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Abstract

The litter decomposition is an important source of nutrient return to forest plantations. This study the
aimed to characterize the seasonal dynamics of nutrient cycling via litter decomposition, in a plantation
of Eucalyptus saligna, cultivated in the Pampa biome in southern Brazil. We evaluated litter produced and
accumulated, as well as accumulated nutrients. Seasonal rates of decomposition were indirectly
estimated. The season with the highest values of litter decomposition was summer. On the other hand,
winter was the season with the lowest values of litter decomposition. The low values of decomposition
coefficient (k = 0.605) found in our study show that the remaining 95% (to¢s) of the litter on the soil will
be there for five years. The greatest stocks of nutrients in the litter produced and accumulated were
Ca and N. Thus, the litter constitutes a long-term reservoir of larger amounts of Ca and N and, through
decomposition, makes K available more immediately.

Keywords: Nutrient cycling; Forestry nutrition; Forest ecology.

Resumo

A decomposicdo da serapilheira constitui uma importante fonte de retorno de nutrientes as planta¢des
florestais. Assim, este estudo objetivou caracterizar a dindmica estacional da ciclagem de nutrientes, via
decomposicdo da serapilheira, em plantagdo de Eucalyptus saligna, cultivada no bioma Pampa, no Sul do
Brasil. Dessa forma, avaliamos a serapilheira produzida e acumulada, bem como nutrientes acumulados.
As taxas estacionais de decomposicdo foram estimadas, de forma indireta. A estacdo com maiores
valores de decomposic¢do da serapilheira foi o verdo. Por outro lado, o inverno foi a estagdo com menores
valores de decomposicdo da serapilheira. Os valores baixos coeficiente de decomposi¢do (k = 0,605)
encontrados em nosso estudo mostram que a residéncia de 95% (to,95) da serapilheira sobre o solo sera
durante cinco anos. Os nutrientes em maiores estoques na serapilheira produzida e acumulada foram
Ca e N. Dessa forma, a serapilheira constitui reservatério, em longo prazo, de maiores quantidades de
Cae N e, pela decomposicdo, disponibiliza K de forma mais imediata.

Palavras-chave: Ciclagem de nutrientes; Nutri¢cdo florestal; Ecologia florestal.

INTRODUCTION

The growing global demand for wood products has led to the establishment of forest stands,
reaching 131 million hectares of planted forests for commercial purposes worldwide (Food and
Agriculture Organization, 2020). The crops used in these stands are fast growth and short rotation
species. However, critical socio-environmental questions are currently arising, such as reduced
productivity and soil degradation (Zhou et al., 2015). For example, studies conducted in China and
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Brazil on harvesting Eucalyptus plantations on short rotations of 2 to 6 years, resulted in large
nutrient exports and possible declines in plantation productivity (Xuetal., 2004; Eufrade-
Junior et al,, 2016). The genus Eucalyptus is the most important and representative one, due to its
fast growth, adequate wood properties and high adaptability to different soil and climate
conditions (Flores et al., 2016), occupying around 20 million hectares worldwide, distributed in
more than 100 countries (Booth, 2013; Myburg et al., 2014; Elli et al., 2019).

In Brazil, Eucalyptus constitutes the largest forest base, with approximately 7.6 million hectares
planted (Industria Brasileira de Arvores, 2023), and a productivity of 32.7 m*ha year™; it is recognized
as one of the largest in the world (Binkley et al., 2017; Industria Brasileira de Arvores, 2023). Despite
its rapid growth rates, significant concerns have arisen regarding the continuous decline in
productivity of Eucalyptus spp. plantations. This decline is associated with successive nutrient exports,
requiring special attention on the sustainability of the site nutrient balance (Kulmann et al., 2022;
Guo & Sims, 1999). However, ensuring productivity in subsequent rotations is a central concern for
long-term sustainability in commercial plantations (Subedi et al., 2019). A key strategy for
maintaining stand productivity in the subsequent rotation, is soil nutrient management, which can
contribute to silvicultural practice decisions, such as fertilization of Eucalyptus spp. plantations.

One of the main factors in the nutrient balance is the cycling of nutrients through the forest
litter. Nutrient cycling in native forests and commercial plantations involves several pathways of
nutrient inputs and outputs; however, throughfall is considered the most important (An et al.,
2019; Michopoulos et al., 2019). The litter acts in maintaining soil fertility of forest ecosystems, as
it is the main former of soil organic material, which is composed of organic fragments, coming
from the shoots of plants, leaves, flowers, fruits, twigs, branches, bark, and other plant materials,
as well as animal remains and fecal material (Dick & Schumacher, 2020; Michopoulos et al., 2019).
In addition to litter participating in nutrient cycling, it plays an important role against erosion, it is
a source of organic carbon, substrate for microorganisms and soil respiration (Michopoulos et al.,
2019). Information about the rate and time of decomposition of litter, which is an important source
of organic matter to plantations, are indirect predictions about the future stock and flow of
nutrients in the plant-soil-plant system (Kulmann et al., 2022; Zaia & Gama-Rodrigues, 2004). Until
the complete release of the nutrients contained in the organic material, the litter undergoes
processes of decomposition, which is initiated by fragmentation by the macro- and mesofauna,
followed by the deterioration induced by edaphic microfauna (Correia & Oliveira, 2000).

The organic/mineral diversity of the litter and composition of the decomposer community are
the main factors that influence the decomposition rate and remaining time of the litter on the soil
(Schilling et al., 2016). However, climate is the factor that mostly affects litterfall on a global scale
(Gonzalez-Rodriguez et al., 2017; Michopoulos et al., 2019). Seasonal variations directly influence
the amount produced and accumulated litter (Skorupa et al., 2015), affecting the decomposition
process and the proportion of senescent material accumulated on the soil (Viera etal., 2013).
The fall of litter is directly related to the return of nutrients to the soil and consequently plays an
important role in forest biogeochemical cycling (Zhou et al., 2015). The quantity and quality of litter
production directly influence the productivity of natural or planted forest stands (Zhou et al., 2015).
The dynamics of litter decomposition varies depending on the species and forest typology; in
natural forests the decomposition rate tends to be more accelerated (Ferreiraetal., 2014;
Piresetal., 2006) when compared to areas with Eucalyptus plantations, where there is
organic/nutritional homogeneity of the litter (Guo & Sims, 1999). Thus, the nutrients contained in
the litter, which are made available after decomposition, are crucial to maintaining the fertility of
forest soils and the productive capacity of the site (Alvarez et al., 2008).

Many studies on litter production and accumulation have focused on fluctuations in climatic
factors, especially temperature and precipitation, showing significant effects on litter production
(Zhou et al., 2015; Gonzalez-Rodriguez et al., 2017; An et al., 2019; Dick & Schumacher, 2020;
Michopoulos et al.,, 2019). However, studies comparing the decomposition of litter from
commercial forest plantations, such as Eucalyptus spp. and, their relationships regarding litter
production, chemical composition of litter fractions, decomposition rate of nutrients from litter
to soil, are scarce in the literature. Thus, the aim of this study was to evaluate litter
decomposition in a Eucalyptus saligna plantation in the Pampa biome in southern Brazil.
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MATERIAL AND METHODS

Study area

The study was conducted from January 2011 to December 2012, in Sdo Gabriel, central
region of Rio Grande do Sul State, southern Brazil (-30° 30" 12" S and 54° 10' 0.8" W). The relief of
the area is characterized as flat to slightly undulating. The climate of the region is of type Cfa
humid subtropical, according to the Kdppen classification, characterized by well distributed
rainfall throughout the year and well-defined seasons with a lower temperature in winter. The
average annual precipitation is 1,424 mm and average annual temperature is 19.5°C
(Alvares et al., 2013) (Figure 1). The soil of the experimental area was classified as a typical

Dystrofic Haplic Cambissol (Santos, 2013). At the end of the experiment, the 0-20 cm soil
layer revealed the following characteristics: 12.6% clay; 17 g kg™ of organic matter (Walkley-Black
method), 4.1 pH in water (1:1 ratio); 13.2 and 51.6 mg dm™ of available P and K, respectively
(both extracted by Mehlich-1); 2.0, 0.6 and 0.4 cmol. dm?3 of exchangeable Al, Ca and Mg,
respectively (extracted by KCl 1 mol L") (Tedesco et al., 1995).
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Figure 1. Climatic characterization of Eucalyptus saligna plantation in Pampa biome, Southern Brazil

The silvicultural practices for the implementation of the experimental area were soil
preparation, with subsoiling to a depth of 50 cm. Eucalyptus saligna clones were transplanted
in January 2007. Plant spacing was 3.5 m between plants and 2.75 m between rows. Fertilizer
was applied in two moments: starter and top-dressing. Starter fertilization consisted of 2.0 Mg
ha of dolomitic limestone, 500 kg ha™' of reactive phosphate, and 100 g plant™ of NPK fertilizer
(06:30:06 N-P,05-K;0), applied in furrows. Top-dressing fertilization was applied 200 g plant
T of NPK+B fertilizer (12:00:12 N-P,05-K,0 and 0.5% B) at 120 days and 200 g plant™ of NPK
fertilizer (12:00:20 N-P,0s-K,0) at 365 days.

Nutrients produced and accumulated in the litter

Four random plots of 23 m x 26 m were marked to quantify the litter deposition. The
plots were marked at distances greater than 30 m from each other and 20 m from the edge
of the forest ecosystem, distributed randomly. Within each plot litter-collectors were
installed in the positions: line and between the planting line, diagonally between trees and
near the tree trunk. Wooden collectors (0.5 m?- 1.0 m long x 0.5 cm wide) with a nylon mesh
at the bottom (1.0 mm mesh) were installed 0.7 m from ground level. The contents of the
litter-collectors were collected at biweekly intervals between January 2011 and December 2012.

Scientia Forestalis, 52, €4008, 2024 3/11



Litter decomposition in Eucalyptus saligna Smith plantation in Pampa biome in southern of Brazil

The accumulated litter was collected at seasonal intervals, at the end of the season, using a
0.25 m x 0.25 m metal template. In each collection, 16 random samples were taken from all
organic materials accumulated on the soil surface, according to the methodology reported by
Santos et al. (2014). The produced and accumulated litter samples were dried in a forced air
circulation oven at 65°C for 72 h. Then, the samples were weighed on a precision digital scale
(Bel Engineering, Precision balance L, Brazil), for dry matter determination. Immediately after
weighing, the samples were ground in a Wiley type mill, passed through a 2 mm mesh sieve
and set aside for chemical analysis.

Chemical analysis of the litter

The samples of litter produced and accumulated were submitted to chemical analysis.
Part of the fraction samples were submitted to sulfuric digestion for determination of N by
micro-Kjeldahl distiller (TE 0363, Tecnal, Brazil). Another part of the samples was submitted to
nitro-perchloric digestion for determination of P, K, Ca, Mg, and S concentrations, following
the methodology of Tedesco et al. (1995). The extrapolation of the dry weight (g) of the litter
to the unit Mg ha' and estimates of the amounts of nutrients in the biomass were performed
according to Schumacher & Viera (2015).

Decomposition and nutrient return rates

The decomposition coefficient (k) of the litter was calculated according to Equation 1.
k= PL/AL, (1)

where: PL refers to the litter produced and AL corresponds to the amount of litter accumulated
on the ground, according to the methodology proposed by Olson (1963). This model considers
the exponential decomposition of the litter and the estimated mean remaining time (MRT),
in years. MRT was obtained by the relationship MRT = 1/k, with the half-life (50%), calculated
by tos=In 2/k, and the 95% decomposition by ty.g5 = 3/k (Olson, 1963).

The return coefficient (RC) of nutrients (kg ha') by litter decomposition was calculated
according to Equation 2.

RC = S/(S + NA), )

where: S corresponds to the seasonal amount of nutrients contributed by the litter
produced, and NA refers to nutrients amount in the accumulated litter, both in kg ha™,
according to the methodology reported by Chaturvedi and Singh (1987). The mean return
time (MRT) of each nutrient, in years, was obtained by the ratio between the amount of the
nutrient in the accumulated litter and amount in the litter produced annually, in kg ha”
(Adams & Attiwill, 1986).

The amount of nutrients available (kg ha™') was estimated according to Equation 3.
ANA = (TAPL + NAL,) — NALy, (3

where: TAPL refers to the total amount of produced litter in the period (2 years); NALg
corresponds to the amount of the nutrient in the accumulated litter at the beginning of the
evaluation; and NAL; is the amount of the nutrient in the litter accumulated at the end of the
evaluation (year 2012), according to the methodology proposed by Viera et al. (2013).
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Statistical analysis

All results obtained were submitted to analysis of variance using the R Studio program
(R Core Team, 2021), and when the significance of the effects indicated by the analysis of variance,
the comparison of means was performed by the Tukey test (p < 0.05). The effects of seasonal
variation factors of the amount of accumulated and produced litter and decomposition rates were
evaluated through descriptive data analysis, based on the standard error of the mean.

RESULTS

Litter decomposition

The decomposition coefficient (k) of litter in Eucalyptus saligna stands cultivated in southern
Brazil is significantly higher in the summer season (0.186), indicating that decomposition is faster
in this period of the year, when compared to winter (0.102). On the other hand, the amount of litter
accumulated on the ground is lower in the season with the highest temperatures, while in periods
of low temperatures and higher volumes of rainfall the production of litter is reduced (Table 1).

Table 1. Produced, accumulated and decomposition coefficient (k) of litter in in Eucalyptus saligna plantation
in Pampa biome, Southern Brazil.

AL PL k
Season
------------------ Mg ha'---eeeeeemmeee- -
Summer 11.26 b’ 2.30a 0.186 a
Autumn 11.76 ab 1.79b 0.145Db
Winter 12.32 ab 1.26 ¢ 0.102c
Spring 1415 a 2.12 bc 0.172 ab
Annual 51.02 7.48 0.605

Al = accumulated litter; PL = produced litter; k = decomposition coefficient. 'Equal lowercase letters, in the column,
do not differ by the Tukey test at 5% probability of error.

The average remaining time of the litter in this Eucalyptus saligna plantation is 1.6 years,
with the time required for 50% and 95% decomposition being 1.1 and 5.0 years, respectively.

About the nutritional quality of the litter evaluated in this study, there is less stock of P
and S and greater amounts of Ca and N, which together correspond to 79.3% of all nutrients
contained in the accumulated fraction and 63.2% in the produced fraction (Table 2).
The accumulated litter in this Eucalyptus saligna plantation contains the greatest amounts of
nutrients (Ca > N > Mg > K>S > P), especially Ca and N in the litter.

Table 2. Nutrient amount litter and litterfall in in Eucalyptus saligna plantation in Pampa biome, Southern Brazil.

N P K Ca Mg s
AL (kg ha™)

Summer  78.36 £ 3.22 4.22 +0.05 23.16 £ 2.10 112.95+11.83 2195+0.83 8.17+1.70

Autumn 81.26 £ 9.35 4.26 £ 0.96 25.85+6.48 130.46 + 42.88 23.31+2.89 7.27+2.75

Season

Winter 98.55 + 1.46 5.41 £ 0.56 18.85 +4.41 156.944 + 1.87 2537+4.05 8.35%2.39
Spring  119.50+18.47 555+1.44 19.23+2.79 153.98 + 27.55 31.53+£6.58 11.38+0.03
Mean 94.42 4.86 21.77 138.58 25.54 8.79
Total 377.67 £ 1.1 19.44+0.04 87.09+11.38 554.34 + 5.37 102.16 £5.95 35.17 £6.81

PL (kg ha™)

Summer  10.73 £1.59 0.80+0.13 7.49 £ 0.02 13.61+0.33 445 +0.12 1.11 £ 0.01

Autumn 7.66 = 1.00 0.59 £ 0.07 6.52 £ 0.45 11.99+£0.32 3.46 £ 0.57 1.20 £ 0.09
Winter 5.37+0.30 0.38+0.04 4,78 £ 0.02 8.18 £ 2.51 2.32+£0.31 0.62 £ 0.05
Spring 9.43+2.02 0.75+0.30 7.64 +1.49 13.66 +1.28 3.67 £0.45 1.18 £ 0.01
Mean 8.30 0.63 6.61 11.86 3.47 1.03
Total 33.19+4.30 2.52 £0.55 26.44 £ 1.03 4745+ 4.44 13.89+0.55 4.11+0.04

AL = accumulated litter; PL = produced litter; Values represent the average + standard deviation.
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Return of nutrients through the decomposition of litter

Seasonality influenced the amount of nutrients in the litter produced and accumulated
(Table 2), whose seasonal fluctuation is directly related to the difference in the amount of
biomass produced in each season (Table 1). Regarding the dynamics of nutrient release via
decomposition of the Eucalyptus saligna litter, there is long-term storage mean return time and
larger quantities of Ca and N, however, the fastest availability is of K. Despite the larger amounts
of Ca and N that will be made available after decomposition, the higher TMR characterizes the
slower cycling of these nutrients when compared to K, S and Mg (Table 3). Considering the
temporal scale and nutrient return, the decreasing order is observed: K>S > Mg > P > N > Ca,
distinct from the trend of the amount of nutrients available: Ca> N> K> Mg>S>P.

Table 3. Seasonal dynamics of litter decomposition in Eucalyptus saligna plantation in Pampa biome,
Southern Brazil.

Season N P K Ca Mg S
Return coefficient (RC)
Summer 0.34 0.38 0.61 0.32 0.39 0.40
Autumn 0.34 0.38 0.58 0.29 0.37 0.42
Winter 0.30 0.32 0.66 0.25 0.36 0.40
Spring 0.26 0.32 0.65 0.25 0.31 0.33
Mean 0.31 0.35 0.63 0.28 0.36 0.39
Average turnaround time (TMR; years)
Summer 1.90 1.62 0.63 217 1.57 1.50
Autumn 1.97 1.63 0.71 2.47 1.67 1.36
Winter 2.39 2.09 0.52 3.01 1.81 1.52
Spring 2.91 2.15 0.53 2.97 2.25 2.08
Mean 2.29 1.87 0.60 2.65 1.83 1.61
Amount of nutrients available (ANA; kg ha™')
Summer 70.94 4,98 69.99 78.16 28.95 5.81
Autumn 79.60 6.41 62.04 155.53 31.87 4.32
Winter 68.45 5.84 46.64 97.54 22.04 4.83
Spring 40.25 3.02 48.92 55.94 36.65 8.26
Mean 64.81 5.06 56.90 96.79 29.88 5.81
Total 32.40 2.53 28.45 48.40 14.94 2.90
DISCUSSION

Litter decomposition

The annual litter decomposition coefficient of this plantation (k=0.605) is considered
low when compared to natural forests in transition regions between tropical and
subtropical climates, ecosystems in which k is greater than 1.0 (Pires etal., 2006).
However, there is a trend for lower litter decomposition coefficients in monocultures,
especially in Eucalyptus spp. plantations, where k values range from 0.54 (Viera et al., 2013)
to 1.0 (Zaia & Gama-Rodrigues, 2004), as well as plantations of Tectona grandis (Rosa et al., 2017)
and Acacia spp. plantations (Andrade et al., 2000).

As for the average remaining time of the litter in this Eucalyptus saligna plantation, the
temporal pattern is already observed in Eucalyptus saligna, where Kolm & Poggiani (2003)
estimated 1.2 and 5.3 years, to decompose 50 and 95% of the litter, respectively. However, the
time required to decompose the material is not only an intrinsic characteristic of the species, but
also of the monoculture system, as verified in plantations of Eucalyptus urophylla x E. globulus
(Viera et al., 2013), Eucalyptus saligna (Poggiani, 1985) and Tectona grandis (Rosa et al., 2017).
In contrast, in natural forests, where the decomposition rate is more accelerated, the half-life is
reached in 248 days and the decomposition of 95% of the litter was obtained after 2.9 years
(Ferreira et al., 2014). Despite the low decomposition coefficient, the longer remaining time of
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this litter provides soil cover for up to five years. This layer of senescent material promotes soil
protection against erosive processes, which is intensified in seasons with higher rainfall volumes
(Carvalho et al., 2017).

Temperature and rainfall oscillations regulate the dynamics of litter decomposition over the
seasons (Carvalhoetal, 2017), and influence the seasonal variation of the decomposing
community (Scoriza & Pifia-Rodrigues, 2014). The decomposition rate is regulated by seasonality,
as the activity of functional groups that fragment senescent leaves and branches, such as ant
communities (Hymenoptera) are reduced when temperatures are lower: in autumn and winter
(Boscardin et al., 2012). On the other hand, the main orders of phytophagous organisms and
primary fragments (Hemyptera and Coleoptera) are more abundant in Eucalyptus plantations in
summer and spring (Garlet et al., 2016).

Based on the seasonal influence, the low decomposition coefficient, and the longer
remaining time of the litter in monoculture are a result of the diversity of decomposers
(Barbosa et al., 2017). The richness and abundance of these organisms are regulated by the
diversity of organic material as well as their organic constituents (cellulose and lignin contents)
in senescent plant tissues (Cizungu et al., 2014), C/N ratios (Barbosa et al., 2017), and the
nutrients contained in the litter (Zaia & Gama-Rodrigues, 2004; Skorupa et al., 2015).

Return of nutrients through the decomposition of litter

The higher amounts of nutrients, especially Ca and N in the litter increase the
decomposition rate (Cizungu et al., 2014). Among the macronutrients, N (Hobbie et al., 2012),
P, and S (Berg & McClaugherty, 2008) are responsible for accelerating the initial process of
transforming leaves, twigs, and miscellany into organic matter, as evidenced by Berg et al. (2022).

In Eucalyptus plantations the litter produced and accumulated is mostly composed of
leaves, a fraction that contains the highest concentrations of nutrients and fastest
decomposition (Barbosa et al., 2017). However, in addition to minerals, Eucalyptus saligna
leaves contain high concentrations of lignin (>200 g kg™) and polyphenols (>60 g kg”) in the
cell wall (Guo & Sims, 2002; Gama-Rodrigues & Barros, 2002). The high concentrations of lignin
and phenolic compounds in the chemical constitution of the leaf litter and thin branches of
the species eventually reduce the rate of decomposition of the litter; in monoculture the
homogeneity in nutritional and organic quality of the litter causes slow degradability
(Giesselmann et al., 2011), limiting the degree of complexity of decomposer groups, since
dietary diversity (Barbosa et al., 2017), in addition to environmental conditions (Silva et al.,
2018; Ferreira et al., 2014) are the main regulators of the activities of these organisms.

The influence of seasonality on the amount of nutrients in the litter produced and
accumulated is explained by the mobility of nutrients as a function of the maturity of plant
tissues (Malavolta, 2006), in addition to physiological reactions of leaf loss and transport of
minerals, which are triggered by changes in air temperature and water availability
(Taiz et al., 2017), as demonstrated by Ma et al. (2023).

In the dynamics of litter decomposition in Eucalyptus plantations, whether evaluated
through direct (Carvalho et al., 2017) or indirect (Viera et al., 2013) estimation, K is the nutrient
with the highest availability, by the highest return coefficient and lowest temporal of nutrient
return, i.e., it is intensely leached from senescent plant tissues and more rapidly made
available to the soil. Besides the high mobility (Malavolta, 2006), the rapid cycling of K is related
to the non-structural function of this element in the composition of plant tissues, so it does
not depend on biological activity for its availability (Alvarez et al., 2008).

The litter produced and accumulated in the plantation evaluated is a source of large
amounts of nutrients and the seasonal influence is more pronounced on the rates of amount
of nutrients available, which is directly related to the amount of litter produced, accumulated
and nutrient stock as observed in Table 2. The trend of nutrient availability manifests itself in
different ways over time, influenced according to the mobility, concentration, and biotic
function of nutrients, as well as the activity of organisms and environmental conditions
(Goya et al., 2008).
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Considering the temporal scale and nutrient return, variability in nutrient cycling is
indicative of future nutrient sustainability of this site. Despite the higher amounts of Ca, N,
and P, there is a need to pay attention to fertilization with replacement of these nutrients,
aiming to guarantee the productive capacity and conduct a new rotation in the area. This also
applies to K fertilization, because despite the faster cycling of K in the litter-soil system, this
nutrient has a high vertical mobility when incorporated into the soil and is the second element
required in larger quantities by Eucalyptus trees (Ernani et al., 2007).

CONCLUSION

Litter decomposition in Eucalyptus saligna plantations in the Pampa biome is greater in
summer and reduced in winter. The low decomposition coefficient conditions implies that 95%
of this litter remains in the soil for up to five years. Seasonality influences the amount of
nutrients in the produced and accumulated litter, which contains higher stocks of Ca and N
and lower levels of S and P. Litter constitutes a long-term reservoir of larger amounts of
Ca and N, while it provides K more rapidly through decomposition.
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