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ABSTRACT
Since the beginning of the large scale commercial forestation of Pinus in Brazil, approximately fifty years ago, there has been a lack of knowledge about response to Pinus forest fertilization. The main Pinus productions areas had been established in degraded soil and/or natural low fertility areas. Despite its capacity to grow in poor soil, Pinus nutritional disorders of Mg and K had been observed in many countries as well as in Brazil. Considering this scenario, the main goal of this paper was to evaluate the nutritional concentration, sodium and aluminum in litter and fine roots of Pinus taeda in Jaguariaíva county Paraná state. An omission nutrient experiment was carried out starting in November 2008, using a pinus plantation with eleven-years of age. The experimental design was in random blocks with seven treatments and four blocks. The treatments were applied twice, the first in November 2008 and the second in February 2010 and were named as: T1 – complete (macro + micro + lime); T2 – Minus Macronutrients; T3 – Minus Micronutrients; T4 – Minus Potassium; T5 – Minus Zinc; T6 – Minus Lime; T7 – Test, with no lime or fertilizer application. The amount of nutrients applied per year were 40; 60; 80; 3.0; 2.0; 1.5 kg ha-1 of N, P2O5, K2O, Zn, B and Cu, 20 g ha-1 of Mo, 1300 kg ha-1 of dolomitic limestone, respectively. After four years of first treatment application, litter samples were collected, dried, weighed, split (four litter fractions - new litter - NL, old litter - OL, coarse fragmented litter > 2mm - CFL, and fine fragment litter < 2mm - FFL and fine root) and analyzed for total nutrient concentrations, Na and Al. The result indicated an expressive litter accumulation (57.8 Mg ha-1 in average), suggesting a poor site and no influence of treatments after four years. The most abundant fraction was CFL with 21.3-27.2 Mg ha-1, followed by FFL with 12.1-20.7 Mg ha-1, OL with 5.1-6.3 Mg ha-1 and NL 3.7-4.5 Mg ha-1. The abundance under native condition (test) was Ca>Al>Mg=P=K>Fe>Na>Zn>Cu for NL and shift to Al>Fe=P>Ca>Mg>K>Na>Mn>Cu=Zn to FFL. The predominance of Al and Fe on FFL that had been three times higher than NL could be explained by organic acid attack to soil minerals and solubilization, followed by adsorption for organic compounds. Lime application provided a large Ca and Mg increase in FFL. This result suggested that lime was solubilized and Ca and Mg were adsorbed by organic residue before reaching the soil surface. Also, coarse lime particles were observed in the litter fractions, so litter acted as trap for lime particles within the layer. Confirming the high capacity of organic residue to adsorb metals, Cu and Zn accumulation was observed when mineral source was applied. High Ca and Mg increases were found in fine roots with the lime application. Although the Al concentration in fine roots had not had changed with lime application, the Ca/Al molar ratio in fine roots reached values much higher than 0.2 for the treatments that had received lime. The treatments minus lime and the test had their Ca/Al molar ratio below the threshold, indicating the Al stress. No changes were observed in litter accumulation after four years of treatment applications. The amount of immobilized nutrients in litter, for those sites that had received lime and fertilization, follow the order: Ca>Mg>P>K. In conclusion, the liming and fertilization did not change the litter accumulation nor root growth, but changed the chemical composition, including that in the NL fraction, which means that the plants are in better nutritional status. In the fine roots the change means a better environmental condition for growth. 
KEY WORDS: Lime, fine roots, litter, nutrient concentration, fertilization, Ca/Al.
COMPOSIÇÃO QUÍMICA DA SERAPILHEIRA E RAIZES FINAS DE PINUS TAEDA SOB FERTILIZAÇÃO E CALAGEM
Autor: William Magrim Adam

Orientador: Antônio Carlos Vargas Motta

Co-orientador: Danilo Eduardo Rozane

RESUMO
Desde a implantação em larga escala de cultivos comerciais de Pinus no Brasil, aproximadamente há 50 anos, pouco se sabe sobre resposta à fertilização das florestas de Pinus. Os principais pólos de produção de Pinus se encontram em áreas degradadas e/ou de baixa fertilidade natural. Apesar da sua capacidade de crescer em solos pobres, distúrbios nutricionais de Mg e K foram observados em muitos países e também no Brasil. Diante desse quadro, o objetivo do presente trabalho foi avaliar os teores de nutrientes, sódio e alumínio na serapilheira e raízes finas de Pinus taeda no município de Jaguariaíva – PR. Foi instalado um experimento de omissão de nutrientes em 2008, utilizando plantio com 11 anos de idade. O delineamento experimental foi em blocos ao acaso com 7 tratamentos e quatro repetições. Foram feitas duas aplicações dos tratamentos, a primeira em novembro de 2008, a segunda em fevereiro de 2010. Os tratamentos consistiam em T1 – adubação completa (macro + micro + calcário); T2 – menos macronutrientes; T3 – menos micronutrientes; T4 – menos potássio; T5 – menos zinco; T6 – menos calcário; T7 – testemunha. A quantidade de nutrientes aplicada por ano foi: 40; 60; 80; 3; 2; 1,5 kg ha-1 de N, P2O5, K2O, Zn, B e Cu, respectivamente. Foram também aplicados 20 g ha-1 de molibdato de sódio. Calcário foi aplicado como fonte de Ca e Mg na quantidade de 1300 kg ha-1. Após 4 anos da primeira aplicação dos tratamentos, amostras de serapilheira foram coletadas, secas, pesadas, divididas (4 frações de serapilheira – fração nova – NL, fração velha – OL, fração fragmentada grossa >2mm – CFL e fração fragmentada fina <2mm – FFL e raízes finas) e analisado para concentração total. Os resultados indicam um acumulo expressivo de serapilheira (57,8 Mg ha-1 em média), sugerindo que a área é pobre em nutrientes e sem influência dos tratamentos após 4 anos. A fração mais abundante foi a fragmentada grossa com 21,3 – 27,2 Mg ha-1, seguido pela fração fragmentada fina com 12,1 – 20,7 Mg ha-1, fração velha com 5,1 – 6,3 Mg ha-1 e fração nova com 3,7 – 4,5 Mg ha-1. A abundância nas condições naturais foram: Ca>Al>Mg=P=K>Fe>Na>Zn>Cu para NL e mudou para Al>Fe=P>Ca>Mg>K>Na>Mn>Cu=Zn no FFL. A predominância de Al e Fe no FFL que foi três vezes maior do que no NL pode ser explicado pelo ataque dos minerais e solubilização do solo por ácidos orgânicos. A aplicação de calcário promoveu grande incremento nas concentrações de Ca e Mg no FFL. Este resultado sugere que o calcário foi solubilizado e Ca e Mg foi adsorvido no resíduo orgânico antes de alcançar a superfície do solo. Também foi observado partículas grossas de calcário nas frações da serapilheira, então a serapilheira atuou como uma armadilha para as partículas de calcário entre suas camadas. Confirmando a alta capacidade de compostos orgânicos em absorver metais, foi observado um acúmulo de Cu e Zn quando estes foram aplicados. Nas raízes finas foram observados grandes acréscimos nos teores de Ca Mg, com a aplicação de calcário. Embora o teor de Al na raiz não sofrer alterações com a aplicação de calcário, a razão molar Ca/Al nas raízes finas ficaram bem acima de 0,2 para os tratamentos que receberam calcário e ficaram abaixo desse limite nos tratamentos menos calcário e testemunha, indicando stress por Al. Não foi observado diferença estatística entre os tratamentos no que se refere quantidade de serapilheira acumulada. Não houve decréscimo na quantidade de serapilheira acumulada após 4 anos da aplicação dos tratamentos. Com a aplicação de calcário e fertilizantes, a serapilheira seria uma importante fonte de Ca>Mg>P>K. Como conclusão, os efeitos da fertilização e da calagem não alteraram as quantidades acumuladas de serapilheira e raízes finas, porém alteraram a composição química, inclusive na fração nova da serapilheira, o que significa que a planta está melhor nutrida. Nas raízes finas a mudança indica uma melhora no ambiente onde elas se desenvolvem.
Palavras chave: nutrientes, serapilheira, raiz fina, Ca/Al, calcário, fertilização.
INTRODUCTION

The genus Pinus belongs to the Coniferous order of the Gymnospermae group. It’s natural occurrence begins in North Polar regions until tropics within Asia, Europe, Central and North America. The genus Pinus has more than one hundred identified species. Some are resistant to dry seasons are very sunlight demanding and withstand temperatures from -65°C to 50°C. They show different soil fertility, texture and soil depth requirements. The most common species planted in Brazil are Pinus taeda, Pinus elliotti (cold resistant), Pinus caribaea var hondurensis, Pinus oocarpa and Pinus tecumanii (dry season tolerant). The major planted forests are in the South Region. The identification of the species is done through needle disposition, number and color, seed color and shape and cone type and shape. Identification is difficult to do due to their botanical similarity (CIF florestas, 2015).

The Pinus have great importance in countries of its original occurrence, being responsible for a good portion of the wood resources. It is extracted from the native and planted forests. Experiments with fertilization began in France in 1847. In the USA, the studies started in 1930 in the South region of the country (Beaton, 1973).

The preoccupation with reforestation in Brazil started in the first decade of the XX century with the introduction of the genus Eucalyptus by the Iron Road Company in São Paulo State (Andrade, 1961). The genus Pinus was introduced only after 1930 in São Paulo State and these two genus had started to be planted economically in the South region of the country where the Araucária (Araucaria angustifolia) forest had started to be exhausted. The studies of Pinus fertilization started in Brazil only 30 years after its introduction, but only with N, P and K nutrients (Malavolta, 1964). Even in the beginning, the reforestation companies had some resistance to Pinus fertilization.

The Brazilian pinus forests had been installed in lands that had some restriction to agriculture. Stoniness, declivity, shallow soils and poor nutrient soils were the main areas of pinus reforestation in Brazil. Nevertheless, the pinus growth was better and faster than in the country of origin, where it could be more than 40 years until harvest time and productivity was about 15m³ ha year. Brazilian pinus forest can be harvested in 15 years with a productivity of 30m³ ha year, and reach 40m³ ha year in some areas. Many factors influence tree growth, amongst them are climate, temperature, rainfall and solar radiation (Hughes & Boyd, 1973). In Brazil these factors are favorable and can partially explain the high growth rate. With the increase of the forest activity and the demand for forest products, new areas have been incorporated by reforestation companies and independent producers (Oliveira 2008).

Lack of knowledge about the tree and the false idea that fertilization was not necessary in pinus reforestation had created a barrier against pinus fertilization. Most soils used in reforestation were, in essence, poor in most nutrients and due to the cultural practice of using no correction, the soil fertility in these areas were getting depleted. The Pinus that grow in these areas were presenting decreases in their wood production, chlorosis, necrosis and needle shortening as multiple nutrient deficiency symptoms (Evers and Hüttl, 1990).

Magnesium deficiency in Pinus resinosa cultivated in sandy soil in New York state was observed by Stone (1953), its symptoms were acute chlorosis starting in older needles and premature leaf abscission. The author indicated that the application of 50 kg ha-1 of magnesium would be enough to eliminate the symptom, but better results were achieved when K was also applied. Magnesium deficiencies occur in large areas of acid soils and have fast development (Evers & Hüttl, 1990).
In the 60’s, nutritional problems related with Ca and Mg were identified in a Pinus elliotti forest in Brazil (Van Goor, 1965). Some studies made in Paraná State had indicated that the soil from Brazilian Savanna and Campos Gerais had low capacity to supply these nutrients. Calcium and Magnesium were the main limiting factors for Pinus growth and productivity (Lepsch, 1980; Reissmann & Zöttl, 1987; Batista, 2011).

Chaves & Corrêa, (2005), working with macronutrients in Pinus spp in Brazilian savanna soil in the west of Minas Gerais State, found a significant difference between plants with and without visual symptoms of deficiency. The Mg nutrient concentration in plants with deficient symptoms were of 0.1g kg-1, on the other hand, plants without visual symptoms presented 0.4g kg-1. Both plant groups presented very low Mg nutrient concentrations, as related by Sypert (2006) the critical value is 0.8g kg-1. Stone (1953) found 1.6g kg-1 Mg in plants with light symptoms and 1.3g kg-1 in strongly deficient plants. The macronutrients P, K and Ca also showed the same pattern, they were a little higher in plants without visual symptoms of deficiency, but always below the critical levels.

There are few works about the K influence on Mg absorption and metabolism by Pinus plants. Sum & Payn (1999) examined the Mg nutritional variability in Pinus radiata clones and tested the K influence on absorption and mobilization of Mg from the roots to stem in seedlings cultivated 21 weeks in nutritive solution. According to these authors the Mg concentration in the stem biomass underwent the influence of the K concentration. There was reduction of the stem biomass for the four Mg concentration tested when the K concentration was increased. On the other hand, the Mg concentration in roots changed differently from that of the stem. When the Mg concentration in nutritive solution was increased with a constant K concentration, the Mg nutrient concentration in roots presented a raise and the Mg in stem decreased. This phenomenon shows the strong influence of K on the Mg translocation.
The study of the litter could be a handy tool in the understanding of the Pinus nutritional status. Some nutrients can be retranslocated from senescent needles at amazing rates, for example, at 94% for K, 82 % for P, 90 % for Cu and 73% for B (Albaugh et al., 2008; Vieira and Schumacker, 2009). On the other hand, the immobile nutrients, such as Ca, can accumulate in litter by the concentrating effect promoted by litter decomposition. The litter could act as source or a drain of N, P and S nutrients by immobilization and mineralization processes. 
In general, it has been recognized that there was an inverse relation between site quality and the amount of litter on the pine forest floor (Reismann, 1983 and Trevisan et al., 1987). Trevisan (1992), working with classification of the soil organic layer under Pinus forests in Ponta Grossa Paraná State, detected a large increase in litter accumulation due the low soil fertility. The residue accumulation might be associated to low soil microorganisms activity and poor nutrient quality of the residue when tree are grow in low fertility soil. Under these conditions, Jandl et al. (2003), described the rapid litter decay due to fertilization and liming, decreasing from 76 to 24 Mg /hectare after 20 years. 
The formation of an organic horizon under pine forests created a new layer for root exploration, especially in poor growth sites, where a thick litter layer has been observed. As the fine roots are responsible for the water and nutrient uptake, they are spread out on the organic horizon. In very poor sites the litter is a great source of nutrients and thus the last portion of it is strongly colonized by fine roots (Lopes et al., 2010). 
The litter decomposition and the root exudates can be responsible for the organic compounds released in litter and soil, these compounds have great importance to the nutrient availability and Al toxicity. Small size organic acids released by the litter decomposition complex with Al and transform it into a non-toxic form in solution (Hue, 1986). However, organic acid can complex with some nutrients such as Fe, Mn, Zn and Cu, transforming them into an absorbable form (Marschner, 2011; Taiz & Zieger, 2006).

Pinus trees have been reported as highly tolerant to aluminum stress with little difference among species. Also, litter decomposition can form organic acids which might diminish Al toxicity as indicate above. However, it is well known that Al is an important limiting factor to pine tree development under extreme acidity condition and Ca can decrease the toxicity (Vangelova et al., 2007). Therefore, the Ca/Al molar ratio critical threshold has been studied by many authors and 40 % of the studies reported that the critical threshold is between 0.3 and 0.7; 50% reported between 0.2 and 0.3 and 10% reported below 0.2 (Vangelova et al., 2007). 
Bakker (1999) worked with lime in Oak during 27 years of application and found detectable changes in fine-root biomass and total fine-root length after 20-25 years. The same author found an increase in specific root length from the surface until 75cm deep and the alive/dead ratio of fine roots increased in the first few years after liming.
Given this overview, the objective of this paper was to evaluate the influence of lime and fertilizer application over the organic horizon (litter and fine root) for a Pinus forest in Jaguariaíva city, Paraná state. 
MATERIALS AND METHODS
The experimental area is located in Jaguariaíva county at coordinates 24°18’58.66’’S and 49° 44’ 15.58’’ W, Paraná State. The regional climate is a transition between Cfa and Cfb with average rainfall varying from 1400 to 1600 mm per year and altitude 1070 m.

The experimental design was a randomized block with 7 treatments and 4 blocks. The parcels had 16 useful trees spaced 2m in the rows and 3m between rows with two rows of boarder. An eleven-year pine forest was selected for the experiment with no history of fertilizing or liming and it was at the second plant rotation. Inside the pine forest an area was selected in which the trees had a low growth rate and some symptoms of nutrient deficiency were visible. The treatments were applied in two years, once in November 2008 and once in January 2010, manually, using the omission diagnosis technique. The amount of nutrients applied per year were 40; 60; 80; 3.0; 2.0; 1.5 kg ha-1 of N as urea, P2O5 as triple super phosphate, K2O as potassium chloride, Zn as zinc sulfate, boron as Ulexita and Cu as cooper sulfate, respectively. Molybdenum was also applied at 20 g ha-1 as sodium molybdate. Lime was applied as Ca and a Mg source at 1300 kg ha-1 (28.9% and 20.6 % of CaO and Ca, 19.9% and 11.9 % of MgO and Mg, and Total Neutralizing Power of 89.4%). First, lime was applied manually on the litter surface then the other nutrients were weighed, mixed and also applied manually on the litter surface on the same day. The treatments were named as T1 – complete; T2 – Minus Macronutrients; T3 – Minus Micronutrients; T4 – Minus Potassium; T5 – Minus Zinc; T6 – Minus Lime; T7 – Test, with no lime nor fertilizer application. 
The soil used was classified as Red-yellow Oxisol and its characteristics are described in Table 1. Litter was sampled in July 2012 using a square wooden template with 100 cm² and its layers separated into: new litter (NL); old litter (OL) and fragmented litter (FL). The New litter fraction was characterized by recently fallen needles with no, or low color change. The Old litter was characterized by needles with a color change. The last fraction was passed through a 2 mm sieve and separated into coarse fragmented litter (CFL) and fine fragmented litter (FFL). These fractions were analyzed as to dry mass and nutrient concentration. 

All the roots were removed manually from the litter and analyzed regarding total length, dry mass and nutrient concentration. For the nutritional measurement the dry digestion methodology was used, described by Martins & Reissmann (2007). The nutrients concentration (Ca, Mg, Cu, Mn, Fe, Zn) and Al were determined by atomic absorption spectrophotometry. The K and Na concentration was determined by flame spectrophotometry and P concentration by colorimetry.

Table 1. Chemical and physical characteristics of soil used in the omission experiment with Pinus taeda in Paraná State – Brazil. 
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Na, P and K were extracted by Mehlich 1.
Al, Ca and Mg were extracted by KCl 1N.

For the root total length, a subsample was taken from each sample, weighed and scanned on a commercial table scanner. The images were analyzed as to root length and volume using the Winrizo 2.0 program. The total length was obtained by the extrapolation of the subsample.
For the statistical analyze the SISVar program was used, for the difference between means The Student Newman Kleus (SNK) Test was used at the levels of 1% and 5% of probability.
RESULTS AND DISCUSSION
Litter Fraction

New Litter

After three years and 8 months of treatment applications, the major difference in litter was observed for Ca and Mg concentration for all four analyzed fractions. These results were expected since Ca and Mg was added in larger amount compared to P and K. The increase in Mg for the New litter fraction indicated that there were enhancements in nutritional status of pine trees, Table 2.
The K value observed for all litter fractions can be considered very low, Table 2 (Morales, 2007). There was a statistical difference observed amongst the treatments and litter layers, but the concentration is so low that there was no agronomic difference. The low concentration for the treatments which did not receive K (minus macro, minus K and test) was expected since there was low K availability in the soil. It is well known that large portion of K can be redistributed to growing parts of the plants by translocation at rates greater than 90% (Vieira and Schumacker, 2009), especially under K deficiency. 

It had been shown that K is weakly bound to organic matter and can be easily leached from residues. The maintenance of the K concentration observed in this study suggested that there was a direct relationship between K concentration and loss by leaching. It is also important to consider the K input from water which passed through the canopy. The small K amount found in the litter fraction could be mostly from this contribution.

Omission of lime or lime plus fertilizer resulted in lower concentration of P in the coarse fragmented fraction, Table 2. There are plenty of studies showing boosts of P availability via the pH increase from liming application, under acidic conditions (Martins, 2011). The same author had observed that lack of response to fertilizer application can be associated to the translocation and dilution effect. As expected, P was in lower levels in the Test treatment, but it was not different from the Complete treatment, maybe by the dilution factor if the needles in the Complete were longer than in the Test.

Calcium was the nutrient that had its concentration mostly changed with the lime application, only in the Minus lime and Test was it very low, spite of that, there were no statistical differences between the other treatments, Table 2. Magnesium changed differently from Ca with lime application. In all treatments that received lime, Mg increased, but it had an additional effect where potassium was not applied on the New liter fraction, showing a possible interaction between these elements.
Table 2. Mineral concentration (nutrients Al and Na) for litter fractions from Pinus taeda submitted to fertilizer and lime treatments in Paraná State – Brazil.
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COMPLETE

30 aA 257 aA 3.3 aB 0.8 bC 0.4 aD 0.9 aC 4.7 aB 245 aC 148 aC 8.0 aC

MINUS MACRO

28 aB 295 aB 3.0 aC 0.8 bC 0.5 aC 0.9 aC 4.5 aC 313 aB 109 aC 13.7 aB

MINUS MICRO

25 aA 286 aB 2.8 aC 0.8 bC 0.5 aC 0.7 aB 4.5 aC 246 aBC 129 aD 7.3 aC

MINUS K

30 aA 216 aAB 3.8 aC 1.2 aC 0.4 aC 0.9 aC 4.5 aC 285 aB 134 aD 9.2 aC

MINUS Zn

22 aB 286 aAB 2.5 aC 0.7 bC 0.4 aC 0.8 aC 4.5 aC 233 aC 141 aC 9.2 aB

MINUS LIME

47 aA 325 aAB 1.6 aA 0.3 cA 0.5 aB 0.8 aC 5.3 aC 321 aA 151 aC 18.3 aC

TEST

42 aA 210 aA 1.6 aA 0.4 cA 0.4 aC 1.1 aC 4.5 aA 390 aA 154 aC 10.8 aA

Treatments

COMPLETE

27 aA 295 abA 4.3 aB 1.1 aB 0.7 aC 2.7 aB 34.9 aB 502 aA 499 aB 29.2 aC

MINUS MACRO

25 aB 289 abB 3.9 aC 0.9 abC 0.7 aB 3.0 aB 7.4 aC 588 aA 483 aB 25.7 aB

MINUS MICRO

32 aA 318 abAB 3.5 aC 0.8 bC 0.7 aB 2.2 aB 20.7 aC 493 aA 356 aC 18.3 aC

MINUS K

27 aA 287 abA 4.0 aC 1.0 abC 0.7 aB 3.4 aB 11.8 aC 521 aA 418 aC 16.5 aC

MINUS Zn

29 aB 306 abAB 3.3 aC 0.8 bC 0.7 aB 3.3 aB 17.2 aC 527 aA 487 aB 15.3 aB

MINUS LIME

32 aA 388 bA 1.8 aA 0.4 cA 0.6 aB 2.5 aB 13.9 aC 380 aA 396 aB 21.5 aC

TEST

30 aA 217 aA 1.6 aA 0.3 cA 0.4 aC 2.7 aB 5.9 aA 394 aA 478 aB 13.4 aA

Treatments

COMPLETE

85 aB 233 aA 9.9 bcA 2.9 abA 0.9 bB 5.8 aA 264 bcA 439 aAB 920 aA 293.8 abA

MINUS MACRO

119 bA 261 aB 14.0 aA 3.1 aA 1.0 abA 5.8 aA 186 cB 479 aAB 772 aA 243.8 aA

MINUS MICRO

78 aBC 238 aB 10.0 bcA 2.8 abA 1.1 bA 4.6 aA 342 abA 362 aAB 847 aA 237.3 bA

MINUS K

95 aC 248 aAB 8.8 cAB 2.6 bAB 1.1 bA 5.7 aA 262 bcA 411 aAB 744 aAB 266.0 abA

MINUS Zn

86 aA 260 aAB 12.7 abA 3.0 aA 1.1 bA 3.9 aB 397 aA 446 aAB 902 aA 33.6 cB

MINUS LIME

88 aC 248 aB 0.6 dA 0.2 cA 0.7 cB 4.9 aA 327 abA 60 bB 762 aA 336.6 aB

TEST

79 aC 207 aA 0.3 dA 0.1 cA 0.6 cB 4.6 aA 10 dA 36 bB 782 aA 15.2 cA

Treatments

COMPLETE

114 abC 223 aA 11.2 aA 3.0 bA 1.1 aA 5.1 abA 267 aA 309 aBC 970 aA 203.3 abB

MINUS MACRO

136 bA 255 aB 15.9 aA 3.2 aA 1.0 abA 4.1 abB 274 aA 390 aB 925 aA 275.8 aA

MINUS MICRO

99 aC 237 aB 11.8 aA 2.9 bA 1.0 abA 5.0 abA 274 aA 247 aBC 937 aA 172.3 bA

MINUS K

123 abB 187 aB 10.7 aAB 2.8 bA 1.1 abA 4.0 bB 232 aAB 330 aB 838 aA 238.7 abA

MINUS Zn

110 abA 215 aA 12.6 aA 3.0 bA 1.0 abA 6.1 aA 266 aB 338 aBC 993 aA 40.7 cB

MINUS LIME

116 abB 243 aB 1.0 bA 0.3 cA 1.0 abA 4.7 abA 301 aA 42 bB 893 aA 296.3 aB

TEST

126 abB 220 aA 0.6 bA 0.3 cA 0.9 bA 5.0 abA 22 bA 29 bB 932 aA 19.1 cA

Treatments

COMPLETE

107 aBC 330 abA 8.3 aA 2.7 aA 1.1 aA 2.4 aB 183 aB 92 aD 620 aB 154.1 bcB

MINUS MACRO

112 abA 443 bA 7.0 aB 2.6 aB 1.0 abA 1.7 aC 71 aC 129 aB 432 aB 77.0 cB

MINUS MICRO

69 cB 399 abA 6.7 aB 2.4 aB 1.0 abA 1.8 aB 130 aB 172 aB 521 aB 94.4 bcB

MINUS K

135 aB 356 abA 7.2 aB 2.5 aB 1.0 abA 1.5 aC 156 aB 83 aB 595 aB 127.0 bcB

MINUS Zn

89 bcA 365 abB 7.6 aB 2.5 aB 1.0 abA 1.5 aC 105 aB 36 aB 597 aB 181.8 bA

MINUS LIME

139 aB 387 abA 0.6 bA 0.1 bA 1.0 abA 1.8 aBC 195 aB 18 aB 551 aB 190.0 aA

TEST

140 aB 299 aA 0.2 bA 0.1 bA 0.9 bA 2.1 aBC 111 aA 115 aB 529 aB 66.5 cA

Na K Ca Mg P Al Cu Mn Fe Zn

Treatments <0.01 0.06 <0.01 <0.01 <0.01 0.69 <0.01 <0.01 0.15 <0.01

Layer <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

T x L <0.01 0.78 <0.01 <0.01 <0.01 0.11 <0.01 <0.01 0.85 <0.01

C.V. Treatments 23.2 30.4 44.76 13.93 18.78 29.75 68.17 53.04 21.35 52.69

C.V. Layers 20.9 21.6 32.81 9.66 11.82 29.76 42.09 29.14 18.8 40.31
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FINE FRAGMENTED LITTER (FFL)

 -----------mg kg

-1

-----------  ------------------------g kg

-1

---------------------------

FINE ROOTS

Ca

 -------------------------mg kg

-1

-----------------------------

Mn Fe

Cu

NEW LITTER (NL)

Na K Ca Mg P Al Zn Cu Mn

 -------------------------mg kg

-1

-----------------------------

Mn

Mg P Al Mn

Al Cu

COARSE FRAGMENTED LITTER (CFL)

Na

 -----------mg kg

-1

-----------  ------------------------g kg

-1

---------------------------  -------------------------mg kg

-1

-----------------------------

Mn Fe Zn Na K Ca Mg

 -----------mg kg

-1

-----------  ------------------------g kg

-1

---------------------------

 ------------------------g kg

-1

---------------------------

Al K

Na K Ca Mg P

Na K Zn

Fe

Fe

 -------------------------mg kg

-1

-----------------------------

Zn

Cu

Fe

 -----------mg kg

-1

-----------

 -----------mg kg

-1

-----------

 ------------------------g kg

-1

---------------------------  -------------------------mg kg

-1

-----------------------------

Zn Ca Mg P

OLD LITTER (OL)


The Student Newman Keuls Test was applied. The averages followed by the same letter do not differ statistically among themselves. Lower case letters compare treatments and the Upper case compare the layers.

There was a small increase in the Ca nutrient concentration from NL to OL and the difference among the treatments were the same. Where lime was applied, Ca and Mg nutrient concentration were much higher, maybe due to the amount of fallen needles with better nutritional level of these elements. The nutrients Ca and Mg increased with the lime application.
There was no response in the New litter fraction for P, Al, Cu, Mn, Fe and Zn. Their values ranged from 0.37 to 0.52 g kg-1; from 815 to 1062 mg kg-1; from 4.5 to 5.0 mg kg-1; from 233 to 390 mg kg-1; from 109 to 154 mg kg-1; from 7.33 to 18.27 mg kg-1, respectively. Aluminum was in a very high level for plant tissue and also Mn, probably because of the acidity. Copper was within a normal range considering the field conditions. The Zinc nutrient concentration was very low in all treatments (Morales, 2007), differently from what we expected. It had its lowest level in the Complete and Minus micro treatments.
Old Litter

The concentration of the elements that had no statistical difference for Old litter were Na, Ca, P, Al, Cu, Mn, Fe and Zn, they ranged from 27 to 32 mg kg-1; 1.58 to 4.29 g kg-1; 0.43 to 0.69 g kg-1; 2.33 to 3.44 g kg-1; 5.91 to 34.91 mg kg-1; 393.57 to 587.75 mg kg-1; 356.4 to 499.23 mg kg-1 and from 13.44 to 29.23 mg kg-1, respectively (Table 2).
The Al and Fe concentration increased about three times in the New litter for the Test treatment. This result could be explained by a combination of three factors. First, the loss of CO2 from residue decay decreased the mass and concentrated the nutrients present in the residue. However, the old litter showed low signs of decomposition which could justify the high increase observed. Second, the elements which strongly bond to organic matter can remain and have low impact from the leaching process. Both elements, Al and Fe, are known to have strong adsorption on organic matter as well as Cu and Zn (Kendorff and Schnitzer, 1980). Thus, the same behavior could be occurring with Cu and Zn, but it was not observed. Third, during the pine residue decomposition large amounts of organic acids were produced under very acidic conditions in which they were able to attack and solubilize some soil minerals when coming into contact. Since Al and Fe are major components of minerals and have a bond strongly to organic acids they remain in solution in large amounts. After the solubilization, the acid solution, rich in organic acids, with Al and Fe can move upward by capillarity under dry condition. It enhances the Al and Fe concentration up layer. Therefore, the third explanation seems much more reliable and it was used by Trevisan (1992) in order to explain the high concentration in all the litter. Phosphorus was more stable and there was a small decrease only in the Test treatment, but there is no statistical difference. 

There was a high increase in Zn concentration from NL to OL, showing the response for the nutrient application. The lowest values can be seen in the minus Zn and Test treatments, as predicted. There were high increases in Fe and Mn from the NL to OL, as occurred with Al and maybe by a small contribution from the soil. There was a slight tendency for Mn to be lower in the Minus lime and Test treatments. These treatments did not receive lime and we expected that the amount of Mn would be higher than in the other treatments because of the natural acidity and nutrient availability (Sims, 1986), but the opposite occurred.

Fragmented Litter

There were no great differences between CFL and FFL, Table 2. For both layers the lowest values for Ca and Mg can be found in the Minus lime and Test treatments, as predicted. The same occurred for Mn, that had its lowest levels in the Minus lime and Test treatments, the opposite of what had been imagined after all the use of lime had effects on Mn toxicity, lowering its concentration. In spite of the high values found for Zn, the lower were found in the Minus Zn and Test treatments showing the effect of the fertilization. Cooper showed quite high levels in the fragmented litter and only in Test treatment the level is not so high, but still high. This occurred because Cu can strongly be bind in organics structures. Something similar occurred with Zn, that had higher values, unless for the Minus Zn and Test treatments that did not receive Zn fertilization (Gamble et al., 1983). It should be remembered that these data shown in Table 2 are total nutrient concentrations and not availability. The Fe and Al nutrient concentration in the fragmented litter were quite high and there probably was contribution from the soil, as previously explained.
Roots
Table 2 also shows the chemical analyses for the fine root nutrient concentrations. The roots did not change much with the nutrient application from the fertilizing treatments. There was no agronomic importance to the slight changes observed in Na, K and P that ranged from 69.2 to 139.7 mg kg-1; 298.6 to 443.3 mg kg-1 and 0.9 to 1.1 g kg-1, respectively. Only lime would be able to consistently modify the nutrient concentration, especially for Ca and Mg. The other nutrients evaluated did not present a statistical difference and varied ranged from 1.5 to 2.4 g kg-1; 70.7 to 195.3 mg kg-1; 18.4 to 172.4 mg kg-1; 431.8 to 620.4 mg kg-1 and from 66.5 to 190.0 mg kg-1 for Al, Cu, Mn, Fe and Zn, respectively. 
The result for the fine root lengths is presented in Table 3 and indicates values between 75 to 233 thousand kilometers. These values were much higher than 16 mil km ha-1 found by Lopes et al. (2010) in RS state. This can be a response to poor fertility and residue accumulation. 
Fine root length showed the influence of fertilization and lime, with the highest value for the Complete treatment. Bakker et al. (2008) found a decrease in root density within the upper soil layer when fertilizer was applied to Pinus pinaster without irrigation. 
There was high response of the treatments in the Ca/Al molar ratio (Table 3). For all treatments that had received lime, the Ca/Al ratio was much higher than the threshold discussed by Vangelova et. al (2007). The Ca/Al molar ratio for the treatments Minus lime and Test showed that the pine forest studied was under Al toxicity. There was no statistical difference among the treatments for Al in fine roots, but there was for Ca concentration, Table 2. These values showed the effect of liming on decreasing the Al toxicity by increasing the Ca concentration in litter and fine roots (Bakker, 1999). 
Table 3. The Ca/Al molar ratio and Fine root lengths from Pinus taeda submitted to fertilizer and lime treatments in Paraná State – Brazil.
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1.000 km

Ca/Al    

Molar Ratio

COMPLETE 233 a 6.1 a

MINUS MACRO 126 b 6.1 a

MINUS MICRO 160 b 6.2 a

MINUS K 75 b 7.4 a

MINUS Zn 101 b 5.6 a

MINUS LIME 83 b 0.5 b

TEST 112 b 0.1 b

p-Value <0,01 <0.01

VC(%) 36.83 27.68


The Student Newman Keuls Test was applied. The averages followed by the same letter do not differ statistically among themselves.

Nutrients, Al and Na in litter fractions and roots


The Na and K concentrations were very low, however there were slight increases in the FFL and CFL for Na (Table 2). This small increase in Na concentration could be related to the occurrence of more charge on decomposed organic matter in the lowers layer. It was obtained small differences on K concentration among litter layers (Table 2). The roots got the highest K concentration among litter fractions. A large portion of K in the plant is in general redistributed to new growth parts (Vieira and Schumacker, 2009). The results suggested that the small portion of K, which was not redistributed by plant, should adsorbed to organic compounds. Despite, the link between K and organic matter is recognized to be weak, it seems to be strong enough to maintain it concentration during decay process. 
The nutrients Ca and Mg showed an accumulation in deeper layer of the litter due to adsorption of solubilized lime as well as the coarse particles trapped in the litter. The roots accumulated them more than the NL and OL fraction, showing that these elements are building better root growth conditions in this layer with a high Al concentration (Vangelova et al., 2007). Another plant movable nutrient is P that presented lowers values in NL and OL and accumulated in FFL and CFL because of the immobilization of P with organic compounds from these fractions. The element Al had high values, even in the NL fraction, but showed increased consistently in the older fraction and in roots which showed how hostile the environment is where the Pinus fine roots grow.
The micronutrient Cu was at a good level in the NL fraction but had dramatically accumulated in the more degraded fractions, beginning in OL where its concentration was five times greater than in the NL. This high accumulation could be not only justified by the litter degradation, but also and principally from nutrient application by the treatments. Zinc, as a heavy metal like Cu, has affinity with organic compounds (Kerndorff and Schnitzer, 1980) from litter decomposition and had been accumulated in older litter fractions.

The high Cu concentration found in roots shows the plant ability to inhibit its translocation into the stem. The same did not happen with Mn, that had low values in the roots but high values in the NL, possibly by the high translocation of this nutrient in the stem. The Mn concentration had distinct behavior related to lime application and layer. In general, where lime was applied, the Mn increase from NL to OL then kept the same concentration for CFL and decrease the concentration for FFL, reaching similar value than NL. However, where there was no application of lime, the Mn concentration showed sharply diminishing from OL to CFL and FFL. It seems that lime application decrease Mn lost and can be associated to boost of charge and retention to organic material. Also, the soil showed small contribution to increase Mn concentration for CFL and FFL which it was observed by Al and Fe. This was expected since the Mn concentration in the soil is in general much smaller than Al and Fe. 
The Al and Fe showed high accumulation in the older litter fractions. This could be due to two reasons: high uptake and deposition by litter accumulation; and/or by soil contribution which it was present before. 
High amounts of Fe were found in the roots and less in the NL fraction, this suggests that the plant upward translocation ability for Fe is not as good as for Mn. Root Zn concentration was very high. This element is closely related to the tryptophan synthesis route, a plant hormone produced in roots tips responsible for cell elongation (Taiz and Zieger, 2006). With the roots well supplied with Zn, they are able to grow as much as they need, since there was enough P. The accumulation of Zn shown for the FFL and CFL could be also because of the treatments applied and not only from the natural accumulation provided by decomposition. The NL and OL fractions had low quantities, this means that even with a high concentration in the older fraction, where the roots are allocated and the concentration within the roots themselves, the plant was not entirely well supplied since all the needles that make up the NL were low in Zn.
Immobilized nutrients and litter accumulation
The total amount of litter accumulation (Table 4) is in agreement with Bizon (2005), who found accumulation ranging from 20.3 to 90.6 Mg ha-1, in the same region. Such an amount of litter indicated a poor site condition since it an inverse relationship has been observed between site quality and the amount of soil surface litter (Reissmann and Zoettl, 1987). The poor growth site, in general, presented low soil fertility leading to low soil microbiology activity. Also, plants growing under soil nutrient deficiently should have low nutrient concentration in their tissues, which might hinder the decomposition rate. Thus, an increase was expected in the litter decomposition rate with the liming and fertilization, but there was no difference in litter accumulation amongst the treatments. On the other hand, Jandl et al. (2003), after 20 years of fertilization amendment in a very poor site, found a high decrease in litter accumulation from 76 Mg ha-1 to 24 Mg ha-1. In our case, from the experiment installation to the litter sampling, only four years had gone by and that could not be sufficient time to show the decrease in litter accumulation.
There was a small variation in the amount of the new litter fraction mass, it ranged from 3.89 to 4.38 Mg ha-1, Table 4, suggesting an equivalent loss of needles, disregarding the treatment application. The combined amount of litter in new and old fractions only represent 17.1 to 23.6 % of the total. This amount is close to the annual litter deposition of 6.4 and 9.3 Mg ha-1 observed by Bizon (2005), under similar soil and climate condition, suggesting that these fractions had close to one year old recently fallen needles and by Piovesan (2012), who found 7.1Mg ha-1 in an 8 year-old pine plantation in Quedas do Iguaçu – PR. 
Table 4. Litter accumulation from Pinus taeda submitted to fertilizer and lime treatments in Paraná State – Brazil.
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COMPLETE 4.32 C 5.37 C 26.28 A 16.15 B

MINUS MACRO 3.89 C 5.98 C 25.24 A 15.51 B

MINUS MICRO 4.13 C 6.03 C 22.88 A 15.81 B

MINUS K 3.74 C 5.95 C 21.32 A 14.75 B

MINUS Zn 4.33 C 6.04 BC 21.48 A 12.10 B

MINUS LIME 4.27 C 5.11 C 23.08 A 16.97 B

TEST 4.38 C 5.28 C 23.80 A 16.19 B

p-Value treat 0.88

p-Value fraction <0.01

VC treat (%) 39.04

VC fraction (%) 34.37

LITTER DRY MASS ACCUMULATION (Mg ha

-1

)

NL OL CFL FFL


The Student Newman Keuls Test was applied. The averages followed by the same letter do not differ statistically among themselves. NL – New Litter; OL – Old Litter; CFL – Coarse Fragmented Litter; FFL – Fine Fragmented Litter.
The other litter residue fractions were composed of coarse fragmented litter with 50% and fine fragmented litter with 30% of total mass. The age of the fragmented residue was not established but it was possible to have some contribution from the remaining residue from the first Pinus rotation. After all, there is no use of fire to clean the area, not even after the first rotation harvest. The fine fraction could be a more stable form and the major reservoir for nutrients, as well as source of energy for microorganisms. 

The amount of immobilized nutrients in the litter shown in Table 5 indicated that the nutrient reservoir sequence is P>Ca>Mg>K for the test or native condition. Also, the observed results indicate that litter can be a major source of P when fertilizer and lime were not applied. This statement can be made since, among the evaluated elements P, was found in high amounts in the litter and was less exported and extracted by the pine (Martins, 2011). However, the high amount of immobilized P was not due to the concentration, but to the amount of deposited litter.
To the opposite, the litter showed a small potential to supply K to the pine since there was a low amount of it in the litter and plants require it in large amounts. This was expected for potassium due to the capacity of redistribute from old tissue to new growth plant parts. So, needles loss the most part o K before they fall from the tree. 
There is a potential source of P, Ca and Mg in litter, but it will be only available if litter decomposition is promoted. The application of lime and fertilizer increased the concentration of Ca and Mg in the youngest litter fractions (Table 2) as well as in the old litter fractions. As results of Ca and Mg concentration increment, the total amount of Ca and Mg in the litter when lime was applied got values ten times bigger than under native condition (Table 5). As previously presented, a portion of applied lime did not react and could be observed by naked eyes, during samples manipulations. This lime fraction stayed within the litter residue which contributed for the observed values for Ca e Mg. Another applied lime portion was trapped, solubilized, and released its cations (Ca and Mg) then they were adsorbed by the litter negative charge. 

The observed Ca obtained increment was proportionally higher than Mg since the Ca/Mg ratio for used lime was 1.7/1 and the litter was more than 3/1. Since, there is an inverse relation between adsorption strength and loss by leaching, the higher adsorption capacity for Ca compared to Mg resulted in maintenance of Ca in the litter. 
Table 5. Total nutrients in litter from Pinus taeda submitted to fertilizer and lime treatments in Paraná State – Brazil.

[image: image8.emf]COMPLETE 4.38 12.70 474.92a 133.98a 47.81ab

MINUS MACRO 5.21 13.33 561.55a 134.35a 43.66ab

MINUS MICRO 4.47 14.17 545.13a 143.45a 58.65a

MINUS K 4.16 10.31 376.33a 107.06a 45.53ab

MINUS Zn 3.46 11.57 440.32a 107.59a 43.93ab

MINUS LIME 4.41 12.96 45.97b 11.50b 38.75ab

TEST 4.19 10.26 30.43b 10.60b 31.71b

p-Value 0.43 0.33 <0.01 <0.01 0.063

VC(%) 23.46 22.2 31.64 23.83 23.66

TOTAL LITTER IMOBILIZED NUTRIENTS kg ha

-1

Na K Ca Mg P


The Student Newman Keuls Test was applied. The averages followed by the same letter do not differ statistically among themselves.
The fertilizer application increased P accumulation only under micronutrient omission compared to the Test. For unknown reason (s), the effect was not observed for the other treatments which received P. The increase observed for P was probably due to the immobilization process in the organic matter. The high litter accumulation due to the low decomposition rate indicates that the C/P ratio is promoting P immobilization, as found by Martins (2011), who found a C/P of 2000 in the Test treatment. 
CONCLUSIONS

1. The nutrients that have affinity with organic matter, like Cu and Zn, if applied, will be bound in the more decomposed layer of the litter.

2. Highly movable nutrients, such as, K in poor systems will not be present in great quantities in litter and fine roots.
3. There were high increases in Ca and Mg nutrient concentrations in the litter due to the high amount that had been applied as lime and the uptake by the tree. 
4. There was a high amount of Al in the litter and fine roots and the Ca/Al molar ratio found in fine roots indicates Al toxicity stress.
5. The lime application was a good source of Ca and Mg, they provided better conditions for e fine root growth and decreased Al toxicity.
6. There was a concentration of Al and Fe for age residue give by the soil contribution.

7. The litter acts as a nutrient pool and follows the following order of availability under natural conditions: P>Ca>Mg>K. For the amended condition provided by this experiment the sequence was: Ca>Mg>P>K. 
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