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Abstract  
The restoration of drained, afforested blanket bogs (forest-to-bog restoration) is an 

increasing management practice, due to recognition of both the nature conservation and 

carbon sequestration services provided by peatlands. Forest-to-bog restoration involves 

conifer felling (and harvesting) along with blocking of forestry drains. Research from 

conifer felling and drain blocking on open peatlands shows significant effects on pore- 

and stream- water quality, when practised separately. However, there is very little 

knowledge of the combination of both these practices in forest-to-bog restoration. 

This research investigated the effects of forest-to-bog restoration on pore-, surface-, 

stream- and river water quality in the short-term (0-1) years post-restoration, where the 

effects of restoration are disturbance-related. We also investigated restoration progress 

across a chronosequence of restoration sites using pore- and surface-water chemistry. 

Our results showed significant increases in DOC, phosphate, K and NH4
+ (2-99 fold) in 

pore- and surface- water in the first year post-restoration, which may have implications 

for the recovery of bog vegetation. In streams significant increases in Fe (1.5 fold) and 

phosphate (4.4 fold) were found, with no significant impacts on concentrations in rivers 

or pass rates for drinking water or WFD standards. We also found no significant effects 

on aquatic carbon exports. However, as more restoration is carried out within the 

catchments and the proportion felled increases, greater impacts on streams and rivers may 

be observed. From our results, we recommend felling small percentages (3-23%) of 

stream and river catchments and the use of drain blocking and silt traps to retain sediment.  

We observed progress in recovery towards bog conditions across a chronosequence of 

restoration sites (aged 0-17 years); incomplete recovery of WTD and elevated NH4
+ in 

porewater appeared the main barriers to restoration. Therefore, enhancements such as 

brash and needle removal and plough furrow blocking may be able to accelerate 

restoration.  
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Figure 1.1: Schematic of simplified peatland carbon cycle, showing the inputs and outputs. 

Living vegetation (in green) takes up CO2 from the atmosphere. Some is emitted back 

through plant respiration and then through decomposition by fungi in the aerated layer 

when plants die. All pathways of CO2 are shown in black. When plant remains become 

deeply buried reaching the waterlogged layers, anaerobic decomposition by archaea 

produces CH4 (CH4 pathways are shown in red). As CH4 passes through the aerated layer 

to the atmosphere, some is oxidised to CO2. DOC is the soluble product of organic matter 

decomposition in porewater and is flushed out to streams by water movement. A small 

contribution to DOC can be made from (live) plant root exudates. Additionally, surface 

runoff passing over the peatland surface accumulates DOC (All DOC pathways are shown 

in blue). BVOCs are a smaller component of the peatland carbon cycle produced both from 

decomposition and plant metabolism (BVOC pathways in green). Water table movements, 

which often show a seasonal pattern, strongly influence decomposition processes. In a 

pristine peatland acting as a net carbon sink, the inputs of carbon through photosynthesis 

are greater than the combined outputs.  
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The main aquatic carbon component is dissolved organic carbon (DOC) which is the 

soluble product of organic matter decomposition (Moore, 1997). It comprises of a range 

of molecules of varying size and complexity from simple amino acids and carbohydrates 

to complex humic substances (Robards et al., 1994). DOC accumulates in peat porewater 

and is flushed out by water movement to streams (Fraser et al., 2001; Billett et al., 2006). 

Additionally, DOC is released to surface runoff water as it interacts with vegetation and 

the surface peat (Proctor, 2006). There is also a very small input of DOC (e.g. 1-2 mg L-1) 

to the peatland through precipitation (Moore, 1997). Further to this, other components of 

aquatic carbon, are dissolved inorganic carbon (DIC), particulate organic carbon (POC) 

and dissolved CO2 and CH4, found in much smaller proportions (Dinsmore et al., 2010, 

2013; Chapter 5; Figure 5.1). Thus, aquatic carbon export from a peatland, depends 

primarily on the concentration of DOC in porewater, and on the rate at which water flows 

out of a given peatland.  

 

1.2 Peatland classification 

Northern peatlands are broadly classified as bogs or fens. Bogs are ombrotrophic, i.e. 

rain-fed peatlands (Aerts et al., 1999), receiving nutrients only from precipitation. Bogs 

tend to be more acidic than fens with pH typically less than 4.2 (Glaser, 1992). Fens are 

minerotrophic peatlands i.e. they receive nutrients from precipitation, surface water and 

groundwater (Aerts et al., 1999). Bogs and fens support different vegetation (Forrest and 

Smith, 1975; Chee and Vitt, 1989). This is reflected in the composition of the peat; bog 

peat mainly comprises remains of bryophytes, while both vascular plants and bryophytes 

are found in fen peat (Graf and Rochefort, 2009).   

In the British Isles, bogs are the dominant peatland, and are found either as raised bogs 

or blanket bogs (Lindsay et al., 1988). Raised bogs typically occur as isolated dome 

shaped units of ombrotrophic peat in a wider landscape not dominated by peat bogs 

(Lindsay, 1995). Blanket bogs are not confined to basins instead covering a landscape 

(except the steepest slopes) with waterlogged peat favouring Sphagnum growth (Moore, 

2002). Within the British Isles, blanket bogs are present mainly in the upland areas of 

western and northern Scotland and western Ireland (Lindsay, 1995; NPWS, 2015). 

However, there can be fen intrusions in blanket bog dominated landscapes, in nutrient 
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Figure 1.2: Map of (a) peat coverage in Scotland by depth and (b) peat carbon stocks in 

Scotland from Chapman et al. (2009). These maps show the importance of the Flow Country 

of Caithness and Sutherland (roughly delineated by the black rectangle) in terms of having 

some of the deepest peats and largest carbon stocks in Scotland.  

 

1.3 Blanket bog management and impacts 

The management and exploitation of peatlands has been carried out globally, where there 

are many unsustainable practices occurring, despite various degrees of protection by 

national and international conservation agreements (Joosten et al., 2012). It is estimated 

that 1.8 M ha out of a total of 2.3 M ha of UK peatlands have been damaged in some way 

(Bain et al., 2011). In Scotland alone, it was estimated that 1 M ha could benefit from 

some degree of restoration, out of which 350 000 ha are severely damaged (Artz et al., 

2012).  

In UK blanket bogs management ranges from drainage to improve grazing or agricultural 

use (Wilson et al., 2011c), managed burning (Clay et al., 2012; Ramchunder et al., 2013), 

peat extraction for fuel (Cooper et al., 2001) and drainage for planting with commercial 

a b
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forestry (Cannell et al., 1993, 1999; Hargreaves et al., 2003). Peatland drainage for 

commercial forestry has been a common practice across the globe, with plantations in 

North America, Finland, Germany, Ireland and the UK (Sjörs, 1980; Cannell et al., 1993; 

Landry and Rochefort, 2012; Hommeltenberg et al., 2014; Renou-Wilson and Byrne, 

2015). In the UK, these areas were drained by ploughing deep ditches, after which they 

were commonly planted with a mixture of non-native Sitka spruce (Picea sitchensis) and 

Lodgepole pine (Pinus contorta) species (Stroud et al., 1987; Forestry Commission 

Scotland, 2015; Anderson et al., 2016). As drainage and afforestation contribute to a 

lower water table and loss of peat forming vegetation on the surface (Holden et al., 2004), 

they impact on carbon sequestration (Hargreaves et al., 2003; Rowson et al., 2010) and 

peatland water quality (Lundin and Bergquist, 1990; Wilson et al., 2011a). 

 

1.3.1 Blanket bog restoration 

The recognition of the negative effects of management practices such as drainage and 

afforestation on blanket bog habitat and functions (Cannell et al., 1993; Holden et al., 

2004; Hancock et al., 2009; Forestry Commission Scotland, 2015) led to a shift in 

peatland management towards restoration of degraded or damaged blanket bog (Lunt et 

al., 2010; Bain et al., 2011; Parry et al., 2014). The key aim of blanket bog restoration is 

to restore the water table and hydrological regime to its natural state and promote re-

establishment of peat forming vegetation (Holden et al., 2007b; Lunt et al., 2010; Wilson 

et al., 2010; Bellamy et al., 2012; Parry et al., 2014). In achieving this, restoration of other 

peatland functions (carbon sequestration, nutrient cycling, flood regulation, nature 

conservation) may also follow (Lunt et al., 2010; Joosten et al., 2012; Bonn et al., 2016).  

Early blanket bog restoration was driven by conservation of the habitat to protect 

specialist vegetation, e.g. conserving areas with high Sphagnum cover (Lindsay et al., 

1988), or to protect internationally important populations of breeding waders (Stroud et 

al., 1987). For example, the numbers of greenshank, dunlin and golden plover on the 

Caithness and Sutherland Flow Country peatlands, declined significantly as they were 

displaced by afforestation, with additional impacts on bogs adjoining forestry (Hancock 

et al., 2009; Wilson et al., 2014). Their conservation remains a significant driver in current 

restoration of these afforested peatlands. More recently, the recognition of the importance 

of peatlands in the global carbon cycle has added considerable weight to the blanket bog 
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ha of shallow peat (<50 cm) are afforested (Morison et al., 2010) there is a large potential 

for significant forest-to-bog restoration, where second forestry rotations may not be 

economic or suitable (Morison, 2013). Documenting some of the impacts of this fast 

paced land-use change is the focus of the present research. 

  

1.4 Afforestation and restoration of blanket bogs: impacts on ecosystem functions 

and services in the UK context 

1.4.1 Peatlands and water regulation 

As areas with a positive water balance, the water table depth (WTD) in pristine blanket 

bog is near to the surface and the peat is saturated (Holden et al., 2011; Wallage and 

Holden, 2011). Therefore, blanket bogs store large quantities of water and comprise the 

headwaters of many major rivers in the UK, thus playing an important role in flood 

regulation (C. Evans et al., 1999; Bullock and Acreman, 2003; Holden and Burt, 2003b). 

Blanket bog drainage (to improve livestock grazing) has been found to both increase and 

decrease the sensitivity of catchments to storm runoff (Conway and Millar, 1960; Burke, 

1967) although this depended upon vegetation cover, peat decomposition, drain spacing 

and effect on water storage (McDonald, 1973; Robinson, 1985). In the longer-term 

drainage can cause decomposition and subsidence, which acts to increase the speed at 

which water can escape from the catchment, giving higher peak flows (Holden et al., 

2004). In more recent years, blanket bog restoration (by drain blocking) which aims to 

raise the water table may reverse these changes by reducing peak flow response (Wilson 

et al., 2011b). However, surface roughness may be a more important factor than drain 

blocks in determining peak flows and flashiness in streams (Ballard et al., 2012; Lane and 

Milledge, 2013). 

In some areas of the UK (e.g. Yorkshire) blanket bog catchments are an important supply 

of drinking water (Murray et al., 2007; Worrall et al., 2007). In order to comply with EU 

water directives, drinking water from peaty catchments has to be decoloured, and the 

dissolved organic carbon (DOC; Murray et al., 2007) has to be removed. Toxic bi-

products can form during the regular drinking water treatment (Bull et al., 1995; Hsu et 

al., 2001), which in turn are costly to remove. Therefore, management activities such as 

drainage which increase blanket bog DOC concentrations and therefore colour, are of 
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1.4.2 Peatlands and climate regulation 

One of the most widespread blanket bog management interventions, is restoration of 

drained open blanket bog sites by drain or ditch blocking (Holden and Armstrong, 2007; 

Armstrong et al., 2009). This acts to slow the flow of water leaving a catchment and to 

better retain that water, thus allowing the WTD to increase and the peat to re-wet (Holden 

et al., 2004). Artificial dams are constructed at intervals along existing drains (Armstrong 

et al., 2010) often using Perspex or peat (as in the Flow Country) or heather bails (Holden 

et al., 2004) or a variety of other materials, including wood (Parry et al., 2014). As a result 

of increased interest in peatland carbon dynamics there have now been numerous studies 

that have focussed on the effects of drain blocking on hydrology and aquatic carbon in 

open bog sites (Armstrong et al., 2010; Wilson et al., 2011a). These studies have generally 

found reduced aquatic carbon losses following restoration (Gibson et al., 2009; Parry et 

al., 2014). Restoration of open blanket bog has been found to benefit water quality, 

reducing colour and DOC concentrations in the short-medium term (1-3 years; Wilson et 

al., 2011a) as well as reductions in suspended sediment loads (Parry et al., 2014). It also 

promotes re-vegetation with Sphagnum, the main peat forming vegetation in bogs 

(Peacock et al., 2013) and recent work as shown benefits on reduced gaseous carbon 

emissions (Komulainen and Tuittila, 1999; Waddington et al., 2010). However, in the 

short term, restoration may be more of a disturbance, causing large increases in pore water 

concentrations of DOC and metals (Fenner et al., 2001, 2011), which may be may be 

closely related to the success of vegetation recovery (Bragazza et al., 2012b). 

One of the most pertinent issues surrounding the peatland carbon cycle, is that of the 

impact of drainage and afforestation of blanket bogs with conifers (Byrne and Farrell, 

2005; Renou-Wilson and Byrne, 2015). While naturally forested bogs are able to function 

as long term net carbon sinks from both trees and understory bog vegetation inputs 

(Hommeltenberg et al., 2014), the situation in drained and afforested blanket bogs of the 

UK and Ireland is quite different. Drainage first lowers the water table, leading to loss of 

wet vegetation and oxidation of the upper peat layers as it dries out (Holden et al., 2004). 

This can be followed by complete loss of understory bog vegetation as the forest canopy 

develops (Renou-Wilson and Byrne, 2015). The resulting situation is that trees continue 

to sequester carbon while the bog does not, although this is complicated slightly by the 

inputs from litterfall (Byrne and Farrell, 2005). The effect of plantation forestry on the 

net carbon balance has not been measured at the scale where it can be confidently 
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determined (Renou-Wilson and Byrne, 2015). However, smaller scale measurements and 

modelling suggest that in the short term afforested peatlands may be a sink of carbon but 

only while the trees are photosynthesising (Cannell et al., 1993; Hargreaves et al., 2003). 

In the longer term, losses of soil carbon may outweigh gains made by trees (Anderson et 

al., 2016). 

At the end of a rotation, harvesting can cause significant physical disturbance (Nugent et 

al., 2003) as well as disturbance to the biogeochemical cycling (Cummins and Farrell, 

2003a; Finnegan et al., 2014b), with direct impacts on gaseous and aquatic carbon cycling 

(Gordon et al., 1987; Huttunen et al., 2003; Nieminen, 2004). The scope for second 

forestry rotations on blanket bog is decreasing given that the trees often grow poorly, 

significant preparation may be required for the second rotation (fertilising, ploughing, 

planting) and the general policy direction in the UK that forestry on deep peat is not 

advised (Morison, 2013; Forestry Commission Scotland, 2015).  

Therefore, restoration of afforested blanket bogs (forest-to-bog restoration) is an obvious 

solution for afforested sites (Anderson et al., 2016), given the Scottish Government policy 

and investment in restoration (SNH, 2015). As restoration is in part driven by carbon 

savings, the effects of this management on the carbon cycle is a pressing research 

question. This knowledge could help drive further policy developments in the 

management of afforested deep peat, as there are also areas still currently intended for 

replanting. A recent study found that 15+ years after restoration, a previously afforested 

blanket site was functioning as a net carbon sink, but displayed higher rates of both net 

primary production and respiration when compared with an open near-natural blanket bog 

(Hambley, 2016). Further work is in progress to measure the short-term GHG changes 

associated with the initial disturbance (Hermans et al., 2014). However, any peatland 

carbon budget is incomplete without measuring aquatic carbon loss, especially given that 

aquatic carbon can be 25-50% of carbon loss from blanket bogs (Dinsmore et al., 2010, 

2013).  Moreover, tree felling and drain blocking (on open bog) have both separately 

shown to affect DOC concentrations and stream flows (Gibson et al., 2009; Wilson et al., 

2011a; Ryder et al., 2014). So far, no studies have looked at the initial impact of the 

combination of tree removal and drain blocking on DOC when evaluating forest-to-bog 

management. This is an important knowledge gap which this research aims to fill 

(Chapter 5). 
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1.4.3 Nutrient cycling 

In the short term, the disturbances associated with forest-to-bog restoration could also 

disrupt nutrient cycling within the ecosystem. This is firstly a physical disturbance as tree 

removal involves the use of large machinery driving on the peat surface. Secondly, the 

process either leaves trees on site or brash or mulch are left behind, which decompose 

over time and release nutrients (Palviainen et al., 2004a; Asam et al., 2014b). Thirdly, 

there is a cessation of nutrient uptake by trees, which contributes to the increasing nutrient 

levels (Rosén et al., 1996). Finally, the combination of reduced rainfall interception by 

trees (Nisbet, 2005) and drain blocking, raises the water table which in itself stimulates 

decomposition processes within the peat matrix (Fenner et al., 2011). Therefore, forest-

to-bog restoration has the potential to dramatically alter surface and pore water chemistry 

in situ. 

There are few studies on the short term response to felling on blanket bog in porewater; 

these have found increased nutrient concentrations (Asam et al., 2014b; Finnegan et al., 

2014a). As shown in the previous section, the effects of drain blocking on DOC in pore 

and surface water is well researched (Wallage et al., 2006; Gibson et al., 2009; Armstrong 

et al., 2010); however, there is a distinct lack of knowledge of its effects on other water 

quality variables. Although these significant effects on porewater (nutrients and DOC) 

from felling or drain blocking are known when practised separately, the combination of 

felling and drain blocking as seen in forest-to-bog restoration is novel with respect to 

effects on surface and pore water quality (Chapter 3).  

The time required for successful peatland restoration to occur is generally not well-

known, with various studies having found restoration sites approaching the functionality 

of natural reference sites but without complete recovery (Andersen et al., 2010, 2013b; 

Haapalehto et al., 2011). While there is a strong potential for short-term responses in 

surface and pore water, in the longer term as water table stabilises and vegetation starts 

to shift towards target communities (Hancock et al., in prep.; Bellamy et al., 2012) and 

natural-like nutrient cycling resumes (Nwaishi et al., 2016), it would be anticipated that 

water chemistry would also become similar to open bog (Haapalehto et al., 2014). Thus, 

water chemistry could potentially be used as a method to evaluate the effectiveness of 

restoration methods used as well as the recovery in forest-to-bog restoration sites over 

time. Part of this research explores this idea (Chapter 6).  
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Figure 1.3: Current knowledge on hydrology and hydrochemistry of drained, afforested blanket bogs and those undergoing forest-to-bog restoration 

Short term effects of 
restoration on surface and 

pore water chemistry 
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Figure 2.3: Seven restoration sites in Dyke Forest, chosen for forest-to-bog restoration by 

RSPB, beginning October 2014. Each block is named DK with a number and then split into 

four contiguous monitoring plots.  Note that a matched forest control (to remain as forest) 

and a bog control (neither are shown on the map), are associated with each block. 

Restoration sites DK2, DK4, DK5 and DK6 were each sampled for this study; with DK 2, 
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DK4 and DK6 instrumented with piezometers for porewater sampling (Chapter 3). Black 

circles show stream and river sampling sites (Chapter 4), yellow squares show location of 

sites where aquatic carbon export was measured (Chapter 5), using automatic water 

samplers and flow gauging. 

 

Therefore, not all the areas monitored in this study underwent restoration at the same 

time. For standard felling, the main stems were removed and the brash was laid in mats 

across the peat surface for the harvesting machinery to drive on. For enhanced felling, a 

similar approach was used but the brash mats were removed post-harvesting. 

Furthermore, standard and enhanced felling were carried out by different contractors 

using different machinery. Standard felling produced logs and brash mats using one 

machine which was a slower process overall but may have resulted in less disturbance to 

the peat surface. The stems were removed by a forwarder. Enhanced felling consisted of 

a felling-bunching machine (Figure 2.4a), brash stripper and sorting machine (Figure 

2.4b) and a forwarder to remove the stems and brash. Stems were left on site for varying 

amounts of time depending on availability of machinery but on average for a period of 

three months, while brash was left on site for five months on some sites. As a final stage 

on enhanced plots, the removed brash was chipped at the roadside into HGVs and 

removed. 

Where trees were too small to harvest economically, they were mulched to waste, without 

further treatment or removal of mulch material. There were fewer mulched sites 

(~10-15 % total restoration area), than felled sites. Collector drain blocking was carried 

out by installing plastic pilling dams on the main collector drains in each plot (in both 

felling treatments), before the drain entered a watercourse (Figure 2.4 e-h). These were 

designed to prevent washing out of sediment to watercourses and help raise the water 

table. Dams were installed in triplicate within a section of collector drain between 

November 2013 and January 2014. Additionally, silt traps were added to collector drains 

at the time of felling. These were Hytex Terrastop® geotextiles installed across the drain 

upstream of plastic piling dams as an additional measure to reduce sediment transport to 

watercourses. 
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Figure 2.4: Restoration treatments in the Dyke Forest. (a) Feller-buncher machine used in 

the enhanced fell treatment (first stage) to fell trees and place into rows (panel d), (b) 

enhanced fell stage two - stripping brash from the stems, both of which are harvested in 
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2.5.2 Dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) 

analysis  

DOC was determined using the high temperature catalytic combustion method (Sugimura 

and Suzuki, 1988) and a Shimadzu TOC-L instrument. The principle of analysis was to 

measure total carbon (TC) and then inorganic carbon (IC) which was then subtracted to 

calculate total organic carbon (TOC), termed DOC here as the samples were filtered. 

Internal standards of 20 mg L-1 TC and 10 mg L-1 IC were also prepared from refrigerated 

stock solutions (TC from potassium hydrogen phthalate, IC from sodium hydrogen 

carbonate and sodium carbonate; Nacalai Tesque Inc., Kyoto) and used as quality control 

standards which were tested before/after every 10 unknown samples. A lake water CRM 

(BIGMOOSE-02, Lot# 0412 Environment Canada) was also analysed periodically. The 

Shimadzu TOC-L generated a linear calibration for both TC and IC. Calibration curves 

(0-100 mg L-1 for TC and IC) were created periodically, on average, every 2-3 months as 

the instrument stability is very high. Re-calibration occurred when the carrier gas was 

changed or new standard stock solutions were made (1000 mg L-1 TC and IC). The most 

recent calibration curve in the system was used to determine DOC concentrations in the 

samples. Samples >100 mg L-1, were automatically diluted by the instrument, using an 

appropriate dilution factor. The instrument was programmed to measure all samples twice 

and perform a third measurement if the coefficient of variation of the first two peak areas 

was >2 % and then calculate a mean of all readings.  

 

Table 2.1: Recoveries of certified reference material BIGMOOSE-02 (Lot# 0412, 

Environment Canada) for DOC and DIC analyses, using the Shimadzu TOC-L. 

*Percentage recovery calculated also includes results of analysis of MAURI-09 (Lot# 913 

and Lot# 815, Environment Canada) CRMs. 

 Certified values mg L-1 Measured average ± SD mg L-1 % Recovery* 

DOC 3.89 ± 0.37 3.98 ± 0.07  103.5%  (n=6) 

DIC 0.49 ± 0.27 0.49 ± 0.03  100.6%  (n=6) 
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where [average blank reading] is the average concentration in the Milli-Q water blanks 

in a run. The LOD was calculated individually for each instrument run and then an 

average LOD was calculated for all data (Table 2.4). Samples <LOD were then replaced 

with a value equal to 0.5*LOD as is common practice in analytical chemistry (Gotway et 

al., 1994; Clarke, 1998; Croghan and Egeghy, 2003). 

 

Table 2.2: Recoveries of certified reference materials, limits of detection for nutrient 

analyses and mean procedural blank concentrations using SEAL AQ2, discrete analyser. 

CRMs Certified values 

mg L-1 

Diluted to: 

µg L-1 

Measured average  

± SD       µg L-1 

Instrument 

LOD µg L-1 

Mean 

procedural 

blank µg L-1 

NH4+ Fluka  1000 ± 4 100 100.2 ± 18.3 (n = 89) 12 8 

phosphate Fluka 1000 ± 4 100 93.2 ± 11.8 (n = 82) 8 6 

TON Merck 198 ± 5 100 92.8 ± 12.9 (n = 85) 4 1 

 

 

2.5.4 Analysis of macro and trace elements 

Macro and trace element concentrations were determined by Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES) using a Varian 720 ES instrument (Clesceri 

et al., 1998). This instrument uses high temperature argon plasma to excite element atoms 

and measure concentration due to the intensity of a characteristic wavelength of light 

emitted as atoms fall from excited back to ground states. It also facilitates the 

simultaneous measurement of many elements (up to 78 at one time). Samples were 

analysed for concentrations of (i) base cations (Ca, Mg, Na, K), (ii) redox sensitive 

elements (Fe, Mn, Al, S) which in some cases are toxic to salmon and aquatic life (i.e., 

Al), and (iii) Cu, Zn and Ni, which are potentially toxic elements (PTE) above specific 

concentrations. Samples were diluted by a factor of two with Milli-Q water to reduce 

concentrations to within the linear range of the instrument. Standards were made using a 

mixture of single element ICP standards (Fluka), made into a multi-element intermediate 

standard which was then diluted further into five working calibration standards. Samples 
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with concentrations >110% of the top standard were re-run with a higher dilution factor 

(x6) until they fell within the calibration range. A river water CRM (MAURI-09 

Lot# 913, Environment Canada) was also analysed during every instrument run for 

quality control purposes. The instrument was programmed to take five readings from each 

sample over 15 seconds whilst the sample was aspirated into the system - an average light 

emission intensity was thus generated and used to back-calculate to concentration in the 

sample. Concentration data and LODs were calculated as with nutrient analysis (Chapter 

2.5.3). 

 

Table 2.3: Recoveries of MAURI-09 (Lot #913, Environment Canada) certified reference 

material (analysed 106 times), instrument limits of detection (LOD) and mean procedural 

blank concentrations for macro and trace element analyses; the CRM only has certified 

values for selected elements, but measured values are presented for all elements. Next to the 

name of each element is the emission line wavelength used for measurement on the ICP-

OES (Varian 720 ES). 

Element and 

emission 

wavelength 

Certified 

values 

µg L-1 

Measured CRM 

values (average ± SD) 

µg L-1 

Mean % 

recovery 

Instrument 

LOD 

µg L-1 

Mean procedural 

blank 

concentrations µg L-1 

Aluminium 

396.152 

76.6 ± 11.2 74.9 ± 12.0 98.2 1.5 6.3 

Calcium 422.673 2950.0 ± 291.0 2846.9 ± 281.6 95.5 1.9 83.2 

Magnesium 

279.553 

750.0 ± 61.6 780.9 ± 18.3 104.2 1.5 7.4 

Potassium 766.491 406.0 ± 34.3 334.2 ± 28.9 81.4 2.8 46.3 

Sodium 589.592 2190.0 ± 153.0 1889.5 ± 149.4 85.4 5.1 224.6 

Sulphur 181.972 3780.0 ± 226.0 3849.2 ± 187.1 102.3 68.6 14.2 

Copper  327.395 N/A 1.1 ± 1.8 N/A 0.5 0.6 

Iron 238.204 N/A 103.2 ± 8.3 N/A 1.5 0.8 

Manganese 

257.610 

N/A 0.5 ± 0.3 N/A 0.2 0.0 

Nickel 231.604 N/A 0.7 ± 4.6 N/A 4.4 2.5 

Zinc 213.857 N/A 32.9 ± 72.7 N/A 1.2 11.1 
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2.5.5 Absorbance to measure organic matter quality 

Absorbance of light by all samples was measured at 254 nm, 400 nm, 465 nm and 665 nm 

using a Camspec M350 UV/Visible spectrophotometer on 0.7 µm filtered samples (i.e., 

matched with the DOC analysis). Absorbance at 254 nm and 400 nm was used in 

conjunction with DOC concentration to give specific UV absorbance (SUVA), a useful 

indication of the proportion of coloured humic high molecular weight (HMW) substances 

in the DOC pool, commonly referred to as the colour to carbon ratio (Wallage et al., 2006; 

Wilson et al., 2011a). Absorbance at 465nm and 665nm (Abs465 nm/Abs665 nm) were also 

used as an approximation of the E4:E6 ratio (Chen et al., 1977), which is the ratio of humic 

to fulvic acids in the sample. Measurements were made in a quartz cuvette (transparent 

to UV light at 254nm (as opposed to glass or plastic)) with a path length of 1cm, and 

converted to the standard units of absorbance units per meter (Wallage et al., 2006; 

Wallage and Holden, 2010). The spectrophotometer was set to read zero at all 

wavelengths with Milli-Q water.  

 

2.6 Statistical analyses 

All the statistical analyses were performed using RStudio (Version 0.98.501, R Core 

Team 2016). The main methods used were Principal Response Curves (PRC; package 

vegan, Oksanen et al. 2016) and generalised linear mixed models (GLMMs; package 

lme4, Bates et al., 2015; package nlme, Pinheiro et al., 2016; package glmmPQL, 

Venebles and Ripley 2002) for water chemistry concentration data. The detailed 

procedures for each dataset are given in the appropriate chapters; here only a brief 

description of the methods is given. PRC is a multivariate method which compares the 

overall change in a dataset, over time to a chosen reference (van den Brink and Ter Braak, 

1998, 1999). We used this to determine (statistically) how water chemistry from 

restoration sites differed relative to that of open bog and standing forest controls. The 

method produces a graphical output enabling visualisation of water changes chemistry 

following forest-to-bog restoration. PRC showed the strongest trends in water chemistry 

between treatments and controls but did not allow testing of the effect of restoration using 

on individual water chemistry variables. To do this GLMMs were used to test the effect 

of restoration relative to controls, accounting for both temporal and spatial autocorrelation 

(Crawley, 2007; Zuur et al., 2011).  
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3. Pore- and surface- water quality in the first year following 

forest-to-bog restoration 

3.1 Introduction 

In blanket bogs, hydrology and water chemistry interact together and with above and 

below-ground organisms and biogeochemical processes (Vitt and Chee, 1990; Belyea, 

1996; Malmer, 2014). Water table depth (WTD) is a major control on peat formation, as 

when it is near the surface, saturated conditions slow down the decomposition of plant 

litter, allowing peat to form (Clymo, 1984; Chapter 1.1). Pore water (i.e. water within the 

peat matrix) chemistry influences decomposition by controlling availability of essential 

cations to micro-organisms (Thomas and Pearce, 2004; Gogo et al., 2010) and by 

influencing microbial community structure (Updegraff et al., 1995; Bridgham et al., 1996; 

Andersen et al., 2013a). Pore water chemistry is closely coupled with the chemistry of 

the peat matrix, through soluble decomposition products and cation exchange between 

the peat matrix and pore water (Wieder et al., 1985; Soudzilovskaia et al., 2010). 

Furthermore, peat, pore- and surface- water chemistry are tightly coupled with blanket 

bog vegetation; gradients in chemical species influence both vascular plant and bryophyte 

distribution in bog and fen systems (Wieder et al., 1985; Chee and Vitt, 1989; Vitt and 

Chee, 1990). In blanket bogs, pore water is acidic and low in nutrients and metals (Glaser 

et al., 1981). This is associated with a unique vegetation mix of Sphagnum mosses, cotton 

grass (Eriophorum spp.), shrubs (Myrica gale) and carnivorous plants (Drosera spp.; 

Forrest and Smith, 1975), which are adapted to the low nutrient conditions and have 

developed different ways to obtain nutrients (Malmer et al., 2003). In turn, Sphagnum 

contributes to acidify its own environment further (Bell, 1959; Verhoeven and Liefveld, 

1997; Rydin et al., 2006).  

Pore and surface water chemistry are also influenced by environmental factors. For 

instance, increased evaporation during warmer weather can also lead to higher 

concentrations of solutes (Proctor, 2006; Andersen et al., 2010). Elevated temperatures 

are also associated with increasing decomposition rates within a soil and the associated 

production of soluble compounds (Updegraff et al., 1995). Prolonged oxidative 

conditions associated with drought can also increase pore water DOC production (Grand-

Clement et al., 2014). However, during short-term droughts, significant reductions in pore 
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water DOC have been measured (Clark et al., 2012), along with increased acidity and 

sulphate concentrations, thus showing a complex temperature-moisture influence over 

pore water chemistry (Clark et al., 2009).  

Land management can also have major influences on pore and surface water quality 

especially when vegetation, hydrology and/or nutrient cycles are modified. For example, 

peatland drainage can alter pore water chemistry by increasing the depth of the 

oxygenated layers (Holden et al., 2004) and the re-wetting of (formerly drained) open bog 

can result in very dynamic changes in pore water DOC (Fenner et al., 2011). Re-wetting 

of oxidised peat soils alters biogeochemical processes and can lead to significant 

increases in DOC in drainage waters within months (Chow et al., 2006), along with metals 

associated with DOC (Fenner et al., 2001). This is thought to be related to stimulated 

enzyme activity (Fenner et al., 2011). 

In the context of forest-to-bog restoration, where the ultimate aim is restoration to an open 

bog habitat, the focus is on rewetting the peat, through drain blocking combined with tree 

removal (Hancock et al., 2014). So far, tree felling has also been found to increase nitrate, 

ammonium and phosphate concentrations in pore water under areas where brash has been 

left (Finnegan et al., 2012; Asam et al., 2014b). Excess nutrients are thought to result 

from both the cessation of uptake by trees and from brash and needle decomposition by 

microbes (Rosén et al., 1996; Hyvonen et al., 2000). These conditions feedback on 

microbial and vegetation communities (Bragazza et al., 2012b; Larmola et al., 2013) and 

will likely impact on the recovery process in forest-to-bog restoration sites. Although 

given sufficient time, belowground microbial and chemical functioning may return to 

conditions similar to open bog (Andersen et al., 2013b).  

There is evidence of significant short-term changes from both drain blocking and felling 

when practised separately (Fenner et al., 2011; Asam et al., 2014b). However, the 

combined effect of drain blocking and conifer felling on pore and surface water is largely 

unknown. With 150 000 ha of deep peat (>50cm) afforested in Scotland and more in the 

rest of the UK (Morison, 2013; Forestry Commission Scotland, 2015), there is the 

potential for significant restoration in coming decades. Thus there is an important gap in 

knowledge. Significant changes in pore water chemistry may translate into deleterious 

impact in streams, lochs and rivers (Drinan et al., 2013). Successful establishment of 

target vegetation will also be closely linked to the below-ground chemical functioning 



58 

  

(Nwaishi et al., 2016). Therefore, it is important to understand the short-term effects of 

this land-use change on pore and surface water both from a water quality and a below-

ground biogeochemistry perspective.  

 

3.1.1 Chapter aims 

This chapter addresses this gap, through three specific objectives: 1) To determine the 

short-term effects (up to 1 year) of forest-to-bog restoration on pore and surface water 

chemistry; 2) to evaluate how seasonality and management interact with pore water 

chemistry and hydrology; 3) to measure the contributions of peat, needles and brash to 

pore water chemistry in a controlled laboratory leaching experiment. It was hypothesised 

that: 1) in the short term, forest-to-bog restoration would increase pore and surface water 

concentrations of DOC, nutrients and metals; 2) restoration management would enhance 

the natural seasonal fluctuations observed in water chemistry relative to open bog and 

afforested controls; 3) the addition of brash and needles would significantly increase 

DOC, nutrients and metal concentrations in pore water. 

 

3.2 Methods 

3.2.1 Site description 

Forest-to-bog restoration in the Dyke Forest, RSPB Forsinard Flows National Nature 

Reserve commenced in October 2014 over seven replicated restoration blocks (Chapter 

2.2; Figure 2.3). Three of these were selected for monitoring of pore and surface water; 

DK2, DK4, DK6 (Figure 3.1). These blocks, were spread across the Dyke Forest on either 

side of the River Dyke and represented a range of physical conditions across the forest 

(Table 3.1). These blocks were also used in stream water monitoring (Chapter 4) thus 

allowing the water quality effects of forest-to-bog to be considered at multiple scales 

(Chapter 7). 

At the beginning of this study (May 2013), each of these blocks were still under standing 

forestry with a mixture of non-native Sitka spruce (Picea sitchensis) and Lodgepole pine 

(Pinus contorta), planted between 1982 and 1989. Restoration in DK2 and DK4 began 

with tree felling in October 2014, while in DK6 felling commenced in March 2015. All 
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felling and harvesting work on these blocks was complete by August 2015. Each block 

contained two plots restored by standard felling (stem harvest, brash left on site) and two 

restored by enhanced felling (stem plus brash harvest: Chapter 2.2). In DK2 and DK4, 

small areas (18% and 38%, respectively) were also mulched in standard fell plots, where 

trees were uneconomical to harvest. The main forestry drains in each plot were blocked 

(plastic piling dams in triplicate) prior to the drain entering a water course. Additionally, 

Hytex® geotextile silt traps were installed upstream of drain blocks. The sampling design 

also included three standing forest control plots and three open bog control plots, which 

were instrumented identically to restoration plots. Sphagnum spp. only dominated in open 

bog control plots, while other mosses and vascular plants were the dominant groups in 

afforested and restoration plots (Table 3.1) 

 

3.2.2 Pore water sampling 

Pore water sampling was carried out using piezometers which were inserted into the peat 

for depth specific sampling. Piezometers were constructed from 32 mm (internal 

diameter) polypropylene piping (Toolstation, Waste Piping) soaked overnight in 2% 

decon90® for cleaning to laboratory standards before installation. A 10 cm screen of 

holes was drilled in each piezometer consisting of lines of 3 mm holes spaced 1 cm apart 

in alternately matched lines (Figure 3.2). Polypropylene milk bottle tops were used as lids 

and attached to the base of piezometers (cleaned in 2% decon90® and held in place with 

Gaffatape®). A layer of Apollo frost fleece® was wrapped around the screen to prevent 

peat clogging the piezometer holes. As a material not normally used Apollo frost fleece® 

was also tested for its ability to leach DOC into water samples in a series of experiments 

(Appendix 3.1). These experiments confirmed its suitability for use. 
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collected per plot, allowing a comparison of surface water across all treatments. Where 

piezometer transects passed through more than one collector drain, additional drains were 

sampled but samples analysed individually. In open bog and afforested control plots, 

surface runoff was also collected using crest tubes (small piezometers which only collect 

surface runoff water).  

 

Figure 3.2: Schematic of pore and surface water sampling protocols. (a) piezometer design 

(a 10 cm screen of holes was drilled in each piezometer consisting of lines of 3 mm holes 

spaced 1 cm apart in alternately matched lines), with milk tops at the base and top, (b) 

piezometer nest (one deep, one shallow) in an afforested control plot, (c) pore water 

sampling from piezometers in an open bog control plot and (d) piezometer transect (in an 

afforested plot). One transect was installed in each monitoring plot, which comprised of four 

nests of piezometers. Transects included a dipwell next to one of the piezometer nests in a 

random position.  The lines on each tube indicate the region drilled with holes. Each transect 

contained at least one collector drain, where surface water was collected. In each piezometer 

nest, the deep piezometer was installed in the permanently waterlogged zone and one 

shallow piezometer in the zone around which the water table fluctuates. In panel (d), the 
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water table is lower than shallow piezometers but moves periodically depending on 

hydrological conditions. In this sampling design in restoration plots, it was anticipated that 

following the start of restoration the water table would rise; therefore, shallow piezometers 

would collect samples from the newly re-wetted zone, where the most dynamic changes in 

pore water chemistry may be occurring. 

There were two crest tubes per plot, at opposite ends of the piezometer transect. In open 

bog plots crest tubes, were installed next to piezometers, while in afforested control plots 

crest tubes were installed in plough furrows to capture surface runoff.  Surface water was 

sampled from October 2013 to December 2015. pH, conductivity and temperature were 

also measured in the field. 

 

3.2.4 Precipitation sampling 

In 2015 precipitation samples were also collected from two locations for chemical 

analysis (Figure 3.1) which were approximately 7km apart and at either side of the study 

area. Precipitation collectors were constructed from 500 mL HDPE bottles with funnels 

attached to the mouths. Precipitation was sub-sampled with a syringe connected to 

flexible PVC tubing into a 125 mL HDPE bottle, with pH, conductivity and temperature 

measures made in the field. 

 

3.2.5 Preparation and analysis of samples 

Samples were refrigerated at 4°C on return to the laboratory and filtered normally within 

24 hours of collection (always within 36 hours) as described in Chapter 2.5. They were 

then analysed for concentrations of DOC, NH4
+, NO3

-, soluble reactive phosphate (SRP) 

and a suite of macro (Ca, K, Mg, Na, S) and trace elements (Al, Cu, Fe, Mn, Ni, Zn) 

following the protocols described in Chapter 2.5. DOC quality was also measured by 

absorbance (Chapter 2.5). 

 

3.2.6 Experiments of DOC, nutrient and metal leaching from peat, needles and brash 

Laboratory experiments were performed to test the effect of peat, needles and brash on 

water chemistry in a controlled environment. Peat cores were collected from afforested 
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sites, along with fresh brash taken from Sitka spruce and Lodgepole Pine trees. These 

were placed into plastic columns (n=5) either as peat only (P), peat + needles (P+N), peat 

+ needles + brash (P+N+B). Precipitation (200-400 mL) was added and percolated 

through the column and was left for 24 hours or nine days, as a maximum period between 

bailing and emptying piezometers. Water samples were collected from the peat, needle 

and brash layers respectively. Further methods are described in Appendix 3.2. 

 

3.2.7 Statistical analyses 

All the statistical analyses were performed using RStudio (Version 0.98.501, R Core 

Team, 2016). All plots in restoration blocks (DK2, DK4, DK6) were compared with 

afforested and open bog controls, in a before-after-control-impact (BACI) design 

(Stewart-oaten et al., 1986). Each plot was assigned to a class of open bog (BOG), 

afforested (FOR), restoration standard felling (STD) or restoration enhanced felling 

(ENH). As there were two restoration treatments (standard and enhanced felling) in each 

block (of four plots), this gave two replicates of each treatment per block and six 

replicates overall. There were three replicates of afforested and open bog control plots. 

Each plot contained four piezometer pairs, which were considered repeated measures 

within the plot, therefore replication was at the plot level. For surface water samples, 

results from drain and crest tube samples were combined.  

To look at the overall changes in water chemistry of the plot classes over time, we used 

principal response curves (PRC; package vegan, Oksanen et al., 2016), which allowed all 

classes to be compared to a chosen reference, which was the BOG control plots (van den 

Brink and Ter Braak, 1998, 1999). This multivariate method specifically tested the time 

by treatment interaction for a response matrix (log10(x+1) transformed water chemistry 

variables), enabling the visualisation and testing of temporal trends in a given class in 

relation to the reference set a priori (Andersen et al., 2010). Temporal trends were 

visualised as deviations from the reference rather than absolute values, with each class 

represented by a response curve. In addition, as this method was based on a redundancy 

analysis (RDA), it displayed the strength of the different water chemistry variables with 

these temporal trends (van den Brink and Ter Braak, 1999). The significance of the 

principal response curves was tested using Monte Carlo permutations (n=999). 
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3.3 Results 

3.3.1 Overall patterns of spatio-temporal change in water chemistry 

The temporal patterns in water chemistry differed significantly between the reference 

sites (bog control; BOG) and the afforested controls (FOR), enhanced felling sites (ENH) 

and standard felling sites (STD) for surface water (F=141.2, p=0.001; Figure 3.3a), 

shallow pore water (F=74.0, p=0.001; Figure 3.3b) and deep pore water (F=45.7, 

p=0.001; Figure 3.3c). For surface water, in the pre-restoration period, the ENH and STD 

plots were similar to FOR plots but different from the bog reference (Figure 3.3a). 

Following restoration from June 2015, there was a decoupling of the ENH and STD and 

FOR, as the former moved further away from the BOG reference. The concentrations of 

DOC, K and phosphate and the conductivity, which were lower in the bog reference than 

in all other classes, increased even further following restoration management in STD and 

ENH surface water samples. Towards the end of the monitoring period, these parameters 

were decreasing again in ENH but still appeared to be rising in STD plots.  

In shallow pore water, the FOR and restoration plots consistently showed higher DOC, 

conductivity, Ca and Na than the BOG reference (Figure 3.3b). However post-restoration 

there appeared an increase in these parameters in ENH and STD plots from June 2015. 

By December 2015, the trend began to decrease back towards the BOG reference. In deep 

pore water, water chemistry changes were less pronounced. The greatest difference 

between the BOG reference sites and the ENH and STD classes was in June 2015 (post-

restoration period), where DIC decreased in the latter, but DOC, S, conductivity and Mg 

increased (Figure 3.3c). The FOR plots exhibited a similar pattern but with a slight time 

lag. The deep pore water chemistry of ENH and STD plots was most similar to each other 

in the post-restoration period. 
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Table 3.3: Summary of significant changes in pore and surface water chemistry and WTD following forest-to-bog restoration using linear mixed 

models (function lme), generalised linear mixed models (function glmer), and generalised least squares (function gls). Wald chi-square tests of 

the model fixed effects were carried out to determine if the interaction term was significant. Thus we used primarily the treatment*period 

interaction to test for a difference in treatments, relative to that of FOR and BOG controls (i.e. an effect of restoration). If significant (marked 

in bold), these were followed by Tukey pairwise comparisons (function ls means), where letters (CLDs) were derived. Treatments with the same 

letters were not significantly different. Concentrations are means ± SE for each class in pre- and post-restoration periods respectively (n = no. 

samples). Phosphate has been abbreviated to Phos, conductivity to Cond, temperature to Temp. 

 

X p
WTD (cm) 13.64 0.0034  -11.31 ± 1.52 (n=33) abcd  -6.31 ± 1.07 (n=30) abcdefgh  -40.49 ± 2.41 (n=36) efgh  -39.87 ± 2.46 (n=28) efgh  -34.39 ± 2.26 (n=67) cdgh  -24.54 ± 1.44 (n=63) abef  -39.30 ± 2.75 (n=60) bdfh  -29.11 ± 2.36 (n=52) aceg

DOC (mg L-1) 99.76 <0.0001 46.64 ± 7.85 (n=28) b 20.36 ± 1.57 (n=38) a 57.31 ± 6.06 (n=16) b 44.57 ± 3.13 (n=23) b 57.42 ± 4.64 (n=24) b 109.01 ± 7.38 (n=31) c 46.71 ± 4.75 (n=27) b 132.17 ± 9.66 (n=37) c

NH4
+ (mg N L-1) 32.33 <0.0001 0.130 ± 0.092 (n=23) a 0.034 ± 0.007 (n=35) a 0.041 ± 0.018 (n=15) a 0.037 ± 0.014 (n=18) a 0.048 ± 0.034 (n=24) a 0.061 ± 0.028 (n=28) a 0.029 ± 0.014 (n=27) a 0.223 ± 0.070 (n=36) b

Phos  (mg P L-1) 137.86 <0.0001 0.008 ± 0.002 (n=23) a 0.008 ± 0.001 (n=35) a 0.071 ± 0.032 (n=15) c 0.066 ± 0.017 (n=18) a 0.081 ± 0.015 (n=24) b 1.987 ± 0.394 (n=28) d 0.027 ± 0.004 (n=27) abc 2.673 ± 0.460 (n=36) d
K (mg L-1) 35.68 <0.0001 0.341 ± 0.046 (n=23) a 0.347 ± 0.039 (n=35) a 0.384 ± 0.187 (n=14) a 0.468 ± 0.165 (n=17) a 0.478 ± 0.096 (n=24) a 3.750 ± 0.369 (n=31) b 0.522 ± 0.133 (n=26) a 5.781 ± 0.788 (n=36) b

Na (mg L-1) 7.50 0.0574 7.609 ± 0.475 (n=23) 7.556 ± 0.261 (n=35) 17.824 ± 1.702 (n=14) 19.641 ± 1.336 (n=17) 20.205 ± 1.094 (n=24) 18.610 ± 0.819 (n=31) 15.742 ± 1.043  (n=26) 17.737 ± 0.739 (n=36)

Mg (mg L-1) 4.65 0.1996 0.729 ± 0.094 (n=23) 0.895 ± 0.036 (n=35) 2.759 ± 0.508 (n=14) 2.756 ± 0.311 (n=17) 2.744 ± 0.212 (n=24) 2.746 ± 0.115 (n=31) 2.205 ± 0.240  (n=26) 2.914 ± 0.200 (n=36)

pH 24.90 <0.0001 4.15 ± 0.07 (n=23) b 4.48 ± 0.03 (n=35) a 3.77 ± 0.19 (n=15) bc 3.82 ± 0.03 (n=25) b 3.49 ± 0.06 (n=20) d 3.95 ± 0.02 (n=30) b 3.56 ± 0.07 (n=22) cd 4.06 ± 0.05 (n=37) b
Cond  (µS cm-1) 5.66 0.1293 78 ± 7 (n=23) 80 ± 3 (n=35) 208 ± 23 (n=15) 227 ± 14 (n=25) 216 ± 17 (n=20) 200 ± 7 (n=30) 171 ± 16 (n=22) 186 ± 8 (n=37)

DOC (mg L-1) 32.03 <0.0001 42.45 ± 4.15 (n=48) cd 32.25 ± 2.76 (n=33) d 61.21 ± 6.02 (n=22) cd 60.61 ± 9.50 (n=16) cd 68.96 ± 4.88 (n=45) c 136.99 ± 7.54 (n=52) ab 81.02 ± 8.69 (n=27) bc 143.48 ± 11.20 (n=43) a

NH4
+ (mg N L-1) 59.90 <0.0001 0.055 ± 0.017 (n=32) a 0.048 ± 0.019 (n=24) ab 0.179 ± 0.041 (n=10) bc 0.215 ± 0.061 (n=15) abc 0.049 ± 0.014 (n=21) ab 0.762 ± 0.217 (n=34) c 0.145 ± 0.069 (n=20) ab 0.556 ± 0.096 (n=31) d

Phos  (mg P L-1) 53.68 <0.0001 0.014 ± 0.003 (n=32) a 0.009 ± 0.001 (n=24) ab 0.046 ± 0.013 (n=10) b 0.046 ± 0.025 (n=15) ab 0.064 ± 0.021 (n=21) ab 2.138 ± 0.455 (n=34) c 0.194 ± 0.172 (n=20) ab 1.187 ± 0.326 (n=31) c
K (mg L-1) 21.21 <0.0001 0.423 ± 0.038 (n=37) bc 0.271 ± 0.023 (n=24) cd 0.249 ± 0.044 (n=13) cd 0.190 ± 0.028 (n=14) d 0.490 ± 0.076 (n=26) bc 1.448 ± 0.251 (n=36) a 0.350 ± 0.054 (n=19) cd 1.068 ± 0.225 (n=31) ab
Ca (mg L-1) 10.30 0.0162 0.779 ± 0.149 (n=37) ab 0.553 ± 0.035 (n=24) a 1.544 ± 0.212 (n=13) ab 1.272 ± 0.147  (n=14) ab 1.648 ± 0.178 (n=26) ab 2.046 ± 0.160 (n=36) b 1.769 ± 0.211  (n=19) b 1.897 ± 0.206 (n=31) b
Na (mg L-1) 9.02 0.0291 9.636 ± 0.253 (n=37) a 8.981 ± 0.265 (n=24) a 15.600 ± 2.224 (n=13) a 19.814 ± 2.846  (n=14) a 16.698 ± 1.221 (n=26) a 19.440 ± 1.090 (n=36) a 14.437 ± 1.252 (n=19) a 16.428 ± 1.062 (n=31) a
pH 3.04 0.3858 4.12 ± 0.05 (n=63) 4.37 ± 0.03 (n=31) 3.82 ± 0.11 (n=17) 3.88 ± 0.05 (n=19) 3.82 ± 0.04 (n=47) 3.95 ± 0.02 (n=50) 3.81 ± 0.05 (n=28) 3.96 ± 0.04 (n=37)

Cond  (µS cm-1) 3.63 0.3044 96 ± 3 (n=63) 102 ± 3 (n=31) 194 ± 22 (n=17) 246 ± 21 (n=19) 165 ± 9 (n=47) 196 ± 9 (n=50) 165.27 ± 16 (n=28) 193.27 ± 11 (n=37)

DOC (mg L-1) 42.26 <0.0001 42.95 ± 4.33 (n=56) de 30.64 ± 2.23 (n=35) e 55.59 ± 6.18 (n=45) abcde 42.83 ± 3.16 (n=38) cde 46.09 ± 1.39 (n=111) bd 65.90 ± 4.41 (n=70) ac 55.30 ± 2.32 (n=76) cd 75.04 ± 5.36 (n=68) ab
DIC (mg L-1) 2.88 0.4098 4.48 ± 0.43 (n=56) 3.28 ± 0.49 (n=35) 1.62 ± 0.14 (n=45) 2.06 ± 0.48 (n=38) 4.49 ± 0.37 (n=111) 4.46 ± 0.47 (n=70) 4.48 ± 0.53 (n=76) 3.56 ± 0.50 (n=68)

NH4
+ (mg N L-1) 3.70 0.2953 0.477 ± 0.102 (n=37) 0.401 ± 0.061 (n=29) 1.845 ± 0.327 (n=22) 2.479 ± 0.408 (n=27) 1.140 ± 0.089 (n=65) 1.449 ± 0.203 (n=65) 0.940 ± 0.131 (n=43) 1.035 ± 0.087 (n=61)

Ca (mg L-1) 8.24 0.0412 0.988 ± 0.123 (n=40) abcd 0.762 ± 0.031 (n=29) ab 1.765 ± 0.226 (n=22) abcd 1.903 ± 0.166 (n=28) abcd 1.460 ± 0.108 (n=73) ac 1.985 ± 0.171 (n=66) bd 1.979 ± 0.191 (n=49) cd 2.096 ± 0.166 (n=61) cd
Mg (mg L-1) 8.37 0.0389 1.620 ± 0.066 (n=40) c 1.763 ± 0.066 (n=29) cd 3.552 ± 0.536 (n=22) abc 3.705 ± 0.402 (n=28) abc 3.007 ± 0.119 (n=73) bc 3.870 ± 0.246 (n=66) a 4.210 ± 0.328 (n=49) ab 4.359 ± 0.309 (n=61) ab
Na (mg L-1) 9.16 0.0273 11.833 ± 0.199 (n=40) ab 11.351 ± 0.227 (n=29) a 16.518 ± 1.560 (n=22) ab 17.027 ± 1.344 (n=28) ab 15.166 ± 0.416 (n=73) ab 17.431 ± 0.912 (n=66) ab 19.480 ± 1.028 (n=49) b 19.888 ± 1.259 (n=61) ab
S (mg L-1) 2.06 0.5592 0.414 ± 0.062 (n=40) 0.508 ± 0.034 (n=29) 1.58 ± 0.518 (n=22) 1.489 ± 0.267 (n=28) 0.829 ± 0.062 (n=73) 0.937 ± 0.071 (n=66) 1.576 ± 0.186 (n=49) 1.985 ± 0.261 (n=61)

Fe (mg L-1) 2.65 0.4488 0.554 ± 0.038 (n=40) 0.645 ± 0.070 (n=29) 1.893 ± 0.587 (n=22) 2.055 ± 0.442 (n=28) 0.715 ± 0.059 (n=73) 0.823 ± 0.063 (n=66) 0.671 ± 0.067 (n=49) 0.727 ± 0.061 (n=61)

pH 6.89 0.0755 4.43 ± 0.06 (n=61) 4.60 ± 0.04 (n=34) 4.32 ± 0.42 (n=47) 4.48 ± 0.45 (n=34) 4.16 ± 0.03 (n=107) 4.18 ± 0.02 (n=69) 3.98 ± 0.04 (n=74) 4.12 ± 0.03 (n=68)

Cond  (µS cm-1) 10.13 0.0175 106 ± 3 (n=61) ab 119 ± 3 (n=34) abc 193 ± 47 (n=47) abc 214 ± 34 (n=34) abc 144 ± 3 (n=107) a 210 ± 11 (n=69) bc 196 ± 11 (n=74) abc 229 ± 12 (n=68) c
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Figure 3.4: Time series of (a) mean daily air temperature and (b) daily precipitation from 

December 2013 to December 2015 recorded in an open bog site, (c) mean water table depth 

(WTD) ± SE from May 2013 to December 2015 for each plot class per sampling round. Grey 

shading represents period of forest-to-bog restoration (Oct 14 to Aug 15).  
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Figure 3.5: Time series of (a) dissolved organic carbon (DOC), (b) ammonium (NH4
+), (c) 

phosphate, (d) potassium (K) in surface water (top panels) from October 2013 to December 

2015, shallow pore water (middle) and deep pore water (bottom) from May/ June 2013 to 

December 2015.  Plots are mean values ± SE for each plot class per sampling round. Grey 

shading represents period of forest-to-bog restoration (Oct 14 to Aug 15).  
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Figure 3.5:  continued 

Following restoration, phosphate and K increased significantly in surface water 

(X=137.86, p<0.0001 and X=35.68 p<0.0001, respectively). Concentrations increased 

sharply in both ENH and STD treatments (between 8 and 99 fold) from June 2015 and 

for both variables, highest mean concentrations were in ENH plots (Figure 3.5c,d). In 

shallow porewater, phosphate concentrations increased significantly post-restoration 

(X=53.68 p<0.0001), by 6- and 33-fold in ENH and STD plots respectively (Figure 3.5c). 

In STD plots, post-restoration concentrations were similar to that of surface water, while 

the increase in ENH plots was smaller, although they appeared to continue increasing into 

December 2015. In deep porewater, concentrations increased almost 5-fold following 

restoration in ENH plots. K increases, were much less pronounced in pore water 
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compared to surface water (Figure 3.5d). In shallow porewater concentrations increased 

significantly (X=21.21 p<0.0001) by 3-fold, with slightly higher concentrations in STD 

plots. There appeared to be no effects of restoration on deep pore water K. 

 

3.3.2.2 pH, conductivity and metals 

Generally, across the whole study, pore water and surface water pH was highest in open 

bog (BOG; Figure 3.6a; mean pH 4.1-4.6) and was found to increase significantly 

following restoration only in surface water (X=24.90, p<0.0001). However, in surface 

water, pH was significantly higher in BOG, ENH and STD classes post-restoration 

compared to their respective pre-restoration levels (Table 3.2). In shallow and deep pore 

water, (Figure 3.6a) pH followed a similar temporal trend in treatments and controls. 

In surface water, Ca concentrations appeared to increase post-restoration (not tested), 

with highest concentrations in ENH plots, which increased (1.7 fold) compared to pre-

restoration (Figure 3.6b). In shallow and deep pore water the only changes in restoration 

plots were a 40% increase in STD plots (deep pore water) with no other apparent effects 

of restoration. Ca concentrations were similar in shallow and deep pore water and were 

generally lowest in BOG sites.  

In deep pore water there were small but significant increases in conductivity and Mg post 

restoration (X=10.13, p=0.0175, X=8.37, p=0.0389 respectively). Only STD plots 

showed an increase as concentrations were similar pre- and post-restoration in ENH plots 

(Figure 3.6c,d). Despite, scoring highly on the PRC analysis neither Mg or conductivity 

changed significantly following restoration in shallow pore water or surface water. This 

was also the case for Na, which showed no apparent effects of restoration. 

Al, Mn and Fe in surface water were low scoring elements on the PRC, yet each showed 

slight concentration increases in surface water post restoration, which were greatest in 

ENH plots (Figure 3.7a,b,c). A similar trend was observed for Fe in shallow porewater in 

both felling treatments. While Fe and Mn peaked in summer/ autumn, Al concentrations 

continued to increase into December 2015. In general, our results showed greatest 

concentration increases in surface water, although DOC and plant nutrients also exhibited 

strong increases in shallow porewater, while deep porewater showed smaller changes. 
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Figure 3.6: Time series of (a) pH, (b) calcium (Ca) in surface water (top panels) from 

October 2013 to December 2015, shallow pore water (middle) and deep pore water (bottom) 

from May 2013 to December 2015, (c) conductivity and (d) magnesium (Mg) in deep pore 

water from May 2013 to December 2015. Plots are mean vales for each class ± SE. Grey 

shading represents period of forest-to-bog restoration (Oct 14 to Aug 15).  
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3.3.4 Peat, needle and brash leaching experiments 

The peat + needle + brash (P+N+B) treatment led to the largest increase in DOC in 

leaching water in the nine-day exposure, which was the only significant treatment effect 

on DOC (Figure 3.9a). Highest DOC concentrations were found in the needle and brash 

layers (mean ~ 540 mg L-1), although the peat + needle (P+N) and peat (P) treatments, 

both leached DOC, producing some concentrations of several hundred mg L-1 (higher 

than field pore water measures). In the 24 hour experiment the P+N+B and P+N 

treatments leached most DOC with mean concentrations ~120 mg L-1 (Figure 3.9a).  

For K, highest concentrations were found in the brash and needle layers of the P+N+B 

treatment in the nine-day experiment (Figure 3.9b), with mean concentrations in the brash 

layer > 50 mg L-1 (peak mean in field ~8 mg L-1 K in surface water). P+N+B also leached 

most K in the 24 hour experiment and in both experiments the P and P+N treatments both 

leached lesser quantities of K. The highest phosphate concentrations were in the P+N and 

P+N+B (peat layer and needle layer) treatments in the nine day experiments (Figure 3.9c). 

In the 24-hour experiment, mean phosphate concentrations were much lower (>factor of 

50) but the highest concentrations were again in the needle layer of P+N+B treatment. 

The highest NH4
+ concentrations were found in the peat and needle layers of the P+N+B 

treatment in the nine-day experiment. The mean concentration of NH4
+ in precipitation 

was however high to begin with (~2 mg N L-1: Figure 3.9d). In the 24 hour experiment 

the precipitation and maximum leached concentrations of NH4
+ were much lower (>factor 

of 70), but maximum concentrations were found in the needle layer. In both the nine day 

and 24 hour experiments, the mean Mn concentrations were lower than the other variables 

across all treatments. However, the P+N+B treatment contributed most Mn in the needle 

and peat layers (Figure 3.9e). For Al, maximum concentrations were found in the P 

treatment, with P+N and P+N+B treatments having lower Al concentrations in leaching 

water in both the nine day and 24 hour experiments (Figure 3.9f). 
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for NH4
+ from the 24 hour experiment could not be modelled using GLMs or GLS, therefore 

no letters are included. 

 

3.4 Discussion 

We found that in surface and shallow pore water, DOC, phosphate and K tended to rise 

post restoration, relative to BOG and FOR controls, with some concentrations 

subsequently decreasing in surface water by the end of the first growing season. 

Meanwhile, in deep pore water, restoration trajectories changed comparatively little over 

time.  

One of the key drivers influencing pore water chemistry is water table (Haapalehto et al., 

2014), particularly affecting DOC and associated metals (Fenner et al., 2001). The clear 

increase in WTD following restoration in both ENH and STD plots, occurred from the 

first post-restoration sampling round (February 15). This showed that tree removal 

combined with the collector drain blocking was effective in retaining water in the 

restoration plots. As rewetting occurred quickly from the onset of restoration, this could 

begin to immediately affect the pore and surface water chemistry (Clark et al., 2012). The 

rewetting may have been favoured by a very wet autumn and winter (e.g. Figure 3.4b, 

470 mm, Oct14-Feb15), therefore management occurring in the spring, followed by a dry 

summer may not have had the same response.   

Following restoration, the greatest deviation from the BOG reference was in shallow and 

surface pore water, and DOC was one of the water chemistry variables most strongly 

associated with this trend for each depth. Pore water DOC concentrations have been found 

to respond strongly to water table changes following restoration in bogs and fens, with 

some very rapid and large concentration increases occurring (>100%; Fenner et al., 2011; 

Clark et al., 2012). This was thought to be related to stimulation of microbial processes 

due to the interplay between phenol oxidase and hydrolase enzymes (Freeman et al., 

2001b). Hydrolases degrade simple organic compounds and are constrained by phenolic 

compounds, whilst phenol oxidases degrade phenolic compounds. Following rewetting, 

phenol oxidase activity is greatly enhanced by reduction of electron acceptors and labile 

carbon (C) and nitrogen (N) compounds, allowing inhibitory phenolic compounds to be 

removed, stimulating intense DOC production by hydrolases (Freeman et al., 2001b; 

Fenner et al., 2011). Some authors have also attributed the increase in DOC 
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3.4.1 Effects of forest-to-bog restoration on variables which are key plant nutrients 

The concentrations of K and phosphate also increased more than 3-fold in pore water and 

more than 8-fold surface water following restoration. Increased K concentration in 

streams is a well-documented effect of conifer felling (Rosén et al., 1996; Cummins and 

Farrell, 2003a; Muller et al., 2015). K is known to be released from brash and needle 

decomposition, which occurs at a greater rate in felled areas than standing forestry 

(Palviainen et al., 2004a). Increases in phosphate concentrations were also particularly 

strong in surface water and in shallow pore water. Phosphate is known to be release from 

brash and in particular decomposing conifer needles (Kaila et al., 2012; Asam et al., 

2014a). Our results suggest that mulching may also enhance phosphate release, which 

may relate to the smaller size of mulch compared to brash, allowing faster growth of 

decomposers and phosphate release (Hyvonen et al., 2000).  In a study of nutrient 

stoichiometry in peatlands across Ontario, Canada, an increase in the carbon: phosphorus 

ratio from plants to litter to peat was found, suggesting strong utilisation of phosphate by 

plants (Wang et al., 2014b), which may be partly by mycorrhizal and root uptake (Turner, 

2008; Wang et al., 2014a). Therefore, there is potential for utilisation of the excess 

phosphate resulting from forest-to-bog restoration. 

Ammonium increases were found in shallow pore water and surface water post-

restoration.  Increased NH4
+ has been found in surface runoff from brash mats on felled 

areas, and also in the peat under brash mats (Asam et al., 2014b). Ammonium is produced 

from the mineralisation of organic N (ammonification; Bowden, 1987) and is a product 

of brash and needle decomposition (Asam et al., 2014a). In bogs concentrations can be 

seasonally variable due to uptake from surface water in the growing season (Wieder et 

al., 1985). In the present study this seasonal pattern was visible in shallow pore water 

concentrations in June sampling rounds. In deep pore water, FOR plots had the highest 

NH4
+ concentrations. This may have been due to (tree) root exudation through active 

microbial processes during the growing season (Wieder et al., 1985), although NH4
+ 

concentrations were high also in winter in deep pore water in FOR plots, suggesting the 

NH4
+ was not utilised by microbes or trees.   

The observed increases in Mn in surface water is also likely related to brash 

decomposition. Mn is a plant micronutrient (Millaleo et al., 2010) and is released from 

needles (Asam et al., 2014a). Increased Mn is known to occur in streams post felling 

(Cummins and Farrell, 2003a).  
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In general, for each of the plant nutrients discussed above (K, NH4
+, phosphate and Mn), 

our column experiments confirmed that significant amounts of these were leached from 

brash, and phosphate, NH4
+ and Mn were specifically released in the needle layers, which 

is consistent with other studies (Kaila et al., 2012; Asam et al., 2014a, 2014b). 

Concentrations of TON in pore water were lower than NH4
+. This was likely due to a lack 

of oxygen for complete N mineralisation, which was dominated by ammonification 

(Bowden, 1987; Andersen et al., 2013b). In bogs methanotrophs can also outcompete 

nitrifying bacteria, preventing nitrification and production of NO2
- and NO3

- (TON; 

Megmw and Knowles, 1987). These mechanisms can also help explain the lack of TON 

production in the brash experiments in addition to evidence that N has been found to be 

accumulate during the early decomposition of conifer needles (Moore et al., 2011; Asam 

et al., 2014a). TON appeared to be removed from precipitation (leaching solution) when 

in contact with peat, needles and brash, as precipitation had the highest TON 

concentrations (data not shown). This is commonly observed with conifers and the 

amount removed is in proportion to concentrations in precipitation (Nisbet and Evans, 

2014). 

 

3.4.1.1 Implications of increased concentrations of plant nutrients 

For the water chemistry variables most likely leached from brash and needle 

decomposition in this study (DOC, K, and phosphate), concentration increases were less 

pronounced in deep pore water. This may be linked to higher rates of lateral flow than 

vertical flow in blanket bogs (Holden and Burt, 2003b).  Instead, the newly mineralised 

nutrients may be transported to streams (Asam et al., 2012b), where there could be 

potential impacts on water quality (Chapter 4). Generally, it has been found that 

phosphorus (P) is released faster than N from decomposing forest litter (Moore et al., 

2011). This may explain why we found larger increases in phosphate than NH4
+ in the 

first year following restoration. Moore et al. (2011) hypothesised that there may be N 

accumulation in forest litter (and C release) until a critical C:N ratio is reached, at which 

N is then lost. Thus, there may be a greater risk of phosphate leaching to streams draining 

the restoration sites in the short-term (0-1) years but in the medium-long term, there may 

be N release and leaching to streams. 
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There are implications of excess plant nutrients in relation to re-colonisation by bog 

vegetation (Bubier et al., 2007), which is essential for restoring a functional peat 

accumulating system. Firstly, nutrient co-limitation has been found in bogs (Wang and 

Moore, 2014), where additions of N, P and K, increased vegetation abundance more than 

adding N only (Larmola et al., 2013). However, nutrient addition has been widely found 

to favour vascular plant growth and negatively impact on Sphagnum species (Xing et al., 

2011; Larmola et al., 2013). One study found the strongest decrease of Sphagnum when 

N + P + K were added together (Xing et al., 2011). In another study on fertilisation on 

bogs, the addition of P+K and N+P+K was found to reduce Sphagnum growth within two 

years and after four years no Sphagnum growth was observed (Bubier et al., 2007). 

Similarly, in revegetated constructed fens, high N:P ratios (P limitation) were found to 

hamper the diversity of the plant community structure, favouring vascular plants over 

bryophytes (Nwaishi et al., 2016).  

These studies imply that an excess of NH4
+, phosphate and K as found in forest-to-bog 

restoration may not be conducive to the immediate colonisation and growth of typical bog 

vegetation, in particular Sphagnum mosses e.g. (Hancock et al., in prep.). In the short 

term vascular plants such as such as Eriophorum spp. (cotton grass), Myrica gale (bog 

myrtle) and Calluna vulgaris (common heather) may be promoted instead. However, 

most studies of nutrient addition are looking at the response of bog vegetation on bog 

sites (Xing et al., 2011; Larmola et al., 2013), while in our study, in the restoration plots 

ground vegetation was altered by the period of forestry (Table 3.1), thus we have a 

different starting point prior to nutrient addition. In the longer term (14 years) post-

restoration on a formerly drained afforested site, bog vegetation had not completely 

recovered (in comparison to open bog controls), which may have been in-part due to 

elevated plant nutrients (Hancock et al., in prep.). 

Increased vascular plant abundance following nutrient addition, has been found to reduce 

the rate of net ecosystem exchange (NEE) of CO2 due to reduced photosynthesis (Bubier 

et al., 2007) and increased respiration (Larmola et al., 2013). Reductions in 

photosynthesis have been associated with nutrient toxicity to Sphagnum mosses, 

increased vascular plant shading and increased litter production, which in turn reduced 

NEE, ultimately decreasing the amount of CO2 being sequestered by the bog over five 

years (Bubier et al., 2007). Therefore, it is important for restoration to target 
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have been leached from needle decomposition as has been found by others (Asam et al., 

2014a). In our brash and needle leaching experiments, the highest Al was from the peat 

layer of the peat only treatment, which supports the above hypothesis.  

An alternative source could be the peat itself, releasing Al and Ca following disturbance 

to underlying mineral soil from restoration machinery (Muller and Tankéré-Muller, 

2012). Haapalehto et al. (2014) found that ditches from restored plots tended to have a 

higher minerogenic influence than pore water, attributing this to ditches being preferential 

flow paths. This may help explain why increased Al and Ca were only found in surface 

water (ditches) and not pore water. 

Generally, in deep pore water, there were fewer significant increases (and smaller effects) 

in water chemistry variables post-restoration than in shallow or surface water. Increased 

conductivity and Mg occurred only in STD plots in deep pore water post-restoration. This 

suggests an effect of remobilisation in deep peat due to water table changes on Mg and 

conductivity as a summative measure of all soluble ions (Vogt et al., 2010), affected by 

remobilisation. Along with DOC, (and Ca) these were the only significant changes in 

deep pore water (out of the variables we tested; Table 3.2). It appears that deep pore water 

is less affected by management on the peat surface, compared to shallow pore water or 

surface water.  

 

3.4.3 Seasonal patterns of pore and surface water chemistry 

There was significant temporal variation in water chemistry with up to 35 % of surface 

water chemistry and 25 % of shallow pore water chemistry explained by the interaction 

of plot-class and time. DOC was one of the main elements following these temporal 

changes in both pore and surface waters, along with K, phosphate and conductivity. This 

was indicated by PRC which enables visualisation of the main variables driving an overall 

change with time (Poulin et al., 2013; Nwaishi et al., 2016). The trend in surface and 

shallow porewater showed concentrations increasing post-restoration but also with 

seasonal differences during this period. Sampling in the post-restoration period was from 

February 2015. The PRC and time-series for individual water chemistry variables showed 

that in this first sampling round, most concentrations were similar to pre-restoration levels 

in winter. Post-restoration increases in concentrations occurred mainly from June 2015 

(next sampling after February), suggesting a strong seasonal control on pore and surface 
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water chemistry, where increased concentrations were associated with higher air and pore 

water temperatures. Summer maxima in concentrations is a common feature of pore and 

surface water chemistry, related to the evaporation-precipitation balance, increased 

mineralisation and the balance of plant uptake and exudation (Wieder et al., 1985; 

Proctor, 2006; Anderson, 2010). Increased plant uptake may cause declines in surface 

water nutrient concentrations (Wieder et al., 1985), however the increases following 

restoration, were much larger than the pre-restoration seasonal cycling. Higher 

temperatures can significantly increase decomposition rates in soil (Chow et al., 2006; 

Davidson and Janssens, 2006) and furthermore in combination with WTD movements 

this can increase net mineralisation (DOC production; Clark et al., 2009). In line with this 

trend, pore water temperature was found to increase slightly (2-3 ºC) in deep and shallow 

pore water, post-restoration in both ENH and STD plots (data not shown). This may have 

further increased the potential for nutrient and DOC mineralisation (Koerselman et al., 

1993), helping in part to explain the some of the concentration increases we found. 

Increased pore water temperature is likely due to increased sunlight exposure post-

restoration, as pre-restoration there was shading of the peat surface by forestry.  

The PRC showed a trend of moving further away from the BOG reference in the post-

restoration period and those variables, which followed this trend. However, being a 

multivariate method, looking for differences between reference and treatments (van den 

Brink and Ter Braak, 1999), it also identified variables which were different across the 

entire study period, as an effect of forestry. These variables showed seasonal patterns but 

not a clear effect of restoration. For this reason, Na, Ca, Mg and conductivity were 

identified as high scoring variables but did not show many changes following restoration 

(when tested with univariate statistic), remaining higher than bog as they were in the pre-

restoration period. Thus this is one limitation of using PRC in a BACI design. 

 

3.4.4 Implications of management techniques 

It was found that ENH fell (harvesting stems and then removing brash) sometimes 

resulted in greater concentration increases than STD fell. This was true for DOC at all 

depths and for many other variables in surface water (NH4
+, phosphate, Fe, K, Mn, Al, 

Ca). All of these variables (except NH4
+ and Al) then decreased in concentrations by 

December 2015 to lower than STD fell plots. Therefore, ENH plots had greater 

concentration increases (in surface water) which appeared shorter lived. There were 
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features of the ENH treatment which may have contributed to these changes: 1) ENH 

plots had greater physical disturbance, with more passes by felling/ harvesting machinery 

as the ENH treatment used four different machines, whereas the STD treatment used two. 

2) ENH plots on average had a lower WTD than STD, despite both treatments seeing a 

significant increase post-restoration. Therefore, there was a larger aerobic zone in ENH 

plots, in which mineralisation of nutrients may have been stimulated by the newly 

rewetted zone below (Shenker et al., 2005; Borken and Matzner, 2009). 

STD fell plots also saw many significant concentration increases in surface water and in 

shallow pore water, STD plots had higher peak NH4
+, phosphate, Fe, K than ENH plots. 

These plots did not also show the same decreases by December 2015, perhaps as there 

was such an excess of nutrients left from summer season, rather than mineralisation 

continuing into the winter e.g. (Kieckbusch and Schrautzer, 2007). These patterns suggest 

that in STD plots there may be a slower release from leftover brash, which leaches to 

shallow pore water. It would be expected that STD plots, may become a slower source of 

nutrients over the period in which brash decomposes (0-12 years: Moore et al., 2011). 

Furthermore, the presence of brash mats on STD plots may also prevent bog vegetation 

recovery on the peat surface below.  

The limited number of MUL plots sampled also suggests that mulching may enhance the 

release of DOC, phosphate and K in surface water and shallow porewater.  Other studies 

have found mulch to leach nutrients to soil three-five years after treatment (Rhoades et 

al., 2012). However, in our study mulching was not considered a stand-alone restoration 

treatment, but used on crop failure areas within the STD and ENH felling treatments. 

At the present time, it is difficult to conclude whether STD or ENH treatments are a better 

restoration method in terms of the effects on pore and surface water quality. It is clear 

from the column experiments that brash and needles are a source of many of the water 

quality variables measured in this study and are therefore a key control on pore and 

surface water chemistry. In the longer term, removing brash from plots would appear a 

useful measure to mitigate against high concentrations of nutrients in pore and surface 

water. However, a longer period of monitoring would be necessary to monitor future 

concentration changes over time, to determine whether STD plots do show increased 

concentrations extending over a longer period, due to the remaining brash. This would 

also determine whether ENH plots show similarly high peaks in surface water 

concentrations in the following summer seasons and whether the extra disturbance in 
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ENH plots to remove this brash is a benefit in the longer term. As ENH plots also showed 

higher concentrations of elements associated with mineral inputs (Al, Ca, Mg), it would 

be interesting to monitor these over a longer period and in streams and rivers (Chapter 4), 

e.g. as Al concentrations are toxic to Atlantic Salmon (Kroglund and Finstad, 2003). 

 

3.5 Conclusion 

Our results showed significant increases in concentrations of DOC, phosphate, K and 

NH4
+ in surface water and shallow porewater post-restoration, in ENH and STD plots 

relative to BOG and FOR controls. These increases occurred from the first summer 

following restoration (June 2015), which was carried out the previous winter or spring. 

There were indications of a decrease in some variables by the end of first year post-

restoration (December 2015), although concentrations remained elevated above pre-

restoration levels. Meanwhile, in deep pore water, restoration trajectories changed 

comparatively little over time, with smaller increases in DOC, Mg and conductivity. We 

also found significant increases in WTD post-restoration in both ENH and STD plots 

relative to controls. 

At present, after one year of post-restoration monitoring, we cannot determine the best 

restoration method due to the different responses of STD and ENH treatments, in surface 

and porewater chemistry. The sharper and larger increases in DOC, plant nutrients and 

metals (Ca, Al, Fe) which occurred in surface water within the ENH plots, declined by 

December 2015. This suggest enhanced felling (stem plus brash harvesting) may have a 

lesser impact on water chemistry over longer time periods, but it would be necessary to 

determine whether ENH plots show similarly high peaks in surface water concentrations 

in subsequent summer seasons. Similarly, we suspect that the slower response in STD 

plots, may show continued increases in surface and pore water concentrations, as brash 

continues to slowly decompose, although this also may be influenced by seasonal 

patterns. We propose future monitoring of plant nutrients (NH4
+, phosphate, K), DOC 

and WTD in surface and shallow pore water in the coming 2-5 years, along with surface 

vegetation, to assess recovery to bog conditions in the medium term and guide future 

restoration management of afforested blanket bog. 
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4. Stream and river water quality in the first year following 

forest-to-bog restoration  

 

4.1 Introduction 

Across the world, peatland rivers and streams are important sources of dissolved organic 

carbon (DOC) and associated metals to the oceans. As such, they help to regulate and 

maintain global oceanic nutrient cycling, through the delivery of iron required by primary 

producers (Krachler et al., 2010) and organic matter (DOC) as a food source for 

heterotrophs (Amon and Benner, 1996). Furthermore, peatland rivers provide a number 

of other key societal services (Bain et al., 2011). For example, in the UK, rivers draining 

blanket bog peatlands support large populations of Atlantic Salmon (Salmo salar; 

Youngson et al., 2002) and provide drinking water (Evans et al., 2005). 

Stream and river water quality is affected by both natural and anthropogenic processes 

occurring over a range of timescales. For example, the delivery and stream concentrations 

of various elements are affected by seasonal changes and variations in hydrological 

conditions. DOC is a by-product of decomposition (Neff and Asner, 2001; Bengtson and 

Bengtsson, 2007), and increases in summer when microbial activity peaks (Davidson and 

Janssens, 2006; Dinsmore et al., 2013). It is delivered to streams from surface run-off and 

porewater and increases during storm events (Koehler et al., 2009). Contrastingly, 

calcium (Ca) concentration is controlled by the influence of groundwater on stream 

chemistry and thus tends to increase during low flow conditions (Worrall et al., 2003). 

Other elements depends on conditions in the peat itself: for example, iron (Fe) 

concentration and mobility changes with the evaporation-precipitation balance 

controlling redox conditions within the peat (Küsel et al., 2008; Muller and Tankéré-

Muller, 2012) 

In addition to these natural sources of variation, land management operations which cause 

a physical disturbance such as tree-felling or manipulation of the water table can impact 

upon stream water chemistry (Wilson et al., 2011a; Finnegan et al., 2014b) and have been 

found to negatively impact water quality (Neal and Reynolds, 1998). This may include 

forest-to-bog restoration, a land-use change that is currently being implemented widely 

across Western Europe (Andersen et al., 2016; Anderson et al., 2016). 
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Despite restoration (including conifer removal) being carried out over the past 20 years 

in many areas including Northern Scotland, Northern Ireland, England, Switzerland and 

France, there is little published research on its impact on water quality (Andersen et al. 

2016). Recent work has shown impacts of forest-to-bog restoration on stream chemistry, 

more specifically on DOC, aluminium (Al), potassium (K) and phosphorus (P) within 

close proximity to management (Muller et al., 2015). The wider body of research on forest 

felling further demonstrates that forest-to-bog management could disrupt the current 

biogeochemical cycling and fluvial transport of carbon, nutrients and metals, with the 

potential to impact on stream ecology (Neal et al., 2004; Asam et al., 2014b; Finnegan et 

al., 2014b; Kaila et al., 2014). Forest-to-bog restoration is increasingly being practiced on 

afforested areas of deep peat (>50cm) to protect carbon stocks (Morison et al., 2010; 

Morison, 2013) and re-create protected blanket bog habitat (Bain et al., 2011). Overall, 

approximately 11% of the Scottish afforested area (Morison et al., 2010) could be targeted 

by restoration in the coming decades. Understanding the impact of this rapid and 

widespread land-use change on water quality is therefore timely and critical.  

 

4.1.1 The effects of conifer felling on water quality and mitigation measures 

In forest streams, increased concentrations and exports of DOC, nutrients and metals have 

been measured in the years after felling (Finnegan et al., 2014b; Kiikkilä et al., 2014; 

Nieminen et al., 2015). These effects have been found to last for at least two to four years 

post felling (Cummins and Farrell, 2003b; Nieminen, 2004). Phosphorus is commonly 

added as fertiliser in afforested peatlands (Cummins and Farrell, 2003a) which is then 

released when brash left on site decomposes (Palviainen et al., 2004a). Increased stream 

P post-felling (Rodgers et al., 2010) is particularly significant as P is often the limiting 

nutrient for freshwater eutrophication (Hecky and Kilham, 1988), which can cause loss 

of fish and macroinvertebrate species (Weijters et al., 2009). As nitrogen is often not 

limiting, algal blooms can respond in proportion to P additions (Smith and Schindler, 

2009).  

The delivery of metals from felled peatlands into streams can also cause ecological 

problems. Firstly, elevated concentrations of dissolved Al are toxic to salmon at early 

(freshwater) developmental stages (Buckler et al., 1995) and smoltification (physiological 

changes prior to first migration to sea), causing impaired gill enzyme activities and 
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mortality (Kroglund et al., 1999). Secondly, as metals are removed from the soil in 

harvested timber, a lack of base cations can reduce the buffering capacity of soils and 

streams (Nisbet and Evans, 2014). This leaves fish and aquatic organisms more 

vulnerable to acidic episodes (Likens, 2013).  

To help minimise the impacts of conifer felling, the use of buffer strips (10-30m wide 

unfelled strips of standing forest adjacent to the stream) has been effective in preventing 

the leaching of nutrients and suspended particulate matter (SPM; Ahtiainen and Huttunen, 

1999; Löfgren et al., 2009). Although the use of riparian buffer zones planted with 

broadleaved trees has been recommended as a more effective practice in Scottish and 

Irish forestry (Forestry Commission, 2011; Finnegan et al., 2012). Another factor which 

can dictate the impact of felling on water quality is the proportion of a catchment which 

is felled (Neal and Reynolds, 1998), but evidence regarding this is inconsistent across 

regions. For example, in East Finland felling 12% of a catchment increased SPM export, 

while felling 34% also increased nitrogen (N) and P exports (Palviainen et al., 2014). 

However, clear felling 40% of a catchment in Western Scotland over a four year period 

did not affect water clarity or colour (Nisbet et al., 2002). Therefore, there are likely to 

be catchment specific factors which affect water quality and no clear evidence-based 

guidance is available for restoration of UK afforested peatlands. 

 

4.1.2 The effects of drain blocking on water quality 

As well as tree removal, forest-to-bog restoration often includes drain blocking, which is 

intended to raise the water table and restore the habitat by retaining water within the 

restoration area (Holden et al., 2007b; Parry et al., 2014). This can also have an impact 

on stream water chemistry. Rewetting of both open bogs and fens across the UK, led to 

increased concentrations of metals and DOC in porewater (Fenner et al., 2001, 2011; 

Clark et al., 2012). Porewater changes can be closely linked with stream concentrations 

(Billett et al., 2006), although changes in small scale watercourses (drains) are not always 

detected in larger streams (Worrall et al., 2007). So far, studies evaluating the effects of 

drain blocking have mainly focussed on pore water chemistry or aquatic carbon export in 

streams (Wilson et al., 2011a; Parry et al., 2014), and have rarely included the 

combination of drain blocking and tree removal. Therefore, there is a gap in 
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understanding regarding the impacts of drain blocking on stream water quality in the 

context of forest-to-bog restoration.  

 

4.1.3 Chapter aims 

Given the scale of peatland restoration targets in Scotland and the UK (Bain et al., 2011) 

and the socio-economic importance of freshwater systems that take their source in those 

peatlands (Butler et al., 2009; Martin-Ortega et al., 2014), it is critical to gain a better 

understanding of the short-term impacts of the combined effects of felling and drain 

blocking on the water quality of receiving streams and rivers. Thus, the aim of this chapter 

was three-fold: 1) to determine the effect of forest-to-bog restoration management on the 

water quality of streams and receiving rivers in the first 15 months following felling; 

compared to 15 months pre-felling, 2) to investigate the influence of seasonality and 

hydrological conditions on water quality, and how they related to forest-to-bog restoration 

and (3) to assess the possible impacts of water quality changes on the stream and river 

ecosystem in terms of UK statutory water quality standards. It was hypothesised that 

water quality changes would be greater in streams than in rivers. In particular, we 

hypothesized that there would be measurable increases in concentrations of DOC, 

nutrients and metals within the first 15 months. We also hypothesized that the natural 

seasonal signals in water quality would be stronger (larger amplitude of variation) in 

streams impacted by forest-to-bog restoration than in their natural counterparts.  
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Figure 4.1:  (a) Stream and river sampling map: Orange plots show where drainage streams 

were monitored, blue plots show other restoration areas within the Dyke catchment and 

yellow squares show discharge monitoring sites. (b) Schematic of stream and river sampling 

design for Dyke Forest restoration plots and control streams. (c) Schematic of bog control 

and afforested control catchment sampling points, green panel is the area shown in panel 

(b). The colour coded key refers to the five classes of sample points (panels b,c): green = bog 

stream control sites (BOG), grey = forest streams control sites (FOR), yellow = restoration 

treatment stream sites (REST), blue = river baseline sites (BASE-R) and dark red = 

restoration treatment river sites (REST-R). Class refers to treatment of data for averaging 

and statistical analysis and reflects the sampling location rather than the whole upstream 

catchment. Note that baseline river sites (BASE-R) are upstream of treatment sites (REST-

R) but both are on the same rivers. This sampling strategy also applies to FOR sites, which 

are upstream of REST (stream) sites but there is also an independent forest control stream 

included in this class (site 16). There was no upstream FOR control site on the restoration 

stream from DK5, as the stream was sourced from within the DK5 restoration area.  

 

 

Two samples were collected at each sampling point (250 mL for chemical analysis and 

500 mL for SPM) in HDPE bottles (Nalgene) rinsed twice with sample water and kept in 

a cool box until their return to the laboratory. Samples were refrigerated at 4°C on return 

to the laboratory and filtered normally within 24 hours of collection (always within 36 

hours) as described in Chapter 2.51. They were then analysed for concentrations of DOC, 

DIC, NH4
+, NO3

-, soluble reactive phosphate (SRP) and a suite of macro (Ca, K, Mg, 

Na, S) and trace elements (Al, Cu, Fe, Mn, Ni, Zn; Chapter 2.51). DOC quality was also 

measured by absorbance (Chapter 2.5.1). Additional chemical analyses performed on 

stream and river water samples are described in the following sections. Stream discharge 

was logged continuously at sites 11 (restoration treatment stream), 16 (forest control 

stream) and 19 (bog control stream) (see chapter 5.2 for details).  
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Table 4.1: Stream and river sampling site descriptors. Class refers to grouping of sample 

points for statistical analysis is also used in Figure 4.1: bog stream control sites (BOG), forest 

streams control sites (FOR), restoration treatment stream sites (REST), river baseline sites 

(BASE-R) and restoration treatment river sites (REST-R). Note that BASE-R sites (are not 

independent of the REST-R sites and some FOR sites, are not independent of the REST 

(stream) sites. See Figure 4.1 for details. 

Site name class 
Stream 
order 

Catchment 
area (ha) 

Land use 
Sampling 
location 

1 DK2 stream (baseline) FOR 1 
30 

Mainly afforested, 
8% undergoing 
restoration (2.4 ha) 

NC 86129 48262 

2 DK2 stream (treatment) REST 1 NC 85903 48377 

3a R. Dyke (baseline) BASE-R 4 

see 14 see 14 

NC 85751 47943 

3 R. Dyke (DK2) REST-R 4 NC 85888 48355 

4 R. Dyke (DK2) REST-R 4 NC 85881 48432 

5 DK4 stream (baseline) REST 2 

120 

54% open bog 
(upper catchment), 
43% afforested, 3% 
undergoing 
restoration (3.6 ha) 

NC 85201 50286 

6 DK4 stream (treatment) REST 2 NC 85971 49962 

7 R. Dyke (DK4) REST-R 4 
see 14 see 14 

NC 86705 49827 

8 R. Dyke (DK4) REST-R 4 NC 86740 49872 

9 
DK5 stream (treatment) 
/ DK 6 stream (baseline) 

REST 1 

133 
Mainly afforested, 
23% undergoing 
restoration (30.6 ha) 

NC 88097 48756 

10 
DK 5/6 stream 
(treatment) 

REST 1 NC 88037 49463 

11 
DK 5/6 stream 
(treatment, 
downstream) 

REST 3 412 

40% of catchment 
afforested (upper 
catchment), 12% 
undergoing 
restoration (49.7 
ha), 48% open bog 
(lower catchment). 

NC 89373 51248 

12 R. Halladale (baseline) BASE-R 5 

see 15 see 15 

NC 89593 51043 

13 R. Halladale (DK5/6) REST-R 5 
NC 89702 
551565 

14 R. Dyke (mouth) REST-R 4 5717 

Mixture of 
afforested open bog 
and undergoing 
restoration (3% in 
this study; 174 ha). 

NC 89566 52093 

15 R. Halladale (R. Dyke) REST-R 5 10075 

Mixture of 
afforested, open bog 
and undergoing 
restoration. 

NC 89577 52308 
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main figure most closely as they were the highest scoring variables. 0.5 was used as the 

threshold to denote the main water chemistry parameters driving the trend (green broken 

line and arrow), with parameters scoring >0.5 or <-0.5 analysed with univariate statistics 

(section 3.2.7). The grey panel shows the period when forest-to-bog restoration management 

was occurring. 

In contrast, during the winter and spring months, the difference between the bog control 

reference sites and all the other classes was much smaller, and relatively constant. The 

PRC analysis suggests that in the restoration streams, SPM, turbidity, POC, DOC and Fe 

increased relative to the bog streams following forest-to-bog restoration, peaking in the 

summer (2015) and decreasing again towards winter. This was not seen in the rivers, 

which had lower SPM and DOC than the bog stream and instead, had slightly higher 

temperature, pH and DIC in the summer months each year, with no obvious changes 

following restoration.  

 

4.3.2 Main effects of restoration  

We found significant increases in concentrations of Fe, phosphate and Al following 

forest-to-bog restoration, relative to the controls (Table 4.1). Despite showing high 

positive values on the PRC, no significant effects of restoration were found for DOC, 

POC, SPM or turbidity. 
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Table 4.2: Summary of significant changes in water chemistry following forest-to-bog restoration, using mixed models. Wald chi-square tests of the 

model fixed effects were carried out to determine if the interaction term was significant. Thus we used primarily the treatment*period interaction to 

test for an effect of restoration. If significant (marked in bold), these were followed by Tukey pairwise comparisons (function lsmeans), where letters 

(CLDs) were derived. Treatments with the same letters were not significantly different. We could not compute letters for phosphate, although a 

significant effect of restoration was found. Concentrations are means ± SE for each class (bog stream control sites (BOG; n=2), forest streams control 

sites (FOR; n=3), restoration treatment stream sites (REST; n=6), river baseline sites (BASE-R; n=2) and restoration treatment river sites (REST-R; 

n=7)), in pre- and post-restoration periods respectively. Phosphate has been abbreviated to Phos, turbidity to conductivity. 

 

 

 

 

X p pre post pre post pre post pre post pre post
Phos (mg P L-1) 21.90 0.0002 0.001 ± 0.000 0.004 ± 0.003 0.010 ± 0.001 0.007 ± 0.001 0.020 ± 0.002 0.090 ± 0.015 0.005 ± 0.000 0.004 ± 0.001 0.004 ± 0.000 0.009 ± 0.001

Al (mg L-1) 10.09 0.0389 0.034 ± 0.005 0.034 ± 0.008 0.147 ± 0.020 0.190 ± 0.031 0.129 ± 0.012 0.194 ± 0.018 0.074 ± 0.010 0.075 ± 0.007 0.066 ± 0.004 0.080 ± 0.003
ab a ab ab a b ab ab ab ab

Fe  (mg L-1) 12.76 0.0125 0.816 ± 0.100 0.718 ± 0.147 0.940 ± 0.075 0.942 ± 0.091 1.597 ± 0.100 2.450 ± 0.294 0.612 ± 0.050 0.695 ± 0.062 0.765 ± 0.412 0.761 ± 0.033
abc ab abc abc bc c abc abc ab a

DOC (mg L-1) 3.68 0.4505 13.85 ± 1.37  12.97 ± 1.01 25.06 ± 1.87 25.53 ± 2.17 28.06 ± 1.07 36.80 ± 2.13 16.33 ± 1.20  16.64 ± 1.20 15.58 ± 0.59 17.37 ± 0.55 
POC (mg L-1) 6.26 0.1808 1.02 ± 0.30  0.78 ± 0.17 0.88 ± 0.13 1.59 ± 0.53 1.48 ± 0.24 2.59 ± 0.44 1.20 ± 0.47 0.83 ± 0.24 1.00 ± 0.18 1.10 ± 0.15
SPM (mg L-1) 0.38 0.9839 3.38 ± 1.05 2.35 ± 0.49 2.68 ± 0.36  6.09 ± 3.03 5.93 ± 1.08 7.96 ± 1.46 3.69 ± 1.45 2.92 ± 0.99 3.55 ± 0.71 3.76 ± 0.59
Turb NTU 6.30 0.1776 2.87 ± 0.71  2.54 ± 0.46 2.65 ± 0.38 2.78 ± 0.62 6.85 ± 1.05 11.24 ± 3.60 2.80 ± 1.06 1.91 ± 0.25 2.81 ± 0.43 2.66 ± 0.38

Interaction BOG FOR REST BASE-R REST-R
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4.3.3 Temporal effects of restoration on water quality parameters  

Across the whole study Fe, DOC, K, Mn, and turbidity reached maximum concentrations 

during summer months in all stream classes (Figure 4.3). In rivers, this pattern was also 

observed, although the seasonal concentration differences were smaller. The same trend 

in streams was also exhibited by phosphate but to a lesser extent.  

For each of these parameters in streams, the seasonal increases in summer 2015 (post-

restoration) were notably larger than in pre-restoration summers, relative to the BOG and 

FOR controls. Both Fe and phosphate increased significantly following restoration in 

treatment classes relative to controls (X=12.76, p=0.0125 and X=21.90, p=0.0002) 

respectively. This was exhibited as 1.5- and 4.4-fold increases respectively, in mean post-

restoration concentrations in REST (stream) sites, compared to their mean pre-restoration 

concentrations (Figure 4.3a-d). 

Although not statistically significant (DOC, turbidity) or statistically tested (K, Mn), very 

similar temporal patterns were observed for these parameters, with mean post-restoration 

DOC concentrations increasing 1.3-fold, K increasing 1.9-fold, Mn increasing 2.0-fold 

and turbidity increasing 1.9-fold, compared to mean pre-restoration increases in REST 

sites. In rivers, there were no visible differences in concentrations of Fe, phosphate, DOC, 

K, Mn or turbidity in treatment sites compared to controls following restoration 

(Figure 4.3).   

POC, SPM and ANC showed seasonal increases in concentrations in summer 2013, 2014 

and 2015, with REST sites showing the largest increases.  As the magnitude of these was 

similar pre- and post-restoration, this suggested no clear effect of restoration and for POC 

and SPM the treatment*period interaction was not significant (X=6.26, p=0.1808 and 

X=0.38, p=0.9893, respectively).  For ANC, in rivers the control sites were higher than 

the treatment in summer 2015 (post-restoration) but more similar at other times 

(Figure 4.3p). 
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Figure 4.3: Time series of mean concentrations ± standard errors of (a-b) Fe (c-d) DOC (e-

f) Mn, (g-h) phosphate, (i-j) K, (k-l) turbidity, (m-n) POC, (o-p) ANC and (q-r) SPM in bog 

stream control sites (BOG; n=2), forest streams control sites (FOR; n=3), restoration 

treatment stream sites (REST; n=6), river baseline sites (BASE-R; n=2) and restoration 

treatment river sites (REST-R; n=7) from May 2013 to December 2015. 

 

We found a significant effect of restoration on Al concentrations, relative to the controls 

(X=10.09, p=0.0389). The effect of restoration on Al was less consistent across the stream 

classes, with large differences across FOR and REST sites (Figure 4.4). Only two out of 

the four restoration streams (DK2, DK5) showed increased concentrations following 

restoration, which occurred from July 2015 (Figure 4.4a,d). The other two restoration 

streams (DK6 and DK4) along with BOG, FOR sites and rivers exhibited considerable 

temporal variation but no clear seasonal pattern (Figure 4.4b,c).  
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The FOR and REST sites on the stream draining restoration block DK2 showed very 

similar temporal patterns of Al, both increasing in summer 2015 (Figure 4.4a). As the 

FOR site, was designed as a control, the source high Al may have been upstream of the 

restoration. Al concentrations in this DK2 stream were also higher than any other location 

in the study. 

 

 

Figure 4.4: Time series of Al concentrations from May 2013 to December 2015, at individual 

stream and river sampling sites (a) DK2 stream control (FOR) + treatment (REST), (b) DK4 

stream control (FOR) + treatment (REST) (c) DK6 stream control + treatment + 

downstream (all REST), (d) DK5 stream  treatment (REST) (e) independent forest (FOR) 

and bog control streams (BOG) and (f) River Dyke sampling sites (BASE-R and REST-R) 

and (g) River Halladale sampling sites (BASE-R and REST-R). We have presented Al 
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4.4 Discussion 

4.4.1 Effects of forest-to-bog restoration on water chemistry 

In this study, changes in stream water chemistry observed following restoration fell 

broadly into two groups: 1) changes in soluble chemical species which are known to leach 

from brash and logging residues and 2) increased suspended particulates (e.g., turbidity) 

from physical disturbance and erosion.  

The significant increases in concentrations of soluble chemical species observed in our 

study (phosphate, Al and Fe), have all been found by others following forest felling 

(Cummins and Farrell, 2003a; Finnegan et al., 2014b; Muller et al., 2015; Table 4.3). 

Increased stream water phosphate concentrations can be associated with historic 

phosphate fertiliser applications (Renou-Wilson and Farrell, 2007). However, in our 

study, phosphate fertiliser was applied in 2001 within the River Dyke catchment, but, not 

within any of the restoration areas studied here (Forestry Commission, 2016). Other 

studies of blanket peatland felling have also found increased phosphate in streams, 

without previous fertiliser application (Cummins and Farrell, 2003a). Therefore, the 

decomposition of tree biomass (brash and needles), was the likely mechanism for 

phosphorus release to watercourses (Chapter 3; Kaila et al., 2012; Asam et al., 2014), 

rather than an excess in soil from fertilisation. Although we found elevated mean 

phosphate concentrations (4.4 fold) in REST sites post-restoration, the larger range in 

individual stream concentrations (increasing from June 2015; up to 800 µg L-1), was 

similar to that of other studies of peatland felling on stream water (Cummins and Farrell, 

2003a; Rodgers et al., 2010; Finnegan et al., 2014b). These can persist for up to 4 years 

post felling (Rodgers et al., 2010; Table 4.3) and can continue to occur as seasonal peaks 

in the summer months (Cummins and Farrell, 2003a). 

Similarly, increased stream water K and Mn (~2 fold) occurred in our study following 

restoration. These are both known to be affected in streams by conifer felling (Rosén et 

al., 1996; Cummins and Farrell, 2003b; Table 4.3), with Mn released from needles (Asam 

et al., 2014a) and K from brash decomposition (Fahey et al., 1991; Palviainen et al., 

2004b). A greater effect size on K that what we observed here, has been found in other 

studies (~ 4 fold increase), which declined after two years (Cummins and Farrell, 2003b), 

while Muller and Tankéré-Muller (2012) found similar (~ 2 fold) increases in Mn 

increases occurring during the spring and summer, one-year post-felling on blanket peat. 
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Interestingly there were no increases in nitrogen (N) species post-restoration, which is 

commonly reported following conifer felling (Neal et al., 2004; Asam et al., 2014b; 

Palviainen et al., 2014). In other work, increased nitrate (NO3
-) and NH4

+ were found to 

last four years post felling (Nieminen, 2004), which suggests that effects on stream water 

N could potentially occur longer term, in future years. Increased concentrations of N 

compounds may first occur as there is a reduction in N uptake once trees are removed 

(Rosén et al., 1996), and then, as decomposition of brash and needles occurs (Hyvonen et 

al., 2000). However, from a decomposition perspective P is known to be released faster 

than N (Moore et al., 2011), which may explain why in the first year following restoration, 

we did not observe increases in N.  

There were also visible increases in DOC (31 %) in REST sites following restoration (but 

statistically non-significant). Increased DOC has been widely noted following conifer 

harvesting (Table 4.3) and has been attributed to both brash decomposition (Hyvonen et 

al., 2000; Palviainen et al., 2004a) and a rising water table which caused enhanced 

decomposition in rewetted peat (Nieminen et al., 2015). DOC can be associated with Al 

and Fe by adsorption to DOC molecules (McKnight and Bencala, 1990; Krachler et al., 

2010). In our study, both Fe and Al were found to increase following restoration streams, 

with maxima occurring in August 2015, along with peak DOC concentrations. However, 

increased Fe is more associated with groundwater and its influence on watercourses 

(rather than peatland felling); although it can associated with sediment inputs to 

watercourses (Björkvald et al., 2008) or be released by changing redox conditions within 

the peat and with seasonal water table movement (Muller et al., 2015) and. Therefore, the 

increasing water table in restoration sites (post-restoration; Chapter 3) may have 

contributed to increasing Fe stream concentrations.  

In our study, we observed increased Al concentrations in two of the four restoration 

streams sampled (DK2 and DK5 streams, respectively), in the post-restoration period. 

However, in the DK2 stream the (FOR) control site exhibited an almost identical temporal 

pattern to the REST site in the post restoration period, also period showing increased 

concentrations (~3 fold) from summer 2015. This suggests increased Al was not an 

impact of restoration here i.e. not associated with felling (brash decomposition) or drain 

blocking and that there may be other site-specific factors influencing Al release.  
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may have been associated with the presence of un-felled buffer zones, which can act to 

nullify obvious changes in the chemistry of the main stream (Löfgren et al., 2009). In the 

present study, restoration streams (REST) flowed directly to main rivers (REST-R), but, 

streams were small in comparison to the rivers Dyke or Halladale. REST effects were 

thus easily diluted and rendered not detectable at river sites, even immediately 

downstream of the stream confluence. This was also found by Rodgers et al. (2010), 

where the main river was not impacted following peatland felling. In our study, the only 

differences in REST-R sites (post restoration) was a divergence in ANC concentrations 

between river baseline and treatment sites from August to October 2015. As there were 

no differences observed in ANC at stream sites, this suggests restoration was not the main 

driver at river sites. ANC was recommended as a key stream health indicator in a UK 

wide assessment of forestry impacts on water quality (it indicates the balance between 

weathering and acidification; Neal and Reynolds, 1998). Therefore, it seems positive 

from a water quality perspective that no significant change was observed following forest-

to-bog restoration. 

 

4.4.1.1 Implications for management - catchment area undergoing restoration 

Felling a smaller proportion of a catchment is known to have fewer effects than felling a 

larger area (Nieminen, 2004), with one study from a mixture of peat and mineral soils 

suggesting 30% of the catchment as a threshold before significant effects are measured 

(Palviainen et al., 2014). In our study, the percentage of REST (stream) catchments felled 

ranged from 3% (DK4 stream), to 8% (DK2 stream), 9% (DK5 stream) and 23% (DK5 + 

DK6 stream, at sample point 10). These areas were estimated from the restoration area 

within the stream catchment including fractions of forestry blocks split by catchment 

boundaries. However, due to the altered hydrology present in forest blocks (i.e., from 

artificial drainage, collector drains and plough furrows), the actual area contributing to 

the stream catchment may well have been larger. Regardless of this, the calculated areas 

still provide a guide with which various levels of restoration impact can be associated.  

It could be hypothesised that the largest post-restoration changes in water chemistry 

would occur where the largest percentage of catchment area was felled (DK5 + DK6 

stream). However, of the impacted water chemistry variables, only K increased to 

concentrations that were higher (>2 fold) here, than in any other REST site. The same 

peak concentrations of phosphate and Mn also occurred in the DK2 and DK5 stream, 




































































































































































































































































































