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Abstract: Plant growth depends on soil mineral elements, a lack of which results in reduced nutrient
accumulation leading to poor growth and resistance in plants. Therefore, more information is needed
about the response of Pistacia chinensis Bunge (P. chinensis) seedlings to nutrient deficiency. In this
study, we investigated how soil nutrient availability affects the nutrient accumulation and root
system of P. chinensis seedlings. Seedlings were cultivated under five different nutrient treatments
(500 mg, 400 mg, 300 mg, 200 mg, and 100 mg N). Various indices, including seedling growth, nutrient
accumulation and root morphology, were analyzed at the end of the growing season. Nutrient
deficiency (300 mg, 200 mg, and 100 mg N) reduced the accumulation of nitrogen (N), phosphorus
(P) and potassium (K) in roots and stems, while the nutrient proportion of N, P, and K stored in
the roots and root to shoot ratio (R/S) was increased at the end of growing season. Root length,
root surface area, and root volume of very fine roots (<0.5 mm in diameter) and coarse roots (>3.0 mm
in diameter) of the three lower nutrient treatments were significantly lower than those of the two
highest nutrient treatments, while no significant difference was detected in the fine roots (1.0–3.0 mm
in diameter). Instead, foliar N and K contents in seedlings treated with the two highest treatments
were significantly greater than those of the three lower nutrient treatments, resulting in a greater
nutrient loss ratio. However, seedlings treated with 100 mg N had significantly higher foliar P content
than those treated with 500 mg. Seedlings treated with 300 mg and 200 mg N did not have restricted
root nutrient accumulation but did have reduced nutrient accumulation in the stems. The 100 mg N
treatment significantly reduced the root nutrient accumulation of N and K. The 500 mg N treatment
did not increase the accumulation of nutrients in the storage organs compared with the 400 mg
N treatment, but did increase the loss of N and K due to defoliation in autumn. In conclusion,
there is a threshold for nutrient accumulation in storage organs at the nursery stage under a specific
environment. P. chinensis seedlings reduced the negative effects of nutrient deficiency by promoting
root growth, particularly fine roots, and increasing N and K allocation in storage organs.
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1. Introduction

Forest regeneration depends largely on soil nutrient availability. Mineral elements, such as plant
nutrients, play essential roles in plant processes and life activities such as protein synthesis, cell turgor
regulation, charge balance maintenance, and signal transduction. Deciduous plants accumulate
large amounts of nutrients, including nitrogen (N), phosphorus (P), and potassium (K), which are
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stored in the roots and stems at the end of the growing season [1]. High nutrient accumulation can
increase seedling stress resistance. For instance, K nutrient enrichment around the cell protoplast can
improve the drought resistance of hibiscus [2]. When soil nutrients cannot meet plant nutrient demand,
the stored nutrients are the primary nutrient source for new growth [3]. High nutrient storage in
water-stressed Quercus variabilis seedlings had similar dry mass compared to lower nutrient storage but
well-watered seedlings, which indicates that high nutrient storage partially counteracted the negative
effects of moderate water stress on seedling growth [4]. Moreover, nutrition loading can promote bud
burst and root growth in Norway spruce seedlings [5].

Root morphology is a complex system consisting of roots of different diameters and structures [6,7].
Generally, fine roots, defined as roots <2 mm in diameter, have strong water and nutrient
absorption capacity and are considered as the most physiologically active underground organs [8–10].
Volder et al. [11] reported that the new fine roots of grapes had higher nitrate uptake capacities than
older lateral roots. Moreover, the morphological characteristics of fine roots may affect the root
respiratory function of Quercus serrata [12]. Coarse roots are also important as they increase the water
and nutrient transport capacity to aboveground organs [13]. Coarse roots are central repositories
for starch and sugar in the late season [14]. Therefore, the root system morphology reflects both the
nutrient uptake capacity and growth potential of seedlings [15].

Root morphology varies based on external resources such as soil composition [16–18]. For example,
plants distribute a high proportion of biomass to the roots in a nutrient-deficient state [19]. Despite that,
nutrient deficiencies and toxicities can reduce overall root growth and alter root morphology [13,20–23].
Wan et al. [23] showed that high fertilization reduced 0.2–0.5 mm in diameter root lengths of larch
seedlings. In Chinese pine seedlings, a reduction of available N in the soil increased the number
and length of fine roots and decreased the stele diameter and tracheid diameter of coarse roots [13].
In addition, plant ectomycorrhizal roots exude organic anions to enhance the mobilization of Mg, P,
and K from mineral particles under nutrient-deficient conditions, such as Pinus sylvestris Linn [24].
Chlorophyll concentration in the leaves decreased due to N deficiency [25,26], which led to a decrease
in photosynthetic efficiency [27]. Shi et al. [28] reported that a lack of K would limit the flexibility of
photosynthate transfer from aboveground to belowground parts during early growth of Pinus koraiensis
Sieb. et Zucc. seedlings. The sensitivity of these physiological processes to nutrient deficiency may
alter the root morphology, thus reducing nutrient accumulation and changing the nutrient allocation
in plants.

Pistacia chinensis Bunge (P. chinensis), a broadleaf deciduous tree with ecological and energy-related
applications, was selected for this study [29–33]. Trubat et al. reported that nitrogen deficiency
resulted in a decrease of aboveground biomass accumulation but did not affect belowground biomass
accumulation or root morphology [34]. Therefore, the subdivision of roots according to root diameter
may provide more information for understanding the response of root morphology to nutrient
deficiency. However, little is known about the effects of nutrient deficiency on root morphology and
nutrient allocation in P. chinensis seedlings. We tested the following hypotheses: (1) nutrient deficiency
promotes fine root growth and (2) increases nutrient relocation from leaves to stems or roots, resulting
in high nutrient allocation in storage organs. To test these hypotheses, we cultivated seedlings under
a variety of nutrient treatments and recorded various indices, including seedling growth, nutrition
accumulation and root morphology, after one growing season.

2. Materials and Methods

2.1. Plant Material and Experimental Design

Mature P. chinensis seeds were collected from one open-pollinated mother tree in early September
2016 in Linzhou, Henan, China (36◦14′N, 113◦57′E). The seeds were manually stripped of their
pericarps, placed in a cotton fabric bag, and stored at 2 ◦C and 60% humidity until the following April.
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After six months of storage, seeds of similar size were selected for the study. The average seed
length, width, and height were 5.52 ± 0.23 mm, 5.12 ± 0.22 mm, and 4.13 ± 0.18 mm, respectively.
Seeds were germinated on a moist sand bed covered with gauze until about 30% of the seed coats had
broken on 23 April 2017. Then, one seed per container was sown in cylindrical hard plastic 983 mL
containers (D60, Stuewe & Sons, Inc., Tangent, Oregon, USA; diameter and depth of 6.4 cm and 36.0 cm,
respectively) at a depth of 0.5–1 cm and grown in a greenhouse in the Beijing Dadongliu Nursery
(40◦10′N, 116◦28′E). The container was filled with a mix of 70% peat (Pindstrup seeding, Ryomgaard,
Denmark; pH = 6.0; screening, 0–6 mm) and 30% perlite (5 mm diameter; Xinyang Jinhualan Mining
Co., Henan, China).

Osmocote NO.5 (14N-5.7P-10.8K; Scotts®, Marysville, OH, USA) 5–6 month controlled-release
fertilizer (CRF) was incorporated into the growing media at one of five rates: 500 mg, 400 mg,
300 mg, 200 mg and 100 mg N per seedling (Table 1). A total of 300 germinating seeds were completely
randomized into 30 trays (10 containers per tray) and randomly distributed into five nutrient treatments.
Containers were rotated positions once a week to eliminate edge effects. The day/night temperatures
in the greenhouse were approximately 28/16 ◦C. All of the seedlings were irrigated from overhead
when the gravimetric water content (GWC) reached 70% of field capacity. In the middle of October,
seedlings were moved outside to accelerate hardening.

Table 1. Nutrient composition for the five nutrient treatments.

Treatments N (mg) P (mg) K (mg)

500 500 204 386
400 400 163 309
300 300 122 231
200 200 81 154
100 100 41 77

2.2. Measurement of Seedling Morphology and Tissue Nutrient Concentration

Seedlings were covered with white nylon mesh bags to collect fallen leaves on 4 November 2017.
Nine seedlings per treatment were randomly sampled for morphology and nutrient analyses once
all leaves had abscised (29 November). Roots were washed gently to remove the growth medium,
and each plant was excised at the root collar and separated into roots and stems. Seedling height was
measured as the length of the stem (from the cotyledon insertion point to the tip of the apical bud),
and root-collar diameter (RCD) was measured slightly above (2 mm) the cotyledon insertion point.
Root system images were acquired by carefully scanning with an Epson Twain Pro high-quality scanner
at 400 dpi (Epson (China) Co., Ltd., Beijing, China) and the root systems based on the images were
divided into six classes according to root diameter: 0–0.2 mm (class 1), 0.2–0.5 mm (class 2), 0.5–1.0 mm
(class 3), 1.0–2.0 mm (class 4), 2.0–3.0 mm (class 5), and >3.0 mm (class 6). Scanned images of the roots
were used to determine root length, root surface area, and root volume using WinRHIZO software
(Régent Instruments Inc., Quebec, Canada). Then, the stems, leaves, and roots were oven-dried at
70 ◦C for 48 h to determine their dry mass. Each of the individual organ samples were subsequently
ground, sieved through a 0.25 mm screen, and wet-digested using the H2SO4–H2O2 method [35].
An AutoAnalyzer III (Bran Luebbe GmbH, Germany) was used to measure total N. P was determined
with a UV-visible spectrophotometer (Agilent 8453, Palo Alto, USA) and K was quantified using atomic
emission photometry (SpectrAA 220 Atomic Absorption Spectrometer, VARIN, Palo Alto, USA).

2.3. Data Calculations

The nutrient (N, P, or K) content increment (Ri) between two nutrient treatments (i) was calculated
using Equation (1):

Ri = X(i+100) − Xi (mg) (1)
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where Xi is the nutrient content of the roots, stems, or leaves at nutrient treatment i. The nutrient
content proportion of roots (PRj) and stems (PSj) to storage organs was calculated using Equations (2)
and (3), respectively:

PR j =
X(root) j

X(root) j+X(stem) j
×100% (2)

PS j =
X(stem) j

X(root) j+X(stem) j
×100% (3)

where X(root)j and X(stem)j are the mean nutrient content of the roots and stems at nutrient treatment j,
respectively. The proportion of nutrient storage (PSSj) and loss (PLLj) to plant uptake was calculated
using Equations (4) and (5), respectively:

PSS j =
X(storage) j

X(storage) j+X(lea f ) j
×100% (4)

PLL j =
X(lea f ) j

X(storage) j + X(lea f ) j
×100% (5)

i = 400, 300, 200, 100

j = 500, 400, 300, 200, 100

where X(storage)j is the mean of the sum of the root and stem nutrient contents at nutrient treatment j,
and X(leaf)j is the mean of the nutrient content of the leaves at nutrient treatment j.

2.4. Statistical Analyses

Single-factor analysis of variance (ANOVA) was used to analyze the effects of nutrient treatment
using SPSS 22.0 for Windows (SPSS Statistics, Inc., Chicago, IL, USA). Multiple comparisons of means
were analyzed using Duncan’s multiple range test at α = 0.05. Normality and variance homogeneity
requirements were met, and no data transformation was necessary. Graphs were produced using
SigmaPlot 14.0 (Systat Software, Inc., San Jose, CA, USA).

3. Results

3.1. Seedling Morphology

Seedling height, RCD, and whole-seedling biomass decreased, but R/S increased with decreasing
nutrient treatment (Figure 1), though there was no difference between the 500 mg and the 400 mg
treatments. The height, RCD, and whole-seedling biomass of the 100 mg N treatment were 45.1%,
18.9%, and 32.1% lower relative to the 400 mg N treatment, respectively. However, the R/S treated with
100 mg N treatment was significantly higher than that of other nutrient treatments.
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Figure 1. Seedling height, root collar diameter (RCD), whole-seedling (stem and root) biomass, and root
to shoot ratio (R/S) (mean and standard error (SE)) of P. chinensis under specific nutrient treatments at
the end of the growing season. Nitrogen fertilizer rates of 500 mg, 400 mg, 300 mg, 200 mg, and 100 mg
were applied per seedling. Bars with different letters differ statistically according to Duncan’s test at
α = 0.05.

3.2. Nutrient Concentration of the Storage Organs

There was no significant difference for the N, P, and K concentrations of roots and stems among
the 500 mg, 400 mg, 300 mg, and 200 mg N treatments, while the 100 mg N treatment had significantly
lower nitrogen concentration of roots and stems than other treatments. Seedlings treated with 100 mg N
had significantly lower P concentration of roots than seedlings treated with 500 mg, 400 mg, and 300 mg
N treatments. The K concentration of stems in the 100 mg N treatment was significantly lower than
that in other treatments (Table 2).

Table 2. Nutrient concentration of root and stem in P. chinensis under specific nutrient treatment
conditions at the end of the growing season.

Organs Treatments N Concentration (mg/g) P Concentration (mg/g) K Concentration (mg/g)

500 14.66 ± 0.74a 2.87 ± 0.13a 4.88 ± 0.26a
400 13.66 ± 0.76a 2.81 ± 0.14a 4.79 ± 0.15a

Roots 300 13.44 ± 0.44a 2.66 ± 0.16a 4.76 ± 0.22a
200 14.20 ± 0.91a 2.69 ± 0.13a 4.75 ± 0.12a
100 10.59 ± 0.53b 2.47 ± 0.14a 3.81 ± 0.20b

500 13.15 ± 0.62a 2.65 ± 0.14a 2.63 ± 0.13a
400 12.10 ± 0.98a 2.69 ± 0.10a 2.68 ± 0.12a

Stems 300 12.08 ± 0.32a 2.65 ± 0.12a 2.69 ± 0.09a
200 11.34 ± 0.49a 2.48 ± 0.19ab 2.60 ± 0.16a
100 9.43 ± 0.23b 2.12 ± 0.16b 2.57 ± 0.12a

The mean and SE are shown for each nutrient treatment. Column means ± SE followed by different letters indicate
significant differences among the treatments according to Duncan’s test at α = 0.05.

3.3. Nutrient Accumulation of the Storage Organs

The nutrient content of the roots and stems decreased with decreasing nutrient treatments
(Figure 2). No impact on N, P, and K content in roots and stems was observed for the seedlings in the
two highest nutrient treatments. However, the reduction in N, P, and K content of roots was accelerated
in 300–100 mg treatment groups. In contrast to the roots, the decrease for N, P, and K contents of stems
slowed down with the decrease of nutrient treatments.
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Figure 2. Nutrient content and nutrient content increment of the P. chinensis seedling roots and stems,
and the nutrient content proportion of the roots or stems to the storage organs under specific nutrient
treatment conditions at the end of the growing season. The nutrient content increment represents
the N, P, or K content of the roots or stems that were reduced between two contiguous nutrient
treatments. The mean and SE are shown for each nutrient treatment. Error bars with different letters
differ statistically according to Duncan’s test at α = 0.05.

The proportion of N, P, and K in the roots exceeded 50% under all nutrient treatments at the end
of the growing season (Figure 2). The plants in the two highest nutrient treatments did not differ in
their proportion of root N, P, and K content to total nutrient content. The highest proportion of N, P,
and K in the roots occurred in the lowest nutrient treatments.
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3.4. Nutrient Loss of the Seedlings

The roots and stems are the nutrient storage organs in deciduous plants, as the nutrients in
the leaves are lost as they fall off in autumn. Leaf N and K contents decreased, but foliar P content
increased with the decrease of nutrient treatments (Figure 3). The foliar N and K content were 61.7%
and 26.3% higher respectively for the seedlings in the 500 mg treatment than that in the 400 mg
treatment. Afterward, the N and K content decreased slowly in the 300–100 mg treatment groups.
The seedlings in the 100 mg treatment group had significantly higher leaf P contents than those in the
500 mg treatment group.

The proportion of nutrient loss corresponded with nutrient treatments and varied with the
different nutrients (Figure 3). The N and K loss proportion decreased, but the P loss proportion
increased with the decrease in nutrient treatments. Remarkably, the three lower nutrient treatment
seedlings had lower N and K losses but higher P losses compared to the highest nutrient treatment.
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Figure 3. Nutrient content and nutrient content increment of the P. chinensis seedling leaves, and the
proportion of nutrient storage and loss under specific nutrient treatment conditions at the end of the
growing season. The mean and SE are shown for each nutrient treatment. Error bars with different
letters differ statistically according to Duncan’s test at α = 0.05.

3.5. Root Morphology

The root morphology of the P. chinensis seedlings was significantly affected by nutrient treatment,
root diameter, and their interaction (Table 3). The root length, root surface area, and root volume
were obviously higher at specific root diameter classes (Figure 4). The root lengths of classes 1 and 2
(accounting for 42.1 and 32.9% of the total root length, respectively) were higher than the rest of the
root diameter classes. Roots in diameter classes 1, 2, and 3 had higher root surface areas (accounting
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for 12.5%, 24.6%, and 27.7% of the total root surface area, respectively) compared to the remainder
of the diameter class. Furthermore, the root volume of class 6 accounted for 59.3% of the total root
volume, which exceeded the total root volume of the other diameter classes.

Table 3. F-values and significance (p-values) of the two-way ANOVA on the effects of nutrient
treatment, root diameter, and their interaction on the root length, root surface area, and root volume of
the P. chinensis seedlings at final harvest.

Source Root Length Root Surface Area Root Volume

Nutrient treatment 39.4 (<0.001) 28.6 (<0.001) 14.2 (<0.001)
Root diameter 464.2 (<0.001) 83.2 (<0.001) 168.3 (<0.001)

Nutrient treatment × Root diameter 7.9 (<0.001) 2.0 (0.019) 7.2 (<0.001)
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Figure 4. Root length, root surface area, and root volume of the P. chinensis seedlings among different
root diameter classes under specific nutrient treatment conditions at the final harvest. The mean and
SE are shown for each nutrient treatment and root diameter class. Nutrient treatments marked with
different lowercase letters differ statistically at each root diameter class according to Duncan’s test
at α = 0.05. Class 1, 0–0.2 mm; class 2, 0.2–0.5 mm; class 3, 0.5–1.0 mm; class 4, 1.0–2.0 mm; class 5,
2.0–3.0 mm; class 6 > 3.0 mm.
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The two highest nutrient treatments had a significantly higher root length, root surface area,
and root volume in classes 1, 2 and 6 compared to the other three treatments. Nevertheless, there was
no significant difference in root length, root surface area, or root volume of the seedlings under
different nutrient treatments for classes 4 and 5. In addition, there was no significant difference in root
morphology among the three lower nutrient treatments (Figure 4).

4. Discussion

In this study, the morphological index and nutrient content of seedlings treated with the two highest
nutrient treatments were significantly higher than those treated with the three lower nutrient treatments.
At the two highest nutrient treatments, fertility did not significantly increase the accumulation of
N, P, and K contents in the roots and stems. Therefore, we considered that the seedlings were
nutrient-sufficient when exposed to 500 mg and 400 mg N treatments, but were nutrient-deficient
when exposed to 300 mg, 200 mg, and 100 mg N treatments. Additionally, the proportions of N,
P, and K contents in the roots or stems to storage organs did not differ significantly at the two
highest nutrient treatments, which indicated that higher nutrient treatment did not alter the nutrient
allocation in the storage organs under sufficient nutrient conditions. As noted in previous studies in
Picea mariana, nutrient uptake in seedlings increased with the increase of soil fertility under specific
environmental conditions, but excessive nutrient supply would not continue to promote seedling
growth [36]. This indicates that there is a threshold for the nutrient accumulation of storage organs
during the growth period of seedlings. In our study, foliar N and K contents increased significantly
when fertilizer application increased under sufficient nutrient conditions. This result is correlated to
the increase of transpiration by fertilization [37], which may enhance the mass-flow of nutrients to
leaves. The accumulation of foliar N and K decreased with defoliation, resulting in high N and K loss
rates under higher nutrient treatment. A similar result was reported in Salix gordejevii Chang [38].

Almost all of the mineral nutrients in seedlings are obtained from the soil via the root system [39,40].
In this study, nutrient treatment and root diameter and their interaction influenced the root length,
root surface area, and root volume of the seedlings. Seventy-five percent of the total root length was
very fine roots (<0.5 mm in diameter, classes 1 and 2), which is considered as a better indicator of root
response to soil nutrients [13]. Roots with a diameter of less than 1 mm (classes 1–3) accounted for
64.8% of the total root surface area. Coarse roots (>3.0 mm in diameter, class 6) accounted for 59.3%
of the total root volume. Previous studies reported that fine roots affect water and nutrient uptake,
while coarse roots determine water and nutrient transport capacity [8,13]. The very fine root length,
surface area with a root diameter less than 1 mm, and coarse root volume at the two highest treatments
were significantly higher than those at the three lower nutrient treatment, suggesting root growth
directly promoted the nutrient uptake and transport of seedlings treated with the higher nutrient
treatment. In contrast, the R/S treated with the 200 mg and 100 mg N treatment was significantly
higher than that of the two highest nutrient treatments, indicating that nutrient deficiency promoted
root growth.

Mineral nutrients in many deciduous species withdraw from the leaves to the branches and
roots before autumn defoliation to reduce nutrient loss, as observed in Salix dasyclados Wimm [41],
Populus nigra Linn. [42], birch, and larch [43]. For the current study, the proportion of N and K lost by
defoliation was lower, and the proportion of N, P, and K stored in the roots was higher in the seedlings
treated with the three lower nutrient treatments than in the seedlings treated with the two highest
nutrient treatments, indicating that nutrient deficiency promoted nutrient transfer from the leaves and
stems to the roots. In addition, there were no significant differences in root length, root surface area,
and root volume between root diameters larger than 1 mm and less than 3 mm (classes 4 and 5) treated
with the different nutrient treatment, indicating that nutrient deficiency encouraged the seedlings to
use more nutrients for the growth of fine roots (1.0–3.0 mm in diameter). Keyes and Grier [44] reported
that for Douglas fir aboveground productivity, the seedlings might need greater investment in fine
roots on harsher sites. Previous studies have shown that N is transported in the phloem as a mixture
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of amino acids and amides [45], eventually reaching the root or stem phloem cells where it is stored in
cytoplasmic vacuoles in the form of storage proteins in deciduous trees [46,47]. Therefore, fine roots
are not only a link between very fine roots and coarse roots, but are also an important component of
nutrient storage in the roots.

In current study, the root morphology of P. chinensis seedlings among the three lower nutrient
treatments did not differ significantly, which is consistent with the result that root N and K contents
between the 300 mg and 200 mg N treatments did not differ significantly. Conversely, N and K contents
in roots of seedlings treated with the 100 mg N treatment were significantly lower than those treated
with the 200 mg N treatment. Meanwhile, the proportion of N and K defoliation lost under 100 mg
N treatment was not less than that under the 200 mg N treatment, and the proportion of N and K
stored in the roots under 100 mg N treatment was not higher than that under the 200 mg N treatment,
which suggested that the nutrient allocation in stems and roots is limited by the degree of nutrient
deficiency. Two reasons may explain the above results. First, root growth counteracted some of
the negative effects of nutrient deficiency, and the factor limiting nutrient uptake in the seedlings
under higher nutrient deficiency was no longer root absorptivity, but rather soil ion concentration [39].
Second, the total photosynthate of the leaves decreased continuously with the increase in nutrient
deficiency [48,49]. The nutrients transported from the aboveground to the belowground organs
decrease when the proportion of nutrients transferred from the leaves to the roots or stems reaches the
threshold value [28,50].

Surprisingly, the variation in foliar P accumulation with nutrient treatment differed from that of
N and K, and this phenomenon was not observed in the roots and stems. The accumulation of foliar
P increased slowly with the decrease in nutrient treatment, which indicated that nutrient deficiency
might limit P transport in the leaves. This result is inconsistent with previous studies where the foliar P
concentration of the high-fertility plants was higher than that of the low-fertility plants before abscission
in S. dasyclados [41]. P is stored in organic and inorganic forms in plants [51–53]. Chapin et al. [43]
reported that the quantities of nucleic acids and phospholipids that were hydrolyzed, which is an
energy-consuming process, in autumn were equivalent to 40–47% and 26–38%, respectively, of the total
P re-translocated from the leaves of deciduous species before abscission. P deficiency increases the
fraction of nucleotides and phospholipids to total phosphorus in tobacco leaves [54]. Nucleotides and
phospholipids of leaves in seedlings treated with nutrient deficiency might not be fully hydrolyzed,
resulting in reduced P transport before defoliation. However, this inference should be further validated
by the determination of nucleotide and phospholipid content in leaves.

The results of the present study have ecological and practical implications for forest restoration
plantations. Stems and roots act as nutrient sink organs at the end of seedling growth in deciduous
species, thus determining the growth status of seedlings in the next growing season [4]. As the nutrient
content of P. chinensis seeds is low, the nutrients needed for seed germination are highly dependent
on external nutrients. Seedlings have developed two strategies to reduce the inhibition of nutrient
deficiency. First, higher proportions of nutrients and photosynthates are used for root growth to
increase nutrient uptake in growing seedlings. Second, seedlings increase nutrient accumulation
by increasing transport efficiency from the leaves to the roots or stems at the end of the growing
season. However, the efficiency of these two strategies would decrease with the increase in nutrient
deficiency. Our data also show that increasing fertilizer under nutrient sufficiency did not promote
nutrient accumulation in the storage organs, and most of the nutrients were lost with defoliation in
autumn. Hence, our findings could help to cultivate high-quality seedlings with well-developed roots
by reducing the negative effects of nutrient deficiency on seedling growth and also avoiding excessive
fertilization when seedlings reach nutrient sufficiency.

5. Conclusions

Compared with the two highest nutrient treatments, the three lower nutrient treatments had
higher R/S and the proportion of N and K in storage organs, and lower proportions of N and K lost
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by defoliation. This indicated that nutrient deficiency promoted root growth and increased N and K
allocation in storage organs. There were no significant differences in root length, root surface area,
or root volume of fine roots treated with the different nutrient treatments, indicating that nutrient
deficiency mainly promoted the growth of fine roots. The 100 mg N treatment increased the proportion
of N and K lost by defoliation compared with the 200 mg N treatment, which suggested that the
ability of nutrient deficiency to promote nutrient relocation from leaves to stems and roots was affected
by the degree of nutrient deficiency. Also, improving fertilizer under sufficient nutrient conditions
did not promote nutrient accumulation in the storage organs, and most of the nutrients were lost
with defoliation.
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