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Abstract 24 

Questions: Does restoration management of a formerly afforested blanket bog lead to the 25 

vegetation, and the environmental conditions it indicates, becoming similar to intact bog?  26 

Location: A 147 ha blanket bog in Scotland's Flow Country, afforested in the 1980s but 27 

undergoing restoration since 1998. 28 

Methods: Vegetation in the restoration area was surveyed in nine, 1.6-6.4 ha plots, in 1998, 29 

2003 and 2011. Each plot was matched to nearby plots that were either intact bog, or remained 30 

afforested. Principal Response Curves were used to highlight the main axes of vegetation 31 

variation, and test whether plant community trajectories in the restoration area differed from 32 

intact bog. The following restoration outcomes were assessed: floristic similarity to bog 33 

vegetation; and moisture, fertility and acidity, as inferred from vegetation using Ellenberg 34 

indicator values.  35 

Results: In the six years after restoration began, vegetation developed towards bog-like 36 

conditions. In the subsequent eight years, overall vegetation change stalled, and spatial 37 

variability increased, reflecting diverging trajectories in wetter and drier parts of the site. 38 

Ellenberg's F-values implied significant re-wetting in the restoration area, reaching moisture 39 

levels similar to intact bog. Other restoration outcomes progressed in wetter microsites and 40 

areas (furrows and flat ground), but stalled in drier locationsareas (plough-ridges and steeper 41 

slopes). 42 

Conclusions: Overall moisture conditions, as indicated by plants, have recovered. However, 43 

restoration progress has stalled in drier areas, where additional management may be needed. 44 

Long-term vegetation monitoring has helped clarify barriers to recovery, and the management 45 

needed to overcome them. The value of such monitoring schemes in guiding restoration should 46 

be reflected in their wider implementation, within an adaptive management framework. 47 

 48 
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Introduction 60 

Peatlands - ecosystems where dead vegetation becomes peat in waterlogged conditions - 61 

provide important benefits to society. They are globally important as both sinks and stores of 62 

atmospheric carbon, holding 3.5-10 times more carbon per ha than mineral soil ecosystems at 63 

similar latitudes (Joosten et al. 2016). They store and regulate fresh waters (Parish et al. 2008) 64 

and preserve archives of vegetation history (Charman 2002). Peatlands also have considerable 65 

intrinsic and biodiversity interest. Their vegetation, while relatively poor in species, is rich in 66 

distinctive, self-organising surface features (Lindsay et al. 1988; Andersen et al. 2011) and 67 

characteristic plants, including Sphagnum L. mosses, which create wet, acid conditions; sedges 68 

(Cyperaceae), which thrive in waterlogged conditions using aerenchymatous roots; and 69 

carnivorous plants such as sundews (Drosera L. spp.), which overcome nutrient scarcity by 70 

consuming insect prey (Rydin & Jeglum 2013). Thus, protecting intact peatlands preserves their 71 

intrinsic values on the one hand, and their societal benefits on the other (Parish et al. 2008). 72 

Growing recognition of peatland values has increased the impetus for restoring peatlands 73 

which have been damaged, for example by drainage or peat extraction (Bonn et al. 2016). 74 

Studies show that restoration success cannot be assumed (Minayeva et al. 2008; González & 75 

Rochefort 2014), highlighting the need to better understand this process. While hydrological 76 

recovery can be rapid, vegetation recovery can take decades (Charman 2002), emphasising the 77 

need for long-term studies (Bonn et al. 2016).  78 

We investigated restoration of afforested peatland, a subject few studies have addressed 79 

(Anderson et al. 2016). Afforestation of open peatland with non-native conifers following 80 

extensive deep-ploughing occurred widely in Europe, peaking in the 1980s (Rydin & Jeglum 81 

2013). While there are restoration studies of naturally-wooded peatland, drained for silviculture 82 

(Haapalehto et al. 2011), restoring formerly open peatlands that have been afforested presents 83 

novel challenges (Anderson et al. 2016).  84 
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A controversial episode of peatland afforestation affected the blanket bogs of Scotland's 85 

'Flow Country' (Warren 2000). Recognising that many such plantations should never have been 86 

established, government incentives now support their restoration as open peatland. 87 

Consequently, many thousands of hectares are either undergoing or planned for restoration in 88 

this area (unpublished data) and elsewhere (e.g. Renou-Wilson & Byrne 2015). 89 

Here, we present a 14-year study of afforested peatland undergoing restoration in the 90 

Flow Country. We focus on vegetation change, for its intrinsic interest; and its links to peatland 91 

hydrology (Rydin & Jeglum 2013), carbon cycling (Andersen et al. 2013), and biodiversity 92 

(Spitzer & Danks 2005; Hancock et al. 2009). Similar restoration is becoming increasingly 93 

commonplace (Anderson et al. 2016), widening the relevance of our results. 94 

 95 

Study objectives 96 

Our overall aim was to use vegetation data to measure restoration progress and guide 97 

management. Firstly, we tested whether the overall vegetation trajectory in the restoration area 98 

approached intact bog conditions, while identifying the main axes of vegetation change. 99 

Secondly, we tested whether the restoration area developed towards intact bog in relation to 100 

four outcomes: floristic composition, moisture, nutrient status and acidity. The last three 101 

outcomes were inferred from vegetation using Ellenberg's indicator values (Ellenberg et al. 102 

1991), often used in restoration studies (e.g. Vercoutere et al. 2007; Tandy et al. 2010). 103 

 104 

Methods 105 

Study area 106 

The study site was in Scotland's ~4000 km2 Flow Country (Figure 1a), which holds a 107 

quarter of the UK's, and 4% of the world's, blanket bog (Lindsay et al. 1988). The climate is cool 108 

and oceanic: at Kinbrace (58°14'N, 3°55'W, 103 m ASL), 1981-2010 mean summer and winter 109 
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temperatures were 10.7 and 3.9 °C respectively, and annual rainfall 971 mm. Biodiversity 110 

values include extensive high-quality blanket bog and important populations of plants, birds and 111 

other wildlife (Lindsay et al. 1988). EU law protects 1400 km2 of Flow Country peatlands: 7% 112 

and 12%, respectively, of UK land designated under the Birds and Habitats Directives. Flow 113 

Country bogs have been largely treeless for millennia (Charman 1994); the effects of past 114 

human influence on this state are uncertain (Tallis 1998; Tipping 2008). Planted forests in the 115 

area are associated with reduced densities of key bird species on adjacent bogs (Hancock et al. 116 

2009; Wilson et al. 2014), increasing the impetus for restoration. 117 

The 147 ha study site was in the Talaheel conifer plantation (58°25'N, 3°49'W, 160-200 m 118 

ASL; Figures 1a, S1, S2), planted in 1983 (70 ha), 1984 (47 ha) and 1985 (30 ha). Restoration 119 

began in 1998, comprising most of the first tranche of post-forestry restoration in the Flow 120 

Country (Wilkie & Mayhew 2003). This site and Anderson & Peace's (2016) were the only sites 121 

from that tranche with detailed monitoring.  122 

No pre-afforestation vegetation data were available. Unplanted parts of the site have bog 123 

vegetation including dwarf shrubs, mosses and sedges such as Erica tetralix L., Sphagnum 124 

papillosum Lindb, and Eriophorum vaginatum L. Pre-afforestation satellite images and airaerial 125 

photographs show no obvious differences between the afforested area and adjacent bogs 126 

(Figures S1, S2). The 1977 aerialair photograph shows occasional drainage ditches and signs 127 

of management burning in the area later afforested, and adjacent areas. 128 

Before tree-planting, the site was ploughed to ~1 m depth, every ~2.5 m, creating three 129 

'microforms': plough-furrows, plough-ridges and original surface (Figure 1b). 'Collector drains' 130 

were ploughed alongside afforested compartments. The area was fenced to exclude red and 131 

roe deer Cervus elaphus Linnaeus 1758. and Capreolus capreolus (Linnaeus 1758.). American 132 

conifers Pinus contorta Douglas ex Loudon and Picea sitchensis (Bong.) Carrière were planted 133 

on plough-ridges. Tree establishment was assisted by fertilisers (probably Phosphorous and 134 

Potassium: Anderson et al. 2016) and deer culling. Shortly before tree removal in 1998, 135 
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plantation characteristics averaged as follows, for P. contorta and P. sitchensis respectively: 136 

stem density, ~1200 and ~700 ha-1; stem diameters (1.3 m above ground), 5.0 and 3.8 cm; tree 137 

heights, 2.6 and 2.3 m; and timber volumes, ~5.9 and ~2.5 m3ha-1.  138 

Timber extraction being uneconomic, restoration began with trees being felled into furrows 139 

to impede drainage. Collector drains were dammed, but not plough-furrows. Re-establishing 140 

conifers were cleared in 2003-4 and 2010-12. The fence remained in place, protecting adjoining 141 

forestry; however, at least some deer were present inside throughout. 142 

 143 

Monitoring design and vegetation surveys 144 

In the restoration area, nine forestry compartments (three of the 12 planted in each of the 145 

three planting years) were selected at random as monitoring plots (Table 1). Within each plot, 146 

nine randomly-located recording locations were established, each comprising three permanent 147 

0.5x2 m quadrats, one centred on each microform (Figure 1b). Vegetation was monitored 148 

shortly before tree felling, and six and 14 growing seasons later (Table 1). Visual cover 149 

estimates were made for each plant species, except certain difficult or minor taxa, which were 150 

pooled (Table S1). Because taxa often overlapped, total cover exceeded 100%. The cover of 151 

each microform was estimated visually at each recording location in 2015, allowing mean 152 

overall plant covers to be calculated from microform means.  153 

In 2015, each restoration plot was matched with a bog control plot, a forest control plot, 154 

and a 'reconstructed baseline' plot (see below) creating a matched group'block' of four plots 155 

(Table 1; Figures 1a, S3). Within each such groupblock, plots were matched by slope (within 156 

0.6° of block mean), reflecting the importance of slope to peatland hydrology and vegetation 157 

(Charman 2002; Rydin & Jeglum 2013). Peat depths in forest controls averaged lower than in 158 

other plots (Table 1); this will at least partly reflect peat subsidence in the 30 or so years since 159 

tree planting (Anderson et al. 2000).   160 
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The restoration area was primarily compared to the bog control plots, which were 161 

assumed to represent its potential post-restoration (target) compositionstate. The reconstructed 162 

baseline plots on the other hand, described athe plausible pre-afforestation (initial) 163 

compositionstate of the restoration area. They also provided a reference compositionstate for 164 

floristic similarity analyses, to which other plots were compared. Meanwhile, forest controls 165 

estimated the potential compositionstate of the restoration area had it remained as forestry. 166 

For bog and forest controls, vegetation data were collected once per plot during 2011-5, 167 

using the same methods as restoration plots, except that liverworts were pooled in forest 168 

controls. There was only a single year of data collection because weWe expected the 169 

vegetation in these areas to show little variation between these five monitoring years. Mean 170 

overall covers were derived for forest controls, as in the restoration area, as weighted means of 171 

data by microform. Thus, the most recent (2011) survey of the restoration site had broadly 172 

contemporary bog and forest control data, but not the earlier surveys (1998, 2003).  173 

Although there were no baseline, pre-afforestation vegetation surveys of the study site, 174 

the vegetation of most Flow Country bogs was surveyed shortly afterwards, in 1990-1, to inform 175 

conservation designations. We identified nine bog areas near our restoration site that were 176 

covered by these surveys, and met our matching criteria (Table 1). These became our 177 

'reconstructed baseline' plots, used to reconstruct the plausible pre-afforestation vegetation of 178 

our study site. The 1990-1 data, compriseding sample quadrats and mapped plant communities, 179 

using methods of the UK National Vegetation Classification (Rodwell 1991). These data were 180 

used to 'reconstruct' the plausibleapproximate covers of each plant taxon, as presented in detail 181 

described in the Appendix. These 'reconstructed baseline' data were used (i) to show 182 

graphically, the plausible baseline vegetation composition; and (ii) as the baseline for floristic 183 

similarity analyses, against which we compared modern data. 184 

 185 

 186 
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Restoration outcomes: floristics and Ellenberg values 187 

For each restoration, bog-control and forest-control plot, we calculated floristic similarity to 188 

the matched reconstructed baseline plot; and community-averaged Ellenberg's values, which 189 

infer physical conditions from the vegetation (Ellenberg et al. 1991). Restoration should lead to 190 

these outcomes being, or becoming, similar in restoration plots and bog controls.  191 

Floristic similarity was measured using similarity indices, commonly used to compare 192 

disturbed and undisturbed areas (e.g. Garbutt & Wolters 2008). We chose the Morisita-Horn 193 

index; this is most influenced by abundant species, relatively unaffected by species diversity or 194 

sample size (Magurran 2004) and has properties preferred in such indices (Jost et al. 2011). 195 

Ellenberg indicator values (Ellenberg et al. 1991; Hill et al. 2007, 2008) were used to infer 196 

moisture, acidity and fertility. Each plant species has been assigned a value for each factor, 197 

indicating the physical conditions where it usually grows; community-averaged values (weighted 198 

by species abundance) indicate physical conditions as they affect plants. Schaffers & Skora 199 

(2000) extensively tested the Ellenberg indicator approach; we followed their recommendations, 200 

including bryophytes in analyses, and avoiding comparisons between community-averaged and 201 

species-specific values. Following their guidance and Hill et al. (2008), we interpreted 202 

Ellenberg's F as reflecting factors affecting water availability to plants, including groundwater 203 

level, soil moisture, precipitation and humidity; Ellenberg's R as primarily indicating Calcium 204 

availability; and Ellenberg's N as indicating fertility for plants, influenced by nutrients, moisture, 205 

soil aeration and acidity. 206 

 207 

Data analysis 208 

Analyses used 'percentage of live vegetation cover' for each taxon: the quadrat cover for 209 

that taxon, divided by the sum of recorded covers, and multiplied by 100, giving a quadrat total 210 



10 
 

of 100%. All analyses used 'plot' as the unit of replication; each group of plots matched by slope 211 

was treated as a ‘block’ for the purposes of analysis. 212 

Firstly, for an overview of vegetation change, we used Principal Response Curves (PRC: 213 

Van den Brink & Ter Braak 1998): a form of redundancy analysis where the measured attribute 214 

(e.g. species composition) for a treatment is expressed as differences from a control value over 215 

time, and displayed graphically as a response curve. The difference in trajectories (time x 216 

treatment interaction) can be statistically tested using Monte Carlo tests. In one PRC analysis, 217 

we specified restoration as 'treatment', and bog controls as 'control', to investigate restoration 218 

trajectories in relation to intact bog. An alternative PRC analysis included forest controls as an 219 

additional treatment, to investigate restoration trajectories in relation to both the unrestored state 220 

(forest controls) and target state (bog controls). Both analyses included a block effect. For the 221 

restoration plots, we used all years' data (1998, 2003, 2011); but for bog and forest controls, 222 

data were only available from one, recent year for each plot (Table 1). Analyses used function 223 

prc in the VEGAN package in R (2014: www.R-project.org), and Hellinger pre-transformed 224 

vegetation data (recommended for this type of data: Legendre & Gallagher 2001).  225 

Secondly, we tested hypotheses concerning four restoration outcomes: floristic similarity 226 

to reconstructed baseline conditions, and Ellenberg's F, R and N. For each outcome, two 227 

generalised linear mixed models (GLMMs: Stroup 2013) were fitted: a 'treatment model' and a 228 

'trend model'. The treatment model, based on restoration and bog control data, tested whether, 229 

at the end of the study, this outcome was similar in the restoration and bog control plots. The 230 

single predictor variable was 'treatment' (restoration or bog control). The trend model, based 231 

only on restoration data, tested whether the outcome changed over time in the restoration area. 232 

The single predictor was 'year' (as a continuous variable). Models included 'block' as a random 233 

effect. Normal distribution and homogeneity of variance were checked graphically. Where 234 

variance was heterogeneous, a random effect was fitted, grouping residuals by treatment 235 
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(Stroup 2013). Ellenberg values were log-transformed for trend models, to improve uniformity of 236 

variance. Models were fitted using the SAS GLIMMIX procedure (SAS Inst., Cary, USA). 237 

 238 

Results   239 

Descriptive results 240 

The restoration area vegetation was initially dominated by sapling conifers (Pinaceae) and 241 

dwarf shrubs (Ericaceae) (mainly Calluna vulgaris (L.) Hull), together comprising 50% cover 242 

(Figure 2a). These groups then declined, while sedges (Cyperaceae), grasses (Poaceae), and 243 

Sphagnum mosses (Sphagnaceae) increased. The commonest plant families on intact bogs 244 

(reconstructed baseline and bog control plots) were Ericaceae, Cyperaceae and Sphagnaceae, 245 

totalling 60-75% cover. Reconstructed baseline data suggested that, in 1990-1, intact bogs may 246 

have held more abundant sedges, and less Sphagnum, than modern bog controls (Figure 2a; 247 

Appendix). In recent surveys, the restoration plots differed most strikingly from bog controls by 248 

their greater cover of Poaceae.  249 

Comparing microforms (Figure 2b), showed that Sphagnaceae were persistently abundant 250 

in furrows, at ~40% cover. On original surfaces (i.e. not ridges or furrows), Sphagnaceae 251 

increased approximately three-fold, to ~15% cover. Conversely, Sphagnaceae were rare on 252 

plough ridges, where Poaceae, Ericaceae, lichens, and Hypnaceae mosses were common. 253 

Ridges were the most extensive microform in restoration plots, having 50% (s.e. 3.9) cover in 254 

2015, exceeding original surfaces (29%, s.e. 3.7), and furrows (21%, s.e. 1.0). 255 

Some individual taxa differed strongly in abundance between restoration and bog control 256 

plots (Figure S5). The grass Deschampsia flexuosa (L.) Trin. was common in restoration areas 257 

(17% cover), but absent from bog controls. Conversely, the moss Racomitrium lanuginosum 258 

(Hedw.) Brid. was abundant in bog controls (15%) but rare in restoration plots (0.16%). Two bog 259 
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plants were similarly abundant in bog controls and restoration plots: the sedge Eriophorum 260 

angustifolium Honck., and the moss Sphagnum cuspidatum Ehrh. ex Hoffm. 261 

 262 

Analytical results (PRCs, GLMMs) 263 

Overall vegetation composition in restoration plots changed significantly over time relative 264 

to bog controls (p-value <0.001; Figure 3a). The first principal response axis (12% of variation), 265 

suggested a gradient from bog plants (e.g. the sedge Trichophorum cespitosum (L.) Hartm., and 266 

the moss S. papillosum) to heath plants (e.g. the grass D. flexuosa, and mosses Hypnum Hedw. 267 

spp.). The restoration area vegetation initially (years 1-6) approached bog conditions, but later 268 

(years 7-14) trended weakly away, towards more heath-like conditions (Figure 3a). During this 269 

latter period, the microforms diverged, the furrows continuing towards bog conditions, but the 270 

(presumablyed drier) ridges and original surface trending away. Thus, restoration progressed in 271 

the wettest microform, but its course in drier microforms marginally reversed the overall 272 

restoration trajectory.   273 

Restoration trajectories along a forest-to-bog axis (Figure 3b; first axis: 21% of variation) 274 

suggested a gradient from plants of open bogs and heaths (e.g. C. vulgaris, E. angustifolium) to 275 

forest plants (conifers P. contorta and P. sitchensis). The restoration area vegetation changed 276 

significantly over time (p=0.001), initially (years 1-6) trending away from the forest conditions, 277 

but later stalling halfway between bog and forest controls.  278 

Although second PRC axes (Figure S4) were significant (p<0.01%), they explained small 279 

(5-6%) proportions of variation, so were not interpreted in detail. 280 

Contrary to restoration aims, floristic similarity of the restoration plots to bog conditions 281 

declined over time (Figure 4a; Table 2). Trends by microform (Figure 4a) suggested this was 282 

caused by plough-ridges, where similarity to bog conditions fell by over 60%. At the end of the 283 

study, the similarity of restoration plots to reconstructed baseline conditions remained below that 284 

of bog controls (Table 3), around halfway between bog and forest controls. 285 
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Ellenberg's F-values implied significant re-wetting in the restoration area over time (Figure 286 

4b; Table 2), furrows being the wettest microform, and ridges the driest. F-values of original 287 

surfaces became more similar to furrows over time, suggesting some re-wetting. Ridges 288 

showed initial re-wetting, which later stalled. Nevertheless, by the end of the study, F-values, 289 

and (hence) inferred moisture conditions, did not differ significantly between restoration 290 

(combined microforms) and bog control plots (Table 3). 291 

Ellenberg's R-values in restoration plots suggested that Calcium availability changed little 292 

over time (Figure 4c; Table 2), remaining significantly higher than bog controls (Table 3), but 293 

well below forest controls. Plant fertility conditions in restoration plots, inferred from 294 

Ellenberg's N-values, similarly showed little change (Figure 4d; Table 2), remaining above bog 295 

controls (Table 3), but below forest controls. Microform N-values diverged over time, suggesting 296 

rising and falling fertility of ridges and furrows respectively. 297 

Plotting model residuals against slope (Figures S6, S7) implied better restoration 298 

outcomes in flatter areas (less than 1.5-2.0° slope), at least for floristics and fertility. Two plots 299 

steeper than 3° had the poorest outcomes; these were at the southern end of the site, which 300 

had the most evidence of pre-afforestation drainage and burning (Figure S2a). 301 

 302 

Discussion 303 

How well is restoration progressing? 304 

One measure of restoration success was achieved after 14 years: moisture conditions, as 305 

indicated by vegetation, were comparable in the restoration area to those of intact bogs, 306 

implying significant progress in the key objective (Wilkie & Mayhew 2003) of restoring 307 

hydrology. Other restoration outcomes (fertility, Calcium, floristics) have not yet been achieved, 308 

being around one- to two-thirds 'restored' at the end of the study, based on graphical distances 309 

between forest and bog controls (Figure 4). Maanivilja et al. (2014) and Anderson & Peace 310 
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(2016) had similar levels of floristic recovery over similar time periods. It can take decades to 311 

reverse the impacts of peatland drainage (Holden et al. 2006) and peat cutting (Charman 2002). 312 

Although damaged bogs can return to Sphagnum-dominance within 20 years (e.g. González & 313 

Rochefort 2014), full botanical restoration is rarely achieved over such timescales (Bellamy et 314 

al. 2012; Poulin et al. 2012; Anderson & Peace 2016).  315 

Surprisingly, our restoration area has started to diverge floristically from bog conditions. 316 

Anderson & Peace (2016) also found divergence from desired trajectories initially, which later 317 

reversed. We found that restoration was compromised by drier locations such as plough-ridges 318 

and steeper slopes. Similarly, Holden et al. (2006) found that drained peatlands on steeper 319 

slopes were harder to restore; Price et al. (1998) showed that raised ridges had poorest 320 

Sphagnum colonisation. At our site, restoration has to reverse both afforestation impacts, and 321 

earlier drainage. Our restoration management, comprising tree removal and collector-drain 322 

blocking, but not surface smoothing or furrow-blocking, did not fully overcome these impacts 323 

across the whole area during this 14-year study. 324 

 325 

Re-wetting: the key to restoration 326 

Afforestation had various impacts: it introduced conifers, added nutrients, excluded deer 327 

and created drains. With hydrology being so central to peatland functioning (Charman 2002; 328 

Rydin & Jeglum, 2013; Bonn et al. 2016), drainage is likely the most crucial of these. Even a 329 

single drain can have long-lasting vegetation effects (Bellamy et al. 2012). In naturally forested 330 

peatlands being restored after drainage, Maanavilja et al. (2014) and Haapalehto et al. (2011) 331 

found that the main axes of vegetation change were moisture gradients, similar to our PRC 332 

results. Re-wetting could result from tree removal reducing transpiration and rainfall interception 333 

(Rydin & Jeglum 2013), damming of drains, or water flows slowed by felled trees, vegetation 334 

growth or peat subsidence (Haapalehto et al. 2011; Anderson & Peace 2016). Not only is re-335 

wetting important for its own sake, it affects other factors (nutrients, acidity), as illustrated by 336 
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natural bog formation (Charman 2002), and changes following artificial drainage (Laiho et al. 337 

1999). This reflects positive feedbacks between moisture and Sphagnum growth, resulting (for 338 

example) in nutrient sequestration (Rydin & Jeglum 2013). 339 

 340 

Important plant taxa for restoration 341 

Above all, Sphagnum species are crucial to bog restoration (Rochefort 2000; Haapalehto 342 

et al. 2011; Poulin et al. 2012). Thriving in moist conditions, they slow water flows and promote 343 

wet, acidic conditions (Rochefort 2000; Rydin & Jeglum 2013). Sphagnum responds strongly to 344 

hydrological thresholds (McNeil & Waddington 2003; Strack et al. 2009; Ketteridge et al. 2015); 345 

reaching such thresholds is therefore critical to restoration. 346 

Certain Sphagnum species may be particularly important during restoration, such as 347 

S. fallax (Grosvernier et al. 1997), S. rubellum (Poulin et al. 2012) and S. balticum (Haapalehto 348 

et al. 2011). At our restoration site, S. cuspidatum, S. fallax and S. subnitens were particularly 349 

abundant, with furrow cover scores higher than bog controls. The first two are typically hollow 350 

species, while S. subnitens often occurs at disturbed sites; all are commonly pioneers on bare 351 

peat (Grosvernier et al. 1997). The key peat-forming species S. capillifolium was common along 352 

furrows and original surfaces (where cover approached that of bog controls), but rare on ridges. 353 

This species is sensitive to Nitrogen (Gunnarsson & Rydin 2000); ridges had high Ellenberg's N-354 

values and were perhaps Nitrogen-enriched. The nutrient status of the restoration area could 355 

reflect past forestry fertilisation, decomposition of drained peat and brash/needle litter or deer 356 

exclusion.  357 

Among vascular plants, Eriophorum vaginatum and E. angustifolium increased markedly 358 

in our restoration area. Both are often important during peatland restoration (Haapalehto et al. 359 

2011; Anderson & Peace 2016). Eriophorum species can promote bog formation by reducing 360 

nutrient cycling (Silvan et al. 2004) and facilitating Sphagnum spread (Rochefort 2000). Unlike 361 

most vascular plants, they can contribute significantly to peat formation (Minayeva et al. 2008). 362 
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Conversely, vascular plants linked to poorer restoration outcomes in our study were mainly 363 

grasses (Poaceae), particularly D. flexuosa and Molinia caerulea (L.) Moench. This may reflect 364 

legacies from drainage prior to afforestation, or nutrient enrichment, which can benefit both 365 

species (van Dobben et al. 1999; Tomassen et al. 2004).  366 

 367 

Study limitations and future research 368 

Reflecting common constraints during peatland restoration (Bonn et al. 2016), funding for 369 

monitoring was limited. Hence, bog and forest controls were only established later in the study. 370 

Their monitoring spanned five years, potentially adding noise to our data. Lacking contemporary 371 

control data for some restoration monitoring years, we could not control for variation resulting 372 

from between-year differences in weather, herbivore abundance, or observers, potentially 373 

reducing our power to measure change. Also, we had no baseline, pre-afforestation data for our 374 

study site. Although we reconstructed the plausible baseline vegetation composition, the limited 375 

available data made this difficult. Our modern bog controls and reconstructed baseline plots 376 

were in areas never chosen for afforestation. This likely reflects factors such as land ownership 377 

or accessibility, which could also have led to their having different vegetation from our study site 378 

prior to afforestation. Unlike a similar project (Anderson & Peace 2016), we did not 379 

experimentally compare different management techniques, reflecting management aims at our 380 

site of restoring the largest possible area, using the simplest (cheapest) approach; although not 381 

experimental, the responses of different microforms helped us interpret the results. However, 382 

dDespite these caveats, at least monitoring took place alongside restoration, unlike most early 383 

restoration projects in the Flow Country (Wilkie & Mayhew 2003). We believe that simple, 384 

inexpensive long-term monitoring can be highly informative, when results are rigorously 385 

evaluated and widely shared.  386 

Unlike a similar project (Anderson & Peace 2016), we did not experimentally compare 387 

different management techniques, reflecting management aims at our site of restoring the 388 
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largest possible area, using the simplest (cheapest) approach. However, while not experimental, 389 

the contrasting performance of different microforms was informative.  390 

Most restoration of afforested blanket bog began in recent years (Anderson et al. 2016), 391 

and therefore starts with larger trees and less bog vegetation than this study. Nevertheless, we 392 

expect some commonalities with our results, including slower recovery of ridges and steeper 393 

areas; lags between hydrological restoration and other indices (nutrients, acidity, floristics); and 394 

similar plant taxa dominating restoration trajectories.  395 

Future research should include (i) maintaining a suite of long-term restoration monitoring 396 

sites, where outcomes are evaluated periodically; (ii) testing management options, such as 397 

whether to block plough-furrows in addition to main drains, or more completely remove felling 398 

brash (both expensive operations); (iii) investigating grazing regimes that might assist 399 

restoration; (iv) developing a clearer understanding of key environmental thresholds affecting re-400 

establishment of bog plants during restoration; for example, future similar studies could test 401 

specific hypotheses on role of slope. Although not our focus here, the possibility that intact bogs 402 

in this area experienced significant changes in vegetation composition between 1990-1 and 403 

2011-5 merits further investigation. 404 

 405 

Management implications 406 

Plough-ridges and steeper areas showed the poorest recovery. They might require 407 

additional management, or just more time. Anderson et al. (2000) found that ridges and original 408 

surfaces subsided relative to furrows; this might facilitate re-wetting without further 409 

management. Haapalehto et al. (2011) found that water tables rose gradually in unmanaged 410 

drained peatland, suggesting natural in-filling (Holden et al. 2007). Anderson & Peace (2016) 411 

found that furrow-blocking raised water tables, but made little difference to vegetation recovery 412 

over 10 years.  413 
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Trees in peatland forests hold significant nutrients (Anderson et al. 2016), which can leach 414 

from felling brash (Asam et al. 2014). At our site, felled material was left on-site; Ellenberg's N-415 

values suggested that high fertility may be slowing restoration.  416 

Future restorations of afforested bogs in the Flow Country may present new challenges. 417 

Proposed sites include closed canopy plantations resembling our forest controls, which have 418 

around half the Sphagnum cover of our restoration site in 1998 (Figure 2a), and 30 times the 419 

timber cross-sectional area (unpublished data). Therefore, they may require consideration and 420 

testing of more proactive management, like multiple dams, flattening of ridges (helping close 421 

furrows), removal of felled material, and introduction of plant propagules. 422 

 423 

Conclusions 424 

Our study shows that restoration management of an afforested bog can, after 14 years, 425 

restore moisture conditions; prevent succession towards the very different conditions that 426 

develop under conifers; and stabilise and promote bog vegetation in wetter areas (furrows, 427 

flatter areas). It illustrates the value of long-term vegetation monitoring, in evaluating and 428 

understanding restoration progress, and guiding future management. Based on this study, we 429 

have recently carried out additional furrow blocking and surface smoothing over part of the site 430 

and will continue to monitor vegetation succession.  431 

This study has wider relevance to vegetation studies during ecological restoration. If 432 

baseline data are lacking, there may be other means of estimating baseline conditions, using 433 

similar sites, in similar time periods. 'Restorability' will probably be spatially heterogeneous; 434 

early recognition of this could allow more intensive management to be targeted at more 435 

challenging areas. Restoration trajectories are unlikely to be linear: initially positive responses 436 

may not be maintained at the same rate or even in the same direction. Hence the need for 437 

regular re-surveys to better understand long-term vegetation trajectories.  438 
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We recommend that restoration management takes place in parallel with research and 439 

monitoring, within an adaptive management framework (Walters & Holling 1990). This approach 440 

recognises the uncertainty around management choices, and the value of studying 441 

management interventions as 'experiments' which reveal properties of the system. Such 442 

properties might include alternative stable states (e.g. Ransijn et al. 2015), depending on key 443 

thresholds influenced by organisms and environmental conditions. Suding & Hobbs (2009) 444 

reviewed threshold ecosystem models for restoration and conservation, and suggested joint 445 

research and management programmes across a range of spatial and temporal scales. We 446 

support this approach, in which long-term collaboration between managers and researchers is 447 

informed by large-scale, unreplicated natural or management 'experiments', smaller-scale 448 

replicated trials, and long-term monitoring projects such as the current study.  449 
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Appendix. Reconstructing the baseline (pre-afforestation) vegetation composition 613 

Figure S1. Satellite images of the restoration area. 614 

Figure S2. AerialAir photographs of the restoration area. 615 

Figure S3. A map of the study area, as Figure 1a, but annotated with block numbers. 616 

Figure S4. Second axes of PRC analyses. 617 

Figure S5. Abundance of individual plant taxa. 618 

Figure S6. Plots of residuals vs. slope for trend models. 619 

Figure S7. Plots of residuals vs. slope for treatment models. 620 

Table S1. Plant taxa present in the study plots. 621 
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Figure 1. (a) Map of the study area. The map shows (i) the restoration plots (blue), surveyed 635 

1997-2011; (ii) the bog control plots, on intact bog (pink), surveyed 2011-5; (iii) the 636 

reconstructed baseline plots, also on intact bog (white), surveyed 1990-1; and (iv) the forest 637 

control plots (red), surveyed 2011-4. Formerly afforested bog undergoing restoration is shown in 638 

grey; a dotted border shows the focal restoration area. Remaining forestry plantations are 639 

shown in green. Intact blanket bog designated under nature conservation legislation is shown in 640 

light brown. Remaining (white) areas comprise rough grassland, undesignated blanket bog and 641 

broadleaved woodland. Inset map: northern Scotland, with the study area indicated in yellow. 642 

(b) Schematic of the restoration area showing monitoring plots and quadrats. Left: the 643 

restoration area (black outline), monitoring plots (grey polygons) and recording locations (black 644 

circles). Right: close up of one recording location, showing the linear microforms created during 645 

past afforestation (dashed grey lines: ridges; solid grey lines: furrows), and the three monitoring 646 

quadrats per location (black rectangles). The quadrats are labelled by microform, as Original 647 

surface, Ridge and Furrow.   648 
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Figure 2. The vegetation composition of study plots: (a) summarised for the four categories of 687 

plots, by year of survey; (b) broken down by microform for the restoration area. The vegetation 688 

categories include introduced conifers, and the five most abundant plant families: dwarf shrubs 689 

(Ericaceae), sedges (Cyperaceae), grasses (Poaceae), and the moss families Sphagnaceae 690 

and Hypnaceae. 691 
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Figure 3. Principal Response Curves (PRCs) of vegetation trajectories in the restoration area. 719 

The curves show the strength and direction of the main axis of vegetation change in relation to 720 

(a) bog controls; and (b) both bog and forest controls. The lines representing the controls are 721 

based on data gathered during 2011-15 but are nominally extended across the whole study 722 

period. The vertical axis at right shows the plant taxa most strongly associated with the main 723 

axis of vegetation change, as follows: Calluna vulgaris, Deschampsia flexuosa, Erica tetralix, 724 

Eriophorum angustifolium, E. vaginatum, Hylocomium splendens, Hypnum spp., Picea 725 

sitchensis, Pinus contorta, Pleurozia purpurea, Pleurozium schreberi, Racomitrium 726 

lanuginosum, Sphagnum capillifolium, S. cuspidatum, S. papillosum, S. tenellum, 727 

Trichophorum cespitosum. 728 
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Figure 4. Vegetation changes over time in the restoration area, and comparison data from bog 771 

and forest control plots. (a) Floristic similarity to the 1990-1 reconstructed baseline conditions; 772 

(b-d) community-averaged Ellenberg values (Ellenberg's F, R, and N: used to indicate moisture, 773 

Calcium and fertility respectively). Points have been jittered for clarity. 774 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 797 

Vegetation response to restoration management in a blanket bog damaged by drainage and 798 

afforestation. 799 

 800 

Appendix. Reconstructing the baseline (pre-afforestation) vegetation 801 

composition 802 

Introduction 803 

Restoration of our study site was intended to ultimately achieve a state similar to that of 804 

nearby areas of intact bog that were of similar slope and high conservation status. To describe 805 

this 'target state', we used the bog control plots. These bog controls were matched by slope to 806 

the restoration plots, and all were within areas designated as Special Area of Conservation 807 

(SAC) under the EU Habitats Directive, indicating their high conservation status. Bog control 808 

plots were surveyed in 2011-5; thus they were described in detail at a time point broadly 809 

contemporary with the most recent surveys of restoration plots, in 2011. Similarly, our forest 810 

controls, surveyed in 2011-14, represented the hypothetical contemporary state of our study 811 

site, had it not entered restoration management. 812 

However, to fully understand the restoration process, it is important to also consider the 813 

baseline state, i.e. the state of the area prior to the damage which restoration seeks to reverse.  814 

In our case, this damage was mainly caused by afforestation of our study area in 1983-5. Prior 815 

to that episode, the study site had been intact bog, albeit showing some indications of earlier 816 

land-use impacts (Figures S1, S2). No detailed vegetation data were available for our study 817 

area from prior to afforestation. However, shortly after afforestation took place, in 1990-1, 818 

remaining intact bogs in the area were surveyed in support of nature conservation designations. 819 
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We aimed to use these 1990-1 data to reconstruct the plausible baseline, pre-afforestation 820 

vegetation composition of our study site. 821 

 822 

Methods 823 

The 1990-1 survey data comprised (i) maps showing large polygons (typically 10s of ha), 824 

each classified as one plant community using the British system of National Vegetation 825 

Classification (NVC: Rodwell 1991); and (ii) one 2x2 m 'typical' quadrat per polygon, with 826 

vegetation measured on a categorical abundance scale (the DOMIN scale: Mueller-Dombois & 827 

Ellenberg 1974). Firstly, we identified suitable areas with 1990-1 survey coverage, to act as 828 

'reconstructed baseline' plots. Secondly, we reconstructed the approximate vegetation cover of 829 

these plots from the 1990-1 vegetation survey data. The detailed process was as follows. 830 

We identified one reconstructed baseline plot for each of the nine restoration plots, using 831 

the following criteria (see also Table 1): the reconstructed baseline plot needed to be (i) similar 832 

in slope to the corresponding restoration plot; (ii) of similar size to the restoration plots; (iii) 833 

equidistant from the corresponding restoration and bog control plots; (iv) at least 400 m from 834 

other reconstructed baseline plots; (v) covered by the 1990-1 survey data; (vi) included within a 835 

conservation designated site, i.e. forming part of the Caithness and Sutherland Peatlands 836 

Special Area of Conservation, designated under the EU Habitats Directive. Criteria (i), (ii) and 837 

(iii) were intended to allow reasonable comparability between the reconstructed baseline plots, 838 

and corresponding restoration and bog control plots. To match by size, nominal 100 m radius 839 

circular plots were used. Criteria (iv) was intended to ensure that the sample of nine 840 

reconstructed baseline plots comprised nine reasonably independent estimates of baseline 841 

vegetation composition. Criterion (v) was a purely practical consideration. Criterion (vi) was 842 

intended to ensure that reconstructed baseline plots were of high habitat quality (from a 843 



40 
 

conservation perspective), as were most of the areas afforested in the 1980s in the core of the 844 

Flow Country around our study site (Lindsay et al. 1988). 845 

To reconstruct the approximate vegetation cover for these baseline plots, we used both 846 

the polygon level and quadrat level data from the 1990-1 surveys, as follows. At the polygon 847 

level, median DOMIN scores for each species were taken from the floristic table for the 848 

recorded, British National Vegetation Classification (NVC) plant community (Rodwell 1991). 849 

(These floristics tables show the usual range of DOMIN scores and quadrat-level frequencies to 850 

be expected within a particular NVC community, for all plant species expected to sometimes 851 

occur within that NVC community.) These median DOMIN scores were then converted to 852 

approximate percentage covers using Currall's (1987) formula. These percentages were 853 

multiplied by the median proportional frequency given in the NVC floristic table, to estimate the 854 

mean cover for that polygon. Quadrat cover scores were estimated similarly, by converting 855 

DOMIN scores to estimated percentage cover using Currall's (1987) formula. The cover of each 856 

taxon in each reconstructed baseline plot was then estimated as the mean of the polygon-level 857 

and quadrat-level estimates for the polygon covering that plot. 858 

This approach involves the following assumptions: (i) Currall's (1987) formula is 859 

reasonably accurate for converting DOMIN scores to percentage covers in this context; (ii) 860 

DOMIN and frequency scores for each plant species, at the level of a 100 m radius plot, are 861 

likely to be around median values for that NVC community; (iii) plot level cover scores are 862 

approximately mid-way between corresponding quadrat and polygon level estimates. To explore 863 

the implications of these assumptions, we created additional graphical plots of the reconstructed 864 

baseline cover data, at the level of major plant groups (the groups plotted in Figure 2 in the main 865 

paper). These additional graphical plots compare the covers of these major groups as estimated 866 

using the approach as used in the main paper, described above, and also with alternative 867 

approaches, based on either (i) quadrat level data only; (ii) polygon level data only; or (iii) a 868 

randomisation approach based on polygon level data. The randomisation approach involved 869 
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creating 100 different estimates of cover scores by species. For each estimate for each species, 870 

a DOMIN frequency was chosen at random from the range of values tabulated in the floristics 871 

table for that NVC community. Similarly, a proportional frequency was chosen at random from 872 

the tabulated range. These were then converted to a cover estimate as described above. Once 873 

all 100 sets of cover estimates had been created, a corresponding set of 100 summed 874 

estimates for each plant group were calculated. The median value for each plant group, and its 875 

68% confidence limits (analogous to one standard deviation and estimated as the 17th and 84th 876 

of the 100 estimates when placed in rank order), were plotted on the graph for comparison with 877 

the other approaches. While this randomisation approach is in many ways more realistic than 878 

the approach used in the main paper, in that each plant species is allowed to take a range of 879 

DOMIN and frequency values, it involves making the following additional assumptions: (i) each 880 

plant species is equally likely to take any DOMIN and frequency value within the tabulated 881 

ranges for that NVC community; (ii) for each plant species, DOMIN and frequency scores are 882 

independent of each other; (iii) DOMIN and frequency scores of different plant species are 883 

independent from one another. 884 

Because the floristics tables used to reconstruct vegetation composition included all taxa 885 

which sometimes occur in that community, our reconstructed baseline data also included non-886 

zero values for all taxa within that community, including very rare ones, albeit that these species 887 

had very low cover estimates. Therefore, the species richness (based on the number of non-888 

zero species) of reconstructed baseline vegetation was unrealistically high. This would tend to 889 

reduce the estimated floristic similarity between reconstructed baseline vegetation, and modern 890 

bog control or restoration plots. By using the Morisita-Horn similarity index, we intended to 891 

reduce the influence these rarer species, and focus on the more abundant species which we 892 

considered to be functionally more important. We investigated this issue by calculating the 893 

species richness of reconstructed baseline vegetation and modern bog controls, for (i) all 894 

species; or just for more abundant species, having (ii) over 1% cover or (iii) over 5% cover. 895 
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  896 

Results and Discussion 897 

Five different NVC communities were recorded with the plots used to reconstruct the 898 

baseline vegetation; over 90% of the area comprised two types of Erica tetralix - Sphagnum 899 

papillosum blanket mire (Table A1).  900 

The effects of using alternative means of reconstructing the baseline vegetation 901 

composition are illustrated in Figure A1. For comparison, baseline vegetation composition using 902 

the approach used in the main paper is shown as Figure A1a, and the modern bog control data 903 

from the main paper, as Figure A1b. The remaining three graphs (Figures A1c; d; and e) show 904 

the results of using three different approaches to reconstructing the baseline vegetation 905 

composition: quadrat data only; mean floristics (polygon-level) data only; and a randomisation 906 

approach to using floristics data to estimate median and 68% confidence intervals.  907 

The plant groups showing the most variation between the different approaches (different 908 

graphs in Figure A1) were sedges (Cyperaceae) and Sphagnum mosses (Sphagnaceae). For 909 

these two groups of plants, standard deviations among values plotted on the five graphs were 910 

12% and 9% respectively, notably higher than for other groups of plants. Cover of combined 911 

sedges was particularly high in the quadrat data from 1990-1 (averaging 47%) and low in the 912 

modern bog control data (averaging 14%). Meanwhile, sedge covers calculated from the 913 

tabulated floristics data (Figures A1d, e) were intermediate, averaging 22%. High scores in the 914 

1990-1 quadrat data affected the combined 1990-1 quadrat and floristics estimate (Figure A1a), 915 

as used in the main paper, which was double that of the modern bog controls, at 29%. 916 

Meanwhile, mean total Sphagnum moss cover was relatively high in the modern bog controls 917 

(Figure A1b) and floristics-based reconstructed baseline vegetation (Figures A1d, e) at 30-34%, 918 

but much lower in the 1990-1 quadrat data at around 11%. Overall, these results suggest that 919 

the sample quadrats surveyed in 1990-1 had considerably more sedge cover, and less 920 

Sphagnum cover, than either modern bog controls (surveyed 2011-5) or the 'ideal' or 'typical' 921 
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state for the corresponding vegetation community, indicated by the NVC floristics tables. 922 

Clearly, reconstructing vegetation composition in this way leaves considerable uncertainty, but 923 

possibly these differences could reflect a real change between the 1990-1 quadrat surveys, and 924 

our 2011-5 bog control surveys. If so, such a change could reflect processes in the interim 925 

period, for example, the effects of 20 years of nature conservation protection at the modern bog 926 

controls, including measures intended to reduce burning and reverse drainage, which have 927 

been in place since the early or mid-1990s. However, there is considerable uncertainty in 928 

intepretation, due to the lack of detailed 1990-1 data and the various assumptions involved in 929 

reconstructing the baseline vegetation. The possibility that intact bog areas have experienced 930 

some marked changes in abundance of important plant groups like sedges and Sphagnum 931 

mosses, since nature conservation protection was put in place in the 1990s, would merit further 932 

study with more accurate approaches. For example, the recent (20-30 year) vegetation history 933 

could be reconstructed from preserved plant remains in peat cores, comparing intact bog sites 934 

which either have, or have not, been given nature conservation protection.  935 

As expected, species richness, including rare species, averaged higher in the 936 

reconstructed baseline data, than in the modern bog controls (Table A2). However, when only 937 

more common species are considered, this difference is reduced, becoming negligible when 938 

only species having over 5% cover are considered. The effect of high species richness in the 939 

reconstructed baseline vegetation will be to reduce estimates of floristic similarity with modern 940 

bog control (and restoration) data. However, use of the Morisita-Horn index will lessen this 941 

effect, due to the way in which it emphasises the role of more abundant species (see main text), 942 

a group for which there was relatively little difference in species richness. 943 
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Figure A1. The effect of different approaches to reconstructing the baseline vegetation 958 

composition, from 1990-1 survey data. (a) Reconstructed baseline vegetation composition using 959 

the approach used in the main paper, based on quadrat values and mean values from tabulated 960 

community floristics for the vegetation community recorded at the polygon level. (b) The modern 961 

(2011-5) bog control data for comparison. The remaining graphs show the reconstructed 962 

baseline vegetation composition using (c) quadrat data only; (d) mean values from floristics 963 

tables only (recorded at the polygon level); and (e) median values and 68% confidence limits 964 

(analogous to one standard deviation), calculated using randomisation (see text). 965 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 990 

Vegetation response to restoration management in a blanket bog damaged by drainage and 991 

afforestation. 992 

 993 

Figure S1. Satellite images of the restoration area. These use Landsat satellite data to create 994 

pseudo natural-colour composites, without pan sharpening. Red, near infra-red and green 995 

reflectances are used for the red, green and blue channels respectively (respectively bands 5, 996 

6, and 4 for Landsats 1 and 2, and bands 3, 4, and 2 for Landsats 5 and 7). The 1975 image 997 

was sharpened using a cubic resampling function. The first two images show the area prior to 998 

afforestation. The 1984-94 images show the area freshly ploughed and planted, followed by 999 

young growing trees. The 2000-13 images show the area after the 1998 removal of trees and 1000 

commencement of restoration management. Other forestry plantings to the south of the 1001 

restoration area can also be seen. One of these (immediately to the south of the restoration 1002 

area) also entered restoration management between the 2000 and 2006 images, the other 1003 

(south end of the images) remains as forestry. Note that clouds affect the 2006 and 2009 1004 

images. Images are orientated with north upwards, and have an approximate width of 3.0 km. 1005 
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Figure S1 contd. The May 2000 satellite image, with the restoration area outlined (black dotted 1025 

line). 1026 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 1046 

Vegetation response to restoration management in a blanket bog damaged by drainage and 1047 

afforestation. 1048 

 1049 

 1050 

Figure S2. AerialAir photographs of the restoration area. The 1977 image shows the area prior 1051 

to afforestation. The 1988 image shows it approximately four years after afforestation. 1052 

Restoration commenced with tree removal in 1998: the 2000 and 2012-3 images thus show the 1053 

area around two and 14 years after restoration commenced. The 2012-3 image has been 1054 

orthorectified; the others have not. All images are orientated with north upwards, and the width 1055 

of all images is approximately 2.8 km. 1056 
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 1062 

a. 11 August 1977     b. 6 May 1988 (northern 30% of image);  1063 

           11 October 1988 (remainder) 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

c. 12 May 2000     d. 29 April 2012 (southern 80% of image),  1075 

           7 July 2013 (remainder) 1076 
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Figure S2 contd.  1088 

 1089 

e. The May 2000 aerialair photo, with the restoration area outlined (black dotted line). 1090 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 1108 

Vegetation response to restoration management in a blanket bog damaged by drainage and 1109 

afforestation. 1110 

 1111 

Figure S3. A map of the study area, as Figure 1a, but with the plots annotated to indicate which 1112 

block number they belong to. 1113 
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 1115 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 1117 

Vegetation response to restoration management in a blanket bog damaged by drainage and 1118 

afforestation. 1119 

 1120 

Figure S4. Second axes of Principal Response Curve analyses. The curves show the strength 1121 

and direction of the secondary axis of vegetation change in relation to (a) bog controls (5.6%, 1122 

p<0.01%); and (b) both bog and forest controls (5.2%; p<0.01%). The lines representing the 1123 

controls are based on data gathered during 2011-15 but are nominally extended across the 1124 

whole study period. The vertical axis at right shows the plant taxa most strongly associated with 1125 

the main axis of vegetation change, as follows: Calluna vulgaris, Deschampsia flexuosa, Erica 1126 

tetralix, Eriophorum angustifolium, E. vaginatum, Hylocomium splendens, Hypnum spp., Picea 1127 

sitchensis, Pinus contorta, Pleurozia purpurea, Pleurozium schreberi, Racomitrium 1128 

lanuginosum, Sphagnum capillifolium, S. cuspidatum, S. papillosum, S. tenellum, 1129 

Trichophorum cespitosum. Figure S4a emphasises the species showing consistent changes in 1130 

abundance in the ridges and original surfaces of the restoration area: C. vulgaris, which 1131 

decreased, and E. vaginatum, S. capillifolium and D. flexuosa, which increased. It also 1132 

highlights S. cuspidatum, which has been consistently abundant in the furrows of the restored 1133 

site, compared to elsewhere. Figure S4b emphasizes the species that have become more 1134 

dominant over time in the restoration site than in both the forested site and the bog control (D. 1135 

flexuosa, Hypnum spp.) as well as the species that are consistently highest in the bog control, 1136 

that were lost with forestry and have not recovered yet in the restoration sites (T. cespitosum 1137 

and S. capillifolium) 1138 
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 1143 

Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 1144 

Vegetation response to restoration management in a blanket bog damaged by drainage and 1145 

afforestation. 1146 

 1147 

 1148 

Figure S5. Abundance of individual plant taxa. The most recent data from the restoration area 1149 

(2011), compared with bog controls (2015). Taxa are included that comprised at least 2%, 1150 

averaged across restoration and bog control plots, of all live vegetation cover (means and 1151 

standard errors); ranked by declining mean abundance from left to right. 1152 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 1155 

Vegetation response to restoration management in a blanket bog damaged by drainage and 1156 

afforestation. 1157 

 1158 

 1159 

Figure S6. Plots of residuals vs. slope for trend models of vegetation in the restoration area 1160 

(Table 1). Some points have been jittered for clarity. 1161 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 1189 

Vegetation response to restoration management in a blanket bog damaged by drainage and 1190 

afforestation. 1191 

 1192 

 1193 

Figure S7. Plots of residuals vs. slope for treatment models comparing restoration and bog 1194 

control vegetation (Table 3). Some points have been jittered for clarity. 1195 
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Supporting information to the paper: Hancock, M.H., Klein, D., Andersen, R. & Cowie, N.R. 

Vegetation response to restoration management in a blanket bog damaged by drainage and 

afforestation. 

 

 

Table S1. Plant taxa present in the study plots. Taxa are listed alphabetically by group, 

family, genus and species. Each row represents a taxon as recorded in the field (all plot 

types) or derived from NVC floristics tables (reconstructed baseline plots only; see Table A1 

for a breakdown of the NVC communities recorded). Where no species name is given, taxa 

were lumped at the genus level; where no genus name, at the family level, etc. Note that 

lichens (not plants, but composite organisms comprising fungi with algae and/or 

cyanobacteria) were also recorded, as a single, separate 'vegetation' taxon. 

Vegetation group Family Genus Species Recorded on 
field 
surveys?1 

Angiospermae Betulaceae Betula nana 

Angiospermae Boraginaceae Myosotis  

Angiospermae Caryophllaceae Stellaria media 

Angiospermae Caryophllaceae Stellaria uliginosa 

Angiospermae Cornaceae Cornus suecica 

Angiospermae Cyperaceae Carex bigelowii 

Angiospermae Cyperaceae Carex binervis 

Angiospermae Cyperaceae Carex curta 

Angiospermae Cyperaceae Carex echinata 

Angiospermae Cyperaceae Carex nigra 

Angiospermae Cyperaceae Carex panicea 

Angiospermae Cyperaceae Carex rostrata 

Angiospermae Cyperaceae Eriophorum angustifolium 

Angiospermae Cyperaceae Eriophorum vaginatum 
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Angiospermae Cyperaceae Rhynchospora alba 

Angiospermae Cyperaceae Trichophorum cespitosum 

Angiospermae Droseraceae Drosera anglica 

Angiospermae Droseraceae Drosera intermedia 

Angiospermae Droseraceae Drosera rotundifolia 

Angiospermae Ericaceae Andromeda polifolia 

Angiospermae Ericaceae Arctostaphylos alpinus 

Angiospermae Ericaceae Arctostaphylos uva-ursi 

Angiospermae Ericaceae Calluna vulgaris 

Angiospermae Ericaceae Empetrum nigrum 

Angiospermae Ericaceae Erica cinerea 

Angiospermae Ericaceae Erica tetralix 

Angiospermae Ericaceae Vaccinium microcarpum 

Angiospermae Ericaceae Vaccinium myrtillus 

Angiospermae Ericaceae Vaccinium oxycoccos 

Angiospermae Ericaceae Vaccinium uliginosum 

Angiospermae Ericaceae Vaccinium vitis-idaea 

Angiospermae Ericaceae Vaccinium x_intermedium 

Angiospermae Fabaceae Lotus pedunculatus 

Angiospermae Fagaceae Quercus  

Angiospermae Juncaceae Juncus acutiflorus 

Angiospermae Juncaceae Juncus bulbosus 

Angiospermae Juncaceae Juncus effusus 

Angiospermae Juncaceae Juncus squarrosus 

Angiospermae Juncaceae Luzula  

Angiospermae Lamiaceae Teucrium scorodonia 

Angiospermae Lentibulariaceae Pinguicula vulgaris 

Angiospermae Liliaceae Narthecium ossifragum 

Angiospermae Myricaceae Myrica gale 
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Angiospermae Onagraceae Epilobium palustre 

Angiospermae Orchidaceae Listera cordata 

Angiospermae Orobanchaceae Melampyrum pratense 

Angiospermae Plantaginaceae Callitriche  

Angiospermae Plantaginaceae Veronica beccabunga 

Angiospermae Poaceae Agrostis  

Angiospermae Poaceae Anthoxanthum odoratum 

Angiospermae Poaceae Deschampsia cespitosa 

Angiospermae Poaceae Deschampsia flexuosa 

Angiospermae Poaceae Festuca  

Angiospermae Poaceae Holcus lanatus 

Angiospermae Poaceae Holcus mollis 

Angiospermae Poaceae Molinia caerulea 

Angiospermae Poaceae Nardus stricta 

Angiospermae Poaceae Poa  

Angiospermae Polygonaceae Rumex acetosa 

Angiospermae Polygonaceae Rumex acetosella 

Angiospermae Rosaceae Potentilla erecta 

Angiospermae Rosaceae Potentilla palustris 

Angiospermae Rosaceae Rubus chamaemorus 

Angiospermae Rubiaceae Galium palustre 

Angiospermae Rubiaceae Galium saxatile 

Angiospermae Saliceae Salix  

Angiospermae Violaceae Viola palustris 

Bryophyta Amblystegiaceae Amblystegium serpens 

Bryophyta Amblystegiaceae Calliergon stramineum 

Bryophyta Aulacomniaceae Aulacomnium palustre 

Bryophyta Bartramiaceae Breutelia chrysocoma 

Bryophyta Brachytheciaceae Brachythecium  
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Bryophyta Brachytheciaceae Eurhynchium hians 

Bryophyta Brachytheciaceae Eurhynchium praelongum 

Bryophyta Brachytheciaceae Isothecium myosuroides 

Bryophyta Brachytheciaceae Scleropodium purum 

Bryophyta Brachytheciaceae Scleropodium purum 

Bryophyta Bryaceae Bryum  

Bryophyta Dicranaceae Campylopus 

Bryophyta Dicranaceae Dicranella heteromalla 

Bryophyta Dicranaceae Dicranum bonjeanii 

Bryophyta Dicranaceae Dicranum fuscescens 

Bryophyta Dicranaceae Dicranum majus 

Bryophyta Dicranaceae Dicranum scoparium 

Bryophyta Grimmiaceae Racomitrium lanuginosum 

Bryophyta Hylocomiaceae Hylocomium splendens 

Bryophyta Hylocomiaceae Pleurozium schreberi 

Bryophyta Hylocomiaceae Rhytidiadelphus loreus 

Bryophyta Hylocomiaceae Rhytidiadelphus squarrosus 

Bryophyta Hylocomiaceae Rhytidiadelphus triquetrus 

Bryophyta Hypnaceae Hypnum  

Bryophyta Hypnaceae Plagiothecium  

Bryophyta Mniaceae Mnium  

Bryophyta Mniaceae Pohlia  

Bryophyta Orthodontiaceae Orthodontium lineare 

Bryophyta Plagiotheciaceae Plagiothecium undulatum 

Bryophyta Polytrichaceae Polytrichum  

Bryophyta Sphagnaceae Sphagnum capillifolium 

Bryophyta Sphagnaceae Sphagnum compactum 

Bryophyta Sphagnaceae Sphagnum cuspidatum 

Bryophyta Sphagnaceae Sphagnum denticulatum 
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Bryophyta Sphagnaceae Sphagnum fallax 

Bryophyta Sphagnaceae Sphagnum fimbriatum 

Bryophyta Sphagnaceae Sphagnum fuscum 

Bryophyta Sphagnaceae Sphagnum girgensohnii 

Bryophyta Sphagnaceae Sphagnum imbricatum s.l. 

Bryophyta Sphagnaceae Sphagnum magellanicum 

Bryophyta Sphagnaceae Sphagnum palustre 

Bryophyta Sphagnaceae Sphagnum papillosum 

Bryophyta Sphagnaceae Sphagnum pulchrum 

Bryophyta Sphagnaceae Sphagnum russowii 

Bryophyta Sphagnaceae Sphagnum squarrosum 

Bryophyta Sphagnaceae Sphagnum subnitens 

Bryophyta Sphagnaceae Sphagnum tenellum 

Bryophyta Thuidiaceae Thuidium tamariscinum 

Gymnospermae Pinaceae Larix decidua 

Gymnospermae Pinaceae Picea sitchensis 

Gymnospermae Pinaceae Pinus contorta 

Gymnospermae Pinaceae Pinus sylvestris 

Lycophyta Huperziaceae Huperzia selago 

Marchantiophyta2 Aneuraceae Riccardia chamedryfolia 

Marchantiophyta2 Calypogeiaceae Calypogeia azurea 

Marchantiophyta2 Calypogeiaceae Calypogeia fissa 

Marchantiophyta2 Calypogeiaceae Calypogeia muelleriana 

Marchantiophyta2 Cephaloziaceae Cephalozia  

Marchantiophyta2 Cephaloziaceae Cladopodiella fluitans 

Marchantiophyta2 Cephaloziaceae Odontoschisma sphagni 

Marchantiophyta2 Cephaloziellaceae Cephaloziella divaricata 

Marchantiophyta2 Jungermanniaceae Lophozia  

Marchantiophyta2 Lepidoziaceae Kurzia pauciflora 
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Marchantiophyta2 Lepidoziaceae Lepidozia reptans 

Marchantiophyta2 Lophocoleaceae Lophocolea  

Marchantiophyta2 Myliaceae Mylia anomala 

Marchantiophyta2 Myliaceae Mylia taylorii 

Marchantiophyta2 Pelliaceae Pellia epiphylla 

Marchantiophyta2 Pleuroziaceae Pleurozia purpurea 

Marchantiophyta2 Ptilidiaceae Ptilidium ciliare 

Marchantiophyta2 Scapaniaceae Barbilophozia floerkei 

Marchantiophyta2 Scapaniaceae Diplophyllum albicans 

Marchantiophyta2 Scapaniaceae Gymnocolea inflata 

Marchantiophyta2 Scapaniaceae Scapania gracilis 

Pteridophyta    

1. Species not ticked in this column were those that were listed in NVC floristics tables, but 
not recorded in field surveys; these contributed small amounts of cover to estimates for 
reconstructed baseline plots. 2. Note that in the forest controls, all Marchantiophyta 
(liverworts) were lumped. 
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