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NOTE AND UNIQUE PHENOMENA

Nitrogen Supply from Green Manure Enhanced with
Increased Tillage Frequency: A Note

Leonardo X. Ledn Castro and Joann K. Whalen*

ABSTRACT

Tillage practices influence the decomposition of green manure
and could be adjusted to synchronize the N supply from resi-
dues with crop N demand. This note evaluated ion exchange
membranes (IEM) as an in situ tool for monitoring ammonium
(NH4*) and nitrate (NO5™) dynamics after pea (Pisum sati-
vum L.)—oat (Avena sativa L.) green manure was incorporated
by one, two, or four passes of a rototiller. Mineral N from IEM
and in 2 M KClI soil extracts was related to the cumulative N
assimilated by arugula (Eruca sativa L.) during a 6-wk period.
Greater tillage intensity increased the IEM-NO;™-N concen-
tration on ion exchange membranes significantly, from 1.94
to 18.7 ug cm™2 wk!, and the N supplied from green manure
increased arugula N uptake significantly. The IEM-N were as
reliable as the soil chemical extractant in evaluating the mineral
N released from green manure under field conditions.

Core ldeas

¢ Ion exchange membranes were tested for in situ evaluation of soil
mineral N.

* More tillage passes increased green manure decomposition and soil
mineral N.

* Jon exchange membrane were a good indicator of arugula N uptake.

¢ Pea—oat green manure supplied up to 20% of the N required by
arugula.
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REEN MANURE is a crop residue that releases N for

subsequent cash crops such as vegetables, potato

(Solanum tuberosum L.), cereals, and oilseeds (Thorup-
Kristensen, 1993; Vyn et al., 2000; Entz et al., 2001; Sincik
et al,, 2008). On average, the N released from green manure
provides 17% of the crop N requirements during the grow-
ing season (Gardner and Drinkwater, 2009) improve the N
recovery use eﬂiciency from green manure, it is important to
know how much mineral N (NH,* plus NO;~concentrations)
will be released from the residues, when net N mineralization
occurs after the plow-down event, and how much mineral N is
acquired assimilated by the subsequent crop. This can be evalu-
ated in laboratory- and greenhouse-based studies on plant N
uptake, or through non-plant testing methods.

Methods to predict the amount of organic N mineralization
after the incorporation of green manure residues often rely on
analysis of mineral N in field soil cores through soil chemi-
cal extraction with 2 M KCl or 0.5 M K, SO, solution. The
disadvantage of soil chemical extraction is that removal of soil
cores disrupts the sampling area, demands more time, and does
not always reflects the nutrient release dynamic because cores
are collected at discrete point in time. In contrast, IEM can be
deployed in situ, their two-dimensional nature allows a better
contact with the soil matrix and causes minimal soil distur-
bance, and act as a sink for NH,* and NO; ™ ions, similar to
plant roots, while showing similar responses to the environmen-
tal conditions and edaphic factors that affect plant N uptake
(Qian and Schoenau, 2002; Zebarth et al., 2009). This was by
Leén Castro and Whalen (2016a), who showed that the concen-
tration of IEM-NO;™-N was sensitive to arugula N uptake and
ambient variables (i.c., rainfall, soil temperature, and soil mois-
ture) in a field planted with green manure, before and after the
green manure plow-down occurred. The reliability of IEM as an
indicator of N release can be validated by correlating mineral N
concentration, [EM-NH,*~N and I[EM- NO;™-N values dur-
ing crop residue decomposition.
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Tillage is a common practice on Canadian farms, more than
75% of agricultural land cultivated with plow and harrow.
Although soil conservation practices like reduced tillage and
direct seeding are gaining in popularity, particularly in semiarid
regions of Canada (Statistics Canada, 2012), the reality is that
most farmland is tilled, especially in organic production systems.
The main reason to use tillage is to incorporate organic residues
such as compost and crop residues into the soil and mechanically
fragment the residue into smaller particles, thereby accelerating
their colonization by microorganisms, decomposition of poly-
meric compounds contained in the residue, and ions/nutrient
release (Whalen, 2014). Termination of a green manure crop is
traditionally accomplished through a plow-down event, which
ends the crop growth, reduces the physical size of the aboveg-
round and belowground residues, and brings the residue into con-
tact with soil decomposers (fauna and microorganisms) that are
responsible for nutrient recycling. Termination of green manure
with tillage stimulates N mineralization and results in at least
50% increase in soil mineral N concentration, compared to no
tillage/mulch systems of green manure termination (Groffman
etal., 1987; Drinkwater et al., 2000; Halde and Entz, 2014).
Reduction in the size of crop residue may be accomplished with
tillage equipment, by mowing/chopping the aboveground bio-
mass, or by the action of soil macrofauna in agroecosystems with
low intensity, infrequent, or no tillage. Residues with smaller
physical size are more exposed to microbial attack than intact
residues due to the greater surface area for microbial coloniza-
tion (Angers and Recous, 1997). In a study with wheat (Triticum
aestivum L.) straw residue, Ambus and Jensen (1997) reported
net N mineralization of 10.4% from residue <3 mm diam. and
8.6% from residue size of 25 mm, after 60 d. In the same study,
the authors reported more N mineralized (3.3 mg N kg™1)
from barley (Horeum vulgare L.) residues having a size <3 mm
than 25 mm (2.7 mg N kg™!). They concluded that the contact
between fine crop residues and soil stimulated the N mineraliza-
tion rate. Despite the advantages of tillage to increase disruption
of the Ap profile might detrimental to soil biota, therefore, study
is needed to optimize intensive tillage (i.c., more passes of the till-
age equipment) as a method to incorporate green manure.

This note describes the use of IEM to monitor soil mineral
N dynamics, prior to and during the 6 wk period following the
plow-down of pea—oat green manure, using three levels of till-
age intensity (one, two, or four passes of a rototiller). In situ soil
mineral N on IEM was compared with the mineral N concentra-
tion in 2 M KCl extracts, and related to the N uptake of arugula,
a short-season brassica crop. The relationship between tillage
intensity and N supply from green manure was determined.

MATERIALS AND METHODS

The experiment was conducted from June to August 2015 at
the Horticultural Research Centre on the Macdonald Campus
of McGill University, Ste-Anne-de-Bellevue, QC, Canada
(45°24' N, 73°56' W). The precipitation, soil temperature, and
moisture were monitored every 30 min, with an automated
weather station (Watch Dog 2000 Series, Spectrum Technologies
Inc, Aurora, IL). Soil sensors (SM 100, Series, Spectrum
Technologies Inc, Aurora, IL) were installed at 0.15-m depth
to monitor soil temperature and soil moisture continuously

during the study period (6 wk). Weather conditions during

the experimental period were similar to long-term averages

for June to August in the area (Environment Canada, 2016),
with soil temperatures from 21 to 25°C, soil moisture between
42 and 266 gkg™!, and precipitation of 2.7 to 86.3 mm per

week (Table 1). The soil was a Saint Bernard loam (Canadian
Agriculture Service Coordinating Committee, 1998) classified as
a coarse-loamy, isotic, frigid Typic Haplorthod containing 400 g
sand kg~! and 230 g clay kg ™! with pH of 7.7 and 27 g organic C
kg~! in the topsoil (0—0.2-m depth). Soil nutrient concentrations
determined by Mehlich-3 extraction were 344 mg P kg_l, 313 mg
K kg‘l, 4371 mg Ca kg’l, 643 mgMg kg‘l, and 786 mg Al kg‘l.
The field selected for this study was previously cultivated with
pepper (Capsicum annuum L. ‘Bell Boy’) and used for tomato
(Solanum lycopersicum ‘Better Boy’) production, 2 yr before this
study began.

The experimental design was a randomized complete block
with factorial treatment structure. Factor 1 was green manure
(green manure and with green manure) and Factor 2 was the
number of tillage passes (one, two, or four passes). Accordingly,
the field site (17 by 25 m) had six experimental plots (3 by 3 m) in
four blocks, for a total of 24 plots. Blocks were separated bya 1 m
alley. Each experimental plot was divided into six sub-experimen-
tal units (1 by 1.5 m) for independent weekly sampling during the
6 wk study. The timeline for field activities is given in Table 2.

On 15 June 2015, the soil was cultivated and a green manure
mixture of field pea and oat was broadcast at the rates of 90 and
83 kg ha™, respectively. Control plots without green manure
were cultivated, but not planted. Since the cultivation stimulated
weed seed germination, the control plots were kept weed-free by
mowing the surface every 7 d with a string trimmer (Husqvama
22c¢c, Stockholm, Sweden). On 19 July 2015, aboveground bio-
mass in 1 m? quadrats of plots was equivalent to 3.6 t dry matter
ha™L. At this time, the field pea was at the vegetative stage, fourth
node, leaf fully unfolded, more than one pair of leaflets (Knott,
1987), and oat was at Feckes growth stage 5, tillering, leaf sheaths
strongly erected (Large, 1954). The green manure biomass had a
C/N ratio of 15 and contained 400 g cellulose kg1, 270 g hemi-
cellulose kg™, and 55 g of acid unhydrolyzable fiber kg™!, based
on the method of Van Soest et al. (1991). Tillage treatment began
6 wk after the green manure was planted, on 20 July 2015. A roto-
tiller (Troy-Bilt ProLine CRT, Valley City, OH) set at a depth of
0.15 m was used to cultivate all plots. Control and green manure
plots were subjected to one, two, or four passes over a 4-d period.

On 27 July 2015, arugula was sown by hand in all plots with
spacing of 0.10 m between plants and 0.15 m between rows,
giving a population of 200 plants per plot. Every week for the
next 4 wk, arugula was sampled by removing nine plants (cut
at ground level) at random from each plot. Plant material was
weighed, oven-dried at 60°C for 24 h, ground to passa 1 mm
screen, and analyzed for total N with a Carlo Erba NC Soils
analyzer (Milan, Italy). Arugula N uptake (g N plot™!) was cal-
culated by multiplying the g nutrient kg™! by the plant biomass
(kg plant™!) and the number of plants per plot. The proportion
of arugula N uptake in arugula from green manure and soil was
calculated according to Sharma and Behera (2009):

Relative N contribution from green manure (%) =
[(Total N uptake — N uptake without
green manure)/total N uptake] x 100
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Table |. Weekly precipitation (total, in mm), average soil temperature and average soil moisture measured at 0.15-m soil depth during
green manure plow-down and arugula growth periods (20 July—30 Aug. 2015) at the Macdonald Campus of McGill University, Ste-Anne-

de-Bellevue, QC, Canada.

Climatic parameter Week | Week 2 Week 3 Week 4 Week 5 Week 6
Precipitation, mm 86 20 26 3 49 10
Soil temperature, °C 21 22 24 22 22 25
Soil moisture, g kg™ 270 120 70 40 100 90

Relative N contribution from soil (%) = 100 - Rela-
tive N contribution from green manure (%)

Ion exchange membranes (Ionics CR67-HMR (cation) and
AR204-SZRA (anion), Durpro, Candiac, QC, Canada) were
used to quantify the [IEM-NH,*-N and IEM-NO;™-N con-
centrations in soil solution, an indicator of mineral N available
to arugula roots under the same environmental conditions
(Ziadi et al., 2000; Qian and Schoenau, 2002; Leén Castro
and Whalen, 2016b). Membrane sheets were cut into 0.02 m
wide x 0.05 m tall strips and stored in distilled water to avoid
desiccation. Prior to use, the strips were saturated by shaking
for 1 hin 1 M NaCl and kept in this solution until they were
installed in the field. After green manure incorporation, one
anion strip and one cation strip were buried in the planted row,
0.05 m from the closest arugula plant, in each plot. Each strip
was placed in a random location along the planted row and no
location was used more than once during the study. A slot was
made with a garden trowel, the IEM strip was placed vertically
in contact with the soil at 0.10-m to 0.15-m depth below the soil
surface, and the slot was filled with soil by hand. One week later,
the strip was retrieved, rinsed in the field with distilled water to
remove soil particles, and placed in centrifuge tubes containing
25 mL of 1 M KCl to extract NH,* and NO;~ ions. In total,
1441EM-NH,*-N and 144 [EM-NO;™-N samples were col-
lected during the 6 wk study.

Soil samples were collected starting in the sixth week of the
green manure growth period and continued weekly for the
next 6 wk, including 1 wk after arugula harvest. Soil samples
(0-0.15-m depth) were collected with a garden trowel to obtain
one composite sample (from five locations) of approximately
1000 g field-moist soil from each plot. The composite sample
was sieved (<10 mm mesh) to remove rocks and large crop
residues, placed in Zip-lock bags and transported on ice to the
laboratory. Half of the sample was sieved (<2 mm) and stored
at —20°C, then thawed (20°C for 48 h) for soil mineral N and
microbial biomass determination.

Soil mineral N (NH,*~N and NO;™-N) was extracted (1:10
ratio of field-moist soil: 2 M KClI), then the NH,* and NO;~
concentrations in soil extracts and IEM extracts (described
above) were measured by the modified indophenol blue method
(Sims et al., 1995) at 650 nm on a microplate reader (uQuant,

Biotek, Winooski, V'T). Microbial biomass C and N (MBC

and MBN, respectively) concentrations were determined by the
chloroform fumigation-direct extraction method (Voroney et
al., 2008). The MBC concentration was the difference in dis-
solved organic C of 0.5 mol L™ K, SO ; extracts (1:4 soil/solu-
tion) collected before and after fumigation, assayed on Sievers
Innovox TOC analyzer (GE Analytical Instrument, Boulder,
CO) and corrected for extraction efficiency with a £y - value of
0.45. The difference in total extractable N of 0.5 mol L™} K,S0,
extracts before and after fumigation, corrected for extraction effi-
ciency (kpy = 0.54), gave the MBN concentration (Joergensen
and Mueller, 1996). Crop residue size was determined using the
rest of the composite soil sample by the wet-sieving method of
Cambardella and Elliott (1993). Briefly, about 300 g of field-
moist soil was placed on a nest of sieves with mesh sizes of 2 and
4 mm. Sieves were immersed repeatedly in water for 5 min ata
rate of 20 immersions min~!. Residues retained on the 2-mm
sieve were dried (60°C for 24 h) and weighed.

Data was analyzed using SAS Version 9.3 software (SAS
Institute, 2012). Two-way ANOVA was performed to examine
the effects of green manure, tillage passes, and the green manure
x tillage interaction on arugula N uptake and residue mass col-
lected during the 6 wk. Mean comparison tests were done with a
Tukey’s test at the 95% confidence level. One-way ANOVA was
performed to determine the effect of tillage treatment (one, two,
and four passes) on net [EM-NH,*-N, IEM-NO;~-N, MBC,
and MBN concentrations (net values were calculated as the
difference between green manure-amended and control plots for
each tillage treatment). Relationships between IEM-NO;™-N,
KCl-extractable NO;™-N, and arugula N uptake were deter-

mined with Pearson’s correlation coefficients.

RESULTS AND DISCUSSION

Soil mineral N concentration increased after the green
manure plow-down, and then declined during the arugula
growth period. The net change in NH,* pools, expressed as
the difference between green manure-amended and control
plots, reflected a decline in IEM-NH, *-N concentration from
0.10 t0 0.01 ygNH,*-N cm~2 wk™!, while the KCl-extractable
NH,*-N concentration declined from 1.00 to —0.01 in control
plots (Fig. 1A and 2A). This trend suggests a pulse of NH,*

Table 2. Summary of field activities during the study period (June—August 2015) at the Macdonald Campus of McGill University, Ste-Anne-

de-Bellevue, QC, Canada.

Practice Start date Duration End date

Soil cultivation, green manure broadcasted and growth period I5 June 5 wk 19 July

Green manure incorporation and plant decomposition 20 July I wk 26 July

Soil sampling 20 July 6 wk 24 Aug.
IEM-NH," and IEM-NO;~ sampling 20 July 6 wk 24 Aug.
Arugula plant sampling 27 July 4 wk 17 Aug.
Precipitation, soil temperature, and moisture monitoring I5 June 12 wk 30 Aug.
Agronomy Journal ¢ Volume Il1, Issue2 < 2019 937
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Fig. I. Net change in (A) IEM-NH,"—N and (B) IEM-NO;™—N
concentrations, calculated as the difference between green manure
and control plots, as affected by one, two, or four tillage passes

at the Macdonald Campus of McGill University, Ste-Anne-de-
Bellevue, QC, Canada. Measurements were taken weekly, for 6
wk, after the tillage passes. Values are the mean (n = 4) and error
bars represent standard error. Significant differences between the
number of tillage passes is indicated with an asterisk (P < 0.05).

release from decomposing green manure that dimished with
time, as confirmed by the significant (p = 0.001) effect of tillage
passes x sampling time on the IEM-NH,*~N concentration.
Another explanation could be that NH,* uptake by arugula
exceeded the NH* production rate, which would explain
the low soil NH* concentration during the arugula growing
period (Weeks 2 to 5 of the study).

In contrast, there was a net gain in the NO; ™ pools, also
expressed as the difference between green manure-amended
and control plots. On average, the IEM-NO;™-N concentra-
tion increased from 7.9 to 18.7 ug NO;™=N em™2 wk™! and the
KCl-extractable NO;™—N concentration reached up to 17.4
mgNO, -N kg~! by Weck 5 of the study (Fig. 1B and 2B).
Compared to the pre-tillage levels, the green manure incorpora-
tion increased soil mineral N by 35% and even tillage of bare
soil (control plots) resulted in 15% higher soil mineral N, due
to mineralization of soil organic matter. A similar pattern of
NH,* and NO;~ production and consumption was reported by
Sarrantonio and Scott (1988) in the 6 wk after hairy vetch (Vicia
villosa Roth) was incorporated by disc harrow, resulting in a
55% increase in soil mineral N due to green manure plow-down,
which is much greater than the 22% increase in soil mineral N
in no-till plots where green manure was terminated and left on
the surface. Compared to plots with one tillage pass, those with
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Fig. 2. Net change in soil mineral N in (A) KCl-extractable
NH,*~N and (B) KCl-extractable NO; N concentrations,
calculated as the difference between green manure and control
plots, as affected by one, two, or four tillage passes at the
Macdonald Campus of McGill University, Ste-Anne-de-Bellevue,
QC, Canada. Measurements were taken weekly, for 6 wk, after
the tillage passes. Values are the mean (n = 4) and error bars
represent standard error. Significant differences between the
number of tillage passes is shown with an asterisk (P < 0.05).

two or four tillage passes had higher IEM-NO;™-N concentra-
tions from 1 to 6 wk (p = 0.001; Fig. 1B), while four tillage passes
resulted in greater KCl-extractable NO;™-N than one tillage
pass at 4 and 5 wk (Fig. 2B). This is similar to Lupwayi ct al.
(2006), who reported that the KCl-extractable NO,~ concentra-
tion peaked 5 wk after the plow-down of pea green manure.

The IEM-NO;™—N concentration reflects the cumulative
NO; ™ adsorbed on ion exchange membranes during a period
of time (7 d in this study) whereas KCl-extractable NO;™-N
concentrations are discrete measurements, however these
NO;~ values were correlated (r > 0.63, Table 3), suggesting that
IEM reflected the temporal dynamics of NO;~ following green
manure plow-down.

Greater production of IEM-NO;™-N with more tillage
passes implies that tillage stimulates the activity of ammonia
oxidizers and nitrifiers. Reasons why tillage may increase the
IEM-NO;™-N concentration include: (i) tillage reduces the
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Table 3. Pearson correlation coefficients (r) between in situ measurements of ion exchange membrane (IEM)-NO;™—N and soil NO;7™-N
concentrations (n = 4 per wk), and between [EM-NO;™—N and the N uptake by arugula (n = 9 per wk) in field plots with green manure
and tillage treatments at the Macdonald Campus of McGill University, Ste-Anne-de-Bellevue, QC, Canada.

Week | Week 2 Week 3 Week 4 Week 5 Week 6
IEM-NO,-Nt IEM-NO,-N IEM-NO,-N IEM-NO,-N IEM-NO,;-N IEM-NO,;-N
Parameter r P r P r P r P r P r P
Soil NO;—Ni} 0.63 0.17 0.92%  <0.01 0.86* 0.02 0.90% 0.0l 0.89*% 0.0l 0.95%  <0.01

Arugula N uptake -

— — — 0.60

0.20 0.79* 0.05 0.79* 0.05 0.76 0.07

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

1 IEM- NO3™—N = NO;™-N adsorbed on ion exchange membrane.
F Soil NO3™=N = NO;7-N concentration by KCl-extraction of soil.

Table 4. Mass of residue (g dry matter kg™ soil) collected on a 2- to 4-mm sieve in control (no green manure) and green manure (pea—
oat mixture) field plots with one, two, or four tillage passes at the Macdonald Campus of McGill University, Ste-Anne-de-Bellevue, QC,
Canada. Measurements were taken weekly, for 6 wk, after the tillage passes.

Green manure/number of tillage passes Week | Week 2 Week 3 Week 4 Week 5 Week 6
Control plots g dry matter kg™!

I 1.2 (0.26)ct 8.5 (0.10)b 3.8 (0.25)a 3.3(0.19)b 1.3 (0.25)a ndf

2 12.1 (0.27)c  10.1 (0.23)c 4.5 (0.50)ab 1.9 (0.18)a 0.8 (0.16)a nd

4 48.0 (0,29)d  13.8 (0.29)d 6.0 (0.25)b 3.8 (0.37)b nd nd
Green manure plots

| 3.4 (042)a 4.2 (0.35)a 6.0 (0.48)b 8.2 (0.58)c 13.3(0.52)b  13.1 (0.09)a

2 3.9 (0.38)a 5.17 (0.33)a 7.1 (0.25)c 8.6 (0.07)c 13.6 (0.49)b  23.0 (0.46)b

4 7.1 (0.81)b 5.7 (0.53)a 7.4 (0.26)c 8.6 (0.47)c 20.1 (0.47)c  25.9 (0.81)c

T Average values (n = 4), with standard error in parenthesis, within the same column followed by the same letter do not differ significantly (P < 0.05,

Tukey test).
} nd, Not detectable.

size of green manure residues making them more susceptible to
decomposition, N mineralization and nitrification; (ii) tillage
disrupts soil aggregates exposing and accelerating the turnover
of native soil organic matter to decomposition, N mineraliza-
tion and nitrification (Six et al.,, 1999); and (ii) tillage creates a
better seedbed for plant roots, supports root growth and exuda-
tion of plant-based substrates that “prime” the microorganisms
involved in soil N cycling (Clarholm, 1985; Cheng, 2009).
Tillage fragmented and reduced the size of green manure
residues (p < 0.001, Table 4) while increasing microbial biomass
from 7.58 t0 20.81 mg MBC kg™! with one pass, and from 8.73
to 30.86 mg MBC kg™! with four passes (P = 0.03, Fig. 3).
Throughout the experiment, the MBC and MBN concentra-
tions were greater in plots with two or four tillage passes than
one tillage pass (Fig. 3). Smaller residue size provides greater
surface area for microbial colonization and decomposition, as
confirmed by Bending and Turner (1999), who found more
microbial biomass associated with fine residues (2 mm) than
coarse residues (40 mm) of potato shoots (C/N ratio = 10).
Delays in the decomposition of coarse residues are attributed
primarily to physical limitation of surfaces for microbial coloni-
zation (Whalen et al., 2014), although soil conditions such as pH
and moisture can also slow the biochemical breakdown of plant-
based polymers (Swift et al., 1979). We conclude that the tillage-
induced reduction in residue size (Table 4) was responsible for
the higher IEM-NH,*~N and IEM-NO;™-N concentrations
measured in green manure plots with more tillage passes.

Contribution of Green
Manure to Arugula Nitrogen Uptake

Arugula N uptake was positively correlated with higher
IEM-NO;™-N concentrations (» > 0.60, p = 0.05, Table 3)

resulting from green manure input and tillage. After 4 wk, there
was up to 30% more arugula N uptake with green manure than
no green manure, and more arugula N uptake occurred in the
green manure plots with two or four tillage passes than one
tillage pass (p < 0.05, Table 5). Differences in arugula N uptake
between control and green manure plots were noted in Week 3,
probably due to higher N demand during this vegetative growth
stage (Omirou ct al., 2012).

The N uptake was between 45.8 t0 78.8 gN kg‘1 dry matter
in 3-wk-old plants, and there were no visual symptoms of N defi-
ciency in any treatment, suggesting that the soil N supply was suf-
ficient to meet the arugula N requirements. These values exceeded
the critical N value of 30 g N kg ™! for 3-wk-old brassica seedlings
reported by Chen et al. (2004), including turnip (Brassica campes-
tris) and Chinese cabbage (Brassica rapa subsp. chinensis), which is
further evidence that arugula growth was not N limited.

The relative contribution of green manure to the arugula N
requirements was 5 to 9% in plots with one tillage pass, from 5 to
17% with two tillage passes and between 7 and 20% with four till-
age passes (Fig, 4). Although recently incorporated green manure
supplies a relatively small percentage of the arugula N require-
ments, regardless of the number of tillage passes, the findings are
consistent with previous studies. For instance, Seo et al. (2006)
reported 15% N recovered by maize (Zea mays L.) as catch crop
when hairy vetch was used as green manure. Likewise, Sharma
and Behera (2009) reported that cowpea [Vigna unguiculata (L.)
Walp.] and Sesbania aculeata (Willd.) Pers. green manures contrib-
uted 22 and 30% of N recovery in maize, respectively.

CONCLUSION

This note demonstrates that increasing tillage passes reduced
the size of green manure residues and stimulated nitrification,
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Fig. 3. Net change in (A) microbial biomass carbon (MBC) and
(B) microbial biomass nitrogen (MBN) concentrations, calculated
as the difference between green manure and control plots, as
affected by one, two, or four tillage passes at the Macdonald
Campus of McGill University, Ste-Anne-de-Bellevue, QC,
Canada. Measurements were taken weekly, for 6 wk, after

the tillage passes. Values are the mean (n = 4) and error bars
represent standard error. Significant differences between the
number of tillage passes is shown with an asterisk (P < 0.05).

the size of the microbial biomass, and arugula N uptake. Two
passes for the plow-down of pea/oat green manure supported
better growth and N uptake by arugula than one pass, and is
preferable to four passes, which is more costly in terms of labor
requirements and might impact soil quality negatively. The
pea—oat green manure supplied up to 30% of the N required

by arugula and will likely continue to mineralize, given the
increase in the mass residue retained on 2 to 4-mm sieves in the
green manure plots from Week 1 to 6 of the study. The work
presented here supports the use of IEMs to evaluate soil mineral
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Fig. 4. Relative contribution of green manure to the N uptake of
arugula grown in field plots at the Macdonald Campus of McGill
University, Ste-Anne-de-Bellevue, QC, Canada. Plots were
cultivated with one, two, or four tillage passes to incorporate
the green manure, a mixture of pea and oat. Control plots
without green manure were cultivated with the same number of
tillage passes.

N dynamics on a weekly basis. To increase N recovery from the
spring-seeded green manure residue, it is recommended to plant
asecond cash crop, a fall-seeded cover crop or winter cereal crop.
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