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Abstract
Up to 75% of nitrogen (N) taken up during cauliflowers production is allocated to leaves, which are left as crop residues after
harvest. The inclusion of cauliflower, cultivated alone or intercropped with legumes, in rotation schemes, is a promising tool to
optimize N availability to subsequent crops. This original study assessed, for the first time in South Tyrol, Italy, the effect of removal
or soil incorporation of cauliflower and clover residues on the growth and N uptake of subsequent lettuce. In 2015, cauliflower was
sole-cropped or intercropped with clover, under different N regimes (N0, N1, N2, N3 = 0, 75, 150, 300 kg N ha−1). Cauliflower and
clover residues were either removed or incorporated in the soil in 2016. The effects of the residual fertility left by the N fertilizer, the
two cropping systems, and the crop residues were assessed on the yield and N uptake of two subsequent lettuce crops. Isotopic 15N-
labeled cauliflower residues were additionally used to quantify the N contribution of cauliflower residues to lettuce growth. During
the first lettuce crop, residues incorporation was the only factor increasing lettuce yields (+41%) and N uptake (+58%). The residual
effect of N1 and N2 rates increased the lettuce N uptake when clover residues were incorporated. During the second lettuce crop,
residues incorporation increased lettuce yields (+26%) and N uptake (+44%). On average, 64% and 35% of the lettuce N amounts,
in the first and second cycles, respectively, derived from cauliflower residues, and accounted for 38% of the total N contained in
cauliflower residues (214 kg N ha−1). Results from this experiment, uncommon for the examined species, demonstrate that
incorporation of cauliflower and clover residues provides an excellent source of N for lettuce. Incorporating residues of the
preceding cauliflower crop, alone or intercropped with clover, before establishing the lettuce crop, substantially reduce the N
fertilization needs of subsequent lettuce crops.
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1 Introduction

Vegetable crops, and particularly brassica species, are often
associated with low nitrogen (N) use efficiencies, high N de-
mand, and large N losses (Castellanos et al. 2001; Agneessens
et al. 2014). Cauliflower (Brassica oleracea var. botrytis (L.)
Alef.) is one of the most important brassica crops cultivated

worldwide (FAO 2020) and, together with broccoli, is grown
on over 1.35 M ha and produces about 25.7 M tons of mar-
ketable yield (average 2015–2019; FAO 2021). The amount
of N contained in the brassica residues at harvest can exceed
200 kg N ha−1 (Rahn et al. 1992) and in cauliflower can
contain 50–75% of total N taken up by the crop (Thompson
et al. 2000; Li 2011; Tempesta et al. 2019b). Such significant
N amounts represent, if properly managed, an important
source of N for subsequent crops (De Neve and Hofman
1998; Cameron et al. 2013).

Xie and Kristensen (2016) intercropped cauliflower with
clover and proved that the combination of a legume intercrop
under suboptimal N fertilization could limit the nitrate losses
whilst maintaining optimal cauliflower yields. The inclusion
of a legume cover crop in intercropping systems, subsequently
converted into mulch, better supports water management as
well as a higher availability of mineral nutrients in the soil due
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to the mineralization of the mulch residues (Campiglia et al.
2011). Crop residues left on the field after harvesting can
enhance N availability and are beneficial for the successive
crop (Rochester et al. 2001; Li et al. 2020). A recent study
(Fontaine et al. 2020) on the residual N effect by clover used
as cover crop showed that clover residues contain around
50 kg N ha−1, suggesting that the inclusion of legumes in
rotation systems is a promising technique to enhance the soil
N availability thanks to the biological N fixation (BNF) of the
rhizobia associated with the legumes. To which extent the soil
can benefit from the BNF also depends on the soil N available
for the clover (Tempesta et al. 2019b). The BNF rate progres-
sively decreases at increasing N fertilizer rates (Tempesta et al.
2019a).

The amount of N released from crop residues that can po-
tentially be taken up by following crops largely depends on N
mineralization and immobilization processes by soil microbial
biomass (Chen et al. 2014). One of the most important factors
that can affect N release from residues is the C:N ratio, which
affects the mineralization-immobilization balance, but also the
forms of carbon and nitrogen play a crucial role on microbial
activity and subsequent decomposition of residues (Abiven
et al. 2005). If soil mineral N is limited for microorganisms,
a low C:N ratio due to a high N content in residues generally
increases the microbial activity enhancing the rate of decom-
position, whereas a high C:N ratio causes N immobilization
(Kumar and Goh 2002; Lemtiri et al. 2016). Otherwise, the
biochemical characteristics of the residues may have a major
contribution in the regulation of microbial activity and subse-
quent decomposition (Chaves et al. 2021): plant residues, with
high N concentrations, low lignin, and cellulose concentra-
tions (low C:N and lignin:N ratios) often result in high N
mineralization rates (Chaves et al. 2004; Manzoni et al.
2008; Gentile et al. 2009). In crop residues, total high N con-
tent (low C:N) is usually also inversely related to high soluble
residue content, which impacts degradation rate (Redin et al.
2014). Therefore, in legume-based intercropping and rotation
systems, the C:N ratio of crop residues is generally low, and
their mineralization rate high, resulting in an increase of both
yield and N uptake of the succeeding crop (Li et al. 2020;
Fontaine et al. 2020). Being able to predict the amount and
dynamics of release of the residue N would allow fine tuning
of the N supply to the following crop, with a significant N
fertilizer reduction. Such knowledge is available for some
rotation systems like potato-cauliflower (Akkal-Corfini et al.
2010) or potato-maize (Duenas et al. 2005), but few studies
have been conducted on how efficiently the N derived from
cauliflower residues is utilized by subsequent vegetable crops
(Nett et al. 2010).

This experiment was part of a 3-year innovative study
(2015–2017) carried out for the first time in South Tyrol, an
alpine region of Northern Italy, focused on the optimization of
N inputs by means of fertilizer management, intercropping

systems, and crop residue recycling in crop rotations. The first
experiment aimed at assessing the effect of both increasing N
fertilizer rates and the presence or absence of a clover inter-
crop (Trifolium resupinatum L. var. Gorby) on cauliflower
(Brassica oleracea var. botrytis (L) Alef, cv Seoul F1,
Vilmorin) growth, yield, and N uptake (Tempesta et al.
2019b). In addition, the potential contribution of N from the
symbiotic fixation of clover was investigated (Tempesta et al.
2019a).

The second experiment lasted from October 2015, after the
cauliflower harvest, to October 2016, and assessed the effect
of different cauliflower and clover residue management (re-
moval or soil incorporation) on the growth and N uptake of
two subsequent lettuce crop cycles. The suitability of lettuce
crop to be used as an indicator of fertilizer residual effects is
well known (Gianquinto and Borin 1996). We hypothesized
(1) that returning cauliflower aboveground residues to soil
contributes to meeting the N needs of lettuce (Lactuca sativa
var. capitata (L.) Janchen) grown in rotation; (2) that
intercropping cauliflower and clover results in a greater
amount of biomass and of residual N to be taken up by the
lettuce crop; and (3) that the effects of the fertilizer N applied
to the preceding crop are still apparent on successive lettuce
crops.

2 Material and methods

2.1 Preceding intercropping trial

Successive crop rotation trials were undertaken at Laimburg
Research Center experimental farm in Oris/Eyrs (Bolzano/
Bozen, Venosta Valley, South Tyrol — Italy, 46°37′23.2″
N, 10°38′53.4″ E, 900 m.a.s.l). A 2-year experiment (2015–
2016; figures 1 and 2) was carried out on cauliflower follow-
ing potato (Solanum tuberosum L.), cultivated from April to
September 2014, and winter oat (Avena sativa) as a cover crop
to prevent soil erosion, from September 2014 to March 2015.
In this region, cauliflower is the most common Brassica spe-
cies grown in rotation with lettuce (Lactuca sativa L.), potato
(Solanum tuberosum L.), broccoli (Brassica oleracea var.
Italica), or onion (Allium cepa L.).

During the first year, the experiment considered four in-
creasing rates of N fertilizer (N0, N1, N2, N3 = 0, 75, 150,
300 kg N ha−1) supplied to two cropping systems (CS): sole
cauliflower (S) and cauliflower intercropped with clover (IC).
The experimental design was a 4 × 2 split-plot with three
blocks. The main plot factor was assigned to the N rate (N
factor) while the sub-plot factor to the CS (CS factor), S or IC
(experimental unit = 9.5 m2; Fig. 1a,b). Cauliflower was
transplanted at the end of June 2015, in rows 0.65 m ×
0.42 m apart (3.6 plants m−2) and annual clover was sown at
a rate of 2.5 g of seeds per m2 in order to obtain a uniform
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Fig. 1 Experimental setup:
(a) sole-cropped cauliflower and
(b) cauliflower intercropped with
clover in spring 2015;
(c) aboveground crop residues
removed (left) or not (right), in
winter 2015–2016; (d) lettuce
crop in 2016; (e) first lettuce yield
in 2016, with visible size
difference between lettuce heads
harvested in sub-sub-plots where
aboveground crop residues were
removed (left) or not (right).
Photographs by Marco Tempesta.

Fig. 2 Chronology of the main actions carried out during the experiments
on cauliflower and clover crops in 2015 (top part of the chart) and on
lettuce crops in 2016 (bottom part of the chart). The lettuce crops in 2016

did not receive any N fertilization. The N fertilizer was supplied only in
2015 to both cauliflower and clover crops.
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cover between the cauliflower rows (Fig. 2). The N fertilizer,
ammonium nitrate (NH4NO3; 27% N), was supplied as top
dressing and equally split at two growth stages, 20 days after
transplanting (vegetative stage) and 20 days before harvest
(reproductive stage) (Fig. 2).

The cauliflower harvest took place in September 2015, 80
days after transplanting, when yield, crop-residues biomass of
cauliflower and clover, and their N content were assessed
(Fig. 2). Further details on the experiment layout and manage-
ment, data collection and analysis, and results of this trial are
reported in Tempesta et al. (2019b).

2.2 Lettuce growth cycles

OnOctober 20, 2015, after cauliflower curd harvest, each sub-
plot was divided into two equal parts (sub-sub-plots): above-
ground residues of both cauliflower (leaves) and clover
(leaves and stems) were either manually removed from the
soil in one sub-sub-plot, or mechanically chopped (using a
stalk shredder) and left on top of the soil surface of the other
sub–sub-plot (Fig. 1c). Each experimental unit had an area of
approximately 5 m2.

Soil analyses were conducted for mineral N concentration
both after cauliflower harvest (October 2015) and prior to
lettuce transplanting (May 2016) (Fig. 2). Soil chemical and
physical properties were assessed in April 2016 prior to lettuce
transplanting (Table 1). Meteorological data (Min–Max tem-
perature = −9.3 °C in January and 23 °C in June; Min–Max
rainfall = 0 mm in December and 105 mm in June) were

recorded through a weather station placed in the research fa-
cility (Fig. S1 - Supplementary material).

On 17 May 2016, the upper 0.3 m soil layer of the entire
plot was mechanically tilled (disk harrowing) and the crop
residues of cauliflower and clover, whose biomass and N
content were previously assessed, were incorporated into
the top 0.2 m layer. In 2016, two consecutive cultivation
cycles of Iceberg lettuce were carried out (Fig. 2) to assess
the growth and N uptake of the lettuce relative to (a) the
residual fertilizer nitrogen supplied in 2015; (b) the pres-
ence or absence of intercropped clover in the preceding
crop cycle; (c) the incorporation or the removal of above-
ground crop residues. No N fertilizer was supplied to the
lettuce crops in 2016. The experiment was set as a split-
split-plot 4 × 2 × 2 factorial design with 3 blocks having
the following structure: (1) the main plot factor (N factor):
residual effect of four nitrogen levels applied in 2015 (N0,
N1, N2, N3 = 0, 75, 150, 300 kg N ha−1); 2) the sub-plot
factor (CS factor): residual effect of two crop levels in
2015 (S and IC); (3) the sub-sub-plot factor (residues or
R factor): two crop residues levels (R+ = aboveground
residues left, R− = aboveground residues removed).

On 15 April 2016, Iceberg lettuce cv. Umbrinas (Rijk Zwaan
Zaadteelt en Zaadhandel B.V.) was sown in trays with a mixture
of peat and vermiculite and placed in a greenhouse until 20
May 2016. Seedlings were transplanted at a planting distance
of 0.32 m between rows and 0.35 m within row, for a total of
20 plants per experimental unit (plant density = 8.9 plants m−2).
Manual weeding was carried out twice during the lettuce crop
cycle, which lasted 55 days from transplanting to harvest. On 13

Table 1 Soil chemical and
physical properties (April 2016). Parameter Value Method

Soil texture: Loamy USDA classification

Clay 8%

Silt 50%

Sand 42%

Organic matter 2.50% Standard ISO10694

pH 7.7 10:25 soil:water extraction followed by
potentiometric determination of pH

N Total 0.21% Dumas combustion method

C Total 2.08% Dumas combustion method

Available P 42.5 mg/kg Olsen P extraction with sodium bicarbonate 0,5 M, pH 8,5
followed by Molybdenum Blue colorimetry

CEC 18.2 cmol+/kg Cation exchange capacity was determined with the
barium chloride method.

Exchangeable cations Ammonium acetate (pH 7) method

Ca2+ 1745 mg/kg

K+ 68 mg/kg

Mg2+ 194 mg/kg

Na+ 82 mg/kg
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July 2016, the lettuce was harvested by cutting the head at soil
level and removing the outermost leaves (Fig. 1d, e).

The aboveground crop residues left after the first lettuce
harvest were removed from the field, and the soil was disk
harrowed. Lettuce plants of the same cultivar were
transplanted on 25 July 2016, at the same planting density.
Manual weeding was carried out twice during the crop cycle
that lasted 56 days from transplanting to harvest. At harvest
time, the lettuce heads were harvested and the aboveground
biomass was sampled.

2.2.1 Lettuce uptake of N derived from labeled cauliflower
residues

A complementary experiment was nested inside the main exper-
iment (Fig. 2), with the aim of quantifying the amount of N
derived from the decomposition of cauliflower leaves and taken
up by lettuce plants. In October 2015, a portion of the original
cauliflower leaf residue (approximately 60% of the total, corre-
sponding to 300 g m−2 dry weight = DW), present in the plots
where cauliflower was sole cropped and fertilized with N1, were
substituted with the same amount of 15N-labeled cauliflower
residues. To obtain labeled cauliflower residues, sixty cauliflow-
er seedlings were grown outdoor from 13 July 2015 (transplant-
ing date) until 20October 2015 (harvest date) in pots filled with a
mix of soil and vermiculite (diameter 18.5 cm, 24 cm depth) and
received a nutrient solution containing 15N-enriched ammonium
nitrate (15NH4

15NO3, 10.0 at. % enrichment) split in four differ-
ent steps, one application every 15 days (200 ml of nutrient
solution per plant). On 20 October 2015, cauliflower leaves were
collected and mixed with the unlabeled cauliflower leaves, and
both were left on top of the labeled plots in the field. A represen-
tative sample was collected and analyzed to determine the N
concentration and 15N abundance.

2.3 Sampling, analysis, and calculations

Soil analyses for mineral N concentration determination were
performed using the following methodology. Four soil cores
were collected with a 30-mm-diameter auger (Eijkelkamp,
NL) from 0 to 40 cm soil layer of each experimental unit
and their nitrate and ammonium concentration determined.
The collected soil samples were homogenized and a fresh
10-g subsample was oven dried at 65°C and weighed. Each
soil subsample was transferred in a 500-ml flask and mixed
with 100 ml of 2M KCl. Flasks were shaken on a horizontal
shaker for 1 h. The supernatant was collected, filtered, trans-
ferred into a 50 ml tube, and centrifuged for 10 min at 3000 rpm.
The analysis of ammonium and nitrate concentration was per-
formed by a continuous flow autoanalyzer (AA-3; Bran+
Luebbe, Norderstedt, Germany).

Fresh weight (FW) of crop residues of cauliflower and
clover were assessed in each experimental unit after

cauliflower harvest. The aboveground organs where harvested
and roots collected from 0 to 40 cm soil layer after sieving. A
subsample of each plant organ of both cauliflower and clover
was fresh weighed, dried at 60 °C up to constant weight, dry
weighed, and analyzed for total N and carbon (C) concentra-
tion with an elemental analyzer (Flash EA 2000,
ThermoFisher Scientific). The C:N ratio of both types of res-
idues (cauliflower alone and cauliflower plus clover) was cal-
culated. Total crop residues N content was calculated as the
sum of the product of dry biomass of each plant organ (leaves,
roots) by its N concentration.

In each lettuce cycles, a sample of three plants was collect-
ed from the center of sub-plot, then leaves were separated, the
soil was sieved, and roots collected. The FW of lettuce leaves
and roots was assessed and the marketable yield quantified.
Sub-samples (100 g per plant) of fresh leaves and roots of each
plant were oven dried at 60 °C to a constant dry weight (DW),
milled, and analyzed for total N concentration with an elemen-
tal analyzer (Flash EA 2000, ThermoFisher Scientific).
Lettuce N uptake was calculated as the sum of the product
of root and leaf dry biomass by their N concentration.

Leaves and roots of lettuce grown in the labeled plots were
also analyzed with an elemental analyzer (Flash EA 2000,
ThermoFisher Scientific) coupled with an isotope ratio mass
spectrometer (Delta V Advantage, ThermoFisher Scientific)
in order to obtain their N concentration and their 15N abun-
dance. The 15N atomic abundance values of both cauliflower
residues and lettuce leaves and roots were transformed into the
corresponding 15N atomic excess values, after subtracting the
15N atomic natural abundance, obtained from extra lettuce
plants, not exposed to the labeled N residues.

The N derived from labeled cauliflower residues (Ndflr%),
the lettuce uptake of N from labeled residues (Nuflr), and the
N-recovery were calculated according to Zapata (1990), using
the following formulas:

%Ndflr ¼
15N atom excesslettuce

15N atom excesslabeled residues
� 100

Nuflr g m−2� � ¼ %Ndflr � Total Nlettuce g m−2ð Þ
100

Recovery% ¼ Nuflr g m−2ð Þ
Total Nlabeled residues g m−2ð Þ � 100

2.4 Data analysis

Data about cauliflower and clover crop residue biomass and
their N content were analyzed by a split-plot ANOVA
(Gomez and Gomez 1984; Mendiburu 2017) with two factors.
The main plot factor was assigned to the N rate (N factor)
while the sub-plot factor to the cropping system (CS factor).
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Data collected from the rotation experiment were subjected to
a split-split-plot ANOVA with three factors: N factor (main
plot factor), CS factor (sub-plot factor), and R factor (sub-sub-
plot factor). Means were separated using Tukey HSD test
(Hothorn et al. 2008) at p≤0.05. Before the analysis, all data
were checked for normality and homogeneity of the variance.
Averages and standard errors (SE) were calculated. Statistical
analysis was carried out using R statistical software version
3.3.2 (R Core Team 2016).

3 Results

3.1 Cauliflower and clover residues

Results of soil mineral N obtained from both analyses con-
ducted after the cauliflower harvest and prior to lettuce trans-
planting did not differ, indicating a negligible N leaching due
to scarce precipitation and the presence of mainly snow on the
field during the winter (data not shown). In addition, the in-
creasing rates of N supplied to the cauliflower crop did not
significantly affect the soil mineral N present at transplanting
of the lettuce the following year (Tempesta et al. 2019b) that,
nonetheless, resulted to be relatively low (2.9–5.5 mg mineral
N per kg dry soil). Regardless of CS, most biomass and N
content were present in the aboveground residues, as it ap-
pears from the comparison between the amounts recorded in
R+ and R− plots (Table 2). In R+ where S preceded the let-
tuce, crop residues had a biomass range of 765–935 g m−2

(DW) and contained some 25–27 g N m−2 (Table 2). The total
residue biomass left by IC in R+ instead, ranged 775–1290 gm−2

(DW) and showed a peak with N1. Moreover, with N1 and N2
fertilizer rates, IC had a significantly (p ≤ 0.05) higher amount of
N (37 g N m−2 and 33 g N m−2, for N1 and N2 respectively)
compared to S (Table 2). The C:N ratio of ICwas not affected by
N level (Table 2). Crop residues of S had a C:N ratio ranging
14–25 in R− and 12–13 in R+, while that of residues derived
from IC (weighted average of the C:N from both cauliflower and
clover) ranged 16–22 and 11–16 in R− and R+, respectively
(Table 2). The C:N ratio of only clover (data not shown) varied
between 15 and 17 in R− and from 18 to 24 in R+.

3.2 Biomass, yield, and N content of lettuce

The root DW of lettuce plants sampled at the end of the first
production cycle was significantly affected by the R factor
(p ≤ 0.01), but not by the residual N fertilizer and CS
(Table 3). The root DWwas higher in R+ than in R− (9.5 g m−2

versus 7.2 gm−2), although it represented only the 4%of the total
lettuceDW.

In the first lettuce crop, leaf biomass was affected by CS
(p ≤ 0.05), R (p ≤ 0.001), and a significant interaction
(p ≤ 0.01) between R and N rates was observed (Table 3).

The N rates had no effect on leaf DW in R−, while a signifi-
cant DW increase was observed where N supply had been
combined with crop residues incorporation (R+). With the
exception of N0, leaf DW was always significantly higher in
R+ than in R−. Leaf biomass was always higher in IC than in S
(Table 3). The marketable yields were affected by both CS
(p ≤ 0.05) and R (p ≤ 0.001), and by the interaction (p ≤ 0.01)
between R and the residual N rates (Table 3). Irrespective of N
rates and R, lettuce yield was higher in IC compared to S. In
addition, lettuce yield was always higher in R+ compared to
R−. The residual N from fertilizer did not affect the lettuce
yield in R−, but did so in R+ where the highest lettuce yields
were obtained at N2 rate, and the lowest at N0 rate (Table 3).

Leaf N content accounted for 97% of total lettuce N (root +
leaf) in both R+ and R−. Total lettuce N content was strongly
affected by CS (p ≤ 0.01), by R (p ≤ 0.001), and by the inter-
action between R and N rates (p ≤ 0.01), as well by the inter-
action among the three factors (p ≤ 0.05). In general, plants
contained more N when grown in R+ than in R− (Fig. 3).

Total N content in R− was unaffected by the N rate, but in
N0 lettuce accumulated more N when it followed IC (Fig. 3).
In R+ and when lettuce was cultivated after S, the total plant N
content was unaffected by the N rate. However, when lettuce
succeeded IC, lettuce N uptake progressively increased from
N0 to N2. This result follows the trend observed for the N
content of the crop residues assessed after the cauliflower curd
harvest (Table 2).

Yields, leaf biomass and plant N content at the end of the
second cycle were significantly affected by the R factor only
(p ≤ 0.001). They were higher in R+ compared to R−
(Table 4). The biomass of lettuce plants decreased, on aver-
age, by 19% in R− and by 25% in R+, as compared to the first
cycle, while the total N uptake decreased by 9% and 17% in
R− and R+, respectively.

3.3 N uptake from labeled cauliflower residues

The soil incorporation of labeled cauliflower residues (on-
ly in N1, R+) allowed an accurate assessment of the N
derived from cauliflower residues taken up by lettuce
plants. The total N amount in the residues incorporated into
the soil was 21.4 g N m−2 and their average 15N abundance
was 0.79 at. % 15N. The15N abundance of lettuce leaves
harvested after the first and the second production cycle
was 0.67±0.04 and 0.52±0.01 at. % 15N, respectively.
The N derived from labeled cauliflower residues (Ndflr),
accounted therefore for 64% and 35% of total N in lettuce
plants. Considering both production cycles together, let-
tuce plants took up 9.80 g of N m−2 deriving from cauli-
flower residues (Nuflr, Table 5), representing 46% of the
total N contained in labeled cauliflower residues (N-
Recovery, Table 5).
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4 Discussion

The incorporation of crop residues, the preceding crop system
(sole cauliflower or intercropping cauliflower + clover), and
the N fertilizer rate applied to the preceding crop had signifi-
cant effects on the subsequent lettuce cycles (Fig. 4).

The incorporation of the aboveground residues had the
largest effect on yields and N uptake by lettuce (+41% and
+51%, respectively, for lettuce grown during the first crop
cycle). Such effects were robust and durable, as they were still
visible when the second lettuce cycle was grown (+ 26% and
+ 44% for yield and leaf N content, respectively). According
to our experiment with 15N-enriched aboveground residues,
cauliflowers represent an excellent source of N for the follow-
ing crops. Indeed, within 16 weeks after cauliflower residue
incorporation, two subsequent lettuce cycles recovered almost
100 kg N ha−1 (about 70 and 30 kg N ha−1 in the first and
second lettuce crop, respectively). The recovery of N from
cauliflower (46% in total) resulted to be in line with the liter-
ature, indicating a short-termmineralization rate of 40–60% of
the N from cauliflower residues (De Neve and Hofman 1998;
Guerette et al. 2002; Akkal-Corfini et al. 2010).

The quality of the residues probably played an important
role on their mineralization rate. Interestingly, the whole plant
cauliflower residues had a C:N ratio of 12–13, regardless of
the N level and in line with Chaves et al. (2007) (cauliflower
leaf C:N ratio 9.78–10.3; cauliflower leaf + stems C:N ratio
11.8), and cauliflower roots residues had a C:N ratio ranging
14–25, quite similar to that reported by Chaves et al. (2004)
for cabbages roots. The average C:N ratio of residues left after
the intercropping system (weighted average of the C:N from
both cauliflower and clover) ranged 16 to 22 in roots, while
for the aboveground residues ranged 11 to 16. This difference
was probably due to a different content of lignin, a fact that
might have influenced their decomposition (Vigil and Kissel
1991; Cabrera et al. 2005) and the behavior of the following
lettuce crop, as a result of the inverse relationship between the
decay rate of crop residues and their C:N ratio. Literature
reports that in legume-based intercropping and rotation sys-
tems, the C:N ratio of crop residues is generally low, and their
mineralization rate high, resulting in an increase of both yield
and N uptake of the succeeding crop (e.g., Li et al. 2020;
Fontaine et al. 2020). This effect on the succeeding crop was
also observed in our study, mainly during the first lettuce
cycle where the presence of clover promoted growth and yield
of lettuce plants (+17% yield, on average) and enhanced the N
uptake in some N fertilizer rates. This result confirms that
clover residues are a readily available N source for the follow-
ing crop.

The differences in C:N ratio of mixture residues compo-
nents were also evidenced in our first-year experiment
(Tempesta et al. 2019b), where cauliflower roots had higher
C:N ratio as compared to leaves while opposite trend wasTa
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observed in clover. Furthermore, clover roots had lower C:N
ratio than cauliflower roots, while the opposite occurred for
leaves (Tempesta et al. 2019b). We can speculate that when-
ever clover and cauliflower residues are mixed (only roots or
whole plant residues) C:N ratio of mixture remains quite low
and balanced by the presence of a low C:N ratio component
(e.g., clover roots or cauliflower leaves). Accordingly, when
the residues are composed only by roots (R−), the lower C:N
ratio of clover roots stimulates the microbial activity, fostering
the decomposition of clover root residues but also cauliflower
root residues. In the present experiment, this was confirmed

by the fact that clover had a positive effect on leaf biomass and
yield of lettuce when aboveground residues were removed (R−)
thanks to differences in decomposition rates between the
cauliflower and clover roots left in the soil (Redin et al. 2014;
Chaves et al. 2021), as well as some other improved soil
conditions due to the legume such as an enhanced soil water
retention, a greater aggregate stability (McVay et al. 1989) or a
significant reduction of soil nitrogen losses (Drinkwater
et al. 1998). On the other hand, when also the aboveground
portion of plant are incorporated into the soil (R+), the low
C:N ratio of cauliflower leaves promote the decomposition of

Table 3 First lettuce crop: root
and leaf biomass (DW dry
weight), and marketable yield
(FW fresh weight) of lettuce
recorded at the end of the first
lettuce crop. N rates: N0, N1, N2,
N3 = 0, 75, 150, 300 kg N ha-1;
R– aboveground residues
removed; R+ aboveground
residues left; CS cropping system;
S sole cauliflower; IC
intercropping cauliflower with
clover. Data are means of the
three replicates or grand means
over N, CS, and R. Lower case
letters indicate differences within
columns, and capital letters
indicate differences within rows
(Tukey HSD test at p ≤ 0.05).
Significance codes: ***p ≤ 0.001,
**p ≤ 0.01, *p ≤ 0.05, ns not
significant.

N rates Root DW (g m−2) Leaf DW (g m−2) Yield FW (t ha−1)

R− R+ R− R+ R− R+

N0 6.93 8.46 164.9 a A 188.2 b A 21.6 a B 27.0 b A

N1 7.70 9.36 160.8 a B 257.8 a A 23.2 a B 32.5 ab A

N2 6.70 11.64 152.9 a B 259.0 a A 22.7 a B 33.9 a A

N3 7.55 8.43 158.7 a B 227.6 ab A 21.3 a B 31.8 ab A

R 7.22 B 9.47 A 159.3 B 233.1A 22.2 B 31.3 A

CS S IC S IC S IC

7.99 8.70 187.1 B 222.0 A 24.7 B 28.8 A

Significance

Main effect

N ns ns ns

CS ns * *

R ** *** ***

Interaction

N × CS ns ns ns

N × R ns ** **

CS × R ns ns ns

N × CS × R ns ns ns

Fig. 3 First lettuce crop: interaction effect among N rates (residual
fertilizer; N0, N1, N2, N3 = 0, 75, 150, 300 kg N ha−1), CS (residual
cropping systems), and R (removal or incorporation of aboveground
residues) on total N content (root + leaf) of lettuce during the first
cycle. Black and grey bars refer to sole cauliflower (S) or intercropping
cauliflower with clover (IC) in the previous cropping system,

respectively. Vertical lines above the bars represent the standard error.
Lower case letters indicate statistical differences among the N rates within
each level of R and CS, and capital letters indicate differences between
the two CS within each N rate for each level of R and N (Tukey HSD test
at p ≤ 0.05).
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both crop residues. Anyhow, the C:N ratio of residues mea-
sured in our experiment was lower than the critical C:N ratio
(30:1) as stated by Probert et al. (2005) below which N net
mineralization occurs fostering N availability for subsequent
crops. This relatively low C:N ratio coupled with the low soil
mineral content reported by Tempesta et al. (2019b) (2.9–
5.5 mg mineral N per kg dry soil) could have promoted the
microbial activity enhancing the rate of residues decomposi-
tion (Kumar and Goh 2002; Lemtiri et al. 2016; Chaves et al.
2021), and accordingly N availability for successive cropping
cycles.

The increasing rates of N supplied to the preceding cauli-
flower crop, although not resulting in different residual soil
mineral N, affected growth and yield of the following lettuce
crop. Such an effect was observed only when the aboveground
residues were incorporated into the soil and during the first
crop cycle. This effect can be attributed to the presence of
most of the residual N in the aboveground organs of the pre-
ceding crop and to the fact that the N rates significantly affect-
ed the amount of N in the residues. The crop residues had a
biomass ranging about 770–1300 g m−2 (DW) and contained
some 25–37 g N m−2. These amounts of N are higher than
those reported by Everaarts et al. (1996) (10–12 g N m−2), but
similar to Kage et al. (2002) (900 g m−2 DW, 30 g N m−2),
who analyzed the dry matter and N partitioning in cauliflower,

grown in a typical loess-derived hapludalf soil, following a
wide range of N supply.

Besides the contribution to the nutrition of subsequent crop
cycle, another important aspect related to the use of crop res-
idues is the synchronization between N release and N uptake
(Chen et al. 2014). In our experiments, no differences were
observed in the concentration of soil mineral N performed at
the end of cauliflower growing cycle (October 2015) and at
the beginning of the first lettuce growing cycle (May 2016).
We can speculate that the environmental factors played an
important role on the rate of mineralization of the organic N
contained in the plant residues. Indeed, between October 2015
and March 2016, air temperature remained lower than 10 °C
and precipitation was mostly snowy (Fig. 4; Fig. S1 -
Supplementary material), factors that combined can be the
cause of an arrest in N mineralization (Wu and McGechan
1998). The higher temperature and the rainfall occurred before
and during the first growing cycle of lettuce (from April 2016
until the end of July 2016) led to a faster net mineralization of
the crop residues, as suggested by Quemada and Cabrera
(1997) and Thapa et al. (2021), which confirmed a robust
impact of soil moisture and air temperature on N net mineral-
ization of crop residues. The environmental parameter pat-
terns (e.g., air temperature and precipitations) observed in
the present experiment can be considered as representative

Table 4 Second lettuce crop: marketable yield (FW=Fresh Weight),
leaf biomass (DW=Dry Weight) and leaf N content of lettuce recorded
at the end of the second cropping cycle as affected by incorporation or
removal of residues (R). R− = aboveground residues removed; R+ =

aboveground residues left. Data are means of the three replicates and
grand means over N and CS. Lower case letters indicate differences
within columns (Tukey HSD test at p≤0.05). Significance codes: ***
p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ns not significant.

Treatment Yield FW (t ha-1) Leaf DW (g m-2) Leaf N content (g m-2)

R− 20.5 b 134.8 b 5.4 b

R + 25.8 a 185.2 a 7.8 a

Significance

N ns ns ns

CS ns ns ns

R *** *** ***

N × CS ns ns ns

N × R ns ns ns

CS × R ns ns ns

N × CS × R ns ns ns

Table 5 Total N uptake, % of lettuce N derived from labeled residues
(Ndflr), N uptake from labeled residues (Nuflr) and % of residue-N (the
amount of N in the labeled residues was 21.4 g N m−2) recovered by

lettuce plants in the first and second crop cycles. Values are means and
standard errors of the three replicates. DAT days after transplanting.

Period Total N uptake (g m−2) Ndflr (%) Nuflr (g m−2) N-recovery (%)

1st crop cycle harvest: July 2016, 55 DAT 11.04 ± 0.17 64 ± 14 7.09 ± 1.63 33 ± 8

2nd crop cycle harvest: September 2016, 56 DAT 8.03 ± 0.55 35 ± 1 2.77 ± 0.13 13 ± 1

Total (1st and 2nd cycles) 19.06 ± 0.72 9.8 ± 1.64 46 ± 7
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of the average climate of the considered area (Italian Alpine
environment), generally characterized by cold and snowy
winter, and warm and wet summer. Considering the absence
of differences in soil mineral N concentration between the end
of cauliflower crop cycle and the beginning of lettuce crop
cycle, it can be advanced that the climate pattern during fall
and winter was unfavorable to microbial activity, which was
then fostered in spring by higher temperature and presence of
rain, enabling a synchronization between the N availability in
soil due to mineralization and the beginning of the lettuce crop
cycle. On the other hand, in regions where warmer and wetter
fall and winter may promote microbial activity with a conse-
quent enhanced risk of nitrate leaching through the soil, the
use of a cover crop can be useful to reduce N loss and to
recycle mineral N for crop in rotation.

As stated before, the two subsequent lettuce cycles recovered
almost 100 kgN ha−1 from the cauliflower residues. This amount
of N fulfills a significant part of the N needs of lettuce crops and
allows to limit the supply of N fertilizers, in line with the national
guidelines on good agricultural practices, which suggest not to
exceed 110 kg N ha−1 in the lettuce crop, to avoid the risk of

nitrate accumulation in the leaves (MIPAAF 2021; Santamaria
et al. 2013). However, the 46% total N-recovery of the two
lettuce cycles suggests that the N contained in crop residues
was not totally released during the season. The remaining N
could have been lost, immobilized by the microbial population
or still present in the original organic matter during its transfor-
mation process to humus. It is therefore speculated that additional
cropping cycles on the same soil could benefit from the residual
N contained in the crop residues.

5 Conclusion

Cauliflower residues proved to be an excellent N source and
an efficient contributor for enhancing lettuce yields cultivated
in succession contributing almost one half of its N require-
ment. The presence of clover intercropped with cauliflower
has an additional positive effect on the lettuce grown in suc-
cession, and its inclusion in a rotation scheme has the potential
to further reduce the lettuce N fertilizer needs. Thanks to the
innovative results shown in this paper, vegetable growers

Fig. 4 Main N fluxes and climatic conditions during the experiments in
2015 and 2016. The chart shows fluxes of N absorbed, left in the soil, and
recycled by crop residues in sole-cropped cauliflower plot, fertilized with

N1 rate. The white sections of the bars on the left correspond to the
growing seasons.
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might consider the proposed rotation scheme (cauliflower-
clover followed by lettuce or another N demanding vegetable
crops) and adjust their lettuce fertilization plan (cutting off
amounts of N similar to 100 kg N ha−1) thanks to the incorpo-
ration of crop residues. This study brings an original contribu-
tion to the existing literature on both 15N application on vege-
table crops and on quantification of N derived from the decom-
position of cauliflower residues. Results contained in this man-
uscript, relatively rare for the species considered, deliver new,
practical, and useful information on N fertilization manage-
ment and crop rotations to the farmers of Alpine regions.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13593-022-00756-w.
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