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ARTICLE INFO ABSTRACT

Fine root traits vary under increased nitrogen (N) deposition and decreased precipitation across root orders and
species, and these differences reflect plant belowground carbon allocation and survival strategies. We aimed to
investigate how fine roots respond to N deposition and precipitation changes and provide a database of related
information. A long-term platform to explore the changes in fine root morphology and anatomy in response to N
addition and decreased precipitation was established in a temperate forest in northern China. The response of
Pinus koraiensis (PK) fine root diameter, stele diameter and stele-to-root ratio to N deposition differed from that
of broadleaf species. Fine roots coordinated nutrient absorption with transportation by changing carbon allo-
cation. Decreased precipitation caused Phellodendron amurense (PA) and Tilia amurensis (TA) to produce thinner
fine roots with fast absorption capacity and PK and Fraxinus mandshurica (FM) to produce thicker fine roots with
slow absorption capacity. The total absorptive capacity of the fine roots of Quercus mongolica (QM) had the
smallest change. The interaction of N deposition with decreased precipitation on fine roots depends on tree
species and may be inhibited or synergistic. This study provides insight into the variations in fine root dynamics
among five tree species that are associated with environmental conditions and forecasts the trend of below-
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ground carbon storage in boreal forests under multifactor climate change.

1. Introduction

In temperate forests, nitrogen (N) is often an important factor lim-
iting plant growth, and precipitation directly affects soil moisture; both
N and precipitation may collectively drive global climate change and
thereby affect plant growth (De Marco et al., 2014; Valliere and Allen,
2016). Fine roots, with a diameter of less than 2 mm (Helmisaari et al.,
2002), play an important role in plant responses to N deposition and
decreased precipitation. Fine root branching structures are complex,
and many studies have highlighted significant differences in fine root
traits in the root branch hierarchy based on root order classification
(Pregitzer et al., 2002; McCormack et al., 2015; Iversen et al., 2017).
There are two different classes of fine roots, including absorption fine
roots at the first two or three (most distal) root orders and transport fine
roots at higher root orders (Pregitzer et al., 2002; Guo et al., 2008;
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McCormack et al., 2015); these classes differ in anatomy and phy-
siology. For example, root traits influencing plant performance (e.g.,
mycorrhizal colonization, root life span) can vary strongly and non-
linearly with increasing root order, reflecting a shift in function from
resource absorption to transport (Pregitzer et al., 2002; McCormack
et al., 2015). It is important to explore how the fine roots of each order
respond to climate change.

Fine roots have shown diverse plasticity in absorbing soil resources
(Joslin et al., 2000; Zhong et al., 2016). Nitrogen deposition and de-
creased precipitation may increase, decrease or not affect fine root
biomass. Nitrogen deposition may decrease the total length and total
surface area of fine roots (Herzog et al., 2014), while decreased pre-
cipitation may elongate fine roots and decrease their total surface area,
which helps fine roots to obtain more resources (Wang et al., 2018).
The effects of N deposition and decreased precipitation on root
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diameter are also diverse; they may not have any effect on fine root
diameter (Lii and Tian, 2007) or may increase or decrease fine root
diameter, improving nutrient uptake and transport rates (Zhang et al.,
2000). Although fine roots have similar diameters, those with a higher
proportion of cortex or that are slightly thicker can have an improved
absorption capacity due to more opportunities for mycorrhizal coloni-
zation (Brundrett, 2002; Valverde-Barrantes et al., 2016); the cortex
constitutes a dominant component of the hydraulic resistance of water
transportation in absorptive roots (Steudle and Peterson, 1998). Kong
et al. (2014) demonstrated that the allometric growth of the cortex and
stele could reflect the relative importance of woody plant resource
absorption and transport. Many studies have explored the response of
fine root diameter and anatomy to N addition and decreased pre-
cipitation across tree species, which is helpful for understanding the
mechanisms of plant evolution and responses to climate change.

In temperate forests, nitrogen is often an important factor limiting
plant growth, and precipitation directly affects soil moisture (De Marco
et al., 2014; Valliere and Allen, 2016). These two factors may have
potential complex interactions with ecosystems that collectively drive
global climate change and thereby affect plant growth (Valliere and
Allen, 2016). In most previous studies, the time needed for N fertili-
zation and precipitation to decrease simulation was relatively short
(Poorter and Nagel, 2000; Fusaro et al., 2016; Wang et al., 2018), and
due to the complexity of the structure of fine roots and the regulation of
hidden belowground growth by multiple environmental factors, in-
cluding soil moisture, temperature, and pH, there are insufficient data
on fine root traits, which prevents scientists from determining the
dominant dimension of the plant growth strategy (Wang et al.,
20064a,b).

In this study, fine roots were divided according to the root order
method (Vogt et al., 1996; McCormack et al., 2015). To explore the
long-term effects of N deposition, decreased precipitation and their
interaction on fine root morphology and anatomy, we also provide
supplemental information to predict the dynamics of belowground C
pools under global climate change. We proposed the following hy-
potheses: (1) fine roots in different orders had different sensitivities to
N deposition and decreased precipitation; (2) the survival strategies
adopted by fine roots to resist environmental stress varied among
species; and (3) nitrogen deposition and decreased precipitation might
have had synergistic or antagonistic effects on fine root traits.

2. Materials and methods
2.1. Study site

The experimental field was established in the Changbai Mountains
Natural Reserve in Jilin Province, northeastern China (42°24’ N,
128°06’ E, 738 m a.s.l.). The climate is a temperate continental climate
affected by the summer monsoon and is dry and windy in spring, short
and warm in summer, and long and cold in winter. The climatic data
collected at the Changbai Mountains Forest Ecosystem Research Station
from 1982 to 2003 showed that the annual average precipitation was
approximately 790 mm and that the precipitation was concentrated
between May and August. Over the past 50 years, precipitation in North
China has decreased, and N deposition has increased significantly
(Wang et al., 2006a,b). The vegetation type is a broadleaved Korean
pine mixed forest that is over 300 years old. The dominant species are
Pinus koraiensis (PK), Phellodendron amurense (PA), Quercus mongolica
(QM), Tilia amurensis (TA) and Fraxinus mandshurica (FM).

2.2. Experimental design

To avoid the influence of hydrology, six 50 X 50 m plots were
randomly plotted, surrounded by a > 20 m wide buffer strip, under the
same site conditions (slope < 5°). Three of the squares were treated for
precipitation reduction (Fig. S1), and the other three were not treated
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with regard to precipitation. The precipitation transfer apparatus con-
sisted of a highly translucent (95%) polycarbonate V-type translucent
plate. To ensure air flow, the translucent plate was fixed to an alu-
minum frame approximately 1 m from the soil surface. According to
Chinese Ecosystem Research Net (CERN) data, in the dry years of 1985,
1997, 1999, 2001 and 2003, the annual precipitation was reduced by
approximately 200 mm in comparison to the average recorded over
30 years. The long-term average precipitation decreased by nearly 30%
(Wang et al., 2006a,b). Thus, during the growing season, the poly-
carbonate sheet intercepted approximately 30% of the natural rainfall.
In the winter, we removed the polycarbonate sheet and allowed snow to
fall naturally on the forest floor. The six squares were separated into
two 25 X 50 m subgroups by stainless steel plates, and the stainless-
steel plates were inserted 50 cm deep into the soil to prevent the
transfer of soil nutrients between adjacent samples. One of the sub-
groups was subjected to treatment with N addition, and the other was
not. Lii and Tian (2007) noted that by 2020, the N deposition rate in the
Changbai Mountains will be double than in 2005. The experiment
began in May 2009, the amount of N applied in the N addition group
was 50 kg N hm~2a~!, and NH,NO; was selected as the additional N
source for simulating N deposition. The study included four treatments,
which  were  control (CK), nitrogen  application  (+N,
+50kg N‘hm~%a™ 1), decreased precipitation (—W, —30%, approxi-
mately 200 mma ! reduction), and interaction of N addition with de-
creased precipitation (+N—W), and there were 3 replicates per treat-
ment.

2.3. Samples and methods

In the growing season in July 2017, three similarly sized trees of
each species (FM, PK, PA, TA, and QM) were randomly selected from
each subplot. Around each tree at a depth of 20 cm, 3 points were
randomly selected within a diameter of 3m from the center of the
trunk, and the plant roots were excavated using a tablet. The samples
from the three points were mixed and randomly placed into two self-
sealing pouches, one for root morphology analysis and the other for
root anatomy analysis. Because the roots were collected from around
each tree species in each plot, it was easy to identify the roots of each
species based on branching pattern, color, and texture of the root bark
or epidermis. The fine roots of PK, QM and TA were dark brown and
black, and the infection of PA fine roots was obvious. The PA fine roots
were yellow. The FM yellow fine roots were the most numerous and had
the greatest biomass, followed by white roots, and the FM brown
shriveled roots have the lowest biomass. The 1st-order roots of FM
accounted for 80%-90% of the fine roots of the 1st-5th orders; the
branching ratio of the 5th-2nd-order roots was 1:3, while the branching
ratio of the 2nd-order roots was 1:10-12 (Wang et al., 2006a,b). After
being refrigerated and transported back to the laboratory in an ice box,
the root system was immediately washed with running water and
placed completely in formalin-acetic acid-alcohol (FAA). Then, it was
labeled and placed in a refrigerator at 4 °C.

2.4. Root biomass

Three points were randomly selected in each plot, and
10cm x 10cm X 10 cm clods were placed in a self-sealing bag and
labeled. After the clods were placed in liquid nitrogen, refrigerated and
transported back to the laboratory, they were rinsed with running
water. The roots of grasses and shrubs were removed, and as were dead
roots. Then, we placed the fine roots in a constant-temperature oven at
65 °C, dried them to a constant weight (48 h), and then weighed them
by analytical balance.

2.5. Root classification

The root system was divided as proposed by Fitter and Stickland
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(1992). The roots located at the end of the root system and without
branches were called 1st-order roots, and the 1st-order roots were at-
tached to the 2nd-order roots. In this study, 150 to 200 1st-3rd-order
roots and 20 to 30 4th-5th-order roots were used for root morphology
analysis, and 20 1st-5th-order roots were used for anatomical structure
analysis. The roots in each order were placed in a vial containing 70%
alcohol and then labeled and kept for later use.

2.6. Root morphology

The fine roots from each treatment allocated for use for morpho-
logical analysis were removed from the preservation solution, im-
mediately placed on a scanner (CanoScan LiDE 120, DPI = 2400,
Canon, Shanghai, China), and imaged. We used WinRHIZO TronMF
2012 software to analyze and process the images to record the length,
surface area and diameter of each fine root.

2.7. Root anatomy

The fine roots from each treatment used for the anatomy analysis
were removed from the preservation solution. We used paraffin sec-
tioning technology to dehydrate each root of each tree in 70%, 85%,
95% and 100% alcohol and then passed the roots through transparent
xylene. Roots prepared in this manner were then randomly selected and
embedded in paraffin. From these embedded samples, the 1st-3rd-order
fine roots of five tree species were cut into sections 8 pm thick with a
microtome, and the 4th-5th-order fine roots were cut into sections
10 um thick. The prepared slides were then dyed, dewaxed, mounted,
and observed with an Olympus BX-51 microscope (Olympus Electronics
Inc., Tsukuba, Japan). Photographs were taken with a Motic 3000 CCD
digital imaging system. Cortical thickness, root diameter and stele
diameter were determined using WinRHIZO TronMF 2012 software
(Regent Instrument Inc., Quebec, Canada). Finally, we calculated the
ratio of stele diameter to root diameter.

2.8. Data analysis

First, we used the Kolmogorov-Smirnov test to detect whether the
data conformed to the normal distribution, and data homogeneity was
detected with Levene's test. Second, a general linear model multivariate
analysis of variance was used to evaluate the effects of tree species, root
order and their interactions on the fine root length, surface area, dia-
meter, cortical thickness, stele diameter and stele-to-diameter ratio.
Then, two-way ANOVA was used to analyze the effects of N application,
decreased precipitation and their interaction on the root morphology
and anatomy of the 1st-5th-order fine roots of each tree species, and
multiple comparisons were performed using the LSD method. All data
processing was performed using the SPSS 17.0 (SPSS, IBM, USA) data
processing software.

3. Results
3.1. Effects of N addition on root morphology and anatomy

Tree species, root order and treatment affected the response of fine
root morphology and anatomy to N addition (Table 2). Fine root bio-
mass responded positively to N addition. As shown in Fig. 2, N addition
reduced the length of the 1st-2nd-order roots of all tree species except
TA. Although the length of the 1st-order roots of FM did not decrease
significantly, the length of the 3rd-order roots of TM did (—43%). In
this study, the effects of N addition on root diameter showed hetero-
geneity across species and orders. PA, FM, QM and TA produced thicker
absorptive roots (1st-order root) under N addition, while PK produced
thinner absorptive roots (Fig. 2).

Nitrogen addition may have promoted the nutrient absorption of the
lower order fine roots of PK and FM, as the cortical thickness of the 3rd-
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order roots decreased (Fig. 3) but that of the 5th-order roots increased
(Table 1). Nitrogen addition may have also increased the hydraulic
resistance of lower order roots of PA and TA to nutrient uptake, as the
cortical thickness of the 2nd-order roots of PA and the 1st-2nd-order
roots of TA significantly increased (Fig. 3). However, the stele diameter
and the stele-to-diameter ratio of the 1st-2nd-order roots of PA and TA
decreased. The nutrient transport capacity of these roots was limited,
but those of the 2nd-3rd-order roots of PK, whose nutrient transport
capacity improved (Fig. 3), increased. Nitrogen addition decreased the
positive correlation between the surface area and length of the fine
roots of PK and TA but increased the positive correlation between their
surface area and diameter (Table 3).

3.2. Effects of decreased precipitation on root morphology and anatomy

Tree species, root order, and treatment all contributed to the re-
sponses of fine root morphology and anatomy to decreased precipita-
tion (Table 2). The length of the fine roots in each order showed dif-
ferent responses to decreased precipitation (Fig. 2). Decreased
precipitation decreased the length of the 1st-2nd-order fine roots of all
tree species except for the 1st-order fine roots of TA and FM, whose
length increased. The effect of decreased precipitation on the diameter
of fine roots varied among species. The diameter of the 1st-5th-order
roots of PK and the 1st-3rd-order roots of FM increased significantly.
The diameter of the 1st-order roots of QM increased by 11%, while that
of the 3rd-order roots decreased by 8%. The 2nd-5th-order roots of TA
and that of all fine roots of PA were significantly reduced (Fig. 2,
Table 1).

The decrease in precipitation resulted in diverse functional adap-
tation strategies of the fine roots. Decreased precipitation directly
promoted absorption and limited transport for the 3rd-order roots of
PK, PA, and FM, which showed a decrease in both the cortical thickness
and stele diameter (Fig. 3). However, the cortical thickness of the
higher order roots increased, which limited nutrient absorption. The
stele diameter of the 2nd-5th-order roots of PK and the 4th-5th-order
roots of TA decreased, while that of the 4th-5th-order roots of PA and
the 5th-order roots of FM increased (Fig. 3, Table 1). The cortical
thickness and stele diameter of the 1st-3rd-order fine roots of QM in-
creased significantly (Fig. 3).

3.3. Effects of N addition and decreased precipitation on root morphology
and anatomy

Fine root biomass responded strongly to the interaction of N addi-
tion with decreased precipitation, showing the synergistic effect of in-
creasing N and decreasing precipitation (Fig. 1). The response of fine
root morphology and anatomy to the interaction of N addition with
decreased precipitation was influenced by tree species and root order
(Table 2). The interaction of N addition with decreased precipitation
decreased the length, surface area and diameter of the 1st-2nd-order
roots of PK and the 1st-3rd-order roots of PA (Fig. 2, Table 1), and it
increased the diameter of the 1st-2nd-order roots of QM but decreased
the diameter of the 3rd-5th-order roots of QM. The diameter of the
1st-5th-order roots of FM increased significantly (Fig. 2, Table 1).

The nutrient absorption capacity of the 1st-3rd-order roots of PA
and FM improved, and the nutrient transport capacity of the 4th-5th-
order roots was enhanced. The cortical thickness of the 1st-3rd-order
roots of PA decreased, and the stele diameter of the 3rd-5th-order roots
increased. The cortical thickness of the 1st-2nd-order roots of FM de-
creased, and the stele diameter of the 4th-5th-order roots increased
(Fig. 3, Table 1). The function of the lower order roots of TA was
limited, increasing nutrients only by enhancing nutrient uptake in 5th-
order roots, which reduced the cortical thickness (Fig. 3, Table 1).
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Table 1
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The effect of N addition and decreased precipitation on the diameter, cortical thickness, stele diameter, stele-to-diameter ratio of 4th—5th-order fine roots of five

temperate tree species.

Traits Root order species 4th-order 5th-order
CK +N -W +N-W CK +N -w +N-W
Diameter PK 0.212¢ 0.234% 0.458° 0.241° 0.299° 0.391° 0.507% 0.337°
PA 0.445% 0.447% 0.224° 0.358" 0.895° 0.8417 0.565" 0.883%
QM 0.365° 0.229° 0.353% 0.224° 0.589° 0.578° 0.711% 0.425°
TA 0.256° 0.343° 0.386° 0.307° 0.825° 0.782¢ 0.979% 0.440°
FM 0.233¢ 0.323° 0.192¢ 0.3842 0.431° 0.546° 0.262° 0.561%
Cortex thickness PK 0.148" 0.152" 0.21° 0.18%° 0.182¢ 0.226° 0.238" 0.382%
PA 0.221° 0.336% 0.348% 0.217° 0.581° 0.568° 0.672° 0.934%
QM 0.086™ 0.167% 0.111° 0.043¢ 0.364% 0.116¢ 0.191° 0.112¢
TA 0.247% 0.173% 0.122° 0.206° 0.341° 0.4117 0.277° 0.171°
FM 0.256% 0.256% 0.315° 0.171° 0.182¢ 0.435% 0.307° 0.271¢
Stele diameter PK 0.533¢ 0.884% 0.330¢ 0.741° 0.970¢ 1.535° 0.742¢ 1.839°
PA 0.238¢ 0.393¢ 0.736% 0.555" 1.298° 0.884¢ 1.678% 1.756°
QM 0.473% 0.613% 0.549° 0.199" 1.034% 1.014 1.076° 0.938%
TA 0.840% 0.430¢ 0.641° 0.895% 1.413% 1.356°° 1.074° 1.036°
FM 0.375° 0.723% 0.504° 0.662% 1.183° 1.511° 1.498° 1.510°
Stele-to-diameter ratio PK 0.635" 0.756% 0.438° 0.674° 0.725° 0.771% 0.611° 0.706"
PA 0.349° 0.369° 0.514° 0.565% 0.528% 0.435° 0.556% 0.5422
QM 0.735% 0.654° 0.712° 0.700% 0.587¢ 0.812% 0.738° 0.807%
TA 0.630" 0.559° 0.725° 0.697%° 0.673° 0.655" 0.659" 0.752°
FM 0.423¢ 0.584° 0.450¢ 0.654% 0.765% 0.635¢ 0.709¢ 0.735°

Each value is the mean (SE) of nine replications, and the statistical analysis unit is each plot. Significant differences (P < 0.05) are indicated by different lowercase
letters. CK represents the control group, + N represents N addition, —W represents decreased precipitation, and +N—W represents interaction of N addition and
decreased precipitation. PK represents Pinus koraiensis; PA represents Phellodendron amurense; QM represents Quercus mongolica; TA represents Tilia amurensis; and FM

represents Fraxinus mandshurica.
4. Discussion

4.1. Comparison of the response of fine roots of different tree species to N
addition

The response of fine roots to atmospheric N deposition is related to
their nutrient and water resource acquisition, energy allocation strategy
and own growth (Eissenstat et al., 2015; Bowsher et al., 2016; Wang
et al., 2016a,b). Our results showed that N addition increased fine root
biomass. According to the theory of minimum limiting factors, excess N
addition may exacerbate the restriction of other nutrients in the soil.
Fine roots need to increase root growth to obtain more restricted nu-
trients (Wang et al., 2013). Yan (2017) proposed that N addition might
result in a decrease in the total fine root surface area but an increase in
the thickness of a single fine root, which may eventually result in an
increase in the total biomass of the root system.

Plants also undergo morphological plasticity adjustment (Wang
et al., 2018). Previous studies found differences in nutrient content,
physiological function and turnover metabolism among different orders
of fine roots (Pregitzer et al., 2002). In this study, lower order roots
were more sensitive to soil N availability than higher order roots. Ni-
trogen application significantly reduced the length of the 1st-2nd-order
roots of PK, PA, QM and FM, which was consistent with previous
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Fig. 1. Fine root biomass in the control (CK), nitrogen addition (+N), de-
creased precipitation (—W), and interaction of N addition and decreased pre-
cipitation (+N—W) treatments in the broad-leaved Korean pine forest. Error
bars represent the SE of the mean. Significant differences (P < 0.05) between
treatments are indicated by different lowercase letters.

research results (Yu et al., 2007). This might be because the N resources
in the soil were sufficient under N addition, and plants constructed
coarser roots to achieve optimal resource delivery strategies and en-
hance the N-resorption rate and nutrient transport rate rather than in-
vest more C to build longer fine roots to explore resources (Wang et al.,

Table 2
ANOVA results of the effects of tree species, treatment and root order on fine root morphology and anatomy.
P values

Source of variation df Length Surface area Average diameter Cortical thickness Stele diameter Stele-to-root diameter
Species (S) 4 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Treatment (T) 3 < 0.001 < 0.001 < 0.001 0.004 < 0.001 < 0.001
Root order (R) 4 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
SXT 12 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
SXR 16 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
T xR 12 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
SXTXR 48 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

ANOVA: *p < 0.05, “p < 0.01, ™p < 0.001, NS not significant.
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Fig. 2. Mean length, diameter and surface area of fine roots in the control (CK), nitrogen addition (+ N), decreased precipitation (— W), and interaction of N addition
and decreased precipitation (+N—W) treatments in five temperate tree species. PK, Pinus koraiensis; PA, Phellodendron amurense; QM, Quercus mongolica; TA, Tilia
amurensis; FA, Fraxinus mandshurica. Error bars represent the SE of the mean. Significant differences (P < 0.05) between treatments are indicated by different

lowercase letters.

2013). The results also showed that the diameter of the 1st-2nd-order
roots of four broadleaf species increased, but that of PK significantly
decreased, likely because the fine root production of conifer species was
higher than that of broadleaf species. At the same time, N addition
increased the N content of the fine roots, resulting in increased re-
spiratory capacity and thus more photosynthesis, but the photo-
synthetic carbon assimilation of PK was basically unaffected by N ad-
dition (Noguchi et al., 2013). Therefore, insufficient assimilate products
allocated to the end of the root system of PK, and N input cannot meet
respiratory consumption, leading to the reduction of fine root diameter
(Noguchi et al., 2013).

In this study, although the diameter of the 1st-3rd-order roots of PK
was reduced, the stele diameter and the stele-to-root ratio were sig-
nificantly increased, and the thickness of the cortex of the 3rd-order
roots decreased significantly, which optimized fine root nutrient
transportation. In contrast, the stele-to-root ratios of 1st-3rd-order fine
roots of the four broadleaved species except TA’s 2nd-order and FM’s
3rd-order root were reduced. The return rate of C input by PK’s fine
roots was higher than that of other broadleaved tree species. The het-
erogeneity of the response of fine roots to N addition may be related to
leaf morphology. However, due to the limited conditions of the ex-
perimental site, more coniferous broadleaf species need to be studied
later.

4.2. Comparison of the response of fine roots of different tree species to
decreased precipitation

Decreased precipitation led to changes in the correlations of fine
root morphology depending on the species. Previous studies have sug-
gested that there might be two different strategies used by fine roots to

cope with decreased precipitation: the rapid absorption strategy with
the relatively thinner roots that have a high absorption rate and short
lifespan. The second is the slow absorption strategy with thicker roots
that have a lower absorption rate and long lifespan (Eissenstat et al.,
2000; Bouma et al., 2001). Under the conditions of decreased pre-
cipitation, the PA and TA fine roots adopted the fast strategy, and the
PK and FM fine roots adopted the slow strategy, while the QM fine roots
adopted both strategies. Previous studies suggested that fine roots show
heterogeneity in their response to decreased precipitation, but the total
nutrient recovery and water uptake efficiency might be the same be-
tween thin roots and thick roots relative to root life (Eissenstat and
Yanai, 1997; Kong et al., 2014).

The decrease in the cortical thickness and stele diameter of the 3rd-
order roots of PK and FM indicated the occurrence of improved ab-
sorptive function under the condition of soil water deficit, which was
beneficial to the survival of absorptive roots with slow absorption
strategy (Kong et al., 2017; Ivano et al., 2015). The increase in the
cortical thickness and stele diameter of the 4th-5th-order roots of PK
and FM helped to enhance transport ability. Kong et al. (2017) pro-
posed the nutrient absorption-transportation hypothesis, speculating
that fine roots would adapt to changing climates by optimizing their
anatomy and adopting different nutrient absorption-transport strategies
(Kong et al., 2017). Decreased precipitation changed the positive cor-
relations between the fine root diameter, cortical thickness, and stele
diameter among all tree species (Table 3), which indicated that the
anatomical structure of the root system was closely related to its phy-
siological function.
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4.3. Comparison of the response of fine roots of different tree species to the
interaction of N addition with decreased precipitation

Fine root growth, morphology and activity are easily affected by
environmental factors (Zhang et al., 2000; Liu et al., 2013). Our results
indicated that fine root biomass was more responsive to the interaction
of N addition with decreased precipitation and that N addition was the
dominant factor. Nitrogen addition increased the soil N availability but
changed the soil environment and microbial communities, which de-
creased the water uptake efficiency of the fine roots with lower my-
corrhizal colonization rates (Li et al., 2015; Zhou et al., 2019), and
decreased precipitation decreased soil water availability. These changes
resulted in plants allocating more belowground biomass to ensure nu-
trient uptake. Valliere and Allen (2016) also proposed that N addition
may intensify the effect of decreased precipitation on fine roots.

The interaction of N addition with decreased precipitation led to
diverse changes in diameter and anatomy across species. This may be
related to the drought resistance, acid tolerance and photosynthetic
ability of different tree species. Nitrogen addition may increase fine
root diameter by intensifying the acidity of the soil (Zang et al., 2011),
but decreased precipitation may weaken the effects of soil acidification
on PA. The interaction of N addition with decreased precipitation
caused TA and QM to produce thicker fine roots with longer lifespans
that could obtain more nutrients to compensate for the nutrients lost as
a result of decreased fine root nutrient absorption per unit time (Kong
et al., 2014). For FM, the interaction of N addition with decreased
precipitation gradually weakened this increase in nutrients. It has been
speculated that the effect of N addition and decreased precipitation on
the diameter of the fine roots of FM may be antagonistic.

Different root orders of each tree species showed obvious functional
heterogeneity. The absorption capacity of the 1st-order roots of PA and
FM was significantly improved, and the transport capacity of the
4th-5th-order roots was enhanced. The absorption and transport ca-
pacities of the 1st-2nd-order roots of TA were limited, and the ab-
sorption and transport capacities of the 5th-order roots were enhanced.
This indicated that fine roots redistribute carbon and maintain plant
growth by adjusting the structure of transport and absorption roots.

5. Conclusion

(1) Fine roots adjusted their morphology in response to N addition,
decreased precipitation and their interaction, and they showed strong
cross-species response signals. (2) The inter- and intraspecific response
heterogeneity of fine roots with N addition may be derived from root
order and leaf morphology, respectively. (3) The anatomical structure
of the root system was closely related to its physiological function.
Decreased precipitation caused fine roots to balance nutrient absorption
with transportation, which may have important implications for our
understanding of ecology and plant evolution. (4) The influence of the
interaction of N addition with decreased precipitation on the fine root
biomass was stronger than a single factor. Decreased precipitation
might weaken the toxicity of soil acidification to the fine roots of PA.
Nitrogen addition may increase the drought resistance of the fine roots
of TA and QM. Assessing variation and trade-offs in relation to plant
traits facilitates the understanding and prediction of alterations to
ecosystem processes under changing global climatic conditions.
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Table 3

Pearson’s correlations of the fine root surface area with length and diameter and
of fine root diameter with cortical thickness and stele diameter in each treat-
ment.

Species  Treatment  Surface area Diameter
length diameter  Cortical thickness  Stele diameter
PK CK 0.918*  0.037 0.456* 0.421%
+N 0.823*  0.390* 0.663* 0.678*
-W 0.924* 0.724* 0.840* 0.704*
+N-W 0.914*  0.507* 0.772* 0.790%
PA CK 0.872*  0.678* 0.849* 0.863*
+N 0.882* 0.775* 0.765* 0.784*
-w 0.841*  0.730% 0.906* 0.900%
+N-W 0.909*  0.569* 0.916* 0.969*
QM CK 0.916*  0.697* 0.902* 0.910%
+N 0.885* 0.561* 0.402* 0.715*
-w 0.818*  0.870* 0.634* 0.811%
+N-W 0.879*  0.553* 0.064 0.812*
TA CK 0.916* 0.641* 0.910* 0.883*
+N 0.909*  0.724* 0.498* 0.515%
-w 0.951*  0.511% 0.618* 0.793*
+N-W 0.896*  0.799* 0.351 0.869*
FM CK 0.773*  0.783% 0.026 0.968*
+N 0.911*  0.686* 0.891% 0.910%
-w 0.829*  0.787* 0.689* 0.941*
+N-W 0.929*  0.655*% 0.504* 0.855%

P values for significant effects and interactions are reported at p < 0.05 (*)
level. CK represents the control group, +N represents N addition, —W re-
presents decreased precipitation, and +N—W represents interaction of N ad-
dition and decreased precipitation. PK represents Pinus koraiensis; PA represents
Phellodendron amurense; QM represents Quercus mongolica; TA represents Tilia
amurensis; and FM represents Fraxinus mandshurica.
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