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Abstract 
In Uruguay, Pinus taeda is usually planted a few months after harvest of the 
former turn, therefore; decomposing residues represents a nutrient source for 
the new plantation. The aim of this study was to determine the biomass and 
nutrient extraction off site, following the harvest of a P. taeda plantation. 
Residue decomposition patterns, and nutrient release were also examined. 
The site will be referred as S1, corresponding to the clear cut of a 22-year-old 
P. taeda plantation. Before the clear cut 10 trees were harvested, and logs, 
branches, twigs, and needles separately weighed. Additionally, forest litter at 
harvest time was quantified in three different areas. To assess decomposition, 
mesh bags with residues were allocated in three areas over the forest litter, 
and samples were taken periodically for 26 months. The remaining biomass, 
N, P K, Ca, and Mg contents were determined in the different fractions, cal-
culating decompositon rates. Most of the harvested biomass was removed in 
logs, but the proportion of nutrients exported was considerably lower. Nee-
dles showed the highest biomass loss and only 39.1% remained after 26 
months, while branches presented high rates in the first two months after cut, 
but slower thereafter, and at the end of the study more than two thirds of the 
woody residues remained. Potassium was rapidly released from the residues, 
while Ca, and Mg, were slowly released, and there was evidence of N and P 
immobilization in the early stages of decomposition. It was concluded that, 
although a lower proportion of nutrients were exported, compared to bio-
mass, in the long term, nutrient export with logs could be significant for the 
sustainability of this production system. While K release from residues did 
not depend on biomass decay, the slow decomposition, and release of the 
other nutrients, indicates that this process could have been delayed by nutri-
ent scarcity. 
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1. Introduction 

Forest production in Uruguay has significantly increased in the last three dec-
ades, and the area covered by forests has been multiplied several times. At pre-
sent, many of the plantations correspond to second or third turn; therefore, the 
harvest residue management takes special meaning in order to minimize envi-
ronmental hazards and make efficient use of the nutrients within the residues. 
However, the knowledge of the best residue management practices, and the po-
tential cycling of the nutrients after harvest, is still scarce. To make the best use 
of the land, the following turn of Pinus taeda is usually planted just a few 
months after clear cut, with minimum fertilizer application. In consequence 
harvest residue decomposition accompanies the growth of the new plantation, 
and the decomposed material is expected to release nutrients to the growing 
trees (Tutua et al., 2008; Turner & Lambert, 2013; Mavimbela et al., 2018).  

After tree harvest, the exportation of nutrients with logs, and the pace of resi-
due decomposition on site, are likely to alter the soil carbon and nutrient bal-
ances (Ruiz-Peinado et al., 2013; Bravo-Oviedo et al., 2017). The nutrient export 
with logs depends largely on the volume of wood harvested (Goya et al., 2003; 
Ghaffariyan & Apolit, 2015), but local characteristics, like soil type and climate, 
determine the availability of nutrients in the remaining residues (Jones et al., 
1999). Jobbagy & Jackson (2003), studying the effect of afforestation in soils of 
Argentina concluded that the extraction, recycling and re-distribution of cations 
promoted by the trees is the main mechanism of soil acidification in this pro-
duction system. In New Zealand Parfitt et al. (1997) observed a decrease in soil C 
and N, concomitant with the soil acidification in 20-year-old P. radiata planta-
tions. In their work increases of Ca, Mg and K content of the upper soil layer 
was observed, which they attributed to recycling of the cations from deep soil 
layers, through the forest litter. Consequently, to characterize the nutrient cy-
cling in the forest is a key step to assess the sustainability of this production sys-
tem.  

To ensure the reutilization of the nutrients in residues, many distinct factors, 
concerning forest residue management and decomposition, justify a closer ex-
amination. One of the most important of these factors is that, unlikely other 
cultures, forest residues remain over the soil surface, without further incorpora-
tion, and are only slowly integrated to the soil (Pérez-Batallón et al., 2001). The 
physical condition of forest harvest residues is also different from most crop 
residues, because many of them are large-sized, and this reduces their degrad-
ability (Garret et al., 2007; Shorohova et al., 2016). Another especial characteris-
tic is the low nutrient concentrations observed in the woody residues (branches 
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and bark). This fact, together with the high content of lignin, resistant to degra-
dation, and the low content of soluble organic substances, which promote deg-
radation, offers an inadequate environment for the development of decomposing 
organisms (Berg & McClaugherty, 1989; Bani et al., 2018). In addition to the 
characteristics of the residues, there are other factors influencing the decomposi-
tion process, especially related to climatic conditions. Both temperature and 
humidity directly affect the residue degradation and the growth of decomposers 
(Dalias et al., 2001). It is expected therefore that decomposition rates would be 
higher in summer, especially if rainfall is abundant, although it has been found 
that these fluctuations loose significance in the long term (Prescott, 2005). The 
knowledge of the decomposition patterns of forest residues, and the factors af-
fecting nutrient release, enables the improvement of residue management prac-
tices with the aim to optimize nutrient use (Jones et al., 1999; Tutua et al., 2008; 
Segura et al., 2017). This knowledge will also provide useful information to test 
the sustainability of these production systems, and to predict the fertilizer and 
amendment needs (Węgiel et al., 2018).  

The objective of this work was to assess the nutrient export of a Pinus taeda L. 
plantation, and the potential for nutrient return to the soil. We also studied de-
composition of P. taeda residues in the field and the patterns of nutrient release.  

2. Materials and Methods 

The experiment was located in Rivera, Uruguay (coordinates: 31˚11'33.4''S and 
55˚39'08.4''W). This region has a mean annual temperature of 18.1˚C, a mean 
temperature of 12.3˚C in the coldest month (June) and 24.1˚C in the warmest 
month (January). Average annual rainfall is 1639 mm, without important dif-
ferences in monthly rainfall, although it is highly irregular (INUMET, 2020). 

The studied site (S1) corresponded to the clear cut of a 22-year-old Pinus 
taeda stand, with a plantation density of 200 trees·ha−1. The soil (Table 1) was a 
fine, mixed, semiactive, thermic typic hapludult (Soil Survey Staff, 2006).  

Before the clear cut 10 trees, with average height and diameter, were harvested 
to estimate biomass production and nutrient export with logs. The harvest date 
was March 07, 2006. Immediately after cut the trees were separated into: com-
mercial and noncommercial logs (diameter less than 20 cm), branches with di-
ameter between 1 and 2 cm, twigs and needles, which were separately weighed. 
Five disks (3 cm high) were cut from the logs (stem with bark) for dry matter 
calculation. In S1 the forest litter (mainly composed by fine branches and nee-
dles) was assessed, collecting all the material that could be separated from the 
mineral soil in 5 different areas (1 m2 each).  

Residue decomposition was studied using litter bags, that were prepared im-
mediately after harvest in the plantation, and let to decompose over the forest 
litter. From each of the fine fractions (needles and twigs) 100 g of material was 
placed into mesh bags. The branches were cut into pieces (approximately 10 cm 
length) and individually weighed and labelled. Additionally, bags were filled 
with 100 g of forest floor litter. Enough litter bags and branches were prepared to 
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Table 1. Chemical characteristics of the soil.  

   Exchangeable cations 

Depth OM pH Ca Mg K Na Al 

cm %  cmolc·kg−1 

0 - 18 1.31 4.45 0.67 0.19 0.13 0.41 0.85 

18 - 40 0.89 4.50 0.50 0.08 0.10 0.41 1.12 

40 - 80 0.32 4.55 0.50 0.15 0.09 0.46 1.56 

80 - 120 0.40 4.60 1.00 0.46 0.16 0.40 2.89 

 
allow sampling along the two-year study. A group of litter bags and branches 
was replicated in three different areas in the field, and each group was covered 
with a wire mesh to avoid damages by birds and other animals. Samples of each 
tree component (commercial and noncommercial logs, branches, twigs, needles, 
and forest litter) were collected at harvest for analysis. During the decomposition 
experiment three litter bags per fraction, and 6 samples of branches, were col-
lected at 2, 4, 6, 12, 18 and 26 months. The residues were allocated to the three 
areas on March 07, 2006, and the last sampling was at May 28, 2008. During the 
residue decomposition experiment, temperature at the soil surface and rainfall 
were recorded (Figure 1). Due to failures in the temperature recording equip-
ment, data is not available for certain periods.  

The collected residue samples, and those belonging to the decomposition ex-
periment, were dried at 60˚C, ground to pass a 0.5 mm mesh, and total contents 
of N, P, K, Ca and Mg were determined. For N analysis a modified Kjeldahl 
method was used (Bremner & Mulvaney, 1982). To determine P, K, Ca and Mg 
the samples were mineralized in muffle at 550˚C for 5 hours, and the ashes dis-
solved in HCl. Contents of Ca and Mg were determined by atomic absorption 
spectrophotometry, and K was determined by emission spectrophotometry (Isaac 
& Kerber, 1971). The same extract was used for P content colorimetrical analysis 
(Murphy & Riley, 1962). At four sampling dates residue quality was assessed, 
analysing lignin, soluble C, and polyphenol in the residues. The lignin content 
was gravimetrically determined after acid hydrolysis (Pettersen, 1984). The con-
tent of polyphenol was extracted with water at 100˚C for 30 minutes, and later 
determined using the Folin-Ciocalteau method with a tannic acid standard (Sin-
gleton & Rossi, 1965). In the same extract the soluble C content was determined 
by oxidation with K2Cr2O7 in concentrated H2SO4, followed by colorimetric de-
termination (Nelson & Sommers, 1996). 

Decomposition was calculated as percentage of initial biomass from the 
weight loss of the litter bags and branches. Exponential decay models were fitted 
to the data: Wt = W0exp(−kt), where Wt is remaining biomass at time t in years 
(as percentage of initial weight), W0 is initial biomass and k the decay constant 
expressed in year−1. In view of the particular trends observed in the biomass loss, 
two models were adjusted: One of them for the first 6 months of decomposition, 
and the second from the 6th month to the end of the study. In the model fitted 
for the second period W0 was the remaining biomass at the 6th month sampling. 

https://doi.org/10.4236/ojf.2020.103022


A. del Pino et al. 
 

 

DOI: 10.4236/ojf.2020.103022 364 Open Journal of Forestry 
 

For the model fitting the NLIN procedure of SAS 9.1 was used (SAS, 2011). The 
amounts of nutrients in the different fractions were calculated multiplying the 
biomass by the respective nutrient concentration. 

3. Results and Discussion 
3.1. Biomass Production and Nutrient Export 

The commercial logs represented the largest portion of the harvested biomass, 
(77%); while a substantial proportion of residues consisted of branches and 
noncommercial logs (Table 2). In contrast with the woody residues, the needles 
accounted for only 13% of the harvested biomass. Additionally, the quantified 
forest litter accounted for 13 Mg·ha−1, that should be added to the biomass left 
on the site by the plantation.  
 

 
Figure 1. Time course of temperature at the soil surface 
(weekly average) and rainfall (accumulated amount per 
month) during the harvest residue decomposition study. 

 
Table 2. Aerial biomass, nutrient content, and nutrient concentration in logs and harvest residues of a 22-year-old P. taeda plan-
tation. Average of 10 trees, standard deviation between parenthesis. 

 

Nutrient content Nutrient concentration 

Biomass N P K Ca Mg N P K Ca Mg 

Mg·ha−1 kg·ha−1 g·kg−1 

Logs 190 (13) 157 (62) 31 (5) 56 (16) 106 (26) 35 (8) 0.83 0.16 0.29 0.56 0.18 

Branches and n/c logs 48 (12) 206 (71) 17 (4) 93 (37) 149 (39) 28 (8) 5.00* 0.29* 2.21* 2.53* 0.61* 

Needles 9 (2) 97 (20) 8 (2) 45 (13) 16 (7) 7 (2) 10.78 0.89 5.00 1.78 0.78 

Total residue 57 (14) 303 (90) 25 (5) 137 (41) 166 (43) 35 (9)      

Total biomass 246 (24) 460 (130) 56 (9) 194 (49) 272 (53) 70 (14)      

Export with logs (%) 77 34 55 29 39 50      

*Average content of noncommercial logs, branches and twigs. 
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After cut most of the nutrients within the trees remained in the residues, al-
though they were not the majority of the aerial biomass, and this can be attrib-
uted to the lower nutrient concentrations of logs, compared to the other frac-
tions. It should be noticed that in P. taeda plantations in Uruguay de-barking is 
made off-site, and this is likely to increase the nutrient export (Goya et al., 2003). 
Clear cut residues, in consequence, could represent an important source of nu-
trients for the following turn, if they are adequately managed (Ouro et al., 2001; 
Tutua et al., 2008; Mavimbela et al., 2018).  

Nitrogen and Ca were the most abundant nutrients in the aerial biomass, 
while P accounted for the lowest amount. Regarding the distribution of nutrients 
in the different fractions, most of them were in woody residues, although needles 
presented higher concentrations. The low nutrient content of logs is in line with 
data reported by Laclau et al. (2000), who observed decreasing nutrient content 
for older trees, and suggests that this 22-year-old forest makes efficient use of 
nutrients. The highest proportion of exported nutrients corresponded to P and 
Mg, while N, Ca and K presented rather low extraction ratios, in contrast with 
biomass extraction. Węgiel et al. (2018), who studied nutrient removal of P. syl-
vestris stands in Poland, in agreement with our results, reported a lower propor-
tion of nutrients in logs, compared to biomass, and found that the highest pro-
portion of exported nutrients corresponded to Mg.  

There are no previous studies regarding nutrient extraction of pine forests in 
Uruguay; therefore only international information could be used for compari-
son. In Argentina Goya et al. (2003) examined the nutrient extraction after clear 
cut of a 20-year old P. taeda unthinned plantation, with a higher biomass yield 
than S1 (388.1 Mg·ha−1). As expected, the amounts of extracted nutrients were 
higher than those of S1, especially for N, Ca and K, but not for P and Mg, which 
were similar in both sites. In Spain Ouro et al. (2001) studied a P. radiata planta-
tion, with similar wood production as S1 (180·Mg ha−1), and found amounts of 
N (extracted, exported and remaining in residues) that were remarkably close to 
those of our work. In their study the amounts of most of the other nutrients (Ca, 
Mg, and P) showed similarities, but the amounts of extracted K were nearly 
three times compared to S1, probably due to a higher K supply capacity of the 
soil. Although per year nutrient absorption by trees represents relatively low 
amounts, these results highlight the significance of the long-term nutrient ex-
traction from these low fertility sites, that should be taken into account to assess 
their future productivity.  

3.2. Harvest Residue Decomposition 

The slow pace of forest residue decomposition in temperate climates confirms 
the necessity to gather information from long term studies. After 26 months of 
decomposition of P. taeda residues in the field, 61% of the initial biomass was 
still undecomposed, and the biomass loss of woody residues represented only 
30% (Figure 2).  
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Figure 2. Time course of remaining biomass in harvest 
residues of a 22-year-old P. taeda plantation (% of the ini-
tial weight). Vertical bars represent standard deviation. 

 
After reviewing previous work (Ouro et al., 2001; Alvarez et al., 2008), we ex-

pected faster decomposition of the needles compared to the other fractions, be-
cause needles are small-sized, with high nutrient contents, hence they could be 
easily colonized by decomposers. However, needles had lower decomposition 
rates than branches at the beginning of the experiment. This fact can be con-
nected to the resistant cuticle (Palviainen et al., 2004) and high polyphenol con-
tent of needles, which can hinder the microbial attack (Kraus et al., 2003). Also, 
climatic factors, that are discussed below, could have contributed to these re-
sults. In agreement, when the parameters of the fitted decay models were exam-
ined, lower decomposition rates at the beginning of the study were observed in 
needles (Table 3). The k value for needles was higher in the second period than 
in the first, while the branches showed the opposite trend. In the second period 
wide differences were observed, since k was higher for needles than the other 
fractions, and the decomposition ratio of forest litter was extremely low. This 
fraction decomposed very slowly, and did not undergo major changes along the 
study, which can be attributed to the fact that it was partially decomposed at the 
beginning of the study, and this led to depletion of soluble organic substances, 
that could promote microbial activity (Bani et al., 2018). 

Differences in decomposition patterns of the fractions could be related to re-
sidue quality changes along the decay process (Figure 3). Needles and twigs 
showed high initial polyphenol content, while the lowest corresponded to 
branches. Along the study the polyphenol content of needles and twigs strongly 
decreased in the first year after harvest, with a gradual decrease in the following 
period, reaching a similarly low value as branches. The initial lignin content was 
similar in the three components (395, 388 y 376 g·kg−1 for needles, twigs and 
branches respectively), and decreased in the first three months, especially in 
branches, while an increase was observed thereafter, probably due to the loss of 
cellulose and hemicellulose, which are more decomposable. Soluble C concen-
tration of needles was nearly twice the other fractions, and decreased, likewise 
the polyphenol content; but this trend was less pronounced in the branches and 
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twigs, which presented a rather stable low content. It was unexpected that the 
soluble C content of needles gradually declined, in opposition to the sharp de-
cline reported by Girisha et al. (2003) during decomposition of radiata pine 

 

 
Figure 3. Time course of polyphenol, lignin, and soluble C 
content in harvest residues of a 22-year-old P. taeda planta-
tion. Vertical bars represent standard deviation. 

 
Table 3. Parameters of the decay model fitted for harvest residues of a 22-year-old P. 
taeda plantation (% of the initial weight). The decomposition constant k1 corresponds to 
the first 6 months of decomposition, k2 to the period from the 6th month until the end, 
and k to the whole period under study. 

 k1 R2 Prob. k2 R2 Prob. k R2 Prob. 

 year−1   year−1   year−1   

Needles 0.25 0.77 <0.01 0.62 0.94 <0.01 0.45 0.70 <0.01 

Branches 0.46 0.74 <0.01 0.19 0.72 <0.01 0.20 0.72 <0.01 

Twigs 0.37 0.75 <0.01 0.13 0.85 <0.01 0.23 0.73 <0.01 

Floor litter 0.17 0.77 <0.01 0.07 0.61 <0.01 0.12 0.75 <0.01 
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needles in New Zealand. As discussed, this suggests the presence of a physical 
barrier to decomposition, because these soluble substances are likely to be the 
more easily assimilable C sources for microbial biomass. The acceleration of 
needle decomposition in the second year in S1 could be caused by the disap-
pearance of the physical constriction, together with a decline in polyphenol con-
tent. Goma-Tchimbakala & Bernhard-Reversat (2006) observed a rapid disap-
pearance of soluble polyphenol during the decomposition of forestry residues, 
which they associated to increases in decomposition rates. Shortly after harvest 
the highest biomass losses, and the main source for nutrient release corres-
ponded to branches. This was contrasting with the slow decomposition of twigs, 
probably due to their high content of soluble polyphenols, that hinder microbial 
growth (Kraus et al., 2003). However, decomposition rates of branches in the 
following period were rather low, in line with the literature regarding decompo-
sition of woody residues (Ganjegunte et al., 2004; Hernández et al., 2009; Vávřová 
et al., 2009). Furthermore, in this study the bark, which is also resistant to de-
composition was not separated from the branches, and it is likely to have influ-
enced their decomposition process (Shorohova et al., 2016).  

The plantation was harvested at the end of the summer, in consequence the 
first decomposition period in S1 corresponded to autumn-winter in the South-
ern Hemisphere. Therefore, it is likely that the interaction between residue qual-
ity and environmental factors, observed in many decomposition studies, influ-
enced decomposition patterns (McTiernan et al., 2003; Vávřová et al., 2009; 
Segura et al., 2017). The fact that in the period following the harvest, in autumn, 
low temperatures were predominant, could explain the relatively slow decompo-
sition of needles in the initial period (Dalias et al., 2001; Garret et al., 2007), with 
the opposite trend in the second period, when the rate of biomass loss from nee-
dles increased. Since residues were left to decompose over the forest floor, to ex-
plain decomposition the photo degradation should be also considered Austin & 
Vivanco (2006) observed important effects of sunlight exposure on grass litter 
decomposition, which they attributed to direct effect of light, especially UV ra-
diation, causing the break down of the organic materials. Likewise, Wu et al., 
(2018) reported increases in forest residue decomposition by photo degradation, 
and consequently proposed that light exposure affected microbial communities 
and their activity. 

At the end of the study, a change in decomposition trends of needles and 
branches, especially in the last two samplings, suggests that after some time in 
the field the plant structures were weaker, hence more decomposable. It is only 
possible to speculate if this trend of increasing decomposition speed would ulti-
mately lead to a complete destruction of the material in a shorter term than it is 
expected from the calculated decomposition rates, as observed by Prescott (2005). 
Interestingly decomposition studies of eucalyptus harvest residues in Uruguay 
showed similar trends of late acceleration (Hernández et al., 2009; González et 
al., 2016; Hernández et al., 2016). It should be noticed that mathematical models 
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not always are capable to describe the biological processes. Ganjegunte et al. 
(2004), who studied decomposition of P. radiata coarse woody debris, reported 
bias from the adjusted models, with higher decomposition than expected in logs 
and bark, and lower for side branches. 

3.3. Nutrient Release from Residues 

At harvest, and throughout the decomposition process, the nutrient concentra-
tions were higher for needles than any other fraction, except for Ca, which was 
higher in floor litter and twigs. It should be noticed that nutrient concentration 
of residues along the decomposition process is the result of biomass loss (mainly 
C), nutrient release from residues, and even microbial immobilization of soil 
nutrients (McTiernan et al., 2003; Bowman et al., 2004). These processes in many 
cases follow divergent directions, with variations throughout the decomposition 
of the different fractions (Alvarez et al., 2008). 

Nitrogen release from residues was scarce, with increases in N concentration 
in all fractions, except branches (Figure 4). The increase in N concentration in 
residues, especially at the beginning of the study, indicates that the decomposi-
tion process promoted N immobilization (Berg & McClaugherty, 1989). The ini-
tial C:N ratio was 42, 78, 95 and 45 for needles, branches, twigs and floor litter 
respectively, therefore it could be expected a net N immobilization during de-
composition (Corbeels et al., 2003). The amount of N in floor litter did not de-
crease throughout the study, in line with results obtained for floor litter of euca-
lyptus plantations in Uruguay (Hernández et al., 2009) while branches showed 
the highest N losses. An important proportion of the initial N (63%) remaining 
in the residues at the end of the experiment (Table 4), in coincidence with re-
sults reported in other studies, for leaf litter and woody residues (Bowman et al., 
2004; Ganjegunte et al., 2004). Nevertheless, it was unexpected to find a higher 
increase in needle N concentration than in coarse residues, especially branches, 
which presented, initial low N concentrations, and substantially higher C:N ra-
tios. One possible explanation is related to the high soluble C content of needles, 
which is readily available for decomposers, and could have increased their N re-
quirements. These results, together with the fact that N was the most abundant 
nutrient in the harvested biomass, suggest that these forests make an efficient 
use of this nutrient, and recycling plays an important role in maintaining the N 
availability for the growing trees. After harvest of hoop pine plantations in Aus-
tralia, Blumfield & Xu (2003) reported lower mineral N losses in the sites where 
residues were left to decompose compared to the sites where residues were re-
moved, and they attributed this result to a higher N immobilization in residues. 
In our experiment the fate of the immobilized N is unknown, but it can be ex-
pected to be slowly released, and therefore available for the second turn planta-
tion. Although soil mineral N content was not examined, this element is usually 
scarce in winter, and it is likely that residue decomposition was limited by its 
availability.  
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Figure 4. Time course of N and P concentration in 
harvest residues of a 22-year-old P. taeda plantation. 
Vertical bars represent standard deviation.  

 
Table 4. Remaining nutrients in harvest residues of a 22-year-old P. taeda plantation. 
Percentage of the initial amount after 26 months of decomposition. 

 N P K Ca Mg 

 Remaining (%) 

Needles 43 8 8 61 28 

Branches 33 11 10 42 41 

Twigs 94 42 10 54 55 

Floor litter 104 21 30 55 54 

 
There was a decrease in P concentration of branches in the first months, while 

it increased in all other fractions, suggesting microbial immobilization (Berg & 
McClaugherty, 1989; Bani et al., 2018). Thereafter the fractions did not suffer 
major changes, presenting stable P concentrations, but in the last two samplings 
all fractions showed decreasing P concentrations. Consequently, the amount of P 
remaining in residues at the end of the experiment was only 15% of the initial 
stock. It should be noticed that, although the amounts of P involved in the po-
tential recycling are lower than those of the other nutrients, they could be sig-
nificant, given the extremely low P supply capacity of the sandy soils of this area 
(Durán & García Préchac, 2009).  

During the decomposition study, K concentration of all fractions rapidly de-
creased, indicating that its loss was not linked to biomass decay (Figure 5). This,  
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Figure 5. Time course of K, Ca, and Mg concentration 
in harvest residues of a 22-year-old P. taeda plantation. 
Vertical bars represent standard deviation.  

 
together with the biomass loss, nearly caused the depletion of K, because at the 
end of the study only 12% of the initial K remained in the harvest residues. The 
rapid K loss is coincident with results obtained in many studies with pine resi-
dues (Girisha et al., 2003; Palviainen et al., 2004; Alvarez et al., 2008) and like-
wise with eucalyptus residues in Uruguay (Hernández et al., 2009; González et 
al., 2016; Hernández et al., 2016). This could be related to the fact that K does 
not form organic compounds; hence it can be easily leached by rainfall in the 
predominantly humid climate (Jacobs et al., 2009).  

In contrast with K rapid disappearance, Ca was slowly released, remaining in 
residues at the end of the experiment almost half of the initial Ca. Moreover, 
most of the Ca was lost from the branches, which decomposed rapidly in the ini-
tial period. In all other fractions Ca concentration increased in the first year, in-
dicating that decomposition of Ca rich compounds was slower than biomass 
degradation, in agreement with data from Girisha et al. (2003) and Alvarez et al. 
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(2008). Although Ca plays many roles in plants, the most important is related to 
cell wall integrity, therefore forming part of recalcitrant structures. Throughout 
the study, floor litter presented the highest Ca concentration, and branches the 
lowest, although towards the end of the study Ca increased in branches, proba-
bly due to the acceleration in biomass loss (Shortle et al., 2012; Bani et al., 2018).  

Magnesium concentration in all fractions was rather steady during decompo-
sition, although small increases were observed at the beginning. At the end of 
the study the loss of Mg from the residues represented 56% of the initial content. 
This result is coincident with other studies related to litter and harvest residue 
decomposition, which highlight the higher mobility of Mg in residues, compared 
with Ca (Ganjegunte et al., 2004; Shortle et al., 2012). It has been frequently re-
ported that the release of Mg follows biomass decomposition patterns (Costa et 
al., 2005; Hernández et al., 2009), however, this was only partially supported by 
this work. In our study nearly half the initial Mg remained in the less decom-
posed woody fractions, in contrast with a small proportion accounted for in 
needles, but overall, a higher proportion of Mg was lost from residues, compared 
to biomass. 

3.4. Conclusion 

Although nutrient export with P. taeda logs was substantial, the majority of K, 
Ca, Mg, N and P remained in forest residues. Nevertheless, given the natural low 
fertility of the soils, nutrient export should be taken into consideration to assess 
the sustainability of this production system in the long-term.  

In general, residue decomposition patterns were in line with previous works, 
especially regarding faster decomposition of needles compared to woody frac-
tions. However, some seasonal and between fractions differences, e.g. the initial 
high decomposition rate of branches, could not be fully explained by the exam-
ined residue quality and climatic factors.  

While the fast loss of K from the residues suggests that it did not depend on 
biomass decay, the increasing concentration, and slow release of the other stud-
ied nutrients following decomposition, indicate that the process could have been 
delayed by nutrient scarcity.  
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