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Abstract: Crop residue decomposition is fundamental for ecosystems, influencing carbon cycling,
organic matter accumulation, and promoting plant development through nutrient release. Therefore,
this study aimed to ascertain the rate of decomposition of four commonly cultivated crops (alfalfa,
maize, avocado, and eucalyptus) along the northern coast of Lima (Huaral) and in the Ancash Moun-
tain range (Jangas) areas. Decomposition rates were assessed using mass loss from decomposition
bags measuring 15 × 10 cm, filled with 10–15 g of material tailored to each species, and buried at
a depth of approximately 5 cm. Sampling occurred every three months over a year, totaling four
sampling events with three replicates each, resulting in ninety-six experimental units. The findings
demonstrate that the decomposition rates and the release of nutrients were markedly greater in
Huaral for maize and avocado. In contrast, these rates were notably elevated in Jangas for alfalfa
and eucalyptus. The leaf litter of avocado and eucalyptus (tree) had periods of accumulation and
release of heavy metals such as Cd. The initial C/N ratio was one of the main factors related to the
nutrient decomposition rate; in contrast, there were no significant relationships with soil properties
at the study sites.

Keywords: organic matter decomposition; biodegradation; nutrient cycling

1. Introduction

Nutrients introduced into the soil, whether through synthetic or organic fertilizers,
can be rapidly lost through leaching or volatilization [1]. If mineralization is slow, the
availability of nutrients for plants may be insufficient, leading to poor crop growth and
development [2]. Nutrients released from decomposing litter play a significant role in
soil fertility. These nutrients remain available for plant absorption and do not leave the
soil-plant system. Therefore, it is a vital factor in the nutrient cycle of terrestrial ecosys-
tems [3]. The decomposing litter provides a favorable environment for soil microorganisms,
increasing organic matter in the upper soil layers and providing nutrients for soil microor-
ganisms [4].

The decomposition process of litter can be divided into two stages. The first stage
involves the leaching of soluble compounds and the decomposition of hemicellulose and
cellulose. The second stage is slower and results from the decomposition of recalcitrant
compounds such as lipids, lignins, lignified carbohydrates, and tannins [5]. Litter with a
higher C:N ratio (>20) takes longer to decompose. In contrast, litter with a high N concentra-
tion and low lignin (carbon) content is usually associated with faster litter decomposition,
especially at the early stages of decomposition [6,7].

The C:N ratio is critical because carbon (C) assimilation is controlled by the C:N ratio of
soil microbial biomass, which is generally 8:1. If the soil residual nitrogen (N) is greater than
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the N required for microbial decomposition, mineralization can occur. Otherwise, N will be
immobilized and will not be available in the soil, reducing the decomposition rate of the leaf
residues [8]. The application of organic N fertilizer, but not inorganic N fertilizer, increased
the diversity of the bacterial community and the activities of soil enzymes, especially in
ureolytic and chitinolytic bacterial communities [9]. Residues containing more than 1.5 to
1.7% N do not depend on soil mineral N to facilitate decomposition. However, most crop
residues contain less than this critical level, so their decomposition rate is low [10].

Decomposition rates are primarily influenced by three factors: (a) environmental
conditions (temperature, humidity, and soil quality), (b) chemical composition of litter
(lignin, hemicellulose, phenolic compounds, allelopathic substances, N concentrations,
P; C/N and N/P ratios) which varies depending on the crop, and (c) the diversity and
abundance of decomposer fauna [11]. Studies conducted until the 2000s gave greater
importance to the impact of climate on decomposition rates, proposing three main levels of
control in the following hierarchical order: climate > litter chemistry > soil organisms [12].
However, recent studies indicate that the initial composition of litter plays a crucial role in
their decomposition. The other two factors regulate the activities of decomposer organisms,
and therefore, there is no independent factor on decomposition rates [13].

Bastian et al. [14] found significant differences in the structure of bacterial and fungal
communities between the early (14 and 28 days) and late stages (56–168 days) of decom-
position. Therefore, having a good diversity in the microbial population can contribute
to litter decomposition. Rakhsh et al. [15] reported that residual C mineralization was
significantly faster in pure sand than in soils containing 5% and 10% clay, indicating that
soil texture affects the ability of soils to protect and store C.

Agricultural management influences the physical, chemical, and biological properties
of the soil, therefore influencing the decomposition process. General microbial succession
patterns during decomposition were similar among soils [16]. Decomposition by microbial
communities is more affected by organic plot management than conventional management
because of increased soil biomass and microbial activity [17,18]. The release of nutrients
during decomposition can have important implications for soil management. This release
process is essential because it maximizes nitrogen release and reduces the N that needs to
be applied through fertilizers [19]. In areas degraded by anthropogenic activities, restoring
the decomposition and mineralization process is essential since the lack of vegetation leads
to the non-incorporation of plant residues, and, therefore, nutrient cycles are altered [20].

Understanding the drivers of decomposition rates provides the basis for developing
models that predict how organic matter reserves in ecosystems will respond to disturbances
such as climate change [21]. It also helps to understand the functioning of the ecosystem and
establish management practices for the recovery of degraded areas and the maintenance of
soil productivity [11]. This emphasizes the importance of considering local scale parameters,
such as soil nutrient availability and characteristics, typically not incorporated in litter
decomposition studies. These factors are essential for understanding local variations in the
decomposition process [13]. The Peruvian territory has a wide variety of climatic conditions
that support the cultivation of numerous crops. This study analyzed decomposition rates
in two central regions of Peru, selected for their agricultural importance and contrasting
agroclimatic features. The first region is situated in an alluvial valley in the upper Andes
Mountain range, while the second is in the lower part of a coastal valley near the Pacific
Ocean. These regions were deliberately selected because of their pronounced climatic
contrasts, which offer an opportunity to compare the decomposition of plant residues under
varying environmental conditions. Despite these differences, certain crops such as maize
(Zea mays L.), alfalfa (Medicago indica L.), avocado (Persea americana Mill), and eucalyptus
(Eucalyptus globulus) are common in both regions. The study evaluated the decomposition
rate and nutrient liberation of these four crops in both regions using decomposition bags
for one year.
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2. Materials and Methods

This study was carried out in two Peruvian regions (Figure 1), a tropical montane
dry forest (Jangas) in the Andean region (9◦23′55.6′′ S; 77◦35′1.8′′ W) and a subtropical
desert (Huaral) on the coast (11◦31′17.1′′ S; 77◦14′8.5′′ W). The elevation of the two study
sites ranged from 2865 to 2880 m for the Andean region and 125 to 135 m for the desert
coast. Jangas has steep physiography (25–50%), an average annual temperature recorded
at Yungay weather station (9◦8′30.79′′ S; 77◦44′59.91′′ W, 2466 m.a.s.l.) is 15.3 ◦C with a
significant variation between the maximum and minimum temperature and the annual
precipitation is about 616 mm per year with a drier season from May to August and
two rainfall peaks in January to March. Huaral has slightly inclined physiography (0–
4%), an average annual temperature recorded at EEA Donoso weather station (11◦31′2.2′′

S; 77◦14′9.9′′ W, 129 m.a.s.l.) is 20.3 ◦C varying little during the year and the annual
precipitation is about 23.6 mm per year with a drier season from May to August and two
rainfall peaks, generally in January to March (Figure 2).
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Figure 1. Location of the two study areas: district of “Jangas” and district of “Huaral.”

In Huaral, the maize and alfalfa plots were irrigated with around 10,000 m3/ha of
water and 15,000 m3/ha for the avocado fields, with irrigation occurring at least every
15 days. On the other hand, in Jangas, irrigation was limited to the dry season, with
approximately 4500 m3/ha being applied to maize and alfalfa and 5000 m3/ha to avocado
during the year. For these study sites, the soil varied from sandy loam to sandy clay loam,
clay contents from 4 to 29%, pH (in water) from 7.4 to 7.8, organic matter content from 0.3
to 4.4%, and nitrogen content from 0.02 to 0.22%. The details of the soil analysis (0–30 cm)
of the study sites are presented in Table 1.
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Table 1. Physical-chemical characterization of soils from each site.

Characteristics Unit.

Sites
Jangas Huaral

Avocado Alfalfa Eucalyptus Maize Avocado Alfalfa Eucalyptus Maize

Clase textural -- S.cl.l Cl.l. Cl.l. S.cl.l S.cl.l Si.l Cl.l Si.l.
Bulk density g·cm3 1.39 1.34 1.30 1.40 1.31 1.24 1.29 1.26
pH (1:5) H2O -- 7.8 7.7 7.7 7.8 7.8 7.4 7.4 7.4

EC(es) dS·m−1 0.40 0.35 0.43 0.42 1.22 7.62 8.01 8.12
Organic matter % 1.0 1.3 0.3 2.3 2.8 1.9 1.6 2.2

Nitrogen % 0.05 0.07 0.02 0.12 0.14 0.19 0.08 0.22
Available phosphorus mg·kg−1 10.42 16.69 13.96 6.05 21.88 69.36 14.78 68.54
Available potassium mg·kg−1 133.99 125.10 94.03 69.69 176.43 325.08 104.22 320.89

Carbonates % 9.22 8.78 9.55 7.20 17.40 18.30 18.30 18.20
CEC cmol(+)·kg−1 9.94 9.23 9.55 9.56 10.08 10.87 9.32 10.85

S.cl.l.: Sandy clay loam; Cl,l: Clay loam; Si.l.:Silt loam; Cl,l.: Clay loam.

Four representative crops were analyzed across agricultural properties in Jangas and
Huaral: maize (annual), alfalfa (perennial pasture), avocado (fruit tree), and eucalyptus
(forest species). Jangas is part of the province of Huaraz, which has 224 hectares of maize,
475 hectares of alfalfa, 37 hectares of avocado, and 47 hectares of registered eucalyptus
plantations. In contrast, the Huaral province exhibits a markedly different agricultural
profile. Maize dominates with 1510 hectares, while alfalfa cultivation is minimal at only
13 hectares. Notably, avocado trees thrive in Huaral, covering a vast 1711 hectares. Eucalyp-
tus, however, is absent from registered plantations, indicating a lack of forestry utilization
in the area, with its primary purpose serving as agricultural land boundaries [22,23].
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2.1. Litter Bag Incubation and K Decay Constants

The leaf litter was collected in the fields of the EEA Donoso. Non-leaf litter, such as
small branches, was also collected since it is part of the litter that decomposes on the soil.
The collected samples were washed and dried in an oven for 48 h at 70 ◦C and then placed
in the litter bags. A portion of the dried leaf litter samples was ground into powder using a
leaf shredder and passed through a 0.5 mm sieve. For metal analysis, ground samples were
digested in nitric acid (HNO3) [25], and P, K, Fe, Cu, Zn, and Cd contents were quantified
by inductively coupled plasma optical emission spectroscopy (ICP-OES, iCAP Series 7000,
Thermo Scientific, Waltham, MA, USA). The C and N contents of the ground samples were
determined using an autoanalyzer (LECO CN828, LECO Corporation, St. Joseph, MI, USA)
according to [26,27] modified methods. The details of the analysis are presented in Table 2.
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Table 2. Chemical characterization of the analyzed leaf litter.

Parameter Unid
Crops

Avocado Alfalfa Eucalyptus Maize

Carbon (C) % 44.3 ± 8.8 46.4 ± 0.2 53.5 ± 0.1 43.8 ± 0.4
Nitrogen (N) % 1.7 ± 0.2 5.1 ±0.1 1.7 ± 0.0 1.6 ± 0.1
C/N ratio -- 25.7 ± 2.2 9.2 ± 0.2 31.4 ± 0.9 26.8 ± 2.1
Phosphorus (P) % 0.7 ± 0.0 0.3 ± 0.1 0.3 ± 0.0 0.7 ± 0.1
Potassium (K) % 1.6 ± 0.0 1.8 ± 0.0 0.6 ± 0.0 1.5 ± 0.1
Iron (Fe) mg·kg−1 476.9 ± 24.8 475.9 ± 27.0 328.4 ± 7.7 366.8 ± 47.4
Copper (Cu) mg·kg−1 10.3 ± 0.4 12.9 ± 1.9 6.5 ± 0.4 9.8 ± 1.2
Zinc (Zn) mg·kg−1 35.7 ± 0.9 37.6 ± 3.7 23.7 ± 1.2 63.1 ± 4.0
Cadmium (Cd) mg·kg−1 0.09 ± 0.0 0.06 ± 0.0 0.09 ± 0.0 0.08 ± 0.0

The litter bags were prepared by inserting 10 g of alfalfa, 12 g of avocado, and 15 g of
maize and eucalyptus of the oven-dried leaf litterfall material into 10 × 15 cm bags made
from nylon netting with a mesh size of 2 mm. Using a small spade, a labeled litter bag was
installed at each corner of each litterfall place, and the bag was carefully inserted to a depth
of 5 cm.

A Randomized Complete Block Design (RCBD) with a 4 × 2 × 4 factorial arrangement
experimental design was used. Two factors were tested: (i) Four crops (alfalfa, maize,
avocado, and Eucalyptus) and (ii) The two locations (Huaral and Jangas), with the different
evaluation time points serving as blocks (0.25, 0.50, 0.75, and 1.0 years). In total, 96 litter
bags were placed (Figure 3). Three bags were recovered from each trap after 90, 180, 270,
and 365 days, respectively, and transported to the laboratory to perform the same analyses
on the litter residues performed on the initial samples.

The decomposition constants were derived by fitting the following exponential decay
equation to litter bag weight loss data for each trap:

Wt/W0 = 100e−kt (1)

where Wt = dry weight of remaining litter at time t (year fraction), W0 = dry weight of
litter at time 0, and k = litter decomposition decay rate constant (yr−1). This equation was
fitted to the untransformed litter bag percentage weight remaining values using nonlinear
regression analysis and the Y-intercepts forced through 100% (i.e., weight remaining at
t = 0) [28].

Additionally, the decay times T50 and T95 for which the dry weight reduced to 50%
and 5% of the initial weight, respectively, were calculated, as performed elsewhere, by
Equations (2) and (3), as follows:

T50% =
1
k
∗ ln 2 (2)

T95% =
1
k
∗ (−ln 0.05) (3)

The nutrients released from the needles were calculated using the formula:

Nr =
[

Wt ∗ Ct
W0 ∗ C0

]
∗ 100 (4)

where Nr represents the nutrients remaining due to litter decomposition (%), Wt = oven-dry
mass at time t, W0 = is the initial dry weight, Ct = nutrient concentration at time t (mg·kg−1),
C0 = initial nutrient concentration (mg·kg−1).
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2.2. Statistical Analysis

The remaining biomass litter, C, N, P, K, Fe, Cu, Zn Cd, C:N ratios and proportion of
decomposed C and N were subjected to analysis of variance (ANOVA) according to the
following mathematical model:

Yijk = µ + αi + βj + γk + (αβ)ij +ϵijk (5)

where Yijk = Observed value of the dependent variable for the i-th type of crop, j-th place
evaluated, and k-th time (block), µ = Overall mean of the experiment, αi = Effect of the
iii-th type of crop, βj = Effect of the jjj-th place evaluated, γk = Effect of the k-th time
(block), (αβ)ij = Interaction between the iii-th type of crop and the jjj-th place evaluated and,
ϵijk = Random error associated with the observation Yijk. The Shapiro–Wilk and Levene
tests were conducted to assess the assumptions of normality and homogeneity required
variance analysis. Variables that did not meet these assumptions were log-transformed
(Log10) before conducting the ANOVA. For variables showing an interaction between
crops and sites, the Student’s t-test was performed to compare the behavior of each crop
in the two sides evaluated throughout the study period. Spearman’s rank correlation
and regression were used to relate decay constants with initial litter chemistry and soil
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physico-chemical properties. p values < 0.05 were considered significant R was used for
Windows (R Core Team, Vienna, Austria, 2023).

3. Results
3.1. Mass Loss of Leaf Litter on Different Sites and Crops

The exponential decay model (Figure 4) explained 92–99% of species litter bag weight
loss. Meanwhile, k values varied from 0.91 (Eucalyptus, Huaral) to 4.55 (alfalfa, Huaral).
The k factor shows significant differences in the decomposition rate in the four crops
between the two sites analyzed (Table 3). The T95 (time to 95% weight loss) was more
significant in the tree species since, in most cases, it would take more than two years (up to
3.29 for the Eucalyptus in Huaral) to reach a loss greater than 95% of the total biomass. On
the other hand, herbaceous species need less than a year to achieve the same, with alfalfa
taking the shortest time with 0.68 in Jangas (Table 3).
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against time (year fraction), and the fitted exponential decay curves (y = 100 e−kt) calculated using
nonlinear regression (k values are given in Table 3).

The variance analysis (Table 3) indicates a substantial interaction between the crops
and the two locations evaluated, demonstrating a highly significant interaction in all
instances. Moreover, while differences were observed among the various crops for all
variables, significant differences between the two locations were not present in all variables
(T50 and T95).

By the end of the study year, significant differences in the remaining biomass over time
were observed for the four crops evaluated between the two locations. Alfalfa exhibited
differences in remaining biomass from the outset, consistently maintaining these differences
throughout the experiment, with Jangas showing lower remaining biomass. Significant
differences emerged after six months for maize, with Huaral displaying a smaller remaining
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biomass. Both avocado and eucalyptus exhibited significant differences in remaining
biomass, but only towards the end of the study.

Table 3. Litter bag k decay constants, coefficient of determination (R2), half-life (T50), time to 95%
weight loss (T95), remaining biomass percent by sites and species.

Crop Site K

Nitrogen 2023, 4, FOR PEER REVIEW 7 
 

 

properties. p values < 0.05 were considered significant R was used for Windows (R Core 
Team,Vienna, Austria, 2023). 

3. Results 
3.1. Mass Loss of Leaf Litter on Different Sites and Crops 

The exponential decay model (Figure 4) explained 92–99% of species litter bag weight 
loss. Meanwhile, k values varied from 0.91 (Eucalyptus, Huaral) to 4.55 (alfalfa, Huaral). 
The k factor shows significant differences in the decomposition rate in the four crops be-
tween the two sites analyzed (Table 3). The T95 (time to 95% weight loss) was more sig-
nificant in the tree species since, in most cases, it would take more than two years (up to 
3.29 for the Eucalyptus in Huaral) to reach a loss greater than 95% of the total biomass. 
On the other hand, herbaceous species need less than a year to achieve the same, with 
alfalfa taking the shortest time with 0.68 in Jangas (Table 3). 

 
Figure 4. Weight of litter bag remaining (as a percentage of initial weight) for each species and site 
against time (year fraction), and the fitted exponential decay curves (y = 100 e−kt) calculated using 
nonlinear regression (k values are given in Table 3). 

Table 3. Litter bag k decay constants, coefficient of determination (R2), half-life (T50), time to 95% 
weight loss (T95), remaining biomass percent by sites and species. 

Crop Site K ☨ R2 T50 ☨ T95 ☨ Remaining Biomass (%)∙Year−1 
0.25 0.50 0.75 1.00 ☨ 

Maize J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a 
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b 

Alf. J 4.55 ± 0.90 a 0.97 0.16 ± 0.04 b 0.68 ± 0.15 b 20.0 + 3.7 b 8.8 ± 1.2 b 4.2 ± 3.2 b 1.4 ± 1.4 b 
H 2.68 ± 0.09 b 0.95 0.26 ± 0.01 a 1.12 ± 0.04 a 35.9 + 3.2 a 20.2 ± 3.7 a 11.1 ± 0.9 a 6.9 ± 0.6 a 

Eucal. J 1.15 ± 0.07 a 0.98 0.60 ± 0.04 b 2.62 ± 0.17 b 73.0 ± 3.4 51.4 ± 2.4 b 40.5 ± 4.3 31.9 ± 2.3 b 

R2 T50

Nitrogen 2023, 4, FOR PEER REVIEW 7 
 

 

properties. p values < 0.05 were considered significant R was used for Windows (R Core 
Team,Vienna, Austria, 2023). 

3. Results 
3.1. Mass Loss of Leaf Litter on Different Sites and Crops 

The exponential decay model (Figure 4) explained 92–99% of species litter bag weight 
loss. Meanwhile, k values varied from 0.91 (Eucalyptus, Huaral) to 4.55 (alfalfa, Huaral). 
The k factor shows significant differences in the decomposition rate in the four crops be-
tween the two sites analyzed (Table 3). The T95 (time to 95% weight loss) was more sig-
nificant in the tree species since, in most cases, it would take more than two years (up to 
3.29 for the Eucalyptus in Huaral) to reach a loss greater than 95% of the total biomass. 
On the other hand, herbaceous species need less than a year to achieve the same, with 
alfalfa taking the shortest time with 0.68 in Jangas (Table 3). 

 
Figure 4. Weight of litter bag remaining (as a percentage of initial weight) for each species and site 
against time (year fraction), and the fitted exponential decay curves (y = 100 e−kt) calculated using 
nonlinear regression (k values are given in Table 3). 

Table 3. Litter bag k decay constants, coefficient of determination (R2), half-life (T50), time to 95% 
weight loss (T95), remaining biomass percent by sites and species. 

Crop Site K ☨ R2 T50 ☨ T95 ☨ Remaining Biomass (%)∙Year−1 
0.25 0.50 0.75 1.00 ☨ 

Maize J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a 
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b 

Alf. J 4.55 ± 0.90 a 0.97 0.16 ± 0.04 b 0.68 ± 0.15 b 20.0 + 3.7 b 8.8 ± 1.2 b 4.2 ± 3.2 b 1.4 ± 1.4 b 
H 2.68 ± 0.09 b 0.95 0.26 ± 0.01 a 1.12 ± 0.04 a 35.9 + 3.2 a 20.2 ± 3.7 a 11.1 ± 0.9 a 6.9 ± 0.6 a 

Eucal. J 1.15 ± 0.07 a 0.98 0.60 ± 0.04 b 2.62 ± 0.17 b 73.0 ± 3.4 51.4 ± 2.4 b 40.5 ± 4.3 31.9 ± 2.3 b 

T95

Nitrogen 2023, 4, FOR PEER REVIEW 7 
 

 

properties. p values < 0.05 were considered significant R was used for Windows (R Core 
Team,Vienna, Austria, 2023). 

3. Results 
3.1. Mass Loss of Leaf Litter on Different Sites and Crops 

The exponential decay model (Figure 4) explained 92–99% of species litter bag weight 
loss. Meanwhile, k values varied from 0.91 (Eucalyptus, Huaral) to 4.55 (alfalfa, Huaral). 
The k factor shows significant differences in the decomposition rate in the four crops be-
tween the two sites analyzed (Table 3). The T95 (time to 95% weight loss) was more sig-
nificant in the tree species since, in most cases, it would take more than two years (up to 
3.29 for the Eucalyptus in Huaral) to reach a loss greater than 95% of the total biomass. 
On the other hand, herbaceous species need less than a year to achieve the same, with 
alfalfa taking the shortest time with 0.68 in Jangas (Table 3). 

 
Figure 4. Weight of litter bag remaining (as a percentage of initial weight) for each species and site 
against time (year fraction), and the fitted exponential decay curves (y = 100 e−kt) calculated using 
nonlinear regression (k values are given in Table 3). 

Table 3. Litter bag k decay constants, coefficient of determination (R2), half-life (T50), time to 95% 
weight loss (T95), remaining biomass percent by sites and species. 

Crop Site K ☨ R2 T50 ☨ T95 ☨ Remaining Biomass (%)∙Year−1 
0.25 0.50 0.75 1.00 ☨ 

Maize J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a 
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b 

Alf. J 4.55 ± 0.90 a 0.97 0.16 ± 0.04 b 0.68 ± 0.15 b 20.0 + 3.7 b 8.8 ± 1.2 b 4.2 ± 3.2 b 1.4 ± 1.4 b 
H 2.68 ± 0.09 b 0.95 0.26 ± 0.01 a 1.12 ± 0.04 a 35.9 + 3.2 a 20.2 ± 3.7 a 11.1 ± 0.9 a 6.9 ± 0.6 a 

Eucal. J 1.15 ± 0.07 a 0.98 0.60 ± 0.04 b 2.62 ± 0.17 b 73.0 ± 3.4 51.4 ± 2.4 b 40.5 ± 4.3 31.9 ± 2.3 b 

Remaining Biomass (%)·Year−1

0.25 0.50 0.75 1.00

Nitrogen 2023, 4, FOR PEER REVIEW 7 
 

 

properties. p values < 0.05 were considered significant R was used for Windows (R Core 
Team,Vienna, Austria, 2023). 

3. Results 
3.1. Mass Loss of Leaf Litter on Different Sites and Crops 

The exponential decay model (Figure 4) explained 92–99% of species litter bag weight 
loss. Meanwhile, k values varied from 0.91 (Eucalyptus, Huaral) to 4.55 (alfalfa, Huaral). 
The k factor shows significant differences in the decomposition rate in the four crops be-
tween the two sites analyzed (Table 3). The T95 (time to 95% weight loss) was more sig-
nificant in the tree species since, in most cases, it would take more than two years (up to 
3.29 for the Eucalyptus in Huaral) to reach a loss greater than 95% of the total biomass. 
On the other hand, herbaceous species need less than a year to achieve the same, with 
alfalfa taking the shortest time with 0.68 in Jangas (Table 3). 

 
Figure 4. Weight of litter bag remaining (as a percentage of initial weight) for each species and site 
against time (year fraction), and the fitted exponential decay curves (y = 100 e−kt) calculated using 
nonlinear regression (k values are given in Table 3). 

Table 3. Litter bag k decay constants, coefficient of determination (R2), half-life (T50), time to 95% 
weight loss (T95), remaining biomass percent by sites and species. 

Crop Site K ☨ R2 T50 ☨ T95 ☨ Remaining Biomass (%)∙Year−1 
0.25 0.50 0.75 1.00 ☨ 

Maize J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a 
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b 
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Eucal. J 1.15 ± 0.07 a 0.98 0.60 ± 0.04 b 2.62 ± 0.17 b 73.0 ± 3.4 51.4 ± 2.4 b 40.5 ± 4.3 31.9 ± 2.3 b 

Maize
J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b

Alf.
J 4.55 ± 0.90 a 0.97 0.16 ± 0.04 b 0.68 ± 0.15 b 20.0 + 3.7 b 8.8 ± 1.2 b 4.2 ± 3.2 b 1.4 ± 1.4 b
H 2.68 ± 0.09 b 0.95 0.26 ± 0.01 a 1.12 ± 0.04 a 35.9 + 3.2 a 20.2 ± 3.7 a 11.1 ± 0.9 a 6.9 ± 0.6 a

Eucal.
J 1.15 ± 0.07 a 0.98 0.60 ± 0.04 b 2.62 ± 0.17 b 73.0 ± 3.4 51.4 ± 2.4 b 40.5 ± 4.3 31.9 ± 2.3 b
H 0.91 ± 0.07 b 0.92 0.71 ± 0.06 a 3.29 ± 0.24 a 66.8 ± 4.6 63.0 ± 5.8 a 49.8 ± 7.8 40.2 ± 2.7 a

Avo.
J 1.21 ± 0.30 b 0.98 0.60 ± 0.17 a 2.58 ± 0.72 a 78.5 ± 6.5 a 54.1 ± 7.1 47.1 ± 10.8 a 30.6 ± 9.6 a
H 2.41 ± 0.11 a 0.94 0.29 ± 0.01 b 1.25 ± 0.06 b 58.9 ± 3.0 b 47.0 ± 2.2 15.6 ± 3.4 b 9.1 ± 1.0 b

Site 0.26 - 0.26 0.26 0.45 * * 0.34
Crop *** - *** *** *** *** *** ***
Site × Crop *** - *** *** *** ** *** ***

J = Jangas, H = Huaral, Alf. = Alfalfa, Eucalyp. = Eucalyptus, Avo = Avocado, *** = p-values < 0.001; ** p-values < 0.01;
* p-values < 0.05;
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= variables that were transformed to meet the assumptions of the ANOVA test. Different letters
(a,b) indicate significant differences.

3.2. Macro-Nutrients Release Dynamics

Since C constitutes the primary component of leaf biomass, its behavior is quite similar
to biomass loss. Statistical differences were observed between the crop types and evaluation
times but not between the evaluated locations. Nonetheless, an interaction between these
two factors was evident (Table 4). The Student’s t-test performed for each crop at the
two evaluated sites revealed that, for eucalyptus, no significant differences in C content
were observed between the locations throughout the study. In contrast, for maize and
avocado, significant differences emerged after mid-year, with lower C content remaining in
Huaral for both crops. Significant differences were evident from the onset of this study for
alfalfa, with consistently lower C content in Jangas across all evaluations (Figure 5a). As
shown, the herbaceous crops released most of their C during the study period, whereas
tree crops experienced a pronounced initial loss in the early months of the year, followed
by a deceleration in the loss rate.

Table 4. ANOVA p-values of C, N, P, and K throughout the year of study.

Variables
ANOVA p-Values

Site Crop Time Site × Crop

C 0.57 *** *** **
N 0.07 *** *** ***
P ** *** *** ***

K
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Table 3. Litter bag k decay constants, coefficient of determination (R2), half-life (T50), time to 95% 
weight loss (T95), remaining biomass percent by sites and species. 

Crop Site K ☨ R2 T50 ☨ T95 ☨ Remaining Biomass (%)∙Year−1 
0.25 0.50 0.75 1.00 ☨ 

Maize J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a 
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b 

Alf. J 4.55 ± 0.90 a 0.97 0.16 ± 0.04 b 0.68 ± 0.15 b 20.0 + 3.7 b 8.8 ± 1.2 b 4.2 ± 3.2 b 1.4 ± 1.4 b 
H 2.68 ± 0.09 b 0.95 0.26 ± 0.01 a 1.12 ± 0.04 a 35.9 + 3.2 a 20.2 ± 3.7 a 11.1 ± 0.9 a 6.9 ± 0.6 a 

Eucal. J 1.15 ± 0.07 a 0.98 0.60 ± 0.04 b 2.62 ± 0.17 b 73.0 ± 3.4 51.4 ± 2.4 b 40.5 ± 4.3 31.9 ± 2.3 b 

0.42 *** *** ***
Cu
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Crop Site K ☨ R2 T50 ☨ T95 ☨ Remaining Biomass (%)∙Year−1 
0.25 0.50 0.75 1.00 ☨ 

Maize J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a 
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b 
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Table 3. Litter bag k decay constants, coefficient of determination (R2), half-life (T50), time to 95% 
weight loss (T95), remaining biomass percent by sites and species. 

Crop Site K ☨ R2 T50 ☨ T95 ☨ Remaining Biomass (%)∙Year−1 
0.25 0.50 0.75 1.00 ☨ 

Maize J 2.39 ± 0.32 b 0.99 0.29 ± 0.04 a 1.27 ± 0.18 a 53.6 ± 4.3 33.6 ± 0.9 17.6 ± 3.5 a 9.5 ± 3.1 a 
H 3.20 ± 0.17 a 0.92 0.21 ± 0.01 b 0.94 ± 0.05 b 58.3 ± 2.5 37.1 ± 6.5 10.0 ± 0.9 b 4.1 ± 0.7 b 

Alf. J 4.55 ± 0.90 a 0.97 0.16 ± 0.04 b 0.68 ± 0.15 b 20.0 + 3.7 b 8.8 ± 1.2 b 4.2 ± 3.2 b 1.4 ± 1.4 b 
H 2.68 ± 0.09 b 0.95 0.26 ± 0.01 a 1.12 ± 0.04 a 35.9 + 3.2 a 20.2 ± 3.7 a 11.1 ± 0.9 a 6.9 ± 0.6 a 

Eucal. J 1.15 ± 0.07 a 0.98 0.60 ± 0.04 b 2.62 ± 0.17 b 73.0 ± 3.4 51.4 ± 2.4 b 40.5 ± 4.3 31.9 ± 2.3 b 

*** *** *** ***
Cd 0.50 ** *** ***

*** = p-values < 0.001; ** p-values < 0.01;
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= variables that were transformed to meet the assumptions of the
ANOVA test.

Regarding N, significant differences were observed between the different crops and
evaluation times but not between the evaluated sites. However, an interaction between the
crops and evaluated sites was present (Table 4). By the end of the study, all crops showed
significant differences in remaining N between the two sites evaluated. However, the site
with more significant remaining N varied by crop. In Jangas, maize and avocado retained
more N, whereas, in Huaral, alfalfa and eucalyptus had higher remaining N, as illustrated
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in Figure 5b, tree crops either accumulated or maintained their N levels, unlike C and
biomass, which steadily decreased. On the other hand, herbaceous crops, particularly
alfalfa, experienced a substantial loss of initial N.
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crops; (d) K remaining in the four crops. Different letters (a,b) indicate significant differences in the
Student’s t-test.

The C/N ratio is a crucial indicator in the decomposition process of leaf litter. Table 5
shows that the significant differences between crops and evaluated sites were only observed
in the initial evaluations, with all crops achieving a similar C/N ratio by the end of the year.
The C/N ratio decreased from values greater than 25 to approximately 9 for maize, avocado,
and eucalyptus. In contrast, the C/N ratio for alfalfa remained relatively unchanged after
one year of testing. A detailed examination of the C/N ratio evolution, as depicted in
Figure 6, reveals that all crops, except alfalfa, experienced a significant decrease in the
first half of the study. The C/N ratio in the final two evaluations was similar, indicating
stabilization of the C/N ratio after mid-year.

Table 5. C/N ratio during the duration of the study (1 year).

Crop Site
C/N Ratio·Year−1

0 0.25 0.50 0.75 1.00

Maize
J

26.84 ± 2.06
19.13 ± 0.08 a 10.18 ± 0.29 9.73 ± 0.29 8.83 ± 0.26

H 17.26 ± 0.71 b 17.64 ± 4.76 9.36 ± 0.00 8.69 ± 0.12

Alf.
J

9.17 ± 0.19
17.56 ± 0.29 a 7.05 ± 0.49 8.93 ± 0.00 8.37 ± 0.00

H 11.84 ± 0.38 b 9.70 ± 0.16 9.65 ± 0.66 9.17 ± 0.31

Eucal.
J

31.38 ± 0.89
21.29 ± 1.31 a 15.03 ± 0.84 9.18 ± 0.12 8.69 ± 0.36

H 18.70 ± 0.89 b 19.17 ± 1.01 9.22 ± 0.88 8.80 ± 0.61

Avo.
J

25.68 ± 2.15
16.57 ± 2.17 14.24 ± 4.30 9.50 ± 0.75 9.39 ± 0.99

H 17.55 ± 0.84 17.53 ± 1.18 9.30 ± 0.00 9.32 ± 0.58

Site *** *** 0.83 0.40
Crop *** *** 0.68 0.13

Site × Crop *** * 0.30 0.38
J = Jangas, H = Huaral, Alf. = Alfalfa, Eucalyp. = Eucalyptus, Avo = Avocado, *** = p-values < 0.001; * p-values < 0.05.
Different letters (a,b) indicate significant differences.
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Regarding the other released nutrients, particularly phosphorus (P), the dynamics vary
significantly across the site, crop, and evaluation time (Figure 5c and Table 4). For maize, P
is released sustainably until the penultimate evaluation (9 months), and nearly all P has
been released. Throughout this study, no significant differences in P release were observed
between the evaluated sites, indicating similar behavior across locations. Eucalyptus
exhibited a comparable lack of site-specific differences. However, unlike maize, eucalyptus
did not show a sustained P release. Instead, it experienced a slight initial decrease, followed
by sustained immobilization, and another decrease by the end of the evaluation year,
resulting in approximately 63–71% P remaining. Significant differences were observed
between the evaluated sites for avocado, with Huaral exhibiting less remaining P compared
to Jangas. Similar to maize, a sustained decrease in P was noted in each litter bag, reaching
levels of approximately 7–15%. In the case of alfalfa, significant differences between sites
were also observed. Notably, in Huaral, there was a considerable immobilization of P,
peaking at 166%, before dramatically decreasing to around 32%. Conversely, in Jangas, a
consistent decrease was observed, ultimately reaching 6%.

The behavior of the remaining potassium (K) is illustrated in Figure 5d and Table 4. All
evaluated crops showed a significant decrease in K within the first three months. For alfalfa,
this decrease resulted in only 4–8% remaining K, while for eucalyptus, the decrease was less
pronounced, with 28–37% remaining K. In the herbaceous crops (alfalfa and maize), almost
all of the remaining K was released, with a more significant release in the case of alfalfa in
Jangas, although both sites were equalized by the end of this study. In maize, the highest
releases occurred in Huaral. For avocado, a slight accumulation of K was observed after six
months in Jangas, a pattern not seen in Huaral, where nearly all K was released into the
soil. Eucalyptus also showed some accumulation in the litter bags in Huaral, though less
prominently than avocado.
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3.3. Microelements Release Dynamics

The behavior of microelements throughout this study was highly variable for the four
analyzed elements in the two sites evaluated (especially Cu and Zn, as shown in Table 4).
The Student’s t-test performed for each crop at the two evaluated sites revealed differences
between the two sites, as well as distinct periods of significant accumulation and loss. The
Student t-test performed for each crop at the two sites evaluated shows differences between
the sites evaluated and exhibits periods of substantial accumulation and loss (Figure 7a).
For iron (Fe), significant accumulation was observed in all crops except alfalfa during the
first sampling in the initial quarter of the evaluation year. Eucalyptus displayed particularly
high immobilization levels, ranging from 679 to 723%. Avocado also showed significant
immobilization, with levels between 220 and 246%, while maize in Jangas accumulated
190%, notably higher than the 90% observed in Huaral. Despite this initial immobilization,
a sustained decline in Fe levels was noted towards the end of the year, with alfalfa and
maize losing most of their Fe. In contrast, eucalyptus and avocado experienced a lower
degree of Fe loss, retaining 56–66% and 9–56%, respectively. The trend of microelement
release varied by location, with greater Fe release in maize and avocado observed in Huaral
and alfalfa in Jangas.
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For Cu, lower immobilization was observed across all crops compared to Fe (Figure 7b).
Maize and alfalfa exhibited almost complete Cu release, with significant differences between
the evaluated sites, showing more significant release in Jangas for both crops. Eucalyptus
displayed consistent behavior across locations, with only a slight initial accumulation, result-
ing in Cu levels similar to the initial amount by the end of this study. However, avocado
demonstrated more Cu release in Huaral than Jangas, without the initial accumulation seen in
Huaral. Zn behavior in eucalyptus and avocado showed an initial accumulation followed by
release and a subsequent new accumulation in Jangas towards the end of the study. However,
this was only significant for avocado (Figure 7c). Herbaceous crops generally tended to release
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most of the analyzed elements, with alfalfa showing significantly higher release in Jangas than
in Huaral.

The behavior of Cd differed across all crops, showing periods of immobilization and
release throughout this study (Figure 7d). In alfalfa from Huaral, there were two periods
of accumulation, which were not observed in Jangas, where a more significant release of
Cd to the soil occurred. Similarly, maize in Huaral also exhibited two accumulation peaks,
while in Jangas, there was a significant initial accumulation followed by a sustained decline,
resulting in a significantly greater release of Cd compared with Huaral.

For avocado in Jangas, a large initial accumulation was followed by a decrease, reach-
ing values similar to the initial ones by the end of this study. In Huaral, the Cd levels
remained similar to the initial ones until the last part of the year, when the remaining Cd
reached 46%, indicating a more significant release than in Jangas. Eucalyptus showed
an initial accumulation in both locations, which lasted up to mid-year in Jangas before
falling and then rising again at the end of the study, with significantly greater accumulation
in Huaral.

3.4. Association between Exponential Decay Model with Soil and Litter Properties

Spearman’s correlation analysis reveals positive and negative relationships among
certain variables (Figure 8). The evaluated soil parameters do not exhibit a significant
relationship with the k factor. However, significant correlations are observed among the
soil parameters themselves, including inverse relationships between silt, sand, and bulk
density. Clay also shows a direct relationship with pH and bulk density, while bulk density
is also directly related to pH.
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The characteristics associated with the k factor are the chemical properties of the leaf
residues. The initial C/N ratio, as does the initial N percentage, exhibits a significant
inverse correlation with the k factor. Additionally, there is a direct relationship between the
final C/N ratio and the final C percentage.

4. Discussion

The rapid decomposition of the leaf litter and resulting high k values found in alfalfa
and maize are typical for herbaceous plants [6,29] and agroforestry systems [30]. The
varying decomposition rates of different crops in the two evaluated sites suggest that
climate, while significant, is not the sole determining factor since some crops had less
decomposition in areas with more precipitation or higher temperatures; this is similar to
what was reported by Negash et al. [31] and Rawlik et al. [29] who found no significant
correlation between temperature and the k factor. Similarly, soil properties were not decisive
since, for the same crop, the soil with a lower percentage of organic matter reported higher
decomposition rates (alfalfa and eucalyptus). Therefore, a more detailed analysis is needed,
considering factors such as microrelief, hydraulic conductivity, in situ temperature, and
specific macrofauna to understand their influence on waste decomposition.

In Jangas, the four crops had an R² value closer to 1 than in Huaral, indicating that the
equation better represents the decomposition of residues at that site (Figure 4). This could
be attributed to the significantly larger temperature variation in Huaral, which is nearly
10 ◦C throughout the year, compared to Jangas. Despite these minor differences, the R²
values exceeded 0.92 when using the single exponential model. This was higher than those
reported in other studies, such as those by Rodríguez Pleguezuelo et al. [32], Naik et al. [5],
Zheng et al. [33], and Demessie et al. [34], which primarily focused on various forest species.
Consequently, there was no need to adjust these data to alternative decomposition models,
such as those proposed by Rovira & Rovira [35].

The initial rapid mass loss (30–80% in 3 months) in all crops is attributable to the
leaching and breakdown of readily soluble substances, non-lignified carbohydrates, and
other labile fractions [36–38]. The more gradual mass loss in the latter stages is likely
linked to the accumulation of recalcitrant fractions such as cellulose, lignin, fats, waxes,
and tannin in leaf litter as decomposition progresses [5,37,39]. Litter bag studies prevent
fragmentation and subsequent transport, and consequently, mass loss is primarily a result
of microbial degradation of litter within the litter itself, thereby underestimating decay
rates. Additionally, litter enters the soil in the form of undecomposed litter fragments (i.e.,
light fraction), which can initiate soil organic matter (SOM) aggregation and thus play a
pivotal role in the C stabilization mechanisms [40,41].

The release of C follows a pattern similar to the weight loss of litter bags because of
the high C content in all the litter samples (Table 2). Rubino et al. [42] reported that the
ratio of C lost as CO2 to C input (SOM) was approximately 1:2, highlighting the importance
of quantifying the contribution of C from litter to soils in decomposition studies. The
results obtained in this study were consistent with those reported by Negash & Starr [31]
for avocado and Rachid et al. [43] for eucalyptus in half-year studies. Similar studies on
maize, such as those conducted by Chatterjee & Acharya [6] in 2020, reported a lower C
release rate, with approximately 50% remaining at the year’s end. However, these studies
were conducted in temperate zones of the USA. Ajwa & Tabatabai [44] found that alfalfa
exhibited a more significant release of CO2 during decomposition than maize and soybeans
in the first 30 days. This is attributed to alfalfa’s higher readily decomposable organic C
fractions than maize and soybean. These findings support the results obtained for alfalfa
in this study, which showed a significant release of C in the initial months of the studies.
During decomposition, decomposers generally utilized C as an energy source, while N was
assimilated into cellular proteins and other compounds. Consequently, as decomposition
time increased, C levels decreased, and nutrients, particularly N, were released from the
litter [45].
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The dynamics of N release during decomposition exhibit phases of immobilization
(net increase in content because of the incorporation of N from the surroundings into the
litter) and release, varying significantly between species [33]. Herbaceous crops such as
maize and alfalfa predominantly demonstrated N release, with a substantial portion of the
initial N being released in the first months of this study. This contrasts with the findings
of Chatterjee & Acharya [6], who reported N immobilization in maize during the winter
in a temperate region of the USA. Additionally, litter with higher initial N content tends
to release N more rapidly than litter with lower N content [46]. This explains why alfalfa,
which has a high initial N content, released nearly all its N during the test, a similar result
to that reported by Cowan et al. [47].

In tree species, N behavior differs, with immobilization or slower release depending
on the species. This pattern is observed in studies such as Marinho et al. [48] and Rodriguez-
Pleguezuelo et al. [32], who worked with different fruit species such as mango, cherimoya,
loquat, and avocado, the latter showing behavior similar to that observed in Huaral.
In Jangas, N accumulation was noted in the second half of the year, likely because of
the larger remaining biomass (Figure 4), which facilitates microbial immobilization and
fungal translocation [49]. Additionally, these immobilization periods coincide with months
of low rainfall (April–July) (Figure 1). This trend is particularly evident in eucalyptus,
which exhibited minimal N release throughout the year, especially during the penultimate
evaluation. These findings are consistent with those of Goya et al. [50], who reported
immobilization periods and generally low N release in eucalyptus species across three
soil types.

Regarding the C/N ratio, the final evaluations revealed that the four studied crops
ended with similar results across different locations (Table 3). Studies such as Chatterjee &
Acharya [6], which assessed various crops, also found no significant differences between
evaluated locations. Similarly, Demessie et al. [34] and Rodríguez Pleguezuelo et al. [32]
reported different C/N values at the end of the study between crops. In most crops, the
C/N ratio decreased over time, except in alfalfa, where an initial increase in C/N was
observed, likely because of a more rapid initial loss of N than C, before subsequently
decreasing and stabilizing by the end of this study. Soil can also play a crucial role, as the
decomposing microbial community may require N more than C, thereby increasing the
C/N ratio at certain times. This behavior has been observed in studies such as those by
Leal et al. [20] and Goya et al. [50], where the same crop exhibited fluctuations in the C/N
ratio during various evaluations depending on the soil conditions.

P exhibits similar behavior to N, as in the case of alfalfa and maize; no alternation
between immobilization and release is observed, with P predominantly being released.
However, in alfalfa grown in Huaral, there is significant initial immobilization, likely due
to the high level of available P in Huaral soil (69.36 mg·kg−1), which promotes initial
immobilization [5]. This behavior is not observed in maize, despite the similarly high
P levels in Huaral (68.54 mg·kg−1). This discrepancy may be attributed to the different
chemical composition of maize or varying microbial demands for P [51]. Conversely, the
absence of immobilization in avocados throughout the study aligns with the findings
by Reyes-Martín et al. [52], who reported continuous P release. These results are also
supported by the increase in available P under avocado decomposition bags observed by
Tamayo-Vélez et al. [53]. Eucalyptus, on the other hand, displays alternating phases of
release and immobilization, similar to patterns reported by other researchers [50,54].

The behavior of K in the four crops differs from that of N and P, as there is a significant
release in the initial months. This is attributed to potassium being a non-structural element
susceptible to leaching losses [55]. Nonetheless, the differences between the evaluated
sites follow similar trends toward weight loss. Both maize and alfalfa showed no K
immobilization at the end of the year, consistent with findings by Isaac & Nair [36] for three
fruit tree species. In other instances, a slight initial immobilization is followed by an almost
complete release of K [5,30]. Only avocados in Jangas and eucalyptus in Huaral exhibited
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slight immobilization by the year’s end, a behavior also noted by Ribeiro et al. [54] for
eucalyptus, albeit over a period twice as long.

The release of micronutrients in the litter bag after the period of great immobilization
that can be observed in all crops except alfalfa can be attributed to changes in the chem-
ical composition of the residues as decomposition progresses [30], as well as microbial
oxidation of components and physical-biological fragmentation [5,56]. However, findings
such as those by Asigbaase et al. [30] in cocoa stubble did not demonstrate predominant
immobilization of Fe, Cu, and Zn throughout the study, releasing nearly all of these metals
by the end of the study, similar to observations in alfalfa from both Huaral and Jangas. In
contrast, other studies have shown that Fe, Cu, and Zn either maintain their initial amounts
or undergo significant immobilization, as reported by Pourhassan et al. [51], Reyes-Martín
et al. [52], and Goya et al. [50].

Cd presents a distinct behavior compared to other analyzed elements, as significant
immobilization periods are observed in herbaceous and tree crops. However, by the end of
the study, almost all Cd in alfalfa and maize has been released, mainly due to the minimal
remaining biomass of these crops. The propensity for Cd accumulation in stubble is well-
documented in studies such as Guarín et al. [57] in cocoa, even in soils with very low initial
Cd content in the topsoil. Moreover, studies by Van Nevel et al. [58] and Yue et al. [59]
in forest species have observed greater immobilization of metals, including Cd, in litter
with low initial metal content, emphasizing the initial quality of stubble in defining its
release and immobilization characteristics. This initial immobilization observed in alfalfa
and maize (Table 2) can be attributed to these factors. Understanding the dynamics of
immobilization and release of heavy metals such as Cd in each crop is crucial for crop
development and subsequent commercialization in global markets.

The significant correlations align with the detailed analysis of each variable examined.
The k factor showed a significant correlation solely with the initial C/N ratio of the litter,
consistent with findings by Chatterjee et al. [6] and Yue et al. [59]. An inverse relationship
between initial N and initial C/N ratio was observed, which is particularly relevant in
crops such as alfalfa. Ultimately, the C/N ratio is primarily influenced by C content rather
than N content. The results reaffirm that soil properties do not have a great effect on the
decomposition rate.

The significant positive interaction observed between pH and clay content is of par-
ticular interest, contrasting with the findings of Elnajdi et al. [60], who did not observe
significant relationships between these properties. This discrepancy may be attributed to
the prevalence of saline soils in Huaral, where sodium influences pH levels [61]. The strong
positive correlation between bulk density and clay content differs from the negative associ-
ations reported by Chaudhari et al. [62]. Conversely, the negative correlation between bulk
density and silt content aligns with findings by Orjuela-Matta et al. [63]. Such variability in
findings may stem from diverse factors affecting bulk density, including compaction, clay
type, and the presence of agents such as C rates and organic matter [64].

5. Conclusions

The exponential decay model (k) used effectively explains the decomposition rate
of the four crops, each exhibiting distinct behavior at the evaluated sites. The release of
C, N, P, and K is closely correlated with the weight loss of each crop, underscoring the
critical role of crop residues in nutrient cycling. This is particularly notable in herbaceous
crops, which release a substantial portion of their nutrients, with alfalfa and eucalyptus
showing the greatest release in Jangas and maize and avocado in Huaral. Microelements
were susceptible to periods of immobilization and release over time, with tree species
demonstrating a notable capacity to immobilize Cd. Decomposition rates are significantly
influenced by the initial chemical composition of the stubble, especially the C/N ratio, and
show no significant relationship with the soil variables analyzed. Climatic fluctuations
potentially influence the results derived from a single year. Consequently, a long-term
study that includes variables such as humidity and soil respiration is essential to provide
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a more comprehensive understanding of the complex process of stubble decomposition
over time.
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