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 4 

Abstract  5 

Peatland restoration is undertaken to bring back key peatland ecosystem services, including 6 

carbon storage. In the case of drained, afforested blanket peatlands, restoration through drain 7 

blocking and tree removal may impact upon aquatic carbon concentrations and export, which 8 

needs to be accounted for when considering the carbon benefits of restoration.  9 

This study investigated concentrations and export of aquatic carbon from a drained, afforested 10 

blanket bog catchment, where 12% of the catchment underwent drain blocking and conifer 11 

removal (termed ‘forest-to-bog’ restoration), and from two control catchments: one in open 12 

bog and one that remained afforested. Using a before-after-control-impact (BACI) design, we 13 

found no significant increases in concentrations or export of aquatic carbon (DOC, POC or 14 

DIC) in the first year following forest-to-bog restoration (i.e. across the whole post-restoration 15 

period). However, increased DOC concentrations were observed in the first summer (2015) 16 

post-restoration, and seasonally increased DOC export was noted during storm events in the 17 
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restoration 

tree removal, 
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autumn of the same year. The lack of significant effects of forest-to-bog restoration on aquatic 18 

carbon export may be a consequence of the small proportion of the catchment (12%) 19 

undergoing management. In terms of management, the removal of more of the forestry residues 20 

(i.e., brash) may help to mitigate effects on aquatic carbon, by removing a potential DOC and 21 

POC source. Restoring small areas at a time (≤12%) should result in minimal aquatic carbon 22 

export issues, in contexts similar to the current study. 23 

 24 

Keywords  25 

Drain blocking; dissolved organic carbon (DOC); water quality; conifer harvesting; 26 

blanket bog; Flow Country 27 

 28 

1. Introduction 29 

The riverine transport of dissolved organic carbon (DOC) from land to ocean is a major 30 

pathway within the global carbon cycle (0.8 Gt C yr-1 exported; IPCC, 2007). Peatland 31 

catchments are a particularly important contributor to this due to their significance as terrestrial 32 

carbon stores (Hope et al., 1994; Raymond et al., 2007). Loss of carbon through riverine 33 

transport, termed aquatic carbon export, is an important part of the peatland carbon budget, 34 

together with emission of greenhouse gases (CO2 and CH4). It is a particularly critical 35 

component of the carbon budget for peatlands which are acting as borderline carbon sinks (in 36 

terms of net ecosystem exchange (NEE) of gaseous carbon), as small shifts in aquatic carbon 37 

export may tip the overall balance to create a net carbon source (Rowson et al., 2010; Worrall 38 

et al., 2011). 39 

DOC is often the single most important component of aquatic carbon within peatland systems 40 

(Dawson et al., 2002, 2004; Billett et al., 2010), with dissolved inorganic carbon (DIC), 41 
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particulate organic carbon (POC) and dissolved CO2 and CH4 usually all found in much smaller 42 

proportions (Dinsmore et al., 2010, 2013). Aquatic carbon export largely depends on DOC 43 

concentrations in peatland porewater, which is controlled by decomposition rates within the 44 

peat (in relation to water table and temperature), release from peat surfaces (in relation to pH 45 

and redox conditions), and the transfer rate of DOC into the stream network (Billett et al., 2004; 46 

Dawson et al., 2004; Grybos et al., 2009; Fenner et al., 2011; Ritson et al., 2014), along with 47 

the volume of water flowing out of a catchment (Littlewood, 1992).  48 

High flow events (storms) account for a large amount of aquatic carbon export (considering 49 

their time span) when compared to regular base flow (low flow) conditions (Hinton et al., 1997; 50 

Grayson and Holden, 2012). For example, in UK blanket peatland catchments, around half of 51 

total DOC export occurs during storm events (primarily due to high water discharge), even 52 

though these events represent 10% or less of all stream flow conditions (Grieve, 1984; Clark 53 

et al., 2007).  54 

As well as climate, land management practices can have a significant effect on aquatic carbon 55 

export, due to changes made to local hydrology (water balance) and associated impacts on 56 

decomposition (and thus DOC production) within surface peat layers (Ahtiainen and Huttunen, 57 

1999; Palviainen et al., 2004). For instance, peatland restoration by drain blocking on open bog 58 

sites across the UK can be followed by a reduction in aquatic carbon export (Gibson et al., 59 

2009; Wilson et al., 2011), although this finding is not consistent across all sites (Evans et al., 60 

2018). Conversely, some studies have shown that felling of planted conifers for blanket 61 

peatland restoration, resulted in increased DOC concentrations in surface and stream waters 62 

(Muller and Tankéré-Muller, 2012), impacted by decomposing conifer brash and litter in the 63 

initial years following felling, with effects lasting up to four years (Shah and Nisbet, 2019), 64 

which may translate into increased aquatic carbon exports.  65 
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Intact peatlands provide vital ecosystem services to society (e.g., climate regulation, nature 66 

conservation and water regulation; Bonn et al., 2016). Peatland restoration, thus aims to restore 67 

degraded peatland areas, to improve the societal benefits they provide, putting them on a 68 

functional trajectory towards that of intact peatlands and is a rapidly growing global practice 69 

(Bonn et al., 2016). For example, in the UK, current targets aim to have 2 million hectares of 70 

peatlands (nearly all of the UK’s peatlands, including shallow peaty soils > 10 cm deep) in 71 

good condition, under restoration or sustainable management by 2040 (IUCN, 2018). This will 72 

require extensive restoration of drained afforested sites on deep peat (defined as >0.5 m; many 73 

of which are no longer considered suitable for long-term forestry; Forestry Commission 74 

Scotland, 2015). Drainage and afforestation was carried out at an industrial scale in the UK 75 

from the 1960s into the 1990s, utilising dense drainage networks and fertiliser applications, 76 

across 9% (190 000 ha) of the country’s deep peatland area (Hargreaves et al., 2003; Sloan et 77 

al., 2018). Thus, many drained afforested deep peatland sites will undergo ‘forest-to-bog’ 78 

restoration in the near future, with potentially 11% (150 000 ha) of the Scottish afforested area 79 

proposed for restoration in coming decades (Morison et al., 2010; Vanguelova et al., 2018). 80 

While some key biodiversity benefits of forest-to-bog restoration are well established (e.g., 81 

Wilson et al., 2014) and influential in policy (e.g., Forestry Commission Scotland, 2015), the 82 

net carbon benefits of this management are still poorly quantified. Protecting current soil 83 

carbon stocks and allowing potential recovery of carbon sequestration (by bog vegetation) may 84 

be more effective in contributing to UK carbon targets than growing forestry plantations on 85 

deep peat and allowing surface peat to degrade (Hargreaves et al., 2003; Renou-Wilson and 86 

Byrne, 2015). This is especially the case on deep peat sites, where timber growth is often poor 87 

(Forestry Commission Scotland, 2015) and carbon sequestered in trees is commonly re-88 

released through, e.g., use as biomass fuel (Sloan et al., 2018).  89 
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However, the evidence-base used to determine the potential climate benefits of forest-to-bog 90 

restoration is incomplete. While some research has taken place in Fennoscandia, documenting 91 

the effects of restoration of forestry-drained peatlands (which were drained to increase natural 92 

tree cover; Kareksela et al., 2015; Koskinen et al., 2017), this may not be as relevant for UK 93 

peatlands where dense afforestation took place on previously open blanket bog landscapes. 94 

Also, while the evidence for forest-to-bog restoration reinstating sink conditions (for 95 

greenhouse gases) in the long-term (10+ years) is mounting (Hambley et al., 2019; Lees et al., 96 

2019), there is so far little evidence of the effects of forest-to-bog restoration on aquatic carbon 97 

export. To date, others have mainly reported increases in pore-water (Gaffney et al., 2018) or 98 

fluvial DOC concentrations (Shah and Nisbet, 2019). 99 

Methods used for forest-to-bog restoration involve specialist harvesting and mulching 100 

machinery, along with mechanical and manual damming of forestry drains (Andersen et al., 101 

2016). Hence, management alone can significantly disturb the peat, both physically and 102 

biogeochemically (Gaffney et al., 2018). The short term effects (0-1 year) of this disturbance 103 

on the loss of soil and biological carbon via aquatic routes immediately following restoration, 104 

may be large, and this needs to be taken into account when estimating the potential climate 105 

benefits of restoration. 106 

Therefore, our aim was to determine the immediate effects of forest-to-bog restoration on the 107 

export of aquatic carbon - by comparing an open bog catchment (bog control), an afforested 108 

catchment (afforested control) and a catchment undergoing forest-to-bog restoration 109 

(restoration catchment). A further objective was to assess the effect of storm events, by 110 

measuring whether forest-to-bog restoration may promote greater export (or increased 111 

concentrations) during such events. We hypothesised that carbon export from the restoration 112 

catchment would be greater than that from either bog or afforested controls due to increased 113 
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DOC concentrations prevailing following felling. This in turn would result in increased carbon 114 

export both during storm flow and base flow conditions. 115 

 116 

2. Methodology 117 

2.1 Site description 118 

This study was conducted at the Forsinard Flows National Nature Reserve in Sutherland, North 119 

Scotland (Figure 1). This reserve is managed by the nature conservation charity the Royal 120 

Society for the Protection of Birds (RSPB) and comprises open blanket bog and land 121 

undergoing forest-to-restoration. This is defined as the process of returning formerly drained, 122 

afforested bog into open blanket bog through tree removal and drain blocking (Hancock et al., 123 

2018). The study area comprised three blanket bog catchments; one open bog control, one 124 

drained afforested control and one restoration catchment, where 12% of the catchment 125 

commenced forest-to-bog restoration during the study (Table S1). The “restoration catchment”, 126 

had 197 ha of open bog and 215 ha of non-native forestry (planted in 1982 and 1988) as a 127 

mixture of Sitka spruce Picea sitchensis (40%) and Lodgepole pine Pinus contorta (60%) 128 

(located in the upper part of the catchment; Figure 1). Tree stand volumes were calculated 129 

(from diameter at breast height and density estimates) as 79.6 m2 ha-1, with a mean canopy 130 

cover of 65%. Of this forestry, 50 ha were felled during forest-to-bog restoration from 131 

November 2014 to August 2015 (12% of the total catchment area). Felling was carried out 132 

using a mixture of stem only and whole tree harvesting (stem plus brash; i.e., tree tops and 133 

branches). All stems were harvested by June 2015, while brash harvesting was not completed 134 

until August 2015. The mean mass of forestry products harvested was 144 t ha-1 (mainly sold 135 

as chipwood). 136 
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Prior to felling, the main forestry drains in restoration areas were blocked using a sequence of 137 

three plastic piling dams, set at points where principal drains flowed out of each forestry block 138 

or reached adjoining watercourses. Additional sediment traps (using Hytex® geotextiles) were 139 

also installed immediately upstream of these plastic dams.  140 

The “afforested control catchment” (in Figure 1) comprised open bog (with bog pools) in the 141 

upper catchment and stream source area (159 ha; ~40% of catchment) with the remainder of 142 

the catchment afforested (235 ha; ~60%) with non-native conifers (as in the restoration 143 

catchment). The “bog control catchment” was 100% open bog (73 ha) and was approximately 144 

5km south of the other two catchments (Figure 1). Further characteristics for each of the 145 

catchments are presented in Table S1 (supplementary material). Catchment areas were 146 

calculated from digital elevation models, using the watershed tool in Arc GIS.  147 
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 148 

Figure 1: Location of hydrological catchments used in this study. Purple – restoration 149 

catchment (yellow areas indicate the 49.7 ha which underwent forest-to-bog restoration 150 

Afforested control catchment

Bog control catchment
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River Halladale
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management from Nov 2014 – Aug 2015). This catchment comprised ~50% forest and 151 

~50 % open bog. Green – afforested control catchment. Red – open bog control 152 

catchment. ▲ represents stream sampling points. 153 

 154 

2.2 Stream discharge measurements 155 

In each catchment, the outlet stream was instrumented with a stilling well holding a pressure 156 

transducer (In Situ Inc., Druck) to continuously monitor stream depth and temperature at 30 157 

minute intervals. Stream depth and temperature were measured from November 2013 until 158 

December 2015 (for 12 months prior to restoration until 14 months after the start of restoration 159 

activity, in November 2014). Discharge was measured using both the velocity area method 160 

(Shaw, 1994) with an impeller flow meter (Geoparks), and, using salt dilution gauging 161 

(Okunishi et al., 1992) close to the logger in each stream (under a range of flow conditions) to 162 

allow construction of rating curves between discharge and depth (Figure S1; Clark et al., 2007). 163 

Rating curves were then used to estimate discharge in each stream at 30 minute intervals. 164 

Hourly precipitation was measured using a tipping bucket rain gauge (Davis Vantage Pro2Plus, 165 

Davis Instruments) located in the bog control catchment (Figure 1). Additionally during the 166 

study period, water table level was measured every three months, in restoration areas within 167 

the restoration catchment, along with representative afforested and open bog control sites, as 168 

part of another study (Gaffney et al., submitted). 169 

 170 

2.3 Stream water sampling and aquatic carbon measurement 171 

Stream water samples were collected (from December 2013 to December 2015) at the stream 172 

outlet for each catchment (Figure 1, black triangles), during a range of discharge conditions 173 

and analysed for DOC, DIC and POC concentrations. However, in the bog control catchment, 174 
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sampling commenced in April 2014 due to logistical issues. For DOC and DIC analysis, routine 175 

monthly samples were collected, alongside additional storm event samples (see section 2.4) 176 

and several additional ad-hoc samples. Due to the remoteness of the sites, and other fieldwork 177 

commitments, we chose to take additional ad-hoc samples opportunistically when in the area. 178 

This sampling strategy increased the number of aquatic carbon measurements and improved 179 

sample coverage across all seasons, which then improved estimates of aquatic carbon export. 180 

A total of 197, 168 and 90 samples were collected from the restoration catchment, afforested 181 

and open bog control catchments respectively prior to restoration, while respective totals of 182 

195, 153 and 173 samples were collected after restoration commenced. 183 

Samples were refrigerated at 4°C on return to the laboratory and then vacuum-filtered, usually 184 

within 24 hours of collection (and always within 36 hours), through pre-combusted 0.7 µm 185 

glass fibre filters (Fisherbrand MF300) prior to DOC and DIC analysis (Strack et al., 2008). 186 

DOC and DIC was analysed by high temperature catalytic combustion (Sugimura and Suzuki, 187 

1988) using a Shimadzu TOC-L instrument. A lake water certified reference material 188 

(BIGMOOSE-02, Lot# 0412 Environment Canada) was also analysed periodically for DOC 189 

and DIC concentrations, giving mean recoveries (within the certified range) of 104% and 101% 190 

respectively. 191 

POC was measured on a monthly basis (using the routine monthly samples only). Firstly, 192 

suspended particulate matter (SPM) was determined gravimetrically by filtration (0.7 µm glass 193 

fibre filters) with oven drying at 105 ºC for 12 hours. Filters were then ashed in a muffle furnace 194 

(375 ºC, 16 hours; Hope et al., 1997; Dawson et al., 2002) to obtain loss on ignition (LOI). 195 

POC was calculated using the regression equation of Ball (1964): 196 

  197 

𝑌 = (0.458 × 𝑋) − 0.4                                [Equation 1] 198 
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 199 

Whereby Y is organic carbon (%) and X is the LOI (%). Y was then multiplied by SPM (mg 200 

L-1) to calculate POC in mg L-1.  201 

 202 

2.4 Storm event sampling 203 

Storm events (a precipitation event causing a defined rise in stream discharge; Grand-Clement 204 

et al., 2014) were specifically targeted using automatic water samplers (Hach Lange, Buhler 205 

2000). We defined storm events here as those which generated a minimum rise in stage height 206 

of 10 cm in the restoration catchment stream. Due to differing catchment characteristics and 207 

responses to precipitation, this rise was generally smaller in the afforested and open bog control 208 

catchments. 209 

Storm events were sampled between January 2014 and November 2015, within all seasons and 210 

during both pre- and post-restoration management periods (i.e., pre- and post-November 2014). 211 

A range of large and small storm events were sampled with increases in stream depth from 10 212 

to 69 cm (in the restoration catchment). Auto-samplers were set manually at or prior to the 213 

onset of the storm (based on weather forecasts), and set to sample at one or two hour intervals 214 

depending on how long the storm was expected to last (to give either 24 or 48 hours of 215 

sampling). A total of 17 storm events were sampled; eight prior to restoration management 216 

starting, and nine after restoration commenced. Storm event samples were analysed for DOC 217 

and DIC concentrations as described in section 2.3. 218 

 219 

2.5 Calculation of carbon export 220 

Carbon export was calculated for each carbon species (DOC, DIC and POC) using “method 5” 221 

of Walling and Webb (1985), which is based on the mean discharge, and the mean discharge 222 
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weighted concentration. This method of calculating aquatic carbon export is widely used (e.g., 223 

Clark et al., 2007; Dinsmore et al., 2013). Firstly, the load (in kg of carbon per unit of time) 224 

was calculated as follows: 225 

𝐿𝑜𝑎𝑑 = 𝐾 × 𝑄𝑟  ×
∑ [𝐶𝑖×𝑄𝑖]𝑛

𝑖=1 

∑ 𝑄𝑖  𝑛
𝑖=1

    [Equation 2] 226 

Where K is a unitless conversion factor for the time period of the calculation, Qr is the mean 227 

discharge from a continuous record in L s-1, Qi is instantaneous discharge in L s-1 and Ci is the 228 

instantaneous carbon concentration (i.e., DOC, DIC or POC) of the stream in mg L-1, for n 229 

samples. Equation 2 calculates the mean carbon load per unit of time (Load), which is then 230 

converted to an export flux in kg of carbon per unit area, per unit time, by dividing by the 231 

catchment area. The standard error (SE) of the load (and export) estimate is calculated as 232 

follows: 233 

𝑆𝐸 = 𝐹 × 𝑣𝑎𝑟(𝐶𝐹)     [Equation 3] 234 

Where F is the total discharge (summed) over the time period of the calculation and var(CF) is 235 

the variance in the flow-weighted mean concentration, which is calculated using the following 236 

equation: 237 

 238 

𝑣𝑎𝑟(𝐶𝐹)  =  [∑ ((𝐶𝑖  ×  𝐶𝐹)2  ×  
𝑄𝑖

𝑄𝑛
)]  × ∑

𝑄𝑖
2

𝑄𝑛
2 [Equation 4] 239 

Where Qn is the sum of all the individual Qi values in the calculation and CF is the flow-240 

weighted mean concentration (Hope et al., 1997; Dinsmore et al., 2010), which is calculated as 241 

follows: 242 

𝐶𝐹 =  
∑ 𝐶𝑖 × 𝑡𝑖 ×𝑄𝑖

∑ 𝑡𝑖 × 𝑄𝑖
     [Equation 5] 243 
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Where ti is the time step between concentration measurements. Carbon export was calculated 244 

on a monthly, seasonal (3 months) and annual basis for DOC and DIC, including all samples 245 

within each period (monthly, storm event and ad-hoc), while POC (one sample per month only) 246 

and total aquatic carbon export were calculated on seasonal and annual timescales. For the bog 247 

control catchment in 2014, annual export was calculated based on the samples collected from 248 

April to December, while stream discharge was recorded over the full year. Total aquatic 249 

carbon export was calculated by the sum of the exports of the individual carbon species (DOC 250 

+ DIC + POC export). For comparison of annual exports in the text, we compare 2014 and 251 

2015 as pre- and post-restoration years respectively, since restoration commenced in November 252 

2014 and a limited amount of restoration management was completed by the end of this 253 

calendar year. 254 

Seasons were defined using the hydrological year, with 1st October - 30th September split into 255 

four seasons to allow fitting within the calendar year (Gordon et al., 2004; Dinsmore et al., 256 

2013): autumn (October, November, December), winter (January, February, March), spring 257 

(April, May, June) and summer (July, August, September). Additionally, to assess the 258 

contribution of individual storm events on carbon export, we selected one season (autumn) 259 

each year and calculated daily cumulative export. We selected autumn as the season with 260 

highest carbon exports. 261 

 262 

2.6 Statistical analyses 263 

All statistical analyses were undertaken using RStudio (Version 0.98.501, R Core Team, 2017). 264 

Aquatic carbon concentrations and exports (DOC, DIC, POC and total aquatic carbon export) 265 

were compared between catchments in a before-after-control-impact (BACI) design (Stewart-266 

Oaten et al., 1986) using linear mixed models (LMMs) and generalised linear mixed models 267 
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(GLMMs) with the functions lme (package nlme, Pinheiro et al., 2016) and glmmPQL (package 268 

MASS, Venebles and Ripley, 2002) respectively. DOC and DIC concentrations and export were 269 

modelled on a monthly timescale, with each row of data representing monthly mean 270 

concentrations or export. POC concentration and export was modelled on a seasonal timescale 271 

(3-monthly), as only one sample per month was collected for POC, with each row of data 272 

representing seasonal mean POC concentration or export. Total aquatic carbon export 273 

(DOC+DIC+POC) was thus also modelled on a seasonal timescale. Appropriateness of model 274 

fit was checked visually considering normality and homoscedasticity of residuals alongside 275 

semivariogram plots for temporal autocorrelation (Crawley, 2007; Zuur et al., 2011).  276 

The data were split into two periods: pre-restoration (December 2013-October 2014) and post-277 

restoration (November 2014-December 2015). The post-restoration period began when felling 278 

started and included both the active management period (10 months) and the following four 279 

months. The model fixed factors were “catchment” (i.e., bog control, afforested control, 280 

restoration) and “period” (pre- or post-restoration) and the model included the interaction term 281 

“catchment*period”. To account for temporal autocorrelation (from repeated measures) at the 282 

season level, “sampling season” (e.g., Spring 2014) was added as a random intercept 283 

(compound symmetry). If the model interaction term was significant (i.e., if the single p-test 284 

for the catchment*period interaction was p < 0.05), Tukey-adjusted post-hoc comparisons 285 

(function lsmeans, package lsmeans, Lenth, 2016) were performed to determine if the response 286 

variable varied significantly between catchments in the pre- and post-restoration periods.  287 

 288 



15 

 

3. Results 289 

3.1 Precipitation and discharge 290 

Annual precipitation decreased (by 340 mm, or 32%) in 2015 compared to 2014, while on a 291 

seasonal basis, October to December 2014 was the wettest season (307 mm), with July to 292 

September 2015 the driest season (122 mm; Figure 2, Table S2).  293 

Annual mean discharge varied little from 2014 to 2015 in the afforested control catchment 294 

(70.4 to 71.9 L s-1), while in the restoration catchment there was an increase (19%) from 89.3 295 

L s-1 in 2014 to 106.6 L s-1 in 2015. In the bog control catchment, between 2014 and 2015, 296 

annual mean discharge increased by 41% (from 17.0 to 24.0 L s-1; Table S2). In the post-297 

restoration period, mean water table level rose by 5 cm in the restoration catchment and in open 298 

bog control sites (which had ~10 cm shallower WTL than the restoration catchment; Table S3). 299 

In afforested control sites, water tables were deepest and there was negligible change in mean 300 

water table level between pre- and post-restoration periods. 301 

 302 

3.2 Aquatic carbon concentrations and exports 303 

3.2.1 DOC 304 

Concentrations of DOC were not significantly affected by restoration; the catchment*period 305 

interaction was not significant (F = 1.43, p = 0.246; Table S4), when considering the whole of 306 

the post-restoration period. However, between July and September 2015 (summer, post-307 

restoration), DOC concentrations clearly increased in the restoration and bog control 308 

catchments (with seasonal mean concentrations ~1.5 fold higher than pre-restoration in both; 309 

Figure 2a, Table S5). In the afforested control catchment monthly mean DOC concentrations 310 

between July and September 2015, were generally high than during the pre-restoration summer 311 

but were within the measured pre-restoration concentration range (Figure 2a).  Monthly DOC 312 
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concentrations exhibited a similar underlying seasonal pattern in all three catchments, with 313 

maximum concentrations generally occurring in summer and the lowest concentrations in 314 

winter (Figure 2a). DOC concentrations were higher in the restoration catchment even prior to 315 

forest-to-bog restoration, indicating clear inter-catchment differences (F = 26.23, p < 0.001).  316 

Export of DOC (on a monthly basis) was not significantly affected by restoration, as shown by 317 

a non-significant catchment*period interaction term (F = 0.54, p = 0.583; Table S4). However, 318 

there were significant differences between catchments (F = 4.62, p = 0.014). Higher DOC 319 

exports per unit area (Figure 2b) were often observed in the restoration catchment, both in the 320 

pre- and post-restoration periods. There was a similar export trend with time in all catchments, 321 

with generally higher exports in autumn; the obvious exception being August 2014, when one 322 

of the largest storms recorded during this study occurred, resulting in high monthly DOC 323 

export. In 2015, annual DOC export increased from the bog control (+46.1%) and restoration 324 

catchments (+27.5%) but there was a decrease (-17.5%) from the afforested control catchment 325 

(when compared to 2014; Table 1).  326 
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Figure 2: Monthly mean (±standard error) DOC concentrations (a) and DOC exports (b) in 328 

restoration, afforested and bog control catchment streams and (c) total monthly precipitation 329 

measured in the bog control catchment. Standard errors for export (b) were calculated using 330 

equations 3 and 4. Grey shaded section represents forest-to-bog restoration management period 331 

(November 2014 – August 2015). The pre-restoration period was from December 13 to October 332 

14 and the post-restoration period from November 14 to December 15. 333 
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Table 1: Annual mean DOC, DIC and POC concentrations, annual exports and mean annual discharge data for each of the three catchments. As 334 

forest-to-bog restoration commenced in Nov 2014, 2014 was thus considered pre-restoration for annual comparisons, while 2015 was the post-335 

restoration year. Mean concentrations are presented ± SE, while exports are presented as annual totals ± SE of the export (calculated using equations 336 

3 and 4).  337 

Catchment Year mean DOC  

(mg L-1) 

DOC export 

(kg C ha-1) 

mean DIC 

(mg L-1) 

DIC export 

(kg C ha-1) 

mean POC 

(mg L-1) 

POC export 

(kg C ha-1) 

Total Aquatic C export 

(kg C ha-1) 

mean discharge  

(L s-1) 

Restoration 2014 25.54 

(±0.53) 

198.58 

(±3.71) 

1.75 

(±0.20) 

2.66 

(±0.09) 

0.70 

(±0.15) 

10.33 

(±2.42) 

211.57 

(±4.43) 

89.26 

2015 35.57 

(±1.01) 

253.12 

(±17.32) 

1.48 

(±0.19) 

2.71 

(±0.14) 

1.66 

(±0.40) 

11.03 

(±1.39) 

266.86 

(±17.38) 

106.57 

Afforested control 2014 21.29 

(±0.50) 

134.63 

(±2.68) 

1.2 

(±0.12) 

2.51 

(±0.04) 

1.25 

(±0.52) 

9.08 

(±3.20) 

146.22 

(±4.17) 

70.35 

2015 19.29 

(±0.62) 

110.04 

(±4.05) 

1.36 

(±0.16) 

3.45 

(±0.07) 

0.83 

(±0.14) 

3.87 

(±0.12) 

117.36 

(±4.05) 

71.93 

Bog control 2014 17.74 

(±0.51) 

135.61 

(±9.98) 

3.78 

(±0.40) 

5.18 

(±0.51) 

1.54 

(±0.54) 

20.13 

(±9.78) 

160.92 

(±13.98) 

17.02 

2015 18.87 

(±0.57) 

178.59 

(±6.25) 

1.84 

(±0.24) 

7.47 

(±0.74) 

0.98 

(±0.35) 

20.03 

(±6.15) 

206.09 

(±8.80) 

23.98 

338 
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3.2.2 POC and DIC   339 

There were no significant effects of restoration on seasonal mean POC concentrations; the 340 

catchment*period interaction was not significant (F = 3.08, p = 0.083; Table S4). Annual mean 341 

concentrations doubled in the restoration catchment in 2015 (compared to 2014), while they 342 

decreased in 2015 in the control catchments (Table 1). Seasonal POC export was not 343 

significantly affected by restoration (catchment*period interaction was not significant; F = 344 

2.95, p = 0.091; Table S4), but differed significantly between catchments (F = 9.63, p = 0.003; 345 

Table S4) with highest POC export from the bog control catchment (Table 1, S5).  346 

Monthly mean DIC concentrations were not significantly affected by restoration, as shown by 347 

the catchment*period interaction (F = 0.08, p = 0.919; Table S4). Monthly mean DIC export 348 

was also not significantly affected by restoration; the catchment*period interaction was not 349 

significant (F = 1.27, p = 0.289; Table S4). There were significant inter-catchment differences 350 

in DIC concentration (F = 5.72, p = 0.005), which was (≤2 fold) significantly higher in the bog 351 

control catchment than in the afforested control catchment across the whole study (Figure 3a). 352 

Likewise, significant differences in DIC export were found between catchments (F = 31.06, p 353 

< 0.001), which were (2-3 fold) higher in the bog control catchment than in both the restoration 354 

and afforested control catchments (Figure 3b, Table 1).  355 

  356 

3.2.3 Total aquatic carbon export  357 

Total aquatic carbon export was not significantly affected by restoration, as shown by a non-358 

significant catchment*period interaction term (F = 2.28, p = 0.144; Table S4). In line with 359 

DOC, DIC and POC export, there were significant differences between catchments across the 360 

whole study (F = 19.41, p < 0.001). The afforested control catchment had significantly lower 361 
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total carbon export than both the bog control (28%) and restoration catchments (45%), which 362 

were not significantly different from each other (Table 1). 363 

Total aquatic carbon export was dominated by DOC, with this component comprising 84% to 364 

95% of the total annual aquatic carbon export, and seasonally, 75% to 98% of total aquatic 365 

carbon export (Table S5). Therefore, total aquatic carbon export tended to follow the same 366 

seasonal trend as DOC export, with the largest total carbon exports occurring in autumn 367 

(October-December) seasons.  368 



22 

 

 369 

0

20

40

60

80

100

120

140

160

180

pre
cip

ita
tio

n (
mm

) c

Pre-restoration Post-restoration

D
e
c
 1

3

M
a
r 

1
4

J
u
n
 1

4

S
e
p
 1

4

D
e
c
 1

4

M
a
r 

1
5

J
u
n
 1

5

S
e
p
 1

5

D
e
c
 1

5

P
re

c
ip

ita
tio

n
  

(m
m

)

0
4
0

1
2
0

8
0

1
6
0

a

b
Pre-restoration Post-restoration

Post-restoration

D
e
c
 1

3

M
a
r 

1
4

J
u
n
 1

4

S
e
p
 1

4

D
e
c
 1

4

M
a
r 

1
5

J
u
n
 1

5

S
e
p
 1

5

D
e
c
 1

5

D
IC

 c
o

n
c
e

n
tr

a
ti
o

n
 m

g
 L

-1
D

IC
 e

x
p

o
rt

 k
g

 C
 h

a
-1

Bog control
Afforested control

Pre-restoration

Restoration catchment



23 

 

Figure 3: Monthly mean (±standard error) DIC concentrations (a) and DIC exports (b) in 370 

restoration, afforested and bog control catchment streams and (c) total monthly precipitation 371 

measured in the bog control catchment.  Standard errors for export (b) were calculated using 372 

equations 3 and 4. Grey shaded section represents the forest-to-bog restoration management 373 

period (November 2014 – August 2015). The pre-restoration period was from December 13 to 374 

October 14 and the post-restoration period from November 14 to December 15. 375 

3.3 Effect of storm events on aquatic carbon export and concentrations 376 

The effect of storms on DOC export was investigated by calculating daily cumulative export 377 

over the autumn season (October to December) in both years, as this was the season with the 378 

highest carbon exports (due to both relatively high DOC concentrations and discharge). In 379 

2014, this season (theoretically) comprised both pre- and post-restoration periods, (October 380 

and November-December, respectively), although less than half of the felling undertaken was 381 

completed by the end of December, so, it represents a very early post-restoration stage. In 2015, 382 

this period was almost one year after restoration commenced, with all areas completed. For this 383 

autumn comparison, we thus take autumn 2015 as the post-restoration period and autumn 2014 384 

as pre-restoration.  385 

Cumulative DOC export, calculated from October to December 2014 (Figure 4 a-c), was 386 

similar in the afforested and bog control catchments (~50 kg C ha-1), but was nearly twice as 387 

high (~90 kg C ha- 1) in the restoration catchment, with a much steeper trend in daily 388 

cumulative export throughout. During the same period in 2015, the values changed (bog +4, 389 

afforested -16, restoration -10 kg C ha-1), although the restoration catchment still had the 390 

steepest trend in cumulative export (Figure 4 d-f). Notable step-wise increases in export 391 

occurred when there were storms and associated elevated discharges.  392 

The largest storm peak (discharge) occurred between the 7th and 8th October 2014 in all three 393 

catchments, which caused export to increase by 6.8, 2.6 and 5.3 kg C ha-1 from the restoration, 394 
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afforested and bog control catchments, respectively. This was the largest daily increase in 395 

export during the season and represented 7.6% (restoration), 5.4% (afforested) and 10.3% (bog) 396 

of the autumn 2014 seasonal export.  397 

The largest daily exports corresponded to the largest mean daily specific discharges (discharge 398 

per hectare of catchment; Figure 5 a-f). In autumn 2014 (pre-restoration), the slope of the mean 399 

daily discharge versus the daily DOC export was similar for both the restoration (Figure 5a) 400 

and the afforested catchment (Figure 5b), suggesting the same rise in discharge in either 401 

catchment would cause a similar rise in DOC export. In autumn 2015 (post-restoration), the 402 

slope was about 1.3 times steeper (relatively) in the restoration catchment, suggesting that the 403 

same rise in discharge would now cause a greater increase in DOC export, due to the seasonally 404 

increased DOC concentrations (Figure 5d). The bog control catchment graph (Figure 5c, f) 405 

generally had a similar range in specific discharge to the restoration catchment but a less steep 406 

slope, and little difference between years. 407 

In general, storms caused DOC and DIC concentration changes, which were dependent on 408 

season (Figures S2-S5). DOC concentrations largely increased during summer and early 409 

autumn storms, and decreased at other times of the year. In contrast, DIC concentrations always 410 

decreased during storms. 411 
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 412 

Figure 4: (a - f) Cumulative DOC export (●), discharge (●), and DOC concentrations (▲) from 413 

1st October 2014 to 31st December 2014 in (a) restoration catchment, (b) afforested control 414 

catchment and (c) open bog control catchment; and from 1st October 2015 to 31st December 2015 415 

in (d) restoration catchment, (e) afforested control catchment and (f) open bog control catchment. 416 

The slight step down in cumulative DOC export in December 2014 in afforested and bog control 417 

catchments is the effect of additional samples collected during 10th December, which revised 418 

cumulative export figures slightly. The data points therefore represent daily best estimates (based 419 

on collected samples) of cumulative export. 420 
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 421 

Figure 5:  Relationship between mean daily specific discharge (weighted by catchment area) and 422 

daily DOC export (both square root transformed) in October-December 2014 for (a) restoration 423 

catchment, (b) afforested control catchment and (c) open bog control catchment; and from 424 

October-December 2015 in (d) restoration catchment, (e) afforested control catchment and (f) 425 

open bog control catchment.  426 
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4. Discussion 427 

In general, in the first year following forest-to-bog restoration management we found no 428 

statistically significant changes in concentrations or exports of aquatic carbon species. 429 

However, there were some seasonal DOC concentration increases and interesting trends in 430 

seasonal storm event exports (when comparing pre- and post-restoration years in 2014 and 431 

2015 respectively), which may indicate more subtle effects. In this study, we compared two 432 

similar sized catchments (restoration and afforested control) with a much (~80%) smaller open 433 

bog control catchment, assuming similar processes (strong associations between pore water 434 

DOC and stream water DOC) were influencing aquatic carbon export in all catchments, as all 435 

were upper peatland headwaters (Billett et al., 2006). 436 

4.1 DOC concentration following restoration 437 

Across the whole post-restoration period, there was no significant change in DOC 438 

concentrations compared to the pre-restoration period, as until summer (July) 2015, DOC 439 

concentrations were within the range measured pre-restoration. Thus, for more than half of the 440 

post-restoration period, concentrations were similar to the pre-restoration period. However, 441 

there was evidence of a seasonal DOC increase during summer 2015 in the restoration and bog 442 

control catchments, with seasonal mean DOC concentrations increasing by approximately 50% 443 

in each catchment, which was higher than at any other period in the study (Table S5).  444 

Seasonal effects on stream DOC concentrations (which can be lower during winter and spring 445 

seasons and increase in the summer) have been widely found by others (Dinsmore et al., 2013), 446 

and in the context of peatland restoration, effects of felling (in the following three-five years) 447 

were often exhibited as enhanced seasonal cycling, following the annual temperature cycle 448 

(Cummins and Farrell, 2003; Muller et al., 2015; Shah and Nisbet, 2019). 449 



28 

 

Post-restoration, seasonally higher DOC concentrations may be linked to a rise in water table 450 

level (Nieminen et al., 2015), which occurred in both the restoration and bog control 451 

catchments (Table S2). Following a water table rise, increased DOC pore water concentrations 452 

can be associated with decreased acidity and ionic strength, which enhances DOC solubility 453 

(Clark et al., 2012), and through enhanced enzyme activity, stimulated by a water table rise, 454 

accelerating DOC production (Fenner and Freeman, 2011).  455 

In the restoration catchment, stream DOC concentrations were also likely affected by brash 456 

and needle decomposition following restoration (Gaffney, 2016). Brash left on the peat surface 457 

post-felling is a source of decomposable organic material (Palviainen et al., 2004). This can 458 

then contribute to increased DOC in peat pore and surface water which is then leached into 459 

streams (Gaffney et al., 2018; Shah and Nisbet, 2019).  460 

4.2 DOC export following restoration 461 

Generally, the annual DOC export calculated from this study (110 ± 4 kg ha-1 to 253 ± 10 kg 462 

ha-1) fits well within the range of values previously reported for UK peatland streams (Dawson 463 

et al., 2002; Dinsmore et al., 2013; Ryder et al., 2014; Smith, 2015). Others have found 464 

significant effects of felling on blanket peat on aquatic carbon export (Heal et al., 2020), 465 

including Nieminen (2004), who found increased DOC export following harvesting of Norway 466 

spruce on peatland, when 40% of the stream catchment was felled. In the present study, as only 467 

12% of the catchment underwent felling and restoration, any effects may well have been diluted 468 

by the undisturbed area.  469 

4.2.1 Importance of storm events in DOC export 470 

In line with other studies of peatland DOC export (Grieve, 1984; Clark et al., 2007), we found 471 

the largest daily increases in DOC export occurred during the largest storm events. While the 472 

largest daily increases in exports and highest peak discharges were in the restoration catchment, 473 
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the general pattern of step-wise changes in export was very similar in all three catchments 474 

between years, implying that catchment characteristics mainly influenced the amount of carbon 475 

exported during storm events.  476 

However, the seasonally increased DOC concentrations in the post-restoration year (2015) 477 

caused a steeper slope in the relationship between mean daily discharge and daily DOC export 478 

in the restoration catchment. As such, following restoration, storm events in the summer and 479 

autumn seasons resulted in a greater increase in DOC export than a storm event of the same 480 

size in the pre-restoration year, thus proportionally more was exported in the post-restoration 481 

period.  482 

4.2.2 Annual DOC export  483 

If comparing annual DOC export between years, an extra 54 kg C ha -1 (28% more) was 484 

exported from the restoration catchment in 2015 (i.e., the post restoration year) compared to 485 

2014 (pre-restoration). However, DOC export from the bog control catchment also increased 486 

(by 43 kg C ha -1; 32%) between 2014 and 2015. The fact that there were marked increases in 487 

export from 2014 to 2015 in both the bog control and the restoration catchments suggest that 488 

other factors (such as hydrology and precipitation, rather than restoration management) were 489 

responsible (section 4.2.3); and in part, this may explain why there were no significant effects 490 

of restoration on DOC export.  491 

4.2.3 Hydrological factors affecting DOC export 492 

A large increase in (mean annual) discharge from the bog control catchment (41%) and 493 

restoration catchment (19%) in 2015 contributed to increased aquatic carbon export in 2015. 494 

However, in 2015, total precipitation was 340 mm less than in 2014, suggesting a complex 495 

interaction occurred between precipitation patterns, water storage and evapotranspiration. This 496 

was also shown by variations in runoff : precipitation ratios (i.e., the amount of runoff 497 
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(discharge divided by catchment area) as a fraction of precipitation), which were sometimes 498 

>100% (storage withdrawal; catchment losing water) and sometimes quite low (e.g., <50%; 499 

storage recharge; catchment storing water) on a seasonal basis (Table S2). 500 

In 2015, monthly precipitation was less than in 2014 in most months, whilst there were more 501 

rain days (>0 mm precipitation) and lower summer air temperatures resulting in slightly 502 

shallower water tables and higher monthly mean discharge in 2015  (Gaffney et al., submitted; 503 

Figure S6).  In peatland catchments, water table depth is closely related to streamflow 504 

fluctuations (Price, 1992) and overland runoff is generated by excess saturation (Evans et al., 505 

1999), thus, with wet antecedent conditions and shallower water tables, greater surface runoff 506 

can be produced (Daniels et al., 2008). Conversely, in 2014, months with fewer rain days could 507 

have induced drought periods in summer, and higher mean air temperatures may have increased 508 

evapotranspiration, which may in turn have slowed stream response to precipitation, reducing 509 

runoff (Daniels et al., 2008). 510 

The smaller discharge changes measured in afforested control and restoration catchments 511 

between years, suggests that stream discharge from these catchments was less susceptible to 512 

changes in precipitation patterns and temperature. In the afforested and restoration catchments 513 

(pre-restoration) precipitation interception and transpiration by the tree canopy may have 514 

reduced runoff (compared to an open bog; Swank and Douglass, 1974). Therefore, following 515 

tree felling in the restoration catchment, increased surface runoff and stream discharge would 516 

likely occur (Rosén et al., 1996; Nieminen, 2004), which may help explain the 19% increase 517 

in mean annual discharge in the restoration catchment between 2014 and 2015.  518 

4.3 Concentration and exports of other aquatic carbon species following restoration 519 

Forest felling operations are known to cause increases in particulate matter in streams 520 

(Finnegan et al., 2014; Palviainen et al., 2014) and POC export (Ryder et al., 2014). However, 521 
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following restoration we found non-significant effects on POC concentrations and export – 522 

even though in the restoration catchment POC concentrations increased, while the controls did 523 

not. These results suggested that drain blocking (dams) and silt traps may have helped to 524 

mitigate against significant effects. However, as POC was only sampled on a monthly basis, 525 

some of the temporal variations with discharge (Ryder et al., 2014), may not have been 526 

captured, which may mean annual POC exports may be underestimated. 527 

As there were no significant detectable changes in DIC concentrations following restoration, 528 

this suggests that any ground disturbance related changes may not influence DIC 529 

concentrations. The higher DIC concentrations in the bog catchment (compared to the other 530 

catchments) suggests the presence of additional DIC sources here, such as rock weathering 531 

(Billett et al., 2007) or soil organic matter derived sources (Blodau and Siems, 2012), 532 

particularly during low discharge (summer) periods.  533 

4.4 Total aquatic carbon export following restoration 534 

Given the lack of significant changes in total aquatic carbon export, this study suggests that 535 

forest-to-bog restoration can be carried out as a management practice without affecting aquatic 536 

carbon export (at least in the first year post-restoration), as long as it is done in a similar way, 537 

i.e., whereby a small proportion of the catchment was felled within one year.  538 

Whilst there were increases in annual total aquatic carbon export between the pre- and post-539 

restoration years in the restoration catchment (26%), these were of a similar magnitude to those 540 

measured in the bog control catchment (28%). In the restoration and bog control catchments, 541 

increased total aquatic carbon export reflected increasing annual mean discharge (increases of 542 

19% and 41% respectively compared to 2014, section 4.2.3) and seasonally increased DOC 543 

concentrations.  544 
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Our total aquatic carbon budgets are based on DOC+DIC+POC, of which DOC was the major 545 

component (≥ 84% of the annual export). The dissolved greenhouse gases (GHGs) CO2 and 546 

CH4 are also components of the aquatic carbon export budget (typically between 1% and 5% 547 

of annual peatland aquatic carbon export), which show seasonal variation (e.g., release to 548 

atmosphere in summer) and decrease in importance moving downstream in a catchment 549 

(Dawson et al., 2002, 2004; Hope et al., 2004, Dinsmore et al, 2010). As dissolved GHGs are 550 

generally a small component of downstream aquatic carbon exports, we have assumed here 551 

that they would not add significantly to the total aquatic carbon budget calculated. 552 

It is ultimately important to consider both terrestrial and aquatic carbon budgets in our 553 

catchments, i.e., by comparing aquatic carbon export with NEE data. At a site adjacent to our 554 

bog control catchment the average NEE from 2008-2013 was -1140 kg C ha-1 yr-1 (Levy and 555 

Gray, 2015), showing this site to be a strong carbon sink. Total aquatic carbon export from the 556 

bog control catchment here (taking the higher 2015 figure of 206 kg C ha-1 yr-1) was equivalent 557 

to 18% of this quoted 2008-2013 NEE. Whilst this clearly represents a significant loss of 558 

carbon from the system, the net carbon balance here remains strongly negative (i.e., as a carbon 559 

sink).  560 

For the restoration or afforested catchments, there are currently no NEE data available, but 561 

evidence suggests that felling-to-waste (where smaller trees were felled into furrows rather 562 

than harvested) in the same region led to areas being net sources of GHGs initially (800 kg ha 563 

yr-1 after 10 years) before becoming net sinks (-710 kg ha yr-1 after 16 years; Hambley et al., 564 

2019). Therefore, sites may be net sources of carbon immediately following restoration, but 565 

this should improve as sites recover toward bog conditions. Taking these figures, (at 16 years 566 

post-restoration) aquatic carbon export (in 2015, from the restoration catchment) represents 567 

38% of NEE; the site would still function as a net carbon sink when accounting for aquatic 568 

carbon export.   569 
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4.5 Conclusion and implications for peatland management 570 

This study found no significant increases in aquatic carbon concentrations or export (DOC, 571 

POC or DIC) in the first year immediately following restoration of formerly drained afforested 572 

blanket bog, although seasonally increased DOC concentrations were measured in the first 573 

summer following restoration (in both restoration and bog control catchments). As 574 

measurements were conducted for only one year post-restoration, time was a constraining 575 

factor in this study. A longer term study may help articulate more clearly, the effects of 576 

restoration and other hydrological factors such as precipitation patterns. In general, restoration 577 

effects may have been diluted since only 12% of the catchment was felled, and if further 578 

restoration was carried out within the catchment (while there is still the potential for increased 579 

DOC concentrations from the current restoration area, e.g., perhaps within 3 years post felling; 580 

Nieminen et al., 2015), aquatic carbon export may start to increase significantly. 581 

Forest harvesting, which occurred in the restoration catchment, was a mixture of stem only and 582 

whole tree harvesting. With stem only harvest, there were large amounts of brash left on the 583 

peat surface (a potential source of DOC and POC to streams). Therefore, removing all brash 584 

may help mitigate future increases in stream DOC and POC concentrations but this requires 585 

extra machine passes on the peat surface, which may increase scarring and erosion of bare peat 586 

along with stream DOC and POC concentrations. Despite the use of low ground-pressure 587 

harvesters (which drove on brash mats where possible), some scarring of the peat surface still 588 

occurred here (where vegetation was unintentionally removed), leaving bare peat exposed. 589 

Therefore, there is perhaps a trade-off here between removing brash mats and the need for 590 

machinery to make extra passes on the peat surface. 591 
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