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Abstract

Across Canada’s boreal forest, linear disturbances, including cutlines such as seismic lines and
roads, crisscross the landscape to facilitate resource exploration and extraction; many of these
linear disturbances cross peatland ecosystems. Changes in tree canopy cover and the compression
of the peat by heavy equipment alters local thermal, hydrological and ecological conditions, likely
changing carbon exchange on the disturbance, and possibly in the adjacent peatland. We measured
bulk density, water table, soil temperature, plant cover, and CO; and CH4 flux along triplicate
transects crossing a winter road through a wooded fen near Peace River, Alberta, Canada. Sample
plots were located 1, 5 and 10 m from the road on both sides with an additional three plots on the
road. Productivity of the overstory trees, when present, was also determined. The winter road had
higher bulk density, shallower water table, higher graminoid cover, and thawed earlier than the
adjacent peatland. Tree productivity and CO- flux varied between the plots, and there was no clear
pattern in relation to distance from the road. The plots on the winter road acted as a greater CO>
sink and greater CH4 source compared to the adjacent peatland. with plots on the winter road
emitting on average (standard error) 479 (138) compared to 41 (10) mg CHs m2 d! in the adjacent
peatland. Considering both gases, global warming potential increased from 70 to 250 g CO2e m™
yr't in the undisturbed area to 2100 g CO2e m™ yr! on the winter road. Although carbon fluxes on
any given cutline through peatland will vary depending on level of compaction, line width and
vegetation community shifts, the large number of linear disturbances in Canada’s boreal forest and
slow recovery on peatland ecosites suggest they could represent an important source anthropogenic

greenhouse gas source.
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Introduction
In Canada’s boreal zone, particularly in the province of Alberta, resource extraction, including oil
sands exploitation and forestry, has resulted in a grid of exploration lines (often referred to as
seismic lines), access roads and well pads. Timoney and Lee (2001) estimated that 1 — 2 million
km of seismic lines existed in the province; the number is likely higher today given continued oil
sands extraction. Based on approved in-situ oil and gas extraction leases in Alberta in 2005 it was
estimated that at least 30 000 km of access roads would be constructed in Alberta’s boreal forest if
all leases were developed (Schneider & Dyer, 2006), and it has been estimated that linear
disturbances account for 80% of boreal anthropogenic disturbance (Pasher et al., 2013). Given the
large proportion of peatland in this region, many of these disturbance features exist on peatland
areas; however, their impact on carbon dioxide (CO2) and methane (CH4) exchange is poorly
understood. As northern peatlands play an important role in the global carbon (C) cycle as long
term sinks for atmospheric COz (e.g. Frolking & Roulet, 2007), stores of soil organic matter (Loisel
et al., 2014) and sources of CHs (Bridgham et al., 2013) it is important to understand how
disturbances alter C exchanges in these ecosystems. Moreover, quantifying the impact of linear
disturbances on peatland C exchange will help improve estimates of wetland greenhouse gas
(GHG) emissions related to land-use in Canada (IPCC, 2014). This study investigated the impact
of a winter road on growing season CO> and CH4 exchange both on the winter road and in the
adjacent peatland in a wooded fen near Peace River, AB.

Although research has been published on vegetation change and thermal effects related to
linear disturbance (e.g., Braverman & Quinton, 2016; van Rensen et al., 2015), very little data is
available on peatland C exchange related to the impact of linear disturbance. Unlike semi-

permanent and permanent access roads built with padded mineral material to allow year-round
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access by equipment, construction of temporary and exploratory linear features such as winter
roads and seismic lines involves the flattening and removal of trees, shrubs, and herbs at the base
without significant disturbance to the ground layer of mosses. Construction and exploration usually
occur in frozen winter conditions but repeated access is also common under soft ground conditions.
Vegetation recovery from remaining roots and rhizomes is possible (e.g., van Rensen et al., 2015)
but often compromised by changes in chemical and hydrological conditions caused by repeated use
and continued compaction of surface.

Removal of trees from the footprint of the winter road or cutline itself will remove the
canopy biomass and tree net primary productivity (NPP), potentially reducing C uptake by the
ecosystem unless the understory productivity increases to compensate for the loss. Vitt et al. (2000)
report aboveground biomass of non-permafrost treed continental peatlands at 750 and 775 g m™
for fens and bogs, respectively and Wieder et al. (2009) report peak NPP for black spruce stands
in Alberta bogs at 131 + 208 g C m™ yr. Campbell et al. (2000) collected literature data across
North American peatlands and report ranges from treed sites of 351-7300 g m for biomass and
27-310 g m2 yr! for NPP; therefore, removal of trees from peatland winter roads and cutlines
could reduce C stocks and uptake by these amounts. Moreover, changes to local hydrology on the
disturbance also have the potential to alter C exchange. Subsidence of the peat on the winter road
results in wetter conditions during the growing season (Williams et al., 2013) and thus CH4 flux is
expected to be higher on the road than in adjacent peatland areas. Wetter conditions increase peat
thermal conductivity (Braverman & Quinton, 2016), while removal of trees from the road will
reduce shading, both of which could lead to higher temperatures that would increase the rate of
enzymatically driven reactions (e.g., oxidation of organic matter and CHa4 production/oxidation).

Finally, changes in the plant community in response to hydrologic change will alter litter type with
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potential for changes in decomposition rate (e.g., Moore et al., 2008) and CH4 production (e.g.,
Strack et al., 2017).

Compression and subsidence of peat on the winter road could also alter local hydrology and
affect the water table in the adjacent peatland. Semi-permanent and permanent roads involving the
placement of mineral soil fill have been reported to block the movement of water creating flooding
upstream of the road (Gillies, 2011; Patterson & Cooper, 2007). However, since no fill is placed
on cutlines, it is unclear if hydrological impacts from altered peat properties on the disturbance will
impact the surrounding peatland and if so, whether C fluxes will be affected. If conditions become
drier, increased tree growth (e.g., Choi et al., 2007; Munir et al., 2015), higher rates of soil
respiration (e.g., Strack et al., 2006; Munir et al., 2015) and reduced CH4 flux are expected (e.qg.,
Strack et al., 2004; Munir & Strack, 2014), while wetting would have opposite effects and could
enhance moss productivity (e.g., Weltzin et al., 2003).

Given the lack of data on C exchange related to peatland cutlines, the objectives of this
study were to: 1) determine the growing season peatland understory CO2 and CHa fluxes on the
winter road and in the area 1-10 m on either side of the road, 2) evaluate controls (plant cover,
water table, temperature) on CO2 and CHjs fluxes, 3) determine biomass and annual NPP of the
overstory at the same locations, and 4) estimate changes in the C balance and GHG flux on the

winter road compared to the adjacent peatland.

Methods
Study site
The study area (56° 23°53.14 N, 116° 53°24.03 W) is located approximately 40 km northeast of

Peace River, AB, Canada (Figure 1). A variety of disturbances related to oil sands extraction are
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present in the study area including seismic lines, winter roads and well pads. The area is boreal
forest with a mix of upland forest and peatlands with the majority of peatlands in the immediate
area classified as wooded fens (Halsey et al., 2003). The studied winter road passes through a
wooded fen and is 6-7 m in width, similar to many access paths and conventional 2-D seismic lines
built prior to the late 1990s (Lee & Boutin, 2006). As wooded fens account for 37% of peatland
cover in western Canada (Vitt et al., 2000), this study site is likely representative of many winter
roads and seismic lines in this region.

We do not have a detailed history of the winter road under study, but satellite images show
that it was cleared as a seismic line by ~1999-2000 with use as a winter road likely starting in 2006
when the nearby well pad was constructed. Conversion of seismic lines to access paths is common
in this region (Lee & Boutin, 2006). Reclamation activities took place on the well pad in late 2011,
after which regular traffic on this section of winter road ceased. Some reclamation activities took
place on the winter road in March 2014, but the present study was conducted in control areas where
vegetation and peat on the winter road had not been altered by these reclamation activities.
Campbell and Bergeron (2012) reported significant differences in vegetation community on winter
roads compared to adjacent peatland in northern Ontario with no effect of time since abandonment,
over seven years, on winter road vegetation. Even decades after construction, there is limited
vegetation recovery on 2-D seismic lines through peatlands in Alberta (Lee & Boutin, 2006; van
Rensen et al., 2015), suggesting that conditions at the study site are likely similar to those present
during its use as a winter road.

Triplicate plots were located on the winter road and at each of 1 m, 5 m and 10 m on either
side of the road in transects (Figure 1). Plots were placed such that microtopography was

represented across the triplicate locations and equally represented at each distance from the road



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

(i.e., one high hummock, low hummock and hollow at each distance), but microforms could not be
replicated at each sampling location given the effort required for C flux measurements. Plots were
installed in late May 2014 once the ground was thawed enough to do so and measurements began
the first week of June and continued at least monthly until late September 2014. Measurements
were continued May-September, 2015 such that each plot was measured 12—13 times over the two-
year period. In August 2014, a tree survey was conducted surrounding each study zone. Trees were
measured in plots parallel to the winter road to try to capture any impact of the disturbance. Each
plot was 10 m long and 3 m wide and bracketed the C flux sampling plot location (0-3 m, 3-6 m,
and 8-11 m from the road on both sides). Due to the high density of trees in the eastern study area,
these plots were divided in half so that each was 5 m long and 3 m wide, and this resulted in

triplicate tree plots at each distance relative to the winter road.

Carbon dioxide flux

Carbon dioxide exchange was determined using the closed chamber method. The net
ecosystem exchange of COz in the understory (NEus) was determined with a clear acrylic chamber
(60x60x30 cm) placed on a stainless steel collar (60x60 cm) permanently installed at each
sampling plot. A groove in the collar held the chamber and was filled with water to create a seal.
A battery-operated fan installed inside the chamber circulated the headspace air throughout the
measurement period and the chamber was lifted from the collar between each measurement and
allowed to equilibrate to ambient CO concentration and temperature. The concentration of CO>
was determined inside the chamber at 15 to 30-second intervals for a maximum of 2.5 minutes
using a portable infrared gas analyzer (EGM-4, PPSystems, Massachusetts, USA). The linear

change in CO> concentration over time was used to calculate NEus. Ecosystem respiration (ER)
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was determined by darkening the chamber with an opaque shroud. Gross ecosystem photosynthesis
(GEP) was calculated as the difference between NEE and ER. Measurements were made in full
sun and under a variety of shades so that light response curves could be constructed. Maximum
rate of GEP and NEus (GEPmax, NEUSmax Sensu Bubier et al., 2003) was determined at each plot
from full sun measurements. We use the sign convention that positive values indicate a release of

CO. from the ecosystem to the atmosphere.

Methane flux

Methane flux was determined with opaque closed chambers (60x60x30 cm) equipped with
a battery-operated fan to circulate headspace air. Chambers were placed on the collars described
above and gas samples were collected 7, 15, 25 and 35 minutes after closure and stored in pre-
evacuated vials (Exetainer, Labco Ltd., UK). The concentration of CH4 in the samples was
determined on a Varian 3800 gas chromatograph (Agilent Technologies Canada Inc, Ontario,
Canada) equipped with a flame ionization detector. Methane flux was determined from the linear
change in concentration over time. In cases where the initial CH4 concentration was < 5 ppm and
the concentration over the closure time changed less than the precision of the GC (+5%), the flux
was considered zero. Outside of this exception, if the concentrations did not linearly increase over
time (R?<0.70), they were removed from analysis as this indicates potential degassing caused by

disturbance during chamber placement. This resulted in loss of 24% of the data.

Tree biomass and NPP
Within the tree survey plots described above (see study site), diameter at breast height (dbh)

was measured for all trees taller than 140 cm (tall trees). The height of trees 140 cm and shorter
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was measured (short trees). As all but one of the trees encountered were Picea mariana (Mill.)
BSP, aboveground biomass of tall trees was estimated using an allometric equation for that species
according to Grigal and Kernik (1984). Short tree biomass was estimated as a function of height
using the equation determined by Munir et al. (2014) also for Picea mariana. Belowground
biomass was estimated from aboveground biomass using the softwood tree equations of Li et al.
(2003).

In order to estimate tree NPP, tree disks were collected in August from breast height for
three tall trees at each tree survey plot. One tree was sampled from each of three dbh classes (1—
1.5 cm, 1.5-2.5 cm and 2.5-5 cm). In the laboratory, disks were sanded and scanned using an
optical scanner. Tree ring widths were measured using DendroScan (Varem-Sanders & Campbell,
1996) and 2013 tree rings were used to estimate NPP to ensure a full annual ring width was
included. Ring widths were not significantly related to dbh (linear regression, F128 =0.15, p=0.70,
see also Supporting Information, Figure S1), thus aboveground NPP for large trees was estimated
by subtracting the mean ring width of the triplicate trees sampled at each location from the dbh of
all trees within that plot, recalculating the biomass and determining the difference (Szumigalski &
Bayley, 1996). For small trees, the leader length (annual apical growth) was measured during the
tree survey. This was subtracted from the height, and previous year biomass estimated and the
difference calculated as aboveground NPP. In both cases, belowground NPP was estimated as the
difference in belowground biomass estimated from the Li et al. (2003) equation based on the
relative aboveground biomass in each year. Biomass estimates were converted to C assuming

biomass C content of 50%.

Environmental variables
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Near surface (top 10 cm) peat samples were collected along three transects (Figure 1) in
July 2015 by hand cutting with a serrated knife. Samples were frozen in the laboratory and re-
sampled when frozen to obtain an accurate volume (~10x10x10 cm). Peat was dried at 70 °C for
120 hours and weighed to determine bulk density.

During each C flux measurement, water table was measured relative to the peat surface in
a standpipe installed adjacent to each sampling plot. Temperature profiles in 5 cm intervals to a
depth of 30 cm were measured using a thermocouple thermometer. If ice was encountered in the
top 30 cm during soil temperature measurement, the depth of the frost table was recorded. In
August, vegetation cover was estimated in each sampling plot. Cover of functional groups (moss,
forb, graminoid, shrub, tree) was estimated to the nearest 1%.

Air temperature was measured continuously at a meteorological station location ~200 m
from the study site. This was regressed against the soil temperature measurements at each plot to
construct a continuous soil temperature record. Solar radiation was measured at the weather station
(EM50 with PYR sensor, Decagon Devices Inc. Washington, USA) and converted to
photosynthetically active radiation (PAR) based on a regression of solar radiation and PAR

measurements made at the time of C flux sampling with a sensor connect to the IRGA.

Data analysis

All statistical analyses were completed in R (R Core Team, 2013). Differences between
understory C fluxes and environmental conditions between sides of the road and distance from the
road were estimated using a linear mixed effects model (package nlme, Pinheiro et al., 2014) where
plot was included as a random factor to account for repeated measures, and plots on the road were

assigned a unique category. If significant differences occurred (p < 0.05), pairwise comparison

10
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with Tukey correction was applied to evaluate differences between each group (package multcomp,
Hothorn et al., 2008). Controls on spatial variation in mean study period understory C fluxes were
evaluated using linear regression. We investigated the effect of vascular plant cover (and graminoid
cover for CHs4), moss cover, water table position and soil temperature. Initially all independent
variables and two-way interactions were included. Non-significant factors were then eliminated
starting with the least significant and statistical values reported are from models that contained only
significant variables. In all cases, seasonal mean values were used in the analysis. Methane flux
was log transformed (logio(CHa4 flux + 5)) prior to analysis. Following this transformation, all C
flux components were normally distributed (Shapiro-Wilks, p > 0.05).

Growing season CO. exchange in the understory was estimated by modeling GEP and ER
for each sample plot. Gross ecosystem photosynthesis was related to PAR using a rectangular

hyperbola:

ppo PAR” Q"GP
(PAR - O+ GPmaX) (1)

where Q is the quantum efficiency and describes the initial slope of the hyperbola and GPmax is the
theoretical maximum rate of GEP and represents the asymptote of the hyperbola. Equation 1 was
fit separately at each plot using the combined data set from 2014 and 2015 with separate equations
generated for May (early season) and June-September (growing season). For plots on the winter
road, a large shift occurred in September fluxes and thus growing season included only June —
August data with a separate equation fitted to September data.

Ecosystem respiration was modelled according to Lloyd and Taylor (1994) related to soil

temperature at 5 cm (T5):

ER = ER, X eE0lmermo7em0) @

11
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where ERrer is ER at the reference temperature (Tref = 283.5K), EO is the activation energy, TO is
the temperature at which biological processes start (237.48K). Both GEP and ER models were fit
using Solver in Excel by minimizing the sum of squares error. Error in modelled understory net
CO. exchange (Eneus-mod) at each plot was estimated according to Adkinson et al. (2011) by
comparing the NEs estimated by the sum of the modelled GEP and ER for the given sampling day

(NEus-mod) to the measured NEys (NEus-obs) On that day according to:

(NEys— —NEys—m )2
ENEus—mod = \/2?:1 > o(brf_l)xns od (3)

Seasonal net CO. exchange of the understory (NEus) was estimated over a 153-day study period
(May 1 to September 30) using environmental conditions measured at the meteorological station
in 2015 combined with equations 1 and 2 and parameters determined for each sampling plot.

Mean daily CHs4 flux was used to estimate understory growing season CHs4 flux by
multiplying the mean by the number of days in the study period (153 days) as no significant
relationship between instantaneous CH4 flux and T5 or WT was observed. Values were converted
to annual fluxes by adding 15% to ER and CHa to account for the non-growing season (Saarnio et
al., 2007). While this adjustment likely adds substantial uncertainty to annual estimates, it has been
used in the Wetland Supplement (IPCC, 2014) to convert growing season peatland fluxes to annual
fluxes thereby enabling estimation of annual GHG emission estimates that are needed for national
inventory reporting. In future, measurements of wintertime fluxes should be included to reduce
uncertainty in annual emission estimates.

Ecosystem C balance (NEE) was estimated according to:

NEE = NEys + NPPiree_ag+ NPPiree bg+ Liree — Rr + CHaus,  (4)

where NEys represents annual net exchange of COz in the understory (g C m?2), NPPiree ag and

NPPiee bg represent annual aboveground and belowground tree C uptake, respectively, Liree

12
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represent annual tree litterfall, Rr represents tree root respiration and CHays represents the annual
understory CHg flux (modified from Munir et al., 2014) with all flux components expressed ing C
m2. We did not measure Liee Or Rr in this study. We estimated Liee as 17% of aboveground tree
NPP based on measurements from Szumigalski and Bayley (1996). Estimates of Rr were based on
the relationship between measured Rr and tree NPP (Rr = 0.639(NPP) + 17.189), constructed from

data presented in Munir et al. (2015) and applied to our measured tree NPP data.

Results
Environmental conditions

Long-term mean May to September temperature and precipitation (1981 — 2010) measured
approximately 40 km from the study site at the Peace River airport (station: Peace River A) was
13.0 °C and 255 mm, respectively. During the same period in 2014 conditions were much warmer
and drier with mean temperature of 14.2 °C and precipitation of 124 mm, less than half of the long-
term average. Conditions in 2015 were close to the long-term mean with mean temperature of 13.5
°C and precipitation of 251 mm. All climate data is available at
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html.

In general, significant differences in plant cover, soil temperature, bulk density and water
table position were found between the winter road and the surrounding peatland, but not among
the different sites within the peatland (Table 1). The winter road had significantly greater graminoid
cover than the understory of the peatland on either side (north vs. winter road, p < 0.0001; south
vs. winter road, p < 0.0001), resulting in significantly greater vascular plant cover on the winter
road, although the difference was only significant compared to the north side (p = 0.0007; south

vs. winter road, p = 0.06). In this case, the plots on the north side of the winter road had significantly

13
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greater vascular plant cover than the south side (p = 0.03). No significant effect of distance from
the road was observed for either graminoid or total vascular plant cover and there was no significant
interaction between distance and side of the road.

Mean soil temperature at 5 cm depth during the study period was greatest on the winter
road at 16.4 °C (Table 1). This was significantly higher than the north side of the road (p =
0.002), but not the south side of the road (p = 0.80). When measuring soil temperature profiles,
we measured the top 30 cm of the peat and recorded when we encountered frozen soil. Based on
this data, an estimate of the date of ground thaw in the top 30 cm can be made. In 2015, thaw
occurred prior to May 12 on all plots on the winter road, between May 12 and June 10 on the
north side, and between May 12 and June 25 on the south side.

Table 1: Average (standard error)? environmental conditions and plant cover at study plots®

Location Water 5 cm soil Bulk Moss Total Graminoid Shrub
table (cm)¢  temperature density cover vascular cover (%) cover
(© (gcm?) (%) plant cover (%)
(%)
Winter -6.9a 16.4 a 0.16 a 20a 55(8)a 53 (6) a 0 (0)
road (1.5) 0.7) (0.02) 9
North 1m -14.4 ab 16.3 a 0.11ab 54b 33(4)b 3(2)b 15 (5)
(1.4) (0.7) (0.003)  (12)
North5m  -13.0 ab 13.3ab 0.08b 59b  38(4) 2 ()b 17 (3)
(1.7) (0.7) (0.02)  (11) ab
North 10m  -18.6b 12.9b 010ab 66b 34(@8)b 1(1)b  15(13)
(1.6) (0.8) (0.02) (8)
South 1m -76a 12.0b 006b 47ab 46 (5) 1(1)b  15(10)
(1.6) (0.9) (0.009)  (6) ab
South 5m -9.0a 12.2 b 007b  46ab  45(2) 3(2b  25(21)
(1.5) (0.8) (0.01)  (18) ab
South10m  -89a 11.4b 004b  56b  40(11) 5(4) b 13 (6)
(1.7) (1.0) (0.004)  (12) ab

a. Each water table value is average of three plots over the study period (June 1 to September 29). Vegetation cover
was estimated visually in late August. Three plots were present at each location.

b. values are statistically significantly different from each other at the p=0.05 level if they share no letters in
common.

14
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c. negative values indicate depth below the peat surface

Bulk density was highest on the winter road, but was only significantly different than plots
on the south side of the road (Table 1). Absolute water table elevation indicated a hydraulic gradient
from south to north, but no obvious backup of water adjacent to the winter road (data not shown).
Water table relative to the peat surface was significantly shallower on the winter road. The
difference was only significant compared to the north side (p = 0.0012) while the south side was
also significantly wetter than the north (p = 0.0012), but not different from the winter road (p =
0.25). Distance from the road had no significant effect on water table and there was no interaction

between distance and side of the road.

Understory carbon fluxes

As with environmental conditions, differences between the understory CO. and CH4 fluxes
were greatest between the winter road and the surrounding peatland, with few significant effects
of distance from the winter road (Table 2). Both GEPmax and NEusmax indicated significantly greater
CO2 uptake on the winter road than in the understory of the neighbouring peatland. The difference
in ER was limited, with only a weak significant difference between the north side and the winter
road (p = 0.049). Methane flux was high on the winter road (Table 2) and significantly greater than
the surrounding peatland (winter road vs. north, p = 0.01; winter road vs. south, p < 0.001). The
north side also had significantly higher understory CHa flux than the south side (p = 0.003).

Variation in understory CO, and CH4 fluxes were correlated to ecohydrological conditions
at the study plots (Figures 2 and 3). Total vascular plant cover was a strong predictor for GEP max
(linear regression, R?=0.54, F11s = 16.0, p = 0.0008) and NEusmax (R?>= 0.50, F11s = 12.2, p =
0.003). Water table was also significantly related to NEusmax (R?=0.43, F119 = 14.3, p = 0.001) and

ER (R?=10.39, F119 = 12.2, p = 0.002). Ecosystem respiration was also related to tree NPP (F1,19 =

15
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9.1, p = 0.007). Water table was not significantly related to log(CHa flux) (F1,19 = 0.3, p = 0.58),
but log(CH4) was significantly positively related to T5 (R? = 0.55, F119 = 23.3, p < 0.001).
Graminoid cover was also significant for explaining variation in log(CH4 flux) (R?= 0.53, F1,19 =
21.1, p = 0.0002); however, this was largely driven by difference in graminoid cover between the
undisturbed peatland and the winter road and there is no significant relationship if these points on
the winter road are removed (Figure 3b).

Table 2: Average (standard error)® understory CO, and CHa fluxes at sample plots

Location GEPmax® ER® NEus-max® CHa flux
(gCO2m2d?1) (gCO2m?2d?) (gCO2m?d?) (mgCHsm2d?)

Winter road -33.8(4.7) a 12.7 (2.7) -20.5(1.0) a 479 (138) ¢
North 1m -17.3(5.3) b 22.1(2.0) 5.5(5.0) bc 93 (26) c

North 5m -10.9(1.6) b 18.1 (2.0) 10.9 (2.5) cd 57 (25) bc
North 10m -8.9(2.0) b 19.8 (2.0) 18.3(3.1)d 49 (1.2)ab
South 1m -17.0(29) b 17.4 (0.5) 1.0 (2.7) bc 50(3.0)a
South 5m -17.7 (1.7 b 16.5 (3.3) -0.9 (4.6) bc 16 (13) ab
South 10m -14.7 (1.0) b 10.7 (2.9) -3.8(0.7) b 6.3(2.4)a

a. All values are the average of three plots over measured over the study period May — September 2014 and
2015. Locations are significantly different from each other if they share no letters in common. There were
no significant differences between locations for ER.

b. GEPmax is gross ecosystem photosynthesis and NEusmax is net ecosystem exchange of CO; in the
understory both measured under full light conditions.

c. ERis ecosystem respiration, measured in the dark.

Tree biomass and NPP

Tree stand density was 1700—-26700 stems ha* with dbh across all study plots of 0.8—10.2
cm with a mean of 2.6 cm. Additional details about number of annual growth rings in trees sampled
and tree ring widths are given in Supporting Information, Table S1. Trees were removed from the
winter road and thus there was no tree biomass and tree NPP was eliminated. Total tree biomass
was significantly higher on the north side of the road than the south side, but there was no difference
related to distance from the road (Table 3; ANOVA, side — F112=15.2, p = 0.002; distance — F2,12
= 0.025, p = 0.97). Similarly, NPP was significantly higher on the north side than the south

(ANOVA, F1,12=5.4, p=0.04). In contrast, there were no significant differences in tree ring widths
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between the sides of the road (F1,30 = 0.45, p = 0.50) or with distance from the road (F230=0.91, p
= 0.41) and no interaction between the two (Fz232= 0.34, p = 0.71). Average tree ring width was

0.31 mm.

Estimated carbon balance

Since differences in understory C fluxes and tree biomass were generally only significant
between the winter road and the undisturbed peatland and occasionally dependent on the side of
the road, annual C flux estimates were summarized by side of the road without considering distance
from the winter road (Table 4). Models generally fit the data well with estimated error in growing
season NEs varying between 22 and 66 g C m™ (see Supporting Information for parameters and
error estimates, Table S2). Understory GEP was on average (standard deviation) -620 (82), -272
(87) and -332 (94) g C m on the winter road, to the north, and to the south of the road, respectively.
Average understory ER during the study period was 432 (175), 538 (91), 507 (125) g C m, with
annual values (corrected by adding 15% for non-growing season) of 497 (201), 618 (105) and 582
(144) g C m2on, north and south of the road, respectively. Using study period GEP and annual ER
estimates resulted in annual NEys of -123 (121), 345 (127) and 247 (96) g C m™ at the same
locations, where positive values indicate a source to the atmosphere. Once tree NPP, litterfall, root
respiration and CH4 fluxes were considered, estimated annual C balance on the winter road was -
79 (128) g C m compared to 161 (163) g C m™ north of the road and 129 (141) g C m2 south of

the road.
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Table 3: Estimated mean (standard deviation) tree biomass and net primary productivity (NPP)
at distances relative to the winter road

Tree biomass (g C m?)

NPP (g C m2yr?)

Above- Below- Total Above- Below- Total
ground ground ground ground
Winter road 0 0 0 0 0 0
North 1m 1970 (1050) 440 (230) 2410 (1290) 66 (27) 15(6) 81(33)
North 5m 2210 (510) 490 (110) 2710 (630) 65 (4) 14 (1) 79 (5)
North 10m 1560 (420) 350 (90) 1910 (510) 58 (13) 13(3) 71 (16)
South 1m 750 (640) 170 (140) 920 (780) 48 (18) 11 (4) 59(23)
South 5m 470 (130) 100 (30) 580 (160) 26 (12) 6 (3) 32 (14)
South 10m 1000 (690) 220 (150) 1230 (840) 54 (24) 12 (5) 66 (29)
Table 4: Estimated carbon balance (NEE) and its components®
gCm?yrt Winter Road North Side South Side
NEs -144 (119) 349 (143) 244 (87)
NPPtree_ag +
NPPyeo pg 0 -85 (21) -46 (21)
Ltree® 0 -14 (4) -9 (4)
Rrd 0 81 (13) 54 (14)
CHaus® 56 (42) 5(7) 1(0.8)
NECB -79 (128) 161 (163) 129 (141)

a. See equation 3 for definition of all C exchange components. All values are mean (standard deviation).
Samples sizes are: winter road — n=3, north side — n=6, south side — n=6. Positive values indicate loss of C
from the ecosystem to the atmosphere.

b. estimated based on equation 1 and 2 for the growing season (June 1 to August 31). Ecosystem respiration

was increased by 15% to estimate annual values.

estimated as 17% of aboveground tree NPP

estimated from total tree NPP based on data from Munir et al. (2015)

e. estimated as mean from growing season measurements with an additional 15% added to estimate annual
total

oo

Discussion

The construction and use of a winter road through a treed fen in boreal Alberta altered
ecohydrological conditions on the winter road resulting in changes to CO. and CHa fluxes;
however, there is little evidence of direct impact on the adjacent peatland. Trees were removed for
creation of the winter road and it is unlikely they will recolonize the site in the short term due to
shallow water table position (Wieder & House, 2012; Caners & Lieffers, 2014; van Rensen et al.,

2015). The wet conditions likely arose due to compression of the peat under the winter road by
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movement of heavy machinery along this corridor, resulting in the higher bulk density observed.
Williams et al. (2013) report subsidence of linear disturbances in permafrost peatland due to
increasing active layer thickness. Similarly, changes in thermal regime may also play a role in the
present study as the peat under the winter road thawed earlier than the surrounding peatland. It has
also been suggested that the reduction in transpiration due to the removal of trees contributes to the
wetter conditions (Vitt et al., 1999). The changes in tree canopy cover and wetter conditions on the
winter road were also likely the drivers of the observed shift in ground layer vegetation to one
largely dominated by graminoids. Further ecological studies are needed to further investigate
vegetation community changes on winter roads through peatlands.

Both CO> and CH4 understory fluxes were significantly different on the winter road
compared to the adjacent peatland. Since water table, soil temperature and plant cover were
significant factors in explaining variability in ground layer fluxes (Figures 2 and 3), the
ecohydrological changes that occurred on the winter road were likely the drivers of the altered C
flux. In the study year, we estimated that the undisturbed peatland was an annual source of C to the
atmosphere while the winter road was a sink. There was large variability between plots in the
undisturbed peatland (Table 4) with some acting as small sinks and others as large sources. The
loss of C from the undisturbed peatland may be linked to the dry conditions during the study period,
specifically in 2014, as has been reported in other peatland studies (e.g., Alm et al., 1999, Strack
& Zuback 2013). There is also relatively large uncertainty in the C balance estimated at any given
plot due to fact that tree NPP was measured at a different scale than soil C flux and that litter
production and tree root respiration were estimated based on literature values. Even considering
these uncertainties, the winter road is likely accumulating C at a faster rate than the adjacent

peatland suggesting that its elevation will rise over time, resulting in a deeper water table similar
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to pre-disturbance conditions. The timescale for this transition is unknown, but seismic lines
through fens have been observed to persist on the landscape for up to 50 years (van Rensen et al.,
2015) indicating that recovery is a slow process.

Probably the most substantial change was the large increase in CH4 flux on the winter road
(Table 2) that largely appeared linked to warmer soil conditions and the greater cover of graminoids
compared to the adjacent peatland (Figure 3). Although many studies have found water table to be
the most important factor explaining spatial variation in peatland CH4 flux (Couwenberg & Fritz,
2011; Strack et al., 2016), it was not a significant predictor in the present study. However, the
wetter conditions on the road have likely contributed to the shift towards a graminoid-dominated
plant community, and also the warmer soil temperature. This corresponds to earlier findings that
the strong vegetation control on peatland C flux is species-specific and different plant
groups/vegetation classes/species composition can be used for estimating peatland CH4 emissions
after land-use change and/or restoration (Joabsson & Christensen, 2001, Strém et al., 2005, Dias
et al., 2010). In our study, the change from tree-shrub-moss-dominated communities of the
surrounding peatlands to the graminoid-dominated open community on the winter road can be used
to predict increased CH4 emission.

In permafrost regions, wetter conditions on cutlines increase thermal conductivity, resulting
in permafrost thaw (Williams & Quinton, 2013). Plots on the winter road were thawed by early
May in both 2014 and 2015 while some plots in the adjacent peatland remained frozen until late
June. This resulted in warmer soil conditions (Table 1) allowing greater microbial activity and
ultimately CH4 production in the saturated soil conditions. Despite enhanced CO. uptake, the
substantial increase in CH4 flux on the winter road results in enhanced radiative forcing related to

GHG exchange in the peatland. The global warming potential (GWP) over a 100-year time frame
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based on measured CO; and CH4 exchange (where the GWP of CHya is 28 times that of CO, [Myhre
et al. 2013]) was on average 2100 g CO2-e m yr! for the winter road and ~250 and 70 g CO2-¢
m2 yr! north and south of the road in the undisturbed peatland. Lee and Boutin (2006) provide
what they call a conservative estimate of 1.5 km per km? for density of wide seismic lines (many
of which are converted to access paths such as winter roads) in northeastern Alberta. Applying this
density to the whole province and assuming that these lines are on average 7 m wide and that
peatland cover in Alberta is 103,000 km? (Environment and Parks, 2017), results in an estimate of
close to 1100 km? of peatland area impacted by seismic lines/winter roads. Considering an increase
in GWP of ~1900 g CO2-e m? yr! on the line compared to the undisturbed peatland leads to an
estimate of ~2 Mt COz-e m yr! resulting from these disturbances. While the actual impact of
individual cutlines is likely to vary depending on many factors including their orientation, width,
age, extent of peat compression, and peatland type (e.g., van Rensen et al., 2015), clearly these
disturbances could represent a substantial additional source of anthropogenic GHG emissions that
is not currently accounted for. Narrower 3-D seismic lines (also called low-impact seismic lines)
are also widespread in the region (Dabros et al., 2017) and further research is needed to determine
what impact these may have on peatland GHG fluxes.

Dissolved organic carbon (DOC) export was not considered in this study, but can account
for a substantial portion of peatland C balances (e.g., Billett et al., 2004). Although linear
disturbances could act as flowpaths that hydrologically connect the landscape and enhance
hydrologic export of DOC, heterogeneity of the surface elevation along the disturbance creates
depression storage and tends to limit hydrologic connectivity to only the wettest times of year

(Williams et al., 2013). Nevertheless, future studies should include DOC export estimates both
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along the winter road and from the neighbouring peatland to better understand potential hydrologic
perturbation and its impact on peatland DOC export.

Finally, no significant differences in understory C fluxes were observed with distance from
the winter road, nor were interactions between side of the road and distance observed. Similarly,
although tree biomass and NPP were different between the sides of the disturbance, they did not
vary with distance from the cutline, and tree ring widths were not significantly different in space.
Therefore, differences in the tree canopy may have resulted from inherent differences in space prior
to winter road construction. This suggests that the winter road had little impact on the surrounding
peatland at this site, in contrast evidence of edge effects from linear disturbance impacts on boreal
upland ecosystems (Dabros et al., 2017). The large amount of spatial variability in CO2 and CHa
flux between sampling plots due to differences in ecological and edaphic controls in space likely
limited the ability of our study to detect edge effects related to the winter road. In order to
investigate this in the future, a larger number of replicate sample plots would be required; however,
this becomes materially difficult when attempting to measure at a variety of distances from the
road on both sides of the disturbance. Moreover, it is difficult to measure ecosystem C balance in
a forested peatland using chambers as these ground level measurements also include tree root
respiration (Rr) that likely varies greatly in space in relation to location of specific roots and local
tree productivity. Although we estimated Rr based on previous literature, this is unlikely to
accurately reflect the actual Rr at any specific plot, adding substantial uncertainty to C balance
measurements. Finally, estimating annual C balance by adding 15% to growing season estimates
leads to additional uncertainty, particularly as disturbance may alter the contribution of non-
growing season fluxes to the annual total. Ideally, the impact of winter roads, and other cutlines in

peatlands, would be measured at an ecosystem to landscape scale using eddy covariance towers
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above the tree canopy and comparing fluxes of CO2 and CHa4 to adjacent undisturbed areas. In
practice, cutlines are so prevalent in northern Alberta that finding a peatland area without cutlines
nearby to a disturbed area would be difficult, if not impossible. In addition, data prior to the
construction of the disturbance would provide valuable baseline information against which any
post-construction changes could be compared. Again, this may be difficult in practice as
construction plans are often in a state of flux making it difficult to plan in advance the appropriate
location to collect pre-disturbance data. Large inter-annual variability in peatland C fluxes (e.g.
Roulet et al., 2007; Saarnio et al., 2007) further complicates this approach, as several years both
pre- and post-disturbance would be required to separate disturbance effects from changes resulting
from weather differences between the study years. Moreover, the time over which impacts will
occur post-disturbance is unknown.

In conclusion, construction and use of a winter road through a wooded fen near Peace River,
AB, Canada has resulted in warmer and wetter conditions on the winter road and a shift to an open
peatland dominated by graminoids. While tree biomass and tree NPP have been removed from the
footprint of the winter road, the C balance of the site indicated an enhanced sink compared to the
adjacent peatland. On the other hand, CH4 flux has increased dramatically on the winter road in
response to the changing ecohydrological conditions. If this pattern is representative of all wide
seismic lines and winter roads through peatlands, then these disturbances will represent an
important anthropogenic GHG source associated with land-use. As the magnitude of enhanced
GHG flux on cutlines is likely to depend on peatland type and disturbance characteristics (width,
traffic and compaction, etc.), more data is needed on a variety of cutlines to better constrain the
regional effect. No clear impacts on the C fluxes in the neighbouring peatland were detected, at

least in part due to spatial variability in these fluxes and the lack of pre-disturbance data. Therefore,
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flux measurements pre-disturbance and several years post-disturbance are required to better

constrain potential edge effects.
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695  Figure 1: Study site with transects (a) where C flux measurements were made at two westernmost
696  transects and the eastern transect and bulk density measurements were made between the western
697  transects, and on the middle and eastern transects. (b) Close-up schematic of western transects
698 illustrating C flux measurement plots and trees biomass quadrats. (c) Photograph of winter road
699  with treed peatland on edges. (d) Location of study site within Alberta and Canada (source:

700  http://commons.wikimedia.org/wiki/File:Canada_Alberta_location_map_2.svgi#file
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Figure 2: (a) Understory gross ecosystem photosynthesis (GEP) and net ecosystem exchange
(NEys) versus vascular plant cover and (b) NEys and ecosystem respiration (ER) versus water
table position. All values for GEP and NEgs are the mean of all measured fluxes in full light
conditions over the study period where positive values indicate release of CO- to the atmosphere.

Water table position is the mean measured over the study period where negative values indicate
depth below the surface.
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710  Figure 3: Mean seasonal methane flux (as logio values) versus (a) water table, (b) graminoid

711  cover and (c) soil temperature at 5 cm depth. All values are means of all measurements over the
712 study period except graminoid cover that was estimated in August 2014. There was no significant
713 relationship between WT and logi0(CHa4 flux). logio (CHa4 flux) = 0.031(graminoid cover) + 0.98,
714 Fi19 = 17.1, p<0.001, R? = 0.47; log10(CHa flux) = 0.29(soil temp) - 2.8, F1,19 = 23.3, p<0.001, R?

715  =0.55. Removal of the three points with high graminoid cover from (b) results in no significant
716  relationship for the remaining data set.
717

34



