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Abstract: The installation of commercial stands with exotic forest species on low fertility soils
originally covered by native pastures is an unusual situation worldwide. In recent years, the area
occupied by forest systems designed for pulp or wood production with immediate replanting has
increased strongly in the Pampean region of South America. In this context, the study of nutrient
recycling from forest litter decomposition acquires particular relevance. This work seeks to evaluate
and compare the nutrient release from the decomposition of forest litter produced by 14-year-old
Eucalyptus grandis Hill ex Maiden and Pinus taeda L. stands and test the applicability of a new
sampling methodology in the nutrient recycling assessment. For two years, the evaluation of N, P,
K, Ca, Mg, Fe, Mn, Cu and Zn dynamics during litter decomposition was carried out. In general,
K concentration decreased through decomposition, meanwhile, all other nutrients showed some
degree of immobilization, but this was counteracted by biomass loss for most of them. This mainly
resulted in net nutrient release from litter. A higher release rate of all nutrients from P. taeda forest
litter compared to E. grandis, with the exception of Mn, was verified. Fe immobilization was observed
in both species showing a higher immobilization rate in E. grandis compared to P. taeda. Finally, Zn
exhibited immobilization processes in E. grandis and releases in P. taeda. This might suggest higher
temporal and quantitative availability of nutrients in P. taeda, due their faster return to the soil. These
findings could be relevant in the development of models for sustainable management, adapting the
demand for nutrients to the supply during forest rotations.

Keywords: afforestation; litter decomposition; nutrient recycling

1. Introduction

During the last years, the installation of commercial stands with different species
of Eucalyptus and Pinus in sites originally covered by native pastures in the Pampean
region of South America has experienced a relevant growth [1–3]. Normally, these systems
are designed for pulp or wood production, in relatively short rotations, with immediate
replanting, usually on soils with low natural fertility [3,4]. This change in coverage im-
plies the incorporation of a new component to the soil–plant system, the forest litter [5].
In this sense, the nutrient leaching and forest litter decomposition constitute fundamental
processes in nutrient recycling, acquiring relevance in this productive context [4,6–9].

Throughout the litter decomposition process, some of the absorbed nutrients to
support the forest growth return to the soil, becoming gradually available for plant up-
take [10,11]. The quantitative and temporal availability of these nutrients will fundamen-
tally depend on whether they are directly released to the soil or whether, on the contrary,
immobilization processes occur [1]. At the same time, differences in the availability of
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nutrients will be chiefly influenced by their mobility, as well as by the material quality and
the environmental conditions [1,6,12].

The degree of control of the environmental conditions on litter decomposition in-
fluences mostly on a global or regional scale, but the effect of material quality is locally
relevant [13–15]. In fact, the initial concentrations of total carbon (C), soluble C and some
nutrients such as nitrogen (N) and phosphorus (P) are used as indicators of the decom-
position potential of plant residues related to their quality [6,16]. Other characteristics,
such as the concentration of soluble polyphenols and lignin, substances that produce slow-
downs in the decomposition process, can be highly useful for understanding the process
dynamics [17]. Proportions that involve different quality indicators, such as C:N, C:P
and lignin-N (L:N) ratios, have been related with decomposition and nutrient release or
immobilization [7,18,19].

In general, the litter of broadleaf species tends to decompose faster than that of
coniferous species, releasing the nutrients at a higher rate [20,21]. This is linked to the
lower quality of the litter of coniferous species, given by lower nutrient concentration
and higher lignin content [20,22,23]. This condition can be highly variable depending
on the considered forest species [24]. In this context, given that the nutrient recycling
rate affects forest productivity, the study of nutrient immobilization/release through litter
decomposition constitutes a fundamental factor for the sustainable management of these
stands [6,25,26].

The present work seeks to evaluate and compare the nutrient release dynamics from
the decomposition of litter produced by 14-year-old Eucalyptus grandis Hill ex Maiden and
Pinus taeda L. stands. At the same time, the study aims to test the applicability of a new
sampling methodology for the assessment of litter production and decomposition, that was
previously proposed by the authors, in the evaluation of the forest litter nutrient dynamics
during its decomposition process.

The investigation hypotheses were the following: (i) the dynamics of nutrient concen-
tration during litter decomposition differs enough to alter the average trend evidenced for
biomass loss; (ii) the nutrient release/immobilization rate varies according to the consid-
ered nutrient, species and forest litter layers, even in the absence of significant differences
in the litter decomposition rate and; (iii) the mobility of the nutrients depends on the
considered species, altering their return to the soil through the decomposition process.

2. Materials and Methods
2.1. Experimental Site Characterization

During the year 2003, two first-turn forest experiments were installed at Rivera De-
partment, Uruguay (coordinates: 31◦23′55.11′′ S and 55◦41′43.88′′ W), one with E. grandis
and the other with P. taeda. In this area, the original vegetation of native pastures domi-
nated by perennial summer grasses and some winter grasses was substituted by a forest
cover [2]. For each forest species, a stand density experiment with three treatments (816,
1111 and 2066 trees ha−1) was arranged in a randomized complete block design with three
replications. For this study, the plots with the lowest density were considered because they
represent a similar situation to stands for quality wood production. The study began in
June 2017 (Southern Hemisphere) when the stands were 14 years old.

The soils under the experiment correspond to thermic Humic Hapludults [27]. A detailed
soil characterization is available in previous studies [2,5]. The climate in the area is
temperate, with an average annual temperature around 18.6 ◦C and an average annual
rainfall of 1605 mm which distribution presents a main maximum during autumn and a
main minimum in winter, showing high interannual variation [28].

2.2. Sampling Method and Decomposition Assessment

To carry out the experiment, 14-year-old E. grandis and P. taeda stands were considered
with a density of 816 trees ha−1. In each of them, the three installed plots of 30 m × 30 m
were used. At each plot, a subplot of 4 m× 2 m was arranged equidistant from the tree rows
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(spacing of 3.5 m × 3.5 m). In all cases, the canopy in the sampling area was homogeneous
and totally closed, containing trees with average dimensions that were representative of
the stands. In each subplot, the forest litter was carefully removed and a rectangular trap of
the same dimensions of the subplot was installed, subdividing the area in eight sampling
quadrants of 1 m2. At the soil surface, a layer of plastic mesh fabric (1 mm2 opening)
was installed in each quadrant with the aim to collect the litter that fell during each
sampling period, allowing the passage of air and water. At the first sampling moment
(first season, three-month period), one of the eight quadrants (Q1) from each subplot was
randomly removed, meanwhile, the fallen material in the remaining quadrants was not
collected, placing a new mesh on each of them. This allowed us to separate the material
that fell during the first season from that which was deposited during the second season.
This procedure was continued for two years until the end of the study (Figure 1).
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Figure 1. Schematic representation of the sampling procedure used during the study. Q: sampling quadrant.

In the laboratory, the forest litter of each layer was separated and dried at 65 ◦C until
constant weight (48 h) to determine its total dry weight. With the measured weight at the
time of the formation of each layer and the value obtained from its replications at each
sampling period, the remaining dry weight proportion was calculated. Then, exponential
decay models [29] were fitted to the remaining biomass of each litter layer by species,
individually. Statistically significant adjustments were achieved only for three of them,
corresponding to three times of the beginning of the evaluation, C1 (winter year 1), C2
(spring year 1) and C3 (summer year 1). The obtained decomposition rate from the model
for each layer was compared between species and layers by each species individually.
A detailed explanation of the sampling methodology and the results of the decomposition
dynamics are available in a related previous work [5].

2.3. Chemical Analyses

The dried material corresponding to C1, C2 and C3 layers from each evaluation
moment and considered species was ground to a particle size < 0.5 mm. Subsequently, the
concentration of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium
(Mg), iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) was determined. To analyze
P, K, Ca, Mg, Fe, Mn, Cu and Zn, 1 g of this material was placed in a porcelain crucible
and mineralized in a muffle at 550 ◦C for 5 h. Then, the obtained ashes were dissolved
in 10% HCl. In the resulting extract, P was determined by colorimetry [30]. Ca, Mg, Fe,
Mn, Cu and Zn concentrations were determined by atomic absorption spectrophotometry
and K by emission spectrophotometry [31]. N concentration was determined by Kjeldahl
distillation, after a mineralization with H2SO4 at 350 ◦C with a mixture of catalysts (CuSO4
and K2SO4) for 90 min [32].

In the initial samples of each considered forest litter layer, determinations related
with residue quality were carried out. The lignin determination was made by acid hydrol-
ysis [33]. For soluble polyphenols concentration, an extraction with H2O during 2 h at
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100 ◦C with a subsequent determination by colorimetry using Folin–Ciocalteu reagent was
carried out [34,35]. The soluble C content was determined in the same extract by oxidation
with K2Cr2O7 and H2SO4 at 150 ◦C during 30 min followed by colorimetric determina-
tion [36]. Finally, the forest litter samples were ground again to a particle size < 0.149 mm
and, subsequently, the total C concentration was determined using the elemental analyzer
integrated into Integra 2 EA-IRMS equipment (Sercon Ltd., Cheshire, UK).

2.4. Initial Material Characterization and Nutrient Release Dynamics Evaluation

Based on the chemical determinations, an initial characterization of the nutrient
concentration of each considered layer by species was obtained, including residue quality
indicators such as the concentration of lignin, polyphenols and soluble C. At the same time,
the following ratios were determined: C:N, C:P and L:N. Further, the initial content of all
nutrients for each considered layer was obtained.

In order to evaluate the nutrient dynamics during the decomposition process, two
main variables were determined as a proportion of the initial records, the remaining nutri-
ent concentration and the remaining nutrient content. The remaining nutrient concentration
was determined as follows:

R[c] =
Ct

Ci
(1)

where R[c] is the remaining nutrient concentration for a particular layer and sampling
moment; Ci the initial nutrient concentration of the layer at its formation time and Ct
the nutrient concentration of each replication collected at each sampling moment. The
remaining nutrient content was calculated through the following expression:

Rc =
Ct ×Mt

Ci ×Mi
(2)

where Rc is the remaining nutrient content for a particular layer and sampling moment;
Ci the initial nutrient concentration of the layer at its formation time; Mi the initial dry
weight of the layer at its formation time; Ct the nutrient concentration of each replication
collected at each sampling moment and; Mt the dry weight of each replication collected at
each sampling moment.

2.5. Statistical Analysis

The response variables remaining nutrient content (Rc) and remaining nutrient con-
centration (R[c]) were analyzed by the adjustment of generalized linear mixed models
(GLMM) for each nutrient, litter layer and species individually, through the following
statistical model:

Yij= e µ+αi +Zj +εij (3)

where Yij is the response variable; e the exponential number; µ the general mean; αi
the fixed effect of decomposition time; Zj the random effect of the subplot and εij the
experimental error.

For each model, the slope represents the rate of change of the dependent variable.
In order to interpret the tendency, a significant positive slope denotes an increase of the
remaining nutrient concentration with decomposition time (i.e., nutrient concentration
increases) as well as for the remaining nutrient content (i.e., nutrient immobilization).
On the other hand, a negative slope represents a diminution of the remaining nutrient
concentration with decomposition time (i.e., nutrient concentration decreases) as well as for
the remaining nutrient content (i.e., nutrient release). In those cases, in which a significant
relationship between the response variable and the decomposition time was not found, a
stable behavior with oscillations was assumed. For the remaining nutrient content, this
situation indicates the occurrence of immobilization and nutrient release periods through
decomposition time.
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In order to compare the slopes between species for each dependent variable, there were
considered situations in which a significant relationship was found with the decomposition
time for a particular nutrient in both species. For this, the adjustment of GLMM to the
data of both species for each considered nutrient was carried out using the following
statistical model:

Yijk= e µ+αi +βj +(αβ)ij +Zk +εijk (4)

where Yijk is the response variable; e the exponential number; µ the general mean; αi the
fixed effect of decomposition time; βj the fixed effect of forest species; (αβ)ij the fixed effect
of the interaction between decomposition time and species; Zk the random effect of the
subplot and; εijk the experimental error. In these models, a significant interaction term
indicates significant differences between species.

A similar strategy was used for the comparison of slopes between litter layers for each
species and nutrient individually. A set of three individual models was adjusted for each
nutrient and forest species combining the data from C1 + C2, C1 + C3 and C2 + C3 layers
for each model, respectively. This procedure was carried out only in the cases in which the
response variables presented a significant trend with decomposition time for all evaluated
layers. The considered statistical model was the following:

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

where Yijk is the response variable; e the exponential number; µ the general mean; αi the
fixed effect of decomposition time; βj the fixed effect of litter layer; (αβ)ij the fixed effect of
the interaction between decomposition time and litter layer; Zk the random effect of the
subplot and; εijk the experimental error. For these models, a significant interaction term
indicates significant differences between layers.

In all cases a p < 0.05 was considered significant. The specified family distribution for
all adjusted models was gamma with log as link function. Finally, in order to represent the
proportion of the variability of the remaining nutrient concentration and the remaining
nutrient content explained by decomposition time considering the subplot random effect,
the conditional pseudo-R squared (R2

p) was determined. The R2
p for the adjusted models

for each nutrient, layer and species individually was calculated according to the following
equation [37]:

R2
p =

σ2
f

σ2
f +σ

2
α +σ2

ε

(6)

where R2
p represents the proportion of the variance explained by both fixed and random

effects; σ2
f the variance explained by fixed effects; σ2

α the variance explained by random
effects and σ2

ε the observation-level variance.
In this case, the lognormal approximation for gamma distribution was used where the

observation-level variance was determined as follows [37]:

σ2
ε = ln

(
1 +

1
v

)
(7)

where σ2
ε corresponds to the observation-level variance and v to the shape parameter of

gamma distribution. All analyses were carried out using R (version 4.0.3, R Foundation for
Statistical Computing, Vienna, Austria).

3. Results
3.1. Dry Weight and Chemical Characterization of the Initial Material

The initial dry weight and the chemical characterization for each litter layer by species
are presented in Table 1. The initial nutrient stock by species and litter layer is shown in
Supplementary Table S1. P. taeda produced a higher average amount of litter (3.23 Mg ha−1)
than E. grandis (2.98 Mg ha−1). The registered dry weight in C1 and C3 layers followed the



Forests 2021, 12, 1227 6 of 21

same trend, with the opposite occurring for the C2 layer. Regarding nutrient concentration,
the litter layers of E. grandis showed a higher average record for K (2.15 g kg−1), Mg
(1.56 g kg−1), Ca (7.89 g kg−1), Fe (88 mg kg−1), Mn (360 mg kg−1) and Cu (5 mg kg−1)
with respect to P. taeda (K: 1.40 g kg−1; Mg: 0.87 g kg−1; Ca: 3.85 g kg−1; Fe: 60 mg kg−1;
Mn: 299 mg kg−1; Cu: 3 mg kg−1). In individual terms, all analyzed litter layers followed
the same response. P. taeda litter layers presented a higher average concentration of N
(8.14 g kg−1), P (0.48 g kg−1) and Zn (19 mg kg−1) compared to E. grandis (N: 7.99 g kg−1;
P: 0.30 g kg−1; Zn: 11 mg kg−1). The concentrations of P and Zn of all considered litter
layers were higher in P. taeda than in E. grandis, following the response demonstrated by
the average results. For N, C2 and C3 layers showed the same tendency, with the opposite
occurring for the C1 layer.

Table 1. Initial dry weight and chemical composition of each considered E. grandis and P. taeda litter layer.

E. grandis P. taeda

Variable C1 C2 C3 C1 C2 C3

Dry weight (Mg ha−1) 1 1.91 (0.10) 3.77 (0.10) 3.26 (0.19) 2.20 (0.09) 2.37 (0.06) 5.12 (0.14)
N (g kg−1) 1 10.63 (0.62) 7.63 (0.50) 5.70 (0.40) 8.07 (0.52) 9.27 (0.92) 7.07 (0.62)
P (g kg−1) 0.31 (0.02) 0.31 (0.02) 0.27 (0.03) 0.41 (0.07) 0.55 (0.04) 0.49 (0.06)
K (g kg−1) 2.03 (0.14) 2.67 (0.13) 1.75 (0.22) 1.00 (0.15) 1.69 (0.09) 1.52 (0.18)
Ca (g kg−1) 8.53 (0.33) 8.10 (0.42) 7.03 (0.55) 3.93 (0.10) 4.31 (0.12) 3.30 (0.09)
Mg (g kg−1) 1.42 (0.06) 1.70 (0.03) 1.56 (0.03) 0.74 (0.06) 0.95 (0.05) 0.91 (0.04)
Fe (mg kg−1) 144 (26) 71 (4) 50 (2) 80 (12) 56 (2) 43 (4)
Mn (mg kg−1) 309 (25) 465 (45) 305 (4) 270 (18) 334 (19) 294 (31)
Cu (mg kg−1) 4 (0) 6 (0) 5 (1) 2 (0) 4 (1) 3 (1)
Zn (mg kg−1) 13 (1) 11 (0) 9 (1) 19 (2) 21 (3) 18 (2)
C (g kg−1) 1 472.53 (6.24) 468.79 (4.50) 441.04 (6.10) 421.34 (18.47) 451.12 (8.44) 431.61 (9.51)

Soluble C (g kg−1) 1 114.37 (10.62) 82.18 (9.76) 120.33 (6.61) 90.04 (4.69) 126.77 (12.88) 108.88 (8.91)
Soluble pol. (g kg−1) 1 67.32 (2.24) 67.32 (7.09) 69.39 (2.25) 8.33 (2.42) 22.31 (2.90) 23.45 (3.35)

Lignin (g kg−1) 1 488.80 (5.06) 440.67 (2.79) 455.20 (14.67) 450.00 (9.00) 469.07 (1.54) 475.87 (13.96)
C:N 1 45 (2) 62 (4) 78 (5) 53 (4) 50 (4) 62 (4)
C:P 1523 (8) 1543 (109) 1696 (190) 1097 (239) 831 (41) 911 (117)

L:N1 46 (3) 58 (3) 80 (4) 56 (3) 51 (5) 68 (6)
1 Data from Baietto et al., 2021. C1: winter layer, year 1; C2: spring layer, year 1; C3: summer layer, year 1; L:N: lignin:nitrogen ratio; Soluble
pol.: soluble polyphenols. The value in parentheses indicates the standard error of the mean (n = 3).

The average C concentration for E. grandis (460.79 g kg−1) was higher than that verified
for P. taeda litter (434.69 g kg−1), obtaining the same trend for each litter layer. Regarding
soluble polyphenols, the results presented the same behavior characterized by higher
average concentration in E. grandis (68.01 g kg−1) compared to P. taeda (18.03 g kg−1). For
each litter layer, the results followed the same tendency as occurred for C concentration.

Lignin showed an average amount per mass unit slightly higher in P. taeda (464.98 g kg−1)
compared to E. grandis (461.56 g kg−1). In line with this result, the soluble C concentration
presented a slightly higher average record in P. taeda (108.56 g kg−1) with respect to
E. grandis (105.63 g kg−1). For lignin, C2 and C3 layers followed the same average trend,
meanwhile, the C1 layer exhibited an opposite response with higher values in E. grandis
compared to P. taeda. Regarding soluble C concentration, only the C2 layer had the same
tendency obtained for the average results. For C1 and C3 layers the variable was higher in
E. grandis forest litter.

The C:N, C:P and L:N ratios demonstrated higher average values in E. grandis (62,
1587 and 61, respectively) than in P. taeda litter (55, 946 and 58, respectively). The C:P ratio
for each considered layer followed the same obtained behavior for the average values. The
C:N and L:N ratios showed higher records for the C1 litter layer in P. taeda compared to
E. grandis.

Regarding the differences in dry weight, concentration of nutrients and C of the
analyzed layers for each species individually, the C1 layer presented the highest value
for N, Ca, Fe, Zn and C in E. grandis; meanwhile, for dry weight, K, Mg, Mn and Cu
this occurred in the C2 layer. For P concentration, C1 and C2 layers shared the highest
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registered value. P. taeda showed the highest concentration of nutrients and C in general in
the C2 layer, with the exception of Fe, which presented the highest value in the C1 layer.
For dry weight, the highest record was verified in the C3 layer.

E. grandis exhibited the highest record of soluble polyphenols in the C3 layer, as well
as for soluble C, meanwhile, the highest value for lignin was registered in the C1 layer.
Considering P. taeda litter, the highest record for lignin and soluble polyphenols occurred
in the C3 layer and the highest soluble C concentration in the C2 layer. Regarding the
plant residue quality indexes, the C3 layer presented the highest C:N, C:P and L:N ratios
in E. grandis. Finally, P. taeda showed higher C:N and L:N ratios in the C3 layer and the
highest C:P value in the C1 layer.

3.2. Remaining Nutrient Concentration Dynamics

In the C1 layer, an increase in the remaining concentration of N and Fe as function
of time in both species was observed, with the opposite occurring for K (Figure 2). For
E. grandis, the remaining Zn concentration showed increases with respect to decomposition
time (y = 0.248 + 0.037 × Time, R2

p = 0.56) without a clear trend in P. taeda. This species
exhibited increases in the variable for Mn (y = 0.136 + 0.022× Time, R2

p = 0.51) and decreases
for Ca (y = 0.174 − 0.018 × Time, R2

p = 0.18) and Cu (y = 0.748 − 0.032 × Time, R2
p = 0.24).
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In E. grandis, it was not possible to detect a significant trend during the study for
these nutrients. For the other nutrients-species combinations (Mg and P), the remaining
concentration did not show a significant behavior with decomposition time. Regarding the
rate of change of the variable with time, no significant differences were observed between
species (Supplementary Table S2).

In the C2 layer, the behavior of the remaining nutrient concentration was similar to the
C1 layer (Figure 3). For N and Fe, increases in the variable were observed in both species,
with the opposite occurring for K. The remaining Zn concentration showed an increase
in both species, which had occurred only for E. grandis in the C1 layer. The behavior
of the remaining Cu concentration between species was different, showing increases in
E. grandis and decreases in P. taeda (as occurred in the C1 layer for this species). Ca
(y =−0.010 + 0.020× Time, R2

p = 0.59) and P (y = 0.009 + 0.017× Time, R2
p = 0.42) presented

increases only for E. grandis without trends in P. taeda. For Mn, increases were evidenced in
P. taeda (y = 0.026 + 0.012 × Time, R2

p = 0.32) without a clear response in E. grandis. Finally,
the remaining Mg concentration did not show clear trends with decomposition time in
both species.
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Regarding the rate of change in the remaining nutrient concentration (Supplementary
Table S3), higher values were observed for N, Fe and Zn in E. grandis compared to P. taeda,
meanwhile, there was a faster diminution for K in P. taeda. Finally, Cu showed an increasing
trend in E. grandis, with the opposite occurring in P. taeda.

The evidenced trends in the C3 layer were similar to the other analyzed layers
(Figure 4). Increases in N, Ca, Fe, Mn and Zn in both species were verified. The remaining K
concentration showed decreases in both species as occurred in C1 and C2 layers. For P, the
behaviors were different between the considered species, with increases in E. grandis and
decreases in P. taeda. Mg (y = −0.105 + 0.016 × Time, R2

p = 0.36) and Cu (y = −0.046 + 0.024
× Time, R2

p = 0.46) showed an increasing trend only for E. grandis without a clear response
in P. taeda. For the rate of change in the remaining nutrient concentration, no differences
were observed between species for all nutrients, except Zn, which presented a higher
increase in E. grandis, and P, with contrasting trends between species (Supplementary
Table S4).

Regarding the comparison for the rate of change in the variable between forest lit-
ter layers for each species individually, some differences were found depending on the
considered nutrient. E. grandis presented significant interaction effects (L × T) for N, Fe
and Zn (Table 2). According to these results and the rates obtained from the adjusted
models for each layer and nutrient individually (see the coefficients of the adjusted models
by layer presented in this section), the highest rate of increase of N concentration was
verified in the C3 layer, an intermediate value in the C2 layer and a minimum in the C1
layer. For Fe, the rate of increase was higher in the C2 and C3 layers compared to the
C1 layer. Zn concentration increased faster in the C3 layer than in the C1 layer with an
intermediate value, similar from these records, in the C2 layer. Finally, the rate of decrease
of the remaining K concentration did not show differences between the considered layers.
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Table 2. Coefficients obtained from the adjustment of the generalized linear mixed models for the
remaining nutrient concentration of E. grandis forest litter according to the comparison set.

Effect N K Fe Zn

C1 + C2

I −0.022 (0.043) −0.304 (0.120) 0.262 (0.100) 0.211 (0.082)
T 0.023 (0.003) −0.055 (0.010) 0.059 (0.008) 0.046 (0.006)
L −0.026 (0.060) −0.144 (0.169) −0.382 (0.142) −0.051 (0.116)

L × T 0.014 (0.005) 0.004 (0.014) 0.041 (0.011) 0.013 (0.009)

C1 + C3

I 0.019 (0.050) −0.301 (0.119) 0.375 (0.106) 0.260 (0.086)
T 0.033 (0.005) −0.049 (0.011) 0.066 (0.009) 0.054 (0.007)
L 0.033 (0.071) −0.140 (0.168) −0.222 (0.150) 0.017 (0.122)

L × T 0.029 (0.007) 0.013 (0.016) 0.050 (0.013) 0.024 (0.010)

C2 + C3

I 0.001 (0.042) −0.404 (0.129) 0.104 (0.077) 0.222 (0.097)
T 0.043 (0.004) −0.046 (0.013) 0.095 (0.007) 0.063 (0.008)
L 0.058 (0.060) 0.005 (0.182) 0.160 (0.110) 0.072 (0.137)

L × T 0.015 (0.006) 0.008 (0.019) 0.009 (0.010) 0.011 (0.011)
I: intercept; T: time; L: layer; C1: winter layer, year 1; C2: spring layer, year 1; C3: summer layer, year 1. The
values in parentheses indicate the standard error. Values in bold indicate significant effect (p < 0.05).

P. taeda showed significant interactions between L and T (Table 3) only for N and
Fe. Based on these results, the highest rate of increment on the remaining N and Fe
concentration occurred in the C3 layer, meanwhile, C1 and C2 litter layers exhibited the
lowest value. Finally, regarding K and Mn, no differences were found between layers.

Table 3. Coefficients obtained from the adjustment of the generalized linear mixed models for the
remaining nutrient concentration of P. taeda forest litter according to the comparison set.

Effect N K Fe Mn

C1 + C2

I 0.089 (0.036) −0.084 (0.137) 0.238 (0.072) 0.081 (0.051)
T 0.011 (0.002) −0.084 (0.010) 0.052 (0.006) 0.017 (0.004)
L −0.031 (0.051) −0.176 (0.193) −0.172 (0.102) −0.078 (0.072)

L × T 0.005 (0.003) −0.017 (0.015) 0.006 (0.008) −0.007 (0.005)

C1 + C3

I 0.095 (0.042) −0.154 (0.141) 0.200 (0.100) 0.098 (0.059)
T 0.021 (0.003) −0.080 (0.013) 0.068 (0.008) 0.022 (0.005)
L −0.022 (0.060) −0.269 (0.199) −0.224 (0.141) −0.053 (0.084)

L × T 0.019 (0.005) −0.012 (0.018) 0.028 (0.012) −0.001 (0.007)

C2 + C3

I 0.073 (0.037) −0.278 (0.123) 0.079 (0.093) 0.043 (0.063)
T 0.025 (0.003) −0.092 (0.012) 0.071 (0.008) 0.017 (0.005)
L 0.009 (0.053) −0.094 (0.173) −0.051 (0.132) 0.025 (0.090)

L × T 0.014 (0.004) 0.005 (0.017) 0.022 (0.011) 0.006 (0.007)
I: intercept; T: time; L: layer; C1: winter layer, year 1; C2: spring layer, year 1; C3: summer layer, year 1. The
values in parentheses indicate the standard error. Values in bold indicate significant effect (p < 0.05).

3.3. Remaining Nutrient Content Dynamics

The results for the remaining content of nutrients in the C1 layer showed a decreasing
trend in both species for N, P, K, Ca, Mg, Mn and Cu (Figure 5). For Fe (y = 0.228 + 0.017
× Time, R2

p = 0.25) and Zn (y = 0.089 − 0.022 × Time, R2
p = 0.30), a significant effect of

decomposition time was obtained only for P. taeda. The remaining Fe content evidenced
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an increment, with the opposite occurring for Zn, which showed a clear reduction in
the variable.
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There were no significant differences in the release rate of N, P, K, Ca, Mg and Cu
between species. For Mn, differences marked by a higher release rate in E. grandis with
respect to P. taeda were found (Supplementary Table S5).

The remaining content of P, K, Ca, Mg, Mn and Cu showed a decreasing trend in the C2
layer for both species. Nevertheless, following the obtained results in C1 layer for P. taeda,
the remaining Fe content increased with decomposition time in both species (Figure 6). For
N, a decreasing behavior was verified only for P. taeda (y = 0.170− 0.019 × Time, R2

p = 0.34),
showing the same trend obtained in the C1 layer. The remaining Zn content increased with
decomposition time only for E. grandis (y = 0.136 + 0.019 × Time, R2

p = 0.33) without a clear
response in P. taeda.
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When comparing the release rate between species, no differences were found for K, Ca
and Mg (Supplementary Table S6). The obtained results for Mn were similar to those found
in the C1 layer, with a higher release rate in E. grandis compared to P. taeda. The decrease
in the remaining content of P and Cu was greater in P. taeda with respect to E. grandis. For
Fe, the increase in its remaining content showed a higher rate in E. grandis compared to
P. taeda.

The remaining K and Mg content decreased in both species in the C3 litter layer, as
occurred for C1 and C2 layers (Figure 7). Regarding Fe, an increase in both species was
evidenced. Ca (y = −0.033 − 0.018 × Time, R2

p = 0.26), P (y = −0.022 − 0.055 × Time,
R2

p = 0.58) and Cu (y = 0.100 − 0.039 × Time, R2
p = 0.46) presented diminutions with decom-

position time only for P. taeda. E. grandis showed a decrease in the remaining Mn content
(y = −0.057 − 0.021 × Time, R2

p = 0.33) and an increase for Zn (y = 0.345 + 0.031 × Time,
R2

p = 0.44), without clear trends in P. taeda. For the remaining N content, no trend was
found with decomposition time in both species. Regarding the nutrient release rate, no
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differences were observed between species for Mg and Fe. Finally, a higher rate of loss of K
was verified in P. taeda (Supplementary Table S7).
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The comparison of the nutrient release between forest litter layers did not show
significant differences for E. grandis. These results are explained by the absence of significant
interaction effects for the models presented in Table 4.

Table 4. Coefficients obtained from the adjustment of the generalized linear mixed models for the
remaining nutrient content of E. grandis forest litter according to the comparison set.

Effect K Mg Mn

C1 + C2

I −0.282 (0.133) −0.058 (0.070) 0.033 (0.077)
T −0.093 (0.011) −0.032 (0.006) −0.039 (0.006)
L −0.200 (0.188) −0.013 (0.099) −0.264 (0.109)

L × T 0.003 (0.016) 0.001 (0.008) −0.006 (0.008)

C1 + C3

I −0.240 (0.130) −0.040 (0.082) 0.081 (0.075)
T −0.088 (0.012) −0.028 (0.007) −0.028 (0.006)
L −0.141 (0.183) 0.012 (0.116) −0.196 (0.106)

L × T 0.010 (0.018) 0.006 (0.010) 0.010 (0.009)

C2 + C3

I −0.381 (0.117) −0.048 (0.062) −0.105 (0.069)
T −0.086 (0.012) −0.027 (0.005) −0.032 (0.006)
L 0.059 (0.166) 0.024 (0.088) −0.068 (0.097)

L × T 0.007 (0.017) 0.005 (0.007) 0.016 (0.009)
I: intercept; T: time; L: layer; C1: winter layer, year 1; C2: spring layer, year 1; C3: summer layer, year 1. The
values in parentheses indicate the standard error. Values in bold indicate significant effect (p < 0.05).

For P. taeda litter, although no differences between layers were observed for the release
of P, K, Mg and Cu, there were differences between C1 and C3 layers for Ca and Fe
(Table 5). A higher release rate of Ca occurred in the C1 layer, a minimum in the C3 layer
and an intermediate record in the C2 layer that was similar to these values. A higher
Fe immobilization rate was verified in the C3 layer, a minimum in the C1 layer and an
intermediate value in the C2 layer which was similar to these records (see the coefficients
of the adjusted models by layer presented in this section).
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Table 5. Coefficients obtained from the adjustment of the generalized linear mixed models for the remaining nutrient content of P. taeda
forest litter according to the comparison set.

Effect P K Ca Mg Fe Cu

C1 + C2

I 0.002 (0.066) −0.101 (0.145) 0.040 (0.070) −0.002 (0.058) 0.220 (0.069) 0.365 (0.104)
T −0.039 (0.005) −0.114 (0.012) −0.039 (0.006) −0.042 (0.005) 0.020 (0.006) −0.054 (0.008)
L 0.130 (0.094) −0.015 (0.206) −0.016 (0.099) 0.159 (0.082) −0.015 (0.097) −0.331 (0.146)

L × T −0.008 (0.007) −0.022 (0.017) 0.015 (0.008) 0.004 (0.007) 0.004 (0.008) 0.009 (0.012)

C1 + C3

I −0.057 (0.078) −0.222 (0.153) 0.009 (0.072) −0.040 (0.061) 0.116 (0.087) 0.353 (0.156)
T −0.044 (0.006) −0.115 (0.014) −0.034 (0.007) −0.043 (0.006) 0.031 (0.007) −0.050 (0.012)
L 0.047 (0.111) −0.182 (0.216) −0.059 (0.101) 0.106 (0.086) −0.153 (0.123) −0.354 (0.220)

L × T −0.015 (0.009) −0.024 (0.020) 0.022 (0.009) 0.003 (0.008) 0.019 (0.009) 0.016 (0.017)

C2 + C3

I 0.036 (0.072) −0.231 (0.120) −0.003 (0.055) 0.072 (0.055) 0.109 (0.082) 0.116 (0.131)
T −0.049 (0.007) −0.130 (0.012) −0.023 (0.005) −0.041 (0.006) 0.033 (0.007) −0.044 (0.010)
L −0.082 (0.102) −0.166 (0.170) −0.044 (0.077) −0.054 (0.078) −0.142 (0.116) −0.023 (0.185)

L × T −0.007 (0.009) −0.003 (0.017) 0.008 (0.007) −0.001 (0.008) 0.015 (0.009) 0.006 (0.014)

I: intercept; T: time; L: layer; C1: winter layer, year 1; C2: spring layer, year 1; C3: summer layer, year 1. The values in parentheses indicate the standard
error. Values in bold indicate significant effect (p < 0.05).

4. Discussion

According to the results from a previous study, there were not significant differences
in the litter decomposition rate obtained from exponential decay models between the
considered species and layers [5]. In this context, this study found that the nutrient
dynamics differs enough to alter the average trend evidenced for biomass loss. Considering
each litter layer and species individually, despite the verified variations in the remaining
nutrient concentration and in the remaining nutrient content, it was possible to obtain a
general pattern of behavior of these variables.

In all layers of both species, the concentration and the remaining K content followed
a decreasing trend. This is usually attributed to the high mobility of this nutrient, which
does not constitute organic structures in plant tissues [38]. Its loss mainly occurs through
leaching from the decomposing residues [9,39], being easily removed even in early stages
of the process [40]. Releases of this nutrient have been evidenced in litter of different
species of Eucalyptus and Pinus [3,41–43].

For Mg, the remaining concentration kept on mostly stable in both species with
decreases in its remaining content in all layers. This indicates that Mg dynamics is closely
related to biomass loss [1,4,26]. This type of response has been verified in different species
of both genera [1,4,15,21].

Regarding Ca, the remaining concentration mainly showed increases in E. grandis,
being variable in P. taeda. When considering the remaining content, there was a pre-
dominance of decreases in both species. The largest proportion of this nutrient is found
in cell walls and only a small part is present as soluble salts or ions in plants [38,44].
This implies that its release mainly depends on decomposition through biotic activity in-
stead of direct leaching [6,39]. This was linked to the increases in concentration evidenced
in E. grandis and to the relatively slow release during the decomposition, a response re-
ported in previous works in Eucalyptus sp. [4,6]. For P. taeda, the reductions in the remaining
content showed a similar result to that previously obtained for Pinus sp. [12,22,41,45].

The remaining N concentration exhibited increases in all layers for both forest species,
meanwhile, the remaining N content was mostly stable in E. grandis and presented a pre-
dominantly downward trend in P. taeda litter. The increases in concentration can be linked
to two main factors that act individually or in combination: immobilization of soil N by
microbial population decomposing the forest litter, and a lower release rate with respect
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to the rate of biomass loss [46,47]. Increases in N concentration with decomposition time
have been reported in different Eucalyptus species [6,24,42]. This is usually associated with
immobilization processes during the litter decomposition [4,7,48], alternation of immobi-
lization and release [1,49] or nutrient release with remaining content diminutions [3,6,42].
Although this study showed clear increases in N concentration, the observed stability for
the remaining content in E. grandis would indicate that the rate of change in the remaining
concentration was similar to that verified for biomass loss, oscillating between mineraliza-
tion and immobilization periods. The reduction in the remaining content together with the
increases in N concentration in P. taeda has been previously reported for other species of
Pinus [11,21,50,51]. This indicates that the rate of increase in concentration was not enough
to offset the biomass loss. The contrasting behavior between species could be related to
the lower initial quality that was evidenced for E. grandis forest litter (higher C:N and L:N
ratios and lower initial N concentration), promoting some N immobilization moments
through the decomposition [10,35,52].

The remaining P concentration mainly showed increases in E. grandis, meanwhile,
in P. taeda the response was fundamentally stable. Regarding the remaining P content,
decreases were observed in the litter of both species in general. The increases in concen-
tration observed in E. grandis litter during the study were counteracted by the biomass
loss, resulting in decreases in the remaining content. Responses in the same line have
been previously recorded for several Eucalyptus species [3,42]. In P. taeda, the stability
in the remaining concentration with decreases in the remaining content indicates a close
relationship between the release of this nutrient and the biomass loss, a similar result to
that recorded for the litter of other species of the genus [53,54].

Regarding Fe, increases in the remaining concentration were obtained in all analyzed
layers for both species with increases in the remaining Fe content in general terms. This
is in line with previous reports in different species of Eucalyptus and Pinus, indicating
immobilization processes [1,3,42,45,55,56]. This enrichment could be linked to the Fe
adsorption from the surrounding soil on the surface of the decomposing litter [57–60].

Mn showed increases in its concentration for P. taeda, meanwhile, in E. grandis it
remained fundamentally stable, presenting decreases in the remaining content in both
species in general. The evidenced response in E. grandis would indicate a link between the
release of the nutrient and the biomass loss from the litter, making this process dependent
on its decomposition, situation that has been reported in the same species on sandy soils
in Argentina [1]. In P. taeda, this response would indicate that the rate of increase did not
compensate for the biomass loss. This result is in line with that previously reported for
different species of Pinus [21,51].

Increases in Cu concentration in E. grandis with the decomposition time were mainly
observed. In P. taeda, there were decreases in this variable in general. Regarding the
remaining content, the average behavior in both species was characterized by decreases
with decomposition time. Viera et al. [42], for Eucalyptus dunnii in Brazil, verified increases
in the concentration of this nutrient with decreases in the remaining content, which indi-
cates that the increases in concentration were not capable of counteracting the biomass
loss. For P. taeda, the results showed releases of Cu from the decomposing forest litter,
contrasting with those previously reported that showed immobilization processes in litter
of Pinus sp. [21,55,58], however, the available literature of the dynamics of this nutrient
during litter decomposition is still limited [61].

Finally, Zn presented increases in the concentration in the analyzed litter layers of both
species in general, a situation which has been previously reported [3,21,42,51,55,62]. Also,
the remaining content in E. grandis mostly showed increases that could be related with
immobilization processes, response previously verified in Eucalyptus dunnii in Brazil [3].
For P. taeda litter, on average, a stable behavior with oscillations between release and
immobilization was observed which indicates that the rate of concentration increment
compensated the rate of biomass loss. Similar results were obtained for forest litter of Pinus
halepensis in Spain [55].
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When considering the rate of change of the remaining nutrient concentration, most of
the evaluated cases did not present significant differences between species. The differences
did not make it possible to identify a general pattern of behavior, however, it allowed
to verify a higher rate of enrichment in Zn for E. grandis in C2 and C3 layers. Although
comparative studies about the dynamics of this metal during decomposition process are
scarce, higher Zn enrichments have been previously identified for angiosperm compared
to gymnosperm forest litter [60]. This situation allows to verify a more consistent trend,
which is characterized by a greater enrichment of this metal in E. grandis. This context
would explain the Zn immobilization processes identified in E. grandis and the oscillations
between release and immobilization periods obtained in P. taeda, since there were no
significant differences in the decomposition rate between species [5].

Regarding the comparison in the rate of change of the remaining nutrient content, in
most of the considered nutrients, there were no significant differences between species. In
those cases in which significant differences were found, the results did not allow obtaining
a general pattern of behavior, however, it was possible to detect a higher rate of Mn loss
from E. grandis in C1 and C2 layers. This result makes it possible to identify a trend towards
a greater loss of Mn in E. grandis compared to P. taeda. Considering that there were no
significant differences in the decomposition rate between species [5], the differences in the
nutrient release rate would be linked to the stability evidenced in the concentration of Mn
in E. grandis and the increases of the variable in P. taeda. The higher initial Mn concentration
evidenced for E. grandis forest litter could promote the higher release rate of this nutrient.
In coincidence, increases in Mn releases have been reported for residues with higher initial
concentration of this nutrient [61,63].

With respect to the evidenced variations between litter layers of each species for the
remaining nutrient concentration and for the remaining nutrient content, only some small
differences were found. Differences in the rate of increase of the N and Fe concentration
were verified between the analyzed litter layers of E. grandis and P. taeda. In turn, the
Zn concentration evidenced a similar response only for E. grandis. For the remaining
nutrient content, differences in the release rate of Ca and in the immobilization rate of Fe
were obtained only for P. taeda. The differences in the rate of increase of N concentration
observed between litter layers of both species were possibly related to lower residue quality.
In concordance, higher C:N and L:N ratios and lower initial N concentration have been
associated with N immobilization, behavior that has been previously evidenced in different
forest species [6,7]. The obtained results for Fe were associated with forest litter layers with
higher initial concentrations of this nutrient, where this variable constitutes a regulator of
Fe dynamics [64]. For Zn, a similar behavior was observed, with greater increases in those
litter layers of E. grandis with a lower initial concentration of the nutrient. This situation
has been previously observed for some heavy metals during the litter decomposition
process [64–66]. Likewise, P. taeda showed some variations in Ca release rate, presenting a
minor value in the layer with the lowest initial concentration of this nutrient. In this sense,
positive correlations have been evidenced between the initial Ca concentration and the
release of this nutrient during forest litter decomposition [6,57].

Considering the obtained average nutrient release/immobilization rates through the
models for each species and litter layer with respect to the remaining content, it was
possible to establish a hierarchical order of the mobility of the nutrients. For E. grandis, the
order was: K > Mn > Mg > P > Cu = Ca > N. For Fe and Zn, immobilization processes
were verified, with a higher rate for the first compared to the second. The average values
indicate a monthly release rate of 8.5% for K, 3.2% for Mn, 2.9% for Mg, 2.0% for P, 1.7% for
Cu and Ca and 1.0% for N. The annual rates were 66%, 33%, 29%, 22%, 18%, 18% and 11%,
respectively. Regarding Zn and Fe, a monthly immobilization rate of 1.7% and 3.8% (22%
and 57% in annual rate) was obtained for each nutrient, respectively. For Eucalyptus globulus
litter in Portugal, an order of mobility of type K > Mg > Ca > P > N was reported [6], being
similar to that evidenced in the present study, although with a lower relative mobility of Ca.
For E. grandis litter in Brazil, a similar order has been verified following the arrangement:
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K > Mg > Ca > N [26]. Metals such as Cu have lower mobility and are generally released
slowly during the decomposition [42]. Zn and Fe immobilization processes are frequently
reported in Eucalyptus sp., with higher responses for Fe [1,3,42], which are consistent with
the findings obtained in the present study. Finally, Mn showed an average mobility close to
that obtained for Mg, which release was related to the biomass loss, a situation previously
verified in the same species in Argentina [1].

For P. taeda, the mobility order was: K > Cu > P > Mg > Ca > N > Mn > Zn. Immobiliza-
tion processes were observed only for Fe. On average, the monthly release rate reached a
value of 11.3% for K, 4.8% for Cu, 4.3% for P, 4.1% for Mg, 3.1% for Ca, 1.4% for N, 1.0% for
Mn and 0.7% in the case of Zn (76%, 44%, 41%, 40%, 32%, 15%, 12% and 8% in annual rate,
respectively). Fe showed an immobilization at an average monthly rate of 2.8% (39% in
annual rate). In decomposition studies in the Southeastern United States with forest litter
of P. taeda, the following hierarchical order has been identified: K > Mg > Ca > N > P [12,22].
For the considered nutrients, the order in both studies was similar to that obtained in the
present work, except for the greater relative mobility of P. This situation would be related
to the high rates of decomposition of the litter obtained in this study [5], since the release
of this nutrient was closely linked to biomass loss. Heavy metals such as Zn and Mn
were slowly released from the decomposing litter, a similar behavior to that obtained in
Pinus sp. in various regions [21,51]. Cu exhibited a significant release, being a contrary
response to which was previously evidenced in different species of Pinus [21,55,58]. For
Fe, immobilization processes were verified, which have been reported in litter of different
species of this genus [45,55,56]. Despite the absence of significant differences in the forest
litter decomposition rate between species [5], when comparing the average results for the
nutrient release rates, P. taeda showed greater records than E. grandis, with the exception of
Mn. Further, Zn presented releases in P. taeda and immobilization processes in E. grandis
and the Fe immobilization rate was superior in E. grandis compared to P. taeda. These
differences could promote a higher temporal and quantitative availability of nutrients in
P. taeda, due to their faster return to the soil through litter decomposition [1,6,12].

Finally, considering the obtained results, the previously proposed sampling methodol-
ogy [5] allowed us to compare the nutrient dynamics between the species and litter layers.
The use of a larger sample size could increase the accuracy of the forest litter inputs estima-
tions [67], promoting an improvement in the adjustment of the nutrient dynamics models.
In this sense, following studies should determine a minimum sample size according to
temporal and spatial variations on litterfall for each considered forest cover. Nevertheless,
these results constitute a first approach to understanding the nutrients dynamics during
the decomposition and litter accumulation.

5. Conclusions

The variation in the concentration of the evaluated nutrients during the decomposition
process is dependent on the considered nutrient and can significantly alter the evidenced
behavior for the biomass loss. The average results of the E. grandis litter layers showed
decreases in the remaining content of all nutrients, except for Fe and Zn, which presented
increases with decomposition time. For P. taeda, increases were only observed for Fe, with
decreases for the rest of the nutrients. For nutrients in which a rise of the remaining content
was evidenced, the increases in their remaining concentration were able to compensate
and counteract the litter biomass loss, resulting in an opposite trend to that observed for
this variable. These results are useful to identify a group of nutrients with which the
forest litter is capable of making direct contributions to the soil and another group which
promotes immobilization processes producing temporal reductions in nutrient availability
for plant uptake.

It is possible to affirm that nutrient recycling depends on the forest species, even in the
absence of significant differences between species in the litter decomposition rate. In P. taeda
there was a higher release rate of all nutrients compared to E. grandis, except for Mn, which
showed superior values for E. grandis. The Zn remaining content exhibited immobilization
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processes in E. grandis and releases in P. taeda forest litter. Further, the Fe immobilization
rate was higher in E. grandis compared to P. taeda. These results were partially verified in the
comparisons for each litter layer individually. This situation suggests a greater mobility of
the nutrients in P. taeda during the decomposition process and, therefore, a faster return of
them to the soil, where the contribution made by the different litter layers deposited during
its formation may differ significantly. These findings could be relevant in the development
of models for sustainable management, adapting the demand for nutrients to the supply
during forest rotations.

Finally, according to the obtained results, the employed sampling methodology al-
lowed us to evaluate and compare the nutrient dynamics between the species and the
forest litter layers. In this sense, it is necessary to establish long-term experiments in which
a greater stratification in the decomposition status of the litter layers can be identified. This
could allow capturing possible variations in the nutrient dynamics due to the continuous
incorporation of material through litterfall as well as interactions between forest litter
layers during the decomposition process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12091227/s1: Table S1. Initial nutrient stocks of each considered E. grandis and P. taeda litter
layer; Table S2. Generalized linear mixed models adjusted for data of both forest species for the
remaining nutrient concentration (C1 layer); Table S3. Generalized linear mixed models adjusted for
data of both forest species for the remaining nutrient concentration (C2 layer); Table S4. Generalized
linear mixed models adjusted for data of both forest species for the remaining nutrient concentration
(C3 layer); Table S5. Generalized linear mixed models adjusted for data of both forest species for the
remaining nutrient content (C1 layer); Table S6. Generalized linear mixed models adjusted for data of
both forest species for the remaining nutrient content (C2 layer); Table S7. Generalized linear mixed
models adjusted for data of both forest species for the remaining nutrient content (C3 layer).
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