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Abstract: Vegetable crop production, which is expanding worldwide, is managed extremely
intensively and is therefore raising concerns about soil degradation. The objective of this study was
to analyze the impact of using rye mulch as a conservation practice on nutrient availability for lettuce
grown in histosols. The rye cover crop was established in the fall of 2018 at two cultivated peatland
sites. The following summer, lettuce crops were planted at both sites on the rye mulch cover and on
control plots. Lysimeters were used to extract the soil solution once a week during lettuce growth.
Various soil properties were analyzed in the soil sampled at the end of the lettuce growing season.
The rye yield was higher at site 1 than at site 2 and the lettuce growth was reduced at site 1 under
the rye mulch treatment. The rye mulch reduced mineral N and dissolved organic N availability at
both sites. The N dynamics in histosols might be fast enough to supply the lettuce needs; however,
the implantation difficulties must first be overcome to confirm that hypothesis. At the end of the
lettuce growth period, soil total and active C pools and soluble organic soil N in the rye mulch
treatment sample were significantly higher at site 1 than at site 2. The presence of rye mulch improved
the carbon pool over a single growing season. The use of rye mulch as a soil conservation practice for
vegetable crop production appears promising for histosols; however, more work is needed to gain a
better understanding on the long-term effects of decomposing rye mulch and roots on soil nutrient
availability, soil health and C sequestration, and on the nitrogen uptake pathways and growth of
cash crops. Future works which would include consecutive years of study at multiple sites are also
needed to be able to confirm and generalize the observations found in the present work.

Keywords: mineral nitrogen; soluble organic nitrogen; rhizosphere; phosphorus; cultivated peatland;
vegetable crop production; conservation practice

1. Introduction

Vegetable crop production is expanding rapidly worldwide [1], due in part to health guidelines
that recommend increasing vegetable consumption, in addition to a growing interest in how the
human diet impacts climate change [2,3]. Vegetable crop production is managed extremely intensively,
however, raising concerns about soil degradation [4]. The same is true for vegetable production on
cultivated peatland.

Cultivated peatland (organic soils, histosols) in Canada constitutes an important part of the
agricultural economy. In Quebec, Canada, although there is a lot of natural peatland throughout the
territory [5], the cultivated peat soils are mostly in the southwest area, due to the favorable climate
and the proximity of the markets of Montreal and the East Coast of the United States [6]. The area
plays an essential role in the production of high-value vegetable crops, such as Daucus carota (carrots),
Lactuca sativa (lettuce), and Allium cepa (onion), supplying fruits and vegetables to Canada and the
northeastern United States [5]. Cultivated peatlands can be highly productive, but are also very
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sensitive to degradation and compaction [7,8]. Wind and water erosion, subsidence, and oxidation of
organic matter are the main causes of the degraded soil conditions observed in cultivated histosols.
The use of biomass crops as a soil amendment has been proposed as a way to make vegetable crop
production in histosols more sustainable [9].

Most of the research on conservation agriculture has focused on field crops grown in mineral
soils, particularly grain, cereal, and oilseed crops. The research focusing on conservation practices
for sustainable vegetable cropping systems has been lacking [4,10]. Recent studies on alternative
conservation practices, such as using rye or other cover crops as mulch, have shown promising
results [11,12].

Although the main reasons for producing vegetables on rye mulch are to protect soils from
erosion [13] and enhance their organic matter content [14], this farming practice has other important
benefits as well. First, growing horticultural crops on rye mulch significantly limits proliferation of
weeds [15,16]. In addition to mechanically suppressing weed growth, decomposing rye mulch releases
allelochemical molecules that harm weeds [17,18]. Moreover, the use of rye as a cover crop has been
shown to improve both the physical (particularly, water infiltration and retention) and biological
properties of soils [19–21]. Global soil health (soil aggregate stability, potentially mineralizable nitrogen,
active soil carbon, and microbial activity) has also been shown to be significantly improved under
rye mulch [10]. Nevertheless, the use of rye mulch can present some major drawbacks. Nitrogen
may be immobilized as the mulch decomposes, substantially reducing cash crop yields [22]. Likewise,
a greenhouse study demonstrated the allelopathic effect of rye residues and water extracts on lettuce,
which led to reduced yields, inhibited root growth, and resulted in the discoloration of apical
meristems [17]. Although the use of rye mulch as a soil conservation practice is getting more attention,
most studies to date have focused on weed suppression [23–25]. More research is required to gain a
better understanding of nutrient cycling under rye mulch. Additionally, although rye mulch has been
used for several years in mineral soils, no studies have examined this practice in cultivated histosols.
In the present study, it was hypothesized that decomposing rye mulch and roots would immobilize
nitrogen pools during lettuce growth, but would not affect phosphorus availability. The objective of
this study was therefore to analyze the impact of rye mulch on nutrient availability in lettuce crops
grown in histosols, with a particular focus on nitrogen pools in the soil solution.

2. Materials and Methods

2.1. Study Sites

The soils at the two research sites (45◦11′ N, 73◦20′ W and 45◦09′ N, 73◦37′ W) were similar,
moderately decomposed histosols (Mesisol great group [26]), with a pH of 5.9 and 5.2, 46% and 45% C,
and 1.7% and 2.1% N for site 1 and site 2, respectively.

The average annual precipitation at both sites is 961 mm, and the annual average temperature
is 6.6 ◦C. The annual frost-free period is 146 days, with 3289 degree-days above 0 ◦C (http://climate.
weather.gc.ca/climate_normals/).

Experimental Design

• Site description

The rye cover crop was established in the fall of 2018 at two cultivated peatland sites in the
southwest region of the province of Quebec, Canada. The following summer, the rye crops were
chemically killed, then scrolled, and the lettuce crops were planted. Both sites were divided into two
plots of 0.9 ha in size at site 1 and 0.5 ha in size at site 2. The two plots were used for a control treatment
and a rye cover crop treatment. The lettuce field protection program included periodic mechanical
and manual weeding as requested and no pesticides were used in the field during the lettuce crop
growth. The details of the experimental design are presented in Table 1. The experimental scheme
was as follows: at site 1, 10 sampling points for the soil solution sampling were established in each
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experimental plot. The sampling points were distributed randomly across the site, following two times
a «W» scheme. At 5 of the 10 sampling points, two root zones were established: a rhizosphere zone
and a root exclusion zone. The root exclusion zone was obtained using an aluminum cylinder of
about 15 cm high and 10 cm in diameter. At site 2, which was smaller, 5 sampling points for the soil
solution sampling were established in each experimental plot. The sampling points were distributed
randomly across the site, following one «W» scheme. At 3 of the 5 sampling points, two root zones
were established: a rhizosphere zone and a root exclusion zone. At each site, two lysimeters for soil
solution sampling were installed at a sampling point and a root zone. Following lettuce harvest,
the soil was sampled at each of the soil solution sampling points. Although the field experiment was
conducted only within one year, the experimental design developed and applied was rigorous and can
warrant the representativeness of our data which are characteristic of these sites/year, specifically.

Table 1. Description of experimental sites.

Site 1 Site 2

Total surface area
(control + rye treatment) 1.8 ha 1.0 ha

Rye variety Guttino Gauthier

Rye seeding rate (kg/ha) 225 165

Rye seeding date 16 October 2018 25 September 2018

Rye scrolling date 15 May 2019 01 June 2019

Rye yield (Mg ha−1) 6 2.5

Fertilization 100 kg N/ha, 20 kg P2O5/ha,
and 160 kg K2O/ha

60 kg N/ha, 30 kg P2O5/ha,
and 185kg K2O/ha

Lettuce variety Global Bergams Green

Lettuce planting method PlantTape automated
transplanting system Planting in cubic blocks

Lettuce planting date 30 June (seedlings were
about 5 days old)

10 July (seedlings were
about 15 days old)

Lettuce harvest date 08 August 08 August

Lettuce yield: control
(g per lettuce plant) 556 648

Lettuce yield: rye mulch cover
(g per lettuce plant) 101 605

• Soil solution sampling

At both sites, Rhizon® (MOM) soil solution samplers (Rhizosphere Research Product, Wageningen,
The Netherlands) were installed in each of the experimental plots at a depth of 10 to 20 cm (lysimeters
were 10 cm long). The lysimeters were used to extract the soil solution once a week during lettuce
growth. As explained above, at site 1, 10 sampling points were established in each experimental plot.
At each sampling point, two lysimeters were inserted into the root zone of the lettuce plants. At 5 of
the 10 sampling points, two additional lysimeters were inserted into a root exclusion cylinder. At site 2,
which was smaller, 5 sampling points were established in each experimental plot. At each sampling
point, two lysimeters were inserted into the lettuce root zone. At 3 of the 5 sampling points, two
additional lysimeters were inserted into a root exclusion cylinder. The soil solution was extracted by
suction using 20-mL syringes, and the samples were quickly stored at −20 ◦C. Samples of less than
15 mL of solution were combined to obtain samples of at least 15 mL for subsequent analysis.

• Soil chemical sampling

Prior to tilling the soil after harvesting the lettuce, composite soil samples were taken at four points
in each of the plots to ensure representative sampling. Samples of at least 500 mL of soil were taken
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at three depths: 0 to 20 cm, 20 to 40 cm, and 40 to 60 cm. The soil samples were then dried at 70 ◦C,
sieved at 2 mm, and used for chemical analyses.

• Soil solution analysis

Ammonium and nitrate levels were analyzed with a Quikchem 8500 Series 2 system (Lachat
Instruments, Loveland, CO, USA), using Quikchem methods 10-107-06-2-B and 12-107-04-1-F,
respectively. Total nitrogen was measured after persulfate oxidation according to Qualls (1989)
and dissolved organic nitrogen (DON) was calculated by subtracting nitrates and ammonium from
total nitrogen. In addition, dissolved carbon was analyzed using a total organic carbon analyzer
TOC-5000/5050 (Shimadzu Corporation, Tokyo, Japan), and total dissolved phosphorus (TDP) was
analyzed following the methods of [27].

• Soil analysis

Soil mineral nitrogen and total soluble nitrogen were analyzed following the methods of [28].
Nitrates, ammonium, and soluble organic nitrogen (SON) were extracted from the soil with distilled
water at a 1 g soil to 10 mL solution ratio, centrifuged at 3000 rpm for 10 min, filtered through a No. 42
Whatman paper filter, and then stored at −20 ◦C until analysis. Ammonium, nitrate, total nitrogen,
and SON were analyzed using the same methods as used for the soil solution analysis.

Phosphorus was extracted according to the Mehlich III method [29] using a 1 g soil to 30 mL
solution ratio, agitation at 200 rpm for 5 min, and filtration through a No. 42 Whatman filter. Elements
were analyzed by ICP-MS within 12 h of extraction to prevent organic compounds from precipitating
with metals.

For the active carbon fraction, a 0.02 M KMnO4/0.1 M CaCl2 solution was used according to the
procedure described in [30,31]. Total organic carbon and total nitrogen concentrations were determined
using a Leco CN-2000 dry combustion analyzer.

• Data visualization and statistical analyses

Data visualization was done using the ggplot package and the statistical analyses were done by site
using ANOVA, followed by Tukey’s post-hoc honestly significant difference test (RStudio Team 2019.
RStudio: Integrated Development for R. RStudio, Inc., Boston, MA, USA, URL: http://www.rstudio.com/).

3. Results

3.1. Rye and Lettuce Crop Yields

Rye yields reached 6 Mg ha−1 at site 1 and 2.5 Mg ha−1 at site 2. At site 1, the lettuce yield was
five times lower in the rye cover crop treatment than in the control. At site 2, the lettuce yield under the
rye mulch was only about 7% lower than in the control treatment. For the following result description,
site 1 is high rye yield cover and site 2 is low rye yield cover.

3.2. Rye and Rhizosphere Influence on Soil Nutrient Concentrations

a. Nitrogen pools

At both sites, the cumulative mineral N data (MinN) and the dissolved organic N data (DON)
showed interesting behavior patterns (Figure 1).

In the control treatment sample at site 1 (Figure 1: control, site 1), rhizosphere and exclusion data
for both MinN and DON were similar for about the first 20 days after seeding. Thereafter, however,
the cumulative data differed significantly between sampling zones for both MinN and DON, reaching
a plateau that was maintained until harvest. For both MinN and DON, the rhizosphere data were
lower than the exclusion data, which may be indicative of N uptake by the lettuce crop. The difference
between the rhizosphere and exclusion data varied from close to 0% to 35% for MinN and from close
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to 0% to 30% for DON from the beginning to the end of the lettuce growth period. In addition, in the
control treatment, the DON pool was greater than the MinN pool, by a difference that varied from 23
to 51% in the rhizosphere sampling zone and from 34% to 53% in the exclusion zone (Figure 1: control,
site 1).Nitrogen 2020, 1 FOR PEER REVIEW  141 
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Figure 1. Cumulative N pools during lettuce growth as a function of the sampling zone and the soil
cover treatment for site 1 (high rye yield cover) and site 2 (low rye yield cover).

In the rye mulch treatment sample at site 1 (high rye yield cover) (Figure 1: rye, site 1),
the cumulative DON and MinN data followed a pattern similar to that observed in the control
treatment sample: cumulative exclusion and rhizosphere data differed significantly for both MinN and
DON, in this case, right from the beginning of the lettuce growth period, followed by a continuous
and slow increase until the end of growth. The difference between the rhizosphere and exclusion data
in the rye mulch treatment varied from about 21% to 58% for MinN and from close to 0% to 64% for
DON from the beginning to the end of the lettuce growth period. At site 1, the difference between the
rhizosphere and exclusion sampling zones was therefore greater under the rye mulch treatment as
compared to what was observed under the control treatment. In this treatment, the DON pool was
greater than the MinN pool only in the exclusion sampling zone (the difference varied from close to 0%
to 25%). The difference between MinN and DON in the rhizosphere zone was negligible (Figure 1: rye,
site 1). At site 1, the presence of rye mulch and its decomposing roots clearly had a significant effect
on nitrogen availability: at the end of the lettuce growth period, cumulative MinN and DON in the
exclusion sampling zone were 2.2 and 2.9 times lower, respectively, in the rye mulch treatment sample
than in the control treatment sample (Figure 1, last sampling period). In the rhizosphere sampling zone,
cumulative MinN and DON were 3.4 and 5.7 times lower, respectively, in the rye mulch treatment
sample than in the control treatment sample.

In the control treatment sample at site 2 (Figure 1: control, site 2), the cumulative MinN and DON
data increased continuously in both the exclusion and rhizosphere sampling zones during lettuce
growth. DON was higher than MinN in both sampling zones and the rhizosphere MinN was higher
than the exclusion MinN. The difference between rhizosphere and exclusion sampling zones decreased
over time for MinN from about 44% to 15% and increased overtime for DON from about 5% to 16%
from the beginning to the end of lettuce growth. In the rhizosphere sampling zone, the difference
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between MinN and DON varied between 24% and 51%; in the exclusion zone, the difference varied
between 0% and 33% (Figure 1: control, site 2).

In the rye mulch treatment sample at site 2 (low-yield rye cover crop) (Figure 1: rye, site 2),
the cumulative MinN and DON data were lower than in the control treatment sample, similar to
what was observed at site 1 (high-yield rye cover crop). During the lettuce growth period, DON and
MinN under rye mulch evolved in a pattern similar to that observed in the control treatment sample:
cumulative exclusion and rhizosphere MinN and DON data increased slowly and continuously until
the end of lettuce growth. However, the difference between rhizosphere and exclusion data varied
during lettuce growth, increasing from about 30% to 53% for MinN and from about 47% to 69% for
DON. The difference between the rhizosphere and exclusion sampling zones was therefore greater
under the rye mulch treatment. In addition, the DON pool was only greater than the MinN pool in the
exclusion sampling zone (the difference varied from close to 6% to 44%). In the rhizosphere sampling
zone, MinN was greater than DON and the difference varied between 16% and 46% (Figure 1: control,
site 2).

At site 2, the presence of rye mulch and its decomposing roots influenced nitrogen availability,
although at a lower intensity than what was observed at site 1: cumulative MinN and DON in the
exclusion sampling zone were 1.4 and 1.6 times lower, respectively, in the rye mulch treatment sample
than in the control treatment sample. In the rhizosphere sampling zone, cumulative MinN and DON
were 2.4 and 4.2 times lower, respectively, in the rye mulch treatment sample than in the control
treatment sample (Figure 1, last sampling period).

In addition, two important findings emerged from the statistical analysis (Table 2) and the average
daily concentration data (Figure 2). First, the statistical analysis showed that the effect of rye was
highly significant at both sites.

Table 2. Overview of ANOVA by site for sampling zone, soil cover, and N pool effects.

Nitrogen Phosphorus

Effect Site 1 Site 2 Site 1 Site 2

F Values Pr > F † F Values Pr > F F Values Pr > F F Values Pr > F

Sampling zone 20.4 <0.001 0.837 0.036 0.189 0.664 2.075 0.156
Soil cover 128 <0.001 25.9 <0.001 194 <0.001 13.9 <0.001
N pools 5.65 0.018 2.13 0.147 n.d. ‡ n.d. n.d. n.d.

Sampling zone: soil cover 0.37 0.545 1.94 0.017 3.56 0.062 6.18 0.016
Sampling zone: N pools 0.67 0.413 1.14 0.287 n.d. n.d. n.d. n.d.

Soil cover: N pools 7.78 0.006 2.52 0.115 n.d. n.d. n.d. n.d.
Sampling zone: soil cover:

N pools 0.01 0.906 0.28 0.599 n.d. n.d. n.d. n.d.

† The Pr(>F) gives the p value for that test, i.e., the probability of observing an F ratio greater than that given the
null hypothesis is true. ‡ n.d. stands for no data.

Second, in the control treatment sample, there was no significant effect of the rhizosphere on
the daily average data analyzed for either DON or MinN, although substantial differences between
sampling zones were observed at some point during the growth period (see Figure 1: control,
both sites). Indeed, at site 1, the average daily DON concentration data differed between the exclusion
and rhizosphere sampling zones by 57% in the rye mulch treatment sample and by 21% in the control
sample. At site 2, the differences between the sampling zones were 63% in the rye mulch treatment
sample and 11% in the control sample. At site 1, the average daily MinN concentration data differed
between the exclusion and rhizosphere sampling zones by 51% and 23% for the rye mulch and control
treatment, respectively. At site 2, the differences between sampling zones were 43% and −40% for the
rye and control treatment, respectively (Figure 2). However, these differences were only found to be
significant in the rye mulch treatment sample at both sites (Table 2).
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Figure 2. Average daily N concentration during lettuce growth as a function of the sampling zone and
the soil cover treatment at site 1 (high rye yield cover) and site 2 (low rye yield cover). Note that for
simplicity, only the statistical differences between sampling zones for each of the N pools are illustrated
in Figure 2. Stars indicate a significant difference at p < 0.05 between rhizosphere and exclusion
sampling zones based on Tukey’s post-hoc test.

b. Phosphorus

The effect of rye mulch treatment and sampling zone was less important for total dissolved
phosphorus (TDP) in the soil solution (Figure 3). At site 1, the cumulative TDP data in the rhizosphere
and exclusion zones were very similar and followed the same pattern, with a slow and regular increase
over the lettuce growth period. The difference between the rye mulch treatment and the control
treatment was important, as soil solution phosphorus in the control treatment sample was almost
double that in the rye mulch treatment sample throughout the growth period (Figure 3: site 1). At site 2,
there was a notable difference between sampling zones for both soil covers. In the control treatment
(Figure 3: control, site 2), TDP was higher in the rhizosphere soil solution than in the exclusion soil
solution, with the difference varying between 21 and 80%. In the rye cover crop treatment sample,
the opposite was observed, although the difference was smaller, varying between 4 and 24% (Figure 3,
site 2).

These observations were confirmed by the average daily TDP concentrations measured in the soil
solution (Figure 4) and the statistical analysis (Table 2). The effect of the cover crop treatment was
found to be significant at both sites (Table 2). At site 1, soil solution TDP in the rye mulch treatment
sample was much lower than in the control treatment sample, with a difference of 76% in the exclusion
sampling zone and 73% in the rhizosphere sampling zone.

At site 2, the average soil solution TDP in the rye mulch treatment sample was also lower than in
the control treatment sample, but the effect was much weaker, with an 11% difference in the exclusion
zone and a 28% difference in the rhizosphere sampling zone. In addition, at site 2, the effect of the
soil sampling zone was significant in the control treatment sample (Table 2, Figure 4: control, site 2),
where soil solution TDP was 31% higher in the exclusion sampling zone than in the rhizosphere zone.
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Figure 4. Average daily TDP concentrations during lettuce growth as a function of the sampling zone
and the soil cover treatment at site 1 (high rye yield cover) and site 2 (low rye yield cover). Note that for
simplicity, only the statistical differences between sampling zones for each of the N pools are illustrated
in Figure 2. Stars indicate a significant difference at p < 0.05 between rhizosphere and exclusion
sampling zones based on Tukey’s post-hoc test.

3.3. Soil Nutrients and Carbon Status at the End of the Lettuce Growth Cycle

At the end of the lettuce growth period, significant differences between the rye mulch treatment
sample and the control sample were found for mineral N (site 2), SON (both sites), total N (both sites),
active C (site 1), total C (site 2), and the soil C/N ratio (both sites) (Table 3).
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Table 3. Soil nutrients and carbon status at the end of the lettuce growth cycle.

Mehlich-III P (mg kg−1) Mineral N (mg kg−1) Soluble organic N (mg kg−1) Total N (%) Active C (mg kg−1) Total C (%) Soil C/N

Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2

Soil cover

Rye 83.2 82.7 46.9 48.0 a 95.3 b 111.4 a 2.0 b 2.09 b 9247.9 b 9209.7 48.3 45.1 a 23.8 a 21.0 a

Control 66.5 70.1 51.8 75.5 b 80.2 a 120.1 b 1.8 a 2.15 a 7260.6 a 9435.0 46.1 46.5 b 26.1 b 22.3 b

Depth

0–20 118.7 c 112.3 c 70.4 b 86.8 b 92.2 b 129.8 b 1.9 2.1 10,134.6 b 10,537.8 46.1 44.3 a 25.1 20.8 a

20–40 76.7 b 92.0 b 46.4 a 53.8 a 88.5 a 124.5 b 1.9 2.1 7913.3 a 8655.6 46.9 44.5 a 24.6 20.9 a

40–60 29.2 a 24.9 a 31.3 a 44.7 a 82.5 a 93.1 a 1.9 2.1 6714.9 a 8773.6 48.6 48.6 b 25.2 23.3 b

Soil cover X depth interaction

Rye

0–20 136.8 121.0 68.5 50.0 a 96.9 c 121.0 2.0 2.1 11,926.0 c 10,573.0 46.5 43.2 22.9 a 20.1

20–40 91.2 106.9 46.3 52.9 a 100.1 c 124.0 2.1 2.2 8760.3 b 8309.5 48.2 43.5 22.6 a 20.2

40–60 21.8 20.3 25.9 41.0 a 88.8 bc 89.3 2.0 2.1 7057.5 ab 8746.5 50.4 48.7 25.8 b 22.8

Control

0–20 100.7 103.6 72.3 123.5 b 87.6 ab 138.5 1.7 2.1 8343.3 ab 10,502.5 45.7 45.5 27.2 b 21.5

20–40 62.3 77.2 46.5 54.6 a 76.9 a 125.0 1.7 2.1 7066.3 ab 9001.8 45.6 45.5 26.5 b 21.7

40–60 36.7 29.4 36.7 48.4 a 76.2 a 96.9 1.9 2.1 6372.3 a 8800.8 46.8 48.5 24.6 a 23.7

Statistical significance

Soil cover NS NS NS *** *** * ** ** *** NS NS ** *** ***

Depth *** *** ** *** ** *** NS NS *** NS NS *** NS ***

Soil cover X depth NS NS NS *** * NS NS NS * NS NS NS *** NS

SE (18 df; n = 24) 6.2 4.5 3.8 1.9 1.1 2.0 0.04 0.01 219.8 349.0 1.0 0.23 0.16 0.16

Means in the same column for an individual main effect or interaction followed by a different letter are significantly different based on Tukey’s post-hoc test. Three stars *** indicate
a significant difference at p < 0.001, two stars ** indicate a significant difference at p < 0.01, and one star * indicates a significant difference at p < 0.05; NS, not significant, df, degree
of freedom.
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At site 1, SON, total N, and active C were significantly higher under the rye mulch treatment than
under the control treatment. At site 2, mineral N, SON, total N, total C, and the soil C/N ratio were
significantly lower under the rye mulch treatment (Table 3).

As expected, most of the soil parameters measured decreased with depth, with a significant
difference found for Mehlich-III P, mineral N, SON, and active C (site 1) (Table 3). The opposite was
observed for total C (site 2) and the soil C/N ratio (site 2), both of which increased with depth (Table 3).

Significant interactions were found between soil cover and depth for mineral N (site 2), SON (site 1),
active C (site 1), and the soil C/N ratio (site 1) (Table 3).

4. Discussion

The presence of rye mulch and its decomposing roots diminished the available N pools in the
soil solution at both experimental sites. This finding is consistent with those of other studies where C
inputs from rye mulch were found to immobilize the available N [32,33]. Although winter rye can
produce high yields making it an advantageous choice as a mulch cover [34], its dense and deep root
system contributes significantly to the immobilization phenomenon [35,36]. In the present experiment,
at site 1 (high rye yield cover), the lettuce yield under the rye mulch treatment was significantly lower
than in the control treatment sample, and the available N (MinN + DON) was reduced by 78% (average
for both N pools and sampling zones). At site 2, where the rye yield was low, the mulch treatment
did not affect lettuce yield, but nonetheless reduced the available N by 58% (average for both N pools
and sampling zones). Thus, the lower lettuce yield obtained at site 1 is at least partly due to greater N
immobilization at this site. However, in view of the high fertility of histosols [37], it is likely that the
reduction in the available N was not the only reason for the reduced lettuce yield at site 1 (high rye
yield). The results suggest that in histosols, N pool dynamics, i.e., the rate of mineralization, uptake,
and replenishment of the soil solution, might be sufficient to meet the growth requirements of a lettuce
crop under rye mulch without increasing the fertilization rates normally used by growers. The reduced
lettuce yield in the high-yield rye mulch treatment sample at site 1 might therefore have been the result
of other factors, such as the allelopathic effect of rye mulch [17] and technical difficulties linked to the
planting method and implantation of younger lettuce plants (5 days old) at this site as compared to
site 2, where lettuce plants were transplanted at 15 days growth. The younger lettuce plants were very
often found not inserted into the soil, but only sunk into the rye mulch as can be seen in Figure 5.
Poor contact between the transplant and the soil could probably slow down the development of the
lettuce plant.

The sampling zone strongly influenced the availability of N pools in the rye mulch treatment
samples. It was expected that the measurable N pool concentrations in the soil solution would be
lower in the rhizosphere due to the plant’s N uptake. It was initially expected that the MinN pool in
the rhizosphere would be lower than the DON pool, as lettuce root uptake of the mineral form of N is
generally higher. However, both mineral N and DON were found to be lower in the rhizosphere in the
rye mulch treatment sample and their concentrations in the soil solution at site 1 were similar (average
daily concentration of 15 mg L−1 for both MinN and DON). At site 2, MinN was found to be higher
than DON (39 and 28 mg L−1, respectively; data from Figure 2). In the rhizosphere, the N concentration
in the soil solution is controlled mainly by root uptake and the exudation and replenishment rate of
the nutrient [38]. It is increasingly recognized that roots can take up and assimilate N in the organic
form, especially when nitrogen is scarce [39–42]. The high DON pools in these histosols (mostly higher
or equal to the MinN pool) suggest that lettuce roots could use this uptake pathway preferentially
when the MinN pool becomes more limited under rye mulch, or that the replenishment rates of MinN
and DON are high enough even under a rye mulch to meet the needs of a lettuce crop.
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Figure 5. Lettuce planted on rye mulch at site 1. The picture on the left shows an example of a good
transplant where the lettuce and the soil are in good contact. The picture on the right shows an example
of a poor soil–transplant contact and a more difficult implantation.

In this study, soil solution phosphorus was only influenced by the rye mulch at site 1, where the
TDP concentration in the soil solution in the mulch treatment sample was found to be half that found
in the control treatment sample over the course of the lettuce growth period. In contrast, Mehlich-III P
extracted at the end of the lettuce growth cycle showed a tendency toward higher available P under
rye mulch. Thus, the phosphorus immobilized during lettuce growth at site 1 may have been been
released back into the soil as the lettuce and rye roots and mulch decomposed. Although few studies
have examined P dynamics under rye mulch, some have observed that the presence of rye increased
the soil phosphorus content [43], although the extracted P pool was not the same as in the present
study. In addition, a study on the use of wheat and rice straw as soil amendments also found evidence
of P immobilization [44].

At the end of the lettuce growth cycle, soil C and N levels differed between sites 1 and 2. At site 1
(high rye yield cover), both active C and soluble organic N contents were higher in the rye mulch
treatment sample than in the control treatment sample at all depths. At site 2 (low-yield rye cover),
however, active C and SON contents in the rye mulch treatment sample were lower than or similar
to those in the control treatment sample. The higher rye yield at site 1 probably corresponded to a
greater root biomass. Hence, the rye crop could have contributed significantly to the C pools through
its biomass (straw and roots) and through the rhizodeposition process [45], thereby increasing both
total and active C and SON pools.

5. Conclusions

Rye mulch can be used to protect cultivated histosols against soil erosion and provide a substantial
source of carbon to compensate for the annual carbon losses that occur in these soils. The highly
fertile histosols could benefit from this conservation practice and nitrogen availability does not seem
to be the most important limiting factor for the growth of a crop such as lettuce. If implantation
difficulties can be overcome, for example, by using older transplants and by using a planting method
which allows better contact between the young transplant and the soil, this practice may well be a
highly recommendable conservation approach for these valuable soils. This one-year field study was
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exploratory, to initiate the discussion on potential conservation practices for sustainable vegetable
crop production on histosols. Future works are needed which would include consecutive years of
study at multiple sites to be able to confirm and generalize the observations found in the present work.
In addition, future works should focus on the long-term impacts of rye mulch on nutrient cycling, soil
health, and C sequestration and could be used to investigate nitrogen uptake pathways under this
conservation practice.
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