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Abstract

:

The growth of teak (Tectona grandis L. f.) seedlings in sandy soil in northeast Thailand is suppressed by infertility and drought stress. In a preliminary field pot experiment, we confirmed that bentonite was useful for increasing soil water availability. To monitor early growth characteristics of teak seedlings in sandy soil, we curried out an experiment of teak seedlings using bentonite and fertilizer in the field from July 2014 to November 2015. We then compared the growth, biomass, photosynthetic rate, leaf water potential, and concentration of elements in the plant organs among the four treatments. Bentonite increased both soil pH and Ca during the experimental period, and retained P in fertilizer. The dry mass of teak seedlings was markedly increased by concurrent use of bentonite and fertilizer. However, the use of bentonite alone showed little increase of dry mass of teak seedlings. Moreover, application of bentonite was mitigated drought stress in dry season, and photosynthetic rate showed high value by high concentration of chlorophyll. The concentration of K in root of teak seedlings was increased by application of bentonite, and its value showed positive correlation with the relative growth rate of teak seedlings. We concluded that bentonite was useful for the uptake of K and retention of P in fertilizer, as a result, growth of teak seedlings was accelerated.
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1. Introduction


Teak (Tectona grandis L. f) is one of the most important timber species, and has been planted in tropical regions of various countries [1]. In general, natural teak forest soil is alkaline (pH 6.8–7.8) [2], and its area in Thailand overlaps with the distribution of calcareous soil originating from limestone [3]. Soil nutrients are important in the growth of teak seedlings, and limited soil nutrient content is a primary restriction on the growth of teak [1,3,4,5]. In particular, a drastic decrease in the growth of teak seedlings has been observed when they are raised in culture medium without nitrogen [N] or calcium [Ca] [4,6]. Thus, we considered N and Ca to be essential nutrients for teak growth.



In the uplands of tropical Asia, soil is characterized by low pH and infertility [7,8,9]. Moreover, clays at the surface have been leached, and the water-holding capacity and cation exchange capacity (CEC) at the surface are low [8,9]. The growth of teak is negatively correlated with sand content, and poor teak growth is observed on plantations with very sandy soil [3,10,11]. Additionally, soil with a low CEC is characterized by rapid leaching after fertilizer application [9,12]. Soil in northeast Thailand is described as a “light textured sandy soil” (referred to as sandy soil herein), and is characterized by low clay content, low pH, low fertility, low water-holding capacity, and low CEC [13,14,15,16]. Previous studies have shown that teak grows poorly in sandy soils [17] and readily suffers from drought stress [15]. Thus, when teak seedlings are planted in sandy soil, the water-holding capacity and CEC must be improved to promote growth.



Meanwhile, there was a case that height of teak planted in northeast Thailand was over 10 m for five years by soil improvement [16]. This value was similar with the suitable region of teak plantation in Thailand [18]. Thus, some areas in northeast Thailand have a potential for high growth of teak [19]. Moreover, growth characteristics of teak seedlings for two years was reflected subsequent growth [11,16]. Therefore, the monitoring of teak growth in early period after planting is important [15,20], and can predict the subsequent growth [11,16]. Moreover, teak seedlings are suffered from the drought stress in the first dry season, and increase their mortality [15,20]. Measurements of leaf water potential and photosynthetic rate can estimate the vitality of teak seedlings [21,22,23]. Therefore, measurements of ecophysiological traits of teak seedlings in early period is essential for the monitoring of teak growth.



The previous method for the improvement of sandy soil was fertilization and acid correction [16]. Recently, bentonite, a clay consisting mostly of montmorillonite is introduced, and has a high water-holding capacity and CEC [13,24,25,26]. However, the use of bentonite in silviculture is rare [24,27]. In a previous experiment, we examined the effects of bentonite on teak growth [14]. We added 4% bentonite to sandy soil in northeast Thailand. Teak seedlings were potted in these soils and raised for 1 year under field conditions with no fertilization. Soil water content was increased by adding bentonite; however, we did not confirm growth acceleration in the teak seedlings after the addition of bentonite [14]. In contrast, application of bentonite improves the fertility of sandy soil owing to its high CEC value. A particle of bentonite is charged negatively, and bind various kind of cations [28]. As a result, bentonite has high capacity of nutrient retention, and plants efficiently absorb cations bound a surface of bentonite [29]. Moreover, application of bentonite has the capacity to increase Ca in the soil [26]. Bentonite has also a capacity to mitigate the leaching of nutrient ions by binding on its surface [29]. However, the capacity of binding is not irreversible [30]. Plant production is increased by concurrent use of bentonite and fertilizer [29,31]. However, verification tests on teak seedlings grown in bentonite and fertilizer-enhanced soils have not yet been conducted in a field environment.



The aim of this study was to examine the suitability of bentonite for improving the CEC and fertility of sandy soil. We conducted a field experiment with teak seedlings grown in sandy soil containing added bentonite and fertilizer. We hypothesized that the concurrent use of bentonite and fertilizer would increase the soil’s capacity for retention of nutrients in fertilizer and that the growth of teak seedlings should be accelerated by efficient nutrient uptake, and mitigate drought stress in dry season. To verify these hypotheses, we examined the ecophysiological traits of teak seedlings in early growth period, including (1) soil nutrient content, (2) seedling growth and biomass, (3) characteristics of photosynthesis and water use, and (4) concentrations of elements in plant organs. These parameters were compared among seedlings grown in untreated sandy soil, grown with a single use of fertilizer or bentonite, and grown with concurrent use of fertilizer and bentonite. In addition, symbiosis of arbuscular mycorrhizal (AM) fungi is important to the growth of teak seedlings [32]. We also observed colonization of AM fungi in the roots of the teak seedlings.




2. Materials and Methods


2.1. Study Site


We curried out the experiment at the Northeast Forest Seed Center, which is located in Khon Kaen Province in northeastern Thailand (16°16′ N, 102°47′ E, 191 m a.s.l.). The metrological data of this center was introduced by Kayama et al. [14]. Precipitation is concentrated from May to October, and other months are considered as dry season [14]. The sandy soil in this area is classified as an Acrisol in the FAO/Unesco soil taxonomy, and as an Ultisol in the USDA taxonomy [7,8].



On the selection on the suitable site for the planting of teak seedlings, we already estimated from the soil research, and categorized as five ranks [19]. Sandy soil is categorized third rank, and is considered as moderately suited soil [19]. Sandy soil is distributed over a large area in this province (13.5%) [19], and there is no natural teak forest in the sandy soil area. Farmers living in this area are interested in the cultivation of teak for its high timber quality [33]. Soil improvement is essential to accelerate the growth of teak planted in sandy soil area.




2.2. Selection of Experimental Plots and Preparation of the Land and Teak Seedlings


A sandy soil experimental plot, which covered 2016 m2, was selected as the site for our experiment. This site had been previously planted with teak seedlings under no-fertilization conditions [17]; however, many of these teak trees were dwarfed. We prepared the land in April 2014. All trees growing at this site were cut down, and their roots were removed.



We prepared teak seedlings by a tissue culture technique at the Ngao Silvicultural Research Station, Lampang, Thailand, and 520 teak seedlings were transported to the Northeast Forest Seed Center. The number of seedlings included was sufficient to replant the study area. The teak clone was selected from Mae Hong Son Province (clone number 21), and this clone has been planted in various locations of Thailand (Royal Forest Department).




2.3. Experiment


The following treatments were established: control (CON), fertilizer (FER), bentonite (BEN), and bentonite and fertilizer (BEN + FER). Three blocks of four treatments were established at the site, and their positions were randomized. The size of each block was 12 m × 10 m, with 2 m between blocks. Teak seedlings were planted as a buffer on the border between the blocks. After establishing the seedlings, we buried a concrete pole at the corner of each block.



We prepared the bentonite and fertilizer before planting. In June 2014, we prepared 120 kg sodium [Na] bentonite and 12 kg of chemical fertilizer (N: phosphorus [P]: potassium [K] = 15:15:15), which was purchased from a market in Thailand. After preparing these materials, 1 kg of bentonite was placed in separate plastic bags, and 100 g fertilizer was added to each plastic bag.



We planted 42 teak seedlings in each replicate block at the site during July 2014. The total number of teak seedlings planted was 504 (4 treatments × 3 replicates × 42 seedlings/replicate). The interval between seedlings was 2 m × 2 m, and 22 teak seedlings were planted outside the blocks as buffer trees. We targeted 20 teak seedlings per replicate block planted within the buffer trees. Before planting, we made a hole at the position of the teak seedling. The area of hole was 30 cm × 30 cm, and 30 cm of depth. The removed soil was collected, and 1 kg of bentonite or 100 g of fertilizer was mixed into it. The amount of fertilizer was the same as that used in a previous fertilization test in sandy soil [16]. After mixing, a teak seedling was planted in this hole and buried in the mixed soil. We also sampled 10 teak seedlings at this time. We collected 2 g of fine roots with diameters <2.0 mm and placed them in a solution of formaldehyde, acetic acid, and alcohol (FAA solution), where they were preserved at 4 °C. These samples were used to observe AM colonization by the following method. Other teak seedling organs were oven-dried at 70 °C for 3 days, and the dry masses of the leaves, stems, and roots were recorded.



We also inserted soil moisture sensors (SM150, Delta-T Devices Ltd., Cambridge, UK) into two blocks. The sensor logger was fixed to a concrete pole, and a soil sensor was inserted near the seedling.




2.4. Soil Analysis


We measured the texture, the CEC and chemical properties of sandy soil. On the subject of chemical properties, we analyzed pH, organic matter (OM), total N, exchangeable p and base cations (Ca, Magnesium [Mg], K and Na). We selected three seedlings from each replicate block located at three corners and collected surface (0–5 cm) soil samples under these seedlings in July 2014 and November 2015. For the measurement of soil pH, we prepared the suspended solution by addition of 10 g of fresh soil and 25 mL of distilled water, and mixing for 1 h [34]. After mixing, Soil pH was measured using a pH meter (SG2, Mettler Toledo, Zürich, Switzerland). The soil samples were air-dried prior to the chemical analysis.



The analysis of soil texture was used for the samples in July 2014, and determined by the hydrometer method [35]. The extraction solution for the CEC analysis was obtained by the rapid method [36] produced by Fujihira Industry Co. (Field Soil Doctor, Tokyo, Japan). The ammonia concentration of this solution was analyzed by the indophenol method [37] using a spectrophotometer (AE-VIS721, A and E Lab. Co., London, UK), and then the CEC value was calculated. The OM concentration was determined by the loss-on-ignition method [38]. Total N concentration was determined by the Kjeldahl method [38]. Exchangeable p was obtained using dilute acid fluoride [38] and shaking for 1 min. p in the extracted solution was analyzed by the molybdenum blue method [39] using a spectrophotometer (U-1800, Shimadzu, Kyoto, Japan). Exchangeable base cations were obtained by mixing 4 g of dry soil with 100 mL of 1 M ammonium acetate solution and shaking for 1 h [38]. The base cations in the extracted solutions were determined using an atomic absorption spectrophotometer (AAnalyst 300, Perkin-Elmer, Norwalk, CT, USA).




2.5. Measurement of Growth of Teak Seedlings


We measured the growth of 20 teak seedlings for three blocks of four treatments. The total number of seedlings was 60 for each treatment. Tree height and basal diameter were measured at six time points (July 2014, October 2014, February 2015, May 2015, July 2015, and November 2015). At these times, we also confirmed the number of dead teak seedlings.




2.6. Measurement of Photosynthetic Rate and Concentrations of Chlorophyll


We measured the area-based photosynthetic rate at light saturation (Psat) and stomatal conductance (gs) in healthy teak leaves at the second level from the top. Some teak seedlings had only immature or senescent leaves by short period of leaf turnover [14]. To unify mature and healthy teak leaves, we selected 9 teak seedlings from 20 seedlings (three individuals from each of three blocks), were used to measure the photosynthetic rate. We measured the photosynthetic rate in leaves that were 1 month old. We measured Psat five times (October 2014, February 2015, May 2015, July 2015, and October 2015), and the measurements were always performed between 09:00 and 11:00. Psat and gs were determined using a portable gas analyzer (LI-6400, LiCor, Lincoln, NE, USA) with an ambient temperature of 28 °C and an ambient CO2 concentration of 38.0 Pa. The supplemental LED light was 1800 µmol m−2 s−1 photosynthetic photon flux, which was a light saturation level.



After measurement, we collected 0.66 cm2 of teak leaf disks and stored them at −18 °C. For the extraction of chlorophyll in the leaves, we used dimethyl sulfoxide (DMSO), and determined using a spectrophotometer (AE-VIS721). The concentrations of chlorophyll a and b were calculated according to a previously reported equation [40].




2.7. Measurements of Leaf Water Potential and Concentrations of Chlorophyll


Leaf water potential of teak leaves was measured in February 2015 and May 2015 in the mid and late dry season. For the measurement of water potential, same leaves were used to measure the photosynthetic rate. In general, the leaf water potential was lowest in the afternoon because of transpiration and highest during the night after recovery of water [41]. We collected nine teak leaves from each treatment, placed in a plastic bag containing wet filter paper and stored at 6 °C. We determined water potential using a pressure chamber (Model 600, PMS Instrument Co., Albany, OR, USA) at 13:00–14:00 and 05:30–06:00 the next day.




2.8. Analysis of Biomass


The dry masses of leaves, stems, and roots were weighed to determine total biomass of the teak seedlings. We collected all of the organs from four teak seedlings in each of the three blocks randomly at the end of November 2015. The other teak seedlings were left so we could examine long-term effects on teak growth. We collected the aboveground organs, divided them into leaves and stems, and measured their fresh masses. We collected the largest leaf from the leaf samples and measured its length and width. Leaf area was calculated using an equation from Tondjo et al. [42] as follows:


A = 0.60 × L × Wi



(1)




where A is leaf area, L is leaf length, and Wi is leaf width.



In addition, about 100 g (fresh mass) of leaf and stem samples were collected and their fresh masses were measured. We collected leaves that were second from the top for analysis. These leaf and stem samples were placed in separate envelopes and oven-dried at 70 °C for 3 d. When the sample fresh mass was <100 g, all samples were placed in a single envelope. After drying, the dry mass of each component was determined and the moisture content was calculated. We calculated the dry mass of all leaves and stems based on their moisture content.



We collected root samples from the area of a circle with a radius of 50 cm from the same teak seedlings. The root samples were washed twice with tap water and air-dried for 12 h. After air-drying, the root fresh mass was measured. In addition, about 100 g (fresh mass) of root samples were collected, and their fresh mass was measured. These root samples were placed in envelopes and oven-dried at 70 °C for 3 days. After drying, the root dry mass of each sample was determined, and total root dry mass was calculated from the moisture content value. In addition, we collected 5 g (fresh mass) of fine roots with diameters <2.0 mm. The fine roots were placed in FAA solution, preserved at 4 °C, and used to observe AM colonization.



We then calculated the relative growth rate (RGR [41]) from the July 2014 and November 2015 data.




2.9. Analysis of Mycorrhizal Colonization and Element Concentrations in the Plant Organs


A previous experiment revealed that symbiosis with AM fungi helps teak seedlings acquire nutrients from sandy soil [14]. We observed AM colonization in the fine root samples preserved in FAA solution. The root samples were placed in 1 M KOH and cleared by boiling for 1 h. After boiling, the root samples were stained in 0.05% trypan blue in lactic acid and glycerol (1:1) by boiling for 15 min and then de-stained in lactic acid and glycerol (1:1). The root samples were placed on a Petri dish with a film ruled into 5 mm squares. We observed over 200 spots of roots intersected by grid lines at 7 to 45 × magnification using a stereomicroscope. AM colonization was calculated by the gridline intersect method, which is the ratio of the number of infected intersections per total number of root intersections [43].



We analyzed the concentrations of N, P, K, Ca, and Mg in the leaves (located second from the top) and fine roots using the dried plant organ samples. The leaves and fine root samples were washed with distilled water and oven-dried at 70 °C for 3 days. After drying, the leaf and root samples were ground into a fine powder using a sample mill (WB-1; Osaka Chemical Co., Osaka, Japan). We used NC analyzer (Sumigraph NC-220F, Sumika Chemical Analysis Service, Tokyo, Japan) for the analysis of concentration of N. The powdered samples were also used for the analysis of other elements, and we digested by the HNO3-HCl-H2O2 method [44]. The digested solution was used for the analysis of concentrations of P, K, Ca, and Mg, and determined by ICP analyzer (ICPE-9000, Shimadzu, Kyoto, Japan).




2.10. Statistical Analyses


First, we compared all of these parameters among the three blocks of each treatment using one-way ANOVA in Kyplot 5.0 (Kyens Lab. Inc., Tokyo, Japan). There were no significant differences among the three blocks. Thus, we pooled the mean values of parameters for each treatment.



For the soil texture, tree height, diameter, Psat, gs, concentrations of chlorophyll, leaf water potential, survival of seedlings, RGR, leaf area, mycorrhizal colonization, teak dry mass of each organ, and concentration of elements, we used a two-way ANOVA. We compared fertilizer, bentonite and their interaction. For the soil chemical properties, we used a three-way ANOVA, comparing fertilizer, bentonite, two periods of sampling, and their interactions.



To estimate the concentrations of nutrients needed to grow teak, we performed a correlation analysis of the concentration of elements in soils and in the leaves or roots, and the concentration of elements in the leaves or roots and the RGR.





3. Results


3.1. Soil Moisture Content


Average soil moisture content values in the four treatments are shown in Figure 1. Moisture content was low from January to May 2015, whereas moisture content was high during the rainy season (June–September 2014 and June–August 2015). Soil moisture content significantly differed between months (ANOVA, p < 0.001).



Significant differences were detected in the soil moisture content data with the use of bentonite by unification of all the data (ANOVA, p < 0.001). However, no significant differences were found with the use of bentonite for each month. Soil moisture content was higher in the BEN and BEN + FER treatments during the rainy season. In contrast, little difference was detected in soil moisture content among the four treatments during the dry season. We could not confirm the increase of soil moisture content at surface layer by application of bentonite in dry season.




3.2. Soil Properties


Regarding soil texture, the content of sand was about 80% for each treatment (Table 1), and the contents of sand, silt, and clay were no significant difference by use of fertilizer and bentonite (p > 0.05).



We examined the changes in pH, CEC, OM, and various nutrients to compare the data between July 2014 and November 2015 (Table 2). Soil pH showed significant differences between periods (p < 0.001), and its value was increased in November 2015. However, pH trends differed among the four treatments, and there were significant interactions between fertilizer and bentonite, fertilizer and period, and bentonite and period (p < 0.01). The CEC value showed a significant effect of fertilizer or bentonite (p < 0.01). The CEC value was highest in the BEN + FER treatment. The OM concentration showed a significant difference between the two periods (p < 0.001), and its values were decreased in November 2015. The concentration of N showed a significant difference between the use of fertilizer or bentonite and period (p < 0.001). However, N trends differed among four treatments, and there were significant interactions between fertilizer and bentonite, fertilizer and period, and bentonite and period (p < 0.05). The concentration of N was increased in November 2015, except in the case of the BEN + FER treatment.



The concentration of P showed a significant effect of fertilizer or bentonite (p < 0.01). The concentration of P showed a significant interaction between fertilizer and bentonite (p < 0.001), and the value was the highest in the BEN + FER treatment during two periods. The concentration of Ca showed a significant difference with use of fertilizer or bentonite and period (p < 0.01). The concentration of Ca was increased by the use of bentonite in November 2015, and there was a significant interaction between bentonite and period (p < 0.001). The concentration of Mg showed a significant effect of fertilizer or bentonite (p < 0.01), and its value was high with use of fertilizer in November 2015. In contrast, the concentration of Mg in November 2015 was decreased in the treatment with no fertilization, and there was a significant interaction between fertilizer and period (p < 0.01). The concentration of K showed a significant difference with the use of fertilizer and period (p < 0.001). The concentration of K was decreased with the fertilization treatment in November 2015, and there was a significant interaction between fertilizer and period (p < 0.001). The concentration of Na showed a significant difference with the use of fertilizer or bentonite (p < 0.001). The concentration of Na was decreased in the BEN + FET treatment, and increased in the CON treatment. As a result, there were significant interactions between fertilizer and period, and bentonite and period (p < 0.001).




3.3. Growth of Teak Seedlings


From October 2014, tree height and diameter were significantly different among the four treatments (Figure 2). Tree height and diameter showed a significant effect of bentonite, and their values were increased by application of bentonite (Table 3, p < 0.001). On the effects of fertilizer, tree height and diameter showed a significantly difference in October 2014 and November 2015 (p < 0.001). Tree height and diameter were increased by use of fertilizer in November 2015, whereas these values were decreased in October 2014.



Teak seedlings of fertilization treatment were dead gradually from December 2014. Dead teak seedlings were also confirmed for no fertilization treatment from February 2015. Based on the data of dead teak seedlings, we calculated survival rate for each block for the four treatments in November 2015 (Table 4). The FER treatments showed high mortality, the survival rate at the end of the experiment was 20.0%. In contrast, BEN treatment showed the highest value of the survival rate (66.7%). The survival rate showed a significant effect of fertilizer, and their values were decreased by application of fertilizer (p < 0.05).




3.4. Photosynthetic Rate


The Psat and gs values showed a significant effect of bentonite except in July 2015 (Table 3, p < 0.05). Psat and gs showed their highest values in the BEN and BEN + FER treatments in October 2014, and the values were decreased in February and May 2015 (Figure 3). In February 2015, the Psat and gs values showed a significant effect of fertilizer (Table 3, p < 0.05). Moreover, Psat in July and October 2015 showed a significant effect of fertilizer (p < 0.05). The values of Psat were low in the FER treatments until May 2015; however, these values increased at the beginning of July 2015 (Figure 3).



The concentrations of chlorophylls were significantly affected by use of bentonite, except in May 2015 (Table 3, p < 0.05). In these periods, chlorophyll concentrations showed high values with use of bentonite (Figure 3). The BEN + FER treatment had the highest chlorophyll values during the experimental period in October 2015. In addition, the concentrations of chlorophylls significantly differed with use of fertilizer in February 2015 (Table 3, p < 0.05). In this period, the concentration of chlorophyll was low in the FER treatment (Figure 3).




3.5. Leaf Water Potential


Leaf water potential showed a significant difference with the use of bentonite (p < 0.01), and its value was high in the BEN and BEN + FER treatment (Figure 4). In contrast, the water potentials of the CON treatment in February 2015 and FER treatment in May 2015 were the lowest, and their values were <−1.9 MPa.



The leaf water potential value at predawn showed a significant difference with the use of bentonite (p < 0.001), and its value in the BEN and BEN + FER treatment was increased compared with the value in the afternoon (Figure 4). In contrast, water potential values in CON and FER treatments were <−1.0 MPa in February and May 2015.




3.6. Biomass and Growth Parameters of Teak Seedlings


The average leaf, stem, and root dry masses at the beginning of the experiment were 1.6, 1.5, and 2.1 g, respectively. The AM colonization value was 21%.



The dry masses of each organ at the end of the experiment were significantly affected by use of fertilizer or bentonite (Figure 5, p < 0.001). The values of dry masses were markedly increased in the BEN + FER treatment. For leaf and stem dry masses, there was a significant interaction between fertilizer and bentonite (p < 0.05), and their increases were not obvious for the BEN treatment. The dry mass of each organ in the CON treatment was quite small.



The values of RGR and leaf area showed a significant difference with use of fertilizer or bentonite (Table 4, p < 0.001). High values of RGR and leaf area were detected in the BEN + FER treatment. AM colonization showed a significant effect of bentonite (Table 4, p < 0.05), and its value was high in the BEN treatment.




3.7. Nutrient Concentrations


The N and P concentrations in leaves and roots showed a significant effect of fertilizer (Table 5, p < 0.01), and these values were increased by fertilization. For the N concentration in roots, the value of the BEN + FER treatment was not high compared with the BEN treatment; as a result, there was a significant interaction between fertilizer and bentonite (p < 0.05). The K concentration in the roots showed a significant effect of fertilizer or bentonite (p < 0.05), and its value was increased by use of bentonite and fertilizer. However, the concentration of K in BEN treatment was not high compared with CON treatment. Therefore, we examined total content of K in roots by multiplying root dry mass and concentration of K. Total content of K in roots was 144 mg for CON treatment, 587 mg for FER treatment, 452 mg for BEN treatment, and 2120 mg for BEN + FER treatment. Content of K in roots showed a significant effect of fertilizer or bentonite (p < 0.01, ANOVA).



The Ca concentrations in leaves showed a significant effect of fertilizer (Table 5, p < 0.001), and its value was increased by fertilization. The Mg concentration in the leaves and roots showed a significant effect of bentonite (p < 0.01). The Mg concentration in the leaves and roots was decreased with the use of bentonite.



For the relationship between nutrient concentrations in the soils (sampled in Nov. 2015) and plant organs, positive relationship was observed for the N and P concentrations in leaves, and K concentrations in roots (Table 6, p < 0.01). For the relationship between RGR and nutrient concentrations in plant organs, a positive relationship was observed between the RGR and P concentration in the leaves (Table 6, p < 0.001). For the nutrients in roots, a positive relationship was detected between RGR and the K concentration (p < 0.001), whereas a negative relationship was observed between RGR and Ca concentration (p < 0.01).





4. Discussion


4.1. Effects of Fertilizer and Bentonite on Soil


With regard to the effects of application of fertilizer, we confirmed not only an increase in N, P, and K, but also an increase in CEC, Ca, and Mg (Table 2). The chemical fertilizer used in our experiment probably contained Ca and Mg in the secondary material; as a result, these nutrients were also increased by application of fertilizer. Based on the soil dry mass in a hole (42 kg) and concentrations of Ca and Mg in soil, we quantified the contents of these nutrients in fertilizer. 100 g of fertilizer was contained 1.1 g of Ca and 0.2 g of Mg. Additionally, there is a possibility that fertilizer might have contained material that would increase the CEC value. In the case of bentonite, CEC, Ca, and Mg were increased (Table 2). Bentonite was contained Na; however, its concentration was decreased at the end of experiment for BEN + FER treatment (Table 2). In contrast, application of bentonite did not change the texture (Table 1).



At the end of the experiment, soil pH was increased by treatment with fertilizer and bentonite (Table 2). This trend may be attributable to the increase in CEC with use of fertilizer or bentonite. Moreover, the use of bentonite increased the concentration of Ca in the soil (Table 2). In contrast, the FER treatment did not increase the Ca in the soil, and fertilizer had no capacity to increase Ca. Thus, we confirmed that application of bentonite alone can increase Ca in the soil. We also examined the retentive capacity of the bentonite with regard to the nutrients in fertilizer. Concentration of P in soil was maintained for the BEN + FER treatment until November 2015, despite the lack of increase in the BEN treatment (Table 2). In contrast, the concentrations of N and K in the soil were decreased for the BEN + FER treatment in November 2015 (Table 2). Thus, bentonite has a retentive capacity for P in fertilizer.



The trait to increase CEC by application of fertilizer is originated from the increase of soil colloid retention by application of K ions [45]. According to Bhatt [46], there have been cases where the use of fertilizer increased CEC and concentrations of Ca and Mg in soil. In the case of bentonite, Mg was increased by application of bentonite, whereas Ca was not increased [14]. Therefore, the increase of Ca by application of bentonite is probably concerned by long period of soil improvement. Noble et al. [26] and Soda et al. [47] reported that application of bentonite increased soluble inorganic sources of cations; as a result, pH and concentrations of various cations were increased in the soil. On the mechanism to increase cations in soil, sodium bentonite has a characteristic to bind Ca2+ ion from pore water in natural soil, and exchange Na+ ion in the double layer of bentonite [48]. The exchanged Ca2+ ion at the site of landfill was increased for two years by use of geosynthetic clay liners, which contained sodium bentonite [48]. This exchanging is enhanced by dry-wet-cycles, and evaporation of water cause the ion concentration in pore water to rise [48]. Thus, application of bentonite may be able to bind Ca from the pore water in sandy soil, as a result, the concentration of Ca in the soil may be increased at the end of experiment. The increase of Ca in soil by application of sodium bentonite may be a peculiar characteristic at the region of the climate with dry season.



Moreover, sodium bentonite is prepared by exchanging of polymeric metal species such as aluminum [Al] [49]. Modified bentonite consists chemical complex of Al3+, and called Al pillared bentonite. The Al3+ in Al pillared bentonite can bind anion of phosphate [49], as a result, P in fertilizer probably retain by application of bentonite. The effects of the increase of Al was little by application of bentonite [14]. Bentonite is utilized as a slow-release fertilizer material [29,50]. Concurrent use of bentonite and fertilizer may play a similar role to that of slow-release fertilizer.




4.2. Effects of Fertilizer and Bentonite on Teak Biomass


The teak seedlings in the BEN + FER treatment had the largest tree height, diameter and dry masses for each organ and the largest leaf area values at the end of the experiment (Figure 2 and Figure 5 and Table 3). Application of bentonite showed positive effect for increase of tree height and diameter of teak seedlings from October 2014 (Figure 2, Table 3). In contrast, the effects of fertilizer for the growth of teak was late compared with bentonite, and growth acceleration by fertilizer was shown after July 2015 (Figure 2, Table 3). Thus, the use of bentonite resulted in accelerated growth of teak seedlings in sandy soil, and effects of fertilizer is appeared after one year. On the effects of nutrients for the application of bentonite, only K in the roots showed a significant increase in concentration and total content with use of bentonite (Table 5). Thus, bentonite had little capacity to increase the concentration of nutrients in the plant organs.



Croker et al. [51] reported an obvious increase in the concentration of K in plant organs with application of bentonite, and this trend was attributed to its migration by diffusion when there was high soil water content. We confirmed an increase in soil moisture in the BEN and BEN + FER treatments during the rainy season (Figure 1). Thus, the increase in uptake of K was probably attributable to migration by diffusion under the high soil water content of the BEN treatment.



To estimate total nutrient uptakes, we examined the total content of each nutrient, which was calculated using the concentration of nutrients and dry mass of leaves or roots. The total content of each nutrient in the leaves and roots showed markedly high values in the BEN + FER treatment and a significant difference with use of fertilizer or bentonite (data not shown, p < 0.05 ANOVA). Thus, large amounts of nutrients were absorbed from the soil in the BEN + FER treatment, which accelerated teak seedling growth. Several reports have indicated that plant production by concurrent use of bentonite and fertilizer was larger than that by single use of fertilizer [24,31]. Thus, the use of bentonite contributes to efficient uptake of the fertilizer.



The teak seedlings in the BEN treatment showed significant high values of height and diameter from October 2014 (Figure 2), and significant large dry masses for each organ at the end of experiment (Figure 5). However, the values of dry masses in the BEN treatment were much smaller than those in BEN + FER treatment (Figure 5). Thus, growth of teak seedlings in the BEN treatment is probably suppressed by nutrient deficiency.



We examined nutrient deficiency in the leaves according to the values of Zech and Drechsel [52]. The concentrations of N, P and Ca for visible symptoms of deficiency were below 12.0 mg g−1, 1.0 mg g−1, and 5.5 mg g−1, respectively [52]. We did not confirm a deficiency of N in leaves in each treatment (Table 5). We also confirmed that more than 80% of the teak seedlings in each treatment were colonized by AM fungi (Table 4). Numerous studies have reported that AM fungi play an important role acquiring N [53]. Raghu et al. [32] confirmed that teak seedlings were increased the uptake of N after inoculation of AM fungi. Thus, indigenous AM fungi distributed in the sandy soil environment might have infected the roots of teak seedlings, which could have enhanced N uptake. Moreover, Ca in the leaves did not show a deficiency in the BEN and BEN + FER treatments (Table 5). In contrast, a deficiency in P was shown for the CON and BEN treatments (Table 5). Therefore, the limiting factor to growth suppression of BEN treatment is probably P deficiency in leaves. Similar results were shown in a pot experiment by single use of bentonite [14], and growth acceleration was not confirmed. Fertilization with P is essential to prevent a deficiency in teak seedlings.



We also verified the most effective nutrients for growth acceleration of teak seedlings. Based on the correlation coefficient, the RGR showed a significant positive correlation with K in the roots and P in the leaves (Table 6). K in the roots and P in the roots were also associated from these concentrations in the soils (Table 6). Thus, the teak seedlings grown on the habitats of high concentrations of K and P in soils can accumulate K in the roots and P in the leaves; as a result, teak seedlings are accelerated their growth.



Behling et al. [54] reported the nutrient dynamics in teak roots. Teak has a characteristic low efficiency of K uptake, and teak demands a greater amount of K in the roots [54]. Chanan et al. [55] also reported a relationship between growth and nutrients in leaves, and P is a macronutrient that limits teak growth. Thus, the level of accumulation of K in roots and P in leaves likely affects the growth of teak.



On the other hand, many teak seedlings of fertilizer treatment were died from December 2014, and the survival rate in November 2015 was significantly decreased (Table 4). Previous experiments reported that the use of fertilizer decreased the survival of seedlings of woody species [56]. When a seedling is exposed high salt concentration around the roots, dehydration occurs [56]. Especially, low CEC soil, such as sandy soil of this experiment can be associated with serious damage to plants by fertilizer [57]. Thus, fertilization treatments may enhance the damage caused by fertilizer.




4.3. Effects of Fertilizer and Bentonite on Physiological Characteristics


High Psat values were observed in the teak seedlings from the BEN treatment in October 2014 and February 2015 (Figure 3). In addition, a high Psat value was observed in the BEN + FER treatment during October 2015 (Figure 3). In contrast, the N and P concentrations, which were positively associated with the photosynthetic rate [41,58,59], did not show high concentrations (Table 5). However, the chlorophyll concentrations were high at the same time (Figure 3). Chlorophyll concentrations are closely related to photosynthetic rate [60,61]. Thus, the photosynthetic rate in teak leaves is regulated by the concentration of chlorophyll in the leaves.



Moreover, high leaf water potential values at predawn were detected in the BEN and BEN + FER treatments in the dry season (Figure 4). Thus, teak seedlings treated with bentonite probably took up water from deep soil layer during the night, so the predawn leaf water potential was high. In addition, AM colonization was significantly increased by application of bentonite (Table 4).



Nemec [62] reported that the use of bentonite enhanced the development of hyphae of AM fungi. This trait is probably concerned the increase of Ca in soil by application of bentonite. Several reports showed the increase of the colonization of AM fungi by application of Ca [63,64]. In addition, the development of hyphae of AM fungi enhances water uptake and increases drought stress tolerance [65]. Thus, teak seedlings treated with bentonite can enhance water uptake by the development of hyphae of AM fungi. As a result, bentonite mitigated drought stress in the teak seedlings during the dry season. A similar trend was confirmed by our preliminary experiment [14] and a crop experiment [66].



In contrast, low Psat, gs, and chlorophyll concentrations were observed in the FER treatment during October 2014 and February 2015 (Figure 3). February 2015 was the middle of dry season, and leaves suffered from drought stress owing to low leaf water potential at predawn (Figure 4). Suppression of these parameters in the FER treatment is probably attributable to drought stress. In contrast, October 2014 was not in the dry season; however, the Psat, gs, and chlorophyll concentrations showed low values. We could not explain this result by climatic conditions, and we analyzed the concentration of nutrients in the leaf during the same period. The concentration of N in the CON treatment in October 2014 was 34.0 mg g−1.



The concentration of N in teak leaves does not typically exceed 30 mg g−1 in the wild [52,67], and this concentration is probably considered an excessive level. One study reported that the concentration of chlorophyll, photosynthetic rate, and stomatal conductance decrease in woody species raised with over 30 mg g−1 N in the leaves [68]. Thus, excess N might have suppressed various physiological parameters in the FER treatment.





5. Conclusions


Based on a preliminary pot experiment, we concluded that bentonite would be useful for improving water content of sandy soil. In contrast, the growth of teak seedlings of pot experiment was not accelerated because of few nutrients in bentonite. Based on previous results, we curried out a verification test with fertilizer and bentonite by planting teak seedlings in a field environment, and monitored early growth period. We confirmed that bentonite had high retentivity of P in fertilizer, and teak seedlings absorbed nutrients efficiently with the application of bentonite and fertilizer. We also confirmed the accumulation of K in roots with the application of bentonite. Moreover, the soil Ca concentration increased during the experimental period, and teak did not show a Ca deficiency without application of Ca. Water availability was increased, and drought stress in the teak seedlings was mitigated by the application of bentonite. Based on these positive effects on the concurrent use of bentonite and fertilizer, teak seedlings showed markedly growth acceleration. In contrast, a single use of bentonite did not clearly accelerate the growth of teak because of the effect of P deficiency. The single use of fertilizer increased biomass and nutrients in the plant organs; however, the photosynthetic rate was decreased and drought stress ensued. As a result, the use of fertilizer alone showed high mortality, and did not promote marked growth acceleration.



We concluded that the concurrent use of fertilizer and bentonite showed a synergistic effect for the growth of teak seedlings. This method was useful for accelerating the growth of teak seedlings in sandy soil in northeast Thailand. In particular, we confirmed the beneficial effects of bentonite, which has not been widely studied for its application to silviculture. In contrast, we also confirmed that fertilization of teak seedlings was better after first dry season. In the future, we intend to examine the quantitative effects of bentonite to establish silviculture methods.
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Figure 1. Average soil moisture content in the six treatments (July 2014–November 2015, mean ± SE, n = 2). Note: Average Data for the CON treatment were from Kayama et al. [15]. The data for the CON treatment in Tables 1–5, Figure 2–5 were also from Kayama et al. [15]. CON: control, FER.: fertilizer, BEN: Bentonite and BEN + FER.: bentonite and fertilizer. 
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Figure 2. Tree height and basal diameter of teak seedlings grown in the four treatments (mean ± SE, n = 60). 
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Figure 3. Photosynthetic rate at light saturation (Psat), stomatal conductance (gs), and concentration of chlorophyll (a + b) in teak seedlings grown in the four treatments (9:00–11:00, mean ± SE, n = 9). Note. n = 6 in the FER. and BEN + FER treatments from May 2015 because of dead seedlings. 
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Figure 4. Leaf water potential in the afternoon (13:00–14:00) and predawn (05:30–06:00) for teak seedlings grown in the four treatments during February and May 2015 (mean ± SE, n = 9). Asterisks indicate significant differences by two-factor ANOVA. ** = p < 0.01 and *** = p < 0.001. Note. n = 6 in the FER. and BEN + FER. treatments from May 2015 because of dead seedlings. 
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Figure 5. Dry mass of each organ and total dry mass for teak seedlings at the end of the experiment (November 2015) grown in the four treatments (mean ± SE, n = 12). Asterisks indicate significant differences by two-factor ANOVA. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001. 
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Table 1. Texture of soils in the four treatments (mean ± SE, n = 9) sampled in June 2014. There was no significant effect of fertilizer, bentonite and their interaction.
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Parameter

	
Treatment

	
Statistical Analysis






	
Sand

(%)

	
CON

FER

BEN

BEN + FER

	
80.2 ± 0.5

79.8 ± 1.1

80.2 ± 0.5

78.9 ± 0.8

	
Fer.

Ben.

F × B

	
n.s.

n.s.

n.s.




	
Silt

(%)

	
CON

FER

BEN

BEN + FER

	
14.1 ± 0.7

15.4 ± 1.1

14.6 ± 0.4

14.5 ± 0.3

	
Fer.

Ben.

F × B

	
n.s.

n.s.

n.s.




	
Clay

(%)

	
CON

FER

BEN

BEN + FER

	
5.7 ± 0.9

4.8 ± 0.7

5.2 ± 0.4

6.6 ± 1.0

	
Fer.

Ben.

F × B

	
n.s.

n.s.

n.s.
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Table 2. Texture Chemical properties (pH, CEC, OM, and elements) of soils in the four treatments (mean ± SE, n = 9) sampled in June 2014 and December 2015. Asterisks indicate significant differences by three-factor ANOVA. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.






Table 2. Texture Chemical properties (pH, CEC, OM, and elements) of soils in the four treatments (mean ± SE, n = 9) sampled in June 2014 and December 2015. Asterisks indicate significant differences by three-factor ANOVA. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.





	
Parameter

	
Treatment

	
Jul. 2014

	
Nov. 2015

	
Statistical Analysis






	
pH

	
CON

FER

BEN

BEN + FER

	
4.53 ± 0.08

4.62 ± 0.05

4.67 ± 0.04

4.36 ± 0.06

	
4.68 ± 0.03

5.09 ± 0.08

5.03 ± 0.05

5.08 ± 0.05

	
Fer.

Ben.

Per.

	
n.s.

n.s.

***

	
F × B

F × P

B × P

F × B × P

	
***

***

**

n.s.




	
CEC

(cmol kg−1)

	
CON

FER

BEN

BEN + FER

	
1.30 ± 0.10

1.61 ± 0.14

1.75 ± 0.08

2.20 ± 0.13

	
1.42 ± 0.06

1.44 ± 0.13

1.78 ± 0.13

2.14 ± 0.25

	
Fer.

Ben.

Per.

	
**

***

n.s.

	
F × B

F × P

B × P

F × B × P

	
n.s.

n.s.

n.s.

n.s.




	
OM

(g kg−1)

	
CON

FER

BEN

BEN + FER

	
7.00 ± 2.32

6.76 ± 1.61

9.60 ± 1.90

9.84 ± 2.03

	
1.54 ± 0.23

2.16 ± 0.23

1.32 ± 0.12

2.53 ± 0.28

	
Fer.

Ben.

Per.

	
n.s.

n.s.

***

	
F × B

F × P

B × P

F × B × P

	
n.s.

n.s.

n.s.

n.s.




	
N

(mg kg−1)

	
CON

FER

BEN

BEN + FER

	
96 ± 16

346 ± 72

104 ± 16

644 ± 41

	
367 ± 17

411 ± 11

278 ± 32

556 ± 41

	
Fer.

Ben.

Per.

	
***

***

***

	
F × B

F × P

B × P

F × B × P

	
***

***

*

n.s.




	
P

(mg kg−1)

	
CON

FER

BEN

BEN + FER

	
9 ± 2

36 ± 8

10 ± 2

80 ± 14

	
4 ± 0

44 ± 12

4 ± 0

91 ± 15

	
Fer.

Ben.

Per.

	
***

***

n.s.

	
F × B

F × P

B × P

F × B × P

	
***

n.s.

n.s.

n.s.




	
Ca

(mg kg−1)

	
CON

FER

BEN

BEN + FER

	
53 ± 8

78 ± 7

70 ± 4

99 ± 17

	
33 ± 5

73 ± 5

154 ± 19

171 ± 24

	
Fer.

Ben.

Per.

	
**

***

***

	
F × B

F × P

B × P

F × B × P

	
n.s.

n.s.

***

n.s.




	
Mg

(mg kg−1)

	
CON

FER

BEN

BEN + FER

	
22.9 ± 2.9

26.9 ± 2.6

30.1 ± 1.5

29.0 ± 2.4

	
7.9 ± 2.1

28.8 ± 4.6

26.3 ± 5.0

41.0 ± 8.5

	
Fer.

Ben.

Per.

	
**

**

n.s.

	
F × B

F × P

B × P

F × B × P

	
n.s.

**

n.s.

n.s.




	
K

(mg kg−1)

	
CON

FER

BEN

BEN + FER

	
23 ± 3

239 ± 43

25 ± 3

240 ± 38

	
16 ± 2

40 ± 5

34 ± 9

109 ± 10

	
Fer.

Ben.

Per.

	
***

n.s.

***

	
F × B

F × P

B × P

F × B × P

	
n.s.

***

n.s.

n.s.




	
Na

(mg kg−1)

	
CON

FER

BEN

BEN + FER

	
2.4 ± 0.6

11.5 ± 2.0

12.2 ± 2.1

22.9 ± 2.6

	
11.1 ± 1.1

11.5 ± 1.4

10.1 ± 1.0

09.4 ± 2.6

	
Fer.

Ben.

Per.

	
***

***

n.s.

	
F × B

F × P

B × P

F × B × P

	
n.s.

***

***

n.s.








Note. Abbreviation written in Statistical analysis was following. Fer. and F: fertilizer, Ben. and B: bentonite, Per. and P: period.
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Table 3. Statistical analysis for tree height, diameter, photosynthetic rate at light saturation (Psat), stomatal conductance (gs), and concentration of chlorophyll (a + b) in teak seedlings by two-factor ANOVA. Asterisks indicate significant differences. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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Parameter

	
Jul. 2014

	
Oct. 2014

	
Feb. 2015

	
May 2015

	
Jul. 2015

	
Nov. 2015






	
Tree height

	
Fer.

Ben.

F × B

	
n.s.

n.s.

n.s.

	
***

***

n.s.

	
*

***

n.s.

	
n.s.

***

n.s.

	
n.s.

***

n.s.

	
***

***

n.s.




	
Diameter

	
Fer.

Ben.

F × B

	
n.s.

n.s.

n.s.

	
***

***

n.s.

	
n.s.

***

n.s.

	
n.s.

***

n.s.

	
n.s.

***

n.s.

	
***

***

n.s.




	

	
Oct. 2014

	
Feb. 2015

	
May 2015

	
Jul. 2015

	
Oct. 2015

	




	
Psat

	
Fer.

Ben.

F × B

	
n.s.

***

n.s.

	
***

***

n.s.

	
n.s.

***

n.s.

	
*

n.s.

n.s.

	
*

***

n.s.

	




	
gs

	
Fer.

Ben.

F × B

	
n.s.

***

n.s.

	
*

**

n.s.

	
n.s.

*

n.s.

	
n.s.

n.s.

n.s.

	
n.s.

*

n.s.




	
Chl.a + b

	
Fer.

Ben.

F × B

	
n.s.

***

n.s.

	
*

**

n.s.

	
n.s.

n.s.

n.s.

	
n.s.

*

n.s.

	
n.s.

**

n.s.
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Table 4. Survival rate (Nov. 2015), growth rate (RGR), leaf area, and the percentage of AM fungi colonizing teak seedlings grown in the four treatments (mean ± SE, n = 3 for survival rate, and n = 12 for other parameters). Asterisks indicate significant differences by two-factor ANOVA. * = p < 0.05 and *** = p < 0.001.
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Parameter

	
Treatment

	
Statistical Analysis






	
Survival rate

(%)

	
CON

FER

BEN

BEN + FER

	
55.0 ± 13.2

20.0 ± 7.6

66.7 ± 7.3

44.3 ± 3.3

	
Fer.

Ben.

F × B

	
*

n.s.

n.s.




	
RGR

(g g−1 yr)

	
CON

FER

BEN

BEN + FER

	
3.21 ± 0.22

4.54 ± 0.47

4.96 ± 0.15

6.42 ± 0.36

	
Fer.

Ben.

F × B

	
***

***

n.s.




	
Leaf area

(cm2)

	
CON

FER

BEN

BEN + FER

	
92 ± 34

528 ± 106

454 ± 84

1214 ± 149

	
Fer.

Ben.

F × B

	
***

***

n.s.




	
AM colonization

(%)

	
CON

FER

BEN

BEN + FER

	
90.7 ± 3.6

84.2 ± 3.5

94.8 ± 1.5

93.4 ± 1.5

	
Fer.

Ben.

F × B

	
n.s.

*

n.s.
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Table 5. Concentrations of elements (N, P, K, Ca and Mg; dry mass) in leaves and roots of teak seedlings grown in the four treatments (November 2015, mean ± SE, n = 12). Asterisks indicate significant differences by two-factor ANOVA. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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Element

	
Treatment

	
Concentration (mg g−1)

	
Statistical Analysis




	
Leaf

	
Root

	

	
Leaf

	
Root






	
N

	
CON

FER

BEN

BEN + FER

	
18.9 ± 1.0

24.2 ± 1.0

21.5 ± 0.8

25.7 ± 1.4

	
7.6 ± 0.3

9.9 ± 0.6

8.8 ± 0.3

9.1 ± 0.4

	
Fer.

Ben.

F × B

	
***

n.s.

n.s.

	
**

n.s.

*




	
P

	
CON

FER

BEN

BEN + FER

	
0.76 ± 0.06

1.54 ± 0.17

0.90 ± 0.06

1.64 ± 0.13

	
0.33 ± 0.03

0.67 ± 0.09

0.33 ± 0.03

0.56 ± 0.05

	
Fer.

Ben.

F × B

	
***

n.s.

n.s.

	
***

n.s.

n.s.




	
K

	
CON

FER

BEN

BEN + FER

	
5.20 ± 0.53

4.87 ± 0.62

6.73 ± 0.41

5.88 ± 0.84

	
3.99 ± 0.24

5.31 ± 0.30

4.17 ± 0.26

6.53 ± 0.37

	
Fer.

Ben.

F × B

	
n.s.

n.s.

n.s.

	
***

*

n.s.




	
Ca

	
CON

FER

BEN

BEN + FER

	
3.88 ± 0.75

9.25 ± 1.35

6.01 ± 0.97

9.00 ± 0.89

	
3.16 ± 0.25

3.18 ± 0.51

3.10 ± 0.27

2.91 ± 0.35

	
Fer.

Ben.

F × B

	
***

n.s.

n.s.

	
n.s.

n.s.

n.s.




	
Mg

	
CON

FER

BEN

BEN + FER

	
5.05 ± 0.36

6.31 ± 0.46

4.46 ± 0.29

4.58 ± 0.39

	
1.02 ± 0.06

1.25 ± 0.09

0.92 ± 0.06

1.22 ± 0.10

	
Fer.

Ben.

F × B

	
n.s.

**

n.s.

	
n.s.

***

n.s.
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Table 6. Regression coefficients of relationships between concentrations of elements in the leaves or roots of teak seedlings (dependent variable) and concentrations of elements in the soils (independent variable, Nov. 2015, n = 36), and the RGR (dependent variable) and concentrations of elements in the leaves or roots (independent variable) of teak seedlings (n = 48). ** p < 0.01 and *** p < 0.001.
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Elements

	
Leaves

	
Roots




	
r

	
F

	
r

	
F






	
Elements in soils—Elements in leaves or roots




	
N

P

K

Ca

Mg

	
0.427

0.506

–0.041

0.073

–0.204

	
7.58 **

11.1 **

0.06

0.18

1.48

	
0.208

0.272

0.469

–0.171

0.076

	
1.54

2.72

9.61 ***

1.02

0.20




	
Elements in leaves or roots–RGR




	
N

P

K

Ca

Mg

	
0.140

0.493

0.129

0.222

–0.250

	
0.92

14.7 ***

0.78

2.40

3.05

	
–0.014

<0.001

0.520

–0.369

–0.034

	
<0.01

<0.01

17.1 ***

7.23 **

0.05
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