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Abstract: Peatlands in the western boreal plains of Canada are important ecosystems as they store over
two percent of global terrestrial carbon. However, in recent decades, many of these peatlands have
been fragmented by access roads constructed for resource extraction and transportation, challenging
their carbon storage potential. To investigate how roads have been impacting tree and shrub growth
and productivity in these peatlands, this study was conducted in a forested bog and woody fen in
Carmon Creek, Alberta, Canada. In 2017, vegetation surveys were conducted along 20 m transects
that extended on both sides of the road with 4 m2 circular plots at 2, 6 and 20 m distance from
the road and were followed by disc or core collection from woody stems. Within 20 m of the
road at the bog site, we observed a shift towards significantly larger radial growth of trees in the
downstream areas (t = 3.23, p = 0.006) where water table position was deeper, while at the fen site,
radial growth of tall shrubs had little response to the road. Combining the effects of direct tree
clearing and hydrology induced shifts in growth, aboveground net primary productivity (NPPag)
post-road construction was reduced significantly in areas where vegetation was cleared during the
road construction (i.e., upstream areas of the bog: t = 5.21, p < 0.0001 and downstream areas of the
fen: t = 2.64, p = 0.07). Substantially lower NPPag around the road construction areas compared
to reference areas shows tremendous loss of carbon sink potential of trees and shrubs after road
construction through peatlands. Altogether, roads constructed through peatlands perpendicular to
the water flow may shift long-term carbon sinks into sources of carbon, at least for the initial few
years following road construction.
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1. Introduction

The western boreal plains (WBP) region of Canada plays an important role in maintaining
global carbon soil stocks as it comprises 50% wetlands, over 90% of which are peatlands, and these
peatlands store approximately 2.1% of global terrestrial carbon [1]. In the WBP, the aboveground
carbon storage ranges from 200 to 900 g m−2 [1,2] because the short growing season (e.g., May to
August; [3]) and frozen soil for over half of the year slows decomposition, allowing for more storage.
The primary productivity of the WBP wetlands varies between and within peatland types (bogs and
fens) and is controlled by the vegetation type, water table depth (WT) and soil properties, including
temperature, pH, electrical conductivity (EC) and nutrient availability [4–6]. In general, wooded
bogs and fens contain greater aboveground biomass compared to shrubby and open peatlands [1,7].
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However, the local biogeochemical properties and micro-climate bring annual variations in overstory
productivity in peatlands. On average, approximately 2%–16% of the annual net primary productivity
(NPP) is stored as peat in peatlands [8] due to the low rates of organic matter decomposition [1,9–11].

The variability of the WT has been linked to distinctive vegetation types, NPP rate and ecosystem
functions in peatlands [12–18]. Natural variability due to peatland microtopography results in
vegetation gradients [17,19–21], with greater shrub biomass on hummocks and increases in graminoids
in wet conditions [18,22]. Long-term drainage or deeper WT position resulting from drought or
land-use change has been linked to growth enhancement of tall shrubs and trees in several fens of the
boreal region [23]. Drainage studies in WBP wooded bogs illustrate that both shrub and tree biomass
and NPP increase under drier conditions, while the cover of Sphagnum mosses is reduced [17].

Similarly, various anthropogenic disturbances, including deforestation and forest degradation
caused by land-use changes and logging, infrastructure development and petroleum oil production
and exploration [24–31], have altered the rate of primary productivity in WBP wetlands [30]. Over the
last several decades, as a result of anthropogenic disturbances, a road network over 217,000 km in
length has been constructed in boreal regions of Canada with many roads passing through WBP
peatlands [32]. The construction of roads initially involves vegetation removal and conversion of
peatland to a completely new land-use system (i.e., the road). The roads often act as dams, both due
to compaction of peat below the road and the placement of material used to build the structure of
the road itself [3,33]. In the long-term, it is evident that the upstream side of the road will experience
flooding [30,33,34], resulting in significant mortality of pre-disturbance vegetation. For example, black
spruce and larch, the dominant tree species found in WBP peatlands, have shallow roots to access
oxic parts of the soil profile. However, long-term flooding is responsible for tree dieback [23,30].
The downstream side of the road can potentially support new vegetation types and increased woody
vegetation growth as the WT remains mostly deeper below the surface [23,34].

Despite these expected shifts in overstory productivity, few studies have comprehensively
documented the magnitude and direction of the impacts on the growth of peatland trees and shrubs
related to roads. To fill this gap, we investigated annual radial growth and aboveground NPP (NPPag)
of the dominant woody species in two peatlands crossed by resource access roads in northern Alberta,
Canada. We hypothesized that:

1. On the upstream side of the road, the annual radial growth of trees and tall shrubs would be
significantly less than the downstream side of the road.

2. The NPPag of trees and tall shrubs would be significantly reduced by vegetation clearing during
road construction.

3. The greatest impact of the road would be observed closest to the road where hydrologic impacts
and clearing of vegetation have been observed to be most severe.

2. Materials and Methods

2.1. Study Sites

The study was conducted in a wooded bog (56◦21′44” N and 116◦47′45” W) and a shrubby fen
(56◦22′09” N and 116◦46′12” W) located in the WBP of Canada (Figure 1, for details, see: [21,25]).
The growing season (May to August) weather data (2008–2017) recorded at the Peace River Airport
Station had a mean daily maximum temperature (± standard error) and mean seasonal total rainfall of
21.3 ± 0.8 ◦C and 206.1 ± 28.4 mm, respectively [35]. The mean growing season WT position (measured
across both 2016 and 2017) was 15.2 ± 2.5 cm and 10.9 ± 2.9 cm below the surface in the bog and
fen, respectively [36]. At the bog site, the flow direction was perpendicular to the road. However,
at the fen site, the flow direction was nearly parallel to the direction of the road [3]. Overstory
vegetation at the bog site was dominated by black spruce (Picea mariana) with an understory of
shrubs, including Labrador tea (Rhododendron groenlandicum), bog cranberry (Vaccinium oxycoccos)
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and ligonberry (V. vitis-idaea). In the fen, willow (Salix spp.), alder (Alnus spp.) and paper birch
(Betula papyrifera) dominated the overstory.

Figure 1. (a) Bog site aerial view taken in 2016, (b) bog upstream side of the road close up view, (c) bog
downstream side of the road close up view, (d) fen site aerial view taken in 2015 and (e) fen site looking
into upstream from the downstream site. Red circles represent the location of sample plots along
the transects, circles with pattern fill are reference site plots, and arrowheads inside maps show flow
direction after road construction.

The resource-access roads bisecting the fen and bog were constructed in 2013 and 2014, respectively,
by first removing vegetation and then placing glacial tills as fill material on the geotextile layer over the
compressed native material, which is peat (for details, see [3]). In addition, to improve the visibility,
the vegetation was cleared in areas up to 18 m from the edge of the road for the majority of the
upstream side (east) of the bog (except on one transect) and downstream side (north) of the fen during
road construction.

2.2. Study Design and Data Collection

Six transects perpendicular to the road, extending to 20 m on both sides of the road, were established
at the bog and fen study sites. At both sites, along these transects, 4 m2 circular sampling plots (radius
of 1.13 m) were established at 2, 6 and 20 m from the road edge on both sides of the road (upstream
and downstream, Figure 1a,d) to conduct surveys of trees and tall shrubs (i.e., shrubs taller than
50 cm) to obtain overstory NPPag. Additionally, triplicate plots (randomly laid at least 4 m apart)
at approximately 50 m from the road edge were established as reference plots in each study site.
The position of reference plots at 50 m from the road was determined as appropriate by vegetation
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composition and satellite imagery, as explained in [36]. Overall, we established a total of 39 plots in
each study site. Within each plot, all trees were measured for total height and basal diameter (BD, to
the nearest millimeter, measured immediately above the butt swell). In the fen, shrub height and BD of
stems within the plots were measured for tall shrubs.

Tree measurements within plots were followed by stem disc (from trees with <5 cm BD and
height < 1.3 m) or increment core (from trees with >5 cm BD and height >1.3 m) collection from
selected trees located at 2, 6 and 20 m from the road. Trees (which included both saplings and trees)
for stem disc or core collection were selected to represent all BD classes (<1, 1–3 and >3 cm, which
were obtained from the plot vegetation measurements) at respective distances on both sides of the
road. While a minimum of 10 stem discs or cores were collected from reference area plots, a minimum
of four trees at each 2, 6 and 20 m distance on both sides of the road were collected for each transect.
In addition to BD, tree species, diameter at breast height and total height were recorded from the
corresponding trees before collecting stem discs or cores. The base and top parts of each disc were
marked before bagging samples. For the fen, for each species within the plots, height, total shrub
width, number of stems and BD of stems (at 5 cm from the surface) were measured. Stem discs from
the thickest and tallest 5 stems from each plant/multi-stemmed shrub present at each distance for the
road were collected. Tree cores were extracted with an increment borer (Haglof Increment Borer),
and collected cores were stored in separate paper straws.

In 2016, a total of 39 water wells (PVC tubes of 1 to 1.5 m deep) were installed in each study site
representing each sampling plot. During summers (May to August) of 2016 and 2017, the WT depth
relative to the ground surface was measured every other week.

2.3. Ring Width Processing and Biomass Estimation

In the laboratory, tree cores were glued in grooves of lumber frames (60 × 10 cm), and both
tree discs and cores were manually sanded with sandpaper (80 to 400 grit). Ring widths for the
previous 10 years (2008 to 2017) were measured using a Velmex sliding stage micrometer (precision
0.001 mm) dissecting microscope and MeasureJ2x software (VoorTech Consulting, Holderness, NH,
USA). Sampled trees in the bog were relatively older than tall shrubs in the fen, where approximately
60% of those sampled were less than four years old. We attempted to visually and statistically cross-date
samples though the samples were only processed for the period of interest (i.e., most recent 10 years),
making this challenging. For each chronology, we recorded the sample depth, mean ring size (mm)
and the inter-series correlation (Table S1). Statistically, analyses for ring width chronologies were
performed in program R [37] using package ‘dplR’ [38–40].

2.4. Annual NPPag Estimation

The total aboveground biomass of black spruce was estimated by Equation (1), developed by
Bond-Lamberty et al. [41]. Meanwhile, the aboveground biomass of tall shrubs and trees found in the
fen site (e.g., bog birch, willow and alder) were determined by allometric Equations (2) developed by
He et al. [42]:

log10Y = a + b (log10(BD)) (1)

Y = aBDb (2)

where Y is aboveground biomass (g), BD is the basal diameter (cm), a and b are the coefficients specific
to each species (Table 1).

The BD of each tree/stem for the year 2016 (i.e., the previous year) was estimated by subtracting
twice the mean per species width of the outermost radii (2017 mean tree ring width of the respective
tree species) from the respective field measured BD. This 2016 BD was used to calculate the biomass in
2016 using, respectively, Equation (1) or (2), and then, the difference in biomass between the years was
computed. This was followed by the annual NPPag estimation as the difference between calculated
biomass and biomass at the end of the previous growth year for each species.
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Table 1. Constants for the allometric Equations used in the study.

Species a b Logarithmic Correction Factor

Black spruce 1 1.743 2.401 1.094

Birch 2 49.52 2.027
–Willow 2 55.85 2.325

Alder 2 44.06 2.395
1 From the allometric equations developed by Bond-Lamberty et al. [41] and 2 by He et al. [42].

To calculate NPPag per plot, first, from the 2017 survey of trees and tall shrubs from plots located
at transects, we determined the conversion factors for each species per plot (i.e., tree basal area per area
of plot) and then that was used to convert annual NPPag of individual trees obtained from Equations (1)
or (2) to per plot annual NPPag for the years after road construction. As we did not have a baseline or
previous vegetation survey data before road construction, we did not calculate the NPPag per plot for
the period pre-road construction. The annual NPPag was converted to C by assuming that 50% of the
dry mass was C [43,44].

2.5. Statistical Analyses

Generalized linear mixed effect models (GLMMs) with years and plots as random effects on both
intercept and slope (Equation (3)) were performed separately for each tree/shrub species to see the
effects of WT depth and BD on the annual tree ring growth.

GR = a + β1(WT) + β2(BD) + β3(WT × BD) + SE (3)

where GR, or growth ring (mm), is the annual radial growth of the sampled stem (black spruce, alder,
birch, or willow) in 2016 and 2017, a is the intercept for the respective species, WT (cm) is the summer
season average water table depth with respect to the surface, BD (cm) is the basal diameter of the
corresponding stem, β1, β2 and β3 are slopes of the respective variables, and SE is the standard error
of the respective model.

GLMMs, year as a random variable with effect on both intercept and slope, were also performed
to investigate the impact of the period relative to road construction and interaction of side of the
road and the period relative to road construction as fixed factors on the tree ring growth rate in each
study site (Equation (4)). Instead of measured tree ring width, we used ratios of tree ring width in
downstream to reference and upstream to reference (ratio between road impacted areas and reference
area tree rings) while performing GLMMs to compare before and after road construction.

GRR = a + β1(RD) + β2(side × BR) + β3(side × AR) + SE (4)

where GRR, or growth ring ratio, is the ratio of tree ring width in downstream to reference and
upstream to reference (ratio between road impacted areas and reference area tree rings), RD is period
relative road construction (pre-road construction (BR, years 2010–2013 in fen and years 2008–2014 in
bog) and post-road construction (AR, years 2014–2017 in fen and 2015–2017 in bog), a is the intercept
for the respective species, β1, β2 and β3 are slopes of the respective variables, and SE is the standard
error of the respective model.

Moreover, GLMMs with plots and years as random variables with effects on both intercept and
slope were performed separately for black spruce NPPag at the bog and combined NPPag of alder,
birch and willow (tall shrubs) at the fen were performed to determine the impact of the road (side of
and distance from the road) on the NPPag rate in each study site during the post-road construction
period (Equation (5)).

NPPag = a + β1(side) + β2(dist) + β3(side × dist) + SE (5)
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where NPPag, aboveground annual net primary productivity, is the annual net primary productivity of
black spruce or tall shrubs (combined alder, birch and willow) post-road construction (years 2014–2017
in fen and 2015–2017 in bog), a is the intercept for the respective species, side is the side of the road
(upstream and downstream), dist is the perpendicular distance to the plots from the edge of the road
(2, 6 and 20 m), β1, β2 and β3 are slopes of the respective variables, and SE is the standard error of the
respective model.

3. Results

In the cleared areas of the bog, areas where vegetation was cleared during road construction
(i.e., upstream areas), we observed no tree growth except a few scattered regenerating seedlings and
growth of sedges, horsetails and cattails. In contrast, in the cleared areas of the fen (i.e., downstream
areas), we observed re-growth of some tall shrubs and complete ground cover of sedges, grasses and
cattails. The mean tree density in the bog downstream of the road was 4.1 ± 0.4 trees/m2 and in the
upstream 0.6 ± 0.3 trees/m2. At the bog, the average BD of trees was 3.9 ± 0.2 cm and 3.2 ± 0.2 cm in
the downstream and upstream areas, respectively. At the fen, the mean shrub stem density in the
areas downstream of the road was 2.0 ± 0.4 stems/m2 and in the upstream areas, 6.7 ± 0.8 stem/m2.
The average BD in fen plots was 1.8 ± 0.1 cm and 2.3 ± 0.1 cm in the downstream and upstream
areas, respectively.

GLMM results showed that generally, there was a difference in tree ring width between upstream
and downstream areas (Table 2, Figure 2). However, most of these differences appear to be related to
natural spatial variability in growth and not the presence of the road, with only a small amount of
the variation in the tree ring width described by road-related factors. Post hoc comparisons showed
that the ring width ratio (ratio of road impacted area to reference plots) of black spruce (Figure 2a),
and willow (Figure 2d) was significantly higher in downstream areas compared to upstream areas
during both pre- and post-road construction (Table 2). In contrast, the downstream ring width ratio
of alder (Figure 2b) before road construction was significantly larger compared to the upstream ring
width ratio before road construction (Table 2). The ring width ratio of birch (Figure 2c) after road
construction was significantly higher in the downstream areas post-road construction but not before
road construction (Table 2).

In our study, black spruce had larger ring width ratios in the downstream areas than upstream areas
irrespective of the road construction. However, there did appear to be divergent growth responses
in upstream and downstream areas post-road construction, where ring width ratios consistently
declined upstream and increased downstream (Figure 2a). Despite this pattern, there was no significant
differences between upstream or downstream areas pre- and post-road construction (0.03 ± 0.07,
t = 0.481, p = 0.965; 0.1 ± 0.05, t = 1.950, p = 0.282, respectively) in black spruce ring width ratios.

Similarly, willow had larger ring widths in the downstream areas compared to upstream areas
during both pre- and post-road construction and there were no significant differences between upstream
or downstream areas pre- and post-road construction (0.03 ± 0.05, t = 0.621, p = 0.925; 0.00 ± 0.05,
t = 0.062, p = 0.999). In contrast, the difference in ring width ratios of alder between upstream and
downstream areas before road construction was not present after road construction as the upstream
ring width ratio significantly increased post-road construction compared to pre-road construction
(0.3 ± 0.1; t = 4.72, p = 0.01), ultimately resulting in a similar ring width ratio as the downstream area,
which was similar to the ring width of reference areas. For birch, there was a pattern of decreasing
ring widths in downstream and upstream areas. There were only significantly lower ring width
ratios post-road construction in the upstream areas compared to upstream areas pre-road construction
(−0.2 ± 0.04; t = −4.54, p < 0.001), with non-significant differences in the downstream areas between
pre-and post-road construction periods (0.2 ± 0.1; t = 2.38, p = 0.08).
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Table 2. Generalized linear mixed effect model results for annual radial growth with the year as a
random factor and time of road construction (After road—AR and Before road—BR) and the interaction
of time of road construction and side of the road as fixed factors (Upstream—U and Downstream—D)
showing the effects on annual tree ring growth 1 of black spruce in the bog, and alder, birch and willow
in the fen before (BR) and after road (AR) construction, Carmon Creek, Peace River, Alberta, Canada.

Effects
Black Spruce (R2 = 0.05, F(10, 1464) = 1905.61, p < 0.0001)

Estimates 2 Standard Error t-Values p Values

Intercept 0.894 0.044 21.684 0.000
AR-BR −0.096 0.049 −1.949 0.087
D (AR)-U (AR) −0.178 0.055 −3.264 0.001
D (BR)-U (BR) −0.113 0.036 −3.144 0.002

Alder (R2 = 0.09, F(8, 619) = 2062.94, p < 0.0001)

Intercept 1.013 0.039 26.375 0.000
AR-BR −0.001 0.077 −0.001 0.947
D (AR)-U (AR) 0.054 0.051 1.059 0.389
D (BR)-U (BR) −0.209 0.056 −3.193 0.002

Birch (R2 = 0.10, F(8, 521) = 2001.58, p < 0.0001)

Intercept 0.916 0.058 17.451 0.000
AR-BR 0.180 0.077 2.961 0.017
D (AR)-U (AR) −0.137 0.061 −2.114 0.030
D (BR)-U (BR) −0.093 0.069 −1.239 0.173

Willow (R2 = 0.09, F(8, 641) = 927.91, p < 0.0001)

Intercept 0.896 0.043 21.496 0.000
AR-BR −0.092 0.062 −1.950 0.091
D (AR)-U (AR) −0.178 0.052 −3.033 0.001
D (BR)-U (BR) −0.113 0.041 −3.414 0.001

1 Tree ring growth values used in the analyses are ratios of road impacted area (U or D) ring widths to the reference
area tree ring widths of respective species. 2 Bold emphasized estimate values indicate the significant effects
(p < 0.05). A negative value for AR-BR means lower tree radial growth before road construction and, if estimate for
D(AR)-U(AR), shows a negative value, it means lower tree radial growth in upstream than in the downstream area.

GLMM analyses indicated that the interacting effect of WT and BD was significant in predicting
annual tree ring growth of black spruce (Table 3), suggesting the shift in WT has different effects on
growth depending on the size of the tree. In general, a shallower WT resulted in less annual radial
growth, but this effect was most pronounced for trees with larger BD. BD was a significant predictor of
the annual growth of alder, birch and willow (Table 3) with higher BD shrubs having larger ring widths.

At the bog, black spruce NPPag was greatly reduced with time post-road construction on the
upstream side of the road, while at the fen, NPPag had little response to the road. The GLMM results
of NPPag after road construction showed significant variation between upstream and downstream
areas of the road in both bog (R2 = 0.23, p < 0.0001, F(3, 126) = 53.97) and fen (R2 = 0.10, p < 0.0001,
F(4, 156) = 155.65; Table 4, Figure 3). Post hoc comparison showed that the bog had a significantly higher
NPPag rate in the downstream areas compared to upstream areas (t = 5.21, p< 0.0001), which was
significantly lower than the reference area NPPag rate (t = 3.26, p < 0.002; Table 4,). In contrast, at the
fen, the NPPag rate in the upstream areas was significantly higher compared to downstream areas
(t = 2.64, p = 0.07), which was again significantly less than reference areas (t = 2.41, p = 0.044; Table 4).
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Table 3. Generalized linear mixed effect models, years (2016 and 2017) and plots as random factors,
results showing the effects of basal diameter (BD) and depth to water table with respect to surface (WT)
on annual tree ring growth 1 of black spruce in the bog, and alder, birch and willow in the fen, Carmon
Creek, Peace River, Alberta, Canada.

Effects
Black Spruce (R2 = 0.20, F(2, 296) = 63.20, p < 0.0001)

Estimates 2 Standard Error t-Values p Values

Intercept 0.185 0.053 3.490 0.001
WT −0.004 0.002 −2.283 0.027
BD 0.024 0.009 2.721 0.007
WT × BD 0.001 0.0003 2.590 0.010

Alder (R2 = 0.41, F(2, 226) = 372.52, p < 0.0001)

Intercept 1.408 0.138 10.209 0.000
WT 0.021 0.013 1.662 0.1023
BD 0.187 0.045 4.154 0.0001
WT × BD −0.008 0.005 −1.751 0.0817

Birch (R2 = 0.37, F (2, 161) = 112.74, p < 0.0001)

Intercept 1.007 0.199 5.064 0.000
WT −0.034 0.013 −2.588 0.011
BD 0.173 0.030 5.798 0.000
WT × BD 0.004 0.003 1.399 0.164

Willow (R2 = 0.20, F (1, 239) = 1551.31, p < 0.0001)

Intercept 0.967 0.087 11.078 0.000
WT 0.009 0.007 1.284 0.201
BD 0.179 0.051 3.516 0.001
WT × BD −0.002 0.004 −0.575 0.566

1 Tree ring growth values used in the analyses area ratio or road impacted area (U or D) ring widths to the reference
area tree ring widths of respective species.2 Bold emphasized estimate values indicate the significant effects (p < 0.05).
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Table 4. Annual aboveground tree and shrub net primary productivity (NPPag) in the upstream,
downstream sides (Side) of the road at the plots located at 2, 6 and 20 m perpendicular distance from
the road edge and reference areas at bog and fen site during years post-road construction, Carmon
Creek, Peace River, Alberta.

Side of the Road Distance to Plots (m)
NPPag

Mean ± SE (g-C/m2) 1

Bog Fen

Downstream 2 164.7 ± 30.1 a 29.4 ± 3.5 a

Downstream 6 51.9 ± 5.8 b 56.6 ± 14.1 b

Downstream 20 58.2 ± 6.5 b 187.4 ± 27.4 c

Downstream mean ± SE 91.6 ± 12.6 d 91.8 ± 14.7 d

Upstream 2 0.0 ± 0.0 c 110.2 ± 19.2
Upstream 6 0.0 ± 0.0 c 154.3 ± 20.8 c

Upstream 20 58.4 ± 11.8 b 176.6 ± 33.8 c

Upstream mean ± SE 19.6 ± 11.3 e 147.9 ± 14.7 e

Reference areas 101.3 ± 19.4 d 182.7 ± 41.1 f

1 Different superscript letters in a column represent the significantly different mean NPPag between groups
(e.g., Downstream vs. Upstream; Downstream 2 m vs. Downstream 6 m, etc.) within the bog or fen (p < 0.05).

Forests 2020, 11, x FOR PEER REVIEW 10 of 15 

 

Table 4. Annual aboveground tree and shrub net primary productivity (NPPag) in the upstream, 
downstream sides (Side) of the road at the plots located at 2, 6 and 20 m perpendicular distance from 
the road edge and reference areas at bog and fen site during years post-road construction, Carmon 
Creek, Peace River, Alberta. 

Side of the Road Distance to Plots (m) 
NPPag 

Mean ± SE (g-C/m2) 1 
Bog Fen 

Downstream 2 164.7 ± 30.1 a 29.4 ± 3.5 a 
Downstream 6 51.9 ± 5.8 b 56.6 ± 14.1 b 
Downstream 20 58.2 ± 6.5 b 187.4 ± 27.4 c 
Downstream mean ± SE 91.6 ± 12.6 d 91.8 ± 14.7 d 

Upstream 2 0.0 ± 0.0 c 110.2 ± 19.2 
Upstream 6 0.0 ± 0.0 c 154.3 ± 20.8 c 
Upstream 20 58.4 ± 11.8 b 176.6 ± 33.8 c 
Upstream mean ± SE 19.6 ± 11.3 e 147.9 ± 14.7 e 

Reference areas 101.3 ± 19.4 d 182.7 ± 41.1 f 
1 Different superscript letters in a column represent the significantly different mean NPPag between 
groups (e.g., Downstream vs. Upstream; Downstream 2 m vs. Downstream 6 m, etc.) within the bog 
or fen (p < 0.05). 

 
Figure 3. Annual aboveground tree and shrub net primary productivity (NPPag) in upstream and 
downstream areas of the road and reference areas at (a) bog and (b) fen sites during years post-road 
construction, Carmon Creek, Peace River, Alberta. Symbols and error bars represent the mean and 
standard errors of NPPag of the respective years. 

An
nu

al
 A

bo
ve

gr
ou

nd
 N

et
 P

rim
ar

y 
Pr

od
uc

tiv
ity

 
(g

-C
/m

2 )

0

50

100

150

200

Upstream
Downstream
Reference

(a)

Year
2014 2015 2016 2017

0

100

200

300

(b)

An
nu

al
 A

bo
ve

gr
ou

nd
 N

et
 P

rim
ar

y 
Pr

od
uc

tiv
ity

 
(g

-C
/m

2 )

Figure 3. Annual aboveground tree and shrub net primary productivity (NPPag) in upstream and
downstream areas of the road and reference areas at (a) bog and (b) fen sites during years post-road
construction, Carmon Creek, Peace River, Alberta. Symbols and error bars represent the mean and
standard errors of NPPag of the respective years.
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The greatest impact of the road in terms of NPPag was observed closest to the road in both bog
and fen. No NPPag was present in the tree cleared areas of the bog (plots at 2 and 6 m) in the upstream
areas (Table 4), whereas the 2 m plots in the downstream areas of the bog had significantly higher
NPPag than any area of the bog (t = 4.48, p < 0.0001; Table 4). There was a similar rate of NPPag in the
downstream 6 and 20 m, and upstream 20 m areas in the bog (Table 4). However, in the fen, though no
plot was devoid of NPPag of tall shrubs, the vegetation cleared plots (downstream 2 and 6 m plots)
had significantly lower NPPag compared to other areas of the fen (t = 4.48, p < 0.001; t = 3.84, p < 0.001,
respectively; Table 4). NPPag in areas around 20 m from the road in both sides in the fen had a similar
rate (t = 0.33, p < 0.99).

4. Discussion

In this study of the impact assessment of roads in boreal wooded and shrubby peatlands, we
found that the fragmented parts of the peatlands had a significant difference in the growth of trees and
tall shrubs with a substantial reduction of NPPag after the road construction. Both NPPag rate and
tree density post-road construction were substantially reduced in the upstream areas of the bog, linked
to both hydrologic changes and vegetation clearing. The overall annual growth post-road construction
within 20 m of the road decreased substantially compared to the reference areas in both study sites.
At the fen, the downstream areas of the site showed a significant reduction in NPPag reflecting the
effect of the vegetation removal during road construction. The impact of roads on NPPag was greatest
at the road-adjacent areas (upstream of the bog and downstream of the fen at plots at 2 and 6 m
from the road edge). As our plots were distributed in a relatively small area (<3000 m2), the effect of
climatic factors is expected to be similar in all sample plots but may have contributed to interannual
variability in annual radial growth. We also observed large spatial variability in annual growth of all
species where growth often varied between upstream and downstream areas prior to road construction
(Figure 2). To account for this, we compared annual radial growth and NPPag in road affected areas
to reference plots. There remains some uncertainty around the assignment of ring width values to
specific years due to difficulties with cross-dating samples. While this should be considered when
interpreting our results, we are more interested in the multi-year signals which may be less influenced
by the potential misassignment of individual years.

The hydrologic impact of road construction was not consistent at our two study sites, largely
linked to the orientation of the road relative to local slope [3]. Little change in WT position near the road
was observed at the fen, while upstream areas of the bog experienced inundation, but downstream
areas had deeper WT [3]. Therefore, any changes in the growth pattern at the bog are likely linked with
the WT variation induced by road construction. Some studies report that shallower WT position may
reduce the growth of black spruce in boreal peatlands, e.g., [12–14,17], while others observed that the
impact of WT position on black spruce growth may not be as significant due to the long-term control
by air temperature and precipitation [15,16], and microtopography of the peatlands, e.g., [17,19,20,45].
In our study, there was a significant interaction of WT and BD for explaining variation in annual tree
ring growth of black spruce indicating that different size trees are impacted differently by the change
in the WT position. Peatland trees have concentrated fine roots in the hummocks and nearby to the
higher tree density areas, e.g., [19,40], which prevents trees from completely flooding under natural
topography, hence may negate the impact of WT position. This indicated the possibility of having
larger ring widths in the upstream areas of the bog for trees growing on hummocks. However, in the
downstream areas of the bog, relatively deeper WT position favored the thicker growth rings in trees
with larger BD.

Across both study sites, we observed that differences in the tree ring width ratios between and
within downstream and upstream areas in relation to the road construction varied with the tree species.
Black spruce and willow had larger ring width ratios in the downstream areas than upstream areas,
irrespective of the road construction, but there were significant differences in pre-road construction and
post-road construction in alder and birch. In contrast to black spruce, studies are limited discussing
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the hydrological niche of birch, willow and alder. A comprehensive study looking into the long-term
drainage impact in boreal fens found growth enhancement of trees resulting in increased NPPag when
WT was lowered by more than 30 cm for minimum of two decades in the boreal region though the
impact on shrubs was minimal in terms of the NPP rate [23]. However, in our study, there was no
evidence of change in annual radial growth in the fen suggesting that all tall shrubs in the fen were not
clearly impacted by the road construction. Primarily, this could be linked with the limited alteration in
WT between upstream and downstream areas in the fen. Moreover, due to the limited hydrological
impact at the fen, our data covers a limited range of WT variation [3] and, therefore, we may not have
captured the full spectrum of conditions present at road-impacted fen sites. We did observe a positive
relationship of BD and tree ring growth in the fen that is likely because of a relatively young stand age
in the fen. Tree girth in our study area was relatively small with the average BD in the bog and fen
3.5 ± 0.2 cm and 2.1 ± 0.1 cm, respectively. Furthermore, as discussed above, most trees surviving
in the fen have fine roots in the hummocks and thus, can maintain growth despite some flooding.
Trees growing in areas more favorable to them, i.e., deeper WT position, and hummocks, are better
positioned to have enhanced growth and hence have both larger tree rings and BD. Studies conducted
in peatlands subject to drainage for decades [17,46], and disturbed by winter roads [47,48], have shown
that the lower WT position in the long-term favors the growth of tall shrubs and trees in the expense of
bryophyte and small shrub biomass.

In the bog, a significant loss of NPPag was observed in the upstream areas and though the NPPag
in the downstream areas, mainly at 2 m from the road, increased over time it did not balance upstream
declines, leading to the net loss of NPPag annually post-road construction. This is mainly due to
two reasons: the upstream areas of the bog that were cleared up to 18 m from the road for increased
visibility and the shallower WT position in the upstream areas with persistent flooding in some areas
that reduced the growth of black spruce if not dead already. At the bog, the construction of the
road caused flooded conditions on the upstream areas of the road by limiting the flow of water as
the flow was perpendicular to the road orientation [3]. The tree mortality as a result of inundation
due to the water flow blockage has also been observed in other boreal peatlands [30], boreal forest
and boreal–tundra boundary ecosystems [49,50]. The results are consistent with these findings with
flooding conditions resulting in tree mortality by which an estimated rate of 8.8 ± 1.9 kgC/m2 in terms
of aboveground tree biomass was lost after road construction in the bog. Consequently, most of the
trees up to 15 m away from the road edge were dead resulting in reduced NPPag on the upstream
areas of the road. The significantly higher NPPag observed in the downstream 2 m areas at the bog
may be linked with the deeper WT position, higher tree density, and added nutrients from road fill
material leaching (which was not measured in this study).

Combining the effects of tree clearing and hydrology induced shifts in growth, the overall annual
growth within 20 m of the road decreased substantially compared to the reference areas. Significantly
lower NPPag (averaged downstream and upstream) in the bog (difference: 40.9 ± 15.8 gC/m2; t = 6.74,
p < 0.001) and fen (difference: 63.5 ± 18.4 gC/m2; t = 3.42, p = 0.04) near the road areas compared
to reference areas shows tremendous loss of carbon sink potential of trees and shrubs post-road
construction across these peatlands. Moreover, an irreversible loss of carbon due to the tree removal
under the direct footprint of the road, and on the side of the road in both bog and fen, tree mortality
resulting from inundation in the upstream areas of the bog, and overall enhanced hydrolytic enzyme
activities linking to increased peat decomposition [36] may change these peatlands from long-term
carbon sinks to sources of carbon for at least the initial few years after road construction. Further
studies are recommended to explore understory and below-ground carbon storage associated with
roads having a long history of water impounding. In addition, though not measured in this study,
differences in soil nutrients between upstream and downstream areas of the fragmented peatland
resulting from the source of water flow may impact the tree growth in peatlands [51].
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5. Conclusions

When roads pass through peatlands, the annual growth of the trees and tall shrubs is impacted in
two ways. First, the vegetation clearance mostly ceased tree and tall shrub productivity in cleared areas.
Second, the areas with inundation saw rapid tree mortality and a substantially lower annual growth,
whereas, trees and tall shrubs in relatively dry downstream areas benefited from the road construction
at least in the initial years following road construction. However, the difference observed between
downstream and upstream tree NPPag provides strong evidence that when roads are constructed
that impede water and alter WT positions there will be a substantial reduction in tree growth in the
upstream areas. We recommend studies looking across more peatlands/roads to evaluate long-term
impacts, highlighting tree rings as a valuable record of changing conditions even when hydrologic
data is not available.

Supplementary Materials: The following is available online at http://www.mdpi.com/1999-4907/11/5/594/s1,
Table S1: Chronology data for each site (bog/fen) and species (black spruce/alder/birch/willow) with sample depth
(referring to the number of samples per chronology), mean ring size (in mm) and the inter-series correlation value
(a measure of how synchronous ring measurement are between years). These chronologies run from 2008–2017.
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