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Abstract: Soil acidification is an important cause of the productivity decline of Chinese fir (Cunning-
hamia lanceolata (Lamb.) Hook)—one of the most important timber species in China. Although liming
is an effective measure for reversing the effects of soil acidification, the effects on the morphologies
and nutrients of different functional roots remain ambiguous. Thus, this study aimed to investigate
the effects of liming on fine root traits of Chinese fir seedlings between two root function types
(absorptive roots (AR) and transport roots (TR)). Chinese fir seedlings with equal performance were
planted in each pot with two acidification soils (pH 3.6 and pH 4.3) and three levels of liming (0, 1000,
and 4000 kg CaO ha−1). Our data showed that liming had no effect on the root biomass (RB) of AR
and TR in mildly acidified soil, but it decreased the RB in severely acidified soil. Specific root length
(SRL) of AR and TR were significantly increased by 24% and 27% with a high liming dose in mildly
acidified soil, respectively. The specific root areas (SRA) of AR and TR were significantly increased
by 10% and 22% with a high liming dose in mildly acidified soil, respectively. Furthermore, root N
concentrations were significantly increased by 26% and 30% in AR and TR with a high liming dose in
mildly acidified soil, respectively. Root P concentration of AR was significantly increased by 21% with
a high liming dose in mildly acidified soil while root Ca concentration was significantly increased
with all treatments. A similar trend was also observed in the Ca/Al ratio of roots. Both low and high
doses of liming decreased the root Al concentration of AR by 26% and 31% in mildly acidified soil,
respectively; however, there was no significant effect on TR in both soils. Our findings indicated that
liming could alleviate Al toxicity to fine roots and increase root investment efficiency and absorption
capacity. Liming also had coordinate effects on SRL, SRA, Root tissue density (RTD), N, P, Ca and
Ca/Al between AR and TR. Our study suggested that to gain a comprehensive understanding of plant
growth strategy, researchers in future studies must consider different functional roots rather than just
the absorption part. Our results also revealed that the root system became more “acquisitive” due to
the remediation of Al toxicity, which may be an important mechanism underlying the increment of
the productivity of Chinese fir plantations undergoing liming.

Keywords: liming; Chinese fir; absorptive root; specific root length; Ca/Al ratio

1. Introduction

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is one of the most widely planted
tree species in South China, covering more than 1.10 × 107 ha [1]. Due to the rapid
growth and the excellent timber quality of Chinese fir, its timber production account
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for a quarter of the national commercial timber [2]. Given the massive extent of their
planted areas, Chinese fir plantations also have considerable ecological benefits, such as
carbon sequestration [3]. However, due to the increasing intensity of acid deposition in
Southern China, some ecological problems have been reported successively since the 1980s,
including soil acidification (decreasing of the pH value), soil cation depletion, and soil
degradation [1,4]. It has also been reported that the productivity of Chinese fir plantations
has been damaged by soil acidification caused by acid rain in parts of Southern Chinese
provinces [5,6]. Meanwhile, liming is considered an effective measure to alleviate soil
acidification [7,8]. Previous studies have proven that liming increases soil pH and decreases
the concentration of dissolved inorganic Al [9,10], thus increasing forest productivity [8].
Although the positive effects of liming on Chinese fir growth have already been proven [11],
the mechanism by which liming improves its productivity remains unclear, especially how
the root system specifically responds to liming.

Root systems have shown an enormous diversity of properties and forms among
other plant parts [12]. The adjustment of root phenotypic traits in response to variable
environmental conditions is critical for plant growth [13,14]. For example, specific root
length (SRL) is a common morphological parameter, which represents the exploiting
area per unit root mass invested and can further be used as an indicator of root uptake
efficiency [13,15]. Usually, plants prefer lower SRL and specific root areas (SRA) in acidic
conditions [16], which enable roots to yield good performance because they provide better
protection against Al toxicity hazards [17]. Liming can increase soil pH value and alleviate
soil acidity, thus increasing theoretically the SRL of plants [13]. However, no effect of liming
or pH on SRL has also been reported [18,19]. This uncertainty of the effect of liming on SRL
may be ascribed to the unsuitable definition of fine roots, which include whole roots with
sizes that are less than an arbitrary diameter (e.g., 2 mm).

Fine roots make up a multi-hierarchical structure that contains both absorptive roots
(AR) and transport roots (TR) according to branching hierarchy [14,20]. Generally, the
AR occupies the lowest branch orders (1–2 order) with good water and nutrient uptake
ability, while TR is located in higher branching orders (3–5 order), playing transportation
and structural roles [21,22]. AR is generally characterized by a small diameter, high SRL,
or low root tissue density (RTD), while TR possesses the opposite traits [14]. Researchers
have shown that SRL in the lower-order roots is almost 32 times bigger than that in the
higher-order roots [23]. Considering these gigantic discrepancies, defining fine roots as an
entirety according to an arbitrary diameter could lead to an erroneous result. Furthermore,
compared with TR, AR has more frequent and intense interactions with soil and less
defensive capacity, which allows for sensitivity to environmental changes [24,25]. For
example, Zhou, et al. [26] found that N application significantly reduced the root length
of the first- and second-order roots, but it did not affect the higher-order roots of Pinus
koraiensis. Therefore, investigating how plant root morphologies adapt to the alleviation of
soil acidification requires understanding the potentially contrasting responses of different
functional roots to liming.

Root nutrients have a close relationship with plant functioning and are more sensitive
than root morphology in responding to environmental changes [12,27]. For example, the
calcium-aluminum (Ca/Al) ratio of roots has been found to be an important indicator
reflecting whether the roots are restricted by Al toxicity [28,29]. This ratio has also been
positively correlated with the length and biomass of roots [30]. Root N concentrations are
often measured for their role in determining root activity [31] and, by extension, may be as-
sumed to have a positive correlation with the root uptake ability [32]. However, the current
understanding of liming-induced changes in root N and P remains vague [33,34]. Similar to
root morphology, contrasting root N concentration between AR and TR may be a possible
factor. Moreover, the nutrients of different functional roots also have various responses to
environmental changes. For example, N addition enhanced the N concentration of AR, but
did not affect the N concentration of TR [35]. Zhang, et al. [36] also showed that acid rain
treatment increased the N concentration of AR, but it did not affect the N concentration of
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TR. However, whether the nutrients of different functional roots have various responses to
liming has yet to be fully investigated.

In this study, we conducted a pot experiment involving the liming treatment of Chinese
fir seedlings using two types of soils with different degrees of acidification. This study
aimed (1) to investigate the effects of liming on the morphologies and nutrients of fine
roots, and (2) to investigate the differences in liming effects between various functional
roots (AR and TR) of Chinese fir seedlings. As described above, liming could alleviate root
Al toxicity and AR can be more sensitive to environmental changes compared to TR. Hence,
we hypothesize that liming would have positive effects on the morphology and nutrients
of AR but will not affect those of TR. Our results could deepen our understanding of the
root economic spectrum and provide theoretical guidance for sustainable planted forest
management under soil acidification.

2. Materials and Methods
2.1. Site Description

This experiment was conducted at the Huitong National Research Station of Forest
Ecosystem in Hunan Province, South China (hereafter referred to as “Huitong Station”,
26◦40′ to 27◦09′ N and 109◦26′ to 110◦08′ E) with mean annual temperature of 16.5 ◦C and
mean annual precipitation of 1400 mm. A severely acidified soil sample was collected
from an acidic treatment from the simulated acid rain experiment platform on Chinese
fir plantation. This treatment plot was treated with simulated acid rain solution using a
mixing solution of 1 mmol L−1 HNO3 and 1 mmol L−1 H2SO4 at a molar ratio of 1:5. The
solution pH was adjusted to pH 2.5 and sprayed two times a month since 2015. A mildly
acidified soil sample that was used in this pot experiment was collected from the Chinese
fir plantation. The soil samples’ chemical characteristics are shown in Table 1.

Table 1. Chemical properties of the soil sample used in the experiment.

Soil
Acidification pH C (%) N (%) Available P

(mg/kg)
Exchangeable
Al (mg/kg)

Exchangeable
Ca (mg/kg)

Ca/Al
Molar
Ratio

Mild 4.28 ± 0.05 1.47 ± 0.02 0.13 ± 0.00 1.56 ± 0.34 44.35 ± 1.11 125.62 ±
12.89 1.93 ± 0.23

Severe 3.61 ± 0.02 1.41 ± 0.03 0.13 ± 0.01 0.86 ± 0.05 48.52 ± 0.99 19.50 ± 4.46 0.27 ± 0.06

2.2. Pot Experiment

A pot experiment was conducted from March 2017 to October 2018. The pot experi-
ment design included two factors: soil acidification degree (the pH values of the soil sample
were 4.3 and the 3.6, respectively) and liming dose, which included three levels: the control
(CK), 0 kg CaO ha−1; low level (L), 1000 kg CaO ha−1; and the high level (H), 4000 kg
CaO ha−1. One healthy seedling was planted in a pot (depth 40 cm, diameter 30 cm)
containing approximately 27 kg of soil. All selected seedlings were approximately equal
performances (height, 21 cm; ground diameter, 4.8 mm). After survival, CaCO3 powder
was added to each pot. Each treatment involved eight replicates for a total of 48 pots in this
pot experiment. All pots were placed in an open greenhouse with a transparent plastic film
top. All pots were watered three times a week, using tap water (pH~6.9). All pots were
randomly placed at first, and then were rearranged every 2 weeks to avoid side effects.
The seedlings were harvested after 20 months of transplanting and were cut along the
base of the stem. Complete root systems were harvested by carefully rinsing the soil with
deionized water.

2.3. Root Trait Analysis

Different orders of roots were separated according to the methods in a previous
work [14]. Roots with 1–5 orders were scanned using a 400 dpi Epson root scanner (Expres-
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sion1600 pro, Model EU-35; Epson, Tokyo, Japan). The Win-RHIZO system (WINRHIZO
PRO2004B software, v.5.0, Regent Instruments Inc., Quebec, QC, Canada) was used to
analyze the total length, surface area, and volume of roots. Then, all the roots were dried
for 72 h at 65 ◦C and subsequently weighed to determine the SRL, SRA, and RTD. Here,
1–2 order roots were considered as AR and 3–5 order roots were TR [14].

The N concentrations of roots were determined using an element analyzer (Model CN,
Elementar Vario Macro cube, Elementar Analysensysteme GmbH, Hanau, Germany). The
Ca and Al concentrations of roots were gauged using an atomic absorption spectrometer
analyzer (novAA 350, Analytik Jena AG, Jena, Germany). Root P concentration was
calorimetrically measured using the phosphomolybdic blue color method.

2.4. Data Analysis

The data were tested for homogeneity of variances (Brown and Forsythe’s variation of
Levene’s test) before statistical analysis. Tukey’s HSD method was used when one-way
ANOVA showed that the respective liming treatment effects on the root morphologies and
nutrients of AR and TR were significant under a soil type (mild or severe). Three-way
ANOVA using the General Linear Model procedure was performed to test the significance
of soil acidification degree, liming level, root type, and their interactive effects on root
morphologies and nutrients, these processes were performed in SPSS 19.0. (SPSS Inc.,
Chicago, IL, USA). Principal components analysis was performed to visualize the root
morphology and nutrient coordination between two functional roots under liming using
the ‘PCA’ function in the R package FactoMineR and Pearson’s correlation analysis was
performed to assess the relationships between all root traits in AR and TR using the ‘corrplot’
function in R package corrplot.

3. Results
3.1. Effects of Liming on Root Morphology

As shown in Table 2, we found significant interactive effects of soil acidification degree
and liming on root biomass (RB). The RB of TR with two liming levels was significantly
lower than that with CK treatment in severely acidified soil. However, no significant
differences in RB were found among different liming doses in mildly acidified soil (Figure 1).
Furthermore, in mildly acidified soil, SRL increased as liming increased. Compared to CK,
SRL of AR significantly increased by 24% and that of TR increased by 27%, with a high
liming dose in mildly acidified soil. Although SRL also increased in severely acidified soil
with liming treatment, only that of AR with a low liming dose was statistically significant.
A similar trend was also observed in SRA: increasing SRA with increasing liming was
found in mildly acidified soil. Furthermore, SRA significantly increased by 10% in AR and
by 22% in TR under high liming treatment in mild soil. SRA also increased under liming
treatment in severely acidified soil; although, there was no significant difference. There
was also no significant difference in RTD among the different liming treatments, except
for TR with high liming dose treatment in severe soil. There were significant differences
observed in RB, SRL, SRA, and RTD of Chinese fir seedlings between different functional
roots (Table 2). In particular, SRL, SRA, and RTD of AR were 5.9, 2.9, and 1.1 times higher
than that of TR, respectively, but RB of AR was 1.9 times lower than that of TR.
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Table 2. Three-way ANOVA analysis for fine-root morphologies and nutrient concentrations among
different soil acidification degrees (Acid), liming levels (CaCO3), and fine root functional group (Root).

Treatment RB SRL SRA RTD N P Al Ca Ca/Al

CaCO3 ns <0.01 <0.001 ns <0.001 <0.001 ns <0.001 <0.001
Root <0.001 <0.001 <0.001 <0.01 <0.001 <0.001 <0.001 <0.001 <0.001
Acid <0.001 ns ns ns ns <0.05 <0.001 ns ns

Ca × R ns <0.05 ns ns ns ns <0.05 ns ns
Ca × A <0.01 ns ns <0.05 ns ns ns ns <0.05
R × A ns ns ns ns ns ns <0.001 ns ns

Ca × R × A ns ns ns ns ns ns ns ns ns

Note: RB, root biomass; SRL, specific root length; SRA, specific root area; RTD, root tissue density; N, root
nitrogen concentration; P, root phosphorous concentration; Ca, root calcium concentration; Al, root aluminum
concentration; Ca/Al, root calcium/aluminum ratio; ns, p > 0.05.
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Figure 1. Fine-root biomass and morphologies of two functional roots among three treatments (CK,
control; L, low CaCO3 addition; H, high CaCO3 addition) and two acidification degree soil samples
(Mild, mildly acidified soil; Severe, severely acidified soil). Data shown are mean + SE (N = 8). Bars
without grid represent absorptive fine roots (AR), and bars with grid represent transportation fine
roots (TR). Different lower-case letters indicate significant differences at p < 0.05 level among different
liming treatments in the same functional root (AR or TR) within the same soil type (Mild or Severe),
as evaluated by one-way ANOVA; (A) root biomass; (B) SRL or specific root length; (C) SRA o specific
root area; (D) RTD or root tissue density.

3.2. Effects of Liming on Root Nutrient Concentrations

Liming significantly affected the root nutrient concentrations of Chinese fir seedlings
(Table 2; Figure 2). Root N, Ca, and Ca/Al all increased with increasing liming dose. In
particular, root N concentrations increased significantly by 26% and 30% with high liming
dose in AR and TR in mildly acidified soil, respectively, and by 25% in AR in severely
acidified soil. Root Ca concentrations significantly increased under all treatments. The
maximum value occurs in a high liming dose. High liming dose significantly increased root
Ca concentrations by 217% and 172% of AR and 285% and 224% of TR in mildly acidified
soil and severely acidified soil, respectively. Similar trends were also observed in the Ca/Al
ratio. In mildly acidified soil, root P concentration of AR increased significantly by 21%
with a high liming dose, and a similar trend was observed in TR, but it was not significant.
Root P concentration increased with increasing liming dose; although, it did not show
statistical significance in severely acidified soil.
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Figure 2. Fine root nutrient concentrations of two functional roots among three treatments (C, control;
L, low CaCO3 addition; H, high CaCO3 addition) and two acidification degree soils (Mild, mildly
acidified soil; Severe, severely acidified soil). Data shown are mean + SE (N = 8). Bars without grid
represent Absorptive fine roots (AR), and bars with grid represent transportation fine roots (TR).
Different lower-case letters indicate significant differences at p < 0.05 level among different liming
treatments in the same functional root (AR or TR) within the same soil (Mild or Severe), as evaluated
by one-way ANOVA; (A) root N concentration; (B) root P concentration; (C) root Ca concentration;
(D) Root Al concentration; (E) Ca/Al ratio in the root system.

As shown in Table 2, we found significant interactive effects of liming treatment and
root types on root Al concentrations. Low and high doses of liming decreased the root Al
concentration of AR by 26% and 31% in mildly acidified soil, respectively; however, there
was no significant effect on TR by liming in both two soils. The interaction of root types
and soil acidification degree significantly affected root Al concentrations. Specifically, soil
acidification degree varied the root Al concentration of AR such that in severely acidified
soil root Al concentration was 1.9 times more than that in mildly acidified soil. By contrast,
soil acidification degree had no significant effect on the root Al concentration of TR.

Root functional types significantly affected the root N, P, Al, and Ca concentrations
and Ca/Al ratio (Table 2). In particular, the root N and P concentrations of AR were 1.8
and 1.2 times higher than that of TR, respectively (Figure 2). The root Al concentrations
of AR were 1.8 and 3.5 times higher than that of TR in mildly and severely acidified soil,
respectively. However, the root Ca concentration and Ca/Al ratio of AR were 1.4 and
3.7 times lower than that of TR.

3.3. Relationships among Root Traits under Liming

The PCA with two main components explained 54.8% and 52.6% of the total variations
in root traits in mildly and severely acidified soil samples, respectively, across liming
treatment (Figure 3a,c). There were two leading dimensions of the root trait: the two
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orthogonal trait axes, RB and N-Ca/Al-SRL or SRA. In mildly acidified soil, root traits
treated by CK, L, and H were separated along the first PCA axis. The first axis explained
40.4% of the variance. As shown in Figure 3b, the Al concentration of AR has a greater
relevance with the first axis, while the Al concentration of TR has a greater relevance
with the fourth axis. The results indicate that liming has an inconsonant effect on root Al
concentrations between AR and TR in mildly acidified soil. Similarly, in severely acidified
soil, root traits treated by CK, L, and H were separated along the first PCA axis as well. The
first axis explained 37% of the variance. As shown in Figure 3d, the RB of AR has a greater
relevance with the fourth axis, while that of TR has a greater relevance with the first axis.
The results indicate that liming has an inconsonant effect on RB between AR and TR in
severely acidified soil.
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Figure 3. Principal component analysis for root traits of Chinese fir in mildly and severely acidified
soil. CK, L, and H respectively represent three treatments (CK, control; L, low CaCO3 addition; H,
high CaCO3 addition) in mildly (a) and severely (c) acidified soil samples; Figure (b,d) show the cos2
(quality of representation of the variables on factor map) of variables on all the dimensions of Figure
(a,c), respectively. A high cos2 value indicates a good representation of the variable on the principal
component. The size of circles and the shades of color is proportional to the value of cos2. arb/trb,
root biomass of AR/TR; asrl/tsrl, root SRL of AR/TR; asra/tsra, root SRA of AR/TR; atrd/trtd, root
RTD of AR/TR; aca/tca, root Ca concentration of AR/TR; aal/tal, root Al concentration of AR/TR;
an/tn, root N concentration of AR/TR; ap/tp, root P concentration of AR/TR; acaal/tcaal, root
Ca/Al ratio of AR/TR.
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4. Discussion

Our study revealed that liming increased SRL, SRA, root N and P concentrations and
root Ca/Al. These indicate that plants explore soil and uptake nutrients more efficiently
with the root Al toxicity alleviation. Furthermore, our study revealed a transformation of
plant growth strategy, that is, from a “conservative” strategy to an “acquisitive” strategy.
Interestingly, we found that SRL, SRA, RTD, Ca/Al ratios, and root N, Ca, and P concentra-
tions showed coordinated responses between AR and TR to liming. However, root biomass
and root Al concentration showed disparate reactions to liming in severely and mildly
acidified soil, respectively. Overall, the whole root system became more acquisitive due
to the remediation of Al toxicity, which may be an important mechanism underlying the
increase in production of C. lanceolate with liming.

4.1. Effect of Liming on Root Traits

SRL and SRA characterize the economic aspects of the root system construction costs
and represent the system’s investment efficiency in relation to soil exploration and water
and nutrient acquisition [13,37]. In our experiment, liming increased the SRL and SRA of
Chinese fir seedlings, indicating that root investment efficiency was enhanced by liming
(Figure 1). This is in accordance with the results reported by Bakker [38], who suggested
that liming could improve the root uptake performance by the increase in the SRL of sessile
oak (Quercus petraea). A previous study has demonstrated that the SRL decreased by 13%
due to Al toxicity [13]. Whereas liming is considered an effective measure for the alleviation
of Al toxicity and enhancement of fine roots performance. On the one hand, liming could
improve soil pH and suppress exchangeable Al content [39]. On the other hand, Ca2+

is an essential element in alleviating Al-induced growth inhibition because of its role in
maintaining the integrity of the cell wall [40]. It can also adjust organic acid metabolism,
which can chelate toxic Al3+ in the rhizosphere [41]. In our results, liming reduced the root
Al concentration of AR in mildly acidified soil, and that the increased root Ca/Al ratio and
SRL or SRA were positively correlated with the root Ca/Al ratio (Figure S1). Usually, the
root Ca/Al ratio is considered an effective indicator of Al toxicity and acidity stress [30,42].
These results, therefore, indicate that liming alleviated Al toxicity and can help enhance
root investment efficiency of Chinese fir seedlings.

With the alleviation of Al toxicity, root nutrient uptake capacity could be enhanced [32,43].
This is supported by our results, which revealed that liming enhanced root N and P con-
centrations and that they all positively correlated with root Ca/Al (Figure 2 and Figure S1).
Moreover, another important reason could be that liming enhanced soil nutrient availability
by increasing the soil pH. Heyburn, et al. [44] found that liming increased the mineraliza-
tion of N and, thus, increased soil N availability. DeForest and Snell [45] also showed that
liming led to the desorption of P combined with soil and increased the P mineralization,
thereby increasing the effectiveness of the P in the soil. However, another study also
reported that soil P availability was reduced with liming due to the binding of Ca with
P [46]. Hence, future studies should further explore how the availabilities of soil N and P
change and how plants utilize them after liming.

The PCA results showed that the root trait has a multidimensional economics space
under liming (Figure 3). Root Ca/Al, SRL or SRA and root N were mainly loaded on PC1,
and RB was mainly loaded on PC2 in mild and severe soil. These two nearly orthogonal
trait axes reflected two different strategies of root under liming. Combined with our results,
liming increased the SRL or SRA, root Ca/Al and root N, but it did not affect the RB of AR.
This indicated that the plant did not increase its root C investment but was transformed
from a short and thick root to a long and thin root with high root activity, which facilitated
efficient soil exploration and resource acquisition [13,37]. This strategy was deemed to be
“acquisitive”. However, a thin root with high root N concentration usually correlated with
a high turnover rate [12]. Future long-term experiments are warranted to better enable an
estimation to determine the real root C investment with liming.
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4.2. Responses of Different Functional Roots to Liming

Previous studies that investigated the response of root traits under liming showed
inconsistent results [11,33,47], and typically neglected the role of root order as an important
cause. Hence, in our experiment, we tried to divide the roots into AR and TR to evaluate
whether these two parts of roots have different responses under liming. However, strangely,
we found that SRL, SRA, RTD, root Ca/Al ratio, and root N, P, and Ca concentrations
showed coordinated response to liming (Figures 1–3). It has been suggested that lower-
order roots are more sensitive to the change in environmental factors [24]. However, in our
study, the response of TR morphology to liming was the same as that of AR morphology.
One possible explanation may be the synergistic effect produced by the adjustment of the
root system to environmental change. Hodge [15] pointed out that the different functional
roots are usually closely related to one another and that there is a coordinated response
among the systems of this root. In addition, we speculated that tree age could be an impor-
tant reason because the root showed increased secondary growth with the increase in tree
age [14], and roots with higher secondary growth had better defense against environmental
changes. However, our experimental sample was just a sapling and it probably did not
have enough secondary development. Our results imply that studies on the root economics
spectrum being mainly based on AR could hinder a more comprehensive understanding of
plant growth strategy.

Interestingly, we found that liming had a different effect on the root biomass between
the AR and TR in severely acidified soil, but a similar effect in mildly acidified soil (Figure 1).
Plants usually allocate more biomass to belowground parts for acquiring nutrients under
adverse conditions; however, increasing soil nutrient availability by liming reversed the
plant allocation pattern from belowground to aboveground [48]. This could explain a
reduction in root mass in our result. Interestingly, biomass reduction was mainly at the
expense of TR but not AR. Seemingly, the plant “wisely” adjusted the biomass allocation for
preserving root uptake capacity efficiently. One possible explanation for it is that the TR is a
major storage organ [14]; thus, it would be inefficient to maintain a larger TR biomass when
liming alleviates adverse conditions and increases soil available nutrients. Furthermore,
conflicts of results between mildly and severely acidified soil samples might be related to
the differences in soil initial pH. In fact, previous research has demonstrated that higher
soil pH is related to better soil quality and that liming does not cause adverse effects on
fine roots on more fertile sites [49,50].

Apart from root biomass, the result of Al concentration also showed a discrepancy
between AR and TR in mildly acidified soil (Figures 2 and 3). In particular, liming decreased
Al concentration in AR but it did not have an effect on TR. Actually, root Al concentration
in TR was not affected by both liming and soil acidification degree, which may indicate that
TR was not affected by Al toxicity in the current acidification degree. Previous research
demonstrated that part of Al tolerant plants usually entrap more Al in roots and have
less Al in aboveground parts [34]. Our subjects may fit this pattern. This has also been
proven in a previous study [51], which demonstrated that Al usually accumulated on the
cell wall of the Chinese fir root system, thus preventing the transportation of active Al3+ to
the aboveground by roots. Furthermore, our results demonstrated that AR was a major
organ in entrapping Al but not a whole root system, because TR was not affected by soil
acidification degree. Meanwhile, the root Al concentration of AR in severely acidified soil
was higher than that in mildly acidified soil, and root Al concentration of AR was not
decreased by liming in severely acidified soil (Figure 2). These results demonstrate that the
process of liming alleviates Al toxicity in severely acidified soil and may be needed for a
longer time. This phenomenon also warns us that as soil acidification is aggravated, plant
roots may suffer irreversible damage.

Admittedly, our experiment had some limitations, which call for further improve-
ment. First, our results were based on a pot experiment in an open greenhouse, which
may not reflect actual wild conditions, especially considering the effect of intraspecific
and interspecific competition. Second, in addition to root morphology adjustment, ar-
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buscular mycorrhizal fungi (AMF) forming a symbiotic relationship with the roots is the
most common strategy, which improves soil resource acquisition through increased soil
exploration. To understand plant belowground acquisition strategies and root response to
environmental changes, future studies should not neglect mycorrhizal fungi. Therefore,
future experiments must be performed on a wild environment and include mycorrhizal
fungi and other physiological indices.

5. Conclusions

In this study, we investigated the root system response to liming of two functional roots
through a two-growing season pot experiment. We found that liming enhanced the root
carbon investment efficiency and root activity by alleviating root Al toxicity. Liming also
transformed the plant growth strategy from “conservative” to “acquisitive”. In addition,
liming showed a consistent influence on root morphologies and nutrients between the
AR and TR apart from root biomass and root Al concentration. These indicated that the
adjustments in root response to environment changes had a coordinated process. Thus,
toward a more comprehensive understanding of plant growth strategy, we should consider
different functional roots rather than just the absorption part of the root system in future
studies. Our experiments also showed that liming was an effective measure to promote the
root absorption efficiency and capacity of Chinese fir under acidic soil. Finally, given that
Al toxicity alleviation in severely acidified soil requires a longer time, liming is urgently
needed for promoting Chinese fir production.

Supplementary Materials: The following supporting information can be downloaded at: https:
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