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Abstract. In the United Kingdom (UK), forests on peaty gley, peaty podsol and deep peat soils contain ca. 50% 

of the total forest soil C stock (Vanguelova, 2015). Many such forests were planted in the 1970s and 80s and are 

due for harvest, raising the question: what is the greenhouse gas (GHG) balance after felling? 

Typically, planted forests in the wetter UK uplands contain a network of ditches and ridge-with-furrows resulting 

in a complex mosaic of microtopographical features. Measuring GHG exchange from such a complex landscape 20 

is challenging; methane (CH4) and nitrous oxide (N2O) fluxes can vary greatly in both space and time, and ditches 

have been highlighted as potentially important GHG sources although they are challenging to measure.  

We used a combination of flux measurement techniques to quantify GHG fluxes and identify the drivers from the 

key microtopographies (ridges, hollows, ditches) within an upland forest in northern England immediately after 

clear felling. We deployed manual flux chambers, a SkyLine2D automated chamber system and two eddy 25 

covariance towers to measure carbon dioxide (CO2), CH4, and N2O for an intensive campaign of five weeks. We 

used remote sensing to estimate the proportions of microtopographies and upscaled fluxes from the chamber to 

the forest block scale. We investigated the contribution of brash to the GHG emissions of harvest through a litter 

addition experiment.   

Cumulative flux estimates based on the different techniques and the GHGs measured varied considerably. We 30 

found that CO2 fluxes did not differ between microtopographies but the needle litter in harvesting residues 

increased CO2 emissions by ca. 33%. Soil moisture was an important driver of both CH4 and N2O fluxes. Ditches 

were the largest source of CH4 fluxes, followed by hollows and then ridges. The opposite pattern was seen for 

N2O fluxes, which were greatest from ridges and other drier areas within the landscape. Following heavy rainfall, 

emissions of all GHGs increased rapidly over the next 24 hours. 35 
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1 Introduction  

Forests cover 30% of terrestrial ecosystems (Le Quéré et al., 2015) and organic soils store 500 GT C globally (Yu, 

2012). During the 1970s and ‘80s, global forest expansion into drained peatlands saw ca. 140 000 km2 (14 Mha) 

boreal and temperate land prepared for this purpose (Paavilainen and PäIväNen, 1995). In the United Kingdom 

(UK) alone, there are nearly 7000 km2 of forests on peaty gley and peaty podsols, predominantly in upland areas; 40 

there are a further 2000 km2 on deep peat soils, which cover 15% of the nation’s land area and contain ca. 50% of 

the total soil C stock (Vanguelova, 2015). Preparing wet upland soils for afforestation in the past often involved 

draining soils to lower the water table, primarily through creation of a network of ditches. In the UK and Ireland, 

a further step in preparation for tree planting involved ploughing, leaving a repeating ridge-with-furrow 

characteristic to the landscape; trees were grown on the drier ridges with the wetter furrows or hollows left 45 

unplanted between (O’Carroll et al., 1981). The resulting forest landscape is a complex mosaic of 

microtopographical features, criss-crossed with ditches and other bodies of standing water.  

As these plantations approach maturity, decisions about their future management must be taken, including 

considering the full greenhouse gas (GHG) balance implications. Factors to be decided include the method of 

harvesting and how to manage the land post-harvest, whether to re-plant or restore to any earlier open-habitat 50 

condition. The heterogeneity of the landscape and conditions resulting from harvest can result in substantial net 

emission of GHGs for a time. For example, removal of the dense forest canopy leads to much reduced CO2 uptake; 

removing the trees also causes the water table to rise, providing anaerobic microsites conducive to both methane 

(CH4) and nitrous oxide (N2O) production (Zerva and Mencuccini, 2005; Wu et al., 2011); brash and other litter 

from the felled trees will decompose over the subsequent months, increasing levels of nitrate (NO3) and organic 55 

C in the soil which can also lead to an increase in N2O fluxes (Paavolainen and Smolander, 1998; Nodvin et al., 

1988). In addition, organic soils are vulnerable to large C losses from decomposition and are particularly at risk 

from disturbance associated with harvesting. Further, to account fully for the GHG fluxes from such systems, all 

topographical features must be considered (Purvina et al.,. 2026; Yamulki et al., 2026). Peatland streams (Billett 

et al., 2015) and water bodies within ombrotrophic peatlands (Waddington and Roulet, 1996; Billett et al., 2015; 60 

Billett and Moore, 2008; Dinsmore and Billett, 2008) are known to be sources of CO2 and CH4. However, there 

is a lack of GHG data covering drainage ditches in these systems (Peacock et al., 2021) and even fewer studies 

have used automated approaches which can reveal important information regarding temporal dynamics of gas 

fluxes from these environments (e.g. Keane et al., 2021). It is essential therefore to understand the drivers of GHG 

emissions from harvested plantations in order to assess the long-term GHG balance of such forestry systems. 65 

Several studies have investigated the effect of clear-fell (‘clear cut’) harvesting on GHG fluxes, with mixed 

findings, including increases (Tate et al., 2006), reductions (Zerva and Mencuccini, 2005) and no changes (Butnor 

et al., 2006; Takakai et al., 2008). A four-year study at the present site showed increases in soil CH4 and N2O 

emissions, but reduced soil CO2 emissions following clear felling (Yamulki et al., 2021). Studies such as these 

assess the effects of clear-fell by comparison to unfelled areas, or ‘before’ and ‘after’ impact assessments. Whilst 70 

such studies, which utilise a relatively small number of replicated plots (< 12), have identified alterations to the 

GHG balance, it is very difficult to capture robustly the full effect over the complex mosaic of topography within 

the landscape. Due to the sporadic nature of CH4 and N2O production in particular, it is likely that GHG emissions 

are characterised by high spatial and temporal variability.  
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One of the biggest challenges to increasing the accuracy of GHG balance accounting in any landscape, is bridging 75 

the gap between top-down and bottom-up estimates. Attempts to scale up from chamber measurements often 

suffer from a low level of replication within the landscape (Budishchev et al., 2014). The aim of this study was to 

improve understanding of the importance of the spatial and temporal variability of fluxes contributing to the 

landscape scale flux, and to investigate their drivers to help us better manage these ecosystems to minimise GHG 

emissions. We used a unique combination of technologies to map the terrain of the landscape and measure GHGs 80 

from within it. Multispectral imaging, mounted on an unmanned aerial vehicle (UAV) was used to survey the 

study area and categorise the landscape to one of three major microtopographies: ridges, hollows and water bodies. 

We investigated the contribution of brash from felling to the landscape scale GHG flux through a litter addition 

experiment. Greenhouse gas flux measurements from an automated chamber system, SkyLine2D, were compared 

with eddy covariance data and upscaled using data from the UAV remote sensing. This integrated approached 85 

allowed an investigation into the driving process of GHG fluxes. 

We hypothesised that we would see higher fluxes of CH4 and N2O from the hollows compared to the drier ridges. 

We also expected to see greater CH4 emissions from the water bodies. We expected to see highest CO2 fluxes 

from the ridges and also hypothesised that there would be an increase in emissions of CO2 and N2O from the 

collars with litter added.  90 
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2 Materials and Methods 

2.1 Site description: 

The measurements were carried out during late July and August 2015 in Harwood Forest, an extensive upland 

commercial conifer forest in Northumberland, northern England. The clear-felled site (55o 13’ 55” N, 1o 59’ 50” 95 

W) has a peaty-gley soil (histogleysol, WRB 2017) with an elevation of 280 m a.s.l. and the annual mean 

temperature and total rainfall were 8.2°C and 1224 mm averaged over 2015 and 2016. There was a 5o slope from 

the north and south parts of the area, down to a small stream which crossed the site (Figure 1), and the site had a 

dense network of ditches (approx. 25 m spacing) that were installed prior to initial planting of the moorland in 

1958, when the site was originally ploughed, leaving it with ridge and furrow microtopography at approx. 2 m 100 

spacing. Prior to felling, the 42 ha area was predominately 58-year-old mature Sitka spruce (Picea sitchensis, 

Bong. Carr. ) on 25.9 ha (77% of area, average stand density of 1450 stems ha-1, and average yield class of 14.5 

m3 ha-1 y-1), with Scots pine (Pinus sylvestris, L.), lodgepole pine (Pinus contorta, L.) and Norway spruce (Picea 

abies L.) on 3.2, 3.1 and 1.6 ha, respectively, and the remainder (8.2 ha) open ground areas. Felling by machine 

started in late January 2015 and was completed by early March 2015. Felling operations followed the standard 105 

practice of the Forestry Commission (Murgatroyd and Saunders, 2005) and only large timber (> 7 cm diameter) 

was removed from site. Tree tops and branches were left on site in rows as brash-mats and some of them were 

used by the harvesting machinery as flotation to prevent soil compaction. While the majority of the clear-felled 

area was to the south-west of the eddy covariance (EC) tower and in the prevailing wind direction, there were 

young Sitka spruce stands (11 years old, approx. 3.5 m tall at the time) on the north-west and north side and a 110 

mature Scots pine stand (approx. 18 m tall) to the south-east of the tower (Figure 2). 

 

Figure 1. Aerial photography image of the study site before (a) and after (b) clear felling. The red square shows the 

main study site, shown in more detail in Figure 2a. 

2.2 GIS surveying of microtopography of the site 115 

The site was surveyed on 30th June 2015 using an unmanned multi-rotor aerial vehicle (UAV) and high-resolution 

imagery (two Canon A200 cameras) flying at an altitude of 115 metres to measure precisely the topography of 
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the site (Fig.2 a and b), prior to the measurement of GHG fluxes. The imagery was processed with AgiSoft 

Photoscan and ArcGIS, and was used to define the landscape according to three broad microtopography 

classifications: ridges, hollows and water bodies, which covered 43%, 46% and 11%, respectively, of the EC 120 

tower flux footprint, as determined from the standard footprint model (Kormann and Meixner, 2001). 

 

Figure 2. Overview of the Harwood Forest study site. The red rectangle illustrates the area in which the campaign 

focused its greenhouse gas (GHG) measurements. a) High resolution image of the clearfell study site taken using the 

UAV, with yellow star indicating eddy covariance tower position [I think!]; b) derived digital elevation model (colours 125 

indicating height above sea level, blue to yellows, low to high) c) wind rose illustrating the prevailing wind direction at 

the site during the campaign was from the SW.   
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2.3 Eddy covariance (EC) measurements: 

One eddy covariance (EC) system was installed on top of a 6 m high lattice frame tower in April 2015, details of 

the set up are given in Xenakis et al. (2021), but briefly an open-path infra-red gas analyser (IRGA, model Li7500, 130 

LiCor Inc., Lincoln, NE, USA) that had been modified to enclose the optical path  (Clement et al., 2009) sampled 

CO2 and H2O concentrations adjacent to a 3-axis sonic anemometer (CSAT-3, Campbell Scientific Ltd., Shepshed, 

Leics, UK), aligned to face into the predominant SW wind direction. This system is referred to as the semi-

enclosed path EC system (SEP).  

A second set of EC measurements were taken using closed path analysers, using a 3-axis sonic anemometer (USA-135 

1, Metek GmbH, Elmshorm, Germany) mounted at the same height (6 m) on a 3 m pole above a 3 m tower section 

approximately 10 m due east of the SEP tower. The air was sampled adjacent to the anemometer at a flow rate of 

approximately 16 l min-1 using a dry scroll vacuum pump XDSi 35, Edwards, Burgess Hill, West Sussex, UK) 

and 37 m of unheated 3/8” od (6.4 mm id) diameter PTFE tube and drawn back to an instrument trailer for 

measurement of CH4 mixing ratio by a cavity ring down spectroscopic fast methane analyser (FMA, model DLT-140 

100, Los Gatos Research Inc., San Jose, CA, USA) and subsequently N2O, CO2 and H2O mixing ratios by a 

quantum-cascade laser (QCL, model QC-TILDAS-76, Aerodyne Inc., Billerica, MA, USA). Gas analyser and 

sonic anemometer outputs were recorded at 10 Hz by custom made software using a Linux PC. The performance 

of both instruments was checked against N2O, CH4 and CO2 mixture standards (BOC, UK) at two concentration 

levels (0.3, 1.8, 360 ppm and 0.6, 5, 1000 ppm respectively) before the start of the measurement campaign. This 145 

system is referred to as the closed path EC system (CP) 

2.3.1 Data processing and quality checks  

Half-hourly fluxes of energy (sensible and latent heat), momentum, CO2, water vapour and CH4 were calculated 

from the high frequency data using the EddyPro software package (v5.2, Li-Cor Inc.). Meteorological data were 

also averaged to half hourly periods and used for corrections of the calculated fluxes. Sonic anemometer velocity 150 

coordinates were corrected for tilt using a double axis rotation. Turbulent fluctuations were corrected using a 

block average de-trending algorithm and time-lag compensation was applied using the ‘covariance maximization 

with a default value’ method in EddyPro. The latter time-lag was calculated based on the length of the sampling 

tube and the flow rate of sampling. Fluxes measured by the SEP system were corrected for density fluctuations 

using the WPL method (Webb et al., 1980), but those for the CP system were not, due to the long tube length and 155 

as the gas analysers correct directly for water vapour content. Spectral corrections were applied to the calculated 

half hourly fluxes for low and high frequency losses using the analytical methods of Moncrieff et al. (1997) and 

Moncrieff et al. (2004), respectively, as implemented in the EddyPro software.  

After processing and corrections, the quality of the fluxes was flagged using the Mauder and Foken (2004) system. 

Half hourly data were quality checked, and spikes were removed, and filtered to remove those below a friction 160 

velocity threshold (u*TH) using a custom-made R package (Xenakis, 2016) with the following steps. The poorest 

quality fluxes were first rejected (those flagged QC= 2). Then the data were u* filtered using a value of u*TH = 

0.12 m s-1 determined using the methodology described by Papale et al. (2006) Subsequently, spikes occurring in 

the half hour values were removed using two methods. First, fluxes were grouped for each half hour and the 5% 

and 95% quantiles were calculated and half hourly fluxes below or above were considered a spike and removed. 165 

In the second method, the standard deviations (s.d.) of flux values, binned by day and night were calculated, and 

https://doi.org/10.5194/egusphere-2026-3659
Preprint. Discussion started: 26 June 2026
c© Author(s) 2026. CC BY 4.0 License.



7 

 

any fluxes three times above or below the s.d. threshold for night-time and day-time fluxes, respectively were 

considered a spike and removed. Finally, some manual removal was necessary for points which were considered 

implausible. Spikes for sensible and latent heat were removed following the same two methods but with the 

reverse order, i.e., first based on standard deviation and then based on quantiles as this was found to remove fewer 170 

values.  

Comparison of the half-hourly momentum, sensible heat and latent heat fluxes from the two EC systems showed 

that they agreed (after quality control) to within 2%, 10% and 6%, respectively (linear regression slopes).  

2.4 Surface GHG flux measurements:  

2.4.1 Automated flux measurements with the Skyline2D system:  175 

Surface GHG fluxes were measured along a transect in the clear-fell area using SkyLine2D, an automated 

suspended chamber system designed and built at University of York. For a full description of the SkyLine2D 

system, see Keane et al. (2018). Briefly, the equipment comprised a single, clear cylindrical chamber (Perspex, 

inner diameter 20 cm, height 40 cm), suspended from a motorised trolley, programmed to traverse parallel ropes 

ca. 2 m above a transect. The system was automated to repeatedly visit pre-selected positions on the transect, 180 

where the chamber was lowered to sit on a collar to complete a gas flux measurement over a predetermined 

interval. Upon completion of the programmed chamber closure, the system raised the chamber and moved to the 

next programmed position to repeat the process.  

A transect was chosen which captured the microtopography of the landscape (ridges, hollows and ditches) and 

was also upwind of the EC towers for the prevailing wind direction. Brash left from felling was cleared from the 185 

transect, which was ca. 30 m long and allowed for 27 measurement positions: 12 in hollows, 12 on ridges and 3 

in water-filled drainage ditches. At each of the 24 terrestrial measurement points along the transect, a PVC collar 

(inner diameter 20 cm, height 10 cm) was inserted approximately 2 cm below the soil surface on 22nd July 2015. 

Fresh litter (needles and fine twigs) was collected from an adjacent stand of Sitka spruce of the same age as the 

recently felled trees. Half of the terrestrial measurement collars (ridges and hollows) were assigned at random to 190 

receive litter, which was applied by hand on 28th July at a rate typical of the fresh litter component of brash as 

calculated as from Cannell (1982). All measurements were made between 22nd July and 25th August 2015.  

A closed-path IRGA in the motorised trolley was used to measure CO2
 flux in the chamber, (Li-8100, LiCor Inc.), 

and the outflow from the IRGA was circulated via polyethylene tubing (Bev-A-Line IV, Cole-Parmer, London 

UK; internal diameter 3 mm) sequentially to separate cavity ring-down (CRD) laser analysers for N2O and CH4 195 

flux measurements (LGR isotopic N2O analyser and LGR fast greenhouse gas analyser, Los Gatos Research, CA 

USA) housed in a small enclosure at one end of the SkyLine2D apparatus. Fluxes were calculated, using linear 

regression, as the rate of change of gas concentration, adjusted for chamber area, volume and temperature. CO2 

fluxes were calculated using the LiCor software and N2O and CH4 fluxes were calculated using SAS 9.4 (SAS 

Institute, NC USA). The chamber was programmed to close for five minutes with an interval of three minutes to 200 

purge the system, a measurement schedule which allowed each collar on the transect to be measured 

approximately every 270 minutes. A period of at least 30 seconds was allowed for mixing of the chamber 

headspace and regressions were performed on the subsequent three minutes.  
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High frequency (1 minute, averaged over 15 minutes) measurements of soil moisture and temperature at 5 cm 

depth were made in the centre of each programmed landing position using temperature (UA-001-64 Hoboware, 205 

Onset Corporation, MA USA) and soil moisture probes (S-SMDM00,5 Decagon Devices Inc, WA USA). 

In the first step fluxes were quality controlled using the R2 statistic of the CO2 flux measurement, with values < 

0.9 discarded. Measurements passing this threshold were then assessed using the output statistics from the 

regression calculation of N2O and CH4 fluxes; regressions with a P-value < 0.05 were accepted, while those that 

did not were treated as zero flux.  210 

2.4.2 Manual soil GHG flux measurements 

Soil CO2, CH4 and N2O fluxes were measured using the manual static chamber method, with 8 square opaque 

PVC chambers (40 × 40 × 26 cm) temporarily placed on permanently installed frames, inserted tightly to a depth 

of about 3 cm (for details, see Yamulki et al. (2021)). Four flux chambers were positioned on either side of a water 

filled ditch with two near the ditch and the other two further away. During each measurement, a chamber was 215 

placed on top of the frames for one hour. Samples of the chamber headspace were taken by syringe at four intervals 

of 0, 20, 40 and 60 minutes and transferred to pre-evacuated 20 mL vials, as described in Yamulki et al. (2017). 

Concentrations of CO2, CH4 and N2O were subsequently determined using a gas chromatograph ((GC), Clarus 

500, PerkinElmer, UK) equipped with an electron capture detector and a flame ionisation detector for analysis of 

N2O and CH4
 respectively. Detailed GC analysis, conditions, calibrations and concentration calculations have 220 

been reported by Yamulki et al. (2021). Fluxes were calculated from the linear increase of gas concentrations 

inside the chamber with time.  

Soil CO2
 fluxes were measured from 25 wider additional locations using a portable IRGA and chamber system 

with permanently installed 20 cm diameter collars (Li-8100A gas analyser, and Li-8100-103 soil survey chamber, 

Li-Cor Inc.). Collars were randomly located across the site and fluxes were measured twice a week, for four weeks 225 

during the campaign. During each CO2 flux measurement, soil temperature at 2 and 10 cm soil depth were 

measured by a thermometer (Hanna, Instrument, USA) and soil moisture at 6 cm depth by a moisture probe (Delta-

T Devices Ltd, UK) from areas adjacent to each chamber.  

Following normal micrometeorological convention, all fluxes are expressed here as positive away from the surface 

(sources, net efflux) and negative towards (sinks, net uptake). The net CO2 flux is referred to as NEE, as usual. 230 

2.5 Cumulative flux calculations 

Cumulative fluxes for all three measurement methods (SkyLine2D, EC, manual chambers) were calculated using 

trapezoidal interpolation of the measured fluxes with no gap filling. Since all of the SkyLine2D and manual 

chambers were to the west of the EC towers, any EC fluxes from a wind direction < 180 degrees were filtered out 

form the cumulative calculations. GWP was calculated as CO2 equivalents (CO2-eq) over 100 years by multiplying 235 

the cumulative fluxes of each GHG by the factors in Forster et al., (2021).  

2.6 Soil chemistry sampling and analysis 

Soil chemistry adjacent to the manual collars and SkyLine2D collars was sampled on 6th August. A 15 cm deep 

core was taken and analysed for inorganic N. Briefly, soils were extracted in 1 M potassium chloride (KCl) (1:4 
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ratio weight to volume) and analysed colourimetrically for ammonium (NH4) and nitrate (NO3) on a flow injection 240 

analyser.  

3 Results 

3.1 Meteorological conditions during the campaign 

Air temperatures across the period ranged from a low of ca. 2 °C overnight 11- 12th August to a high of 25 °C in 

the afternoon of 13th August (Figure 3b). There were three sustained rainfall events, the first beginning on 26th 245 

July, lasting two days, the second occurred on 14th August and the third on 18th August (Figure 3d). Soil moisture 

levels responded in the 24 hours or so following these events. Soil moisture ranged from 0.45- 0.55 m3 m-3 in the 

hollows and 0.36- 0.40 m3 m-3 in the ridges (Figure 3e). Soil temperature did not vary as much as the air 

temperature and was similar between ridges, hollows and the water bodies (Fig. 3c).  
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Figure 3. Time course of half-hourly meteorological data from the clear-fell site during the study period. 

Photosynthetically active radiation (PAR, panel a), air temperature (b), soil temperature at 5 cm depth from 

microtopographies within the SkyLine2D transect (c; yellow= ridges, green= hollows, blue= water), rainfall (d), 

volumetric soil water content from SkyLine2D microtopographies (SWC (e), yellow= ridges, green= hollows), wind 

direction, with horizontal lines indicating the direction of the SkyLine2D system relative to EC towers (f) and wind 255 
speed  

3.2 Greenhouse gas fluxes 

All CO2 fluxes measured using the SkyLine2D chambers were positive, indicating net CO2 emission, and a general 

trend of increasing magnitude was observed throughout the measurement campaign, which was reflected in the 

CO2 fluxes measured using the manual survey chamber (Figure 4 a). Similarly, CH4 fluxes measured using the 260 

SkyLine2D were all positive, with the largest emissions observed during the last 10 days of the campaign (Figure 

4 c). Fluxes of CH4 measured from the manual chambers were smaller with some evidence of oxidation, resulting 

in mean fluxes close to zero (Figure 4 b). The pattern of N2O fluxes differed, as fluxes declined over the first half 

of the campaign to a low around 11th August, after which they increased again (Figure 4 e). While at the beginning 

of the campaign N2O fluxes were similar in the SkyLine2D transect and manual chambers, during the second half 265 

of the measurement period manual N2O fluxes were more than twice those measured using the SkyLine2D (Figure 

4 e). EC CO2 measurements consisted of both positive and negative fluxes, indicating that despite the felling of 

all the trees within the landscape, the EC tower footprint included some photosynthetic vegetation. Whilst the 

general sign of CO2 fluxes measured with the two EC systems were consistent, half-hourly flux data from the two 

EC towers differed significantly (t= 3.85, df= 570, p< 0.001). Fluxes of CH4 measured using the closed-path EC 270 

did not display any strong time-dependent patterns, but rather were more strongly affected by wind direction: the 

smallest fluxes were seen when the wind direction resulted in a footprint which included the SkyLine2D transect 

location (Figure 4 d, red symbols). Both positive and negative fluxes of N2O , were observed (Figure 4 f), as found 

with CO2 fluxes, and also with no clear pattern during the measurement campaign.  
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 275 

Figure 4. Time course of NEE (CO2 flux,  a and b), CH4 flux (c and d) and N2O (e and f) from the clear-felled forest 

site. Left hand column show SkyLine2D chamber transect data and right-hand side show EC data. Red symbols (d) 

indicate periods when the wind direction meant the EC footprint was measuring the area where SkyLine2D was 

located. SkyLine2D are grouped by microtopography (green= hollows, yellow= ridges, blue= water). Due to the higher 

CH4 fluxes from the water, these are indicated on the right-hand axis of panel (c). N2O fluxes are also expanded on the 280 

right-hand axis of (e) to better illustrate the differences between microtopographies. EC NEE data are grouped by two 

adjacent systems (black= semi enclosed path, grey= closed path). 

 

3.3 Effect of microtopography, moisture and brash litter on GHG fluxes  

Microtopography did not have a significant effect on CO2 fluxes, but played an important role for both CH4 and 285 

N2O fluxes. The daily mean CH4 flux measured along the SkyLine2D transect differed significantly between the 
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three topographies (F= 15.25, p< 0.01, Figure 5 a) with highest fluxes from the water bodies, the next highest 

from hollows and the lowest fluxes in the ridges. The largest emissions were in the days following persistent 

rainfall at the end of July and around 16th August (Figure 2 d). N2O fluxes, on the other hand, were highest from 

ridges (F= 39.93, p< 0.001, Figure 5 b) compared to hollows and ditches and the only negative N2O fluxes were 290 

observed from the ditches. The difference between N2O fluxes from the microtopographies increased following 

periods of rainfall, where the soil moisture content of the ridges increased above 40% volumetric water content 

(VWC, Figure 3 e) 

 

Figure 5. Whole campaign mean fluxes of CH4 (panel (a)) and N2O (panel b)) for the entire study period from each 295 
microtopography, measured using the SkyLine2D chamber transect. Diamond inside each box represents the 

microtopography mean, the solid horizontal line the median, the box is the interquartile range. Individual points 

represent individual chamber mean fluxes.Note the log scale for CH4 fluxes.  

Soil moisture differed significantly between not only the microtopographies of the SkyLine2D transect, but also 

the area in which the manual chambers were located (Figure 6 a). The hollows and ridges along the SkyLine2D 300 

transect had a mean soil moisture of 0.50 and 0.39 m3 m-3 respectively, compared to ca. 0.25 m3 m-3 in the manual 

chambers. Availability of inorganic N appeared to be related to soil moisture: in the wetter areas (hollows, and 

ridges), there was significantly more ammonium (NH4) than in the drier manual chambers (Figure 6 b). In contrast, 

the hollows had the least nitrate (NO3) available, which tended to increase in the drier ridges and was greatest in 

the manual chambers (Figure 6 c). This was reflected in the higher mean N2O flux in the manual chambers (1.14 305 

nmol m-2 s-1) compared to 0.29 nmol m-2 s-1 on the ridges in the SkyLine2D transect.  
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Figure 6. Variation in soil moisture and chemistry between the microtopographies of the SkyLine2D transect and the 

manual chamber locations. Properties shown are gravimetric soil moisture content (a), available ammonium (NH4, (b)) 

and available nitrate (NO3, (c)).  310 

Although microtopography did not affect fluxes of CO2 measured using the SkyLine2D, there were increased 

emissions from the ditches following rainfall which coincided with peaks in the CH4 emissions. Addition of brash 

litter did increase cumulative CO2 emissions however: the total flux of 5.62 ± 1.70 mol m-2 from the collars 

receiving brash (equivalent to 3.10 ± 0.27 g C m-2) was ca. 33% greater than 4.23 ± 1.97 mol m-2 those without 

(equivalent to 2.31 ± 0.31 g C m-2, Figure 7) and emissions appeared to be stimulated following the two major 315 

rainfall events on 27th July and 14th August. There was no significant effect of litter addition on the fluxes of N2O 

and CH4. 

 

Figure 7. Effect of brash litter addition on soil CO2 emissions, measured using the SkyLine2D chambers. Left hand 

panel denotes the cumulative CO2 flux from collars calculated from the mean daily fluxes. Vertical arrows indicate 320 

periods of heavy rainfall which stimulated increased emissions from collars with added brash. Right hand panel shows 

the box plot of the final cumulative CO2-C losses  (add units?) from the collars at the end of the period. Values shown 

are means ± 1 SE (n= 12) for timeseries plot.  

3.4 Diurnal analysis of GHG fluxes at this site and the influence of wind direction on EC data 

CO2 fluxes from both EC systems clearly showed uptake during the day (negative NEE values in Fig. 4b and 325 

lower positive mean values in Fig. 8), indicating that they were measuring some photosynthetic activity within 
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the footprint. Considering the data from both EC systems together, the largest (most positive) CO2 fluxes at night 

were from a southerly direction (sectors centred between 130 and 210°, Figure 8).  

 

Figure 8. Distribution of half hourly NEE (μmol CO2 m-2 s-1) by wind direction, for each 20° increment, with distance 330 

from the centre of the wind rose indicating magnitude of flux (note: zero NEE is indicated by the black circle) ; shown 

separately for daytime and nighttime periods, measured from adjacent closed path (CP) and semi enclosed path (SEP) 

EC towers.  

Fluxes of CH4 and N2O did not appear to differ between night and daytime (Figure 9). There was a strong 

directional influence on CH4 fluxes, with the largest fluxes seen along an axis of 110° - 290°, which is a similar 335 

axis to the major drainage ditches for the site (Figure 10). The lowest CH4 fluxes were seen from the north (340-

360°) up the slope and the direction of the SkyLine2D system (180- 220°, Figure 9). Mean N2O fluxes were close 

to net zero from all directions.  
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Figure 9. Distribution of CH4 flux (left) and N2O flux (right), by wind direction, for each 20° increment, with distance 340 

from the centre of the wind rose indicating magnitude of flux (note: zero is indicated by the black circle). Fluxes were 

measured using the closed path EC system, and are separated for day and nighttime periods. 

 

Figure 10. CH4 fluxes measured using the closed path EC system (tower position indicated by yellow star) by wind 

direction superimposed on a high-resolution image of study area. Highest fluxes occurred when wind direction was 345 

along the axis of major drainage ditches. 
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3.5 Upscaling chamber flux measurements 

Using the relative areas of the hollows, ridges and water bodies derived from the UAV imaging, the scaled-up 

cumulative CO2 flux from the SkyLine2D transect was 4.35 ± 0.73 mol m-2, 71% of that estimated from the CP 

EC system and 62% of that from the SEP system (Figure 11Error! Reference source not found. a). This was 350 

lower than the cumulative flux of 5.83 mol m-2 from the 25 manual CO2 chamber measurements, which did not 

show systematic variations according to microtopography and were therefore not scaled. The manual total 

estimate was 95% of the CP EC system estimate and 83% of the SEP system estimate. The scaled-up CH4 fluxes 

from the SkyLine2D transect were dominated by flux from the ditches, although they only covered 11% of the 

EC footprint. The SkyLine2D cumulative CH4 flux of 127.30 mmol m-2 was nearly four times that of the CP EC 355 

system estimate of 32.51 mmol CH4 m-2 (Figure 11b). The ditches’ contribution to the SkyLine2D flux was very 

variable, with one of the ditch chambers emitting 500 times that of the other two.  

When the data from this ditch (chamber 1) was omitted from the analysis, the estimated SkyLine2D cumulative 

CH4 flux of 38.50 mmol m-2 was just 18% more than the EC estimate (Figure 11 c). In contrast to the similarity 

between the different methods’ estimates of CO2 flux, the estimated cumulative CH4 flux from the 8 manual 360 

chambers was 3.98 mmol m-2, ca. ten times lower than the estimate from the SkyLine2D transect without chamber 

1 and that of the EC system. Ridges dominated the contribution to the cumulative SkyLine2D N2O flux, which 

was 145 µmol N2O m-2 compared to 941 µmol N2O m-2 from the EC tower, 6.5 times smaller (Figure 11 d). The 

manual cumulative N2O flux was higher, 4492 µmol N2O m-2, five times that of the EC and thirty times that of 
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the SkyLine2D upscaled fluxes. The manual chambers were the only measurement method which did not detect 365 

any negative fluxes. 

 

Figure 11. Cumulative fluxes of CO2 (a), CH4 (b and c) and N2O (d) from the clear fell area from EC towers (closed 

path and semi enclosed path) and the SkyLine2D transect, with the scaled contribution of fluxes from the 

microtopographies (green= hollows, yellow= ridges, blue= water). CH4 fluxes are shown with (b) and without chamber 370 

1 (c), demonstrating the magnitude of the contribution of one ditch to the landscape scale flux of CH4. 
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Greenhouse gas balance 

Depending on the measurement technique used, the contribution of each GHG to the total global warming 

potential (GWP) from the site in this summer measurement period varied (Table 1). Whilst all three techniques 

identified CO2 as the highest GHG flux, the manual chambers estimated the N2O flux to be the next largest 375 

contributor, as high as 19% of the total GHG flux, whilst the EC and SkyLine2D systems indicated that CH4 was 

the next largest flux. The SkyLine2D transect data suggest that CH4 might have contributed 33% of the total GHG 

flux, while EC measurements indicate that it was as low as 8%.  

Table 1. Cumulative flux of each GHG expressed as global warming potential, GWP (Forster et al., 2021) measured 

using three different techniques. EC data are from the CP system. SkyLine2D data are upscaled based on the relative 380 

contributions of the three microtopographies and include chamber 1. Values are means (for SkyLine2D and manual 

chamber data) with standard errors in parentheses. Fluxes have been scaled to annual values by multiplying the mean 

daily cumulative by the number of days in the full year. Bold values indicate the proportion of each individual GHG’s 

contribution to the total annual GHG flux. 

Method GWP (kg CO2-eq m-2 y-1) 

 CO2 CH4 N2O 

EC 4.46; 88% 0.42; 8%  0.19; 4% 

    

SkyLine2D 3.17 (0.30); 67% 1.64 (0.34); 33% 0.03 (0.01); 0% 

    

Manual  4.25 (0.42); 80%  0.05 (0.05); 1% 0.89 (0.19); 19% 

 385 
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4 Discussion 

This work has provided important insights into the magnitude of GHG emissions following clear felling of a 

coniferous forest plantation on peaty-gley soil. We have highlighted important drivers and illustrated the temporal 

and spatial heterogeneity of GHG fluxes within this landscape. Using a unique combination of techniques: eddy 390 

covariance (EC), automated chambers (SkyLine2D) and manual gas flux chambers, we demonstrated the 

challenge of relying on GHG estimates from any single method.  

4.1 Hotspots and hot moments of GHG fluxes 

Microtopography influenced the fluxes of both CH4 and N2O at the fine spatial scale (e.g. along the SkyLine2D 

transect). However, the wider landscape scale also had a strong influence, with the manual chambers that were in 395 

a drier area of the site showing different flux magnitudes to those by the SkyLine2D and EC systems.  

4.1.1 CH4 

Microtopography controlled CH4 emissions across the site, with the lowest fluxes observed on the ridges, 

increasing with soil moisture in the hollows, but the largest source being the water bodies. This is to be expected 

as the source of CH4 is expected to be anaerobic decay of organic material and sediments (Bubier et al., 1993). 400 

CH4 fluxes in our study from hollows were routinely five times, and peaked at more than ten times, higher than 

the maximum reported in the 18 months following the felling of a Sitka spruce stand of similar age within the 

same forest (Ball et al., 2007). This may be due to the low frequency and replication of measurements made by 

Ball et al. (2007). We found that the terrestrial CH4 emissions (from ridges and hollows) responded quickly to 

increasing soil moisture in the 24 hours following heavy and sustained rainfall events (26-7th July, 16th August), 405 

suggesting a rise in water table increased methanogenesis within the soil profile. Emissions from water bodies, 

however, were an order of magnitude larger than terrestrial CH4 fluxes. Although it is known that the zone adjacent 

to drainage ditches can be large sources of CH4 (Dinsmore et al., 2009), there have been few attempts to measure 

CH4 emissions from the water surface of those ditches. In recent years, however, much more attention is being 

paid to these potentially important sources of GHGs (Silverthorn et al., 2025). Using the automated chamber 410 

system, SkyLine2D, we found emissions in excess of 3000 nmol m-2 s-1 from the small water bodies within our 

felled forest area, five times higher than fluxes measured from similar pools within peatlands elsewhere (Green et 

al., 2018). Although the measurements in this study were only for one summer month, if scaled to an annual flux, 

this would exceed some of the largest estimates measured using manual floating chambers by a factor of two 

(Peacock et al., 2021).  415 

Not only was variation at the fine spatial scale important to CH4 emissions, but fluxes varied by several orders of 

magnitude in very short periods of time here- i.e. there were several ‘hot moments’ of CH4 emissions. The largest 

fluxes reported here occurred following the previously mentioned rainfall events, though the response time from 

the waterbodies was about 24- 36 hours longer than the terrestrial increases following rainfall. We interpret these 

increases as due to increased turbulence caused by faster flow through the drainage ditches. It is important to note 420 

the difference in the CH4 emissions between the 3 water bodies measured using SkyLine2D. Of the three water 

locations measured along the transect, chamber 1 was one of the main drainage ditches for the site. Discounting 
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fluxes from this collar reduced the cumulative CH4 flux estimate by ca. 70%. Whilst every care was taken to avoid 

causing ebullition by slowly closing the chamber onto a floating collar, the increased air flow rate may have 

increased the degassing of both CH4 and CO2 from the ditch through turbulence of the water. The importance of 425 

drainage ditches to the landscape flux is also highlighted by the highest EC CH4 fluxes being along the same axis 

as the major ditches.  

4.1.2 N2O 

N2O fluxes across the site varied between the topographical features, which also differed in their soil moisture 

levels. The hollows and ridges along the SkyLine2D transect had a mean soil moisture of 0.50 and 0.39 m3 m-3 430 

respectively, compared to ca. 0.25 m3 m-3 in the manual chambers, measured at comparable depths. In the drier 

areas, soil NO3 levels decreased from manual collars, to ridges with hollows having the lowest concentration; the 

opposite trend seen compared to NH4. We suggest that the drier conditions of the manual chambers and the ridges 

were more conducive to nitrification of NH4, leading to the build-up of NO3. Following rainfall, increasing soil 

moisture led to greater anaerobic conditions in the soil facilitating the denitrification of the accumulated NO3 and 435 

the production of N2O, a process which has been described previously in agricultural soils (Krichels et al., 2019). 

Throughout the campaign the maximum N2O effluxes measured using EC were around 2 - 4 nmol m-2 s-1, 

approximately 40-80% of the peak emissions reported from a Swiss mixed species forest following rainfall events 

(Eugster et al., 2007) but 20 times the mean fluxes measured over a two month spring-early summer period from 

a standing forest on drained peatland in Finland (Pihlatie et al., 2010), where soil NO3 was close to zero. Over the 440 

eighteen months after clear felling of a Sitka stand in the same forest as this study (Ball et al., 2007), fortnightly 

manual measurements of soil N2O flux peaked at around 0.25 nmol m-2 s-1, ca. ten times lower than fluxes 

measured by the EC system in this study but similar to the fluxes measured using SkyLine2D. The highest 

individual flux was 6.37 nmol N2O m-2 s-1, measured from a chamber on the 20th of August when some of the 

wettest conditions were encountered (soil moisture within that particular chamber was 0.58 m3 m-3). This is an 445 

order of magnitude greater than the maximum soil flux reported after clear felling in a similar forest (Zerva and 

Mencuccini, 2005) and highlights the ‘hotspot’ nature of N2O emissions, a term used to describe both the spatial 

(e.g. Dinsmore et al., 2009) and temporal (e.g. Vankessel et al., 1993) heterogeneity of fluxes of this GHG. An 

important point to make when comparing the flux estimates between the different measurement techniques, is the 

influence of negative fluxes. Whilst the mean fluxes from the manual chambers were similar to the maximum flux 450 

from the EC system, all the manual measurements were positive. In contrast, 29% of the EC fluxes and 39% of 

the SkyLine2D fluxes were negative, an important component of the wider areal flux that was not detected by the 

manual chambers. Whilst it may be the case that the area measured using manual chambers did not take up any 

N2O, it is unlikely that the manual chambers would detect negative fluxes: gas chromatography is ill-suited to 

measuring N2O below ambient concentrations and therefore it is difficult to quantify a negative flux with this 455 

technique (Cowan et al., 2014).   

4.1.3 CO2 

Carbon dioxide effluxes measured by the SkyLine2D system were not strongly affected by the microtopographical 

features. Overall, the EC measurements showed this clear-felled area was a strong CO2 source. While there was 
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some photosynthetic uptake, these lowest NEE values occurred when the wind direction was from the intact forest 460 

at the margins, although this direction was infrequent (see Fig 2c) . 

4.1.4 Effect of litter on GHG emissions 

The other important controlling factor on the landscape CO2 flux was the presence of brash. The litter addition 

experiment suggested that approximately 33% of the CO2 emitted at the site was derived from the brash litter left 

after felling. A recent global meta-analysis of harvest effects on soil respiration reported an average increase of 465 

6.9% across all forest types and climates where residue was retained (Yang et al., 2024). It is not surprising that 

the introduction of fresh organic material would stimulate CO2 efflux: for example, initial increases in soil CO2 

efflux were found in areas where brash was left after thinning of a first rotation Sitka spruce stand in Ireland 

(Olajuyigbe et al., 2012). In addition, the larger components of brash such as treetops, branches and the stumps 

left behind were not sampled by either the SkyLine2D transect or the manual chambers, but their CO2 effluxes as 470 

decomposition starts will have been a component in the EC-measured CO2 flux. The legacy of brash may be long-

lasting: in similar re-wetted forest areas in Ireland after clear felling of a single Sitka spruce rotation, brash 

windrows emitted more CO2 than other vegetation microsites, not due to higher soil respiration (Rs), but because 

brash piles do not revegetate compared to the forest floor between brash piles (Rigney et al., 2018). Brash piles 

have also been shown to be larger sources of CH4 compared to other microsites of clear-felled forest floor more 475 

than five years after clear felling (Rigney et al., 2018), though we found no evidence of short-term increases in 

CH4 fluxes with the brash fine litter addition. The longer-term effects of brash on N2O fluxes need to be 

considered, as well. Work from Hubbard Brook showed that 18 months to 2 years following felling, NO3 spiked 

within the catchment from the mineralisation from litter (Nodvin et al., 1988). As we have demonstrated in this 

study, the levels of NO3 seem to drive N2O emissions, thus it is to be expected that in the months following this 480 

study, N2O emissions may well have increased further.  

4.2 Upscaling GHG fluxes and appropriate chamber measurement strategies 

Due to the hotspot nature of GHGs, several studies have attempted to develop chamber measurement strategies to 

accurately capture the landscape scale flux (Turner et al., 2016; Budishchev et al., 2014). The upscaling of fluxes 

in the current study met with varying degrees of success. The cumulative fluxes of CO2 measured using the 485 

SkyLine2D chamber transect were within 20% of the landscape scale estimate of the EC tower. The manual 

chambers which had been placed without stratification for the different microtopography, also estimated the CO2 

flux within 20% of the EC total. The fluxes of the more transient GHGs, CH4 and N2O were less well captured by 

the manual chambers. The upscaled SkyLine2D CH4 flux did agree with the estimate from the EC tower 

remarkably well, if the chamber data from the flowing water-filled drainage ditch was omitted from the analysis, 490 

with the upscaling estimating the cumulative flux within 10% of the EC flux. However, when that chamber was 

included, CH4 flux estimates from the SkyLine2D transect were tripled. The directional influence on the EC CH4 

data also suggested that the main drainage ditches were important CH4 sources. This introduces a challenge for 

defining the landscape scale flux: it is clear that water bodies play an important role in CH4 emissions, but there 

is considerable variation between those bodies. As water bodies were not included, the manual chamber-derived 495 

estimate of CH4 flux was an order of magnitude below that from EC and SkyLine2D methods, and a key aspect 

of the landscape GHG flux was missed.  
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Similarly, N2O fluxes differed greatly across the landscape. The estimated cumulative flux from SkyLine2D data 

was considerably lower than that of the EC tower. The manual chamber data revealed that the drier areas of the 

clear-felled area emitted more than 10 times the N2O flux of the SkyLine2D area, with the result that the 500 

SkyLine2D estimate was lower than the EC tower. The manual chambers may overestimate, primarily from failing 

to capture the full range of soil moisture at the site and therefore missed any negative fluxes. Negative fluxes are 

likely to be seen in very wet areas, where total denitrification of N2O to N2 gas will occur (Elmi et al., 2005). They 

were also seen from the waterbodies measured by the SkyLine2D system, which is another shortcoming of the 

manual chamber measurement method. In order to develop a robust sampling strategy for measuring GHG fluxes 505 

with chambers, it is essential to understand the drivers of each gas. Only then can the location and timing of 

measurements give a representative estimate of the landscape scale flux.  

4.3 Implications for managing GHG emissions at felling  

This study has focused on the GHG emissions following the conventional clear felling of a Sitka spruce stand 

where only the main stems were removed. There, are, however, alternative felling strategies, such as whole tree 510 

harvesting (WTH) where the entire standing biomass other than the stumps is removed from the site. Long term, 

WTH can increase soil carbon (C) and nitrogen (N) stocks (Vanguelova et al., 2010), since decomposition of litter 

left behind at harvest can have a priming effect increasing decomposition of existing organic material; here we 

have demonstrated that litter also increase CO2 emissions following felling, and there is also the possibility it will 

drive increased N2O emissions. The potential of WTH to mitigate in situ GHG emissions compared to clear felling 515 

therefore warrants more work, although this would also need to consider whether litter removal would simply 

displace GHG emissions at the eventual site of litter decomposition. 

Despite variation between techniques seen in this study, all techniques consistently showed that the initial GHG 

emissions following clear fell were large. If fluxes had remained at the rates measured with EC, then a simple 

extrapolation (Table 1) indicates that CO2 losses alone would amount to ca. 12 t C in the first year, which would 520 

be several times greater than the 2- 4 t C per year estimated to be incurred during preparation (e.g. draining and 

ploughing) of this soil type in the first place (Hargreaves et al., 2003). Such an extrapolation would be 

oversimplistic, and a longer-term study at this site showed that the actual accumulated C loss in the first year post 

felling was ca. 7 t C (Xenakis et al., 2021).  

Non-CO2 GHGs were also important contributors to the GHG balance at this site following felling and should not 525 

be neglected when considering management options. For example, N2O emissions in our study were reduced 

where the soil was wetter. This may suggest that raising the water table would be beneficial in this respect and 

there is previous work which would shows this may be effective (Liu et al., 2020). Raising the water table would 

likely involve blocking the drainage channels, which were the largest source of CH4 in this study. However, the 

raised water table is likely to increase CH4 emissions across the rest of the landscape as shown by  Evans et al. 530 

(2021) and this study. Further, rewetting would render the land impractical for further forestry. Ultimately, 

management options will be limited by the future use of the land, particularly if replanting is to be pursued as has 

been the case at this study site.  
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5 Conclusions 

While all methods identified the clear-fell area as a net source of CO2, CH4 and N2O, the estimated contribution 535 

of each gas to the overall GHG balance was dependent on the measurement technique used. One consistency was 

that all three techniques identified CO2 as the largest contributor to the total GHG flux. It was also clear that CH4 

was an important flux to consider, as this was identified as the next most important GHG by the two measurement 

techniques (EC and SkyLine2D) which sampled at high temporal resolution. The importance of automated or 

near-continuous measurements was highlighted in the failure of manual chambers to identify the hot moments of 540 

fluxes and should be accounted for in future sampling strategies. The standout conclusion from this study is that 

accurately quantifying GHG emissions from such a heterogenous landscape is a huge challenge. Stratification of 

chamber sampling is vital, but this can only be achieved with appropriate knowledge of the drivers of GHGs.  
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