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Abstract

:

To understand the insect resistance mechanism of the larch, Larix olgensis, in a mixed forest, larch (Larix olgensis) seedlings and ashtree (Fraxinus mandshurica) seedlings were planted with mixed banding forests in the proportion of 1:1 (BMF1:1), 3:3 (BMF3:3) and 5:5 (BMF5:5), in pots and in the field. One year later, the content of secondary metabolites in the needles of each larch treatment were tested with an ultraviolet spectrophotometer. The results showed that the allelopathic effect of F. mandshuricas (ashtree) on L. olgensis (larch) could increase the content of secondary metabolites in larch needles. It was found that the flavonoid content in the needles of BMF5:5 was higher than that in the needles of BMF1:1 and BMF3:3 (p < 0.05). The tannin content in the needles of FBMF3:3 and FBMF5:5 was significantly higher than that of FBMF1:1, whereas the tannin content in the needles of PBMF3:3 reached 1.27 mg/g, which was the highest (p < 0.05). The lignin content in the needles of FBMF3:3 reached 2.27 mg/g, which was significantly more increased than that in the control group in a dose-dependent manner, while that in the needles of PBMF3:3 and PBMF5:5 was higher than that in the needles of PBMF1:1 (p < 0.05). The tannin and lignin content in the needles of FBMF was higher than that of PBMF. However, there was no difference in the content of flavonoids in the needles of FBMF and PBMF. These results suggest that banding mixed larches and ashtrees can significantly increase the content of secondary metabolites (phenolic compounds) in the needles of L. olgensis and improve its chemical defense, and the allelopathic effect of ashtrees on larches is related to the mixed proportion. Thus, the effect of mixed banding forests in the proportion of 3:3 and 5:5 is better.
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1. Introduction


Plant interaction is one of the fundamental scientific problems in ecological research [1], in which the chemical interactions among and within plants have been widely and deeply studied. Plant allelopathy is a natural ecological phenomenon, in which a plant releases chemicals to affect another plant. It is a chemical response strategy of a plant to the same or different plants that coexist with it [2]. In the face of animal feeding, microbial infection and other plant competition, plants often respond by synthesizing and releasing secondary metabolites. They adjust their biomass distribution by identifying the information of adjacent species, thus deciding whether to adopt chemical defense strategies or not [3,4]. Secondary metabolites result from the interaction between plants and their living environment during long-term evolution. They are products of complex branching metabolic pathways, which determine the color, smell and taste of plants [5]. Although many secondary metabolites do not participate in the metabolism of plants, they can suppress the digestion and utilization of food by herbivorous insects and then interfere with their mating behavior, attracting natural enemies. As an important physiological indicator of performance, they play an essential role in the process of plants resisting insect invasion [6,7].



As the content of secondary metabolites in plant tissue cell walls increases, the number of nutrients, such as proteins and sugars, obtained by phytophagous insects decreases [8,9]. Phenolic compounds in plant secondary metabolites are essential chemical defense substances in plant insect resistance [10], and there is a close relationship between the composition and the content of such phenolic compounds, which are a class of substances with complex genes synthesized by the shikimate acid pathway and the malonate acid pathway, including flavonoids, tannins, lignin and other substances [11,12]. Tannin is a highly polymerized polyphenol compound in polyphenols that is usually divided into condensed tannins and hydrolyzable tannins. It can combine with proteins and digestive enzymes to form a complex compound insoluble in water that interferes with insect food utilization [13,14]. Liu XX et al. [15] added different mass fractions of tannins to an artificial diet to feed Hyphantria cunea larvae and found that tannins had a significant inhibitory effect on the food utilization of Hyphantria cunea. Flavonoids are also important phenolic compounds in the process of plant insect resistance. They exist in plants through the shikimic acid–phenylpropane metabolic pathway. They not only have antioxidant activity, but also increase the metabolic burden of insects and affect the normal life activities of insects, e.g., soybean, which can synthesize flavonoids to inhibit the feeding harm of lepidopteran larvae [16]. Lignin is a complex phenolic polymer filled in the cellulose framework and formed of three alcohol monomers. Its metabolic pathways intersect with those of other plant secondary metabolites. Its metabolism is closely related to plant disease resistance, insect resistance, waterlogging resistance and cold resistance, and other forms of stress resistance physiology have certain correlations [17]. After being ingested by insects, lignin can reduce the efficiency of insects’ food utilization [18].



At present, pure artificial forests with a single tree species in forestry production systems are considered to be typical representatives of simplified ecosystems, which are usually sensitive, easily disturbed, and even have outbreaks of insect pests. Therefore, increasing the diversity of tree species can improve the resistance of trees to pests [19]. In mixed forests, the interactions among the same or different trees affect the function of the forest ecosystem through competition, predation, parasitism and mutualism [20]. According to research, Ostryopsis davidiana can promote the growth of Pinus tabulaeformis [21]. The content of phenolic acid in the rhizosphere soil of a mixed forest of P. tabulaeformis and O. davidiana is significantly lower than that of pure forest P. tabulaeformis, which reduces the autotoxic effect caused by phenolic acid content that is too high in the soil of a pure forest of P. tabulaeformis. The author’s previous research found the 30-year or 20-year growth of L. olgensis (larch)-F. mandshurica (ashtree) banding mixed forests can significantly enhance the activity of the defense proteins in larch needles, thus improving the resistance of larch to phytophagous insects and their chemical defense [22]. In this study, the allelopathy of L. olgensis (larch)-F. mandshurica (ashtree) banding mixed forests on larch young trees was studied by measuring the content of the primary secondary metabolites (tannin, lignin and flavonoids) in larch needles, and the different allelopathy of banding mixed ashtree on larch young trees was compared by the pot experiment and the field experiment, which illuminated the allelopathic mechanism of the mixed banding forest in improving the insect resistance of larches. The results lay a theoretical foundation for applying forest management measures to control forest defoliators, such as Dendrolimus superans.




2. Materials and Methods


2.1. Mixed Mode Setting of L. olgensis and F. mandshurica


In mid-April 2015, two-year-old larch seedlings and one-year-old ashtree seedlings were planted in pots (23 × 23 × 25 cm) and in the field at the Maoershan experimental forestry farm of Northeast Forestry University, Shangzhi, Heilongjiang Province, P.R. China. Larch and ashtree seedlings were planted with mixed banding forests in the proportion of 1:1, 3:3 and 5:5, in pots and in the field, and then larch pure forest was used as the control (Table 1). The distance between one mixed mode and the other was 4 m, and the distance between the two lines of seedlings was 25 cm (Figure 1). The seedlings were covered with gauze to avoid the occurrence of diseases, insect pests and human-caused mechanical damage.




2.2. Collection of Larch Needles


Larch needles were collected on 22 July, 1 August, 12 August, 22 August and 1 September. There were 4 repetitions for each treatment and about 30 g of needles for each repetition. Then, those needles were stored at −40 °C in a freezer for the sample testing.




2.3. Determination of Secondary Metabolites Content


2.3.1. Determination of Tannin Content


Tannin in needles was extracted and identified according to the method described by Yan S.C. et al. [23]. Then, 5 g of frozen needles of each treatment were frozen to a constant weight by a freeze dryer. Next, 1 g of dry needles were homogenized using a mortar and pestle, and then the powder was placed into a 20 mL screw-cap centrifuge tube with 10 mL of 95% ethanol and extracted for 24 h at −20 °C. The mixture was centrifuged for 10 min at 10,000 rpm and at 4 °C. Then, 1 mL of supernatant was added to a test tube containing 9 mL of 70% ethanol for the mixture solution, 0.5 mL mixture solution was added to an aluminum foil-covered test tube with 3 mL 4% vanillin of ethanol and 1.5 mL concentrated hydrochloric acid, and the tubes were heated at 20 °C for 20 min in the water bath. The absorbance was measured at 510 nm, and 70% ethanol was the blank control.




2.3.2. Determination of Flavonoid Content


The extraction and identification of flavonoid were performed according to the method described by Jiang et al. [24], with modifications. Needles were extracted with 50 mL of 95% aqueous methanol on a shaker for 24 h and then extracted by ultrasonic extraction for 2 h. The extracted liquid was centrifuged for 15 min at 14,000 rpm. Next, 1 mL of supernatant was added to a test tube containing 4 mL of water, and then 0.5 mL of 50% NaNO2 was added to the test tube. After setting for 6 min, 0.5 mL of 10% AlCl3 was added to the tube. The mixture in the tube was set for 6 min again, and 4 mL of 4% NaOH was added to the tube. The absorbance was measured at 510 nm, and 95% aqueous was the blank control. The flavonoid content was expressed with milligrams of rutin equivalents per gram of fresh leaf weight.




2.3.3. Determination of Lignin Content


Lignin in the needles was extracted and identified according to the method described by Ren et al. [25,26]. First, 0.5 g of needles in 2 mL of 95% ethanol were homogenized using a mortar and pestle and then were centrifuged for 10 min at 4500 rpm. The residues were washed by successive stirring and centrifugation—five times with 95% methanol and three times with 1:2 mixtures of ethanol and n-hexane (v/v)—and then were dried in an oven at 60 °C overnight. All dry residues were placed into a 10 mL screw-cap centrifuge tube with 1 mL of glacial acetic acid containing 25% acetyl bromide. While the tubes were heated at 70 °C for 30 min in the water bath, the reaction was immediately stopped by adding 0.9 mL of 2 M NaOH solution, and then 5 mL of glacial acetic acid and 0.1 mL 7.5 M hydroxylammonium chloride were added. The mixture was centrifuged for 5 min at 4500 rpm, and the absorption of the supernatant after dilution with glacial acetic acid was determined at 280 nm, and 95% ethanol was the blank control. The lignin content was expressed as OD/g (optical density, OD) at the weight of the fresh needles.





2.4. Statistical Analysis


All the data were analyzed with SPSS 19.0 for Windows. The contents data of secondary metabolites in the pot and field treatments were analyzed by one-way analysis of variance (ANOVA), followed by least significant difference (Bonferroni), multiple comparisons at α = 0.05. Two-tailed t-tests of independent samples were used for comparing the contents data of tannin, flavonoid and lignin in the same mixed proportion treatments in planting pots and the field, whose data were log-transformed to achieve variance homogeneity and normal distribution.





3. Results


3.1. Effect of the Banding Mixed Forest in the Field on Content of Secondary Metabolites in Needles of L. olgensis


Except for 22 July (F = 0.97, df1 = 3, df2 = 8, p > 0.05), the tannin content of needles in FBMF was significantly higher than that in FLPF. On 1 August and 12 August the tannin content in needles of FBMF3:3 was significantly higher than that of FBMF1:1 (F = 27.10, df1 = 3, df2 = 8, p < 0.05 on 1 August; F = 39.73, df1 = 3, df2 = 8, p < 0.05 on 12 August), but there was no difference between FBMF3:3 and FBMF5:5. On 22 August, the tannin content in needles of FBMF3:3 was significantly higher than that of FBMF1:1 and FBMF5:5, while that of FBMF5:5 was significantly higher than that of FBMF1:1 (F = 243.26, df1 = 3, df2 = 8, p < 0.05). On 1 September, the tannin content in needles of FBMF3:3 was significantly higher than that of FBMF1:1 (F = 33.06, df1 = 3, df2 = 8, p < 0.05), but that of FBMF5:5 was not different from FBMF3:3 and FBMF1:1 (Figure 2A). The results indicated that the allelopathic effect of ashtrees on larches in FBMF could increase the tannin content in needles, and then the tannin content in needles of FBMF3:3 and FBMF5:5 significantly increased.



The flavonoids content of needles in FBMF was higher than that in FLPF. On 1 August, the flavonoids content of needles in FBMF5:5 was significantly higher than that in FBMF1:1, FBMF3:3 and FLPF (F = 4.76, df1 = 3, df2 = 8, p < 0.05), but there was no difference in FBMF1:1, FBMF3:3 and FLPF. On 12 August and 22 August, the flavonoids content of needles in FBMF5:5 and FBMF3:3 was significantly higher than that in FLPF (F = 13.40, df1 = 3, df2 = 8, p < 0.05 on 12 August; F = 22.16, df1 = 3, df2 = 8, p < 0.05 on 22 August), while that in FBMF5:5 was significantly higher than that in FBMF1:1 on 22 August, but there was no difference between that in FBMF3:3 and FBMF1:1. On 1 September, the flavonoids content of needles in FBMF5:5 was significantly higher than that in and FLPF (F = 7.41, df1 = 3, df2 = 8, p < 0.05), but there was no difference between that in FBMF5:5 and FBMF1:1 or FBMF3:3 (Figure 2B). The results showed that ashtree promoted the flavonoids compound in needles, and the flavonoids content of needles in FBMF5:5 was higher than that in FBMF1:1 and FBMF3:3.



Except for 22 July and 1 August, the lignin content in needles treated with FBMF was significantly higher than that of needles treated with FLPF (p < 0.05). On 22 July, the lignin content in needles of FBMF1:1 and FBMF3:3 was significantly higher than that of FLPF (F = 32.63, df1 = 3, df2 = 8, p < 0.05), but there was no difference between them. On 1 August and 12 August, the lignin content in needles of larch–ashtree FBMF was, from high to low, FBMF3:3 > FBMF5:5 > FBMF1:1 (F = 6.84, df1 = 3, df2 = 8, p < 0.05 on 1 August; F = 11.63, df1 = 3, df2 = 8, p < 0.05 on 12 August). On 22 August, the lignin content of needles in FBMF3:3 was significantly higher than that in FBMF1:1 and FBMF5:5 (F = 31.60, df1 = 3, df2 = 8, p < 0.05), but there was no difference between that in FBMF1:1 and FBMF5:5. On 1 September, the lignin content in needles of FBMF3:3 and FBMF5:5 was significantly higher than that of FBMF1:1 (F = 87.68, df1 = 3, df2 = 8, p < 0.05), but there was no significant difference between FBMF3:3 and FBMF5:5 (Figure 2C). These results indicated that ashtree in FBMF had a significant effect on the lignin content of needles, and then the lignin content in the needles of FBMF3:3 was higher than that of other treatments.




3.2. Effects of the Banding Mixed Forest in Pots on Content of Secondary Metabolites in Needles of L. olgensis


The tannin content of needles in PBMF3:3 was always significantly higher than that in PLPF, and the tannin content of needles in PBMF5:5 was significantly higher than that in PLPF on 22 July and 1 September. On 22 July, the tannin content in needles of PBMF was, from high to low, PBMF5:5 > PBMF3:3 > PBMF1:1 (F = 32.38, df1 = 3, df2 = 8, p < 0.05). On 1 August, 22 August and 1 September, the tannin content of needles in PBMF3:3 was significantly higher than in PBMF1:1 and PBMF5:5 (F = 9.13, df1 = 3, df2 = 8, p < 0.05 on 1 August; F = 11.52, df1 = 3, df2 = 8, p < 0.05 on 22 August; F = 25.50, df1 = 3, df2 = 8, p < 0.05 on 1 September), but there was no difference in PBMF1:1 and PBMF5:5 on 1 August and 22 August. On 12 August, the tannin content in needles of PBMF1:1 and PBMF3:3 was significantly higher than that of PBMF5:5 (F = 15.11, df1 = 3, df2 = 8, p < 0.05), but there was no difference between them (Figure 3A). These results showed that the allelopathy of ashtree in PBMF could increase the content of tannin in larch needles, and the tannin content in the needles of PBMF3:3 was higher than that of PBMF1:1 and PBMF5:5.



Except for 22 July, the flavonoids content in needles treated with PBMF3:3 and PBMF5:5 was significantly higher than that of needles treated with PLPF (p < 0.05). On 1 August and 12 August, the content of flavonoids in needles of PBMF5:5 was significantly higher than that of PBMF1:1 (F = 10.61, df1 = 3, df2 = 8, p < 0.05 on 1 August; F = 9.95, df1 = 3, df2 = 8, p < 0.05 on 12 August), and there was no difference between that of PBMF3:3 and PBMF1:1. On 22 August, the content of flavonoids in needles of PBMF5:5 was significantly higher than that of PBMF1:1 and PBMF3:3, but there was no difference between that of PBMF1:1 and PBMF3:3 (F = 30.49, df1 = 3, df2 = 8, p > 0.05). On 1 September, the content of flavonoids in needles of PBMF5:5 was significantly higher than that of PBMF1:1 (F = 11.79, df1 = 3, df2 = 8, p < 0.05), but there was no difference between that of PBMF3:3 and PBMF1:1 or PBMF5:5. (Figure 3B). These results showed that the allelopathy of ashtree in PBMF could increase the content of flavonoids in needles, and the content of flavonoids in the needles of PBMF5:5 was higher than that of PBMF1:1 and PBMF3:3, which is consistent with the results of the field experiment.



Except for 22 July, the lignin content in needles treated with PBMF was significantly higher than that of needles treated with PLPF (p < 0.05). On 22 July, the lignin content of needles in PBMF3:3 and PBMF5:5 were significantly higher than that of PLPF and PBMF1:1(F = 33.87, df1 = 3, df2 = 8, p < 0.05), but there was no difference between them. On 1 August and 12 August, the lignin content in needles treated with PBMF was, from high to low, PBMF3:3 > PBMF5:5 > PBMF1:1. On 1 September, the lignin content in needles of PBMF5:5 was significantly higher than that of PBMF1:1 and PBMF3:3. However, there was no difference between that of PBMF1:1 and PBMF3:3 (F = 4.69, df1 = 3, df2 = 8, p > 0.05) (Figure 3C). These results showed that the allelopathy of ashtree in needles of PBMF could increase the lignin content, and the lignin content in needles of PBMF3:3 and PBMF5:5 was significantly higher than that of PBMF1:1 (p < 0.05).




3.3. Effects of Two Planting Methods on Content of Secondary Metabolites in Needles of L. olgensis


The difference of the tannin content in needles was irregular in FBMF and PBMF. On 12 August, the tannin content in needles of FBMF1:1 was significantly lower than that of PBMF1:1 (t = −5.89, df = 4, p < 0.01), and there was no difference between them at other times. On 22 July and 1 September, the tannin content in needles of FBMF3:3 was significantly lower than that of PBMF3:3 (t = −3.07, df = 4, p < 0.05 on 22 July; t = −4.90, df = 4, p < 0.05 on 1 September), and on 22 August, the tannin content in needles of FBMF3:3 was significantly higher than that of PBMF3:3(t = 4.95, df = 4, p < 0.05). On 1 August, 12 and 22, the tannin content in needles of FBMF5:5 was significantly higher than that of PBMF5:5 (t = 3.55, df = 4, p < 0.05 on 1 August; t = 4.5, df = 4, p < 0.05 on 12 August; t = 6.33, df = 2.02, p < 0.05 on 22 August), while the tannin content in needles of FBMF5:5 was significantly lower than that of PBMF5:5 on 22 July (t = −10.78, df=4, p < 0.01). These results showed that the allelopathy of ashtree in needles of FBMF5:5 was more beneficial to improving the tannin content than that of PBMF5:5 (Table 2).



The content of flavonoids in needles of FBMF3:3 was significantly higher than that of PBMF3:3 on 22 July (t = 3.71, df = 4, p < 0.05); the content of flavonoids in needles of FBMF5:5 was significantly higher than that of PBMF5:5 on 1 August (t = 3.61, df = 4, p < 0.05); and the flavonoids content of needles in PBMF5:5 was significantly higher than that of FBMF5:5 on 1 September (t = −4.85, df = 4, p < 0.05). Except for those results, there was no difference between FBMF and PBMF at other times or treatments. (Table 2). These results showed that the effects of the allelopathy of ashtree on needles in FBMF and PBMF were similar for improving the content of flavonoids.



The lignin content of needles in FBMF was higher than that in PBMF. Except for that result, the lignin content in needles of FBMF5:5 was significantly lower than that of PBMF5:5 on 22 July (t = −9.675, df = 4, p < 0.01), while the lignin content in needles of FBMF1:1 (t = 5.76, df = 4, p < 0.01) and FBMF3:3(t=6.25, df=4, p < 0.01) on 22 July; that of FBMF1:1 (t = 6.93, df = 4, p < 0.01), FBMF3:3 (t=13.96, df = 4, p < 0.01) and FBMF5:5 (t = 17.49, df = 4, p < 0.01) on 12 August; and that of FBMF3:3 (t = 20.96, df = 4, p < 0.01) and FBMF5:5 (t = 16.04, df = 4, p < 0.01) on 1 September were all significantly higher than that of PBMF (Table 2). These results showed that compared with PBMF, FBMF was more beneficial in increasing the lignin content in larch needles.





4. Discussion


Plant allelopathy is a way of transmitting information between plants. It is also a natural chemical regulation phenomenon in the ecosystem and an ecological mechanism for plants to adapt to the environment [27]. Plants can sense and recognize the information substances that coexist within the same species or alien plants. Different plants regulate plant growth and development through different types of allelochemicals; change plants’ physiological, biochemical and compositional levels; and then improve their adaptability [28]. When Mallotus japonicus grows with its related species, the nectar secretion will be reduced, and their own chemical defense capabilities will be changed [29]. Among secondary metabolites, flavonoids and lignin are important phenylpropanoid pathway metabolites that can increase the metabolic burden of herbivores and inhibit their food consumption, digestibility and assimilation rates [16] (Matthias and Danie, 2020). Our study results showed that the allelopathy of ashtree can increase the content of tannin, flavonoids and lignin in needles, whether planting occurred in pots or the field. The reason may be due to the induction of some chemical substances released by the ashtree volatilization, rain and fog leaching, plant residue decomposition, root exudation and other substances infiltrating the soil to reach the larch [30]. The results are also consistent with the research results, in which the growth of larch–ashtree banded mixed forest for twenty and thirty years significantly enhanced larch’s resistance to insect pests [22]. This shows that a mixed forest of two-year-old larch–ashtree can promote a level of secondary metabolism in larches and the synthesis of phenols to enhance larch’s resistance to phytophagous insects and improve its chemical defenses.



The stable stand structure of mixed plantations gives full play to forest ecological function and benefit, compared with monocultural L. olgensis plantations with large-scale and successive planting [31]. It has many obvious advantages in enhancing system stability, resisting diseases and pests and increasing biological diversity. At the same time, increasing the richness of stand species can improve the trees’ resistance to pests [32]. In a broad-leaved forest, the overall damage of forest pests to broad-leaved tree species is significantly reduced with an increased number of tree species [33]. Cao B [34] used 3-year-old Ailanthus altissima and Populus bolleana to establish a mixed forest for controlling Anoplophora glabripennis. The results showed that the insect resistance of P. bolleana was better when P. bolleana and A. altissima were banding mixed in a ratio of 3:2 and 2:3. Our study showed that BMF3:3 and BMF5:5 of larch–ashtree had the most obvious effect on improving the content of secondary metabolites in needles, which was consistent with the previous study, which demonstrated that the content of secondary metabolites in the needles of 20-year-old larch–ashtree mixed by strips of 4:4 was significantly stronger than that in needles of 20-year-old larch–ashtree mixed by strips of 2:10 [22]. This shows that the allelopathy intensity of F. mandshurica on larch is different in different mixed modes. There are differences in stand density, population structure, interspecific competition, nutrient absorption, the content of allelochemicals released by ashtrees and the allelochemicals secreted by its roots among the three banding mixed modes of larch–ashtree—BMF1:1, BMF3:3 and BMF5:5—which all affect the synthesis of chemical defense substances in the needles. Therefore, when constructing larch–ashtree banding mixed forest, three or five rows of banded mixed forest are more conducive to improving the chemical defense ability of the trees.



Allelopathy among plants is mainly concentrated in the aboveground and underground parts [35]. Plants release specific secondary metabolites (allelochemicals) to the environment through aboveground parts’ (stems, leaves, flowers, fruits or seeds) volatilization, leaching and root exudation, which directly or indirectly affect the growth and development of neighboring plants, allowing neighboring plants to adjust their biomass allocation in order to determine whether to employ strategies such as chemical defense [36,37]. The present study showed that compared with the pot experiment, larches in the field experiment were more conducive to increasing their content of tannin and lignin. This shows that the synergistic chemical action of the aboveground volatiles and underground compounds of F. mandshurica is more conducive to enhancing the synthesis of insect-resistant secondary metabolites in needles. However, there is no significant difference between the effects of the two planting methods on the content of flavonoids in needles. It may be that some allelochemicals secreted by the roots of F. mandshurica in the ground-planting method have an antagonistic effect on the synthesis of secondary metabolites of flavonoids [38,39], which leads to the fact that the allelopathic effect of F. mandshurica in the field experiment on flavonoids is not stronger than that of F. mandshurica in the pot experiment. The mechanism of this phenomenon and the allelochemicals involved in enhancing the chemical defense of larch should be further studied.



With the improvement of people’s awareness of ecological and environmental protection, pest control has developed from comprehensive control measures based on chemical control to natural control based on forestry measures. The establishment of a mixed forest is an essential means of forest pest control and a measure of ecological pest control, too. Furthermore, allelopathy is an ecological factor that cannot be ignored in diverse forest ecosystems. It not only exists universally, but also greatly impacts the structural layout, function, benefit and development of forest communities [34,40]. Therefore, we should fully use the current healthy forest ecosystem and combine the underground and aboveground chemical links and their ecological synergy to explore the corresponding mechanisms and further construct natural chemical regulation in the future [21,32].




5. Conclusions


In summary, banding mixed larch and ashtree can significantly increase the content of secondary metabolites (phenolic compounds) in L. olgensis and improve its chemical defense. FBMF treatments showed more significant effects on the tannin and lignin content in needles than PBMF treatments. However, the allelopathic intensity of F. mandshurica on larches is different in different mixed modes, and then the effect of banding mixed forests by the proportion of 3:3 and 5:5 is better. These findings lay a theoretical foundation for applying forest management measures to control forest defoliators, such as Dendrolimus superans. Yet, the underground and aboveground chemical links and their ecological synergy mechanism for larch–ashtree banding mixed forests are still not clear, which needs further research.
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Figure 1. Larch and ashtree young trees planted with mixed banding forests in the field and in pots. 
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Figure 2. Changes of contents of tannin, flavonoids and lignin in needles of FBMF. (A) Tannin content, (B) Flavonoids content, (C) Lignin content. The values presented in the figure are means ± standard deviation (n = 3). Different lowercase letters in the same age histogram mean there is a significant difference between different treatments at the same time in the same mixed forest (ANOVA followed by Bonferroni multiple comparisons, p < 0.05). The same holds for Figure 2 and Figure 3 below. 
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Figure 3. Changes of contents of tannin, flavonoids and lignin in needles of PBMF. (A) Tannin content, (B) Flavonoids content, (C) Lignin content. 
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Table 1. Two planting modes and different banding mixed proportions (four samples each, n = 4).
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Planting Modes

	
Banding Mixed Modes

	
Abbreviation Code






	
planting in the field

	
larch pure forests

	
FLPF




	
larch–ashtree banding mixed forests in the proportion of 1:1

	
FBMF1:1




	
larch–ashtree banding mixed forests in the proportion of 3:3

	
FBMF3:3




	
larch–ashtree banding mixed forests in the proportion of 5:5

	
FBMF5:5




	
planting in pots

	
larch pure forests

	
PLPF




	
larch–ashtree banding mixed forests in the proportion of 1:1

	
PBMF1:1




	
larch–ashtree banding mixed forests in the proportion of 3:3

	
PBMF3:3




	
larch–ashtree banding mixed forests in the proportion of 5:5

	
PBMF5:5
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Table 2. Comparative analysis of content of secondary metabolites in larch needles by two planting modes.
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Ratio of Secondary Metabolites Content to Control




	
Secondary Metabolites

	
Month/Date

	
BMF1:1

	
BMF3:3

	
BMF5:5




	
Planting in Field

	
Planting in Pots

	
Sig.

	
Planting in Field

	
Planting in Pots

	
Sig.

	
Planting in Field

	
Planting In Pots

	
Sig.






	
tannin

	
7/22

	
1.09 ± 0.07

	
1.18 ± 0.02

	
ns

	
1.11 ± 0.05

	
1.35 ± 0.06

	
*

	
1.07 ± 0.02

	
1.53 ± 0.04

	
**




	
8/01

	
1.16 ± 0.04

	
1.04 ± 0.05

	
ns

	
1.40 ± 0.01

	
1.33 ± 0.09

	
ns

	
1.27 ± 0.04

	
1.04 ± 0.05

	
*




	
8/12

	
1.13 ± 0.02

	
1.37 ± 0.04

	
**

	
1.34 ± 0.02

	
1.46 ± 0.06

	
ns

	
1.44 ± 0.03

	
1.16 ± 0.05

	
*




	
8/22

	
1.18 ± 0.00

	
1.28 ± 0.04

	
ns

	
1.65 ± 0.03

	
1.36 ± 0.05

	
*

	
1.42 ± 0.00

	
1.08 ± 0.05

	
*




	
9/01

	
1.17 ± 0.02

	
1.19 ± 0.00

	
ns

	
1.33 ± 0.04

	
1.58 ± 0.04

	
**

	
1.25 ± 0.01

	
1.28 ± 0.07

	
ns




	
flavonoid

	
7/22

	
1.34 ± 0.15

	
1.08 ± 0.10

	
ns

	
1.69 ± 0.13

	
1.13 ± 0.07

	
*

	
1.44 ± 0.50

	
0.96 ± 0.17

	
ns




	
8/01

	
1.10 ± 0.01

	
1.14 ± 0.03

	
ns

	
1.33 ± 0.39

	
1.21 ± 0.06

	
ns

	
1.68 ± 0.09

	
1.32 ± 0.04

	
*




	
8/12

	
1.39 ± 0.16

	
1.24 ± 0.01

	
ns

	
1.70 ± 0.05

	
1.57 ± 0.14

	
ns

	
1.63 ± 0.03

	
1.56 ± 0.06

	
ns




	
8/22

	
1.24 ± 0.07

	
1.25 ± 0.05

	
ns

	
1.37 ± 0.02

	
1.37 ± 0.09

	
ns

	
1.60 ± 0.08

	
1.77 ± 0.05

	
ns




	
9/01

	
1.21 ± 0.09

	
1.15 ± 0.08

	
ns

	
1.14 ± 0.04

	
1.28 ± 0.06

	
ns

	
1.31 ± 0.02

	
1.47 ± 0.02

	
*




	
lignin

	
7/22

	
1.62 ± 0.08

	
1.15 ± 0.07

	
**

	
2.07 ± 0.05

	
1.56 ± 0.01

	
**

	
0.93 ± 0.04

	
1.71 ± 0.06

	
**




	
8/01

	
1.22 ± 0.05

	
1.19 ± 0.09

	
ns

	
1.64 ± 0.02

	
1.75 ± 0.03

	
ns

	
1.41 ± 0.03

	
1.40 ± 0.01

	
ns




	
8/12

	
1.56 ± 0.14

	
1.16 ± 0.03

	
*

	
2.76 ± 0.00

	
1.60 ± 0.00

	
**

	
2.39 ± 0.00

	
1.37 ± 0.02

	
**




	
8/22

	
1.23 ± 0.09

	
1.20 ± 0.13

	
ns

	
1.85 ± 0.02

	
1.31 ± 0.02

	
**

	
1.20 ± 0.03

	
1.31 ± 0.01

	
ns




	
9/01

	
1.40 ± 0.09

	
1.33 ± 0.11

	
ns

	
2.50 ± 0.02

	
1.30 ± 0.01

	
**

	
2.75 ± 0.02

	
1.45 ± 0.03

	
**








Note: * = p < 0.05; ** = p < 0.01; ns = p > 0.05 (independent sample t-test).
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