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Introduction: Increasing atmospheric N deposition and changes in precipitation 
patterns could profoundly impact forest community structure and ecosystem 
functions. However, most N and water (W) addition experiments have focused on 
direct N application to leaf litter or soil, neglecting canopy processes such as leaf 
evaporation and absorption.

Methods: In this study, we aimed to assess the effects of atmospheric N deposition 
and increased precipitation on the fine root biomass and morphology of plants in a 
temperate deciduous forest. To achieve this, we applied N and W above the forest 
canopy and quantified the seasonal dynamics (January, July, and October) of fine 
root biomass and morphology.

Results: Our results revealed that only canopy W addition significantly increased 
the biomass of fine roots in January compared to that in other seasons (p < 0.05). 
We  observed no significant interaction effect of N and W on fine root biomass. 
However, we found that the different growth seasons had a significant impact on the 
fine root biomass (p < 0.001). The combined application of N and W significantly affected 
the root tip density (p = 0.002). Although canopy N addition was significantly positively 
correlated with available soil N (p < 0.05), we detected no significant association with 
fine root biomass or morphology.

Discussion: The findings of this study indicated that fine root biomass and 
morphology, are affected to a greater extent by the provision of W than by N 
application. These findings provide a new perspective and a more precise 
understanding of the effects of the actual N deposition and precipitation on the 
dynamics of plant fine roots in forest ecosystems.
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1. Introduction

Since the industrial revolution, the increase in industrial 
activities and widespread application of agricultural N fertilizers 
have considerably increased the N deposition on a global scale 
(Ackerman et al., 2019). Global climate models predict that global 
precipitation patterns will change in the future, including changes in 
the intensity, interval, spatial and temporal distribution, and total 
amounts of precipitation (Donat et al., 2016; Abbasi et al., 2020). 
These changes in the patterns of N deposition and precipitation are 
predicted to have a significant impact on the structure and function 
of some terrestrial ecosystems (Niu et al., 2008), leading to severe 
degradation in many areas.

Multiple drivers of global change affect the C cycle of forest 
ecosystems through complex interactions (Reich et al., 2018). N and 
water (W) are the main factors limiting plant growth and 
productivity in many terrestrial ecosystems (Zhang et al., 2020). N 
deposition can influence fine root (diameter ≤ 2 mm) biomass by 
altering forest ecosystem community composition and soil 
physicochemical properties. Although the effects of N deposition 
on fine root biomass have been extensively studied, no 
comprehensive consensus has been reached on the nature of these 
effects (Li et  al., 2015; Peng et  al., 2017; Geng et  al., 2021). For 
example, an appropriate rate of N deposition can increase fine root 
biomass by altering forest plant community structure and 
composition (Yan et al., 2017), while excessive N input can lead to 
a loss of understory vegetation species (Walter et al., 2017), reduce 
species diversity (Payne et al., 2017), and result in a reduction in 
fine root biomass (Zeng et al., 2021). N deposition can lead to a 
reduction in soil pH (Shi et  al., 2016), and an increase in the 
concentration of Al+ ions in acidified soil can inhibit fine root 
growth. Additionally, N input into the soil reduces the diversity of 
soil microorganisms (Wang et al., 2018), and soil microbial biomass 
is directly proportional to fine root biomass (Xu et  al., 2022). 
Moreover, precipitation in the warm-temperate regions of China is 
expected to increase in the future (Yang et al., 2015). An increase in 
precipitation affects fine roots by increasing soil W content and 
reducing plant root respiration (Chen et al., 2019). For example, 
higher levels of precipitation can enhance root growth in the upper 
soil layer (Altinalmazis-Kondylis et al., 2020), and fine root biomass 
is positively correlated with N mineralization rate and soil W 
content (Singha et al., 2020). However, recent studies have shown 
that higher rainfall can reduce fine root biomass by reducing fine 
root respiration (Sun et al., 2020). To a certain extent, the levels of 
N deposition are associated with the amount of precipitation (Lim 
et al., 2015), and changes in precipitation patterns may substantially 
modify the effects of nitrogen deposition on the structure and 
function of ecosystems (Yang et al., 2011; Asaye and Zewdie, 2013). 
Given the non-additive effects of N and W addition in terrestrial 
ecosystems (Wang et al., 2019), it is important to simultaneously 
examine the impacts of these two factors on forest dynamics. 
However, few studies have assessed N and W interactions in 
temperate forests (Li X. et al., 2021). The seasonal dynamics of fine 
roots are also crucial, and therefore, seasonal differences in the 
response of highly active fine roots to N and W addition should 
be evaluated (Li W. et al., 2021).

It is estimated that the global fine root C storage exceeds 
atmospheric C storage by 5% (Bar-On et al., 2018). Fine root biomass 

accounts for 2–5% of total forest biomass (Veneklaas et al., 2012), and 
between 22–67% of annual terrestrial net primary productivity 
(Beidler and Pritchard, 2017). Fine roots play an essential role in the 
forest C cycle (Finér et al., 2011a), and their response to N deposition 
also affects the forest C cycle (Kou et al., 2018). Fine root dynamics 
have varying impacts on the C and N cycles. According to the 
resource economics theory, fine roots can increase their nutrient 
absorption and reduce C input by modifying their fineness, such as 
specific root length (SRL), specific root surface area (SRA), root tissue 
density (RTD), diameter, root tip, and root forks in response to 
changes in environmental resources (Eissenstat et al., 2000; Ostonen 
et al., 2007; Verburg et al., 2013; Kou et al., 2015; Li W. et al., 2021). 
Establishing the dynamic processes of fine roots is a fundamental 
requirement in the field of root ecology (Finér et  al., 2011b). 
Moreover, to better understand the effects of fine root dynamics on 
nutrient cycles (Norby and Jackson, 2000; Pregitzer et al., 2002; Finér 
et al., 2011b), more experimental reports on the response of fine root 
biomass and morphology to global change are needed.

Although numerous studies have evaluated the effects of N and 
W addition on the fine root biomass and morphology of plants in 
forest ecosystems, most previous experimental work has focused 
solely on the addition of N and W to the soil or leaf litter, failing to 
consider canopy-associated ecological processes, such as evaporation, 
absorption by leaves, and microbial activity (Zhang et al., 2015; Shi 
et  al., 2017). Therefore, little is known about the impact of N 
deposition and increased precipitation on the forest canopy and the 
structure of the forest ecosystem. For instance, foliar uptake of N and 
W may substitute or supplement root foraging, leading plants to alter 
their investment in fine roots (Zhang et  al., 2015). In this study, 
we experimented in an area of broad-leaved mixed forest located 
within the Jigongshan (JGS) Nature Reserve, Central China. Based 
on the experimental addition of only N, only W, or both N and W to 
the canopy, we proposed three hypotheses. First, N element and W 
are the main limiting factors for plant growing. The addition of N and 
W may promote plant growth. So, we hypothesized that the effects of 
canopy N and W addition on the fine root biomass and morphology 
are consistent. Second, because the local rainfall is not scarce, 
we believe that the local forest ecosystem may be more deficient in N, 
followed by W. So, we  hypothesized that N addition has a more 
significant effect on fine roots compared to W addition. Third, 
we hypothesized that there is an interaction effect between N and W 
on the fine root biomass and morphology.

2. Materials and methods

2.1. Study site

The research site was situated in the JGS National Nature 
Reserve, located in central China (31°46′–31°52′N, 114°01′–
114°06′E). The area experiences four distinct seasons, and its 
weather is typical of temperate forests. The mean annual temperature 
was 15.3°C, with a maximum of 27.5°C in July and a minimum of 
1.9°C in January, based on the meteorological data recorded between 
1951 to 2011. The mean annual rainfall was 1,102 mm, with 80% of 
the precipitation occurring between April and October, and the 
average annual air humidity was 79%. The soil type was Ferri-Udic 
Argosol (yellow-brown soil) with a pH of 5.0–6.0. The zonal 
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vegetation was a deciduous broad-leaved mixed forest in which the 
dominant tree species were Quercus acutissima Carruth, Quercus 
variabilis Bl., and Liquidambar formosana Hance and common 
understory shrubs include Lindera glauca (Sieb. et Zucc.) Bl., Celtis 
sinensis Pers., and Rubus lambertianus Ser. The vegetation 
characteristics of the sample plots are listed in Table 1. The forest was 
48 years old (thinned in 1970).

2.2. Sample plot establishment

The experiment described in this study was conducted in 2012 
using a completely random two-factor block design with four blocks. 
The blocks were selected to have more consistent vegetation, soil, 
and terrain to minimize errors. Each of the four treatments: control 
(CK, ambient conditions), canopy N addition (N, 25 kg ha−1 yr.−1), 
canopy W addition (W, 30% of the local precipitation), and canopy 
N and W addition (NW, addition of N at 25 kg ha−1 yr.−1 and W at 
30% of the local precipitation) was randomly assigned to each block, 
resulting in a total of 16 sample plots. The N treatment received 
25 kg ha−1 yr.−1, a rate expected to occur in the region in the near 
future. The magnitude of increased precipitation was within the 
range of model projections for future increases in Northern 
Hemisphere precipitation resulting from climate warming (Yang 
et al., 2015). The radius of each of the 16 sample plots had a radius 
of 17 m (907 m2 per plot). A buffer strip with a width of 20 m was 
placed between any two adjacent sample plots, and a PVC plate was 
inserted at a depth of 1 m in the buffer strip to reduce inter-plot root 
interference. A map of the experimental site can be found in Figure 1 
of the study by Li X. et al. (2021).

Each of the 16 sample plots, except the control plots, had a 35 m 
tall tower, the upper parts of which projected 5 to 8 m above the 
canopy. A 360-degree rotating sprinkler was installed at the top of 
each tower to ensure uniform application of the N solution and water. 
The spraying distance of the sprinkler was 17 m (spraying area was 
907 m2), and each spray delivered by the mounted sprinklers was 
equivalent to 2 mm of precipitation. Two large water storage tanks 
were set up near the experimental area, and the collected rainwater 
was used as a solution to dissolve N in the N treatment and as a source 
of rainwater for the W treatment. When the amount of rainwater 
collected was insufficient, the supply was replenished with water 
collected from a nearby lake. For the preparation of the N solution for 
the N treatment, the collected precipitation or lake W samples were 
analyzed each time, and the N concentration in the newly prepared 
solution was ensured to correspond to the specified treatment 
concentration by adding high-purity NH4NO3 (concentration 99.9%). 
Each spray delivered by the mounted sprinklers was equivalent to 

2 mm of precipitation, which corresponded to less than 3% of the 
annual precipitation. For the W treatment, the additional water used 
in the experiment was sourced from the collected rainwater, which 
roughly represented the average chemical composition of rainfall in 
the area. Based on the precipitation data obtained between 1951 and 
2011, the annual precipitation increase was estimated to be 336 mm. 
The increased amount of annual precipitation was evenly distributed 
during the growing season from April to October, which was 
equivalent to a 48 mm increase in precipitation per month. To ensure 
that the increased rainwater levels remained in the sample plot, 
monthly precipitation of 48 mm was increased every week (12 mm a 
week) to prevent rainwater from flowing out of the sample plot as a 
consequence of surface runoff. A sunny, windless morning or evening 
was selected for the application of each of the experimental treatments, 
thereby avoiding the confounding effects of local rainstorms and 
reduced evaporation. The treatments began in April 2013 and lasted 
for seven months each year and the timing of spraying was determined 
by the phenology of the JGS forest (Shi et al., 2017). The last treatment 
of the year was conducted in October. The test platform has been in 
operation since 2013.

2.3. Fine root collection

Within each sample plot, we first determined the locations of 
the dominant species, including Q. acutissima, Q. variabilis, 
L. formosana, and common understory shrubs including L. glauca, 
C. sinensis, and R. lambertianus. We then selected a location in the 
sampling area that was relatively close to the dominant shrub 
species and not too far from the dominant tree species in the three 
sample plots. The terrain of the sampling area was relatively flat. 
To reduce errors, we used the same position in each sample plot, 
as the dominant species were widely distributed. We collected a 
soil block (30 × 30 × 30 cm length × width × height) from each plot 
using the block method (Liao et al., 2014). Three single samples 
were collected from each plot (16 × 3 samples in total) in mid-July 
2018, mid-October 2018, and mid-January 2019 for a total of 144 
clumps. To avoid damage to the internal root system, the soil 
blocks were maintained as intact as possible.

The soil blocks were transported to the laboratory and soaked in 
pure water to soften the soil. The intact root systems were then 
removed, and the remaining soil was passed through a 2-mm sieve to 
separate visible fine roots and remove large impurities. Finally, a 
50-mesh sieve was used to completely separate the remaining fine 
roots. A Vernier caliper was used to measure the diameters of the 
extracted roots and collected fine roots with diameters of ≤2 (±0.5) 
mm. Finally, a scanner was used to determine the target fine roots (≤ 

TABLE 1 Number of plant species and individuals in the different treatment sample plots.

Richness Stem density Mean DBH (cm) Mean tree height (m)

CK 13 ± 1.1 125 ± 19.9 7.4782 ± 0.43 6.9192 ± 0.25

N 14.75 ± 1.3 107.25 ± 3.5 11.5995 ± 0.61 11.6738 ± 0.45

W 18 ± 0.4 150.25 ± 15.2 9.2715 ± 0.48 9.2542 ± 0.33

NW 15.75 ± 1.2 138.75 ± 11.3 9.9856 ± 0.51 9.5421 ± 0.37

CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of local precipitation; NW, canopy N addition at 25 g ha−1 yr−1 and water addition at 30% of local 
precipitation.
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2 mm; 10000XL; Epson, Japan). The root samples were placed in self-
sealing bags, numbered, and stored at −4°C until further analysis.

2.4. Soil collection and measurement

During the collection of fine root samples, three soil samples 
were also collected from each clump. The samples were then passed 
through a 2-mm sieve and combined to obtain a homogeneous 
composite sample, which served as the representative soil for each 
sub-batch. The composite samples were then divided into two 
sub-samples. One sub-sample was used as fresh material to 
measure available N (NO3-N and NH4-N), while the other 
sub-sample was used to measure soil moisture [(fresh weight -dry 
weight)/dry weight]. To measure NO3-N and NH4-N contents, a 
prepared soil sample (8 g) was extracted with 40 ml 2 M KCl 
(149 g  L−1), shaken for 1 h, and filtered. NO3-N was directly 
measured from the filtrate using dual-wavelength colorimetry, 
whereas NH4-N was measured using the indophenol blue 
colorimetric method (chemical element analyzer; SMARTCHEM 
200, Italy).

2.5. Measurement of morphology

Morphology data, including length, surface area, volume, 
number of root tips, and number of root forks, were obtained using 
a double-lamp bed scanner (10000XL; Epson, Japan), and the 
scanned images were processed and analyzed using the WinRHIZO 
Pro 2007a software. To determine the biomass data, the fine roots 
were scanned and then dried in an oven at 65°C for 48 h until a 
constant weight was obtained. The SRL, SRA, and RTD were 
calculated using the following formulas:

 
( ) lSRL cm / g

biomass
=

 
SRA cm g

s

biomass

2 /( ) =

 
RTD g cm

biomass

v
/ ,3( ) =

where l, s, and v are the length, surface area, and volume of each 
fine root, respectively.

2.6. Vegetation survey

Previous studies have shown that N deposition has a significant 
impact on the forest community parameters (richness, stem density, 
mean diameter at breast height (DBH), and mean tree height) in a short 
time (Gundersen et al., 1998) unless the N concentration is high (more 
than 150 kg ha−1 yr.−1; Magill et al., 1997). Therefore, only one survey of 
vegetation was conducted in July 2018. All free-standing trees with a 
DBH of at least 1 cm (1.3 m above the ground) were tagged, measured, 
and identified to the species level. Vegetation height was measured using 
a height measuring rod (measuring range 0–40 m).

2.7. Data analysis

The R software (R v. 3.6.2; R Development Core Team) was used 
to calculate richness and stem density. Fine root data sorting and 
analysis were performed using the SPSS software (version 22.0; SPSS 
Inc., Chicago, IL, United States). A three-way ANOVA was used to 
examine the effects of N addition, W addition, sampling time (July, 
October, and January), and their interactions on fine root biomass 
and morphology. Redundancy analysis (RDA), carried out using 
Canoco 5, was used to analyze the relationship between 
environmental factors (soil properties and vegetation conditions) and 

FIGURE 1

Effects of the treatments on fine root biomass in July 2018, October 2018, and January 2019. CK, control; N, canopy N addition at 25 kg ha−1 yr.−1; W, 
canopy water (W) addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr.−1 and W addition at 30% of the local precipitation. 
The data are presented as means ± standard errors.
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fine root biomass and morphology. Structural equation modeling 
(SEM) was performed to assess how N and W affected the fine root 
biomass and morphology. Among them, morphological data used the 
axis with the highest interpretation rate in the RDA analysis. SEM 
was performed using Amos 26.0 (SPSS Inc. IL, United  States). 
Graphics were produced using the Origin 2021 software.

3. Results

3.1. Effects of N and W addition and their 
interactions on fine root biomass and 
morphology

Compared with the CK, the W treatment promoted a significant 
increase in fine root biomass in January (p < 0.05; Figure 1). Although the 
N and NW treatments had no significant effect on the fine root biomass 
in July, October, or January (Figure 1), we detected a significant effect of 
sampling time on fine root biomass, that is, fine root biomass increased 
in January and decreased in October (p < 0.001; Table 2).

Furthermore, the N and W treatments promoted a significant 
reduction in SRL in January (p < 0.05; Figure 2A), and the W treatment 
promoted a significant reduction in SRA in January (p < 0.05; Figure 2B). 
Compared with CK, in response to the W treatment, we detected a 
significant reduction in the RTD in October (p < 0.05; Figure  2C). 
Although the N treatment contributed to a reduction in the SRA and 
SRL, it promoted a significant increase in the RTD and diameter in 
January (p < 0.05; Figures  2C,D). Compared with the CK and NW 
treatments, the N treatment significantly increased the root tip density 
in July and January (p < 0.05; Figure  2E), We  detected significant 
reductions in specific root tip density and specific branching density in 
response to the W treatment (p < 0.05; Figures 2G,H).

The three-way interaction between the addition of N and W and 
sampling time was found to have a significant influence on SRL, SRA, 
RTD, root tip density, and root branching density (p = 0.008, p = 0.009, 
p = 0.017, p = 0.03, p = 0.032, respectively; Table  2). The interaction 

between the addition of N and W had a significant influence on root tip 
density (p = 0.02; Table 2). Furthermore, N addition had a significant effect 
on root diameter and root tip density (p = 0.04, p = 0.001, respectively; 
Table 2), whereas sampling time had a significant effect on fine root 
biomass and all morphological characteristics except for root tip density 
(p < 0.001; Table 2).

3.2. Effects of N, W, and NW addition on 
soil properties

In response to the three treatments, we  detected significant 
differences in the soil characteristics depending on the N addition levels 
(Table  3). The W treatment promoted a significant increase in soil 
moisture in July and October (p < 0.05), whereas the NW treatment 
promoted a significant increase in soil moisture in October (p < 0.05). 
In contrast, neither of these treatments had a significant impact on soil 
moisture in January. Furthermore, while the NW treatment significantly 
increased the soil content of NH4-N and NO3-N in July, October, and 
January (p < 0.05), the N treatment alone promoted a significant increase 
in NH4-N levels in October (p < 0.05, Table 3).

3.3. Redundancy analysis of fine root 
biomass, morphology, and environmental 
factors

In July, species richness and soil moisture were positively correlated 
with fine root biomass but negatively correlated with fine root diameter 
(Figure 3A). Stem density, height, and DBH were positively correlated 
with RTD but negatively correlated with root branching density, SRL, 
specific branching density, specific root tip density, and SRA 
(Figure  3A). In October, soil moisture and NO3-N content were 
negatively correlated with root tip density and root branching density 
(Figure 3B). In January, in addition to soil NO3-N, other environmental 
factors were found to be positively correlated with fine root biomass and 

TABLE 2 Effects of the addition of N, water (W), and sampling time (July 2018, October 2018, and January 2019); interactions between N and W 
addition, N addition and sampling time, and W addition and sampling time; and three-way interactions among N addition, W addition, and sampling 
time on fine root biomass, specific root length (SRL), specific root surface area (SRA), root tissue density (RTD), diameter, root tip density, root 
branching density, specific root tip density, and specific branching density.

Variable N W Time N × W N × Time W × Time N × W × Time

F p F p F p F p F p F p F p

Biomass 0.302 0.583 0.291 0.59 14.167 <0.001 2.479 0.116 0.98 0.376 2.115 0.121 1.431 0.24

SRL 0.543 0.461 0.011 0.917 104.761 <0.001 0.164 0.686 0.283 0.754 0.597 0.551 4.863 0.008

SRA 0.006 0.936 0.106 0.745 89.789 <0.001 0.017 0.895 0.093 0.911 0.457 0.633 4.741 0.009

RTD 0.028 0.868 0.613 0.434 135.66 <0.001 3.571 0.059 0.949 0.387 0.967 0.381 4.107 0.017

Diameter 4.249 0.04 2.967 0.085 68.695 <0.001 0.53 0.467 0.767 0.465 2.834 0.059 0.776 0.46

Tip cm−1 root 11.604 0.001 1.791 0.181 1.527 0.218 5.452 0.02 10.359 <0.001 0.408 0.665 3.526 0.03

Forks cm−1 

root

0.541 0.462 0.91 0.34 115.278 <0.001 0.258 0.612 6.41 0.02 0.187 0.829 3.455 0.032

Tip g−1 root 0.105 0.746 0.154 0.695 86.459 <0.001 0.173 0.677 0.553 0.575 0.138 0.872 2.455 0.086

Forks g−1 root 0.503 0.479 0.488 0.485 74.042 <0.001 0.03 0.863 1.227 0.294 0.135 0.874 2.979 0.051

SRL, specific root length; SRA, specific root area; RTD, root tissue density; Tip cm−1 root, root tip density; Forks cm−1 root, root branching density; Tip g−1 root, specific root tip density; Forks 
g−1 root, specific branching density. Bold values indicate significant differences.
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RTD but negatively correlated with SRL, SRA, specific root tip density, 
and specific branching density (Figure 3C).

3.4. Pathways whereby N and W addition 
influence fine root biomass and 
morphology

The canopy addition of N had significant direct positive effects on 
NH4-N (p < 0.001) and NO3-N (p < 0.001), no significant correlation 
with fine root biomass was found (Figure 4). W addition had a direct 
positive influence on plant morphology (p = 0.007; Figure 4) as well as 
indirect negative effects on plant morphology by increasing the soil 
moisture (Figure 4). Morphology was negatively correlated with fine 
root biomass (p = 0.001; Figure 4).

4. Discussion

4.1. Effects of N, W, and NW treatments on 
fine root biomass

Our results revealed that the addition of N to the forest canopy 
had no significant effect on fine root biomass (Figure 1). This was not 

consistent with our first hypothesis, which we  believe could 
be attributed to how N was applied. Compared with the traditional 
method of N addition to soils, we applied N at the level of the forest 
canopy, during which it can be assumed that part of the applied N was 
lost via natural processes such as evaporation, absorption by leaves 
and microorganisms, and adsorption by bark (Zhang et al., 2015). Our 
previous study demonstrated that 44–52% of N and W addition was 
intercepted by the canopy (Liu et al., 2020). Consequently, only a 
proportion of the originally applied N eventually enters the soil (Shi 
et al., 2016). Among the assessed response factors, we established that 
the N treatment only promoted a significant increase in NH4-N in 
October (p < 0.05, Table 3). Our SEM analysis revealed that although 
the addition of N had a direct positive effect on fine root biomass, this 
effect was not significant (Figure 4). Although the findings of some 
previous studies have indicated that the foliar uptake of N and W 
should increase the plant’s ability to assimilate C and may therefore 
increase the quantity of C allocated to fine root production (Berry 
et al., 2014; Nair et al., 2016), foliar uptake of N and W may substitute 
for or supplement root foraging, thereby causing plants to alter their 
investment in fine roots (Reich, 2014). Our results also showed that 
W addition to the forest canopy promoted a significant increase in fine 
root biomass in January (p < 0.05; Figure 1). This was inconsistent with 
our first and second hypotheses. The RDA revealed that soil moisture 
was positively correlated with fine root biomass in January (Figure 3C), 

A B

C D

E F

G H

FIGURE 2

Effects of the treatments on specific root length (SRL); (A), specific root surface area (SRA); (B), root tissue density (RTD); (C), diameter (D), root tip 
density (E), root branching density (F), specific root tip density (G), and specific branching density (H) in July 2018, October 2018, and January 2019. 
CK, control; N, canopy N addition at 25 kg ha−1 yr.−1; W, canopy water (W) addition at 30% of the local precipitation; NW, canopy N addition at 
25 kg ha−1 yr.−1 and W addition at 30% of the local precipitation. The data are presented as means ± standard errors.
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and our SEM results also revealed a significant positive correlation 
between the addition of W and soil moisture (p < 0.001, Figure 4). 
Under a sufficient supply of soil nutrients, W becomes the only factor 
limiting fine root growth. The application of W to the canopy resulted 
in a significant increase in soil moisture (p < 0.05; Table  3) and 
promoted the growth of fine roots. Increasing W levels are known to 
enable vegetation to allocate larger amounts of photosynthetic 
products to fine root production (Bai et al., 2010).

In contrast to the addition of either N or W alone, their combined 
application was found to promote a reduction in the sum of fine root 
biomass over the three assessed months (Figure 1). This was consistent 
with our third hypothesis. The SEM revealed that the addition of N 
was positively correlated with NH4-N and NO3-N and that the 
addition of W positively correlated with NH4-N, which may 
be  associated with an interaction between N and W (p < 0.05; 
Figure 4). Although some ecological processes in the forest canopy, 
such as evaporation and N uptake by leaves and trunks, can contribute 
to reducing the impact of canopy N addition on the soil N content, the 
simultaneous addition of N and W appeared to reduce the functioning 
of certain ecological processes in the forest canopy (for example, W 
addition can wash the N remaining in the canopy to the ground), 
thereby enabling larger amounts of N and W to reach the soil level 
(Table 3). The addition of W can also enhance soil W availability 
(Harpole et al., 2007), stimulate soil microbial activity, and modify soil 
N use efficiency (Wang et al., 2006). In wet soil, the most commonly 
present form of N is NO3-N, which is more easily used by plants than 
NH4-N. Our SEM findings also indicated a significant positive 
correlation between precipitation and soil NH4-N (p < 0.05; Figure 4). 
In this context, the theory of optimal partitioning allocation proposes 
that when the concentration of soil N exceeds the demands of plants, 
vegetation allocates fewer photosynthates to the belowground parts, 
resulting in a reduction in fine root biomass (Zhang and Wang, 2012).

4.2. Effects of N, W, and NW treatments on 
morphology

Our experiment showed that the morphological changes in fine 
roots were not consistent with our previous two assumptions. 

Compared to the CK, we found that the application of W to the forest 
canopy was associated with a reduction in SRL and SRA in January 
(Figures 2A,B). An increase in SRL can effectively increase the contact 
area between the roots and soil, thereby increasing soil absorption of 
nutrients and reducing the C input of vegetation to fine roots 
(Eissenstat et  al., 2000; Verburg et  al., 2013; Kou et  al., 2015; Li 
W. et  al., 2021). The W treatment promoted an increase in soil 
moisture (p < 0.05; Table 3), and the RDA revealed that soil moisture 
was negatively correlated with SRL and SRA in January (Figure 3C). 
These findings indicated that although plants reduce SRL and SRA, an 
increase in biomass facilitates their nutrient uptake (Figure  1; Li 
W. et al., 2021). Compared with the W-only treatment, the combined 
application of W and N was found to contribute to a significant 
reduction in the RTD of fine roots in July (Figure 2C), whereas the W 
treatment promoted a significant reduction in RTD in October 
(Figure 2C). Given that low-density tissues can attain rapid relative 
growth rates and access to resources, plants can promptly expand their 
leaf, stem, or root systems, and their investment in dry matter is low 
(Huang et al., 2010). During the growing season, plant requirements 
for nutrients (such as available N and W) increase, and to obtain 
sufficient amounts of these nutrients, plants increase their SRL and 
SRA at the expense of RTD (Kramer-Walter et  al., 2016). In the 
present study, the W treatment significantly decreased the RTD of fine 
roots (p < 0.05, Figure 2C), which may be because fine roots decreased 
the RTD by increasing SRL and SRA to meet W absorption. We found 
that all three additional treatments promoted increases in fine root 
RTD in January and that among these treatments, the N treatment had 
a significant effect (p < 0.05, Figure 2C). Notably, compared to those 
with slower growth and higher tissue density, fine roots with lower 
tissue density tend to have shorter lifespans and are generally more 
vulnerable to attacks by herbivores and pathogens (Wells et al., 2002). 
During the non-growing season, plants invest large amounts of 
resources in the RTD, thereby ensuring the survival of these roots. In 
addition, N addition reduces the soil pH value (Shi et  al., 2017), 
thereby increasing the abundance of free Al3+ ions. These ions inhibit 
the growth of fine root tips and further increase the RTD (Li 
W. et al., 2021).

Furthermore, we  found that the addition of N to the forest 
canopy significantly increased the fine root diameter in January 

TABLE 3 Soil moisture content and available N (NH4-N, and NO3-N) content in July 2018, October 2018, and January 2019.

Month Treatment Moisture (%) NH4-N (mg/kg) NO3-N (mg/kg)

July CK 29.01 ± 1.21 b 4.41 ± 0.21 b 17.97 ± 2.92 b

N 28.23 ± 1.04 b 5.11 ± 0.62 ab 21.37 ± 1.64 ab

W 36.98 ± 3.13 a 4.4 ± 0.08 b 15.73 ± 2.92 b

NW 33.65 ± 2.09 ab 7.61 ± 0.16 a 30.28 ± 3.71 a

October CK 19.23 ± 3.11 b 3.39 ± 1.08 b 17.94 ± 1.98 b

N 22.62 ± 2.52 ab 5.49 ± 1.68 a 25.31 ± 2.87 ab

W 26.91 ± 1.18 a 3.90 ± 0.58 b 16.67 ± 2.46 b

NW 27.05 ± 2.06 a 6.01 ± 0.62 a 29.25 ± 4.10 a

January CK 25.11 ± 2.19 a 5.48 ± 0.57 b 17.15 ± 1.2 b

N 24.57 ± 1.25 a 5.22 ± 0.34 b 22.41 ± 1.91 b

W 28.43 ± 1.45 a 5.85 ± 0.62 b 12.95 ± 1.07 b

NW 27.61 ± 1.01 a 7.27 ± 0.71 a 27.55 ± 2.56 a

CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local 
precipitation. Each indicator was compared separately for each month.
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(p < 0.05, Figure 2D). The RDA analysis revealed that NH4-N was 
positively correlated with root diameter in January (Figure 3C). The 
associated increase in soil N availability also alters the survival 
strategy of fine roots, and by promoting a thickening of fine root 
diameter and prolonging the life of these roots, facilitates the 
acquisition of nutrients (Wells et al., 2002). In terms of the cost–
benefit theory, the benefit of prolonging fine root life (obtaining N) 
is greater than the cost of maintaining fine roots (consuming C) and 
may also be greater than the cost of producing new roots. Hence, 
the root growth strategy adopted by plants is based on selecting the 
strategy with the least cost and the most benefits (Eissenstat et al., 
2013). Another explanation is that although N addition generally 
reduces mycorrhizal infections, the larger the diameter of the root 
and the thicker the cortex, the greater the chance of mycorrhizal 
infection. This leads to a cycle. For example, arbuscular mycorrhiza 

(AM) fungi infect the root cortex cells đ and form clumps or 
vesicles in the root cells, increasing the diameter of fine roots and 
cortex thickness (Kong et al., 2014).

It has been previously established that by increasing the number 
of root branches, plants can enhance their absorption of W and 
nutrients in the upper soil layers, whereas increasing the number of 
root tips can promote the absorption of W and nutrients in deeper soil 
layers (Børja et al., 2008). In the present study, we found that the N 
treatment significantly increased the tip density of fine roots in July 
and January (p < 0.05; Figure 2E). This effect can be ascribed to the fact 
that the addition of N promotes soil available N (Table 3), with NH4-N 
and NO3-N stimulating root branching and elongation, respectively 
(Remans et al., 2006).

Apart from the additional treatments per se, we found that, except 
for root tip density, sampling time was associated with significant 

A

C

B

FIGURE 3

Redundancy analysis of environmental factors (soil and vegetation) and fine root indices (biomass and morphology). Environmental factors (indicated 
by red lines) were used to explain the changes in fine root biomass and morphology (indicated by black lines). (A), July 2018; (B), October 2018; (C). 
January 2019; SRL, specific root length; SRA, specific root area; RTD, root tissue density; Tip/cm, root tip density; Forks/cm, root branching density; 
Tip/g, specific root tip density; forks/g, specific branching density. Vegetation index (DBH, height) refers to the average value of all species in the 
sample.
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differences in fine root biomass and morphology (three-way ANOVA, 
p < 0.001; Table 2). Consistent with the findings of numerous previous 
studies, we  confirmed that root dynamics vary depending on the 
season (Pregitzer et al., 2000).

Based on the RDA, we  detected associations between certain 
vegetation indicators and morphology. For example, DBH was found 
to be positively correlated with RTD in July (Figure 3A), but negatively 
correlated with root tip and root branching density in October 
(Figure 3B). We suspected that these differences may be a consequence 
of plant competition, which is necessary for plant growth and 
development (Rubio et al., 2001). A higher RTD indicates that the root 
system provides greater support to above-ground parts. However, an 
increase in RTD was obtained at the expense of inputs to fine roots 
with respect to other morphological trait indices, such as root tip 
density and root branching. Our SEM analysis revealed a significant 
negative correlation between morphology and biomass (p = 0.001; 
Figure 4). The increase in morphology (especially SRL and SRA) can 
compensate for the decrease in fine root biomass, which was consistent 
with the aforementioned minimum cost–maximum benefit strategy 
associated with root growth (Eissenstat et al., 2013). By increasing the 
length, surface area, and several root tips and forks, fine roots can 
increase the area of contact with soil, thereby enhancing their W and 
nutrient absorption capacities. We found that root morphology was 
negatively correlated with NH4-N and positively correlated with 
NO3-N (Figure 4). This may be because NO3-N, as the main N element 
in the soil rather than NH4-N, is better absorbed by fine roots. The 
absorption of NH4-N in fine roots may increase their respiration, thus 

increasing the consumption of C (Li W. et al., 2021). In addition, 
morphology was found to be  more closely correlated with soil 
moisture than with available N, as indicated by the significant negative 
correlation between soil moisture and morphology (p < 0.05; Figure 4). 
This may indicate that morphology is particularly sensitive to soil 
moisture and, consequently, that soil moisture is the main factor 
influencing fine root dynamics in temperate forest ecosystems. This 
finding is contrary to our second hypothesis.

Because of the differences in plant height, vertical structure, and light 
conditions in a community (Poorter et al., 2005), the fine root morphology 
of trees and shrubs may also greatly differ. For example, trees can make 
more use of sunlight to synthesize organic matter, while shrubs can 
mainly derive nutrients from the soil. Therefore, canopy treatment first 
affects the trees, while the entry of N and W into the soil further affects 
the survival strategy of the roots of trees and shrubs (Reich, 2014). 
Previous studies have shown that the fine roots of shrubs have higher SRL 
and SRA and smaller diameters than those of trees (Jagodzinski and 
Kalucka, 2011). Therefore, the fine roots of shrubs are more sensitive to 
environmental changes. In this experiment, the morphological changes 
in the fine roots of shrubs may be more significant than those of trees, 
which requires further study in the future.

5. Conclusion

In the present study, we evaluated the effects of canopy addition 
of N, W, and N + W on the dynamics of fine root biomass and 

FIGURE 4

Structural-equation model (SEM) analysis of the influence pathways of canopy addition of N and water on fine root biomass and root fineness (include 
specific root length, specific root area, root tissue density, root tip density, root branching density, specific root tip density and specific branching 
density). The model fitting data are shown in the lower left corner of the pathway figure (a high p value associated with the χ2 test indicates a good fit 
of the model to the data, i.e., no significant discrepancies; DF, degrees of freedom; RMSEA, root mean squared error of approximation). The solid lines 
represent significant relationships (p < 0.05), and the dashed lines represent non-significant relationships (p > 0.05). The black arrows represent positive 
effects, and the red arrows represent negative effects. Values associated with the arrows and their width represent standardized path coefficients. R2 
values associated with the response variables indicate the proportion of variation explained by relationships with other variables.
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morphology in a temperate deciduous forest. Our findings indicated 
that canopy application of N alone or a combination of N and W had 
no significant effects on fine root biomass. The response of 
morphology to different canopy inputs tended to differ according to 
the season, although no clear patterns were identified. Collectively, 
however, our findings indicated that with respect to fine root 
dynamics, W, rather than N, is the predominant limiting factor in the 
study forest. To gain a more comprehensive understanding of the 
dynamics of fine roots in relation to soil C cycling, broader and more 
precise time scales should be considered, and an assessment of whole-
plant data should be carried out.
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