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Abstract: The goal of the European Nitrate Directive 91/676/CEE is to mitigate or prevent water
pollution associated with the nitrogen (N) cascade. Vegetable crops have a high risk of nitrate leaching
during autumn and winter. Information about the fate of N from artichoke (Cynara cardunculus L.
var. scolymus (L.)) residues is reviewed and then supplemented with a three-year study with 15N-
labelled residues in an artichoke-cauliflower (Brassica oleracea L. cv. botrytis) rotation in six lysimeters.
After three years, 6% of N in artichoke residues was leached, 8% was exported by crops, while 86%
remained in the lysimeter. Summed over the rotation, 16% of artichoke-residue N was absorbed
by artichoke and 14% by cauliflower. Total aboveground N uptake by all crops during the entire
rotation ranged from 370 to 534 kg N ha−1, of which 207–311 kg N ha−1 returned to the soil as
residues. Increasing N-recycling efficiency and reducing the risk of N leaching while conserving crop
productivity requires capturing N mineralized from soil organic N. Cauliflower performs this capture
effectively during the drainage period. A break crop should be introduced after the first and second
harvests of artichoke to further synchronize N mineralization and uptake and reduce leaching risk
during the rotation.
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1. Introduction

Nitrogen (N) fertilizers have increased the yield and quality of vegetable crops and
thereby stimulated their genetic progress. In many agricultural areas of the world, however,
increased nitrate loading of surface waters and groundwater has contaminated drinking wa-
ter resources and caused eutrophication of freshwaters and coastal marine ecosystems [1,2].
Northern coasts of Brittany, France, regularly experience green algae blooms due to high
nitrate concentrations in soil and groundwater that make their way to the ocean in surface
water. High soil nitrate concentrations come from high fertilization or mineralization of
soil organic matter (SOM), which releases N that at times is out of sync with crop needs.
Vegetable production areas in this region traditionally practice intensive rotations that
include artichokes, cauliflower, cabbage, potatoes, onions and shallots. Vegetable cropping
systems have short-term production cycles and long-term rotations. Vegetable crops re-
quire (1) high N availability to achieve the product quality required by market demand
and (2) frequent tillage, which increases SOM mineralization, leading to a high risk of N
leaching during rainy periods.

Increasing N-use efficiency in vegetable cropping systems is crucial to maintain farm
productivity and revenue, keep food production close to populations and decrease envi-
ronmental impacts. The target of such improvement is better synchronization between soil
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mineralization and vegetable N uptake [3,4]. One mechanism for action is complementarity
between crops. Choosing which break crop to grow during drainage periods requires
crop-specific knowledge about dynamics of N availability from crop residues and soils as a
function of time and climate.

Nearly 85% of the world’s globe artichokes (Cynara cardunculus L. var. scolymus (L.))
are produced in Europe [5–7]. They are cultivated on more than 9500 ha [8], which is
approximately 75% of the total world area [9]. France ranks fourth in European pro-
duction, producing 42,465 t of artichokes on 7721 ha in 2013 [10]; 90% of the French
artichoke area is located in Brittany. The part of the plant marketed is the immature
composite inflorescence (head or capitulum), with edible fleshy leaves (bracts) and recepta-
cle [5,11]. Artichoke heads are harvested along with the floral stem and include 2–3 leaves
at the marketing stage, regardless of size [12]. Most of the plant returns to the soil as
chopped residues.

Artichoke is perceived as a healthy, nutritious vegetable [13]. It is rich in inulin, fiber,
minerals and, in particular, polyphenols [14]; is a source of biophenols; and its leaf ex-
tracts have been widely used in herbal medicine as hepatoprotectors and choleretics since
ancient times [11,15]. Artichoke extracts have been shown to produce various pharmaco-
logical effects, such as inhibition of cholesterol biosynthesis and low-density lipoprotein
oxidation [16].

The artichoke is an herbaceous perennial plant with an annual growth cycle [17,18]
and a deep root system. In Brittany, artichokes are produced for only 3–4 years in a row
because production decreases significantly after three years. The artichoke crop is often
rotated with cauliflower (Brassica oleracea L. cv. botrytis), which has residues particularly
high in N [4].

The artichoke cycle lasts seven months during the first year and 11–12 months during
the second and third years. Artichoke develops during winter and spring and is ready for
harvest in summer, when it is still growing rapidly [11,19,20]. During autumn and winter,
the plant remains in the vegetative growth stage (i.e., a rosette without a head). Therefore,
increasing N-use efficiency requires specific knowledge to analyze separately the fate of
N from residues of each successive artichoke crop. Artichokes can achieve high annual
yields [11,21] and take up large amounts of N (e.g., 400 kg N ha−1) [22]. The artichoke’s deep
and efficient root system takes advantage of soil N at depth, decreasing N leaching and soil
and groundwater pollution [23]. After each artichoke harvest, farmers cut aboveground
biomass because of its sensitivity to frost and to allow new stems to grow in spring.
They leave the soil with only stumps during autumn and part of the winter. Therefore,
most artichoke biomass and N absorbed by plants return to the soil as residues. Total
N in artichoke residues ranges from 1.43 to 3.07 g kg−1, depending on the amount of N
fertilizer applied [24]. Excessive N fertilization leads to N accumulation in plants [25],
which increases biomass without increasing the yield [26]. It also increases mineralization
of organic N and carbon (C) [26]. Through mineralization, vegetable residues can release
20–80% of the N a few weeks after their incorporation into the soil [27,28]. In crop rotations,
this represents a potential source of available N for the following crop [4,29] but also a
potential risk of nitrate leaching, especially when residue incorporation is followed by
bare soil during a drainage period [30,31]. This practice is unlike that for the cultivation
of Madeira cardoon (Cynara cardunculus var. ferocissima) for bioenergy, which keeps the
soil covered throughout most of the year, minimizing the risk of soil erosion [32] and
leaching during the drainage period (autumn and winter). To reduce residue N leaching
into groundwater, it is important to consider this mineralized N when applying fertilizers.
In agricultural systems, past applications of mineral fertilizers and N from crop residues,
as well as the N-retention capacity of the soil, must be considered to reduce emissions of
nitrate from agriculture to aquatic systems [2,33].

N from crop residues that becomes available to a subsequent crop has been estimated
by labeling plants with 15N [34–37]. Monitoring 15N over several years in multiple soil and
plant pools helps quantify N availability, recycling and losses in response to application



Nitrogen 2021, 2 43

of fresh plant material [38]. Several studies have been performed to trace N dynamics in
natural ecosystems and agricultural systems [39,40], but few of them occurred in vegetable-
cropping systems. Information on recovery of 15N in residues by crops beyond the first
year of application remains scarce, since most studies measure only recovery of residue
N by the first crop following application [33]. Few studies have investigated the turnover
and availability of N applied as plant residues using l5N at the rotation scale [4,41].

The aim of this study was to review the fate of N from artichoke residues and to sup-
plement existing knowledge by monitoring the fate of incorporated 15N-labeled artichoke
residues in a lysimeter experiment in an artichoke–cauliflower crop rotation. Since the pro-
duction cycle of artichoke has three successive annual harvests, the protocol was adapted
to separate the fate of N from each harvest’s residues.

2. Materials and Methods
2.1. Lysimeter Site History and Experimental Conditions

The experiment was conducted from 1998 to 2004 at the Committee of Technical and
Economic Action experimental station (48.65◦ N, 3.98◦ W) in Brittany, France, in six lysime-
ters (2.5 m in diameter at a depth of 2 m). Lysimeter soil was derived from an aeolien loam
(Epianthric Luvisol) [42] with 15% clay, 60% silt and 25% sand; a mean pH of 6.87 (range
6.79–7.01); a mean organic matter content of 2.66% (range 2.55–2.71%) and a mean organic
N content of 0.14% (range 0.13–0.15% corresponding to 5300–6200 kg N ha−1). The lysime-
ters were cultivated with cauliflower/artichoke rotations for 6 years (1992–1998) prior to
the experiment. The variety of artichoke used was “Camus de Bretagne, clone no. 46”,
which represents 80% of artichoke production in France. For cauliflower, the “Jaouen
hybride F1” was used, which is representative of January and February production.

2.2. Experimental Design

We followed three artichoke cycles (ART1, ART2 and ART3) and mineralization of their
15N-labeled residues (RART1, RART2 and RART3, respectively) (Figure 1). The N contribution
of residues of each artichoke cycle was estimated for the artichoke–cauliflower rotation
(ART1-ART2-ART3-cauliflower) for each residue (i.e., RART1, RART2 and RART3) and then
summed to estimate total artichoke contribution to the rotation.
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and RART3) in ART–cauliflower (CF) rotations.

Lysimeters receiving the same artichoke residues (L1-L2 for RART1, L3-L4 for RART2
and L5-L6 for RART3) were established with a one-year time lag. This approach aimed to
minimize weather risks and to avoid losing an artichoke cycle in the artichoke–cauliflower
rotation. This allowed us to follow at least one of the two lysimeters each year, in case
one of them had a problem. The experimental design did not include replicates of each
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treatment because only six lysimeters were available, but it was repeated in time, with the
one-year time lag between treatments, for a total of six years. Consequently, differences
in annual weather were part of the variability in results. Differences observed between
artichoke cycles or between artichoke and cauliflower due to differences in the weather,
as well as average results based on the six lysimeters observed during the six years, can be
considered representative of current practices in the region.

2.3. Production, Analysis and Incorporation of 15N-Labeled Artichoke Plants

Artichoke plants labeled with 15N were planted (10,000 plants ha−1) in a field near the
lysimeters on 29 April 1998 for lysimeters L1/L3/L5 and on 30 April 1999 for lysimeters
L2/L4/L6. Thirteen applications of 15N in a solution of ammonium nitrate enriched with
10 atom% excess were performed over the three years of artichoke cycles. Applications of
15N were followed by soil tillage at a depth of 10 cm to decrease volatilization losses.

Artichoke plants were harvested on different dates (Figure 1), and plant biomass
was sampled separately as stems and leaves (Table 1). Plant parts were dried at 60 ◦C
to measure dry matter (DM) content, and a subsample was finely ground for chemical
analyses. Total C and N contents and 15N atom% excess were analyzed by total combustion
with an elementary analyzer (C. E. 1500 NA, Carlo Erba, Milan, Italy) interfaced with an
isotope ratio mass spectrometer (Optima, Micromass, Cheshire, UK).

Table 1. C/N ratio, 15N concentration and amounts of dry matter (DM) and N of 15N-labeled artichoke
leaves and stems incorporated into lysimeter soil.

Lysimeter Labeled
Residues

Artichoke
Part

N
(% DM)

C/N
Ratio

15N
(δ%

Excess)

DM
(g m−2)

N
(kg N
ha−1)

L1 RART1 leaves 2.29 19.9 1.95 315 72
stems 0.71 71.0 1.72 341 24

L2 RART1 leaves 2.13 20.5 2.34 292 62
stems 0.67 57.7 2.11 377 25

L3 RART2 leaves 1.77 23.3 1.19 266 47
stems 0.48 80.6 0.98 197 9

L4 RART2 leaves 1.89 20.0 1.95 197 37
stems 0.59 70.2 1.73 150 9

L5 RART3 leaves 1.75 - 2.02 272 48
stems 0.44 - 1.82 209 9

L6 RART3 leaves 1.74 23.9 2.62 310 54
stems 0.55 77.6 2.54 269 15

One day after harvesting 15N-labeled artichoke plants, all aboveground biomass of
non-labeled artichoke plants grown on the lysimeters was removed and replaced by the
same amount of mixed stems and leaves of the 15N-labeled artichoke residues, which then
was incorporated into the upper 10 cm of the soil in each lysimeter (Table 1) according to
current farm practices.

2.4. Crop Rotations and Practices on Lysimeters

Artichoke–cauliflower crop rotations continued on the lysimeters over the next three
years (Figure 1). To ensure representative yields and biomass production and to improve
estimates of N bioavailability in artichoke residues and leaching losses during the exper-
iment, moderate fertilization was applied: ART1, ART2, and ART3 were fertilized with
ammonium nitrate (105 kg N ha−1) on two dates in November (30 kg N ha−1) and March
(75 kg N ha−1). No N fertilizer was applied to the cauliflower crop, except on lysimeters
L5 and L6 (90 kg N ha−1) to ensure sufficient N availability, because all ART3 residues
(aboveground and stump) were exported. No phosphorus fertilization was required due
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to its already high concentration in the soil. At each crop harvest, all aboveground plant
parts were removed and separated into leaf, stem and head portions. For ART3 (and
ART1 or ART2 at the end of the experiment), stumps were also removed. “Crop residues”
correspond only to “aboveground residues” after the first and second cycles. After the third
cycle, the stump is removed and then considered part of “crop residues” as well. Biomass
was then subsampled for DM and chemical analyses, as described above. Once subsam-
pled, crop residues were immediately returned to the lysimeters and incorporated into
the soil.

2.5. Weather

Meteorological data were obtained at the experimental station. The study site has a
temperate humid oceanic climate. During the 1998–2004 study period, mean monthly air
temperature ranged from 6.2 to 18 ◦C, and mean monthly precipitation ranged from 10.4
to 220.8 mm. Mean annual air temperature during this period was 11.7 ◦C. Cumulative
autumn and winter precipitation varied from 693 to 1088 mm. During the study period,
cumulative precipitation for cauliflower on lysimeters L2/L4/L6 (July 2001–February 2002)
was 414 mm less than that on lysimeters L1/L3/L5 (July 2000–February 2001). Precipitation
differences were also observed for ART2 and ART3 (July 1999–June 2000). They were less
than 130 mm between L1 and L2 (ART2) but ranged from 252 to 444 mm when L1 or
L2 were compared to L5 or L6 for ART3. Drainage water collected from the lysimeters
for each crop during the experiment varied from 78 to 801 mm. A portion of cropping
cycles for ART2, ART3 and cauliflower had a common drainage period (October to March-
April). ART1 growth occurred entirely outside of this period. From 1998 to 2004, mean soil
temperature at a depth of 10 cm was 13 ◦C, which was similar to the mean air temperature
(12 ◦C).

2.6. Water Sampling and Analytical Procedures

Drainage water was collected in tanks, sampled twice per month and stored at 4 ◦C.
Ammonium and nitrate contents were analyzed by continuous flow colorimetry (Technicon
Auto-Analyser II, Seal Analytical, Mequon, WI, USA). Since ammonium concentration in
the water was low, the isotopic composition of the ammonium pool was not determined.
Isotopic composition of nitrate N was measured after concentration by evaporation and the
reduction of nitrate to ammonium with the reducing Devarda’s alloy in an alkaline medium.
The 15N enrichment of nitrate was determined after diffusion [43], as modified by [44],
and subsequent analysis was performed with an elementary analyzer (C. E. 1500 NA,
Carlo Erba, Milan, Italy) interfaced with an isotope ratio mass spectrometer (Optima,
Micromass, Cheshire, UK).

2.7. Calculations of 15N Recovery and Leaching in Plants and Water

The fate of 15N-labeled cauliflower residues was calculated from the amount of 15N
recovered in aboveground plant biomass, the topsoil layer and drainage water. A correction
factor of 0.0025 atom% was applied to the values of atom% excess of all samples to
account for the natural abundance of 15N in soils, which is slightly higher than that of the
air [4,45,46]. The percentage of N from the 15N-labeled artichoke residues recovered in
each compartment (i.e., aboveground plant biomass, topsoil layer, drainage water) was
calculated as

(
Nrecovery%

)
compartment =

Ncompartment ×
[
(atom% excess)compartment − 0.0025

]
Nart.residue × [(atom% excess)art.residue − 0.0025]

× 100 (1)

where

• NX is the amount of N measured in compartment X (kg N ha−1 for a given period;
e.g., harvest, water drainage);
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• (atom% excess)X is the percentage of 15N in compartment X above the natural abun-
dance in the atmosphere (reference material considered to have 0.3663 atom% of 15N
atoms out of the total number of N atoms in the sample).

Residual 15N in the soil was calculated as the 15N applied in artichoke residues minus
that lost through plant exportation and leaching, assuming that gaseous losses of 15N
(e.g., denitrification of artichoke-residue N) were negligible:(

Nrecovery%
)

soil = 100 −
(

Nrecovery%
)

plant −
(

Nrecovery%
)

leaching −
(

15N art.residue%
)

gaseous losses
(2)

We assumed that denitrification of artichoke-residue N was negligible based on results
of a similar 15N experiment [4]. The protocol of the current experiment was designed to
minimize denitrification losses. A well-aerated soil that minimized anaerobic conditions
was used, as usually practiced in such vegetable cropping systems. The artichoke residues
were finely chopped and mixed with the 10 cm of topsoil to enhance nitrogen absorption by
soil organisms. The limited and fractionated mineral fertilization was expected to minimize
periods of excess soil nitrogen.

Residual 15N in the soil was initially deduced from soil samples, nitrogen content
and 15N analysis. The measurements of total nitrogen content in the soil were considered
insufficiently reliable to close the nitrogen balance of the lysimeters, perhaps due to ex-
cessive soil heterogeneity. Therefore, we chose to deduce soil nitrogen content from plant
and water 15N analysis, since we considered that soil 15N deduced from other observations
(i.e., plants, water) was more robust than that calculated from soil observations during the
experiment.

Exhaustive information from the experiment (i.e., raw data and calculation procedures)
is openly available (see below, “Data Availability Statement”).

3. Results
3.1. Crop Production and Biomass

Due to the experimental design, the main features of crop production were observed on
each lysimeter but not during the same year or with the same amount of artichoke residues.
The lack of replicates prevented analysis of differences in these features. Large standard
deviations (SD) in the results illustrated the high variability possible in commercial arti-
choke production due to interactions among agricultural practices (e.g., dates of planting,
fertilization, treatments), climate and cropping conditions. Thus, we used mean values to
analyze the fate of nitrogen from artichoke residues and values from individual lysimeters
(Table 2) to assess ranges of values.
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Table 2. Artichoke (ART) and cauliflower (CF) total fresh-matter (FM) in biomass (belowground + aboveground) and yield (heads), along with dry matter (DM) amounts and percentages
returned to the soil as residues.

Lysimeter Planting Date Harvest Date Residues
Provided

Crop
Rotation

Total FM
(t ha−1)

Yield FM
(t ha−1)

Aboveground
Total DM (t ha−1)

Stump DM
(t ha−1)

Crop Residue
DM (t ha−1)

Aboveground
Residues in

Total DM (%)

L1 September 1998 July 1999 RART1 ART2 26.3 9.3 4.9 - 3.1 62.5
July 1999 June 2000 ART3 13.6 4.2 2.2 3.9 * 1.6 72.8
July 2000 February 2001 CF 74.8 24.6 5.9 - 3.8 64.5

March 2001 September 2001 ART1 44.9 11.2 9.1 6.8 7.2 78.6

L2 October 1999 July 2000 RART1 ART2 24.4 8.8 4.4 - 2.8 63.8
July 2000 June 2001 ART3 16.2 9.2 4.4 5.3 * 1.9 43.5
July 2001 February 2002 CF 67.2 25.1 7.2 - 4.6 63.9

March 2002 September 2002 ART1 38.7 12.4 8.8 6.1 5.9 67.3

L3 July 1999 June 2000 RART2 ART3 12.1 5.0 2.5 4.4 * 1.5 61.3
July 2000 February 2001 CF 76.1 24.4 6.2 - 4.2 67.1

March 2001 September 2001 ART1 42.1 14.9 9.6 - 6.8 70.9
September 2001 July 2002 ART2 49.6 12.2 10.0 9.2 7.8 78.3

L4 July 2000 June 2001 RART2 ART3 15.3 7.4 3.9 6.5 * 2.3 58.0
July 2001 February 2002 CF 54.1 21.0 6.0 - 3.9 63.9

March 2002 September 2002 ART1 33.1 11.5 8.2 - 6.0 73.7
September 2002 July 2003 ART2 30.5 10.0 7.5 9.6 5.3 70.7

L5 July 2000 February 2001 RART3 CF 73.3 26.7 5.6 - 3.4 60.7
March 2001 September 2001 ART1 42.2 13.1 8.7 - 6.4 73.6

September 2001 July 2002 ART2 52.8 14.8 10.3 - 7.8 75.2
July 2002 July 2003 ART3 29.3 14.2 6.7 7.7 * 4.0 59.1

L6 July 2001 February 2002 RART3 CF 72.3 26.7 7.7 - 5.0 64.7
March 2002 September 2002 ART1 31.5 10.9 7.1 - 5.2 73.3

September 2002 July 2003 ART2 28.3 9.8 6.1 - 4.1 68.4
July 2003 July 2004 ART3 26.5 11.5 7.4 5.8 * 3.3 44.7

* 100% of stump DM (ART3) returned to soil. “-” indicates periods without sampling; underlined values represent contributions of artichoke stumps from ART3 at the end of the artichoke cycle; values not
underlined correspond to the end of the experiment but not the end of the cycle.
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ART1 fresh matter (FM) yield (mean ± 1 SD = 12.3 ± 1.5 t ha−1) (Table 2) and mean
aboveground total DM (8.6 ± 1.5 t ha−1) were influenced slightly by year. More than 70%
of aboveground DM (6.3 ± 1.1 t ha−1) was returned to the soil. ART2 mean FM yield on
lysimeters L2/L4/L6 was 2.5 t ha−1 less than that on L1/L3/L5, which had a mean FM
yield of 10.8 ± 2.3 t ha−1. ART2 total aboveground DM was 7.2 ± 2.6 t ha−1, and 70%
of it was returned to the soil as residues. ART3 FM yield was 8.6 ± 3.8 t ha−1, and the
mean difference between yields on lysimeters L2/L4/L6 and L1/L3/L5 was 1.6 t ha−1.
Total aboveground DM for ART3 was 4.5 ± 2.3 t ha−1. It was higher on lysimeters
L2/L4/L6 than on L1/L3/L5. No difference was observed in total stump DM produced on
lysimeters L2/L4/L6 vs. L1/L3/L5. ART3 total DM of stumps was 5.6 ± 1.4 t ha−1 and
represented 57% of total DM (stump and aboveground). All ART3 stump biomass was
chopped and returned to the soil. Total DM returned to the soil as residues from ART3 was
8.0 ± 2.4 t ha−1 (2.4 t ha−1 from aboveground and 5.6 t ha−1 from stumps).

Cauliflower FM yield was 24.8 ± 2.1 t ha−1. Despite a one-year shift between lysime-
ters L1/L3/L5 (2000–2001) and L2/L4/L6 (2001–2002) (Table 2), only small differences in
cauliflower FM yield were observed between them. Cauliflower FM yield was influenced
little by year, even during the low-precipitation season of July 2001 to February 2002, except
for L4 (21.0 t ha−1, compared to the other lysimeters’ range of 24.4–26.7 t ha−1). Total DM
of cauliflower was 6.5 ± 0.8 t ha−1 and was not influenced by year, even on L4. Cauliflower
residues returned to the soil (4.1 ± 0.6 t ha−1) were similar among years and represented a
mean of 64% of total aboveground DM.

3.2. Nitrogen Uptake

Annual N uptake by artichoke total aboveground biomass was less than that by
cauliflower; it decreased from 103 ± 9 to 73 ± 30 kg N ha−1 from ART1 to ART3, respec-
tively (Table 3). ART3 stump uptake was 46 ± 12 kg N ha−1. N returned to the soil by
aboveground residues also decreased: 62 ± 8 to 34 ± 9 kg N ha−1 from ART1 to ART3,
respectively. The percentage of N in residues also decreased from 60% to 50% of total N
uptake by aboveground biomass from ART1 to ART3. The amount of N returned to the
soil during ART3 (aboveground and stump) was 80 ± 21 kg N ha−1.
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Table 3. Artichoke (belowground, i.e., stump, and aboveground) and cauliflower (aboveground) N uptake by plant biomass. N amounts in crop residues measured in subsequent crops;
the percentage of total N uptake returned to the soil; precipitation, water drainage and its mean nitrate (NO3) concentration measured under successive artichoke and cauliflower crops.

Lysimeter Planting Date Harvest Date Residues
Provided

Crop
Rotation

Aboveground
N Uptake

(kg N ha−1)

Belowground
N Uptake

(kg N ha−1)

N in
Aboveground

Residues
(kg N ha−1)

N in
Aboveground

Residues
(%)

Precipitation
(mm)

Water
Drainage

(mm)

Mean NO3
(mg L−1)

L1 September 1998 July 1999 RART1 ART2 72 - 44 61 1024 441 41.5
July 1999 June 2000 ART3 57 31.1 * 33 58 1060 520 87.2
July 2000 February 2001 CF 260 - 145 56 854 536 2.5

March 2001 September 2001 ART1 104 62.0 70 67 447 225 24.7

L2 October 1999 July 2000 RART1 ART2 60 - 34 56 899 469 57.6
July 2000 June 2001 ART3 68 48.8 * 27 40 1186 783 51.0
July 2001 February 2002 CF 185 - 100 54 440 79 0.8

March 2002 September 2002 ART1 121 55.3 73 60 405 150 13.3

L3 July 1999 June 2000 RART2 ART3 43 39.1 * 27 63 1060 468 98.8
July 2000 February 2001 CF 262 - 150 57 854 510 3.3

March 2001 September 2001 ART1 103 - 55 54 447 226 24.5
September 2001 July 2002 ART2 119 77.4 79 66 706 80 26.7

L4 July 2000 June 2001 RART2 ART3 51 43.8 * 28 54 1186 801 33.1
July 2001 February 2002 CF 140 - 72 51 440 86 3.3

March 2002 September 2002 ART1 94 - 57 60 405 159 12.4
September 2002 July 2003 ART2 85 43.6 51 60 760 295 38.6

L5 July 2000 February 2001 RART3 CF 189 - 89 47 854 551 1.5
March 2001 September 2001 ART1 98 - 54 55 447 226 18.8

September 2001 July 2002 ART2 108 - 64 60 706 105 22.3
July 2002 July 2003 ART3 102 47.1 * 49 48 808 316 33.5

L6 July 2001 February 2002 RART3 CF 222 - 120 54 440 78 1.2
March 2002 September 2002 ART1 100 - 66 66 405 146 22.9

September 2002 July 2003 ART2 94 - 61 64 760 298 102
July 2003 July 2004 ART3 118 67.4 * 41 35 742 260 62.2

* 100% of stump DM (ART3) returned to soil. “-” indicates periods without sampling; underlined values represent contributions of artichoke stumps from ART3 at the end of the artichoke cycle.
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N uptake by cauliflower was 237 ± 41 kg N ha−1 on lysimeters L1/L3/L5 and 183 ±
41 kg N ha−1 on L2/L4/L6 (Table 3). The greatest difference in N uptake (122 kg N ha−1)
was observed between L3 and L4, which also had the highest and lowest FM production,
respectively. Cauliflower residues contained 113 ± 31 kg N ha−1, representing 53% of N
uptake (Table 3). Cauliflower N uptake was influenced by growing conditions, but not the
N contained in its residues.

3.3. Uptake of 15N

The repeatability of 15N recovery in plant parts or leaching was considered acceptable
despite differences in weather between the two replicates (Tables 4 and 5). The percentage
of 15N labeled recovered aboveground (Table 4) decreased from ART1 to ART3 (3.04 ±
0.92% to 1.87 ± 0.45% of 15N from one harvest’s residue). 15N uptake by aboveground
biomass was the highest from the residues most recently applied (RART1: 3.4 ± 0.2% in
ART2; RART2: 2.2 ± 0.2% in ART3). ART1 15N uptake by aboveground biomass was the
highest from RART3 residues (3.9 ± 1.0%). It probably benefited from RART3

15N that had
been returned via cauliflower residues (Table 3). The 15N uptake by artichoke stumps was
considerable, representing a mean of 34–44% of all artichoke 15N uptake. Stump uptake
in ART3 slightly decreased from RART1 to RART3 (from 1.4 ± 0.7% to 1.1 ± 0.4% for RART1
in ART3 to RART3 in ART3, respectively), but it remained approximately 1% regardless of
the residue and the cycle (Table 4). The 15N of one harvest’s residues recovered by ART3
(aboveground and stump) remained lower (2.1–4.4%) than that recovered by cauliflower
aboveground biomass (3.9–9.6%).
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Table 4. Artichoke and cauliflower 15N (%) uptake by the parts of each crop, 15N amounts in crop residues, 15N lost by nitrate leaching and 15N exported by harvest measured in
subsequent crops.

Lysimeter Planting Date Harvest Date Residues
Provided

Crop
Rotation

Aboveground
15N Uptake

(%)

Stump
15N

Uptake
(%)

Aboveground
15N in Residues
Restored to Soil

(%)

15N
Leached (%)

15N Export
(%)

Balance
Deficit (%)

L1 September 1998 July 1999 RART1 ART2 3.20 - 1.91 0.53 1.29 98.2
July 1999 June 2000 ART3 1.50 0.94 1.00 3.66 0.50 94.0
July 2000 February 2001 CF 5.56 - 3.13 0.046 2.43 91.6

March 2001 September 2001 ART1 2.13 1.31 1.41 0.18 0.72 90.7

L2 October 1999 July 2000 RART1 ART2 3.63 - 2.06 0.68 1.57 97.7
July 2000 June 2001 ART3 2.43 1.93 1.00 5.87 1.42 90.5
July 2001 February 2002 CF 5.61 - 3.02 0.002 2.59 87.8

March 2002 September 2002 ART1 3.25 1.07 1.98 0.039 1.27 86.5

L3 July 1999 June 2000 RART2 ART3 1.99 1.01 1.27 3.99 0.71 95.3
July 2000 February 2001 CF 9.61 - 5.65 0.10 3.96 91.2

March 2001 September 2001 ART1 3.09 - 1.64 0.25 1.45 89.5
September 2001 July 2002 ART2 1.88 1.37 1.22 0.073 0.66 88.8

L4 July 2000 June 2001 RART2 ART3 2.32 1.77 1.72 3.24 0.61 96.2
July 2001 February 2002 CF 3.86 - 1.89 0.004 1.96 94.2

March 2002 September 2002 ART1 2.07 - 1.21 0.055 0.86 93.3
September 2002 July 2003 ART2 1.29 0.60 0.73 0.54 0.56 92.2

L5 July 2000 February 2001 RART3 CF 6.85 - 3.15 0.006 3.70 96.3
March 2001 September 2001 ART1 3.12 - 1.69 0.14 1.43 94.7

September 2001 July 2002 ART2 1.72 - 1.01 0.070 0.71 94.0
July 2002 July 2003 ART3 1.30 0.81 0.66 0.35 0.65 93.0

L6 July 2001 February 2002 RART3 CF 9.51 - 5.61 0.003 3.90 96.1
March 2002 September 2002 ART1 4.60 - 3.10 0.122 1.51 94.5

September 2002 July 2003 ART2 2.12 - 1.37 1.93 0.75 91.8
July 2003 July 2004 ART3 1.70 1.33 0.61 0.49 1.08 90.2

“-” indicates periods without sampling; underlined values represent contributions of artichoke stumps from ART3. “Balance deficit” indicates the amount of 15N estimated to remain in the lysimeter after harvest
(sum of soil, Equation (2), and aboveground residues).
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Table 5. Mean values (±1 standard deviation) of artichoke (ART) and cauliflower (CF) 15N (%) uptake, 15N lost by nitrate leaching and 15N exported by harvest measured from each
residue.

Lysimeter Residues
Provided Process Rotation Total 15N per Rotation (2) 15N Conserved (3)

L1-L2 RART1 ART2 ART3 CF ART1
15N uptake (1) 4.6% ±0.72% 3.4% ±1.35% 5.6% ±0.04% 3.9% ±0.62% 17.5% ±2.73%

88.6%
15N crop export 1.4% ±0.20% 1.0% ±0.65% 2.5% ±0.11% 1.0% ±0.39% 5.9% ±1.35%

15N leached 0.6% ±0.11% 4.8% ±1.56% 0.0% ±0.03% 0.1% ±0.10% 5.5% ±1.54%
Total 15N loss 2.0% ±0.31% 5.7% ±2.21% 2.5% ±0.10% 1.1% ±0.29% 11.4% ±2.91%

L3-L4 RART2 ART3 CF ART1 ART2
15N uptake (1) 3.5% ±0.77% 6.7% ±4.07% 3.8% ±1.13% 2.6% ±0.96% 16.6% ±5.39%

90.5%
15N crop export 0.7% ±0.07% 3.0% ±1.42% 1.2% ±0.42% 0.6% ±0.07% 5.4% ±1.98%

15N leached 3.6% ±0.53% 0.1% ±0.07% 0.2% ±0.14% 0.3% ±0.33% 4.1% ±0.41%
Total 15N loss 4.3% ±0.60% 3.0% ±1.48% 1.3% ±0.56% 0.9% ±0.26% 9.5% ±2.37%

L5-L6 RART3 CF ART1 ART2 ART3
15N uptake (1) 8.2% ±1.88% 5.1% ±1.46% 3.1% ±0.70% 2.6% ±0.65% 19.0% ±4.27%

91.6%
15N crop export 3.8% ±0.14% 1.5% ±0.05% 0.7% ±0.03% 0.9% ±0.31% 6.9% ±0.53%

15N leached 0.0% ±0.00% 0.1% ±0.01% 1.0% ±1.31% 0.4% ±0.10% 1.6% ±1.40%
Total 15N loss 3.8% ±0.15% 1.6% ±0.04% 1.7% ±1.35% 1.3% ±0.41% 8.4% ±1.93%

(1) 15N uptake: artichoke = aboveground + stump (observed or missing data replaced by mean of 1.22%); cauliflower = aboveground only, (2) Total 15N uptake: some of this total comes from 15N recycled by
residues and not directly from initial residues, (3) 15N conserved: balance deficit = 100%—15N exported in harvest or lost by leaching (volatilization was assumed to be negligible).
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More than 36–74% of 15N recovered by artichoke aboveground biomass returned to
the soil in the residues. A small percentage of 15N was exported by commercial parts: a
mean of 3.0% in cauliflower heads and similar percentages in artichoke heads (1.2 ± 0.3%
to 0.8 ± 0.4% from ART1 to ART3, respectively).

In all lysimeters, regardless of the position of cauliflower in the rotation and the nature
of residues applied (RART1, RART2 and RART3), recovered 15N in cauliflower was more
than double that in the artichoke crops. 15N recovered by cauliflower was 6.8 ± 2.3% of
15N artichoke residues applied to the soil (Table 4). L4 had the lowest N and 15N uptake.
Approximately half of the 15N-labeled residues taken up by cauliflower or artichoke
returned to the soil as residues.

3.4. Water Drainage and Nitrate Leaching

Water drainage differed among lysimeters during the rotation and for a given crop.
Water drainage ranged from 78 to 551 mm for the cauliflower cycle (August–February).
Mean drainage was six times as high on lysimeters L1/L3/L5 (532 mm in 2000–2001)
than on L2/L4/L6 (81 mm in 2001–2002). Precipitation in 2001–2002 was half of that in
2000–2001.

Water drainage differed among artichoke cycles, since ART1 occurred in spring,
and 5 months of the cycles of ART2 and ART3 occurred during the drainage period
(Table 3). Drainage was lower in ART1 (146–226 mm) than ART2 (80–469 mm) or ART3
(260–801 mm). Weather differences among lysimeters clearly influenced nitrate leach-
ing (Table 3). However, mean values showed that nitrate leaching was negligible with
cauliflower and that the risk was highest after ART2 harvest (Figure 2).
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Figure 2. Change in mean soil temperature (Tsoil 10 cm), precipitation, N fertilization, uptake and
leaching during the artichoke (ART)–cauliflower (CF) rotation.

Mean 15N from labeled artichoke residues leached in drained water was low for
cauliflower, ranging from 0.00 to 0.14%, and it reached 6.2% after the ART2 harvest
(Tables 4 and 5). The 15N in leached water was influenced by crop cycle and year. It in-
creased over the artichoke cycle from 0.1% to 3.0%. Mean 15N leaching from one artichoke
harvest’s residues was less than 0.1% in five cauliflower crop lysimeters regardless of the
position of cauliflower in the rotation, the weather and the nature of residues RART1, RART2
and RART3 (Table 4).

3.5. Recovery of N at the Rotation Scale

At the artichoke–cauliflower rotation scale (three years), mean total aboveground DM
was similar among lysimeters receiving the same artichoke residues. Cumulative total
DM (aboveground and ART3 stumps) of residues returned to the soil by both crops of the
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rotation ranged from 19.6 to 29.3 t ha−1 (Table 2). Mean N uptake by the entire artichoke–
cauliflower rotation on a given lysimeter ranged from 414 to 602 kg N ha−1. Additionally,
47–80% of annual N uptake returned to the soil in residues, which represented a total of
251–355 kg N ha−1. Cumulative N taken up by crops appeared less variable on lysimeters
L1/L2 and L5/L6 than on L3 and L4. Nevertheless, a difference of 152 kg N ha−1 was
observed between L3 and L4.

During the three-year artichoke–cauliflower rotation, total uptake of 15N artichoke
residues (from RART1, RART2, or RART3) in artichoke and cauliflower biomass was 18 ± 5%
(Table 5). When converted into kg N ha−1 and averaged over all lysimeters, total uptake
reached 30% of N from residues (Figure 3). Total N supplied by each harvest’s residues
after three years was 20, 11 and 15 kg N ha−1 for RART1, RART2 and RART3, respectively.
Total N supplied by all residues (46 kg N ha−1) represented 6% of total N taken up by crops
(747 kg N ha−1 during the rotation) and 9% of total N returned in residues. Cumulative
15N leaching losses represented 5.7%, 4.0% and 1.3% of the 15N applied as 15N residues
from RART1, RART2 and RART3, respectively (Table 4). Relatively little 15N in residues was
lost via leaching, while large amounts of it were conserved in the soil. Total cumulative
15N output through plant exportation was moderate, ranging from 5.4 to 6.9% of the RART1,
RART2 and RART3 applied. Residual 15N remaining in the soil during the rotation was more
than 85% of the 15N applied.
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Figure 3. Nitrogen taken from artichoke (ART) residues: (a) distribution of RART1, RART2 and RART3

in plant and leaching; and (b) cumulative nitrogen from ART residues in leaching, harvest and total
plant uptake of ART and cauliflower (CF) crops. RART1, RART2 and RART3 correspond to the artichoke
residues chopped and applied to the soil after the first, second and third harvests, respectively.
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4. Discussion
4.1. Yields and N Accumulation by Crops

The mean and SD of artichoke biomass among the three cycles, 6.5 ± 0.8 t DM ha−1,
were similar to those reported by [11], even though artichokes received less N fertilization
(105 kg N ha−1) in the present study. As already shown, N fertilization had no significant
effect on artichoke stem biomass [24,47,48]. Therefore, we assume that 15N results were
representative of the commercial conditions of artichoke production. ART1 had a shorter
cycle (March–September) than ART2 and ART3, but its aboveground biomass took up
more N than ART2 or ART3 (Table 3). Artichoke aboveground total DM and N uptake
decreased over the artichoke cycles, as previously observed by [13,22]. With more than 60%
of total aboveground artichoke biomass, leaves contain the highest N concentration [22],
and more than 50% of N uptake was returned to the soil as residues. Aboveground-residue
N returned to the soil from the three artichoke cycles decreased from ART1 to ART2 to
ART3 (62, 55 and 34 kg N ha−1, respectively), a trend observed by [22]. All N contained in
stumps in ART3 was returned; thus, ART3 returned more N to the soil (119 kg N ha−1 in
aboveground and stump biomass) than ART1 or ART2.

Cauliflower commercial yield exceeded 16 t FM ha−1 (mean French production, [10])
despite variability in weather and lack of mineral fertilization on lysimeters L1-L4. ART1
yield was also similar to the regional mean [10]. Despite the one-year lag time between
lysimeters receiving the same artichoke residues, cauliflower FM and total DM yields
were not influenced by year, except cauliflower on lysimeter L4: N uptake, FM and DM
decreased following less precipitation than that on L3 (Tables 2 and 3). Cauliflower N in the
residues returned to the soil was not influenced by year. Like for most vegetable crops [4],
results showed that most N in cauliflower leaves and stems returned to the soil as residues.

At the rotation scale (three years), artichoke and cauliflower residues represented an
important source of nutrients: 35–67% of N uptake in aboveground biomass returned to
the soil with residues (414–602 kg N ha−1). Chopped residues were returned to the soil
at different periods: in March for cauliflower and in October for ART1, ART2 and ART3.
We assume that the higher residue-use rate by cauliflower and ART1 (2–10% of residue N,
compared to 1–4% by ART2 or ART3) is explained by plant growth (artichoke ART1 at the
rosette stage). In ART2 and ART3, the fraction of N mineralized from artichoke residues
was more organized in SOM or leached than absorbed by roots because plant growth was
stopped after ART1 or ART2 harvest and aboveground biomass cutting.

4.2. Recovery of 15N from Residues by Crops

After three years, the artichoke–cauliflower rotation took up 30% of the N supplied by
residues of three artichoke cycles (Figure 3b). At the rotation scale, annual N derived from
residues (aboveground and ART3 stumps) RART1, RART2 and RART3 equaled 6–10 kg N ha−1

for artichoke and 22 kg N ha−1 for cauliflower (Figure 2). The corresponding recovery
percentages (4–6% and 14%, respectively) were within those of previous studies, showing
that crop N recovery from organic inputs, such as plant residues or manures, is often less
than 20% [49,50].

The present results confirm that variability in residue N taken up by subsequent crops
depends on crop ability to take up N [33,51,52]. N availability depends on factors such
as plant species, time after residue input and climate effects that influence both plant
absorption and mineralization of organic N from residues [38].

Cauliflower took up significantly more 15N-labeled artichoke residues, and in less
time (7 months), than any of the three artichoke cycles (11–12 months), even 2–3 years
after application, especially during the drainage period (Figure 2). As observed by [22],
N concentration (and thus N uptake) in each artichoke cycle was highest during vegetative
growth and decreased after harvest.

Recovery of 15N in artichoke residues after their application was influenced by the
position of a crop in the rotation. Cauliflower and artichoke aboveground 15N uptake
was higher for crops grown sooner after the application of labeled residues. The highest
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cauliflower 15N uptake occurred after RART3 residues, when cauliflower benefited from
aboveground residues and 15N of stumps applied to the soil. Similarly, the highest 15N
uptake by artichoke occurred immediately after applying 15N-labeled residues: the highest
15N uptake by ART1, ART2 and ART3 occurred from RART3, RART1 and RART2, respectively.

Artichoke residues degrade quickly [24], and N uptake from residues depends on
environmental factors such as temperature and soil moisture. At our study site, soil
temperatures were relatively warm, with mean temperatures above 7 ◦C throughout the
year (Figure 2), which probably ensured a minimal rate of soil mineralization regardless of
season [53]. Soil mineralization is higher during summer (July to mid-October). During
this period, ART1 was at mid-vegetative growth and could absorb the soil N, but ART2
and ART3 were at the end of their cycles and could not. This difference explains the loss of
N after harvest of ART2 and ART3.

4.3. Residual 15N Remaining in the Lysimeter after Harvest

After the first growing season, a mean of 97% of 15N-labeled residue remained in
the lysimeter, and 93% remained after each rotation. Previous studies [33,41,51] reported
that 75–89% of N applied as crop-residue 15N remained in the soil. Approximately 40% of
residue N was recovered in the soil after five growing seasons in other experiments [33].
The contribution of artichoke residues—2% of residue N supplied to the crop—was low,
which was similar to the 1% reported by [33] and has no practical significance when
making N fertilizer recommendations. More than 60% of the 15N taken up by artichoke
and cauliflower was returned to the soil as residues. After three years, 70% of 15N-labeled
residues remained in the lysimeter, and less than 20% of residue N had left the system
through harvest and leaching. Similar results have been observed for N in other crop
residues [51] and for fertilizer-derived N. Two years after application of labeled N, 60–76%
of labeled N remained in the soil [54,55]. Three decades after application, 12–15% of
fertilizer-derived N still resided in SOM [2]. Likewise, legume-residue 15N increased soil
biomass N by approximately 90% and microbial biomass N derived from crop-residue 15N
by approximately 70% [41].

Residues sustain SOM N content better than mineral N does; in a previous study,
short-term recovery of residue N (40%) was higher than that of fertilizer N (18%) after five
growing seasons [33], and long-term recoveries of 15N-labeled fertilizer or residues in crops
and soil were similar. The amount of N from residues remaining in the soil depends on
residue characteristics, such as the C/N ratio. Residues with a high C/N ratio have been
shown to immobilize soil N [56]. The break-even point between net N mineralization and
N immobilization occurs at C/N ratios of 20–40 [57–59]. Plant residues with C/N ratios
above this range can cause net immobilization of mineral N in the soil [60,61]. In our study,
C/N ratios ranged from 20 to 81 (Table 1), which can explain the distribution of 15N among
soil, plant uptake and leaching.

Several studies have shown that SOM is the main source of N in crops [33,62–64].
Humic compounds may be an important source of N over the long term [41]. A mean of
79% of N in a variety of crops was obtained from soil organic N [33]. In most environments,
the quantity of N derived from the soil is often large (100–200 kg N ha−1.year−1), even at
sites with low SOM contents [33]. The low annual contribution of residue N supplied to the
crop reflects the long-term role of organic inputs in supplying N and maintaining the SOM
content [33]. Residue N maintains and increases N reserves in SOM [65]. Most residues
undergo biological transformations within the first year following application, with the
remaining residues incorporated into the SOM [66]. However, a significant percentage
of 15N recently applied to the soil may not be extractable [67]. Therefore, maintaining
SOM levels will remain a crucial component of sustainable agricultural practices [68].
Environmental sustainability requires N availability to replace mineral fertilizers while
limiting the risk of N leaching.
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4.4. Leaching of 15N

The nitrate concentration leached under artichoke was higher than that under
cauliflower (Table 3). Similar differences in nitrate leaching under crops have been reported
in previous studies [69,70]. For artichoke, nitrate leaching was influenced by both cycle
growth (ART1, ART2 and ART3) and year (precipitation and drainage). Mean nitrate
concentration in drainage water from artichoke, during the same period as cauliflower,
was much higher (0–4, 25–105 and 26–89 mg NO3 L−1 for cauliflower, ART2 and ART3,
respectively; Table 3).

Differences in leaching were also related to differences in water drainage. Leaching
decreased for the same growth stage because of differences in precipitation: for ART1
between L1-L2 (158 mm); for ART2 between L3-L4 (205 mm), L5-L6 (260 mm) and L1-L2
(269 mm); and for ART3 between L3-L4 (332 mm). These differences were explained by a
difference in total precipitation in 2001–2002, which was half that in 2000–2001.

In each year of an artichoke crop, artichokes are in the rosette stage from spring to
autumn (March/April to October) and completely cover the soil [19]. The highest N uptake
rates, decreasing N leaching from mineralized N, occurred during this period of highest
artichoke growth [22]. Therefore, when artichoke is harvested in July (ART2 and ART3),
its cycle includes approximately 5 months without high N uptake during the drainage
period after harvest (October–February). Following agricultural practices, all aboveground
artichoke biomass is cut, chopped and returned to the soil in mid-October. Only the
artichoke stump is left on the ground. Therefore, ART2 and ART3 crops partially cover the
ground (20–30%). During this period, artichoke does not take up N like the cauliflower
does, resulting in N leaching (Table 5; Figure 2). This management practice increases the
risk of nitrate leaching below the root zone, as reported for other crops [52]. According
to [33], most 15N losses from fertilizers or residues occurred during the year of application.
This was not observed in our study, in which the most 15N leached from residues after the
ART2 harvest, which was not immediately after application of 15N-labeled residues, and
concerned both ART1 and ART2 residues (Figure 3a). Therefore, the highest peak of N
leaching depends on precipitation and soil temperature, and plant uptake can decrease
leaching provided cover percentage and growth are sufficient. The representativeness
of our results for artichoke production elsewhere depends on the local harvest date and
precipitation in autumn and winter.

The ability of soil cover to decrease leaching was confirmed by the leaching results
for cauliflower (Figure 3a). Regardless of drainage for cauliflower (78–514 mm), concen-
trations of leached nitrate were low (<5 mg NO3 L−1), which is lower than the threshold
in the European Nitrates Directive: 50 mg NO3

− L−1. Regardless of cauliflower growing
conditions, little 15N was leached during its cycle, as reported by [4]. Therefore, we can
conclude that in climates that allow N mineralization and leaching during autumn and
winter, and management practices such as introducing break crops (catch crops) can de-
crease leaching risk of ART2 and ART3. Other practices that improve synchronization
between N mineralization and N sinks will also decrease leaching risk.

4.5. Reducing N Leaching by Improving Synchronization between Residue Mineralization and
Crop Uptake

Most leaching occurred when plants had low N demand, as previously shown [38].
The lower 15N recovery of artichoke than that of cauliflower can be related to a lack of
synchronization between soil mineralization and artichoke requirements. The percentage
of available residue N taken up by a crop depends on how well N mineralization of
residues is synchronized with the crop’s N demand [71]. However, close synchronization
is hard to achieve in many environments [33]. Artichoke and cauliflower 15N recovery was
influenced by growth stage, crop management practices, warm weather conditions and
nutrient losses through leaching.

ART2 and ART3 had approximately 5–6 months of low demand at a period with high
risk of leaching because of higher drainage (October–February). The high nitrate leaching
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in ART2 and ART3 could be associated with asynchronism between the N released from
the soil and residues and the low N demand in the early growth stages that occur after
cutting aboveground biomass. Management strategies have been suggested to avoid fallow
periods by planting cover crops for the drainage period after artichoke harvest, unlike for
cauliflower, which has high N requirements during the drainage period [33]. Appropriate
management of cropping systems can minimize nitrate leaching. One plausible solution
is cover vegetables that can take up soil N during this period of drainage and low N
requirements of ART2 and ART3.

The C/N ratio of residues influences the availability and uptake of N by the first
subsequent crop, even if its effect on recovery of 15N by following crops may be limited [33].
Therefore, another option to decrease N leaching is to stimulate N assimilation by soil
organisms. This can be done by increasing the C/N ratio of residues by applying compost.
However, variability in compost quality and difficulties associated with incorporating
compost with crop residues make this solution less reliable than break crops for short-term
improvements.

5. Conclusions

Recovery of N derived from artichoke residues was low. Our results, confirmed by a
literature review, show that 15N in residues contributed less to crop N requirements but
contributed much more to sustaining and augmenting N reserves in SOM. After three
growing seasons of an artichoke–cauliflower rotation, more than 86% of artichoke-residue
N remained in the soil. Approximately 93% of 15N recently applied to the soil remained
there, and soil N remained the primary N source for crops.

Management practices to increase N-use efficiency and reduce N losses remain a
challenge. Management practices should be designed to maximize synchronization be-
tween the release of N from soil sources and the time of maximum N uptake by crops.
Mitigation or restoration measures must consider the delay that results from the legacy of
past residue-derived N and applications of mineral fertilizers in agricultural systems. The
literature review showed that break crops should be introduced in artichoke–cauliflower
rotations to reduce nitrate leaching after the first and second artichoke harvests in regions
where autumn and winter precipitation induce a leaching risk. Appropriate management
of organic amendments in intensive cropping systems, including crop residues, can play an
important role in maximizing production efficiency and minimizing negative environmen-
tal impacts. In turn, predictive models should integrate feedbacks between the dynamics
of soil temperature, drainage and plant uptake.
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