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Abstract: Little is known about the effect of perennial biomass crops (PBCs) removal on soil C
dynamics. The belowground biomass (BGB) that is composed by plant belowground organs (PBO)
such as rhizomes in the herbaceous PBCs and stumps in woody PBCs should be considered, together
with fine roots (FR), as a huge input of exogenous organic matter (EOM) that is incorporated into the
soil at the reversion. In this study, we mimic the incorporation of BGB of PBCs through a soil-residues
incubation under controlled conditions to investigate the effects of adding FR and PBO (at real field
rates) on soil C and N mineralization dynamics, and to understand decomposition controlling factors.
A modified RothC model version, encompassing a better description of decomposable (DEOM)
and resistant (REOM) pools, was fitted to C mineralization curves of respiration measured by CO2

evolution in incubated soil to quantify partitioning factors and decomposition rates of PBCs BGB
components. After 1 month, PBO showed higher mineralization rates (498 µg CO2-C gsoil

−1) than FR
(196 µg CO2-C gsoil

−1), with black locust having the highest amount of C respired (38% of added C).
The emission peak occurred within 3 days from the beginning of the experiment for PBO and after
1 day for FR. Generally, according to the modified version of RothC model, PBO had higher proportion
of REOM than FR, except for black locust. The decomposition constant rates from the optimized
RothC model were higher for PBO (kDEOM: 20.9 y−1, kREOM: 12.1 y−1) than FR (kDEOM: 0.4 y−1,
kREOM: 0.1 y−1), indicating that FR are less decomposable than PBO. The C/N ratio is not the main
controlling factor of decomposition when residue N is not a limiting factor, while the availability of
easily decomposable substrates (DEOM/REOM ratio) and cell-wall composition decomposition is a
strong predictor of C and N mineralization of these EOM types. The explicit inclusion of crop-specific
DEOM/REOM ratios within RothC or a similar soil C model will help to improve the predictions of
long-term C sequestration trajectories (half-life > 30 years) associated with PBCs cultivation, especially
when dismission of such perennial cropping systems is addressed.

Keywords: perennial biomass crops; reversion; belowground biomass; organic matter addition; crop
residues mineralization; soil C sequestration; soil C modeling; partitioning factor; decomposition
constant rate

1. Introduction

Perennial biomass crops (PBCs) are low-input crops with the potential to mitigate
climate change by sequestering soil organic carbon (SOC) [1,2] and to sustain the provision
of multiple ecosystem services [3–5]. However, crop yield of PBCs tends to decrease after
15–20 years [6,7], and for their economic sustainability it would be profitable to end their
cultivation and convert the soil to the cultivation of annual crops. A consistent body
of knowledge has been produced on the soil C sequestration rate of PBCs during their
cultivation [8,9]. Nonetheless, there are few field experiments reporting the effect of PBCs
removal on soil C and nutrients cycling [7,10–14].
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Conserving C and nutrients locked up into soil organic matter (SOM) during the
cultivation phase is a priority in perennial cropping systems being reconverted to arable
land. PBCs can store huge amounts of C in belowground biomass (BGB) that is incorporated
into the soil at the reversion [2,15]. BGB of PBCs is represented by plant belowground
organs (PBO), such as rhizomes and/or stumps and fine roots (FR). Martani et al. [2]
reported, for example, that C sequestered in BGB (18 Mg C ha−1) after 11 y in 0–30 cm soil
layer by BGB is almost two times higher than the amount of C sequestered in soil. The fate of
this C pool after reversion and its impact on SOC-cycling after reversion are still unknown.
Concerns exist, that the reversion can lead to a fast decrease in soil quality [16], offsetting
at least partially the climate benefits of PBCs [9], but the pulse incorporation of BGB in
soil has the potential to save C after the reversion [2]. The effect of BGB incorporation
on SOC trajectories largely depends on the removal method and the management of the
following land use. To favor a rapid establishment of the annual crop the year of reversion,
BGB is mechanically ground by means of a tiller to facilitate seedbed preparation and
devitalize PBO organs. BGB incorporated into soil at the reversion with such an option
enters the upper soil layers mainly as light fraction organic matter (LFOM) [10]. The SOM
decomposition rate may undergo an increase after high and pulse fresh organic matter
input to soil [17] from plant residues at reversion. How soil microbial biomass (SMB) size
and activity (CO2 respiration) respond to the addition of LFOM (quantity and quality)
determines the trajectory of positive or negative priming effect on SOM. The question on
how to manage this new C input in the system is similar to that raised by Janzen et al. [18]:
“Shall we hoard it or use it?”. If, during cultivation, the unintended climate goal was to
accumulate C (“hoard it”), after reversion it might be swinging towards the “use it” tactic.
Zhu et al. [19] recently proposed the concept of the soil microbial carbon pump (MCP),
which emphasizes the active role of soil microbes in SOM storage. Flow of C (in terms of
quantity and quality) through the soil drives soil multifunctionality [20,21], and ultimately
supports microbially-mediated SOM formation [22,23].

The chemical composition of BGB residues plays a key role in determining the impact
of C mineralization of SOM dynamics. To study the different chemical properties of plants
residues, Abiven et al. [24] suggested separately considering different parts of plants for a
better understanding of C and nitrogen (N) mineralization in decomposition studies. The
study of C mineralization of BGB of PBCs after reversion is important but is hampered in
open-field conditions by the large variability, due to the different sizes of residues following
the mechanical shredding and even distribution of fragments into the soil. Soil incubation
in the laboratory may overcome this difficulty by assuring homogeneous incorporation of
BGB inputs into the soil [25] and standardizing other factors (humidity, temperature and
residues size). Respiratory curves after addition of exogenous organic matter (EOM) can be
a useful approach to characterize mineralization kinetics of PBCs residues at reversion. A
recent incubation study on several EOM materials differing in chemical quality [26] showed
how a modified version of the RothC model can explicitly simulate the C dynamics of the
decomposable (DEOM), resistant (REOM) and humified (HEOM) EOM pools. To date, no
data useful for soil C model were reported on the mineralization rate of BGB residues of
PBCs and on partitioning factor of organic matter pools. From a management perspective,
this information becomes crucial in the understanding of how quantity and quality of BGB
residues of PBCs influence where the removal of PBCs promote mineralization or stabi-
lization of SOM. From a modeling point of view, alternatively, these data may ultimately
lead to a finer parametrization of soil C models that address explicitly the removal of PBCs
within targeted crop rotation schemes. To address these research gaps, in the present study,
we aimed to (1) mimic, under laboratory-controlled conditions, the effects of the reversion
of six different PBCs on soil C cycling by studying the C mineralization dynamics of their
different BGB components and (2) characterize EOM residues quality (partitioning factors
and decomposition rates) to understand their impact on SOM dynamics.
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2. Materials and Methods
2.1. Source of BGB Residues for Incubation

BGB residues for incubation were obtained before the reversion of a 11-y old mul-
tispecies field trial hosting six different PBCs: giant reed (Arundo donax L.), switchgrass
(Panicum virgatum), miscanthus (Miscanthus x giganteus L.), poplar (Populus spp.), willow
(Salix spp.) and black locust (Robinia pseudoacacia spp.). A detailed description of the field
experiment is provided by Amaducci et al. [27] and Ferrarini et al. [5]. The experimental
field trial is located in Gariga di Podenzano, Piacenza, NW Italy (44◦58048′′ N, 9◦41009′′ E).
BGB sampling has been performed by Martani et al. [2]. In brief, PBO (rhizomes of herba-
ceous crops and stumps of woody crops) were excavated from the soil with a digger to
a depth of 30 cm. Once excavated from the soil, samples were hand washed to remove
any soil and weighted. A sub-sample was oven-dried at 65◦ until constant weight, then,
ground and sieved at 2 mm for incubation and chemical analysis. Samples of FR biomass
were collected at a depth of 0–100 cm pressing, with the hydraulic arm of a digger, a self-
constructed ‘Shelby’ tube sampler of 7 cm diameter [28]. To separate FR from soil, samples
were put in oxalic acid (2%) for 2 h, and then washed in a hydraulic sieving-centrifuge
device [29]. Once cleaned, FR were hand-picked from the water using a 2-mm mesh sieve,
oven-dried at 65 ◦C until constant weight.

2.2. Characterization of EOM Used in the Incubation

In total, twelve EOM were used for the incubation experiment, representative of
two different BGB components (FR and PBO) of six different PBCs species (Table 1). FR
and PBO samples were weighted and analysed by Dumas combustion method, with a
CN elemental analyser, to determine C and N concentration (VarioMax CNS, Elementar,
Germany). The cellulose, hemicellulose and lignin contents of the FR and PBO were
determined according to the Van Soest method [30] with a AnkomII Fiber Analyzer (Ankom
Technology Corporation, Fairport, NY, USA). The Lignocellulose index (LCI) was calculated
as the ratio between Lignin content and Lignin + Cellulose content. The Water-Soluble
Carbon (WSC), Water-Soluble Nitrogen (WSN) and mineral N content in biomass were
quantified after extraction of 5 g of dry biomass with 100 mL of nano-pure water for one
hour, filtration with a 0.4 µm glass-microfiber filter and then determined using a TOC–TN
analyser (TOC-VCSN Shimadzu). PBO were considerably different from FR, according to
their chemical (Table 2) and cell wall composition (Table 3). All of the EOM have an acid
pH (4–5), while total organic carbon (TOC) concentration ranged between 29% and 44%.
N concentration in PBO varied between 0.4% and 2.1%, with black locust, that is of the
Leguminosae family, having the highest values. Generally, stump and FR of woody PBCs
had higher WSC and WSN than rhizomes and FR of herbaceous PBCs, while FR had a
higher concentration of mineral N (NO3

− and NH4
+) than PBO. FR had higher ash content

than PBO, while PBO had higher cellulose content (Table 3).

2.3. Incubation Experiment
2.3.1. Soil Used in the Incubation Experiment

The soil used for the incubation experiments was sampled from the arable land beside
the experimental field trial described above, where the annual crop rotation had continued.
We chose this soil as control soil to avoid crop-specific legacy effect of SOM contents. The
soil was sampled to a depth of 30 cm with a self-constructed ‘Shelby’ tube sampler of 7 cm
diameter [28], and several subsamples were pooled together to obtain a representative
sample. The location and main physicochemical characteristics of the soils are reported
in Table 1. Soil was air-dried, sieved at 2 mm and stored at room temperature until the
beginning of the experiments. Before the start of the trials, the soil was preconditioned
by incubation under aerobic conditions for 7 days at the same temperature and water
content was adopted for the experiments and set to a pre-defined value that was 20 ◦C in
temperature and 40% of the water holding capacity (WHC).
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Table 1. Main physicochemical characteristics of the soil used for incubation.

Site Land Use
Sand Silt Clay

pH
CaCO3 SOC STN

C/N
(%) (%) (%) (%) (g kg−1) (g kg−1)

Gariga Arable 11 68 21 6.9 Negligible 7.5 0.98 7.6

SOC: Soil Organic Carbon; STN: Soil Total Nitrogen.

Table 2. Main characteristics of the exogenous organic matter used in the experiment.

EOM
Group Crop EOM

Type
pH

OM TOC NTOT
TOC/NTOT

WSC WSN NH4
+ NO3−

(%) (%) (%) (g kg−1) (g kg−1) (mg kg−1) (mg kg−1)

Woody
PBCs

Black locust
Stump

5.37 86.0 44 1.9 23.1 42.8 5.4 20.20 45.82
Poplar 5.29 89.7 44 0.7 62.8 29.2 1.6 6.79 45.90
Willow 4.92 83.2 44 0.4 110.0 31.5 0.7 9.35 20.45

Herbaceous
PBCs

Miscanthus
Rhizome

4.94 74.8 44 0.9 48.9 32.9 1.8 7.78 35.10
Switchgrass 5.08 78.4 40 0.5 80.0 27.4 0.9 6.24 38.38
Giant reed 4.17 80.3 44 0.8 55.0 54.8 1.3 8.54 10.23

Woody
PBCs

Black locust
Fine roots

5.00 69.9 29 2.1 13.8 12.4 2.6 123.67 78.88
Poplar 4.94 83.2 35 1.2 16.7 13.1 1.1 85.77 202.34
Willow 4.19 69.9 31 1.0 31.0 13.2 0.7 60.88 184.63

Herbaceous
PBCs

Miscanthus
Fine roots

5.40 68.2 32 0.9 35.6 9.0 0.7 28.14 141.06
Switchgrass 4.86 68.4 36 0.7 51.4 26.1 0.6 11.97 38.43
Giant reed 5.47 70.3 30 0.7 42.9 9.5 0.8 26.33 166.35

EOM: exogenous organic matter; OM: organic matter; TOC: total organic carbon; NTOT: total nitrogen; WSC:
water-soluble carbon; WSN: water-soluble nitrogen.

Table 3. Cell wall composition of exogenous organic matter used in the experiment.

EOM
Group Crop EOM

Type NDF ADF ADL
Hemicellulose Cellulose Lignin Ash Soluble

LCI Lignin/N
(%) (%) (%) (%) (%)

Woody
PBCs

Black locust
Stump

62.87 46.29 14.30 16.58 31.99 11.71 2.60 37.13 0.27 6.2
Poplar 74.41 67.71 28.49 6.70 39.21 25.43 3.07 25.59 0.39 36.3
Willow 67.76 66.03 29.43 1.73 36.60 26.22 3.22 32.24 0.42 65.5

Herbaceous
PBCs

Miscanthus
Rhizome

68.02 47.38 21.06 20.64 26.32 13.99 7.07 31.98 0.35 15.5
Switchgrass 77.36 53.26 21.17 24.10 32.09 18.96 2.20 22.64 0.41 40.1
Giant reed 69.97 52.08 23.03 17.90 29.04 20.03 3.00 30.03 0.37 23.7

Woody
PBCs

Black locust
Fine
roots

70.85 42.03 28.08 7.73 16.77 20.94 16.77 37.78 0.56 8.4
Poplar 62.22 54.49 37.71 28.82 13.95 17.63 10.45 29.15 0.56 17.5
Willow 57.03 56.32 31.42 0.72 24.90 19.60 11.82 42.97 0.44 19.6

Herbaceous
PECb

Miscanthus
Fine
roots

67.99 53.80 30.05 14.19 23.75 13.99 16.05 32.01 0.37 15.5
Switchgrass 64.79 45.46 20.14 19.33 25.32 12.77 7.37 35.21 0.34 18.2
Giant reed 69.23 49.38 26.18 19.85 23.20 15.54 10.64 30.77 0.40 22.2

EOM: exogenous organic matter; NDF: neutral detergent fiber; ADF: acid detergent fiber; ADL: acid deter-
gent lignin; Hemicellulose: NDF-ADF; Cellulose: ADF-ADL; Lignin: ADL-ASH; LCI: Lignocellulose index
(Lignin/Lignin + Cellulose).

2.3.2. Soil Incubation Experiment and CO2 Measurement

PBO were added at a dose equivalent to the amount that was measured in the field
eleven years after establishment [2]. In the case of PBO, the addition rate was calculated
according to the amount that was measured before PBCs reversion. The amount of PBO
added ranged from 1541 (switchgrass) to 5534 (giant reed) µg C g−1 of soil (Table S1). The
highest amount of C added among woody PBCs was for black locust (4161 µg C g−1 of
soil). In the case of FR, this approach was not feasible as this would have implied the
addition of an amount of residue too low to assure the precision of the weighing, the
homogeneous mixing with the soil and the repeatability of the measured CO2 emissions.
Therefore, for FR we chose an identical rate, equivalent to the amount of FR residues
measured in field conditions for switchgrass, which was the crop with the larger amount
of FR (5543 µg Cg−1). Overall, the C added to soil (sum of PBO and FR) was 5574, 4789,
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5008, 6031, 3653, 7546 µg Cg−1, respectively, for black locust, poplar, willow, miscanthus,
switchgrass and giant reed. Each PBCs EOM was replicated 3 times (n = 3) in the experiment.
PBO and FR were incubated at 20 ◦C, respectively, for 2 and 1 months in the laboratory by
means of an automated chromatographic system (Figure 1a). The system is described in
Mondini et al. [31]. The system operates continuously, and the sampling frequency for CO2
content determination of each sample is every 6 h.
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Figure 1. Diagram of the automated chromatographic system for soil CO2 sampling and measurement
(a) and structure of the modified RothC model (b). DPM: decomposable plant material; RPM: resistant
plant material; EOM: exogenous organic matter; DEOM: decomposable EOM; REOM: resistant EOM;
HEOM: humified EOM; BIO: soil microbial biomass; HUM: humified soil organic matter; IOM: inert
organic matter; f : partitioning factor; K: decomposition constant rate (yr−1). Figure adapted from
Mondini et al. [26].

2.3.3. Soil C and N analysis

SOM was quantified at the beginning and the end of the incubation experiment on
2 g air-dried samples through loss-of-ignition at 550 ◦C for 2 h (constant weight) with
a thermogravimetric analyzer (LECO TGA 601). Dissolved organic carbon (DOC) and
nitrogen (DON) contents were quantified on soil samples after extraction with potassium
sulphate (K2SO4) 0.05 M, then immediately filtered (0.45 µm cellulose acetate) and kept at
4 ◦C until analysis. DOC and DON were measured using a TOC–TN analyzer (TOC-VCSN
Shimadzu).

2.4. Estimation of RothC EOM Pool Parameters

Soil respiration curves of incubated soils were used to derive EOM pool parame-
ters of the RothC model, specifically modified for SOC modeling in amended soil by
Mondini et al. [26] (Figure 1b). In brief, the standard RothC model, involving C input to
the soil only as decomposable (DPM) or resistant (RPM) plant material, was modified by
introducing additional pools of decomposable (DEOM) and resistant (REOM) EOM. The
partitioning factors (f DEOM, f REOM) and decomposition rates (KDEOM, KREOM) of the addi-
tional EOM pools were estimated by model fitting to the respiratory curves of incubated
soils (Figure 1b). Fitting was obtained using an Excel version of the modified model by
changing the individual EOM pool parameters in a stepwise iteration using the ExcelSolver
function with Newton’s method [32] until the maximum agreement between the measured
and simulated values of CO2 was achieved, assuming as a criterion, the smallest sum of
squared residuals (SSR). The four parameters were optimized simultaneously, considering
the following constraints, to avoid biologically unrealistic parameter estimates:
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(1) f DEOM + f REOM = 1
(2) kREOM > 0.02 yr−1

The minimum KREOM value was set at 0.02 yr−1 to avoid unrealistic values according
to the RothC decomposition rate of the humic substances pool, with the assumption that
the decomposition ratio of residues cannot be lower than that of humic substances in soil.

2.5. Statistical Analysis

All statistical analyses were performed with R statistical software (version 3.6.2) [33].
Cumulative CO2 emissions (as µg CO2-C g−1 and % of added C) were analysed singularly
for EOM type using a two-way ANOVA for crop and DoI (days of incubation) effects.
Changes in soil DOC and DON (as µg C, N g−1 and % of added C,N) and DEOM/REOM
ratio were analysed using a one-way ANOVA for crop effect within EOM types. Means
were separated using Tukey’s honestly significant difference (α = 0.05). Log transformations
were performed to satisfy assumptions of normality and heteroskedasticity when needed.
A stepwise, multiple-linear regressions analysis was applied separately to EOM types (PBO
and FR) to discriminate and rank the most important EOM variables in explaining the soil
C and N mineralization variables (absolute and relative values of C respired as CO2, ∆DOC,
∆DON and ∆SOM as the difference of DOC, DON, SOM in soil from EOM mineralization).
The following EOM group of variables were explored as predictors: EOM quality (C/N
ratio, N content), EOM quantity (C and N added as EOM), DEOM/REOM ratio and EOM
cell wall composition (ash, soluble, hemicellulose, cellulose, lignin, Lignin/N ratio and
LCI index). Best AIC models were selected and the relative importance of the chosen
predictors in the linear model (% of total R2 of the model) was estimated with the “relaimpo”
package [34]. The breakdown of the model R2 into the relative importance metrics was
undertaken with the lmg method, while the significance of the differences between the
predictors’ relative importance (Bonferroni p < 0.05) was calculated with the bootstrap
function (1000 samples).

3. Results
3.1. Stumps and Rhizomes C and N Mineralization

After 60 days of incubation, the amount of C mineralized from PBO added to soil
ranged from 356 µg C g−1 of switchgrass to 1402 µg C g−1 of black locust (Table S1). The
amount of C remaining in the soil after 60 days of incubation of soil incubated with PBO
ranged from 1186 µg C g−1 of switchgrass to 4799 µg C g−1 of giant reed (Table S1). The
cumulative amount of CO2-C mineralized from PBO after 60 days of incubation was on
average 24.2% ranging from 13.8% in the case of giant reed to 38.2% in the case of black
locust (Figures 2a and 3a). Cumulatively black locust respired significantly 2.8 times more
than giant reed (Figure 3a and Table S2). After 30 days of incubation, cumulative respiration
as a percentage of added C was on average 14.9%, ranging from 8.8% in the case of giant
reed to 29.4% in the case of black locust (Figure 3b). After 30 days of incubation, the PBO
respiration rate of black locust was significantly 3.3 times higher than the one of giant reed
(Table S2). Giant reed, willow and poplar had the lowest cumulative amount of respired
CO2 compared to the amount of added C (Figure 3b). The dynamics of mineralization rate
of PBO showed a very distinct pattern: black locust showed a sharp peak after about 7 h
followed by a steady decrease and by a further lower, but broader, peak with a maximum
reached after about 3 days (Figure 3a). Successively, mineralization slowly decreased
but always presented significantly higher figures than the PBO of other PBCs (Figure 2a).
Differently from black locust, giant reed, miscanthus and poplar had only an initial peak
reached within the first day of incubation followed by a steady decrease (Figure 2a). Giant
reed had a maximum respiration rate that was significantly higher than miscanthus and
poplar, but also showed successively a more pronounced decrease, reaching lower values at
the end of the incubation than the other two crop residues. Finally, switchgrass and willow
showed a constant decrease from the start to the end of the incubation period (Figure 2a).
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The addition of PBO to soil caused an increase in the DOC ranging from 5 to 40 µg g−1

(Figure 3e,f and Tables S2 and S3). On average, with PBO addition, DOC increased by 0.44%
of C added (Figure 3f). Giant reed, black locust and miscanthus showed the significantly
highest DOC increases compared to control (Figure 3e and Tables S2 and S3). The addition
of PBO to soil resulted in a generalized decrease in DON at the end of incubation with
respect to the control (Figure 3g,h and Tables S2 and S3). Net N immobilization was
significantly lower for black locust (−6.3 µg N g−1 and 3.5% of added N), while for the
remaining PBCs, it was on average at −25.5 µg N g−1 (Figure 3g) with an immobilization
of 55% of added N (Figure 3h and Tables S2 and S3).
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Figure 3. Absolute (µg C-CO2 g−1) and relative (% of added C) mean values of carbon respired as
CO2 (a–d) for PBO (a,b) and fine roots (c,d) at 30 and 60 days of incubation (DoI); absolute (µg g−1)
and relative (% of added C,N) mean values of the difference at the end of incubation of dissolved
organic carbon (DOC) (e,f) and nitrogen (DON) (g,h) in soil from EOM mineralization with respect
to control. Different lowercase letters show statistically different means among PBCs (Tukey’s test,
p: 0.05) for each parameter within the same EOM type.

3.2. Fine Roots C and N Mineralization

Cumulative C mineralization of FR as a percentage of added C was on average 10.5%
(range 7.9–14) (Figure 3c,d). Switchgrass showed the significantly highest cumulative
C mineralization (295 µg CO2-C g−1) compared to the other PBCs (176 µg CO2-C g−1).
The amount of added C remaining at the end of the incubation (30 days), for a dose of
application of 5.5 mg DM g−1, ranged from 1506 to 1816 µg g−1 for poplar and switchgrass,
respectively (Table S1). The dynamics of mineralization was characterized for FR of all
PBCs by an immediate increase in the rate of CO2 emissions that reached its maximum
about 1 day after residue addition (Figure 2b). The maximum respiration rate varied largely
depending on the residue with higher and lower values recorded for switchgrass and
poplar, respectively. Afterwards, the rate of respiration slowly decreased until the end
of the incubation (Figure 2b). An exception to this general behavior was represented by
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switchgrass that showed a second lower and very broad peak of respiration rate occurring
between days 5 and 12 of the incubation (data not shown).

The addition of FR resulted in a general increase in DOC at the end of incubation
ranging from 3 µg C g−1 of willow to 14 µg C g−1 for black locust (Figure 3e) with respect
to the control. On average, DOC with FR addition increased 0.43% of added C (Figure 3f).
The addition of FR had, instead, after 30 days of incubation, an opposite effect on DON
between black locust (N release) and other PBCs (N immobilization) (Figure 3g). In the case
of the black locust, there was a significant increase of 8 µg N g−1 with respect to the control.
Poplar, giant reed, miscanthus and willow showed values similar to the control, while in
the case of switchgrass, DON content significantly decreased of 10 µg N g−1 (−27% of
added N) respect to the control.

3.3. Pool Size and Decomposition Rates of EOM Types

The fitting procedure with the modified RothC model was applied to all the EOM types
to calculate partitioning factors (f ) and decomposition constant rate (k) of decomposable
(DEOM) and resistant (REOM) pool from the respiration curve of the incubation experiment
(Figure 4, Table S4).
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Figure 4. Mean values of partitioning factor (f ) (a) and decomposition rate constant (k) (b) for different
exogenous organic matter types as obtained by the improved version of the RothC model [26].
DEOM/REOM is the ratio of f DEOM/f REOM Different superscript letters show statistically different
means among PBCs (Tukey’s test, p: 0.05) across all EOM types.

On average f REOM and f DEOM values were, respectively, 0.14 and 0.87 for PBO and 0.13
and 0.86 for FR. No differences were found among EOM types for partitioning factor (f )
for DEOM and REOM expect for switchgrass and black locust, which resulted in the PBCs
with the highest f DEOM, respectively, of 0.22 and 0.39. Mean values of DEOM/REOM ratio
for PBO (0.06) and FR (0.15) were significantly different if from the average are excluded
the PBO values of black locust (0.64) and switchgrass (0.28) which are the PBCs with the
highest proportion of DEOM.

The average decomposition rate of PBO for DEOM and REOM pools were, respectively,
20.9 and 0.39 yr−1, while FR instead showed lower kDEOM and kREOM, respectively, of 12.1
and 0.1 yr−1. In particular, among PBO the highest time constants (lowest kDEOM) were
shown by poplar’s stumps (30.9 yr−1) and miscanthus’ rhizome (41.9 yr−1), while the
lowest time constants (highest kDEOM) were shown by black locust’s stumps (7.9 yr−1) and
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switchgrass’s rhizomes (5.9 yr−1). Decomposition constant rate for decomposable pool
(kREOM) for FR did not show differences among PBCs. Interestingly, decomposition rates of
REOM (KREOM) were significantly higher for PBO of all PBCs than for FR except for black
locust (KREOM: 0.21 yr−1).

3.4. Modeling C and N Mineralization of EOM Types Using Multiple Linear Regression Models

We investigated the linear relationships between C and N mineralization of EOM types
(PBO and FR) and their corresponding array values by a series of linear regression analyses.
Single linear regression models were built considering one C or N mineralization variable
at a time as the dependent variable and single parameters of EOM quality, EOM quantity,
DEOM/REOM ratio or cell wall composition as the independent variables. Five significant
models with multiple predictors were predicted either for PBO and FR (Table 4). In most of
the cases, the multiple regression models showed high adjusted R2 values and low residual
standard error values. Overall model prediction results shows that soil CO2 efflux has
different predictors than C and N soil variables either for PBO and FR (Table 4). Within
the multiple predictors’ variables identified in C mineralization models for PBO, the most
significant were the LCI index and DEOM/REOM ratio, while for FR the DEOM/REOM
ratio. C added as FR was a significant predictor only in describing variations of DOC
and SOM with PBO addition. C/N ratio was a significant predictor of DON and SOM
variations when FR are added to the soil.

Table 4. Summary statistics of the multiple regression models obtained for exogenous organic
matter types.

EOM Type C and N Mineralization
Variables

Residual
SE

Adjusted
R2

F-
Statistic

p-
Value Significant Predictors (% Relative Importance) *

Plant
belowgroundorgans

C mineralization
(cumulative C-CO2) 44.3 0.98 72.81 0.013 LCI index (51%) a, C added (34%) a, Lignin (15%) b

C mineralization
(% of added C-CO2) 0.37 0.99 825.8 0.001 LCI index (49%) a, DEOM/REOM (46%) a, Hemicellulose (6%) b

∆DOC (µg C g−1) 7.5 0.65 10.08 0.033 C added (100%) a

∆DON (µg N g−1) 9.4 0.55 6.78 0.045 N content (48%) a, DEOM/REOM (37%) a, Cellulose (15%) b

∆SOM (µg SOM g−1) 0.09 0.92 29.78 0.011 C added (83%) a, Ash (16%) b

Fine roots

C mineralization
(cumulative C-CO2) 9.44 0.97 53.4 0.018 DEOM/REOM (42%) a, DEOM (40%) a, C/N ratio (17%) b

C mineralization
(% of added C) 2.01 0.87 12.6 0.05 DEOM/REOM (44%) a, DEOM (42%) a, C/N ratio (15%) b

∆DOC (µg C g−1) 1.07 0.94 25.6 0.038 Lignin/N ratio (53%) a, Soluble (32%) a, Lignin (17%) b

∆DON (µg N g−1) 0.07 1 9139 <0.001 C/N ratio (52%) a, Cellulose (26%) b, Ash (22%) b

∆SOM (µg SOM g−1) 0.01 0.94 37.2 0.008 C/N ratio (87%) a, Cellulose (13%) b

SE: standard error; ∆DOC: the difference of dissolved organic carbon in soil from EOM mineralization; ∆DON:
the difference of dissolved organic nitrogen in soil from EOM mineralization; ∆SOM: the difference of soil organic
matter in soil from EOM mineralization. * metrics are normalized to sum to 100% of adjusted R2. Superscript
lowercase letter denotes significant differences among predictors (p < 0.05 Bonferroni test) as assessed by bootstrap
(n = 1000) measures of relative importance.

4. Discussion
4.1. C and N Mineralization of BGB Residues during Reversion

It was assumed that belowground biomass incorporation did not cause priming effect
(PE) or similar PE among plant belowground organs (PBO) and fine roots (FR). As whole
mineralization was low for both materials, but with PBO showing on average a 50% higher
cumulative mineralization than FR (Figure 2).

The amount of EOM applied to the soil ranged from 3653 µg C g−1 in the case
of switchgrass to 7547 µg C g−1 in the case of giant reed (Table S1). These residues-C
inputs values may be considered either valuable (they are on the top C-input ranking
among perennial cropping systems [35]) or interesting, as they can depict new relationships
between SOC sequestration and C input at reversion. This C input, if entering the soil as
LFOM, may positively affect the soil C accrual, even after PBCs cultivation has ceased as
shown by a recent meta-analysis [36].
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PBO contributed on average 80–90% of added C, with the only exception being
switchgrass, which presented a larger added C contribution by FR (56%) than PBO (44%),
a result that is confirmed by Martani et al. [2]. The initial differences in added C among
different plants could be exacerbated by differences in the decomposition rate of residues.
In this study, black locust and poplar showed the maximum and minimum rate of soil
decomposition of total added C (PBO + FR), with 24.4% and 5.4% of added C lost as CO2
after 30 days of incubation, respectively. PBO and FR of switchgrass had very distinct
dynamics of mineralization: FR presented the higher rates of CO2 emissions, while PBO
always showed the lower values of mineralization rate among all the EOM considered
(Figure 2). The added C remaining in the soil after 30 days from incorporation ranged
from 3112 µg C g−1 in the case of switchgrass to 5735 µg C g−1 in the case of giant reed,
corresponding to an increase in C content of 0.31% and 0.57% (12.8 and 23.6 Mg C ha−1).
Consequently, the contribution of these two crops to SOC differed more than 2 times.
These results identify the existence of a significant crop legacy effect on SOC accrual after
reversion to arable land. To date, this is the first study that identifies and provides data
for multiple species on the contribution of PBO, such as stumps and rhizomes, to SOC
sequestration. Considering an initial low SOC content in the soil of the site (0.8% and
32 t C ha−1 in the 0–30 cm layer [2], PBC reversion makes a substantial contribution to SOC
change with an average PBO-C reversion to SOC rate of 40%.

To design positive soil C sequestration trajectories in cropping systems, it is funda-
mental to disentangle the effect of level (quantity) and type (quality) of C residues input
on SOM stabilization [37,38]. The results of this study showed how C mineralization of
PBO is more affected by cell wall composition (LCI index), but inversely SOM increase
is more affected by C quantity (Table 4). C mineralization of decomposing recalcitrant
residues has been already described to be mainly controlled by biochemical quality [39,40].
Interestingly, after grinding into the soil crop residues such as PBO, our data showed a
linear relationship between C added and SOM increase. Newly generated SOM with PBO
addition suggests that SOM stabilization did not decrease with increasing addition levels,
as found by Shahbaz et al. [38]. This is in agreement with the findings of Kong et al. [35] on
the cropping systems that have been implemented on soils with low SOC content, namely
the soil did not reach an upper limit of saturation for soil C.

The FR contribution to the total C remaining in the soil after 30 days of incubation
varied largely from 9.7% for poplar to 58.4% for switchgrass. These data confirm the
importance that FR can have in the maintenance of SOC stocks due to the generally low
rate of decomposition [2,9,41]. At the end of incubation, the addition of EOM contributed
very differently to the increase in SOC as the amount of added C remaining in the soil
varied as much as 4 times depending on the EOM type. On the contrary, the initial C-to-N
ratio and the lignin/N ratio negatively influence the decay rate of the slow C pool [42] and
that of FR residues positively influenced SOM accrual in the short term, confirming to be a
what found by other authors [43–45].

4.2. Modeling C and N Mineralization of BGB Decomposition in the Soil

The EOM used in the present study showed remarkable variations according to their
cell wall composition and biochemical properties. In particular, black locust seems to be
characterized by the presence of two distinct pools of easily degradable materials, as under-
lined by the occurrence of two relative peaks within the first 3 days of incubation (Figure 2).
On the other hand, switchgrass and willow showed a decreasing trend throughout the
whole incubation and the lack of a clear initial peak (Figure 2). This behavior is likely corre-
lated with the low amount of easily decomposable compounds and/or with their lower rate
of decomposition (as underlined by kDEOM values for switchgrass) (Figure 4 and Table S4).
Moreover, RothC pool parameters indicate that black locust had the highest content of
easily decomposable material (f DEOM for black locust’s stump = 0.39). On the contrary, the
EOMs with lower cumulative respiration were characterized by higher values of f REOM
(Figure 4 and Table S4).
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Giant reed rhizomes were characterized by very fast initial mineralization followed
by a pronounced decline (Figure 2). As a matter of fact, cumulative respiration expressed
as a percentage of added C sat in the lower part of the recorded range for the six PBCs
(Figure 3). This evidence points to the occurrence of a small amount of easily decompos-
able compounds that are highly reactive, which are supported by values of f DEOM (0.05,
Table S4) with the highest KREOM (0.42, Table S4). Poplar and giant reed PBO had a very
distinct behavior: despite similar contents of C and N and consequently comparable C/N
ratios, they showed a distinct respiratory pattern and cumulative respiration of 13.8% of
added C in the case of giant reed and 19.1% in the case of poplar. This is in agreement
with previous findings that the C/N ratio of residues does not regulate the residue decom-
position in the soil, but mineralization depends more on the biochemical quality of the
residues [46]. Toenshoff et al. [25] reported a value of C mineralization of PBO and FR of
poplar residues of about 20% and 25% of added C after 30 and 42 days of incubation, while
Wachendorf et al. [47] showed that decomposition of woody harvest is rapid.

The incorporation of EOM at actual field rates resulted in very different amounts of
added C remaining in the soil after the mineralization of easily degradable compounds.
Therefore, reversion of PBCs may lead to very different impacts on SOC depending on the
crop involved. The mineralization of PBO was not related to the C/N ratio but instead to
the LCI index of added materials, while there was a significant relationship between soil
DOC, DON and C, N amounts of added materials. Similar results were found in the study
of Marzi et al. [48] and Amougou et al. [49]. These data support the hypothesis that the
ratio of C/N is not the main factor regulating organic matter decomposition.

In FR, the highest amount of C mineralized was not recorded for black locust as in
the case of PBO, but for switchgrass, which has a C/N ratio of about 60. This is another
confirmation that the C/N ratios are not the main factor controlling the decomposition
of SOM. In addition, FR mineralization might not be limited by N availability. In fact,
N availability as a sum of soil and ∆DON as percentage of added residue dried matter
indicated that all FR had values above the threshold of 1.2% indicated by Jesmin et al. [50]
and Henriksen et al. [51] for the reduction of residue decomposability due to N deficiency.
When N availability is not a limiting factor, as in the present study, the C/N ratio of residues
is not a driving factor of residue decomposition [46].

Switchgrass had the highest cumulative C mineralization of FR among PBCs and
the highest C/N ratio, extra soluble C and f DEOM. Miscanthus FR had the lowest C
mineralization and lowest values of kDEOM (Figure 4). Amounts of FR C mineralization were
comparable with values of about 10% of added C measured by Wachendorf et al. [47] and
values in the range of 7–13% found by other authors [52,53]. More likely, C mineralization
of FR was lower than PBO, due to the different biochemical quality, resulting in different
accessibility of degradable C compounds to microbes [39,54,55]. Low mineralization rates
for FR have been previously reported [24,25,46] and attributed to the occurrence of large
quantities of suberized cell walls recalcitrant lignin-N complexes and characteristic cell wall
architecture (caspian bands) [25,46], which constitute a barrier to microbial attack. Values
of kDEOM and kREOM for switchgrass FR (13 and 0.11, respectively) were consistent with
values of 12 and 0.7, respectively, found by Johnson et al. [40]. Low mineralization of FR
was reflected in the pool distribution with low values of KREOM (on average 0.09) than PBO
(0.39) (Figure 4). The low mineralization rates of FR means that most residual C remains in
the soil when FR are incorporated, underlining the significant role of belowground biomass
in C stabilization [46]. The lower mineralization of FR resulted in a lower N immobilization
than PBO, as recorded by Toenshoff et al. [25]. Root amended soils were characterized in
general by a lower DOC content at the end of incubation. This is supported by the fact
that FR presented a significantly lower rate of kREOM (at about 0.1 corresponding to mean
residence time of 10 years) than PBO (KREOM was on average 0.4 corresponding to a mean
residence time of 2.5 years).

The fact that biochemical properties had low relative importance in predicting C
mineralization of FR compared to the DEOM/REOM ratio suggests that this lower miner-
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alizing ability of the FR may be due not only to a specific highly recalcitrant C pool, but
also to a reduced accessibility to decomposers. These results showed how not only the
macromolecular composition, but also the anatomy of the tissue (location and thickness
of the suberin–lignin complex) play a role in enzyme accessibility and protects the root
externally by preventing easier decomposable compartments from decomposition [24].

The results showed the value of separately considering the different plant parts when
studying plant residue decomposition [24].

4.3. RothC Model Optimization of BGB Residues for Multiple PBCs

RothC has been extensively used to predict SOC changes under different perennial
energy crops at site-specific [56–58], regional [58] and European scale [59,60]. Nevertheless,
one major limitation of the standard version of RothC model when run for PBCs is that
it is insensitive to the variation in the quality of EOM inputs [58]. In other studies, the
addition of different EOM pools satisfactorily described the patterns of litter decomposi-
tion [9,45,55]. The possibility to specifically parametrize important EOM such as FR and
PBO might help in predicting with higher probability the soil C changes during cultivation
and reversion phase of perennial energy crops. If BGB is ground and incorporated into
the soil, reversion of PBCs is to be considered as a pulse OM addition at high dose in the
to soil layer (on average, 47 Mg DM ha−1 for herbaceous PBCs and 38 Mg DM ha−1 for
woody PBCs) [2]. To enhance the ability of RothC to accommodate a wider range of EOMs,
some authors have proposed varying the partition coefficients attributed by RothC to EOM
pools [61–64], but none of them has undertaken it explicitly for PBCs. In this study, we
encompassed new EOM pools (PBO and FR) for multiple PBCs using the optimized version
of RothC proposed by Mondini et al. [26]. In this study, for the first time, we provided
the DEOM/REOM ratios of different EOM types relevant to C sequestration under PBCs
cultivation (Table 4). The crop ranking for the DEOM/REOM ratio was as follows for PBO:
black locust (0.64) > switchgrass (0.28) > giant reed (0.05) > poplar/willow (0.04), while the
following was noted for FR: switchgrass (0.2) > giant reed/willow (0.16) > miscanthus (0.14)
> black locust/poplar (0.11). These findings support the hypothesis already confirmed
by Mondini et al. [26] that explicit treatment of EOM heterogeneity would improve the
performance of the RothC model.

The results of this study also showed that DEOM/REOM ratios of EOM are directly
linked with C mineralization and C, N cycling in soil after their addition (Table 4). The use
of these optimized DEOM/REOM ratios for multiple EOM types of PBCs ratios seems to
accommodate the large variability of the tested EOMs, in terms of cell wall composition
and biochemical properties. Kinetically defined pools for PBO and FR, which consider such
interactions, represent a clear advantage in terms of simulation accuracy over their opera-
tionally defined pools. For example, the significant relationship between C mineralization
(% of added C-CO2) and DEOM could be explained by the fact that most of the mineralized
EOM-C emitted during incubation is derived from the decomposable pool.

5. Conclusions

We simulated through a short-term incubation study the reversion of six different
PBCs to arable land by adding to soil two distinct EOM types (PBO and FR). We have
shown that PBCs residues decomposition and their relative contribution to SOM accrual is
a complex process, regulated by either accessibility to decomposers, cell wall composition
or biochemical quality. Multiple regression modeling allowed us to separate effects on C, N
mineralization of residues and SOM storage of cell wall composition, C accessibility, bio-
chemical quality and C quantity. The partitioning factors (fDEOM/REOM) and decomposition
constant rate (KDEOM/REOM) of the decomposable and recalcitrant pool of EOM have been
calculated for the first time for multiple PBCs with an optimized RothC model.

When PBO is ground into soil, we observed both a consistent C sequestration efficiency
and SOM accrual, while roots decomposed slower and less new SOM was generated
principally because of lower substrate accessibility to decomposers. The quantity of C
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added at real field doses is the main controlling factor for SOM accrual with PBO addition
while LCI index predicted satisfactorily its PBO C mineralization. Multiple regression
modeling of FR decay showed that C/N ratio together with DEOM/REOM are the two
main controlling factors of SOM increase and C mineralization, respectively.

This type of information linked with decomposition constant rate (KDEOM and KREOM)
information is extremely useful to refine sub-models of FR and PBO C dynamics in daily
time steps or at the scale of a single growing season. What is commonly advocated
in modeling studies addressing SOC changes under PBCs is the need to verify sustain-
able SOC enrichments in response to gross C inputs, EOM partitioning and SOC pool
turnovers [9,65,66]. The inclusion of DEOM/REOM ratios in the RothC model or their
use in similar soil C model will become essential in defining the long-term sustainability
of C sequestration (half-life >30 years) associated with PBCs cultivation, especially when
reversion of such perennial cropping systems is addressed.

Labile plant constituents (DEOM) are considered the dominant source of microbial
products, relative to input rates, and they are efficiently utilized by microbes [21,55,67].
Such high and pulse labile C inputs from PBO might become the main precursors of stable
SOM “potentially” generated after reversion of PBCs. In particular, the quality of inputs
becomes even more relevant than the added C quantity itself, if we look at increasing the
humification efficiency of these C-rich residues. Several recent findings showed how to
assist microbially-mediated crop residue humification by integrating crop fertilization with
residues stoichiometrically balanced supplementary fertilization [68–70]. The issue of how
to manage C-rich BGB residues of PBCs under real-farm conditions to maximize short-
term opportunities for sequestering C into new SOM after reversion calls for improved
soil C models [71,72] New biogeochemical models exploring substrate quality, microbial
community and the formation of stable SOM are being conceptualized and validated.
Modeling research efforts should ultimately be prioritized towards incentivizing schemes
supporting PBCs cultivation, not only for their climate benefits during the real crop life
span, but also for their potential crop legacy effect on SOM accrual after reversion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12020485/s1, Table S1: Amount of C and N added to
soil from the incubation of different exogenous organic matters (EOM), amount of EOM C remaining
and relative variation of soil organic matter content (SOM) at the end of the incubation experiment
for belowground biomass components (plant belowground organs and fine roots) of six different
perennial biomass crops; Table S2: Analysis of variance on the effect of crop type for CO2 efflux and
soil parameter (DOC and DON) considered in the incubation experiment of the two components
of belowground biomass: plant belowground organs and fine roots. (*, **, *** denote statistically
significant differences for p < 0.05, p < 0.01 and p < 0.001, respectively); Table S3: Mean values (µg g−1)
of dissolved organic carbon (DOC) and nitrogen (DON) in soil at the end of incubation. Different
letters show statistically different means among PBCs (Tukey’s test, p: 0.05) for each parameter within
the same EOM type; Table S4: Mean values of partitioning factor (f ) and decomposition rate constant
(K) for different exogenous organic matter types as obtained by the improved version of the RothC
model (Mondini et al., 2017).
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Glossary

BGB Belowground Biomass
DEOM Decomposable Exogenous Organic Matter
DOC Dissolved Organic Carbon
DON Dissolved Organic Nitrogen
DPM Decomposable Plant Material
EOM Exogenous Organic Matter
f Partitioning factor
FR Fine Roots
HEOM Humified Exogenous Organic Matter
HUM Humified Carbon Pool
k Decomposition rate constant
LFOM Light Fraction Organic Matter
PBO Plant Belowground Organs
PBCs Perennial Biomass Crops
REOM Resistant Exogenous Organic Matter
RPM Resistant Plant Material
SOC Soil Organic Carbon
SOM Soil Organic Matter
SMB Soil Microbial Biomass
TOC Total Organic Carbon
WSC Water Soluble Carbon
WSN Water Soluble Nitrogen
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