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32 Abstract
33 Global warming in conjunction with various biotic or abiotic interferences has been

34 jeopardizing the ecosystem of borea forests. By integrating field inspection with
35 experimental simulation, this work comprehensively investigated the allelopathic effects of a
36 key dlelochemica 3,4-dihydroxyacetophenone (DHAP) in the exudates of P. schrenkiana
37 needles on its seed and seedling growth, endogenous hormone metabolism and antioxidant
38 enzyme activity, identified the existence of DHAP allelopathy duality at a certain temperature
39  with an inflection concentration point (e.g. about 0.25 mM at dark/light temperature of
40 4/12 °C) as the boundary between promotional and inhibitory effect, and verified that the
41  inflection point of DHAP concentration would inevitably shift to alower level as temperature
42 increased. Consequently, this paper gives a scientific explanation into the intrinsic
43  mechanism of P. schrenkiana degradation due to allelopathy, but also presents a new

44  approach to explore the relationship between forest evolution and global warming.
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64  Introduction

65 Allelopathy can be generally defined as a direct or indirect, promotional or inhibitory
66 effect of a plant including microorganism on other plants or own through the release of
67  chemicals in environment (Rice, 1984). There have been a lot of research reports about
68  aleochemical production in woody species ranging from Eucalyptus sp. forest in Australiato
69 boreal conifer forest, tropical forest, temperate forest and sub-desert zone communities
70 (Mallik, 2008). Pellissier and Souto (1999) presented a detailed compilation of more than a
71 hundred tree species with allelopathic activity in boreal forest. It has been recognized that
72 alelochemicals could be released from plants into the environment through several ways
73 such as volatilization, root exudation, decomposition and leaching to interfere the growth of
74  adjacent plants (Subrahmaniam et al., 2018). Some allelochemicals could increase cell
75 membrane permeability (Bais et al., 2003; Chai et al., 2013), inhibit cell division and
76  elongation, damage cell sumicroscopic structure (Teerarak et al., 2012; Cheng et al., 2016),
77 disturb plant photosynthesis and respiration (Yu et al., 2005), affect synthesis of plant
78  endogenous hormones and proteins (Zeng et al., 2001; Hu et al., 2015), and so on. In
79  consequence, alelopathy would potentially influence the growth and development of plants,
80  succession of plant communities (Cummings et al., 2012; Bonanomi et al., 2018) and
81 invasion of exotic plant into forest ecosystems (Meiners et al., 2012). For the purpose of
82  simulation analysis, Blanco (2007) developed a forest ecological-level model FORECAST in
83  incorporating several aspects of allelopathy to demonstrate its potential consequences. Both
84 field investigation and model simulation indicated that the early stages of plant growth were
85 more fragile and sensitive to the changes in variety and quantity of allelochemicals than the
86  adult stages, as such created a mgjor bottleneck to plant propagation.

87 Depending on its concentration, an allelochemical can act as either a promoter or an
88 inhibiter to plant growth. Such bidirectional behavior may be called as the duality of
89  aleopathic effect. Our previous investigation on the autotoxic effects of Picea schrenkiana,
90 the most representative species in boreal forest, has revealed that 3, 4-dihydroxy-
91  acetophenone (DHAP) leached from P. schrenkiana needles could display a similar dual
92  effect on the growth of its seedling (Ruan et al., 2011). Specifically, DHAP could act as a

93  promoter at lower concentrations (0.1 mM) but an inhibitor at higher concentration (0.5 mM),
3
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94  and the concentration inflection point turning DHAP action direction would appear about
95 0.25 mM at 4/12 °C. This inflection point would shift to a lower level as environmental
96 temperature increased, which would generate some crucial effects on the early regeneration
97  process of P. schrenkiana in boreal forest (Ruan et al., 2016). In spite that the real existence
98 of plant autotoxic duality has been gradually recognized, its temperature dependence and
99  ecological significance to forest evolution still need to be fully understood.

100 Over the decades, climatic change in cooperation with other environmental stressors has
101 been significantly influencing plant ecological behavior and successive propagation (Reich et
102 al., 2016; Vazquez et al., 2017). The uncertainty of alelopathy induced by climate warming
103  and its effect on boreal forest regeneration require further study. Focusing on the verification
104 of alelopathy duality and its dependence on temperature, this work comprehensively
105 investigates the alelopathy of DHAP to the regeneration of P. schrenkiana in boreal forest.
106 In brief, a series of experiments including seed germination, seedling growth, root cell
107  viability, antioxidant enzyme activities and plant endogenous hormones were conducted to
108 reved the variation of DHAP allelopathy to P. schrenkiana regeneration as environment
109  temperature changed.

110 Material and Methods

111  Geography, climate and ecosystem of the forest

112 Boreal forests cross over Eurasian continent and account for about 30 % of the global
113  forest area as displayed in Fig.1A. As one of the largest mountain ranges in central Asia,
114  Tianshan Mountain occupies 800,000 km? between 69°-95° E and 39°-46° N, and stretches
115  close to 2,500 km from southwest to northeast in one of the most arid mid-latitude zones on
116  Earth. The forest on Tianshan Mountain range is located in a limited zone with atitudes
117  between 2,700 m (the thermal tree line) and 1,500 m, and the brown soil is covered by a thick
118  humus layer of litterfall over the years. The climate there is rather wet and warm, annually
119  giving the mean temperature, precipitation, evaporation and relative humidity to be 2 LJ,
120  400-600 mm, 980-1,150 mm and 65 % respectively, while the aridity index and the frost-free
121 period are 1.4 and 89 days respectively. This multilayered forest is inhabited by a variety of
122 plants including various trees, shrubs, ferns, grasses, and moss. P. schrenkiana mingled with

123 Larix sibiricain in the eastern region constitutes the major type of forest on Tianshan
4
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124  Mountain. The dominant species of understory shrubs are Juniperus pseudosabina and
125 Juniperus Sabina, and the main types of understory bryophytes consist of Dicranum
126  scoparium and Hepnum revolutumare, while the herbs mainly include Sellaria songorica
127  and Cortusa brother. In addition, the real-time monitoring of soil temperature with a total of
128  sixty-nine sampling points from five field sites on the northern slops of the Tianshan
129  Mountains showed that during natural seasons for P. schrenkiana regeneration from 2003 to
130 2012, the criterion day and night temperatures were 12 °C and 4 °C for seed germination, and
131 14 °C and 6 °C for seedling growth, respectively (Ruan et al., 2016).

132 Documentary records indicated that the distribution region and population scale of P.
133 schrenkiana were very sensitive to climate change during prehistoric and historic periods. As
134  known for long time, wildfire has played some important role in sustaining natural
135  regeneration and evolution of forest ecosystem. It has been naturally observed that the
136  sustainable circulation of P. schrenkiana ecosystem relied on wildfires to some extent (Zhang
137 and Zhang 1963). As shown in Fig.1B, for example, the seedlings and saplings of P.
138  schrenkiana only appeared on the burned down woods which experienced the third, fourth
139  and fifth grades of decay respectively, suggesting that the decomposition of the fallen woods
140  could be likely to circumvent or attenuate some negative effects on the seed germination and
141 seedling growth of P. schrenkiana. Fig.1C displayed the regeneration of P. schrenkiana over
142 two sporadic fire spots, Fig.1D and Fig.1E illustrated the regeneration status of P.
143 schrenkiana in five and ten years after the wildfire event occurred respectively. Hereby, a
144 wildfire burning might be appropriate or even beneficial to some forest ecosystems, probably
145  because it could not only damage and even destroy plant morphological landscape, but also
146  attenuate and even eliminate negative or toxic effects of some substances on ecological
147  balance and evolution of forests. Previous investigation showed that water extract of P.
148  schrenkiana needles exhibited autotoxic effects on seed germination and seedling growth
149 (Ruanetal., 2011; Yang et al., 2017).

150  Collection of P. schrenkiana needles and cones

151 The current-year needles and cones of P. schrenkiana were collected from those parent
152 treeslocated at the XAU forest education center at 2,198 m altitude, 43°22'58" north latitude

153 and 86°49'33" east longitude on September 12-15, 2007-2017. All the selected P.
5
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154  schrenkiana plants were 30-35 m tall, 80-100 years old, healthy and infection free. After
155  being collected, the cones were dried in paper bags at room temperature for 7 days and then
156  threshed by hand to get seeds. According to the analyses, the chemica composition of
157  needles and the vigor of seeds showed no difference for the selected plants from various areas
158  (Li et al., 2009).

159  Extraction and isolation of the active components

160 A certain amount of dry P. schrenkiana needles were ground and extracted with distilled
161  water (20 mL per gram) at room temperature for 48 h. Subsequently, the water solution was
162  extracted again with diethyl ether, ethyl acetate and n-butanol in turn. The obtained extracts
163  were concentrated and then fractionated with a silica gel column chromatography to isolate
164  active components. It was previously found that the fractionation of the concentrated diethyl
165  ether extract finally gave a yellow crystal of 3, 4-dihydroxy-acetophenone (DHAP) with the
166  strongest auto-toxicity, and the detailed information of experimental operation and

167  identification has been previously described elsewhere (Ruan et al., 2011).

168  Bioassay procedure
169 The stock solution of DHAP a 100 mM was prepared by dissolving pure DHAP in

170  distilled water, and then diluted into the concentrations of 0.5, 0.25 and 0.1mM as treatment
171 solutions and water as control for bioassays. Similarly, the water extraction solution of P.
172 schrenkiana needles at 1.0 mg mL™ was prepared by dissolving the water extracts in distilled
173 water, and then diluted to the concentrations of 0.1, 0.05, 0.01 mg mL™ for bioassays. The
174  biological measurements of seed germination and seedling growth were conducted according
175  tothe procedure of ISTA (International Seed Testing Association, 1993).

176  Measurement of the seed ger mination

177 100 seeds of the surface-sterilized P. schrenkiana were first put into culture dishes
178  (12x12 cm) lined with two layers of Whatman No 3 filter paper, and each dish was added
179  with 10 mL treatment solution or control water. The seeds were incubated in an artificial
180 intelligence simulation incubator under a 16/8 h (day/night) photo period with photon flux
181  density of 40 umol ms* at a day/night temperature of 8/0 °C, 10/2 °C, 12/4 °C, 14/6 °C and
182  16/8 °C, respectively. Treatments were conducted in a completely random manner and with
183  five replicates for each. Once the radicle emerged after incubation, the seeds were considered

184  to have germinated. The rate and vigor of germination were calculated after 15 days and on
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185  thetenth day, respectively.

186  Measurement of the seedling growth

187 Replicated by five times, one hundred of the successfully germinated seeds were placed
188  in Petri dishes and 10 mL treatment solution was added into each dish, and then the seedlings
189  were incubated in an artificial intelligence ssmulation incubator under a 16/8 h (day/night)
190  photo period with photon flux density of 40 pmol m?s™ at a day/night temperature of 10/2 °C,
191  12/4 °C, 14/6 °C, 16/8 °C, and 18/10°C, respectively. After incubation, five seedlings were
192  randomly sampled from each Petri dish, and the length of their shoots and roots was
193  measured with a vernier caliper (GB/T 1214.2-1996, Measuring Instrument LTD, Shanghai).
194  The weight of fresh seedlings was also recorded (Mettler Toledo instrument LTD, Switch).
195  The measurements were taken on the third day after incubation, and continued once every 3
196 day for atotal of 30 days. After their radicle length and fresh weight measured, the seedlings
197 were used to determine the activities of antioxidant enzymes and the levels of plant
198  endogenous hormones.

199  Measurement of theroot cell viability of seedling
200 The viability of P. schrenkiana root cell was determined by the method of double

201  staining with fluorescein diacetate (FDA) and propidium iodide (Pl) (Pan et al., 2001). Root
202 tissues (0.1-1 cm length from the tip) were excised from the intact seedlings with or without
203  DHAP treatment, and then the staining process was performed and photographed using a
204  fluorescence microscope (Nikon E600 with a B-2A filter, excitation 450-490 nm, emission at
205 520 nm, Nikon Corp., Tokyo, Japan) according to the reported methods (Yang et al., 2017).
206  Assay of plant endogenous hor mone contents

207 Sample of P. schrenkiana seedlings (0.1 g) was ground in liquid nitrogen, dissolved with
208 80% cold methanol (containing 1 mM BHT), and then temporarily incubated at 401 in the
209  dark for 12 h. After centrifugation at 10,000 r-min™ for 20 min at 47, the supernatants were
210  prewashed with 80 % methanol, dried under N, and then dissolved in 2 mL methanol for
211 anaysis. The contents of plant endogenous hormones were determined by a Agilent 1290
212 UPLC (Ultra-high Performance Liquid Chromatography) system with a C18 reversed-phase
213 column (2.1x150 mm, Agilent, Santa Clara, CA, USA) in accordance with the method
214  described previously (Yang et al., 2017). Zeatin (ZT), Gibberellin (GAs), Indoleacetic acid

7
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215  (IAA) and Abscisic acid (ABA) and DHAP as reference materials were assayed by UPLC,
216  and retention time of each compound was measured, as marked in the following bracket: ZT
217 (152 min), DHAP (295 min), GA;3 (3.65 min), IAA (5.32 min), ABA (7.35 min),
218 respectively (Fig. 2). The concentrations of plant endogenous hormones (ug-g™ fresh weight)
219  were automatically calculated from peak area by software using authentic standard runs with
220 the sample. All the calibration curves showed excellent linearity (R® >0.999) in a wide
221  concentration range.

222 Assay of antioxidant enzyme activities

223 The antioxidant enzyme activities of P. schrenkiana seedling were analyzed by the
224  standard methods and the procedures described previously (Yang et al., 2017). In brief,
225  Speroxide dismutase (SOD) activity was determined using the nitrobluetetrazolium (NBT)
226  method, and one unit of the activity was defined as the amount to cause 50 % inhibition of
227 NBT reduction (Giannopolitis and Ries 1977); Peroxidase (POD) activity was detected in
228  accordance with the guaiacol method, and one unit of the activity was defined as the amount
229  of 0.01 increase in the absorbance at 470 nm per min (Kochba et al., 1977); Catalase (CAT)
230  activity was determined according to the rate of H,O, decomposition as measured by the
231  decrease of absorbance at 240 nm, and one unit of the activity was calculated as the amount
232 of 0.01 decrease in absorbance at 240 nm per min (Zhang et al., 1990); Glutathione reductase
233 (GR) activity was assayed by following GSSG-dependent oxidation of NADPH, and one unit
234 of theactivity was expressed as 1 tM NADPH oxidized per min (Lee et al., 2001).

235  Statistical analyses

236 All results were presented as the mean + standard error of five replications. All data
237  were statistically analyzed using SPSS software (IBM, New York, USA). For statistical
238  analyses, relationships were considered to be significant when p<0.05. If the results of
239 One-way ANOVA showed the significant differences at the 0.05 significance level, LSD

240 (Least Significance Difference) was adopted for multiple comparisons among the different

241 treatments.

242  Results

243 The duality of allelopathy to boreal forest ecosystem depends on both allelochemical

244  concentration and environmental temperature, which can be displayed by investigating the
8
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245  effects of both the allelopathic mixture (water extract) and single key allelochemical (DHAP)
246  in P. schrenkiana needles on phenotypic, morphologic and physiological characteristics of P.
247  schrenkiana plant at various temperatures.

248  Dynamic variability of auto-allelopathic effect on the seed germination

249 The auto-alelopathic effects of both the water extract of P. schrenkiana needles and
250  single DHAP on the germination of P. schrenkiana seeds were investigated at three different
251  concentrations and in five dark/light temperature cycles of 0/8, 2/10, 4/12, 6/14 and 8/16 °C.
252  The experimental results (p<0.05) are illustrated by a set of diagramsin Fig. 3, in which the
253  vertical axis represents the inhibition ratio as a percentage of the net change value divided by
254  theintrinsic value, so that a positive, negative or zero value indicates an inhibition, promotion
255  or no effect respectively. For either the extract or DHAP, low concentration enhanced the rate
256 and vigor of seed germination but high concentration reduced the rate and vigor at any
257  temperature cycles, while the intermediate concentration could alter the effect from
258  promoting to inhibiting the seed germination as the temperature increased. At a given
259  temperature, therefore, there always was an inflection point of concentration (threshold) for
260 dividing the promotional and inhibitory effect on the seed germination, and increasing the
261 temperature could shift the inflection point to a lower level. For the effect of DHAP on the
262  rate and vigor of seed germination as an example, the inflection concentration point shifted
263 from higher than 0.25 mM to much lower than this level with increasing the dark/light

264  temperature from 0/8 to 4/12 to 8/16 °C (p<0.05), as seen in Fig 3C and 3D.

265  Dynamic variability of auto-allelopathic effect on the seedling growth

266 Fig. 4 illustrated the experimental results on three different concentrations of the water
267  extract of needles and single DHAP affecting the growth of P. schrenkiana seedlings at five
268  dark/light temperature cycles, indicated by the changes of plumule length, radical length and
269  fresh weight (p<0.05). Depending on concentration and temperature, the auto-allelopathic
270  effect in each pair of donor (the water extract or single DHAP) and target (plumule length or
271 radical length or fresh weight) could display the duality of promation or inhibition. Smilar to
272 the above seed germination, a any given temperature cycle the low concentration of donor

273 invariably enhanced the growth of P. schrenkiana seedlings but the high concentration
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274  inevitably reduced the growth, while the intermediate concentration could alter the inhibition
275  ratio from a negative value (promotion effect) through zero line (no effect) to a positive value
276  (inhibition effect) with increasing temperature. For the effect of DHAP on the growth of
277 seedling as an example, the concentration of 0.25 mM could increase the plumule and radical
278  lengths of the seedlings at 2/10, 4/12 and 6/14 °C (p<0.05), slightly lengthen the plumule but
279  largely shorten the radicle at 8/16 °C (p<0.05), and largely cut down both the lengths at
280 10/18 °C (p<0.05), as showed in Fig 4D and 4E. In brief, there aways exists an inflection
281  concentration point of the donor to divide its promotional and inhibitory effect on the growth
282 of P. schrenkiana seedlings at a given temperature, and all such temperature-dependent
283 inflection points can be connected into a boundary line that drifts downward with the increase
284  of temperature.

285  Dynamic variability of auto-allelopathic effect on the viability of root tips

286 The auto-allelopathic effects of DHAP at three concentrations and five dark/light
287  temperature cycles on the viability of root tips of P. schrenkiana seedlings were illustrated by
288  fluorescence in Fig. 5, where fresh green and yellow red indicate alive and dying roots,
289  respectively. As compared with the case in the absence of alelochemical (CK), 0.1 mM
290 DHAP could significantly enhance the vitality of the seedling roots at the dark/light
291  temperature cycles 4/12 and 6/14°C, and 0.25 mM DHAP almost give no effect on the vitality
292 of roots at the temperature below 6/14 °C but a serious damage to the vitality at the
293 temperature over 8/16 °C, while 0.5 mM DHAP cause a loss of roots vitality even at low
294  temperature of 2/10 °C until the complete death of roots at high temperature of 10/18 °C. In
295  general, the relatively low concentration of DHAP at a relatively low temperature could
296  enhance the viability of roots, but the higher concentration of DHAP a a relatively high
297  temperature might kill the roots completely. For the influence of DHAP on the viability of
298  root tips of P. schrenkiana seedlings, therefore, there also appears the dudity depending on
299 temperature and concentration, although the inflection points are not easy to determine

300 quantitatively and the boundary line is difficult to draw clearly.

301  Dynamic variability of auto-allelopathic effect on the antioxidant activity of enzymes
302 The vitality of P. schrenkiana seedlings is closely related to its physiological property,

10
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303  and thus the synergistic effects of DHAP concentration, incubation temperature and time on
304 the activities of antioxidant enzymes in P. schrenkiana seedlings have been investigated. As
305 displayed in Fig. 6, the original activities of four antioxidant enzymes SOD, POD, CAT and
306 GRareabout 45 U-g*, 39 U-g*, 11 U-g* and 27 uM NADPH-g* respectively (p<0.05), while
307 these activities varied significantly with DHAP concentration, incubation temperature and
308 time.

309 For SOD without DHAP treatment as showed in A1-A5 of Fig. 6, the intrinsic activity
310 increased with temperature during O to 6 days, and then slightly descended as time extended
311  to 12 days at temperature below 8/16 °C or approached to a stable level a 10/18 °C (p<0.05).
312 For SOD with the treatment of DHAP at different concentrations and temperatures, the
313 activity corresponding to 0.1 mM DHAP went over the intrinsic activity at any temperature
314  and gently increased with time (p<0.05); the activity corresponding to 0.25 mM DHAP was
315  higher than the intrinsic activities at 2/10 and 4/12 °C and increased with time, and was
316  Similar to theintrinsic activity at 6/14 °C and any time, while those at 8/16 and 10/18 °C went
317 upin first 3 days and then quickly dropped down to far below the intrinsic activity after 6
318  days (p<0.05); also the activity corresponding to 0.5 mM went up significantly over the
319 intrinsic activity at 2/10 °C during first 6 days and then dropped down to slightly above the
320 intrinsic activity in 12 days, the activity at 4/12 °C went up to a peak during the first 3 days
321  and then fell down to close to the intrinsic activity in 12 days, while those at temperatures
322 over 6/14 °C ascended quickly to the maximums and then descended rapidly to far below the
323  intrinsic activity after 6 days (p<0.05)..

324 For POD, CAT and GR without DHAP treatment, their activities at any temperature
325 generdly increased over time, as displayed by the diagrams B1-B5, C1-C5 and D1-D5 in Fig.
326 6 respectively. For the three enzymes with DHAP treatment, the trends and patterns of
327 individual activity change with DHAP concentration, incubation temperature and time are
328 basicaly similar to those of SOD, regardless of the difference in change extent and
329 displacement of some turning points. For instance, their activities corresponding to 0.5 mM
330  went up over theintrinsic activity at 2/10 °C in 3 days instead of 6 days referring to SOD and
331 then dropped down to far below rather than slightly above the intrinsic activity referring to

332 SOD in 12 days (p<0.05), as showed in A1-D1 of Fig.6.
11
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333 In conclusion, the allelopathic effect of DHAP on the activities of four antioxidant
334  enzymes in P. schrenkiana seedlings similarly displayed the duality relying on DHAP
335  concentration and temperature, while time might be able to adjust the degree or even
336  direction of such dua effects. Compared with the growth of P. schrenkiana seeds, seedlings
337 and roots, however, the response of these antioxidant enzymes to the duality of DHAP
338  dllelopathic effect appeared to show some time delay. In other words, whether the
339  promotional effect at lower concentration and temperature or the inhibitory effect at higher
340  concentration and temperature generally required enough time to significantly change the

341  activities of these antioxidant enzymes.

342  Dynamic variability of auto-allelopathic effect on the endogenous metabolism of
343 hormones

344 There are further interests to investigate the variability of DHAP allelopathy to the
345  endogenous metabolism in P. schrenkiana, and hence the joint effects of DHAP concentration,
346  incubation temperature and time on the contents of four hormones including ZT, GA3z, IAA
347 and ABA in P. schrenkiana seedling have been examined. As demonstrated in Fig.7, the
348  contents of the four hormones in P. schrenkiana seedling aso varied significantly with DHAP
349  concentration, temperature and time. By comparison, the original contents of the hormones
350 |AA, ZT, GA; and ABA are about 18, 2.8, 12 and 0.01ug-g " respectively (p<0.05), and the
351  change patterns of 1AA, ZT and GAj3; content show some similarities but are obviously
352 different from that of ABA content.

353 For hormone IAA in the absence of DHAR, its intrinsic content slowly increased with
354  time at any temperature, as showed by A1-A5 in Fig.7. In the existence of DHAP at different
355  concentrations, the content of IAA responding to 0.1 mM DHAP rapidly increased with time
356 at any temperature and went to much higher than the intrinsic content at 10/18 °C and 12
357 days (p<0.05); the content responding to 0.25 mM DHAP was dlightly higher than the
358 intrinsic content at 2/10 and 4/12 °C and gently increased with time, that at 6/14 °C was
359 amost the same as the intrinsic value at any time, while those at 8/16 and 10/18 °C slowly
360 climbed in first 3 days and then quickly slid down to far below the intrinsic values after 6
361  days (p<0.05); aso the content responding to 0.5 mM DHAP went up to a peak above that
362  responding to 0.25 mM in 3 days at any temperature and then rapidly fell down to far below
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363 theintrinsic content after 6 days (p<0.05).

364 For hormone ZT in the absence of DHAR  its intrinsic content gradually increased with
365 time at any temperature, as showed by B1-B5 in Fig.7. In the existence of DHAP at different
366  concentrations, the content of ZT responding to 0.1 mM DHAP quickly increased with time
367 and went up over the intrinsic content at any time and temperature (p<0.05); the content
368  responding to 0.25 mM DHAP was higher than the intrinsic content but lower than that
369  responding to 0.1 mM DHAP at 2/10 or 4/12 °C and increased with time, and slightly higher
370  than the intrinsic content at 6/14 °C and any time, while those at 8/16 and 10/18 °C slowly
371 climbed in first 3 days and then quickly slid down to far below the intrinsic values after 6
372 days (p<0.05); aso the content responding to 0.5 mM DHAP went up to a peak higher than
373  that responding to 0.25 mM in 3 days at temperature above 6/14 °C and then rapidly fell
374  downto far below the intrinsic content after 6 days (p<0.05).

375 For hormone GA3 in the absence or existence of DHAP as showed by C1-C5 in Fig.7,
376 the patterns and trends of its content change with DHAP concentration, incubation
377  temperature and time are almost the same as those of 1AA, and also roughly similar to those
378  of ZT.

379 For hormone ABA in absence or existence of DHAP as showed by D1-D5 in Fig.7,
380  however, the pattern and trend of its content changing with DHAP concentration, incubation
381 temperature and time is obviously different from those of the above three hormones. As seen,
382 its intrinsic content and those responding to three concentrations of DHAP generaly
383 increased with temperature and time. In detail, the content responding to 0.1 mM DHAP is
384  dlightly lower than the intrinsic content at any temperature and time (p<0.05); that responding
385 to 0.5 mM DHAP is much higher than the intrinsic content at any temperature and time,
386  while that responding to 0.25 mM at any time is slightly lower than the intrinsic content at
387 2/10 °C, close to the intrinsic content at 4/12 °C, slightly higher than the intrinsic content at
388  6/14 °C, and significantly higher than the intrinsic content but slightly lower than the content
389  responding to 0.5 mM DHAP at 8/16 and 10/18 °C (p<0.05). Contrary to the cases of 1AA,
390 ZT and GA3, in particular, low concentration of DHAP (0.1 mM) can slightly reduce the ABA
391 content at any temperature and time, while high concentration of DHAP (0.5 mM) can

392  dgnificantly enhance the ABA content without a sudden and sharp drop at high temperature
13
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393  and any time (p<0.05).

394 In brief, the allelopathic effect of DHAP on the contents of four hormones in P.
395 schrenkiana seedlings also demonstrated the duality depending on DHAP concentration and
396  temperature, while time might magnify the extent of influence in most occasions. In general,
397 low concentration of DHAP could gently enhance the contents of IAA, ZT and GA3 but
398  dlightly reduce that of ABA at any temperature and time, while high concentration of DHAP
399  could significantly reduce the contents of IAA, ZT and GA3 but enhance that of ABA at high
400  temperature and long time.

401  Discussion

402 Global warming in conjunction with other environmental stressors and various biotic or
403  abiotic interferences is increasingly jeopardizing the ecosystem of boreal forests (Gauthier et
404  al., 2015). The existence of alelopathy has been gradually recognized by plant ecologists and
405 chemists, but as a potential and invisible force to drive the succession of boreal forest
406  (Inderjit et al., 2011), its vital role in regeneration of various plants such as P. schrenkiana
407 have not attracted widespread attention, and in particular, its dynamic mechanism and
408  ecological significance have not been fully understood yet. The main reason for that is due to
409  the lack of innovative thinking and scientific methods. So far, most filed investigations have
410  mainly focused on phenotypic and morphologic changes of plants (Zuo et al., 2007; Farooq et
411  al., 2014), but hardly enter into the allelochemistry of plant secondary metabolites due to the
412 complexity and invisibility. On the other hand, few studies in lab could clearly explain
413  dlelopathy in natural settings due to the difficulties in adopting representative samples,
414  simulating geographical climate and ecological environment in the field, indentifying key
415  dlelochemicals and quantitatively evaluating allelopathic effects. In this study, we
416 established a scientific methodology to simultaneously probe morphologic change,
417  biochemistry of plant primary physiologic processes and alelochemistry of plant secondary
418  metabolites under the simulated field conditions, accurately identify and quantitatively
419 evauate the allelopathic effects on plant growth, and insightfully reveal the synergistic
420  effects of allelopathy, climate and other factors on plant behavioral ecology, Such approach
421 may overcome the weakness of empirical, phenomenological and impractical studies in this

422  area. As aresult, this paper provides a replicable and successful example to comprehensively
14
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423  explain temperature- dependence of DHAP allelopathy duality and its influence on the
424  growth of P. schrenkiana seeds and seedlings.

425 From a scientific point of view, the terminology “duality” generaly refers to a basic
426  feature of the interactions among various processes such as forests evolution. Undoubtedly,
427  the accumulation of allelopathic substances in soil can potentially play an important role in
428 plant adaption to environment and forest evolution. A lower cumulative amount of
429  dlelochemicals such as DHAP of 0.1 mM in the soil could promote the germination of seeds,
430  accelerate the growth rate of seedlings, and consequently enhance the survival probability
431 and competition level of P. schrenkiana population in the early stage of regeneration. By
432  contraries, however, a higher cumulative amount of allelochemicals such as DHAP of 0.5
433  mM inthesoil could inhibit the germination of seeds, decelerate the growth rate of seedlings,
434  and thus reduce the survival probability and competitive ability of P. schrenkiana population,
435  just appearing a “drive away” effect on the regenerated population. At the same time, the
436  periodic fire combustion may play the role of a surface cleaner to reduce the accumulated
437  amount of alelochemicals in topsoil and maintain the stability and balance of ecosystem
438  (Wang et al., 2006). Originated from scientific thinking here, we have fully explored and
439  quantitatively evaluated the dual effects of key alleochemical DHAP in the exudates of P.
440 schrenkiana needles on the growth of its seed and seedling as well as the endogenous
441  metabolism and antioxidant enzyme activities. In the first, an inflection concentration of
442  DHAP was identified at any given temperature, and then it was demonstrated that depending
443  on its concentration below or over this inflection point, DHAP might give a promotional or
444  inhibitory effect on the growth of P. schrenkiana seeds and seedlings. In the second, the
445  temperature-dependence of such DHAP alelopathic effects was verified to indicate that
446  increasing temperature would inevitably shift the inflection concentration of DHAP from a
447  higher level to a lower level. Consequently, these findings on the duality of DHAP
448  alelopathy not only give a specific annotation to the universality of natural development
449  process from quantitative change to qualitative change, but also provide a scientific guidance
450 for the prospective researches and practices in the evolution of forest ecosystem in the

451  context of global warming.
452 In the typical case given here, a scientific explanation to the temperature dependence of
15
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453 DHAP adlelopathy duality and its influence on the growth of P. schrenkiana seeds and
454  seedlings expands the understandings of allelopathic effects on forest evolution during the
455  process of global climate change, which will help us penetrate through the apparent
456  interaction between P. schrenkiana regeneration and climate change to find the common
457  mechanism of morphological, biochemical, and ecological changes in forest evolution under
458  global warming. Finally, this paper demonstrates our aspirations and efforts to scientifically
459  explore the real problems of boreal forest degradation by integrating field investigation with
460  experimental analysis and simulation. Beyond all doubt, with the continuous improvement of
461  research methods and techniques, the role of alelopathy in plant-mediated interference to
462  natural ecosystem is expected to become clearer in the coming years.
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578  Fig.1 Distribution of boreal forest and regeneration of P. schrenkiana

579  A: Distribution of global boreal forest; B: Regeneration of P. schrenkiana in fallen woods (50
580 years); C: Regeneration of P. schrenkiana over sporadic fire spots, D: Regeneration of P.
581  schrenkiana after in 5 -year after the wildfire event; E: Regeneration of P. schrenkiana after
582  in 10 -year after the wildfire event

583  Fig.2 Chromatogram of four phytohormones and DHAP by UPLC

584  A: Standard chromatogram; B: Sample chromatogram.

585  Fig.3 The effect of water extract and DHAP treatment on seed germination of P. schrenkiana
586  indifferent temperature ranges

587  A-B: Water extract on germination rate and germination vigor; C-D: DHAP on germination
588  rate and germination vigor

589  Fig.4 The effect of water extract and DHAP treatment on seedlings growth of P. schrenkiana
590 indifferent temperature ranges

591  A-C: Water extract on plumule length, radicle length and fresh weight; D-F. DHAP on
592  plumule length, radicle length and fresh weight

593  Fig.5 The effect of DHAP on root tips viability of P. schrenkiana seedlingsin different
594  temperature ranges tested by FDA-PI staining

595 Fig.6 The change of antioxidant enzymes activities in P. schrenkiana seedlings treated by
596 DHAPat different temperature

597 A1-A5: DHAP on SOD activity at 2/10°C, 4/12°C, 6/14°C, 8/16°C, and 10/18°C; B1-B5:
598  DHAP on POD activity at 2/10°C, 4/12°C, 6/14°C, 8/16°C, and 10/18°C; C1-C5:DHAP on
599  CAT activity at 2/10°C, 4/12°C, 6/14°C, 8/16°C, and 10/18°C; D1-D5: DHAP on GR activity

600 at 2/10°C, 4/12°C, 6/14°C, 8/16°C, and 10/18°C

601 Fig.7 The change of endogenous plant hormones in P. schrenkiana seedlings treated by
602 DHAPat different temperature

603 A1-A5: DHAPon IAA content at 2/101_, 4/12( 1, 6/1411, 8/16LJ, and 10/18_1; B1-B5: DHAP
604 on ZT content at 2/10L, 4/121 1, 6/1411, 8/161 , and 10/18(_; C1-C5: DHAP on GA3 content
605 at 2/10L, 4/121., 6/14.1, 8/16L1, and 10/18LJ; D1-D5:DHAP on ABA content at 2/10_J,
606  4/12,6/141, 8/16L , and 10/18L
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