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Abstract

:

The replacement of native pasture by exotic commercial forest species is an infrequent situation worldwide. In these systems, a new component is introduced, forest litter, which constitutes one of the main ways of incorporating carbon into the soil–plant system. The present work seeks to establish a methodological approach to study the dynamics of litter production and decomposition in an integrated way. The general objective was to characterize and compare the litter production dynamics in 14-year-old Eucalyptus grandis Hill ex Maiden and Pinus taeda L. commercial plantations. During two years, seasonal evaluations of fall, decomposition and accumulation of litter were carried out in stands of both species. In turn, the contribution of carbon from forest species to the soil through isotopic analysis techniques was quantified. Litterfall in E. grandis showed maximums during the spring of the first year and in the spring and summer of the second. In P. taeda, the maximums occurred in summer of the first year and in autumn of the second. In relation to the decomposition rate, the results based on short periods of evaluation between 15 and 21 months did not show differences between species, nor for the different moments of beginning of the evaluation, obtaining average values of 0.0369 month−1 for E. grandis and 0.0357 month−1 for P. taeda. In turn, both the decomposition rate of the material as a whole and the estimates of accumulated biomass in equilibrium state did not show significant differences between the species. Additionally, there was a relevant incorporation of carbon into the soil by forest species, fundamentally in the first few centimeters, substituting an important proportion of the carbon inherited by the original cover of native pastures. Finally, it is necessary to specify that the scope of the findings obtained is greatly limited by the sample size used in this study.
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1. Introduction


Above-ground forest litter constitutes an organic horizon that originates from the deposition and accumulation of forest plant material on the mineral soil surface [1]. The formation of this horizon depends mostly on the balance between the rate of litterfall and the decomposition rate of the accumulated material [2]. The accumulation of litter can be represented by exponential rise to maximum models, which allow the amount of material deposited at equilibrium state and a decomposition constant to be estimated [3].



The fall of litter usually presents a seasonal deposition behavior [4,5,6], being able to exhibit particularities according to the forest species considered [4,7,8,9]. In addition, the intrinsic characteristics of the plantation, such as the basal area, canopy closure, stand age, volume, above-ground biomass and mean annual increase [10], and the environmental conditions of the site [5,9] may influence litterfall.



On the other hand, the decomposition rate of the litter is dependent on its chemical composition [11,12], physical characteristics [13], previous degradation [14], and climatic conditions [15,16]. Likewise, the rate with which the litter is degraded tends to be variable among forest species [17,18,19]. The decomposition process of the litter can be explained by adjusting exponential decay models that allow a decomposition constant to be determined, the magnitude of which indicates the rate with which the remaining material decomposes [3].



Forest production systems have been identified as one of the highest terrestrial sinks of atmospheric CO2, with litter being an important carbon (C) reservoir [20] and, in turn, constituting a pathway for C entry into the soil [21] with an effect not only in the first few centimeters, but also in greater depths through the root decay and the migration of its decomposition products [22]. The introduction of forest plantations in sites originally occupied by native pastures implies a change in coverage characterized by the incorporation of forest litter as a new component of the soil–plant system, which would maintain the ecosystem benefits of sequestration and incorporation of organic C into the soil, as in natural forests [2]. The use of isotopic analysis techniques, based on the study of the natural abundance of 13C among native pasture and forest species, has made it possible to assess this process, enabling quantification of the real contribution of forest cover to soil organic carbon (SOC) [22,23].



Most of the previous studies related to this topic are usually focused on the determination of the production and decomposition of the litter independently, not having a comprehensive approach that represents its formation dynamics [14,24,25,26,27]. In response to this problem, the present work seeks to establish a methodological approach that allows study of the fall, decomposition and accumulation of litter between species at the same time. In this sense, the general objective of this study was to characterize and compare the above-ground litter production dynamics of 14-year-old Eucalyptus grandis Hill ex Maiden and Pinus taeda L. commercial plantations.



The hypotheses of this research were the following: (i) the seasonality of litterfall of E. grandis differs from that of P. taeda due differential biological responses to the climatic conditions of the site; (ii) litter decomposition rate varies between the studied species as well as for the evaluation starting moment; (iii) the biomass and C accumulated in the litter differ according to the considered species; (iv) the estimated decomposition rate and the amount of biomass accumulated at the steady state condition vary between species and; (v) the forest plantations make a relevant contribution to the SOC that is different between species.



The objectives of this work were: (i) quantify and compare the seasonal rate of litterfall in two commercial forest species: E. grandis and P. taeda and determine the existence of relationships between litterfall and different climatic variables in the temperate region; (ii) quantify and compare the decay rate of the litter and the remaining content of biomass and C by species after two years of decomposition; (iii) determine and contrast the biomass and C stock accumulated in the litter at the final of the study; (iv) estimate and compare the decomposition rate and the amount of biomass accumulated at the steady state condition between species and; (v) characterize the contribution of organic C to the soil as a result of the forest species introduction.




2. Materials and Methods


2.1. Characteristics of the Experimental Site


The study was carried out in the Department of Rivera, Uruguay (coordinates: 31°23′55.11″ S and 55°41′43.88″ W). At this site, in the year 2003 two first turn forest experiments were installed, one with E. grandis and the other with P. taeda, substituting the original vegetation of native pastures. In both, three treatments of planting densities (816, 1111 and 2066 trees ha−1) were arranged in a randomized complete block design with three replications. For the purposes of this study, the plots of E. grandis and P. taeda with 816 trees ha−1 were evaluated (three for each species), since they constituted the closest situation to plantations for quality wood production. At the beginning of the study (June 2017), the plantations were 14 years old.



The climate in the area is temperate, with an average annual temperature of 18.6 °C, an average of 12.4 °C in the coldest month (July) and 24.6 °C in the warmest month (January), and average annual rainfall of 1605 mm, with a main maximum in autumn and a secondary in spring, a main minimum in winter and a secondary minimum in summer, although with high interannual variation [28].



The original vegetation of the site consisted of native pastures, dominated mainly by perennial summer grasses of the photosynthetic cycle C4 (Axonopus spp., Schizachyrium spp., Paspalum spp., Chloris spp., Andropogon spp., Eragrostis spp. and Aristida spp.) and by some winter grasses (Briza spp. and Piptochaetium spp.) [22].



The experiment was installed on a thermic Humic Hapludult [29] from the Tres Cerros cartographic unit [30]. Table 1 includes the characterization of the soil under E. grandis and P. taeda as the average of nine profiles surveyed at the experimental site [22].




2.2. Litterfall, Decomposition and Accumulation Assessment


The study began in June 2017 (winter in the southern hemisphere). In each plot, a homogeneous area of 4 m long by 2 m wide (subplot) was located between two tree rows, where the canopy was totally closed and the present trees around this area had a height and diameter at breast height (DBH) representative of the average of the plantation (Table 2). The subplots were arranged equidistant from the tree rows.



In this area, the floor litter (O horizon) was carefully removed, revealing the mineral soil surface. Then, eight quadrants of 1 m2 each were marked, in which vertices wooden stakes were placed and fenced with 1 m high plastic mesh-shade fabric, constituting a subplot. The objective of this structure was to collect the litter that was shed from the trees in each season of the year, while studying and comparing its decomposition among the species under study. With this aim in the installation of the experiment, in each of the eight quadrants, a layer of 1 m2 of plastic mesh fabric (1 mm2 opening) was placed on the ground, in order to collect the falling material, allowing the passage of air and water.



On the first date of seasonal sampling (three months after installation), one of the eight quadrants was randomly removed with the material dropped during the season. In the remaining quadrants, the fallen material was not removed, but a layer of 1 m2 of the same mesh fabric used on the first date was placed again, in order to collect separately the fallen material corresponding to the next three-month period. At the end of the second three-month period, one of the remaining seven quadrants was randomly removed, separately collecting the material that had fallen during the first and second three-month period. The procedure was continued during the following periods, so that, at the end of each one of them, the existing material in the randomly selected sampling quadrant was removed, and meshes were placed in the remaining ones in order to separate the litter that had fallen in the season sampled from the material fell on the next one, and so on during two years.



The litter collected in each three-month period for the different separated layers was dried in an oven with air forcing at 65 °C until constant weight to determine its total dry weight and was stored for subsequent chemical analysis. In the sample, only the fractions of leaves/needles, bark and branches smaller than 5 mm in diameter were considered, given the randomness in the detachment of larger branches.



With the dry weight recorded at the time of the formation of each layer and the value obtained from its replications collected at each sampling period, the remaining dry weight proportion was calculated as follows:


   D t     =       W t     W i     



(1)




where Dt is the remaining dry weight proportion for a particular layer and sampling moment; Wi the dry weight of the layer at the time of its formation and; Wt the dry weight of each replication collected at the remaining sampling periods. This allowed us to separate eight layers in different states of decomposition, including a range from fresh material dropped during the sampling season to litter exposed to 21 months of decomposition. In turn, the determination of the upper layer dry weight at each sampling moment allowed us to evaluate the litterfall at the same time, as well as the above-ground litter accumulation at the last sampling quadrant for each subplot.



During the execution of the evaluation, the relative humidity (%) and temperature (°C) were monitored. Rainfall data was recorded from an automatic meteorological station near the study site (coordinates: 31°42′32″ S and 55°49′36″ W). From this information, the accumulated monthly precipitation (mm); mean temperature (°C); mean relative humidity (%) and; a vapor pressure deficit (KPa), were determined (Figure 1 and Figure 2).



Additionally, the following climatic variables were calculated at the seasonal level: mean accumulated precipitation (mm) (AP), mean temperature (°C) (MT), mean minimum temperature (°C) (MMINT), mean maximum temperature (°C) (MMAXT), mean relative humidity (%) (MRH), mean minimum relative humidity (%) (MMINRH), mean maximum relative humidity (%) (MMAXRH), and mean vapor pressure deficit (KPa) (MVPD).



To evaluate the changes that occurred during the study in the surface layer of the soil in the C concentration and SOC stock, as well as its natural abundance of 13C, and contribution of tree species to the soil young C, composite samples (20 subsamples) were taken stratified at 0–3, 3–6, 6–9, 9–12 and 12–20 cm deep in each subplot. Sampling was carried out at the beginning (year 2017) and at the end of the experiment (year 2019) in the quadrant that was previously randomly assigned as the last one to be sampled. This had the aim to evaluate the effects of the accumulated litter on the variable.




2.3. Chemical Analyses


The dried litter samples were ground to a particle size <0.5 mm. Subsequently, the N content was determined by a Kjeldahl distillation, after mineralization with H2SO4 at 350 °C and a mixture of catalysts (CuSO4 and K2SO4) for 90 min. The determination of lignin was carried out by acid hydrolysis [31]. In the case of soluble polyphenols content, an extraction with H2O was carried out for 2 h at 100 °C and determination by colorimetry using Folin–Ciocalteu reagent [32]. The soluble C content was determined in the same extract by oxidation with K2Cr2O7 and H2SO4 at 150 °C and subsequent colorimetry. In turn, the litter samples were ground to a particle size <0.149 mm, determining their C content and 13C/12C isotopic ratio by using an elemental analyzer coupled to an INTEGRA-2 brand mass spectrometer [33].



The soil samples were dried at 40 °C and ground to a particle size <0.149 mm for the determination of total SOC and the 13C/12C ratio as previously described. The data corresponding to the bulk density of the soil, as well as the concentration of C and the 13C/12C ratio of the soil under native pastures, were obtained from works previously carried out at the same study site in three neighboring plots [22] due to the fact that this vegetation was considered as a system in steady state condition.




2.4. Calculation of δ13C in Soil and Litter


From the 13C/12C ratios of the soil and litter samples analyzed, the δ13C was determined using the following equation [34]:


   δ  13    C   ( ‰ )   =     [       ( 13 C / 12 C )   m       ( 13 C / 12 C )   r       − 1   ]  × 1000  



(2)




where 13C/12Cm is the isotopic ratio for the analyzed sample and 13C/12Cr is the isotopic ratio of the reference standard (Pee Dee Belemnite). In the samples taken at the beginning and at the end of the study, the determination of the SOC contribution by the forest component with respect to the initial condition of native pastures was calculated as follows [22]:


   α     ( % )     =   [       ( δ   −   δ   0  )      ( δ   1       −   δ   0  )    ]  × 100  



(3)




where α (%) is the proportion of young C; δ is the δ13C of the soil SOC at t = 1; δ0 is the δ13C of the SOC at t = 0 and; δ1 is the δ13C of the residues of the new vegetation. In this study two α (%) values were calculated: α (2017) (%) and α (2019) (%). The first of them corresponded to the proportion of young C that was incorporated by each forest species since the year 2003 until the first year of evaluation (2017), where: δ (2017) was the δ13C of the SOC under each forest species (E. grandis or P. taeda) at the beginning of the study (year 2017), δ0 the δ13C of the SOC under neighboring native pastures, and δ1 the δ13C of the forest litter of each species (E. grandis or P. taeda). On the other hand, the second value corresponded to the proportion of young C that was incorporated by each forest species since 2003 until the second year of evaluation (2019), where: δ (2019) was the δ13C of the SOC under each forest species (E. grandis or P. taeda) at the end of the study (2019), δ0 the δ13C of the SOC under neighboring native pastures, and δ1 the δ13C of the forest litter of each species (E. grandis or P. taeda). The δ13C of the residues of the new vegetation corresponded to the values obtained from the accumulated litter during the two years of evaluation in the last sampled quadrant (−29.99‰ in E. grandis and −29.36‰ in P. taeda). Additionally, the contribution of young C from both species during the two years of evaluation was determined as the difference between the contribution made until the end of the present study (α (2019)) and that evidenced until the beginning (α (2017)). Finally, with the proportion of young C obtained in each case for the considered soil depths, the equivalent amount (Mg ha−1) was calculated based on the C stock of each soil layer.




2.5. Statistical Analysis


The dry weight of seasonally deposited material of each species was analyzed by adjusting a linear mixed model in which the factors year and season nested in year were considered to have a fixed effect, and the subplot a random effect, since the weight determinations in each subplot constituted repeated measures in time. The statistical model used was the following:


   Y   ijk         =   μ   +   α     i         +   β   j       +   Z   k       +   ε    ijk    



(4)




where Yijk is the litterfall biomass; µ the general mean; αi the fixed effect of year; βj the fixed effect of season nested in year; Zk the random effect of subplot, and εijk the experimental error. The variance structure was modeled by varIdent function. These analyses were performed with R (version 4.0.2, R Foundation for Statistical Computing, Vienna, Austria).



Since the climatic variables did not follow a normal distribution, the relationships between the seasonal climatic variables (AP, MT, MMINT, MMAXT, MRH, MMINRH, MMAXRH and MVPD) and the dry weight of litter collected each season were examined by a correlation analysis, using the Spearman correlation coefficient. The comparison of the dry weight of litter per year, by species, was carried out using paired t-tests. The comparison between species of the material deposited annually was carried out by t-tests for independent samples.



For the successive sampling dates and layers considered, the determination of the amount of biomass remaining in litter was based on the decomposition rate for the period. The decomposition rate for each species and layer of litter was estimated through the adjustment of an exponential decay model [3]:


     X   =   X   0       e     − kt     



(5)




where X is the proportion of residual litter at time t in months, X0 is the proportion of initial litter estimated by the model, and k the decomposition constant. The comparison of the adjusted models was carried out by means of the Extra Sum of Squares analysis with dummy variables [35] executed with SAS Studio (version 3.3, SAS Institute, Cary, NC, USA) through the NLIN procedure [36], and subsequent contrast of the k parameter between the evaluated species and for the different layers of litter separated by t-tests considering significant a p < 0.05. Only the litter layers in which the adjustment was statically significant were considered, which was achieved in three of them, where the number of observations was sufficient, corresponding to different times of the beginning of the evaluation, C1 (winter year 1), C2 (spring year 1) and C3 (summer year 1). For the discussion of the biological adequacy of the models, based on the criterion that the proportion of the initial mass should be equal to 1 [37], the comparison of the initial proportion estimated by the models with respect to this value was carried out by one-tailed t-tests.



In relation to the biomass accumulation in the litter during the study period for each species in the last sampled quadrant, a variable equivalent to the net balance between the decomposition rate and the litter incorporation, the adjusted model was [3]:


  y      =   y    ss        ( 1   −   e     − kt    )  



(6)




where y is the amount of litter (Mg ha−1) at time t in months, yss is the estimated amount of material accumulated in equilibrium state (Mg ha−1), and k is a decomposition constant (month−1), which magnitude indicates the rate at which litter decomposes. The adjustment of the models, their comparison and subsequent contrast of the yss and k parameters were performed using the same procedure described for the decomposition models.



The concentration of C, N, lignin, soluble polyphenols and soluble C, as well as the amount of initial biomass of the litter, the C:N ratio and Lignin:N (L:N), for each species individually, were analyzed by analysis of variance with subsequent Fisher’s least significant difference (LSD) multiple comparison test. The differences between species in the concentration and stock of C, δ13C and accumulated litter biomass were evaluated by t-tests for independent samples. For the comparisons of the concentration and stock of C in the litter layers analyzed at the beginning in relation to the end of the study, for each species and layer, paired t-tests were performed individually.



The comparison of the concentration and stock of C and δ13C in the soil at the beginning with respect to the end of the study, under each forest species individually, was carried out with paired t-tests. The differences in concentration and stock of C and δ13C in the soil between the vegetation covers considered were analyzed using t-tests for independent samples, as well as for the comparison between forest species regarding the contribution of young C to the soil (α). In all cases, a p < 0.05 was considered significant and the assumptions of normality and homogeneity of variances were verified. On the other hand, given that the climatic variables did not follow a normal distribution, the existing association between them and the proportion of remaining biomass was evaluated by means of a Spearman correlation analysis.



The analysis of variance performed, the paired t-tests, the t-tests for independent samples, the post-hoc tests as well as the correlation analyzes were performed using Infostat (version 2020; Grupo InfoStat, Cordoba, Argentina).





3. Results


3.1. Litter Production


The results of average fallen litter dry weight in E. grandis showed a significant differential effect (p < 0.0001) of the evaluation season in both analyzed years (Figure 3). A seasonal pattern of deposition in the first year was characterized by the occurrence of a main maximum in spring (40%), a secondary maximum in the summer season (34%), an intermediate value during winter (20%), and an absolute minimum in autumn (6%). During the second year, the variable showed a similar seasonality, although with some variations, with a main fall maximum in spring (38%) and summer (33%), and a minimum in autumn (15%) and winter (14%). On the other hand, in global terms, the total dry weight of material dropped from E. grandis during the first year of study (9.52 Mg ha−1) was not significantly different from the second (9.34 Mg ha−1) (p = 0.6941).



In P. taeda (Figure 4) the litter shedding showed significant differences according to the season in both analyzed years (p < 0.0001). In the first year, an absolute maximum occurred in summer that represented 47% of the total material fallen in the period, intermediate levels during spring (22%) and winter (20%) and an absolute minimum in autumn (11%). In the second year, a main maximum was recorded during autumn, reaching 44% of the total litter deposited, a secondary maximum in the summer (34%), a main minimum in spring (5%) and a secondary minimum during winter (17%). Regarding the total amount of litter produced per year, it was significantly higher during the first year (10.94 Mg ha−1) in relation to the second (7.35 Mg ha−1) (p = 0.0042).



The results of the comparison of the amount of material produced between species per year of evaluation, marked greater deposition of litter during the first year of study by P. taeda (10.94 Mg ha−1) compared to E. grandis (9.52 Mg ha−1) (p = 0.0258), the opposite occurring in the second, reaching 9.34 Mg ha−1 in E. grandis and 7.35 Mg ha−1 in P. taeda (p = 0.0412).



Regarding the relationship between seasonal litter production and climatic conditions during the study period, significant correlations were observed in both species (Table 3). The total dry weight of litter of E. grandis deposited seasonally evidenced direct and significant relationships for MT, MMINT and MVPD. In turn, inverse and significant relationships were obtained for the variables MRH, MMINRH and MMAXRH. On the other hand, both MMAXT and AP did not show a clear link with the dry weight of litter.



In the case of P. taeda, litter production showed an inverse, high and significant relationship with AP. In turn, it showed a high direct and significant correlation with MT and MMAXT. On the other hand, it presented a trend of the same nature with respect to the MVPD. In the case of climatic variables related to relative humidity, there were no clear relationships between them and litter production, although there was a certain trend towards an inverse relationship with the MMINRH.




3.2. Litter Decomposition


The characteristics of the starting material in the different layers of E. grandis and P. taeda litter by season, in which the adjustment of the decomposition model was satisfactory, are presented in Table 4. In E. grandis the C:N ratio was 73% higher in the layer accumulated in summer of the first year compared to that deposited in winter, with an intermediate record in the case of the C2 layer. The concentration of N was 87 and 39% higher in the case of the layer formed in winter of the first year compared to that registered in C3 and C2 layers respectively, showing intermediate levels in the latter. In the case of C, the variable was slightly higher in C1 (7%) and C2 (6%) layers compared to that deposited during the summer (C3). Regarding soluble C, the layer deposited in the spring of the first year of study (C2) presented concentrations 39% and 46% lower than C1 and C3 layers respectively. In turn, for soluble polyphenols, no significant differences were observed between the layers analyzed. Finally, the lignin concentration was 11 and 7% higher in the layer deposited in winter (C1) compared to C2 and C3 layers, with the L:N ratio being significantly higher in the case of the layer originated during the summer of the first year of evaluation.



In P. taeda there were no significant differences in the C:N and L:N ratios, as well as in the concentration of lignin, C and N. For soluble polyphenols, the layer originated during the winter of the first year of evaluation (C1) showed a concentration significantly lower than that in the remaining layers considered. Finally, in the case of soluble C, the layer deposited in spring (C2) exhibited a significantly higher concentration than that formed during the winter season (C1), not differing in both cases from the material accumulated in the summer of the first year of evaluation.



In Figure 5 the regression models adjusted for E. grandis and P. taeda with respect to the proportion of remaining dry weight of the layers considered are presented.



The fit of the decay exponential model was significant for the loss of biomass from C1, C2 and C3 layers for both E. grandis (p = 0.0002; p = 0.0030, and p = 0.0098, respectively) and P. taeda (p = 0.0005; p = 0.0054, and p = 0.0104, respectively). The decomposition rates of the litter (k) obtained through the adjustment of the models did not show significant differences between the species in any of the layers considered for the beginning of evaluation studied (C1: p = 0.5024; C2: p = 0.6585; C3: p = 0.6380). Regarding the intercepts estimated in each model, no significant differences were identified with respect to an initial remaining proportion equal to 1 for both E. grandis (C1: p = 0.1104; C2: p = 0.3970; C3: p = 0.1986) and P. taeda (C1: p = 0.0561; C2: p = 0.0840; C3: p = 0.3549).



Regarding the proportion of remaining biomass, the variable reached on average 51% of the dry weight of the original material for C1 (21 months) in P. taeda, representing a significant decrease of 1.08 Mg ha−1 (p = 0.0165). On the other hand, in E. grandis it was 47%, showing a decrease equivalent to 1.03 Mg ha−1 (p = 0.0480). For the material deposited during spring (C2, 18 months), in the case of P. taeda, a proportion of remaining biomass of 56% was obtained, with a reduction of 1.04 Mg ha−1 compared to the initial record in this layer (p = 0.0134). In E. grandis, the residual biomass reached 50% of the material deposited in C2, which translated into a loss of 1.88 Mg ha−1 in dry weight (p = 0.0059). Finally, for the layer deposited in summer of the first year (C3, 15 months), it reached 56% in P. taeda, with a significant drop of 2.28 Mg ha−1 (p = 0.0181), while in E. grandis, the record obtained was 55%, which resulted in a decrease of 1.49 Mg ha−1 in relation to the initial dry weight of the material that gave rise to this layer (p = 0.0183).



On the other hand, there were no significant differences in the comparison between the decomposition rates (k) obtained at different beginning times, both for E. grandis (C1 vs. C2: p = 0.7805; C1 vs. C3: p = 0.6725 and; C2 vs. C3: p = 0.8898), as for P. taeda (C1 vs. C2: p = 0.8122; C1 vs. C3: p = 0.4953 and; C2 vs. C3: p = 0.4693).



Regarding the proportion of biomass remaining in the different layers of litter and the climatic variables recorded during the execution of the experiment, it was possible to identify significant relationships between these variables (Table 5). In the case of P. taeda, a negative and significant correlation was identified with MRH, MMINRH and MMAXRH, while, in the case of MVPD, the relationship was direct and significant. On the other hand, in E. grandis significant and inverse links were obtained for MRH, MMINRH and MMAXRH, while for MVPD a direct and statistically significant relationship with the remaining biomass of the litter was evidenced.




3.3. Carbon Stock Remaining in Litter


In relation to the decrease in the concentration and stock of C in the analyzed layers, the results are presented in Table 6. The differences in the concentration of C at the beginning and at the end in both species were not statistically significant (p < 0.05) for all the layers analyzed. In the case of the C stock, it was possible to identify a significant loss at the end of the study with respect to the initial condition, where for P. taeda it reached 0.50 Mg ha−1 in C1 layer (p = 0.0231), 0.50 Mg ha−1 in C2 layer (p = 0.0182) and 0.97 Mg ha−1 in C3 layer (p = 0.0268). In E. grandis, the decrease reached 0.49 Mg ha−1 in the layer deposited in winter (C1) (p = 0.0436), 0.95 Mg ha−1 in that originated in spring (C2) (p = 0.0020), and 0.65 Mg ha−1 in the one formed during the summer season of the first year of evaluation (C3) (p = 0.0272).




3.4. Litter Accumulation Dynamics


The adjustment of exponential rise to maximum models (Figure 6) could efficiently explain the accumulation process in both species (p < 0.0001). On the other hand, no differences were found between species in the litter decomposition rate (k) (p = 0.7012) or in the estimated amount of material to be accumulated at the equilibrium state (yss) (p = 0.6529).



Regarding the total accumulated biomass after two years, it reached 12.76 ± 0.72 Mg ha−1 in P. taeda and 12.63 ± 0.77 Mg ha−1 in the case of E. grandis, with no significant differences in weight among the species under study (p = 0.9056). The C concentration of the accumulated litter of E. grandis (438.72 ± 6.78 g kg−1) and P. taeda (441.08 ± 6.74 g kg−1) did not differ significantly from each other (p = 0.8173). In this sense, the total accumulated C stock in the P. taeda litter reached a value of 5.64 ± 0.40 Mg ha−1, while in the case of E. grandis it was 5.53 ± 0.27 Mg ha−1, with no significant differences between the evaluated species (p = 0.8307). On the other hand, the δ13C of the accumulated litter of P. taeda reached a value of −29.36 ± 0.11‰ while in E. grandis it was −29.99 ± 0.17‰, being statistically different between species (p = 0.0333).




3.5. Change in the Concentration and Stock of C and δ13C Values in the Soil


The comparisons of the δ13C values of the SOC under the forest species among themselves, and with respect to the records under native pastures are presented in Table 7. They show significant differences in most of the cases or strong trends, both characterized by lower δ13C of SOC under forest species in relation to native pastures for all depths analyzed. In the comparison between forest species, no significant differences were observed in the variable. In turn, for the period between the beginning and end of the evaluation, significant decreases of 0.83‰ were obtained under E. grandis in the 0 to 20 cm layer, and of 0.87‰ for the 3 to 6 cm layer for the case of P. taeda, without differences in the rest of the depths.



For SOC concentration, no significant differences were found under P. taeda and E. grandis with respect to those present under native pastures for any of the depths considered (Table 8). In turn, throughout the study period, no significant changes occurred in SOC for each individual forest species. However, when comparing this variable at each sampling moment, differences in concentration were obtained at the beginning and end of the study for the 12 to 20 cm layer, showing a 24% and 35% higher record under E. grandis with respect to P. taeda for the initial and final evaluation respectively. A similar behavior to that described before occurred at the beginning of the evaluation for the 9 to 12 cm layer, where the concentration under E. grandis was 30% higher compared to P. taeda, a difference that was compensated during the two years of evaluation, arriving at a statistically equivalent concentration at the end of the study. For the most superficial layer of soil, there were also significant differences in the concentration of SOC at the end of the study, being 100% higher under E. grandis with respect to P. taeda, as well as for the whole 20 cm soil layer, where it was 41% higher.



When comparing the total SOC stock under a native pasture adjacent to the experiment with that existing under both forest species at the end of the study (Table 9), no significant differences were recorded. Regarding the comparisons between forest species at the beginning of the study, in general, no differences were observed, however, the C stock was 30% higher under E. grandis in the 9 to 12 cm layer, and 24% higher for the layer from 12 to 20 cm. On the other hand, the SOC stock at the end of the study was 100% higher under E. grandis with respect to P. taeda in the first 3 cm of soil and 35% higher in the 12 to 20 cm layer. Finally, considering the total thickness of soil analyzed, the stock was 41% higher in E. grandis compared to that under P. taeda.



Regarding the contribution of young C during the two years of evaluation, and since the installation of the experiment, the results are presented in Table 10. A relevant incorporation of young C from 2003 until the final of the study (2019) was observed, reaching values of 6.92 and 5.05 Mg ha−1 for E. grandis and P. taeda respectively (from 0 to 20 cm depth). When comparing the contribution made by the forest species at the beginning (2017) and end of the study (2019) since the installation of the experiment (2003), significant differences were obtained only for the first 3 cm of soil at the end of the study, where the contribution of E. grandis was 2.05 Mg ha−1 higher than that evidenced in P. taeda. Considering the period between the years 2017 and 2019, a significant increase of 1.42 Mg ha−1 in the young C stock incorporated by E. grandis was evidenced (from 0 to 3 cm depth), not showing significant changes in P. taeda. On the other hand, the contribution of young C during the last two years of evaluation (between the years 2017 and 2019) was 1.80 and 1.95 Mg ha−1 higher in E. grandis with respect to P. taeda for the surface layer and the total depth of soil analyzed, respectively.





4. Discussion


In previous works, the Eucalyptus sp. litterfall was characterized by maximums during summer and/or spring and minimums in autumn and winter [8,38,39]. Local antecedents show similar results in E. grandis, with responses of a unimodal type, with a maximum in spring, or bimodal with peaks during spring and summer, with absolute minimums in autumn, winter or in both seasons [40]. This coincides with the seasonal pattern evidenced in this study, which, for the first year of evaluation, showed a main maximum in spring (3.77 Mg ha−1), a secondary peak in the summer season (3.26 Mg ha−1), an intermediate value during winter (1.91 Mg ha−1) and an absolute minimum in autumn (0.58 Mg ha−1). During the second year, litter production showed some variations with respect to the first, although within the behavior usually reported for Eucalyptus sp., with a main peak of fall in spring and summer (3.52 and 3.08 Mg ha−1 respectively) and a minimum in the autumn and winter (1.44 and 1.31 Mg ha−1 respectively).



In spring and summer, the highest levels of deficit in vapor pressure, relative humidity and temperatures were recorded, moments in which the largest litterfall also occurred, which can be related to the increase in temperature and the occurrence of dry periods [5,8,38,39]. Specifically, in the spring of the first year, which was relatively drier than that of the second, the amount of fallen material was significantly higher, evidencing an effect of the year of evaluation on the shedding of litter. The results of the correlation analysis support this, mainly through relationships which indicate that, in general terms, when the temperature rises, the relative humidity decreases, and when the vapor pressure deficit increases, the litterfall is increased, which coincides with what was observed in Eucalyptus dunnii in Brazil [41].



Regarding the annual averages of litterfall, the records obtained (9.52 and 9.34 Mg ha−1 for the first and second year of the study, respectively) are different from those reported in the same site for E. grandis aged 8 years old at a planting density of 816 and 2066 trees ha−1, which on average reached 6.0 Mg ha−1 [40]. This discrepancy can be attributed to differences in the age of the stands (8 vs. 14 years in the present work) since, in some Eucalyptus species, increases in the amount of fallen material have been evidenced as a function of increasing age until the canopy closes [42,43].



The results obtained in P. taeda during the first year showed a maximum fall in summer (5.12 Mg ha−1), similar to what was observed in the same site for an 8-year-old plantation with the same species and density but producing a lower amount of material (2.80 Mg ha−1) [40]. This type of behavior may be linked to the low rainfall and relative humidity evidenced from mid-spring to summer of the first year, a situation that would have caused the greatest drop in litter, coinciding with the increase in drop during periods of water deficit and high temperatures observed by Erkan et al. [10]. The correlation analyzes showed direct relationships between litterfall and variables related to temperature, behavior usually evidenced in Pinus sp. [10,44]. In turn, accumulated precipitation showed an inverse relationship with litterfall, explained by a greater fall during the spring and summer of the first year, seasons that were very dry. This behavior is similar to that reported in Pinus radiata in Australia with maximum needle drop due to low rainfall during the summer [45,46].



In the second year, the maximum litterfall of P. taeda occurred in autumn (3.27 Mg ha−1), a secondary peak in summer (2.51 Mg ha−1), an intermediate winter record (1.22 Mg ha−1) and an absolute minimum in spring (0.36 Mg ha−1). It is possible that these events are related to the abundance of rainfall and high relative humidity recorded from spring to summer of the second year in relation to the first. This condition could determine the displacement of the summer peak evidenced in the first year towards autumn in the second. This is supported by antecedents in which delays of between 3 and 6 months have been reported in the maximum shedding of needles in the absence of summer water stress in P. radiata in Australia [47], shifting the peak of litterfall from summer to autumn [45].



The average annual amount of P. taeda litter produced in the second year (7.35 Mg ha−1) was significantly lower than that of the first (10.94 Mg ha−1), possibly due to the highly favorable climatic conditions for the detachment of material during the first year and the delay of the peak of litterfall during the second year of evaluation [45,47], which could even lead to the fact that part of the material did not detach within the study period. On the other hand, previously at this site, the average annual litter drop in 8-year-old P. taeda planted at a density of 816 and 2066 trees ha−1 reached 5.8 Mg ha−1 on average [40], a substantially lower amount to those obtained in this work, mainly during the first year, a difference attributable to increases in the fall of litter with the age of the plantation [48].



The largest litter depositions by E. grandis during the second year with respect to P. taeda coincide with that previously reported in Ethiopia for plantations of different Eucalyptus species, which exhibited higher annual litter production compared to plantations of coniferous species [9]. A similar response was observed in Australia, where the litter deposition for a group of Eucalyptus species was significantly higher than that produced in plantations of P. radiata of equivalent density [46]. The higher litter production of the present study by P. taeda compared to E. grandis during the first year of evaluation could be related to a differential response between the species to the conditions of scarce rainfall, low relative humidity, high vapor pressure deficit and high temperatures that occurred from spring to summer of the first year of evaluation.



In relation to the decomposition of the fallen litter in the period, it was observed that the adjustment of decay exponential models to the remaining biomass for the different layers of litter in relation to the decomposition time turned out to be significant in both species and explanatory of the process. This is consistent with results from works that studied litter decomposition in various tree species and regions [26,27,49,50,51]. The estimation of the initial material proportion from the model intercept was satisfactory in all cases, which constitutes an indicator of the adequacy of the models adjusted to the decomposition kinetics [37]. In turn, this constitutes an indicator of the absence of significant accelerations in the loss of mass or slowdowns in decomposition during the early stages of the process [52].



The different decomposition rates obtained in this study were slightly higher than those previously registered at the local level for litter of E. dunnii collected from an 8-year-old plantation (0.0276 month−1) [14] and a 22-year-old P. taeda plantation (0.0108 month−1) [53]. The discrepancies may be attributable to the existing differences in the initial state of the litter examined in these studies, which consisted of mixed material with some prior degradation instead of fresh litter, a condition associated with slower decomposition [14,54]. This variable tends to decrease in residues in which an advanced degree of decomposition leads to the enrichment of recalcitrant compounds such as lignin, determining the slowdown of this process [16]. The decomposition of the litter resulted in a significant decrease in the C stock in the analyzed layers, which is in line with previous reports for litter from different species of Eucalyptus and Pinus [55,56,57].



There were no significant differences in the decomposition rate between species, a result that was unexpected, since the litter of broadleaf species usually tends to decompose faster than that of conifers [58] due to the lower quality of needles [59], and the presence of waxes that cover its surface, which delay the entry of water and thus the degradation process [60]. In turn, litter removal at the beginning of the evaluation could limit the decomposition rate in both species, particularly during early-stage phase of the process [61]. This behavior is related to the slowdown of microbial activity, which in turn causes decreases in the rate of respiration of the soil due to the litter removal [62,63,64] reducing its decomposition rate [65]. However, similar results to that obtained in the present study were reported in different species of Eucalyptus sp. and Pinus sp. [9,27]. On the other hand, the presence of different amounts of material during the formation of each layer, or their absence (C1), could influence their decomposition, since the addition of material leads to increases in this variable [61,66]. However, it seems that this effect was not enough to promote differences in the decomposition rate, given the coincidence of increases in the amount of accumulated material with more favorable moments for decomposition.



In turn, no differences were found in the decomposition rate for different seasons of the beginning of the evaluation. This differs from results reported in simulations that indicate that the rate of decomposition of the litter would vary depending on the time of year that the study begins [67]. Nevertheless, the inverse relationships evidenced for the variables MMINRH and MMAXRH with respect to the remaining biomass in P. taeda, and links of the same nature in E. grandis with MRH, MINRH, MAXRH, and direct with MVPD, would explain possible slowdowns in the decomposition of the litter layers deposited during the spring (C2) and summer (C3) of the first year, given the low relative humidity recorded in these seasons, followed by limiting moments for the process (autumn and winter). Additionally, these antecedents are based on the assumption of the use of the same starting material, which does not occur in the present test, given the variations of the material corroborated in the C:N and L:N relationships that result in different quality and changes in the rate of decomposition of the litter [2,18]. These changes in the quality of the residues could counterbalance the differences, given the coincidence of higher C:N and L:N ratios in more favorable periods for decomposition (spring and/or summer) and lower during limiting moments (winter). This was particularly marked in the case of E. grandis litter, although showing a similar trend in P. taeda. In addition, for P. taeda, the concentration of polyphenols followed a similar behavior, being markedly higher for the layers that originated at the most favorable moments for decomposition (spring and summer), which may be related to slowdowns in the decomposition rate [68,69,70].



These aspects together could explain the absence of differences in the litter decomposition rate between the species and the moments of beginning of evaluation considered, with an effect that lasted for a large part of the period of study, particularly in the case of adverse environmental conditions for decomposition, which could explain the absence of significant deviations in the intercept of the estimated models.



The decomposition of the litter in both species caused a significant reduction in biomass in the layers considered. This result coincides with that previously reported for P. taeda in North Carolina, United States, where average biomass losses of 55% were obtained after 26 months of decomposition [71], records very similar to those found in the present study. For E. grandis, similar behaviors have also been reported in Entre Ríos, Argentina, with decreases in litter biomass close to 50% of the initial weight after 600 days of decomposition [26]. In turn, there was a relevant reduction in the amount of C stock in the layers of decomposing litter, which has been evidenced for numerous species of Eucalyptus and Pinus in various regions of the world [9,26,49,55,57,71,72]. Since the concentration of C did not vary significantly in any of the analyzed layers, this reduction of the C stock in the litter layers is mainly attributable to the loss of biomass during the study.



Regarding the dynamics of formation of the litter of the studied species as a function of time, the adjustment of exponential rise to maximum models explained the process, not obtaining significant differences between the species considered in the accumulation of material estimated at the state of equilibrium, as well as the decomposition rate of the material as a whole. A similar approach is cited for the accumulation of litter after fire events for numerous species of Eucalyptus in Australia, where a rapid increase of the material deposited at the beginning was observed, to later stabilize at an equilibrium level in which the decomposition rate is equivalent to the rate of litterfall [73,74,75]. The result obtained follows the same trend observed for the decomposition of the layers analyzed individually, showing no significant differences in the decomposition rate between the species considered. On the other hand, the differences found in litter production between years and species were compensated by a very similar annual average (9.15 Mg ha−1 year−1 in P. taeda and 9.43 Mg ha−1 year−1 in E. grandis). This situation, together with the absence of differences in the rate of decomposition of the litter, translated into equivalent amounts of biomass accumulated in each species individually during the study period. Previous studies indicate that in various species of Eucalyptus the accumulation of litter after fire events reaches the steady state condition in a period of between 4 and 8 years [73,75]. This means that estimates made based on short-term studies should be taken with precaution, especially if it is not possible to identify signs of a slowdown in the amount of accumulated material. In this case, a clear tendency of a slowdown in the accumulated material at the final of the study was verified, obtaining a good fit of these models to the data set.



The total C stock located in the litter was not significantly different between the evaluated species, which is related to a similar C concentration and litter production of the same nature [76]. Nevertheless, these results could be affected by the removal of the litter before the start of the study, since this practice causes reductions in the decomposition rate, particularly in the early stages of the process, altering the amount of remaining biomass [61,65]. In turn, the δ13C of the accumulated litter of P. taeda and E. grandis was very similar to that obtained in 19-year-old commercial plantations in the Congo, where the variable averaged −30.4‰ for Eucalyptus and −29.7‰ in Pinus [23]. This result shows higher absolute values in Pinus compared to Eucalyptus; a similar behavior to that observed in the present work. Finally, under the assumption that the C concentration in litter (average of several seasonal samplings) is of the order of 464 g kg−1, and 449 g kg−1 for E. grandis and P. taeda, respectively [40], the C incorporated annually to the forest floor due to the fall of litter varied between 4.33 and 4.42 Mg ha−1 for E. grandis and between 3.30 and 4.91 Mg ha−1 for P. taeda, which represents a relevant contribution of this element.



Analyzing the results obtained, the proposed methodology allowed us to evaluate and compare the fall, decomposition and accumulation of litter between species, however, the use of a larger sample size would increase the accuracy of the estimation of above-ground litter production [77]. In turn, this could cause an intrinsic improvement in the adjustment of the decomposition models, since the remaining biomass is estimated from this information. In this sense, future studies should determinate a minimum number of replicates according to temporal and spatial variations on litterfall for each study area.



Regarding the δ13 of the SOC, there were no differences under the forest species among themselves, however, these differed significantly from the native pasture coverage, which showed a significantly higher δ13C. In P. taeda and E. grandis, for the first 3 cm of soil, the records were −23.72 and −22.75‰ at the beginning, and −23.37 and −24.15‰ at the end of the study for each species respectively, while the δ13 of SOC under native pastures was −18.28‰. The results for native vegetation reflect the average corresponding to a mixture of C3 and C4 species and, in the case of forest cover, a value close to the average for C3 species [34]. Previous studies in the same site, with the same forest species, although with 8 years of age, showed average values of δ13C at 5 cm depth of −20.44‰ in E. grandis and −21.37‰ for P. taeda, which are significantly higher than those arrived at in the present work [22]. In turn, the results obtained in the present study are very similar to those reported for Pinus sp. and Eucalyptus sp. in the Congo on soils originally occupied by savannas, which indicate that for the first 5 cm of soil, the δ13C under Pinus sp. reached a value of −23.2‰ and −26.2‰ for the case of Eucalyptus sp. [23]. The decrease in the δ13 of the SOC under the forest covers would be related to the incorporation of remains, such as litter and roots, in the first centimeters of the soil [78], a variable that tends to decline with the increase in the age of the plantation [23]. These results show that the longer the period of time in which the forest species contributes to SOC, the more distant its isotopic composition will be with respect to the initial condition under native pastures.



Regarding the concentration of C in the soil, no significant differences were observed between forest vegetation and native pastures, a similar result to that obtained previously in the same study site [22]. However, when contrasting this variable between forest species, significant differences were evidenced, marked by higher concentrations under E. grandis in the 9 to 12 and 12 to 20 cm depth layer with respect to P. taeda at the beginning of this study (year 2017). Although the results indicated the non-existence of significant changes in the C concentration between the records at the beginning (year 2017) and the end of the study (year 2019) under each species individually, when comparing the forest species at the end of the evaluation period, higher levels were obtained under E. grandis for the 0 to 3 cm and 0 to 20 cm soil layers, being compensated the initial difference recorded in the 9 to 12 cm portion. This indicates the existence of a differential change in the concentration of C in the soil, characterized by the increase of this variable under E. grandis with respect to P. taeda. These results mark differences with respect to the main available antecedent, where no significant differences were reported between the forest species, although with 8 years of age [22]. Nevertheless, in Australia, results were in line with those obtained in this experiment, given by higher concentrations under E. grandis compared to P. radiata [79].



When considering the SOC stock, the results obtained follow similar trends of the variations observed in the concentration of C. The total SOC stock did not present significant differences between the forest species and native pastures for any of the analyzed depths. However, the great variability in the concentration and SOC stock observed in the upper layer of the soil under pasture could lead to the absence of significant differences, fundamentally with respect to P. taeda. The same tendency was found in plantations of Eucalyptus sp. in Congo on soils the original vegetation on which corresponded to savannas [23]. Nevertheless, in Australia, 20% decreases in soil C stock are reported for 1 m depth under plantations of 16-year-old Pinus radiata at sites originally occupied by pastures [80]. On the other hand, in plantations established on soils from degraded pastures in Brazil, significant increases were demonstrated [81].



The fact that, for the same study site, decreases in the C stock were evidenced in the first 15 cm of the soil under P. taeda and E. grandis of 8 years of age with respect to the original condition of native pastures [22], indicates that the forest cover managed to compensate these losses during the following 8 years until the end of this study. However, considering the period between the years 2017 and 2019 and the comparison of the forest species and native pastures at each year individually, both the C concentration and the SOC stock did not show significant changes. This situation may be related to the limited time of study, since changes in the soil carbon content occur slowly [82].



On the other hand, the differences in the concentration and C stock between the forest species that were evidenced at the final of the study period, would be showing a differential change characterized by higher increments under E. grandis with respect to P. taeda. Nevertheless, the humification of C from the litter could increase between the years 2017 and 2019 by the removal of the accumulated material at the beginning of the study, since this process is favored in those situations that limit the decomposition rate [83,84]. This condition could promote the humification of part of the litter shed increasing the SOC stock in a different way between species. These findings coincide with what was reported for Eucalyptus and Pinus plantations in Australia, where a lower SOC stock was evidenced under the latter [79]. In turn, they are in line with what was observed under Eucalyptus sp. which tend to host a larger C stock at depths greater than 10 cm than P. radiata plantations, being slightly higher for surface strata [85].



Regarding the contribution of young organic C to the soil made by the forest species since the installation of the experiment (year 2003), the results show a strong substitution of C inherited from native pastures for that incorporated by the forest cover of both species. This finding is consistent with that previously reported in the study carried out in the same experimental site, where a significant contribution was registered by the forest component to the SOC, mainly the 0–30 cm layer, although with a strongly marked effect on the surface layer of 0 to 5 cm, reaching a contribution of 28% and 24% for E. grandis and P. taeda, respectively [22]. In turn, a similar trend is mentioned for plantations of Eucalyptus sp. and Pinus sp. on soils originally occupied by savannas in the Congo [23,86]. In relation to the differences between species, they showed greater incorporation by E. grandis with respect to P. taeda in the first 3 cm of the soil only at the end of the study, a result that is consistent with that evidenced in the local antecedent [22] and possibly linked to the largest stock of SOC observed at the end of the study under this species.



Based on the contribution evidenced, and assuming a linear behavior of the incorporation of C into the soil, the forest component made a contribution of 0.43 Mg ha−1 year−1 under E. grandis and 0.32 Mg ha−1 year−1 under P. taeda for the total depth analyzed (20 cm). Hernández et al. [22] reported an incorporation of 0.37 Mg ha−1 year−1 for E. grandis and P. taeda in the first 20 cm of soil at the eighth year from the installation of the experiment. Based on the above, it can be established that the contribution of SOC by E. grandis was greater during the 8 years after that evaluation.



Finally, when considering the incorporation carried out exclusively during the last two years of evaluation of the experiment, the contribution of young organic C to the soil by E. grandis was higher in the surface layer of 0 to 3 cm with respect to P. taeda, which would explain the differential change mentioned above for this stratum. In turn, for the total depth of soil analyzed, the incorporation of young C was higher in E. grandis with respect to P. taeda, although its magnitude was not significant enough to translate into a statistically significant change in the contribution of young organic C to the soil in the last two years of the study, even though it could result in the highest stock of SOC recorded in the 20 cm depth analyzed at the end of the study.




5. Conclusions


This study shows the existence of a seasonal pattern of litterfall that can be affected by climatic conditions depending on the species considered. In the case of Eucalyptus sp., the seasonal pattern was barely altered, the opposite occurring in Pinus sp., where the annual distribution of fall was strongly disturbed. The existence of relationships between litterfall and climatic variables was evidenced, with higher litter production under conditions of increased temperature and dry periods in both species. In relation to the total amount of material, variable behaviors were found during the study, although considering the average of both years the litter production was similar.



Regarding the decomposition of the litter, the results obtained suggest the absence of differences in the decomposition rate between Eucalyptus sp. and Pinus sp., as well as regarding the time of the year the evaluation began.



In relation to the dynamics of litter accumulation, the adjustment of exponential rise to maximum models which explained the process in Eucalyptus sp. and Pinus sp., provides relevant information to estimate the sequestered C in forest systems, allowing a state of dynamic equilibrium to be determined in which the material input given by the litterfall is equivalent to the loss of biomass by its decomposition. The use of databases obtained from long-term studies could improve the precision of the estimations.



Considering the results obtained in this work, it is possible to conclude that the use of the proposed sampling methodology allows the litterfall and its decomposition and accumulation process to be evaluated at the same time with success. Additionally, it enables the above-ground litter production and decomposition between species to be quantified and compared. However, it is possible that a higher number of replications improves the accuracy of the results obtained, it being necessary to study the spatial and temporal variation of litterfall to establish a minimum sample size for each study area.



Regarding the δ13 of SOC, this variable did not show differences between Eucalyptus sp. and Pinus sp.; however, both showed a significantly lower δ13 of the SOC with respect to that present under native pastures, a decrease attributable to the incorporation of remains derived from the decomposition of forest litter resulting in a significant incorporation of C to the soil.



The commercial plantations installed on soils originally occupied by native pastures can make a significant contribution to SOC, replacing a large part of the C inherited from this vegetation in the first 20 cm of depth, remaining stable the concentration and the SOC stock. This substitution effect determines the existence of a significant incorporation of C into the soil without important changes in their stocks, at least in short time periods, which constitutes a relevant aspect to consider in the dynamics of C in these systems.



Finally, it is necessary to specify that the scope of the findings obtained in this study is greatly limited by the utilized sample size.
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Figure 1. Evolution of monthly accumulated precipitation (mm) (left Y axis) and vapor pressure deficit (KPa) (right Y axis) for the study period. 
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Figure 2. Evolution of mean relative humidity (%) (left Y axis) and mean temperature (°C) (right Y axis) for the study period. 
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Figure 3. Average dry weight of litter of E. grandis that fell seasonally during both years of evaluation. The vertical bars indicate the standard error of the mean (n = 3). Different letters indicate significant differences within the same year by Fisher’s least significant difference (LSD) test (p < 0.05). 
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Figure 4. Average dry weight of litter of P. taeda that fell seasonally during both years of evaluation. The vertical bars indicate the standard error of the mean (n = 3). Different letters indicate significant differences within the same year by Fisher’s LSD test (p < 0.05). 
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Figure 5. Models adjusted for litter remaining dry weight proportion of E. grandis (a) and P. taeda (b) for the different evaluation initiation moments considered, C1 (winter year 1), C2 (spring year 1) and C3 (summer year 1). The vertical bars indicate the standard error of the mean (n = 3). 
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[image: Forests 12 00349 g005]







[image: Forests 12 00349 g006 550] 





Figure 6. Adjusted models for litter accumulation of E. grandis (a) and P. taeda (b). The vertical bars indicate the standard error of the mean (n = 3). 
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Table 1. Characteristics of A, AB and B horizons from nine soil profiles (mean and standard deviation) 1.
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Hor.

	

	
Depth

	
Clay

	
Sand

	
Silt

	
C

	
pH a

	
Al

	
Ca

	
Mg

	
K

	
Na

	
Total Bases

	
CECe

	
Base Sat.




	

	

	
(cm)

	
(g kg−1)

	
H2O

	
KCl

	
(cmolc kg−1)

	
(%)






	
A

	
Mean

	
0–48

	
126

	
54

	
820

	
9.36

	
4.7

	
3.8

	
1.60

	
1.33

	
0.78

	
0.26

	
0.35

	
2.73

	
4.33

	
63




	

	
Std. D.

	
-

	
-

	
-

	
-

	
(1.82)

	
(0.1)

	
(0.1)

	
(0.45)

	
(0.32)

	
(0.17)

	
(0.05)

	
(0.05)

	
(0.51)

	
(0.61)

	
(9)




	
AB

	
Mean

	
48–66

	
233

	
87

	
681

	
7.37

	
4.7

	
3.8

	
2.14

	
1.39

	
0.77

	
0.22

	
0.40

	
2.78

	
4.92

	
58




	

	
Std. D.

	
-

	
-

	
-

	
-

	
(2.21)

	
(0.1)

	
(0.1)

	
(0.87)

	
(0.32)

	
(0.21)

	
(0.05)

	
(0.02)

	
(0.52)

	
(1.04)

	
(12)




	
Bt

	
Mean

	
66–90

	
342

	
116

	
543

	
7.15

	
4.7

	
3.7

	
4.01

	
2.08

	
1.31

	
0.26

	
0.43

	
4.08

	
8.09

	
51




	

	
Std. D.

	
-

	
-

	
-

	
-

	
(1.23)

	
(0.1)

	
(0.1)

	
(1.36)

	
(0.33)

	
(0.34)

	
(0.06)

	
(0.07)

	
(0.67)

	
(1.71)

	
(9)








1 Reprinted from Forest Ecology and Management, Volume 368, Jorge Hernández; Amabelia del Pino; Eric D. Vance; Álvaro Califra; Fabián del Giorgio; Leticia Martínez; Pablo González-Barrios, Eucalyptus and Pinus stand density effects on soil carbon sequestration, 28–38, Copyright (2016), with permission from Elsevier. Note: SOC: Soil organic C by Walkley–Black method; Extractable Al: extracted by KCl 1 M; Extractable bases: extracted by ammonium acetate 1 M; CECe: effective cation exchange capacity; Base Sat.: (total bases/CECe)/100. a pH: soil: solution relation v/v 1:2.5.
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Table 2. Basic characteristics of trees and plantation area (mean of the three plots considered).
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	Characteristic
	Eucalyptus grandis Hill ex Maiden
	Pinus taeda L.





	Spacing 1 (m)
	3.5 × 3.5
	3.5 × 3.5



	Initial density (trees ha−1)
	816
	816



	DBH 2 (cm)
	29.70
	31.70



	Total Height (m)
	36.30
	22.50







1 Distance between rows and trees respectively. 2 DBH: diameter at breast height.
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Table 3. Spearman’s correlation coefficients between the dry weight of seasonally fallen litter and seasonal climatic variables (n = 24).
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	Variable
	E. grandis
	P. taeda





	Accumulated precipitation
	0.19 p = 0.3627
	−0.45 p = 0.0277



	Mean relative humidity
	−0.75 p < 0.0001
	−0.28 p = 0.1791



	Mean minimum relative humidity
	−0.60 p = 0.0019
	−0.36 p = 0.0865



	Mean maximum relative humidity
	−0.59 p = 0.0026
	−0.11 p = 0.5992



	Mean temperature
	0.65 p = 0.0006
	0.41 p = 0.0467



	Mean minimum temperature
	0.64 p = 0.0008
	0.34 p = 0.1024



	Mean maximum temperature
	0.25 p = 0.2447
	0.80 p < 0.0001



	Mean vapor pressure deficit
	0.72 p = 0.0001
	0.38 p = 0.0663
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Table 4. Initial characterization of the E grandis and P. taeda litter from the different layers evaluated.
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C

	
N

	
Soluble C

	
Soluble Pol.

	
Lignin

	
C:N

	
L:N




	
(g kg−1) 1






	
E. grandis

	

	

	

	

	

	

	




	
C1

	
472.53 a (6.24)

	
10.63 a (0.62)

	
114.37 a (10.62)

	
67.32 a (2.24)

	
488.80 a (5.06)

	
45 c (2)

	
46 b (3.03)




	
C2

	
468.79 a (4.50)

	
7.63 b (0.50)

	
82.18 b (9.76)

	
67.32 a (7.09)

	
440.67 b (2.79)

	
62 b (4)

	
58 b (3.39)




	
C3

	
441.04 b (6.10)

	
5.70 c (0.40)

	
120.33 a (6.61)

	
69.39 a (2.25)

	
455.20 b (14.67)

	
78 a (5)

	
80 a (3.89)




	
P. taeda

	

	

	

	

	

	

	




	
C1

	
421.34 a (18.47)

	
8.07 a (0.52)

	
90.04 b (4.69)

	
8.33 b (2.42)

	
450.00 a (9.00)

	
53 a (4)

	
56 a (2.74)




	
C2

	
451.12 a (8.44)

	
9.27 a (0.92)

	
126.77 a (12.88)

	
22.31 a (2.90)

	
469.07 a (1.54)

	
50 a (4)

	
51 a (5.39)




	
C3

	
431.61 a (9.51)

	
7.07 a (0.62)

	
108.88 ab (8.91)

	
23.45 a (3.35)

	
475.87 a (13.96)

	
62 a (4)

	
68 a (6.28)








1 Different letters in the same column indicate significant differences within each species by Fisher’s LSD test (p < 0.05). C1: winter layer year 1, C2: spring layer year 1, C3: summer layer year 1, L:N: Lignin:N ratio, Soluble pol.: soluble polyphenols. The value in parentheses indicates the standard error of the mean (n = 3).
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Table 5. Spearman’s correlation coefficients between the proportion of remaining litter and seasonal climatic variables (n = 63).






Table 5. Spearman’s correlation coefficients between the proportion of remaining litter and seasonal climatic variables (n = 63).





	Variable
	E. grandis
	P. taeda





	Accumulated precipitation
	−0.24 p = 0.0540
	−0.23 p = 0.0694



	Mean relative humidity
	−0.41 p = 0.0007
	−0.46 p = 0.0002



	Mean minimum relative humidity
	−0.61 p < 0.0001
	−0.64 p < 0.0001



	Mean maximum relative humidity
	−0.48 p = 0.0001
	−0.50 p < 0.0001



	Mean temperature
	0.04 p = 0.7794
	0.13 p = 0.3184



	Mean minimum temperature
	−0.07 p = 0.5599
	0.03 p = 0.9815



	Mean maximum temperature
	0.02 p = 0.8895
	0.07 p = 0.5841



	Mean vapor pressure deficit
	0.37 p = 0.0027
	0.41 p = 0.0010
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Table 6. Concentration and initial and final carbon stock (Ci and Cf) for the analyzed litter layers of E. grandis and P. taeda.






Table 6. Concentration and initial and final carbon stock (Ci and Cf) for the analyzed litter layers of E. grandis and P. taeda.





	

	
E. grandis1

	
P. taeda1




	
Layers

	
Ci

	
Cf

	
Ci

	
Cf

	
Ci

	
Cf

	
Ci

	
Cf




	

	
(g kg−1)

	
(Mg ha−1)

	
(g kg−1)

	
(Mg ha−1)






	
C1

	
472.53 a (18.47)

	
463.37 a (10.90)

	
0.90 a (0.05)

	
0.41 b (0.03)

	
421.34 a (6.24)

	
384.79 a (3.80)

	
0.93 a (0.04)

	
0.43 b (0.08)




	
C2

	
468.79 a (8.44)

	
435.68 a (25.53)

	
1.77 a (0.01)

	
0.82 b (0.08)

	
451.12 a (4.50)

	
421.30 a (9.97)

	
1.07 a (0.06)

	
0.57 b (0.09)




	
C3

	
441.04 a (9.51)

	
443.53 a (21.95)

	
1.44 a (0.01)

	
0.79 b (0.16)

	
431.61 a (6.10)

	
433.91 a (3.85)

	
2.21 a (0.09)

	
1.24 b (0.03)








1 Different letters in the same row indicate significant differences by paired t-test (p < 0.05) for each species individually. C1: winter layer year 1, C2: spring layer year 1, C3: summer layer year 1. The value in parentheses indicates the standard error of the mean (n = 3).
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Table 7. δ13C values of the SOC under P. taeda, E. grandis and native pastures at the beginning and end of the study.






Table 7. δ13C values of the SOC under P. taeda, E. grandis and native pastures at the beginning and end of the study.





	
Depth

	
NP

	
E. grandis

	
P. taeda

	
Comparisons




	

	

	
Initial

	
Final

	
Initial

	
Final

	
NP vs. EI 1

	
NP vs. PI 1

	
NP vs. EF 1

	
NP vs. PF 1

	
EI vs. PI 1

	
EF vs. PF 1

	
EI vs. EF 2

	
PI vs. PF 2




	
(cm)

	
(‰)






	
0–3

	
−18.03 (0.07)

	
−22.75 (0.56)

	
−24.15 (0.22)

	
−23.72 (0.06)

	
−23.37 (0.25)

	
0.0141

	
<0.0001

	
<0.0001

	
<0.0001

	
0.2290

	
0.0793

	
0.0679

	
0.2707




	
3–6

	
−17.53 (0.06)

	
−19.22 (0.48)

	
−19.83 (0.32)

	
−19.91 (0.37)

	
−20.78 (0.39)

	
0.0744

	
0.0033

	
0.0022

	
0.0145

	
0.3195

	
0.1341

	
0.5271

	
0.0020




	
6–9

	
−16.78 (0.26)

	
−18.60 (0.10)

	
−18.83 (0.27)

	
−18.92 (0.32)

	
−19.38 (0.43)

	
0.0029

	
0.0065

	
0.0055

	
0.0067

	
0.3856

	
0.3379

	
0.3161

	
0.2173




	
9–12

	
−16.26 (0.42)

	
−17.69 (0.32)

	
−17.92 (0.46)

	
−18.46 (0.60)

	
−18.64 (0.23)

	
0.0534

	
0.0400

	
0.0558

	
0.0077

	
0.3204

	
0.2316

	
0.2819

	
0.6665




	
12–20

	
−14.87 (0.11)

	
−17.14 (0.23)

	
−17.47 (0.43)

	
−17.89 (0.51)

	
−17.99 (0.48)

	
0.0008

	
0.0045

	
0.0044

	
0.0032

	
0.2533

	
0.4640

	
0.3747

	
0.7397




	
0–20

	
−16.24 (0.05)

	
−18.95 (0.16)

	
−19.78 (0.20)

	
−19.63 (0.44)

	
−19.75 (0.31)

	
0.0001

	
0.0165

	
0.0001

	
0.0004

	
0.2159

	
0.9246

	
0.0320

	
0.5496








1 Values in bold indicate significant differences by t-tests for independent samples (p < 0.05). 2 Values in bold indicate significant differences by paired t-tests (p < 0.05). NP: native pastures; EI: initial records for E. grandis; EF: final records for E. grandis; PI: initial records for P. taeda; PF: final records for P. taeda. The value in parentheses indicates the standard error of the mean (n = 3).
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Table 8. Soil organic C concentration under P. taeda, E. grandis and native pastures at the beginning and end of the study.






Table 8. Soil organic C concentration under P. taeda, E. grandis and native pastures at the beginning and end of the study.





	
Depth

	
NP

	
E. grandis

	
P. taeda

	
Comparisons




	

	

	
Initial

	
Final

	
Initial

	
Final

	
NP vs. EI 1

	
NP vs. PI 1

	
NP vs. EF 1

	
NP vs. PF 1

	
EI vs. PI 1

	
EF vs. PF 1

	
EI vs. EF 2

	
PI vs. PF 2




	
(cm)

	
(g kg−1)






	
0–3

	
15.43 (3.06)

	
15.77 (1.94)

	
18.91 (1.05)

	
10.71 (1.84)

	
9.44 (1.13)

	
0.9299

	
0.2565

	
0.3425

	
0.1398

	
0.1317

	
0.0036

	
0.2113

	
0.3282




	
3–6

	
13.80 (3.13)

	
9.86 (1.35)

	
10.13 (0.70)

	
7.53 (0.60)

	
6.98 (1.13)

	
0.3117

	
0.1206

	
0.3164

	
0.1096

	
0.1907

	
0.0768

	
0.7368

	
0.5198




	
6–9

	
11.35 (3.24)

	
9.00 (0.79)

	
8.93 (0.81)

	
7.08 (0.87)

	
7.65 (0.62)

	
0.5195

	
0.2716

	
0.5086

	
0.3250

	
0.1763

	
0.2807

	
0.6718

	
0.4496




	
9–12

	
10.26 (3.14)

	
8.42 (0.11)

	
8.34 (0.40)

	
6.50 (0.46)

	
6.91 (0.95)

	
0.6177

	
0.3580

	
0.6058

	
0.3646

	
0.0153

	
0.2387

	
0.8603

	
0.5885




	
12–20

	
8.57 (2.07)

	
7.74 (0.19)

	
8.64 (0.53)

	
6.25 (0.48)

	
6.39 (0.45)

	
0.7282

	
0.3358

	
0.9755

	
0.3617

	
0.0453

	
0.0320

	
0.1281

	
0.4123




	
0–20

	
11.13 (2.79)

	
9.43 (0.60)

	
10.18 (0.63)

	
7.28 (0.65)

	
7.23 (0.75)

	
0.5834

	
0.2502

	
0.7569

	
0.2479

	
0.0719

	
0.0400

	
0.1050

	
0.6468








1 Values in bold indicate significant differences by t-tests for independent samples (p < 0.05). 2 Values in bold indicate significant differences by paired t-tests (p < 0.05). NP: native pastures; EI: initial records for E. grandis; EF: final records for E. grandis; PI: initial records for P. taeda; PF: final records for P. taeda. The value in parentheses indicates the standard error of the mean (n = 3).
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Table 9. SOC stock under P. taeda, E. grandis and native pastures at the beginning and end of the study.






Table 9. SOC stock under P. taeda, E. grandis and native pastures at the beginning and end of the study.





	
Depth

	
NP

	
E. grandis

	
P. taeda

	
Comparisons




	

	

	
Initial

	
Final

	
Initial

	
Final

	
NP vs. EI 1

	
NP vs. PI 1

	
NP vs. EF 1

	
NP vs. PF 1

	
EI vs. PI 1

	
EF vs. PF 1

	
EI vs. EF 2

	
PI vs. PF 2




	
(cm)

	
(Mg ha−1)






	
0–3

	
6.07 (1.20)

	
6.20 (0.76)

	
7.43 (0.41)

	
4.21 (0.72)

	
3.71 (0.44)

	
0.9299

	
0.2562

	
0.2876

	
0.2347

	
0.1317

	
0.0036

	
0.2113

	
0.3282




	
3–6

	
5.54 (1.29)

	
3.60 (0.61)

	
3.57 (0.30)

	
3.04 (0.25)

	
2.82 (0.46)

	
0.2453

	
0.1295

	
0.2431

	
0.1406

	
0.4458

	
0.2468

	
0.9376

	
0.5199




	
6–9

	
4.85 (1.42)

	
3.83 (0.33)

	
3.79 (0.36)

	
3.04 (0.37)

	
3.28 (0.27)

	
0.5232

	
0.2831

	
0.4971

	
0.3432

	
0.1820

	
0.3247

	
0.5953

	
0.4496




	
9–12

	
4.31 (1.33)

	
3.55 (0.05)

	
3.51 (0.18)

	
2.73 (0.19)

	
2.90 (0.40)

	
0.6257

	
0.3596

	
0.5262

	
0.3259

	
0.0138

	
0.2395

	
0.8200

	
0.5901




	
12–20

	
8.51 (2.10)

	
7.62 (0.19)

	
8.49 (0.52)

	
6.15 (0.48)

	
6.30 (0.45)

	
0.7148

	
0.3341

	
0.5319

	
0.2047

	
0.0330

	
0.0460

	
0.1237

	
0.3978




	
0–20

	
29.28 (7.33)

	
24.80 (1.58)

	
26.79 (1.67)

	
19.17 (1.70)

	
19.01(1.99)

	
0.5834

	
0.2502

	
0.6310

	
0.2303

	
0.0719

	
0.0400

	
0.1050

	
0.6468








1 Values in bold indicate significant differences by t-tests for independent samples (p < 0.05). 2 Values in bold indicate significant differences by paired t-tests (p < 0.05). NP: native pastures; EI: initial records for E. grandis; EF: final records for E. grandis; PI: initial records for P. taeda; PF: final records for P. taeda. The value in parentheses indicates the standard error of the mean (n = 3).
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Table 10. Young SOC stock under P. taeda, E. grandis and native pastures at the beginning and end of the study.






Table 10. Young SOC stock under P. taeda, E. grandis and native pastures at the beginning and end of the study.





	
Depth

	
E. grandis

	
P. taeda

	
Comparisons 1




	

	
α (2017)

	
α (2019)

	
Dif.

	
α (2017)

	
α (2019)

	
Dif.

	
EI vs. PI 1

	
EF vs. PF 1

	
EI vs. EF 2

	
PI vs. PF 2

	
E Dif vs. P Dif 1




	
(cm)

	
(Mg ha−1)






	
0–3

	
2.37 (0.05)

	
3.78 (0.11)

	
1.42

(0.15)

	
2.12 (0.37)

	
1.73 (0.15)

	
−0.38

(0.22)

	
0.5688

	
0.0004

	
0.0112

	
0.2270

	
0.0026




	
3–6

	
0.46 (0.10)

	
0.66 (0.13)

	
0.21

(0.22)

	
0.62 (0.13)

	
0.77 (0.16)

	
0.15

(0.09)

	
0.3724

	
0.6330

	
0.4389

	
0.2396

	
0.8116




	
6–9

	
0.52 (0.03)

	
0.58 (0.02)

	
0.06

(0.03)

	
0.51 (0.10)

	
0.69 (0.19)

	
0.18

(0.10)

	
0.9298

	
0.6110

	
0.2290

	
0.1991

	
0.2957




	
9–12

	
0.37 (0.07)

	
0.43 (0.09)

	
0.06

(0.05)

	
0.45 (0.05)

	
0.53 (0.11)

	
0.08

(0.10)

	
0.3906

	
0.5031

	
0.3630

	
0.5071

	
0.8921




	
12–20

	
1.14 (0.14)

	
1.46 (0.32)

	
0.32

(0.19)

	
1.24 (0.14)

	
1.32 (0.14)

	
0.08

(0.11)

	
0.6490

	
0.7062

	
0.2365

	
0.5385

	
0.3298




	
0–20

	
4.86 (0.15)

	
6.92 (0.64)

	
2.06

(0.49)

	
4.95 (0.71)

	
5.05 (0.53)

	
0.11

(0.23)

	
0.9086

	
0.0873

	
0.0527

	
0.6851

	
0.0232








1 Values in bold indicate significant differences by t-tests for independent samples (p < 0.05). 2 Values in bold indicate significant differences by paired t-tests (p < 0.05). EI: initial records for E. grandis; EF: final records for E. grandis; PI: initial records for P. taeda; PF: final records for P. taeda; α (2017): young SOC contributed from 2003 to 2017; α (2019): young SOC contributed from 2003 to 2019; Dif.: difference between α (2019) and α (2017). The value in parentheses indicates the standard error of the mean (n = 3).
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