendaal et al., 2007). The EBC at SF was higher than at BF at both time 
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scales. However, the imbalance of regression equations indicated the turbulent fluxes 

were overestimated during the period of low available energy (e.g. winter night-time) 

whereas they were underestimated during the high available energy period (e.g. 

summer daytime) (Figure 23 and 24). There are several reasons to explain the lack of 

energy balance closure measured using the EC technique: i) the footprint mismatch 

between the net radiometers, soil heat flux plates and the time-varying EC system 

(Foken, 2008); ii) surface heterogeneities within the footprint or advection that are not 

sampled by the EC system (Foken, 2008); iii) high or low frequency spectral loss due 

to instrument geometry limitations and use of finite averaging periods (Wilson et al., 

2002); iv) underestimation of G or other heat storage terms (S) (Jacobs et al., 2008); v) 

instrument bias caused by study site environments (e.g. soil heat flux plates may be 

inaccurate in dry organic soils; Laurila et al., 2012). It is also worth commenting that 

the heat flux plates perform poorly in peat substrates and neglected storage term could 

be the explanation for the relative imbalance EBC in this study (Harding & Lloyd, 

2008; Jacobs et al., 2008).  

 

 

Figure 24: Energy balance closure for Sedge Fen. The left panel shows the measured (non-gap-filled but 

quality controlled) 30 min latent (LE) and sensible (H) heat fluxes plotted against measured net 

radiation (Rn) reduced by the ground heat flux (G) at Sedge Fen during the whole measurement period. 

The right panel shows energy balance closure evaluated using daily averages (with gap-filled data). 

Regression equations, coefficients of determination are provided. 

 

The EBC have been improved significantly at BF when assessed with daily averages 

indicating closure of 68% and 79% respectively (Figure 23). The daily EBC at SF is 

similar as the EBC assessed with 30 minute flux data, with slightly lower regression 
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slope at 0.86 and 0.88 correspondingly but with much smaller intercept of 0.94 W m-2 

compared to 10.38 W m-2 (Figure 24). The improvement in daily EBC is consistent 

with results from a multisite evaluation across a range of FluxNet sites (Leuning et al., 

2012), suggesting the fact that daily integrals account to a large extent for short term 

phase shifts between measured cause and effect, for example lag in the soil heat flux as 

it responds to surface warming.  

 

As an alternative method, the energy balance ratio (EBR) was also applied to evaluate 

the EBC in this study (Equation 13; Wilson et al., 2002):  

 

 

𝐸𝐵𝑅 =
∑(𝐻+𝐿𝐸)

∑(𝑅𝑛− 𝐺)
                      (Eq. 13) 

 

The EBR compared turbulent fluxes and available energy with cumulative energy 

terms over a large time scale. Small scale (half hour) changes in energy storage tend to 

be elided by summation over the considered period. The EBR based on the quality 

controlled measured data was 0.88 and 0.98 for BF and SF correspondingly; whereas 

the one based on the gap-filled data was 0.90 and 1.04 for BF and SF correspondingly. 

The results of EBR further indicated the high quality of the EC measurements on both 

study sites.   

 

4.3.8. Regression Analysis of Environmental Factors 

To test the effects of measured environmental factors on the variations of CO2 and CH4 

fluxes, the Pearson correlation analysis and the stepwise multivariate regression 

analysis were conducted by SPSS version 17.0 (SPSS Inc., 2008). Before data were 

selected to conduct such analyses, the non-parametric test was run by using the 

Kolmogorov-Smirnov test to validate the normality of selected data distribution. The 

Levene’s test was explored to test the homogeneity of variances. The significance level 

was set to 0.05, which indicates that a lower p-value than 0.05 was statistical 

significance. In the stepwise multivariate regression, the minimum p-value for a 

variable to be suggested for adding to and removing from the model was set to 0.1. 
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4.3.9. Light Response Curves 

 

Photosynthesis process is driven by light; however, the way NEE responds to changes 

in photosynthetic photon flux density (PPFD) could vary within vegetation types and 

seasons. In this study, the light response curve was analysed to describe the correlations 

between NEE and PPFD at two study sites during the study period in the growing 

seasons. There are several different functions to describe this relation exist (e.g. 

rectangular hyperbola, linear function with saturation, and non-rectangular hyperbola; 

Blackman, 1905; Rabinowitch, 1951; Tamiya, 1951). The rectangular hyperbolic light 

response function has been frequently used (known as Michaelis-Menten type model, 

Aubinet et al., 2001; Falge et al., 2001; Frolking et al., 1998; Equation 14):  

 

 

 𝑁𝐸𝐸 =
𝛼𝐹𝑚𝑎𝑥𝑃𝑃𝐹𝐷

𝛼𝑃𝑃𝐹𝐷+𝐹𝑚𝑎𝑥
+ 𝑅𝑒𝑐𝑜             (Eq. 14) 

 

Where Fmax (μmol CO2 m
-2s-1) is the maximum CO2 flux at infinite light (also referred 

as maximum assimilation, Amax), α (mol mol-1) is the ecosystem apparent quantum 

yield (the initial slope of the light response curve).  

 

Photosynthetic CO2 assimilation increases with the increase of PPFD. NEE values 

change from positive to negative, passing through a point where CO2 uptake exactly 

balances CO2 release. It is normally called the light compensation point. Photosynthetic 

assimilation increased linearly with PPFD when NEE lies above the light compensation 

point, and the velocity of this rise (i.e. the slope of the linear relation between NEE and 

PPFD) is the maximum quantum yield of photosynthesis. Quantum yields vary from 0 

to 1, during which the absorbed light used for photosynthesis is increasing. In the intact 

leaf, measured quantum yields for CO2 fixation vary around 4% to 6% (Taiz & Zeiger, 

2010). At higher PPFD, the photosynthetic response to light reaches saturation level, 

and CO2 assimilation assumes its maximum value, Fmax. Further increases in incident 

light do not affect the photosynthetic rate. 
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Light response curves were calculated by daytime half-hour NEE (Rg > 20 W m-2) 

measured during the growing season (May to October) during the measurement period. 

Model parameters were estimated using the simulated annealing algorithm 

implemented by the function nls () in R stats package (version 3.1.3; R Core Team, 

2014).  

 

 

4.3.10. Multi-scale Analysis of Environmental Controls  

 

In this study, the spectral approach of wavelet analysis was applied to analysis the 

correlations between C fluxes and measured environmental factors in multiple temporal 

scales. The wavelet analysis has been employed widely throughout science and 

engineering since past decades (Cazelles et al., 2008). It has been used quite often in 

climatology recently (Torrence & Compo, 1998), but poorly represented in C flux 

studies (Vargas et al., 2010). It has been well known that ecosystem processes are 

affected by environmental oscillations at multiple temporal scales, simple linear 

relationships between ecological processes and environmental factors are often weakly 

able to reveal the underlying ecological mechanisms (Stenseth et al., 2002). The 

analysis in time frequency domain (i.e. wavelet coherence analysis) has been 

demonstrated could help us to interpret multi-scale non-stationary time-series data and 

explain the correlations between the periodicities of time-series of ecosystem processes 

and those of environmental factors (Cazelles et al., 2008; Vargas et al., 2011).    

 

By using wavelet analysis, the spectral characteristics of interest time series are 

analysed as independent parts divided through a fully scalable modulated window 

which continuously shifted the scale and time, for every signal position the spectrum is 

calculated (Galvagno, 2011). It provides a collection of time frequency representations 

of signal with different time resolutions as the final result (Galvagno, 2011). Therefore, 

this approach can track how the different temporal scales related to the periodic 

components of the signal change over time, allowing identifying regions of local 
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correlations between two time series as a function of frequency (Cazelles et al., 2008). 

The continuous wavelet transform has been used in this study because of its ability to 

produce a smooth picture in time-scale domain of a non-stationary process (i.e. 

ecosystem C fluxes) and discern discontinuous events present in the signal (i.e. heat 

waves, rain pulses) (Vargas et al., 2010). 

 

The continuous wavelet transform can be defined as the convolution integral (Equation 

15): 

 

𝑊𝑛(𝑠) = (
𝛿𝑡

𝑠
) ∑ 𝑥𝑛 𝜓0

∗ (
𝑛−𝑛𝑖

𝑠
𝛿𝑡

⁄
)

𝑁−1

𝑛𝑖=0

             (Eq. 15) 

 

where xn is a discrete wavelet transform signal of length N sampled at δt interval, 𝜓0
∗ 

is the complex conjugate of the translated and scaled basic (mother) wavelet, and s is 

the wavelet scale at which the transform is applied (Vargas et al., 2010).  

 

The ability of wavelet analysis to detect small intervals of scales (i.e. spectral 

resolution) depends on the choice of the mother wavelet which is the base function 

from which transformations are calculated (Vargas et al., 2010). Different type of 

mother wavelet exist, wavelets with better frequency resolution have poorer temporal 

resolution and vice versa (Vargas et al., 2010). One of the most-used basic (mother) 

wavelet for geophysical applications is the Morlet wavelet (Grinsted et al., 2004). 

 

In this study, wavelet coherence analysis was applied to investigate coherence between 

the periodicities of CO2 flux components with Tair, PPFD and VPD, the measured 

environmental variables, at multiple temporal scales. The 30-minutes time series of 

CO2 flux and environmental variables measured during the measurement period were 

used.    

 

The wavelet analysis was operated using function wco () in the R package “Sowas” 

(Maraun et al., 2007). This function inputs time-series data to calculate the wavelet 

coherence of two variables, based on the Morlet wavelet to evaluate correlations 
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between the two interest time series with respect to time and scale. Correlations varied 

between 0 (absence on coherence) and 1 (full coherence) (Galvagno, 2011).  

4.4. Summary 

The Chapter 4 has provided an overview of the underlying theory of the 

micrometeorological EC technique (4.1). The details of the theoretical assumptions of 

the EC method, and the corrections and post-processing of the raw data to meet the 

theoretical assumptions were described (4.1.1). The station instrumental systems 

deployed at the two flux measurement sites were introduced (4.2). A summary of the 

flux raw data processing routines and site-specific QC protocols was presented (4.3.2 & 

4.3.3). The details of the methods used to fill unavoidable gaps in EC flux data (4.1.3 & 

4.3.5), to partition NEE into CO2 flux components (i.e. GPP and Reco; 4.1.4) and to 

estimate the measurement uncertainties (4.3.6) were provided. The methods of flux 

data processing routines, QC, gap filling and flux partitioning were based on the 

standardised method protocols of the FluxNet community. The methods of flux results 

analysis (i.e. regression analysis; light response curves; multi-scale analysis of 

environmental controls) were presented as well (4.3.8, 4.3.9 & 4.3.10).  

 

The total data coverage after QC procedures was provided (4.3.4). The data coverage 

was compared for different periods (i.e. growing seasons, non-growing seasons) in 

different years. As a result, the total data coverage during the growing seasons at both 

study sites is better than in the non-growing seasons. The total data coverage at both 

sites was within the range reported from other EC measurement studies.   

 

The role of EBC as a means of assessing the plausibility of the EC flux measurements 

was evaluated by reconstructing the surface energy budget (4.3.7). The EBC was 

higher at SF than for BF. The EBC improved for both study sites when using the daily 

average in the analysis. The EBC was within the normal range reported from other 

studies.  
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Short-term Climate Response of 

Carbon Dioxide and Methane Fluxes in 
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5.1. Environmental Conditions at Wicken Fen Nature 

Reserve 

5.1.1. Meteorology 

 

The UK is located in the mid-latitude westerly wind belt on the edge of the Atlantic 

Ocean. As a result of variations in climate, topography, and land use, the eastern and 

southern parts of the UK are drier, warmer, sunnier and less windy than those further 

west and north (Jenkins, 2009). 

 

The fenland region of East Anglia covers the largest region of low, flat land in the UK. 

The climate of the area is generally dry and mild. The region is one of the driest regions 

in the country with many areas receiving less than 600 mm of rainfall per year (Murphy 

et al., 2009; Figure 2). Farming is an important activity in East Anglia; therefore, the 

area also is under great pressure from the agricultural land use sector and an increasing 

human population for limited available water sources (Anglian Water, 2007).  

 

Prior to the measurement period, the UK experienced a cold and dry year in 2010 

which was the coldest year in the country since 1986. The December of 2010 was one 

of the coldest calendar months in the last 100 years. It also was the driest year since 

2003, and the period January to June in 2010 was particularly dry, the driest such 

period since 1953 (Met Office, 2013a). The year 2011 had a warm spring and autumn 

contrasting with a cool summer. April 2011 was the warmest April in overall UK 

records as well as for central England. However the summer in 2011 was the coolest 

summer since 1993. In 2011, much of central, eastern and southern England had a 

persistent rainfall deficiency, with parts of the east Midlands and East Anglia recording 

less than 400 mm precipitation, whilst the northern parts of the country received almost 

4000 mm rainfall. East Anglia had the second driest year on record, eclipsed only by 

1921. In contrast, Scotland had its wettest year on record from 1910 (Met Office, 

2013b). 2012 was a year of dramatic contrast. The first three months in 2012 were 
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relatively warm and dry; however, the weather abruptly shifted from April onwards to 

an exceptionally wet period lasting through much of the summer. Similarly to 2011, the 

early spring in 2012 was quite warm; the month of March was the 3rd warmest March 

on record for the UK. However, the 2012 summer was the second coolest summer since 

1998 followed by 2011, and the autumn was the coolest autumn since 1993 (Met Office, 

2013c). In 2012, the prolonged drought periods in large parts of southern, central and 

eastern England (especially lowland England) from April 2010 to March 2012 were 

declared to be one of the ten most significant droughts of one- to two-year duration in 

the last 100 years (Kendon et al., 2013) (Figure 3). The drought led to visible impacts 

on East Anglia lowland peat soils in the fens, where road surfaces started to crack due 

to peat contraction. However, the severe prolonged drought was dramatically 

terminated by the wettest April to July in 2012 over England and Wales in almost 250 

years (Parry et al., 2013). Thus lowland England was characterised by strong seasonal 

variations in hydrological / climate conditions prior to the measurement period, with 

the unusual weather conditions in the last few years providing an opportunity to 

investigate the impacts of climate on the GHG emissions from lowland fenland 

ecosystems. 

 

In order to compare the climate conditions during the measurement period to longer-

term climatic patterns, monthly average Tair and precipitation sums (2013 to 2015) are 

presented together with longer-term meteorological observations. However, there is no 

long-term meteorological record available for the Wicken Fen NNR study location. 

Therefore, additional meteorological data were obtained from the nearest UK Met 

Office NIAB station in Soham (52°33’ N, 0°34’ E, 6 m amsl) located approximately 10 

km from Wicken Fen NNR. The additional meteorological data including monthly 

average air temperature, precipitation, air frost days and the duration of sunshine for 

the thirty year period from 1981 to 2010 were used to define baseline climatic 

conditions. The monthly average data on the number of days with air frost and sunshine 

hours in separate years during the measurement period (2013 to 2015) obtained from 

the Soham station were used to infer the weather conditions at the study site. 

 

Monthly average meteorological data observed during 2013 to 2015 on Wicken Fen 

NNR (using data from BF) are compared against 1981 to 2010 climate averages, and 
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the monthly anomalies are also shown. The Wicken Fen NNR study area was 

characterised by strong seasonal variation in climate / hydrological conditions during 

the measurement period from 2013 to 2015 (Figure 25). Significant annual variations, 

inter-annual differences and departures from baseline climatic conditions (thirty year 

average 1981 to 2010) were observed from the comparison.  

 

5.1.1.1. Air Temperature 

 

The monthly average air temperature (Tair) showed a symmetrical seasonal pattern in 

all years (top left panel in Figure 25), increased from the start of the year, peaked 

during the summer months, and declined throughout the autumn. Annual mean 

temperature of the study area in 2013 was 9.78 °C, 0.3 °C below the 1981 - 2010 long 

term average (10.1 °C). Whereas 2014 was much warmer, and 2015 was slightly 

warmer than average, at annual mean temperature of 11.45 °C and 10.78 °C 

respectively (Figure 25).  
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Figure 25: Monthly meteorological variables (mean air temperature, precipitation, air frost days and 

sunshine hours) measured in Wicken Fen NNR during the measurement period 2013 to 2015 (left 

panels). Thirty years average as baseline climatic conditions are for the period 1981 to 2010. Monthly 

anomalies are shown on the right panels. 1981 to 2010 average data are from the Met Office station at 

Soham station. Data supplied by the Met Office.  
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In general, the study period experienced one of the coldest winter-spring periods in last 

few decades during the first half year of 2013, and one of the warmest years in the 2014 

compared to the long-term average. Until mid-November, 2015 saw mostly quiet 

weather, generally near the average (Figure 25). Conditions were colder than normal 

during the whole first half year of 2013, however relatively warmer during the summer 

in 2013 (Figure 25). It has been reported that 2014 was the warmest year on record for 

the whole country (ahead of 2006) except for Northern Ireland where it was third 

warmest behind 2007 and 2006 (Kendon et al., 2015). It is worth noting that the eight 

warmest years in the country have all occurred since 2002 (Met Office, 2015). The 

whole year of 2014 was warmer than normal except for August. March of 2013 was the 

coldest March in the area for at least the last three decades; the monthly average Tair 

(2.9 °C) was almost 4°C (> 2 SD cooler) lower than the long-term average and 

accompanied by the largest number of frost days during the study period (Figure 25). It 

has been reported that both March and spring overall in 2013 were the coldest in the 

UK records since 1962. In contrast, the July of 2013 was the third warmest in the 

records and it was the warmest summer since 2006 (Met Office, 2014). February and 

March in 2014 were some of the warmest months in the area during the same period of 

the last few decades, accompanied by the fewest days with air frost in February 2014 

during the study period (Figure 25). Under the influence of ex-hurricane Bertha, 

August 2014 was the coldest August of the last few decades. The November and 

December of 2015 were exceptionally warm in the region as well as most parts of the 

country, with December the mildest in the records from 1659 (Met Office, 2015; 2016). 

Remarkably, there were almost no air frosts during December 2015 (Figure 25).     

 

To compare the three years in the measurement period, the first half year of 2015 (from 

January to July) showed very similar Tair as the long-term average, which was cooler 

than 2014 and warmer than 2013 during the same period. Most of the months of 2014 

were warmer than 2013 and 2015, excluding August and December which were 

warmer in 2013 and 2015 than in 2014. The growing season (May to October) was 

warmer in 2014 than in 2013 and 2015 with mean Tair of 15.3 °C, 14.7 °C and 14.2 °C 

respectively (Figure 25).  

 

Spring (March to May) air temperatures were warmer than the thirty year average in 
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2014 whereas they were colder than average in 2013. In the spring of 2015, the 

temperatures were close to average with fewer days of frost. The late spring of 2013 

(April and May) showed a dramatic temperature increase close to the long-term 

average after a cold March, although April experienced more frost days than average. 

2014 experienced one of the warmest springs in the last three decades with mean spring 

Tair at 10.7 °C (Figure 25).  

 

All summer months (June to August) in 2013 and 2014 were warmer than the 1981 to 

2010 average, excluding June 2013 and August 2014. All three months in 2015 were 

close to but warmer than normal. 2013 showed a continuing increase in summer 

months temperatures with only June average Tair below the normal average, reached the 

warmest month of the year was July which was close to the average Tair in July 2014. 

2013 also experienced the warmest August comparing to the other two years and the 

average. August 2014 was the only month in the year when average Tair was below the 

normal average, consistent with the high rainfall during this month (Figure 25).  

 

Considerable differences in autumn (September to November) temperatures were 

observed in all three years. Monthly temperature was statistically warmer than normal 

during all autumn months in 2014 (Mann-Whitney U tests, p < 0.05). All autumn 

months in 2014 were about 2 °C (> 1 SD) warmer than the thirty years average. During 

autumn 2013, mean monthly temperature was normal in September and November, but 

was more than 2 °C (> 1 SD) warmer in October and December (winter) than the thirty 

years average. September 2015 was the only month in the year when average Tair was 

below the average, whereas the months of November and December (winter) were 

exceptionally warmer than during the other two years as well as the average. The mean 

Tair of November and December in 2013 were more than 2 °C (> 1 SD) warmer than 

the thirty years average (Figure 25).  

 

The duration of sunshine and the presence of frost are closely related to Tair. The 

variation in length of day means that the duration of sunshine shows marked variation 

throughout the measurement period. On average, in the study area, December is the 

month with the least sunshine and July is the sunniest month. In general, most of the 

months during the measurement period had longer sunshine duration than the long-term 

http://www.rapidtables.com/convert/temperature/celsius.htm
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average, except the first three months and June, September in 2013, November in 2014, 

August and the last three months in 2015 (Figure 25). It is not exceptional that 2013 

was mostly dull during January to March with relatively low Tair during the same 

period. However, surprisingly, November 2015 was reported as provisionally dullest in 

the records for the country scale whereas it was much warmer than average till the end 

of the year (Met Office, 2016; Figure 25). Most of the months had fewer frost days 

during the measurement period compared to the long-term average. Only the first five 

months in 2013 had more frost days than the average which is not surprisingly so, 

while the January in 2015 had two more days with frost than the average (Figure 25). 

 

 

5.1.1.2. Precipitation 

 

The thirty-year average showed the rainfall is fairly evenly distributed throughout the 

year in the region. However, large annual and inter-annual variation in the seasonal 

distribution of rainfall was observed in all three measurement years at the study area 

(Figure 25; Figure 26).  

 

 

 

Figure 26: Comparison of cumulative monthly precipitation during 2013 to 2015 against the 1981 to 

2010 average. 1981 to 2010 average monthly precipitation data are from the Met Office station at 

Soham. Data supplied by the Met Office.  
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On an annual basis, 2013 was slightly drier and 2015 was slightly wetter than long-

term average; whereas 2014 was distinctly wetter than the average (Figure 26). The 

total annual precipitation of 2013 was lower but close to the thirty-year average, at 

561.6 mm yr-1 in 2013 comparing to an average of 574 mm yr-1 for the last three 

decades. However, in 2014, the total annual precipitation was statistically higher than 

the thirty-year mean, at 739.2 mm yr-1 (>1 SD).  The total annual precipitation of 2015 

was slightly higher than the average at 589.4 mm yr-1 (Figure 26).        

 

The year 2013 experienced a prolonged drought period during the summer starting 

from June, with all the summer months drier than the long term average (June to 

September), receiving 35% less precipitation than the average during the same period 

(Figure 25). However, this condition abruptly shifted from October. The October of 

2013 was the wettest month in the year, as well as the wettest October compared to the 

other two years and the long term average. December 2013 also recorded above 

average rainfall (Figure 25). It has been reported that some parts of the UK even 

received over twice the normal amount of rainfall in the months of October and 

December in 2013, and 2013 December was the wettest of any calendar month on the 

record in Scotland since 1910 (Met Office, 2014).  

 

The total annual precipitation for 2014 was 739.2 mm, 129% of the 1981 - 2010 

average in the region. For the whole country, 2014 was the fourth wettest year in the 

UK records from 1910, behind 2012, 2000 and 1954. It is worth mentioning that five of 

the six wettest years in UK records have occurred since 2000 (Kendon et al., 2015). A 

large contribution to the high total annual precipitation came from very wet weather in 

January, February, May, August and November in 2014. However, March, April, June 

and September were drier than average in the area, and September 2014 was the driest 

September for the whole country average since 1910 (Met Office, 2015; Figure 25).     

 

The annual statistics for 2015 rainfall in the study area are generally near average. 

However, it experienced an exceptionally dry June with only 20.3 mm (same as June 

2013), less than 40% of the 1981 - 2010 average rainfall in June. The condition shifted 

rapidly in July with the highest precipitation compared to the other two summer months 

as well as the long term average in the same period, receiving 87.7 mm in the month, 
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174% of the 1981 - 2010 average (Figure 25; 26). It is worth mentioning that 2015 was 

one of the wettest years at the whole country scale, coming after 2014, 2012, 2000. It 

has been reported that December 2015 was the wettest calendar month in the UK in the 

last few decades (Met Office, 2016).   

 

5.1.2. Ground Water Levels at Baker’s Fen 

 

The monthly ground water levels during the measurement period are presented and 

compared to the maxima and minima for the period prior to the measurement period 

(i.e. from 2008 to 2012) in Figure 27. Changes of meteorological conditions had a 

strong influence on ground water levels at BF (Figure 27). During winter, water from 

the adjacent river, the Monks Lode, is transferred onto the site, leading to rapid 

recharge of the water table in late autumn of each year, and near-surface water levels 

during the winter (Evans et al., 2015). The site is thus subject to highly variable 

hydrological conditions over the year, with active water management maintaining wet 

conditions in winter, but with exposure to most or all of the surviving peat to aeration 

during much of the growing season. 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Figure 27: Comparison of ground water levels at Baker’s Fen. Data show monthly water level range 

2008 - 2012 (grey) and 2013(yellow), 2014(blue), 2015 (red) monthly mean water levels relative to the 

fen surface measured at BF dipwell 107-1. Data supplied by John Bragg @ the NT.    
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In general, almost all months during the measurement period lie within the range 

observed during the period 2008 - 2012, except the mean water table in August 2014 

was about 10 cm above the historical maximum whereas that in August 2013 was 

slightly below the historical minima (Figure 27). This is most likely explained by the 

monthly rainfall amount in August 2014 which was about 100 mm whereas it was only 

about half this amount in August 2013 (53 mm) during the year’s warm and dry 

summer (Figure 25). As one of the wettest years in the UK records, the ground water 

table across the whole year of 2014 at BF was close to or even above the historical 

maximum water level on the site. However, the dry summer in 2013 and the driest 

month in 2015 (June) had distinct low water table very close to the historical minimum 

water levels (Figure 27).  

 

The daily mean water levels at BF during the measurement period are presented in 

Figure 28. The ground water levels were close to the fen surface at the start of the year 

(January to April) in all years during the measurement period. In 2013, the water levels 

fluctuated at around ˗50 cm during relatively wet condition in the year between April 

and early May, before declining steadily starting from mid-May through to October 

(Figure 28). This situation, in which the entire remaining peat mass was aerated, 

continuously through the dry summer persisted until November in 2013. The water 

level reached a seasonal minimum of about ˗140 cm in early October. The Site then 

recovered dramatically following addition of the water onto the site from the adjacent 

lode, after which water levels have remained close to the ground surface again at the 

end of the year (Evans et al., 2014; Figure 28). 
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Figure 28: Comparison of groundwater levels at Baker’s Fen during measurement period. Data show 

the mean daily position of water levels relative to the fen surface measured at BF dipwell 107-1. Data 

supplied by John Bragg @ the NT.  

 

 

The water levels were never below ˗60 cm in the wet year 2014, fluctuated at around 

˗30 cm during most of time in the year, and were close to the fen surface from January 

to April and between November and December (Figure 28). Several significant 

drawdowns were observed in spring and summer 2014. However, large rainfall events 

resulted in several rapid increases in water table to near the surface. In 2015, the 

ground water levels started to decline in early April which was about 20 days earlier 

than the other two years, fluctuated around ˗50 cm and declined steadily again since 

May 2015, reaching the lowest level at ˗134 cm in early July (Figure 28). The water 

levels between May and July in 2015 were even about 20cm lower than the water level 

during the same period in 2013 (Figure 28). Rapid water level recovery occurred during 

the wet conditions in July, reaching ˗30 cm, before fluctuating at around ˗60 cm during 

the whole summer. The water levels raised steadily again in October 2015, but were not 

that close to the ground surface as during the other two years by the end of the year 

(Figure 28). 
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5.2. Temporal Dynamics of Carbon Fluxes at Baker’s 

Fen 

5.2.1. Wind Rose Plots 

 

In Figure 29, the distribution of direction and source strength of NEE (left panels) and 

CH4 (right panels) fluxes at BF in three different years during the measurement period 

(2013 to 2015) are presented. The figure illustrates the frequency of counts by wind 

direction, as well as the magnitudes of CO2 and CH4 fluxes (with non-gap-filled data) 

in separate years during the study period. The positive (toward red) values represent 

periods when the site was a source of CO2 / CH4; negative (toward blue) values denote 

periods when the site was a sink.    
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Figure 29: Distribution of direction and source strength of the measured (non-gap-filled) net ecosystem 

CO2 exchange (NEE, left panels) and methane (CH4, right panels) fluxes in different years during the 

measurement period (2013 to 2015) at Baker’s Fen in units of μmol m-2s-1. Positive values represent a 

source and negative a sink. 
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All three years’ wind direction distribution data agree that the prevailing wind direction 

at the site is from southwest and west (Figure 29). This also indicated that the largest 

number of fluxes of both CO2 and CH4 originated from the prevailing wind directions. 

Both CO2 and CH4 flux magnitudes appear fairly evenly distributed in space, although 

with some indication of large fluxes coming preferentially from prevailing wind 

direction (Figure 29). The right panels of Figure 29 showed that large amount of CH4 

fluxes data are in the range of 0 - 0.05 μmol m-2s-1 (in light green)  in all three years. In 

2013, the larger percentage of wind from the north-east was associated with an 

anomalously cold late winter and late spring. In 2015, the wind-flow came 

predominantly from the prevailing wind sectors between north-west and south-west, 

with very little wind arriving from the remaining wind sector, whereas during 2014 a 

relatively larger percentage of wind comes from the remaining sectors (Figure 29).  

 

5.2.2. Fingerprint Plots 

 

The “fingerprint” plots of NEE are presented in Figure 30 for the whole measurement 

period covering three full years from 2013 to 2015. Gap-filled (upper left plot) and 

measured (non-gap-filled; upper right plot) NEE data, as well as photosynthetic photon 

flux density (PPFD; lower right plot) and Tair (lower left plot) as the key meteorology 

variables are presented. The fingerprint plots show diurnal and seasonal changes in 

half-hourly CO2 flux densities, as well as the temporal distribution of the data-gaps 

(upper right plot) and the performance of the method used to fill missing values (upper 

left plot) (Figure 30). The NEE data in the figures are presented in units of μmol CO2 

m-2s-1; PPFD and Tair are shown in μmol m-2s-1and °C, respectively. The fingerprint 

plots of NEE illustrate the “breathing” of the ecosystem over the measurement period. 

In the figure, colours toward the red end of the NEE scale denote periods when the site 

was losing CO2 to the atmosphere (i.e. at night); whereas the colours toward the blue 

end indicate the periods when the site was removing CO2 from the atmosphere (i.e. 

during summer daytime; Figure 30).  

 

http://www.rapidtables.com/convert/temperature/celsius.htm
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In general, data capture (after QC) was good throughout the whole measured period at 

the site (upper right plot Figure 30). Comparing measured (non-gap-filled) and gap-

filled NEE data shows that most of the data gaps mainly occurred during winter or 

night-time due to insufficient power supply by the solar panels under winter / night-

time conditions (longer periods of missing data) or the application of data QC 

procedures (short periods of data loss) (Figure 30). The only significant NEE data gap 

(total data loss for longer than one complete month) during the measurement period 

occurred in early January to mid-February 2014; this was due to the theft of batteries at 

the station. This large data gap occurred during the winter months when CO2 fluxes 

were at a seasonal low, thus the filling of this data gap is less likely to introduce a large 

uncertainty in terms of the annual CO2-C budget compared with data losses during the 

main growing season. Generally speaking, the measured data (quality controlled) 

covered most of the growing season and daytime periods, again verifying the high 

quality of the measured data and improved the reliability of the gap-filling data (Figure 

30). There was no data available for PPFD during 3rd January to 8th April due to 

instrument failure at the station following the theft of batteries (Figure 30). 
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Figure 30: Net ecosystem CO2 exchange (NEE, top panels), air temperature (Tair, lower left), and 

photosynthetic photon flux density (PPFD, lower right) at Baker’s Fen during the measurement period 

(2013 to 2015). Top left is gap-filled NEE data, top right is measured NEE data after quality control. 

NEE units are μmol CO2 m-2s-1; photosynthetic photon flux density (PPFD) and air temperature (Tair) 

are shown in μmol m-2s-1and °C, respectively. Months are represented by increases along the ordinate; 

time of day is indicated along the abscissa. White space represents periods when no flux data were 

available.  

 

http://www.rapidtables.com/convert/temperature/celsius.htm
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The NEE seasonal pattern shows strong correspondence with the temperature and 

radiation regimes in all three years (Figure 30). The top panels show that the width of 

the daily uptake period was closely associated with changes in day length (radiation), 

whereas the magnitude of net daytime uptake closely corresponds with seasonal 

variations in temperature and radiation. The seasonal variations in the magnitude of 

night / winter CO2 emission are associated with variations in Tair (Figure 30). 

 

In the year 2013, the shorter growing season with delayed onset of spring and early 

arrival of cold winter is evident when comparing to the other two years, illustrated by a 

shorter period of CO2 uptake during daytime and efflux during night-time in growing 

season (Figure 30 upper left plot). The year 2014 had a relatively long period with high 

magnitude of daytime net CO2 uptake during the growing season (larger area with light 

blue colour); whereas 2015 had a slower increase in daytime net CO2 uptake after 

spring when comparing to 2014. However, year 2015 had a relatively higher magnitude 

of nocturnal CO2 losses and daytime CO2 uptake during the growing season when 

compared to the other two years (with more areas of dark red and blue) (Figure 30 

upper left plot).  

 

5.2.3. Mean Diurnal Patterns 

Monthly mean diurnal cycles (MDC) are a means of comparing seasonal and between-

year differences in CO2 and CH4 fluxes on a side-by-side basis. The measurements 

included three complete annual cycles at BF (Figure 31). In this figure, each data point 

represents the mean of 30 minute values measured at the same time of day over the 

course of each month (e.g. for the 48 thirty minute intervals in each day). The MDCs of 

NEE, GPP (with negative values), Reco, CH4 flux as well as selected environmental 

variables PPFD, Tair, VPD are represented in the figure. The water levels relative to the 

ground surface during the measurement period are shown as monthly means in the 

lowest panel (Figure 31). The NEE, GPP, Reco, CH4 flux and PPFD data in the figures 

are presented in units of μmol m-2s-1; Tair, VPD and water levels are shown in °C, hPa 

and cm, respectively. The figure shows the changes in the amplitude of the monthly 

diurnal cycles of NEE, assimilatory (GPP) and respiratory (Reco) activity and CH4 

http://www.rapidtables.com/convert/temperature/celsius.htm
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fluxes in response to phenological changes and illustrates seasonal, between-year 

differences during the measurement periods. 

 

During the whole measurement period, the daily average NEE, GPP and Reco showed a 

clear diurnal pattern in all months (Figure 31). The diurnal cycle was characterised by 

NEE becoming progressively more negative (positive) in response to increases 

(decreases) in irradiance and / or temperature. On the contrary, the GPP and Reco 

showed similar diurnal patterns as irradiance and temperature. The maximum rates of 

GPP and Reco (therefore the NEE) occurred as the irradiance peaked around solar noon 

(Figure 31).  

 

The seasonal pattern of CO2 fluxes at BF is characteristic of sites with permanent 

vegetation cover, with the lowest fluxes in winter (typically positive) and largest 

(positive and negative) values in the summer months as responses to weather 

conditions and ecosystem phenology. The daytime net CO2 uptake (daytime GPP) 

during all months in all three years indicates that the photosynthesis was active at BF 

throughout the whole year during the measurement periods (Figure 31). The seasonal 

changes in the magnitude of the key meteorological variables (PPFD, Tair and VPD) 

which showed more suitable conditions from April to September for vegetation during 

the growing season co-determined the amplitude of the monthly diurnal patterns of 

GPP and Reco therefore the NEE. Net CO2 uptake rates were higher (more negative) 

between April and September than in the other months of the year in all three years. 

Whereas the lowest net uptake rates occurred in December in all years (Figure 31).    

 

The monthly mean diurnal patterns reveal large between-year differences in the CO2 

fluxes among the three years at BF (Figure 31). The amplitude of CO2 fluxes increases 

rapidly from spring to growing season, then declines steadily through late summer and 

autumn (Figure 31). The largest average net CO2 uptake is observed in June for 2013, 

during May in 2014 and in June for 2015 (Figure 31). The warmer conditions in 2014 

(compared to the other two years) are associated with larger nocturnal losses of CO2 

and more negative daytime NEE in most months, as well as the earlier start to the 

growing season in the year. The largest net difference in average NEE is observed in 

April (Figure 31). 
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Figure 31: Comparison of monthly mean diurnal cycles of net ecosystem CO2 exchange (NEE) and CH4 

fluxes at Baker’s Fen during measurement period (2013 - 2015). Monthly diurnal averages were 

calculated using measured (not gap-filled) data. Average diurnal cycles of key meteorological variables 

are also provided. Estimates of daily GPP are shown in negative values to facilitate graphical reading. 

The lowest panel shows monthly mean water levels relative to the ground surface. Standard errors have 

been omitted to improve readability.  
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The maximum daily net CO2 uptake (±95% confidence interval) range from ˗1.46±0.14 

μmol m-2s-1 to ˗14.7±0.67 μmol m-2s-1, ˗3.12±0.17 to ˗16.4±0.73 μmol m-2s-1, ˗0.36±0.12 

μmol m-2s-1 to ˗13.8±0.64 μmol m-2s-1 in all months in 2013, 2014 and 2015, 

respectively. These maximum monthly average daily net CO2 uptake rates at BF were 

higher than the observations from studies at boreal peatlands (ranging from ˗4 to ˗11.5 

μmol m-2s-1; Adkinson et al., 2011; Humphreys et al., 2006; Sagerfors et al., 2009), 

but lower than an observation from a study in a Finnish grassland with an average of 

˗18 μmol m-2s-1 (Shurpali et al., 2009). 

 

Both the largest amplitude of the mean diurnal pattern of GPP and Reco occurred in July 

in all three years when the average PPFD, Tair and VPD all reached their peaks in the 

year (Figure 31). In 2014, both the amplitude of GPP and Reco were larger from January 

to June and from September to November comparing the same periods in the other two 

years (Figure 31). However, the amplitude of the mean diurnal pattern of GPP and Reco 

were larger in July and August 2013 than in the same months in 2014 and 2015, 

associated with the warmer and wetter conditions (higher average PPFD, Tair and VPD; 

Figure 25) during the period in 2013 (Figure 31). The largest difference between years 

in average GPP was observed in April, whereas the largest difference in average Reco 

was observed in July (Figure 31).   

 

The CH4 fluxes show virtually no diurnal cycle during the whole measurement period, 

though in some months (January, February and March in 2013, May, June, August and 

September in 2014, and August in 2015) there is an indication of larger CH4 emission 

during the day (Figure 31). The magnitudes of average CH4 fluxes from January to 

June, and December in 2013 were larger than in the same period in the other two years 

(no CH4 data available in 2014 between January and April). Whereas, in 2014, the 

magnitudes of average CH4 fluxes in August and September were larger than in 2013 

and 2015 (Figure 31).  
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5.2.4. Seasonal Trends in Daily Carbon Budgets  

 

In Figure 32, time-courses of daily NEE (gap-filled) and the derived flux components 

GPP and Reco, as well as CH4 fluxes during the measurement period are presented. 

Estimates of daily GPP are shown using negative values to more effectively illustrate 

the opposing influences of the assimilatory (GPP) and respiratory (Reco) fluxes on the 

net CO2 exchange. Daily values of important environmental variables (i.e. PPFD, Tair 

and water levels) are also provided (Figure 32). The three growing seasons were clearly 

characterised by the strong magnitude of the daily CO2 exchange components. The 

winter periods (non-growing seasons) were characterised by low and constant 

assimilatory and respiratory fluxes (Figure 32). However, significant year-to-year 

differences in the magnitude were observed during the study period.  
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Figure 32: Seasonal change in daily CO2 and CH4 budget and environmental variables at Baker’s Fen 

during the measurement period (2013 to 2015). Violet and Green bars show daily sums of ecosystem 

respiration (Reco) and gross primary production (GPP), respectively; black bars are total daily net 

ecosystem CO2 exchange (NEE). CH4 flux is total daily fluxes. All fluxes values are expressed as daily 

sums (g C m-2d-1). PAR is total daily photosynthetically active radiation; Tair is daily average air 

temperature; and water level is the mean daily position of water levels relative to the ground surface.  
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The estimates of daily GPP and Reco (green and violet lines) showed similar seasonal 

trends in all three years, starting from low daily values at the beginning of the year 

(non-growing season), increasing steadily throughout spring and summer, and reaching 

the peak in the middle of the growing season, then declining as the vegetation senesces 

with decreasing autumn day length (Figure 32). The estimates of daily NEE (black bar) 

also show similar seasonal trends in all three years, with the ecosystem starting to be a 

source of CO2 at the beginning of the year (positive NEE), and turning to a sink when 

the vegetation starts to grow, and turning to a source again (after September, Figure 32). 

However, some differences in this general course occurred during the three year 

measurement period. The estimates of daily GPP and Reco reached their peaks in the 

middle of July in 2013, early of July in 2014 and middle of June in 2015, indicating the 

intense CO2 uptake occurred at different times in the three years (Figure 32). The cold 

spring in 2013 resulted in lower daily GPP and Reco accordingly during the spring and 

early summer, therefore a delayed growing season, and started to become a sink of CO2 

(with negative NEE) from early April. However, the ecosystem turned to a source of 

CO2 again earlier than in the other two years due to the rapid increases of temperature 

in 2013 summer. The ecosystem acted as a smaller source during November 2013 

compared to the same period in 2014 and 2015, probably due to the colder November 

in 2013 (Figure 32). The warmer conditions in 2014 (compared to the other two years) 

resulted in an early start to the growing season in 2014, with the site acting as a sink of 

CO2 from the beginning of March, following a balanced period between mid-June and 

September, and turned to a source again from early September (Figure 32). In 2015, the 

ecosystem acted as a sink of CO2 during the most of the growing season from late 

March until August, and turned to a source from August throughout the whole winter. 

The larger positive daily NEE values in the winter of 2015 were associated with the 

warmer winter weather compared with the other two years (Figure 32; Table 6). 

 

There is no clear seasonal pattern for mean daily CH4 fluxes at BF. However, 

significant between-year differences in the magnitude of the CH4 fluxes were observed 

(Figure 32). There is no CH4 flux data between January and April in 2014 at BF. The 

CH4 efflux was much larger from January until July in 2013 than in the same period in 

the other two years (Figure 32). August 2014 had larger effluxes than the other two 
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years in the same month, associated with the wetter but colder August in 2014. There is 

an indication that the ecosystem acted as a CH4 sink during some periods in May, June 

and late October in 2015, associated with these dry periods in the year (Figure 25; 32). 

 

The between-year differences of CO2 fluxes can be more easily detected in the seasonal 

cumulative values of NEE, GPP and Reco. Cumulative values computed on a monthly 

aggregation during the measurement period are presented in Table 6.  

  

 

Table 6: Monthly total gross primary production, ecosystem respiration and net ecosystem CO2 

exchange estimated for Baker’s Fen during measurement period (2013 to 2015) 

 

Month 
GPP (g CO2-C m-2) NEE (g CO2-C m-2) Reco (g CO2-C m-2) 

2013 2014 2015 2013 2014 2015 2013 2014 2015 

January 26.31 37.61 27.07 26.98 47.34 23.59 53.29 84.95 50.66 

February 37.15 64.61 32.22 14.10 14.08 22.01 51.25 78.69 54.23 

March 52.16 126.29 64.38 2.42 ˗9.80 9.05 54.57 116.49 73.43 

April 126.64 215.24 171.94 ˗6.90 ˗63.62 ˗47.19 119.74 151.62 124.75 

May 228.66 302.01 242.74 ˗74.51 ˗92.26 ˗70.85 154.15 209.76 171.89 

June 307.88 330.82 309.77 ˗69.23 ˗79.81 ˗38.53 238.65 251.01 271.24 

July 381.17 331.07 315.64 29.22 7.20 ˗52.07 410.39 338.28 263.57 

August 277.97 252.87 261.44 44.68 7.55 8.21 322.65 260.42 269.65 

September 184.64 212.33 183.00 39.14 32.69 6.69 223.78 245.02 189.69 

October 109.20 131.74 78.66 78.31 83.24 63.89 187.51 214.98 142.55 

November 53.53 58.20 39.32 26.75 86.73 85.66 80.28 144.93 124.98 

December 34.47 29.45 30.10 50.06 50.25 87.94 84.53 79.70 118.05 

 

 

The maximum monthly total GPP values were observed in July in all three years, while 

2013 had the largest monthly total GPP with 381.17 g CO2-C m-2 month-1 in the month 

of July (Table 6). The total GPP was higher during most months in 2014 than in 2013 

and 2015, excluding July and August which were slightly lower than in 2013, and 

December which was slightly lower than the same month in 2015. These values were 

associated with the warmer conditions in July and August 2013 and the warmer 

December in 2015 (Table 6). The largest monthly total Reco occurred in July of 2013 
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and 2014, but in June of 2015; while the 2013 July had the largest monthly Reco (at 

410.39 g CO2-C m-2 month-1) compared to all the months in the other two years (Table 

6). The largest net CO2 uptake values were observed in May in all years, while there 

appeared the largest sink of CO2 at ˗92.26 g CO2-C m-2 month-1 in May 2014 (Table 6). 

NEE changed to negative from March in 2014, which means the ecosystem acted as a 

sink of CO2 earlier in this year compared to the other two years. NEE in July 2015 

delayed to become positive, which indicates the ecosystem was prolonged to be a sink 

of CO2 in the late end of the growing season in 2015. It is worth noting that the 

monthly total NEE in July 2015 was even higher than that in June 2015, which was 

associated with the abundant rainfall in July 2015 (Table 6).   

 

Table 7: Monthly total methane flux at Baker’s Fen during measurement period (2013 to 2015) 

 
CH4 flux (g CH4-C m-2) 

2013 2014 2015 

January 0.756 -- 0.296 

February 1.050 -- 0.121 

March 0.658 -- 0.174 

April 0.750 -- 0.319 

May 0.868 0.407 0.194 

June 0.753 0.348 0.128 

July 0.235 0.185 0.109 

August 0.029 0.573 0.175 

September 0.058 0.329 0.225 

October 0.254 0.199 0.008 

November 0.148 0.256 0.068 

December 0.507 0.195 0.193 

 

 

Cumulative CH4 fluxes computed on a monthly aggregation during the measurement 

period are presented in Table 7. In general, the monthly total CH4 fluxes in most of the 

months of 2015 were lower than in the same period in 2013 and 2014; excluding 

August and September 2013 have the lowest CH4 fluxes among the three years (Table 

7).  The largest CH4 fluxes appeared in most months in 2013 compared to the other two 

years, excluding the months of August, September and November (Table 7). The 
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largest monthly total CH4 flux occurred in February 2013 while the lowest value was 

observed in October 2015 (Table 7).  

 

5.2.5. Annual Carbon Budgets  

 

Annual cumulative NEE values at BF during the measurement period are presented in 

Figure 33. The random error calculated according to Finkelstein & Sims (2001) for 

measured NEE and the SD as reported by the gap-filling procedure for gap-filled NEE 

were used for computing the uncertainty ranges (see Section 4.3.6). The cumulative 

daily uncertainty range is presented as well in Figure 33. The uncertainties provide the 

maximum possible range of the accumulative NEE at BF during the measurement 

period. As previously described, all three years showed similar seasonal trends of CO2 

fluxes. However, the between-year differences of CO2 fluxes can be more easily 

detected in accumulative trends. A positive slope of cumulative NEE is an indication of 

the ecosystem as a CO2 source, while a negative slope indicates a CO2 sink.  

 

 

Figure 33: Annual cumulative net ecosystem CO2 exchange (NEE) at Baker’s Fen during measurement 

period (2013 to 2015), with cumulative daily range as uncertainties.   



 

115 

The 2013 data show the late increase in net CO2 uptake in late spring (May) compared 

to the other two years, followed by a sharp but short-period of increasing net CO2 

uptake until mid-July, followed by a rapid increase of CO2 emission throughout the rest 

of the year (Figure 33). The year 2014 experienced the earliest increase (in March) in 

net CO2 uptake among the three years, with uptake increasing rapidly until July. A high 

increase of CO2 emission in 2014 occurred in the middle of September, and then 

throughout the rest of winter (Figure 33). In comparison with 2014, 2015 experienced a 

more steady increase of net CO2 uptake during the growing season, but with a slightly 

sharper increase in CO2 emission after the growing season, thereby ending up with a 

slightly higher annual sum (positive) for NEE at the end of the year (Figure 33). 

 

The annual cumulative NEE, GPP (negative) and Reco during the measurement period 

are presented in Figure 34.  Both the total accumulated GPP and Reco in 2014 were 

higher than those in 2013 and 2015 during the generally warmer conditions (Figure 34). 

Both the estimates of total cumulative GPP and Reco were lower at the beginning of the 

year in 2013 than in 2015. However, 2013 experienced a rapid increase of 

accumulative GPP and Reco in July associated with the increasing average temperatures 

in July and August, and ended up with larger annual sums of GPP and Reco when 

compared to 2015 (Figure 34; Table 8). 

 

 

Figure 34: Annual cumulative net ecosystem CO2 exchange (NEE), ecosystem respiration (Reco) and 

gross primary production (GPP) in black, violet and green respectively, during the measurement period 

(2013 to 2015) at Baker’s Fen. The term ˗GPP is here the opposite of GPP and is introduced to facilitate 

graphical reading. 
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Annual accumulative CH4 fluxes at BF during the measurement period are presented in 

Figure 35. There are no data available from 3rd January to 8th April, 2014. Here, the 

accumulative CH4 data in 2014 is not used to compare with the other two years’ data, 

but to show the cumulative trends using available data for the 2014 period only. The 

accumulative CH4 at BF does not show evident decline during the whole measurement 

period (Figure 35). The cumulative CH4 fluxes increase rapidly during the first half 

year of 2013 between January and July, following a much slower increase throughout 

the rest of year (Figure 35). The cumulative CH4 fluxes in 2015 increase extremely 

slowly but steadily throughout the whole year, and ending up with a much lower annual 

sum of CH4 fluxes at year end when compared to 2013 (Figure 35). In 2014, the slope 

of the accumulated fluxes was larger than the same period in 2013 and 2015 (Figure 

35). Annual cumulative CH4 was estimated at 6.07 g CH4-C m-2yr-1 in 2013 and 2.01 g 

CH4-C m-2yr-1 in 2015, corresponding to a net difference of around 4.06 g CH4-C m-2 

yr-1 (Table 8).  

 

 

Figure 35: Annual cumulative CH4 fluxes at Baker’s Fen during measurement period (2013 to 2015). 

There is no data available from 3rd January to 8th April, 2014. The accumulative CH4 data in 2014 

doesn’t use to compare with the other two years data.  

 

 

The study site BF was a net source for CO2 in all three years with annual gap-filled 

totals of 161.03±12.51 g CO2-C m-2yr-1 in 2013, 83.61±11.53 g CO2-C m-2yr-1 in 2014, 

and 98.39±13.31 g CO2-C m-2yr-1 in 2015 (Table 8). The uncertainty in the annual 
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sums includes random measurement error and gap filling error estimates based on the 

Monte-Carlo simulation approach (see Section 4.3.6). 

 

Table 8: CO2-equivalent comparison based on GWP for measurement period 2013 - 2015 at Baker’s Fen 

 Annual Budget Carbon Balance    

(g C m-2) 

GWP (100 years)      

(g CO2 m-2) 

2013 Carbon dioxide (CO2) 590.44 (±45.87) g 

CO2 m-2 

161.03 (±12.51)  590.44 (±45.87) 

2013 Methane (CH4) 8.089 (±0.128) g 

CH4 m-2 

6.067 (±0.096)  202.23 (±3.2) 

2013 gross primary 

production (GPP) 

-- 1819.79 -- 

2013 ecosystem respiration 

(Reco) 

-- 1980.81 -- 

2014 Carbon dioxide (CO2) 306.56 (±42.27) g 

CO2 m-2 

83.61 (±11.53) 306.56 (±42.27) 

2014 Methane (CH4)                  

 (Apr. – Dec.) 

3.793 (±0.137) g 

CH4 m-2 

2.845 (±0.103) 94.825 (±3.425) 

2014 gross primary 

production (GPP) 

-- 2092.26 -- 

2014 ecosystem respiration 

(Reco) 

-- 2175.86 -- 

2015 Carbon dioxide (CO2) 360.78 (±48.81) g 

CO2 m-2 

98.39 (±13.31) 360.78 (±48.81) 

2015 Methane (CH4) 2.679 (±0.116) g 

CH4 m-2 

2.009 (±0.087) 66.975 (±2.9) 

2015 gross primary 

production (GPP) 

-- 1756.28 -- 

2015 ecosystem respiration 

(Reco) 

-- 1854.67 -- 

 

 

The BF site was a source of CH4 during each study year with annual gap-filled totals of 

6.067±0.096 g CH4-C m-2yr-1 in 2013, and 2.009±0.087 g CH4-C m-2yr-1 in 2015 (Table 

8). There is no CH4 data available from January to April in 2014. The total CH4 

budgets between April and December in 2013 and 2015 are calculated for comparison 

with the available period total CH4 budget in 2014. The ecosystem was still a source of 
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CH4 during the comparison period (April to December), emitting 3.504±0.079 g CH4-C 

m-2 in 2013, 2.845±0.103 g CH4-C m-2 in 2014, and 1.375±0.085 g CH4-C m-2 in 2015 

(Table 8). 

 

Ramaswamy et al. (2001) defined the GWP for each GHG based on the radiative 

forcing concept. Frolking et al. (2006) suggested that the global warming effects were 

enhanced by CH4 emission during the first few decades, but later is diminished by the 

sequestration of CO2. The gap-filled CO2 and CH4 budgets were compared using a 100 

year time horizon in this study during the study period, where CH4 has a GWP of 25 

(see Section 2.2.3; Table 8). The ecosystem was found to have a positive forcing (net 

warming) of 792.67, 401.38 and 427.75 g CO2 m-2, in 2013, 2014 and 2015, 

respectively (the CH4 budget in 2014 only accounted for the period April to December, 

and was not an annual budget; Table 8). The CH4 flux contributed 16% - 26% of the 

total positive forcing (noting that the 2014 CH4 budget was not an annual budget).    

 

5.3. Response of Carbon Flux to Major Environmental 

Factors 

5.3.1. Effects of Environmental Factors 

The Pearson coefficients (r) of CO2 and CH4 fluxes to measured environmental factors 

(Tair, RH, VPD, PAR and WT) at BF were tested by simple linear regression. The 

Pearson correlation coefficients (r), the square of the Pearson correlation coefficients 

(R2) and p-values for the correlation between fluxes and measured environmental 

factors have been reported in Table 9. The square of the Pearson correlation coefficient 

(R2) indicates the percentage of variance in y (i.e. flux) that can be explained by x (i.e. 

environmental factors). Stepwise multiple regressions were carried out to correlate 

fluxes with measured environmental factors. The best fit regression equations of fluxes 

against significantly related environmental factors and adjusted R2 have been reported 

in Table 10.   
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Table 9: Pearson coefficients (r) of fluxes (NEE, GPP, Reco, FCH4) on environmental factors at Baker’s 

Fen. The square of the Pearson correlation coefficient (R2) have been presented in brackets. The p-values 

for the correlation have been presented as stars (*). 

 

 Tair RH VPD PAR WT 

NEE ˗0.290 (0.084)** 0.520 (0.270) ** ˗0.513 (0.263) ** ˗0.829 (0.687) ** ˗0.038 (0.001) * 

Reco 0.848 (0.719) ** ˗0.474 (0.225) ** 0.771 (0.594) ** 0.504 (0.254) ** ˗0.527 (0.278) ** 

GPP 0.718 (0.516) ** ˗0.509 (0.259) ** 0.716 (0.513) ** 0.795 (0.632) ** ˗0.348 (0.121) * 

FCH4 ˗0.100 (0.010) * ˗0.034 (0.001) * ˗0.014 (0.001) * 0.073 (0.005) * 0.187 (0.034) * 

Tair, air temperature; RH, relative humidity; VPD, vapour pressure deficit; PAR, photosynthetically 

active radiation; WT, water table; NEE, net ecosystem exchange; Reco, ecosystem respiration; GPP, gross 

primary production; FCH4, methane flux. *, 0.01< p < 0.05; **, p < 0.01. 

 

 

NEE was negatively correlated with Tair, VPD, PAR and WT, and positively correlated 

with RH (Table 9). While both Reco and GPP were positively correlated with Tair, VPD 

and PAR, but negatively correlated with RH and WT. It should be noted that, compared 

to NEE and GPP, Reco was more significantly correlated with WT at BF (p < 0.01; 

Table 9). FCH4 displayed a negative correlation with Tair, RH and VPD, and positive 

correlation with PAR and WT. However, compared to the fluxes of CO2, FCH4 showed 

much less significant correlation with all these environmental factors (0.01 < p < 0.05, 

Table 9). Among these environmental factors, PAR accounted for the greatest 

proportion of variations for both of NEE and GPP (68.7% and 63.2%, respectively), 

while Tair and VPD significantly explained 71.9% and 59.4% of the variation for Reco 

(it should be noted that, Tair have been used for computing the daytime Reco during 

fluxes partitioning, see Section 4.1.4). WT only accounted for 3.4% of the variation in 

FCH4 (the greatest proportion of variation in FCH4 can be explained; 0.01 < p < 0.05; 

Table 9). 

 

 

Table 10: Stepwise regression analysis of fluxes (NEE, Reco, GPP and FCH4) against significantly related 

environmental factors at Baker’s Fen 

 
 Best fit regression equations Adj-R2 p-values 

NEE F = ˗0.13PAR – 0.026WT + 2.45 0.712 ** 

Reco F = 0.232Tair + 1.241VPD + 0.183RH – 0.01WT – 15.988 0.865 ** 

GPP F = 0.011PAR + 0.655Tair  – 3.666 0.801 ** 

FCH4 F = 0.851 × 10-4WT + 0.686 × 10-5PAR + 0.1 × 10-2Tair + 0.016 0.048 * 

See Table 9 for abbreviations. 
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However, after combining all measured environmental factors in the stepwise 

multivariate regression analysis, PAR and WT together accounted for 71.2% of the 

variation in NEE (PAR accounted for 68.7%, WT accounted for 2.5%; p < 0.01; Table 

10). While Tair, VPD, RH, and WT can explain 86.5% of variation for Reco (Tair 

accounted for 71.9%, the other three environmental factors together explained 14.6%; p 

< 0.01; Table 10). As for GPP, PAR and Tair accounted for 80.1% of the variation in 

GPP (PAR accounted for 63.2%, Tair explained 16.9%; p < 0.01; Table 10). However, 

FCH4 showed very weak relationship with these measured environmental factors (WT, 

PAR, and Tair together only can explain 4.8% of the variation in FCH4; 0.01 < p < 0.05; 

Table 10).  

 

 

 

5.3.2. Light Response Curves 

 

It is well acknowledged that light is an important environmental driver for variation in 

GPP during the daytime (Baldocchi et al., 2001; Wagle & Kakani, 2014). The relation 

between GPP and PPFD can be described by a rectangular hyperbolic light response 

equation (see Section 4.3.8). The dependence of daytime GPP (Rg > 20 W m-2) on light 

was simulated with the means of the rectangular hyperbolic light response function for 

different months during the growing season (May to October) in the measurement 

period (2013 to 2015) at BF (Figure 36). GPP are shown in negative values to facilitate 

graphical reading. 
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Figure 36: Light response curves of GPP plotted for different months during the growing season from 

2013 to 2015 at Baker’s Fen. Fitted curves represent the rectangular hyperbolic light response function 

(see Equation 14). Fmax is the maximum CO2 flux at infinite light, α is the ecosystem apparent quantum 

yield.  

 

 

It is clear that seasonal changes in PPFD explained between about 35% and 75% of the 

variability in daytime GPP during the measurement periods covering the main growing 

seasons (Figure 36). Significant differences in the light response curves for GPP were 

observed among the three study years during the growing seasons. There was no light 

saturation of GPP apparent in any of the three study years. In general, the maximum 

rates of GPP (Fmax, shown in negative values) in all months in 2014 were larger than in 

2013 and 2015. The maximum rates of GPP in 2013 were observed in July with a 

calculated Fmax value of ˗43.36 μmol CO2 m-2s-1, from the rectangular hyperbola 

(Equation 14) fitted to the light response curve (Figure 36). In 2014, the maximum 

rates of GPP occurred in May which was much earlier than in either 2013 or 2015, with 

Fmax value of ˗44.76 μmol CO2 m
-2s-1 (Figure 36). In 2015, the peak Fmax value was 

higher than in 2013 and 2014, at ˗46.30 μmol CO2 m
-2s-1, and occurred in July as well 

(Figure 36). The Fmax decreased gradually after it reached the largest value in the year 

(the lowest values at ˗22.50, ˗24.40 and ˗22.37 μmol CO2 m
-2s-1 for 2013, 2014 and 

2015, respectively). During the senescence period (October), the maximum PPFD 
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values were much lower than for the other months at about 1100 μmol m-2s-1 in all 

three years (Figure 36).  

 

The ecosystem apparent quantum yield (α) also differed among years during the 

growing season, with calculated values of 0.053, 0.051 and 0.052 mol mol-1, in July 

2013, May 2014 and July 2015 (the month with the highest Fmax), respectively (Figure 

36). The values of apparent quantum yield at BF were similar to those reported in other 

studies in temperate grasslands (Flanagan et al., 2002; Wohlfahrt et al., 2008).  

 

5.3.3. Multi-scale Analysis of Environmental Controls on CO2 Fluxes 

 

The wavelet analysis allowed identification of correlations between environmental 

factors and ecosystem assimilatory (GPP) or respiratory (Reco) processes at multiple 

temporal scales, along the time domain (i.e. days of the year) during the measurement 

period at BF. Half-hourly gap-filled data were used and the temporal scales considered 

varied from daily to more than half annual (256 days). Only GPP and Reco were 

analysed, because NEE is governed by factors that control both assimilatory (GPP) and 

respiratory (Reco) components. A wavelet coherence analysis was implemented between 

GPP and PPFD, Tair, VPD. The correlations between Reco and VPD were also analysed 

by the wavelet coherence method. The Reco was estimated base on the Tair during the 

flux partitioning procedure; therefore no correlation analysis was implemented between 

Reco and Tair in this section.   

 

In the wavelet coherence figures, the Y-axis represents the temporal scales in days, 

expressed with an exponential annotation, and the coloured areas represent regions of 

similar periodicities of two time series power spectra, from values of high coherence 

(towards to 1; red) to low coherence (towards to 0; blue). The black margin around 

coloured areas delimits the cone of influence (i.e. the region not influenced by edge 

effects; Vargas et al., 2010).  
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In Figure 37, the large blue areas indicate the period with no PPFD data available from 

January to April 2014. The highest coherence between PPFD and GPP was at the daily 

scale during the whole period, indicative of a common diel cycle between PPFD and 

photosynthesis during all seasons due to the permanent vegetation cover at the study 

site. Some localised coherences at larger scales (4 - 16 days) can be identified during 

the growing seasons representing similar increasing patterns of PPFD and GPP during 

the period of plant activity (Figure 37). The localised coherences observed during the 

most of period in growing seasons and at even larger scales (16 - 64 days) indicating 

that the PPFD is not the limiting factor for photosynthesis during the growing seasons 

at BF (Figure 37). 

 

 

 

Figure 37: Wavelet coherence analysis between gross primary production (GPP) and photosynthetic 

photon flux density (PPFD) during the measurement period (2013 to 2015) at Baker’s Fen. On the Y-axis 

the time-scale is reported. Low to high coherence values are represented in the colour palette from blue 

to red. There is no valid PPFD data during January to April 2014.  

 

Regarding air temperature with GPP, the daily cycle coherence only was exhibited 

during the growing seasons (Figure 38). There are some localized coherences at the 

larger scale (8 - 64 days) can be identified during growing seasons as well (especially 

in warmer year 2014), underlying the photosynthesis activity was closely related to the 

increasing air temperature during the period of plant activity (Figure 38).  Some 

localized coherences at half-month scale (7 - 16 days) during the senescence period 

indicate the similar decreasing patterns of air temperature and GPP during the non-

growing seasons (Figure 38).  

 



 

125 

 

Figure 38: Wavelet coherence analysis between gross primary production (GPP) and air temperature 

(Tair) during the measurement period (2013 to 2015) at Baker’s Fen. On the Y-axis the time-scale is 

reported. Low to high coherence values are represented in the colour palette from blue to red.  

 

 

Similar with Tair, VPD exhibited daily cycle coherence with photosynthesis only during 

the growing seasons, but with generally higher coherences with larger scales (7 - 64 

days) (Figure 39). The high localized coherences identified at larger scale (7 - 64 days) 

during the growing seasons represented the great influence of increasing VPD on 

photosynthesis during the period of plant activity (Figure 39). There are only a few 

localized coherences found during the non-growing season at larger scales (16 - 32 

days), probably associated with the similar decreasing patterns of VPD and 

photosynthesis in discontinuous non-stationary cooling events in late autumn and 

winter (Figure 39).  

 

 

Figure 39: Wavelet coherence analysis between gross primary production (GPP) and vapour pressure 

deficit (VPD) during the measurement period (2013 to 2015) at Baker’s Fen. On the Y-axis the time-

scale is reported. Low to high coherence values are represented in the colour palette from blue to red. 
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Finally, wavelet coherence between Reco and VPD is shown in Figure 40. Daily 

coherences can be found with VPD and respiration during the growing seasons in all 

three study years (Figure 40). The weekly localized coherences are evident for specific 

periods during the growing season, associated with rainfall / heat wave events 

producing effects on Reco lasting some days (Figure 40). The high coherences can be 

found at seasonal / inter-seasonal scale (64 - 256 days) between VPD and Reco, 

indicating VPD had a general influence on the respiration activity throughout the whole 

measurement period (Figure 40).      

 

 

Figure 40: Wavelet coherence analysis between ecosystem respiration (Reco) and vapour pressure deficit 

(VPD) during the measurement period (2013 - 2015) at Baker’s Fen. On the Y-axis the time-scale is 

reported. Low to high coherence values are represented in the colour palette from blue to red. 

 

5.4. Discussion and Conclusion  

5.4.1. EC Measurement Performance 

The energy balance closure (EBC) is a means of assessing how well the EC system 

captures the different energy fluxes. In this way, the EBC is a limited check on the 

quality of the calculated fluxes by comparing the flux results from H2O / CO2 IRGA 

(LE and H) after full data processing and QC with the direct measurements from the 

radiation sensor and soil heat flux plates (Rn and G) (Foken et al., 2006). 
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The EBC with half-hour time scale data at BF (Figure 23) was towards the higher end 

of the 70 to 90% range reported from a range of FluxNet sites (regression slopes 

ranging from 0.53 to 0.99 with a mean of 0.79 and EBR ranging from 0.34 to 1.69 with 

a mean of 0.84) (Wilson et al., 2002). The EBC was further improved by using the 

daily average in the analysis. This suggested a good overall system performance and 

high data reliability on the study site during the measurement period.    

 

In reality, full EBC is rarely attained using the EC technique. The potential reasons for 

the lack of EBC measured by the EC technique were described in a previous section 

(4.3.7). The energy imbalance existing at BF could result from the poor performance of 

the heat flux plates in peat substrates (Laurila et al., 2012). The neglected energy 

storage term (normally neglected at short vegetation sites with a relatively low 

measurement height) could be another explanation for the relative imbalance of EBC at 

BF (Harding & Lloyd, 2008; Jacobs et al., 2008). Also, there are differences between 

the footprints of the eddy fluxes, the soil heat fluxes and the net radiation 

measurements, which remain an unresolved issue in the flux community (Balzarolo et 

al., 2011). The CNR1 net radiometer at BF was set on another stand about 10 m away 

from the main EC tower (Figure 18) to avoid the disturbance from the main wind 

direction. However, that will increase the difference in the footprints of the EC fluxes 

measurements and the radiation measurements on this site.  

   

The footprint estimates and the distribution of the wind field confirmed that the 

majority of the measured fluxes originated from the area of interest and that the 

contribution of the measured fluxes from the target ecosystem dominated by far the 

overall budget. Furthermore, the total flux data coverage was within the typical range 

of the coverage attained from the other EC sites (Falge et al., 2001).  

5.4.2. Carbon Dioxide Fluxes 

The regenerating site BF acted as a net source of CO2 to the atmosphere during all three 

study years, with annual gap-filled totals of 161.03±12.51 g CO2-C m-2yr-1 in 2013, 

83.61±11.53 g CO2-C m-2yr-1 in 2014 and 98.39±13.31 g CO2-C m-2yr-1 in 2015 (Table 

8). The annual CO2 budget at BF is within the range of values reported for managed 
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and restored temperate and boreal grasslands (with peat soil) (Table 11). While a 

restored grassland peatland can act as a large atmospheric CO2 sink with ˗232 to ˗446 g 

CO2-C m-2yr-1 after 10 years of restoration (Hendriks et al., 2007); several other 

restored grasslands under different management regimes also can act as a large source 

of CO2 with 220±90 g CO2-C m-2yr-1 noted at a site in the Netherlands (Jacobs et al., 

2007). Waddington et al. (2010) showed that a degraded peatland acted as a source of 

245 g CO2-C m-2 to the atmosphere during the growing season prior to restoration, but 

acted as a net sink of ˗20±5 g CO2-C m-2 during the growing season only two years 

post-restoration. Waddington et al. (2010) proposed that the degraded peatland will 

likely return to a net C sink in 6 to 10 years post-restoration. BF showed a net CO2 

emissions reduction benefit of rewetting in 2014 and 2015 compared to drained and 

cultivated fens in the UK (with an emission of 108.94±17.11 g CO2-C m-2yr-1 on 

average; Evans et al., 2011). However, the study site BF showed no clear trends of 

turning to a net CO2 sink during the study years, which might relate to the natural 

restoration regimes on the site.  

 

The GPP and Reco at BF during the study period were both higher than values reported 

in the literature (Table 11). The GPP at BF was even higher than the GPP range (i.e. 

1393 to 1719 g CO2-C m-2yr-1) reported for extensively grazed temperate grasslands 

with peat soil (Jaksic et al., 2006; Klumpp et al., 2011). The higher GPP at BF likely 

reflects the large living plant biomass of BF relative to more northerly peatlands  

(Humphreys et al., 2006) and the lack of biomass removal by mowing (although a 

certain amount of biomass at BF is removed due to grazing). The higher Reco at BF 

compared to the other sites reported in the literature can be partly explained by greater 

contributions from autotrophic respiration and higher heterotrophic respiration rates 

related to warmer temperatures and large seasonal variations in water levels, which are 

also suggested by the results of a regression analysis (Lund et al., 2010; Table 10). The 

warmer and drier conditions at BF could be another explanation for the higher rates of 

annual GPP and Reco. The annual NEE at BF in the present study was similar to the 

values reported by Veenendaal et al. (2007), who undertook the measurements at an 

extensively grazed temperate grassland site, but significantly less positive than the 

range reported by Jacobs et al. (2007) on four temperate restored grassland sites and for 

a boreal drained site before restoration (Waddington et al., 2010; Table 11).    
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Table 11: Comparison of annual carbon dioxide budgets for managed and restored temperate and boreal 

peatlands with permanent vegetation cover reported in literature (modified from Morrison, 2013). 

 

Reference Site description 

NEE GPP Reco 

            (g CO2-C m-2yr-1) 

This study Baker’s Fen; grazed; rewetting 
83.61±11.53 ~ 

161.03±12.51 

1756.28 

~ 2092.26 

1854.67 

~ 2175.86 

This study Sedge Fen; semi-natural 
˗243.78±15.25 

~ ˗356.86±13.4 

1437.15 

~ 1559.39 

1193.37 

~ 1202.53 

Hendriks et 

al., (2007) 

Restored  semi-natural temperate 

grassland (peat depth: 2 m; WT: 0 to 

˗40 cm; 10 years under restoration) 

˗232 ~ ˗446 
1156 ~ 

1314 
866 ~ 924 

Jacobs et al., 

(2007) 

Restored four temperate grasslands 

under different management regimes 

and different water table 

220±90 1300±100 1520±30 

Veenendaal et 

al., (2007) 

Temperate grassland in nature reserve 

(0.25 m peaty clay overlying 12 m 

eutrophic peat deposits; mown and  

grazed)  

˗5.7 1539 1542 

Veenendaal et 

al., (2007) 

Temperate grassland peatland under 

intensively managed as daily farm 

(0.25 m peaty clay overlying 12 m 

eutrophic peat deposits; mown, grazed 

and fertilized) 

133.9 1460 1596 

Jin et al., 

(2008) 
Restored boreal freshwater marsh 390 -- -- 

Waddington et 

al., (2010) 

Drained boreal peatland (before 

restoration in 1999) growing season 

measurement (May to Oct.) 

245 -- -- 

Waddington et 

al., (2010) 

Restored boreal peatland (two years 

post-restoration in 2002) growing 

season measurement (May to Oct.) 

˗20±5 -- -- 

Drewer et al., 

(2010) 
Low-lying acidic peat bog in Scotland ˗324 ~ ˗500 -- -- 

Drewer et al., 

(2010) 

Open pristine nutrient-rich sedge fen in 

Finland 
˗15 ~ ˗145 -- -- 

Bernal & 

Mitsch, (2012) 

Summarized temperate semi-natural 

freshwater wetlands in USA  
˗56 ~ ˗504 -- -- 

Herbst et al., 

(2013) 

Semi-natural boreal wet grassland (10 

years under restoration) 
˗53 ~ ˗268 -- -- 

Aslan-Sungur 

et al., (2016) 

Disturbed temperate peatland (peat 

depth:12 m; WT: 0 to ˗120 cm; grazed) 
244 ~ 663 

948 ~ 

1090 

1194 ~ 

1726 
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Seasonal NEE variations and its component fluxes (i.e. GPP and Reco) were observed at 

BF during all three study years. Similar patterns were also found during the whole 

measurement period. Low magnitudes of CO2 flux were observed during the early 

spring, photosynthesis was optimised through a fast increase of CO2 uptake at the 

beginning of the growing season, then it reached a maximum peak when a seasonal 

peak of irradiance and temperature appeared, and finally declined as the vegetation 

senesced throughout autumn. The respiratory activities, in contrast, show a fairly 

constant increasing / decreasing trend during the growing season and senescence period. 

This seasonal trend is similar to that of most temperate and boreal peatland ecosystems 

(Bernal & Mitsch, 2012; Jacobs et al., 2007). Despite this overall similarity in seasonal 

patterns, marked differences were observed in the seasonal magnitude of accumulated 

CO2 exchanges at BF during the measurement period. Generally speaking, the higher 

rates of accumulated GPP and Reco at this study site were associated with warmer and 

drier conditions. BF functioned as a net sink (monthly) of CO2 between April and June 

in all three years, as well as in March 2014 and July 2015, indicating that the study site 

was likely to be a sink of CO2 or a small net source during the growing seasons.  

 

The regression analyses indicate that the short term responses of CO2 fluxes to 

environmental factors fitted well with these considerations. The high adjusted R2 value 

gained from the step-wise multivariate regression analysis between CO2 fluxes and 

environmental factors also gives an indication that the environmental variables in these 

empirical models have the potential to be used to predict CO2 fluxes at an ecosystem 

scale for similar ecosystems in future modelling studies (Table 10). In this study, GPP 

was found to be highly correlated with PAR and Tair (Table 9 and Table 10), which can 

be ascribed to their effects on the energy provider and photosynthetic activities, 

respectively. PAR is the energy source of photosynthesis and thus drives the variation 

of GPP, which has been highly highlighted by previous studies (Montieth, 1972; Ruimy 

et al., 1995). The effect of Tair on GPP could relate to the influence of Tair on the 

activities of photosynthesis enzymes (Prince & Goward, 1995), or on the leaf area 

index (LAI) (Turner et al., 2003). The other factors such as VPD, RH, and WT were 

also found to closely correlate with GPP but did not appear in the stepwise multivariate 

regression equations (Table 10). This may be the result of coarse correlations between 
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those factors and Tair or PAR. Reco was found to be highly correlated with Tair, which 

can be attributed to the effect of temperature on metabolic rate (Enquist et al., 2003). 

The effect of WT on Reco has also be observed in previous studies (Hurkuck et al., 2016; 

Sonnentag et al., 2010; Table 10). However, the effects of VPD and RH on Reco were 

not conclusive, which may be explained by the influences of VPD or RH on stomatal 

closure and water / organic matter transportation rates within plants (Fessenden & 

Ehleringer, 2003; Xu et al., 2004). Given NEE is the difference between GPP and Reco, 

factors affecting the variations in GPP and Reco will indirectly influence that of NEE, 

which could be explained by PAR and WT. 

 

The contrasting environmental conditions during the three study years had a strong 

influence on the ecosystem processes at BF. In 2013, the lower rates of photosynthesis 

in spring and early summer (between January and June) were strongly associated with 

the low temperatures (one of the coldest winter-spring periods in the last few decades) 

and relatively low water levels during the period. The low rainfall since April to 

September (receiving 35% less precipitation than the average during the same period) 

is another factor strongly influencing the photosynthesis rate at BF during the period in 

2013. Monson et al. (2002) proposed that the availability of liquid soil water at the 

beginning of the growing season together with warmer temperatures constitute the set 

of environmental controls causing full recovery of CO2 uptake during the growing 

season in an ecosystem. The photosynthesis rates increased dramatically in July and 

August 2013 till the end of year and were closely related to the abrupt increase in 

temperatures in July and August 2013 (the warmest summer since 2006), and the 

abrupt shift away from a prolonged drought period in place since the beginning of 2013 

during the last few months of the year. However, the warmer temperatures and low 

water table (very close to the historical minimum water levels) since July 2013 resulted 

in markedly high rates of Reco, and therefore large net CO2 losses for the second half of 

the year, as the total GPP was outweighed by an even higher accumulated Reco during 

this period. This is consistent with the results of the multivariate regression analysis 

indicating that Reco is more sensitive to WT variation than GPP (Table 10). This result 

also gives an indication of the importance of the timing of water availability and 

temperature increase to the full recovery of C uptake during the growing season 

(Monson et al., 2005). Xu & Baldocchi (2004) suggested that the timing of rain events 
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had more impact than the total amount of precipitation on ecosystem processes (i.e. 

GPP and Reco). The prolonged drought period during the summer of 2013 had a strong 

influence on the ecosystem processes at the site; while the larger amount of rainfall in 

October came too late after the end of the growing season. As a result, the BF 

ecosystem in 2013 acted as a large source of CO2 with an annual sum of 161.03±12.51 

g CO2-C m-2yr-1, which is about twice the amounts for the other two study years. 

Surprisingly, the annual total GPP in 2013 (at 1819.79 g CO2-C m-2yr-1) was still higher 

than most of the values reported in the literature (Hendriks et al., 2007; Jacobs et al., 

2007; Veenendaal et al., 2007), which may be explained by the increase in Reco which 

outweighed the GPP due to enhanced Reco during the dry conditions over the growing 

season (Reco is more significantly correlated with WT than GPP; Table 9).    

 

In 2014, the study site experienced a quite unusual warm (one of the warmest years 

comparing to the long-term average) and wet year (the fourth wettest year in the UK 

records from 1910). The water levels at BF over the whole year of 2014 were close to 

or even above the historical maximum water level on the site, and were close to the 

peat surface for almost half of the year and never below 60 cm from the surface. As a 

result, the ecosystem had higher rates of photosynthesis in spring and early summer 

(January to July), and a relatively earlier start to the growing season (in March). 

However, the water levels declined to around 50 cm below the peat surface during the 

growing season, and this, combined with the warmer temperatures during this period, 

caused a higher Reco during the growing season. From a C balance perspective, the 

increase in Reco during the growing season offset the increase in GPP during the period 

to some extent. The marked decline in temperature in August 2014 caused an abrupt 

end to the increasing photosynthesis rates at BF during the 2014 growing season. But 

the larger amount of precipitation in August 2014 leads to an increasing water level and 

therefore lower rates of respiration in this month too. This is consistent with both Reco 

and GPP showing a positive response to Tair; however, Reco shows a significantly 

negative response to WT (Table 9 & 10). During 2014, the BF ecosystem acted as a net 

source of CO2 with annual gap-filled totals of 83.61±11.53 g CO2-C m-2yr-1.  

 

2015 was quite a normal year in climatic aspects, with monthly mean temperatures 

quite close to the historical averages from January to October, but with a relatively 
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warm November and December. The cumulative precipitation in 2015 is similar to the 

historical records averages and the water levels at BF in 2015 were always in the range 

of historical records. Therefore, the year 2015 can be considered as a “control year” to 

reflect how the ecosystem processes behave in normal years at the study site. 

Surprisingly, BF acted as a relatively large net sink of CO2 in July in 2015 (a net source 

in the other two years) due to the low total Reco in this month. This could be explained 

by the larger amount of rainfall in July 2015 (receiving 87.7 mm in the month, 174% of 

the 1981 - 2010 average), which caused a low respiration rate and larger CO2 uptake at 

the site. The site acted as a relatively larger net source of CO2 at the end of year 

(November and December) compared to the other two years, at 85.66 g CO2-C m-2 

month-1 in November (similar to November 2014 which was a quite warm year), and 

87.94 g CO2-C m-2 month-1 in December. These values were strongly associated with 

the warmer condition in these two months which caused higher respiration rates at the 

site (Table 9). This larger CO2 loss at the end of the year somehow offset the large CO2 

uptake in July. In summary, the BF site had an annual sum of 98.39±13.31 g CO2-C m-

2yr-1 for 2015, which is similar to the amount of CO2 lost at the site in 2014. These 

results again prove the importance of timing of water availability and warm 

temperatures to ecosystem processes (Monson et al., 2005). The right timing of the rain 

events during the growing season can increase the photosynthesis rates and therefore 

the CO2 uptake rate (e.g. in July 2015). However, the unusual increase of temperature 

during the non-growing season might cause a larger Reco and therefore a larger CO2 loss 

from the ecosystem (e.g. during December 2015).    

 

The ecosystem apparent quantum yield (α ) calculated based on the rectangular 

hyperbolic light response function (Equation 14) during the growing season (May to 

October) at BF during the study period indicated that the ecosystem was able to utilize 

available light more effectively compared to treed peatlands (Flanagan et al., 2002; 

Wohlfahrt et al., 2008). Jacobs et al. (2007) proposed that the lower levels of self-

shading under the open vegetation structure might be a good explanation for this.     
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5.4.3. Methane Fluxes 

 

The annual mean CH4 flux from the gap filled EC data at BF was 16 nmol CH4 m
-2s-1 in 

2013, 9.4 nmol CH4 m
-2s-1 in 2014 (over the period between April and December), and 

5.6 nmol CH4 m
-2s-1 in 2015. All these values are towards the lower end of the wetland 

category as reported by Nicolini et al. (2013). The study site acted as a net source of 

CH4 over all study years with annual cumulative CH4 estimated at 6.067±0.096 g CH4-

C m-2yr-1 in 2013 and 2.009±0.087 g CH4-C m-2yr-1 in 2015. The total cumulative CH4 

was estimated at 2.845±0.103 during the period between April and December in 2014.  

 

There are still only a few published longer-term CH4 measurements using the EC 

technique from temperate fenlands. The annual sums of CH4 flux reported in this study 

are towards the lower end of a reported range of CH4 fluxes from global wetlands by 

Turetsky et al. (2014). The annual CH4 budget at BF is lower than most of values 

reported from the other studies on temperate and boreal peatlands, however, 

surprisingly, it still acted as a net source of CH4 under relatively dry conditions with 

low water levels. Shurpali & Verma (1998) observed an annual CH4 emission of 13.9 

to 15.3 g CH4-C m-2yr-1 in a poor minerotrophic to oligotrophic peatland dominated by 

Sphagnum papillosum in Minnesota. In more northern locations, Rinne et al. (2007) 

reported an annual emission of 12.6 g CH4-C m-2yr-1 in a boreal minerotrophic fen. 

Jackowicz-Korczynski et al. (2010) observed annual releases of between 19.54 and 

22.7 g CH4-C m-2yr-1 in a subarctic tall graminoid community, while Hargreaves et al. 

(2001) provided an estimate of annual CH4 flux of 5.5±0.4 g CH4-C m-2yr-1 for Finnish 

mires which is similar to the observation in 2013 at BF.  

 

The CH4 flux with all measured environmental variables (i.e. Tair, WT, VPD, RH, and 

PAR) demonstrated very weak relationships in this study and this result is in common 

with some other EC studies on CH4 fluxes (Table 9 & 10; e.g. Hargreaves et al., 2001; 

Rinne et al., 2007). The impacts of environmental changes on CH4 flux are generally 

much more difficult to interpret due to the large number of controlling factors and 

potential for large spatial variability (Baldocchi et al., 2012). It should be noted that, 

among all measured environmental variables, WT accounted for the greatest proportion 

of the variance of CH4 flux in the multiple regression model (but only explained 3.5%; 
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Table 10). This gives an indication that WT may be one of the most important 

environmental drivers that is closely correlated to CH4 flux; again, this conclusion is 

consistent with many other studies on peatland ecosystems (Cooper et al., 2014;  Lai et 

al., 2014; Minke et al., 2016; Juutinen et al., 2016; Strack & Waddington, 2007). It is, 

however, hard to find a good explanation for the relatively higher CH4 emissions 

during the first half year of 2013 compared to the other two years. This difficulty in 

identifying a strong functional relationship between CH4 emission and environmental 

variables may be due to micro-topographical differences at the study site (Olson et al., 

2013), whilst the presence of drainage ditches and grazing animals could be another 

explanation since both can be additional sources of CH4 to the atmosphere.  

 

There are many studies suggesting that ruminating animals can contribute considerably 

to atmospheric CH4 emissions at an ecosystem scale (Baldocchi et al., 2012; Dengel et 

al., 2011; Herbst et al., 2011). However, the CH4 emissions of ruminating animals have 

large spatial variability and are difficult to quantify only by EC measurements since the 

movements of the animals and the source area are not necessarily random and 

independent (Baldocchi et al., 2012). A rough estimation made by Herbst et al. (2011) 

suggested that the CH4 emitted through rumination amounted to about 11% of the total 

annual flux on their study site.  

 

Grazing also has indirect effects on CH4 fluxes in an ecosystem. Trampling by the 

animals may compact the soil and reduce its aeration, creating small hummocks and 

hollows within the study area (Herbst et al., 2013). At BF, it became clear that there 

was an increase in perennially wet hollows over the study period. Bubier et al. (1993) 

proposed that there are large differences in CH4 fluxes between hummocks and hollows, 

which are associated with vegetation, soil temperature and soil water content 

differences due to such changes in micro-topography. The changes in micro-

topography also can cause changes in vegetation type. There were increasing amounts 

of common rush (Juncus inflexus) communities occurring in the perennially wet 

hollows at BF during the study period. Stands of J. inflexus are avoided by the cattle 

and this can be another reason for the increase in these communities over time (Herbst 

et al., 2013). Juncus species can transport CH4 through its aerenchymous tissues which 

let CH4 by-pass the aerated zone in the soil without being oxidized (Ström et al., 2005). 
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Schäfer et al. (2012) reported a chamber measurement study of CH4 emissions from a J. 

inflexus covered meadow with a mean emission rate at 0.8 g m-2d-1 which is much 

larger than the daily mean CH4 flux at BF with 0.18 g m-2d-1. Brix et al. (2001) and 

Levy et al. (2012) also proposed that the presence of aerenchymous plants plays an 

important role in influencing the CH4 fluxes in the ecosystem. However, the presence 

of aerenchymous plants is another indication of the restoration status on a rewetting site 

such as BF i.e. the appearance of typical wetland species such as Juncus species could 

be taken as an indication that restoration is moving in a desirable ecological direction. 

The gradual colonisation of the soil by methanogens due to the rewetting and 

vegetation changes can also increase the CH4 emissions on the site (Liikanen et al., 

2006; Tuittila et al., 2000; Waddington & Day, 2007).   

 

Schrier-Uijl et al. (2011) proposed that ditches can contribute considerably to 

atmospheric CH4 emissions at an ecosystem scale. The study also demonstrated that the 

ditch CH4 emissions are extremely variable both spatially and temporally in a 

temperate lowland peatland (Schrier-Uijl et al., 2011).  Minkkinen & Laine (2006) also 

reported large CH4 fluxes from ditches in a minerotrophic fen in Finland. This is 

consistent with the larger fluxes captured at the BF EC station which were mostly from 

a westerly direction where the ditch was located (Peacock et al., 2016).  

 

It seems plausible that the animals and ditches at BF may act as CH4 hotspots, making 

the site act as a net source of CH4 during the measurement period. Aerenchymous 

vegetation may also contribute to CH4 flux.   
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Short-term Climate Response of 

Carbon Dioxide Fluxes in a Semi-
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6.1. Environmental Conditions 

Study site two - SF is located within a short distance of study site one (BF). The 

meteorology i.e. air temperature, rainfall, humidity as well as the global radiation are 

therefore the same or very similar and were described in Chapter 5. However, the 

hydrology of the two sites is different and needs to be described separately.    

 

6.1.1. Ground Water Levels at Sedge Fen 

 

The monthly ground water levels at SF during the measurement period are presented 

and compared to the maxima and minima for the period 1994 - 2008 in Figure 41. The 

monthly mean water levels in almost all months during both 2014 and 2015 were 

higher than the historical maximum during 1994 - 2008, with the exception of July 

2015 that had a slightly lower water level than the historical maximum July water level 

(Figure 41). The water levels in 2014 and 2015 were close to the fen surface (above 10 

cm compared to the historical maximum in average) most of time during the year, and 

only 2015 experienced a dry June and July (Figure 41). In the year 2013, there was an 

extended period of surface inundation at the site from the start of the year until June. 

However, 2013 experienced a large and sustained period of water table drawdown 

during the summer, ultimately reaching approximately 80 cm below the fen surface as 

the lowest water level in the year, although this value still lies within the range of 

historical observations. From October 2013, the water level rapidly recharged to near 

the historical maximum level, but was still lower than the water levels in the other two 

years, ending the year at about 20 cm below the ground surface (Figure 41). 
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Figure 41: Monthly water level range 1994 - 2008 (grey) and 2013 (yellow), 2014 (blue), 2015 (red) 

monthly mean water levels relative to the fen surface measured at SF dipwell NW07. 2013 - 2015 data 

supplied by John Bragg @ the NT, historical data from Kelvin (2011).    

 

 

The daily mean water levels at SF during the measurement period are presented in 

Figure 42. The water levels were close to the ground surface at the start of the year 

(January to May) in all years during the measurement period. In the year 2013, the 

water levels rapidly declined from mid-June to August before fluctuating around 

approximately 70 cm below ground level until October. This degree of drawdown was 

extreme and far greater than any observations at other intact fen sites recorded in the 

country (Evans et al., 2015). The water level then increased steadily till the end of the 

year to about 10 cm below the fen surface, and continued to rise at the beginning of 

2014 to above the ground (Figure 42).   
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Figure 42: Mean daily position of water levels relative to the fen surface measured at SF dipwell NW07. 

Data supplied by John Bragg @ the NT. 

 

 

During most of 2014 and 2015, the water levels remained significantly high, fluctuating 

around the ground surface (Figure 42). The only rapid drop occurred from May 2015 

until the end of June, reaching the lowest water level in the year at ˗43 cm. However, 

the water level recovered dramatically in July and rapidly rose to near-surface levels in 

a week (Figure 42). In 2014, the hydrological variations were far less dramatic 

compared to the other two years, with far smaller water table drawdown through the 

growing season corresponding to higher precipitation during the summer (Figure 42).    

 

 

6.2. Temporal Dynamics of Carbon Fluxes 

6.2.1. Wind Rose Plots 

 

In Figure 43, the distribution of direction and source strength of NEE at SF in separate 

years during the measurement period (2013 to 2015) is presented. The figure illustrates 
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the frequency of counts by wind direction, as well as the magnitudes of CO2 flux (with 

non-gap-filled data) in separate years during the study period. The positive (toward red) 

values represent periods when the site was a source of CO2; negative (toward blue) 

values denote periods when the site was a sink.    

 

 

 

 

Figure 43: Distribution of direction and source strength of the measured (non-gap-filled) net ecosystem 

CO2 exchange (NEE) in separate years during the measurement period (2013 to 2015) at Sedge Fen. 

Values are in the measured units of μmol CO2 m-2s-1. Positive values represent a source and negative a 

sink. 

 

 

The prevailing wind direction at SF is from the west in all three years (Figure 43). This 

figure also indicates that largest number of measured fluxes of CO2 originated from the 

prevailing wind sectors between north-west and south-west (Figure 43). In 2013, a 
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larger percentage of wind from the north is comparable to a similar situation illustrated 

for the BF site. There was larger percentage of wind coming from the north-east and 

east in 2014 and 2015 compared to 2013. The year 2013 had higher magnitudes of CO2 

fluxes with positive values from all wind directions compared to the other two years; 

whereas 2014 had higher magnitudes of CO2 fluxes with negative values from all wind 

directions (Figure 43). 

 

6.2.2. Fingerprint Plots 

 

The “fingerprint” plots of NEE at SF are presented in Figure 44 for the whole study 

period covering two and half years from August 2013 to December 2015. Gap-filled 

(upper left plot) and measured (non-gap-filled; upper right plot) NEE data, as well as 

global radiation (Rg; lower right plot) and Tair (lower left plot) as the key meteorology 

variables are presented. The fingerprint plots show diurnal and seasonal changes in 

half-hourly CO2 flux densities, as well as the temporal distribution of the data-gaps 

(upper right plot) and the performance of the method used to fill missing values (upper 

left plot) (Figure 44). The NEE data in the figures are presented in units of μmol CO2 

m-2s-1; Rg and Tair are shown in Wm-2 and °C, respectively. The fingerprint plots of 

NEE illustrate the “breathing” of the ecosystem over the measurement period. In the 

figure, colours toward the red end of the NEE scale denote periods when the site was 

losing CO2 to the atmosphere (e.g. at night); whereas the colours toward the blue end 

indicate the periods when the site was removing CO2 from the atmosphere (i.e. during 

summer daytime; Figure 44).  

 

 

http://www.rapidtables.com/convert/temperature/celsius.htm
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Figure 44: Fingerprint plots of net ecosystem CO2 exchange (top panels), air temperature (lower left), 

and global radiation (Rg, lower right) at Sedge Fen during the measurement period (August 2013 to 

2015). Top left is gap-filled NEE data, top right is measured NEE data after quality control. NEE units 

are μmol CO2 m-2s-1; global radiation (Rg) and air temperature (Tair) are shown in Wm-2 and °C, 

respectively. Months are represented by increases along the ordinate; time of day is indicated along the 

abscissa. White space represents periods when no data were available.   

 

 

http://www.rapidtables.com/convert/temperature/celsius.htm
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Generally speaking, the data capture (after QC) was good during the whole measured 

period at SF (upper right plot Figure 44). Most of the data gaps occurred during the 

winter or at night-time due to insufficient power supply by the solar panels under 

winter / night-time conditions (longer periods of missing data) or the application of 

data QC procedures (short periods of data loss) (Figure 44). There are two significant 

NEE data gaps during the measurement period, one happened between 15th March and 

8th May in 2014 due to data logging issues with a broken USB stick; another one 

happened during November and December 2014 caused by station power system 

upgrading. These two data gaps cover relatively short periods and occurred during the 

period when CO2 fluxes were at a seasonal low. The filling of these two data gaps is, 

therefore, less likely to introduce a large uncertainty in terms of the annual CO2-C 

budget compared with data losses during the main growing season. For the most part, 

the measured data (quality controlled) covered most of the growing season and daytime 

periods, again verifying the high quality of the measured data and improving the 

reliability of the gap-filling data (Figure 44).  

 

The seasonal pattern of NEE shows similar correspondence to the temperature and 

radiation as at BF (Figure 44).  

 

In Figure 44, 2014 showed a similar ecosystem “breathing” pattern as in 2015, but 

had relatively smaller CO2 night-time efflux (smaller area / lighter colour with orange-

red colour) during the growing season compared to 2013 and 2015. During 2015 there 

was an earlier increase in daytime net CO2 uptake after spring and relatively higher 

magnitude of daytime CO2 uptake (with more areas of dark orange-red and blue) 

during the growing season compared to 2014 (Figure 44). However, 2013 had a longer 

period and higher magnitude of CO2 efflux during night-time periods during August to 

November compared to the other two years (Figure 44). 
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6.2.3. Mean Diurnal Patterns 

 

Monthly MDC plots are presented in Figure 45 to enable comparison of seasonal and 

between-year differences in CO2 fluxes on a side-by-side basis at SF including two 

complete annual cycles and a half-year of data from August to December in 2013. In 

the MDC figure, each data point represents the mean of 30 minute values measured at 

the same time of the day over the course of each month (e.g. for the 48 thirty minute 

intervals in each day). The MDC of NEE, GPP (with negative values) and Reco, as well 

as selected environmental variables PPFD, Tair, VPD are represented in the figure. 

There is no quantum sensor at SF station, therefore the PPFD data from BF have been 

used for SF since the two sites are sufficiently close (within 1 km of each other) 

therefore there is no difference in the incoming radiation between two stations. The 

water levels relative to the ground surface during the measurement period have been 

shown as monthly means in the lowest panel (Figure 45). The NEE, GPP, Reco and 

PPFD data in the figures are presented in units of μmol m-2s-1; Tair, VPD and water 

levels are shown in °C, hPa and cm, respectively. The figure shows the changes in the 

amplitude of the monthly diurnal cycles of NEE, assimilatory (GPP) and respiratory 

(Reco) activity in response to phenological changes and illustrates seasonal and 

between-year differences during the measurement periods. 

 

During the whole measurement period, the daily average NEE, GPP and Reco, as well as 

the Tair, PPFD and VPD showed a clear diurnal pattern in all months (Figure 45). The 

diurnal cycle was characterised by NEE becoming progressively more negative 

(positive) in response to increases (decreases) in irradiance and temperature. In contrast, 

the GPP and Reco showed similar increasing / decreasing diurnal patterns as PPFD, Tair 

and VPD. The maximum rates of GPP and Reco (and therefore the NEE) occurred as the 

irradiance peaked around solar noon (Figure 45).  

 

 

 

 

http://www.rapidtables.com/convert/temperature/celsius.htm
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Figure 45: Comparison of monthly mean diurnal cycles of net ecosystem CO2 exchange at Sedge Fen 

during measurement period (August 2013 to 2015). Average diurnal cycles of key meteorological 

variables are also provided. Estimates of daily GPP are shown in negative values to facilitate graphical 

reading. The lowest panel shows monthly mean water levels relative to the ground surface. Standard 

errors have been omitted to improve readability.  
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The seasonal pattern of NEE at SF is characteristic of sites with a permanent vegetation 

cover, with the lowest fluxes in winter (typically positive) and largest (positive and 

negative) values in the summer months in response to the environment variables and 

ecosystem phenology. The daytime net CO2 uptake (daytime GPP) during all months in 

all three years indicates that photosynthesis was active at SF throughout the whole year 

during the measurement periods even during the non-growing seasons (Figure 45). The 

seasonal changes in the magnitude of the key meteorological variables (PPFD, Tair and 

VPD) which showed more suitable conditions from May to September for vegetation 

during the growing season co-determined the amplitude of the monthly diurnal patterns 

of GPP and Reco and therefore the NEE. As a result, the net CO2 uptake rates were 

higher (more negative) between May and September than in the other months of year in 

2014 and 2015. The months of August and September in 2013 had higher (more 

negative) NEE than the rest of year, and the NEE was the highest in August (Figure 45).  

The lowest net uptake rates of CO2 occurred in December (positive mostly) in all years 

(Figure 45).    

 

The MDC patterns during the study period reveal large between-year differences in the 

CO2 fluxes at SF (Figure 45). In general, the amplitude of CO2 fluxes increases rapidly 

from spring through the growing season then declines more steadily through late 

summer and autumn in all study years. The largest average net CO2 uptake was 

observed in June for 2014, in July for 2015 and August for 2013 (no data before 

August 2013; Figure 45). The warmer conditions in 2014 (compared to the other two 

years) were associated with larger nocturnal losses (night Reco) of CO2 and more 

negative daytime NEE (also see daytime GPP and Reco) in most of months, as well as 

the earlier start of the growing season in the year. The largest net difference in average 

NEE was observed in May over both years 2014 and 2015, i.e. at the beginning of the 

growing season (Figure 45). 

 

The maximum daily net CO2 uptake (±95% confidence interval) ranges from 0.46±0.17 

μmol m-2s-1 to ˗12.3±4.47 μmol m-2s-1, 1.32±0.3 to ˗20.7±4.73 μmol m-2s-1, 0.7±0.32 

μmol m-2s-1 to ˗14.7±3.68 μmol m-2s-1 in 2013 (only between August to December), 

2014 and 2015 (all months in the year), respectively. The maximum monthly average 

daily net CO2 uptake rates at SF in 2013 and 2015 were similar to the observations 
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from studies of boreal peatlands (ranging from ˗4 to ˗11.5 μmol m-2s-1; Adkinson et al., 

2011; Humphreys et al., 2006; Sagerfors et al., 2009), and lower than the observation 

from a study at a Finnish grassland with maximum average of ˗18 μmol m-2s-1 

(Shurpali et al., 2009). Whereas the 2014 average daily NEE at SF was even higher 

than the observation at the Finnish grassland. However, the positive average daily NEE 

in December in all three study years were observed at SF.  

 

The largest amplitude of the MDC pattern of GPP and Reco (therefore the NEE) 

occurred during June to August in all three years when the average PPFD, Tair and VPD 

all reached their peaks in the year (Figure 45). In 2014, the amplitude of both GPP and 

NEE were larger between May and July (the main growing season) than in 2015 during 

the same period (no data for 2013). But the amplitude of Reco in 2014 was similar as it 

in 2015 during the most of year, only with July and September being higher. However, 

the amplitude of the MDC pattern of GPP and Reco was larger between August and 

October 2013 (no data earlier than August 2013) than in the same months in 2014 and 

2015. This was associated with the rapid change to warmer and wetter conditions 

(higher average PPFD, Tair and VPD; Figure 25) in July 2013 (Figure 45). As a result, 

the nocturnal losses of CO2 were much higher in 2013 during the period than the other 

two years. The largest difference in both average GPP and Reco was observed in August 

between 2013 and the other two years (Figure 45).   

 

6.2.4. Seasonal Trends in Daily Carbon Budgets  

 

In Figure 46, time-courses of daily NEE (gap-filled) as well as the derived CO2 flux 

components GPP and Reco during the measurement period (from August 2013 to 2015) 

are presented. Estimates of daily GPP are shown using negative values to more 

effectively illustrate the opposing influences of the assimilatory (GPP) and respiratory 

(Reco) fluxes on the net CO2 exchanges. Daily values of important environmental 

variables (i.e. PPFD, Tair and water levels) are also provided (Figure 46). The PPFD 

data from BF have been used for SF too (see Section 6.2.4). The growing seasons were 

clearly characterised by strong magnitude of the daily CO2 exchange components 
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(Figure 46). The non-growing seasons were characterised by low and constant 

assimilatory and respiratory fluxes (Figure 46). However, significant differences in the 

magnitude of the flux components were observed between year to year during the 

measurement period.  

 

The estimates of daily GPP and Reco (green and violet lines) showed similar seasonal 

trends, started from low daily values at the beginning of the year (non-growing season), 

increasing steadily throughout spring and summer, and reaching the peak in the middle 

of the growing season before declining as the vegetation senesced with decreasing 

autumn day length (Figure 46). The estimates of daily NEE (black bar) also show 

similar seasonal trends, with the ecosystem starting to be a source of CO2 at the 

beginning of the year (positive NEE), and turning to a sink when the vegetation starts 

to grow, and the ultimately turning to a source again (Figure 46). However, significant 

differences in this general course occurred over the measurement period.  

 

The estimates of daily GPP and Reco reached their peaks between June and July in 2014 

and 2015, indicating the intense assimilatory and respiratory activities by plants that 

occurred in the middle of the growing season. The second half year of 2013 had 

relatively larger daily CO2 emissions from the ecosystem to atmosphere (with larger 

positive NEE) from August till December compared to the same period in the other two 

years (Figure 46). The warmer and wetter conditions in 2014 (compared to the other 

two years) resulted in the early start of the growing season in 2014, with SF acting as a 

relatively larger sink of CO2 from April until mid-September, and then gradually 

turning to a small source until the end of the year (Figure 46). Whereas, in 2015, the 

ecosystem acted as a relatively smaller sink of CO2 during a relatively shorter period in 

the growing season between May and mid-August compared to 2014 (Figure 46).    
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Figure 46: Seasonal change in daily CO2 budget and environmental variables at Sedge Fen during the 

measurement period (August 2013 to 2015). Violet and Green bars show daily sums of ecosystem 

respiration (Reco) and gross primary production (GPP), respectively; black bars are total daily net 

ecosystem CO2 exchange (NEE). PAR is total daily photosynthetically active radiation; Tair is daily 

average air temperature; and water level is the mean daily position of water levels relative to the ground 

surface.  
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The between-year differences in CO2 fluxes can be more easily detected in the seasonal 

cumulative values of NEE, GPP and Reco. Cumulative values computed on a monthly 

aggregation basis during the measurement period are presented in Table 12.   

 

Table 12: Monthly total gross primary production, ecosystem respiration and net ecosystem CO2 

exchange estimated for Sedge Fen during measurement period (August 2013 to 2015) 
 

 GPP (g CO2-C m-2) NEE (g CO2-C m-2) Reco (g CO2-C m-2) 

2013 2014 2015 2013 2014 2015 2013 2014 2015 

Jan. -- 18.52 20.89 -- 28.94 23.18 -- 47.46 44.07 

Feb. -- 33.43 37.25 -- 11.58 8.76 -- 45.01 46.02 

Mar. -- 57.71 55.81 -- ˗3.58 0.78 -- 54.13 56.60 

Apr. -- 97.96 99.59 -- ˗18.83 ˗15.85 -- 79.14 83.74 

May -- 195.41 153.22 -- ˗78.31 ˗46.88 -- 117.10 106.34 

Jun. -- 333.95 286.60 -- ˗187.75 ˗124.56 -- 146.20 162.04 

Jul. -- 327.07 288.46 -- ˗122.62 ˗113.39 -- 204.46 175.07 

Aug. 296.34 240.96 227.70 22.30 ˗102.90 ˗54.43 318.64 138.06 173.26 

Sep. 170.65 150.05 157.49 66.73 ˗3.03 ˗44.87 237.38 147.02 112.62 

Oct. 84.08 69.18 63.42 111.05 33.65 21.51 195.13 102.84 84.94 

Nov. 30.34 25.25 23.97 56.86 41.27 59.38 87.20 66.52 83.36 

Dec. 27.43 9.89 22.74 42.37 44.70 42.57 69.80 54.60 65.32 

 

 

The maximum monthly total GPP values were observed in June and July (no 

significant difference between these two months) in 2014 and 2015, while 2014 had the 

largest monthly total GPP with 333.95 g CO2-C m-2 month-1 in June (Table 12). The 

largest monthly total GPP in 2013 occurred in August at 296.34 g CO2-C m-2 month-1 

(Table 12). The monthly total GPP values were quite similar in 2014 and 2015 during 

most of the months in the year, with the exception of December 2014 which had a 

significantly lower monthly GPP at 9.89 g CO2-C m-2 month-1 (the lowest monthly GPP 

of all months during the study period). The monthly total GPP values were higher 

during the second half-year in 2013 than in 2014 and 2015, which was associated with 

the warmer conditions in July and August 2013 (Table 12). The largest monthly total 
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Reco occurred in July in 2014 and 2015, but August in 2013 (no data available before 

August 2013), while the 2013 August had the largest monthly Reco (at 318.64 g CO2-C 

m-2 month-1) compared to all the months in the other two years (Table 12). Similar to 

the GPP values, the monthly total Reco values were larger in all months during the 

second half-year in 2013 than in the same periods of 2014 and 2015 (Table 12). The 

monthly total Reco were quite similar in the years 2014 and 2015. 

 

The largest net CO2 uptake was observed in June in 2014 and 2015, while June 2014 

acted as the largest sink month at ˗187.75 g CO2-C m-2 month-1 (Table 12). The 

ecosystem acted as a sink of CO2 between March and September (more than half of the 

year) in 2014 and 2015, while 2014 acted as a larger sink of CO2 than in 2015 during 

most months, excepting September (Table 12). Surprisingly, the ecosystem acted as a 

source of CO2 from August 2013 throughout the rest of the year, with a significantly 

large CO2 emission in October of 111.05 g CO2-C m-2month-1, which may be associated 

with the warmer and drier (lower water table) August and October in 2013 (Figure 25; 

Table 12).  

 

6.2.5. Annual Carbon Dioxide Budget  

 

Annual cumulative NEE values for SF during the measurement period are presented in 

Figure 47. The random error calculated according to Finkelstein & Sims (2001) for 

measured NEE and the SD as reported by the gap-filling procedure for gap-filled NEE 

were used for computing the uncertainty ranges (see Section 4.3.6). The cumulative 

daily uncertainty range is presented in Figure 47. The uncertainties provide the 

maximum possible range of the accumulative NEE at SF during the measurement 

period. As previously described, all study years showed similar seasonal trends of CO2 

fluxes. However, the between-year differences of CO2 fluxes can be more easily 

detected in accumulative trends. A positive slope of cumulative NEE indicates that the 

ecosystem is behaving as a CO2 source, while a negative slope indicates a CO2 sink.  
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Figure 47: Annual cumulative net ecosystem CO2 exchange (NEE) at Sedge Fen in 2014 and 2015, with 

cumulative daily range as uncertainties. Year 2013 doesn’t include in the plot since lack of full year data.  

 

 

The ecosystem acted as a source of CO2 during the period from January to mid-June in 

both 2014 and 2015 (Figure 47). Year 2014 experienced an earlier increase in net CO2 

uptake than occurred in 2015, and the site acted as a larger sink of CO2 in 2014 than in 

2015 during the rest of year (Figure 47). The increase in CO2 emission after the 

growing season occurred earlier in 2014 than in 2015, and both years had similar 

increasing slope of CO2 emission until the end of the year (Figure 47). Therefore, 2014 

still ends up with a higher annual sum (negative) of NEE and as a larger sink of CO2 

than in 2015 (Figure 47). 

 

The annual cumulative NEE, GPP (negative) and Reco during the study period are 

presented in Figure 48.  The estimates of total accumulated Reco were very similar in 

year 2014 and 2015. The estimates of total accumulated GPP were quite similar in the 

first several months (January to May) in both years, but were higher in 2014 from mid-

June until the end of the year when compared to 2015. Therefore, the accumulative 

NEE shows very similar patterns to GPP for the two years.   

 

Annual cumulated GPP was estimated at 1559.39 and 1437.15 g CO2-C m-2yr-1, in 

2014 and 2015, respectively. Annual cumulative Reco was estimated at 1202.53 and  

1193.37 g CO2-C m-2yr-1, in  2014 and 2015, respectively (Table 13). 
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Figure 48: Annual cumulative net ecosystem CO2 exchange (NEE), ecosystem respiration (Reco) and 

gross primary production (GPP) in black, violet and green respectively, in 2014 and 2015 at Sedge Fen. 

Year 2013 doesn’t include in the plot since lack of full year data. The term ˗GPP is here the opposite of 

GPP and is introduced to facilitate graphical reading.  

 

 

Site SF was a net sink for CO2 in 2014 and 2015 with annual gap-filled totals of 

˗356.86±13.4 g CO2-C m-2yr-1 in 2014, and ˗243.78±15.25 g CO2-C m-2yr-1 in 2015 

(Table 13). The uncertainty of the annual sums is based on the Monte-Carlo simulation 

procedure (see Section 4.3.6).  

 

The ecosystem was a larger sink of CO2 in 2014 compared to 2015. However, the two 

years had no significant difference in annual Reco at 1202.53 g CO2-C m-2yr-1 and 

1193.37 g CO2-C m-2yr-1 in 2014 and 2015, respectively (Table 13). Therefore, the 

large differences in the annual CO2 budget between the two years were due to the 

significant difference in the annual GPP at 1559.39 g CO2-C m-2yr-1 and 1437.15 g 

CO2-C m-2yr-1 in 2014 and 2015, respectively (Table 13).  
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Table 13: The comparison of carbon balance at Sedge Fen during the measurement period. No flux data 

available before August 2013, the total carbon balance between the period August and December for 

2013, 2014 and 2015 are compared.  

 

 Annual Budget         

(g CO2 m-2) 

Carbon Balance 

(g C m-2) 

GWP (100 years)     

(g CO2 m-2) 

2014 Carbon dioxide (CO2) ˗1308.5 (±49.13)  ˗356.86 (±13.4)  ˗1308.5 (±49.13)  

2014 gross primary production 

(GPP) 

-- 1559.39  -- 

2014 ecosystem respiration 

(Reco) 

-- 1202.53  -- 

2015 Carbon dioxide (CO2) ˗893.86 (±55.92)  ˗243.78 (±15.25)  ˗893.86 (±55.92)  

2015 gross primary production 

(GPP) 

-- 1437.15  -- 

2015 ecosystem respiration 

(Reco) 

-- 1193.37  -- 

2013 Carbon dioxide (CO2) 

(Aug. - Dec.) 

1091.16 (±33.59)  297.59 (±9.16)  1091.16 (±33.59)  

2013 gross primary production 

(GPP) (Aug. - Dec.) 

-- 629.96  -- 

2013 ecosystem respiration 

(Reco) (Aug. - Dec.) 

-- 927.55  -- 

2014 Carbon dioxide (CO2) 

(Aug. - Dec.) 

33.99 (±22.15)  9.27 (±6.04)  33.99 (±22.15)  

2014 gross primary production 

(GPP) (Aug. - Dec.) 

-- 505.92  -- 

2014 ecosystem respiration 

(Reco) (Aug. - Dec.) 

-- 515.19  -- 

2015 Carbon dioxide (CO2) 

(Aug. - Dec.) 

61.93 (±37.55)  16.89 (±10.24)  61.93 (±37.55)  

2015 gross primary production 

(GPP) (Aug. - Dec.) 

-- 506.92  -- 

2015 ecosystem respiration 

(Reco) (Aug. - Dec.) 

-- 523.81  -- 
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During the period between August and December when there is available data in 2013, 

SF acted as a net source for CO2 in all three years with 297.59±9.16 g CO2-C m-2 

period-1 in 2013, 9.27±6.04 g CO2-C m-2 period-1 in 2014 and 16.89±10.24 g  CO2-C m-

2 period-1 in 2015 (Table 13). There is no significant difference between the total NEE, 

GPP and Reco during these periods in 2014 and 2015. The total GPP during this period 

in 2013 was larger than in 2014 and 2015 (with a net difference about 123 g C m-2), 

whereas the total Reco during the period in 2013 was almost two times that of the total 

Reco during the period in 2014 or 2015 (with a net difference about 412 g C m-2).   

 

The SF had a negative GWP (net cooling) over the investigated time period, at 

˗1308.5±49.13 g CO2 m
-2 in 2014 and ˗893.86±55.92 g CO2 m

-2 in 2015 over a 100-

year time horizon. 

 

6.3. Response of Carbon Flux to Environmental Factors  

6.3.1. Effects of Environmental Factors 

The Pearson coefficients (r) of CO2 fluxes to measured environmental factors (Tair, RH, 

VPD, PAR and WT) at SF were tested by simple linear regression. The Pearson 

correlation coefficients (r), the square of the Pearson correlation coefficients (R2) and 

p-values for the correlation between fluxes and measured environmental factors are 

reported in Table 14. Stepwise multiple regressions were carried out to correlate fluxes 

with measured environmental factors. The best fit regression equations of fluxes 

against significantly related environmental factors and adjusted R2 are reported in 

Table 15.     
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Table 14: Pearson coefficients (r) of fluxes (NEE, GPP and Reco) on environmental factors at Sedge Fen. 

The square of the Pearson correlation coefficient (R2) have been presented in brackets. The p-values for 

the correlation have been presented as stars (*). 

 

 Tair RH VPD PAR WT 

NEE ˗0.437 (0.191)** 0.557 (0.310)** ˗0.615 (0.378)** ˗0.838 (0.702)** ˗0.136 (0.018)* 

Reco 0.705 (0.497)** ˗0.365 (0.133)** 0.599 (0.359)** 0.387 (0.149)** ˗0.619 (0.383)**  

GPP 0.697 (0.486)** ˗0.471 (0.222)** 0.666 (0.444)** 0.772 (0.596)** ˗0.215 (0.046)* 

Tair, air temperature; RH, relative humidity; VPD, vapour pressure deficit; PAR, photosynthetically 

active radiation; WT, water table; NEE, net ecosystem exchange; Reco, ecosystem respiration; GPP, gross 

primary production. *, 0.01< p < 0.05; **, p < 0.01. 

 

 

The correlation between CO2 fluxes and measured environmental factors at SF showed 

exactly the same patterns as at the BF site. NEE was negatively correlated with Tair, 

VPD, PAR and WT, and positively correlated with RH (Table 14). While both Reco and 

GPP were positively correlated with Tair, VPD and PAR, they were negatively 

correlated with RH and WT (Table 14). It should be noted that, compared to NEE and 

GPP, Reco was more significantly correlated with WT at SF (p < 0.01; Table 14). Same 

as at BF, PAR accounted for the largest percentage of variation for both NEE and GPP 

(70.2% and 59.6%, respectively). However, besides Tair, both WT and VPD 

significantly explained the variation for Reco at SF (38.3% and 35.9%, respectively; p < 

0.01; Table 14).  

 

 

Table 15: Stepwise regression analysis of fluxes (NEE, Reco and GPP) against significantly related 

environmental factors at Sedge Fen. 

 

 Best fit regression equations Adj-R2 p-values 

NEE F = ˗0.014PAR – 0.047WT + 2.518 0.727 ** 

Reco F = 0.102Tair – 0.061WT + 0.668VPD + 0.102RH – 8.225 0.777 ** 

GPP F = 0.011PAR + 0.642Tair – 5.137 0.731 ** 

See Table 14 for abbreviation. 

 

After combining all measured environmental factors at SF in the stepwise multiple 

regression analysis, PAR and WT together accounted for 72.7% of the variation in 

NEE (PAR accounted for 70.3%, WT explained the rest 2.4%; p < 0.01; Table 15). 
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While Tair, WT, VPD, and RH together can explain 77.7% of the variation for Reco (Tair 

accounted for 49.7%, the other three factors together explained 28%; p < 0.01; Table 

15). As for GPP, PAR and Tair together accounted for 73.1% of the variation in GPP 

(PAR explained 59.6%, Tair accounted for the remaining 13.5%; p < 0.01; Table 15). It 

should be noted that Reco at SF was more significantly correlated to WT compared to at 

BF (WT accounted for the second greatest proportion of the variance of Reco at SF; 

Table 10 & 15).  

 

 

6.3.2. Light Response Curves 

 

The relation between GPP and PPFD can be described by a rectangular hyperbolic light 

response function (see Section 4.3.8). The dependence of daytime GPP (Rg > 20 W m-2) 

on light was simulated with the means of the rectangular hyperbolic light response 

function (Equation 14) for different months during the growing season (May to October) 

over the study period (August 2013 to 2015) at SF (Figure 49). GPP are shown as 

negative values to facilitate graphical reading. 
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Figure 49: light response curves of GPP plotted for different months during the growing season from 

August 2013 to 2015 at Sedge Fen. Fitted curves represent the rectangular hyperbolic light response 

function (see Equation 14). Fmax is the maximum CO2 flux at infinite light, α is the ecosystem apparent 

quantum yield. 

 

 

Based on the rectangular hyperbolic light response function, the seasonal changes in 

PPFD explained between about 25% and 77% of the variability in daytime GPP during 

the measurement period in the main growing seasons (Figure 49). There were 

significant differences in the light response curves for GPP in the main growing 

seasons during the study years. There was no light saturation of GPP evidenced on the 

study site during the measurement period.  

 

No significant differences were observed between the maximum rates of GPP (Fmax, 

showed in negative values) in all months of the growing seasons in 2014 and 2015. 

Whereas, the maximum rates of GPP in August and September 2013 were much higher 

than in the same months of 2014 and 2015. The maximum rates of GPP in 2013 were 

observed in September with a calculated Fmax value of ˗68.46 μmol CO2 m
-2s-1, from the 

rectangular hyperbola (Equation 14) fitted to the light response curves (Figure 49). In 

2014, the maximum rates of GPP occurred in June with Fmax value of ˗38.90 μmol CO2 

m-2s-1 (Figure 49). In 2015, the peak Fmax value was similar to that in 2014 but occurred 
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one month later in July with Fmax value of ˗39.67 μmol CO2 m
-2s-1 (Figure 49). The Fmax 

decreased gradually when vegetation recession started in the year (the lowest values at 

˗21.22, ˗19.15 and ˗16.30 μmol CO2 m
-2s-1 for 2013, 2014 and 2015, respectively, at 

beginning or end of growing seasons). During the senescence period (October, the start 

of winter), the maximum PPFD values were much lower than during the main growing 

season months at about 1100 μmol m-2s-1 in all years (Figure 49).  

 

The ecosystem apparent quantum yield (α) also differed among years during the main 

growing seasons, with calculated values of 0.028, 0.059 and 0.056 mol mol-1, in 

September 2013, June 2014 and July 2015 (the month with the highest Fmax), 

respectively (Figure 49). The range of apparent quantum yield (α) values for SF are 

similar to those reported in other studies of temperate grasslands (Flanagan et al., 2002; 

Wohlfahrt et al., 2008).  

 

 

6.3.3. Multi-scale Analysis of Environmental Controls 

 

As at BF, the half-hourly gap-filled data were used and the time scales considered 

varied from daily to more than half annual (256 days). The wavelet coherence analysis 

has been implemented between GPP and PPFD, Tair, VPD in this study. The 

correlations between Reco and VPD also have been analysed by the wavelet coherence 

method. The Reco was estimated base on the Tair during the flux partitioning procedure; 

therefore no correlation analysis was implemented between Reco and Tair in this section.   

 

In Figure 50, the large blue areas indicate the period with no valid CO2 flux data before 

August 2013, and no PPFD data available during January to April 2014 at SF. The 

PPFD data at BF have been used on SF since there was no valid PPFD measurement at 

SF. The highest coherence between PPFD and GPP was at the daily scale during whole 

years, indicative of a common diel cycle between PPFD and photosynthesis during all 

seasons on the permanent vegetation cover site (Figure 50). Remarkable localised 

coherences at monthly scales (< 32 days) occur in all growing seasons representing 
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similar increasing patterns of PPFD and GPP during the period of plant activity (Figure 

50). There is no evidence of coherences at larger scales during the non-growing season 

(Figure 50). 

 

 

Figure 50: Wavelet coherence analysis between gross primary production (GPP) and photosynthetic 

photon flux density (PPFD) during the measurement period (August 2013 to 2015) at Sedge Fen. On the 

Y-axis the time-scale is reported. Low to high coherence values are represented in the colour palette from 

blue to red. The PPFD data was measured at BF. There is no valid PPFD data during January to April 

2014, no valid CO2 flux data before August 2013. 

 

In Figure 51, the large blue areas indicate the period with no valid CO2 flux data before 

August 2013 (as well as in the following Figures 52 & 53). Regarding GPP with air 

temperature, the daily cycle coherence is only exhibited during the growing seasons 

(Figure 51). There are some localized coherences at larger scale (8 - 64 days) that can 

be identified during the growing seasons as well (especially in the warmer year of 

2014), indicating that the underlying photosynthesis activity was closely related to the 

increasing air temperature during the period of plant activity (Figure 51). Some 

localized coherences at half-month scale (7 - 16 days) during the senescence period 

indicate the similar decreasing patterns of air temperature and GPP in the non-growing 

season during rain or cooling events (Figure 51).  
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Figure 51: Wavelet coherence analysis between gross primary production (GPP) and air temperature 

(Tair) during the measurement period (August 2013 to 2015) at Sedge Fen. On the Y-axis the time-scale is 

reported. Low to high coherence values are represented in the colour palette from blue to red. There is no 

valid CO2 flux data before August 2013. 

 

 

In Figure 52, similar with Tair, the VPD exhibits daily cycle coherence with 

photosynthesis only during the growing seasons, but with generally higher coherences 

with larger scales (7 - 32 days) than Tair with GPP. The high localized coherences 

identified at larger scale (7 - 32 days) during the growing seasons indicate the great 

influence of increasing of VPD on photosynthesis during the period of plant activity 

(Figure 52). There are only few localized coherences found in the non-growing season 

at larger scales that may be associated with the similar decreasing patterns of VPD and 

photosynthesis in discontinuous non-stationary cooling events in the late autumn and 

winter (Figure 52).  
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Figure 52: Wavelet coherence analysis between gross primary production (GPP) and vapour pressure 

deficit (VPD) during the measurement period (August 2013 to 2015) at Sedge Fen. On the Y-axis the 

time-scale is reported. Low to high coherence values are represented in the colour palette from blue to 

red. There is no valid CO2 flux data before August 2013. 

 

The wavelet coherence between Reco and VPD is shown in Figure 53. Weak daily 

coherences can be found with VPD and respiration during the growing seasons (Figure 

53). The weekly (2 - 8 days) and monthly (16 - 32 days) localized coherences are 

evident for specific periods during the growing season, and area associated with rainfall 

/ heat wave events producing effects on Reco lasting some days (Figure 53). 

 

  

 

 

Figure 53: Wavelet coherence analysis between ecosystem respiration (Reco) and vapour pressure deficit 

(VPD) during the measurement period (August 2013 to 2015) at Sedge Fen. On the Y-axis the time-scale 

is reported. Low to high coherence values are represented in the colour palette from blue to red. There is 

no valid CO2 flux data before August 2013.  
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6.4. Discussion and Conclusion 

6.4.1. EC Measurement Performance 

 

The energy balance closure (EBC) with half-hour time scale data at SF (Figure 24) is 

similar to the values reported from the other sites (see Section 5.4.1) (Wilson et al., 

2002). The EBC was further improved by using the daily average in the analysis. This 

suggested a good overall system performance and high data reliability on the study site 

during the measurement period.   

 

The energy imbalance existing at SF could result from the poor performance of the heat 

flux plates in peat substrates (Laurila et al., 2012), in particular, in high water level 

conditions. The neglected energy storage term and the neglected water heat storage 

could be another explanation for the relative imbalance in EBC at SF (Harding & Lloyd, 

2008; Jacobs et al., 2008). The EC tower at SF is taller than the tower at BF; however, 

the storage term under the instruments is still neglected on this site as the measurement 

height is still much lower than the measurements at forested sites (Leuning et al., 2012). 

Furthermore, the differences between the footprints of the eddy fluxes, the soil heat 

fluxes and the net radiation measurements are still an unresolved issue relevant to the 

imbalance of the EBC in the community (Balzarolo et al., 2011). 

 

The footprint estimates and the distribution of the wind field confirm that the majority 

of the measured fluxes originate from the area of interest at SF and that the contribution 

of the measured fluxes from the target ecosystem dominates the overall budget. 

Furthermore, the total flux data coverage during the measurement period at SF is within 

the typical range of the coverage attained from other EC sites (Falge et al., 2001).  
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6.4.2. Carbon Dioxide Fluxes 

 

The semi-natural site SF acted as a net sink of atmospheric CO2 in 2014 and 2015 (the 

two study years with complete annual cycles), with an annual sum of ˗356.86±49.13 g 

CO2-C m-2yr-1 in 2014 and ˗243.78±15.25 g CO2-C m-2yr-1 in 2015. The annual CO2 

budget at SF is within the range of values reported from a series of studies on different 

temperate semi-natural freshwater wetlands in the USA (Bernal & Mitsch, 2012), and a 

semi-natural boreal wet grassland in Denmark (Herbst et al., 2013), while Drewer et al. 

(2010) reported a lower annual CO2 uptake at ˗15 to ˗145 g CO2-C m-2yr-1 from a 

minerotrophic sedge fen in Finland. The total CO2 budget during the period between 

August and December in 2013 shows that the site was a net source of CO2 to the 

atmosphere with 297.59±9.16 g CO2-C m-2 period-1, which is much higher than the total 

amounts in 2014 and 2015 during the same period (with 9.27±6.04 and 16.89±10.24 g 

CO2-C m-2 period-1 in 2014 and 2015, respectively). The ecosystem was likely acting as 

even a small source of atmospheric CO2 during the drier year of 2013. The ecosystem 

had a negative GWP (net cooling) over the investigated time period, at ˗1308.5±49.13 g 

CO2 m
-2 in 2014 and ˗893.86±55.92 g CO2 m

-2 in 2015 over a 100-year time horizon 

(CO2 only). 

 

Large seasonal variation in the CO2 exchange process was observed at SF over the 

investigated time period. The study years showed broadly similar overall seasonal 

patterns in NEE and its component fluxes (i.e. GPP and Reco) at SF, which is similar to 

the patterns shown in BF (described in Section 5.4.2). Despite this overall similarity in 

seasonal patterns, significant differences were observed in the seasonal magnitude of 

accumulated CO2 exchanges at SF over the investigated time period. The ecosystem 

functioned as a net sink (monthly) of CO2 between April and September in 2014 and 

2015, as well as in March 2014, indicating that the study site acted as a large sink of 

CO2 during the growing season. 

 

As at BF, the short term responses of CO2 fluxes to environmental factors fitted well to 

the theory speculations in regression analyses for SF. The high adjusted R2 value 

gained from the step-wise multivariate regression analysis between CO2 fluxes and 

environmental factors also gives an indication that the environmental variables in these 
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empirical models have the potential to be used to predict CO2 fluxes at an ecosystem 

scale for similar ecosystems in future modelling studies (Table 15). As at BF, GPP was 

found to be highly correlated with PAR and Tair, and Tair accounted for the greatest 

proportion of the variation in Reco at SF (Table 14 & 15). It should be noted that, Reco 

was highly correlated to Tair partly because of the Tair having been used for computing 

the daytime Reco during flux partitioning (see Section 4.1.4). However, Reco was more 

significantly correlated to WT at SF compared to BF (besides of Tair, WT accounted for 

the greatest proportion of the variance of Reco at SF, Table 15). This is consistent with 

many other studies suggesting that the Reco on waterlogged peatland ecosystems is 

more sensitive to WT fluctuation than in relatively drier conditions (Juszczak et al., 

2013; Moore & Dalva, 1993; Updegraff et al., 2001). As at BF, NEE, as the difference 

between GPP and Reco, was indirectly affected by the factors influencing GPP or Reco, 

which, as at SF, was found to be explained by PAR and WT.  

 

The contrasting environmental conditions over the investigated time period had a 

strong influence on the ecosystem processes at the site. The period between August and 

December in 2013 (the period with available data in 2013) was a warm period (the 

warmest summer since 2006, warmer October and December than the historical 

averages) with extremely dry August and September (prolonged drought period in 2013) 

and relatively wet October to December. The water levels at SF in 2013 were quite low 

between August and October (at around 55 cm below the peat surface), and increased 

to around 10 cm below the peat surface at the end of the year (November and 

December). The total GPP between August and December 2013 at 629.96 g CO2-C m-2 

was higher than the total GPP during the same period in the other two study years (with 

505.92 and 506.92 g CO2-C m-2 in 2014 and 2015, respectively), which was closely 

associated with the warm conditions during the period. Moreover, the higher rate of 

photosynthesis that occurred in August and September 2013 during the prolonged 

drought period indicates that the warm temperature and adequate light availability 

outweighed the influences of dry conditions during the growing season. This is 

consistent with the results of the regression analysis which showed that GPP was more 

significantly correlated with Tair and VPD compared to WT at SF (Table 14). Lindroth 

et al. (2007) suggested a similar explanation, with temperature being the strongest 

driver of GPP in a study of boreal mires. However, the total Reco was much higher 
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during the period in 2013 at 927.55 g CO2-C m-2 in comparison to the other two years 

(with 515.19 and 523.81 g CO2-C m-2 in 2014 and 2015, respectively). As a result, the 

ecosystem acted as a net source of CO2 during this period, which can be explained by 

the increase in Reco outweighing the GPP due to enhanced Reco in dry conditions in 

August and September. This result is consistent with the respiratory activities (Reco) 

being more sensitive to WT compared to photosynthesis (GPP) do (Table 14), and also 

further supports the importance of the timing of water availability and adequate 

temperature on ecosystem processes (Monson et al., 2005).   

 

2014 was unusually warm (one of the warmest years compared to the long-term 

average) and wet (the fourth wettest year in the UK since records began in 1910) 

compared to the other two study years. The water levels at SF in 2014 were quite close 

to or even above the peat surface for the whole year, and never below 10 cm from the 

surface. The warmer and wetter conditions resulted in higher rates of photosynthesis 

during most of growing season months (May to July; Table 15). However, the lower 

temperature in August (the coldest August over the last few decades) and much less 

rainfall in September (the driest September for the whole country average since 1910) 

resulted in relatively lower GPP and Reco in August, and relatively low GPP but high 

Reco in September. The period when high respiratory activities occurred in September 

and October on the site was the warm period but the only period that the water table 

was its lowest level (at around 10 cm below the peat surface) in the year. The 

ecosystem acted as a large sink of CO2 in 2014 under warm and wet conditions with an 

annual sum of ˗356.86±49.13 g CO2-C m-2yr-1.  

 

The year 2015 had close to average temperatures in most of months, but a much 

warmer November and December (the mildest December in the records since 1659). In 

general, 2015 was much colder than 2014 (at 0.7 °C below annual mean temperature). 

The water levels at SF were close to the peat surface for most of the year, but with a 

dramatic decrease in June and July (reaching about 40 cm below the surface) due to the 

driest month in the year occurring in June. June, November and December in 2015 

were the only months when the monthly total Reco values were larger than in the same 

months in 2014 due to the dry period in June and the warmer conditions at the end of 

year in 2015. The annual total Reco of 2015 (1193.37 g CO2-C m-2yr-1) was quite close 

http://www.rapidtables.com/convert/temperature/celsius.htm
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to the annual total Reco in 2014 (1202.53 g CO2-C m-2yr-1), while the annual total GPP 

in 2014 (1559.39 g CO2-C m-2yr-1) was much higher than in 2015 (1437.15 g CO2-C m-

2yr-1). These results suggest that temperature is the strongest driver of GPP, while the 

water level combined with temperature are the most important factors influencing the 

Reco (including autotrophic and heterotrophic respiration) which is consistent with the 

results of the multiple regression analysis (Lindroth et al., 2007; Table 15). 

 

The ecosystem apparent quantum yield (α ) calculated based on the rectangular 

hyperbolic light response function (Equation 14) during the growing season (May to 

October) at SF over the measurement period indicates that the SF vegetation attained 

higher maximum assimilation rates compared to BF. This difference in light use 

characteristics can be most likely explained by the larger peak season biomass at SF 

than at BF during the growing season (Humphreys et al., 2010; Lund et al., 2010).  

 

  



 

170 

 

 

 

 

 

 

 

 

Chapter 7   

Comparison of Carbon Dioxide Fluxes 

between Two Temperate Lowland Fens 

with Different Land-use Types 

 

 

 

 

 

 

 

 

 

 



 

171 

7.1. Environmental Conditions  

7.1.1. Ground Water Levels 

 

In general, site BF was drier than SF during all three study years (i.e. the ground water 

levels were lower) (Figure 54).  The differences in the ground water levels at the two 

sites were generally larger during the growing seasons but relatively smaller in spring, 

early summer and winter (Figure 54). The amplitudes of variation of ground water 

levels were larger at BF than at SF in all years (Figure 54).  

 

Both sites experienced the lowest water levels in 2013 during the growing season 

months (June to October) over the measurement period (Figure 54). In 2013, the water 

levels at both sites were close to the peat surface at the beginning of the year (January 

to April), while water levels at SF were slightly above the surface and at BF were 

slightly below ground surface during the period (Figure 54). An early decline of water 

levels appeared in mid-April at BF in 2013, which was about three months earlier than 

the water level decline at SF during that year (Figure 54). The largest difference in 

water levels at the two sites in 2013 occurred in late June; with the BF level about 80 

cm lower than at SF. A similar large difference persisted through until mid-October in 

2013 when the rainfall amount increased dramatically (October was the wettest month 

in the year) (Figure 54). The water levels at both sites started to increase in mid-

October following the abundant rainfall, while the BF water level increased more 

dramatically with addition of ground water onto the site from the adjacent lode. Both 

sites water level then remained close to the ground surface until the end of the year 

(Figure 54).  

 



 

172 

 

 

Figure 54: Ground water levels at Baker’s Fen and Sedge Fen during measurement period. Data show 

the mean daily position of water levels relative to the peat surface measured at BF dipwell 107-1 and SF 

dipwell NW07. Data supplied by John Bragg @ the NT. 

 

 

 

The water levels at both sites were close to the ground surface for most of time in 2014 

compared to the conditions in the other two years (Figure 54). Several significant 

drawdowns were observed during the growing season in 2014 at BF; however large 

rainfall events resulted in several rapid increases in water table to near the surface 

(Figure 54). The largest difference between the two sites water levels was about 50 cm 

(lower at BF) and this only occurred during a short period when a significant 

drawdown appeared at BF (Figure 54).   

 

The water levels at both sites were close to the ground surface at the beginning of the 

year (from January until early April). A continuous decline in water level occurred 

from early April through to mid-July at BF, while the water level decreased much later 
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at SF (in late May), followed by a dramatic increase in mid-July at both sites due to the 

plentiful rainfall of that month (Figure 54).  The water levels at SF remained close to 

the ground surface after July, while several rapid drawdowns followed by rapid 

recoveries were observed at BF between July and November (Figure 54). At the end of 

2015, the water levels at BF increased to about 30 cm below surface (Figure 54). The 

largest difference between water levels at the two sites was about 80 cm, with this 

situation occurring for most of time from early June until November 2015 (Figure 54).    

 

Owing to the differences in the water levels between the two sites, the soil temperature, 

soil water content and vegetation types are quite different. However, as there is no 

reliable soil temperature and soil water content data from the study sites due to 

instrument failures during the measurement period. Currently, continuous 

measurements of soil temperature and soil water content are being conducted at both 

sites, with the aim of providing more detailed environmental measurements data for 

future studies. 

 

 

7.2. Seasonal Patterns of Carbon Dioxide Fluxes 

Figure 55 compares the monthly total of Reco, GPP and NEE at BF and SF over the 

measurement period (SF data are only available since August 2013).   
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Figure 55：Comparison of monthly total net ecosystem CO2 exchange (NEE), ecosystem respiration 

(Reco) and gross primary production (GPP) in black, violet and green respectively, at two study sites 

(Baker’s Fen and Sedge Fen) during the measurement period. Data is only available since August 2013 

at Sedge Fen. The term ˗GPP is here the opposite of GPP and is introduced to facilitate graphical 

reading.  

 

 

In general, the monthly total GPP and Reco at SF were quite close to monthly total GPP 

and Reco at BF respectively in 2013. The monthly total GPP, Reco and NEE showed 

similar patterns in 2014 and 2015 at the two sites (Figure 55). The monthly total GPP 

and Reco at BF were larger than the values at SF in most months of 2014 and 2015 

(Figure 55; Table 16). The between-site differences in total monthly Reco were 

generally larger than the between-site differences in monthly total GPP (Figure 55). 

The largest between-site differences in monthly total Reco occurred in July of 2014 and 

in June of 2015, while the largest between-site differences in monthly total GPP 

occurred in April of 2014 and in May of 2015 (Figure 55).  
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Table 16: Comparison of monthly total gross primary production (GPP), ecosystem respiration (Reco) and 

net ecosystem CO2 exchange (NEE) between Baker’s Fen (BF) and Sedge Fen (SF) during measurement 

period. 

 

Year Month 
GPP (g CO2-C m-2) NEE (g CO2-C m-2) Reco (g CO2-C m-2) 

BF SF BF SF BF SF 

2013 Jan. 26.31 -- 26.98 -- 53.29 -- 

 Feb. 37.15 -- 14.10 -- 51.25 -- 

 Mar. 52.16 -- 2.42 -- 54.57 -- 

 Apr. 126.64 -- ˗6.90 -- 119.74 -- 

 May 228.66 -- ˗74.51 -- 154.15 -- 

 Jun. 307.88 -- ˗69.23 -- 238.65 -- 

 Jul. 381.17 -- 29.22 -- 410.39 -- 

 Aug. 277.97 296.34 44.68 22.30 322.65 318.64 

 Sep. 184.64 170.65 39.14 66.73 223.78 237.38 

 Oct. 109.20 84.08 78.31 111.05 187.51 195.13 

 Nov. 53.53 30.34 26.75 56.86 80.28 87.20 

 Dec. 34.47 27.43 50.06 42.37 84.53 69.80 

2014 Jan. 37.61 18.52 47.34 28.94 84.95 47.46 

 Feb. 64.61 33.43 14.08 11.58 78.69 45.01 

 Mar. 126.29 57.71 ˗9.80 ˗3.58 116.49 54.13 

 Apr. 215.24 97.96 ˗63.62 ˗18.83 151.62 79.14 

 May 302.01 195.41 ˗92.26 ˗78.31 209.76 117.10 

 Jun. 330.82 333.95 ˗79.81 ˗187.75 251.01 146.20 

 Jul. 331.07 327.07 7.20 ˗122.62 338.28 204.46 

 Aug. 252.87 240.96 7.55 ˗102.90 260.42 138.06 

 Sep. 212.33 150.05 32.69 ˗3.03 245.02 147.02 

 Oct. 131.74 69.18 83.24 33.65 214.98 102.84 

 Nov. 58.20 25.25 86.73 41.27 144.93 66.52 

 Dec. 29.45 9.89 50.25 44.70 79.70 54.60 

2015 Jan. 27.07 20.89 23.59 23.18 50.66 44.07 

 Feb. 32.22 37.25 22.01 8.76 54.23 46.02 

 Mar. 64.38 55.81 9.05 0.78 73.43 56.60 

 Apr. 171.94 99.59 ˗47.19 ˗15.85 124.75 83.74 

 May 242.74 153.22 ˗70.85 ˗46.88 171.89 106.34 

 Jun. 309.77 286.60 ˗38.53 ˗124.56 271.24 162.04 

 Jul. 315.64 288.46 ˗52.07 ˗113.39 263.57 175.07 

 Aug. 261.44 227.70 8.21 ˗54.43 269.65 173.26 

 Sep. 183.00 157.49 6.69 ˗44.87 189.69 112.62 

 Oct. 78.66 63.42 63.89 21.51 142.55 84.94 

 Nov. 39.32 23.97 85.66 59.38 124.98 83.36 

 Dec. 30.10 22.74 87.94 42.57 118.05 65.32 
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The monthly total GPP and Reco at SF were quite close to monthly total GPP and Reco at 

BF in 2013 during the period with available data between August and December, with 

slightly lower monthly total GPP at SF and therefore relatively larger net CO2 losses at 

SF than at BF in September, October and November in 2013 (Figure 55; Table 16).  

 

In 2014, the monthly total GPP at BF showed an earlier but more gradual increase in 

spring and early summer and reached a peak in June and July, while SF showed a much 

later but more rapid increase and reached a similar maximum monthly total during June 

and July (Figure 55; Table 16).  While the monthly total Reco at both study sites showed 

similar seasonal patterns, there was a higher magnitude at BF (Figure 55). As a result, 

the total net CO2 uptake was higher at BF during April and May but lower than at SF in 

June, July and August in 2014 (Figure 55; Table 16). In 2014, the largest difference in 

monthly NEE occurred in July with the largest between-site differences in monthly 

total Reco during this month (Figure 55). Monthly net CO2 losses were higher at BF than 

at SF from August until the end of the year, while SF still acted as a CO2 sink in 

August 2014 (Figure 55; Table 16).  

 

The monthly total GPP, Reco and NEE show similar patterns in 2015 as in 2014 at the 

two sites (Figure 55). The monthly total GPP at BF shows an earlier but more gradual 

increase since March and then reaches a peak in June and July, while at SF it shows a 

later but more rapid increase and reaches a similar maximum monthly total in the year 

during the same period (Figure 55; Table 16). The monthly total Reco shows similar 

seasonal patterns at the two sites, but with higher magnitude at BF from March until the 

end of year (Figure 55). Therefore the total net CO2 uptake was slightly higher at BF 

only in April and May but lower than at SF in June, July and August (Figure 55; Table 

16). SF still acted (monthly) as a sink of CO2 in August and September in 2015, while 

BF was already a source of CO2 during the same months (Figure 55; Table 16). 

Monthly net CO2 losses were higher at BF than at SF from October to December in 

2015 (Figure 55; Table 16). 

 

Figure 56 displays the comparisons of accumulated GPP, Reco and NEE between the 

two study sites during the measurement period. It should be noted that in the year 2013, 
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data were only available since August 2013 at SF. Therefore the accumulated GPP, Reco 

and NEE were only compared during August and December in 2013 between the two 

sites, while the lower two plots show comparisons of full annual accumulative GPP, 

Reco and NEE between the two sites (Figure 56).  

 

 

 

 

Figure 56: Comparison of accumulative net ecosystem CO2 exchange (NEE), ecosystem respiration 

(Reco) and gross primary production (GPP) in black, violet and green respectively, at two study sites 

(Baker’s Fen and Sedge Fen) during the measurement period. The year 2013 only showed accumulative 

comparison between August and December since no data available before August 2013 at SF. The term 

˗GPP is here the opposite of GPP and is introduced to facilitate graphical reading. 

 

 

The accumulative comparisons show more clearly that the estimated GPP and Reco at 

BF were larger than the estimated GPP and Reco at SF during the whole year in 2014 

and 2015 (Figure 56). The larger between-site differences in cumulated Reco than the 

between-site differences in cumulated GPP result from differences in the annual CO2 

budgets at the two study sites. The BF acted as a net source of CO2 in both years 2014 

and 2015; while SF acted as a net atmospheric CO2 sink (Table 17). The net differences 
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in annual total GPP between two sites were 532.87 g CO2-C m-2yr-1 in 2014 and 319.13 

g CO2-C m-2yr-1 in 2015 (Table 17). The net differences in annual total Reco between 

two sites were larger than for GPP, with 973.33 g CO2-C m-2yr-1 and 661.3 g CO2-C m-

2yr-1, in 2014 and 2015, respectively (Table 17). Therefore the net differences in annual 

NEE between two sites are 440.47±24.93 g CO2-C m-2yr-1 in 2014 and 342.17±28.56 g 

CO2-C m-2yr-1 in 2015 (Table 17). 

 

Table 17: The comparison of carbon balance between Baker’s Fen and Sedge Fen during the 

measurement period. No available data before August 2013 at SF, the total carbon balance between the 

period August and December for 2013, 2014 and 2015 are compared too. 

 

 Carbon Balance (g C m-2) 

BF SF 

2013 net ecosystem CO2 exchange (NEE) 161.03 (±12.51)  -- 

2013 gross primary production (GPP) 1819.79  -- 

2013 ecosystem respiration (Reco) 1980.81  -- 

2014 net ecosystem CO2 exchange (NEE) 83.61 (±11.53)  ˗356.86 (±13.4)  

2014 gross primary production (GPP) 2092.26  1559.39  

2014 ecosystem respiration (Reco) 2175.86  1202.53  

2015 net ecosystem CO2 exchange (NEE) 98.39 (±13.31)  ˗243.78(±15.25)  

2015 gross primary production (GPP) 1756.28  1437.15  

2015 ecosystem respiration (Reco) 1854.67  1193.37  

2013 net ecosystem CO2 exchange (NEE) (Aug. - Dec.) 240.07 (±8.04) 297.59 (±9.16)  

2013 gross primary production (GPP) (Aug. - Dec.) 681.52  629.96  

2013 ecosystem respiration (Reco) (Aug. - Dec.) 921.59 927.55  

2014 net ecosystem CO2 exchange (NEE) (Aug. - Dec.) 259.72 (±7.47)  9.27 (±6.04)  

2014 gross primary production (GPP) (Aug. - Dec.) 695.97  505.92  

2014 ecosystem respiration (Reco) (Aug. - Dec.) 955.68  515.19  

2015 net ecosystem CO2 exchange (NEE) (Aug. - Dec.) 247.46 (±8.87)  16.89 (±10.24)  

2015 gross primary production (GPP) (Aug. - Dec.) 604.40  506.92  

2015 ecosystem respiration (Reco) (Aug. - Dec.) 851.86  523.81  
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The total GPP, Reco and NEE during the period from August to December in 2013 are 

quite similar between the two sites (Figure 56). There are no significant differences 

between the total GPP, Reco and NEE at BF during the period (August to December) 

over the three study years (Table 17). However, the total GPP during 2013 at SF was 

larger than in 2014 and 2015 (with a net difference of about 123 g C m-2), whereas the 

total Reco during the period in 2013 was almost two times that of the total Reco during 

the same periods in 2014 or 2015 (with a net difference about 412 g C m-2) (Table 17). 

Such large differences in total Reco between August and December in 2013 at SF were 

associated with the warm and dry (low water levels) conditions at the site during that 

period.   

 

7.3. Annual Carbon Dioxide Budget  

 

BF acted as a net source of CO2 to the atmosphere in all three study years, emitting 

161.03±12.51, 83.61±11.53 and 98.39±13.31 g CO2-C m-2yr-1 in 2013, 2014 and 2015, 

respectively (Table 17). SF acted as a net atmospheric CO2 sink in 2014 and 2015, at 

˗356.86±13.4 and ˗243.78±15.25 g CO2-C m-2yr-1, respectively (Table 17). Total CO2 

loss at SF for the period August to December 2013 was estimated at 297.59±9.16 g 

CO2-C m-2yr-1 (Table 17). Based on the NEE estimates at SF during the last five 

months in 2013, it is likely that the SF was either close to CO2 neutral or a small net 

CO2 source in 2013. Although such a deduction cannot simply be assumed, the two 

study sites do show similar variations in their annual CO2 budgets over all three study 

years.    
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7.4. Discussion and Conclusion 

 

Theoretically, peatland ecosystems are expected to function as CO2 sinks as they 

accumulate a major part of the carbon fixed through photosynthesis into peat (Rydin & 

Jeglum, 2013). However, the exact CO2 budget of the ecosystem will depend on the 

climate conditions, vegetation types and land management of the site, and it is difficult 

to predict if the ecosystem is in equilibrium (e.g. following restoration) (Drösler et al., 

2008).   

 

In addition to climatic conditions (described in Chapter 5 & 6), site management plays 

an important role in influencing the environmental conditions and vegetation types, and 

therefore the ecosystem C budget (Herbst et al., 2013). Hendriks et al. (2007) reported 

a consistent CO2 uptake between ˗232 and ˗446 g C m-2yr-1 from a restored (rewetting) 

grassland peatland. In contrast, Jacobs et al. (2007) observed an unexpected large CO2 

emission of 220±90 g C m-2yr-1 on average for four grassland peatlands with relatively 

high water levels with / without management. However, Hatala et al. (2012) reported 

that a grazed degraded (former drained but not yet restored) peatland in California 

emitted up to 300 g C m-2yr-1 as CO2 and 3 g C m-2yr-1 as CH4 to the atmosphere. This 

is consistent with reports of European drained grasslands on peat soils that always act 

as net CO2 sources due to peat decomposition (Elsgaard et al., 2012; Maljanen et al., 

2010). The rewetting (restoration) of such sites can be considered as an improvement 

with respect to the CO2 balance in such ecosystems as it will likely reduce CO2 

emission to the atmosphere.      

 

The two sites in this study, one being a rewetting (regenerating) grassland on peat soils 

(BF), and the other a nearly undisturbed sedge peatland (SF), are in the same area of 

Wicken Fen NNR. Therefore, they experience similar climatic conditions (see Section 

5.1). The different land status and land management and, therefore, different vegetation 

types, soil temperature and soil water content etc. on the two sites are the main factors 

influencing the C balance between ecosystem and atmosphere. The most notable 

environmental difference between the two sites is the contrasting hydrological 

conditions, with SF experiencing year-round higher water levels (see Section 7.1). The 
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similar regression equations for CO2 flux components explained by measured 

environmental factors between the two study sites indicated that the two ecosystems 

were comparable in terms of underlying environmental controls. However, the different 

coefficients of the regression equations for the different sites gives an indication that 

the relative importance of the environmental factors in defining CO2 flux seems to be 

site specific (Juszczak et al., 2013).  

 

The impacts of ground water levels on the CO2 fluxes in peatland ecosystems remain 

under discussion in the literature. Lloyd (2006) determined a linear reduction in R10 

(respiration rate at 10 °C; Lloyd & Taylor, 1994) with raising water levels which is 

consistent with theory and expectations (Drösler et al., 2008). In contrast, some other 

research has reported no influence of water levels on Reco (Elsgaard et al., 2012; 

Parmentier et al., 2009). However, in this study, water levels (and therefore the 

different soil temperatures and soil water contents due to the different water levels) 

showed a strong influence on the Reco at both sites (Table 9 & 14), and therefore 

influenced the CO2 balance of both ecosystems. This was particularly clearly shown at 

the SF site during the prolonged drought conditions of 2013 when the total Reco was 

much larger (at 927.55 g C m-2) during August and December in 2013 than the total 

Reco in 2014 and 2015 for the same period (at 515.19 and 523.81 g C m-2, respectively). 

These differences were closely associated with the much lower water table during the 

same measurement period in 2013. Notably, there were no significant differences in 

annual total Reco at BF between any of the three study years. However, the position of 

the water table had a strong influence on the seasonal course of Reco, and therefore the 

NEE, at both sites. For example, the Reco values for July and August 2013 at BF were 

much higher than for the same period during 2014 and 2015. Under similar climatic 

conditions, water levels are therefore one of the main factors influencing the Reco at the 

two study sites, i.e. the BF with a much lower water table compared to SF during all 

years had a relatively lower Reco over the whole measurement period. This is also 

consistent with the results of the regression analysis that Reco was significantly 

correlated with WT followed by Tair and VPD on both sites (Table 9 & 14).   

 

The different vegetation types at the two study sites play an important role in 

influencing photosynthesis and, therefore, the GPP and NEE of the ecosystems, as is 

http://www.rapidtables.com/convert/temperature/celsius.htm
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evident from Figure 55. Under the same climatic conditions and even with similar 

water tables from the beginning of the year in both 2014 and 2015, the monthly total 

GPP showed an earlier increase and a later decrease before / after the growing season at 

BF than at SF. This is consistent with the characteristics of an evergreen grassland, 

since the small grass buds will start to grow as soon as the temperature reaches their 

requirements, while the grass only stops growing when the temperature reaches their 

lower limits for growth in winter (Alward et al., 1999; Tilman et al., 2006). In contrast, 

the sedge-dominated vegetation at SF showed a much shorter growing period, but 

nevertheless resulted in a higher total GPP at SF compared to BF. Vegetation cutting 

could be another major influencing factor on the C budget of the sedge-dominated SF 

ecosystem, although there were no cutting events at this site during the measurement 

period. Nevertheless, the site management regime implemented by the NT means that 

the SF will have sedge cutting taking place every 3 to 5 years and the influence of this 

activity (i.e. biomass removal, with potentially a different vegetation growth rate after 

cutting) would be an interesting issue to address in future studies at this site. 

 

Grazing can be another factor influencing the CO2 fluxes from a land management 

perspective. However, it remains unclear to what extent the animals that graze at the 

BF study site contributed to the reduction in net CO2 uptake compared to the more 

undisturbed SF site. Some research has suggested that some unexpected CO2 fluxes 

(emissions) may well have a relationship with grazing animals according to flux 

footprint analysis (Baldocchi et al., 2012; Herbst et al., 2011). In their study, Herbst et 

al. (2013) suggested that the respiration of grazing animals may well have had a 

relationship with the reduction in daytime maximum NEE (less negative).  

 

Herbst et al. (2013) also proposed that, at their study sites, the inter-annual CO2 flux 

variability is determined by the growing season length (vegetation type), cutting 

frequency and grazing intensity, but not the changes in water table and temperature.  

  

In conclusion, these results suggest that land management such as water level control 

and grazing have a strong influence on the CO2 fluxes (on CH4 fluxes too, see Chapter 

5) between the ecosystem and atmosphere, although there are several other land 

management regimes (i.e. mowing) that also may well have an influence on the C 
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balance of the fen ecosystem (Herbst et al., 2013; Veenendaal et al., 2007). It is 

important to maintain an appropriate height of water level to prevent carbon losses 

from peatland ecosystems to the atmosphere as CO2. However, the enhanced CH4 

emissions from the ecosystem to the atmosphere due to the high water levels also needs 

to be considered carefully before setting the restoration regime. A compromise may be 

to bring the water table close to the fen peat surface, thus reducing CO2 emissions 

while simultaneously providing a shallow near-surface aerobic zone to limit CH4 

emissions.    

 

Evidence from field observation studies, long-term experiments and modeling research 

consistently suggests that land management and land use change significantly affect 

soil C stocks (Ostle et al., 2009). Data from Dawson & Smith (2007) indicated that the 

loss of soil C occurred when peatland, grasslands and forestry had been converted to 

arable lands; in contrast, the conversion of croplands into native ecosystems resulted in 

soil carbon gains (Table 18).      

 

Table 18: Potential changes in soil carbon storage resulting from land use change. Positive value 

indicates soil carbon losses; negative value indicates soil carbon gains (Data from Dawson & Smith, 

2007).  

 

Land use change Annual carbon budget                         

(g C m-2yr-1) 

Arable to grassland (50 years) ˗30 ~ ˗80 

Arable to grassland (35 years) ˗60 

Arable to grassland (15-25 years) ˗30 ~ ˗190 (±60) 

Arable to permanent pasture ˗30 

Arable to forestry (115 years) ˗50 

Arable to forestry (25 years) ˗30 ~ ˗60 

Grassland ~ afforestation (90 years) ˗10±2 

Grassland ~ arable 100 ~ 170 

Forestry ~ arable 60 

Forestry ~ grassland 10±10 

Peatland ~ cultivation 220 ~ 540 

Wetland ~ arable 100 ~ 1900 

Re-vegetation on abandoned arable ˗30 ~ ˗60 

Re-vegetation on wetlands from arable ˗220 ~ ˗460 

Re-vegetation on wetlands from grassland ˗80 ~ ˗390 
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As a former arable regenerating fen, BF showed a net CO2 emission reduction in 2014 

and 2015 compared to drained and continuously cultivated fens in the UK (a reduction 

of 25.33±5.58 and 10.55±3.8 g CO2-C m-2yr-1 in 2014 and 2015 respectively, compared 

with an average annual emission of 108.94±17.11 g CO2-C m-2yr-1; Evans et al., 2011), 

demonstrating the benefits of changing land use from arable to native ecosystems from 

a C store perspective. However, as a regenerating fen peatland, the BF site did not 

show a clear trend of converting to a net CO2 sink, with no clear evidence of an 

increasing presence of peat forming vegetation species during the study years. While 

the appearance of aerenchymous wetland plants, i.e. Juncus species (a typical wetland 

species), on BF could be taken as an indication that restoration was moving in a 

desirable ecological direction on the site, the majority of the site remained dominated 

by agricultural grasses rather than characteristic wetland species. It is also worth noting 

that the carbon losses that result from land use changes can happen rapidly, within 

years, but are extremely difficult to reverse in the short term. Therefore, restoration 

activities in peatlands, that are expected to re-establish the C sink function of the 

disturbed ecosystem, require much longer periods before they become fully effective 

(Page et al., 2009; Schumann & Joosten, 2008). Hendricks et al. (2007) indicated that a 

restored temperate peat soil grassland functioned as a net C sink storing ˗232 ~ ˗446 g 

CO2-C m-2yr-1 after more than 10 years restoration, which is in the same range of CO2 

annual budget as the SF site (i.e. a comparably nearly undisturbed temperate fen). 

Successful restoration of peatland ecosystems as presented by Hendricks et al. (2007) 

indicates the possibility that the C sink function of a disturbed peatland ecosystem (e.g. 

BF site) can be re-established, with gradual transformation to an analogue native 

ecosystem (e.g. SF site) although the time scale may be quite long. Therefore, such 

successful restoration can potentially increase and protect existing soil C stocks and 

future sequestration. 

 

Land management and land use change are two of the most important short-term 

determinants of C stocks and sequestration of an ecosystem (Ostle et al., 2009). Land 

management policy needs to include strategies to prevent or reduce soil C losses as a 

result of land use changes. In peatland ecosystems, particularly, soil C stocks can be 
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maintained and increased by halting drainage for agriculture (Haigh, 2006), 

maintaining an appropriate height of water level (Waddington & Price, 2000), reducing 

grazing intensity (Ward et al., 2007), and species management for enhanced C stocks 

(Fisher et al., 1994).       
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Conclusions, Research Limitations and 

Outlook 
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8.1. Thesis Conclusions 

This thesis presents the first long-term direct C flux measurements for a temperate 

lowland fen peatland in East Anglia. The dynamics and magnitude of CO2, H2O, CH4 

and energy fluxes were quantified by measurements using the EC technique at two 

monitoring sites at a regenerating and a semi-natural fen at Wicken Fen NNR, 

Cambridgeshire. This Ph.D. project presented an opportunity to investigate ecosystem 

responses to climate variability and the impact of wetland restoration measures by 

comparing two different land-use types in a fen peatland. The research results will lead 

to a better quantitative understanding of the relationships between fen peatlands and 

global change, and the opportunities for GHG emissions mitigation arising from 

restoration rewetting of fen peatlands formerly under arable agriculture. 

 

Chapter 5 presented long-term measurements of CO2 and CH4 fluxes at a lowland 

temperate fen that had been restored after a long history of agricultural use. These are 

believed to be the first measurements of their kind in both the UK and temperate 

Europe. Several conclusions were drawn in response to, and extending beyond the 

defined research objectives of this chapter: 

 

 The regenerating site (BF) functioned as a net source of CO2 in all three 

measurement years, emitting 161.03±12.51 g CO2-C m-2yr-1 in 2013, 

83.61±11.53 g CO2-C m-2yr-1 in 2014, and 98.39±13.31 g CO2-C m-2yr-1 in 

2015 to the atmosphere.  

 

 The regenerating site (BF) functioned as a net source of CH4 over the 

measurement period, emitting 6.067±0.096 g CH4-C m-2yr-1 in 2013, 

2.009±0.087 g CH4-C m-2yr-1 in 2015 and 2.845±0.103 g CH4-C m-2 between 

8th April and 31st December in 2014 to the atmosphere. 

 

 The regenerating site (BF) exerted a positive forcing (net warming) on the 

global climate of 792.67 g CO2 m-2 in 2013, 401.38 g CO2 m-2 in 2014 and 
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427.75 g CO2 m
-2 in 2015, over a 100 year  time horizon (the CH4 budget in 

2014 only accounted for the period between 8th April to 31st December). CH4 

contributed 16% - 26% of the total positive forcing.   

  

 The regenerating site (BF) showed a net CO2 emissions reduction in 2014 and 

2015 compared to drained and continuously cultivated fens in the UK, 

demonstrating the benefits of rewetting.   

 

 The results give an indication that the timing of water availability and adequate 

temperature potentially have a major role compared to total seasonal 

precipitation and seasonal temperature in influencing land / atmosphere CO2 

exchanges in the fen ecosystem, especially during the growing season.  

 

 Grazing ruminating animals and waterlogged ditches may act as methane 

hotspots, and play an important role in enhancing CH4 emissions from the fen 

ecosystem to the atmosphere. 

 

 The vegetation community of species with well-developed aerenchymous 

tissues (Juncus spp.) may play an important role as a 'shunt' for CH4 emissions 

from the soil to the atmosphere.   

 

Chapter 6 presents long-term direct flux measurements of land / atmosphere CO2 

exchange at a nearly undisturbed lowland temperate fen peatland. The following 

conclusions were drawn: 

 

 The semi-natural site (SF) functioned as a net sink of atmospheric CO2 in 2014 

and 2015, with annual sums of ˗356.86±49.13 g CO2-C m-2yr-1 in 2014 and 

˗243.78±15.25 g CO2-C m-2yr-1 in 2015. 

 

 The semi-natural site (SF) functioned as a net source of atmospheric CO2 

during the period between 1st August and 31st December in 2013 with a total 

CO2 budget of 297.59±9.16 g CO2-C m-2 period-1. The ecosystem likely acted 

as even a small source of atmospheric CO2 in the drier year of 2013.  
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 The semi-natural site (SF) had a negative GWP (net cooling) over the 

investigated time period, at ˗1308.5±49.13 g CO2 m-2 in 2014 and 

˗893.86±55.92 g CO2 m
-2 in 2015 over 100-year time horizons (CO2 only). 

 

 The large inter-annual variability in CO2 exchange on the site indicates the 

sensitivity of the nearly undisturbed site to annual and seasonal changes in 

climatic conditions.  

 

 The large CO2 losses during warm and dry conditions (low water level) in 2013 

highlight the importance of maintaining an appropriate water level height to 

prevent carbon losses from this relatively undisturbed peatland to the 

atmosphere as CO2.   

 

In Chapter 7, the long-term direct flux measurements of land / atmosphere CO2 

exchange at two lowland temperate fens in the same nature reserve provide a good 

basis for comparing the CO2 fluxes from lowland temperate fens with different land-

use types under similar climate conditions. This results in the following conclusions: 

 

 The position of the water table showed a strong influence on the Reco at 

both sites, therefore influencing the land / atmosphere CO2 exchange at 

both ecosystems. 

 

 The differences in dominant vegetation species resulting in different 

photosynthesis processes play an important role in influencing the GPP and 

therefore the land / atmosphere CO2 exchange of the two sites. 

 

 The other land management regimes (i.e. grazing, mowing) may well play 

an important role in influencing the C balance on the ecosystems and 

should be investigated further in subsequent studies. 
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In general, the BF site still is a source of GHGs to the atmosphere after more than 

twenty years of conservation management. Conservation management of the SF site is, 

in most years, ensuring that it operates as a C sink. But water supply, particularly 

during dry summer periods, is a key concern that can reduce the C sink function or 

convert the fen to a small source. The dominant environmental controls on C balance at 

both sites are temperature and water table height; both the timing of water availability 

and adequate temperatures during the main growing season potentially have major 

roles. This is a key finding and one that is supported by other studies (e.g. Couwenberg, 

2011; Jauhiainen et al., 2016; Wilson et al., 2016). Methane emissions increase with 

increasing WT; ditches are also hotspots for methane emissions (e.g. Peacock et al., 

2016) as are ruminating livestock (e.g. Baldocchi et al., 2012; Dengel et al., 2011; 

Herbst et al., 2011) and aerenchymous plants (e.g. Brix et al., 2001; Levy et al., 2012). 

And ideal management scenario for both BF and SF might be to maintain the WT as 

close to the peat surface as possible without causing waterlogging and to reduce the 

area of open ditches. Producing complete C balance for these sites would require 

additional study of fluvial C losses that were outwith this study. But even without this, 

it is possible to conclude that rewetting of BF is moving in the right direction, since it is 

reducing GHG emissions compared to intensively farmed peat soils. A critical 

management issue is maintaining high water levels throughout the year. 

 

The restoration status of BF following rewetting could have been / still be influenced 

by pre-rewetting climate and hydrological boundary conditions, nutrient status, 

previous land use history, restoration time period, and vegetation status (Jauhiainen et 

al., 2016). For example, CH4 emissions of former agricultural land after rewetting can 

be much higher than from other previous land use types (Harpenslager et al., 2015; 

Hendricks et al., 2007). However, the BF site did not show particularly high CH4 

emissions during the measurement period. This could be explained by rewetting 

seeming to result in high initial CH4 emissions that decline over time on nutrient rich 

sites as the plant litter inundated during rewetting activities is decomposed (Augustin et 

al., 2012; Limpens et al., 2008). Although CO2 emissions will have reduced 

immediately upon rewetting, the recovery period for reactivation of the sink function 

typical of an un-drained organic soil may vary from several years to many decades 

(Bonn et al., 2016; Samaritani et al., 2011; Tuittila et al., 1999; Wilson et al., 2013). 
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Re-establishment of the peat-forming vegetation and a high vegetation biomass on 

rewetting sites are necessary to restore the pre-reclamation peat function that ultimately 

leads to long-term C sequestration in the soil (Jauhiainen et al., 2016). Therefore, the 

best prognosis for peatland restoration is likely to maintain a sufficiently high WT to 

minimize CO2 emissions from aerobic decomposition while also establishing high-

biomass peat-forming vegetation cover. As a result, although a site such as BF can 

remain a CO2 source during the first years after rewetting, over longer time frames (a 

few decades), this type of site could be expected to eventually approach a steady state 

C sequestration rate typical of un-drained sites (Petrone et al., 2003; Waddington et al., 

2010; Wilson et al., 2016). Given the importance of these findings for global climate 

policy, this study supports the view that rewetting and restoration of drained organic 

soils should be included in greenhouse gas emission mitigation strategies (IPCC, 2014b; 

Joosten et al., 2012).  

 

 

8.2. Research Limitations and Future Research Outlook 

It is important to recognise the limitations in the current research, and equally 

important to address those issues in future research in order to ensure methodological 

and practical improvements. 

 

8.2.1. Ancillary Measurements  

 

During the measurement period, not all supporting environmental measurements were 

available at the study sites. To build a complete EC measurement station, more 

ancillary environmental measurements (e.g. of soil temperature, soil water content) 

should be obtained at the sites in support of on-going research. 
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No ecosystem phenological data were included in this study. Future research would be 

improved by acquisition of phenological data such as MODIS, EVI, LAI, aboveground 

biomass etc. at a site scale to enable more effective interpretation of the flux results. 

 

8.2.2. Other Carbon and GHG Fluxes 

 

At an ecosystem scale, the net ecosystem carbon budget (NECB) represents the total 

rate of organic C flux in the ecosystem. The net flux of several forms of C contributing 

to NECB are the flux of CO2, CO, CH4 and other fluvial gains / losses of C (i.e. DOC, 

DIC, VOC and PC) (Billett et al., 2010; Dinsmore et al., 2010). As another important 

GHG, the land / atmosphere exchange of N2O is also as important as the other GHGs 

(i.e. CO2 and CH4) from a climate change perspective.  

 

This study only included measurements of CO2 fluxes at SF, and CO2 and CH4 fluxes 

at BF. Theoretically, the SF site may act as a net source of CH4 during warm periods 

with high water levels. It is likely that SF can also maintain CH4 emissions during dry 

periods due to the presence of deep-rooted “shunt” species (i.e. Phragmites australis). 

The emission of CH4 to the atmosphere could nullify the cooling influence of the CO2 

emissions at SF during the measurement period. Emissions of N2O could be locally 

high at BF because of the presence of grazing animals (Couwenberg et al., 2011; 

Couwenberg, 2011). Therefore, to obtain a full understanding of the GHG budget of 

both sites, it would be necessary to include measurements of CH4 and N2O.  

 

To gain a better understanding of full C and GHG balance of the ecosystem, future 

research should aim to capture the full C and GHG exchange between ecosystem and 

atmosphere. 
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8.2.3. Station Maintenance 

 

It was not possible to calibrate all the instruments at a desired frequency during the 

study period. The lack of calibration could directly influence the quality of the flux 

measurements as well as other ancillary measurements. A yearly or 6-monthly factory 

calibration is strongly recommended for future studies. However, a factory calibration 

may take several weeks, in which case replacement instruments are required for backup. 

Regular in situ calibrations for some instruments (i.e. in situ calibrations of LI-7500A 

H2O channels by dew point generator) and cross-calibrations of instruments from two 

sites are also recommended for future study.  

 

The low data coverage during the winter time, and especially during winter nights, 

occurred at both sites due to insufficient power supply. This issue could be improved 

by upgrading of the power systems at both sites. To ensure sufficient power supply 

during winter, changing the angle of the solar panels according to the solar altitude 

angle and regular battery maintenance are recommended for future study. 

 

 

8.2.4. Spatial Heterogeneity and Representativeness 

 

The EC measurements only provide measurements at the ecosystem scale, but the flux 

dynamics at scales below that of the EC footprint have not been included in this study. 

There are many chamber studies that suggest that measurements of gaseous C 

exchanges can show large temporal and spatial variability (e.g. Becker et al., 2009; 

Bubier et al., 2003; Teh et al., 2011); and the heterogeneity of the study site can 

strongly influence the gaseous C exchange at the ecosystem scale (Cai et al., 2010; 

Laine et al., 2006; Riutta et al., 2007). Small scale chamber measurements combined 

with comprehensive footprint modelling are strongly recommended for future studies in 

order to gain a better understanding of the source and contribution of the gaseous C 

fluxes in the fen ecosystem. Chamber measurements also can improve the data gap-

filling and partitioning of EC flux results, and provide data on which to separate 
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autotrophic and heterotrophic respiration (Jauhiainen et al., 2011; Reichstein et al., 

2005).   

 

The GHG (e.g. CO2, CH4) fluxes can be quite different in similar ecosystems due to 

different land management activities (i.e. mowing, grazing and regulation of water 

table); therefore the representativeness of the study sites and the opportunity to transfer 

knowledge to other similar ecosystems is still uncertain (Schrier-Uijl et al., 2009). To 

assess the transferability of our results to other similar ecosystems, further study would 

require additional EC flux measurements in similar, i.e. fenland, ecosystems and under 

similar climate conditions. 

 

8.2.5. Up-scaling of Observation Results 

A spatial modelling based on the observation of GHG fluxes can be a potential research 

direction for future study (e.g. Papale & Valentini, 2003; Xiao et al., 2012). Such 

analysis requires longer term and spatially-comprehensive measurements crossing a 

range of soil conditions, vegetation types and land management regimes in the region 

with land cover remote sensing information and land surface models (Reichstein et al., 

2007; Smith et al., 2012). A predictive model can be used for calculating GHG fluxes 

under certain climatic and environmental conditions (Smith et al., 2012).  
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Appendix A: Instrument Calibration Certificates 

 

 

 

Figure A1: LI-7500 CO2 / H2O analyzer at Sedge Fen was calibrated in 2012.
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Figure A2: LI-7500 CO2 / H2O analyzer at Sedge Fen was calibrated in 2014.
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Figure A3: LI-7500 CO2 / H2O analyzer at Baker’s Fen was calibrated in 2012.
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Figure A4: LI-7500 CO2 / H2O analyzer at Baker’s Fen was calibrated in 2014.
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Figure A5: LI-7500 CO2 / H2O analyzer at Baker’s Fen was calibrated in 2015.
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Figure A6: LI-7550 analyzer interface box at Baker’s Fen was calibrated in 2013.
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Figure A7: LI-7700 methane analyzer at Baker’s Fen was calibrated in 2012.
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Figure A8: PAR quantum sensor at Baker’s Fen was calibrated in 2012.
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Figure A9: CNR1 radiometer at Baker’s Fen was calibrated in 2014.
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Figure A10: CNR1 radiometer at Sedge Fen was calibrated in 2015. 
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Appendix B: Data Post-processing and Analysis R Code 
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