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Abstract: Enhancement of terrestrial carbon (C) sequestration on marginal lands in Canada using
bioenergy crops has been proposed. However, factors influencing system-level C gain (SLCG)
potentials of maturing bioenergy cropping systems, including belowground biomass C and soil
organic carbon (SOC) accumulation, are not well documented. This study, therefore, quantified
the long-term C sequestration potentials at the system-level in nine-year-old (2009–2018) woody
(poplar clone 2293–29 (Populus spp.), hybrid willow clone SX-67 (Salix miyabeana)), and herbaceous
(miscanthus (Miscanthus giganteus var. Nagara), switchgrass (Panicum virgatum)) bioenergy crop
production systems on marginal lands in Southern Ontario, Canada. Results showed that woody
cropping systems had significantly higher aboveground biomass C stock of 10.02 compared to
7.65 Mg C ha−1 in herbaceous cropping systems, although their belowground biomass C was not
significantly different. Woody crops and switchgrass were able to increase SOC significantly over the
tested period. However, when long term soil organic carbon (∆SOC) gains were compared, woody
and herbaceous biomass crops gained 11.0 and 9.8 Mg C ha−1, respectively, which were not statistically
different. Results also indicate a significantly higher total C pool [aboveground + belowground +

soil organic carbon] in the willow (103 Mg ha−1) biomass system compared to other bioenergy crops.
In the nine-year study period, woody crops had only 1.35 Mg C ha−1 more SLCG, suggesting that the
influence of woody and herbaceous biomass crops on SLCG and ∆SOC sequestrations were similar.
Further, among all tested biomass crops, willow had the highest annual SLCG of 1.66 Mg C ha−1 y−1.

Keywords: root biomass; system-level C gain; orthogonal contrast; carbon stock; coil health; climate
change mitigation

1. Introduction

Under the Paris Agreement of 2015, Canada became one of 195 countries committed to limiting
global average temperature increases to below 2 ◦C above pre-industrial levels, while working to
limit the increase to 1.5 ◦C [1]. In an effort to formally work towards the targets set out in the Paris
Agreement, the Canadian Government established a Pan-Canadian Framework on Clean Growth
and Climate Change as a comprehensive program to reduce emissions across all Canadian economic
sectors [2]. More recently, in 2019, greenhouse gas (GHG) emissions projections were updated, and two
scenarios were introduced, including the Additional Measures scenario, which covers GHGs reduction
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potentials from land use, land use change, and forestry (LULUCF) [3]. Under this scenario, emissions
are projected to be 592 Mt CO2 eq, or 19% below 2005 levels.

In the above context, carbon (C) sequestration through bioenergy cropping systems on
non-agricultural lands in Canada is considered as one of the promising techniques to achieve
Canada’s climate change mitigation goals, while simultaneously providing valuable feedstock to
bioenergy industries [4]. Similar projections for biomass crops have also been put forward by other
authors to move away from fossil fuels and bring about a partial solution for the global energy
crises [5–7]. These systems sequester atmospheric CO2 in their fibre, as well as in the soil through the
decomposition of litterfall, coarse root and fine-root turnover [8] in addition to other soil processes
that can contribute to soil organic carbon (SOC) sequestration. Many countries have developed
aspiring biofuel goals, which require large land areas under biomass crop production. In Canada,
current estimated non-agricultural (marginal) land area that can be brought under biomass crop
production is 9.5 million ha [9]. Meanwhile, a significant increase in bioenergy production has also
been predicted based on global future energy scenarios [10–13]. Marginal land is generally considered
as lands that are unsuited for sustained agriculture production due to various geophysical and climatic
limitations [14,15]. Therefore, marginal land is proposed for advanced biofuel production and meeting
biofuel demands without food-feed-fuel conflicts [16,17]. Furthermore, the cultivation of marginal
lands or less productive agricultural lands with bioenergy crops could potentially improve soil health
of the land due to their additions to soil organic matter [18].

Recent studies have shown short-term possibilities of C sequestration through aboveground
biomass and SOC stocks in young bioenergy cropping systems [19–21]. However, SOC accumulation
is a slow process, and the amount of carbon sequestered can vary over time, thus requiring long-term
analysis [22,23]. Understanding the system-level C storage (long term SOC sequestration, belowground
biomass C, annual litter input and fine root turnover associated C) potentials in bioenergy cropping
systems, and how system-level C dynamics will change as system matures would help to understand
the suitability of a bioenergy cropping system as a long-term C sink. An improved understanding
of C dynamics within bioenergy systems will also help to project sequestration estimates towards
meeting Canada’s net GHG emissions reduction targets. Additionally, this knowledge could support
environmental management strategies associated with biofuel production, while also informing policy
development and financial incentives available to landowners (e.g., C offsets), which can encourage
farmers to convert degraded agricultural lands into more sustainable and environmentally benign
biomass production systems [24,25].

In this study, we quantified the long-term C sequestration potentials at the system-level in woody
(poplar and willow), and herbaceous (miscanthus and switchgrass) bioenergy crop production systems
on marginal lands in Canada and their future contribution to climate change mitigation efforts.

2. Materials and Methods

2.1. Site Description and Experimental Design

To execute long-term monitoring of soil C sequestration and quantify system-level C gain in
woody and herbaceous bioenergy crop production systems established in 2009, a two-year experiment
was set-up in 2017 at the University of Guelph Agroforestry Research Station (GARS), Guelph, Ontario,
Canada (latitude 43◦32′28” N, longitude 80◦12′32” W) (Figure 1). The climatic data for GARS are:
average annual precipitation is 904 mm of which 338 mm is received during the growing season (May
to September) and 144 frost-free days. The field site was established in 2009 at GARS for the purpose
of biomass research due to low crop yields after more than 35 years of agricultural use specifically
for growing corn (Zea mays L.), beans (Glycine max L. Merr), and winter wheat (Triticum avestivum L.).
For this research, two woody (poplar clone 2293–29 (Populus spp.), hybrid willow clone SX 67 (Salix
miyabeana)), and two herbaceous (miscanthus (Miscanthus giganteus var. Nagara), switchgrass (Panicum
virgatum)) bioenergy crops were cultivated in test plots and all SOC values were assessed in 2009 [26].
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These values were used as the baseline data to quantify long term SOC and system-level C gains in this
study. The soil at GARS is a gray-brown luvisol with a fine sandy loam texture (56% sand, 34% silt,
and 10% clay), and due to past soil erosion and presence of stones, the site has been classified as Class 3 to
4 marginal land based on Canadian Land Inventory (CLI) classification. Class 3 lands have moderate
limitations that reduce the choice of crops or require special conservation practices, and Class 4 lands have
severe limitations that restrict the choice of crops or require special conservation practices and very careful
management, or both [14]. Since 2009, the switchgrass and miscanthus crops have been harvested on an
annual basis, while the willow and poplar plots were also manually harvested in 2012, 2015, and 2018.
For this study, woody biomass crops sub-plots were harvested in the fall of 2017 and 2018.
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Figure 1. Guelph Agroforestry Research Site, University of Guelph, Guelph, Ontario, Canada, in 2006
(top), 2009 (center) and 2018 (bottom). HBCS and WBCS: Herbaceous and woody bioenergy cropping
systems, respectively. AgF: Conventional agricultural field (Google Earth Pro, 2019).

The experimental design was an unbalanced randomized complete block design with biomass
crop as a factor and species or type (poplar, willow, switchgrass, and in the second year of this study
miscanthus was added) at four levels. Herbaceous biomass crops (switchgrass and miscanthus)
and the woody biomass crops (willow and poplar) were replicated four and six times, respectively.
The experimental plots had an area of 100 m2 for switchgrass and miscanthus, and 200 m2 for poplar
and willow. All treatments were tested for statistical parameters using SAS software, Version 9.4
(SAS Institute Inc. Cary, NC). General Linear Procedures in SAS (PROC GLM) were used to perform
statistical analyses. The treatment sum of square was portioned using an orthogonal contrast approach
to evaluate preplanned comparison between woody and herbaceous systems and to compare two
woody, and two herbaceous crops within each other. A paired “t-test” was conducted to statistically
assess the SOC gain between 2009 and 2018 influenced by individual biomass crop type/system.
To compare all bioenergy cropping systems against each other, the least square means were computed
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and compared pairwise. The Shapiro–Wilk test (α = 0.05) was used to test whether residuals followed
a normal distribution and, where necessary, log transformations were used to normalize residuals.

2.2. Abbreviations

To enhance readability and make figures more meaningful, abbreviations are used throughout
this paper. These abbreviations are summarized in Table 1.

Table 1. The abbreviations with proper definitions used in the study.

Abbreviation Definition

AFR Annual fine roots C
AgF Conventional agricultural field
AGB Aboveground biomass carbon content
ALL Annual leaf litter C

ANOVA Analysis of variance
BGB Belowground biomass carbon content

C Carbon
CLI Canadian Land Inventory

CPool
Total carbon pool at the system-level, delineated by soil organic carbon (SOC) in
2018, Aboveground biomass carbon (AGB) in 2018, and belowground biomass

(BGB) in 2018.

DCi
Decomposition coefficient, shows the fraction of sequestration potential from

associated plant component (i) in the soil after microbial respiration (1-released C
back into the atmosphere through microbial decomposition)

DF Dry weight fraction
GARS University of Guelph Agroforestry Research Station
GHG Greenhouse gas emission

Gg Giga gram (In SI base units: 1 Gg = 1000 Mg)
HBCS Herbaceous bioenergy cropping systems

Mg Mega gram (In SI base units: 1 Mg = 1000 kg)
PROC GLM General Linear Procedures procedure

SLCG
System-level carbon gain, delineated by long-term soil organic carbon (∆SOC),
belowground biomass carbon (BGB), annual leaf litter (ALL) input carbon and

annual fine root turn-over (AFRT) carbon (See Equation (4)).
SOC Soil organic carbon

WBCS Woody bioenergy cropping systems
WF Wet moisture fraction

∆SOC Long-term soil organic carbon change, SOC2018 - SOC2009

2.3. Above- and Belowground Biomass Carbon

C sequestration in woody (poplar and willow) and herbaceous (switchgrass and miscanthus
[2018]) systems were quantitatively assessed at the end of the 2017 and 2018 growing seasons (late
fall) by destructive sampling technique. Herbaceous above- and belowground biomass was sampled
randomly from two sub-plot area of 0.5 × 0.5 m within the 10 × 10 m treatment plots as was in 2009,
and an average value (from two sub-plots) was calculated for a 0.25 m2 area [27]. Two sub-samples
per plot were taken in order to obtain a good representative sample of the above- and belowground
biomass samples. Each treatment was replicated four times, 4 × 2 (sub-samples per plot) × 0.25 m2

sub-areas were sampled to obtain above- and belowground biomass samples. For woody biomass
crops, the replications were equal to 6, and the area of sampling per experimental plot was 2.60 m2.

Aboveground biomass was manually harvested using hand-clippers. For woody biomass, leaves,
twigs, branches, and trunk were separated, and wet weights were collected in the field using a portable
commercial flatbed scale. Similarly, herbaceous aboveground biomass was also manually harvested,
and wet weights were recorded in the field. All woody aboveground biomass was cut manually at
5 cm above the soil surface (the average wet weight was 8.85 kg (main stem and branches only)).
As the sampling was done in late fall, most of the leaves had fallen off, but any leaves that remained
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on the stems were hand-removed. For all woody biomass components, sub-samples (wet-weights of
sub-samples were equal to 15% to 20% of the total wet-weight of main stem and branches) from each
sampling area (2.60 m2) were collected and placed in ziplock bags and were kept in a cooler with ice to
weigh the sub-samples in the lab to determine the moisture content at time of harvest to calculate dry
weights. The sub-samples had both the branches and the main stem in order to represent the actual
harvested aboveground woody biomass. The average moisture content of the aboveground biomass
was 47% ± 1.46%. Leaf litter within the delineated area (2.60 m2) was also collected and weighed to
determine the wet weight, and sub-samples were collected to calculate moisture content in the lab.

Belowground biomass was quantified only in 2018 because the third year of three-year cycle for
woody crops ended in 2018. For this sampling, in November 2018, samples (roots) were collected
from each woody, and herbaceous cropping system replicates using destructive sampling techniques.
To derive the belowground biomass samples in herbaceous crops, all soil in the 2 × 0.25 m2 area was
dug up to 30 cm depth and the dug soil along with the roots were placed in small quantities on a
4 mm mesh tray and water was passed through the mesh into a collecting container. This step was
done in order to remove the soil and small stones and big roots. Then the liquid in the collecting
container was passed through a 1 mm mesh, and the coarse roots were picked out and weighed for
wet weight. The wet weight of these coarse roots from a 0.25 m2 area and to a depth of 30 cm of soil
averaged 1.28 kg. The whole coarse root samples from the sampled area (0.25 m2) were then dried in
an oven at 60 ◦C for almost a week until a constant dry weight was derived, which averaged 0.4 kg.
For herbaceous biomass crops, all sampled wet above- and belowground biomass was used to obtain
the dry weight, and no sub-samples were taken. Fine roots were not quantified but were estimated as
a percentage of the aboveground biomass. In woody plots, an excavating machine (Bobcat Backhoe)
was used for collecting roots on an area basis (2.60 m2) so that data could be extended to a hectare of
land. Once roots were excavated, remaining soil was manually washed from the roots. The fresh root
biomass weights of each sample were obtained using a digital flatbed field scale and recorded. For the
woody samples, subsamples of the root were also collected and weighed immediately to determine
their wet weight.

After the above- and belowground sub-samples were weighed, they were sent to the lab for the
determination of moisture content. In the lab, sub-samples were oven-dried at 65 ◦C for a minimum of
14 days until a constant weight was derived. Moisture content was then calculated by subtracting
the dry sub-sample weight from that of the wet sub-sample weight, and it was divided by the wet
sub-sample weight to obtain the wet moisture fraction (WF). To derive the dry weight fraction (DF),
the following Equation (1) was used:

DF = [1 −WF], (1)

The dry weight fraction was then used to convert the whole wet biomass weights to dry biomass
weights for both above- and belowground biomass samples.

Total C concentration for each tree components was previously determined by high-temperature
combustion techniques using Leco Carbon CR412 analyzer (LECO Corporation, MI, USA) and was
compared to values reported in the literature, which indicated that the values were comparable. The C
concentration of each biomass sample was determined by multiplying its total dry weight with the
associated C concentration value. Carbon concentration values that were used in this study are listed
in Table 2 (for switchgrass 47% was used).

Table 2. Overview of results from carbon concentration studies carried out on bioenergy crops.

Plant Carbon Concentration (Weight %) References

Poplar 47.7 [8,28]
Willow 47.7 [8,28]

Miscanthus 48.1 [29]
Switchgrass 47.5 [22]
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2.4. Soil Organic Carbon

Soil samples within the treatment blocks were randomly collected in 2009, 2017, and 2018 from
all test plots using a soil auger. To obtain a good representation and capture any variations, 10 soil
samples were collected randomly from each experimental plot (same experimental plots as in 2009),
at a depth of 0–15 and 15–30 cm having four replications (in total: 10 samples per plot × 2 depths × 4
replications = 80 soil samples) for herbaceous crops (switchgrass and miscanthus), and six replications
(in total: 10 samples × 2 depths × 6 replications = 120 soil samples) for woody crops (poplar and
willow). Samples were placed in polyethylene bags and were kept in a cooler with ice for transport
to the lab. In the lab, soil samples were air-dried under ambient conditions and were mechanically
crushed and sieved through a 2 mm sieve to obtain a uniform sub-sample, then further ground with a
mortar and pestle to pass through 0.125 mm sieve.

To remove the organic C from sieved samples, two soil sub-samples were taken from each soil
sample. One soil sub-sample was subjected to muffle furnace treatment (burned at 575 ◦C for 24 h) and the
other in LECO CR-412 Carbon Analyzer. Sub-samples were analyzed as a pair for total C (not subjected to
muffle furnace treatment) and inorganic C (subjected to muffle furnace treatment) using the combustion
method in a LECO CR-412 Carbon Analyzer. SOC was then calculated for each treatment by subtracting
the inorganic C from the total C values associated with paired sub-samples. SOC data obtained from
2017 and 2018 were then compared with the baseline 2009 SOC values to determine SOC gain or loss
over the nine years since the establishment of the biomass cropping systems test plots.

2.5. Bulk Density Determination

Three bulk density samples were obtained for each cropping system (willow, poplar, switchgrass,
and miscanthus) at 0–15 cm and 15–30 cm depths in 2009 and 2018 to allow carbon stocks to be
calculated for each depth. Bulk density samples were collected by digging a 1 × 1 × 1 m pit in each
cropping system, and three samples were taken from each depth (in total: 4 crops × 2 depths × 3
bulk density samples = 24 samples). Samples were first oven-dried for 48 h at 105 ◦C and weighed to
determine their oven-dried mass (MOD). Bulk density was then corrected for root debris and rocks
to obtain only the bulk density of the soil material. For this purpose, oven-dried soil samples were
passed through a 2 mm sieve. The mass (MD) and volume (VD) of the root and rock material that
were retained on the 2 mm sieve were recorded, and bulk density was calculated using Equation (2).
VD was obtained through the water displacement method [30]. Since the volume of the soil sampling
ring used was 250 cm3, this value was fixed for the total soil volume (Vtotal). SOC stock (Mg ha−1) in
each cropping system for both depths was calculated using Equation (3).

Bulk density (Mg m−3) = (MOD −MD)/(Vtotal − VD), (2)

SOC (Mg C ha−1) = [10,000 (m2) × Depth (m)] × [Bulk density (Mg m−3)] × [SOC (%)], (3)

The average bulk density values for 0–30 cm depth were 1.32 (±0.01) and 1.34 (±0.06) g cm−3

for 2009 and 2018, respectively. Therefore, these values were used to calculate SOC stocks for their
respective years, as shown in Equation (3).

2.6. System-Level Carbon Gain

System-level carbon gain (SLCG) was calculated using Equation (4):

SLCG = ∆SOC + (BGB * DCr) + (ALL * DCl) + (AFR * DCfr), (4)

where ∆SOC represents long-term soil organic carbon (∆SOC) stock (2009 to 2018), BGB represents
belowground biomass carbon (BGB) stock, DCr represents decomposition coefficient for belowground
biomass (DCr) equal to 0.26 [31,32], ALL represents annual leaf litter carbon (ALL) stock, DCl represents
decomposition coefficient for leaf litter (DCI) equal to 0.29 [33,34], AFR represents annual fine roots
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carbon (AFR) stock, and DCfr represents decomposition coefficient for fine root (DCfr) equal to 0.20 [35].
Root biomass C is a critical component of total SLCG and soil C dynamics. The belowground biomass
C is usually represented by fine roots, mostly in herbaceous cropping systems [23]. Fine roots turnover
(FRT) in this study was estimated at 50% of the annual litterfall C input in woody crops [8,36,37].

For example, the value for DCr was derived as (1 − 0.74 [decomposition rate]) = 0.26 (gain, after
loss factor (microbial decomposition) that we used to multiply the belowground C stock of the roots),
similarly, DCl (1 − 0.71) = 0.29, and DCfr (1 − 0.8) = 0.20.

As the aboveground biomass C will be utilized for energy and be removed from the site,
belowground C stored in the root systems associated with the respective bioenergy crops were
quantified and included in the calculation of system-level carbon gain. Although there is a temporary
C gain over the rotation period (three years) for woody biomass, as it will be lost via the usage of
aboveground biomass, we did not take this temporary gain in carbon into the calculation of system-level
carbon gain. However, we have included and accounted for the aboveground biomass carbon as the
aboveground carbon pool, which is a part of “Total C pools” of the system (Section 3.2). There will also
be an additional positive impact on GHG emissions reduction to the atmosphere caused by avoided
carbon gain, fossil fuel avoided as a result of energy derived from biomass sources. Accounting for this
gain is beyond the scope of this study as it will depend on energy conversion efficiencies. This study,
therefore, took into account both SOC and belowground root C, leaf litter, and fine root turnover to
determine system-level C sequestration potentials by the tested bioenergy crops in Ontario grown on
marginal lands.

3. Results

3.1. Carbon Stock Allocation in Plant Components

Results of the analysis of variance (ANOVA) for stem and leaf, aboveground and belowground
(roots) C stock of biomass in 2017 and 2018 for different bioenergy cropping systems in southern
Ontario, Canada are presented in Table 3. Quantified aboveground biomass C stock ranged from
4.01 Mg C ha−1 in poplar to 7.41 Mg C ha−1 in willow (Cycle 3, Year 2), and in switchgrass, it was
4.44 Mg C ha−1 in 2017 (Table 4). In 2018, aboveground biomass C stock ranged from 4.38 Mg C ha−1

in switchgrass to 12.39 Mg C ha−1 in willow (Cycle 3, Year 3) (Table 4). Belowground biomass C stock
also ranged from 4.11 Mg C ha−1 in poplar to 10.06 Mg C ha−1 in willow (Cycle 3, Year 3) (Table 4).

Table 3. Significance level (p-value) for the analysis of variance (ANOVA). Source of variations include
plant and block as main effects on stem and leaf carbon stock (stem, leaf), aboveground (AGB) and
belowground (BGB) carbon stock in biomass in 2017 and 2018 in biomass cropping systems, southern
Ontario, Canada.

Source of Variation df Stem
2017 2

Leaf
2017 2

AGB
2017 2

Stem
2018 3

Leaf
2018

AGB
2018

BGB
2018

Plant 1 3 0.0103 0.0068 0.0079 0.0038 <0.0001 0.0021 0.0013
Woody vs.

Herbaceous 1 0.4114 <0.0001 0.1147 0.1835 <0.0001 0.0462 0.5174

Woody (W. vs. P.) 1 0.0157 0.0380 0.0176 0.0195 <0.0001 0.0080 0.0002
Herbaceous (M. vs. S.) 1 NA NA NA 0.0025 1.0000 0.0037 0.4674

Block CV (%)
R-Square

5 0.1400 0.3776 0.1499 0.3533 0.5841 0.3485 0.2521
23.27 53.30 25.00 28.20 40.83 27.84 24.65
0.81 0.81 0.82 0.73 0.92 0.76 0.79

1 The partitioning of treatment (plant) sum of square was done using an orthogonal contrast approach (W. = willow,
P. = poplar, M. = miscanthus, and S. = switchgrass), 2 Data for Miscanthus were not available in 2017. Partitioning
for 2017 data was done using t-test with two-sample, unequal variances. 3 Stem considered as (stem + leaf) and so it
is equaled to total aboveground biomass for herbaceous crops.
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Table 4. Aboveground (2017 and 2018) and belowground (2018) biomass carbon stock in bioenergy
crops and averages for woody and herbaceous cropping systems on marginal lands in southern Ontario,
Canada. Standard errors are in brackets.

Cropping
System

Aboveground Biomass (Mg C ha−1) 2017 1 Aboveground Biomass (Mg C ha−1) 2018 2 Belowground Biomass
(Roots) (Mg C ha−1) 2018Stems 3 Leaves Total Stems 3 Leaves Total

Poplar 3.62 (0.43) b 0.45 (0.04) b 4.01 (0.42) b 7.01 (0.98) b 0.57 (0.11) b 7.65 (1.08) bc 4.11 (0.45) b

Willow 6.37 (0.79) a 1.10 (0.21) a 7.41 (1.00) a 10.83 (0.79) a 1.54 (0.14) a 12.39 (0.91) a 10.06 (0.81) a

Switchgrass 4.44 (0.27) b 0.00 (0.00) b 4.44 (0.27) b 4.38 (0.60) b 0.00 (0.00) c 4.38 (0.60) c 8.45 (1.34) a

Miscanthus n/a n/a n/a 10.91 (1.94) a 0.00 (0.00) c 10.91 (1.94) ab 7.45 (1.16) a

Woody 5.00 (0.60) x 0.77 (0.14) x 5.74 (0.72) x 8.92 (0.82) x 1.06 (0.18) x 10.02 (0.98) x 7.09 (1.00) x

Herbaceous 4.44 (0.27) x 0.00 (0.00) y 4.44 (0.27) x 7.65 (1.55) x 0.00 (0.00) y 7.65 (1.55) y 7.95 (0.84) x

Within each column, similar superscripts (a–c) indicate non-significant differences between bioenergy crops as
determined by the Tukey HSD test (p < 0.05). Additionally, similar superscripts (x,y) indicate non-significant differences
between woody and herbaceous cropping systems using the orthogonal contrast approach. 1 Cycle 3, Year 2 in woody
crops, 2 Cycle 3, Year 3 in woody crops, 3 Stems and leaves in herbaceous, stems and branches in woody crops.

C stock allocation in different plant components among all four biomass crops is presented in
Figure 2. Results indicate that for poplar, 60.15% of total tree C was stored in stems and branches, and
4.88% in leaves, while 34.97% was stored in the roots. In poplar, leaves, stems, and branches together
stored in total 65.03% of the plant C, which is the highest proportion of C within aboveground biomass
quantified among all tested woody and herbaceous biomass crops in this study. For willow, 48.25% of
the total tree C was stored in stems and branches, and 6.95% in leaves, while 44.80% of C was allocated
to belowground roots. In this context, switchgrass and miscanthus C allocations to belowground
components were 65.86% and 40.6% C, respectively, while 34.2% and 59.4% of the total C was stored in
the aboveground components.
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Figure 2. Carbon stock allocation to plant components (leaves litter in three-year-old woody crops,
stems and leaves in herbaceous, stems and branches in woody crops and belowground biomass) in
nine-year-old (2018) bioenergy cropping systems in southern Ontario, Canada. In herbaceous crops
“stems” included both leaves and stem carbon stock.

3.2. Soil and Total Carbon Pools in Woody and Herbaceous Bioenergy Cropping Systems

Results indicate that woody biomass systems (willow and poplar) and switchgrass significantly
increased SOC between 2009 (baseline) to 2018 (Table 5), while miscanthus failed to reach significance.
In this context, the 2018 SOC sequestration values were not significantly different across all biomass
cropping systems (Table 6). The average SOC in 2018 in woody and herbaceous cropping systems
were 80.1 and 73.8 Mg ha−1, respectively (Table 7). SOC sequestration gains (∆SOC) for switchgrass,
willow, poplar, and miscanthus were 11.8, 11.7, 10.3, and 7.7, Mg ha−1, respectively (Table 7).
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Table 5. Significance level (p-value) from the t-test (α = 0.05) on soil total organic carbon sequestration
or accumulation since 2009 (baseline) to 2018 in different biomass cropping systems on marginal lands
in southern Ontario, Canada.

Cropping System P (T <= t) Two-Tail

Poplar 0.040
Willow 0.050

Switchgrass 0.034
Miscanthus 0.143

Table 6. Significance level (p-value) for the analysis of variance (ANOVA). Source of variations
include plant and block as main effects on total organic carbon sequestration (SOC) in 2009 and
2018 and long-term soil carbon sequestration between 2009–2018 (∆SOC), total carbon pool at the
system-level in 2018 (CPool) and system-level carbon gain (SLCG) in biomass cropping systems,
southern Ontario, Canada.

Source of Variation df SOC 2009 SOC 2018 ∆SOC CPool SLCG

Plant 1 3 0.7623 0.2165 0.6682 0.0130 0.5062
Woody vs. Herbaceous 1 0.3046 0.0619 0.3831 0.0200 0.3341

Woody (W. vs. P.) 1 0.9166 0.7939 0.7401 0.0098 0.4273
Herbaceous (M. vs. S.) 1 1.0000 0.3818 0.4331 0.7628 0.3959

Block 5 0.5440 0.0497 0.1921 0.0447 0.1758
CV (%) - 9.24 8.20 67.74 6.92 55.13

R-Square - 0.40 0.66 0.47 0.75 0.50
1 The partitioning of treatment (plant) sum of square was done using an orthogonal contrasts approach (W. = willow,
P. = poplar, M. = miscanthus, and S. = switchgrass).

Table 7. Soil organic carbon (SOC) measurements (2009 and 2018) in 0–30 cm depth, long-term soil
organic carbon sequestration between 2009–2018 (∆SOC), total carbon pool at the system-level in 2018
(CPool) in bioenergy crops and averages for woody and herbaceous cropping systems on marginal
lands in southern Ontario, Canada. Standard errors are in brackets.

Cropping System SOC (2009) (Mg C ha−1) SOC (2018) (Mg C ha−1) ∆SOC (Mg C ha−1) CPool 1 (Mg C ha−1)

Poplar 69.3 (2.08) a 79.6 (3.66) a 10.3 (4.30) a 91.4 (4.11) b

Willow 68.9 (2.69) a 80.6 (4.32) a 11.7 (3.11) a 103.1 (3.49) a

Switchgrass 64.0 (3.17) a 75.9 (0.39) a 11.8 (3.46) a 88.7 (1.00) b

Miscanthus 64.0 (3.17) a 71.8 (3.32) a 7.7 (1.59) a 90.2 (4.91) b

Woody Crops 69.1 (1.62) x 80.1 (2.70) x 11.0 (2.54) x 97.2 (3.12) x

Herbaceous Crops 64.0 (2.07) x 73.8 (1.73) x 9.8 (1.92) x 89.4 (2.33) y

Within each column, similar superscripts (a–c) indicate non-significant differences between bioenergy crops as
determined by the Tukey HSD test (p < 0.05). Additionally, similar superscripts (x,y) indicate non-significant
differences between woody and herbaceous cropping systems using the orthogonal contrast approach. 1 Total
carbon pool at the system-level delineated by SOC in 2018, above- and belowground biomass carbon stock.

In this study, the total C pool, at the system-level, was calculated by combining all C pools for
woody and herbaceous crop (SOC + above- and belowground C stock) in year of 2018. Summing all
these C pools, yielded a total C pool of 91.4, 103.1, 88.7, and 90.2 Mg ha−1 for poplar, willow, switchgrass,
and miscanthus, respectively (Table 7). The total C pool was significantly different between woody and
herbaceous systems (Table 6). The average of the total C pools was 97.2 and 89.4 Mg ha−1 in woody
and herbaceous cropping systems, respectively (Table 7).

3.3. System-Level Carbon Gain in Woody and Herbaceous Bioenergy Cropping Systems

Quantified SLCGs from 2009 to 2018 were compared among all four bioenergy cropping systems
(Table 6, Figure 3) and ranged from 9.7 Mg ha−1 for miscanthus to 14.9 Mg ha−1 for willow. The average
SLCG in woody and herbaceous cropping systems from 2009 to 2018 was 13.3 and 11.8 Mg ha−1,
respectively (Figure 3), which were not significantly different (Table 6). In the same period, when we
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consider biomass crop types, switchgrass and willow gained 4.4 and 3.3 Mg ha−1 more system-level
carbon in their respective systems compared to miscanthus and poplar, respectively (Figure 3).
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Figure 3. System-level carbon gain in bioenergy crops in southern Ontario, Canada, during 2009 to
2018, as well as averages for woody and herbaceous cropping systems. System-level carbon gain
delineated by long-term soil organic carbon from 2009 to 2018 (∆SOC), belowground biomass carbon
(BGB), annual leaf litter (ALL) input carbon, and annual fine root turn-over (AFRT) carbon.

4. Discussion

4.1. Carbon Stock Allocation in Plant Components

Data from this study show that among the woody species, willow aboveground biomass C
stock was significantly (p < 0.05) higher than poplar, and among the herbaceous species, miscanthus
aboveground biomass C was significantly (p < 0.05) higher than switchgrass (mean difference 4.7 Mg C
ha−1 between willow and poplar and 6.5 Mg C ha−1 between miscanthus and switchgrass). However,
belowground biomass C stock was not significantly different between woody and herbaceous crops
(Tables 3 and 4). The annual C accumulation found in our woody cropping systems (3.34 and 0.79 Mg C
ha−1 yr−1 biomass C accumulation for above- and belowground biomass, respectively) were consistent
with previously reported values by Oliveira et al. [38] that demonstrated accumulation of carbon in
the belowground fraction of the biomass in poplar short rotation plantations under Mediterranean
conditions ranged from 0.86 to 0.91 Mg C ha−1 yr−1, whereas the aboveground carbon accumulation
ranged from 3.89 to 6.48 Mg C ha−1 yr−1. It should be explained that, in our study, the woody biomass
was harvested every three years (three-year cycle) and therefore, the total aboveground biomass carbon
was divided by three to calculate annual accumulation and the belowground biomass carbon was
divided by nine (total age of the stand, between 2009 and 2018, Table 4). However, the stand maturity
in Oliveira et al. [38] study was only three to four years. Another study by Verlinden et al. [39] recorded
aboveground C accumulation as 2.5 Mg C ha−1 yr−1 under low productivity conditions. Other studies
have also reported similar values (e.g., 3.1–5.75 Mg C ha−1 yr−1 [40]).

In the literature, for short rotation willow and poplar plantations, belowground biomass
accumulation has been reported as 1.8–3.5 Mg ha−1 y−1 for first rotation (e.g., [33]) and 2.4 Mg ha−1 y−1 for
a five-year-old (second cycle) short rotation [41]. Similar to the results derived from this study (Table 4),
Coleman et al. [8] have also reported that the mean belowground biomass for willow and poplar clones
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were 16.51 and 8.79 Mg ha−1 (7.88 and 4.19 Mg C ha−1 y−1), respectively. Zan et al. [21] have reported an
annual belowground C in the root biomass for switchgrass and willow in southwestern Quebec, Canada,
over a three-year period to be 1.06 and 1.25 Mg C ha−1 y−1, respectively. These numbers are comparable to
the numbers derived in this study (0.94 and 1.12 Mg C ha−1 y−1 for switchgrass and willow, respectively,
Table 4). However, their numbers may be slightly higher than those reported in our study because
they measured belowground biomass up to 60 cm soil depth compared to the 30 cm soil depth in our
study. Therefore, results from perennial biomass studies suggest that if unproductive agricultural lands in
Canada are converted to perennial biomass crops, irrespective of the type of biomass crop (herbaceous or
woody), considerable amounts of atmospheric C can be stored in belowground components of the crop.

Results from this study suggest that the higher allocation of C in leaves in willow provides
a potential for increased C inputs to soil via litterfall contributing to soil organic carbon (SOC)
sequestration. Our findings also indicate that herbaceous biomass crops can contribute to SOC
sequestration enhancement. Collectively, belowground biomass C allocations quantified in all biomass
crops tested in this study suggest that they can contribute significantly to enhance SOC sequestration
over the years, as they are perennial in nature. Agostini et al. [42] have reported that annual C inputs
from miscanthus roots were about half that of switchgrass, given similar turnover time. However,
in our study (Table 4), belowground biomass C was not significantly different between miscanthus and
switchgrass, with values of 8.45 and 7.45 Mg C ha−1 for switchgrass and miscanthus, respectively. It is
also worth noting that roots of herbaceous crops contributed, on an average, more than half of the total
plant C (53.2%) compared to woody crop roots (39.9% of total tree C). This is particularly important as
the C stock of roots have been neglected and not been estimated in most studies ([43,44] from [36]).

4.2. Soil and Total Carbon Pools in Woody and Herbaceous Bioenergy Cropping Systems

Both woody biomass cropping systems and the switchgrass system were able to increase SOC
significantly (p < 0.05) in the nine-year period, while miscanthus failed to reach significance. However,
when 2018 SOC sequestration values were tested across all biomass cropping systems, results indicate
that SOC values were not significantly different from each other (Table 6), while willow sequestrated
numerically the highest amount of SOC at 80.6 Mg ha−1 (Table 7).

It is interesting to note that the difference in SOC sequestration (∆SOC) between the woody and the
herbaceous systems was only 1.2 Mg ha−1 between 2009 and 2018, which was not significant. Therefore,
results from this study suggest that ∆SOC in perennial biomass systems may not be influenced by the
biomass type.

In Coleman et al. [8], the conventional agricultural field having corn-bean-wheat crop rotation
in GARS, Guelph, Ontario, Canada, recorded a SOC stock of 63.80 ± 7.04 Mg ha−1 at 0 to 30 cm
soil depth. This agricultural field is adjacent to the biomass research plots of our study having the
same soil type, (Figure 1). Comparing the 2009 baseline SOC stock value for the bioenergy cropping
systems to that of the adjacent agricultural field SOC stock value (Coleman et al. [8]) implies that in
the agricultural field, SOC stock recorded in 2016 is close to our baseline SOC stock value measured
in 2009. Therefore, any SOC stock gain between 2009 and 2018 in our biomass study is likely to be
attributed to the presence of perennial bioenergy cropping system. Based on the above SOC numbers
(Coleman et al. [8]) it is assumed that SOC in the previous management system will not have changed
unless a sustainable management strategy such as biomass crops are implemented.

Root C input from belowground biomass and fine-root turnover can significantly contribute to
increases in SOC under woody and switchgrass cropping systems [21,45]. Liebig et al. [46] monitored
switchgrass bioenergy production in central and northern Great Plains, USA for a five-year period and
reported that the cropping system significantly affected change in SOC and increased it at a depth of
0–30 cm at a rate of 1.1 Mg C ha−1 year−1 (4.0 Mg CO2 ha−1 year−1). In contrast to switchgrass [21],
miscanthus has root crowns, resulting in a reduction in the proportion of fine roots compared to
switchgrass, which could contribute to reduced SOC gains over the years. This could have been the
reason as to why SOC gain was low for miscanthus compared to switchgrass in this study (Table 7).
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Based on total C pool values, it is obvious that the willow system has the largest C pool compared
to all tested biomass systems (Table 7). The total C pool in woody crop systems was also significantly
higher (97.2 Mg ha−1) than herbaceous cropping systems (89.4 Mg ha−1). This finding is supported by
other studies which report that the annual net SOC storage change exceeds the minimum mitigation
requirement under perennial energy crops by far [42]. Similarly, Carvalho et al. [32] have suggested
that if the current bioethanol sector (such as corn and sugarcane) is changed to bioenergy feedstocks
with more allocation to belowground C it could increase soil C stocks at a much faster rate. Other
reports have also shown that the proportion of the total system C (biomass + root + SOC) in a willow
bioenergy system was 14.4% and 15.6% more than in switchgrass and corn systems, respectively [23].

It is interesting to note that in Table 7, total C pool was significantly (p < 0.05) higher in the willow
system compared to all other tested biomass crops in this study. This is mainly due to significantly
(p < 0.05) higher aboveground biomass C (Table 4) and numerically higher belowground biomass C
(Table 4) compared to other tested biomass crops. Willow has the ability to coppice more vigorously
after each harvest than poplar and also adapts itself better than other biomass crops on low-productive
or marginal lands [37]. The total C pool values reported in this study are within the previously reported
range of values, 12–175 Mg C ha−1 [36,47,48].

4.3. System-Level Carbon Gain in Woody and Herbaceous Bioenergy Cropping Systems

Differences in SLCGs were not significantly affected by bioenergy crops (Table 6). However,
considering the numerical values, results suggest that when we compare SOC pools of all tested woody
and herbaceous biomass systems, willow and switchgrass are sequestering C in the soil in measurable
quantities (Table 7, Figure 3).

These results indicate that willow cropping systems are able to gain 1.66 Mg ha−1 carbon annually
at the system-level, which is the highest C gain among all other bioenergy crops in this study on
marginal lands in southern Ontario, Canada. This can be attributed to the higher contribution of
coarse and fine root C, as well as annual leaf litter in willow system. However, slowly decomposable
rhizomes are incorporated into soil organic matter in herbaceous cropping systems. Carvalho et al. [32]
concluded that the belowground biomass C pool plays a critical role in building and maintaining
SOC, especially due to rhizodeposition inputs and the higher potential of C retention rates. Chemical
composition of belowground biomass can also explain the higher C retention rate as roots have
a higher concentration of phenolic and lignaceous compounds [49], and enhance soil aggregation,
which increases the physical protection of organic C added into the soil [50].

Coleman et al. [8] reported an increase of 1.16 Mg C ha−1 y−1 for SOC stocks in concentrated
short-rotation woody production systems (willow and poplar), which is supporting the results derived
in this study. Several studies [21,42,51] show that deciduous woody cropping systems contribute
greater levels of SOC than herbaceous systems due to leaf litter inputs and higher rate of root turnover.
The fine roots in willow cropping systems are often a focal point of belowground C sequestration
because they represent a vital biomass C of the total willow root C [52]. Soil depth and texture should
be considered when comparing soil C inputs from belowground biomass in woody and herbaceous
bioenergy crops. This study was conducted in a marginal sandy-loam textured soil with a depth of
only 0 to 30 cm. However, soil C sequestration up to a depth of 1 m will provide more value, especially
when dealing with perennial biomass cropping systems [53]. Therefore, SOC data from this study are
likely underestimating the total soil C pool. In a 30-year simulation study the belowground inputs to
soil C from miscanthus were 34% of the total inputs, and it could be as high as 60% when considering a
rooting depth of 1 m [32].

Empirical and modeled studies also suggest that increases in soil clay content can reduce root
contributions to soil C and in such cases, it is more likely that aboveground C inputs dominate the
top 30 cm of soil C over time [32,53,54]. The 30-year simulation study in a soil with 29% clay showed
a net increase in the soil C pool of 5.7 Mg ha−1, where root systems were responsible for 46% of the
total inputs. However, in a very clayey soil, root systems had a lower total contribution to the soil C
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pool (18%) and the main portion of this input resulted from mortality and incorporation of roots and
rhizomes during soil preparation at replanting [32].

5. Conclusions

Overall, results from this study suggest that both woody biomass cropping systems (poplar
and willow) and switchgrass are able to increase SOC significantly in the nine-year period of this
study (2009–2018). However, carbon gains at the system-level (SOC + Root C + Leaf litter C + Fine
Root C), did not significantly differ between woody and herbaceous systems during the study period
(Figure 3). The findings show that the woody systems may have an advantage over herbaceous biomass
systems based on the numerical SLCG values. It will be interesting to monitor as to how these systems
will differ in their C sequestration numbers into the future as both, woody and herbaceous systems,
are considered to be productive for up to 22 years [37].

In terms of aboveground biomass carbon, the assessed woody systems are producing significantly
higher aboveground biomass carbon than herbaceous crops. However, we did not include this in
the system-level carbon sequestration calculation as the aboveground biomass will be utilized for
bioenergy production, bio-products, or for other purposes such as animal bedding, garden mulch,
etc. In contrast, this study has demonstrated that the amount of belowground biomass C (roots) in
herbaceous or in woody biomass crops was similar in both systems, with a difference of only 0.9 Mg
ha−1. However, at the ‘system-level’, we have taken into account carbon gains associated with above-
and belowground biomass such as, leaf-litter inputs, fine-root turnover, and belowground biomass
carbon additions in roots. If carbon credits are calculated for biomass crops, biomass removal from the
system and taking it out of the ‘farm gate’ for energy production will not be considered as system-level
gain. However, any other carbon additions to the system that are related to aboveground biomass (for
example leaf-litter), as indicated above, should be accounted for and we have done so in this study.

Above- and belowground biomass C and SOC contributed to the total C pool, which was
significantly higher in woody bioenergy cropping systems and highest overall in the willow system.
Therefore, these findings demonstrate that the willow bioenergy cropping system sequestered
significantly more atmospheric CO2 than all other tested systems, suggesting it has the potential for
producing bioenergy with the lowest net CO2 emissions.

Across Canada, it is estimated that there are approximately 9.5 million ha of potentially useable
marginal lands, and there are close to 1 million ha in Ontario alone [9]. Given the willow cropping
systems’ C gain per year (1.66 Mg C ha−1 y−1), if this system is established on all 9.5 million ha of marginal
non-agricultural lands in Canada, the maximum per year gain will be more than 15,770 Gg C y−1 or
57,876 Gg CO2 y−1, which is 8% of the total annual Canadian GHGs emissions (716,000 Gg CO2 y−1) [3].
Therefore, based on our results, there is considerable potential for terrestrial C sequestration in Canada
and Ontario by converting low quality agricultural lands to biomass production.
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