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ABSTRACT 
Increasing global population leads to an increase in demand for foods and cleaner energy such as biofuel 
and bioenergy that are produced from feedstocks. Utilizing marginal land for production of these 
feedstocks alleviates the competition of fuel versus food that comes with use of prime agricultural land. 
Canada has a large area of marginal land. Sorghum is an important plant for food, fodder, and forage 
production. It is regarded as a nature-cared plant with low input requirements and is recommended as 
a top crop for removing carbon from the atmosphere. As a part of a collaborative project to develop a 
system for producing biomass (sorghum) on marginal land in Canada, this research focuses on the 
species and their distribution, mobility and availability (to plants) of nitrogen (N) and phosphorous (P) 
in marginal land soils from selected locations in Canada. US EPA method 1312 was followed to 
simulate the leaching process of nutrients from soils in the natural environment. Colorimetry and ICP-
OES were used for the determination of the nutrient species. Preliminary results show that the 
predominant leachable and plant-usable form of nitrogen is nitrate (NO3

–) while the majority of 
phosphorus in the soil is not water leachable; depth variation of leachable nitrogen and phosphorus 
species in the soils is indicated; the concentrations of nitrate in the soils increased shortly after  
N-fertilizer application but the level decreased to that observed before planting, suggesting that 
atmospheric precipitate/deposition can move nitrogen from marginal land soils to surface water. 
Keywords:  soil nutrients, biomass, marginal land, mobility, nitrogen, phosphorus. 

1  INTRODUCTION 

1.1  Renewable energy 

Renewable energies are gaining attention and importance recently with the awareness of 
limited non-renewable energies and their impact on the environment. Biomass has the 
potential to be used in a variety of bioenergy applications. There is evidence to predict that 
global bioenergy could evolve to meet the global energy demand by 2050 [1], [2]. The 
production of such feedstocks is, however, depending on the land and its cost. The major 
feedstocks for biofuel consist of agricultural crops such as corn, sugarcane, and soybean and 
their production compete land for food production. There has been a shift in activity towards 
growing alternative biofuel feedstocks (e.g., sorghum) and utilizing non-agricultural (e.g., 
marginal) land [3].  

1.2  Marginal land 

Marginal land is broadly defined as land that is either not economically suitable for 
agricultural use, or less productive than agricultural land [4], [5]. The classification of 
marginal land varies, but common characteristics involve soil quality, climatic conditions 
and land attributes such as evaluation, irregular terrain. Canada has 9.48 million hectares of 
land that is classified by the Canada Land Inventory (CLI) as marginal land (Class 4–6) [6]. 
There is great potential for Canada to produce biomass on its marginal land [3]. Stoof et al. 
[5] noted concerns of nutrient availability for these marginal soils. Sorghum is regarded as a 
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nature-cared plant with low input requirements, and it is recommended as a top crop for 
removing carbon from the atmosphere [7], [8].  

1.3  Nitrogen and phosphorus 

Nitrogen and phosphorus are essential elements in plant growth and development. Nitrogen 
supply in a crop system is predominantly represented by the level of N-species available for 
plant use. Inorganic nitrate (NO3

–) and ammonium (NH4
+) are the main forms of nitrogen that 

can be taken by plants, thus be removed from the soils [9]. In addition, ammonium (NH4
+) 

can move from surface soil to the atmosphere through volatilization; NO3
– can leave soil 

through denitrification process and it can be easily removed by leaching or runoff. 
Phosphorus is never found in high concentrations, making it highly conserved and is stored 
through sedimentation and rock formation [10], [11]. Phosphorus may be bound to metal 
oxides such as aluminium or iron oxides, which are much harder to leach out due to the 
common ion effect governed by small solubility product constants [12], [13]. Organic 
phosphorus can be categorized into different organic phosphate compounds in soil. Both 
inorganic and organic phosphorus are non-labile when in a solid-state and they make up most 
of the soil phosphorus. The most soluble form of inorganic phosphorus is orthophosphate 
(PO4

–3) and is can easily be removed by leaching and runoff if not taken up by plants or 
converted into a non-labile form [14]. 

1.4  Water pollution 

Fertilizer is commonly used to promote crop production. Many factors, such as placement, 
timing, type of fertilizer, and rate of application, have to be considered in utilizing fertilizer. 
Rate of fertilization is of particular importance, as excess fertilizer to a crop system can be 
easily lost via various processes [9], [15]. Excessive use of fertilizers has caused negative 
impacts through runoff which pollutes water and surrounding ecosystems [16]. 

1.5  Research objectives 

This research studies the species of nutrients (N and P) in soil at different depths through the 
growing period of sorghum on marginal land and assesses the potential effect of these species 
on water quality. 

2  EXPERIMENTAL 
Field studies were carried out in 2019. Three sorghum hybrids: CSSH45, 10AX118, and 
10AX131, were tested. Half of the plots at each field received one application of N-fertilizer 
(urea, 46-0-0, rate of 45 kg ha–1) about two weeks after planting. 

2.1  Study sites 

Three field sites in Ontario, Canada are evaluated in this research and they are located in 
London (43°01’49.0”N, 81°12’23.6”W), Simcoe (42°51’35.0”N, 80°16’17.0”W), and 
Ottawa (45°19’30.0”N, 75°52’55.2”W). The field designs are shown in Fig. 1. 

2.2  Sample collection and preparation 

Soil cores were collected from each site three times during the growing period: before 
planting,  about two weeks after the fertilizer application (after planting) and at harvest. The  
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Figure 1:  Field plot design for (A) London; (B) Simcoe; and (C) Ottawa, Canada. 

soil samples at 0–10 cm and 20–30 cm depths from the soil cores were collected. After the 
collection, soil samples were stored in sealed Ziploc bags and stored in a freezer until 
analysis. Field soil samples were thawed for 24 hours, grinded, and passed through a 2 mm 
sieve using a mortar. The homogenized soil samples were extracted using water of pH 5.0 
following EPA method 1312 [17] at a mixing ratio of 1.5 g soil:30 g water (1:20) for 18 ± 2 
hours. Centrifugation was used to separate the liquid (soil extract) from the soil residuals. 

2.3  Analysis methods 

2.3.1  Nitrogen species 
Concentration of NO3

– ([NO3
–]), NO2

– ([NO2
–]), and NH4

+ ([NH4
+]) in the soil extracts were 

determined (2.00 g soil extract for NO3
– and NO2

–, 3.00 g soil extract for NH4). The [NO2
–] 

was analyzed using Griess reaction, a scaled-up version outlined by Hood-Nowotny et al 
[18]. NO3

– was reduced to NO2
– with vanadium chloride (VCl3) then determined using the 

same Griess reaction as for NO2
– [19]. After the colour reaction, the [NO2

–] was determined 
using UV-Vis (Cary 60, Agilent) at 540 nm and [NO3

–] was then calculated. The [NH4
+] is 

analyzed using a modified Berthelot reaction catalyzed by sodium nitroprusside [20] and is 
then determined using UV-Vis (Cary 60 Agilent) at 687 nm. The analysis was done in 
triplicate. 
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2.3.2  Phosphorus 
Orthophosphate concentration ([PO4

–3]) and total phosphorous ([P]total) in soil extracts were 
determined (1.00 g soil extract for PO4

–3, 0.35 g soil for total phosphorous). The analysis of 
PO4

–3 based on molybdenum blue reaction [21] followed by UV-Vis (Cary 60, Agilent) 
determination at 890 nm. Microwave digestion (EPA 3051A) + ICP-OES were used for the 
determination of [P]total in the soil samples [22]. The analysis was done in triplicate. 

2.4  Data QA/QC 

The analysis methods were validated using standard reference materials (nutrients in soil; lot: 
LRAC0708, and anions in soil; lot: LRAC1295, Sigma Aldrich). One or more blank solutions 
and a standard solution measurement were carried out each day of analysis to monitor 
changes or trends in each method. The limit of detection (LOD) for each species is defined 
as:  

𝐿𝑂𝐷 ൌ
ଷ∗ௌ್೗ೌ೙ೖ

௕
, 

where Sblank is the standard deviation of the blank values, b is the slope of the calibration 
curve [23]. The LODs were 0.03, 0.01, and 0.04 mg kg–1 for NO3

–, NO2
–, and NH4

+. The 
LODs were 0.40 mg kg–1 for PO4

–3 and 2.40 mg kg–1 for total P. 

2.5  Data analysis 

One-way ANOVA was used for data analysis to determine whether or not the difference in 
nitrogen levels between the groups is significant. The groups evaluated were between the top 
and bottom soil layers within each field, plots with and without fertilizer application within 
each field, fields between agricultural and marginal lands, temporal effects within each field 
over the growing season. 

3  RESULTS AND DISCUSSION 

3.1  Nitrogen species 

A total of 453 soil samples were analyzed and the results show [NO3
–] in 98% of the samples, 

[NO2
–] in only 34%, and [NH4

+] in 8% of the samples above their LODs. NO2
– is an 

intermediate species in the nitrification reaction, which rarely accumulates in soil. For NH4
+, 

as it is a positive cation, it tends to be more tightly bound to soil particles which are inherently 
negatively charged. Since acidified water was used as the extracting solution instead of salt 
solution, it was not expected the [NH4

+]soil to be high. The following results and data analysis 
will, therefore, focus on NO3

– in the soil samples only. 
     The NO3

– concentrations in the soil samples collected before planting at 0–10 cm and 20–
30 cm depths from all three sites are shown in Fig. 2. At each site, the [NO3

–] is higher in the 
top layer soil but the values in each soil layer are not statistically significant (p-values  0.05) 
at all three sites, regardless soil type (agricultural vs marginal land). 
     Fig. 3 shows the [NO3

–] in the soil samples collected about two weeks after fertilizer 
application and at harvest from the plots with different sorghum hybrids and with and without 
the application of the N-fertilizer from all the experimental sites. The results show similar 
trends across all three hybrids in terms of [NO3

–] within each field. There is a general decrease 
in [NO3

–] at deeper soil layer from both the unfertilized and fertilized plots. Statistical  
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Figure 2:    [NO3
–] in the soil of two layers from the field sites before planting (n = 4). 

Whiskers represent standard errors. 

analysis resulted in p-values < 0.05 thus the difference was significant for the [NO3
–] values 

between the two soil layers within each hybrid at all three sites during the growing period. 
This can be explained that soil was tilled at about 15 cm deep as agricultural practice, whereas 
the untilled soil located below was more compact. This physical difference could limit NO3

– 
downward movement with water as the pore space is limited. After planting [NO3

–] is higher 
in the soil from the plots with urea applied, especially at the 0–10 cm as urea was directly 
applied on the surface. However, the difference is less apparent at harvest. Further data 
analysis will therefore be focused on 0–10cm soil layer only. 
 

 

Figure 3:   [NO3
–] levels at two soil depths from the plots with sorghum hybrids (CSSH45, 

10AX118, 10AX131) at (A) London; (B) Simcoe; and (C) Ottawa fields. –N = 
unfertilized plots; +N = fertilized plots (n = 3). Whiskers represent standard 
errors. 
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     Statistical analysis (Table 1), shows that N-fertilizer application has significant effect on 
the [NO3

–]soil levels after planting at the London and Ottawa sites. This difference was 
expected as the application of urea two weeks before the sample collection would 
theoretically increase the amount of N available in soil. The same effect, however, is not 
indicated for the Simcoe site, possibly due to factors such as lower organic content, compared 
with that in the agricultural soil at the London site and lower [NO3

–], compared with that at 
the Ottawa site, in the soil before planting (Fig. 2), soil texture, etc. At harvest, however, the 
effect is no longer significant at all three sites as indicated in Table 1. The results in Table 1 
also show that sorghum variety does not have a statistically significant impact on the  
[NO3

–]soil. The same finding was reported by Chen et al. for a marginal site in China [24]. 

Table 1:    Summary of statistical analysis for the effects of N-fertilizer (N) and sorghum 
hybrid (H) on [NO3

–] in the top 10 cm soil collected after planting and at harvest 
from the field sites. 

Collection period Field N H

After planting 
London * ns
Simcoe ns ns
Ottawa * ns

At harvest 
London ns ns
Simcoe ns ns
Ottawa ns ns

* Denotes a significant effect at p-value < 0.05; ns denotes 
non-significant effects, p-value  0.05. 

 
     Since sorghum hybrids have no significant effect on the [NO3

–] in the soils, the data of all 
hybrids were combined at each collection to assess the temporal effect on the [NO3

–] in the 
soil throughout the growing season, noting that three collection periods (i.e., before planting, 
after planting, at harvest) for unfertilized while only two (i.e., after planting and at harvest) 
for fertilized condition were used for the assessment. Statistical analysis results summarized 
in Table 2 show that, throughout the growing season, the difference in the [NO3

–] in the 
unfertilized soil is significant at the agricultural site in London but not significant at the 
marginal sites in Simcoe and Ottawa, but the difference in the [NO3

–] in the N-fertilized soil 
is significant at all the sites tested, regardless soil type. 

Table 2:    Summary of statistical analysis for temporal effect on the [NO3
–]soil in the top  

10 cm soil from the field sites over the growing season. 

Field Soil depth 
Temporal effect on 
unfertilized samples

Temporal effect on 
fertilized samples 

London 0–10 cm * *
Simcoe 0–10 cm ns *
Ottawa 0–10 cm ns *

* Denotes a significant effect at p-value < 0.05; ns denotes non-significant effects, p-value 
 0.05. 

 
     To further evaluate the changes in the [NO3

–]soil over the 2019 growing season, NO3
– in 

the top 10 cm soil (kg ha–1) during the growing period at each site was calculated and the 
values are listed in Table 3. An average bulk density of 1.45 g cm–3 for sandy loam soils was 
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used for the estimate [25]. The 20–30 cm depth was excluded from this comparison as the 
soil at this depth pasts the tillage depth. 

Table 3:   Summary of [NO3
–] (kg ha–1) in the top 10 cm soil at the collection periods from 

the field sites. 

 
Before 

planting 

After fertilizer 
application 
(theoretical)

After planting At harvest 

Fertilizer 
 

Field 
–N +N –N +N –N +N 

London 14.5 ± 3.7 59.5 11.8 ± 2.2 19.5 ± 5.7 9.7 ± 3.0 12.1 ± 2.3 
Simcoe 15.5 ± 5.4 60.5 9.8 ± 3.8 15.0 ± 9.8 9.9 ± 3.9 9.9 ± 2.3 
Ottawa 19.3 ± 3.1 64.3 21.9 ± 6.5 37.6 ± 21.0 16.0 ± 10.1 21.4 ± 17.0 

 
     The values in Table 3 show that, overall, the NO3

– in the soils with and without N-fertilizer 
application decreased from before planting to at harvest, but the changes are not statistically 
significant in the soils from the plots without N-fertilizer application at all sites tested.  
     Nitrogen in the soils with N-fertilizer application decreased from after fertilizer 
application to at harvest at each field site, with net change (i.e., N-loss) of 47.4, 50.6, and 
42.9 kg ha–1 in the soil for London, Simcoe and Ottawa site, respectively. NO3

– can be 
removed from soil by various processes such as plant uptake, denitrification process, 
leaching, runoff. The results obtained by Tian’s group (Agriculture and Agri-Food Canada, 
personal communication) show that N-fertilizer application had no significant effect on the 
dry sorghum mass produced at each of the sites tested. Data analysis showed that [NO3

–]soil 
was anti-correlated to the amount of precipitate during the collection periods after N-fertilizer 
application and at harvest, suggesting leaching and runoff play a role in removing [NO3

–] 
from the soils. 

3.2  Phosphorus 

The [PO4
–3] in 88% of the soil samples analyzed were above LOD. The [PO4

–3] in the soil 
samples collected before planting from all the field sites are shown in Fig. 4. It can be seen 
that the [PO4

–3] levels in the 0–10 cm soil layer are higher than those in the 20–30 cm soil 
layer. Data analysis resulted in p-values < 0.05, confirming the difference is statistically 
significant.  
     The [PO4

–3] in the soil samples collected after planting and at harvest from all the field 
sites are shown in Fig. 5 and statistical results are summarized in Table 4. The [PO4

–3]s in all 
the soil samples with N-fertilizer applied between the two soil layers are statistical different 
for both after planting and at harvest, but the values in the two soil layers without the fertilizer 
application are not statistically significantly different, except in the soils from plots with 
10AX118 sorghum hybrid after planting. The [PO4

–3] in the soils at both depths at Ottawa 
site is relatively low, but statistical analysis suggests that difference is significant between 
the depths. 
     Total P in the soil samples, ranged from 479 to 938 mg kg–1

 for the London site; 346 to 
1106 mg kg–1 for the Simcoe site and 386 to 1156 mg kg–1 for the Ottawa site. Statistical 
analysis showed no significant difference on the [P]total for all except the London field site. 
[P]total profile pattern is observed, more prominently, in the soils at the London site (i.e.,  
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Figure 4:    Comparison of [PO4
–3] levels in two soil depths at three fields before planting  

(n = 4). Whiskers represent standard errors. 

 

Figure 5:    [PO4
–3] levels (n = 3) at two soil depths with three different sorghum hybrids 

(CSSH45, 10AX118, 10AX131) at (A) London; (B) Simcoe; and (C) Ottawa 
field sites, 2019. –N = unfertilized plots; +N = fertilized plots. Missing bars are 
due to values <LOD. Whiskers represent standard errors. 
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Table 4:   Summary of statistical analysis for the effects of nitrogen fertilizer (N) and 
sorghum hybrid (H) on [PO4

–3] at the corresponding depth and collection periods 
at the field sites. 

  After planting At harvest  
Field Soil depth N H N H 
London 0–10 cm ns ns ns ns 
 20–30 cm ns ns ns ns 
Simcoe 0–10 cm ns ns ns ns 
 20–30 cm ns ns ns ns 
Ottawa 0–10 cm ns ns ns ns 
 20–30 cm ns ns ns ns 

ns denotes non-significant effects, p-value  0.05. 

 
agricultural land), likely due to the past application of P fertilizer. Ottawa did not exhibit the 
same pattern: [P]total is highly homogenous across the two depths in Ottawa regardless of 
sorghum hybrids or the N-fertilizer application. The collection periods appeared to have no 
statistically significant impact on [P]total in the soils. The results show that less than 1% P in 
the soils is present as PO4

–3. 
     Table 4 shows the summary of statistical analysis that evaluates the effect of N-fertilizer 
and sorghum hybrid on [PO4

–3]soil, showing that neither N-fertilizer nor sorghum hybrid had 
statistically significant effect on the [PO4

–3] in the soils. 

4  CONCLUSION 
Analysis of nitrogen species showed that NO3

– is the predominant leachable and mobile N-
species in the soils. N-fertilizer increased the [NO3

–] in the soils but the level decreased to 
that observed in the soils collected before planting. Leach and runoff play roles in removing 
NO3

– from the soil regardless the land types and fertilizer acts as a source of pollutants to 
freshwater. The majority of P in soils is not mobile thus will unlikely have significant effect 
on water quality under the experimental conditions. 
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