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A B S T R A C T

Agricultural practices such as tillage, cover crops, and nitrogen (N) fertilization affect physico-chemical
and biological soil parameters. However, these factors were often studied separately and their combined
effects remain unclear, especially with respect to soil microbial functional diversity and carbon (C) and N
content. Thereafter, we aim to assess the links between cropping systems and functional response of
microbial communities by using a large range of soil chemical and biological measurements. A 5-yr field
experiment was conducted in Northern France using a combination of three factors: i) no-till (NT) vs.
conventional tillage (CT); ii) with or without winter cover crops (bare fallow; cover crops with a low
prevalence of legumes; cover crop with a high prevalence of legumes); and iii) with or without N
fertilization.
C and N inputs from cover crops and crop residues, C and N content, enzyme activities, and microbial

functional diversity in the topsoil (0–10 cm) were measured over an industrial crop rotation: wheat, pea,
corn, wheat, flax. No-till combined with any of the cover crops was characterized by increased total soil
organic C and N contents by more than 20% between 2010 and 2015. Dehydrogenase and urease activities
were significantly greatest under NT, irrespective of the presence of cover crops. Cover crops without N
fertilization under no-till led to higher microbial functional activity (faster carbohydrate and phenolic
compound degradation) and diversity. Bare fallow had lower soil microbial functional diversity and C and
N contents compared with soil under NT and cover crops. On the other hand, NT associated with cover
crops allowed to maintain the soil in both C and N, and to promote microbial activities without N
fertilization. In conclusion, winter cover crops and/or NT are sustainable agricultural practices resulting
in a greater soil quality index. These results demonstrate that NT and use of standard cover crops or cover
crops with legumes for 5 years under a low biomass return in industrial crop production have a positive
effect on: i) upper soil C content and microbial enzymes, irrespective of N fertilization regime; ii) soil
microbial functional diversity in the absence of N fertilization.

ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Alternative farming practices such as direct seeding mulch-
based cropping systems are often employed to reduce the
depressive effects of intensive farming on soil fertility. These
practices are known to improve ecological relations between
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plants, soil, and microorganisms (Chaussod 1996; Alvarez et al.,
2002; Marinari et al., 2006), while conventional tillage (CT)
depletes physico-chemical properties of soil (Chen et al., 2009;
Mangalassery et al., 2015). Nevertheless, the response of soil
carbon (C) and nitrogen (N) as well as microorganisms to different
farm management patterns are still poorly understood, being
dependent on many factors such as pedoclimate and crop rotation.
Furthermore, the combined effects of different agricultural
practices on the chemical and biological properties of soil received
little attention so far (Acosta-Martinez et al., 2011).
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Table 1
Main characteristics of soil (0–10 cm) before the start of the experiment.

Parameters (units)

pH in H2O 6.28
CECa (cmol + kg�1) 11.7
P2O5

b (g P kg�1) 0.13
Organic C (g C kg�1) 13.1
Total N (g N kg�1) 1.48
Soil C:N ratio 8.85

a Cation-exchange capacity (Metson method).
b Available phosphorus (Olsen method).

148 E. Nivelle et al. / Applied Soil Ecology 108 (2016) 147–155
Although no-till (NT) with cover crops has been shown to
increase soil enzyme activities (SEA), microbial functional diversity
(Gomez et al., 2004; Nannipieri and Eldor, 2009; Lagomarsino
et al., 2009; Nautiyal et al., 2010; Mangalassery et al., 2015;
Mbuthia et al., 2015), and abundance (Mathew et al., 2012), there is
still a lack of information for low organic-input cropping systems
(Mbuthia et al., 2015), especially for industrial crop rotations.
Indeed, C inputs from cover crops and crop residues shift soil
moisture (Jordan, 2004; Bayer et al., 2006), temperature (Kladivko,
2001), and pH (Reganold et al., 1987), inducing short- and
medium-term responses from microbial communities. These
responses result in an increase of SEA such as dehydrogenase,
alkaline phosphatase, and urease, with consistent results across
subtropical (Staben et al., 1997), semi-arid (Nautiyal et al., 2010),
mediterranean (Marinari et al., 2006; Lagomarsino et al., 2009),
and temperate (Salinas-Garcia et al., 1997; Grayston et al., 2001)
biomes. In addition, cover crops have been shown to induce
priming effects in rhizosphere and detritusphere hotspots, by
affecting the turnover of the soil organic matter (SOM) (Kuzyakov,
2010; Kuzyakov and Blagodatskaya, 2015), hence altering soil C and
N contents. Increased lignin and cellulose contents, C/N ratio, as
well as rhizodeposition (i.e. organic compounds released by roots
during plant growth) are also considered as main factors affecting
microbial communities (Marinari et al., 2000; Kusliene et al., 2014;
Bais et al., 2006; Mangalassery et al., 2015). In low organic
restitution cropping systems, one of the main challenges is to
compensate the low biomass returned by cover crops originated-C
and NT system, thus maintaining C and N contents and improving
microbial functions (Mbuthia et al., 2015).

In this way, cover crop species have to be selected according to
agronomic objectives, and the potential of different mixtures for
improving soil quality needs to be assessed. Indeed the species
composition of cover crops is a key factor determining the
potential benefits to the soil following their incorporation/
mulching. Cover crops enriched in leguminous species were
associated with increased soil N content, likely due to N-fixation
(Mbuthia et al., 2015). Moreover, the last study reported that vetch
cover crops, in comparison with wheat cover crops or bare fallow,
improved soil microbial responses such as microbial biomass N or
microbial respiration rates. However, according to the level of
available N, the inputs of fresh C may negatively correlate with C
sequestration through an induced speed-up of C decomposition
(Fontaine et al., 2004). Thereby, while the addition of N through
fertilizers is commonly described to increase SOM stocks by
increasing the rate of residues returned to the soil, long-term
application of N fertilization may also cause a SOM depletion by
stimulating mineralization.

In the present study, a 5-year experiment is used to investigate,
under two N fertilization rates, the combined influence of tillage and
cover crops on SEA, soil microbial functional diversity (functional
activities and diversity indices), total soil organic carbon (TOC), and
nitrogen (TN). We hypothesized that the decrease of soil quality in
an industrial crop rotation under conventional soil management
could be prevented by no tillage associated with cover crops (with
low/high prevalence of legumes). Specifically in these systems, N
inputs originated from leguminous cover crops could maintain C
and N contents as well as microbial functional activities and
diversity despite the absence of N fertilization.

2. Materials and methods

2.1. Site description

The field experiment was conducted at “La Woestyne”
experimental site, in Northern France (50�440N, 2�220E, 40 m
above sea level). The average annual air temperature and total
precipitation between 2010 and 2015 were 11 �C and 620 mm,
respectively, with rainfall relatively homogeneous across seasons.
Soil particle size composition is characterized by 668 g kg�1 silt,
212 g kg�1 clay and 120 g kg�1 sand (silty clay loam). The main
characteristics of the soil before the beginning of the experiment
are shown in Table 1.

2.2. Experimental design

Prior to the experiment’s establishment, the field was
conducted under chisel plough and rotary power system, fertilized
conventionally, and cultivated with wheat (Triticum aestivum). In
2010, the experimental field was split into twelve treatments with
three replicated plots placed randomly: two N fertilization regimes
(without (N0) or with (Nx) N fertilization), two tillage systems (no-
till (NT) or conventional tillage (CT)), and three cover crops
modalities (bare fallow (bf), with cover crop enriched in
leguminous species (lcc) or with standard cover crop (cc)). The
18 plots which received the treatment N0 measured 7 � 8 m while
the 18 plots which received the treatment Nx measured 14 � 8 m. A
7-m width corridor separated the Nx and N0 plots in order to avoid
N contamination.

During the 5-year period of the experiment, the main crop
rotation pattern was wheat, pea (Pisum sativum), corn (Zea mays),
wheat and flax (Linum usitatissimum). Wheat in 2010 and 2013 was
sown in mid October at a row spacing of 12.5 cm using an AS 400
drill (Alpego, Italia) and harvested in late July, Green pea was sown
in mid April at a row spacing of 17 cm using a Turbosem drill
(Herriau, France) and harvested in early July. Maize was sown in
mid May at a row spacing of 75 cm with a Maxima drill (Kuhn,
France) and harvested in late September. Flax was sown in early
April at a row spacing of 12.5 cm using an AS 400 drill (Alpego,
Italia) and harvested in mid July. Only wheat straws were returned
as main crop residues since corn and flax were cultivated for forage
and fiber respectively. The Nx regime was determined according to
the N budget method (Machet et al., 1990) for each rotation crop,
and the fertilizer was composed of 50% urea, 25% ammonia and
25% nitrate. Since the beginning of the experiment, 108 kg N ha�1

were added to corn, 160 kg N ha�1 to wheat, and 80 kg N ha�1 to
flax. The N0 plots received no N fertilization since 2010. Cover
crops “cc” and “lcc” were composed of non-leguminous species:
oats (Avena sativa), phacelia (Phacelia tanacetifolia), flax (Linum
usitatissimum), as well as leguminous species: vetch (Vicia sativa),
faba bean (Vicia faba), and Egyptian clover (Trifolium alexandri-
num), but the lcc mixture was particularly characterized by an
increase of legume seeding rates. The cc/lcc plots received 160/
60 seeds m�2 of oats, 600/200 seeds m�2 of phacelia, 80/80 seeds
m�2 of flax, 25/50 seeds m�2 of vetch, 20/30 seeds m�2 of faba
bean, and 230/400 seeds m�2 of Egyptian clover. All cover crop
seeds were mixed and simultaneously sown in line. Each year,
cover crops were sown immediately after the harvest of the
previous crop and were terminated by grinding following a frost
period. Before the main crops were sown, cover crop residues were
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buried by a conventional moldboard plough to a depth of 30 cm in
CT plots and left on the ground in NT plots. Crop protection against
weed development and pests was ensured conventionally
according to recommended local practices, and all the treatments
received the same molecules and doses (see Supplementary
Table 1). Neither potassium-phosphate nor other elements were
applied throughout the experiment.

2.3. Analysis of nitrogen and carbon inputs from cover crop and main
crop residues

During the experiment, 3 �1 m row of the main crop were
yearly sampled at the time of harvest, within each plot. The part of
the plant which is commonly returned to the soil through crop
residues was separated from the rest of the aerial vegetative part
(i.e. exported part). Samples were oven-dried at 65 �C for 3 days,
weighed, and then ground into powder for subsequent NC analysis
using a Flash Elemental Analyzer 1112 series (Thermo Electron,
Germany). Similarly, 3 �1 m2 of the entire vegetative part of cover
crops were yearly sampled within each plot just before sowing the
following main crop to measure the total aboveground biomass
and NC contents using the same method. The cumulative organic
inputs of N and C from both main crop residues and cover crops
were calculated as the sum of C and N returned to the soil since
2010.

2.4. Soil sample collection and storage

In March 2015, six 10-cm deep soil cores were randomly
collected using a 5-cm diameter auger in each of the three replicate
plots by treatment. Soil sampling occurred 1 year after the last
plowing in CT and 3 months after the death by frost of cover crop
species in cc plots in order to avoid direct effects of soil disturbance
and living roots on the measured parameters. We chose to sample
to 10 cm since previous studies reported it was an appropriate
depth to assess the effects of N additions on microbial communi-
ties (Zeng et al., 2016), even in plowed soil (Sun et al., 2015). The six
soil cores were composited together as a single sample for each
replicate plot. Soil samples were immediately put into polyethyl-
ene bags, placed into coolers for transportation to the laboratory,
and, after homogenization, they were divided into two subsam-
ples. The first one was stored at �20 �C and returned to 4 �C within
5 days prior to analysis of SEA (Schinner et al., 2012). The second
one was stored at 4 �C before the determination of community
level physiological profiles (CLPP), total organic carbon (TOC), and
total nitrogen (TN).

2.5. Soil pH, total organic carbon (TOC) and total nitrogen (TN)

Soils were 2 mm-sieved and oven-dried at 45 �C for 48 h. Soil pH
was measured using a pH meter FE20-FiveEasyTM (Mettler Toledo,
Switzerland) and a ratio of 1:5 (mass/volume) of soil to distilled
water shaken for 45 min. For TOC and TN, sieved soil was finely
ground with a ball-mill (Retsch, MM400) and analyzed using a CN
elemental analyzer (Flash EA 1112, Thermo Electron, Germany).
Since analysis performed at time of the experiment setup revealed
that the soil was free of carbonate, the soil total C was assumed to
be equal to the TOC. Soil TOC and TN analyzes from samples taken
at the beginning of the experiment with the same sampling
method as shown in 2.4 were used to calculate TOC and TN change
over the 5-year period.

2.6. Soil dehydrogenase and urease enzyme activities

Before SEA measurements, visible organic residues were
removed. Soil dehydrogenase activity was measured as described
by Casida et al. (1964). Soil sub-samples were adjusted with CaCO3

to a final mass ratio of 100:1 (soil:CaCO3) using 5.94 g of fresh soil.
Then, 1 mL of a solution of 3% 2,3,5-triphenyl tetrazolium chloride
and 2.5 mL of ultrapure water was added. After mixing, the tubes
were incubated at 37 �C for 24 h. The resulting triphenylformazan
(TPF) was then extracted with 30 mL of pure methanol by stirring
for 1 min. The solution was filtered in a dark room and the intensity
of TPF was measured at 485 nm (Eon spectrophotometer, BioTek
Instruments Inc., USA) following Tabatabai (1994). Urease activity
was determined using the method of Alef and Nannipieri (1998). A
mixture of 5 g of fresh soil with 2.5 mL of 79,9 mM urea was
incubated at 37 �C for 2 h before adding 50 mL of 2.0 M KCl. After
30 min of agitation, the suspension was filtered and a solution
comprising 1 mL of filtrate, 9 mL of deionized water, 2 mL of 0.1%
sodium dichloroisocyanurate and 5 mL of a mixture of 1,06 M
sodium salicylate/0.3 M sodium hydroxide/deionized water (1:3/
1:3/1:3, vol/vol/vol) was prepared. After decanting for 30 min at
room temperature, ammonium was measured at 690 nm using the
spectrophotometer.

2.7. Community level physiological profiles (CLPP)

The analysis of CLPP was completed within 5 days after
sampling (Schinner et al., 2012) using Biolog EcoPlatesTM

(BiologInc., Hayward, CA) containing 31 different carbon sources
plus a control well, in two replications (Huynh, 2009). Five g of
fresh, homogenized and organic residue-free soil was incubated
with 750 mL of sterile distilled water for 48 h at 26 �C. Then, 50 mL
of physiological saline were added and the samples were stirred at
500 rpm for 30 min. The samples were centrifuged at 800 rpm for
10 min and recovered supernatants were centrifuged again at
3000 rpm for 5 min. Then, 150 mL of the supernatant was
inoculated into each well of the Biolog EcoPlates and incubated
at 25 �C. Data were recorded every 24 h for 196 h at 590 nm and the
data recorded at the end of the exponential phase (96 h) were used
for further statistical analysis. The optical density (OD) for each
well was calculated by subtracting the control well values from
each plate to the OD value of the well (Garland and Mills, 1991).
Microbial activity in each microplate was expressed using average
well color development (AWCD) and calculated following the
method of Garland and Mills (1991). The Shannon index
representing the soil functional diversity was calculated using
an OD of 0.25 as threshold for positive response (Garland, 1997).

2.8. Statistical analysis

All statistical analyzes were performed using R software v. 3.1.2
(R Development Core Team, http://www.R-project.org, 2014). Data
for each parameter were analyzed using a non-parametric Kruskal-
Wallis test. Multiple comparisons among treatments used the
Conover post-hoc test (P< 0.05) and the PMCMR package (Pohlert,
2016). Values in figures and tables correspond to the average of 3
data (n = 3) � standard error. For statistical analyzes, the 31 Biolog
substrates were grouped into (1) phenolic compounds, (2) amines,
(3) amino acids, (4) polymers, (5) carboxylic acids, and (6)
carbohydrates. Finally, a redundancy analysis (RDA) was run to
visualize the relationships between the 35 functional variables (31
Biolog substrates, 2 enzymatic activities, 2 functional diversity
indices), the 7 environmental variables (C, N and C:N ratio inputs
from residues, soil TOC, TN, pH and C:N ratio) and the 36 plots,
using the vegan package (Oksanen et al., 2015). A Monte Carlo
permutation test (999 permutations) was used to assess the
significance of environmental variables in accounting for the
observed variance of the plots. A post-hoc permutation test was
further implemented using the envfit function in vegan (999
permutations) to seek the individual significance of each

http://www.R-project.org
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environmental and functional variable in accounting for the
observed variance of plots.

3. Results

3.1. Carbon and nitrogen inputs from cover crop and main crop
residues

In the absence of N fertilization (N0), both C and N inputs from
main crops residues were significantly higher in conventional
tillage with standard (CTcc) and leguminous cover crop (CTlcc)
than in no till with standard cover crop (NTcc) and under bare
fallow (NTbf) (Table 2). N input was also higher in conventional
tillage with winter bare fallow (CTbf) than in NTbf. These
differences disappeared under Nx treatments, into which only
the C:N ratio of the main crop residues was significantly higher in
NTcc and no till with leguminous cover crops (NTlcc) than in CTcc
and CTlcc.

N, C, and C:N inputs from cover crops did not differ among
treatments, irrespective of the fertilization level.
Table 2
Carbon and nitrogen input from main crop residues and cover crop aboveground biom

N rate Crop Parameter H (P) NTbf CTbf 

(Mg ha�1) (Mg ha�1

N0 Main crop N input 13.44(0.019) 0.03 � 0.002ya 0.04 � 0.0
C input 12.88(0.024) 2.1 � 0.12a 2.95 � 0.2
C:N input NS 79.1 � 2.82 77.94 � 2

Cover crop N input NS 

C input NS 

C:N input NS 

Nx Main crop N input NS 0.06 � 0.004 0.06 � 0.0
C input NS 4.24 � 0.27 4.48 � 0.2
C:N input 11.76(0.038) 73.25 � 1.51ab 69.53 � 0

Cover crop N input NS 

C input NS 

C:N input NS 

H: value of the Kruskal-Wallis test with the P value of significance in brackets (NS: no
conventional tillage, NT: no-till, bf: bare fallow, cc: cover crop, lcc: leguminous cover c

y Standard error of the mean.
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3.2. Soil chemical analyzes

Among N0 treatments, soil TOC contents increased between
2010 and 2015 in NTcc and NTlcc, whilst it did not change in NTbf,
CTbf, and CTlcc, and it even decreased in CTcc. Soil TN increased in
NTcc and NTlcc, showed little change in CTlcc, and decreased in
NTbf, CTbf and CTcc (Fig. 1).

Under Nx fertilization, soil TOC increased in NTcc, NTlcc, and, to
a lesser degree, in NTbf; it showed little change in CTlcc and CTcc,
and decreased in CTbf. Regarding soil TN, the greatest (positive)
values were found in NTcc and NTlcc, whilst the lowest (negative)
ones were recorded in CTbf and CTcc.

The soil C:N varied from 9.5 to 10.9 and pH varied from 6.7 to 6.9
but they did not differ among treatments (results not shown).

3.3. Soil enzyme activities

A clear trend was found towards greater dehydrogenase and
urease values in NT than in CT treatments, irrespective to N
fertilization (Fig. 2). All NT treatments showed significantly higher
ass over 5 years.

NTcc CTcc NTlcc CTlcc
) (Mg ha�1) (Mg ha�1) (Mg ha�1) (Mg ha�1)

03bc 0.03 � 0.001ab 0.05 � 0.005c 0.03 � 0.002abc 0.04 � 0.004c
9ab 2.22 � 0.14a 3.16 � 0.31b 2.67 � 0.09ab 3.21 � 0.13b
.46 82.98 � 4.17 68.8 � 4.41 78.95 � 1.67 75.66 � 5.36

0.22 � 0.02 0.11 � 0.02 0.22 � 0.03 0.2 � 0.005
1.95 � 0.189 1.08 � 0.17 1.96 � 0.19 1.79 � 0.04
8.89 � 0.271 9.9 � 0.32 9.03 � 0.31 8.9 � 0.08

04 0.06 � 0.004 0.06 � 0.003 0.06 � 0.004 0.08 � 0.004
7 4.82 � 0.10 4.38 � 0.23 5.29 � 0.45 4.74 � 0.07
.69ab 82.07 � 6.24b 71.88 � 6.31ab 82.01 � 1.55b 60.67 � 2.96a

0.23 � 0.02 0.21 � 0.02 0.22 � 0.04 0.21 � 0.02
2.03 � 0.18 1.89 � 0.14 1.95 � 0.25 1.89 � 0.19
8.82 � 0.10 9.15 � 0.20 8.87 � 0.33 9.01 � 0.13

n-significant). Letters give the result of the Conover’s post-hoc test at P< 0.05. CT:
rop, N0: no nitrogen fertilization, Nx: conventional nitrogen fertilization.
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dehydrogenase activity than CTlcc (under N0) or CTbf (under Nx).
Urease activity was greater in NTlcc than in CTbf and CTcc under
N0, and greater in NTcc than in CT plots under Nx.

3.4. Community level physiological profiles

3.4.1. AWCD and shannon functional diversity
In the absence of fertilizer (N0), both average well color

development (AWCD) and the Shannon index were the lowest in
bare fallow treatments (NTbf and CTbf) (Fig. 3). In cover crop
treatments, the Shannon index was similar in both CT and NT plots,
whilst CTlcc showed lower AWCD values than the three other
treatments. No statistically significant differences among treat-
ments were observed under Nx.

3.4.2. Substrate used by the microbial communities
Among N0 treatments, significant differences were found for

phenolic compounds, polymers, and carbohydrates, which were
3
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metabolized faster by microbial communities from cover crop
treatments. Phenolic compounds were used faster by NTcc than by
NTbf communities. Polymers were used faster in CTcc and NTcc
than in CTbf and, to a lesser extent, in NTbf communities.
Carbohydrates were used faster in NTcc and NTlcc than in bare soil
treatments (NTbf and CTbf). In contrast, a lack of difference was
found among treatments under Nx (data not shown).

3.5. Relationships between soil chemical and biological
parameters

The RDA diagram defined by the first two canonical axes
(adjusted R2 = 0.25; cumulated explained variance by ‘species
data’: 40.0%) revealed the relationships between experimental
treatments, “functional” and environmental variables (Fig. 4). The
variance in the 42 variables (31 Biolog substrates, AWCD, Shannon
index, dehydrogenase activity, urease activity, and 7 environmen-
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inputs, C:N ratio of inputs (P< 0.001), and C inputs (P< 0.01), as
indicated by permutation tests. There was a clear trend towards
stronger dispersion among N0 plots compared with Nx plots,
suggesting a greater heterogeneity in the values of the response
variables.

The first RDA axis (proportion of constrained variance
explained: 63.7%) corresponded to a gradient of increasing C
and N inputs (but decreasing input C:N ratio) and increasing
AWCD/Shannon. It tended to separate bare fallow plots (negative
scores) from no tillage-cover crop plots (most positive scores).
Regarding substrate utilization preferences, this first axis mostly
correlated positively with several carbohydrates (S16: a-D-Lactose,
S15: Glucose-1-Phosphate, S14: D-Cellobiose, S13: N-Acetyl-D-
Glucosamine, S8: b-Methyl-D-Glucoside) and polymers (S28:
a-Cyclodextrin, S29: Glycogen), as well as the phenolic compound
2-Hydroxy Benzoic Acid (S30), the amine Phenylethylamine (S24),
and the carboxylic acid Pyruvic Acid Methyl Ester (S1). It negatively
correlated with one carbohydrate (S11: i-Erythritol).

RDA axis 2 (18.6%) was associated with a gradient of increasing
soil TN, TOC, dehydrogenase activity, and urease activity, and
decreasing soil C:N ratio and pH (the last two were non-significant
according to permutations test). It clearly separated CT (negative
scores) from NT (positive scores) treatments. Among the latter,
plots with cover crops receiving no fertilizer exhibited the highest
scores. This axis positively correlated with the carboxylic acid
a-Ketobutyric Acid (S6), the phenolics 2-Hydroxy Benzoic Acid
(S30), and the carbohydrate D-Xylose (S10). It negatively correlated
with the polymers Tween 40 (S26) and Tween 80 (S27), the amino-
acid L-Phenylalanine (S20), and the phenolic compound 4-
Hydroxy Benzoic Acid (S31).
4. Discussion

The present controlled experiment is one of the first to shed
light on the combined effects of soil tillage and cover crops, under
two N fertilization rates, on chemical and biological properties
over an entire industrial crop rotation including cereals (wheat and
corn), pea, and flax over a 5 year-period. It reveals clear trends
towards (i) increased soil TN and TOC contents, and increased
enzymatic activities that are also associated with the use of more
diverse substrates when NT with or without N fertilizer is applied
compared with CT soils; (ii) increased soil C and N inputs and
functional activity/diversity of soil microbes, which are associated
with the use of more diverse and complex substrates when a cover
crop is associated to NT, compared with winter bare fallow.
However, the single time point sampling must be taken into
account within the interpretation of the discussion and con-
clusions related to the results obtained. Hereafter, these findings
and their relevance for sustainable agriculture are discussed.

4.1. No tillage coupled with cover crops increases soil C and N contents

Increased soil C and N contents were found in both NTcc and
NTlcc plots, independently from the species mixture used in cover
crops and irrespective of N fertilization (Fig. 1), a beneficial impact
already reported in the literature (Mazzoncini et al., 2011; Mbuthia
et al., 2015). Consistently, C and N inputs from cover crops were
similar between the two mixtures and among treatments,
indicating that a winter cover crop can compensate for the organic
C and N losses associated with main crop exportation (Table 2,
Verzeaux et al., 2016). NT and cover crops may enhance the soil C
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storage by reducing oxidative stress (Mangalassery et al., 2015) and
improving aggregate stability (Martens, 2000), thus reducing the
aggregate disruption induced by plowing (Six et al., 2000). Among
CT plots, only the cover crops enriched in leguminous species
(CTlcc) impeded the soil C and N depletion induced by intensive
tillage. The use of a mulch enriched with leguminous species has
indeed been shown to increase soil N and C contents in soil
(Sanginga et al., 1997; Mancinelli et al., 2015), as a plausible
consequence of the high N contained in their roots, stems and
nodules. Consistently, the positive effect of cover crops disappears
under bare fallow, since the soil N content decreased over the
rotation’s duration, irrespective of fertilization and tillage. The soil
C content followed the same trend except in NT plots receiving N
fertilizer, where the main crop residues also exhibited the higher C:
N input. Interestingly, this was the only case in which fertilization
was beneficial.

4.2. No tillage increases soil enzymatic activity

NT plots exhibited greater soil enzymatic activity than CT plots
through increased dehydrogenase and urease, irrespective of N
fertilization (Fig. 2). This is consistent with Das et al. (2014), who
found that the dehydrogenase activity, which reflects microbial
activity and oxidation-reduction reactions in soil, was 107% greater
under NT than under CT. In association with cover crops, NT
improved urease activity as compared with CT without cover crops,
a result already reported by Hamido and Kpomblekou (2009).
Overall, our results are consistent with Janusauskaite et al. (2013),
since SEA were mainly impacted by soil tillage among other
variables. This result is explained by the greater content of organic
matter and nutrient availability associated with NT, the lack of
disruption of soil layers, and the less oxidizing environment, which
can stabilize the pool of extracellular enzymes (e.g. urease)
(Melero et al., 2009; Mangalassery et al., 2015). Soil nutrient
cycling involves enzymes that are related to certain soil properties
such as moisture and organic matter content. Changes in soil
enzyme activity may thus affect chemical and biological properties
(Bergstrom et al., 1998) and explain the positive correlation
between urease activity, TOC, and TN, and to a lesser degree,
between dehydrogenase and TN (Costa et al., 2013).

4.3. Cover crops increase microbial substrate use diversity in the
absence of N fertilization

Microbial substrate use diversity clearly differed between N0
treatments, being the lowest in bare fallow and the greatest in
cover crop-NT plots (Fig. 3). This is explained by the high contents
of soil TN and TOC in the latter compared with the other
treatments, which may increase the diversity of substrate-richness
and thus induce more microbial enzymes (Diosma et al., 2006;
Govaerts et al., 2007). This is supported by the greater metabolism
of phenolic compounds and carbohydrates (under NT) and
polymers (under CT) as carbon sources in plots with a standard
cover crop (Fig. 4). This beneficial effect of cover crops disappears
in CT treatments, suggesting that microbial functional diversity is
impaired by soil tillage-induced disturbance via aggregate
disruption, compaction, or buried litter (Mangalassery et al.,
2015). Remarkably, neither functional diversity nor substrate
preference differed among Nx treatments, indicating a functional
convergence of the soil microbial community under N fertilization.

4.4. No tillage together with cover crops ensures sustainable
management of agricultural soils

RDA results highlighted the combined effect of N fertilization,
plowing, and winter cover crops on soil chemical properties and
biological activity. Overall, treatments including both cover
crops and no tillage performed the best with respect to soil C and
N contents, enzymatic activity and the diversity of substrates
used as C sources, independently from N fertilization (see the
top-right part of the RDA diagram on Fig. 4). In these conditions,
carbohydrates were heavily used by microorganisms in the
topsoil (0–10 cm), which is composed of a rich organic litter
and contains sugars released from its decomposition and
rhizodeposits, hence conferring greater availability of these
compounds for soil microbes. Carbohydrates are also known
for maintaining and stimulating soil microbial activities in
the rhizosphere and detritusphere (Guinina and Kuzyakov,
2015).

Opposingly, conventionally-tilled bare fallow systems nega-
tively impacted the soil, by reducing C and N contents and
enzymatic activity (see the bottom-left part of the RDA diagram in
Fig. 4). In bare fallows, the high C:N ratio of inputs (i.e. close to 80)
is a consequence of the incorporation of only wheat straw
residues, which is not compensated for by the low C:N ratio of
cover crops returned to the soil. It has been indeed shown that
available N and P released from decomposition of low C:N inputs
(i.e. cover crop residues) is used by microorganisms for the
decomposition of high C:N inputs (i.e. main crop residues)
(Schimel and Haettenschwiler, 2007). It is likely that the nutrient
release following cover crop decomposition increases the soil N
content and microbial activity, which in turn improves the
decomposition of high C:N ratio residues. This hypothesis is
supported by the legacy effect of the C:N quality of organic
residues on the ability of microbial communities to decompose
the subsequent amendments (Marschner et al., 2015). The higher
degradation of polymers (e.g. Tween 40, Tween 80, a-Cyclodex-
trin and Glycogen) observed in CT plots including cover crops and
in CTbf with N fertilization is also consistent with this hypothesis,
since these substrates represent more stable or recalcitrant C
compounds. Especially tween 40 and tween 80 are molecules that
do not resemble plant-derived polymers (Nunan et al., 2015), but
characterize processed organic matter (Grandy and Neff, 2008).
Their greater use may be a consequence of the greater availability
of N following N fertilization in CTbf, decomposition of cover
crops in CTcc/CTlcc (Marschner et al., 2015), and/or of the
aggregate disruption under plowing, which eases the accessibility
of old organic matter to microorganisms (Six et al., 2000). For
other polymers, such as a-cyclodextrin and glycogen, the
observed higher degradation in CT can simply reflect “young”
polymers originating from fresh plant inputs (Nunan et al., 2015;
Grandy and Neff, 2008).

The first axis of the RDA strongly separated the plots without
cover crops (i.e. CTbf, NTbf, see the left part of the RDA diagram in
Fig. 4) from others. These plots were characterized by a higher C:N
ratio of inputs (only wheat straws were returned to the soil) and by
a higher utilization of the carbohydrate i-Erythrytol. However, the
plots which received cover crops (see the right part of the RDA
diagram in Fig. 4) which were characterized by lower C:N ratio of
inputs, and overall, by higher C and N inputs, significantly
enhanced AWCD and Shannon diversity. In the same plots, the
degradation of carboxylic acid Pyruvic Acid Methyl Ester (S1), the
carbohydrates D-Cellobiose (S14), Glucose-1-Phosphate (S15), and
a-D-Lactose (S16), the amino acid L-Threonine (S22), and the
amine Phenylethylamine (S24), was improved. Frac et al. (2012)
reported that an increase of soil diversity following organic inputs
(i.e. cover crops in our study) resulted from the development of
different microbiota. This is consistent with our study since
uncovered plots are characterized by the degradation of one
sugar alcohol (i-Erythrytol) compared with the large panel of
substrates listed above which were preferentially degraded in
covered plots.



154 E. Nivelle et al. / Applied Soil Ecology 108 (2016) 147–155
5. Conclusions

In summary, without N fertilization, conventional tillage plus
standard cover crops strongly decreased the soil CN content and
markedly increased potential soil polymer degradation. Under the
same N fertilization, no-tillage with standard and legume-enriched
cover crops improved degradation activity of soil microorganisms
(AWCD, carbohydrates and phenolic compounds degradation) and
their functional diversity. These results indicate that, without N
fertilization, cover crops are required to prevent C and N depletion
and to maintain microbial functional activities and diversity.

Irrespectively of N fertilization, cover crops enriched with
legumes prevented the strong decrease of C and N content caused
by plowing. No-till combined with cover crops increases enzyme
activities.

Thereby, under a crop rotation characterized by a low organic C
input, a gradual reduction of synthetic N fertilizers is compensated
with an increase of cover crop N input must be encouraged to
reduce the risk of soil fertility depletion associated with
conventional farming practices. However, it is known that soil
microbial functional responses may vary seasonally, so, studies
including sampling collections throughout seasons and years are
required to investigate further the links between cropping systems
and microbial communities’ behavior at long term.
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