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c Centre for Forest Research, Université Laval, 2405 De la Terrasse Street, Quebec City, Quebec G1V 0A6, Canada
d Natural Resources Canada, Canadian Forest Service, Laurentian Forestry Centre, 1055 du P.E.P.S, P.O. Box 10380, Stn. Sainte-Foy, Quebec City, Quebec G1V 4C7, 
Canada
e Centre d’études nordiques, Université Laval, 2425 De la Terrasse Street, Quebec City, Quebec G1V 0A6, Canada
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A B S T R A C T

On a global scale, human activities have significantly fragmented forest landscapes, resulting in over 20% of the 
remaining forests being located within 100 m of an edge. Forests adjacent to disturbances experience edge effects 
that can affect aboveground carbon storage through changes in forest structure. Our main objective was to assess 
aboveground carbon stocks and their drivers at forest edges across a large bioclimatic gradient of upland sites in 
the temperate and boreal forests of Eastern Canada, using powerline rights-of-way as a case study. We quantified 
carbon stocks in living and dead trees of all sizes and measured tree growth at stand and tree levels in forests 
adjacent to powerline rights-of-way. Compared with reference forests (> 50 m from right-of-way), aboveground 
carbon stocks at forest edges (< 20 m) were up to 60 – 75% higher in boreal spruce forests, 30% higher in 
temperate forests, but only 2% higher in boreal fir forests. Higher carbon stocks were linked to increased stand 
density, and thus a higher stand basal area, rather than larger tree diameters. Edge effects on tree characteristics 
(diameter, total height, crown length and area, and basal area increment) showed no clear pattern and depended 
on the characteristics of the forest. No edge effect was found in a stand with a recently established right-of-way 
(less than three years), suggesting that the magnitude of the edge effect varies over time. This study will improve 
the assessment of the carbon footprint of fragmented forest landscapes.

1. Introduction

Forests play an important role in the global carbon cycle and have 
represented a global sink of 3.53 ± 0.41 Pg C year− 1 between 2010 and 
2019 (Pan et al., 2024). On a global scale, human activities such as 
agriculture, urbanization and road network expansion have significantly 
fragmented forest landscapes (Ma et al., 2023; Riitters et al., 2016), 
resulting in over 70% of the remaining forests being located within one 
kilometer of an edge, and 20% within 100 m (Haddad et al., 2015). 
Forests adjacent to natural or anthropogenic clearings are subject to 
edge effects (i.e. edge influence) that influence various biotic and abiotic 
factors, typically extending 10–20 meters from the edge for soil condi
tions and 25–50 m for aboveground conditions (Schmidt et al., 2017). 
Although the effect of forest fragmentation on biodiversity loss has been 
extensively studied (e.g. Pfeifer et al., 2017; Ries et al., 2004; Vanneste 

et al., 2024; Willmer et al., 2022), the effects of edges on carbon dy
namics and stocks remain poorly documented in forest ecosystems 
(Harper et al., 2015). A recent global study reported that edges have a 
negative impact on forest aboveground biomass, but the magnitude of 
this effect (i.e., the strength of the change along the distance gradient) 
depends on landscape fragmentation and forest cover (Yang et al., 
2025).

In temperate ecosystems, previous studies have reported higher 
aboveground carbon stocks (i.e., the carbon contained in the above
ground biomass of living or dead trees) at forest edges compared with 
stands located further from the edge (Meeussen et al., 2021b; Morreale 
et al., 2021; Reinmann and Hutyra, 2017; Remy et al., 2016). The in
crease in total basal area and thus aboveground biomass at forest edges 
can be explained by changes at the stand (i.e., increased stand density) 
and/or at the tree level (i.e., increased individual tree growth) (Smith 
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et al., 2018). For example, in European deciduous forests, Meeussen 
et al. (2020) reported a higher total basal area, stand density and plant 
area index near forest edges, while stem diameter remained unchanged, 
suggesting no change in individual tree growth. On the contrary, Rein
mann and Hutyra (2017), who documented significantly higher basal 
area in several temperate broadleaf forest edges, observed that basal 
area increment (BAI) was constant in forests where stand density (the 
number of tree stems per unit area) increased near the edge, but BAI was 
higher when stand density remained stable near the edge. Other studies 
have also measured an increase in growth at the tree (Briber et al., 2015; 
McDonald and Urban, 2004) or at the stand level (Chen et al., 1992; 
Morreale et al., 2021; Reinmann et al., 2020) in temperate or mixed 
forest edges in the United States. Contrary to the previously cited 
studies, Ziter et al. (2014) did not observe an edge effect on above
ground carbon stocks in temperate forests of southern Québec (Canada), 
which they attributed to a compensatory effect between the death of 
some large trees and the increased productivity of small trees near the 
edge.

While the dynamics and carbon stocks of forest edges have not been 
studied to our knowledge in the boreal biome, several studies have 
documented the structure and diversity of forest edges adjacent to nat
ural or anthropogenic disturbances (Harper et al., 2015, and references 
therein), and more recently in forests adjacent to oil sand disturbances 
(seismic lines, well pads, roads, etc.) in Alberta (Canada) (e.g., Bois
sonneault and Nielsen, 2025; Buss et al., 2024; Jackson et al., 2023). In 
their meta-analysis, Harper et al. (2015) observed that boreal forest 
edges were characterized by structural change (lower tree basal area and 
canopy cover, and greater downed woody debris abundance), but the 
edge influence was generally weak and did not penetrate very deeply (<
20 m). Also, responses to edge influence vary among edge types, edge 
ages and forest types (Harper et al., 2015). Boreal forest edges may be 
more susceptible to damage caused by wind (Yang et al., 2006; Zeng 
et al., 2009), the speed of which is increased when the landscape is 
fragmented (Venäläinen et al., 2004) and because of the shallowness of 
boreal tree root systems (Brassard et al., 2009; Jackson et al., 1996). 
Higher wind speeds can persist up to one to two tree heights away from 
the disturbance (Peltola et al., 1999). However, the loss of aboveground 
carbon in standing trees through windthrow could be offset by increased 
productivity at forest edges as the availability of growth-limiting factors 
such as light, water and nutrients (Nemani et al., 2003) may increase for 
trees near the edge, as suggested by Smith et al. (2018).

Powerline rights-of-way represent a case of man-made linear 
disturbance in forest landscapes. In the province of Quebec (Canada), 
where hydropower production is significant, forests are crossed by over 
35 000 km of high-voltage powerlines. The powerline rights-of-way, 
ranging from 30 to 200 meters in width, exhibit distinct characteristics 
compared to the surrounding forests due to the absence of continuous 
forest cover and the repeated operations of vegetation control carried 
out over time. This vegetation control prevents natural edge closure 
through natural regeneration in the right-of-way (i.e. “edge softening”), 
thereby artificially maintaining “hard edges” and resulting in a high 
patch contrast (Esseen et al., 2016; Gascon et al., 2000; Hanson and 
Stuart, 2005; Harper et al., 2005; Laurance et al., 2009). Apart from edge 
softening, other mechanisms at work in the forest edge could be edge 
sealing or edge degradation (Harper et al., 2005). Edge sealing consists 
of the development of dense vegetation or a lateral canopy of trees in the 
forest edge, which reduces the penetration of energy into the forest and 
thus the distance of the edge effect (Harper et al., 2005; Strayer et al., 
2003). Conversely, edge degradation, which is well-documented in 
tropical forests, involves the gradual mortality of trees at the forest edge 
due to changes in microclimate (higher temperature, lower humidity), 
increased light availability and lateral wind exposure (Gascon et al., 
2000; Laurance et al., 1997). Previous research has shown that micro
climate and soil CO2 and CH4 effluxes differ in powerline rights-of-way 
and forest edges compared to undisturbed forests (Harel et al., 2025).

In this study, we used a latitudinal gradient ranging from the 

temperate Northern Hardwood Forest zones to the northern limit of the 
closed boreal forest in Northeastern North America to (1) determine 
whether the edge has an impact on the aboveground carbon stocks 
contained in large and small living or dead trees in neighboring forests, 
and (2) identify the mechanisms at the tree and stand levels that affect 
these carbon stocks over several decades. Such information is needed to 
validate current carbon accounting methodologies and prevent potential 
bias in aboveground biomass carbon stock estimations.

2. Materials and methods

2.1. Study area

The study took place in Québec, in eastern Canada (Fig. 1). Seven 
research sites were selected in three bioclimatic domains, including the 
north-western part of the spruce-moss domain (Picea mariana (Mill.) 
BSP, sites: NEH-01 and NEM-01), the eastern and northeastern part of 
the balsam fir-white birch domain (Abies balsamea (L.) Mill.; Betula 
papyrifera Marshall, sites: FMA-01, FMA-02 and BAY-01, respectively) 
and the sugar maple-yellow birch domain (Acer saccharum, Marsh.; 
Betula alleghaniensis, Britt., sites: GIM-01 and GIN-02) (Saucier et al., 
2009) (Fig. 1). Each research site was established in an upland forest 
with mesic drainage and structure and composition that are represen
tative of the regional forest landscape. Each site was also crossed by a 
powerline and its right-of-way. We selected sites where the powerline is 
oriented approximately north-south since this is the case for most 
powerlines in Québec (60 – 70%) (Fig. 1) and to limit the effect of this 
variable on our measurements. Indeed, previous research has shown 
that the edge aspect is an important factor influencing the magnitude of 
the edge effect (e.g., Boissonneault and Nielsen, 2025; Eldegard et al., 
2015; Smith et al., 2018). We also considered the width of the 
right-of-way during site selection, taking rights-of-way with widths 
representative of existing powerlines in the region. Rights-of-way are 
wider in northern Québec and narrower in southern Québec, especially 
near cities. Finally, all sites comprised mature forests with no sign of 
recent natural or anthropogenic disturbance. Each site therefore repre
sented a rectangle measuring 200 m (along the right-of-way) by 100 m 
(perpendicular to the right-of-way) (Supplementary material).

We grouped our seven study sites into five ecological-climatic clus
ters based on their similarity in climate, vegetation, and ecological 
conditions (Table 1). For the two clusters in the eastern maple-yellow 
birch, the terms “young” and “old” refer to the age of the right-of- 
way: “young” corresponds to a right-of-way that was established in 
2021 (i.e., 2–4 years before the measurements) and “old” corresponds to 
an older right-of-way (i.e., established 48–50 years before the mea
surements) (Table 1).

2.2. Experimental design and data collection

2.2.1. Study tree
At each research site, 20–25 study trees were selected near the edge 

according to their distance from the right-of-way: 5 trees at 0 m from the 
right-of-way, 10 trees between 2 and 25 m from the right-of-way and 10 
trees between 50 and 70 m from the right-of-way, in what we consider to 
be the reference forest (i.e. control forest) since we assumed that the 
edge effect would be absent after 50 m (Harper et al., 2015, 2024a) 
(Fig. 2). Considering the distance gradient described above, trees were 
randomly distributed to maximize spatial variability within the rect
angle defining the study site (Supplementary material). All study trees 
were live, dominant or co-dominant trees with a diameter at breast 
height (DBH, 1.3 m) greater than 9 cm. For each tree, the DBH was 
measured parallel and perpendicular to the right-of-way, and the 
average of these two measurements was calculated. The height of the 
tree and of the lowest living branches were measured using a clinometer. 
The length of the living crown was calculated by subtracting the height 
of the lowest living branches from the total height. We also calculated 
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the tree live crown projection area onto a horizontal plane in m2 (S) 
using the length of four live branches measured in the cardinal di
rections: north, south, east, and west, based on Eq. 1 (Désaulniers, 
1998): 

S =
1
4
∑n

i=1
θi
(
r2

i + r2
i+1

)
(1) 

where n is the number of branch length measurements (ri in m) and θI 
is the angle between two successive branches (in radians).

The slenderness coefficient, which is commonly used as an index of a 
tree resistance to wind-induced stimuli or risk of snow breakage 
(Albrecht et al., 2012; Skrzyszewski and Pach, 2020; Wang et al., 1998), 
was calculated for each study tree as the ratio of total height to its DBH 
(Eq. 2) (Wang et al., 1998): 

Slenderness coefficient =
H

DBH
(2) 

where H is the total height of the tree in m and DBH is the diameter at 
breast height (1.3 m) in m.

For each study tree, two increment cores were collected using a 
Pressler probe at a height of 1.3 m during the summers of 2023, 2024, 
and 2025. The two increment cores were perpendicular to the right-of- 
way, on either side of the tree.

All measurements described above were taken on a total of 174 study 
trees. Construction work on the GIN-02 research site led to the widening 
of the right-of-way in 2023, resulting in the loss of 14 study trees from 
the forest edge.

2.2.2. Stand-level biomass
The aboveground carbon stock contained in large (DBH ≥ 9 cm) and 

small (1 ≤ DBH < 9 cm) living and dead trees was quantified using 
standard forest inventory practices. Around each study tree, a forest 
inventory was conducted within a 400 m² circular plot (radius =
11.28 m). In this plot, all large trees were surveyed (DBH, species, living 
or dead). The small trees were surveyed (species, living or dead) in a 
50 m2 circular plot (radius = 3.99 m), also centered on the study trees. 
As mentioned previously, construction work on the GIN-02 site 

prevented us from completing all inventory plots; 154 plots (for large 
trees) and 152 plots (for small trees) were completed at the end.

The aboveground biomass (in Mg ha− 1) of all living or dead trees 
present in these plots was calculated using the equations of Lambert 
et al. (2005), which uses species-specific parameters to calculate 
aboveground dry biomass (wood, bark, foliage and branches) from DBH. 
The living or dead aboveground biomass was converted into carbon 
stock (Mg C ha− 1) assuming 0.50 Mg of C per Mg of dry biomass 
(Penman et al., 2003; Russell et al., 2015).

We used the Shannon-Wiener index (Spellerberg and Fedor, 2003) to 
quantify DBH and species diversity for each plot using Eq. 3 in the vegan 
R package (2.6–10) (Oksanen et al., 2025). The Shannon-Wiener index 
(H) is often used to quantify the horizontal structural diversity of forests 
(e.g., Boucher et al., 2003; Harel et al., 2021; Morgenroth et al., 2020) 
and is calculated as: 

H = −
∑n

i=1
pi ln (pi) (3) 

where pi is the proportion of trees in the ith class (species or diam
eter) and n is the number of classes (species or diameter). The value of H 
ranges from 0 (i.e. only one species / diameter class in the plot) to ln(S) 
where S is the total number of species / diameter classes (i.e. species / 
2 cm diameter classes have the same proportion of individuals).

2.2.3. Leaf area index
The detailed methodology for measuring and calculating leaf area 

index (LAI) values is presented in the Supplementary material. We used 
two Plant Canopy Analyzer (LAI-2270C) and two fisheye optical sensors 
(LAI-2250) (LI-COR Inc., Lincoln, Nebraska, USA) to measure light 
measurements above and below the canopy at the same time, and to 
calculate the canopy gap fraction (i.e., the fraction of view from beneath 
the canopy that is not blocked by foliage). Effective plant area index (i.e. 
LAI measurement that may include non-leafy vegetation) was then 
deducted by inverting the calculated canopy gap fraction. The File 
Viewer 2200 software (LI-COR Inc., Lincoln, Nebraska, USA) was used to 
match the above and below light measurements, to perform the scat
tering method proposed by Kobayashi et al. (2013) and to calculate the 

Fig. 1. Location of the eight research sites across the powerline network of Québec (Canada).
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effective LAI values. LAI values were computed from the effective plant 
area index measurements while correcting for the non-random spatial 
distribution of leaves (needles clumping within the shoot and at a larger 
scale than the shoot) (Chen, 1996). We took 25 light measurements 
randomly distributed in the forest edge (between 10 and 30 m from the 
right-of-way) and another 25 in the reference forest (between 50 and 
70 m from the right-of-way) at each site. We carried out this operation a 
second time, 50 m from the study site, to ensure at least two plots of 
forest edge and reference forest per site. After computation, the LAI 
values were averaged for each plot (n = 2 for forest edge and n = 2 for 
reference forests in each site).

2.3. Dendrochronological measurements

The collected increment cores were glued to wooden blocks, air- 
dried and then sanded with increasingly finer-grained paper. Annual 
tree rings were measured using a Velmex micrometer (Velmex Inc., 
Bloomfield, NY, USA) (±0.002 mm), enabling the construction of a time 
series of annual ring widths for each core. The raw ring width mea
surements of the two cores collected on a given study tree were then 
averaged per year to produce a single annual growth series for each tree.

Statistical cross-dating verification was performed using the COFE
CHA software (Holmes, 1983) to validate the dating of each tree within 

Table 1 
Climate, dominant vegetation and powerline characteristics of research sites.

Bioclimatic 
sub-domain

Ecological- 
climatic 
cluster

Site 
ID

Latitude, 
longitude, 
altitude

Mean annual 
air 
temperature 
(ºC) and total 
annual 
precipitation 
(mm)2

Growing 
season 
length 
(days)2

Mean 
growing 
degree- 
days 
(4ºC)2

Surface 
deposit3

Stand 
structure4

Canopy dominant 
tree species

Powerline characteristics

Right- 
of-way 
width 
(m)

Aspect Year of 
right-of- 
way 
creation

Eastern 
maple- 
yellow 
birch 
domain

Eastern 
maple- 
yellow 
birch 
(young 
right-of- 
way)

GIM- 
01

45.56 N 
70.70 W, 
422 m

4.48 ºC 
1 166 mm

165 1 861 1 A Irregular Trembling aspen 
(Populus 
tremuloides 
Michx), Balsam 
fir (Abies 
balsamea (L.) 
Mill.), Red maple 
(Acer rubrum L.), 
White birch 
(Betula papyrifera 
Marsh.), Balsam 
poplar (Populus 
balsamifera L.), 
Largetooth aspen 
(Populus 
grandidentata 
Michx.)

40 339º N 2021

Eastern 
maple- 
yellow 
birch (old 
right-of- 
way)

GIN- 
02

45.73 N 
70.18 W, 
371 m

4.67 ºC 
1 251 mm

168 1 913 1 A Irregular Balsam fir, 
Trembling aspen, 
Sugar maple 
(Acer saccharum, 
Marsh.), Red 
spruce (Picea 
rubens, Sarg), 
White birch, Red 
maple, Yellow 
birch (Betula 
alleghaniensis, 
Britt.)

40 311º 
NW

1975 
and 
20245

Eastern 
balsam 
fir-white 
birch 
domain

Eastern 
balsam fir- 
white birch

FMA- 
01

47.16 N 
71.25 W, 
598 m

1.16 ºC 
1 433 mm

129 1 309 1AY Regular Balsam fir, White 
birch

50 53º NE 1959

FMA- 
02

47.29 N 
71.19 W, 
807 m

-0.13 ºC 
1 428 mm

115 1 105 1 A Regular Balsam fir, White 
birch, White 
spruce (Picea 
glauca Moench)

50 16º N 1927

Eastern 
spruce- 
moss

BAY- 
011

49.20 N 
68.40 W, 
112 m

2.23 ºC 
1 010 mm

160 1 428 5S Regular Black spruce 
(Picea mariana 
(Mill.) BSP)

120 306º 
NW

1960

Western 
spruce- 
moss 
domain

Western 
spruce- 
moss

NEH- 
01

51.24 N 
75.67 W, 
342 m

-0.80 ºC 
851 mm

127 1 281 1AR Regular Jack pine (Pinus 
banksiana, 
Lamb.), black 
spruce

160 340º N 1981

NEM- 
01

52.16 N 
76.14 W, 
286 m

-1.43 ºC 
786 mm

127 1 191 1BA Regular Black spruce, 
Jack pine

60 58º NE 2006

1 Although the BAY-01 site is located within the eastern balsam fir-white birch domain, it was assigned to the “eastern spruce-moss” cluster due to its forest 
composition, which was dominated by black spruce.

2 These data were calculated for the years 1991–2020 using BioSIM (Fortin et al., 2022; Régnière et al., 2017), see Supplementary material for more details.
3 1 A: glacial deposit, no specific morphology, undifferentiated till. 1AY: glacial deposit, no specific morphology, undifferentiated till, average thickness 50 cm to 1 m 

with rare to very rare rock outcrops. 5S: Marine deposit, marine (shallow water facies). 1AR: Thin undifferentiated till. 1BA: Ablation till.
4 The horizontal structure was assessed by visualizing the distribution of DBH classes in each circular inventory plot.
5 There are two powerlines in the right-of-way; the right-of-way was widened to allow construction of the second powerline.
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the same site and apply corrections if needed. For each site, the 
expressed population signal (Wigley et al., 1984) was calculated and 
tree-ring series that exhibited low correlation with others were itera
tively removed until the expressed population signal exceeded the 
threshold of 0.85 (Buras, 2017). For each species and site, a master 
chronology was constructed from the dated series, and each remaining 
individual series was visually compared to the master chronology for 
validation. In total, well-dated average ring-width series were obtained 
for 154 trees.

Ring widths for each tree were converted to BAI using the pith to 
bark method when the pith was present in the core, or the bark to pith 
method when it was not (Biondi, 1999; Visser et al., 2023). Both 
methods are implemented in the dplR R package (1.7.8) (Bunn, 2008). 
BAI enables the detection of increases in total biomass growth in a tree, 
even in the presence of an age-related decline in growth (Phipps and 
Whiton, 1988).

To assess the impact of right-of-way clearing on BAI, we calculated 
the percentage growth change (%GC) (Fraver and White, 2005; Nowacki 
and Abrams, 1997) using the mean BAI for the five years preceding and 
following the creation of the right-of-way (Eq. 4). Out of the 174 cored 
trees, only 58 were retained for Eq. 4, as several tree-ring width series 
did not extend back to the year the right-of-way was cleared. This 
applied to all trees on sites FMA-01 and FMA-02. Trees from GIM-01 
were also excluded because the right-of-way was too recent (created 
in 2021). 

%GC =
BAIAFT− 5 − BAIBEF− 5

BAIBEF− 5
× 100 (4) 

where %GC is the percentage growth change between preceding and 
subsequent five-year means, BAIAFT-5 is the mean basal area increment 
over five years following the creation of the right-of-way (mm2) and 
BAIBEF-5 is the mean basal area increment over five years preceding the 
creation of the right-of-way (mm2).

2.4. Statistical analyses

Linear mixed models (LMMs) (Zuur et al., 2009) were used to test the 
hypothesis that the edge effect had an impact on aboveground carbon 
stocks, stand and tree variables. First, we built different LMMs for 
aboveground carbon stocks contained in all trees, large living trees, 
small living trees, large dead trees, and small dead trees, as well as 
models for stand-level variables (basal area, stand density, mean DBH, 
DBH class diversity and species diversity) using the nlme R package 
(3.1–168) (Pinheiro et al., 2017). For these models, distance from the 
right-of-way (continuous variable), ecological-climatic clusters (cate
gorical variable, 5 levels: sugar maple-yellow birch forests with a young 
or an old right-of-way, western and eastern boreal spruce-moss forests 
and eastern balsam fir-white birch forests; Table 1) and their interaction 
were used as fixed factors. The site was used as a random factor. A 
specific variance structure was used for each level of the 
ecological-climatic cluster. A similar model was used for LAI, with the 

difference that distance was treated as a categorical factor (two levels: 
forest edges or reference forest), since LAI measurements were collected 
at forest edge (10 – 30 m from the right-of-way) and reference forests 
(50 – 70 m from the right-of-way) regardless of distance from the 
right-of-way. In a subsequent step, we built LMMs for tree-level vari
ables (DBH, total height, crown height, crown projection area and 
slenderness coefficient) with the lme4 R package (1.1–37) (Bates et al., 
2015), using distance from the right-of-way (continuous variable), 
ecological-climatic cluster (categorical variable, 5 levels: the same as 
listed above) and their interaction as fixed factors. The models included 
two random intercepts to account for variability associated with the site 
and the species of the study tree. Finally, we built an LMM for the per
centage growth change (%GC) with the lme4 R package, using distance 
from the right-of-way (continuous variable), ecological-climatic cluster 
(categorical variable, 5 levels: the same as listed above) and their 
interaction as fixed factors; the site was used as a random factor.

For all models, the normality and homoscedasticity of the model 
residuals were visually checked using a standard graphical approach, as 
well as with the performance (0.10.8) (Lüdecke et al., 2021) and 
DHARMa (0.4.6) (Hartig, 2022) R packages. Logarithmic trans
formations were performed to meet residual normality assumptions 
when necessary. The restricted maximum likelihood method was used to 
obtain an unbiased estimate of the variance components (fixed factors) 
(West et al., 2006). Joint tests of contrasts or type III F-tests (Sat
terthwaite adjustment for the denominator degrees of freedom) among 
each term in the model were computed for the significance of fixed ef
fects (distance from the right-of-way, ecological-climatic cluster and 
their interaction) using the lmerTest R package (3.1–3) (Kuznetsova 
et al., 2017) or the emmeans R package (1.11.0) (Lenth et al., 2024). The 
percentage of variance explained by the fixed effects relative to the 
overall variance (R2 marginal, R2

mar) and by the random and fixed effects 
(R2 conditional, R2

con) was calculated based on Nakagawa et al. (2017)
with the MuMIn R package (1.47.5) (Bartoń, 2024). For the visual rep
resentation of the model, we calculated the estimated marginal means 
(EMM) (Searle et al., 1980) for the model fixed factors (distance from the 
right-of-way for each level of the ecological-climatic cluster) using the 
containment or Kenward-Roger method for degrees of freedom with the 
emmeans R package.

We performed all modelling and statistical analyses in R (4.3.2) (R 
Core Team, 2020). Data wrangling and graphs were produced using the 
dplyr (1.1.4) and ggplot2 (3.5.1) R packages, respectively (Wickham 
et al., 2023, 2020). α < 0.05 was used as the threshold for significance 
for all analyses.

3. Results

3.1. Aboveground carbon stocks at forest edge

Sugar maple-yellow birch forests (sites GIM-01 and GIN-02) exhibi
ted generally higher aboveground carbon stocks contained in the 
aboveground biomass of all trees (large and small living or dead trees) 

Fig. 2. Layout of study trees at each site. The trees are aligned perpendicular to the power line right-of-way, with trees located zero m from the right-of-way, or 
between 2 and 25 m or 50 and 75 m from the right-of-way.
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than eastern boreal balsam fir-white birch forests (sites FMA-01 and 
FMA-02), which in turn contained higher aboveground carbon stocks 
than spruce-moss forests (sites NEH-01, NEM-01 and BAY-01) (Fig. 3). 
Overall, the distance from the right-of-way had a significant negative 
effect on carbon stocks (F(1,140) = 23.31, p ¼ <0.001) (R2

mar = 0.84, R2
con 

= 0.87). The ecological-climatic cluster (F(4,2) = 28.59, p ¼ 0.034), and 
its interaction with distance from the right-of-way (F(4,140) = 5.47, 
p ¼ <0.001), both had significant effects on aboveground carbon 
stocks, indicating that the rate of carbon stock variation with distance (i. 
e. the magnitude of the edge effect) depended on the ecological-climatic 
cluster. The slope was similar in the western and eastern boreal spruce- 
moss forests and the sugar maple-yellow birch forests with an old right- 
of-way, while it neared zero in the sugar maple-yellow birch forest edges 
with a young right-of-way and the eastern boreal balsam fir-white birch 
forest edges (Fig. 3). Compared to reference forests (> 50 m from the 
right-of-way), the aboveground carbon stock of trees at forest edges (<
20 m from the right-of-way) was 62.37% higher for the western boreal 

spruce-moss forests, 76.54% higher for the eastern boreal spruce-moss 
forests and 33.49% higher for the sugar maple-yellow birch forests 
with an old right-of-way. For the sugar maple-yellow birch forest edges 
with a young right-of-way and for the eastern boreal balsam fir-white 
birch forest edges, the increases were only 8.59% and 2.57%, respec
tively. Detailed information on carbon stocks contained in aboveground 
biomass is presented in the Supplementary material.

Looking more closely at the different types of trees contributing to 
the carbon stocks, the carbon stocks in both large living trees and small 
living trees were significantly higher closer to the edge, while distance 
from the right-of-way had no significant effect on carbon stocks con
tained in small dead trees (Table 2, Fig. 4). Although the distance from 
the right-of-way had no significant main effect on the carbon stock of 
large dead trees, the significant interaction between the distance and the 
ecological-climatic cluster implies that the effect of distance depends on 
the ecological-climatic cluster (Table 2). The edge effect on the carbon 
stock of large dead trees was negligible in all ecological-climatic clusters 
except in the eastern boreal spruce-moss forests, where it was 132.82% 
higher at the forest edge (mean: 492 (sd: 176) large dead trees/ha) than 
in the reference forest (mean: 118 (sd: 59) large dead trees/ha) 
(Supplementary material). On average, large trees (living or dead) held 
98.24% (sd: 1.57%) of the carbon stock contained in aboveground tree 
biomass, while living trees (large and small) held 86.96% (sd: 10.50%) 
of the carbon stock.

3.2. Stand characteristics at forest edge

The stand basal area and stand density were significantly higher near 
the right-of-way, but the magnitude of the edge effect varied among the 
ecological-climatic clusters (Table 3, Fig. 5). Both basal area and stand 
density were up to 45% higher in the edge (< 20 m from the right-of- 
way) relative to reference forests (> 50 m from the right-of-way) in 
the western and eastern boreal spruce-moss forests and in the sugar 
maple-yellow birch forests with an old right-of-way, but only 6% higher 
in the eastern boreal balsam fir-white birch forests and the sugar maple- 
yellow birch forests with the young right-of-way (exact values are pre
sented in Supplementary material). The average tree DBH did not vary 
with distance from the right-of-way (Table 3). Neither the distance from 
the right-of-way nor the ecological-climatic cluster had a significant 
main effect on the DHB class diversity or species diversity (Table 3). 
However, in both cases, their interaction was significant, indicating that 
the effect of distance varied among ecological-climatic clusters 
(Supplementary material). In both cases, only the eastern boreal spruce- 
moss forests stood out in terms of higher DBH class and species diversity 
at the forest edge than in the reference forest, while this was negligible 
in the other clusters (Supplementary material). In the eastern boreal 
spruce-moss forests, the forest edge consisted of two species (black 

Fig. 3. Estimated marginal means (EMM) for carbon stocks contained in large 
and small living or dead trees aboveground biomass (ABGC, DBH ≥ 9.0 cm) as a 
function of distance from the rights-of-way for each climatic-ecological cluster. 
Site IDs are shown in labels. The line represents the EMM, the shaded area 
represents the confidence interval (95%), the points are the raw values used for 
the model and n is the number of plots where ABGC was measured.

Table 2 
Linear mixed model significance test results for the fixed effect for the carbon stock contained in large living trees, small living trees, large dead trees and small dead 
trees (large living and dead trees, with DBH > 9.0 cm). Each column represents a specific model. Significant results are in bold.

​ Join tests of contrasts among each term in the model1

Carbon stocks contained in:
Large living trees Small living trees Large dead trees Small dead trees

Distance from the right-of-way F(1, 142.0) = 14.32, 
p < 0.001

F(1, 140.0) = 18.87, 
p < 0.001

F(1, 142.0) = 3.74, 
p = 0.055

F(1, 140.0) = 1.26, 
p = 0.264

Ecological-climatic cluster2 F(4, 2.0) = 23.09, 
p ¼ 0.042

F(4, 2.0) = 11.07, 
p = 0.085

F(4, 2.0) = 2.83, 
p = 0.278

F(4, 2.0) = 0.36, 
p = 0.822

Interaction between distance and cluster F(4, 142.0) = 3.44, 
p ¼ 0.010

F(4, 140.0) = 5.42, 
p < 0.001

F(4, 142.0) = 7.68, 
p < 0.001

F(4, 140.0) = 1.90, 
p = 0.114

Rmar
3 0.82 0.41 0.59 0.13

Rcon
3 0.85 0.41 0.88 0.70

1 F(degrees of freedom in the numerator, degrees of freedom in the denominator).
2 Sugar maple-yellow birch forests (young and old right-of-way), eastern balsam fir-white birch forests, western and eastern boreal spruce-moss forests.
3 R2

mar measures the variance explained by fixed effects, while R2
con includes both fixed and random effects.
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spruce and balsam fir) with DBH ranging from 10 to 32 cm, while the 
reference forest consisted only of black spruce ranging in size from 10 to 
24 cm (Supplementary material). Finally, LAI was not significantly 
different between 10 – 30 m and 50 – 70 m from the right-of-way (F(1,15) 
= 1.06, p = 0.319, R2

MAR: 0.60, R2
CON: 0.60). Details for the LAI variables 

and stand variable can be found in the Supplementary material section, 
respectively.

3.3. Tree characteristics at forest edge

Distance from the right-of-way had no significant positive or nega
tive effect on tree DBH or slenderness coefficient (Table 4). Neither 
distance from the right-of-way nor the ecological-climatic cluster had a 
significant main effect on total height or the crown height (Table 4). 
However, their interaction was significant (Table 4), indicating that the 
effect of distance varied among the ecological-climatic clusters 
(Supplementary material). The greatest difference in crown length 
occurred in the eastern balsam fir-white birch forests, where the trees 
directly on the edge had a living crown height that averaged 14.91 m 
(sd: 5.58 m, 82.42% of total tree height), compared to 6.69 m (sd: 

3.05 m, 40.65% of total tree height) in the reference forest (> 50 m from 
the right-of-way). For total height, the greatest difference was observed 
in the sugar maple-yellow birch forests with an old right-of-way, where 
trees at the forest edge were 19.80% shorter than those in the reference 
forest. Finally, the crown projection area of the study trees was signifi
cantly lower at the forest edge compared to the reference forest (Table 4, 
Supplementary material). The crown projection area of study trees at the 
forest edge (< 20 m from the right-of-way) was from 10 and 30% smaller 
than that of trees in the reference forest (> 50 m from the right-of-way) 
in both the eastern and western boreal spruce-moss forests and the sugar 
maple-yellow birch forests with an old right-of-way. Detailed informa
tion on the study tree variables (values, visualization of model results, 
etc.) is also presented in the Supplementary material.

No significant main effects of either distance from the right-of-way or 
ecological-climatic cluster were observed on %GC within the five years 
following rights-of-way establishment, but their interaction was signif
icant (Table 4), suggesting that the effect of distance differed among 
ecological-climatic clusters (Supplementary material). The variation in 
%GC according to the distance from the right-of-way was negligible in 
the sugar maple-yellow birch forests with an old right-of-way and the 

Fig. 4. Estimated marginal means (EMM) for the carbon stocks contained in large living trees aboveground biomass (ABGC, DBH ≥ 9.0 cm) (A) and in small living 
trees aboveground biomass (DBH < 9.0 cm) (B) as a function of distance from the rights-of-way for each ecological-climatic cluster. The line represents the EMM, the 
shaded area represents the confidence interval (95%), the points are the raw values used for the mode and n is the number of plots where the variables 
were measured.

Table 3 
Linear mixed model significance test results for the fixed effect for basal area, stand density, mean DBH and DBH and species Shannon diversity index (all trees with 
DBH > 9.0 cm). Each column represents a specific model. Significant results are in bold.

Join tests of contrasts among each term in the model1

Basal area Stand density Mean DBH DBH diversity2 Species diversity2

Distance from the right-of-way F(1, 142.0) = 36.41, 
p < 0.001

F(1, 142.0) = 53.31, 
p < 0.001

F(1, 145.0) = 1.09, 
p = 0.298

F(1, 142.0) = 1.68, 
p = 0.198

F(1, 142.0) = 0.04, 
p = 0.834

Ecological-climatic cluster3 F(4, 2.0) = 6.65, 
p = 0.135

F(4, 2.0) = 0.98, 
p = 0.561

F(4, 2.0) = 15.84, 
p = 0.060

F(4, 2.0) = 13.99, 
p = 0.068

F(4, 2.0) = 8.45, 
p = 0.109

Interaction between distance and cluster F(4, 142.0) = 4.33, 
p ¼ 0.002

F(4, 142.0) = 6.22, 
p < 0.001

F(4, 145.0) = 1.08, 
p = 0.366

F(4, 142.0) = 5.45, 
p < 0.001

F(4, 142.0) = 21.36, 
p < 0.001

Rmar
4 0.70 0.35 0.89 0.84 0.84

Rcon
4 0.83 0.77 0.96 0.94 0.98

1 F(degrees of freedom in the numerator, degrees of freedom in the denominator).
2 Shannon diversity index.
3 Sugar maple-yellow birch forests (young and old rights-of-way), eastern balsam fir-white birch forests, western and eastern boreal spruce-moss forests.
4 R2

mar measures the variance explained by fixed effects, while R2
con includes both fixed and random effects.
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western boreal spruce-moss forests, whereas in the eastern boreal 
spruce-moss forests, trees located at the edge had an average %GC of 
111.86% (sd: 10.98%), compared to 21.55% (sd: 23.04%) in the refer
ence forest. The mean [5th – 95th interval] cumulative basal area in
crements over five years before and after the right-of-way clearing were 
437 mm2 [54 – 1514] and 486 mm2 [72 – 1447], respectively (n = 58 
study trees).

4. Discussion

We measured higher carbon stocks in the aboveground biomass of 
trees in forests at the edge of powerline rights-of-way compared with 
more distant forests. While a general trend was observed when including 
all sites, the results indicated that the magnitude of the edge effect 
varied depending on the climatic and ecological conditions of the site 
and was dynamic over time.

4.1. Aboveground carbon stocks

At forest edges, higher carbon stocks in the aboveground biomass of 

large trees were mainly driven by increased stand density, and thus 
higher total basal area, rather than by individually larger tree diameters. 
This phenomenon had also been observed previously in temperate forest 
edges in Europe (Meeussen et al., 2020, 2021b) and the United States 
(Morreale et al., 2021; Reinmann and Hutyra, 2017). Higher stand 
density near linear disturbances had also been observed in boreal forests 
(Boissonneault and Nielsen, 2025; Jackson et al., 2023). The produc
tivity of forest edges may be enhanced by favourable light and micro
climatic conditions (McDonald and Urban, 2004; Meeussen et al., 
2021a; Mourelle et al., 2001; Schmidt et al., 2017) or by increased ni
trogen atmospheric deposition (De Schrijver et al., 2007; Meeussen 
et al., 2021b; Remy et al., 2018b, 2018a; Weathers et al., 2001; Wuyts 
et al., 2009). In contrast to the findings of Ziter et al. (2014) in temperate 
forests comparable to our most southern sites but in a landscape domi
nated by agriculture, we did not observe increased mortality among 
small and large trees at forest edges. Instead, our results suggest that 
more favourable conditions in the edges compared with reference areas 
(beyond the influence of the clearing) allowed a greater number of small 
trees to survive and reach maturity near the right-of-way. This difference 
could also be explained by a landscape less dominated by agriculture 

Fig. 5. Estimated marginal means (EMM) for the basal area (A) and stand density (B) (all trees with DBH > 9.0 cm) as a function of distance from the rights-of-way 
for each ecological-climatic cluster. The line represents the EMM, the shaded area represents the confidence interval (95%), the points are the raw values used for the 
mode and n is the number of plots where the variables were measured.

Table 4 
Linear mixed model significance test results for the fixed effect for diameter at breast height, total height, crown length, crown projection area, slenderness coefficient 
and percentage growth change (%GC) within the five years following the right-of-way creation. Each column represents a specific model. Significant results are in bold.

Join tests of contrasts among each term in the model1

Diameter at breast 
height

Total height Crown length Crown projection 
area

Slenderness 
coefficient

%GC

Distance F(1, 155.6) = 0.51, 
p = 0.478

F(1, 145.4) 
= 0.48, 
p = 0.489

F(1, 145.3) 
= 0.12, 
p = 0.726

F(1, 140.5) = 5.77, 
p ¼ 0.018

F(1, 148.2) = 0.03, 
p = 0.873

F(1, 51.3) 
= 3.46, 
p = 0.068

Ecological-climatic cluster2 F(4, 3.8) = 2.55, 
p = 0.199

F(4, 3.4) = 1.90, 
p = 0.297

F(4, 3.6) = 0.44, 
p = 0.777

F(4, 4.2) = 4.41, 
p = 0.083

F(4, 31.2) = 0.79, 
p = 0.542

F(2, 2.0) = 4.22, 
p = 0.192

Interaction between distance and 
cluster

F(4, 152.8) = 0.95, 
p = 0.435

F(4, 142.8) 
= 3.54, 
p ¼ 0.009

F(4, 141.3) 
= 3.83, 
p ¼ 0.005

F(4, 138.4) = 2.07, 
p = 0.088

F(4, 144.4) = 1.30, 
p = 0.274

F(2, 51.3) 
= 9.59, 
p ¼ <0.001

Rmar
3 0.35 0.35 0.14 0.52 0.06 0.21

Rcon
3 0.69 0.70 0.29 0.83 0.42 0.53

1 F(degrees of freedom in the numerator, degrees of freedom in the denominator).
2 Sugar maple-yellow birch forests (young and old right-of-way), eastern balsam fir-white birch forests, eastern boreal spruce-moss forests, western boreal spruce- 

moss forests and eastern boreal spruce-moss forests.
3 R2

mar measures the variance explained by fixed effects, while R2
con includes both fixed and random effects.
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(Yang et al., 2025) and overall lower levels of human disturbance. Only 
one of our five sites (BAY-01) located in the boreal forest showed an 
increase in the mortality of large trees at the forest edge compared to the 
reference forest. However, this phenomenon was not widespread 
enough to counteract the effect of the greater density of large and small 
living trees on carbon stocks. This site is also the only one where the 
forest edge had a higher diversity of tree diameters compared with the 
reference forest. Our results also differ from those of Yang et al. (2025)
who reported a negative edge effect on forest aboveground biomass at 
the global scale. While large-scale remote sensing studies provide crucial 
data on carbon stock losses associated with forest fragmentation at the 
global scale, fine-scale studies based on empirical data remain necessary 
to identify the mechanisms explaining the magnitude and distance of the 
edge effect on carbon stocks. This is especially true in the boreal forest, 
where there is a significant lack of empirical data, and where edge ef
fects likely do not extend far into the forest (Harper et al., 2024b, 2015, 
2005, 2004), making them difficult to detect with 30-m resolution pixels 
derived from satellite Earth observation data (Hansen et al., 2013; 
Harris et al., 2021).

4.2. Dynamic structural variation at forest edges

The magnitude of the edge effect was comparable between forests 
located in boreal spruce-moss forests and old sugar maple-yellow birch 
forests. Our results, based on comparisons between plots located less 
than 20 m and those more than 50 m from the right-of-way, suggest that 
edge effects in boreal spruce-moss forests extend to at least 20 m, which 
falls within (albeit at the upper end) of the 5 – 20 m range reported in 
previous studies (Braithwaite and Mallik, 2012; Harper et al., 2024a, 
2015, 2004). However, the distance of the edge effect likely depends on 
the characteristics of the disturbance (size and type), and therefore on 
the contrast patch (Esseen et al., 2016; Harper et al., 2005). In other 
studies, the distance of the edge effect was evaluated in an area that 
extends up to 40 m for disturbances of similar size and type (seismic 
lines and roads in oil sands disturbances) (Jackson et al., 2023). Further 
research is needed to quantify the distance of edge influence more 
precisely. A similar methodological design, with fewer plots per transect 
placed at fixed distances and extending beyond 70 m, could provide a 
practical option for future research aimed at better quantifying the 
extent of edge influence.

In contrast to our other sites, the edge effect on aboveground carbon 
stocks was negligible in the sugar maple-yellow birch forests with a 
young right-of-way and the eastern balsam fir-white birch forests. In the 
first case, this is likely because the right-of-way was cleared only two to 
three years before the measurements were taken. This suggests that the 
magnitude of the edge effect varies over time and that the forest struc
ture has not yet been significantly impacted by the new disturbance. For 
our eastern balsam fir-white birch forests, several hypotheses may 
explain why the edge effect is weak or undetectable, including: (1) both 
studied rights-of-way are relatively old (66 and 96 years), and the forest 
stands are composed of mature balsam fir trees of approximately 50 
years of age, meaning they were not present when the rights-of-way 
were cleared. Conversely, this could also explain the lack of observed 
mortality (such as windthrow gaps) at the forest edge, as the forest had 
already recovered. (2) edge sealing through lateral foliage expansion of 
trees along the edge could have reduced the amount of light energy 
penetrating the forest (e.g. Mourelle et al., 2001), thereby reducing the 
distance and magnitude of edge effect (Strayer et al., 2003). Indeed, in 
the eastern balsam fir-white birch forests, trees located directly on the 
edge had, on average, twice the living crown height of those in the 
reference forest. Our hypothesis is that the advanced age of the pow
erline has allowed balsam firs, a shade-tolerant species that responds to 
increased light availability following minor disturbances (Prévost et al., 
2016), to develop vertical foliage along their stems. Because edge in
fluence originates from only one side, trees located directly at the edge 
benefited from increased light availability and thereby buffered the edge 

effect.

4.3. Tree characteristics in edges

The distances from the right-of-way had no significant impact on 
average tree DBH or slenderness coefficient. The crown projection area 
was reduced at forest edges, which is consistent with the higher stand 
density that we observed near the right-of-way (Li et al., 2022; Thorpe 
et al., 2010). Except for sites in boreal balsam fir forests, trees near the 
right-of-way did not have longer crowns than those located further 
away. One possible explanation is that the creation of the right-of-way 
favoured the growth of small trees, whose crowns occupied the newly 
available space (i.e., edge sealing), preventing the mature trees from 
spreading their crowns downward.

We did not detect any changes in individual tree BAI for trees near 
the edge compared to those further away in the five years immediately 
following the right-of-way clearing in the western eastern boreal spruce- 
moss forests and the sugar maple-yellow birch forests with an old right- 
of-way. This is consistent with our observation that we did not detect 
any difference in DBH between cored trees near the edge and those in 
the reference forest. However, this result is not consistent with previous 
studies that showed an increased growth at the tree or stand level 
following disturbance in temperate or mixed forest edges in the United 
States (Bowering et al., 2006; Briber et al., 2015; Chen et al., 1992; 
McDonald and Urban, 2004), in particular in early-successional species 
with high maximum photosynthetic rates (McDonald and Urban, 2004). 
Nevertheless, our results are comparable to those of (Reinmann and 
Hutyra, 2017), who observed, in some cases, no change in individual 
tree growth with distance from the edge in forests, while stand density 
increased near the edge. In other cases, they observed forest edges with 
stem densities comparable to those of interior forests, yet individual 
trees displayed higher growth rates at the edge (Reinmann and Hutyra, 
2017). Nonetheless, at one site located in the eastern boreal spruce–moss 
forest, some black spruce trees (which were around 40 years old at the 
time the right-of-way was created) displayed enhanced radial growth 
within five years of right-of-way establishment. Since a positive growth 
response following canopy opening can depend on several cofounding 
factors, such as tree age, diameter, crown size and position, prior growth 
rate, species and health (Black and Abrams, 2003a, 2004b), it is difficult 
to identify a clear pattern due to the limited number of study sites. By 
focusing solely on dominant and co-dominant trees, our study excludes 
the growth responses of trees that were saplings or suppressed at the 
time of the right-of-way's creation, which may have benefited more from 
its creation. In any case, we did not detect any edge effect on tree size 
(both the DBH of the study trees and the mean DBH of the inventory 
plots).

5. Conclusion

We documented aboveground carbon stocks contained in large and 
small living or dead trees and various variables at the stand (basal area, 
stand density, mean diameter, diameter and species diversity) and tree 
levels (diameter, total height, crown height, crown projection area and 
basal area increment). Aboveground carbon stocks at forest edges were 
up to 62.37% and 76.54% higher in western and eastern boreal spruce- 
moss forests, respectively, 33.49% higher in the sugar maple-yellow 
birch forest with an old right-of-way, and only 2.57% in the eastern 
boreal balsam fir-white birch forest edge. Less than three years after the 
right-of-way was cleared, carbon stocks were only 8.59% higher in the 
sugar maple-yellow birch forest edge. Higher carbon stocks were asso
ciated with higher stand density, and thus with a higher total basal area, 
rather than larger tree diameters. In boreal fir forests, edge sealing may 
have reduced light availability, thereby mitigating edge effects and 
resulting in similar conditions between edge and interior forests. The 
edge effect on tree characteristics (diameter, height, crown height, and 
basal area increment within the five years following rights-of-way 
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establishment) varied depending on forest attributes, showing no 
consistent pattern.

The results presented here represent a first step in quantifying the 
biogenic carbon footprint of linear disturbances, such as those created 
by power grids. Indeed, the quantification of emissions associated with 
the deployment of electricity transmission lines has typically not been 
based on detailed field measurements (e.g., Levasseur et al., 2021). We 
have already shown that soil CO2 effluxes were higher in forests adjacent 
to powerline rights-of-way, suggesting differences in the structure and 
productivity of forest edges (Harel et al., 2025). Here, we observed that 
forests adjacent to rights-of-way contain more carbon in their above
ground tree biomass than more distant forests, particularly at our 
research sites located in temperate and boreal spruce forests. Whether 
this additional carbon is sufficient to offset the carbon loss associated 
with the clearing of the powerline right-of-way remains to be assessed. 
Variables such as the width and orientation of the right-of-way, char
acteristics of vegetation within the right-of-way, and ecological condi
tions of the forest (age, species, density, forest health, etc.) will require 
special consideration. For example, edge effects on microclimate and 
light intensity were generally stronger at south- and west-facing forest 
edges (Franklin et al., 2021). Further research will be required to 
quantify the magnitude and distance of the edge effect across different 
sites and ecosystems, particularly in mixed forests. Finally, it will be 
necessary to document vegetation dynamics over time following 
right-of-way creation (i.e., patterns of mortality, growth, and regener
ation), for example by using a chronosequence from a comparable site. 
As described above, a methodology that uses fewer plots but at fixed 
distances between sites would be relevant, particularly because it would 
allow the distance and magnitude of the edge effect to be more precisely 
estimated (Harper et al., 2005; Harper and Macdonald, 2011). Remote 
sensing techniques offer a powerful method to quantify the magnitude, 
distance, and estimates of aboveground carbon stocks at the landscape 
scale.
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Bartoń, K., 2024. MuMIn: Multi-Model Inference.
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Zeng, H., Peltola, H., Väisänen, H., Kellomäki, S., 2009. The effects of fragmentation on 
the susceptibility of a boreal forest ecosystem to wind damage. For. Ecol. Manag. 
257, 1165–1173. https://doi.org/10.1016/j.foreco.2008.12.003.

Ziter, C., Bennett, E.M., Gonzalez, A., 2014. Temperate forest fragments maintain 
aboveground carbon stocks out to the forest edge despite changes in community 
composition. Oecologia 176, 893–902. https://doi.org/10.1007/s00442-014-3061- 
0.

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed effects 
modelling for nested data. In: Zuur, A.F., Ieno, E.N., Walker, N., Saveliev, A.A., 
Smith, G.M. (Eds.), Mixed Effects Models and Extensions in Ecology with R. Springer, 
New York, New York, NY, pp. 101–142.

A. Harel et al.                                                                                                                                                                                                                                   Forest Ecology and Management 609 (2026) 123650 

12 

https://doi.org/10.1007/s00468-016-1404-7
https://doi.org/10.1073/pnas.1612369114
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref64
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref64
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref64
https://doi.org/10.1016/j.foreco.2016.05.040
https://doi.org/10.1016/j.foreco.2016.05.040
https://doi.org/10.1007/s10021-017-0182-4
https://doi.org/10.1016/j.soilbio.2017.10.016
https://doi.org/10.1146/annurev.ecolsys.35.112202.130148
https://doi.org/10.1146/annurev.ecolsys.35.112202.130148
https://doi.org/10.1007/s10980-015-0270-9
https://doi.org/10.1016/j.agrformet.2016.10.022
https://doi.org/10.1016/j.agrformet.2016.10.022
https://doi.org/10.1080/00031305.1980.10483031
https://doi.org/10.1080/00031305.1980.10483031
https://doi.org/10.1002/fee.1793
https://doi.org/10.1046/j.1466-822X.2003.00015.x
https://doi.org/10.1046/j.1466-822X.2003.00015.x
https://doi.org/10.1641/0006-3568(2003)053&percnt;255B0723:ACOEB&percnt;255D2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053&percnt;255B0723:ACOEB&percnt;255D2.0.CO;2
https://doi.org/10.1016/j.foreco.2010.01.035
https://doi.org/10.1038/s41559-024-02335-6
https://doi.org/10.1016/j.agrformet.2003.12.005
https://doi.org/10.1016/j.agrformet.2003.12.005
https://doi.org/10.1016/j.dendro.2023.126066
https://doi.org/10.1139/x98-092
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref80
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref80
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref80
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref81
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref81
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref82
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref82
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref82
https://doi.org/10.1016/j.biocon.2022.109654
https://doi.org/10.1016/j.biocon.2022.109654
https://doi.org/10.1016/j.foreco.2008.09.045
https://doi.org/10.1016/j.foreco.2008.09.045
https://doi.org/10.1038/s41559-025-02840-2
https://doi.org/10.1016/j.agrformet.2006.09.006
https://doi.org/10.1016/j.agrformet.2006.09.006
https://doi.org/10.1016/j.foreco.2008.12.003
https://doi.org/10.1007/s00442-014-3061-0
https://doi.org/10.1007/s00442-014-3061-0
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref89
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref89
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref89
http://refhub.elsevier.com/S0378-1127(26)00148-9/sbref89

	Higher aboveground carbon stocks at forest edges
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Experimental design and data collection
	2.2.1 Study tree
	2.2.2 Stand-level biomass
	2.2.3 Leaf area index

	2.3 Dendrochronological measurements
	2.4 Statistical analyses

	3 Results
	3.1 Aboveground carbon stocks at forest edge
	3.2 Stand characteristics at forest edge
	3.3 Tree characteristics at forest edge

	4 Discussion
	4.1 Aboveground carbon stocks
	4.2 Dynamic structural variation at forest edges
	4.3 Tree characteristics in edges

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supporting information
	Data availability
	References


