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Abstract: Catch crops are an effective method for reducing nitrogen (N) leaching in agriculture,
but the mineralization of incorporated catch crop residue N is difficult to predict and model. We
conducted a five-month incubation experiment using fresh residue from three catch crops (hairy
vetch, fodder radish and ryegrass) with three temperature treatments (2 ◦C, 15 ◦C and 2–15 ◦C
variable temperature) and two termination methods (glyphosate and untreated). Mineral N (am-
monium and nitrate) in soil was quantified at 0, 1, 2, 4, 8 and 20 weeks of incubation. Ammonium
accumulation from residue decomposition showed a lag at low and variable temperature, but sub-
sequent nitrification of the ammonium did not. Mineral N accumulation over time changed from
exponential to sigmoidal mode at low and variable temperature. Incubation temperature significantly
affected mineralization rates in a first-order kinetics (FOK) model, while plant type and termination
method did not. Plant type alone had a significant effect on the final mineralized fraction of added
catch crop N. FOK models modified to accommodate an initial lag were fitted to the incubation
results and produced better goodness-of-fit statistics than simple FOK. We suggest that initial lags
in residue decomposition should be investigated for the benefit of mineralization predictions in
cropping models.

Keywords: nitrogen mineralization; catch crops; incubation; soil organic matter; glyphosate; soil
microbes; first-order kinetics; modeling

1. Introduction

In agriculture, catch crops are a widespread and effective method for reducing posthar-
vest soil mineral nitrogen and thereby leaching of nitrogen after harvest and during the
autumn-winter season [1–3]. However, nitrogen taken up by the catch crops is subject to
mobilization after the catch crops are terminated and incorporated into the soil, and their
residues are degraded by soil microbes [4].

The degree and rate of plant residue decomposition in agricultural soils are critical
factors in determining the fate of the mobilized catch crop nitrogen. Ideally, this nitrogen
(N) is taken up by the subsequent main crop, but in humid temperate climates with high
precipitation, there is a risk of leaching mobilized catch crop nitrogen [5]. Apart from
leaching, mobilized soil nitrogen can also be lost via nitrous oxide emissions from both
nitrification and denitrification due to the creation of low-oxygen hotspots around the
incorporated plant residues [6] and the introduction of fresh labile carbon sources [7]. The
network of microbial processes that results in net plant residue nitrogen mobilization is
affected by a multitude of environmental conditions, ranging from soil texture [8] and
temperature [9] to the characteristics of the plant residue [10], the methods of catch crop
termination and incorporation [11] and the management history of the soil [12].

Dynamic models of cropping systems, such as Daisy [13], APSIM [14], HERMES [15,16],
DNDC [17] and DSSAT [18] (among many others) are powerful tools for predicting the
fate of nitrogen in agricultural soils, including the turnover and transformation of the
nitrogen held in terminated catch crops. However, most models capable of simulating
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entire cropping systems avoid detailed mechanistic descriptions of the soil microbiome
and its interactions with added residue and soil organic matter in favor of “black box”
approaches. These lump together the complex network of microbe–substrate–environment
interactions in relatively simplified functions. The functions, in turn, are defined with
a mixture of empirical and ad hoc parameters, often including microbial biomass as a
parameter or pool, but lacking any explicit description of the microbial community, their
diversity and how this is related to processes and process rates [19]. A single notable
exception is the ORCHIMIC model [20], currently under development with the aim of
being embedded in larger cropping systems models.

The most-used description of plant residue or soil organic matter turnover in cropping
models is based on first-order kinetic (FOK) processes representing carbon and nitrogen
flows between more or less abstract functional fractions (or pools) of the soil organic matter.
Each first-order kinetic interaction is defined by a rate constant and a collection of scaling
factors that account for the effect of temperature, soil water content, pH and clay content,
among others [21]. The functions used for computing these factors are derived more or
less empirically, often via fitting soil incubation results to FOK models and examining the
effect of different incubation conditions on the overall turnover rate constant [22]. This
approach, although robust, has certain limitations, which we propose requires exploring.

In particular, while cropping models based on the FOK approach generally account
for the slowing of organic matter turnover at low-temperature, low water content and
pH extremes, they inherently assume an instantaneous reaction of decomposer microbial
communities to residue incorporation. Microbes and microbial communities, however, are
known to take time to adapt before increasing or decreasing their activity after a change
in their environment, such as the addition of fresh substrate [23], and require time to
fully colonize incorporated plant residues [24]. Furthermore, both of these preambles
to residue decomposition are also likely to be slower at low temperatures, as most soil
microbial processes are, increasing the delay between substrate addition and observable
net N mineralization.

For these reasons, we hypothesize that besides the effects from plant type on overall
N mineralization, there must be a transient temperature-dependent effect on net N miner-
alization rate shortly after plant residue incorporation. Additionally, we raise the question
of whether the FOK model is adequate for describing the early accumulation of mineral
nitrogen at different temperatures or whether alternative, still simplified, mathematical
expressions could be proposed that take into account the effect of temperature on the
activation of decomposer soil microbes, as well as the colonization of plant residues.

In the present study, we carried out a five-month incubation experiment at low
temperatures typical of temperate autumn-winter seasons (2◦C and 15 ◦C) to investigate
net nitrogen mineralization from catch crop residues with a focus on the initial stages of
residue decomposition. We selected three common catch crops belonging to three plant
families used widely in agriculture (mustards, grasses and legumes) in order to represent a
realistic variety of catch crop residue types. The objective was to identify any non-ideal
behavior in decomposer soil microbes reflected as changes in the amount or pattern of
net N mineralization during incubation independently from plant type. Given that soil
microbial decomposer communities take time to adapt after a change in temperature [25],
and different groups of soil microbes have been known to respond differently to sudden
temperature changes under incubation conditions [26], a variable temperature treatment
oscillating between 2 ◦C and 15 ◦C was also considered.

Finally, we consider that herbicides, such as glyphosate, are often used for catch crop
chemical termination together with or as an alternative to mechanical termination [27,28].
This method of catch crops termination has the potential for affecting the quality of in-
corporated residues by initiating tissue senescence and possibly degradation days before
incorporation into the soil, which in turn has the potential to affect the timing or rate of
catch crop residue N mineralization. Indeed, although little information exists on the
topic, glyphosate has been observed to enhance catch crop residue carbon and nitrogen
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mineralization similarly to mowing when compared to direct incorporation [11]. Since this
effect could interact with both temperature and plant type on early N mineralization from
catch crops, chemical termination was also included as a treatment for two of the catch
crop types in this study.

2. Materials and Methods
2.1. Soil and Plant Samples

All soil and plant samples were collected from the Catch Crop Screening experimental
field at Foulumgaard, Denmark, at the Department of Agroecology, Aarhus University.

In late March 2019, approximately 80 L of soil were taken from the top 20 cm of an
experimental plot treated with glyphosate early in October 2018, which had thus remained
bare for the 2018–2019 autumn–winter season. Bulk density, texture and soil water content
samples were taken from the same plot at a depth of approximately 100 mm using 100 cm3

steel rings.
The collected soil had a mean clay (<2 µm), silt (<200 µm) and sand (<2 mm) content

of 6.2% 32.2% and 57.7%, respectively, a mean organic matter content of 3.9% by mass, and
a mean C:N ratio of 12.97. The mean soil bulk density from ring samples was 1.26 Mg m−3,

and the mean gravimetric water content (GWC) at sampling was 21.7% by mass, approx-
imately 95% of field capacity (the GWC of the soil samples at pF = 2.0 was 22.8%, as
determined from pressure plate measurements). All soil for incubation was sieved to 5 mm
and mixed by piling using a shovel before storage at 2 ◦C for approximately 2 weeks until
sample preparation.

We selected three catch crops from the field, hairy vetch (HV; Vicia villosa “Hungvil-
losa”), ryegrass (Rg; Lolium perenne “Mathilde”) and fodder radish (FR; Raphanus sativus
var. Oleiformis “Brutus”), each grown in a separate plot. These species belong to three
distinct plant families (legumes, grasses and mustards) and are frequently used as catch
crops in conventional agriculture both alone and in mixtures in Denmark [29].

All three catch crop types were sown in late August 2018 and overwintered in the
field. In particular, a mild winter from 2018 to 2019 allowed the fodder radish to survive
until spring and developed sizeable taproots. However, none of the catch crops had begun
flowering at the time of this experiment. In mid-March 2019, half of the surface of the
plots containing the hairy vetch and ryegrass catch crops were sprayed with herbicide
(Glyphomax HL at a rate of 2–3 L ha−1) to produce the chemically terminated hairy vetch
(HV + G) and ryegrass (Rg + G), while the other half was left untreated. Two weeks after
herbicide application, plants on each half of each plot were clipped as close to the ground
as possible without including any soil or root matter. On the same day, whole fodder radish
plants were pulled out of the ground, washed, and separated into root, stem and leaves.
Small subsamples (approx. 10 g f.w.) of all plant types were taken to determine water
content at the time of sampling by drying at 105 ◦C.

All remaining plant material was stored at 2 ◦C for one week, after which all plant
types were prepared for incubation on the same day.

2.2. Plant C:N Analyses

A representative sample of the collected plant material was dried at 60 ◦C for 48 h
and then milled to a fine powder. The roots and stems of the fodder radish were discarded.
Quintuplicate representative 1 g subsamples of the dried and milled plant materials were
analyzed for total carbon and nitrogen using an Elementar Vario Max Cube organic elemen-
tal analyzer. The plant residue used for incubation had a mean water content between 74%
and 85% and contained approximately 5–8 mg total nitrogen and 58–108 mg total carbon
(Table 1). The water content of the chemically terminated residues was not measured sepa-
rately and thus was assumed the same as that of their untreated counterparts. However,
only mild wilting was observed at the time of collection, and small differences in net added
N due to water losses were judged not to factor in the timing of net N mineralization from
the chemically terminated residues.
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Table 1. Mean properties of the plant residue added to the incubation columns.

Plant Type Water Content (%) % C d.w. % N d.w. Total C per 1 g f.w. (mg) Total N per 1 g f.w. (mg) C:N

HV 85.3 42.58 5.26 62.55 7.73 8.09

Rg 73.7 40.93 2.29 105.20 6.02 17.87

FR 85.0 39.03 4.59 58.29 6.85 8.50

HV + G 85.3 41.13 5.07 60.42 7.45 8.11

Rg + G 73.7 40.95 2.03 107.62 5.33 20.17

2.3. Incubation Setup

A full-factorial incubation experiment was conducted with incubation temperature
and plant type as experimental treatments. Each plant type (HV, FR, and Rg), including
the two that were treated with glyphosate (HV + G and Rg + G), was split between
three temperature treatments: 2 ◦C constant temperature, 15 ◦C constant temperature,
and variable temperature alternating between 2 ◦C and 15 ◦C every 2 to 3 days. These
temperatures correspond approximately to the maximum and minimum average daily
topsoil temperatures typically observed between the months of September and March at
the Foulumgård Experimental Station.

Additionally, a control treatment consisting of only soil was included to account for
background decomposition of soil organic matter (SOM) at all three temperatures.

The experimental units consisted of 200 cm3 re-packed soil cores (contained in 250 cm3

stainless steel cylinders) to which different types of plant residue were added and which
were incubated at different temperatures for 20 weeks.

All treatments were prepared in triplicate to be sampled destructively at six times of
incubation (0, 1, 2, 4, 8 and 20 weeks), resulting in a total of 288 experimental units (week 0
was not split between different temperatures, as this would not have had any effect).

2.4. Incubation Column Preparation

Preliminary column preparation was similar to that used by [4] consisted of packing
the sieved and mixed soil into small (100 cm3) steel cylinders by gradually adding and
pressing four portions of 31.5 ± 0.05 g with a set of custom pistons to a final bulk density
of 1.26 Mg m−3, equal to that measured in the field.

Plant material was then cut into portions 20–30 mm in length, taking care to damage
the tissue as little as possible. The entirety of the aboveground material was used for hairy
vetch and ryegrass, but only the leaves and petioles were used for fodder radish, excluding
the hard stems.

One gram fresh weight of the cut plant material was placed between two small soil
cylinders, which were gently pressed together into a larger (250 cm3) cylinder so that bulk
density and compaction remained unchanged, but soil volume was doubled. This method
is considered analogous to the coarse mixing of plant material by field machinery, were
partially shredded plant residues are turned and buried nonhomogeneously between large
soil aggregates by the plow. The control samples were similarly prepared by pressing
together two smaller cores into a large one without any added plant material.

The large incubation columns were capped with plastic lids with small breathing holes
punched into them and placed in 2 ◦C and 15 ◦C climate-controlled rooms according to
their temperature treatments. The 2–15 ◦C variable temperature treatment was achieved by
moving the corresponding columns between the two rooms at 2–3 day intervals, keeping a
schedule that ensured equal total lengths of time at each temperature. The temperature
in the sample containers was monitored for the experiment’s duration using wireless
temperature loggers to account for unexpected temperature variations inside the climate
rooms. Due to the high field water content in the soil, no water was added during column
preparation. Water content was monitored by weighing each cylinder at 2-week intervals
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and adding demineralized water with a syringe as necessary to maintain constant weight
through incubation.

2.5. Mineral Nitrogen Extraction and Quantification

During destructive sampling, each column’s contents were transferred into an alu-
minum tray, and any remaining discernible plant material was cut into 1–2 mm portions,
after which the entire sample was thoroughly mixed.

Mineral nitrogen (nitrate, NO3
−, and ammonium, NH4

+) was then extracted by
mixing 25 g representative samples of column material into 100 mL KCL 1 M aqueous
solution and shaking in a spinning rack at 20 rpm for 30 min. The resulting extract was
filtered using quantitative ashless paper filters previously rinsed with 50 mL of the same
KCl solution. The filtrate was immediately stored at −18 ◦C awaiting analysis.

NO3
− and NH4

+ concentrations in the KCl extract were determined colorimetrically
using a Seal Analytical AA500 auto-analyzer with the methods described by Best [30] and
Crooke and Simpson [31], respectively, then transformed to the total mass of nitrate-N
and ammonium-N (NO3-N and NH4

+-N, in mg-N) in each sample using water content at
extraction and sample mass measurements.

2.6. Denitrifying Enzyme Activity (DEA) Assay

In order to rule out important nitrogen losses through denitrification during incuba-
tion, DEA assays were carried out in subsamples of 20-week, 15 ◦C incubation samples
from all plant types. These subsamples were created by extracting smaller cores (approx.
1 cm diameter) from the incubation cores and dividing them into the edge (top and bottom
quarters of the small core, composited) and middle (two middle quarters of the small
core) portions.

The procedure for this assay was the phase 1 acetylene denitrification assay with
glucose as substrate, unlabeled potassium nitrate as nitrogen source and chlorampheni-
col as protein synthesis inhibitor, as carried out by Duan et al. [32] and described by
Tiedje et al. [33]. Headspace gas samples were taken at 15, 45, 75, 135 and 195 min of
incubation during the assay into evacuated vials previously filled with helium gas. N2O
concentration in the gas samples was measured by gas chromatography in a dual-inlet
Agilent 7890 GC-ECD system.

2.7. Statistical Analysis

All statistical analyses were carried out in R version 3.5.3 [34]. Firstly, we calculated
the net mineralization of residue-bound nitrogen (Nnet in mg-N) during incubation by sub-
tracting the mean total mineral nitrogen (NO3

− + NH4
+, in mg-N) in the control samples

at each temperature and incubation time from the total mineral nitrogen in corresponding
samples containing plant residue, similarly to Thomsen et al. [4]. To compare the effects
of treatments after the full course of incubation, we defined the maximum net mineraliza-
tion (Nmax) as the mean Nnet at 20 weeks of incubation for each plant type and the total
added plant residue N (N0) as 1000 mg fresh plant residue multiplied by water and total
nitrogen contents.

We then compared Nmax values from HV, FR and Rg at all incubation temperatures by
constructing linear regression models (R base function lm) using Nmax/N0 as the response
variable and plant type (hairy vetch, fodder radish or ryegrass) and temperature treatment
(2 ◦C constant, 15 ◦C constant or 2–15 ◦C variable temperature) as predictor factors. Chem-
ically terminated plant types (HV + G and Rg + G) were not considered in this step since
this treatment is not expected to affect the final mineralized fraction of added residue N.
The full models were reduced by removal of the non-significant (p > 0.05) terms based on
analyses of variance comparing the maximum-likelihood estimates of nested models upon
removal of single terms starting from four-way interactions (R base function drop1).

Additionally, we employed a linear regression model to analyze the effect of plant
type, incubation temperature and termination method on the rate of increase in Nnet during
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the eight initial weeks of incubation, independently from Nmax. To do this, we applied a
transformation based on a first-order kinetics model:

Nnet = Nmax

(
1 − e−Kt

)
, (1)

where the exponential term can be isolated and removed using a natural logarithm:

ln
(

1 − Nnet

Nmax

)
= −Kt, (2)

resulting in a linear function between Nnet/Nmax and incubation time, with the FOK rate
constant K as the slope in units of weeks−1.

However, due to random error, some Nnet values may be larger than Nmax, causing
the difference in the left-hand side of Equation (2) to take negative values, for which
the logarithm function is not defined. To avoid this issue, both sides of Equation (2)
were squared, taking advantage of the power-to-a-power property of exponents on the
right-hand side, and ensuring the left-hand side is always positive:

ln

((
1 − Nnet

Nmax

)2
)

= −2Kt (3)

The transformed Nnet values were used as a response variable in a zero-intercept
linear regression model with incubation time as a continuous predictor and plant type
and incubation temperature as predictor factors. Where significant interactions between
incubation time and the other predictors were observed, post-hoc multiple comparisons
of model estimates were carried out using Sidak corrections for p values (R package
“emmeans” [35]), and estimates of the regression slopes (the rate constant K in the FOK
model) were extracted from the highest-order interaction involving incubation time.

Chemically terminated plant types were tested separately from untreated plant
types, focusing on determining any significant interactions between other factors and
chemical termination.

2.8. Approaches Outside FOK

We proposed three simple alternative models to test whether minimal modifications to
the FOK model can be employed to account for initial delays or lags in net N mineralization.
The first alternative model (Exp) is an arbitrary modification of the FOK model in the
form used to describe net N mineralization (Equation (2)), where it is simply multiplied
by another exponential term. This effectively scales Nmax to a value, which converges
asymptotically with time from zero to 1 at a rate determined by a “lag parameter” L, which
has the same units as the FOK rate constant K:

Nnet = Nmax

(
1 − e−Lt

)(
1 − e−Kt

)
(4)

The lag term in this function can be interpreted as the freshly added plant material
becoming gradually more available for decomposition with time, for instance, as the surface
of the residue becomes gradually colonized by decomposer soil microbes.

The second alternative function (Gom) is a type of Gompertz equation, which has
been suggested as an alternative to describe net N mineralization in forest soils by Ellert
and Bettany [36]. This function was derived by adding the same exponential term and lag
parameter L as in Exp, as a factor in the differential form of the FOK model,

dN
dt

= −KN
(

1 − e−Lt
)

(5)
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which yields a separable first-order differential equation, and thus the regular form of the
Gom model can be obtained by integration:

Nnet = Nmax(1 − eK( 1
L − e−Lt

L + t)) (6)

While the Exp and Gom models employed an arbitrary exponential function as a
lag term, the final function (Mon) was derived employing a type of hyperbolic function
sometimes referred to as a Monod-type function. This type of hyperbolic function is often
used to empirically model microbial growth rates under substrate-limiting conditions [37],
which makes it appropriate to introduce a gradual increase in net N mineralization rates
given a limited amount of surface contact to plant residue and a limited supply of labile
N. Thus, we added a Monod-type function, parametrized by the dimensionless Monod
constant Ks, as a term in the differential form of the modified FOK model:

dN
dt

= −KN
(

t
Ks + t

)
, (7)

and integrated the resulting separable differential equation to obtain the regular form of
the Mon model:

b) Nnet = Nmax(1 − e−Kt(Ks + t)KKs

KsKKs
) (8)

Equations (4), (6) and (8), as well as Equation (2), were used to fit Nnet data over
the entire incubation period for each combination of plant, temperature and glyphosate
treatments using nonlinear least-squares regression with the Levenberg–Marquardt fitting
algorithm (R function nlsLM in package “minpack.lm” [38]). The parameter Nmax in all
equations was fixed using Nnet at 20 weeks of incubation as before, while the parameters K,
L and Ks (where relevant) were fitted automatically by the nlsLM algorithm. The goodness
of fit for each of the equations considered calculated as the root mean square error (RMSE)
of the fitted values against the observed net N mineralization (function rmse in R package
“Metrics” [39]). These goodness-of-fit values were then compared between models for each
plant type, temperature and glyphosate treatment combination.

3. Results
3.1. Mineral N Accumulation in Samples

Total resident ammonium nitrogen (NH4
+-N, Figure 1a) in the samples increased

noticeably in all plant treatments at different times following the start of incubation,
depending on incubation temperature. Total contents peaked at one week of incubation
for all plant residues at 15 ◦C, at two weeks for all plant residues at 2–15 ◦C, and at four
weeks for all plant residues at 2 ◦C, falling to nearly zero thereafter before the end of
incubation in all treatments. A much smaller peak in total NH4

+-N was present in the
control samples and seemed to reach a maximum within the first 2 weeks regardless of
temperature treatment, after which total resident ammonium N remained nearly at zero
for the remainder of the incubation.

Total resident nitrate (NO3
−-N, Figure 1b) increased monotonically throughout the

incubation in all treatments, including controls. The timing in the accumulation of NO3
−-N

seems to follow that of NH4
+-N, showing the highest increase in NO3

−-N immediately after
peak NH4

+-N content for all plant and temperature treatments, except control samples.
Total mineral nitrogen (N-min, Figure 1c) content in the columns also increased

monotonically throughout the incubation for all treatment combinations and controls. For
all plant treatments, accumulation of mineral nitrogen seems to not only occur at a lower
rate at 2 ◦C when compared with the higher temperature treatments, but also seems to
increase in rate during weeks 0 to 4, reach an inflection point between weeks 4 and 8,
and slow down between weeks 8 and 20. Similar behavior was observed in the variable
temperature treatment, where the inflection point was reached around week 2 (Figure 1c).
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Figure 1. (a) Ammonium-N, (b) nitrate-N and (c) total mineral nitrogen in soil cores containing catch crop residue incubated
at high (15 ◦C), low (2 ◦C) and variable (2–15 ◦C) temperatures. The gray lines and triangles (∆) represent the chemically
terminated catch crops, while the black lines and circles (#) represent untreated catch crops. Symbols represent individual
measurements, while lines represent mean values. All amounts are reported as total weight (in mg of N) per soil core
(~250 mg dry weight).

Background mineralization of soil organic matter (SOM) quantified in the control
treatments appears to have made up a sizeable portion of the total net N mineralization, as
shown in Figure 1c. Therefore, assuming there is no interaction between SOM and catch
crop residue net N mineralization, Nnet provided a much clearer picture of the rate and
timing of net added plant residue N mineralization (Figure 2).
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3.2. Denitrifying Enzyme Activity (DEA)

We found no evidence of denitrification from DEA in high-temperature (15 ◦C) incu-
bation column subsamples after 20 weeks of incubation. This was expected, given that soil
moisture was kept slightly under field capacity, and care was taken not to add water in
excess during incubation. Furthermore, the incubation cylinders were ventilated, which
may have helped to prevent low-oxygen conditions in the soil. Finally, resident nitrate
contents in the samples remained relatively low (under 15 mg NO3

− N in approximately
250 g of soil) throughout incubation, further reducing the likelihood of denitrification.

3.3. Final Net N Mineralization

The temperature did not significantly influence the net fraction of added residue N
mineralized after 20 weeks of incubation (Nmax/N0) for any plant type (F2,22 = 0.01, p = 0.462,
Figure 3), and, while there seems to be a decrease in Nmax/N0 with a low temperature in HV,
no significant interactions were observed between plant type and temperature treatments.

Nmax/N0 reached an average of 60%, 42.9% and 66.5% for FR, Rg and HV, respectively,
when considering all incubation temperatures together, where the difference was significant
between ryegrass and each of the other two plant types, but not between HV and FR.
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Figure 3. Final net plant residue N mineralization as fractions of total added residue N (Nmax/N0).
Dots (#) represent individual soil core samples, incubated in triplicates at high and low constant tem-
peratures as well as variable temperature, with three types of catch crop residue. Mean background
net N mineralization from control samples (no plant residue) was subtracted.

3.4. Overall Plant N FOK Turnover Rate Constants

Linear regression using the transformation shown in Equation (8) on data from un-
treated catch crop residue showed no significant main effects from plant type, but a
significant three-way interaction between incubation time, plant type and incubation
temperature (F4.117 = 3.733, p = 0.007)), suggesting that net N mineralization rates were
affected by both plant type and temperature. However, post hoc multiple comparisons
showed no significant difference (α = 0.05) between the model’s effect estimates due to
plant type when grouped by temperature except the variable temperature treatment, where
model estimates for Rg were significantly smaller than that of FR yet neither was signifi-
cantly different from HV. K values obtained by linear regression after limiting the model
to the incubation time–temperature interaction (coeff ± SE) were significantly different
(α = 0.05), in the order 15 ◦C (0.364 ± 0.029 week−1) > 2–15 ◦C (0.275 ± 0.029 week−1)
> 2 ◦C (0.197 ± 0.029 week−1), and an overall adjusted R-squared value of 0.68.

Chemical termination did not have a consistent effect on linear regression estimates
between transformed N mineralization data and incubation time but instead affected each
plant type differently among temperature treatments (Figure 4). This is supported by statis-
tical analysis in chemically terminated hairy vetch (HV + G) and ryegrass (Rg + G), which
shows a significant four-way interaction between incubation time, plant type, temperature
and termination method treatments (F2,156 = 5.77, p = 0.004). Post hoc multiple comparisons
grouped by both plant type and incubation temperature resulted in smaller effect estimates
for chemically terminated catch crops but was only significantly so for ryegrass at 15 ◦C
(coeff ± SE = −0.64 ± 0.277).
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plant residue N between chemically terminated (+) and untreated (−) hairy vetch and ryegrass. The
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3.5. Approaches Outside FOK

As the examples in Figure 5 show (see Appendix A for all non-smoothed fitted values),
the FOK model fitted well to the experimental Nnet data. However, it is also visible that
this model does not follow the sigmoid shape of some incubation curves (at 2 ◦C and
variable temperature), and both overestimates net N mineralization at early incubation
times and underestimates it after week 4. The modified FOK function with exponential
lag (exp), Gompertz-type equation (Gomp) and Monod-type equation (Mon), on the other
hand, all were capable of fitting the sigmoidal shape of the incubation data from 2 ◦C and
variable incubation temperature treatments, while still providing as good a fit in the 15 ◦C
temperature treatment.

Root-mean-square error (RMSE) values of fitted values against the objective data also
indicate that the lagged functions considered provide better fits than first-order kinetics,
particularly at low and variable incubation temperatures. In all but one of the incubation
curves (chemically terminated hairy vetch at 15 ◦C), RMSE was equal or lower in for the
lagged functions compared to FOK and was lower for all plant types incubated at 2 ◦C and
variable temperature, regardless of chemical termination treatment (Figure 6).
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Figure 6. Root-mean-square error (RMSE) of different functions fitted to experimental net N
mineralization of catch crop residue at different incubation temperatures data by the nonlinear
least-squares method.

4. Discussion

The timing in the accumulation of ammonium and nitrate in this experiment is inter-
esting for two reasons. First, there is a minimal accumulation of ammonium in the controls,
yet there is a steady accumulation of nitrate at all temperatures, which does not decelerate
over the five months of incubation. This suggests that a pool of microbial decomposers
exists in stable equilibrium with nitrifier microbes, actively mineralizing SOM for the whole
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course of the experiment and presumably much longer. Second, there is an observable
delay in the onset of ammonium accumulation relative to the addition of fresh plant residue
in all plant treatments at 2 ◦C and variable incubation temperature, which is not present in
the corresponding control samples. Corresponding delays in nitrate accumulation relative
to the peak in ammonium accumulation, however, are not present in any of the plant treat-
ments regardless of incubation temperature, where the maximum increase in accumulated
nitrate occurs at or immediately after the time of peak ammonium accumulation in the
sample. This suggests a dormancy and/or low abundance of decomposer microbes, which
specifically affects fresh plant residue mineralization, and that this dormancy/absence is
quickly overcome at 15 ◦C but remains for a longer time at lower or variable incubation
temperatures. Notably, the initial lag is not influenced by catch crop type (and with it the
C:N ratio of the residue), ruling out microbial immobilization of mineral nitrogen as its
cause. Thus, we venture that the effect of temperature on the different processes involved
in increasing residue-N mineralization activity to its optimum levels (e.g., physiological
activation, reproduction and colonization of plant residue surfaces) might be of impor-
tance for residue turnover and N mineralization outside of the effect of temperature on
mineralization rates once the process is underway.

Statistical tests using linear regression of transformed mineralization data show that
the only temperature had a significant effect on net N mineralization after Nnet was scaled
to Nmax (see Equation (3), Nnet is divided by Nmax). As would be expected, the FOK rate
constant (K) values obtained from regression ignoring plant type were lowest at 2 ◦C and
highest at 15 ◦C, with the variable temperature treatment between the two. Interestingly,
the K value obtained from the 15 ◦C treatment was very similar to the FOK turnover
rate used in APSIM for the carbohydrate fraction of fresh organic matter at the same
temperature (~0.35 week−1) in the soil-N sub-model [40].

Catch crop type, in turn, was the only statistically significant determinant in the
maximum net N mineralization fraction (Nmax/N0), as calculated here. The choice of net N
mineralization at 20 weeks of incubation as the maximum net N mineralization from catch
crop residue (in the short-term) was based on the observation that there was a minimal
additional accumulation of mineral N in the incubation samples between 8 and 20 weeks
of incubation in the majority of temperature and plant treatment combinations. This choice
was supported by the lack of significant effects from incubation temperature on Nmax,
indicating that 20 weeks is likely enough time for the more labile biochemical components
in the residue to be mineralized almost completely, even at low temperature. Thus, Nnet
after 20 weeks of incubation is a good estimate of the actual theoretical Nmax for a fraction
of catch crop residue N readily available for mineralization.

Thus, we observe strong independence between the maximum amount of short-term
available residue-bound N (a function of plant type) and mineralization rates (a function of
soil temperature). Additionally, we observe that the occurrence of initial lag, and likely its
duration, is also a function of soil temperature, independent from the taxonomical origin
of the plant residue or its content of fast-turnover nitrogen.

Finally, in regards to the effect of chemical termination and its potential for affecting
catch crop residue decomposition, we were unable to find a consistent effect on net N
mineralization rates across plant types and incubation temperatures or any visible effects
on the initial lag at low and variable incubation temperature treatments. This indicates
that termination of catch crops with herbicides before incorporation is most likely not an
important factor affecting the rate nor the onset of net N mineralization from plant residue.
Indeed, other incubation studies have found that chemical termination had a minimal effect
on either net N mineralization from incorporated catch crops or the uptake of catch crop N
from following crops [41]. The timing between herbicide application and residue incorpo-
ration, however, is possibly an important factor for the effect of chemical termination on
residue decomposition and N mineralization, as earlier incorporation would increase the
risk of introducing active herbicide to the soil environment, and later incorporation could
give time for wilting to significantly affect residue quality. We, therefore, suggest that more
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research involving the timing between herbicide application and residue incorporation is
needed to properly establish the effects of chemical termination on N mineralization.

We consider it important to acknowledge the difficulties in drawing conclusions from
experimental incubation data by fitting functions based on different assumptions over
the underlying processes to a relatively small set of experimental results and that our
assertions would greatly benefit from being tested on other datasets. Comparing results
from independent incubation studies, however, involves difficulties of its own, particularly
regarding preparation techniques and the early stages of incubation. Preliminary steps,
such as pre-incubation, drying and rewetting of soil, drying and grinding of plant residue,
among others, are generally acknowledged to affect microbial decomposer activity yet
vary greatly between incubation experiments. For instance, Van Schöll et al. [9] incu-
bated fresh winter rye shoots in soil that had been in fallow during autumn and winter,
specifically avoiding drying and rewetting not to alter the soil’s microbial composition.
Baijukya et al. [42] incubated decomposing leaf and stem residues from different crops also
using fresh soil but mixing it with an equal mass of acid-washed sand. On the other hand,
Bending et al. [43] measured N mineralization from a variety of fresh crop and catch crop
residues incubated in rewetted air-dried soil following pre-incubation at 20 ◦C for five
days, although they did not write the rationale behind this pre-incubation or its parameters.
Meanwhile, Jensen et al. [44] incubated oven-dried clippings from a wide variety of crops
and cover crops in soil that had been pre-incubated with a mixture of red clover and
timothy for 53 days explicitly in order to “boost a rich and potent decomposer community
and thus alleviate possible limitations due to poor colonization of fibrous material”. These
differences in protocol make it difficult to compare effects, such as the initial lag discussed
here, as drying and rewetting, pre-incubation, and the addition of acid-washed sand or
extra fresh plant residue almost certainly have a strong effect on the number, diversity
and physiological status of soil microbes entering the incubation procedure. Likewise,
decisions on the fragment size in the added plant residue, and whether it is dry or fresh,
homogeneously mixed or added in a layer, etc., likely influence the process of decomposer
colonization of the fragment surfaces. We finally argue that some degree of lag in net N
mineralization is appreciable in the reported results of all, but the latter of the aforemen-
tioned studies, yet there is almost complete uncertainty as to the cause and significance of
said lag in each individual case.

Clearly, much work is still required to establish the importance of initial delays in
residue decomposition, both in terms of its effect on soil fertility and N leaching, as well as
the conditions leading to it. In a modeling context, there would be particular difficulties
inherent to disentangling turnover rate parameters from initial lag parameters, as well
as determining the temperature, water content and pH functions that would affect each.
However, we were able to decrease the error associated with fitting an FOK function to
low-temperature results without increasing the error at higher temperatures by adding
relatively simple lag terms to a widely used and robust mathematical and experimental
approach. We suggest, therefore, that if found to be sufficiently relevant, it should be
possible to introduce initial lag effects into cropping models without requiring a major
restructuring of existing SOM turnover sub-models.

5. Conclusions

Our results show that the onset of catch crop residue N mineralization is delayed
at low (2 ◦C) and variable temperature (variation between 2 ◦C and 15 ◦C every two or
three days), but nitrification of newly produced ammonium occurs promptly at peak soil
ammonium content regardless of temperature treatment. Furthermore, we observed no
significant differences in the final accumulation of mineral N due to incubation temperature
and no consistently significant differences in overall net N mineralization or in the onset of
mineral N accumulation in soil from chemical termination. Incubation temperature did
affect overall N mineralization rates as would be expected, causing a decrease in fitted
first-order kinetics rate constants in the order 15 ◦C > variable temperature > 2 ◦C.
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This leads us to believe that an important component in the effect of low temperature
in net N mineralization comes from a delay in microbial decomposer activity shortly after
residue incorporation, likely involving colonization of the added residue. Given that
the observed delay, or lag, in net N mineralization was present in all plant treatments
equally at low and variable incubation temperature, it is not likely caused by microbial
N immobilization.

Thus, we propose that low and variable incubation temperature affects the activity of
decomposer soil microbes independently from plant residue type, changing the mode of
net catch crop residue N mineralization from exponential to sigmoidal. This is supported
by the results from fitting exponential functions modified to initial lag to our observations,
which yielded consistently better goodness-of-fit statistics than a function derived from
first-order kinetics alone.

Finally, we propose that with simple but carefully chosen lag functions, it is possible
for cropping models to account for initial lags in residue N decomposition at low temper-
atures without abandoning the current use of first-order kinetic equations for most soil
turnover processes. However, the effectiveness of this idea is tied to the development of
experimental procedures that can differentiate the effects of temperature on the initial lag
from other factors.

Author Contributions: Conceptualization, J.F.M.-V. and I.V.; methodology, J.F.M.-V. and I.V.; valida-
tion, I.V.; formal analysis, J.F.M.-V.; investigation, J.F.M.-V. and I.V.; data curation, J.F.M.-V.; writing—
original draft preparation, J.F.M.-V.; writing—review and editing, I.V.; visualization, J.F.M.-V.; super-
vision, I.V.; project administration, I.V.; funding acquisition, I.V. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Ministry of Environment and Food of Denmark under
GUDP project “Sat-N”.

Data Availability Statement: The data in this study are openly available in FigShare at doi:10.6084/
m9.figshare.14339579.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Nitrogen 2021, 2, FOR PEER REVIEW 16 
 

 

Appendix A 

 
Figure A. Nnet (mg-N) values fitted by nonlinear least-squares regression using a first-order kinetics model (FOK), an FOK 
model with an exponential lag term (ex), a Gompertz-type equation (Gom), and a Monod-type equation (Mon). The gray 
circles (○) represent the experimental objective data. All amounts are reported as total weight (in mg of N) per soil core 
(~250 mg DW). 

References 

Figure A1. Cont.



Nitrogen 2021, 2 125

Nitrogen 2021, 2, FOR PEER REVIEW 16 
 

 

Appendix A 

 
Figure A. Nnet (mg-N) values fitted by nonlinear least-squares regression using a first-order kinetics model (FOK), an FOK 
model with an exponential lag term (ex), a Gompertz-type equation (Gom), and a Monod-type equation (Mon). The gray 
circles (○) represent the experimental objective data. All amounts are reported as total weight (in mg of N) per soil core 
(~250 mg DW). 

References 

Figure A1. Nnet (mg-N) values fitted by nonlinear least-squares regression using a first-order kinetics model (FOK), an FOK
model with an exponential lag term (ex), a Gompertz-type equation (Gom), and a Monod-type equation (Mon). The gray
circles (#) represent the experimental objective data. All amounts are reported as total weight (in mg of N) per soil core
(~250 mg DW).

References
1. Askegaard, M.; Olesen, J.E.; Rasmussen, I.A.; Kristensen, K. Nitrate leaching from organic arable crop rotations is mostly

determined by autumn field management. Agric. Ecosyst. Environ. 2011, 142, 149–160. [CrossRef]
2. Constantin, J.; Beaudoin, N.; Laurent, F.; Cohan, J.-P.; Duyme, F.; Mary, B. Cumulative effects of catch crops on nitrogen uptake,

leaching and net mineralization. Plant Soil 2011, 341, 137–154. [CrossRef]
3. Hansen, E.M.; Munkholm, L.J.; Olesen, J.E.; Melander, B. Nitrate Leaching, Yields and Carbon Sequestration after Noninversion

Tillage, Catch Crops, and Straw Retention. J. Environ. Qual. 2015, 44, 868–881. [CrossRef]
4. Thomsen, I.K.; Elsgaard, L.; Olesen, J.E.; Christensen, B.T. Nitrogen release from differently agedRaphanus sativusL. nitrate catch

crops during mineralization at autumn temperatures. Soil Use Manag. 2016, 32, 183–191. [CrossRef]
5. Böldt, M.; Taube, F.; Vogeler, I.; Reinsch, T.; Kluß, C.; Loges, R. Evaluating Different Catch Crop Strategies for Closing the Nitrogen

Cycle in Cropping Systems—Field Experiments and Modelling. Sustainability 2021, 13, 394. [CrossRef]
6. Duan, Y.-F.; Hallin, S.; Jones, C.M.; Priemé, A.; Labouriau, R.; Petersen, S.O. Catch Crop Residues Stimulate N2O Emissions

During Spring, Without Affecting the Genetic Potential for Nitrite and N2O Reduction. Front. Microbiol. 2018, 9, 2629. [CrossRef]
7. Mitchell, D.C.; Castellano, M.J.; Sawyer, J.E.; Pantoja, J. Cover Crop Effects on Nitrous Oxide Emissions: Role of Mineralizable

Carbon. Soil Sci. Soc. Am. J. 2013, 77, 1765–1773. [CrossRef]
8. Frøseth, R.; Bleken, M. Effect of low temperature and soil type on the decomposition rate of soil organic carbon and clover leaves,

and related priming effect. Soil Biol. Biochem. 2015, 80, 156–166. [CrossRef]
9. Van Scholl, L.; Van Dam, A.M.; Leffelaar, P.A. Mineralisation of nitrogen from an incorporated catch crop at low temperatures:

Experiment and simulation. Plant Soil 1997, 188, 211–219. [CrossRef]
10. Bruun, S.; Stenberg, B.; Breland, T.A.; Gudmundsson, J.; Henriksen, T.M.; Jensen, L.S.; Korsath, A.; Luxhoi, J.; Palmason, F.;

Pedersen, A.; et al. Empirical predictions of plant material C and N mineralization patterns from near infrared spectroscopy,
stepwise chemical digestion and C/N ratios. Soil Biol. Biochem. 2005, 37, 2283–2296. [CrossRef]

http://doi.org/10.1016/j.agee.2011.04.014
http://doi.org/10.1007/s11104-010-0630-9
http://doi.org/10.2134/jeq2014.11.0482
http://doi.org/10.1111/sum.12264
http://doi.org/10.3390/su13010394
http://doi.org/10.3389/fmicb.2018.02629
http://doi.org/10.2136/sssaj2013.02.0074
http://doi.org/10.1016/j.soilbio.2014.10.004
http://doi.org/10.1023/A:1004255102840
http://doi.org/10.1016/j.soilbio.2005.04.006


Nitrogen 2021, 2 126

11. Snapp, S.S.; Borden, H. Enhanced nitrogen mineralization in mowed or glyphosate treated cover crops compared to direct
incorporation. Plant Soil 2005, 270, 101–112. [CrossRef]

12. De Notaris, C.; Rasmussen, J.; Sørensen, P.; Olesen, J.E. Nitrogen leaching: A crop rotation perspective on the effect of N surplus,
field management and use of catch crops. Agric. Ecosyst. Environ. 2018, 255, 1–11. [CrossRef]

13. Hansen, S.; Abrahamsen, P.; Petersen, C.T.; Styczen, M. Daisy: Model Use, Calibration and Validation. Trans. ASABE 2012, 55,
1315–1333. [CrossRef]

14. Holzworth, D.P.; Huth, N.I.; Devoil, P.G.; Zurcher, E.J.; Herrmann, N.I.; McLean, G.; Chenu, K.; Van Oosterom, E.J.; Snow, V.;
Murphy, C.; et al. APSIM—Evolution towards a new generation of agricultural systems simulation. Environ. Model. Softw. 2014,
62, 327–350. [CrossRef]

15. Kersebaum, K.C. Modelling nitrogen dynamics in soil–crop systems with HERMES. In Modelling Water and Nutrient Dynamics
in Soil–Crop Systems, 1st ed.; Kersebaum, K.C., Hecker, J.-M., Mirschel, W., Wegehenkel, M., Eds.; Springer: Amsterdam, The
Netherlands, 2007; pp. 147–160.

16. Kersebaum, K.C. Special Features of the HERMES Model and Additional Procedures for Parameterization, Calibration, Validation,
and Applications. In Methods of Introducing System Models into Agricultural Research; Ahuja, L.R., Ma, L., Eds.; ASA CSSA SSSA:
Salt Lake City, UT, USA, 2015; pp. 65–94.

17. Li, C.; Frolking, S.; Frolking, T.A. A model of nitrous oxide evolution from soil driven by rainfall events: 1. Model structure and
sensitivity. J. Geophys. Res. Space Phys. 1992, 97, 9759–9776. [CrossRef]

18. Jones, J.W.; Hoogenboom, G.; Porter, C.H.; Boote, K.J.; Batchelor, W.D.; Hunt, L.A.; Wilkens, P.W.; Singh, U.; Gijsman, A.J.; Ritchie,
J.T. The DSSAT cropping system model. Eur. J. Agron. 2003, 18, 235–265. [CrossRef]

19. Allison, S.D.; Martiny, J.B.H. Resistance, resilience, and redundancy in microbial communities. Proc. Natl. Acad. Sci.USA 2008,
105, 11512–11519. [CrossRef] [PubMed]

20. Huang, Y.; Guenet, B.; Ciais, P.; Janssens, I.A.; Soong, J.L.; Wang, Y.; Goll, D.; Blagodatskaya, E.; Huang, Y. ORCHIMIC (v1.0), a
microbe-mediated model for soil organic matter decomposition. Geosci. Model Dev. 2018, 11, 2111–2138. [CrossRef]

21. Salo, T.J.; Palosuo, T.; Kersebaum, K.C.; Nendel, C.; Angulo, C.; Ewert, F.; Bindi, M.; Calanca, P.; Klein, T.W.; Moriondo, M.; et al.
Comparing the performance of 11 crop simulation models in predicting yield response to nitrogen fertilization. J. Agric. Sci. 2016,
154, 1218–1240. [CrossRef]

22. Dessureault-Rompré, J.; Zebarth, B.J.; Georgallas, A.; Burton, D.L.; Grant, C.A.; Drury, C.F. Temperature dependence of soil
nitrogen mineralization rate: Comparison of mathematical models, reference temperatures and origin of the soils. Geoderma 2010,
157, 97–108. [CrossRef]

23. Blagodatskaya, E.; Kuzyakov, Y. Active microorganisms in soil: Critical review of estimation criteria and approaches. Soil Biol.
Biochem. 2013, 67, 192–211. [CrossRef]

24. Marschner, P.; Umar, S.; Baumann, K. The microbial community composition changes rapidly in the early stages of decomposition
of wheat residue. Soil Biol. Biochem. 2011, 43, 445–451. [CrossRef]

25. Ranneklev, S.B.; BååthE. Temperature-Driven Adaptation of the Bacterial Community in Peat Measured by Using Thymidine and
Leucine Incorporation. Appl. Environ. Microbiol. 2001, 67, 116–1122. [CrossRef] [PubMed]

26. Cookson, W.R.; Cornforth, I.S.; Rowarth, J.S. Winter soil temperature (2–15◦C) effects on nitrogen transformations in clover green
manure amended or unamended soils; a laboratory and field study. Soil Biol. Biochem. 2002, 34, 1401–1415. [CrossRef]

27. Melander, B.; Munier-Jolain, N.; Charles, R.; Wirth, J.; Schwarz, J.; Van Der Weide, R.; Bonin, L.; Jensen, P.K.; Kudsk, P. European
Perspectives on the Adoption of Nonchemical Weed Management in Reduced-Tillage Systems for Arable Crops. Weed Technol.
2013, 27, 231–240. [CrossRef]

28. Duke, S.O.; Lydon, J.; Koskinen, W.C.; Moorman, T.B.; Chaney, R.L.; Hammerschmidt, R. Glyphosate effects on plant mineral
nutrition, crop rhizosphere microbiota, and plant disease in glyphosate-resistant crops. J. Agric. Food Chem. 2012, 60, 10375–10397.
[CrossRef] [PubMed]

29. Vogeler, I.; Hansen, E.M.; Thomsen, I.K.; Østergaard, H.S. Legumes in catch crop mixtures: Effects on nitrogen retention and
availability, and leaching losses. J. Environ. Manag. 2019, 239, 324–332. [CrossRef]

30. Best, E.K. An Authomated Method for Determining Nitrate-Nitrogen in Soil Extracts, Queensl. J. Agric. Anim. Sci. 1976, 161–166.
31. Crooke, W.M.; Simpson, W.E. Determination of ammonium in Kjeldahl digests of crops by an automated procedure. J. Sci. Food

Agric. 1971, 22, 9–10. [CrossRef]
32. Duan, Y.F.; Kong, X.W.; Schramm, A.; Labouriau, R.; Eriksen, J.; Petersen, S.O. Microbial N Transformations and N2O Emission

after Simulated Grassland Cultivation: Effects of the Nitrification. Appl. Environ. Microbiol. 2017, 83, 1–17. [CrossRef] [PubMed]
33. Tiedje, J.M.; Simkins, S.; Groffman, P.M. Perspectives on measurement of denitrification in the field including recommended

protocols for acetylene based methods. Plant Soil 1989, 115, 261–284. [CrossRef]
34. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, 2018.

Available online: https://www.r-project.org (accessed on 10 October 2020).
35. R. Lenth, Emmeans: Estimated Marginal Means, Aka Least-Squares Means. 2020. Available online: https://cran.r-project.org/

package=emmeans (accessed on 10 October 2020).
36. Ellert, B.H.; Bettany, J.R. Comparison of Kinetic Models for Describing Net Sulfur and Nitrogen Mineralization. Soil Sci. Soc. Am.

J. 1988, 52, 1692–1702. [CrossRef]

http://doi.org/10.1007/s11104-004-1310-4
http://doi.org/10.1016/j.agee.2017.12.009
http://doi.org/10.13031/2013.42244
http://doi.org/10.1016/j.envsoft.2014.07.009
http://doi.org/10.1029/92JD00509
http://doi.org/10.1016/S1161-0301(02)00107-7
http://doi.org/10.1073/pnas.0801925105
http://www.ncbi.nlm.nih.gov/pubmed/18695234
http://doi.org/10.5194/gmd-11-2111-2018
http://doi.org/10.1017/S0021859615001124
http://doi.org/10.1016/j.geoderma.2010.04.001
http://doi.org/10.1016/j.soilbio.2013.08.024
http://doi.org/10.1016/j.soilbio.2010.11.015
http://doi.org/10.1128/AEM.67.3.1116-1122.2001
http://www.ncbi.nlm.nih.gov/pubmed/11229900
http://doi.org/10.1016/S0038-0717(02)00083-4
http://doi.org/10.1614/WT-D-12-00066.1
http://doi.org/10.1021/jf302436u
http://www.ncbi.nlm.nih.gov/pubmed/23013354
http://doi.org/10.1016/j.jenvman.2019.03.077
http://doi.org/10.1002/jsfa.2740220104
http://doi.org/10.1128/AEM.02019-16
http://www.ncbi.nlm.nih.gov/pubmed/27742682
http://doi.org/10.1007/BF02202594
https://www.r-project.org
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
http://doi.org/10.2136/sssaj1988.03615995005200060035x


Nitrogen 2021, 2 127

37. Liu, Y. Overview of some theoretical approaches for derivation of the Monod equation. Appl. Microbiol. Biotechnol. 2007, 73,
1241–1250. [CrossRef] [PubMed]

38. Elzhov, T.V.; Mullen, K.M.; Spies, A.-N.; Bolker, B. minpack.lm: R Interface to the Levenberg-Marquardt Nonlinear Least-Squares
Algorithm Found in MINPACK, Plus Sup-port for Bounds. CRAN. 2016. Available online: https://cran.r-project.org/package=
minpack.lm (accessed on 10 October 2020).

39. Hamner, B.; Frasco, M. Metrics: Evaluation Metrics for Machine Learning. 2018. Available online: https://cran.r-project.org/
package=Metrics (accessed on 10 October 2020).

40. SoilN—APSIM, APSIM 7.10/Soil Modules Documentation. Available online: https://www.apsim.info/documentation/model-
documentation/soil-modules-documentation/soiln/ (accessed on 11 March 2021).

41. Mohr, R.M.; Janzen, H.H.; Entz, M.H. Nitrogen dynamics under greenhouse conditions as influenced by method of alfalfa
termination. 1. Volatile N losses. Can. J. Soil Sci. 1998, 78, 253–259. [CrossRef]

42. Baijukya, F.P.; de Ridder, N.; Giller, K.E. Nitrogen Release from Decomposing Residues of Leguminous Cover Crops and their
Effect on Maize Yield on Depleted Soils of Bukoba District, Tanzania. Plant Soil 2006, 279, 77–93. [CrossRef]

43. Bending, G.D.; Turner, M.K.; Burns, I.G. Fate of nitrogen from crop residues as affected by biochemical quality and the microbial
biomass. Soil Biol. Biochem. 1998, 30, 2055–2065. [CrossRef]

44. Jensen, L.S.; Salo, T.; Palmason, F.; Breland, T.A.; Henriksen, T.M.; Stenberg, B.; Pedersen, A.; Lundström, C.; Esala, M.
Influence of biochemical quality on C and N mineralisation from a broad variety of plant materials in soil. Plant Soil 2005, 273,
307–326. [CrossRef]

http://doi.org/10.1007/s00253-006-0717-7
http://www.ncbi.nlm.nih.gov/pubmed/17119956
https://cran.r-project.org/package=minpack.lm
https://cran.r-project.org/package=minpack.lm
https://cran.r-project.org/package=Metrics
https://cran.r-project.org/package=Metrics
https://www.apsim.info/documentation/model-documentation/soil-modules-documentation/soiln/
https://www.apsim.info/documentation/model-documentation/soil-modules-documentation/soiln/
http://doi.org/10.4141/S96-025
http://doi.org/10.1007/s11104-005-2504-0
http://doi.org/10.1016/S0038-0717(98)00081-9
http://doi.org/10.1007/s11104-004-8128-y

	Introduction 
	Materials and Methods 
	Soil and Plant Samples 
	Plant C:N Analyses 
	Incubation Setup 
	Incubation Column Preparation 
	Mineral Nitrogen Extraction and Quantification 
	Denitrifying Enzyme Activity (DEA) Assay 
	Statistical Analysis 
	Approaches Outside FOK 

	Results 
	Mineral N Accumulation in Samples 
	Denitrifying Enzyme Activity (DEA) 
	Final Net N Mineralization 
	Overall Plant N FOK Turnover Rate Constants 
	Approaches Outside FOK 

	Discussion 
	Conclusions 
	
	References

