

  forests-14-01119




forests-14-01119







Forests 2023, 14(6), 1119; doi:10.3390/f14061119




Article



Harvest Residue Decomposition from Eucalyptus sp. Plantations in Temperate Climate: Indicators and Contribution to Nutrient Cycling



Alejandro González 1,*[image: Orcid], Jorge Hernández 1[image: Orcid], Amabelia del Pino 1[image: Orcid], Andrés Hirigoyen 2[image: Orcid] and José Ualde 1[image: Orcid]





1



Soil and Water Department, College of Agronomy, University of the Republic, Garzón Avenue 780, Montevideo 12900, Uruguay






2



National Institute of Agricultural Research, Route 5, km 386, Tacuarembó 45000, Uruguay









*



Correspondence: alejandrogonzalezuruguay@gmail.com; Tel.: +598-23598272







Academic Editors: Songze Wan, Jianping Wu and Shaofei Jin



Received: 28 April 2023 / Revised: 17 May 2023 / Accepted: 26 May 2023 / Published: 28 May 2023



Abstract

:

The sustainable management of forest plantations by keeping the harvest residues on site improves the soil’s chemical, physical and biological properties while constituting an important nutrient reserve. Our objectives were: (a) to identify and quantify the characteristics of Eucalyptus dunnii, Eucalyptus grandis and Eucalyptus globulus that affect the decomposition rates of harvest residues, as well as indicators that can explain the process and (b) to quantify the potential recycling of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) to the soil from residue decomposition and the quantitative and qualitative differences between the species. We analyzed the information of five commercial plantations of Uruguay. At the harvest, the biomass of leaves, thin and thick branches, bark and their respective N, P, K, Ca and Mg contents were quantified. At each site, bags with samples of the different residues were left to decompose and were periodically collected throughout 24 months. Eucalyptus dunnii presented the largest amounts of residues of all parts. The decomposition rates of the different residues depended on their chemical constitution, part size and the species. Eucalyptus dunnii leaves showed the shortest half-life (0.94 years), while the bark of the same species presented the longest (5.62 years). Total nitrogen and carbon (total and soluble) contents, which can be easily determined, emerged as good predictors for half-life estimation. The release patterns of nutrients depended more on their dynamics in the plant and their parts than on the species itself. The results highlight the importance of nutrient recycling to ensure the sustainability of the productive system in the medium and long term.
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1. Introduction


Eucalyptus sp. plantations cover almost 1 million hectares in Uruguay, being the main source of wood production in the country [1]. Of these, around 40,000 ha are harvested annually, expecting a significative increase in the short term. The sustainable management of these plantations is based on practices that seek to conserve the stocks of soil organic matter (SOM) and nutrients, both key components of soil fertility, and are mainly supported via the contributions of mulch (litter) and root replacement during the plantation cycle and through the harvest residue decomposition in the replanting of the site. Therefore, keeping these residues in the field has a great impact on soil nutrients [2] and SOM stocks [3], further helping to sustain the initial growth of trees [4].



Maintaining soil with residues improves the different chemical, physical and bio-logical properties of the soil, resulting in an improvement in soil quality, while constituting a proportionately important nutrient reserve [5].



Harvest residues, although they represent a smaller proportion of the total aerial biomass produced (about 30%), contain most of the nutrients absorbed [6], which, through their decomposition, can be used by the next plantation. Understanding the dynamics and the factors that affect the decomposition and their effects on soil fertility is relevant to the management of forest plantations [7].



Spangenberg et al. [8] established that both the quantification of the nutrient content in the different forest plantations and the knowledge of the relationship between the export of nutrients and those that are available in the soil for subsequent reuse are essential for defining management strategies with the aim of maintaining the sustainability of the ecosystem.



The decomposition of the different components of the aerial biomass that remain at the site (bark, branches and leaves) on the soil occurs at variable rates and depends on the intrinsic characteristics of the residue itself in terms of its physical and chemical structure [9], specific climatic conditions such as humidity and temperature [10,11], and the period of time during which the processes occur. Regarding the effect of these factors on the process, [12] indicates that there is still little knowledge about the decomposition of lignified woody residues, particularly in ecosystems of Eucalyptus sp., recognizing that the climate has an important control on a regional scale but not so when evaluated in narrower ranges. Ferreira et al. [13] reported that the decomposition of residues and the nutrient release were more controlled by the chemical properties of the residues than by climatic or soil characteristics. Similarly, De Souza [14] identified that rainfall increases did not accelerate the decomposition times of surface residues, even though it did for residues that were buried.



N contents, as well as the carbon (C):N ratio, are very important in the decomposition rate of plant materials [15], since microorganisms, although they base their activity on the availability of carbon, need certain amounts of the other nutrients, and given the scarcity of the latter, decomposition is slowed. In residues of large physical size and little contact with the soil—such as branches— their slow decomposition acquires even more relevance, because, when residues are incorporated, the mineral N of the soil is immobilized by the microbial biomass and, in this way, the soil provides the N necessary for growth [16]. The lignin (L) and phenolic compounds content in plant residues also affect the N mineralization [17]. Higher lignin content makes the materials more resistant to decomposition, so residues with high L:N ratios tend to decompose slowly [10,18]. In turn, phenolic compounds act as microbial inhibitors affecting the decomposition processes and nutrient cycles of the soil through multiple mechanisms [19].



Since E. grandis and E. globulus are widely planted species of the genus Eucalyptus (E. grandis is found in Brazil, Argentina, South Africa, Sri Lanka, India or New Zealand and E. globulus in Spain, Portugal and Chile), experimental information for both regarding the decomposition of residues is widely available, although it is mostly derived from climates different from that of Uruguay. However, experimental information on the recycling of nutrients from the harvest residues is limited, despite its importance for developing a fertilization program for the future replanting of the site. On the other hand, for the species E. dunnii, there is little information available worldwide regarding the rates of residue decomposition or the process of nutrient recycling, since this species has only rarely been planted across the globe—although today it shows a clear expansion in temperate regions—despite being the species most commonly planted in Uruguay. Thus, there is a need for comparative experimental information about the decomposition rates of residues and recycling of nutrients to the soil by these species, which will allow researchers to obtain specific parameters that can be used in models of decomposition and cycling of nutrients from regions climatically such as the one corresponding to this research.



The hypothesis of this work was that the decomposition rate of the different harvest components of Eucalyptus sp. is variable and highly dependent on particle size and chemical constitution, as well as on the species itself.



The main objectives of this work were:




	(a)

	
To identify and quantify the characteristics of each species (E. dunnii, E. grandis and E. globulus) that affect the decomposition rates of the different harvest residues, as well as the indicators that can explain the process.




	(b)

	
To quantify the potential recycling of N, P, K, Ca and Mg to the soil from the decomposition of these residues and assess the quantitative and qualitative differences between the species evaluated.










2. Materials and Methods


The studies of the residue decomposition “in situ” were carried out after harvest of commercial plantations of the genus Eucalyptus (E. dunnii, E. grandis and E. globulus), destined for the production of cellulose, between 9 and 10 years old and located in the northeast and west of the country. In 2 of the 5 cases, previously published information was used [20,21]. At all the sites, the methodology regarding the quantification of harvest residue, soils and plant sampling was similar. The harvests were carried out between 2007 and 2011, between the months of June and September.



	-

	
Location of experimental sites







The coordinates of the different experimental sites as well as some of the properties of the soils (A horizon) are presented in Table 1.



	-

	
Climatic characteristics of the study areas







According to the Köppen–Geiger climate classification, the territory of Uruguay corresponds to the temperate climate zone (Cf), with an average temperature of 17.5 °C (16 °C and 19.5 °C range, in the south and northwest, respectively), with hot summers, similar monthly average rainfall throughout the year and four clearly differentiated seasons. The highest temperatures occur in January and February, and the lowest in June and July, with greater thermal amplitude in the north than in the south. The relative humidity is high, ranging from 70% to 75% throughout the country.



The precipitation and average monthly mean temperature data recorded at the sites and the respective historical averages [22] are presented in Figure 1.



	-

	
Plant sampling and chemical analysis







Samples of known leaf weight (100 g) and thin branches (diameter < 1 cm, 150 g) were placed in mesh bags (1 mm2), while the pieces of thick branches (diameter > 1 cm and 15 cm long) and bark (15 cm long and 3–4 cm wide) were weighed and individually identified. As many samples of each component of the residues were prepared, sampling dates were planned, and they were placed on the ground in three zones (replications) according to topographical position. Each group of samples was protected with a wire mesh fabric (100 mm2). At pre-established sampling dates (1, 2, 4, 6, 9, 12, 18 and 24 months post-harvest), samples were taken from each residue (one by replication). At the time of harvest, samples were also taken from each component.



The samples of the different residues were dried at 65 °C to constant weight and subsequently milled to particle sizes of less than 0.5 mm for subsequent chemical analysis.



The concentrations of P, Ca, Mg and K of the samples were determined after dry combustion at 550 °C and ash dissolution through 10% HCl. In the extracts, P was deter-mined via colorimetry [23], Ca and Mg via atomic absorption spectrophotometry and K via emission spectrophotometry. The determination of the N concentration in the sample was performed through the wet digestion of the sample (H2SO4 and catalyst mixture) and the subsequent distillation of N, according to the method by Kjeldahl [24]. The total carbon and soluble carbon contents of the residues were measured via oxidation with K2Cr2O7 at 150 °C followed by colorimetric determination [24]. The determination of lignin was performed using acid hydrolysis with H2SO4 then diluted to an acid concentration of 3%, with subsequent boiling for 4 h and the filtering and determination of the remaining materials via gravimetry [25]. For the analysis of soluble polyphenols (Pol), the extraction was performed using H2O and determination was carried out via colorimetry using the Folin–Ciocalteu method [26].



	-

	
Calculations and statistical analysis of the information







The biomass data of harvest residues were annualized (dividing them by the age of the plantation) to facilitate their analysis and comparison.



The biomass decomposition was calculated as: biomass at time t (P)/initial biomass (Pinic) × 100. From this, the rate of decomposition was calculated by adjusting an exponential decay model type P/Pinic = e−kt, where P/Pinic is the proportion of the remaining material at a time t measured in years and k is the decomposition constant [27]. This model also allowed the calculation of the half-life in the years of the different crop residues (t1/2).



For the three species studied: (1) analysis of variance was performed for (a) the amount of biomass residue according to species and (b) the half-life according to species and type of residue; (2) multivariate analysis was performed through the analysis of main components (PCA) of decomposition after 24 months, considering the different parts and species; and (3) the regression models for the decomposition of the different components according to different ratios (C:N, Pol:N and L:N) and the soluble carbon concentration.



As a first step, the normality of the variables under study (half-life) was verified via the Shapiro–Wilk test (p > 0.05 for normal data). The differences were considered statistically significant when p < 0.05 (Tukey’s test).



The correlations between the half-life of the different components were analyzed with respect to the ratios C:N, Pol:N and L:N, as well as in relation to the concentration of soluble carbon. For the correlation analysis, Spearman’s coefficient [28] was used since some of the variables did not have a normal distribution.



The nutrient contents of the residues were calculated considering the biomass of each component and the concentration of the nutrients at each date. In turn, the total nutrients released during the first 12 months and the entire period was calculated as the difference between the nutrient present in the residues at the end of the decomposition period (12 and 24 months) and the amount determined immediately after harvest.




3. Results


3.1. Amounts of Harvest Residues


Table 2 shows the annualized amounts of biomass residues by species. Most of the residues in all species corresponded to bark, followed by thick branches, with leaves and thin branches being the minority parts.



For all sample types, the amount of residue biomass was significantly higher for E. dunnii than for the other two species; in turn, for E. grandis, the amount of residues was higher than E. globulus (except regarding bark) (p < 0.05).




3.2. Decomposition of Harvest Residues


Table 3 shows the parameters obtained from the adjustment of the decomposition model to the different residues of the three species during the 2 years following harvest.



The part with the highest decomposition rate were leaves, with a lower half-life and losses between 57% and 83% of their biomass in 2 years. The remaining components (bark, thick and thin branches) showed lower rates, reaching an average decomposition at the end of 2 years of 30% for bark and thick branches and 32% for thin branches. The weighted average determined that 37% of the total residues were degraded during the 2 years following harvest (E. globulus = 35.8%, E. dunnii = 37.1%, E. grandis = 38.2%).



Regardless of the species, the decomposition constant (k) was higher for the leaf part (range 0.43–0.74), and the lowest values were found, depending on the species, in bark (E. dunnii) or thick branches (E. grandis and E. globulus).



The analysis of variance for half-life determined differences in the interaction between species and parts. The leaves differ significantly from the other parts but also between species (E. grandis vs. E. dunnii). The E. dunnii bark was the part with the longest half-life, and for this species, the branches (thick and thin) had a shorter half-life than the bark, although without differences between them. In contrast, for E. grandis and E. globulus, the branches had a longer half-life than the bark. For E. grandis, the differences were significant between branches (thick and thin) and bark, while in E. globulus, differences were found between thick branches and bark.



The chemical characteristics of the different components at the beginning of the experiments are presented in Table 4. In the leaf parts, higher concentrations of carbon (total and soluble) as well as of N were observed. In turn, the C:N, Pol:N and L:N ratios were lower for this part, regardless of the species. For polyphenols, the highest concentrations were seen in leaves, while lignin concentrations did not differ greatly between the different components. The N concentration showed higher values in E. dunnii for the different parts, except for leaves.



The study of the residues’ quality parameters as indicators of the decomposition process through PCA is shown in Figure 2. Therein, 78% of the variability of the data is explained through the principal component 1 (PC1) and 94% by adding the principal component 2 (PC2), and it includes four variables with similar relative weights (C:N, Pol:N and L:N ratios and soluble carbon concentration).



Analyzing the same dataset by species (Figure 3), the same four variables explain 69% of the variability of PC1 (100% when adding PC2), with a lower relative weight of the Pol:N ratio compared to the other variables. For E. globulus, the parameter that differed the most from the other species was the C:N ratio, for E. dunnii it was the concentration of soluble carbon and for E. grandis it was the L:N ratio. These variables explain the greater variability between species.



Considering all the species and parts, regressions were adjusted for the four variables as a way of estimating the relationship between them and the decomposition found at 24 months post-harvest (Figure 4).



For the C:N, Pol:N and L:N, the lower the ratio, the greater the decomposition of the residue; for the fourth variable, higher concentrations of soluble carbon determined higher rates of decomposition.



The correlations between the different variables (C:N, Pol:N, L:N and soluble carbon concentration) and the half-life of the residues were also studied, finding highly significant associations in all cases (Table 5).




3.3. Nutrient Cycling


Table 6, Table 7 and Table 8 show the nutrient contents for each species at the beginning, in the middle and at the end of the decomposition period (0, 12 and 24 months post-harvest, respectively), as well as the amount of nutrients released from residues over 24 months.



At harvest, higher total amounts of all the nutrients were observed in the residues of E. dunnii, followed by E. grandis and, finally, in E. globulus. This was associated, in part, with the differences in the biomass amounts (Table 2). Almost 60% of the total nutrients evaluated present in the residues corresponded to Ca, being similar in the three species.



After 2 years, the absolute recycled amounts were also higher in E. dunnii than in E. grandis and E. globulus, since the release patterns were more dependent on the nutrients and the parts than on the species itself. However, in percentage, E. dunnii released slightly less (40%) compared to E. grandis and E. globulus (42% in both).



In the study period, on average, the majority of K (91%), slightly more than half of Mg and P (59 and 53%, respectively), 33% of N and only 29% of Ca were released from the residues. Potassium, in addition to being the nutrient that was proportionally released the most from residues, was also the fastest to do so (88% at 12 months post-harvest). Others, such as Mg and P, showed a more gradual release, while for N and Ca, some residue immobilization was recorded in part of the study period.



The order of release of the nutrients differed slightly between species. For E. dunnii, it was K > Mg = P > N > Ca, while for E. grandis and E. globulus, it was K > Mg > P > Ca > N.





4. Discussion


The little experimental information that exists worldwide on E. dunnii has shown that this species is characterized by a higher proportion of harvest residues in relation to the total aerial biomass [29,30], compared to other widely planted and studied species, such as E. grandis and E. globulus [7,31].



In this study, the proportion of harvest residues reached 35% in E. dunnii and 24% in the other two species (E. grandis and E. globulus). Furthermore, the growth of this species and E. grandis was higher than that of E. globulus [32]. Shammas et al. [31], in a 7-year-old E. globulus plantation in the SW of Australia, in relation to the aerial biomass of residues, found a similar proportion for thick branches, a lower proportion for bark, and a higher proportion for thin branches and leaves compared to the same species in this research. In the present investigation, although the bark was the part with the highest proportion in all species (Table 2), its proportion was higher in E. globulus compared to E. dunnii and E. grandis. Likewise, differences were also registered in the minority parts, i.e., the leaves in E. dunnii and the thin branches in E. grandis and E. globulus, which can be explained by the differences in the structure of the crown, with more branches in E. dunnii.



Although the decomposition studies analyzed in this work were not carried out in the same period, differences in the climatic conditions between them were not of great magnitude (Figure 1). On the other hand, it has been observed that in long evaluation periods (24 months), the significance of extreme climate events is mitigated [12,33]. Likewise, in studies of forest litter decomposition in northern Uruguay, Baietto et al. [11] tested the effect of the starting season of the decomposition period on the pattern of biomass loss, finding that this effect was not significant. Similarly, Ferreira et al. [13] reported that the release of nutrients was more controlled via the management and the physical and chemical properties of the residues than by the climate or the soil properties.



The highest decomposition constants (k) were reported in the leaves part. Rezende et al. [9] for E. grandis in incubation experiments under controlled conditions in Brazil, reported an annual decomposition constant for leaves (k) of 0.59, slightly higher than that found in the present work for the same species.



Rocha et al. [7], for 12-year-old E. grandis in Sao Paulo, Brazil, found higher values of k in leaves than in bark and in branches, which resulted in the same order as in the present research for this species, although with higher values in all cases (3.6, 1.2 and 0.5 for leaves, bark and branches, respectively) when compared with the same sample types in our research. Beyond the climatic differences between the sites, the higher k values reported by these authors in a humid sub-tropical climate [34] could also be explained by the addition of various nutrients as fertilizers at the time of reforestation (130, 44, 125, 480 and 120 kg ha−1 of N, P, K, Ca and Mg, respectively), which stimulates decomposition through microbial biomass.



Shammas et al. [31], for 7-year-old E. globulus trees in Australia, found the highest values of k in leaves, then in bark and, finally, in branches, that is, a similar order to that of the same species in the present work. The values reported by these authors were slightly higher than those of this study for bark and thin and thick branches (0.22, 0.21 and 0.16, respectively) and higher for leaves (1.54). Considering similarities in the climate (rainfall and temperature), the slight variations could be explained by differences in age (7 and 10 years, for Australia and Uruguay, respectively), with younger tissues in the case of Australia. From the decomposition constant (k) the half-life of each of the remains can be estimated. In this sense, the half-life showed significant differences in the interaction between species and part, with the E. dunnii bark being the component with the highest durability (t½ = 5.62 years). This species’ bark thickness, which was significantly higher than the others, could help explain the above. In the other species (E. grandis and E. globulus), the branches (thick and thin) were the parts with the highest half-life, similar to the result reported by different authors for the same species [7,31,33,35]. In general, and except for the leaves, the harvest residues decomposed slowly, which is positive considering the protection they exert against possible erosive events on the soil. In Entre Ríos, Argentina, with similar climatic conditions, the authors of [36], in a field decomposition experiment with E. globulus, found a half-life for leaves similar to that of this study for this species (1.5 years).



Jones et al. [33], for plantations of 11-year-old E. globulus in Monte Jarrio, Spain, with similar rainfall (1,119 mm year−1) and lower average annual temperatures (13.1 °C), reported a similar half-life for thin and thick branches (4.0 and 5.0 years, respectively) compared to the same species in our study. The same authors, for the same species and age, in Furadouro and Vale Pequeno, Portugal, with a mean annual temperature of 15.6 °C and much lower rainfall (630 mm yr−1), indicated a longer half-life for thin and thick branches (5.6 and 6.1 years, respectively) compared to the same species in our research. The low rainfall in these areas of Portugal (about 50% less) helps explain the lower decomposition found. In these studies, the soils differed from each other (ranges 6.5–53 g kg−1 and 85–290 g kg−1 for organic carbon and clay, respectively, in the first 20 cm of soil), although no differences were reported for this cause. Coincidentally, the authors of [37] indicated that the parent material and the soils did not significantly influence the decomposition of the litter or the nutrient dynamics for the different forest species studied (Eucalyptus, Pinus and Quercus). Similar results were obtained in the present research, being the relative homogeneity of the soils, all of them acidic and poor in nutrients, a possible explanation for this behavior (low variability in the population and activity of microorganisms).



In their study with E. globulus, the authors of [31] found slightly lower half-lives for bark, and thin and thick branches parts (3.1, 3.4 and 4.3 years, respectively), and lower half-lives for leaves (0.4 years). The younger age of the trees (7 year old) compared to those of the present work could explain these small differences. Likewise in Australia, similar values for the components thin and thick branches of E. globulus were indicated by [35]. Rocha et al. [7] for E. grandis in Sao Paulo, Brazil, reported lower half-life values compared to the same species in this study (t½ of 0.2, 0.6 and 1.5 for leaves, bark and branches, respectively), although adding all the nutrients at the time of new planting, which could accelerate the decomposition process, in addition to the temperature differences mentioned above.



Several causes could explain differences in the rates of decomposition of the various residues. The specific surface of each part was an important factor, being smaller in those of greater size (bark, branches), which, in turn, were those of slower decomposition and, therefore, had a longer half-life.



The contents of more unstable components or a more labile chemical structure, such as soluble organic compounds (e.g., soluble carbon), also influence decomposition of the residues with longer half-lives and the most resistant constituents, as shown by [31]. In the present investigation, the highest soluble carbon contents were found in the leaf part, which regardless of the species, presented the highest rates of decomposition (Table 3 and Table 4). The thick branches, meanwhile, showed the lowest concentrations. Data reported by [9,15] in E. grandis residue mineralization studies in Brazil and Australia, respectively, also indicated a high concentration of leaf-soluble carbon.



The N contents as well as the C:N ratio also differed between the residues. According to [38], the incorporation to the soil of residues with a C:N < 25 ratio can cause net N mineralization, while C:N > 25 ratio tends to cause net immobilization of N. The present study showed that the highest concentrations of N were found in the leaves, as well as lower C:N ratios (Table 4). The other parts presented very low N concentrations and high C:N ratios. In addition, the ratios of lignin and polyphenols with N were even more decisive than the concentrations of the former, as reported by [10]. Higher Pol:N or L:N ratios resulted in lower rates of decomposition (Figure 4).



The results of the PCA showed that with the first two components, it was possible to explain almost the entire variation. The C:N, Pol:N and L:N ratios showed an acute angle that suggests a positive correlation, while soluble carbon presented a negative correlation with these variables (opposite vectors and flat angles). It can be inferred that the species under study had distinctive values of these variables since, in the biplot, the observations for the same species appeared grouped.



The high values of the correlations between the half-life of the residues and the chemical parameters indicate a high magnitude of the association. None of the chemical characteristics studied could individually explain the differences between the rates of decomposition, but all of them had a similar influence (Table 5).



The greater total amounts of nutrients present in the residues of E. dunnii, then in E. grandis and, finally, in E. globulus were associated, in part, with the differences in the amounts of biomass at the time of harvest (Table 2), and, in addition, with the differences in the concentrations that for all nutrients occurred in residues, generally greater in E. dunnii, intermediate in E. grandis and lesser in E. globulus [32]. The soils, despite having some differences in depth and fertility, were relatively homogeneous (acid pH and low to medium natural fertility), with little influence on the absorption of nutrients.



The absolute amounts recycled appeared, due to the aforementioned (higher total amount in E. dunnii residues), in the same order for all the nutrients (E. dunnii > E. grandis > E. globulus); however, they varied when analyzed at the same percentage. This was explained because the release patterns depended on the nutrient and the parts, which, in turn, differed in their decomposition according to the species.



The high release of K (similar in the three species) can be explained because this nutrient is not part of the organic structures in plants but is found in ionic form (K+) developing osmotic functions. This characteristic consequently determines its easiness of dissolution and removal via rainwater, regardless of biological factors [39]. Similar results were obtained by [7,31,37].



The Mg release frequently accompanies the loss of biomass of the residues [39], although the amount released in the present investigation was proportionally greater, explained by the lower concentrations of Mg in the different parts towards the end of the study. Rocha et al. [7] for E. grandis (Sao Paulo, Brazil) reported that 65% of the Mg remained in the residues at the end of the evaluation (10 months post-harvest), a percentage similar to that found in the present investigation for the three species 12 months after harvest. As mentioned above, the addition of all nutrients at the time of the new planting in the study carried out in Brazil was able to accelerate the decomposition process and reach the same remaining percentage 2 months before our study.



In P, a slight decrease in concentration was observed at 2 years, associated with the loss of soluble compounds, resulting in a slightly higher recycled percentage 2 years after harvest compared to the loss of biomass. For this nutrient, the higher percentage release in E. dunnii compared to E. grandis and E. globulus was explained by the greater biomass loss that occurred in the E. dunnii leaf part (83%) and that, in this part, the highest concentrations was recorded P. Rocha et al. [7] found in E. grandis that 45% of the P remained in the residues at 10 months post-harvest, a percentage lower than in our research for the same species at 12 months (63%). The lower half-life for the leaf part reported by these authors compared to our research explains these differences.



Regarding the N, the low overall release from the residues (33% returned to the site in 2 years) was explained because some parts retained or even immobilized mineral N from the soil. For the three species, the net immobilization of N was recorded in the bark part. In addition, immobilization also occurred in the thick branches part of E. grandis and E. globulus, the latter having the highest C:N ratio (Table 3). In all cases, it was observed that concentrations were higher after 2 years of harvest (unpublished data). Similar immobilization behavior in woody components has been reported by [9,10,15].



As for P, the greater loss of biomass occurred in the leaf part of E. dunnii, explaining the highest percentage of N release in this species, since it showed the highest concentrations of N. In turn, a slightly higher percentage of N was released in E. grandis compared to E. globulus, despite the lower loss of leaf biomass in this species (57% and 68% at 2 years for E. grandis and E. globulus, respectively), which could be explained because in E. grandis the amount of this nutrient in the leaves was almost two thirds of the total present in the residues, while in the other two species it was slightly less than 50%. Rocha et al. [7] indicated that 70% of the total N remained in the residues of E. grandis at 10 months post-harvest, a percentage lower than that found for the same species at 12 months in this research (83%). The differences can be explained, as for the P, by the lower half-life of the leaf part found by these authors and the higher concentration of N present in this part in relation to the woody residues.



Regarding Ca, all parts, in the three species, maintained or increased their concentrations in the 2 years, so its loss was lower compared to that of biomass, and this explained the high contents in the residues after 24 months. This nutrient is found in vegetables as a constituent of the cell wall, a structural function [40], which explains the behavior found, since soluble nutrients are released first. On average across the species, only 29% of the total returned to the soil in the evaluation period, decreasing significantly only in the leaf part. The lowest cycling occurred in E. dunnii, which was explained by its bark being the part of greater durability of all those analyzed (Table 3) and considering that this part presented the highest concentration of this nutrient in all species. Rocha et al. [7] reported that 76% of the total Ca remained in the residues of E. grandis at 10 months post-harvest, a similar percentage to that found for the same species at 12 months in the present study.



Although for P and cations (K, Ca and Mg) there are few loss mechanisms that occur during the decomposition process and, therefore, their reuse efficiency is very high, there are mechanisms of absolute N losses (passage to gaseous forms and leaching of soluble inorganic forms, such as nitrate anion) and relative losses (immobilization in organic forms). Therefore, for N, it is not possible to ensure that the recycled total will be fully available for the next planting [41].



In Uruguay, commercial plantations only include N and P in the fertilization schemes at the time of planting; therefore, it is particularly interesting to estimate for the cations (K, Ca and Mg) the contribution from the cycling in comparison to their stocks in the A horizon of the soils. Considering the soil mass present in the A horizon (depending on its depth and apparent density) and the concentration of cations under soluble and exchangeable forms (without taking into account non-exchangeable forms or geochemical recycling), K stands out as the nutrient whose contribution via this route presented a greater proportion. Considering the differences observed between the species, as well as the different stocks according to the soil, at 2 years of harvest, the return from the residues in relation to the stocks present in the soil accounted for between 23 to 81% for K, 4 to 19% for Ca and 5 to 16% for Mg.




5. Conclusions


Eucalyptus dunnii presented the highest amounts of residues for all its components, a consequence of their higher proportions in the aerial biomass compared to the other species, as well as a higher production of aerial biomass with respect to E. globulus. In turn, E. grandis showed greater amounts of residues relative to E. globulus, except in bark, a consequence of a higher aerial biomass production.



The decomposition rates of the different parts were highly dependent on their chemical constitution, the part size and the species itself. While the leaves of all species had high rates of decomposition, the bark was the part with the longest half-life in E. dunnii, and the thick branches in E. grandis and E. globulus. Given the strong correlation found between the half-life of the residues and the C:N ratio, as well as the concentration of soluble carbon, and considering that these parameters are easy to determine, they could be used as good predictive tools.



The decomposition patterns obtained for some of the species studied were similar to those obtained by other authors in similar study and climatic conditions. This would allow using such values—and those corresponding to species such as E. dunnii—in predictive decomposition models of harvest residues for these species under the same climatic conditions.



While there were differences between species in terms of the absolute amounts of nutrients in the harvested components, as well as the amounts recycled, which were higher in E. dunnii, intermediate in E. grandis and lower in E. globulus, the release patterns depended more on the nutrients, which were associated with the functions in the plant and the parts where they were present, than on the species itself.



The permanence of harvest residues at the planting site benefits the sustainability of the productive system in the medium and long term, with important nutrient contributions. In addition, these keep the soil surface covered for a long time, reducing its susceptibility to the impact of raindrops and its propensity toward erosive processes.
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Figure 1. Precipitation and average monthly mean temperature of the sites were evaluated, as well as their deviations (between experiments) during the evaluations and historical averages [22]. 
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Figure 2. Biplot obtained via the PCA of harvest residues for decomposition 24 months after harvest. 
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Figure 3. Biplot obtained by PCA of species for decomposition 24 months after harvest. 
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Figure 4. Relationships between decomposition of the harvest residues and the variables (a) C:N, (b) Pol:N, (c) L:N and (d) soluble carbon measured at the beginning of the decomposition process. 
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Table 1. Coordinates, species, chemical and physical parameters of the A horizons (0–20 cm) of the soils.
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Coordinates

	
Species

	
Soil Taxonomy

	
A Horizon Depth

	
pH

(H2O)

	
Clay

	
P

(†)

	
TB

	
ECEC

	
OC




	

	

	

	

	
cm

	

	
g kg−1

	
mg kg−1

	
cmolc kg−1

	
g kg−1






	
32° 25′ 56′′ S

	
57°17′40′′ W

	
E. dunnii *

	
Alfic Argiudoll

	
33

	
5.3

	
184

	
3

	
6.35

	
7.12

	
9.8




	
31° 52′ 55′′ S

	
57°30′35′′ W

	
E. grandis

	
Abruptic Argiudoll

	
33

	
5.2

	
187

	
3

	
6.36

	
7.05

	
9.9




	
33° 25’ 18′′ S

	
57°48′25′′ W

	
E. globulus **

	
Typic Hapludert

	
30

	
5.4

	
199

	
4

	
6.43

	
7.01

	
12.5




	
31° 08′ 44′′ S

	
55°37′22′′ W

	
E. grandis

	
Humic Hapludult

	
57

	
4.5

	
118

	
3

	
2.53

	
3.57

	
6.3




	
31° 45′ 40′′ S

	
56°05′35′′ W

	
E. globulus

	
Humic Hapludult

	
49

	
4.7

	
122

	
3

	
2.59

	
3.54

	
6.5








Note: pH 1:2.5 soil:water ratio; (†) P: available P (Bray 1); TB: total bases; ECEC: effective cation exchange capacity; OC: organic carbon (Walkley–Black). * [20], ** [21].
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Table 2. Harvest residue biomass (dry matter) of Eucalyptus sp. annualized by species and percentage of each residue in the total of each species. Different letters in the same row indicate statistically significant differences.
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Sample Type

	
E. dunnii

	
E. grandis

	
E. globulus

	
E. dunnii

	
E. grandis

	
E. globulus




	
Mg ha−1 year−1

	
%






	
Bark

	
3.0 (A)

	
1.9 (B)

	
1.8 (B)

	
33.3

	
36.6

	
46.2




	
Leaves

	
1.3 (A)

	
1.0 (B)

	
0.6 (C)

	
14.5

	
19.2

	
15.4




	
Thin branches

	
2.0 (A)

	
0.9 (B)

	
0.5 (C)

	
22.2

	
17.3

	
12.8




	
Thick branches

	
2.7 (A)

	
1.4 (B)

	
1.0 (C)

	
30.0

	
26.9

	
25.6




	
Total residues

	
9.0 (A)

	
5.2 (B)

	
3.9 (C)

	
100.0

	
100.0

	
100.0
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Table 3. Adjustment of the decomposition model to the average of the sites for each species: percentage loss of biomass in 2 years, decomposition constant (k), model r2 and half-life according to species and part. For half-life, different letters indicate statistically significant differences for species–part interaction.






Table 3. Adjustment of the decomposition model to the average of the sites for each species: percentage loss of biomass in 2 years, decomposition constant (k), model r2 and half-life according to species and part. For half-life, different letters indicate statistically significant differences for species–part interaction.





	
Species

	
Sample Type

	
Biomass Loss

	
K

	
r2

	
Half-Life




	

	

	
(%)

	
(year−1)

	

	
years






	
E. dunnii

	
Bark

	
22

	
0.12

	
0.91

	
5.62 (A)




	
Leaves

	
83

	
0.74

	
0.93

	
0.94 (G)




	
Thin branches

	
35

	
0.19

	
0.95

	
3.61 (DE)




	
Thick branches

	
33

	
0.18

	
0.95

	
3.75 (CD)




	
E. grandis

	
Bark

	
38

	
0.21

	
0.89

	
3.30 (E)




	
Leaves

	
57

	
0.43

	
0.98

	
1.62 (F)




	
Thin branches

	
31

	
0.17

	
0.95

	
4.09 (CD)




	
Thick branches

	
29

	
0.16

	
0.87

	
4.32 (BC)




	
E. globulus

	
Bark

	
32

	
0.17

	
0.86

	
4.04 (CD)




	
Leaves

	
68

	
0.51

	
0.94

	
1.37 (FG)




	
Thin branches

	
30

	
0.16

	
0.97

	
4.25 (BCD)




	
Thick branches

	
27

	
0.14

	
0.97

	
4.90 (B)
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Table 4. Average concentration of total and soluble carbon, polyphenols, lignin and N, and C:N, Pol:N and L:N ratios in samples of the different harvest residues from E. dunnii, E. grandis and E. globulus at the beginning of the experiments.
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Sample Type

	
Total C

	
Soluble C

	
Polyphenols

	
Lignin

	
N

	
C:N Ratio

	
Pol:N Ratio

	
L:N Ratio






	
E. dunnii

	
g kg−1

	

	

	




	
Bark

	
413

	
39

	
76

	
359

	
2.9

	
142

	
26

	
123




	
Leaves

	
505

	
179

	
122

	
330

	
16.3

	
31

	
7

	
20




	
Thin branches

	
457

	
68

	
83

	
322

	
4.4

	
104

	
19

	
73




	
Thick branches

	
454

	
30

	
25

	
332

	
2.5

	
182

	
10

	
133




	
E. grandis

	

	

	

	

	

	

	




	
Bark

	
411

	
54

	
55

	
334

	
2.6

	
160

	
21

	
130




	
Leaves

	
436

	
142

	
117

	
322

	
18.3

	
24

	
6

	
18




	
Thin branches

	
402

	
60

	
70

	
285

	
3.0

	
135

	
24

	
96




	
Thick branches

	
378

	
34

	
18

	
294

	
1.4

	
262

	
13

	
204




	
E. globulus

	

	

	

	

	

	

	




	
Bark

	
462

	
74

	
41

	
362

	
2.4

	
190

	
17

	
149




	
Leaves

	
569

	
143

	
91

	
306

	
13.4

	
43

	
7

	
23




	
Thin branches

	
517

	
46

	
67

	
285

	
4.2

	
124

	
16

	
68




	
Thick branches

	
493

	
28

	
26

	
244

	
1.3

	
394

	
21

	
195
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Table 5. Spearman’s correlation coefficient between the half-life of the residues and the variables C:N, Pol:N, L:N and soluble carbon of residues (p < 0.01) (the number of samples is indicated in the “variables” column between brackets).






Table 5. Spearman’s correlation coefficient between the half-life of the residues and the variables C:N, Pol:N, L:N and soluble carbon of residues (p < 0.01) (the number of samples is indicated in the “variables” column between brackets).





	
Variables

	
Half-Life (Years)




	
Correlation Coefficient






	
C:N ratio (36)

	
0.69 (<0.01)




	
Pol:N ratio (36)

	
0.69 (<0.01)




	
L:N ratio (36)

	
0.66 (<0.01)




	
Soluble carbon (36)

	
−0.59 (<0.01)
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Table 6. Nutrient contents in the harvest residues at the beginning (month 0), in the middle (month 12) and end (month 24) of the decomposition period, and nutrients released throughout 24 months from the E. dunnii residues.
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Nutrient

	
Sample Type

	
Month

	
Nutrient Released from Residue




	

	

	

	
0

	
12

	
24

	

	






	
E. dunnii

	

	

	
kg ha−1

	
%




	
Nitrogen

	
Bark

	
92

	
78

	
124

	
−32

	




	

	
Leaves

	
225

	
114

	
44

	
181

	




	

	
Thin branches

	
93

	
76

	
70

	
23

	




	

	
Thick branches

	
72

	
53

	
64

	
8

	




	

	
Total

	
482

	
321

	
302

	
180

	
37




	
Phosphorus

	
Bark

	
11.1

	
5.8

	
7.0

	
4.1

	




	

	
Leaves

	
18.8

	
7.3

	
3.1

	
15.7

	




	

	
Thin branches

	
7.4

	
4.9

	
3.9

	
3.5

	




	

	
Thick branches

	
4.9

	
5.0

	
3.9

	
1.0

	




	

	
Total

	
42.2

	
23.0

	
18.4

	
24.3

	
58




	
Potassium

	
Bark

	
127

	
10

	
12

	
115

	




	

	
Leaves

	
105

	
5

	
3

	
102

	




	

	
Thin branches

	
95

	
14

	
8

	
87

	




	

	
Thick branches

	
57

	
20

	
12

	
45

	




	

	
Total

	
384

	
49

	
35

	
349

	
91




	
Calcium

	
Bark

	
1026

	
772

	
781

	
245

	




	

	
Leaves

	
183

	
107

	
50

	
133

	




	

	
Thin branches

	
211

	
189

	
209

	
2

	




	

	
Thick branches

	
212

	
168

	
167

	
45

	




	

	
Total

	
1,632

	
1,236

	
1,207

	
425

	
26




	
Magnesium

	
Bark

	
76

	
51

	
39

	
37

	




	

	
Leaves

	
26

	
8

	
3

	
23

	




	

	
Thin branches

	
26

	
20

	
9

	
17

	




	

	
Thick branches

	
32

	
25

	
17

	
15

	




	

	
Total

	
160

	
104

	
68

	
92

	
58
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Table 7. Nutrient contents in the harvest residues at the beginning (month 0), in the middle (month 12) and end (month 24) of the decomposition period, and nutrients released throughout 24 months from the E. grandis residues (average data from two sites).
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Nutrient

	
Sample Type

	
Month

	
Nutrient Released from Residue




	

	

	

	
0

	
12

	
24

	

	






	
E. grandis

	

	

	
kg ha−1

	
%




	
Nitrogen

	
Bark

	
51

	
42

	
55

	
−4

	




	

	
Leaves

	
181

	
152

	
96

	
85

	




	

	
Thin branches

	
28

	
22

	
23

	
5

	




	

	
Thick branches

	
19

	
16

	
20

	
−1

	




	

	
Total

	
279

	
232

	
194

	
85

	
30




	
Phosphorus

	
Bark

	
11.1

	
5.0

	
5.2

	
5.9

	




	

	
Leaves

	
11.0

	
7.7

	
5.4

	
5.6

	




	

	
Thin branches

	
3.2

	
2.0

	
1.7

	
1.5

	




	

	
Thick branches

	
2.6

	
2.9

	
2.4

	
0.2

	




	

	
Total

	
27.9

	
17.6

	
14.7

	
13.2

	
47




	
Potassium

	
Bark

	
79

	
5

	
5

	
74

	




	

	
Leaves

	
72

	
6

	
5

	
67

	




	

	
Thin branches

	
26

	
4

	
2

	
24

	




	

	
Thick branches

	
18

	
7

	
4

	
14

	




	

	
Total

	
195

	
22

	
16

	
179

	
92




	
Calcium

	
Bark

	
606

	
443

	
376

	
230

	




	

	
Leaves

	
87

	
66

	
49

	
38

	




	

	
Thin branches

	
65

	
59

	
64

	
1

	




	

	
Thick branches

	
93

	
81

	
85

	
8

	




	

	
Total

	
851

	
649

	
574

	
277

	
33




	
Magnesium

	
Bark

	
29

	
18

	
9

	
20

	




	

	
Leaves

	
25

	
14

	
8

	
17

	




	

	
Thin branches

	
11

	
9

	
4

	
7

	




	

	
Thick branches

	
13

	
11

	
8

	
5

	




	

	
Total

	
78

	
52

	
29

	
49

	
63
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Table 8. Nutrient contents in the harvest residues at the beginning (month 0), in the middle (month 12) and end (month 24) of the decomposition period, and nutrients released throughout 24 months from the E. globulus residues (average data from two sites).






Table 8. Nutrient contents in the harvest residues at the beginning (month 0), in the middle (month 12) and end (month 24) of the decomposition period, and nutrients released throughout 24 months from the E. globulus residues (average data from two sites).





	

	
Nutrient

	
Sample Type

	
Month

	
Nutrient Released from Residue




	

	

	

	
0

	
12

	
24

	

	






	
E. globulus

	

	

	
kg ha−1

	
%




	
Nitrogen

	
Bark

	
45

	
37

	
54

	
−9

	




	

	
Leaves

	
77

	
63

	
31

	
46

	




	

	
Thin branches

	
21

	
18

	
18

	
3

	




	

	
Thick branches

	
12

	
10

	
13

	
−1

	




	

	
Total

	
155

	
128

	
116

	
39

	
25




	
Phosphorus

	
Bark

	
7.9

	
3.7

	
4.4

	
3.5

	




	

	
Leaves

	
5.0

	
3.2

	
1.7

	
3.3

	




	

	
Thin branches

	
1.4

	
0.9

	
0.7

	
0.7

	




	

	
Thick branches

	
1.3

	
1.3

	
1.0

	
0.3

	




	

	
Total

	
15.6

	
9.1

	
7.8

	
7.8

	
50




	
Potassium

	
Bark

	
86

	
6

	
7

	
79

	




	

	
Leaves

	
28

	
2

	
2

	
26

	




	

	
Thin branches

	
17

	
3

	
2

	
15

	




	

	
Thick branches

	
26

	
8

	
6

	
21

	




	

	
Total

	
157

	
19

	
17

	
141

	
90




	
Calcium

	
Bark

	
386

	
274

	
257

	
129

	




	

	
Leaves

	
63

	
46

	
26

	
37

	




	

	
Thin branches

	
43

	
40

	
42

	
1

	




	

	
Thick branches

	
61

	
52

	
57

	
4

	




	

	
Total

	
553

	
412

	
382

	
171

	
31




	
Magnesium

	
Bark

	
34

	
21

	
15

	
19

	




	

	
Leaves

	
7

	
4

	
1

	
6

	




	

	
Thin branches

	
6

	
5

	
2

	
4

	




	

	
Thick branches

	
8

	
5

	
4

	
4

	




	

	
Total

	
55

	
35

	
22

	
33

	
60
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