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Can larch-Aralia elata agroforestry systems improve the soil
chemical and microbial properties of larch plantations?
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Abstract The conversion of secondary forests to
larch plantations has resulted in soil degradation in
Northeast China. Previous studies have proven that
introducing native broadleaved tree species into larch
plantations could improve soil quality, but it could not
provide economic benefits in the short term. To gain
short-term economic benefits, Aralia elata (Miq.)
Seem., a native broadleaved shrub or small tree with
high economic value, has been introduced into larch
plantations and thus formed a larch-A. elata agrofor-
estry system. However, the effect of this practice on
degraded soil of larch plantations remains unclear.
Here, we compared the soil chemical and microbial
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properties at four soil depths (humus, 0-10 cm,
10-20 cm, 20-30 cm) in paired stands of larch planta-
tions and adjacent larch-A. elata agroforestry systems
with different years since inter-planting (1, 3, 5, and
> 10 years). The results showed that compared with
larch plantations, most chemical and microbial prop-
erties significantly changed with inter-planting years
in larch-A. elata agroforestry systems, especially at
the humus layer and 0-10 cm soil layer. Particularly
in the larch-A. elata agroforestry system with inter-
planting for over 5 years, the soil chemical (mineral
nitrogen, available phosphorus, and pH) and micro-
bial (microbial biomass of C, N, and P, f-glucosidase,
[-cellobiohydrolase, N-acetyl-p-glucosaminidase,
acid phosphatase, phenol oxidase, and peroxidase)
properties significantly increased by 5-97% in the
humus layer and by 3-110% in 0-10 cm soil layer.
Most of the chemical and microbial properties were
mainly affected by the number of years since inter-
planting, basal area, litterfall, and C/N ratio of the
forest floor. Conclusively, inter-planting with A. elata
could improve the soil chemical and microbial prop-
erties of larch plantations, especially after >5 years
since inter-planting, while providing economic ben-
efits simultaneously in the short term.

Keywords Inter-planting - Litterfall - Foliar
litterfall ratio - Forest floor - Soil properties
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Introduction

In Northeast China, extensive areas of secondary for-
ests have been replaced by larch (Larix olgensis) plan-
tations (LP) because of the growing demand for tim-
ber and other forest products since the 1950s (Mason
and Zhu 2014). The conversion of secondary forests
to LP monoculture has resulted in some adverse
problems, including soil acidification and decline of
soil nutrients such as soil carbon (C) and nitrogen
(N), microbial biomass and enzyme activity (Yang
et al. 2012, 2013). A feasible method to solve these
problems is to convert LP monoculture plantations
into mixed forests by introducing local broadleaved
tree species (Zhu et al. 2010) Diao et al. (2020) have
demonstrated that larch-broadleaved mixed forests,
formed by introducing native broadleaved tree species
(i.e., Fraxinus mandschurica Rupr.) to larch planta-
tions, could improve the soil quality of LP. However,
these practices cannot provide economic benefits in
the short term due to the shift of forest management
strategies, i.e., from pursuing timber production to
providing ecological services (Li and Zhou 2000),
which led to income reduction of local foresters.
Tree-based agroforestry, formed by inter-planting
shrub or tree species of high and short-term eco-
nomic value in existent monoculture plantations, can
improve not only the local foresters’ income but also
the soil quality of monoculture plantation, due to the
changes in litter input and root activities (Chen et al.
2019). However, the effects of this practice on soil
properties remain uncertain because both positive
and negative effects have been reported. For exam-
ple, Chen et al. (2019) found that inter-planting rub-
ber (Hevea brasiliensis (Willd. ex A. Juss.) Muell.
Arg.) with cacao (Theobroma cacao L.) significantly
improved soil physical properties and soil nutrients
(C, N, P, Ca, and Mg) compared with pure rubber
plantations. In contrast, Liu et al. (2016) reported
that inter-planting larch with Panax ginseng (Panax
ginseng C. A. Meyer) significantly decreased the soil
carbon stock compared with pure larch plantations.
The contrasting results may be caused by differences
in forest structures, reforestation patterns, and plant-
ing duration. Indeed, previous studies have shown
that the effects of agroforestry on soil properties with
different inter-planting years are not consistent either.
For instance, Kalita et al. (2020) found that the total
C stock increased with the inter-planting year of tea
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agroforestry systems. In contrast, Arevalo-Gardini
et al. (2015) reported a decrease in the concentration
of soil organic matter and other nutrients (P, K, Fe,
Mg, and Al) with the inter-planting years of cacao.
Therefore, it is crucial to consider the inter-planting
year effects when assessing the influence of agrofor-
estry on soil properties.

Some new practices, which associate LP with
other shrubs of additional economic value, have
been carried out in Northeast China in the context
of poverty alleviation and natural forest conservation
projects. For example, Aralia elata (Miq.) Seem., a
native broadleaved shrub or small tree with high eco-
nomic value, has been widely interplanted with LP.
A. elata produces tender shoots or terminal buds in
spring that can be harvested by local foresters and
sold as vegetables, resulting in a high economic value
of approximately $2500-3500 ha~! year~!. How-
ever, the impacts of this agroforestry practice on the
degraded soil of larch plantations remain unclear.
Therefore, it is essential to explore whether the larch-
A. elata agroforestry system (LAAS) could improve
the degraded soil of larch plantations. And if so, at
which years since inter-planting year(s)? In this study,
we compared a set of chemical and microbial proper-
ties at four soil depths (humus, 0-10 cm, 10-20 cm,
and 20-30 cm) in paired stands of larch plantations
and adjacent LAAS with different inter-planting years
(1, 3, 5, and > 10 years). This study aimed to (1) test
the differences of soil chemical and microbial prop-
erties between the LP and adjacent LAAS, based on
which to determine the years since inter-planting that
resulted in the improvement of soil properties, and (2)
determine the main factors that affect soil chemical
and microbial properties.

Materials and methods
Study site

Our study was conducted at Qingyuan Forest CERN,
National Observation and Research Station, Liaoning
Province, China (41°51'N, 124°54’E, 500-1100 m
above sea level). The region has a temperate conti-
nental monsoon climate, with warm and humid sum-
mers and cold and dry winters. The mean annual air
temperature is 4.3 °C (with a minimum in January
and a maximum in July) and annual precipitation
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is 758 mm (with more than 80% falling during the
summer) during 2010-2021. The frost-free days last
approximately 130 days, with an early frost in Octo-
ber and a late frost in April (Zhu et al. 2007). The soil
is classified as typical forest brown soil (Udalfs), with
25.6% sand, 51.2% silt, and 23.2% clay, according to
the US soil taxonomy of the second edition.

In Northeast China, more than 70% of primary
forests (the mixed broadleaved Korean pine forests)
have been destroyed by human beings (i.e., logging)
or extreme natural causes (i.e., snow and wind disas-
ters) and formed into secondary forests through the
natural regeneration of native broadleaved tree spe-
cies. Since the 1950s, secondary forests have been
gradually converted into LP, which covers an area
of 2.6x10° ha due to the growing demand for tim-
ber (Wang et al. 2011; Gao et al. 2018). The forest
management strategies of LP have shifted from pur-
suing timber production to providing ecological ser-
vices (i.e., improving soil quality), leading to local
foresters’ economic losses (Li and Zhou 2000). The
tree-based agroforestry, inter-planting A. elata (a
local “cash” shrub) with LP, is becoming increasingly
prevalent because this practice can provide economic
benefits in the short term. The shrub layer of LAAS
mainly included A. elata and other natural regener-
ated species, such as Euonymus alatus (Thunb.) Sieb
and Lonicera japonica Thunb. The herbaceous layer

mainly included Carex spp., Athyrium multidentatum
(Doll) Ching, Sanicula chinensis Bunge, Rubus cra-
taegifolius Bunge, Geranium wilfordii Maxim., and
Rubia sylvatica (Maxim.) Nakai.

Study design

We selected six spatially separated study sites in
Qingyuan Forest. On each site, we selected LAAS
with different inter-planting years of A. elata (1, 3, 5,
and > 10 years) as treatment groups and an adjacent
(ranged from 400 to 1600 m) LP as control groups.
Each study site contained as many inter-planting
years of A. elata as logistically possible (details in
Fig. 1 and Table S1), leading to four spatially random
paired stands for each inter-planting year to ensure the
reliability of the research results. Some experimental
groups shared the same control group because of their
closeness to the same control. In order to represent
the general characteristics of the stand, three repeti-
tive plots (20 m X 20 m) separated from each other by
> 80 m were established in each paired stand. In total,
sixteen paired stands with 66 plots were selected from
six study sites (Fig. 1). Moreover, we selected the
paired stands based on similar ages and sizes of larch
trees, geographical conditions, and soil parent mate-
rial (Table S1). The thickness of the litter layer on the
forest floor varied from 3.9 to 6.2 cm. The root depth

Legend

Study sites
Groups of inter-planting years
® O-pure larch plantations
A l-inter-planting A. e/ata for 1 year
B 3-inter-planting A. ¢/ata for 3 years
® 5-inter-planting A. elatafor S years
inter-planting A. ¢lara
% for > 10 years and < 15 years
¢ Qingyuan National Forest CERN
1Qingyuan County
__ILiaoning Province
__IProvince boundary

Fig. 1 An overlay of study sites of selected larch-A. elata agroforestry systems
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of larch tree was distributed om 0-60 cm soil layer
(Wang et al. 2014). A. elata individuals were inter-
planted under larch trees at a density of 1 m X 1 m,
based on local planting records. In order to obtain
the basal area value of the LAAS, the basal diameter,
height, age, and composition of the understory were
surveyed in five randomly selected subplots of 5 m X
5 m within each selected plot (detailed information in
Tables S1 and S2). The LAAS was managed accord-
ing to standard practices. For example, shrubs and
herbaceous plants were generally clear-cut before
and after the first two years of inter-planting practice
to ensure the best survival of A. elata, and then they
were clear-cut approximately every 5 years to facili-
tate the harvest of tender shoots or terminal buds.
The terminal buds of A. elata (as the vegetable) were
harvested once or twice a year in spring (from late
April to early May) after three years of inter-plant-
ing. Notably, the biomass of harvested terminal buds
accounted for a small proportion of the whole plant
biomass (approximately 2.20% for 3 years, 1.10% for
5 years, and 0.58% for > 10 years of inter-planting,
respectively).

Litterfall, forest floor, and mineral soil sampling

Litterfall was collected monthly from September
to November 2019. Five litter traps were randomly
installed in each plot. Each trap (1 m X 1 m) consisted
of 1 mm mesh nylon netting (fixed on four polyvinyl
chloride pipes with nylon cable). Each trap was raised
50 cm above the ground, except for the inter-planting
with A. elata for 1 year (approximately 20 cm above
the ground) due to the height limit of A. elata. The
collected litterfall on each occasion was oven-dried
at 55 °C (Vesterdal et al. 2008) to a constant weight,
pooled to one composite sample by months and plots,
and subsequently hand-sorted into two fractions:
foliar and non-foliar litterfall (other debris except for
leaves such as branches and bark). Foliar litterfall was
subsequently separated into three parts: larch leaves,
A. elata leaves, and non-A. elata leaves. These hand-
sorted fractions were all weighed after each sam-
pling occasion and pooled to one composite sample
by the same type of foliar or non-foliar in all collect-
ing events to gauge the proportion of each foliar type
(Table S2).

Forest floor and mineral soils were randomly
sampled at nine points within each plot during the
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growing season of 2019, before the onset of foliar lit-
terfall for deciduous species. The forest floor, which
refers to the litter layer and humus (including com-
bined fermentation layer and humified layer), were
sampled on an area basis using a 25 X 25 cm wooden
frame. Notably, to detect sensitive soil changes in
LAAS, humus was regarded as a layer of soil in our
study.

The mineral soil was collected according to three
predefined fixed depth layers: 0—10 cm, 10-20 cm,
and 20-30 cm using soil cores (5 cm diameter X
10 cm depth) at the same point, where the forest floor
and humus had been sampled. Sampling was carefully
done to avoid contamination, and the O cm line corre-
sponded to the boundary between the humus and the
underlying mineral soil. The nine subsamples (forest
floor, humus, and soils from each depth) in each plot
were mixed into a composite sample according to the
same type.

All samples were transported to the laboratory, and
visible residues (macrofauna, stones, and large roots)
were subsequently removed by hand for forest floor
and humus or by a 2 mm sieve for soils of each depth.
The forest floor samples were dried at 55 °C to a con-
stant weight and ground for chemical analysis (Vest-
erdal et al. 2008; Chen et al. 2019; Guo et al. 2019).
The soil (humus, 0-10 cm, 10-20 c¢cm, and 20-30 cm)
samples were divided into two sets of subsamples.
One set of soil samples was air-dried for further
analysis of chemical properties except for inorganic
N. Another set of soil samples was stored at 4 °C
to determine inorganic N and microbial properties
(microbial biomass carbon, nitrogen and phosphorus
(P), and enzyme activities) (Yang et al. 2012; German
etal. 2011).

Laboratory analysis
Soil chemical properties

Total C and N were examined by a Vario EL III ele-
mental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany). Total P was extracted by the
H,S0,-HCIO, digestion method and measured by the
ascorbic acid-molybdenum blue method (Olsen and
Sommers 1982). The available P (Av-P) (extracted
by 0.5 M NaHCO,, pH=8.5, 0.5 h) was determined
using the method of John (1970). Mineral N (Mi-N)
(i.e., NH,/~N and NO;™-N), extracted with 2 M KCl,
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was analyzed using an auto-analyzer (Auto Analyzer
III, Bran+ Luebbe GmbH, Germany). The pH was
measured in a 1/2.5 soil-water slurry.

Soil microbial properties

Microbial biomass carbon (MBC), microbial biomass
nitrogen (MBN), and microbial biomass phosphorus
(MBP) were determined using the chloroform fumi-
gation extraction method (Brookes et al. 1985; Vance
et al. 1987). MBC, MBN, and MBP concentrations
were calculated by dividing the value of differences
between fumigated and unfumigated samples with
a conversion factor of 0.45 (Wu et al. 1990), 0.54
(Brookes et al. 1985), and 0.40, respectively.

We measured the extracellular enzyme activi-
ties involved in C, N, and P cycling processes,
including four hydrolases [i.e., p-glucosidase
(BG), p-cellobiohydrolase (CB), N-acetyl--
glucosaminidase (NAG), and acid phosphatase (AP)],
and two oxidases [i.e., phenol oxidase (PPO) and per-
oxidase (PER)]. Enzyme activities (represented in
units of nmol h™! g ~!) were determined according to
the protocol described by German et al. (2011).

Statistical analyses

Relative values (RV) were used in the following data
analysis to reveal the effects of inter-planting with A.
elata and its temporal effects on soil properties. RV
was calculated as follows (Zhou et al. 2013):

LA, - LP,
V=""_"1x100%
LP,

L

where RV is the relative value of the given vari-
ables (i.e., the chemical or microbial properties of
soil), LA; is the value of the given variable in the
LAAS, and LP; is the value of the corresponding
variable in the paired LP. The values of the variables
LA, and LP; are the mean values of the three repetitive
plots in each paired stand.

A linear mixed model (LMM) was used to analyze
the differences in soil chemical and microbial prop-
erties between LAAS and LP, with the forest types
and inter-planting years as the fixed factors and the
study sites as the random factor. To distinguish signif-
icant differences at p <0.05 level, the statistical sig-
nificance of fixed factors was tested by an analysis of

variance (ANOVA), followed by a Tukey’s test. The
relationships between soil properties (chemical and
microbial) and inter-planting years, forest types, prop-
erties of basal area, litterfall, and forest floor were
tested using Pearson correlation analysis. Before anal-
ysis, the normality of variables was checked using the
Shapiro—Wilk test, and the homogeneity of variances
was examined using Levene’s test. All the statistical
analyses were performed using IBM SPSS (version
26.0; IBM Corp., Armonk, NY, USA).

Results
Soil chemical properties

Compared with LP, LAAS did not affect total C, N
and P, and the stoichiometric C:N, C:P and N:P ratios
in either inter-planting years or soil depths (p>0.05;
Table S3). In contrast, mineral N (i.e., NH,*-N and
NO; —N), available P, and pH changed significantly
in LAAS (p<0.05), and the effects varied with both
inter-planting years and soil depths (Fig. 2). LMM
analysis indicated that compared with LP, inter-plant-
ing with A. elata for 3, 5, and > 10 years significantly
increased mineral N by 13%, 13%, and 34% at humus
layer, and by 19%, 32%, and 31% at 0-10 cm soil
depth, respectively (p<0.05), whereas inter-planting
with A. elata for 1 year significantly decreased min-
eral N by 8% at both humus layer and 0-10 cm soil
depth (p<0.05; Fig. 2A). In addition, inter-plant-
ing with A. elata for 5 and > 10 years significantly
increased available P by 24% and 43% at humus layer,
and by 26% and 33% at 0—10 cm soil depth, respec-
tively (p <0.05; Fig. 2B). Inter-planting with A. elata
for all years significantly increased the pH by 5-8% at
the humus layer and by 3-4% at 0-10 cm soil depth
compared with LP, respectively (p<0.05). Nota-
bly, compared with LP, no differences in mineral N
(except for > 10 years at 10-20 cm) (Fig. 2A), avail-
able P (Fig. 2B), and pH (Fig. 2C) could be detected
at either 10-20 cm or 20-30 cm soil depths in LAAS
(p>0.05).

One-way ANOVA indicated that at humus layer
and 0-10 cm soil depth, mineral N and available P
of inter-planting with A. elata for >10 years were
significantly higher than those of 1 year (p <0.05).
Moreover, at 10-20 cm soil depth, mineral N of
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Fig. 2 Soil mineral N (i.e.
Ll 60
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inter-planting with A. elata for > 10 years was signifi-
cantly greater than that of 3 years (p <0.05).

Soil microbial properties
LAAS significantly changed MBC, MBN, and MBP

compared with LP, and the effects were different with
inter-planting years and soil depths (p <0.05; Fig. 3).

Depth (cm)

At the humus layer, inter-planting with A. elata for
> 10 years significantly increased MBC, MBN, and
MBP by 67%, 70%, and 32%, respectively (p <0.05).
In contrast, inter-planting with A. elata for 1 and 3
years decreased MBC, MBN, and MBP by 11-68%.
At 0-10 cm soil depth, inter-planting with A. elata
for >10 and 5 years significantly increased MBC,
MBN, and MBP by 16-69% (p <0.05). Interestingly,
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—
W
(=1

o) -
and MBP (relative values) 2 A l:l 1 year l:l 3years[ ]S years ]>10 years
of different inter-planting 2 s 100+
years of A. elata at each 5 8 50 } &1%'—17_,7 a g & a a a
soil depth. Bars represent 5 g 0 = —
standard errors of the @ -50 M a
means (n=4). Different B -100 L b
S . 5 b | | !
letters indicate significant Q. a 2
differences between differ- % 100 - B a
ent inter-planting years, at = & 50k ﬁ X
5 = ab a
p< 0.05 "‘é z 0 _ .—?Ll%i_} a a a
£ g Mis HE
g -50 \{_‘J b ‘ ¢
= b b
2 -100 b, | | !
G a
5 50 ¢ . A a
2 ab
s S a
> 5 b b EIR DN WL
> 2 o0 il — = T
© 25 b \—1—‘ be a
~ ¢ | | | |
humus 0-10 10-20 20-30

@ Springer

Depth (cm)



Agroforest Syst (2022) 96:885-896

891

for the inter-planting with A. elata for 1 and 3 years,
the changes of MBC, MBN, and MBP were inconsist-
ent (positive, neutral, and negative). At 10-20 cm soil
depth, inter-planting with A. elata for > 10 years sig-
nificantly increased MBC, MBN, and MBP by 17%,
22%, and 39%, respectively (p <0.05).

One-way ANOVA showed that at humus layer,
MBC, MBN, and MBP of inter-planting with A.
elata for > 10 years were significantly higher than
those of 1, 3, and 5 years (except for MBN in 5 years)
(»<0.05; Fig. 3). At 0-10 cm soil depth, MBN of
inter-planting with A. elata for 5 years was signifi-
cantly greater than that of 1 and 3 years (p<0.05;
Fig. 3B). At 10-20 cm soil depth, MBP of inter-
planting with A. elata for > 10 years was significantly
higher than that of 1 and 3 years (p <0.05; Fig. 3C).

LAAS significantly modified enzyme activities
compared with LP (»p<0.05), and the effects varied
with inter-planting years, soil depths, and individual
enzymes (Figs. 4 and 5). At humus layer and 0—10 cm
soil depth, in particular, inter-planting with A. elata
for > 10, 5, and 3 years significantly increased BG,
CB, NAG, and AP (except for 3 years) by 4-34%,
6-34%, 7-22% and 4-19%, respectively (p<0.05;
Fig. 4). Similarly, inter-planting with A. elata for
>10 and 5 years significantly increased PPO and
PER by 17-97% and 15-110%, respectively (p <0.05;

Fig. 4 Soil BG
(B-glucosidase), CB 60

Fig. 5). However, inter-planting with A. elata for 1
year showed a reverse trend, in which all hydrolases
(except for CB at humus layer and AP at 0-10 cm soil
depth) and oxidases decreased significantly compared
with LP (p <0.05). At 10-20 cm, inter-planting with
A. elata for > 10 and 5 years significantly increased
four hydrolases (BG, CB, NAG, and AP) by 7-54%,
and inter-planting with A. elata for > 10 years sig-
nificantly increased PER by 25% (p<0.05). At
20-30 cm, inter-planting with A. elata for > 10 years
significantly increased AP, PPO, and PER by 5%,
51%, and 125%, respectively (p <0.05).

One-way ANOVA showed that at humus layer
and 0-10 cm soil depth, four hydrolases (BG, CB,
NAG, and AP) and two oxidases (PPO and PER) of
inter-planting with A. elata for 5 and > 10 years were
significantly higher than those of 1 year (except for
PPO at 0-10 cm soil depth) (p <0.05; Figs. 4 and 5).
At 20-30 cm soil depth, PER of inter-planting with
A. elata for > 10 years was significantly higher than
those of 1 year (p <0.05; Fig. 5B).

Relationships of soil properties with properties of
basal area, litterfall, and forest floor

Soil TP was significantly related to forest type,
basal area and foliar litterfall of non-A. elata leaves
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(p<0.05). Furthermore, soil C/N, pH, mineral N,
available P, MBP, BG, CB, NAG, AP, PPO, and PER
were significantly related to inter-planting years and
total basal area (except for soil C/N), basal area of A.
elata, total litterfall (except for MBP and PER), foliar
litterfall (except for soil C/N, MBP, NAG, and PER),
foliar litterfall ratio of larch and A. elata (except for
soil C/N), and C/N ratio of forest floor (except for
MBP, CB, and NAG) (p<0.05 or p<0.001). Addi-
tionally, soil C/N and pH were also significantly
related to forest type, basal area of non-A. elata, foliar
litterfall ratio of non-A. elata leaves, and C concentra-
tion of the forest floor (p <0.05 or p<0.001). MBN
was significantly related to the total basal area and
foliar litterfall ratio of larch (p<0.05 or p<0.001).
Notably, the correlation of the basal area or the foliar
litter ratio with soil properties showed opposite trends
between A. elata (positive) and non-A. elata (nega-
tive) species.

Discussion

Effects of inter-planting with A. elata on soil
chemical properties

Among all the studied chemical properties, signifi-
cant changes were mainly detected in soil mineral N,
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available P, and pH, not in total soil C, N, and P and
stoichiometry of C: N: P in LAAS.

In general, soil chemical properties are mainly
affected by the nutrient balance of the input and
output variables. In this study, nutrient inputs were
mainly from (1) organic matter, which was mainly
derived from the leaves and roots of larch trees and
other shrubs in LP, or the leaves and roots of larch
trees, other shrubs, and the introduced species of A.
elata in LAAS; (2) other sources, such as nitrogen
fixation and sedimentation, and wet and dry deposi-
tion. Nutrient outputs included (1) removed products,
which refers to larch logging in LP, or larch logging,
other clear-cut shrubs (to ensure the survival ratio and
the harvest convenience of tender shoots of A. elata),
and the harvested tender shoots of A. elata in LAAS;
(2) other forms, such as gaseous loss and leach-
ing (Rao et al. 2021). In our study, we chose paired
adjacent LP and LAAS sites. Therefore, the nitrogen
fixation and sedimentation and wet and dry deposi-
tion can be expected to be similar. Furthermore, all
the studied larch trees (Table S1) belonged to the
same forest farm, and they had experienced the same
management. Therefore, the changes in soil nutri-
ents of LAAS possibly resulted from the imbalance
between input and output, which was caused by the
introduction of A. elata and other mechanisms, such
as changes in microbial community composition and
biomass, microclimate, and soil physical structure
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(i.e., bulk density, porosity, and aggregates). In terms
of nutrient inputs, LAAS was associated with a higher
volume of stand biomass that resulted in large root
turnover (data not shown) and litterfall. The total lit-
terfall in LAAS of > 10 inter-planting years (205.9 g
m~2) was higher than that of LP (145.8 ¢ m~?)
(Table S2). In addition, the quality of leaf litter also
affects soil nutrients. In LAAS, the quality of leaf lit-
ter changed significantly. For example, the foliar lit-
ter (172.1 g m™?) in LAAS of >10 inter-planting
years was higher than that of LP (137.1 g m~?), and
the foliar litter ratio of larch and A. elata (73:27)
and the C/N ratio of forest floor (13.89) in LAAS
of > 10 inter-planting years changed compared with
LP (85:15 and16.15) (Table S2). Generally, a higher
proportion of foliar litter of A. elata (a broadleaved
shrub or small tree) indicates a higher number of
broad leaves. Compared with coniferous leaves, broad

leaves have a faster decomposition rate and higher
nutrient release rate, resulting in greater soil avail-
able nutrient supply (Guo et al. 2019). In addition,
our correlation analysis determined that the changes
in soil nutrients were mainly attributable to A. elata
rather than other shrubs (Fig. 6). Regarding nutrient
outputs, according to Rao et al. (2021), LAAS may be
associated with lower gas loss and splash erosion (we
did not mention splash erosion because it does not
occur in our study sites). Therefore, although there
was clear-cutting of other shrubs and harvesting of
the terminal buds of A. elata in LAAS of over 5 inter-
planting years, the total input was still higher than the
output, leading to higher soil nutrients in LAAS than
in LP. However, the mineral N of inter-planting with
A. elata for 1 year in LAAS may be associated with
lower input, which resulted from clear-cutting before
inter-planting with A. elata.
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Fig. 6 Pearson correlation coefficients for the properties of
soil, inter-planting years, forest types, properties of basal area,
litterfall, and forest floor

TC, TN, and TP: total carbon, nitrogen, and phosphorus;
MBC, MBN, and MBP: microbial biomass carbon nitrogen
and phosphorus; BG: B-glucosidase; CB: B-cellobiohydrolase;
NAG: N-acetyl-f-glucosaminidase; AP: acid phosphatase;
PPO: phenol oxidase; PER: peroxidase; IPY: inter-planting
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years; FT: forest types; TBA: total basal area; ABA: A. elata
basal area; NABA: non-A. elata basal area; TL: total litterfall;
FL.: foliar litterfall; FLRL: foliar litterfall ratio of larch; FLRA:
foliar litterfall ratio of A. elata; FLRNA: foliar litterfall ratio
of non-A. elata; FLC and FLN: C and N concentration of for-
est floor; FL C/N: C and N ratio of forest floor. *, p<0.05, **,
p<0.01, n=8 (2 soil depths X 4 replicates)
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Compared with LP, the total soil C, N, and P and
their stoichiometry of C, N, and P did not change
in LAAS for all inter-planting years. This finding
was consistent with other studies in which no differ-
ences of soil organic carbon and total nitrogen were
observed in rubber-based agroforestry compared with
pure rubber plantations (Liu et al. 2018). This may be
explained by (1) the nutrient balance of the input and
output. In our study, no significant differences were
obtained in input variables [i.e., the total litterfall,
foliar litterfall and C and N concentration of forest
floor between LP and LAAS (Table S2)] on the bases
of similar output; (2) the total C, N, and P are less
sensitive than the soil available nutrients (i.e., min-
eral N and available P) and microbial biomass and
enzyme activities (Mufioz-Rojas 2018).

Notably, the effects of LAAS on soil properties
mainly occurred at the humus layer and 0-10 cm soil
depth and rarely occurred at deeper layers (1020 cm
and 20-30 cm). The possible reason for this may
be as follows: (1) aboveground litter was the major
source of organic matter in topsoil, while root bio-
mass or exudation of live fine roots or decomposition
of dead roots were the major source of organic mat-
ter in subsoil (Liebmann et al. 2020); (2) according
to our field investigation and root digging, the roots
of A. elata were mainly distributed at the 0-30 cm
soil layer, and the activities (i.e., decomposition rate
and exudation) of fine roots were higher at the upper
soil layer compared with deeper soil layer (Matamala
et al. 2004); and (3) a relatively long period, even for
decades, is needed for organic matter or root exuda-
tion to migrate down (Rumpel and Kogel-Knabner
2011). Given that the longest inter-planting year
was more than 10 years but less than 15 years in our
study, it was not surprised that no changes in deeper
soil layer in LAAS was observed.

Effects of inter-planting with A. elata on soil
microbial properties

Compared with LP, inter-planting with A. elata for
5 and > 10 years significantly increased soil MBC,
MBN, and MBP at humus layer and 0-10 cm soil
layer (p<0.05). Similar results were obtained by
Guo et al. (2019), who suggested that the MBC and
MBN in ginkgo agroforestry systems were signifi-
cantly higher compared with pure ginkgo plantations.
The quality and quantity of substrate input affect
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microbial biomass via organic matter (i.e., litter and
fine roots) (Guo et al. 2019), which was also proven
by the significant correlations of MBN and MBP
with the basal area, foliar litterfall ratio, or inter-
planting years (Fig. 6). Interestingly, inter-planting
with A. elata for 1 and 3 years significantly decreased
soil MBC, MBN, and MBP at humus layer and soil
MBN at 0-10 cm soil depth (p <0.05). This may be
explained by (1) the input decrease, which resulted
from the removal of understory before inter-planting
with A. elata, and (2) the decrease of litter quantity
(the litterfall derived from A. elata (inter-planting 1
year) was less than native cleared shrubs in LAAS)
and quality (higher foliar litter proportion of larch in
LAAS of 1 year) (Table S2).

It is well known that soil enzymes participate
in the biochemistry of decomposition and nutrient
cycling. B-glucosidase (BG) and f-cellobiohydrolase
(CB) are directly related to the C cycle by depolym-
erizing multiple organic molecules into simple units.
N-acetyl-p-glucosaminidase (NAG) and acid phos-
phatase (AP) are associated with N and P cycles,
respectively. Phenol oxidase (PPO) and peroxidase
(PER) can promote the degradation of materials con-
taining phenols and carbohydrates (i.e., cellulose
and lignin). Compared with LP, the higher enzyme
activities (BG, CB, NAG, AP, PPO and PER, except
for 3 years for AP, PPO and PER) in LAAS (inter-
planting for 3, 5, and > 10 years) indicated that LAAS
was associated with greater efficiency of C, N, and P
cycles and higher ability of decomposition for recal-
citrant multiple organic compounds. Moreover, the
studied enzymes of BG, CB, NAG, AP, and PPO
were significantly related to inter-planting years, spe-
cific properties of basal area, litterfall, foliar litterfall
ratio, and forest floor. A similar result was reported
by Feng et al. (2019), who suggested that litter pro-
duction and planting years could affect soil enzyme
activities. Furthermore, fine root mortality, soil avail-
able nutrients, and microbial biomass also contribute
to soil enzyme activities (Miguel et al. 2020). In con-
trast, all studied enzyme activities (except for CB at
humus layer) in LAAS of 1 year were significantly
lower than those of LP (p <0.05), and the reason for
this may be similar to microbial biomass in LAAS of
1 year.

Notably, most of soil chemical (C/N, mineral N,
available P and pH) and microbial (MBP, BG, CB,
NAG, AP, PPO and PER) properties were positively
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significant related to inter-planting years (IPY), total
basal area (TBA) and A. elata basal area (ABA),
total litterfall (TL), foliar litterfall (FL) and foliar lit-
ter ratio of A.elata (FLRA). This may be explained
by (1) these soil chemical properties were more sen-
sitive to environment changes (Muifloz-Rojas 2018);
(2) the influences of these factors on soil properties
were higher than other studied factors, such as non-A.
elata basal area (NABA), foliar litterfall ratio of non-
A. elata (FLRNA), C and N concentrations of forest
floor (FLC and FLN). In contrast, most of soil chemi-
cal (C/N, mineral N, available P and pH) and micro-
bial (MBP, BG, CB, NAG, AP, PPO and PER) prop-
erties were poorly related to the factors of NABA,
FLRNA, FLC and FLN, which may be because there
were no significant (p >0.05) differences of the prop-
erties of NABA, FLRNA, FLC, and FLN among
different inter-planting years of A. elata (Table S2).
In addition, most of soil chemical (C/N, mineral N,
available P and pH) and microbial (MBP, BG, CB,
NAG, AP, PPO and PER) properties were negatively
related to foliar litter ratio of larch (FLRL), which
may be associated with that the foliar litter ratio of
larch and A. elata was completely opposite based on
the changeless of total litterfall and foliar litterfall
(p>0.05) (Table S2).

Conclusions

Inter-planting with A.elata could improve the
degraded soil (i.e., mineral N, available P, pH, micro-
bial biomass and enzyme activities) of larch planta-
tions, especially after >5 years since the inter-plant-
ing. Therefore, the LAAS model, which can improve
soil quality and provide economic benefits simulta-
neously in the short term, is recommended for wide-
spread popularization in the sustainable management
of larch plantations.
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