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Abstract

Background and aims Crop residues and soil types play
an important role in soil C and N storage. The objectives
of this study were to quantify the effects of crop residue
quality and interactions with soil type on soil C and N, in
the short- and medium-term, and to determine the re-
sponses related to the priming effect (PE).

Methods Residues of vetch (Vicia sativa L.), pea (Pisum
sativum L.) and wheat (Triticum aestivum L.) crops with
different chemical compositions and labelled with '*C and
>N were left to decompose on the surface of either a
sandy-loam soil or a clay soil incubated under laboratory
conditions at 25 °C for 360 days. We measured the total
CO,-C and C02-13C emitted during decomposition, the
soil mineral N content and the amounts of '*C and "°N
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remaining in both the surface residue particles and the bulk
soil.

Results Over the short-term, the vetch residues
decomposed faster than those of wheat and pea on the soil
surface due to their more favourable chemical composition
for biodegradation; after one year, however, this difference
disappeared. We observed extra soil C mineralization in all
cases, i.c., the PE was positive for all treatments and was
directly related to the water-soluble (vetch > pea > wheat)
and soil C contents (clay soil > sandy-loam soil). Con-
versely, the fate of the added 15N and net N mineralization
differed considerably between the three residues and was
strongly related to the initial N content of the residue.
Conclusions Crop residue quality and soil type affected
the soil PE and soil C balance but not the fate of crop
residue-C after one year. Net soil N mineralization was
observed in all crop residues, with large early differ-
ences (vetch > pea > wheat), which were maintained on
a medium-term basis. Our results emphasize the need to
jointly consider C and N dynamics as well as short- and
medium-term effects to manage agricultural and envi-
ronmental services provided by the recycling of crop
residues to agricultural soils.

Keywords Plant residues - Chemical characteristics -
N mineralization - Decomposition - N - *C

Introduction

In agricultural systems, the main source of soil carbon (C)
is crop residues. Their chemical composition and the
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amount of nutrients present in crop residues affect the
dynamics of C and N in soil and strongly control the rate
of decomposition and formation of microbial biomass and
by-products (de Bruijn and Butterbach-Bahl 2010). How-
ever, the processes of crop residue decomposition and soil
organic matter (SOM) stabilization are often considered
separately (Sollins et al. 2007). While there is consider-
able evidence that crop residue quality parameters such as
the nitrogen (N) concentration and the lignin and soluble
fraction content control short-term C and N dynamics
(Trinsoutrot et al. 2000; Abiven et al. 2005), less is known
about the medium- to long-term fate of C and N from crop
residues differing in quality (Gentile et al. 2010).

Crop residues with high concentrations of lignin and
polyphenols, which provide characteristics linked to chem-
ical recalcitrance (Gentile et al. 2011; Cotrufo et al. 2013),
could incorporate large amounts of C in the soil through the
modification and condensation of lignin, which was shown
to be the primary pathway of SOM stabilization
(Stevenson 1994). However, research characterizing the
chemical structure of SOM showed a low stability of lignin
in aerated soils (Rasse et al. 2005; Gentile et al. 2011).
Others studies with plant residues enriched with *C and
>N indicated that at an early stage of decomposition,
leaves contributed more effectively to the accumulation
of soil C and N than stems and roots (Bird et al. 2008;
Rubino et al. 2010), mainly as a result of microbial by-
products produced during crop residue degradation
(Cotrufo et al. 2015). By promoting soil aggregation and
the strong chemical bond to the soil mineral matrix, the
microbial by-products would be the main contributing
agents to SOM stabilization in the medium- and long-
term (Kdgel-Knabner et al. 2008). However, Castellano
et al. (2015), after reviewing 15 studies that evaluated the
effects of the quality of crop residues on C accumulation in
soils, found that crop residue quality affected SOM stabi-
lization in only 46% of the cases. Likewise, Gentile et al.
(2010) reported that the quality of Tithonia, Calliandra and
maize residues did not interfere with the stabilization of C
and N in the soil, the most important factors being the
inputs of C and N and the stabilizing capacity of the soil.

The addition of substrates with a high content of soluble
C to soil can also affect the priming effect (PE) by changing
soil microbial characteristics, resulting in acceleration in
the decomposition of SOM (Wang et al. 2015). The PE has
been a research focus of many authors in the past decade
(e.g., Fontaine et al. 2003; Blagodatsky et al. 2010;
Kuzyakov 2010). These studies most frequently examined
simple compounds (i.e., glucose), several crop residues in a
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single soil, and substrates that were well mixed into soils.
The PE can vary between soils (Kuzyakov 2002), can be
modified by soil properties such as microbial biomass,
nutritional stoichiometry and the total C content (Fontaine
etal. 2011) and can also be affected by the contact between
the soil and the C source added. Moreover, the occurrence
and magnitude of the PE can influence the net changes in
organic C stored in the soil, as a result of the balance
between new C inputs, mainly from crop residues, and C
losses promoted by the PE (Fontaine et al. 2003). Such a
net C balance is assumed to be controlled by the interaction
between crop residue quality and soil characteristics and to
be affected by crop residue location.

The objectives of this study were to (i) quantify the
contribution of crop residues of varied composition to total
soil C and N in the short- and medium-term; (ii) determine
how this contribution depends on soil type; and (iii) quan-
tify the PE and how it responds to crop residue quality and
soil type. Crop residues (vetch, pea and wheat) labelled
with *C and "N were left on the surface of two different
soils and incubated for one year under laboratory condi-
tions. We hypothesized that a higher residue soluble frac-
tion would increase both the decomposition rate and the
amount of C stabilized in the soil, and this effect would be
greater in the clay than in the sandy-loam soil. We also
hypothesized that the PE would be more intense in the
presence of residues with a higher initial soluble C fraction,
i.e., vetch residues in the present study.

Materials and methods
Soils

Soils were collected from the 0-10-cm layer of two
experimental areas that were managed for more than
10 years under a no-till system in Rio Grande do Sul
State, southern Brazil. The soils were a sandy-loam,
classified as a Typic Paluedalf, and a clay, classified as
a Rhodic Hapludox (Soil Survey Staff 2010). The soils
were initially gently crumbled, and visible organic res-
idues were removed by hand. Then, the soils were
sieved (4 mm), homogenized and stored at room tem-
perature for 15 days until incubation. Selected soil prop-
erties are shown in Table 1. Three days prior to incuba-
tion, the soils were moistened to 80% of field capacity,
which ensured aerobic conditions of decomposition in
these soils. A potassium nitrate (KNO3) solution was
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Table 1 Physical and chemical characteristics of the sandy-loam and clay soils used in the incubation

Soils Clay Silt Sand C N MBC MinN §3C 55N ov pH
gkg! mg kg ! %o %

Sandy-loam 110 261 630 9.6 0.9 100 22 -23.0 6.1 13.7 4.8

Clay 550 198 252 24.2 2.1 254 23 -19.7 6.8 26.3 5.1

C organic C, N total N, MBC microbial biomass C, MinN mineral N, fv volumetric water content under a tension of 33 kPa, pH 1:1

(soil:water)

added to the sandy-loam soil to reach the same initial
soil mineral N content found in the clay soil.

Labelled plant residues

The plant residues (leaves + stems) used in this study
were obtained from wheat (Triticum aestivum L.), pea
(Pisum sativum L.) and vetch (Vicia sativa L.), which
were labelled with '°C and '°N in situ under field
conditions. The pulse labelling with '*CO, started
20 days after the germination of the plants and was
performed weekly thereafter until the plants had flow-
ered, using portable labelling chambers as described by
Tahir et al. (2016). In each pulse labelling event, the
plants were enclosed inside labelling chambers that
were sealed with air-tight water seals. Pulses of '>CO,
were generated from the reaction of 2 M HCL with a
solution of NaH'?>CO5 (33 atom % '°C). '°N labelling
was accomplished by adding ("*NH,),S0, (66 atom %
I5N) to the soil surface, split in equal doses for the first
six 1*CO, labelling events. The aboveground plant res-
idues of each species were collected at the same time,
when wheat was at the early dough stage, pea was at
maturity and vetch was at the pod formation stage. The
plant shoots were separated into leaves and stems to
determine their proportion and dried at 40 °C for 48 h

in a forced-air oven to a constant weight. Then, all plant
residues were cut manually into pieces of approximately
1.0 cm in length and stored in airtight jars until the start
of incubation. One plant residue subsample was ground
into 1-mm particles for proximate analysis using the Van
Soest method described by Redin et al. (2014). Another
subsample was oven-dried at 65 °C for 48 h for dry
matter (DM) correction, and a third subsample was
ground in a ball mill for the determination of the C
and N contents and '*C and >N isotope abundance
analyses. The water-soluble organic C (Csw) and
water-soluble total N (Nsw) was extracted using 0.5 g
of chopped plant residue (1.0 cm) pre-dried at 40 °C.
The residues were placed in a 60-mL snap cap with
distilled water (20 °C) and mechanically stirred for
30 min. After mixing, the material was filtered
(Whatman n°5), and the concentrations of Csw and
Nsw were analysed using a total organic carbon (TOC)
analyser equipped with a kit for N analysis (Shimadzu
TOC-LCPH, Shimadzu, Kyoto, Japan). The character-
istics of the plant residues are shown in Table 2.

Experimental design and incubation conditions

The experimental design consisted of two sets of jars
prepared and monitored in parallel, one to evaluate the

Table 2 Initial chemical composition of the wheat, pea and vetch residues used in the incubation

Residues  C N SOL CEL HEM LIG Csw Nsw 3¢ BN LCI CIN
g kgil atom % excess

Wheat 423a%  83c 450c  233b  266a 50b 443¢  0.06b 039 1.42a 0.092b  51.0a

Pea 412b 16.1b 499  265a  138b 98a 749a 039  0.40a 1.59a 0.195a  25.6b

Vetch 418ab  273a  545a  26la  118b 77a 549 0452  0.25b 1.11b 0.169a  153c

CV (%) 0.9 45 0.9 25 6.1 134 7.1 7.9 3.5 49 13.8 6.0

Ctotal C, N total N, SOL soluble fraction, CEL cellulose, HEM hemicellulose, LIG lignin, Csw water-soluble C, Nsw water-soluble N, LC/

lignocellulose index (LIG/CEL + HEM + LIG)

*Values followed by different letters within a column are different according to the Tukey test (P < 0.05)
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C mineralization dynamics and another to evaluate the C
and N dynamics in the plant residues and soils. We
conducted the incubations for 360 days in the dark at
25 £ 1 °C. The treatments consisted of the combination
of two soils and three types of crops residues plus the non-
amended soils, resulting in eight treatments: non-amended
controls with sandy-loam soil (SS) and clay soil (CS);
sandy-loam soil amended with wheat (SS-W), pea (SS-P)
or vetch (SS-V) residues, and clay soil amended with
wheat (CS-W), pea (CS-P) or vetch (CS-V) residues.
The treatments were arranged as a completely randomized
design, and each treatment was replicated three times. For
each replicate, a sample of 122.7 g (sandy-loam soil) or
136.4 g (clay soil) of moist soil, at 0.137 g or 0.263 g H,0O
g ! dry soil (80% of field capacity), respectively, equiva-
lent to 108 g of dry soil, was added to each replicate pot.
In each experimental unit, 50% of the soil mass was
placed in a 110-ml cylindrical acrylic pot (5.0 cm in
diameter and 5.0 cm in height) and compressed to a height
of 2.5 cm. Then, the remaining 50% of the soil mass was
placed in the same acrylic pot and compressed to a total
height of 5.0 cm. Thus, the soil in each pot reached a final
bulk density of 1.1 g cm ™. The plant residues (leaves +
stems) of the wheat, pea and vetch were applied on the
soil surface at a rate of 0.6 g DM pot ', which was
equivalent to the addition of 3 Mg DM ha'. The plant
residues were prepared as a mixture of the leaves and
stems of each species, according to their actual mean
proportion, which was determined at harvest time. The
leaf:stem proportion used for each species was 0.15:0.85
(wheat), 0.65:0.35 (pea) and 0.40:0.60 (vetch).

In the series set up to evaluate C mineralization, each
acrylic pot was incubated separately in a 1000-mL glass jar
(1 pot per jar). In the series set up to assess the C and N
dynamics in the plant residues and soil, the acrylic pots
were incubated in 2000-mL glass jars, with three replicates
of each treatment per jar. All the jars were opened period-
ically, aerated for a few minutes to renew the atmosphere in
the jars, and the soil water content was checked by
weighing and adjusted with a micropipette when necessary.

Sampling and analytical measurements

The C mineralization of the plant residues was assessed by
quantifying the CO, emitted, which was trapped in 10 mL
of 1 M NaOH in a beaker placed inside each glass jar. The
NaOH beakers were changed at each sampling time, i.e., at
3,7, 14, 20, 40, 60, 80, 100, 120, 150, 180, 210, 240, 270,
300, 330 and 360 days. The carbonate trapped in the
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NaOH was precipitated with a 2 M BaCl, solution, and
the remaining NaOH was back titrated with 1 M HCL. In
the treatments with added residues, the BaCOs precipitates
formed were separated by vacuum filtration (glass fibre
filter, porosity 1.2 um,) and dried at 65 °C for 24 h. The
precipitates were then weighed in a tin cap with a catalyst
(PbO,) for the analysis of '*C isotopic abundance.

The soil mineral N (NH,* and NO, +NO; ) was
measured in all treatments at time 0 and at 3, 7, 20, 60,
180, and 360 days of incubation. At each sampling time,
the visible plant residue particles were removed from the
soil surface. The mineral N was extracted from fresh soil
samples with 1 M KCI (30 min shaking) with a
soil:solution ratio of 1:4. The soil KCl suspension was
settled for 30 min until the supernatant liquid was clear.
The mineral N in a soil extract aliquot was measured by
steam distillation (Keeney and Nelson 1982). The soil
mineral >N was determined according to the micro-
diffusion method (Brooks et al. 1989). Briefly, the aliquots
of the supernatant of the soil KCl extract used for micro-
diffusion were calculated to contain at least 70 pg N. After
7 days of diffusion, the glass fibre filter discs were re-
trieved, dried at 50 °C for 2 h, and enclosed in a tin
capsule for the analysis of "N isotopic abundance.

The amounts of C, '°C, N and "°N in the remaining
residues particles and in the soils were estimated at 3, 7,
20, 60, 180 and 360 days. At each time, plant residues
were removed from the soil surface, dried in an oven at
65 °C and weighed to determine the amount of DM
remaining. The soil was then removed from the acrylic
pots, separated into two layers (0-2.5 cm and 2.5—
5.0 cm), homogenized and air dried. The dry plant
residues and the soil samples were finely ground in a
steel ball mill for C and N content determination and '*C
and "°N isotope abundance analyses.

The total C and N contents of the plant residues and soil
were analysed using an elemental analyser (Flash EA 1112,
Thermo Electron Corporation, Milan, Italy). The isotope
abundance of '*C and "N in the plant residues and soil, B¢
in the BaCO; precipitates and "°N in the mineral N were
analysed using an isotope ratio mass spectrometer (IRMS)
(Delta V Advantage, Thermo Fisher Scientific, Bremen,
Germany) interfaced with an elemental analyser (Flash
EA 2000, Thermo Fisher Scientific, Bremen, Germany).

Calculations and statistical analysis

The apparent C mineralization of the plant residue-C
was calculated by subtracting the amounts of CO,-C
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emitted from the non-amended control soil from those
emitted from the residue-amended soil, for each soil and
crop residue type (Trinsoutrot et al. 2000; Fontaine et al.
2004). The net N mineralization was calculated by
subtracting the amounts of mineral N that accumulated
in the non-amended control soil from those that accu-
mulated in the residue-amended soil at each date.

The recovery of °C in the soil, plant residues and
CO, pools was calculated using the following equation:

B¢ = [Cpool x (Atom,,—Atom,)] = 100 (1)

where C pool is the amount of C in the soil, plant
residues or CO,; Atom,, is the atom % of 13C of the
plant residues, soil or CO, in the residue-amended soil;
and Atom,. is the atom % of '>C of the soil or CO in the
non-amended control soil or the atom % of '*C of the
international standard Vienna-Pee Dee Belemnite
(1.1179 atom %) when the equation was applied to
calculate the recovery of '°C in plant residues.

Similar calculations were performed for '°N. The
atom % "N of air (0.36765 atom %) was used to calcu-
late the recovery of '°N in the plant residue pool. To
calculate the recovery of °N in the soil mineral N pool,
the atom % of >N of mineral N in the non-amended
control soil was subtracted from the atom % of >N of
mineral N in the residue-amended control soil. The soil
organic '°N was calculated by subtracting the amounts of
soil mineral '°N from the amounts of soil total '°N.

The total ">C and "N recovery was calculated on four
sampling dates (7, 60, 180 and 360 days) based on the
sum of *C or °N recovered in CO,, soil and plant pools
and expressed as percentage of initial 13¢C and "N added.

The PE was calculated as the difference between ap-
parent CO,-C mineralization (calculated as described pre-
viously) and the actual mineralization of residue-C esti-
mated from COz—BC emitted; this corresponded to the
difference in soil C mineralization between non-amended
soils and treatments amended with crop residues.

The dynamics of '*C remaining in the residues (Cr)
and '>C mineralization (Cm) were modelled using a 2-
pool decomposition model according to Plante and
Parton (2007) and Wang et al. (2004), respectively:

Cr = Cie ™ 1 C,el 2 (2)

Cm = C (1) + C3(1-e ™) (3)

where Cr and Cm are the residue C and cumulative
residue-derived CO,-C at time (t), respectively; C; and
C, are the fast and slow C pools, respectively, present in
the plant residue; and k; and &, (dayfl) are the decom-
position rates of C; and C,, respectively.

All data were subjected to analysis of variance
(ANOVA), and for all parameters evaluated at each date,
the interaction between the factors crop residues and soil
type was tested. Differences between means were calculat-
ed using the Tukey test (P < 0.05). All data were analysed
using SISVAR® statistical software (version 5.6).

Results
C dynamics
C and 3C mineralization

The cumulative CO,-C differed between treatments,
with a significant interaction between residue quality
and soil type, on all sampling dates (Fig. la, b and
Table 3). In the sandy-loam soil, higher cumulative
CO,-C was consistently obtained with vetch, e.g., at
days 3 to 210 while pea and wheat were almost identi-
cal. However, at the end of the incubation, there was no
significant difference between vetch, pea and wheat (on
average, 2491 = 71 mg CO,-C kg ' soil). In the clay
soil, on average, higher cumulative CO,-C was obtained
compared to the sandy-loam soil, and the differences
between vetch, pea and wheat were much larger. At the
end of the incubation, the cumulative CO,-C was
3308 + 138 mg kg ' soil for vetch, 3042 + 167 mg kg '
soil for pea and 2573 + 68 mg kg ' soil for wheat.
Regarding the actual cumulative mineralization of
residue-C (expressed as % 13C added) (Table 3), there
was no interaction between residue quality and soil type
during the experiment. The '*C mineralization pattern
(Fig. 2a, b) differed greatly between the three species,
with vetch residues decomposing much faster
(20.3 + 0.8% added '*C on day 7) than wheat and pea,
which did not differ (12 + 1.4% added "*C on day 7).
After 180 days, we observed that the ranking between
residues was reversed, with wheat > pea > vetch. This
was confirmed at 360 days for both soil types, where
58 + 2.7% and 55 + 4.3% mineralization of added "*C
was measured for the wheat and pea residues, respective-
ly, while for the vetch residue, 49 + 1.0% of added "*C
had been mineralized (presented values are the average
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Fig. 1 Cumulative CO,-C emitted (a, b) and net N mineralization (¢, d) in the sandy-loam (a, ¢) and clay (b, d) soils with wheat, pea and
vetch residues during the 360-day experiment. The vertical bars indicate the standard error of the mean (n = 3)

for the two soil types). The mean '>C mineralization was
always significantly higher for the three treatments in the
sandy-loam compared to the clay soil until 180 days; on
day 360, however, differences were no longer observed
between soils: '*C mineralization for the 3 residues
reached 51 + 3.3 and 47 + 2.4% of added "*C in the
sandy-loam and clay soil, respectively (Table 3).

The kinetics of '*C mineralization were well described
using a two-compartment model that split the residue-C
into fast and slow C pools, with R = 1.0 ((Supplementary
material, Table S1). There was no interaction between
residue quality and soil type for any of the parameters.
The C; and C, pool sizes showed a significant effect of
residue quality, with C; being significantly higher and C,
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significantly lower for the vetch treatments compared to
pea and wheat. The mineralization rate of the fast C pool
(k;) was also significantly higher for the vetch residues,
ranging from 0.066 for wheat to 0.118 for vetch. The soil
type did not affect the size of the two C pools or the
mineralization rate k;. However, the slow C pool showed
significant differences with respect to soil type, with &,
being higher in the sandy-loam than in the clay soil (0.011
vs. 0.007).

Priming effect

As observed in Fig. 3, positive differences (i.e., positive
PE) were observed between the apparent mineralization
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Table 3 Results of analysis of variance (ANOVA) showing the effect of residues (R) and soils (S) and their interactions on measured

variables
Variables D, Dgo D50 D360

R* S® RxS CV(%) R S RxS CV(%) R S RxS CV(%) R S RxS CV (%)
CO,-C (mg kg " soil) ook Ok 1.9 ook ok 1.3 ook ok 2.1 ook ok 49
C0,-"C (% *C added) * % ong 33 ns * ns 53 % ons 63 * ns ons 7.2
Priming effect (mg C kg ' soil) ¥ 0% s 159 * % ns 245 ®oOE K 234 wooE K 35.1
13C of the remaining residue (% BCadded) * * ns 5.6 ns ns ns 14.5 ns ns ns 14.9 ns ns ns 13.0
Total *C soil (% *C added) * ns ns 27.8 ns ns ns 335 ns ns ns 319 ns ns ns 25.7
13C balance (% '>C added) ns * ns 53 ns * ns 8.2 ns * ns 7.1 * ns ns 6.1
N mineralization (mg kg™ soil) ¥ ns ns 375 * % ns 16.8 * % ns 9.8 ¥ % ns 296
5N of the remaining residue (% N added) * ns ns 21.8 * ns ns 207 * ns ns 17.4 * ns ns 231
Total '*N soil (% '*N added) * . ns ns 38.3 #ook ok 17.4 * ns ns 16.2 ns ns ns 23.2
Soil mineral >N (% "N added) ook ok 26.2 # % ng 232 * ns ns 13.7 # % png 215
Soil organic "N (% '°N added) ns ns * 72.7 # % ng 289 * ns ns 333 * ns ns 282
5N balance (% N added) ns ns ns 19.2 * ns ns 14.7 * ns ns 13.2 * ns ns 143

D7 day 7, Dgy day 60, D;g day 180, D34y day 360, ns not significant

*wheat, pea and vetch

® sandy-loam soil or clay soil

¢ coefficient of variation
*Indicates significance at P < 0.05

(calculated as the difference between total CO,-C emitted
from the amended and control soils) and the actual miner-
alization of crop residues-C, measured from C02-13C
emitted, in both soils for the three residues. On day 60,
the PE differed significantly between the three residues,
with vetch > pea > wheat (Table 3). When comparing the
soils, a greater mean PE was observed in the clay soil
treatments (+244 mg of CO,-C kg71 soil) than in the
sandy-loam soil treatments (+176 mg of CO,-C kg soil).
From day 80 until day 360, there was an interaction
between residue quality and soil type. During this period,
the PE remained almost constant in the sandy-loam soil
(mean value over the 80-360 day period of +95 for wheat,
+182 for pea and +438 mg CO,-C kg ' soil for vetch), but
the PE continued to increase for vetch and pea incubated in
the clay soil. Conversely, the PE for wheat did not increase
in the clay soil and was equal to the PE in the sandy-loam
soil. Therefore, after 360 days, the cumulative PE varied
greatly between the residues incubated in the clay soil,
with +981, +665 and +82 mg CO,-C kg_1 soil for vetch,
pea and wheat, respectively. Averaging the three residue
treatments, the cumulative PE was much higher in the clay
soil (+576 mg CO,-C kg ' soil) than in the sandy-loam
soil (+223 mg CO,-C kg ' soil). When expressing this

average PE as a function of the C content of each soil, the
mean PE represented a similar proportion of the soil total
C, i.e., 2.32% (sandy-loam soil) and 2.38% (clay soil).

The balance between new residue-C input into the
soil, calculated using the 13C soil data (see next section),
and extra C loss due to the PE was negative for vetch in
the sandy-loam (—202 mg kg ' soil) and clay soil
(—637 mg kg ' soil) and for pea in the clay soil
(=329 mg kg soil). Conversely, the balance was positive
for wheat in the sandy-loam (+358 mg kg™ soil) and
clay soil (+334 mg kg ' soil) and for pea in the sandy-
loam soil (+255 mg kg™ soil).

3C of the remaining residue and soil >C

Overall, there was a small but significant effect of res-
idue quality or soil type on the '*C of the remaining
residue, but no interaction was found between the two
factors for any of the sampling dates (Table 3). The first
60 days of incubation corresponded to the period in
which the largest decrease in residue-">C was observed,
with the fastest decrease for vetch. From day 60 until the
end of the experiment, the decrease in residue-">C was
slower and progressively stabilized (Fig. 2¢, d), with no
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Fig. 2 13C mineralization (a, b), >C of the remaining residue
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significant differences between treatments. On day 360,
an average of 24.8 £ 1.6% of added '*C was recovered
as residue particles that remained on the soil surface.
The residue '*C kinetics of the remaining residue
were also well described by a two-compartment model,
with R* = 0.99 (Supplementary material, Table S1).
There was no interaction effect between residue quality
and soil type on the parameters of the model. Similarly,
there was no effect of residue quality or soil type on C;,
C, and k,. We observed that vetch had a significantly
higher k; value compared to the two other residues.
There was no interaction between residue quality and
soil type for the amount of total "*C recovered in the 0-5-
cm soil layer (calculated as the sum of the 0-2.5-cm plus
2.5-5.0-cm soil layers) during the experiment (Table 3).
Differences between residues were observed only on day
7 when the "*C recovered was 6.4 £ 1.5% of added "°C
for vetch, 5.0 +0.8% of added "*C for pea and 4.1 + 0.6%
of added '*C for wheat (Fig. 2e, fand Table 4). At the end
of the incubation, the 13C recovered in the soil represent-
ed, on average, 16.6 +2.0% of the >C added, with 80.1%

of this amount being accumulated in the soils in the first
60 days and 87.5% being accumulated in the 0-2.5-cm
soil layer (Table 4). The residue-">C recovered in the soil
was not affected by soil type.

N dynamics
Net N mineralization

The N mineralization dynamics in soil showed a strongly
contrasting pattern among the residues in both soil types,
with net N mineralization for vetch and pea, while for
wheat, N mineralization was negative (indicating net N
immobilization) or close to 0 (Fig. lc, d). Significant
effects of residue quality and soil type were observed at
7, 60 and 180 days, with slight differences for pea and
vetch, while for wheat, maximum N immobilization was
reached on day 60 followed by net remineralization until
day 360. At the end of the experiment, net N mineraliza-
tion was +59.4 + 4.7 mg N kg~ ' soil (vetch),
+20.2+2.8mgNkg ' soil (pea), and +4.1 £ 5.4 mgNkg '

Table 4 '>C recovery in different compartments in the sandy-loam and clay soils with wheat, pea and vetch residues during the 360-day

experiment
Residues  C pools Sandy-loam soil Clay soil
D7 D60 D180 D36O D7 D60 D180 D360
% of initial 1>C % of initial *C
Wheat residue °C 79.9+50  388+33 229+13 201+03 73.6+£20 37.1+74 239+30 250=4.1
CO,-"*C 13.5+03  428+0.7 556+04 60.7+07 108+0.1 37.8+10 509+21 564+25
soil ’C ® 40+0.8 16440 153+41 172+02 34+03 114+36 129+17 175+64
soil BC® 02+0.1 13+£02 19+04 17+03 06401 06+01 26=14 13+07
Total 97.6+59 994+73 957+32 99.7+0.7 884+24 87+65  904+34 100+0.6
Pea Residue °C 79.8+0.6  372+10 27.7+33 248+05 770+1.0 409+28 283+16 27.6=4.1
CO,-"*C 183403  41.1+16 51.8+28 572+32 11.0+£0.1 355+29 459+42 523455
soil *C 48+1.0 116+06 94+27 168409 44+06 10.1+£22 134437 124+25
soil B¢ 03+0.1 04+05 19+08 13+£02 0501 04+0.1 21+15 32402
Total 1032+19 903+24 90.8+37 100+42 93+09  86.8+65 90+74  95.6+77
Vetch Residue °C  669+33  365+12 300+07 262+21 606+38 301+15 257+47 251+29
CO,-C 21.0+£0.7 41.1+1.1 464+10 484+09 195+02 37.6+1.0 450+0.6 49.05+09
soil *C 69+19 96+19 143+21 11.1+38 44+09 109+30 73+02 12.1+18
soil *C 0.8+0.1 06+08 34+06 12+02 06+01 1.1+01 24+11 34+19
Total 95.7+45 87.6+35 940+29 869+56 851+30 798+47 804+45 90+15

Means (n = 3) + standard deviation
D7 day 7, Dg() day 60, D]g() day 180, D360 day 360
s0il ¥ C: 1 C recovered in the 0-2.5-cm soil layer

®s0il 13 C: 1 C recovered in the 2.5-5.0-cm soil layer
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soil (wheat). In the non-amended soils (control), there was
little difference between the two soil types, and the net N
mineralization over 360 days was +61 + 1.6 mg N kg '
soil and +69 + 4.0 mg N kg ' soil for the sandy-loam and
clay soil, respectively (data not shown).

N and "°N of the remaining residues

The N concentration of the remaining residue particles
increased for all crop residues until day 60 (vetch) or day
180 (pea and wheat) and then decreased until day 360.
The initial % N in the residues occurred in the order:
vetch > pea > wheat; as a result, the changes in C:N
varied strongly between the residues (Supplementary
material, Fig. Sla, b). The 5N atom excess % of the
recovered residue particles decreased considerably for
the wheat residues (Supplementary material, Fig. Slc).
Conversely, this effect was much reduced or not ob-
served for pea and vetch.

Only a significant effect of residue quality was found
for the "N of the remaining residues. The "N of the
remaining vetch decreased very rapidly over time in both
soil types, with an average of 40 + 2.8% of added '*N on
day 60, i.e., significantly different from pea and wheat
residues, which did not differ statistically (54.4 + 8.6 and
65 + 10.6% of added '°N, respectively) (Fig. 4a, b). On
day 360, no differences were observed between treat-
ments, and the remaining 15N recovered in the residue
particles was 32 £ 6.1% of the °N of the initial residue.

. s
Mineral and organic soil °N

Residue-derived mineral '°N increased rapidly in both
soils for all residues and represented an important pro-
portion of the initial '°N added (Fig. 4c, d). On day 180,
significant differences were observed only between res-
idues. Specifically, a greater proportion of the added '°N
in soil, in the mineral >N form, was observed for vetch
(33.2 + 6.0% of added '’N) compared to pea
(20.9 + 1.1% of added '°N) and wheat (17.6 + 2.1% of
added "°N). At the end of the experiment, the ranking
was maintained with vetch > pea = wheat without any
significant differences.

Overall, soil organic '°N increased rapidly until ap-
proximately 60 days, but with higher accumulation in
wheat in the sandy-loam soil compared to pea and vetch
(Fig. 4e). From day 60, there was little variation in the
accumulation of organic '°N. After 360 days, the aver-
age soil organic N was 51.1 + 12.7% of added '°N for

wheat, which was significantly higher compared with
vetch (31.4 + 5.5% of added '°N) and pea (30.4 +7.1%
of added °N).

3C and >N balances

The 13C balance, i.e., the sum of the 13C recovered in the
various pools, was significantly higher in the sandy-
loam soil than in the clay soil during the first 180 days
of the incubation. The average recovery in the sandy-
loam soil was 95 + 2.6% compared with 87 £ 1.5% in
the clay soil during this period (Table 4). However, on
day 360, only a significant effect of residue type was
observed: the '>C balance of vetch (88 + 1.4% of added
13C; the average value for the two soils) was significant-
ly lower than the wheat and pea treatments, which
showed similar '*C recovery (100 + 0.3% and
98 + 2.2%, respectively) (Table 4).

Initially, the '°N balance did not differ significantly
between the treatments. However, from day 60, 5N
recovery for wheat treatment in the sandy-loam soil
was higher than 100% of the added '°N. For the other
two treatments, the '°N recovery ranged between 85%
and 100% of added '°N. The higher recovery for wheat
>N in the sandy-loam soil resulted from a high '°N
recovery in the 0-2.5-cm soil layer compared to the clay
soil and the other residue types (Table 5).

Discussion

Effect of crop residue characteristics on C and N
dynamics

We observed that the initial quality (as the initial N and
soluble fraction contents) of the crop residues affected
the short-term dynamics of the residue-C, which was
expected and which agreed with previous studies (e.g.,
Martens 2000; Rasmussen et al. 2008). The mineraliza-
tion of the residue-C, the C remaining in the residue
particles and the residue-C recovered in soil varied with
crop residue type in our study. The fastest decomposi-
tion was observed for vetch residues, which translated
into higher C mineralization and greater C input into the
soil over the short-term. According to the literature (e.g.,
Cobo et al. 2002; Abiven et al. 2005), this faster degra-
dation in the early stages of decomposition is due to the
presence of a large soluble fraction (SOL and Csw)
combined with a high N content (N and Nsw) of crop
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Table 5 '°N recovery in different compartments in the sandy-loam and clay soils with wheat, pea and vetch residues during the 360-day

experiment
Residues N pools Sandy-loam soil Clay soil
Dy Dso Digo D360 Dy Dso Di3go D360
% of initial >N % of initial °N
Wheat  Residue PN 833 +27.0 644+27 524+18 412+60 775+51 645+185 489+89  36.1+95
soil °N® 83+0.5  532+102 51.7+£20 59.1+03 109+37 240+87 389+90  428+15.1
soil NP 08+04 11.0+17 203+03 206+14 09+08 62+04 208+6.1 14.7+£3.9
Total 92.6+26.1 1285+86 1244+37 1208+78 892+80 948+204 108.5+11.7 93.6+14.1
Pea Residue "N 79.6+1.6 464429 455+58 329+19 899+61 625+66 47.8+34  475+75
soil '°N 85+0.6  298+24 270+28 322+6.1 97+07 202+27 312+£38  31.0+9.0
soil °N 08+02  12+0.7 18420 188+14 05+02 62+05 229+11.7 168+29
Total 889+21 882+14 905+39 84+90 100.1 £69 89.0+9.6 101.9+185 953+ 14.8
Vetch Residue N 59.1+2.6 388+29 332+08 268+38 593+04 413+18 315+72 285+4.1
soil °N 324+10.1 348+19 39.0+45 358+42 204+32 322+18 328+16 312+53
soil °N 22403  232+08 273+13 259+29 15+04 193+10 249+16 21.6+12
Total 937+11.0 968+14 995+51 885+59 812+40 929+25 892+94 813+17

Means (n = 3) + standard deviation
D7 day 7, D5() day 60, D]g() day 180, D36() day 360
50il ' N: ' N recovered in the 0-2.5-cm soil layer

®s0il ' N: '* N recovered in the 2.5-5.0-cm soil layer

residues. Compared to pea and wheat, the vetch tissues
presented this favourable combination of factors that is
known to support rapid microbial growth, which results
in higher rates of decomposition as evidenced in several
studies (Abiven et al. 2005; Thippayarugs et al. 2008)
and higher diffusion of C and N into the underlying soil
(Coppens etal. 2007). The C dynamics of wheat and pea
did not differ despite significant differences in their
initial tissues characteristics. While the C:N ratio of the
pea residues (25.6) was lower than those of wheat C:N
(51.0), both can be considered as limiting with respect to
the growth of decomposing microorganisms. Other
studies showed that decomposition is not limited pro-
vided the crop residue C:N ratio is less than 20 (Wang
et al. 2015). Therefore, we assume that N availability
limited wheat and pea decomposition at the soil surface,
explaining the lack of response of degradation with
respect to the initial tissue composition. This effect of
residue quality was well modelled by the two-
compartment model for C mineralization. Specifically,
vetch had a larger C pool with rapid turnover, i.e., the
labile pool (Wang et al. 2004), and a k/ mineralization
rate two times higher than pea and wheat. However, the
model suggests that while less C was allocated to the

recalcitrant pool (C5) for vetch, the rate of mineraliza-
tion of this pool (k,) did not differ between the three
residues.

The effect of the residue quality was small and tran-
sient and after one year, the degree of decomposition of
the three crop residues did not differ. Our results are in
agreement with several studies showing that decay rates
are rapid for residues with a high soluble fraction and are
typically not sustained over the medium-term due to
exhaustion of this most labile fraction (Cotrufo et al.
2013). Although the chemical quality of the residues is
considered a key factor in stabilizing the SOM, results
from the literature point to inconsistency regarding the
effect of this factor on the accumulation of soil C
(Gentile et al. 2011; Dungait et al. 2012; Castellano
et al. 2015). However, the inconsistency could partly
result from the fact that the crop residues were
decomposing either on the soil surface or into the soil.
Our results showed that at an annual scale, the initial
quality of residues decomposing on the soil surface did
not strongly impact the fate of added C.

However, the results were considerably different for
the dynamics of N, which is a key issue in the recycling
of crop residues in soils. Considerable differences in the
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net accumulation of mineral N were observed for the
vetch and pea residues compared to the wheat residue.
The N content of the plant tissues plays an important
role in the process of decomposition when N limits
microbial growth (Recous et al. 1995) but also deter-
mines the net balance between the simultaneous pro-
cesses of gross N mineralization and immobilization
(Jensen et al. 2005). In the vetch treatments, the higher
initial residue N provided a higher availability of N to
the soil microbial decomposers, and more inorganic N
accumulated in the underlying soil. Conversely, for the
wheat residue with a lower N content, N was taken up
from the soil, probably by diffusion to the residue layer
from colonizing fungal hyphae (Frey et al. 2000).

The difference in the N dynamics for the three resi-
dues is confirmed in this study by the '’N atom excess
% dynamics of the recovered residue particles. Over
time, we observed that the N enrichment decreased
considerably for the wheat residue, indicating that part
of the N measured in the remaining residue had a
unlabelled N source, i.e., soil N, which was assimilated
by the decomposers growing on the residue particles.
Moreover, this effect was considerably reduced or not
observed for pea and vetch where the residue-labelled N
was available in sufficient amounts for microbial re-
quirements throughout the incubation. When comparing
the fate of residue-added N and C, we observed that a
greater proportion of the residue-added N was retained
as organic N in the soil or in remaining particles com-
pared to the proportion of the residue-added C in these
pools. This was expected, as a greater proportion of
mineralized N was re-assimilated by the decomposers
growing in the soil and on the residue particles, and this
was probably enhanced by the fact that the residues
were decomposing on the soil surface. Thus, we ob-
served that the effects of the residue characteristics were
considerably different when comparing the dynamics of
C and N. Joint consideration of the N and C impacts of
crop residue management is an important issue for ag-
riculture because both affect the environment, particu-
larly the greenhouse gas (GHG) balance.

Effect of soil type on C and N dynamics

There was no effect of soil type on N dynamics. How-
ever, the soil type affected the C mineralization rates
until 180 days, but there was no effect after one year. On
the short-term, higher C mineralization was observed in
the sandy-loam than in the clay soil. This result is in line
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with that reported by Freseth and Bleken (2015), who
observed higher C mineralization of clover leaves in-
corporated into a sandy-loam soil compared to a clay
soil. On the contrary, Finn et al. (2015) reported greater
degradation of buffel grass, wheat and lucerne residues
incorporated in a clay compared to a sandy-loam soil.
The slower residue-C mineralization in clay soils is
attributed to the protection of the soluble compounds
in the residue and the reduction in the diffusion of
enzymes to the decomposition sites promoted by clay
(Freseth and Bleken 2015).

The opposite effect of soil type was observed in the
early stages of decomposition with respect to the '*C of
the residue remaining pool, with faster depletion of the
particle '*C pool in the clay soil compared to the sandy-
loam soil, although the effect was transient. The clay
soil, a fine textured soil, may have influenced the for-
mation of a microenvironment more favourable for the
microbes, thus enabling faster colonization of fresh litter
by decomposer microorganisms. This effect could have
been increased by the fact that the clay soil supported
much higher initial microbial biomass than the sandy-
loam soil (Table 1). Some results were also found in the
literature confirming this process: higher decomposition
of wheat, pea and sawdust residues was observed in clay
soils in the short-term by Roychand and Marschner
(2013). On the other hand, no significant effect of soil
texture on the decomposition of crop residues was found
by Scott et al. (1996) during a 91-day incubation period.
The fact that we did not observe differences between the
two soils in the medium-term and only a slight differ-
ence was observed in the short-term reinforces the idea
that there is greater dependence of the decomposition
rate of crop residues on their chemical composition than
on the soil physicochemical characteristics (Manzoni
et al. 2010; Finn et al. 2015), particularly the decompo-
sition of crop residues on the surface.

It was expected that a larger amount of new C accu-
mulated in the clay than in the sandy-loam soil because
of the higher SOM stabilizing ability of fine-textured
soils rich in oxides and phyllosilicates (Cotrufo et al.
2015), but this hypothesis was not confirmed by our
results. In addition, Finn et al. (2015) did not observe
differences in the stabilization of C derived from resi-
dues in different soils during a one-year incubation,
whereas over a longer-term (3 to 17 years), the soil
texture influences the stabilization of C in the field
(Baer et al. 2010; de Oliveira et al. 2013). We believe
that the time scale (one year) and the single pulse of crop
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residues in our study did not allow differences to be
detected between the two soils in their ability to store
new C, which is expected when comparing sandy-loam
and clay soils. However, our results showed strong
interactions between added C and “native” soil C,
which should influence the medium-term C storage.

Priming effect: interaction between soil and added C

Despite little or no effect of soil type and litter quality on
the fate of the added C at the scale of one year as
discussed above, our study with 13C showed a remark-
ably strong interaction between the short-term (added
residue-C) and long-term (soil C dynamics) fate of C,
and this interaction was affected by residue quality and
soil type. The mechanisms responsible for the PE are
much more complex than is commonly believed, and
the use of enriched crop residues is necessary to quantify
and understand this process (Fontaine et al. 2003). It has
been recently suggested that extra CO, mineralization
due to the PE is the result of different mechanisms,
sometimes antagonists, interacting together
(Blagodatskaya and Kuzyakov 2008; Guenet et al.
2010). In this study, the PE was greater with a higher
initial soluble C pool of the residue (vetch) - confirming
our initial hypothesis - and this priming was even stron-
ger than when the C content and soil microbial biomass
were high (i.e., in the clay soil).

Residue addition can stimulate soil priming by pro-
viding a labile C source for the soil microbial biomass
(Kuzyakov 2010). The higher PE observed with vetch
and pea compared to wheat suggests that the intensity of
the PE resulted from the ability of the added C to interact
with the soil C, which is favoured with a substrate
having a higher soluble C. This allowed greater interac-
tions with soil C, which is important in no-till systems
where crop residues are maintained on the soil surface.
In the clay soil, both the higher C content and the higher
initial microbial biomass pool might allow a greater PE,
as observed, but only when soluble C was available
(wheat < pea < vetch). A series of long-term studies
summarized by Kuzyakov (2002) showed that the PE
was higher in clay than in sandy-loam soils and higher
in C rich than in C poor soils. Likewise, Fraseth and
Bleken (2015) concluded that soil type influences the
PE; a greater PE was observed for clay soils compared
with sandy-loam soils, both of which were incubated
with clover residues for 142 days.

The balance between new C input and C losses due to
the PE indicates that the net C balance can be negative.
This is the case in this study for vetch in both soils and
pea in the clay soil. This possibility of a negative C
balance was earlier discussed by Fontaine et al. (2004,
2011) and Paterson and Sim (2013), and other authors
such as Hoosbeck and Scarascia-Mugnozza (2009) ob-
served a net decrease in SOC. Many authors have,
however, reported a positive C balance (Hoosbeek
et al. 2004; Qiao et al. 2014), which is in agreement
with our results for the wheat residues. Our results
therefore suggest that the C balance is strongly con-
trolled by the nature of the added residues, with a risk
of high extra C mineralization with crop residues con-
taining labile C, e.g., non-mature crop residues such as
cover crops. Considering both the C and N impacts of
recycling residues, cover crops, which are often used to
efficiently capture and recycle soil mineral N, could be
less efficient in storing C in the soil depending on their
chemical characteristics (Tribouillois et al. 2015).

Conclusions

This study confirms that the quality of crop residues,
related to their initial chemical composition, affects the
short-term dynamics of crop residue decomposition, the
fate of residue-C and the dynamics of residue-N and
soil N. However, the effects of the residue characteris-
tics differed considerably when comparing the C and N
dynamics. This occurred because there was a transient
effect on the C dynamics when there were small differ-
ences between the crop residues, while the decomposi-
tion of the three crop residues rapidly led to large
differences in soil mineral N accumulation, due to N
mineralization-immobilization processes during decom-
position, which were maintained over the medium-
term. Extra mineralization of soil C due to residue
decomposition, quantified using '*C residues, showed
that the PE responded significantly to the quality of the
crop residue, the soil type and their interaction. The
greater the initial soluble C fraction, the greater the PE,
which ultimately caused a negative balance in the soil
organic C at the scale of the duration of the experiment,
i.e., one year at 25 °C. This work emphasizes the need
for setting up cropping systems with crop rotations
(based on different species and botanical families) that
allow optimization of the trade-off between several
ecosystem services.
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