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Abstract   17 

Although forest edges surrounding lakes and wetlands are common in many heterogeneous 18 

landscapes, there are few studies on patterns of vegetation across these natural landscape 19 

boundaries. We investigated forest structure, understorey composition and bryophytes at bog and 20 

lakeshore edges in spruce and old growth hemlock forests. Our objectives were to estimate edge 21 

width for vegetation across lake and bog edges, and to examine patterns across the bog forest 22 

edge. We sampled canopy cover, trees, deadwood, structural diversity, species diversity, saplings 23 
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and understorey vegetation along transects across four bog and four lakeshore edges in spruce 24 

forests and five lakeshore edges in hemlock forests. We used randomization tests to determine 25 

the distance of edge and forest influence into adjacent interior forest and bog, respectively. 26 

Patterns were assessed using wavelet analysis to determine locations of abrupt changes. Edge 27 

influence extended only 5 m into the forest for most variables with notable results of fewer 28 

bryophytes, more shrubs and greater tree and shrub diversity at lakeshore edges in hemlock 29 

forests. Forest influence at bog edges resulted in a wider approx. 40 m transition zone within the 30 

bog in which tree density, graminoid cover, Sphagnum spp. cover and herb diversity were greater 31 

than both adjacent bog and forest. Varying edge width and responses to edge influence between 32 

forest types emphasizes the need for site specific studies. Lakeshore and bog forest edges 33 

harbour greater diversity and unique vegetation structure on heterogeneous landscapes in Nova 34 

Scotia, particularly in bog margins, and are key areas to consider for conservation.  35 
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Introduction 45 

Natural forest edges are common in heterogeneous landscapes and may harbour relatively high 46 

species diversity; however, studies of vegetation at natural edges are still relatively scarce 47 

(Franklin et al. 2021). Natural inherent edges are gradual transitions with generally lower tree 48 

abundance but higher cover of shrubs, herbs and nonvascular plants compared to interior forest 49 

(Franklin et al. 2021). These transitions often have greater plant species diversity compared to 50 

adjoining ecosystems (Harris 1988; Naiman et al. 1993; Luczaj and Sadowska 1997; Erdos et al. 51 

2013). The variable structure of natural edges creates more complex transition zones (Hanson and 52 

Stuart 2005; Harper et al. 2014), often with structural features that can provide important habitat 53 

for conservation (e.g., Franklin et al. 2015; Barbé et al. 2017; Dazé Querry and Harper 2017).  54 

 Many studies of vegetation at natural edges investigated the edges of water bodies or 55 

wetlands; a global synthesis by Franklin et al. (2021) found 35 studies, 15 of which were conducted 56 

in temperate ecosystems. Some of their results include greater plant species diversity (Kupfer and 57 

Malanson 1993; Coroi et al. 2004; Dieterich et al. 2006), higher tree or sapling density (Kupfer 58 

and Malanson 1993; Harper and Macdonald 2001; Komomen 2009), more short trees (Langlois et 59 

al. 2015), greater shrub cover (Salek et al. 2013; Paradis et al. 2015) and greater bryophyte cover 60 

(Paradis et al. 2015) at edges compared to interior forest. Bog margins have complex vegetation 61 

structure with dense trees and higher productivity (Howie and Meerveld 2011; Paradis et al. 2015; 62 

Langlois et al. 2015). There is still a need for site-specific studies on vegetation at natural edges to 63 

understand patterns of forest structure, composition and diversity across the landscape; even 64 

studies on the bog margin rarely extend into the adjacent forest (Howie and Meerdveld 2011). 65 

 We investigated forest structure, understorey composition and bryophytes across bog edges 66 

in spruce forests and lakeshore edges in spruce and old-growth hemlock forests. We had three 67 
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specific objectives: 1) to determine the width of bog and lakeshore edges, 2) to examine patterns 68 

across the bog forest transition and 3) to compare results among different response variables. We 69 

assessed distance of edge influence (DEI) for bog and lakeshore edges as the range of distances 70 

over which average values were significantly different from interior forest, and distance of forest 71 

influence (DFI, terminology from Baker et al. 2013) for bog edges as the range of distances over 72 

which average values were significantly different from the bog. We tested the hypothesis that these 73 

natural forest edges are hotspots for biodiversity by determining if species or structural diversity 74 

was greater compared to the adjacent forest.  75 

 76 

Methods 77 

Site description 78 

We conducted our study in southwest Nova Scotia, Canada, with sites located in 79 

Kejimkujik National Park and surrounding areas (Fig. 1). This part of Nova Scotia has an average 80 

annual rainfall of 1155 mm, and temperatures averaging -6.1°C in January and 18.4°C in July 81 

(Environment Canada 2010). Temperate (Acadian) forests are dominated by Picea, Abies, Betula 82 

and Acer, whereas old growth hemlock forests are dominated by Tsuga canadensis. Dominant 83 

species in the bogs include bryophytes Sphagnum spp. and Pleurozium schrebrei, and shrubs 84 

Rhododendron canadense and Kalmia angustifolia. 85 

 86 

Data collection 87 

 Data were collected along transects set up perpendicular to four ombrotrophic bog edges 88 

and four lakeshore edges in Picea (spruce) dominated forests June to August 2010, and five 89 

lakeshore edges in old-growth hemlock forests May to June 2011. Transects extended from the 90 
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edge (0 m, defined as the limit of continuous forest canopy) up to 180 m into the forest for 91 

lakeshore transects and from 180 m into the bog to 180 m into the forest for bog transects. Thus 92 

the sampling design was unbalanced between bog and lakeshore transects since there was no 93 

vegetation on the lake side of the forest edge. 94 

 We sampled forest structure, bryophytes and soil characteristics at 0, 5, 15, 25, 40, 60, 100, 95 

140 and 180 m from the edge into the forest and bog; for hemlock lakeshore transects a plot was 96 

added at 0 m and plots were located at 150 and 200 m instead of 140 and 180 m (Fig. 2). On one 97 

transect, 180 m was too close to another edge so we established another sampling point 40 m away 98 

also at 140 m. We recorded the species, dbh (diameter at breast height, 1.4 m) and canopy position 99 

(i.e., dominant or above the canopy, codominant or at canopy height, intermediate or just below 100 

the canopy receiving light from above, suppressed or well below the canopy, Côté 2000) of every 101 

live tree with dbh > 5 cm within a 5 × 20 m plot at each distance, length parallel to the edge. 102 

Canopy cover was estimated in the centre of the plot as the average of four measurements using a 103 

convex densitometer (two measurements facing either end of the transect). We tallied the number 104 

of logs intersecting the major axis of the plot (>5 cm diameter at the intersection point). 105 

 We set up contiguous 1 × 1 m quadrats from -62.5 to +62.5 m across the bog edges, from 106 

-2.5 to +62.5 m across the lakeshore edges, and across 5 m spans along the transect at the interior 107 

sampling points (100, 140/150, 180/200 m). Within each quadrat, we estimated the cover of shrubs, 108 

herbs, bryophytes, graminoids (except in hemlock forest), lichens and litter (only in hemlock 109 

forest), and the cover of individual vascular plant and common bryophyte species. Shrubs were 110 

woody non-tree species that can grow more than 50 cm tall. Herbs included short woody species 111 

that do not grow more than 50 cm tall. Cover was estimated visually to the nearest 10%, except to 112 

the nearest 1% for cover less than 5%. 113 
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 114 

Data analysis 115 

 Forest structure response variables included canopy cover; tree basal area; tree, snag and 116 

log density; tree species richness and diversity; and horizontal and vertical tree structural richness 117 

and diversity. Tree basal area was calculated from the dbh of all trees within each plot. Species 118 

diversity was calculated using the Shannon diversity index. Horizontal richness was the number 119 

of dbh size classes (10 cm increments) and vertical richness was the number of canopy positions 120 

within a plot; we used the Shannon index to calculate horizontal and vertical diversity using these 121 

categories (terminology follows LaRue et al. 2023). Understorey response variables included the 122 

cover of shrubs, herbs, bryophytes, graminoids, lichens and litter; sapling density; shrub, herb and 123 

bryophyte richness and diversity (calculated using the Shannon index); and cover of individual 124 

species with frequency greater than 10%. Because we did not identify many bryophytes to species, 125 

bryophyte diversity is more accurately the diversity of bryophyte genera. 126 

We estimated the magniture of edge influence (MEI) and DEI for each response variable 127 

using the randomization test of edge influence (RTEI) Add-In in Microsoft Excel (Harper and 128 

Macdonald 2011). MEI measures how much the variable differs at a given distance compared to 129 

the interior ecosystem: MEI = (xd - xi)/(xd + xi) where xd = average of variable x at distance d and 130 

xi = average in the interior forest (Harper et al. 2005). We used three sampling points along each 131 

transect at 100, 140/150 and 180/200 m for interior forest. For the magnitude of forest influence 132 

(MFI, terminology from Baker et al. 2013), we compared plots along the bog transect to interior 133 

bog (100, 140, 180 m into the bog). For understorey variables, values were averaged for each 5 m 134 

segment of the transect (e.g., -2.5 to 2.5 m for 0 m).  135 
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DEI measures how far from the edge a response variable significantly differs from interior 136 

forest. We quantified DEI using RTEI with blocking, which tests the significance of the response 137 

variable for each distance using randomization tests (see Harper and Macondald 2011, Harper et 138 

al. this issue for details). DEI was estimated as the set of distances with a significant response for 139 

structure variables and as the set of two or more consecutive distances (or segments separated by 140 

one distance) for understorey variables. We also used RTEI analysis to estimate the DFI by 141 

comparing values at different distances to interior bog. 142 

We conducted wavelet analysis in PASSAGE 2.0 (Rosenberg and Anderson 2011) to 143 

assess patterns across the bog forest gradient and to determine locations of abrupt change (see 144 

Harper et al. this issue for more details). We analyzed understorey response variables (except 145 

individual vascular plant species) in the contiguous 1 x 1 m plots within 62.5 m on either side of 146 

the bog-forest edge. We used the Haar wavelet template and assessed wavelet position variance 147 

(10% maximum scale) with randomization tests (999 permutations, 95% confidence interval) to 148 

identify significant abrupt transitions. We estimated the distance of edge change (DEC) by 149 

considering significant peaks of at least two consecutive distances on at least two transects or 150 

distances that were offset by 1 m.  151 

 152 

Results 153 

 154 

Lakeshore forest edges 155 

 Edge influence on vegetation structure at lakeshore forest edges in Nova Scotia was not 156 

very apparent or extensive. Neither canopy cover nor basal area had any discernible trend along 157 

the edge to interior forest gradient at lakeshore edges in spruce and hemlock forest (Fig 3). Average 158 
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canopy cover remained above 70% and basal area was consistent with an average of about 10 m2 159 

/ ha in spruce forests but much greater and more variable in hemlock forests (35-65 m2 / ha). Tree 160 

and snag density in both forest types, and log density in spruce forests, was higher near lakeshore 161 

edges (up to 20 and 6 / 100 m2 within 25 m of the edge, respectively, for tree and snag density), 162 

but not significantly. There were significantly fewer logs at lakeshore edges of hemlock forests (0-163 

5 m) but more logs 20 to 40 m from the edge compared to interior forest. The richness of tree 164 

species and trees of different sizes did not vary noticeably along the transects except for 165 

significantly greater species richness of about three species per plot at lakeshore edges of hemlock 166 

forests compared to two in interior forest; horizontal richness was about twice as high in spruce 167 

compared to hemlock forests. 168 

 The lack of edge influence on vegetation structure at lakeshore edges is reflected in the 169 

generally low MEI values and the DEI results (Table 1). In spruce forests, edge influence was only 170 

significant at single distances with greater canopy cover at 60 m and tree species richness at 15 m. 171 

In hemlock forests, edge influence extended up to 25 or 40 m for greater canopy cover, tree density, 172 

tree species richness and log density, although DEI did not always start at 0 m and edge influence 173 

on log density was negative 0 to 5 m and positive 25 to 40 m.  174 

 More understorey variables experienced edge influence at lakeshore edges such as lower 175 

cover of bryophytes, greater cover of shrubs and more litter (hemlock forest only) with DEI up to 176 

60, 20 and 50 m, respectively (Table 1). There was no significant edge influence on graminoid, 177 

herb or lichen cover. Greater sapling density extended 35 to 40 m from spruce lakeshore edges 178 

compared to interior forest. Edge influence was positive for shrub richness and diversity at 179 

hemlock edges, positive for herb diversity at spruce edges but negative for bryophyte richness and 180 

diversity at hemlock edges; DEI estimates were variable but usually 0 to 5 m for hemlock edges. 181 
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Three and four individual species were affected by edge influence at spruce and hemlock edges, 182 

respectively, out of 25 species. Only Pleurozium schreberi had lower cover at the edge compared 183 

to interior in both forest types with a DEI of at least 10 m. 184 

 185 

Bog forest edges 186 

The structure of bog-forest edges was generally similar to interior forest but often different 187 

from the bog (Fig. 4). Canopy cover and tree basal area increased gradually from very low values 188 

in the bog to the edge of the forest, after which values remained consistent at about 70-80% cover 189 

and 20-30 m2 per ha in the forest, respectively. Canopy cover from -20 to -40 m in the bog was 190 

significantly different with intermediate values between both interior ecosystems (hatched area in 191 

Fig. 4a). Tree basal area at the edge and within the forest was significantly greater than in interior 192 

bog. On the bog side of the edge, there was a zone of significantly greater tree density (approx. 25 193 

per 100 m2) compared to both forest and bog (10-15 per 100 m2). Snag density increased from bog 194 

to forest with significantly greater amounts 40-60 m frrom the edge compared to the bog. Log 195 

density was significantly different throughout most of the bog compared to forest and vice versa 196 

with a sharp increase from -15 to -5 m on the bog side of the edge. The richness of tree species 197 

and trees of different sizes increased gradually from the bog to forest but trends were not significant 198 

except for greater horizontal richness in the forest and at the edge compared to interior bog. 199 

 Although there was significant DEI on forest structure at bog edges, distances were almost 200 

entirely constrained to the bog side of the edge, meaning that values at the edge were not 201 

significantly different from interior forest (Table 2). Exceptions included some measures of 202 

diversity that were significantly greater (tree species diversity) or lower (horizontal richness, 203 

vertical diversity) at single distances. Similar to vegetation structure, the DEI for plant groups 204 
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never extended beyond 0 m. Even in the bog, the cover of bryophytes and herbs was not 205 

significantly different from interior forest, but there was greater cover of graminoids and shrubs 206 

and lower cover of lichens far into the bog compared to the adjacent forest. There was no 207 

significant edge influence on bryophyte richness or diversity. Nine out of 23 individual species 208 

were affected by edge influence with DEI rarely extending beyond the edge. 209 

In contrast, forest influence usually extended throughout much of the bog to forest gradient, 210 

with average values at most distances near the edge significantly different from interior bog for 211 

canopy cover, tree basal area, log density and horizontal richness. Forest influence affected all 212 

plant groups; bryophytes and herbs had greater cover in the forest compared to the bog, and lichens 213 

and shrubs had lower cover. There was no significant forest influence on bryophyte richness or 214 

diversity. Fifteen out of 23 individual species were affected by forest influence with DFI usually 215 

extending well into the bog. 216 

Positive MEI and MFI indicate a peak in a response variable at the bog-forest transition, 217 

as observed for tree density (described above, Fig. 4c) and tree species diversity. The same pattern 218 

occurred for graminoids, herb diversity and Sphagnum spp. cover, which were greater than both 219 

adjacent ecosystems for -30 to 0 m into the bog, 0 to 5 m at the forest side of the edge and -60 to -220 

20 m in the bog, respectively. Sapling density also exhibited both edge and forest influence, but 221 

negative MEI and positive MFI indicates a gradual transition from low cover in the bog to high 222 

cover in the forest; the zones -15 to -5 m and 10 to 20 m were significantly different from both 223 

adjacent ecosystems with intermediate values. Shrub richness and diversity showed the opposite 224 

trend decreasing from the bog to the forest with narrow DEI and DFI.  225 

 226 
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 Fine-scale patterns of understorey vegetation along the bog to forest gradient varied 227 

substantially for different response variables and rarely coincided (Fig. 5). Shrub and lichen 228 

cover decreased gradually from interior bog to the edge and remained low throughout the forest. 229 

Abundance of graminoids and herbs was generally low but with peaks on the bog and forest 230 

sides of the edge, respectively. Bryophytes had the opposite trend with high cover except near 231 

the forest edge. The DEC results generally matched the locations of peaks in abundance or sharp 232 

changes with locations in the forest for herbs and bryophytes, near the edge for graminoids and 233 

in the bog for lichens and shrubs. Sapling density had a slight peak on the bog side of the edge 234 

but increased substantially about 40 m into the forest with a significant DEC at about 45 m. 235 

Species richness of shrubs, herbs and bryophytes followed similar trends as their cover with 236 

DEC on the forest side of the edge for herbs and at the edge for brypophytes. Of the four 237 

common bryophyte species, Dicranum spp. and Hylocomnium splendens had low cover 238 

throughout but slightly higher abundance in the forest, whereas Sphagnum spp. and Pleurozium 239 

schreberi had substantially high cover in the bog and forest, respectively. DEC results indicate 240 

abrupt changes near the edge for Sphagnum spp. and into the forest for Hylocomnium splendens 241 

and Pleurozium schreberi.  242 

 243 

Summary of trends across lakeshore and bog edges 244 

 We summarized trends in edge influence by comparing the proportion of variables with 245 

significant DEI, DFI and DEC (Fig. 6). More variables exhibited edge influence at lakeshore 246 

edges of hemlock forests compared to spruce forests. Overall, there was a DEI of 5 m for a third 247 

of understorey variables in hemlock forests; otherwise DEI extended up to 60 m for a few 248 

variables. At bog edges DEI extended to 5 m for less than ten percent of variables. In contrast, 249 
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DFI extended to 40 m into the bog for about a quarter of variables. At the edge, about twice as 250 

many variables were significantly different from bog (DFI) than from forest (DEI); the 251 

proportion of variables equally different from both interior ecosystems occurred at about -20 m 252 

into the bog. DEC occurred throughout the bog to forest gradient for only a few variables. 253 

 254 

Discussion 255 

 256 

Lakeshore forest edges 257 

 Although vegetation at lakeshore forest edges was not very distinct from the surrounding 258 

forest there were some notable differences. Fewer logs at hemlock lakeshore edges was probably 259 

due to logs being washed away immediately at the edge, but our finding of more logs further from 260 

the edge was similar to greater log density found within 20 m of lakeshore edges in boreal forest 261 

in Alberta (Harper and Macdonald 2001). Greater tree species richness at hemlock edges was likely 262 

due to additional tree species adapted to greater light compared to closed canopy forests away from 263 

the edge. Structurally, lakeshore edges of spruce forests were virtually indistinguishable from 264 

interior forest. Edge influence was more substantial on the understorey. Lakeshore edges had more 265 

shrubs (particularly Gaylussacia spp.) than interior forest, likely due to increased exposure to light; 266 

increased shrub cover might have led to a reduction in the cover of bryophytes (particularly 267 

Pleurozium schreberi).  268 

The very short DEI for lakeshore edges (approx. 5 m) was similar to 8 m wide riparian 269 

edges in European deciduous forests (Salek et al. 2013) but narrower than 40 m wide lakeshore 270 

edges in boreal forest in Alberta (Harper and Macdondald 2001). Our results do not fit the general 271 

pattern of more extensive widths of natural edges compared to anthropogenic edges reported by 272 
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Franklin et al. (2021). We are uncertain why DEI was not as extensive in our forests; perhaps 273 

conifer trees are less affected by wind disturbance along the lakeshore. However, it is clear that 274 

site-specific studies are needed even for the same edge type. 275 

 276 

Bog forest edges 277 

 The forest side of the bog edge was similar to lakeshore edges with a DEI of 0 m into the 278 

forest except for a greater abundance of graminoids, saplings and a few species such as Sphagnum 279 

spp. Most changes in vegetation occurred on the bog side of the edge such as the decrease in 280 

canopy cover, tree basal area, snags, logs and structural diversity from the forest to the bog, and 281 

the corresponding increase in shrubs and lichens. Our results indicate a much wider transition zone 282 

on the bog side of the forest edge with DFI extending 40 m into the bog for most variables. Franklin 283 

and Harper (2016) found similar results of a wider transition zone on the non-forested side of 284 

natural created forest edges from insect disturbance compared to the forest side. However, our 285 

estimate of 40 m is less than 12 m found for the edges of boreal peatlands in Alberta using a 286 

different method based on the dissimilarity in plant species composition (Mayner et al. 2018). Our 287 

result fits into the general finding of wider, more gradual transition zones at natural edges (Franklin 288 

et al. 2021), but only if the transitions include forest influence on the non-forested side of the edge. 289 

 Simply reporting the width of the bog forest transition zone conceals more complex 290 

patterns of vegetation within the bog. We found zonation evidenced by peaks in graminoid cover, 291 

tree density and Sphagnum cover into the bog at 0 to -30 m, -15 to -40 m and -20 to -60 m, 292 

respectively. These patterns characterize bog margins, which consist of a lagg zone and rand 293 

between bog and forest (Howie and Meerveld 2011; Paradis et al. 2015). Trees and shrubs often 294 

grow alongside sedges in the rand due to the drop in water table depth (Howie and Meerveld 2011) 295 
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and can be accompanied by abundant herbs and Sphagnum (Paradis et al. 2015). Langlois et al. 296 

(2015) refers to the band of black spruce trees as the rand-forest; however, in their study it was 297 

accompanied by a lower abundance of Sphagnum. In our study, the band of greater tree density 298 

overlapped with both greater Sphagnum and graminoid (including sedges) cover, suggesting a 299 

zonation of both rand and lagg. Paradis et al. (2015) describes lagg plant communities as ‘peculiar’ 300 

because their species are more abundant than in both adjacent communities. We consider the 301 

structure and composition of these bog margins as an example of natural forest edges providing 302 

unique vegetation structure on heterogeneous landscapes. 303 

 We found evidence for greater diversity at bog forest edges only for herb and tree species 304 

on the forest and bog side of the edge, respectively. This is likely due to the overlap in tree and 305 

herb species that are adapted to growing in bog or forest, a common phenomenon at natural edges 306 

or ecotones (Kupfer and Malanson 1993; Naiman et al. 1993; Luczaj and Sadowska 1997; Coroi 307 

et al. 2004; Dieterich et al. 2006; Franklin et al. 2021). The lack of a trend in vertical diversity 308 

seems surprising given the short stature of trees in bogs; this is likely due to our assessment of 309 

relative canopy height, which, in hindsight, should have used the canopy height of the forest side 310 

rather than within the bog for comparison. Shrub diversity was much higher in the bog as there 311 

were more shrub species in the open non-forested area. Bryophyte diversity remained constant 312 

along the gradient, perhaps showing that bryophyte genera are adapted to specific conditions such 313 

as soil moisture and do not overlap in their distributions at a fine scale. An example of this is how 314 

the decrease in Sphagnum coincided with the increase in Pleurozium. However, as we did not 315 

identify most of the bryophytes to species (especially Sphagnum), species diversity may show a 316 

different pattern. 317 



15 
 

 Our method of quantifying locations of abrupt changes in response variables across the bog 318 

to forest gradient (DEC) did not reveal consistent results. DEC results were scattered, suggesting 319 

that abrupt changes can occur anywhere and are not limited to or even focused on the visible forest 320 

edge. Harper et al. (2021) found similar inconsistent results for forested wetland – upland forest 321 

edges. We suspect that changes occur more gradually, as seen for the decrease in shrub diversity 322 

from bog to forest. DEC is not a useful metric as the transition from bog to forest is gradual rather 323 

than abrupt. Even locations of DEC near the edge are not intuitive; e.g., the DEC for herb diversity 324 

occurred on either side of a small dip within an overall peak at approx. 15 m into the forest. 325 

Langlois et al. (2017) also found that gradual patterns of vegetation height can make it difficult to 326 

interpret the bog forest boundary. However, Mayner et al. (2018) did find abrupt changes or 327 

dissimilarities in plant species composition that coincided with visible boundaries of peatlands, 328 

suggesting that species composition may have more discernible patterns at bog edges than 329 

measures of structure or diversity. Others have found that abrupt transitions for vegetation 330 

structure occur throughout the gradient at locations other than edges, sometimes with no 331 

discernible concurrence with the location of the edge (Franklin and Harper 2016; Harper et al. 332 

2018). 333 

 334 

Conclusions and significance 335 

 Although lakeshore forest edges in Nova Scotia were only 5 m wide, bog forest edges were 336 

40 m wide due to vegetation zonation extending well into the bog. A key conclusion from our 337 

study is that forest influence extended further than edge influence at bog forest edges. At lakeshore 338 

edges, bryophytes (especially Pleurozium schreberi) were negatively affected by edge influence 339 

whereas shrubs were more abundant compared to interior forest. At bog edges there were bands of 340 
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high abundance of Sphagnum spp., graminoids and tree density. As we hypothesized, these natural 341 

forest edges were locations of greater diversity for tree species and shrubs at lakeshore edges in 342 

hemlock forests, and for tree species and herbs on the bog and forest sides of the edge, respectively.  343 

 On the landscape level, natural lakeshore and bog forest edges harbour greater diversity 344 

and structural habitat features that differ from adjacent ecosystems, particularly within the bog 345 

near the forest edges, and therefore are key areas to consider for conservation (see also Franklin et 346 

al. 2015; Dazé Querry and Harper 2017). In forested wetlands, shrubs provide important 347 

structurally complex habitat for bird species (Brazner and MacKinnon 2020). Paradis et al. (2015) 348 

and Langlois et al. (2015) emphasize that conservation of peatland complexes must include the 349 

bog margin, which provides important habitat for biodiversity. Although it is clear that natural 350 

forest edges provide unique habitat on the landscape, varying edge width and responses to edge 351 

influence between different edge and forest types emphasize the need for site specific studies to 352 

understand implications of edge influence for conservation. 353 

 354 

 355 

Author contributions   W.B. and K.O. collected the data. K.A.H. supervised the data collection, 356 

analyzed the data and wrote the manuscript with feedback from other authors. 357 

 358 

Funding   Funding was provided by Natural Science and Engineering Research Council of Canada 359 

(Discovery Grant to Harper). 360 

 361 

Data availability   Data are available on the Borealis repository (Harper 2022) at the following 362 

DOI: https://doi.org/10.5683/SP3/YO7LE9 as part of a data paper (Harper et al. 2023). 363 

https://doi.org/10.5683/SP3/YO7LE9


17 
 

 364 

Conflict of interest   The authors have no competing interest to disclose. 365 

 366 

 367 

References 368 

 369 

Baker SC, Garandel M, Deltombe M, Neyland MG (2013) The harvested side of edges: Effect of 370 

retained forests on the re-establishment of biodiversity in adjacent harvested areas. Forest 371 

Ecology and Management 302:107-121. 372 

Barbé M, Fenton NJ, Bergeron Y (2017) Boreal bryophyte response to natural fire edge creation. 373 

Journal of Vegetation Science 28:915-927. 374 

Brazner J, MacKinnon F (2020) Relative conservation value of Nova Scotia's forests: forested 375 

wetlands as avian diversity hotspots. Canadian Journal of Forest Research 50:1307-1322. 376 

Coroi M, Skeffington MS, Giller P, Smith C, Gormally M, O'donovan G (2004) Vegetation 377 

diversity and stand structure in streamside forests in the south of Ireland. Forest Ecology and 378 

Management 202:39-57. 379 

Côte M (2000) Dictionnaire de la Foresterie. Ordre des ingenieurs forestiers de Quebec. Les 380 

Presses de l’Universite Laval, Quebec, CA. 381 

Dazé Querry N, Bordeleau X, Harper KA, Basquill SP (2017) Multiscale habitat characterization 382 

of herbaceous Atlantic Coastal Plain Flora on lakeshores in Nova Scotia. Botany 95:587-598. 383 

Dietrich et al. (2006) Indirect effects of forest management on riparian zone characteristics in the 384 

Adirondack uplands of New York. Northern Journal of Applied Forestry 23:273-279. 385 



18 
 

Environment Canada (2010) Canadian Climate Normals 1971-2000. National Climate Data and 386 

Information Archive. Government of Canada.   387 

Erdos L, Galle R, Kormoczi L, Batori Z (2013) Species composition and diversity of natural forest 388 

edges: edge responses and local edge species. Community Ecology 14:48-58. 389 

Franklin CMA, Harper KA (2016) Moose browsing, understorey structure and plant species 390 

composition across spruce budworm-induced forest edges. Journal of Vegetation Science 391 

27:524-534. 392 

Franklin CMA, Harper KA, Clarke MJ (2021) Trends in studies of edge influence on vegetation 393 

at human-created and natural forest edges across time and space. Canadian Journal of Forest 394 

Research 51:274-282. 395 

Franklin CMA, Harper KA, Murphy LK (2015) Structural dynamics at boreal forest edges created 396 

by a spruce budworm outbreak. Silva Fennica 49:1-17. 397 

Hanson JJ, Stuart JD (2005) Vegetation responses to natural and salvage logged fire edges in 398 

Douglas-fir/hardwood forests. Forest Ecology and Management 214:266-278. 399 

Harper KA, Macdonald SE (2001) Structure and composition of riparian boreal forest: new 400 

methods for analyzing edge influence. Ecology 82:649-659. 401 

Harper KA, Macdonald SE (2011) Quantifying distance of edge influence: a comparison of 402 

methods and a new randomization method. Ecosphere 2:art94. 403 

Harper KA, Drapeau P, Lesieur D, Bergeron Y (2014) Forest structure and composition at fire 404 

edges of different ages: Evidence of persistent structural features on the landscape. Forest 405 

Ecology and Management 314:131-140. 406 



19 
 

Harper KA, Lavallee AA, Dodonov P (2018) Patterns of shrub abundance and relationships with 407 

other plant types within the forest-tundra ecotone in northern Canada. Arctic Science 4:691-408 

709. 409 

Harper KA, Gray L, Dazé Querry N (2021) Spatial patterns of vegetation structure and structural 410 

diversity across edges between forested wetlands and upland forest in Atlantic Canada. 411 

Canadian Journal of Forest Research 51:1189-1198. 412 

Harper KA, Gray L, Macdonald SE, Lesieur D, DeFields D, Dodonov P et al. (2023) Data on 413 

vegetation across forest edges from the FERN (Forest Edge Research Network). Ecology, 414 

e4098.  415 

Harper KA, Dazé Querry N, Dyer J, Alves RSC, Ribeiro MC (2023) Limited influence from edges 416 

and topography on plant structural  and taxonomic diversity in fragments of Atlantic Forest. 417 

Plant Ecology. In review.  418 

Harris LD (1988) Edge effects and conservation of biotic diversity. Conservation Biology 2:330-419 

332. 420 

Howie SA, Meerveld ITv (2011) The essential role of the lagg in raised bog function and 421 

restoration: a review. Wetlands 31:613-622. 422 

Komonen A (2009) Forest characteristics and their variation along the lakeshore-upland ecotone. 423 

Scandinavian Journal of Forest Research 24:515-526. 424 

Kupfer JA, Malanson GP (1993) Structure and composition of a riparian forest edge. Physical 425 

Geography 14:154-170. 426 

Langlois MN, Price JS, Rochefort L (2015) Landscape analysis of nutrient-enriched margins (lagg) 427 

in ombrotrophic peatlands. Science of the Total Environment 505:573-586. 428 



20 
 

Langlois MN, Richardson MC, Price JS (2017) Delineation of peatland lagg boundaries from 429 

airborne LiDAR. Journal of Geophysical Research: Biogeosciences 122:2205-2191.LaRue 430 

EA, Knott JA, Domke GM, Chen HY, Guo Q, Hisano M, Oswalt C, Oswalt S, Kong N, Potter 431 

KM (2023) Structural diversity as a reliable and novel predictor for ecosystem productivity. 432 

Frontiers in Ecology and the Environment 21:33-39. 433 

Luczaj L, Sadowska B (1997) Edge effect in different groups of organisms: vascular plant, 434 

bryophyte and fungi species richness across a forest-grassland border. Folia Geobotanica, 435 

Phytotaxonomica 32:343-353. 436 

Mayner KM, Moore PA, Wilkinson SL, Petrone RM, Waddington JM (2018) Delineating boreal 437 

plains bog margin ecotones across hydrogeological settings for wildfire risk management. 438 

Wetlands Ecology and Management 26:1037-1046. 439 

Naiman RJ, Decamps H, Pollock M (1993) The role of riparian corridors in maintaining regional 440 

biodiversity. Ecological Applications 3:209-212. 441 

Paradis E, Rochefort L, Langlois M (2015) The lagg ecotone: an integrative part of bog ecosystems 442 

in North America. Plant Ecology 216:999-1018. 443 

Rosenberg MS, Anderson CD (2011) PASSaGE: Pattern Analysis, Spatial Statistics and 444 

Geographic Exegesis. Version 2. Methods in Ecology and Evolution 2:229-232. 445 

Salek, L et al. (2013) Forest edges in managed riparian forests in the eastern part of the Czech 446 

Republic. Forest Ecology and Management 305:1-10. 447 



21 
 

Tables and Figures 

Table 1. Magnitude and distance of edge influence (MEI and DEI) for response variables at 

lakeshore forest edges in spruce and old-growth hemlock forests. Edge influence is only reported 

for individual species if significant. Significant DEI was positive/negative (greater/less at the edge 

compared to interior forest) when MEI was positive/negative or if indicated. 

Response MEI 

Spruce  

DEI (m) 

Spruce 

MEI 

Hemlock  

DEI (m) 

Hemlock 

Canopy cover 0.02 60 0.04 40 

Tree basal area 0.04 ns -0.16 ns 

Tree density -0.02 ns 0.06 5, 25 

Snag density -0.11 ns -0.39 ns 

Log density -0.17 ns -0.45 0 to 5, 25 to 40* 

Tree species richness 0.09 15 0.28 0 to 25 

Tree species diversity -0.03 ns -0.62 ns 

Horizontal richness 0.07 ns -0.04 ns 

Horizontal diversity -0.26 ns 0.02 ns 

Vertical richness 0.03 ns -0.09 ns 

Vertical diversity -0.09 ns 0.12 ns 

Bryophytes -0.71 0 to 15, 40 to 60 -0.71 0 to 55 

Graminoids 1.00 ns N/A N/A 

Herbs -0.37 ns -0.37 ns 

Lichens -0.67 ns 0.27 ns 

Litter N/A N/A 0.52 0 to 50 
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Shrubs 0.79 0 to 20 0.93 0 to 5 

Sapling density -0.63 35 to 40 (+ve) -0.61 ns 

Shrub richness 0.39 ns 0.92 0 to 5 

Shrub diversity 0.31 ns 0.74 0 to 5 

Herb richness -0.09 ns 0.23 ns 

Herb diversity 0.05 15 to 20 0.31 ns 

Bryophyte richness -0.36 ns -0.26 30 to 40 

Bryophyte diversity -0.32 ns -0.27 0 to 5 

Gaylussacia sp. 0.93 0 to 5 0.93 ns 

Gaultheria procumbens 0.00 ns 0.79 0 to 5 

Maianthemum canadense -0.37 ns 0.76 40 to 55 

Pleurozium schreberi -0.73 0 to 10, 40 to 55 -0.61 0 to 10 

Trientalis borealis -0.39 35 to 40 -0.30 ns 

Vaccinium myrtilloides -0.67 15 to 20 N/N N/A 

* DEI of 0 to 5 is for negative edge influence whereas other distances are for positive edge 

influence (greater values compared to interior forest). 
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Table 2. Magnitude and distance of edge influence (MEI and DEI) and of forest influence (MFI 

and DFI) at bog forest edges compared to interior forest and bog, respectively. Edge influence was 

only reported for individual species if significant. Significant DEI/DFI was positive/negative 

(greater/less at the edge compared to interior forest) when MEI/MFI was positive/negative. 

 MEI DEI (m) MFI DFI (m) 

Canopy cover 0.01 -60 to -25 (-ve) 0.71 -40 to 60 

Tree basal area -0.08 -60 0.59 -40, -15 to 60 

Tree density 0.10 -40 to -15 0.20 -40 to -15 

Snag density -0.06 -40 0.53 -5, 40 to 60 

Log density -0.11 -60 to -15 0.85 -5 to 60 

Tree species richness 0.00 -60, -25 (-ve) 0.22 5, 60 

Tree species diversity 0.35 -25 to -15, 5 0.10 -25 to -15 

Horizontal richness -0.01 -60 to -25, -5, 60 0.35 -15 to 60 

Horizontal diversity 0.09 -15 0.06 -15 

Vertical richness -0.01 ns 0.02 ns 

Vertical diversity -0.08 -60 to -5, 25, 60 -0.02 ns 

Bryophytes 0.17 ns 0.21 -60 to -10, 10 to 15, 

30 to 60 

Graminoids 0.94 -60 to -55, -30 to 0 0.79 -35 to 0 

Herbs 0.29 ns 0.86 -40 to 60 

Lichens -0.83 -60 to -35 (+ve) -1.00 -45 to 60 

Shrubs 0.19 -60 to -25 -0.65 -10 to 60 
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Sapling density -0.30 -60 to 30 0.72 -15 to -5, 10 to 20, 

35 to 60 

Shrub richness 0.45 -60 to 5 -0.32 0 to 60 

Shrub diversity 0.49 -60 to -5 -0.34 0 to 60 

Herb richness 0.26 ns 0.78 -50 to 50 

Herb diversity 0.42 0 to 5 0.89 -35 to 60 

Bryophyte richness 0.09 ns 0.23 ns 

Bryophyte diversity 0.01 ns 0.25 ns 

Chamaedaphne 

calyculata 

0.00 -60 to -20 (+ve) -1.00 -20 to 60 

Cornus canadensis 0.45 ns 0.98 -35 to 45 

Dicranum sp. -0.65 -5 to 5 0.06 35 to 60 

Gaultheria procumbens 0.20 ns 0.70 -5 to 0 

Hylocomium splendens -0.22 ns 1.00 25 to 40 

Kalmia angustifolia -0.07 -60 to -25 (+ve) -0.86 -20 to 60 

Mitchella repense -0.40 ns 1.00 10 to 25 

Mitella nuda 0.54 ns 1.00 0 to 15 

Pleurozium schreberi -0.14 40 to 50 (+ve) -0.06 15 to 60 (+ve) 

Pteridium aquilinum -0.71 -50 to -30, -15 to -10 1.00 0 to 45 

Rhododendron 

canadense 

1.00 -60 to -15 -0.93 5 to 60 

Rhododendron 

groelandicum 

1.00 -60 to 0 -0.87 -10 to 60 
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Sphagnum spp. 1.00 -60 to 5 0.31 -60 to -20, 15 to 60 

Trientalis borealis 0.14 ns 1.00 15 to 25 

Vaccinium myrtilloides -0.59 ns 0.89 -45 to 40 

Vaccinium oxycoccus 0.56 -40 to -35 0.00 ns 
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Figure captions 

Fig 1 Map of the study site on Google Earth with locations of lakeshore edges of spruce forests 

(L), bog edges of spruce forests (B) and lakeshore edges of old-growth hemlock forests (O) in 

Nova Scotia, Canada. Kejimkujik National Park is outlined on the map 

Fig 2 Sampling design showing the locations of forest structure plots along bog and lakeshore edge 

transects in spruce and old-growth hemlock forests 

Fig 3 Trends across lakeshore forest edges for canopy cover (a), basal area (b), tree density (c), 

snag density (d), log density (e), tree species richness (f), horizontal richness (g) and vertical 

richness (h). Average values are shown for lakeshore edges in spruce forest (filled circles) and in 

hemlock forest (open circles). Ref(erence) represents 3 distances along each transect. Large circles 

show 2 or more consecutive averages that were significantly different from interior forest. 

Magnitude and distance of edge influence for these trends are reported in Tables 1 and 2 

Fig 4 Trends in average values across lakeshore forest edges for canopy cover (a), basal area (b), 

tree density (c), snag density (d), log density (e), tree species richness (f), horizontal richness (g) 

and vertical richness (h). Bog and Forest represent averages from 3 distances along each transect. 

Large circles show 2 or more consecutive averages that were significantly different from interior 

forest (lines top left to bottom right) or bog (lines top right to bottom left); cross hatching indicates 

averages significantly different from both adjacent ecosystems. Magnitude and distance of edge 

influence for these trends are reported in Tables 1 and 2 

Fig 5 Trends across bog forest edges for (a) cover of bryophytes (green), graminoids (black), 

lichens (purple), herbs (dark yellow) and shrubs (blue); (b) sapling density; (c) species richness 

of bryophytes (green), herbs (dark yellow) and shrubs (blue); and (d) cover of bryophyte species 

Dicranum spp. (dark yellow), Hylocomnium splendens (green), Pleurozium schreberi (blue) and 
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Sphagnum spp. (black). Distances range from negative values in the bog to positive values in the 

forest with 0 m at the edge. Colour coded horizontal lines at the top indicate distance of edge 

change (DEC, see methods for details) for each variable. There was no significant DEC for shrub 

richness in (c) or Dicranum spp. in (d). Corresponding diversity measures for (c) exhibited 

similar trends but with no significant DEC 

Fig 6 Proportion of response variables with significant edge influence for structure variables at 

lakeshore edges (a) and bog edges (b), and for understorey variables at lakeshore (c) and bog edges 

(d). In (a) and (b), circles represent the number of variables with significant edge influence at each 

distance for lakeshore edges of spruce (filled circles) and hemlock (open circles) forests. In (c) and 

(d), the number of variables with significant edge and forest influence are represented by Xs and 

small +, respectively. In (d), the proportion of variables with significant distance of edge change 

is represented by horizontal lines. Response variables include ones from Tables 1 and 2, and Fig. 

5 (including diversity) 
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Fig 1 Map of the study site on Google Earth with locations of lakeshore edges of spruce forests 

(L), bog edges of spruce forests (B) and lakeshore edges of old-growth hemlock forests (O) in 

Nova Scotia, Canada. Kejimkujik National Park is outlined on the map 
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Fig 2 Sampling design showing the locations of forest structure plots along the bog and lakeshore 

edge transects in spruce and old-growth hemlock forests 
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Fig 3 Trends across lakeshore forest edges for canopy cover (a), basal area (b), tree density (c), 

snag density (d), log density (e), tree species richness (f), horizontal richness (g) and vertical 

richness (h). Average values are shown for lakeshore edges in spruce forest (filled circles) and in 

hemlock forest (open circles). Ref(erence) represents 3 distances along each transect. Large circles 

show 2 or more consecutive averages that are significantly different from interior forest. 

Magnitude and distance of edge influence for these trends are reported in Tables 1 and 2 
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Fig 4 Trends in average values across lakeshore forest edges for canopy cover (a), basal area (b), 

tree density (c), snag density (d), log density (e), tree species richness (f), horizontal richness (g) 

and vertical richness (h). Bog and Forest represent averages from 3 distances along each transect. 
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Large circles show 2 or more consecutive averages that are significantly different from interior 

forest (lines top left to bottom right) or bog (lines top right to bottom left); cross hatching indicates 

averages significantly different from both adjacent ecosystems. Magnitude and distance of edge 

influence for these trends are reported in Tables 1 and 2  
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Fig 5 Trends across bog forest edges: (a) cover of bryophytes (green), graminoids (black), 

lichens (purple), herbs (dark yellow) and shrubs (blue); (b) sapling density; (c) species richness 

of bryophytes (green), herbs (dark yellow) and shrubs (blue); and (d) cover of bryophyte species 

Dicranum spp. (dark yellow), Hylocomnium splendens (green), Pleurozium schreberi (blue) and 

Sphagnum spp. (black). Distances range from negative values in the bog to positive values in the 

forest with 0 m at the edge. Colour coded horizontal lines at the top indicate distance of edge 

change (DEC, see methods for details) for each variable. There was no significant DEC for shrub 

richness in (c) or Dicranum spp. in (d). Corresponding diversity measures for (c) exhibited 

similar trends but with no significant DEC 
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Fig. 6 Proportion of response variables with significant edge influence for structure variables at 

lakeshore edges (a) and bog edges (b), and for understorey variables at lakeshore (c) and bog 

edges (d). In (a) and (c), circles represent the number of variables with significant edge influence 

at each distance for lakeshore edges of spruce (filled circles) and hemlock (open circles) forests. 

In (c) and (d), the number of variables with significant edge and forest influence are represented 

by Xs and small +, respectively. In (d), the proportion of variables with significant distance of 

edge change is represented by horizontal lines. Response variables include ones from Tables 1 

and 2, and Fig 5 (including diversity) 


