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Abstract

Accumulation of phenolic acids in monocropping plantations led to declining soil
fertility and reduced productivity due to allelopathic effects. The effects of mixed
versus mono-specific plantations on the seasonal turnover of phenolic acids in soil
remains unclear. This study explored in plantations of Eucalyptus grandis x Eucalyptus
urophylla and Erythrophleum fordii Oliv. (mixed) versus E. grandis x E. urophylla only
(pure) the effect of species mixture on the phenolic acid content in the soil. We analy-
zed both total phenolic acid content as well as six phenolic acids separately and our
measurements were conducted over four seasons and in an entire year. We expected
that the mixed plantation would exhibit lower accumulation of both total and indivi-
dual phenolic acids in soil versus the pure plantation. Contrary to our hypothesis, the
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total content of phenolic acids in the mixed plantation was significantly (p < 0.001)
higher than that in the pure Eucalyptus plantation in all seasons. We also observed
a significant effect of stand type (mixed or pure), season, and interaction between
stand type and season on total soil phenolic acid content (p < 0.001). This may cause
an enhanced allelopathic effect of phenolic acids in the soil of the mixed stand. In
terms of the individual phenolic acids, the mixed plantation resulted in significantly
higher (p < 0.001) p-hydroxybenzoic acid and vanillic acid contents in all seasons, as
compared with the pure Eucalyptus plantation. Species mixture appears to reduce
the content of ferulic acid, coumaric acid, benzoic acid, and salicylic acid in most sea-
sons. A significant effect (p < 0.001) of stand type, season, and their interaction on
the content of all individual phenolic acids in the soil, with the exception of benzoic
acid, was observed. This study thus strongly suggests that both total and individual
phenolic acids should be studied to evaluate the possible allelopathic effects in forest
ecosystems and verify that species mixture can also increase phenolic acid concen-
tration.

Zusammenfassung

Die Akkumulation von Phenolsdure in Monokulturen wurde wegen ihres allelopa-
thischen Effekts in Zusammenhang mit Verminderung von Bodenfruchtbarkeit und
-produktivitat gebracht. Die Auswirkungen von Baumartenmischung auf die jahres-
zeitlichen Schwankungen des Phenolsdure-Gehalts im Boden ist wenig erforscht.
Diese Studie untersucht den Effekt von Baumartenmischung auf den Phenolsau-
re-Gehalt im Boden von gemischten Eucalyptus grandis x Eucalyptus urophylla und
Erythrophleum fordii Oliv. Plantagen im Vergleich zu einem reinen E. grandis x E. uro-
phylla Bestand. Wir untersuchten sowohl den gesamten Phenolsdure-Gehalt als auch
den Gehalt von sechs einzelnen Phenolsauren wahrend vier Jahreszeiten Uber ein
ganzes Jahr. Wir haben erwartet, dass sowohl der totale als auch der individuelle Phe-
nolsaure-Gehalt im Reinbestand hoher ware als im Mischbestand. Entgegen unserer
Hypothese war der totale Phenolsdure-Gehalt in der gemischten Bepflanzung signi-
fikant (p < 0.001) hoher als der Phenolsdure-Gehalt in dem Eukalyptus Reinbestand
in allen Jahreszeiten. Es zeigte sich auch eine signifikanter Effekt von Bepflanzungs-
typ (gemischt oder rein), Jahreszeit und Interaktion zwischen Bepflanzungstyp und
Jahreszeit auf den totalen Phenolsdure-Gehalt (p < 0.001). Das kann einen verstark-
ten allelopathischen Effekt der Phenolsdaure im Boden des Mischbestandes zur Fol-
ge haben. Bei den einzelnen Phenolsduren hat der Mischbestand einen signifikant
hoheren Gehalt (p < 0.001) von p-Hydroxybenzoesaure und Vanillinsduregehaltern
in allen Jahreszeiten als der Reinbestand. Gemischte Bepflanzung reduzierte den Ge-
halt von Ferulsdaure, Coumarinsdure, Benzoesaure und Salicylsdure in den meisten
Jahreszeiten. Eine signifikante Wirkung (p < 0.001) von Bepflanzungstyp, Jahreszeit
und deren Interaktion auf den Gehalt der einzelnen Phenolsduren (ausgenommen
Benzoesdure) wurde beobachtet. Unsere Studie legt nahe, dass sowohl die totalen als
auch einzelnen Phenolsdure-Gehalter im Boden erforscht werden missen, um még-
liche allelopathische Effekte von Phenolsduren in Waldern zu verstehen und um zu
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verifizieren, ob Baumartenmischung auch zu einer Erhéhung des Phenolsaure-Ge-
halts fiihren kann.

1. Introduction

Eucalyptus spp. has been widely cultivated in many provinces of southern China, be-
cause of its fast growth, good adaptability, and high economic efficiency and in turn
has become an important component of the forest economy. According to the results
of the Ninth National Forest Resource Inventory Report, the area of Eucalyptus plan-
tations in China has reached 4.45 million hectares (The State Forestry Administration
of the People’s Republic of China 2014). In southern China, 60 % - 70 % of Eucalyptus
plantations are short-rotation plantations, of which 50 % - 60 % use monocropping
(Wen 2005).

With the increasing share of monocropping in Eucalyptus plantations, concerns ab-
out the potential environmental impacts become more frequent. Short rotations may
lead to loss of soil fertility and productivity and affect biodiversity negatively (Jagger
and Pender 2000, 2003; Laclau et al. 2010). Allelopathic effects inhibiting the growth
of plants and microorganisms in forest ecosystems can be caused by certain chemi-
cal substances produced by leaching, litter decomposition, and/or root exudation
and can lead to further loss of biodiversity (Bolte et al. 1984; Zeng and Li 1997). The
leachate from Eucalyptus leaves can reduce the growth of Eucalyptus viminalis seed-
lings by 80 % - 85 % and the leaching effect can lead to the formation of a circular
inhibition zone under the canopy (Zhai and Jia 1993). Studies have also shown that
phenolic acids are important allelopathic substances in the soils of Eucalyptus grandis
plantations (Chen et al. 2002; Wang et al. 2006; Wang et al. 2007).

Phenolic acids are secondary metabolites of plants. Most phenolic acids have strong
allelopathic effects and can affect the growth and development of plants of the same
but also other species through soil regulatory effects (Blum and Dalton 1985). Several
studies have shown that high concentration of phenolic acids can severely inhibit
plant growth (lannucci et al. 2013; Patrick 1971; Patterson 1981; Zhu et al. 2003). Fo-
rest and agricultural soils contain various phenolic acids as well as other toxic and
non-toxic organic compounds that are capable of interacting with soil organisms and
roots (Blum 1996; Inderjit 1996). Measurements of soil ester-linked phenolic acids
have revealed a large range of phenolic compounds including p-hydroxybenzoic
acid, vanillic acid, syringic acid, coumaric acid, and ferulic acid (Martens 2002). Un-
derstanding the ecological impact of the various phenolic acids and their interaction
effects is essential for understanding the phenomenon of allelopathy (Inderjit 1996).
For instance, the inhibitory effect of ferulic acid on leaf expansion, transpiration, wa-
ter use efficiency, and leaf area has been studied for cucumber seedlings (Blum and
Dalton 1985; Blum and Gerig 2005). The inhibitory effect of cinnamic acid derivatives
(ferulic acid and p-coumaric acid) was two- to five-fold higher than that of benzoic
acid derivatives (p-hydroxybenzoic acid and vanillic acid) (Blum and Gerig 2005).
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The transformation of pure into mixed forests might solve the ecological problems
associated with pure forests like increase of pests and diseases, decreasing biodiversi-
ty, and declining soil fertility (Bravo-Oviedo et al. 2014; Carnol et al. 2014; Knoke et al.
2008; Xavier et al. 2011). Since 2006, the establishment of mixed plantations of Euca-
lyptus with other tree species has become more common in southern China, as eco-
logical problems of pure Eucalyptus plantations get more attention. Erythrophleum
fordii Oliv. is a valuable native hardwood species that is also nitrogen-fixing (Yao et
al. 2014) and is now frequently used for mixed planting with Eucalyptus. Previous stu-
dies mostly focused on tree species mixing in terms of tree growth (Bouillet et al.
2013; Mason and Connolly 2014), light-use efficiency (Forrester and Albrecht 2014),
water use efficiency (Forrester et al. 2010), biodiversity (Chauvat et al. 2011), and soil
nutrient changes (Bouillet et al. 2008; Forrester et al. 2005). Few studies have focused
on tree species mixing in terms of phenolic acid allelopathy in soil. To our knowledge,
there has been no research on soil phenolic acids in mixed plantations of Eucalyptus
and Erythrophleum fordii. The allelopathic effect of phenolic acid is closely related to
the concentration and type of phenolic acid. In this study, we studied the content
of six phenolic acids (p-hydroxybenzoic acid, vanillic acid, ferulic acid, benzoic acid,
coumaric acid, and salicylic acid) over four seasons were studied in the soils of a pure
Eucalyptus plantation and a mixed plantation of Eucalyptus with Erythrophleum fordii.
We like to investigate the effect of mixed planting of Eucalyptus and Erythrophleum
fordii on the turnover of phenolic acids in forest soil and provide data for evaluating
the allelopathy of phenolic acids based on their content in the soil of the two types of
plantation in the future. Accumulation of phenolic acid might be one of the import-
ant triggers of soil fertility decline (Tan et al. 2008; Ye et al. 2006; Zhou et al. 2012).
Since mixed forests often better maintain soil fertility than pure forests, we expected
that the mixed plantation would have lower accumulation of both total and indivi-
dual phenolic acids in soil versus the pure plantation. To test this hypothesis, fixed
sampling points were set in the two plantations and soil samples were collected in
March, June, September, and December 2014. The content of each type of phenolic
acid was then determined by high-performance liquid chromatography (HPLC).

2. Materials and methods
2.1. Study area and site description

The experimental site was located at the Experimental Center of Tropical Forestry of
the Chinese Academy of Forestry (22°7'N, 106°42'E). The Center is located in Ping-
xiang, Guangxi Province, China and has a south subtropical monsoon climate with
an average annual rainfall of 1500 mm and an annual average temperature of 21 °C.
A pure Eucalyptus grandis x E. urophylla plantation (denoted as “pure”) and a mixed
plantation of E. grandis x E. urophylla and Erythrophleum fordii (denoted as “mixed”)
with the same environmental factors were selected for experiments (Figure 1).
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Figure 1: The location of the experiment site and the forests surrounding the experiment site.

Abbildung 1: Die Lage des Versuchsflaichen und die die ndhere Umgebung.

There was a 2:1 ratio between E. grandis x E. urophylla and Erythrophleum fordii in the

mixed plantation. The planting patterns of the pure and mixed plantations are shown
in Figure 2.
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Figure 2: Layout of trees in (a) the mixed (Eucalyptus grandis x E. urophylla and Erythrophleum fordii Oliv.)
and (b) the pure (E. grandis X E. urophylla) plantation stands.

Abbildung 2: Ubersichtsplan der Standorte der Bdume in den (a) gemischten (Eucalyptus grandis x
E. urophylla und Erythrophleum fordii Oliv.) und (b) reinen (E. grandis x E. urophylla) Bepflanzungen.

The pure and mixed stands were adjacent to one another and establishment with
seedlings in April 2009 (stand age in 2014 was 5 years). Prior to 2009 this area was
planted with Pinus massoniana. The soil type of both plantations was classified as red
soil in the Chinese soil classification, equivalent to Oxisol in the USDA Soil Taxonomy
(Wang et al. 2013). The slope aspect of the two plantations was northwest, and the
slope position of the two plantations was 20-25°. The main understory species of the
two plantations were Microstegium vagans, Miscanthus floridulus, and Thysanolaena
maxima. The basic properties of the two plantations are summarized in Table 1.
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Table 1: Basic properties on the studied mixed (Eucalyptus grandis X E. urophylla and Erythrophleum fordii
Oliv.) and pure (E. grandis x E. urophylla) plantations in year 2014.

Tabelle 1: Grundlegende Informationen tber die untersuchten gemischten (Eucalyptus grandis x

Eucalyptus urophylla und Erythrophleum fordii Oliv.) und reinen (E. grandis x E. urophylla) Plantagen
im Jahr 2014.

Pure plantation Mixed plantation

Tree density (ha') 1200 Eucalyptus 1200; Erythrophleum fordii: 600
Elevation (m) 210 240
Slope (°) 25 20

Tree height (m) 182+15a Eucalyptus 18.6 + 1.7 a; Erythrophleum fordii: 3.6 = 0.2
DBH (cm) 13.6+14a Eucalyptus 13.4 = 1.4 a; Erythrophleum fordii: 4.1 £ 0.1

Tree mortality (%) 2.78 Eucalyptus 1.85; Erythrophleum fordii: 0

DBH: diameter at breast height at 1.3 m. Means with the same lowercase letter are not significantly

different at p < 0.05.

2.2. Sample collection

In March 2014, a 900 m2 (30 m x 30 m) plot was marked in the center of the selected
pure and mixed plantations. The diameter at breast height (DBH) of every E. grandis x
E. urophylla and Erythrophleum fordii tree in the plot was measured, and the average
value and tree mortality was calculated for each plot by comparing to the initial tree
density (Table 1). Five E. grandis x E. urophylla trees with an average DBH were selec-
ted from each plot, and then four fixed sampling points were set at a distance of 1.0
m away from the base of the trunk of each selected tree. The fixed sampling points
were labelled, and soil samples were collected down to a depth of 30 cm using a soil
auger with an inner diameter of 10 cm. The distributions of sample trees and sam-
pling points are shown in Figure 2. In order to retain the phenolic acids in the soil, all
soil samples were quickly placed in sterile glass containers and stored in a portable
cooler. In the laboratory, the soil samples for each stand were mixed and stored in a
refrigerator for later use. In June, September, and December 2014, soil samples were
collected from the fixed sampling points of the two stands in the same way.

2.3. Analyzing phenolic acid content
Within two days of sampling in each season, the phenolic acid content was analy-

sed. To avoid the degradation of phenolic acid by microorganisms in the soil, the soil
samples were sterilized by cobalt-60 irradiation to a total dose of 30 kGy (Wolf et al.
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1989). Then, 25.00 g of sterilized pure plantation soil and mixed plantation soil were
weighed into different sterilized centrifuge tubes, 25 mL of T mol/L NaOH was added,
and the mixture was allowed to stand for 24 h. The mixture was then shaken for 30
min and centrifuged at 4000 r/min; the centrifugate was filtered and acidified with 12
M hydrochloric acid to a pH of 2.5. After 2 h, the sample was centrifuged to remove
humic acid and was then analyzed by HPLC.

Three replicate experiments were performed for each soil sample to determine the
content of six phenolic acids (p-hydroxybenzoic acid, vanillic acid, ferulic acid, ben-
zoic acid, coumaric acid, and salicylic acid) in all soil samples. HPLC analysis was con-
ducted for the phenolic acid standards, and the peak area of the phenolic acids was
plotted against the concentrations of the standard. The linear equation of the pheno-
lic acid concentration and the peak area was obtained by linear regression. The phe-
nolic acids in the solution to be determined and their concentrations were identified
and calculated by comparing the peak retention times and peak areas of the pheno-
lic acid standard solutions, respectively (Dalton et al. 1989). Phenolic acid standards
were prepared using ultra-pure water, and all solutions for chromatographic analysis
were centrifuged at room temperature for 10 min at 4000 r/min, followed by filtration
through a 0.22 ym membrane (Wang 2010). Chromatographic analysis was carried
out using an HPLC system with a Waters 2487 HPLC Absorbance UV-Vis Detector and
a uBondapak C18 3.9 x 300 mm column (Waters Corp., Milford, MA, USA). The UV
detector was used with a detection wavelength of 280 nm, and the column tempe-
rature was set at 30 °C. The mobile phase was acetonitrile and ultrapure water (10 %
acetonitrile and 1 % glacial acetic acid). The injection volume was 20 pL, and the flow
rate was 1.1 mL/min.

2.4. Statistical analysis

Basic statistical data analysis was performed using Microsoft Office Excel 2010 (Micro-
soft Corp., Redmond, WA, USA). Figure 1 was created with ArcGIS 10.0 (Environmental
Systems Research Institute Inc., Redlands, CA, USA), Figures 2-4 were created with
the Origin 9.1 software (OriginLab Corp., Northampton, MA, USA), and analysis of va-
riance (ANOVA) was performed using the SAS systems for windows Version 8.0 (SAS
Institute Inc., Cary, NC, USA).

3. Results and discussion
3.1.Total phenolic acid content in soil

The total content of phenolic acids in the mixed plantation soil was significantly hig-
her than that in the pure plantation soil in every season (Figure 3).
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Figure 3: The total contents of six phenolic acids in the soil of the mixed (Eucalyptus grandis X E. urophyl-
la and Erythrophleum fordii Oliv.) and pure (E. grandis x E. urophylla) plantations in different seasons
(March, June, September, and December). Data are presented as mean + SEM. Bars with different lower-
case letters indicate significant difference at p < 0.05. F values from the two-way ANOVA analysis are given
above each chart. PT, plantation type; M, month; * p < 0.05, *** p < 0.001.

Abbildung 3: Der Gesamtgehalt der sechs Phenolsduren in den gemischten (Eucalyptus grandis
x E. urophylla und Erythrophleum fordii Oliv.) beziehungsweise reinen (E. grandis x E. urophylla)
Bepflanzungen in den verschiedenen Jahreszeiten (Mérz, Juni, September, und Dezember). Daten
sind dargestellt als Mittelwert £ SEM. Mit unterschiedlichen Kleinbuchstaben bezeichnete Saulen
zeigen signifikante Unterschiede bei p < 0.05. Oberhalb eines jeden Diagrammes sind die F-Werte
der zweifachen ANOVA angegeben. PT: Bepflanzungstyp; M: Monat: * p < 0.05, ***: p < 0.001.

A significant (p < 0.001) effect of stand-type, season, and the interaction between
stand type and season was observed on the total phenolic acid content in the soil
(Figure 3). The increase in total phenolic acid might be attributed to five reasons. First,
microorganisms in the mixed plantation soil might be more abundant than those in
the pure plantation (Behera and Sahani 2003; Wang and Wang 2008), which promo-
te the decomposition of litter in the stand and produce more phenolic acid (Kuiters
1990; Kuiters and Sarink 1986). Second, the secretion from Erythrophleum fordii roots
is a new source of phenolic acid in the mixed plantation soil, compared with the pure
plantation soil. Third, greater stand density in the mixed plantation can lead to more
litter input and/or change the litter decomposition (Fang et al. 2015; Liu et al. 2006;
Meng et al. 2011; Xing et al. 2019). Fourth, the carbon:nitrogen ratio of the litter might
change due to addition of the Erythrophleum fordiilitter with higher N concentration,
which may promote litter decomposition in the mixed plantation versus that in the
pure plantation (Wang et al. 2016). Fifth, the nitrogen fixation of the rhizobia of Er-
ythrophleum fordii roots can enhance the activity of soil microorganisms in the mixed
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plantation, which promotes the decomposition of soil organic matter (SOM) (Luo et
al. 2015; Pereira et al. 2019; Santos et al. 2018; Yao et al. 2014).

There was a higher total phenolic acid content in the soil in June and September
than in March and December in both the pure and mixed plantation stands (Figure
3). This may be caused by higher temperature and more rainfall leading to increased
soil microbial activity and in turn accelerated decomposition of litter, which may lead
to formation of phenolic acids (Aerts 2006; Dorrepaal et al. 2005; Kirschbaum 1995;
Makkonen et al. 2012; Song et al. 2014; Zhang et al. 2008).

3.2. The effect of plantation type on the seasonal dynamics of six phenolic
acids in the soil

The p-hydroxybenzoic acid content was the highest in the soil of the mixed planta-
tion. The p-hydroxybenzoic acid content in mixed plantation soils increased signi-
ficantly (p < 0.05) during June and September compared to March and December,
whereas in pure plantation soil, there was a gradual increase in the p-hydroxybenzoic
acid content from March through December (Figure 4a). Similarly, the content of va-
nillic acid was also higher in the mixed plantation than in the pure plantation (Figure
4b). Phenolic acids are the most widely studied and active allelochemicals. Studies
have shown that phenolic acids can have an effect (positive or negative) on soil-bor-
ne pathogens as well as play an important role in signalling plant-microbe symbiosis
(Mandal et al. 2010). Further, phenolic acids can have a hormetic effect on the seed
germination or growth of plants (Li et al. 2009; Song et al. 2006). Although the con-
tent of p-hydroxybenzoic acid in the soil of the pure plantation and the mixed plan-
tation was high, further experimental investigation is required to reveal whether it is
actually the most important allelochemical substance in the soil. In general, the con-
tent of ferulic acid, benzoic acid, salicylic acid, and coumaric acid was higher in the
pure plantation than in the mixed plantation in most of the studied months (Figure
4c-f). Interestingly, except in the case of benzoic acid, a significant effect (p < 0.001)
of plantation type (mixed vs. pure), season, and interaction of season and plantation
type was found on the content of each type of phenolic acid in the soil (Figure 4).



Species mixture changes the content of phenolic acids in the soil of Eucalyptus Seite 341

(a) 5 Mixed (b M.xe::
PT, 1137.87°*; M, 214.14*; PT"M, 55.56°" Pure PT, B61.17°™; M, 198.117""; PT"M, 81.65°" F‘ure
o
T 50
2 _ 154
3 B
E 409 =
o -
o [
=] £
2 10
3 %4 51
o o
2 =
£a g
2 g
= = 54
; i
£ 104 =
=
i
0 0
Jun
Maonth Month
(© mwm&a (d) lixM
PT, 257.96"; M, 110.61*™; PT'M, 104.29" Fure 10 PT, 17B.76°*"; M, 174 M"": PT'M, 9628 Pure
10+
= B
=] = &4
o =
L =
= H
5 2 [
£ 6
£ 6 8
8 =
T g 8 4 7
T 4 o
o 11
: : .
c
£ 2d 3 2+ ef
e o "
04 0
Jun Sop Dwc Mar Sap Dec
Month Month
o Mt ] EM oad
e} PT, 7.55%; M, 28.29"""; PT*M, 15.20°" Pure PT, 2.14; M, 4.40%; PT'M, 4.26* FPure
201 1.2+ a
— 1.8+ -
B ®
D16 1.04
= =
E14 H b
H] 2 2 084 be be
£ 1. = be
8 s be be
o 104 T 0.64 c
[
Sosd | b ]
= b b b ]
= 5 0.4
E 06 E
@04 @ g2
0.2+
0.0 - 0.0
Mar Jun Sep Dez Mar Jun Sep
Month Month

Figure 4: The contents of individual phenolic acids in the soil of the mixed (Eucalyptus grandis X E. urophyl-
la and Erythrophleum fordii Oliv.) and pure (E. grandis x E. urophylla) plantations in different seasons
(March, June, September, and December). Data are presented as mean + SEM. Bars with different lower-
case letters indicate significant difference at p < 0.05. F values from the two-way ANOVA analysis are given
above each chart. PT, plantation type; M, month; * p < 0.05, *** p < 0.001.

Abbildung 4: Der Gehalt an einzelnen Phenolsduren in den gemischten (Eucalyptus grandis x
E. urophylla und Erythrophleum fordii Oliv.) beziehungsweise reinen (E. grandis x E. urophylla)
Bepflanzungen in den verschiedenen Jahreszeiten (Marz, Juni, September, und Dezember). Daten
sind dargestellt als Mittelwert + SEM. Mit unterschiedlichen Kleinbuchstaben bezeichnete Saulen
zeigen signifikante Unterschiede bei p < 0.05. Oberhalb eines jeden Diagrammes sind die F-Werte
der zweifachen ANOVA angegeben. PT: Bepflanzungstyp; M: Monat: * p < 0.05, ***: p < 0.001.
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The results of the present experiment indicate that the total content of the six phe-
nolic acids in the soil of the mixed plantation was significantly higher than that in
the pure plantation, suggesting that mixed planting of E. grandis x E. urophylla and
Erythrophleum fordii may increase the content of phenolic acids in the soil. It was ob-
served that while the content of p-hydroxybenzoic acid and vanillic acid was both
higher in the mixed plantation soil, the content of the four other phenolic acids was
higher in the pure plantation soil. This indicates that the total content of phenolic
acids does not necessarily change in the same manner as the content of each single
phenolic acid, and the content of one phenolic acid does not necessarily change in
the same manner as that of another phenolic acid. The allelopathy of phenolic acids
is not only related to the total content, but also to the content of individual phenolic
acids (Li et al. 2013; Yang et al. 2017). Therefore, the result suggests that while the
effect of total content of phenolic acids is an important consideration in the study of
the allelopathic effect of phenolic acids in the soil, the effect of the content of indi-
vidual phenolic acids should also be considered. The allelopathy of phenolic acids is
complex. The allelopathy of some phenolic acids may be stronger at high concentra-
tion, while the allelopathy of other phenolic acids may be strong at low concentrati-
ons. The allelopathy of some phenolic acids may even fluctuate with increasing con-
centration (Chen et al. 2016; Gu et al. 2013; Kuiters 1989; Reigosa and Pazos-Malvido
2007; Yang et al. 2010; Yuan et al. 2010). Some phenolic acids may have an effect on
one type of plant, but not on another (Reigosa et al. 1999). Some phenolic acids may
have no effect or a weak effect when they act alone, while they may have a stronger
effect when there is more than one phenolic acid present (Li et al. 2013; Reigosa et al.
1999; Yang et al. 2017). Therefore, further research is needed to determine whether
the mixture of Eucalyptus and Erythrophleum fordii can reduce the potential allelopat-
hy of phenolic acids.

3.3.The effect of stand density and understory on phenolic acids

The change in the stand density of a forest may affect the availabilities of light and
water by changing light interception, rainfall interception, and transpiration in the fo-
rest (Bucci et al. 2008; Chen et al. 2017). Then, the changes in light and water availabi-
lities may affect understory vegetation, soil nutrients, SOM, and soil microorganisms
(Bastianelli et al. 2017; Noh et al. 2010; Razafindrabe et al. 2010; Xiang et al. 2014;
Zhang et al. 2018; Zhou et al. 2017). The main sources of phenolic acids in soil are the
secretion from plant roots (Huang et al. 2016; Jana et al. 2007; Yu and Matsui 1994),
the leaching from plant aboveground parts (Hyder et al. 2002), the decomposition
of plant litter and SOM (LU et al. 2012; Zhen et al. 2004). Therefore, the changes in
understory vegetation, soil nutrients, SOM, and soil microorganisms may affect phe-
nolic acids in the soil of the forest. In this study, Erythrophleum fordii was introduced
into a Eucalyptus plantation as the understory for converting the pure plantation to a
multiple-layer forest structure. Consequently, the stand density increased and likely
caused changes in the amount of transpiration, available light, and rainfall intercep-
tion, which might affect the turnover of soil phenolic acids. The total density of the
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mixed plantation was 1.5 times that of the pure plantation, but the total phenolic
acid content of the soil of the mixed plantation in March, June, September, and De-
cember was 2.42, 1.91, 1.44, and 1.32 times that of the pure plantation, which is not
proportional to the difference in total density. Similar phenomena occurred for the
content of individual phenolic acids. The above results show that the effect of the
mixed plantation on phenolic acid content in forest soil is not a simple density effect;
they indicate the effect of other factors. Thus, the differences in phenolic acid content
between the mixed plantation and the pure plantation might primarily be attributed
to the introduction of Erythrophleum fordii and the increased total stand density. The
interspecific relationship of mixed species and the impact of a multi-layer forest with
multiple species on soil processes should be further studied. Future studies on the
combined allelopathic effect of phenolic acids on soil properties would be helpful to
evaluate the effectiveness of mixed forests.

From the results of the sample plot survey (Table 1), there were no significant diffe-
rences (p < 0.05) in the DBH or height of Eucalyptus between the pure plantation and
the mixed plantation, which may be because the canopy of Eucalyptus in the mixed
forest is in the upper layer and the density of Eucalyptus in mixed forest is the same
as that in the pure forest. The mortality rates of Eucalyptus in the pure plantation,
Eucalyptus in the mixed plantation, and Erythrophleum fordii in the mixed plantation
were similar, which may be because the canopy of Eucalyptus in the mixed forest is in
the upper layer and the seedlings of Erythrophleum fordii are relatively shade tolerant
in young forests (Yi et al. 2018). The interaction between species in a mixed forest is
complex (Bouillet et al. 2008; Chauvat et al. 2011; Forrester and Albrecht 2014; For-
rester et al. 2010). We cannot yet determine, whether there is allelopathy between
Eucalyptus and Erythrophleum fordii in the mixed forest based on our current results.
A more in-depth study is needed.

4, Conclusions

Compared with a pure Eucalyptus plantation, the content of each of the six pheno-
lic acids in the soil of the mixed Eucalyptus-Erythrophleum fordii plantation was sub-
stantially different over four seasons. In terms of the total content of phenolic acid,
mixed planting may result in a greater allelopathic effect of phenolic acids in the soil.
For each of the six phenolic acids, mixed planting resulted in increased content of
p-hydroxybenzoic acid and vanillic acid in the soil and reduced the content of ferulic
acid, coumaric acid, benzoic acid, and salicylic acid in the soil. These findings indicate
the need to incorporate both total phenolic acid content and the content of each
individual phenolic acid in studies related to the impact of mixed plantations on soil
phenolic acid content.
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