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Abstract: Tree-based intercropping (TBI) systems, consisting of a medium to fast-growing 

woody species planted in widely-spaced rows with crops cultivated between tree rows, are 

a potential sink for atmospheric carbon dioxide (CO2). TBI systems contribute to farm 

income in the long-term by improving soil quality, as indicated by soil carbon (C) storage, 

generating profits from crop plus tree production and potentially through C credit trading. 

The objectives of the current study were: (1) to evaluate soil C and nitrogen (N) stocks in 

soil depth increments in the 0–30 cm layer between tree rows of nine-year old hybrid 

poplar-hay intercropping systems, to compare these to C and N stocks in adjacent 

agricultural systems; and (2) to determine how hay yield, litterfall and percent total light 

transmittance (PTLT) were related to soil C and N stocks between tree rows and in 

adjacent agricultural systems. The two TBI study sites (St. Edouard and St. Paulin) had a 

hay intercrop with alternating rows of hybrid poplar clones and hardwoods and included an 

adjacent agricultural system with no trees (i.e., the control plots). Soil C and N stocks were 

greater in the 0–5 cm depth increment of the TBI system within 1 m of the hardwood row, 

to the west of the poplar row, compared to the sampling point 1 m east of poplar at  

St. Edouard (p = 0.02). However, the agricultural system stored more soil C than the  
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nine-year old TBI system in the 20–30 cm and 0–30 cm depth increments. Accumulation 

of soil C in the 20–30 cm depth increment could be due to tillage-induced burial of  

non-harvested crop residues at the bottom of the plow-pan. Soil C and N stocks were 

similar at all depth increments in TBI and agricultural systems at St. Paulin. Soil C and N 

stocks were not related to hay yield, litterfall and PTLT at St. Paulin, but hay yield and 

PTLT were significantly correlated (R = 0.87, p < 0.05, n = 21), with lower hay yield in 

proximity to trees in the TBI system and similar hay yields in the middle of alleys as in the 

agricultural system. Nine years of TBI practices did not produce significant gains in soil C 

and N stocks in the 0–30 cm layer, indicating that the total C budget, including C 

sequestered in trees and unharvested components (litterfall and roots), must be assessed to 

determine the long-term profitability of TBI systems in Canada. 

Keywords: tree-based intercropping; land management; soil carbon storage 

 

1. Introduction 

Canadian agricultural operations contribute approximately 8% of national greenhouse gas (GHG) 

emissions each year, mainly from fertilizers, enteric fermentation and manure management [1]. With 

improved management of cropland and forests, it is possible to mitigate GHG emissions through 

carbon (C) sequestration while enhancing soil and crop productivity. In 2011, the Agreement for the 

Agricultural Greenhouse Gases Program (AAGGP), administered through Agriculture and Agri-Food 

Canada, was initiated to assess agricultural technologies that would help achieve this goal. Tree-based 

intercropping (TBI) systems, which combine widely-spaced tree rows of a medium to fast-growing 

woody species, such as poplar (Populus spp.), were one of the technologies prioritized for 

investigation by AAGGP, because trees can be a sink for atmospheric carbon dioxide (CO2), as well as 

a long-term source of farm income [2,3]. Globally, agroforestry technologies, including TBI systems, 

provide opportunities for C sequestration, and other environmental and financial benefits [4]. 

Canadian farmers require evidence of the economic benefits of TBI systems to consider adopting 

this technology. Studies on the productivity (yield of trees and crops) and the economic profitability of 

Canadian TBI systems have considered tree species, tree planting density and height and crown 

diameter, crop species, manure and fertilizer application rates and timing, soil type and the age of a 

system [5,6]. Tree species assessed for Canadian TBI systems included hybrid poplars and high-valued 

hardwood species, such as Juglans nigra L., Quercus rubra L., Prunus serotina Ehrh., Fraxinus 

americana L. and Fraxinus pennsylvanica Marsh. [7]. Crops grown in Canadian TBI systems included 

grain crops, like corn (Zea mays L.) and cereals, although oilseeds, such as soybean (Glycine max (L.) 

Merill) and canola (Brassica napus L.), were evaluated in some studies [7]. These studies generally 

concluded that crop yields were maintained and that soil quality was improved in TBI systems. Soil 

quality improvements included greater soil microbial biomass, diversity and stability, higher nutrient 

cycling efficiency [7,8] and more soil C storage for a 21-year-old TBI system [9]. 

The main factors that influence soil C and nitrogen (N) dynamics in TBI systems include litterfall 

and light availability [2]. Litterfall from trees, as well as the unharvested part of the crop, i.e., intercrop 
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residues, are a source of quickly decomposing C substrates that promote microbial activity and 

contribute to soil C storage in TBI systems [10,11]. Trees are expected to grow large enough, such that 

they begin to shade the inter-row area for part of the day, depending on tree spacing and growth habit, 

reducing evapotranspiration and keeping the soil surface cooler, which would slow decomposition in 

the topsoil and, thus, reduce CO2 loss from the system [10,11]. However, light required for crop 

growth may also be intercepted, thus reducing crop yield. A decline in crop yield in the short-term is 

not desirable for the producer who needs to make a profit from the annually-harvested intercrop. 

However, if this is offset by greater soil (and tree) C sequestration in the longer term and assuming that 

there is economic value in C sequestration, the trade-off may be acceptable to the producer.  

Given that TBI systems receive C inputs from tree litterfall and may have lower decomposition 

rates than systems without trees, we hypothesized greater soil C storage near the soil surface (e.g., 0–5 cm 

soil depth) and in the topsoil layer (e.g., 0–30 cm soil depth) of a TBI system compared to an 

agricultural system producing the same crop. Our objective was to evaluate the soil C and N stocks in 

the 0–5 cm and 0–30 cm depths between tree rows of nine-year old hybrid poplar-hay intercrop 

systems and to compare these C and N stocks to those in adjacent agricultural systems. Since C and N 

stocks in these TBI systems may be affected by litterfall, light interception and hay yield, these 

relationships were evaluated with correlation analysis. 

2. Experimental Section 

2.1. Site Description 

The experimental sites were nine-year old TBI hybrid poplar systems at St. Paulin (46°27′ N, 72°59′ W, 

141 m above sea level; Southern Quebec, Canada) and St. Edouard (46°20′ N, 73°11′ W, 176 m above 

sea level). The selected characteristics of the experimental sites are provided in Table 1, with 

additional information on the experimental design and land management (tillage, fertilization and 

pruning) in the following sections. Figure 1 illustrates the site layout and location of these TBI systems. 

2.2. Experimental Design 

At each site, the experimental design was a randomized complete block design with three blocks 

and two systems (TBI system and agricultural system with no trees) established in 2004. Each TBI plot 

was bounded on both sides by rows of hybrid poplar, with two arable alleys in the middle separated by 

one row of hardwood species (Figure 2). At St. Paulin, the control plots (i.e., the agricultural system 

with no trees; hereafter referred to as “agricultural system”) were randomly assigned with one per 

block (Figure 1b). The TBI plots and agricultural system plots were side-by-side, and the agronomic 

procedures (e.g., crop species, fertilizer and manure applications, tillage) were the same in all plots 

within each block. At St Edouard, the agricultural system was located at the north and south ends of 

the experimental field, outside of the TBI experiment (Figure 1c). Agronomic practices, including crop 

species, fertilizer and manure application and tillage, were the same in the TBI and agricultural system 

plots, including historical land use and agronomic activities before trees were planted. In the current 

study, we limited our sampling of the TBI system to alleys bounded by one clone of poplar, DN3570 

(DN denotes Populus deltoids x nigra hybrid). 
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Table 1. Characteristics of the experimental tree-based intercropping systems at St. Paulin and St. Edouard, southern Quebec, Canada. 

 St. Paulin St. Edouard 

Soil characteristics 
Loamy sand (79% sand, 5% clay, 16% silt) 1; pH water 6.2 (5.2–6.8) 1;  

classified as Dystric Brunisol 2 

Loamy sand (86% sand, 2% clay, 12% silt) 1; pH water 6.3 (5.3–6.8) 1;  

classified as Humo-Ferric Podzol 2 

Climate 
Mean annual precipitation: 1113 mm yr−1 Mean annual precipitation: 1079 mm yr−1 

Mean annual temperature: 4 °C 3 Mean annual temperature: 3 °C 3 

Poplar species 
DN3333 (P. deltoides × P. nigra, cv. Stormont, Ontario, Canada) DN3570 4  

(P. deltoides × P. nigra, no cv. name, Belgium) 

DN3333 (P. deltoides × P. nigra, cv. Stormont, Ontario, Canada) DN3570 4  

(P. deltoides × P. nigra, no cv. name, Belgium) 

Hardwood species Quercus rubra L. and Prunus serotina Ehrh. Quercus rubra L. and Fraxinus americana L. 

Tree density 314 trees ha−1 500 trees ha−1 

1 Bambrick et al. (2010) [9] analyzed soil physical and chemical properties for the St. Edouard and St. Paulin sites; 2 Soil classification was based on Soil Classification Working Group (1998) [12] data; 3 Weather 

data for the St. Edouard and St. Paulin sites was sourced from Environment Canada (2008) [1]; 4 DN in DN333 and DN3570 denotes Populus deltoids x nigra hybrid.  

Figure 1. Maps indicating (a) the location of the tree-based intercropping (TBI) sites in southern Quebec, Canada (©OpenStreetMap 

contributors), and the site layouts at (b) St. Paulin and (c) St. Edouard. 
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Figure 2. Sampling positions for the experimental tree-based intercropping systems at  

(a) St. Edouard and (b) St. Paulin, southern Quebec, Canada. The sampling position (1–6) 

and corresponding distance from trees in meters (m) within the tilled alleys are indicated. 

 

2.3. Field Operations for St. Paulin 

Alternating rows of hybrid poplar and high value hardwood species were 12 m apart and planted in 

spring, 2004. Poplar rows consisted of rooted cuttings planted at 2-m intervals, whereas hardwood 

rows consisted of two-year old seedlings that were planted every 3–4 m. The tree row was a  

1.5 m-wide uncultivated strip, which included a 1.2 m-wide black polythene-film mulch. The edge of 

the tilled alley was approximately 0.8 m from the edge of the tree row. In May, 2012, the mean 

diameter at breast height (DBH, 1.3 m) of hybrid poplar and hardwood species was 13 cm and 4 cm, 

respectively. Poplar trees and hardwood trees were pruned between mid-June to mid-July to promote 

vertical growth, to prevent knots in the bole and to increase light availability for the agricultural 

intercrop. Poplar and hardwoods were pruned in 2004, 2005 and again in 2010. Hardwoods were also 

pruned in 2006 and 2007. 

Oat (Avena sativa L.) was planted in mid-June, 2004, after tree planting. Subsequent agricultural 

crops were: buckwheat (Fagopyrum esculentum Moench) in 2005, 2006 and 2008; canola in 2007; 

winter rye (Secale cereale L.) underseeded in 2008 due to poor emergence of the buckwheat crop;  

a forage mix (Mix Bo–Champ 1043) with common timothy (Phleum pratense L.) and alfalfa 

(Medicago sativa L.) was planted in 2009 with red clover (Trifolium pratense L.) and persisted for the 

next four years (until 2012). 

The soil was tilled from 2004 to 2009. Tillage with a disk harrow in the spring incorporated manure 

and residues, i.e., non-harvested residues and roots from the previous crop, into the soil at a depth of 

approximately 8 cm and within ~1–2 m of tree stems. Plowing with a moldboard plow (to a 15-cm 

depth) occurred in the fall after the harvest of annual crops, but no tillage was performed after seeding 

Position 1 2 3                  4 5 6                 
Distance 1 m             5 m              9 m              1 m                 5 m            9 m

Position 1 2 3 4 5 6
Distance 1 m               6 m 11 m          1 m              6 m               11 m

(a) St. Edouard

(b) St. Paulin

10 m 10 m

12 m12 m
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forages. Horse manure (solid manure mixed with bedding, C:N ratio of about 25:1; [13]) was broadcast 

on the soil surface in 2004 and 2007 at a rate of 30 Mg ha−1 with a rear-discharge manure spreader in 

the spring before tillage operations. In 2007 and 2012, agricultural lime (CaCO3) was applied at a rate 

of 5 Mg ha−1 and incorporated into the soil with fall plowing (in November). No other fertilizers  

were applied. 

2.4. Field Operations for St. Edouard 

Alternating rows of hybrid poplars (planted in 2004) and hardwood tree species were planted with a 

spacing of 2 m within the tree row and 10 m between rows. A 1.5 m-wide uncultivated strip was 

maintained along each tree row, which included a 1.2 m-wide black polythene-film mulch. The edge of 

the tilled alley was approximately 0.8 m from the tree row. 

Poplar trees and hardwood trees were pruned between mid-June to mid-July in 2004, 2005 and 

again in 2010. The hardwoods were also pruned in 2006 and 2007. In May, 2012, the mean DBH of 

hybrid poplar and hardwood species was 13.0 cm and 5.5 cm, respectively. 

Buckwheat was planted in early-June, 2004, after tree seedlings were planted, in spring, 2005,  

and spring, 2006. Winter rye was planted in September, 2004 and 2006, and winter wheat  

(Triticum aestivum L.) was planted in September, 2005. Canola was planted in 2007 and 2008. No 

crop (fallow) was planted in 2009 and 2010. Buckwheat was planted in 2011, and a forage mix (Mix  

Bo-Champ 1043) with common timothy and alfalfa was planted in 2012. 

Intercropped and agricultural system plots were tilled from 2004 to 2008 and again in 2011 and 

2012. The field was plowed and harrowed in spring, 2012, prior to planting the forage mix, with no 

further tillage done during forage establishment and growth phases. At St. Edouard, 40 kg N ha−1 were 

applied as ammonium nitrate on 19 May 2005. Fertilizer N:phosphorus:potassium (N:P2O5:K2O; 

30:38:43; custom blend) was applied before seeding in 2006, with additional 74 kg N ha−1, applied as 

ammonium nitrate, on May 10, 2006. Agricultural lime (5 Mg ha−1) was applied in 2007. Cow manure 

(liquid slurry, C:N ratio of approximately 10:1; [14]) was broadcast on the soil surface at a rate  

of 2170 L ha−1 with a low-boom tanker truck and incorporated into the soil along with residues, i.e., 

non-harvested residues and roots from previous crop, prior to seeding the forage mix in May, 2012. 

2.5. Soil Sampling and Analysis 

Soil samples were collected in October, 2012, by making composites of three soil samples taken 

randomly from each plot with a 7.6-cm diameter soil corer, at three depths (0–5 cm, 5–20 cm and  

20–30 cm). Samples were collected from the six positions indicated in Figure 2, as well as the 

agricultural system. Soil samples were kept on ice while in the field and refrigerated at 4 °C until 

analysis. A subsample of soil from each plot and sampling depth was dried (60 °C for three days), 

finely ground and sieved to pass a 40-μm sieve before analysis for total C and N with a ThermoFinnigan 

Flash EA 1112 CN analyzer (Carlo Erba, Milan, Italy). A previous study at the same sites detected no 

carbonates in these soils following treatment with dilute acid (1 M HCl), so it was assumed that total C 

was equivalent to organic C [9]. Soil bulk density was measured by taking an intact core (3-cm 

diameter) from the middle of the following soil depths: 0–5, 5–10, 10–20 and 20–30 cm. For instance, 

for the 5–10 cm depth, soil bulk density cores were collected from the middle of that depth increment 
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(6 to 9 cm). Bulk density was determined by drying (60 °C) the soil to a constant mass and weighing it. 

The soil C stocks were calculated using Equation (1). 

Soil C stock (kg m−2) = BD (g cm−3) × soil depth (cm) × C (g g−1) × 10 (1)

where BD is bulk density and the conversion factor for g to kg is 1000 and for cm2 to m2 is 10,000. 

Soil N stocks were calculated similarly. Soil C and N stocks in the 5–20-cm soil depth were calculated 

using an average BD value for the 5–10- and 10–20-cm soil depth increments, the measured soil C 

content (g g−1) for the 10–20-cm depth increment and Equation (1). The soil C and N stocks in the  

0–30-cm depth were calculated as the sum of the total depths (0–5, 5–20 and 20–30 cm). 

2.6. Yield 

Hay yield data was collected in June, 2012, at the St. Paulin site only. Two transects were 

designated within each experimental plot to capture the yield variability due to shading and other 

effects of the hardwood (red oak and black cherry) and poplar (clone DN3750) rows. The sampling 

quadrat of 0.25 m2 (50 cm × 50 cm) was located 1.5, 3.5 and 6 m from the row for hardwoods and 

poplar, within 1 m of the soil sampling positions depicted in Figure 2b and at 3.5 m between 1 and 2, 2 

and 3, etc. The agricultural system plots were sampled from two quadrats positioned in the center of 

the plot, with a 2-m distance between them. Yield results were averaged between the two quadrats and 

extrapolated to a kg m−2 basis. Yield was determined by cutting the above-ground biomass to ground 

level with grass shears, placing the biomass in a paper bag for transport, drying (60 °C for three days) 

and weighing. The C content was set at 45% of the harvested biomass on a dry matter basis, based on 

literature values [15]. No hay was collected from the St. Edouard site in 2012, because forages are not 

harvested during the establishment year. 

2.7. Litterfall 

At the St. Paulin and St. Edouard sites, litterfall data was collected at two-week intervals from 

June–October, 2012. Two transects were designated within each experimental plot to capture the 

litterfall variability from the hardwood and poplar rows. The litterfall traps (dimensions: 0.25 m2,  

50 cm × 50 cm) were placed at six positions, shown in Figure 2, as well as in the center of the 

agricultural system. Litterfall (mixed, from all tree species) was collected in a plastic bag, transferred 

to a paper bag, dried (60 °C for three days) and weighed to get litterfall dry mass (kg m−2). The C 

content of litterfall was assumed to be 45%, based on literature C values [15]. Cumulative litterfall 

during the period June–October, 2012, was the sum of litterfall dry mass measured at two-week 

intervals, and the litterfall C stock was calculated using Equation (2). 

Litterfall C stock (kg C m−2) = ∑ (litterfall dry mass (kg m−2) × 45/100) (2)

2.8. Percent Total Light Transmittance (PTLT) 

The percent total light transmittance (PTLT) was estimated from hemispherical photographs taken 

on 26–27 July 2011, at the St. Paulin site only. Pictures were taken 1 m above the soil surface with a 

digital camera (Nikon Coolpix 990, Tokyo, Japan) equipped with a fisheye lens (Nikon fisheye 
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converter FC–E8, Tokyo, Japan) at distances of 0, 1, 2, 3 and 6 m from the hardwood tree row, on the 

east and west sides, as well as in the center of the agricultural system, for the east and west direction (a 

total of 11 sampling locations per plot). Hemispherical photographs were also taken at the center of 

agricultural system plots. All photographs (n = 33) were analyzed with Gap Light Analyser (GLA) 

Version 2.0 (Simon Fraser University, Burnaby, BC, Canada, and the Institute of Ecosystem Studies, 

Millbrook, NY, USA) [16] to determine the PTLT. Since the photographs were not taken at the same 

distances as those of forage biomass sampling, the PTLT across the TBI alley was interpolated by  

a quadratic linear regression [17]. 

2.9. Statistical Analyses 

We ran two different mixed-model analysis of variance (ANOVAs) to compare soil C and N stocks 

amongst positions, i.e., the distance from the tree (Figure 2), for each soil increment, and all possible 

interactions between these factors. There were a total of six positions within TBI systems and a 

position in the agricultural system (Position 7, Figures 1 and 2). For both mixed-model ANOVAs, the 

block was a random factor, and for one mixed-model ANOVA, we used the position as a fixed factor. 

For the other mixed-model ANOVA, Positions 1, 3, 4 and 6 (the positions located east or west of the 

tree; Figure 2) were random effects to test species and orientation effects on soil C and N stocks. In 

both cases, ANOVAs were done separately for the two sites and separately to test the effects of the 

three soil depth increments (0–5, 5–20 and 20–30 cm) and the total soil depth increment (0–30 cm) on 

C and N stocks. When significant (p ≤ 0.05), differences in the mean soil C and N stocks among 

positions were compared with a Tukey test. 

We then pooled data from the six positions within the TBI systems to contrast an integrated value 

for the TBI system with the value from Position 7, the agricultural system, allowing comparison of soil 

C and N stocks in the TBI system vs. the agricultural system. The pooled data were weighted, 

considering that each sampling position represented a proportion of the plot area within the TBI 

system. The integrated value for the TBI systems was then calculated according to position where the 

“central” sampling Points 2 and 5 account for half of the area (i.e., 0.25 for each), and the remaining  

“next-to-tree” Points 1, 3, 4, and 6 account for the other half (i.e., 0.125 for each). Contrast analysis 

was done separately for the two sites, for each of the three soil depth increments (0–5, 5–20 and  

20–30 cm) and the total soil depth increment (0–30 cm). 

Relationships between soil C and N stocks and litterfall were evaluated with Pearson correlation 

analysis for both sites, separately. Relationships between soil C and N stocks, hay yield and PTLT 

were assessed with Pearson correlation analysis for St. Paulin only. The sample size of the group and 

correlation coefficients were reported when p ≤ 0.05. 

3. Results and Discussion 

Soil C and N Stocks 

Soil C and N stocks were greater in the 0–5-cm depth increment of the TBI system within 1 m of 

the hardwood row, west of the poplar row, than at the sampling point 1 m east of poplar at St. Edouard 

(p = 0.02, Tables 2 and 3). There was no difference in soil C and N stocks in the 0–5-cm depth 
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increment across the TBI system in St. Paulin (Tables 4 and 5). Soil N stocks exhibited a similar 

pattern as soil C stocks in the 0–5-cm depth, due to significant correlations between soil N and C 

stocks at all soil depth increments at St. Edouard (R = 0.87, p < 0.05, n = 63) and at St. Paulin  

(R = 0.88, p < 0.05, n = 63). Soil C and N stocks were not affected by block, tree species and 

orientation effects (p > 0.05), suggesting normal soil variability across the two TBI systems. 

Soil C and N stocks in the 0–5-cm depth increment were similar in TBI systems and agricultural 

systems (Positions 1–6 compared to Position 7, p > 0.05) at St. Edouard and St. Paulin (Tables 2–5). 

We therefore reject our hypothesis of greater soil C and N storage in the soil surface (0–5 cm depth) of 

the TBI systems compared to agricultural systems producing the same crop. 

At St. Edouard, soil C and N stocks in the 0–30-cm depth increment were greater in the agricultural 

system (11.32 ± 0.48 kg C m−2 and 1.30 ± 0.07 kg N m−2) than the integrated value for the TBI system 

(8.56 ± 0.74 kg C m−2 and 0.86 ± 0.12 kg N m−2) (p = 0.01 and p = 0.02, respectively; Tables 2 and 3). 

At St. Paulin, there was no difference in soil C and N stocks of the 0–30-cm depth increment in the 

agricultural system (10.10 ± 0.79 kg C m−2 and 1.30 ± 0.17 kg N m−2) compared to the integrated value 

for the TBI system (8.57 ± 0.72 kg C m−2 and 0.95 ± 0.06 kg N m−2 (Tables 4 and 5). We reject the 

hypothesis of greater soil C and N storage in the topsoil layer (e.g., 0–30-cm soil depth) of a TBI 

system compared to an agricultural system producing the same crop. 

Comparing the soil C and N stocks in the soil depth increments (0–5, 5–20, and 20–30 cm) of the 

TBI and agricultural systems revealed greater soil C stocks, but no difference in soil N stocks, in the  

20–30-cm depth increment of the agricultural system at St. Edouard (p = 0.001, Tables 2 and 3), but 

had no effect on soil C and N stocks in depth increments at St. Paulin (Tables 4 and 5). The reason that 

the St. Edouard site had a larger soil C stock in the 20–30-cm depth increment of the agricultural 

system (3.13 ± 0.23 kg C m−2) than the TBI system (1.65 ± 0.54 to 2.70 ± 0.51 kg C m−2) is attributed 

to residue inputs and tillage practices. Compared to agricultural systems, TBI systems have lower crop 

yields and less biomass in unharvested crop components, i.e., crop residues and fine roots that act as  

a source of quickly decomposing C substrates and promote microbial activity [10]. Fine roots could be 

important for building soil C stocks in the 0–30-cm depth increment of the agricultural system and 

intercropped area of TBI systems, since more than 95% of crop fine roots are found within the  

0–35-cm soil depth increment of these study sites [17]. At St. Edouard, the unharvested crop 

components were plowed into the soil, to a depth of about 15 cm, before planting the forage mix in 

May, 2012. Poirier [18] reported that tillage-induced burial of unharvested crop residues increased soil 

C storage at the bottom of the plow layer, which would correspond to the 20–30-cm soil depth 

increment in this study.  
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Table 2. Average soil C stocks (kg C m−2 ± standard deviation, n = 3) for a tree-based intercropping (TBI) system and an adjacent agricultural 
system (Ag Sys) at St. Edouard, southern Quebec, Canada. 

St. Edouard 
Position 1 

TBI System Ag Sys Contrast 3 (p-Values) 

Depth (cm) 1 2 3 4 5 6 7 TBI vs. Ag Sys 

0–5 1.19 ± 0.13 b 2 1.50 ± 0.04 ab 2.21 ± 0.34 ab 2.31 ± 0.66 a 1.74 ± 0.17 ab 2.24 ± 0.35 a 1.94 ± 0.35 ab 0.55 

5–20 3.20 ± 0.79 a 4.76 ± 1.30 a 5.84 ± 1.40 a 5.33 ± 1.60 a 4.23 ± 1.50 a 4.10 ± 1.60 a 6.25 ± 0.87 a 0.08 

20–30 1.86 ± 1.10 a 1.65 ± 0.54 a 2.23 ± 0.34 a 2.43 ± 0.80 a 1.85 ± 0.16 a 2.70 ± 0.51 a 3.13 ± 0.23 a 0.001 

0–30 6.24 ± 0.67 a 7.90 ± 0.64 a 10.28 ± 0.68 a 10.07 ± 1.00 a 7.82 ± 0.62 a 9.04 ± 0.82 a 11.32 ± 0.48 a 0.01 
1 Positions 1–6 correspond to positions within the TBI system as represented in Figure 2a, whereas Position 7 is in the agricultural system; 2 Means not sharing the same 

letter are significantly different at p < 0.05 (Tukey test), where “a” is different from “b”, but “ab” is similar to “a” and “b”; 3 p-values are the contrast analysis between an 

integrated value for the TBI system (Positions 1–6) and Position 7, the agricultural system. 

Table 3. Average soil N stocks (kg N m−2 ± standard deviation, n = 3) for a tree-based intercropping (TBI) system and an adjacent agricultural 
system (Ag Sys) at St. Edouard, southern Quebec, Canada. 

St. Edouard 
Position 1 

TBI System Ag Sys Contrast 3 (p-Values) 

Depth (cm) 1 2 3 4 5 6 7 TBI vs. Ag Sys 

0–5 0.11 ± 0.05 b 2 0.16 ± 0.01 ab 0.28 ± 0.00 ab 0.38 ± 0.23 a 0.21 ± 0.03 ab 0.27 ± 0.05 ab 0.24 ± 0.05 ab 0.82 

5–20 0.26 ± 0.11 a 0.47 ± 0.25 a 0.65 ± 0.21 a 0.58 ± 0.12 a 0.41 ± 0.27 a 0.41 ± 0.28 a 0.73 ± 0.08 a 0.07 

20–30 0.07 ± 0.11 a 0.08 ± 0.10 a 0.20 ± 0.09 a 0.22 ± 0.14 a 0.15 ± 0.04 a 0.29 ± 0.15 a 0.29 ± 0.07 a 0.22 

0–30 0.43 ± 0.09 a 0.72 ± 0.12 a 1.10 ± 0.10 a 1.20 ± 0.16 a 0.77 ± 0.12 a 0.97 ± 0.16 a 1.30 ± 0.07 a 0.02 
1 Positions 1–6 correspond to positions within the TBI system as represented in Figure 2a, whereas Position 7 is in the agricultural system; 2 Means not sharing the same 

letter are significantly different at p < 0.05 (Tukey test), where “a” is different from “b”, but “ab” is similar to “a” and “b”; 3 p-values are the contrast analysis between an 

integrated value for the TBI system (Positions 1–6) and Position 7, the agricultural system. 
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Table 4. Average soil C stocks (kg C m−2 ± standard deviation, n = 3) for a tree-based intercropping (TBI) system and an adjacent agricultural 
system (Ag Sys) at St. Paulin, southern Quebec, Canada. 

St. Paulin 
Position 1 

TBI System Ag Sys Contrast 3 (p-Values) 
Depth (cm) 1 2 3 4 5 6 7 TBI vs. Ag Sys 

0–5 1.70 ± 0.49 a 2 1.56 ± 0.49 a 1.69 ± 0.57 a 1.73 ± 0.02 a 1.69 ± 0.96 a 1.52 ± 0.11 a 1.84 ± 0.45 a 0.56 
5–20 4.98 ± 1.20 a 3.71 ± 1.30 a 4.47 ± 0.99 a 3.46 ± 0.55 a 3.43 ± 1.20 a 3.77 ± 0.60 a 5.10 ± 1.10 a 0.10 

20–30 2.36 ± 1.20 a 2.91 ± 0.57 a 2.46 ± 0.28 a 2.71 ± 0.86 a 2.62 ± 1.10 a 3.03 ± 0.09 a 3.18 ± 0.78 a 0.23 
0–30 9.04 ± 0.98 a 8.18 ± 0.80 a 10.28± 0.68 a 7.90 ± 0.48 a 7.73 ± 1.10 a 8.32 ± 0.27 a 10.10 ± 0.79 a 0.15 

1 Positions 1–6 correspond to positions within the TBI system as represented in Figure 2b, whereas Position 7 is in the agricultural system; 2 Means not sharing the same 
letter are significantly different at p < 0.05 (Tukey test), where “a” is different from “b”, but “ab” is similar to “a” and “b”; 3 p-values are the contrast analysis between an 
integrated value for the TBI system (Positions 1–6) and Position 7, the agricultural system. 

Table 5. Average soil N stocks (kg N m−2 ± standard deviation, n = 3) for a tree-based intercropping (TBI) system and an adjacent agricultural 
system (Ag Sys) at St. Paulin, southern Quebec, Canada. 

St. Paulin 
Position 1 

TBI System Ag Sys Contrast 3 (p-Values) 
Depth (cm) 1 2 3 4 5 6 7 TBI vs. Ag Sys 

0–5 0.22 ± 0.09 a 2 0.20 + 0.10 a 0.22 + 0.11 a 0.23 + 0.02 a 0.21 + 0.20 a 0.19 + 0.03 a 0.25 + 0.10 a 0.52 
5–20 0.65 + 0.27 a 0.38 + 0.28 a 0.55 + 0.19 a 0.33 + 0.13 a 0.34 + 0.26 a 0.42 + 0.10 a 0.66 + 0.24 a 0.10 

20–30 0.24+ 0.22 a 0.34 + 0.09 a 0.26 + 0.06 a 0.31 + 0.15 a 0.27 + 0.23 a 0.36 + 0.04 a 0.40 + 0.16 a 0.26 
0–30 1.10 + 0.19 a 0.92 + 0.16 a 1.00 + 0.12 a 0.87 + 0.10 a 0.82 + 0.23 a 0.97 + 0.06 a 1.30 + 0.17 a 0.13 

1 Positions 1–6 correspond to positions within the TBI system as represented in Figure 2b, whereas Position 7 is in the agricultural system; 2 Means not sharing the same 
letter are significantly different at p < 0.05 (Tukey test), where “a” is different from “b”, but “ab” is similar to “a” and “b”; 3 p-values are the contrast analysis between an 
integrated value for the TBI system (Positions 1–6) and Position 7, the agricultural system. 

Table 6. Cumulative carbon content (kg C m−2) of litterfall collected from July–October, 2012, in tree-based intercropping (TBI) systems and 
adjacent agricultural systems (Ag Sys) at St. Edouard and St. Paulin, southern Quebec, Canada. Values are the mean ± standard deviation (n = 3). 

 Position 1 

 
TBI System Ag Sys 

1 2 3 4 5 6 7 
St. Paulin 0.003 ± 0.004 a 2 0.002 ± 0.001 a 0.004 ± 0.004 a 0.003 ± 0.001 a 0.002 ± 0.001 a 0.001 ± 0.002 a 0.004 ± 0.005 a 

St. Edouard 0.028 ± 0.020 ab 0.006 ± 0.004 b 0.019 ± 0.011 ab 0.015 ± 0.010 ab 0.007 ± 0.011 ab 0.038 ± 0.037 a 0.008 ± 0.006 ab 
1 Positions 1–6 correspond to positions within the TBI system as represented in Figures 2a and 2b, whereas Position 7 corresponds to agricultural system plots; 2 Means 
not sharing the same letter are significantly different at p < 0.05 (Tukey test), where “a” is different from “b”, but “ab” is similar to “a” and “b”. 
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Hay yield at the St. Paulin site was greater 6 m from the tree row and in the agricultural system than 

at positions 1.5 m and 3.5 m from the tree row (p < 0.001; Figure 3). However, hay yields were not 

correlated with soil C and N stocks in three soil depth increments (0–5, 5–20 and 20–30 cm). Litterfall 

inputs were similar across the TBI system and agricultural system at St. Paulin (Table 4), and there 

was no relationship between litterfall and soil C and N stocks in three depth increments (0–5,  

5–20 and 20–30 cm). We attribute this result to the low C input from litterfall at St. Paulin (Table 4). 

Greater C inputs from litterfall were documented at St. Edouard, which had significantly (p < 0.05) 

more litterfall at the sampling position 1 m west of poplar than at the sampling location 3 m east of 

poplar (Table 4). Although previous studies indicated litterfall to be a primary driver of soil C spatial 

variability within TBI systems [9], the low C inputs from litterfall across the TBI system resulted in no 

correlation between litterfall and soil C stocks. Finally, the PTLT was greater in the agricultural system  

(97% ± 1%) than the TBI system (72% ± 9%) at St. Paulin (Figure 4); while the variability in PTLT 

was related to hay yield across the TBI systems (R = 0.87, p < 0.05, n = 21), the PTLT was not 

correlated with soil C stocks at this site. 

Figure 3. Hay yield (kg C m−2) at sampling positions located 1.5, 3.5 and 6 m from the tree 

row (pooled amongst the poplar and hardwood trees) and in the center of the adjacent 

agricultural system (Ag Sys) at St. Paulin. The error bars are the standard deviation of the 

mean (n = 6). Means with different letters are significantly different at p < 0.05  

(Tukey test). 
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Figure 4. Percent total light transmittance (PTLT) at sampling positions located at 0, 1, 2, 

3 and 4 m from the hardwood row, located at 0, 1, 2, 3 and 6 m from the poplar row and in 

the center of an adjacent agricultural system (Ag Sys) at St. Paulin. The error bars represent 

standard deviation of the mean (n = 3). Means with different letters are significantly 

different at p < 0.05 (Tukey test). 

 
Note: Position (in meters) is not indicated for Ag Sys because hemispherical photographs were taken at the 

center of agricultural system plots. 

4. Conclusions 

Nine years of TBI technologies at two sites with alternating hybrid poplar and hardwood rows 

caused little change in soil C and N stocks across the TBI system. Relative to adjacent agricultural 

systems, the soil C and N stocks were stable in the 0–5-cm soil depth increment of TBI systems at  

St. Edouard and St. Paulin. The soil C stock was 18% to 32% lower and the soil N stock was 37% to 51% 

lower in the 0–30-cm soil depth increment of these TBI systems than the agricultural systems. The 

nearly two-fold gain in soil C stocks in the agricultural system compared to the TBI system at  

St. Edouard was attributed to tillage-induced burial of unharvested crop components, which could slow 

their decomposition and lead to subsurface C accumulation in the agricultural system. Although hay 

yield and the biomass of unharvested crop components was greater in the agricultural system than the 

TBI system, the smaller soil C and N stocks in TBI systems were not correlated with hay yield, 

litterfall or PTLT. Given that C inputs from unharvested crop residues and litterfall may be insufficient 

to sustain soil C stocks in TBI systems, the application of organic amendments, such as animal manure 

or compost, could be considered. A C budget that accounts for tree growth, harvested (crop) and 

unharvested (litterfall and roots) crop components in TBI systems would convincingly demonstrate 

their C storage capacity, as well as crop plus tree production, permitting better assessment of the 

potential environmental and economic benefits of TBI systems in Canada. 
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