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Abstract
Background Most of Camellia oleifera forests have low fruit yield and poor oil quality that are largely associated with 
soil fertility. Soil physical and chemical properties interact with each other affecting soil fertility and C. oleifera growing 
under different soil conditions produced different yield and oil composition. Three main soil types were studied, and 
redundancy, correlation, and double-screening stepwise regression analysis were used for exploring the relationships 
between C. oleifera nutrients uptake and soil physical and chemical properties, shedding light on the transport law of 
nutrient elements from root, leaves, and kernel, and affecting the regulation of fruit yield and oil composition.

Results In the present study, available soil elements content of C. oleifera forest were mainly regulated by water 
content, pH value, and total N, P and Fe contents. Seven elements (N, P, K, Mg, Cu, Mn and C) were key for kernel’s 
growth and development, with N, P, K, Cu and Mn contents determining 74.0% the yield traits. The transport 
characteristics of these nutrients from root, leaves to the kernel had synergistic and antagonistic effects. Increasing 
oil production and unsaturated fatty acid content can be accomplished in two ways: one through increasing N, 
P, Mg, and Zn contents of leaves by applying corresponding N, P, Mg, Zn foliar fertilizers, while the other through 
maintaining proper soil moisture content by applying Zn fertilizer in the surface layer and Mg and Ca fertilizer in deep 
gully.

Conclusion Soil type controlled nutrient absorption by soil pH, water content and total N, P and Fe content. There 
were synergistic and antagonistic effects on the inter-organ transport of nutrient elements, ultimately affecting N, P, K, 
Cu and Mn contents in kernel, which determined the yield and oil composition of C. oleifera.

Keywords Soil conditions, Key nutrient elements, Organ, Yield regulation, Oil composition regulation, Camellia 
oleifera
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Introduction
Camellia oleifera belongs to the genus Camellia of 
Theaceae family, and is one of the four largest woody oil 
plants in the world [1]. At present, the planted area of 
C. oleifera in China is 4.5 × 106 hm2, but most of its for-
ests have low fruit yield and poor oil quality, restricting 
efficient industrial development [1, 2]. These limitations 
are largely associated with soil fertility [3]. Soil physi-
cal and chemical properties interact with each other to 
affect soil fertility. Thus, their appropriate properties not 
only improve nutrient elements availability, but also their 
absorption, transport, transformation, and assimilation 
by plants [4]. Nutrient elements availability is related to 
soil adsorption and fixation capacity and the degree of 
coordination and antagonism among elements, which in 
turn is affected by soil type and nutrient elements char-
acteristics [5–7]. Recently, C. oleifera nutrient elements 
utilization and absorption research has been mostly 
focused on soil nutrient abundance/deficiency, with little 
attention to soil physical and chemical properties influ-
ences, nutrient adsorption characteristics, and soil ele-
ment interactions [8]. Nutrient elements participate in a 
series of physiological and biochemical processes such as 
metabolism, energy transformation, and electron trans-
port of plant organs, and represent the basic material for 
plant growth and development, and yield quality (e.g., 
oil content and composition) [9]. Different studies have 
concluded that the main soil factors are associated with 
soil total N, organic matter, and hydrolyzed N [10], or 
soil total K, organic matter, and available Fe [11], or soil 
N/P ratio [2, 12]. Therefore, it is essential to understand 
soil conditions, nutrient elements absorption capacity, 
and yield traits of C. oleifera forests to enhance their effi-
ciency, economy, and sustainable development.

Plants growth and development are restricted by soil 
nutrient availability, and affected by differences in nutri-
ent storage and various organs functional differentia-
tion, resulting in different nutrient elements distribution 
within the same plant’s different organs [13]. This was 
observed in C. oleifera growing under different soil con-
ditions which subsequently affected their fruit yield and 
oil composition [8, 11, 12]. Nutrient elements content in 
plant leaves and roots can characterize the demand and 
utilization of nutrients [5], while those in leaves and fruits 
can determine fruit yield and oil quality [14]. Recently, 
research studies have been focused on the dynamic 
changes and correlation of nutrient elements in C. oleif-
era leaves, fruits, and soil [8, 11, 12, 15]; however, these 
studies lacked information on nutrient elements distribu-
tion among different organs, and how they interact and 
transport from the soil to the kernel, information essen-
tial to the proper nutritional management of C, oleifera.

Soil role on absorption, transport, and utilization of 
plant nutrient elements is controlled by multiple factors. 

Current research only considers the quantitative relation-
ship between a particular element within the soil or an 
organ and vice versa, but does not consider the inter-
nal comprehensive/holistic relationship among various 
group of elements, and does not clarify multiple elements 
relationship within and between the soil, or organs [14–
16]. Redundancy analysis and double-screening stepwise 
regression analysis can be used to better analyze the rela-
tionship between variables within and between the soil, 
or organs [17–19]. Therefore, in order to deeply under-
stand the relationship between C. oleifera yield and fruit 
traits with those of roots, leaves, kernels and soil, C. ole-
ifera forests from different soil types (red, yellow-red. 
and purple soil) in Fujian Province, China were selected 
to address this issue. Here, the physical and chemi-
cal properties of these three soil types (red, yellow-red. 
and purple), contents of 11 nutrient elements in roots, 
leaves, and kernels, as well as morphological and yield 
traits of fruits were determined. Redundancy and corre-
lation analyses and double-screening stepwise regression 
analysis were used to explore the: (1) correlation between 
the nutrient requirements of C. oleifera and soil mineral 
elements and physical properties; (2) transport law of 
nutrient elements from roots, leaves to kernels; and (3) 
mechanism regulating C. oleifera fruit and yield traits 
through forest soil type and leaves. Thus, the aim of this 
study is to clarify the effects of soil physical and chemical 
properties and plant nutrient elements on C. oleifera fruit 
yield and oil composition. The generated information is 
expected to provide valuable insights for understanding 
C. oleifera nutrient contents and fruit characteristics for 
high-yield and high-quality production, and to provide a 
theoretical basis and guidance for soil, fertilization, and 
fruit yield and oil quality improvement of C. oleifera.

Results
C. oleifera different forest types soil physical and chemical 
characteristics
Total porosity, non-capillary porosity, and total C content 
of the yellow-red, purple, and red soils in the 20 ~ 40 cm 
soil layers were all lower than those in the 0 ~ 20 cm soil 
layer (Table  1). However, the soil bulk density and soil 
water contents, pH value, total K, Mg, Ca, Fe, Cu, and Zn 
in the 0 ~ 20 cm soil layer were all greater than those in 
the 0 ~ 20  cm soil layer, indicating that the total poros-
ity, non-capillary porosity and total C content of the soil 
decreased, while soil bulk density, soil water content, pH 
value, total K, Mg, Ca, Fe, Cu, and Zn contents increased 
with the three soil types depth. The capillary water hold-
ing capacity, soil saturated water content, total N and Mn 
contents of the yellow-red soil, capillary porosity, total P 
and Al contents of purple soil, total N and Mn contents 
of red soil were less than those of 0 ~ 20 cm soil, while soil 
other indices were greater than those of 0 ~ 20  cm soil. 
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These indicated that moisture holding capacity, soil satu-
rated water content, total N and Mn contents decreased 
with the depth of the yellow-red soil layer; capillary 
porosity, total P and Al contents decreased with the 
depth of the purple soil layer; and total N and Mn con-
tents decreased with the depth of the red soil layer; how-
ever, these indexes in the other soil types increased with 
soil layer depth.

Effects of different soil types on the element contents in 
various C. oleifera organs
Significant differences were observed in the element con-
tents in various C. oleifera organs across the three dif-
ferent soil types (Fig.  1). In the yellow red soil, root Zn 
content, leaves total C, Mg, Ca and Zn contents, and 
kernel total C, N, P, K, and Mg contents were the high-
est. In the purple soil, root total Fe, Cu and Zn contents, 
leaves total Ca, Al, Mn and Cu contents, and kernel total 
C, N, P, K, Mg and Mn contents were the highest. In red 
soil, root total Mg and Fe contents, leaves total N, Al, Mn 
and Cu contents, and kernel total C, N, P, K and Zn con-
tents were the highest. Arranged according to the value 
of each element content, kernels were C > K > N > P > Mg 
> Al > Ca > Mn > Fe > Cu > Zn; leaves were C > N > Al > K 
> Mn > Mg > Ca > P > Fe > Zn > Cu; and roots were C > K > 
N > Al > Mg > P > Ca > Mn > Fe > Zn > Cu (Fig.  1). In addi-
tion to Cu and Zn content, the contents of the other nine 
elements were significantly different in root, leaves and 

kernel. Fe content was the highest in root, Ca, Al and Mn 
in leaves, C, P and K in kernel, N in leaves and kernel, 
indicating that C. oleifera root was the enrichment organ 
of Fe, leaves was the enrichment organ of Ca, Al, Mn and 
N, and kernel was the enrichment organ of C, N, P and K.

C. oleifera fruit characteristics and yield components under 
different soil types
With the exception of seed moisture content, signifi-
cant differences between the different soil types were 
observed for fruit characters (Fig. 2). Fruit diameter, fruit 
fresh weight, pericarp fresh weight, pericarp thickness 
at the fruit top, thickness at the fruit middle, thickness 
at the fruit base, fruit and seed moisture contents were 
the largest in the yellow red soil. Pericarp moisture con-
tent and Kernel moisture content were the largest in the 
purple soil. Fruit height, seed fresh weight, kernel fresh 
weights, number of seeds, pericarp thickness at the fruit 
middle, and fruit shape index were the highest in the red 
soil.

Significant differences in oil yield traits were observed 
among the different soil types (Table 2). Fruit yield, dry 
kernel oil content, oil production and unsaturated fatty 
acid content were the highest in yellow-red soil. Palmitic 
and linoleic acid contents, other fatty acid contents, satu-
rated fatty acid content and saturated/unsaturated ratio 
were the highest in purple soil. Oil content of fresh fruit, 

Table 1 Physical and chemical properties of C. oleifera three forest soil types
Indicators 0 ~ 20 cm 20 ~ 40 cm

Yellow-red soil Purple soil Red soil Yellow-red soil Purple soil Red soil
Soil bulk density (g·cm− 3) 1.03 ± 0.07b 1.03 ± 0.07b 1.24 ± 0.03a 1.33 ± 0.10b 1.26 ± 0.02b 1.45 ± 0.07a

Total soil porosity % 0.48 ± 0.01b 0.44 ± 0.01c 0.50 ± 0.02a 0.45 ± 0.01b 0.40 ± 0.01c 0.48 ± 0.01a

Capillary porosity % 0.34 ± 0.04c 0.40 ± 0.01b 0.45 ± 0.02a 0.41 ± 0.02b 0.37 ± 0.01c 0.46 ± 0.01a

Non-capillary porosity % 0.14 ± 0.03a 0.03 ± 0.01b 0.05 ± 0.00b 0.04 ± 0.01a 0.03 ± 0.00b 0.02 ± 0.01c

Soil moisture content % 0.17 ± 0.01b 0.11 ± 0.02c 0.26 ± 0.02a 0.20 ± 0.01b 0.13 ± 0.03c 0.30 ± 0.01a

Soil moisture holding capacity % 0.36 ± 0.01b 0.34 ± 0.01c 0.41 ± 0.01a 0.32 ± 0.01c 0.37 ± 0.01b 0.47 ± 0.02a

Soil saturated water content % 0.49 ± 0.02a 0.33 ± 0.02c 0.44 ± 0.01b 0.37 ± 0.03b 0.36 ± 0.03b 0.47 ± 0.01a

Soil pH 4.73 ± 0.09b 5.59 ± 0.28a 4.64 ± 0.04b 4.88 ± 0.07b 6.76 ± 0.23a 4.67 ± 0.04c

Total C content (g·Kg− 1) 21.31 ± 2.18a 1.86 ± 0.16b 2.73 ± 0.38b 6.68 ± 1.21a 1.51 ± 0.19c 2.56 ± 0.25b

Total N content (g·Kg− 1) 1.09 ± 0.13a 0.15 ± 0.04c 0.44 ± 0.06b 0.64 ± 0.07a 0.23 ± 0.02c 0.32 ± 0.06b

Total P content (g·Kg− 1) 0.35 ± 0.02b 0.24 ± 0.03c 0.48 ± 0.05a 0.61 ± 0.08a 0.18 ± 0.02c 0.55 ± 0.06b

Total K content (g·Kg− 1) 17.36 ± 0.86a 14.79 ± 0.92b 11.47 ± 1.57c 22.80 ± 3.14a 18.09 ± 0.92b 12.38 ± 1.35c

Total Mg content (g·Kg− 1) 4.52 ± 0.36b 3.90 ± 0.43b 7.35 ± 0.95a 5.17 ± 0.61b 4.01 ± 0.63c 7.83 ± 1.71a

Total Ca content (g·Kg− 1) 4.50 ± 0.24a 3.18 ± 0.26c 3.86 ± 0.38b 5.02 ± 0.53a 3.45 ± 0.26c 4.32 ± 0.41b

Total Al content (g·Kg− 1) 457.61 ± 39.76a 260.40 ± 39.34c 360.78 ± 31.54b 543.15 ± 20.90a 236.47 ± 30.12c 480.07 ± 52.08b

Total Mn content (g·Kg− 1) 0.45 ± 0.03c 1.64 ± 0.19a 1.03 ± 0.06b 0.37 ± 0.02c 2.28 ± 0.29a 0.61 ± 0.05b

Total Fe content (g·Kg− 1) 90.12 ± 4.15c 110.82 ± 7.40b 191.42 ± 16.13a 109.41 ± 7.58b 110.17 ± 9.63b 200.17 ± 14.27a

Total Cu content (mg·kg− 1) 0.54 ± 0.02a 0.44 ± 0.03b 0.34 ± 0.02c 0.60 ± 0.02a 0.47 ± 0.03b 0.38 ± 0.02c

Total Zn content (mg·kg− 1) 0.12 ± 0.02b 0.16 ± 0.01a 0.09 ± 0.01c 0.13 ± 0.01b 0.18 ± 0.01a 0.10 ± 0.01c
Means within the same line with different letters indicate significant differences (P < 0.05). Soil total N content less than 0.75 g·Kg− 1 was at the very low level, and 
between 0.75 and 1.00 g·Kg− 1 was at the low level; soil total P content less than 0.90 g·Kg− 1 was at the very low level; soil total K content with 9.00 ~ 12.00 g·Kg− 1 
was at a low level, 12.00 ~ 18.00 g·Kg− 1 was at a medium level, and 18.00 ~ 25.00 g·Kg− 1 was at a high level [20]. Average soil total Mg content in southern China was 
5 g·Kg− 1 [21]. Average soil total Ca content was 36.4 g·Kg− 1 [22]; average soil total Mn content was 0.40 g·Kg− 1; average soil total Al content was 68.90 g·Kg− 1; average 
soil total Fe content was 50 g·Kg− 1 [18]. Average soil total Cu content in soil was 0.40 g·Kg− 1 [23]. Average of soil total Zn content was 0.05 g·Kg− 1 [24]
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stearic, oleic and linolenic acid contents were the highest 
in red soil.

Relationship between fruit and yield traits and leaves 
elements content of C. oleifera
By selecting fruit morphological indices as explana-
tory variables and yield traits as response variables, a 
two-dimensional ranking map of yield traits and fruit 

morphological indices was obtained (Fig.  3). The inter-
pretation rate of the first and second axes of the redun-
dancy analysis (RDA) were 46.9 and 21.7%, respectively, 
for a total interpretation rate of 68.6%. Fruit shape index 
(FSI), kernel moisture content (KMC), fresh weight 
of pericarp (FWP) and kernel fresh weight (KFW), all 
contributed to the main effect on yield traits. Accord-
ing to the vector angle analysis, FWP is positively and 

Fig. 2 Effects of three soil types on fruit characters of C. oleifera. Different letters indicate significant differences in three soil types (P < 0.05)

 

Fig. 1 Effects of three soil types on the element contents of C. oleifera root, leaves and kernel. Different letters indicate significant differences in root, 
leaves and kernel of C. oleifera (P < 0.05)
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significantly correlated with oil production (OP), unsatu-
rated fatty acid content (Unsat) and dry kernel oil content 
(KOC). KMC is positively and significantly correlated 
with palmitic acid content (Pal), saturated fatty acid con-
tent (Sat) and saturated/unsaturated ratio (Sat/ Unsat). 
KFW and FSI are positively and significantly correlated 
with oil content of fresh fruit (OCF), linolenic acid con-
tent (Linolenc), oleic acid content (Ole) and stearic acid 
content (Ste). OP was positively and highly significantly 
correlated with Unsat, KOC, and Ole, and negatively and 
highly significantly correlated with Pal, Sat/ Unsat, Sat 
and Ste.

Further, the correlation analysis between fruit main 
traits and leaves elements contents (Fig. 4), indicated that 
FSI is negatively and significantly correlated with leaves 
C content, negatively and highly significantly correlated 

with leaves K and Zn content. FSI is positively and sig-
nificantly correlated with leaves N content, and positively 
and highly significantly correlated with leaves Al and 
Cu content. FWP is positively and highly significantly 
correlated with leaves C, Mg and Zn contents. FWP is 
negatively and significantly correlated with leaves K and 
Ca content, and negatively and highly significantly cor-
related with leaves Mn, Fe and Cu content. KFW was 
positively and highly significantly correlated with leaves 
N and Mg content, positively and significantly correlated 
with leaves P content. KFW is negatively and highly sig-
nificantly correlated with leaves K and Fe content, and 
negatively and significantly correlated with leaves Ca 
content. KMC is negatively and highly significantly cor-
related with leaves C, N, P, Mg and Zn contents. KMC 
is positively and highly significantly correlated with the 
contents of leaves K, Mn, Fe and Cu content.

Table 2 Effects of different soil types on C. oleifera yield traits
Indicators Yellow-red soil Purple soil Red soil
The fruit yield (g·plant− 1) 5918.89 ± 224.86a 5201.11 ± 759.89b 4036.67 ± 436.92c

Dry kernel oil content % 41.23 ± 0.88a 30.47 ± 0.94c 36.60 ± 0.66b

Oil content of fresh fruit% 5.45 ± 0.82b 4.63 ± 0.39c 6.28 ± 0.49a

Oil production (g·plant− 1) 322.79 ± 30.23a 230.00 ± 31.71b 253.50 ± 35.25b

Palmitic acid content % 9.01 ± 0.06b 9.59 ± 0.04a 9.06 ± 0.07b

Stearic acid content % 1.69 ± 0.09c 1.85 ± 0.08b 2.06 ± 0.06a

Oleic acid content % 80.95 ± 0.17a 78.62 ± 0.57b 81.22 ± 0.15a

Linoleic acid content % 6.60 ± 0.07b 7.38 ± 0.22a 5.39 ± 0.10c

Linolenic acid content % 0.25 ± 0.01b 0.16 ± 0.00c 0.35 ± 0.04a

Other content % 1.50 ± 0.18c 2.40 ± 0.38a 1.90 ± 0.10b

Saturated fatty acid content % 10.70 ± 0.09c 11.44 ± 0.43a 11.13 ± 0.08b

Unsaturated fatty acid content % 87.81 ± 0.17a 86.16 ± 0.60c 86.97 ± 0.13b

Saturated/unsaturated ratio 0.122 ± 0.001c 0.133 ± 0.006a 0.128 ± 0.001b
Means within the same line with different letters indicate significant differences (P < 0.05)

Fig. 4 Correlation analysis of C. oleifera main fruit characters and leaves 
element contents. * and ** indicate significant and highly significant 
correlation

 

Fig. 3 Redundancy analysis of the relationship between C. oleifera fruit 
and fruit production traits
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Soil, organs and yield elements contents interactions
Figure 5-A shows the two-dimensional ranking diagram 
of C. oleifera kernel elements contents (as the explana-
tory variables) and yield traits (as the response variables). 
The interpretation rate of the first and second axes of 
RDA are 52.9 and 21.1%, respectively, with a total inter-
pretation rate of 74.0%. Kernel P, N, Cu, Mn, and K con-
tent contributed to the main effects on yield traits, with 
P > Mn > Cu > N > K. By comparing the vertical projec-
tion length, kernel total P content had the largest posi-
tive effect on OP, Unsat and KOC; kernel N content had 
the largest positive effect on ole and Linolenc, OCF and 

Ste. According to the vector angle analysis, kernel K, Cu 
and Mn content were negatively and highly significantly 
correlated with OP, and positively and highly significantly 
correlated with Sat and Pal and Lin contents, kernel total 
N and P content were positively significantly correlated 
with Linolenc, OCF, Ole, KOC, Unsat and OP, negatively 
significantly correlated with Sat, Sat/UnSa, and Pal.

Figure 5-B shows the two-dimensional ranking diagram 
of C. oleifera kernel elements contents (as the explana-
tory variables) and leaves elements contents (as the 
response variables). The interpretation rate of the first 
and second axes of RDA are 38.8 and 15.4%, respectively, 

Fig. 5 Redundancy analysis of elements contents among soil, plant organs, and yield. The numbers (1, 2, 3, 4 and 5) following each character correspond 
to: (1) 0 ~ 20 cm soil layer. (2) 20 ~ 40 cm soil layer, (3) root element,4) leaf element, and 5) kernel element, respectively
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with a total interpretation rate of 54.2% with leaves total 
Al, Fe, Zn and N contents contributing to the main effect 
on kernel elements contents. By comparing the vertical 
projection length, leaves total Zn content had the largest 
positive effect on kernel total P and Mg content; leaves 
total N content had the largest positive effect on kernel 
total N content, and had the largest negative effect on 
kernel total Cu and Mn contents; leaves total Fe content 
had the greatest positive effect on kernel total Mn con-
tent; leaves total Al and N contents had the largest nega-
tive effect on kernel total K content. According to the 
vector angle analysis, there were no significant relation-
ships between kernel total P, Mn, N, K, Mg contents and 
those in the leaves.

Figure  5-C shows the two-dimensional ranking dia-
gram of C. oleifera leaves elements contents (as the 
response variables) and root elements contents (as the 
explanatory variables). The interpretation rate of the first 
and second axes of RDA are 46.9 and 20.3%, respectively, 
with a total interpretation rate of 67.2%. Root total N, 
Mg, P, Fe, K and Mn contents contributing to the main 
effect on leaves elements contents. By comparing the ver-
tical projection length, root total K content had the great-
est negative effect on leaves total Zn content; root total 
N content had the greatest positive effect on leaves total 
N and P contents; root total Mn content had the greatest 
positive effect on leaves total Fe content; root total Mg, P 
and Fe content had the greatest positive effect on leaves 
total Al content; root total Mn content had the great-
est positive effect on leaves total K content; root total 
N content had the largest negative effect on leaves total 
K content and the largest positive effect on leaves total 
Mg content. Through vector angle analysis, leaves total P, 
Mn, N and K contents were very positively and signifi-
cantly correlated with root total P, Mn, N and K contents; 
leaves total Cu and Mn contents were very positively and 
significantly correlated with root total K content; and 
leaves total Mg content was not significantly correlated 
with root total Mg content.

Figure  5-D shows the two-dimensional ranking dia-
gram of C. oleifera root elements contents (as the 
response variables) and soil physical and chemical prop-
erties (as the explanatory variables). The interpretation 
rate of the first and second axes of RDA are 46.4 and 
20.4%, respectively, with a total interpretation rate of 
66.8%. The contents of total P, C and N in 0 ~ 20 cm soil 
layer, and pH, the contents of total K, Cu, C, Ca, Mg, Fe 
and SMC in 20 ~ 40 cm soil layer had the main effects on 
root elements contents. By comparing the vertical pro-
jection length, SMC in 20 ~ 40 cm soil layer had the great-
est positive effect on root total N, Mg and P contents, 
had the greatest negative effect on root total Zn con-
tent; total C content in 0 ~ 40 cm soil layer and the total 
N of 0 ~ 20 cm soil layer had the greatest negative effect 

on root total Fe and K content; the pH of 20 ~ 40 cm soil 
layer had the greatest effect on root total Cu, Mn and Zn 
contents. According to the vector angle analysis, root 
total N content was significantly and negatively corre-
lated with the total N content in 0 ~ 20 cm soil layer. Root 
P content was highly significantly and positively corre-
lated with the total P content in 0 ~ 20 cm soil layer. Root 
total K content was highly significantly and negatively 
correlated with the total K content in the 20 ~ 40 cm soil 
layer, and significantly and positively correlated with pH 
value. Root total Mg, Fe, Cu and Ca contents were sig-
nificantly and positively correlated with total Mg, Fe, Cu 
and Ca content in 20 ~ 40 cm soil layer, indicating that C. 
oleifera root N, P, K, Mg, Fe, Cu and Ca absorption were 
significantly dependent on the total amount of these ele-
ments in the soil. Root Mg, Fe and Ca content were sig-
nificantly positively affected, and Cu content negatively 
by SMC. Root total Mn, Al and Zn contents were not 
significantly correlated with total Mn, Al and Zn content 
in soil, but were positively and significantly correlated 
with soil pH, and soil pH significantly and negatively 
correlated with SMC in 20 ~ 40  cm soil layer, indicating 
that root Mn, Al and Zn absorption had no relationship 
with these elements total amount in the soil, and that 
the absorption was determined by SMC. Soil total Mg, 
Fe, and P contents, and SMC in the 20 ~ 40 cm soil layers 
were positively and significantly correlated with root N, 
P, Mg and Ca contents, negatively and significantly cor-
related with the pH in 20 ~ 40  cm soil, and root Al, Cu, 
Mn and Zn contents. Total Ca, N and Cu contents in the 
20 ~ 40 cm soil layers were significant and negatively cor-
related with root K content. SMC and total Fe content in 
the 20 ~ 40 cm soil layer had the greatest effect on root P 
content.

C. oleifera double-screening stepwise regression analysis 
between yield traits and soil physicochemical properties
Here, the 20-soil physical and chemical indices in the 
0 ~ 20  cm and 20 ~ 40  cm soil layers were used as inde-
pendent variables, and the 12-yield traits were used as 
dependent variables to carry out the double-screening 
stepwise regression analysis, and the regression equa-
tions for the main yield traits were established with being 
highly significant (Table  3). For the 0 ~ 20  cm soil layer, 
the regression equations indicated that soil attributes 
(SMC, soil moisture holding capacity, saturated water 
content, pH, total C, N, K, Mg, and Zn contents) were 
significantly correlated with yield traits (KOC, OP, Ole, 
Lin, and Unsat), indicating that the 0 ~ 20  cm soil layer 
determined C. oleifera KOC, OP, Ole, Lin, Linolenc and 
Unsat (Table 3). The coefficients of independent variables 
in each regression equation, indicated that soil mois-
ture holding capacity had the largest significant positive 
effect, soil total Zn content had the largest significant 
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negative effect on KOC; soil total Zn content had the 
largest significant positive effect on OP, while soil mois-
ture holding capacity had the largest significant nega-
tive effect on OP; SMC had the largest positive effect on 
Ole, while pH had a negative effect on Ole; soil total Zn 
content had the largest significant positive effect on Lin, 
and soil moisture holding capacity had the largest signifi-
cant negative effect on Lin; soil total Zn content had the 
largest positive effect on Linolenc, while soil total C con-
tent had a negative effect on Linolenic; soil Zn content 
had the most significant positive effect on Unsat, while 
soil moisture holding capacity had a significant negative 
effect on Unsat.

For the 20 ~ 40  cm soil layer, the regression equations 
indicated that soil attributes (soil saturated water con-
tent, pH, total C, Mg, Ca, Mn and Fe contents) were 
significantly correlated with yield traits (the fruit yield, 
KOC, OP, Ste and Lin), indicating that the 20 ~ 40 cm soil 
layer determined C. oleifera fruit yield, KOC, OP, stearic 
acid and Lin (Table  3). The coefficients of independent 
variables in each regression equation, indicated that the 
total Mg content had the largest significant positive effect 
on the fruit yield, while soil saturated water content had 
the largest significant negative effect on the fruit yield; 
soil total Ca content had the largest significant positive 
effect on KOC, and soil pH had the largest significant 
negative effect on KOC; soil saturated water content had 
the largest significant positive effect on OP, and soil total 
Mn content had the largest significant negative effect on 
OP; soil saturated water content had a significant maxi-
mum positive effect on Ste, and soil total Mn content had 
a significant maximum negative effect on Ste; soil pH had 
the largest significant positive effect on Lin, and soil satu-
rated water content had the largest significant negative 
effect on Lin.

Discussion
Soil physical and chemical properties affect C. oleifera root 
elements absorption
C. oleifera is an axial deep-rooted tree species, with 
98.7% of its roots are concentrated in the 0-40 cm deep 
soil layer [25]. The physical and chemical properties of 
soil directly affect the absorption of plant nutrient ele-
ments [26]. C. oleifera root total N and P absorption were 
significantly dependent on the 0 ~ 20 cm soil, results simi-
lar to those reported by Li et al. [27]. As the surface layer 
of C. oleifera forest floor contain substantial amount of 
litter, it is expected that N and P are released after litter 
decomposition [28]. The more total N and P are released, 
the more conducive they are absorbed in the 20 ~ 40 cm 
soil layer [29]. In the 0 ~ 40  cm soil layer, pH value and 
total K content increased with soil depth, which are 
consistent with Cai et al., findings [30]. Root K absorp-
tion were significantly dependent on the 20 ~ 40 cm soil, 
and significantly and positively correlated with pH value. 
The observed increase in pH could be associated with 
increasing soil cation exchange capacity [31], and K ele-
ment was adsorbed from the soil solution to soil particles 
and root surface, thus reducing leaching loss and increas-
ing root K absorption [32]. C. oleifera root Mg, Fe, Cu 
and Ca absorption was significantly dependent on the 
total amount of these elements in soil layer, increased 
with the depth of the soil, and were significantly posi-
tively affected by SMC except for Cu, which consistent 
with those reported by Cao et al. [2]. So, increasing SMC, 
on the one hand, promoted the release of available Mg, 
Fe and Ca in the soil, thus improving root uptake [33, 34]; 
on the other hand, this promoted Cu soil fixation, leading 
to Cu absorption reduction [35]. C. oleifera root absorp-
tion of Al and Zn elements were not affected by the total 
amount of these elements in the soil. When the SMC 

Table 3 Double-screening between C. oleifera soil physicochemical properties and yield traits and the development of stepwise 
regression equations
Soil layer Double-screening stepwise regression equation Correlation

coefficient
R2 F value

0 ~ 20 cm Y2 = 40.31 + 23.88 × 6 + 14.57 × 7 -1.33 × 8 + 0.329 × 9 -0.480 × 12 -31.589 × 20 0.989 0.979 125.890**

Y4 = -92.56 -200.60 × 5 -796.66 × 6 + 51.43 × 8 -1.6906 × 9 + 168.52 × 10 + 40.20 × 14 + 609.91 × 20 0.943 0.889 18.045**

Y7 = 0.778 + 0.091 × 5 + 0.017 × 6 -0.006 × 8 + 0.001 × 9 + 0.001 × 10 + 0.002 × 14 + 0.07 × 20 0.967 0.934 31.932**

Y8 = 0.034 -0.054 × 6 + 0.034 × 7 + 0.008 × 8 -0.001 × 9 + 0.092 × 20 0.989 0.978 122.340**

Y9 = -0.009 + 0.005 × 5 + 0.015 × 6 + 0.001 × 8 -0.001 × 9 + 0.003 × 10 + 0.001 × 14 + 0.020 × 20 0.944 0.891 18.300**

Y11 = 0.802 + 0.057 × 5 -0.017 × 6 + 0.003 × 8 + 0.009 × 10 + 0.002 × 14 + 0.144 × 20 0.921 0.847 12.491**

20 ~ 40 cm Y1 = 9802.91 -10422.579 × 7 + 225.129 × 8 + 48.32 × 9 + 290.99 × 14 -218.61 × 15 -494.899 × 17 
-15.43 × 18

0.945 0.892 22.488**

Y2 = 45.21 -0.03 × 7 -2.43 × 8 + 0.578 × 9 -0.325 × 14 + 1.376 × 15 -0.754 × 17 -0.008 × 18 0.992 0.983 157.042**

Y4 = 495.56 + 94.49 × 7 -14.94 × 8 + 3.77 × 9 + 16.66 × 14 -18.62 × 15 -28.44 × 17 -1.29 × 18 0.909 0.871 12.981**

Y6 = 0.011 + 0.011 × 7 + 0.001 × 8 -0.0006 × 9 + 0.001 × 14 + 0.001 × 15 -0.0013 × 17 0.914 0.859 13.830**

Y8 = 0.051 -0.013 × 7 + 0.004 × 8 + 0.001 × 9 -0.001 × 14 + 0.001 × 15 + 0.002 × 17 -0.001 × 18 0.989 0.978 122.077**
Y1: The fruit yield; Y2: KOC; Y4: OP; Y6: Ste; Y7: Ole; Y8: Lin; Y9: Linolenc; Y11: Unsat; X5: SMC; X6: Soil moisture holding capacity ; X7: Soil saturated water content; X8: pH; 
X9: Soil total C content; X10: Soil total N content; X12: Soil total K content; X14: Soil total Mg content; X15: Soil total Ca content; X17: Soil total Mn content; X18: Soil total 
Fe content; X20: Soil total Zn content
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decrease, the observed pH increase may reduce Mn, Al 
and Zn elements exchange capacity in soil [36], leading to 
reduced leaching loss and correspondingly increased Mn, 
Al and Zn elements root uptake. In conclusion, Fujian 
soil of C. oleifera forest was mainly regulated by SMC, 
pH, and total soil elements content.

At the same time, roots had synergistic and antagonis-
tic effects during elements absorption [37]. The results 
indicated that when in humid soil, the pH value decrease, 
iron oxide film is formed on the root surface [38], 
increasing soil aqueous solution cation, releasing more 
soil phosphate, nitrate and ammonia, promoting C. ole-
ifera N and P root absorption [39]. C. oleifera N absorp-
tion promoted root Ca absorption [40], and P absorption 
promoted Mg root absorption [41]. The iron oxide film 
adsorbed soil Al, Cu, Mn and Zn elements and reduced 
these elements root absorption [42]. Root ammonia and 
Ca absorption, and Cu fixation on the root surface inhib-
ited root K absorption [43]. At the same time, phosphate 
fixing Al formed aluminum phosphate that was difficult 
for trees to utilize [44], which inhibited root Al absorp-
tion, which is similar to those reported by Qu et al. [45]. 
In conclusion, SMC, total N, P and Fe contents were 
the key factors controlling C. oleifera nutrient elements 
absorption in iron-rich soil.

Transport rules of key nutrient elements affecting C. 
oleifera yield traits
Kernel P, N, Cu, Mn and K contents had the main effect 
on C. oleifera yield and fatty acid components, with 
P > Mn > Cu > N > K. Compared with other organs, ker-
nel C, N, Mg, P and K contents were the largest above 
1.50  g·Kg− 1, with C > K > N > P > Mg, which was similar 
to the results of Cao et al. [46]. It may be that K element 
enhancing the transport of carbohydrates to kernel [47], 
Mn and Cu elements activating growth enzymes activity 
[48], and P and N elements promoting protein synthesis 
[49], which were conducive to C. oleifera seed biomass 
growth. While P element as a component of phospholipid 
[50], Mg element promoting acetyl-CoA synthesis [51], 
which can accelerate fatty acids synthesis in C. oleifera 
kernel. It can be concluded that C, K, N, P, Mn and Cu 
elements may play a major role in the kernel growth and 
accumulation, while P, N and Mg elements may play a 
major role in kernel Linolenc, OCF, Ole, KOC, Unsat for-
mation. These results indicated that the P, Mn, Cu, N, K, 
C and Mg elements determined C. oleifera kernel growth 
and development, which was similar to those reported by 
Cao et al. [52].

With the exception of C, the remaining P, N, Cu, Mn, K 
and Mg elements were absorbed from the soil by C. ole-
ifera roots. SMC was conducive to C. oleifera root P ele-
ment absorption. When the root P element is transported 
to leaves, leaves P content and had the largest positive 

effects with root N content, and negative effects with root 
Mn content. These indicated P element had synergistic 
and antagonistic effects with N and Mn elements, respec-
tively. It is possible that during the transport of element P 
from root to leaves, N is favorable for P to form inorganic 
phosphorus, which is mainly transported upward with 
transpiration flow in ducts [53], and at the same time can 
exchange with Mn in the surrounding ductal cells and be 
unloaded into vacuoles of companion cells [54]. kernels 
P contents were positively greatest influenced by leaves 
Zn content, indicating that leaves P element had syner-
gistic effect with Zn element transporting to kernel. It is 
possible that Zn element is a component of indoleacetic 
acid, and the fruit is the growth center after the Zn ele-
ments transfer from leaves to kernel, which promotes 
P transport [55]. So, root P content was determined by 
SMC, leaves P content was promoted by root N content 
and inhibited by root Mn content, kernel P content was 
promoted by leaves Zn content.

Root N content that positively and significantly influ-
enced by SMC, had the greatest positive effect on leaves 
N content, thus positively effecting kernel N content. This 
indicate that moist soil was beneficial to C. oleifera root 
N absorption, mainly NO3

− part of which is absorbed by 
parenchyma cells around the ducts during transporting 
through xylem ducts, resulting in a decreasing trend of 
NO3

− concentration in xylem from root, stem, leaves to 
kernel [56]. So, root N content was determined by SMC, 
and the N content in other organs was determined by N 
content in the upstream organ from root to kernel.

Root K positively and significantly influenced by soil 
pH value, and root N content had the greatest negative 
effect on leaves K content. Leaves N content had the 
greatest negative effect on kernel K content, indicating 
that the increase of soil pH promoted K element absorp-
tion in C. oleifera roots, and the K content in organ was 
constrained by the N content in its upstream organ. 
It may be that K+ is transported in the xylem of plants, 
which competes for the ion channel with the transport 
of NO3 [56, 57]. Leaves Al content also had the greatest 
negative effect on kernel K content, and was enriched 
in C. oleifera leaves. It is possible that Al is a blocker of 
cation channels on the cell membrane, affects kernel 
K absorption of mineral elements by changing leaves 
plasma membrane fluidity and structure [58]. So, root K 
was determined by soil pH value, leaves K were inhibited 
by root N content, and kernel K were inhibited by leaves 
N and Al contents.

Root Cu and Mn contents positively and significantly 
influenced by the 20 ~ 40  cm soil layer pH value. Root 
K content was positive and significantly correlated with 
leaves Cu and Mn contents. These results indicated that 
the increase of soil pH promoted the uptake of Cu and 
Mn elements by C. oleifera roots, which transported 
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from root to leaves through xylem and produces the 
“Viers effect” with K strongly influencing by transpiration 
[57]. Leaves N content had the greatest negative effect on 
kernel Cu and Mn contents, which are possible that N, 
Cu and Mn are involved in protein synthesis, reducing 
the transfer of Cu and Mn from leaves to the kernel [59]. 
So, root Cu and Mn determined by soil pH value, leaves 
Cu and Mn were promoted by root K content, and kernel 
Cu and Mn were inhibited by leaves N contents.

Root Mg content positively and significantly influ-
enced by SMC in 20 ~ 40  cm soil layer. Root N content 
had the largest positive effect on leaves Mg content. The 
results indicated that the moist soil was conducive to Mg 
element absorption of C. oleifera root, When Mg ele-
ment was transported from root to leaves, chlorophyll 
content is increased and nitrogen utilization in leaves 
is promoted, which has a synergistic effect with N [60]. 
kernel Mg content positively and significantly influenced 
by leaves Zn content, indicating Mg element was trans-
ported from leaves to kernel, has a synergistic effect with 
Zn. Mg participating in the phosphorylation process to 
promote substance synthesis, and Zn promoting the syn-
thesis of indoleacetic acid, so Mg and Zn jointly promot-
ing the growth of C. oleifera fruit [55, 60]. So, root Mg 
determined by SMC, leaves Mg were promoted by root 
N content, and kernel Mg were promoted by leaves Zn 
content.

In conclusion, in the soil of Fujian C. oleifera forest, 
increasing SMC was beneficial to the root absorption of 
P, N and Mg element; the proper increase of pH was ben-
eficial to the root absorption of K, Cu and Mn element. 
Root N, P and Mg elements being promoted by root N 
element, root K element inhibiting by root N element, 
root P element inhibiting by root Mn element, root K 
element being promoted by root Cu and Mn element, 
transported from root to leaves. Leaves N element being 
promoted by leaves N element, leaves K, Cu and Mn ele-
ment being inhibited by leaves N element, leaves P and 
Mg element being promoted by leaves Zn element, trans-
ported from leaves to kernel.

Nutrient elements regulating C. oleifera oil yield
Plants absorb nutrient element in two ways, one by the 
soil and the other by the leaves [61]. The results showed 
that the capillary capacity in 0 ~ 20  cm soil layer had 
the most significant negative effects on OP, linoleic and 
Unsat. The soil saturated water content in 20 ~ 40 cm soil 
layer had the largest positive effect on OP and Ste, and 
had the largest negative effect on fruit yield, which indi-
cated that soil moisture is the key factor of C. oleifera soil 
in the physical properties of soil and regulating C. oleif-
era yield and quality, which is similar to previous studies 
[62]. It may be related to the balance of soil moisture, air 
and nutrients [63]. The increase of capillary capacity in 

0 ~ 20 cm soil layer will reduce soil aeration, which is not 
conducive to fatty acid synthesis [64]. The soil saturated 
water content of 20 ~ 40 cm soil layer increased, the soil 
element available content decreased, decreasing C. oleif-
era biomass and fruit yield. On the other hand, the more 
soil moisture, the higher the moisture content of kernel 
and pericarp, which is conducive to the transport of sub-
stances to C. oleifera fruit and the improvement of fatty 
acid synthesis [64, 65]. It can be concluded that the soil 
of C. oleifera forest should maintain moderate moisture 
content, which can not only improve the yield, but also 
improve the oil quality. Total Zn content in 0 ~ 20 cm soil 
layer which increases Ole, Lin, Linolenc and Unsat of C. 
oleifera, had the most significant positive effect on OP. It 
may be that Zn is an essential element for the synthesis 
of tryptophan [66], which is a precursor for the synthe-
sis of indole acetic acid (IAA) and promotes the trans-
port of assimilates to fruits growth [55]. Meanwhile, Zn 
is a cofactor of key glycolysis enzymes, which promotes 
the activity of aldoxase in plant tissues and promotes 
the synthesis of fats and unsaturated fatty acids [67]. 
The total Mn content in the 20 ~ 40  cm soil layer has 
the largest negative effect on the OP, which is different 
from previous studies that the element Mn can increase 
the OP [52]. It may be because the total Mn content in 
the 20 ~ 40  cm layer of three type soils were more than 
three times of the average of soil total Mn content [18], 
increases the Mn absorption, inhibits the enzyme synthe-
sis [59], and reduce C. oleifera oil content. The total Mg 
content in the 20 ~ 40  cm soil layer had the largest sig-
nificant positive effect on the fruit yield, and the total Ca 
content in the 20 ~ 40 cm soil layer had the largest signifi-
cant positive effect on KOC which may be because mag-
nesium improved the photosynthesis and promoted the 
transport of carbohydrates to fruits [60], thus increasing 
the fruit weight and the fruit yield. And Ca is the main 
component of oil drop, improving the conversion rate 
of oil [68]. In conclusion, the OP of C. oleifera could be 
improved by keeping proper SMC, applying Zn fertilizer 
in surface layer and Mg and Ca fertilizer in deep gully, 
and Ole, and Lin, Linolenc and Unsat be increased by 
applying Zn fertilizer in surface layer.

FWP was highly significant and positively correlated 
with leaves C, Mg and Zn contents, and was significant 
and positively correlated with OP, Unsat and KOC. It may 
be that Mg and C in leaves participate in photosynthesis 
[60] and Zn promotes the synthesis of indoleacetic acid 
[55], which jointly promotes the synthesis of energy and 
substance, and provides pericarp growth with storing 
energy and substance, then increases the OP and Unsat 
[69]. At the same time, the OP, Unsat and KOC were pos-
itively affected by kernel P content, which are similar to 
those reported by Cao et al. [2]. It is possible that element 
P promoted the first step reaction of Kennedy pathway 
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[53], increasing C. Oleifera OP. Therefore, increasing the 
content of C, Mg and Zn in leaves and kernel P content 
can increase C. Oleifera OP, Unsat and KOC. KMC was 
highly significant and positive correlation with leaves K, 
Mn and Cu contents, significantly and positively related 
to Pal and Sat, significantly and negatively to OP, and Pal 
and Sat were highly significant and positive correlation 
with kernel K, Mn and Cu contents. It is possible that 
the contents of K, Mn and Cu in the leaves can increase 
the contents of K, Mn and Cu in the kernel. On the one 
hand, the vacuolar ion concentration can be increased, 
and increase the water content to reduce the osmotic 
pressure of the kernel [70]. On the other hand, cationic 
transport increased the substance content of kernel, and 
K, Mn and Cu could promote protein synthesis with pro-
viding sufficient fatty acid synthase [57, 59]. Therefore, 
increasing the contents of K, Mn and Cu in leaves can 
increase the contents of Pal and Sat, but decrease of OP, 
similar to those previously reported by Cao et al. [52]. FSI 
and leaves N, Al and Cu contents, KFW and leaves P, N 
and Mg contents were significant or highly significantly 
and positively correlated, FSI and KFW were highly sig-
nificant and positive correlation with OCF, Linolenc, Ole 
and Ste, KFW were highly significant and positive corre-
lation, FSI were highly significant and negative with OP. 
These were indicating that moderate leaves N content, 
decreasing leaves Al and Cu, and increasing leaves P and 
Mg contents could increase OP, and OCF, Linolenc, Ole 
and Ste. In conclusion, by observing FWP, KMC, FSI 
and KFW, leaves N, P, Mg, Zn content can be increase 
through applying N, P, Mg, Zn leaf fertilization to affect 
the fruit development, and then the OP and Unsat of C. 
oleifera can be increased.

Conclusions
Available elements contents in the soil of C. oleifera 
plantations in Fujian were mainly regulated by SMC, 
soil pH and total soil element content. Soil total N, P, K, 
Mg, Fe, Cu and Ca significantly affected the root absorp-
tion, while soil total Mn, Al and Zn had no correlation 
with the root absorption, in which soil total N, P and Fe 
content were the key points to control nutrient elements 
absorption of C. oleifera. N, P, K, Mg, Cu, Mn and C ele-
ment were the key elements for the kernel growth and 
the yield traits of C. oleifera. Root P, N and Mg contents 
were determined by SMC; root K, Cu and Mn contents 
were determined by soil pH value. Leaves N, P and Mg 
contents were promoted by root N content; leaves K and 
P was inhibited by root N and Mn content, respectively; 
leaves Cu and Mn were promoted by root K content. Ker-
nel P and Mg content were promoted by leaves Zn con-
tent; kernel N content was promoted by leaves N content; 
kernel K, Cu and Mn were inhibited by leaves N contents, 
and kernel K were inhibited by leaves Al contents. The 

OP and each oil component content can be regulated 
by two ways. The OP and Unsat of C. oleifera could be 
improved by keeping proper SMC, applying Zn fertilizer 
in surface layer and Mg and Ca fertilizer in deep gully. 
The other was to by observing FWP, KMC, FSI and KFW, 
through applying N, P, Mg, Zn leaf fertilization, could 
increase leaves N, P, Mg, Zn content to affect the fruit 
development, then the OP and Unsat of C. oleifera can be 
increased (Fig. 6).

Materials and methods
Overview of the study area and plot setting
The main soil types of C. oleifera in Fujian Province 
(China) are red, yellow-red, and purple soil. The formal 
identification of C. oleifera was undertaken by Dr. Wen-
jun Lin (Fujian Agriculture and Forestry University), and 
a voucher specimen of C. oleifera has been deposited in a 
public herbarium of Fujian Agriculture and Forestry Uni-
versity. In November 2020 (fruit ripening period), three 
typical mature C. oleifera forests with the same manage-
ment practices, site conditions, and canopy density were 
selected in Minhou, Taining, and Ninghua counties, 
Fujian Province, representing red, yellow-red, and purple 
soil, respectively. C. oleifera forests are 12–15 years old 
and about 2.2 m tall. For each soil type, standard 20 m × 
20 m plots were set with three replications per soil type. 
The study area has a mid-subtropical monsoon climate, 
and environmental factors in each sampling area were 
showed in Table 4.

Fig. 6 Role of soil nutrient transport on C. oleifera yield and quality under 
different soil types
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Sample collection
Within each plot, five trees with medium growth and free 
from disease and insect were selected as the sampling 
plants. In the first ten days of November 2020, samples 
were taken at fruit ripening period of C. oleifera.

Soil samples. Under the drip line of each sample 
tree’s canopy, four cardinal directions (east, south, west 
and north) points were determined, and 0–20  cm and 
20–40 cm ring-knife soil and scattered soil samples were 
collected, respectively [71]. From each layer (soil and 
scattered soil), 3 ring-knives samples were collected for 
soil physical properties determination. After mixing the 
same layer of scattered soil samples collected from each 
plot and replication, plant residues, gravel, and other 
debris were discarded. For each replication, about 1  kg 
of soil was taken by quartering method, and brought 
back to the laboratory for natural air drying, crushed 
and ground, passed through a 60-mesh nylon sieve, and 
stored in sealed bags for soil nutrient content and soil pH 
determination.

Plant samples. During soil sampling, the fine roots 
mixed in the soil were collected. From the middle canopy 
of each sampling tree, 1-year-old branches with moder-
ate growth were selected, and the 2nd to 3rd leaves from 
the branches’ top were evenly collected from the four 
cardinal directions [72]. A total of about 20 leaves were 
collected from each tree. The roots and leaves collected 
from each sample were mixed and brought back to the 
laboratory, dried at 60  °C to a constant mass, crushed 
and ground, passed through a 60-mesh sieve, and stored 
in sealed bags for nutrient content determination. After 
counting the number of fruits of each sample tree, 20 
fruits were randomly selected from the four cardinal 
directions, and brought to the laboratory for further use.

Soil physical and chemical properties determination
A 0.5  g of dry soil sample passing through a 10-mesh 
sieve was used to determine the C and N contents using 
a Vario MACRO Cube carbon and nitrogen elemen-
tal analyzer (Elementar, Germany). Additional 0.5  g dry 
soil sample passing through a 10-mesh sieve, was placed 
in a digestion cup, wetted with deionized water, then 5 
mL aqua rega (mixture of concentrated nitric and hydro-
chloric acids) and 3 ml perchloric acid were added, and 
placed in a preheated graphite digestion instrument. 
After digestion at 260  °C for 3 h, the soil emitted white 
smoke and turned gray, then the heating stopped. After 

cooling, excess perchloric acid was removed, and 5 mL 
of 2% nitric acid was added, heated at 140 °C for 3 min, 
cooled, filtered until clarification, added 2% nitric acid 
to make the volume to 50 mL, and stored in a digester 
bottle for later use. Total P, K, Ca, Mg, Cu, Fe, Al, Zn, 
and Mn contents were determined by Optima 8 000 
ICP-OES inductively coupled plasma emission spec-
trometer (PerkinElmer, USA) [73]. Soil pH was measured 
by potentiometric method [74], soil moisture content 
(SMC), moisture holding capacity and saturated water 
content were measured by drying method [75], and soil 
bulk density, total soil porosity, capillary porosity, and 
non-capillary porosity were measured by ring-knife 
method [76].

Plant organ elements determination
A 0.1 g of dry plant sample was used for C and N con-
tents determination using a Vario MACRO Cube carbon 
and nitrogen element analyzer (Elementar, Germany). 
Furthermore, a 0.2  g dry plant sample was digested by 
microwave using Milestone Ethos Up Microwave Diges-
tion instrument (Italian company Milestone). After 
digestion, access acid was removed at 160 ℃ for 3 ~ 4 h, 
fixed to 50 mL by the digestion solution, filtered by fil-
ter paper. Finally, total P, K, Ca, Mg, Cu, Fe, Al, Zn, and 
Mn contents were determined by Optima 8 000 ICP-
OES inductively coupled plasma emission spectrometer 
(PerkinElmer, USA) [73].

Fruit and yield traits determination
Using 20 fresh fruits from each sampling plant, fruits 
were measured for height (mm) and diameter (mm) 
with a vernier caliper, and fruit shape index (FSI) was 
calculated, as follows: FSI = fruit height / fruit diam-
eter. Individual fruit fresh weight (g) was measured by 
an electronic scale, and the fruit yield (g·plant− 1) was 
calculated as follows: the fruit yield = the average fruit 
fresh weight × number of fruits per plant. After remov-
ing the seeds and pericarp from the fruit, the number 
of seeds per fruit was counted. Seed and fresh weight of 
pericarp (FWP) (g) were determined by electronic scale, 
and the fresh seed rate % = total weight of fresh seed / 
total weight of fresh fruit ×100%. Then the kernel and 
seed coat were removed from the seeds, and the ker-
nel fresh weight (KFW) (g) was measured by electronic 
balance. The pericarp thickness (mm) at the fruit base, 
middle, and top were measured by vernier calipers. The 

Table 4 Environmental factors in each sampling area
Environmental factor Minhou county Taining county Ninghua county
Longitude N25°47′～26°36′ N26°34′～27°08′ N25°58′～26°40′
Latitude E118°52′～119°25′ E116°53′～117°24′ E116°22′～117°02′
average annual temperature (℃) 14.8～19.5 15.0～18.0 15.0～18.0

average annual precipitation (mm) 1673.9 1725.0 1787.6



Page 13 of 15Chen et al. BMC Plant Biology          (2023) 23:378 

peel, kernel, and seed coat were placed in a drying oven 
at 105 ℃ and dried at 60 ℃ to a constant mass. The dry 
weights of fruit, peel, seed, and kernel were determined 
as well as their moisture contents were calculated as fol-
lows: (a) fruit moisture contents % = (fruit fresh weight - 
dry weight of pericarp - kernel dry weight - dry weight of 
seed coat) / fruit fresh weight ×100%, (b) pericarp mois-
ture content % = (fresh weight of pericarp - pericarp dry 
weight) / fresh weight of pericarpt×100%, (c) seed mois-
ture content % = (seed fresh weight - kernel dry weight 
- seed coat dry weight) / seed fresh weight ×100%, (d) 
kernel moisture content % = (kernel fresh weight - ker-
nel dry weight) / kernel fresh weight ×100%. After drying, 
the kernels were ground into powder by high-speed uni-
versal pulverizer (AISTTE Tianjin Tester Instrument Co., 
LTD.), part of which was screened by 60 mesh and stored 
in sealed bags for nutrient content determination and the 
other part was used for kernel oil extraction by Soxhlet 
extractor, after which the dried kernel oil content (KOC) 
was measured, and the crude oil was obtained [77]. Oil 
content of fresh fruit (OCF) % = kernel dry weight × dry 
kernel oil content / fresh fruit total weight, and oil pro-
duction per plant (OP) (g·plant− 1) = fruit yield per plant 
× OCF. A sample of accurately weighed 0.5  g crude oil 
was used to determine palmitic acid content (Pal), stearic 
acid content (Ste), oleic acid content (Ole), linoleic acid 
content (Lin), linolenic acid content (Linolenc), and other 
composition content of each oil by gas chromatography-
mass spectrometry [78]. These contents were deter-
mined as follow: (a) saturated fatty acid content (Sat) % 
= Pal + Ste; (b) unsaturated fatty acid content (Unsat) % = 
Ole + Lin + Linolenc; (c) saturated/unsaturated ratio (Sat/
Unsat) = saturated fatty acid content / unsaturated fatty 
acid content [79] .

Data analysis
Excel 2010 was used for data collation, and all data were 
described by mean and standard deviation (SD). DPS 
19.05 software was used for statistical analysis, one-way 
ANOVA was used to analyze the differences of each 
index in different soil types, and double-screening step-
wise regression was used to analyze the relationship 
between soil physical and chemical properties and yield 
traits to determine which soil physical and chemical 
properties impact which yield traits [17]. According to 
the significance test results of the variance contribution 
of each soil physical and chemical character, some soil 
physical and chemical characters that contributed more 
to the variance of a certain yield character were selected, 
and regression models were constructed according to 
the yield character [18]. Pearson correlation analysis 
was used to analyze the relationship between fruit char-
acters and leaves element contents. Canoco 5.0 soft-
ware was used for redundancy analysis (RDA) of soil, 

root, leaf, kernel, fruit and yield traits to determine the 
main influencing factors [80]. The explanatory variables 
with P < 0.05 were manually introduced to obtain a two-
dimensional ranking map, which can visually reflect the 
relationship between explanatory variables and response 
variables (explanatory variables are represented by solid 
red lines with arrows, response variables are represented 
by solid blue lines with arrows, and the angles between all 
vectors reflect their linear correlations, which are equal 
to the cosine of the angles between vectors [80]. In this 
study, correlation coefficient greater than 0.487 indicated 
highly significant correlation between indicators, that 
is, in the two-dimensional ranking map, when the angle 
between vectors was < 60°, there was highly significant 
positive correlation between vectors, and when the angle 
was > 120°, there was highly significant negative correla-
tion between vectors. The vertical projection length of 
the explanatory variable arrow segment on the response 
variable factor arrow segment is used to represent the 
degree of influence of the explanatory variable on the 
response variable. The longer the length, the greater the 
influence [81].
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