'™ forests

Article

Shift from Acquisitive to Conservative Root Resource
Acquisition Strategy Associated with Increasing Tree Age:
A Case Study of Fraxinus mandshurica

Zuwang Li, Zhi Liu, Guoqiang Gao, Xinlei Yang and Jiacun Gu *

check for

updates
Citation: Li, Z.; Liu, Z.; Gao, G.;
Yang, X.; Gu, J. Shift from Acquisitive
to Conservative Root Resource
Acquisition Strategy Associated with
Increasing Tree Age: A Case Study of
Fraxinus mandshurica. Forests 2021, 12,
1797. https://doi.org/10.3390/
12121797

Academic Editors: Liming Yin,

Peng Wang and Maire Holz

Received: 20 November 2021
Accepted: 14 December 2021
Published: 17 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Sustainable Forest Ecosystem Management-Ministry of Education, School of Forestry,
Northeast Forestry University, Harbin 150040, China; 17839785117@163.com (Z.L.); liuzhi1632018@163.com (Z.L.);
gaoguoqiang_nefu@163.com (G.G.); 15373308091@163.com (X.Y.)

* Correspondence: gjcnefu@163.com; Tel.: +86-451-82190614; Fax: +86-451-82191044

Abstract: Tree age has an important effect on the form and function of fine roots. Previous studies
have focused on the variations in root morphological and chemical traits among tree ages, while less
attention has been given to the physiological traits, impeding a full understanding of the relationship
between root resource acquisition strategy and tree age. Here, we measured root morphological
(diameter, specific root length, specific root area and tissue density), chemical (nitrogen concentration)
and physiological (respiration and exudation rate) traits of young, middle-aged and mature trees of
Fraxinus mandshurica in a temperate secondary forest in northeastern China. Our overall aim was to
determine how root traits and related resource acquisition strategy change with tree age. The results
showed that from young to mature trees, root diameter gradually increased, but specific root length,
specific root area, root nitrogen concentration, respiration and exudation rates all decreased, and the
significant differences were mainly found between young and mature trees. Pearson’s correlation
analysis revealed that the relationships of root respiration and exudation rates to root morphological
and chemical traits depended on tree age and the specific traits examined, but these correlations
were all significant except for root tissue density when the data were pooled across all tree age
classes. Principal component analysis (PCA) showed that the conservative traits represented by
root diameter, and the acquisitive traits such as root respiration and exudation rates and related
morphological and chemical traits, occupied two ends of the first axis, respectively, while root tissue
density occupied one end of the second axis, partially confirming the conceptual framework of
“root economics space”. Standardized major axis (SMA) analysis of root exudation and respiration
rates showed that young trees allocated more root carbon flux to the formation of root exudation,
compared to middle-aged and mature trees. Our findings suggest that root resource acquisition
strategy in F. mandshurica appears to shift from an absorptive to conservative strategy associated with
increasing tree age, which may have substantial consequences for individual growth and interspecific
competition, as well as belowground carbon allocation in ecosystems.

Keywords: tree age; ontogenetic development; root resource acquisition strategy; root exudation;
root respiration; belowground C allocation

1. Introduction

Fine roots (diameter < 2 mm) in trees are the main organ for absorbing soil resources;
thus, their functional traits have profound impacts on individual performance and eco-
logical processes [1-3]. According to the variations in fine root traits, the strategy of root
resource acquisition can be subdivided into two categories: acquisitive (or competitive)
and conservative [4,5]. The former usually characterizes thinner root diameter (RD), larger
specific root length (SRL), specific root area (SRA), respiration rate (RR) and exudation rate
(RE), which may be beneficial for exploiting soil resources efficiently [4-6]. By contrast, the
latter exhibits thicker RD and smaller SRL, RR and RE. Some studies have shown that root
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resource acquisition strategy tends to adjust during the development of trees, as manifested
by changes in root traits. For example, Rosenvald et al. [7] found in Betula pendula planta-
tions that SRL and SRA both decreased, while RD and root tissue density (RTD) increased
with increasing stand age. Another study, on Pinus tabulaeformis and Robinia pseudoacacia,
also showed that the carbon (C), nitrogen (IN) and C/N of fine roots (diameter < 2 mm)
in R. pseudoacacia increased with increasing stand age [8]. However, previous studies
mostly focused on the variations in root morphology and chemistry among the stand or
tree ages [9]; less is known about root physiological traits, such as root respiration and
exudation [4].

Root respiration is a key physiological trait that provides necessary energy for other
metabolic activities such as nutrient absorption [10,11]. Root exudates mainly contain
organic acids, sugars and amino acids and play an important role in promoting the de-
composition of soil organic matter and N mineralization [12-15]. Several studies have
confirmed that RR and RE changed significantly with increasing stand age. For instance,
Gong et al. [16] found that RR of poplar decreased with increasing stand age. Li et al. [17]
demonstrated that the RE of a 9-year-old Picea asperata plantation was significantly greater
than those of 13-year-old and 31-year-old stands. Regardless of tree age, some studies sug-
gested a positive correlation between RR and RE [18-20], but others confirmed a trade-off
between them [21]. In recent, Ataka et al. [22] found that less C was allocated to RE than
RR (i.e., lower slope of regression equation between them) under 5-year N enrichment in a
Quercus crispula secondary forest. However, it is not clear how the relationship between RE
and RR, as well as related root C allocation, change with tree aging.

Mounting evidence suggests that RR and RE are closely linked to root morphological
and chemical traits in woody plants [23-25]. For example, Jia et al. [23] found that RD, SRL
and root N concentration (RN) could explain 81-93% of the variation in RR in F. mandshurica
and Larix gmelinii plantations. Sun et al. [18] also showed that RN was significantly
correlated with RR and RE in both Quercus serrata and Quercus glauca secondary forests.
On the other hand, Li et al. [26] reported a significant negative correlation between RE
and SRL in a Betula platyphylla plantation. However, as root traits tended to change with
increasing tree age [8], it thus remains to be explored which traits are consistently linked to
RR and RE across tree age classes.

In this study, we measured RR and RE in young (4-10 years), middle-aged (30-50 years),
and mature (70-90 years) trees of Fraxinus mandshurica in a natural secondary forest in
northeastern China. Concurrently, five key root traits of morphology (RD, SRL, RTD, and
SRA) and chemistry (RN) were determined. We focused on the lower order roots, as they
are the main body of absorptive fine roots, governing nutrient and water uptake. The
main aims were to reveal how RR, RE, and other root traits varied with tree age, and to
explore how root C was allocated to respiration and exudation processes, and finally, to
illustrate the potential change in root resource acquisition strategy. Specifically, we tested
the following hypotheses: (1) RR and RE of F. mandshurica should decrease in association
with increasing tree age [16,17]; (2) The relationships of RR and RE to other root traits
should be consistent across all tree age classes [18,22]. (3) There is a positive correlation
between RR and RE, but more C flux would be allocated to RE in young trees, compared
with middle-aged and mature trees [17,22].

2. Materials and Methods
2.1. Study Site

The research was carried out at the Maoershan Forest Ecosystem Research Station
(45°20' N, 127°30" E, with an average elevation of 400 m) of Northeast Forestry University
in Heilongjiang Province, China. The site has a continental temperate monsoon climate
with a mean annual temperature of 3.1 °C. The monthly mean temperature is —18.5 °C
in January, and 22.0 °C in July. The annual precipitation varies from 600 to 800 mm, and
precipitation is concentrated from June to September during the growing season [27]. The
main vegetation type at the study site is a natural secondary forest, where dominant tree
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species are F. mandshurica, Juglans mandshurica, Betula platyphylla, Acer mono, and Ulmus
davidiana var. japonica. Three 20 m x 30 m plots were set randomly in a stand in mid-
July 2020, and stand characteristics were quantified concurrently. The stem density was
2360 + 201 trees ha~!; detailed information on the sampled trees and soil characteristics
are shown in Table 1.

Table 1. Characteristics of sampled trees and soils (0-10 cm depth) in Fraxinus mandshurica at different ages.

Ontogenetic Stage
(Tree Age (Years))

Mean Total Soil ~  TotalSeil ~Sou Total Soil
DBH/Ground Mean Height . . Available Available
Diameter (M) Soil Ph Carbon Nitrogen Nitrogen Phosphorus
(GKg™) (GKg™1)

(Cm) (Mg Kg1) (Mg Kg1)

Young (4-10)

Middle-aged (30-50)

Mature (70-90)

217 £ 041 0.64 = 0.08 555+ 0.06b 66.44 + 6.22b 479 £043b 2454 4+220a 7.93 + 1.35a
16.26 + 1.80 1716 £1.61 551+0.10b 151.44 +14.81a 12.054+0.99a 2448 +145a 9.65+ 1.8la
35.46 + 0.82 2497 £1.69 6.08£0.13a 14993 £21.89a 1223 +1.69a 2594+192a 7.94+1.23a

Note: Ground diameters were measured only for young trees. Values are mean & 1 SE (n = 5). Different lower-case letters indicate
significant differences (p < 0.05) among tree age classes.

2.2. Trees Selection and Root Sampling

We selected young, middle-age and mature trees from the secondary forest using a
comprehensive method. First, we randomly selected trees at different ages depending on
experience, such as by observing and measuring the diameter at breast height (or ground
diameter) and tree height. Secondly, for the middle-aged and mature trees, we applied a
growth cone to determine the tree ages by counting the number of growth rings. Thirdly,
for the young trees, we cut off stem segments following root trait measurements, and then
estimated individual ages by observing the growth rings of stem cross-sections with a
biological microscope (Olympus Electronics Inc., Tsukuba, Japan) equipped with a Motic
3000 CCD camera (Motic Corporation, Xiamen, China) in the laboratory. Based on the
growth rhythm of F. mandshurica at the study site, we classified trees with age of 4-10 years,
30-50 years, and 70-90 years into young, middle-aged, and mature tree groups, respectively.
Each age class consisted of five individual trees. All sampled trees were in good growth,
free of obvious disease, and distributed under similar site conditions.

Terminal fine roots of targeted trees were carefully excavated from the upper 10 cm of
the soil mineral horizon by hand. All root samples were traced back to the target trees, or
identified based on characteristics (e.g., diameter, branching pattern, and color) known to be
unique to the targeted species in order to ensure that roots were from the targeted trees [28].
In this study, the first three orders of roots were used as the measurement unit, because
they were generally absorptive roots according to previous anatomical observation [29,30].
The most distal root tips were labeled as first-order roots [31,32].

2.3. Root Exudation Measurements

Root exudates were collected using a syringe-based collection protocol [33] in late-
July 2020. Firstly, the intact fine roots (i.e., roots still attached to the tree) were gently
washed with deionized water to remove rhizosphere soil and free-living microbes without
damaging the tissue. Secondly, the first three orders of roots from the same branch were put
into a 50 mL syringe filled with acid-washed glass beads and 25 mL C-free nutrient solution
(0.2 mM MgSQy, 0.3 mM CaCly, 0.2 mM K,SOy4, 0.1 mM KH,POy, 0.5 mM NH4NO3). The
syringes were wrapped by using tinfoil and covered with litterfall on the surface to prevent
exposure to sunlight and heat. After the roots were incubated in the nutrient solution
for 24 h, we collected the nutrient solutions. Then, two more flushes of 10 mL nutrient
solution were applied in order to obtain a full recovery of exudation C. Meanwhile, three
syringes without root segments inside were processed in the exact same mode as the other
syringes to serve as the control group. The recovered solutions were filtered using 0.22-um
syringe filters (Jinteng, Tianjin, China) within 2 h after collection and stored at —20 °C
until analysis [28]. After collecting the recovered solutions, we also collected soils (0-10 cm
depth) near the roots (within 20 cm radius) for later determination of soil properties.
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In the laboratory, the total organic C in the solutions was analyzed on a TOC/TN
analyzer (Multi N/C 2100s; Analytik, Jena, Germany) in non-purgeable C mode using
potassium hydrogen phthalate as the standard. The total organic C of each sample was
calibrated by using the mean of the total organic C of the control groups. RE (mg C g~ ! h™1)
was calculated by dividing the calibrated total C by resident time in the syringes and root
weight [22,28].

2.4. Root Respiration Measurements

RR was measured with a closed static chamber system and GMP343 infrared gas
analyzer (Vaisala, Vantaa, Finland) [18,34]. Following exudation collection, roots were
immediately cut, washed with deionized water to remove any remaining nutrient solution
and possible contaminant, and then had excess water removed from their surfaces with
tissue paper. RR was measured within 15 min after root excising, and the data later than
the first 5-min interval were used to eliminate errors associated with opening the chamber.
The gas analyzer measured, and the GL220 data logger (Graphtec, Yokohama, Japan)
recorded, CO, concentrations in the chamber once per second. The chamber temperature
was also recorded. We maintained stable chamber temperature with an incubator (at
17-19 °C, consistent with the concurrent soil temperature). The measured roots were stored
separately in Ziploc bags in a cooler with ice (0—4 °C) and transported back to the laboratory
within 4 h for subsequent measurement of root morphological and chemical traits. RR
(n mol CO, g’l s~1) was calculated as below [18]:

1 " Ccon(ti+ At) — Coop(t) Vs 273.2 1000
RR = — Lk
o At )X i amar T W

In the formula, RR is root respiration rate; Ccp; is the CO, concentration (ppm) at a
given time. The parameter ¢i denotes the initial time, and At denotes the time interval of
RR measurements. Vs is the volume of the chamber (0.308 L), and 22.4 is the volume of
standard gas. T is the temperature (°C) in chamber during measurements, and W is the
dry mass (g) of the root segments.

2.5. Measurements of Root Morphological Traits

In the laboratory, root samples were scanned with an Epson Expression 12000XL
color scanner at 600 dpi (Epson Telford Ltd., Suwa Nagano, Japan). The mean diameter,
total length, total surface area and volume of the roots were determined with root system
analyzer software (WinRHIZO Pro 2016, Regent instruments Inc., Québec, QC, Canada).
The scanned roots were placed in an oven at 65 °C to be dried to constant weight (accurate
to 0.0001 g). RD (mm), SRL (root length per unit dry mass, m g~ !), SRA (surface area per
unit dry mass, m? kg~!), and RTD (dry mass per unit volume, g cm %) were calculated.

2.6. Measurements of Soil Properties and Root Nitrogen Concentration

In the lab, each fresh soil sample was passed through a 2 mm sieve and separated into
two subsamples. One subsample of 10.00 g fresh soil was extracted with 2 M KCL to deter-
mine soil ammonium (NH4"-N) and nitrate (NO3~-N) concentrations with a continuous
flow analyzer (Auto Analyzer 3, SEAL Analytical GmbH, Norderstedt, Germany). Total
available soil N concentration (mg kg ') was calculated as the sum of the NH4*-N and
NO;3;™-N concentrations. Another subsample was air dried and then used to determine
soil pH, available phosphorus (P), total soil C, and N concentrations. Available P concen-
tration was determined from 5.00 g subsamples of air-dried soils, which were digested
by HCL-H3SOy, then analyzed with a continuous flow analyzer (Auto Analyzer 3, see
details above). Soil pH was measured by an acidometer (MT-5000, Shanghai, China) [35].
Air-dried soils were passed through a 0.15 mm sieve, then total soil C and N concentra-
tions were determined by a Macro Elemental Analyzer (vario MACRO cube, Elementar
Analysensysteme GmbH, Langenselbold, Germany) [36]. RN was also determined by the
Macro Elemental Analyzer.
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2.7. Data Analysis

The mean values and standard errors (1 = 5) of RD, SRL, SRA, RTD, RN, RR and RE of
F. mandshurica, and pH, total C, total N, total available N, and available P concentrations of
soils were calculated for each tree age class. All data met the normal distribution. The effect
of tree age on the root traits was firstly tested using one-way ANOVA,; if the effect was
significant, then Fisher’s protected LSD test was used to identify the statistical differences
in root traits and soil characteristics among three tree age classes. Pearson’s correlation was
used to determine the potential relationships of root morphology and RN to RE and RR,
and of root traits to soil pH, total soil C, and N concentrations. The relationship between RE
and RR in each tree age class was tested by linear regression analysis after their units were
unified as mg C g~! h™1, and the potential difference in the slopes of regression models
was tested by standardized major axis (SMA) analysis. Principal component analysis (PCA)
was applied to determine the interrelationships among multiple root traits and to identify
their adjustments to tree aging. For the analyses mentioned above, the significance level
was set at & = 0.05. All statistical analyses were performed using SPSS (2010, V. 19.0, SPSS
Inc., Cary, NC, USA), SMA regression analyses were performed using SMATR (Version
2.0, http://www.bio.mq.edu.au/ecology/SMATR/, accessed on 29 July 2006) [37], and the
PCA was performed using R 3.5.0 (R Core Development Team, http://www.r-project.org/
accessed on 23 April 2018).

3. Results
3.1. Root Morphological Traits

SRL and SRA decreased and RTD remained stable, but RD in F. mandshurica increased
with increasing tree age (Figure 1). Specifically, SRL of young trees was significantly
1.3-fold higher than those of middle-aged and mature trees, but not different between the
latter two age classes. SRA of young trees was markedly 1.8-fold higher than those of the
other two tree age classes. The difference in RD was only significant between young and
mature trees, while no significant difference was found in RTD among tree age classes

(Figure 1).
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Figure 1. Root diameter (RD, (a)), specific root length (SRL, (b)), specific root area (SRA, (c)), and root
tissue density (RTD, (d)) in Fraxinus mandshurica at different tree ages. Mean is shown as a bar, and
SE as a whisker (1 = 5). Different lower-case letters indicate significant differences (p < 0.05) among
age classes in each panel.
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3.2. Root N Concentration, Respiration and Exudation Rates

RN, RR and RE all decreased from young to mature trees (Figure 2). RN of trees at
young age was significantly higher than those of trees at middle and mature ages, but no
significant difference was shown between the latter two age classes (Figure 2a). RRs of
young and middle-aged trees were significantly higher than that of mature trees, while
there was no significant difference between the first two age classes (Figure 2b). For RE,
young trees and mature trees showed significant differences, but they did not significantly
differ from middle-aged trees (Figure 2c).

40 1

(a)
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1

H o
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Ho

Root N concentration
1
(mgg)
> S

Ho

— o

— o

Root respiration rate
(nmol CO, g 's™
S

1(c) a
2

Root exudation rate
(mgCg'h™)

Yolung Middlé-aged Mature
Age classes

Figure 2. Root nitrogen concentration (RN, (a)), root respiration rate (RR, (b)), and root exudation
rate (RE, (c)) in Fraxinus mandshurica at different tree ages. Mean is shown as a bar, and SE as a
whisker (1 = 5). Different lower-case letters indicate significant differences (p < 0.05) among age
classes in each panel.

3.3. Linkages of Root Respiration and Exudation Rates to Root Morphological and Chemical Traits

RR was generally correlated with root morphological and chemical traits in young
and middle-aged trees, except for RN in the middle-aged class (Table 2). However, RR of
mature trees was significantly correlated with SRA and RN (Table 2). Regardless of the
significance level, RR was positively correlated with SRL, SRA and RN across all three age
classes, but negatively correlated with RD and RTD. In comparison, the linkages between
RE and other traits were more diverse, depending on tree age classes. RD and SRL of young
trees, RN of middle-aged trees, and SRL of mature trees did not correlate with RE (p > 0.05,
Table 2), while the correlations in other cases were all significant (Table 2). When the data
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were pooled across all age classes, both RR and RE were significantly correlated with other
traits except for RTD (Table 2). Principal component analysis (PCA) revealed that the first
two trait axes explained 75.8% and 13.8% of the total variance, respectively (Figure 3). RR,
RE, RN, SRL, and SRA were clustered at one end of the first axis, indicating the acquisitive
syndromes, whereas RD belonging to conservative traits occupied the opposite end. RTD
was orthogonal to the first axis, dominating the second axis (Figure 3). Apparently, root
traits shifted from the left to the right side along the first axis with increasing tree age,
indicating that young trees had more acquisitive root traits while the older ones possessed
conservative traits.

Table 2. Relationships of root respiration and exudation rates to root morphological traits and root nitrogen concentration
in Fraxinus mandshurica at different tree ages.

RR (n mol CO, g~ 1 h-1) RE(mgCg1h1)
Root Traits - -
Young Middle-Aged  Mature All Ages  Young  Middle-Aged Mature  All Ages

RD (mm) r —0.89 —0.94 —0.85 —0.93 —0.74 —0.90 091 —0.84
p  0.046 0.016 0.067 <0.001 0.156 0.039 0.035 <0.001

SEL (m g-1) r 0.95 0.97 0.71 0.73 0.82 0.96 0.76 0.84
ms p 0012 0.005 0.177 0.002 0.088 0.011 0.137 <0.001

by g T 0.96 0.97 0.99 0.72 0.97 0.94 0.97 0.87
SRA(m7kg™) o010 0.005 0.002 0.001 0.005 0.018 0.007 0.011
RTD s r —098 —-0.97 —0.82 —0.28 —0.93 —-0.97 —0.90 —0.40
Bem™) 0004 0.007 0.088 0.309 0.024 0.008 0.039 0.135

RN 5 r 0.98 0.76 0.94 0.89 0.89 0.84 0.97 0.91
Mmgg™)  ,  0.004 0.133 0.019 <0.001 0.044 0.075 0.008 <0.001

Note: Abbreviations for root traits are shown in Figures 1 and 2. Significant correlations are indicated in bold type (p < 0.05).

3.4. Relationship between Root Respiration Rate and Exudation Rate

For each age class, there was a significant positive correlation between RR and RE
(p < 0.05, Table 3). When the data were pooled across all age classes, RE still showed a
significant positive correlation with RR (p < 0.05, Table 3). Irrespective of tree age class, over
82% variation in RE could be explained by RR, and vice versa. Standardized major-axis
(SMA) analysis showed that the regression slope of RE and RR was markedly larger in
young trees (slope = 0.55) than middle-aged (slope = 0.19) and mature trees (slope = 0.27),
but a significant difference was only found between the young and middle-aged trees
(Table 3). The SMA suggested that the greater proportion of root-derived C was allocated
to RE than RR in young trees, in comparison with the other two age classes.

Table 3. Standardized major axis (SMA) analysis of root exudation rate (RE) and respiration rate (RR)
in Fraxinus mandshurica at different tree ages (n = 5).

Ontogenetic Stage (Tree Age (Years)) Slope Intercept R? p
Young (4-10) 0.55a —0.34 0.84 0.028
Middle-aged (30-50) 0.19b 0.15 0.94 0.007
Mature (70-90) 0.27ab 0.09 0.95 0.005
All ages 0.26 0.11 0.82 0.022

Note: RE was dependent variable (y), RR was independent variable (x). All data were converted into the same
unit, i.e.,, mg C gfl h—1. Significant regressions are indicated in bold type (p < 0.05). Different lower-case letters
indicate significant differences (p < 0.05) in the slopes among ages (1 = 5).
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Figure 3. Principal component analysis (PCA) for root respiration rate (RR), root exudation rate (RE),
root diameter (RD), root nitrogen concentration (RN), root tissue density (RTD), specific root length
(SRL) and area (SRA) in Fraxinus mandshurica at different tree ages. Variables used for the PCA are
shown with their vectors.

4. Discussion
4.1. Variations of Root Traits Associated with Tree Age

With increasing tree age, RR, RE, SRL, SRA and RN in F. mandshurica generally de-
clined, and RD increased markedly, but RTD remained stable, supporting our first hy-
pothesis. The changes in root morphological traits found here have been confirmed by
previous studies. For example, Borja et al. [38] found that the SRL (diameter < 5 mm) in
a 30-year-old stand was significantly larger than those in 60-year-old and 120-year-old
ones in Picea abies plantations. Li et al. [26] reported that with increasing stand age, RD
(diameter < 2 mm) increased, but SRL decreased significantly in Fraxinus velutina planta-
tions on saline-alkali land. In a natural secondary forest, Rosenvald et al. [7] also confirmed
that SRL of the first- and second-order roots of B. pendula decreased with increasing tree
age. There are at least two possible reasons accounting for the shift of root morphology
with tree aging in our study. For one, those young trees may need to build their root
systems efficiently, compared with the older trees. In such a secondary forest, young trees
generally live under the main canopy, thus must face greater survival pressures such as
limited sunlight and soil resources. Given the stable RTD across all tree ages, the lower RD
and greater SRL and SRA of individual roots in young trees mean they have a cost-saving
way to extend total root length, thus to expand their foraging range [7]. Another reason
is that roots with greater SRL and SRA generally have higher potential for resource up-
take [39]. Therefore, young trees may have greater acquisition capacity at the individual
root level to compensate for their relatively smaller whole root systems. In addition, RN
of F. mandshurica decreased with increasing tree age, consistent with other studies [40,41],
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which may reflect the associated decline in metabolic activity such as root respiration (see
discussion below) [42].

In this study, RR in F. mandshurica decreased with increasing tree age (Figure 2),
which was confirmed by previous studies [43,44]. For example, Gong et al. [16] found
that the RR in a 5-year-old poplar plantation was significantly higher than in 10-year-old
and 15-year-old plantations. This is possibly because the root systems of young trees
are relatively younger and tender, and have more vigorous metabolic activity, such as
nutrient absorption and exudation (as shown in our study). Some studies have reported
that roots with smaller diameters tend to exhibit greater RR [45], which is confirmed by
our results, i.e., young trees have thinner roots and corresponding higher RR. Similar to
RR, RE also decreased significantly with increasing tree age (Figure 2), which is in line with
other studies. For instance, Li et al. [17] found that RE in 9-year-old trees was significantly
higher than in 13-year-old and 31-year-old trees in P. asperata plantations. In addition, the
variations in RE among tree age classes may be related to trees” physiological status and
nutritional requirements. As mentioned above, the young trees are physiologically vigorous
and have greater growth potential, indicating their stronger demands for aboveground and
belowground resources [10]. In the forest we studied, soil total N concentration around the
roots of young trees was the lowest; higher RE may enable these trees to mobilize more
soil nutrients to improve the availability [46]. However, Pearson’s correlation analysis
confirmed that no root traits other than RTD were correlated with soil properties showing
differences among tree age classes (Table 4), indicating that the variations in these root
traits were mainly caused by tree aging, or only slightly influenced by surrounding soils.

Table 4. Pearson’s correlations between root traits and the total soil carbon, total soil nitrogen and
soil pH when data were pooled across all tree ages (n = 15).

Total Soil Carbon Total Soil Nitrogen
(gkg™) gkg™"
Fine Root Traits Correlation Correlation Correlation

Coefficient y Coefficient p Coefficient p
() () ()

Soil pH

RR (n mol CO, g 1 h1) —0.011 0.969 —0.077 0.785 —0.062 0.826
RE (mgCg 'h1) —0.088 0.755 ~0.138 0.624 0.060 0.829
RD (mm) ~0.107 0.704 —0.044 0.875 0.036 0.899

SRL (m g~) —0.127 0.653 ~0.152 0.588 0.067 0.814

SRA (m2 kg 1) —0.473 0.075 —0.500 0.058 —0.105 0.709
RTD (g cm—3) —0.757 0.001 —0.739 0.002 —0.743 0.002

RN (mg g~ —0.227 0416 —0.282 0.309 —0.081 0.774

Note: Abbreviations for root traits are shown in Figures 1 and 2. Significant correlations are indicated in bold
type (p < 0.05).

4.2. Relationships of Root Respiration and Exudation with Other Root Traits

Variations in RR and RE among tree ages were also associated with changes in root
morphological and chemical traits in F. mandshurica, but the statistical significance of
their correlations differed among specific age classes (Table 2), partially supporting our
second hypothesis. When data were pooled across all age classes, root morphological
and chemical traits except for RTD were significantly correlated with RR and RE (Table 2),
which is confirmed by some previous studies [47]. For example, Han et al. [6] collected data
including RR and root chemical and morphological traits of 245 plant species worldwide,
and found that RR was positively correlated with RN. Sun et al. [4] confirmed that RE was
positively correlated with RN, SRL and SRA, but negatively correlated with RD among
18 woody species in subtropical forests. We also noted that the correlations of RR and RE
with other root traits were not significant for a specific age class, such as their relations to
RN in middle-aged trees. Nonetheless, irrespective of the significant level, we found the
directions of that correlations between root trait pairs were consistent across all age classes,
indicating their inherent functional relations.
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To our knowledge, this is the first study to report the comprehensive relationships
among root functional traits in particular with physiological traits associated with tree
age variations, which may improve our understanding of changes in fine root resource
acquisition strategy along the ontogenetic stage. The PCA showed that those traits related
to resource uptake, such as SRL, SRA, RN, RR, and RE, were mainly distributed on one
end of the first axis, while RD related to construction cost was on the other end in F.
mandshurica (Figure 3). In addition, we found that root acquisitive traits tend to be higher
for young trees, indicating their potentially stronger capacity for resource absorption and
competition at the individual root level [18,29]. On the contrary, RD as a conservative trait
was much greater in middle-aged and mature trees. These results suggest that the change
in root resource acquisition strategy from acquisitive to conservative was associated with
increasing tree age in F. mandshurica, confirming that the “root economics spectrum” shown
among species [48] still exists within a species that is induced by individual development.

Moreover, we found that RTD was the only trait orthogonal to the axis of the “eco-
nomics spectrum”, and was almost independent of tree age. Thus, our results indicate that
variations in root functional traits among tree ages are multidimensional [49]. However,
our findings only partially support the conceptual framework of “root economics space”
formed by multiple plant species [50], which consists of a classical fast-slow “conservation”
gradient formed by RTD and RN, and an orthogonal “collaboration” gradient that ranges
from “do-it-yourself” resource uptake (larger SRL) to “outsourcing” of resource uptake
to mycorrhizal fungi (thicker RD). In the current study, RN was not consistent with the
prediction of “root economics space” (i.e., negative to RTD). The variability of root traits
caused by tree age is inherently associated with intraspecific variation, which may differ
from the interspecific variation patterns to some degree [48]. We acknowledge that our
results must be constrained by the limited number of sampling trees and species, as well as
the range of tree age; thus, the universality of our findings needs to be tested by extensive
research on other tree species in the future.

4.3. Root-Derived C Allocation to Root Respiration and Exudation

RE and RR are two critical physiological processes in root systems; however, their
relationship has seldom been investigated in trees of different ages. In this study, RE and
RR were significantly positively correlated across all age classes (Figure 3; Table 3). The
regression slopes of these two traits were quite similar between middle-aged and mature
trees, but all of them were significantly lower than that of young trees, partially support-
ing our third hypothesis. Several previous studies have shown that RE was positively
correlated with RR in a deciduous-evergreen mixed forest [4], a secondary broad-leaved
forest [18], and a secondary forest [22], which is consistent with our results. Such positive
correlation may be attributable to two possible reasons. Firstly, partial root exudates are
actively released through ion channels and vesicles, in which required energy is provided
by root respiration [45]. Secondly, greater root exudation may stimulate microbial activi-
ties, and consequently promote the decomposition of soil organic matter, thus ultimately
improving the availability of soil nutrients. Rich nutrients may conversely stimulate the
absorption by roots, leading to higher demand for energy supplied by root respiration
(about 20-25% of the total) [51,52]. Collectively, the positive correlation between RR and
RE was constant along the ontogenetic stage, which not only reflects their close relation-
ship in terms of energy utilization and provision, but also indicates the coordination in
physiological functions, i.e., maximizing resource acquisition.

In our study, the regression slope of exudation-respiration in young trees was the
largest (Table 3), indicating that more C was allocated to root exudates in young trees
than in middle-aged and mature trees. As root respiration could provide energy for the
processes of both root exudation and absorption [51,52], the lower slope of root exudation—
respiration in the older trees of F. mandshurica means more energy was possibly used for
nutrient uptake. Such results may also reflect the shift in resource acquisition strategy
from younger to older trees, because the older ones mainly depend on direct nutrient
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absorption, rather than on indirect nutrient mobilization, by increasing root exudation as
the younger trees do. On the other hand, the different priorities of C utilization may be
related to soil nutrient availability at different ages. Although there was no significant
difference in available N and P concentrations in bulk soils among tree ages, soil total N and
C concentrations at young age were significantly lower than in the other two age classes
(Table 1). This indicated that young trees may face deficient nutrient pools. As discussed
above, root exudation could promote rhizosphere microbial activities and then mobilize soil
nutrients, which ultimately improves the soil nutrient accessibility of roots [46]. Therefore,
young trees might selectively deploy greater C to root exudation in order to promote their
nutrient absorption. Conversely, there were higher total soil N concentrations in middle-
aged and mature trees, leading to a lower ratio of root exudation to root respiration. Our
results are consistent with a previous study in Quercus crispula under 5-year N addition,
which showed that a lower proportion of C was allocated into root (i.e., the first three
orders) exudation in fertilization treatment in comparison with the control [22].

5. Conclusions

The study on fine root functional traits, particularly of RR and RE in F. mandshurica at
different ages, demonstrated a systematic trend of root traits associated with increasing
tree age, in which SRL, SRA, RN, RR and RE all decreased, but RD increased and RTD
remained stable from young to mature trees. There were tight linkages between RR and RE
and those morphological and chemical traits, despite the degree to which they varied with
tree age. RD represented the conservative trait, while RR, RE, SRL and RN indicated the
acquisitive syndromes. Thus, it seems that a “root economics spectrum” exists along the
ontogenetic stage, in which young trees exhibit acquisitive root traits but mature trees are
conservative. Interestingly, RTD is orthogonal to the axis of the root economics spectrum,
partially supporting the conceptual framework of “root economics space”. Moreover,
young trees deployed more root-derived C to RE than RR compared with mature trees,
further confirming the age-related shift of root acquisition strategy. Although limited
to by number of tree species, our results may provide insight into the strategies of root
resource uptake and C allocation during ontogenetic development, as well as the dynamics
of temperate secondary forests.
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