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Abstract

Fine roots (<2 mm in diameter) are the main organ for obtaining resources from the belowground part of forest and also
act as a hub linking the ecological processes of plant and soil. However, in the context of global climate change, it remains
unclear how fine root dynamics and morphology in temperate forests respond to increased nitrogen deposition and reduced
precipitation in growing season on a year-round time scale. In this study, the minirhizotrons were used to observe the response
of fine root dynamics (production, mortality, turnover and life span) and morphology (diameter, single root surface area,
single root length) to long-term nitrogen addition (N, 50 kg N ha~! yr™!), precipitation reduction (W, —200 mm yr~"') and their
interactive treatments (NW) in a broad-leaved Korean pine forest in Changbai Mountains over a two-year period. The results
showed that N significantly increased the average diameter of fine roots. Compared to the control treatment, all treatments
significantly reduced the average monthly number and surface area of live root. However, the morphological traits of the
individual root in each treatment differed between the growing and non-growing seasons. All three treatments (N, W, NW)
reduced annual production of fine root over the two observation periods, while the effect on annual mortality varied between
years. N, W and the interaction of NW did not significantly change the annual turnover of fine root in the first observation
period but increased significantly in the second. The median life span of fine root born in both non-growing seasons was
significantly lower than that of fine root born in the growing season. Our results show that changes in the growth strategy of
fine root depend on the complex interrelationship between their own morphology, soil layer and seasonal climatic conditions.

Keywords Growing season and non-growing season - Fine root production and turnover - Minirhizotron technique -
Temperate forest

Abbreviations FRP Fine root average production
N Nitrogen addition FRM  Fine root average mortality
W Precipitation reduction FRT Turnover rate of fine root
NW The interaction of nitrogen addition and precipi- FRPM  Fine root average monthly production

tation reduction FRMM  Fine root average monthly mortality
TC Total carbon
TN Total nitrogen

Introduction

Communicated by Judy Simon. The root system of trees plays an important role in anchoring

and transporting water and nutrients. Coarse roots form the
main framework of the root system, while fine roots play a
more active role in the cycling of water, nutrients and carbon
(Rossi et al. 2016; McCormack et al. 2017). Fine roots play
an indispensable role in biogeochemical cycling and sup-
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productivity (Jackson et al. 1997). Fine root turnover is a
regulatory factor of soil carbon and nitrogen cycle, and its
contribution to soil organic matter pool is equal to or greater
than that of aboveground litter (Nadelhoffer et al. 1992; West
et al. 2004).

Fine roots are sensitive to the change of external environ-
ment, and their functional characters are highly plastic to the
changes of soil nutrients and water (Finér et al. 2011; Eis-
senstat et al. 2013). With the development of industry, some
human activities lead to the acceleration of atmospheric
nitrogen deposition rate, which may lead to the increase
of soil nitrogen efficiency (Galloway et al. 1995; Galloway
et al. 2004; Lu et al. 2011; Deng et al. 2018). At the same
time, the variation of precipitation pattern will also change
the soil water availability. These two environmental factors
are the key affecting element of fine root dynamic (Yuan and
Chen 2012). In the context of global climate change, they
may change at the same time and interact each other (Li et al.
2021). Therefore, studying how fine root dynamics respond
to increased nitrogen deposition and altered precipitation
is important for understanding and predicting carbon and
nutrient cycling in forest ecosystems.

As an important mainstay of terrestrial ecosystems, for-
est ecosystems play an important role in mitigating global
warming and maintaining the global carbon cycle (Bonan
et al. 2008). However, our research on how the fine roots of
forest tree respond to climate change is still incomplete, and
the findings of simulated nitrogen deposition and precipita-
tion reduction experiments carried out in different regions
and tree species are inconsistent (Comas et al. 2013; Li
et al. 2015). Some studies have found that nitrogen addition
and precipitation reduction increased fine root production
and turnover (Santantonio. 1982; Yuan and Chen. 2010;
Wang et al. 2012), while other studies and meta-analyses
have come to the opposite conclusion (Li et al. 2015; Li
et al. 2017). The situation that fine root dynamics were not
significantly changed by increasing nitrogen and reducing
water was also happened (Ostertag 2001; Finér et al. 2011).
In addition, the heterogeneity of soil resource in different
soil layers results in different dynamics and distribution
patterns of fine root vertically and horizontally, which can
also lead to different effects of nitrogen addition and pre-
cipitation reduction on fine root dynamics in the surface and
deeper layers (Yan et al. 2017; Lozanova et al. 2019). The
reason for these contradictory conclusions may be that, on
the one hand, climate types, processing time and different
measurement methods may draw different conclusions. For
example, the sequential coring method in subtropical forests
found that medium nitrogen addition significantly increased
the fine root turnover rate of surface fine root (Wang et al.
2019). On the contrary, the minirhizotrons showed the oppo-
site result. In temperate forests, it was found that the fine
root production and turnover rate estimated by the ingrowth
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core method were much lower than those by the sequential
soil cores method. On the other hand, the effect of nitro-
gen addition and drought on fine root dynamics depends to
some extent on the state of the soil resource prior to nitro-
gen application and its exposure to drought stress (Idol et al.
2000; Kou et al. 2018). As the hidden other half of terrestrial
ecology, these difficult to quantify influences increase the
difficulty of observing the dynamics of fine root growth and
to some extent hinder the development of root ecology.

The interaction of nitrogen addition and precipitation
reduction may have a more complex effect on fine root than
these two environmental factors acting alone (Dewar. 1993;
Wang et al. 2017). In northern temperate forests, fine roots
stressed by soils with elevated nitrogen content may be more
susceptible to drought. That is because the nitrogen addition
leads to a decrease in the longevity and standing crops of
fine roots in the forests of the region, which makes the fine
root water uptake less efficient (Smithwick et al. 2013). In
addition, the interaction of N addition and water stress may
also affect the changes in root distribution and dynamics in
different soil layers (Joslin et al. 2000; Lima et al. 2010), but
the strength or direction of these interactions remains to be
studied (McMurtrie et al. 2012; Abramoff and Finzi 2015).
In previous studies, the treatment time of simulated nitrogen
increase and water decrease was relatively short (Pregitzer
et al. 1993; Wang et al. 2012), and few studies focused on
the effect of long-term nitrogen and water interaction on
fine root dynamics. In addition, most of the research on fine
root dynamics are currently focused on the growing sea-
son, while less research have been done on fine root growth
processes during the non-growing season when the soil is
frozen (Fitzhugh et al. 2001). But the response of fine root
dynamics and morphology to changes in environmental fac-
tors is likely to differ between the non-growing and growing
seasons (Yin et al. 2017; Wang et al. 2019). Changes in
fine root dynamics and morphology during the non-growing
season may also have an impact on the growth process of
fine root during the growing season (Pakkala et al. 2015;
Song et al. 2017), especially in temperate forests where the
temperature is lower and the soil freezing degree is deeper
in the non-growing season.

In the past 30 years, the total nitrogen deposition rate
increased significantly and the precipitation decreased in
Northeast China (Liu et al. 2013). In order to study the
effects of long-term nitrogen addition and precipitation
reduction and their interaction on fine root dynamics in
Changbai Mountains northeast China, a long-term experi-
ment of increasing nitrogen and reducing precipitation was
conducted in a broad-leaved Korean pine forest. The minirhi-
zotron technology was selected to observe the dynamic of
fine root in situ for a long time, which has incomparable
advantages in the study of seasonal dynamics of fine root
(Johnson et al. 2001). We hypothesized that (1) long-term
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nitrogen addition and precipitation reduction will reduce the
production of fine root, but the turnover rate will be acceler-
ated, and the life span of fine root will be reduced. (2) The
effect of long-term interaction of nitrogen addition and pre-
cipitation reduction on fine root dynamics is different from
that of nitrogen addition and precipitation reduction alone.
(3) The response of fine root dynamics and morphology to
different treatments differs between the growing and non-
growing seasons.

Materials and methods
Field site and experimental design

This study was conducted in Changbai Mountains Natu-
ral Reserve, Jilin province, Northeast China (42°24"' N,
128°06' E). The average altitude of this area is 738 m a.s.1,
the annual average temperature is 3.69 °C, the average tem-
perature in growing season is 15 “C, and in non-growing sea-
son is —0.6 “C. The highest monthly average temperature is
21.5 °C, which often occurred in August. The lowest monthly
average temperature is —17.3 “C, which often occurred in
January. The area has a temperate monsoon climate, with
an average annual precipitation of about 790 mm. Most of
the precipitation is mainly concentrated from May to Octo-
ber, and the non-growing season precipitation is mainly in
the form of snowfall. The soil of the study site is classi-
fied as Eutric Cambisol (FAO classification) with 31.54%
sand, 42.18% silt, 26.28% clay, and 25.42% organic matter
in the topsoil in the 0-20-cm soil layer. The study site is an
original broadleaved red pine forest > 300 years old, and the
dominant trees in the study site are Fraxinus mandshurica,
Pinus koraiensis and Tilia amurensis. The tree density of the
study site is approximately 435 trees per hectare. The main
dominant shrubs species in the study site are Corylus mand-
shurica, Lonicera japonica and Philadelphus schrenkii. The
dominant herbaceous species include Anemone cathayensis,
Adonis amurensis and Filipendula palmate (Yan et al. 2020).

In 2009, a long-term field experiment of throughfall
transfer and artificial nitrogen addition was established in
a broad-leaved Korean pine forest in Changbai Mountains.
Six 50 mx 50 m standard plots were randomly established in
the area with similar site conditions. There was a buffer zone
of more than 20 m between each quadrat to avoid mutual
interference. Three quadrats were treated with precipitation
reduction, and the other three quadrats were not. The pre-
cipitation transfer facility was composed of polycarbonate
V-shaped transparent plate with high transparency (95%).
In order to ensure the normal flow of air, the light trans-
mitting plate was fixed on an aluminum frame about 1 m
away from the soil surface. In the growing season, the poly-
carbonate V-shaped transparent plate was used to intercept

about 30% of the natural rainfall which was equivalent to a
drought year’s precipitation rate (Ying et al. 2006). In the
non-growing season, the polycarbonate board was removed
to allow snowfall to fall on the forest surface naturally. Pre-
vious studies have shown that the annual average level of
atmospheric nitrogen deposition in Changbai Mountains
area is 23 kg N ha~! yr™!, and it is expected that the nitro-
gen deposition rate in this area will double that in 2050 (Lii
and Tian 2007). Therefore, the amount of nitrogen applied
in this study was 50 kg N ha~! yr™! was approximately
twice the average annual atmospheric nitrogen deposition
in the Changbai Mountain area, and ammonium nitrate was
selected as the additional nitrogen source to simulate nitro-
gen deposition. To investigate the effect of nitrogen deposi-
tion increase on the fine roots, each of the six 50 m x50 m
standard plots was divided into two 25 m X 50 m subplots
using a PVC sheet. The PVC sheet was inserted 50 cm
deep into the ground in order to avoid nutrient mobilization
between adjacent subplots. One subplot of each plot was
treated with nitrogen addition while the other was not. Start-
ing in May 2009, weighed ammonium nitrate (NH,NO;)
was mixed with 40 L of deionized water and sprayed using
a backpack sprayer to uniformly apply it to each nitrogen-
enhanced treatment subplot at the beginning of each month
during the growing season (May—October). The control and
precipitation reduction areas were simultaneously sprayed
with an equal volume of deionized water without nitrogen
addition (40L) to avoid differences in water application. To
sum up, four treatments were set up in this study, which were
the control, nitrogen addition (N, 4+ 50 kg N ha~! yr™!), pre-
cipitation reduction (W, —30%, about 200 mm yr_l) and the
interaction of nitrogen addition and precipitation reduction
(NW) and each treatment was repeated three times (Fig. S1).

Minirhizotron installation and image collection

In July 2015, five points were randomly selected for each
sample plot to install minirhizotrons (external diameter
7 cm, inner diameter 6.4 cm, length of 100 cm). A total of
60 minirhizotrons were installed, and minirhizotrons had
an angle of 30 to the ground, the belowground length of
minirhizotrons was 84 cm and the vertical observation depth
of root system was 42 cm. In order to minimize the heat
exchange, black tape and yellow tape were used successively
to wrap the bare part of each minirhizotron. The orifice of
the minirhizotron was covered with a black rubber cover to
prevent rainwater and other litter from entering the canal.
After installation, the minirhizotron was stabilized more
than 12-month delay period to stabilize the density of the
surrounding fine root to stabilize the observation environ-
ment (Fig. S1).

From October 2017 to October 2019, the minirhizotron
images were collected once a month. The first observation
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period was from November 2017 to October 2018, and the
second was from November 2018 to October 2019. The
image of root growth was collected at the same position,
and the size of the image was 19.60x21.56 cm. WinRHIZO
Tron MF 2012 (Regent instrument Inc., Quebec, Canada)
software was used to analyze and process the collected
images to obtain the original data of fine root indicators
for calculation. Because there were many herbaceous roots
in the 0-10-cm soil layer of the sample plot, we could not
accurately identify the roots of tree and herbaceous plant. In
order to ensure the accuracy of the observation results, we
did not include them in rang of image analysis. Therefore,
the range of soil layers we analyzed was 10—40 cm (one soil
layer per 10 cm).

Root image analysis

During the interval between the two images, the white non-
lignified fine roots were marked as “new” in their properties.
If the “new fine roots” in the previous observation period
remained white or brown on the subsequent images, they
were still living roots, and this type of root was marked as
“alive.” When the color of root changed or the epidermis
folded or turned from brown to black and new roots were
no longer produced in the subsequent image analysis, we
defined it as dead root and label it as “dead.” The root that
disappeared in the interval between two image acquisitions
was also divided into dead root and marked as “gone.”

In this study, the production of fine root was calculated
by the change of living fine root length per unit observation
window area, and the death of fine root was calculated by
the change of dead fine root length per unit measurement
window area. The fine root production of each sampling
interval was determined by adding the length of all new fine
roots and the elongation growth of all living roots. The fine
root mortality of each sampling interval was determined by
adding the length of all dead roots and the length of disap-
peared fine roots (Xiong et al. 2018; Wang et al. 2019). It
was assumed that the daily production and mortality of the
fine root were constant within the sampling interval between
the consecutive image acquisition dates and then estimated
the monthly production and mortality in the two observation
dates (Yan et al. 2017).

The estimation method of fine root turnover rate was as
follows: Turnover 1 =the ratio of annual growth yield of fine
root to observed average live root length; Turnover 2 =the
ratio of annual fine root length death to observed average
live root length; Turnover 3 =the average of the above two
indicators (Wang et al. 2019).

The life span of fine root was estimated from the first
appearance to the first disappearance of fine root. The
data recorded by each root include date of birth, date of
death and soil depth. Roots born between November of
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the previous year and April of the next year were defined
as non-growing season birth, and roots born between May
and October of the next year were defined as growing sea-
son birth.

Soil parameters

Soil samples were collected in September 2018 and Sep-
tember 2019, respectively. Three soil samples were col-
lected randomly from each sub-sample plot separately
using a soil auger after removal of plant debris and mixed
as replicates. All samples were air-dried and sieved
through a 2-mm soil sieve, and roots, stones and other
debris were removed. Soil moisture content was analyzed
by weight, i.e., by weighing 10 g of fresh soil in an oven
at 105 °C for 24 h until a constant weight was reached.
The soil total carbon (TC) and nitrogen (TN) were meas-
ured using an automated TC/TN analyzer (multi N/C 3100,
Analytik Jena AG, Germany). The soil pH value was meas-
ured in 1:2.5 (soil/water) suspension using a pH meter
(§SX7150, China).

Statistical analysis

Kolmogorov Smirnov was used to test whether the data
were normally distributed, and Levene's was used to test
whether the data satisfy the homogeneity of variance. One-
way ANOVA was used to analyze the effects of different
treatments on fine root production, death, turnover, average
diameter, monthly average living root surface area, monthly
average living root number, single root surface area and
single root length in different soil layers, and LSD method
was used for multiple comparisons. The survival curve and
median root life of each treatment were estimated by K-M
analysis, and the median life was estimated by 50% survival
rate. This method is a nonparametric estimation method,
also known as cumulative survival rate, and does not need
to make any assumptions about the distribution of the esti-
mated data (Guo et al. 2008; Repo et al. 2014). As some of
the fine roots are still alive at the end of the observation,
previous studies have shown that the life span of fine roots
is non-normally distributed (Hendrick and Pregitzer 1993;
Lope et al. 2001). The use of median lifetimes in survival
analyses is therefore more representative. Log-rank test was
used to test the difference of survival curve of different treat-
ments, birth dates and soil layers (Guo et al. 2008). Cox
proportional hazard regression analysis was used to simul-
taneously determine the effects of fine root diameter, length
and surface area, birth season and soil layer on fine root
longevity of each treatment. All data were analyzed by SPSS
19.0 (SPSS, IBM, USA).
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Results

Climatic conditions and soil physicochemical
properties

The meteorological data for this study were obtained from
the greenhouse data sharing platform (http://data.sheshiyuan
yi.com/). The average temperature of the first observation
period was 3.75 “C and that of the second was 4.14 °C (Fig.
S2), which were both higher than the long-term annual aver-
age temperature (3.27 ‘C). The total precipitation of the first
observation period was 730.8 mm, and that of the second
was 504 mm. Compared with the long-term average annual
precipitation (714.6 mm), the first observation period was
more abundant, while the second was less. The maximum
snow cover thickness (41 cm) and snow cover days (137
d) in the first non-growing season were higher than those
in the second non-growing season (7 cm) and (78 d) (Yan
2020). Both the W and NW significantly reduced soil water
content (p <0.01) (Table S2), with all treatments having a
lower soil water content in the second observation period
than that in the first. The N significantly reduced the soil pH
and increased the TN content significantly (p <0.05).

Fine root morphological traits

The N significantly increased the average diameter of fine
root (P <0.01), the W significantly increased the average
diameter of fine root in 10-20-cm soil layer in the second
observation period (P <0.01), while the interaction of NW

significantly decreased the average diameter of fine root in
30-40-cm soil layer (Fig. 1). In addition, the N, W and the
interaction of NW all significantly reduced the average live
root surface area and number of living root in each soil layer
(P<0.01) (Fig. 1).

The response of individual root morphology to different
treatments was various between the growing and non-grow-
ing seasons (Fig. 2). For example, the N did not significantly
change the individual fine root length in the two non-grow-
ing seasons (p > 0.05), while it increased significantly in the
two growing seasons (p <0.01) (Fig. 2). Except for the first
non-growing season, the W increased individual root length
and surface area significantly (p <0.01) (Fig. 2). Overall, the
interaction of NW did not significantly alter the morphology
of individual fine root (p > 0.05).

Fine root dynamics

In the first observation period, the N, W and the interaction
of NW all significantly reduced the annual fine root average
production and mortality (Hereinafter referred to as FRP and
FRM, p<0.01). Compared with the treatment of N and W
alone, the interaction of NW significantly increased FRM
and FRP (P <0.05) (Table 1), but this difference was not
significant in the second observation period. Compared to
the control, the N, W and the interaction of NW did not sig-
nificantly change the annual turnover rate of fine root (Here-
inafter referred to FRT, Table 1). In the second observation
period, only the N reduced both FRM and FPM significantly
(P<0.01), and all three treatments (N, W, NW) significantly
increased FRT (Table 1).
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Table 1 Effects of different Year Treatment FRT (a™) FRP (mm cm~2a™) FRM (mm cm~2a™)
treatments on fine root
dynamics during 2017/11- 2017/11-2018/10  CK 1.41+0.09 (ab) 1.75+0.14 (a) 0.67+0.02 (a)
2019710 N 1.35+0.03 (ab) 0.29+0.03 (d) 0.160.01 (d)
w 1.25+0.05 (b) 0.84+0.10 (¢) 0.32+0.04 (¢)
NW 1.53+0.06 (a) 1.36+0.03 (b) 0.51+0.06 (b)
2018/11-2019/10 CK 0.87+0.02 (¢) 1.07£0.08 (a) 0.75+0.11 (a)
N 1.31+0.04 (a) 0.65+0.05 (b) 0.38+0.01 (b)
w 1.07+0.07 (b) 0.67+0.11 (b) 0.72+0.04 (a)
NW 1.14+0.06 (b) 0.83+0.10 (b) 0.84+0.01 (a)

Each value is the mean (SE) of three replications, and statistical analysis unit is each plot. Different letters
represent statistical significances among different treatments for the same year

The fine root average monthly production and mortal-
ity (hereinafter referred to FRP, and FRM,,) showed obvi-
ous seasonal variation pattern, and their variation trends
were multi-peak distribution (Figs. 3 and 4). The FRP,, and
FRM,, showed a trend of increasing, then decreasing and
then increasing in all four treatments, which were higher
in the growing season than in the non-growing season. The
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maximum values occurred in the growing season and the
minimum values in the non-growing season. In the second
growing season, the peak value of the N treatment occurred
the latest.

The effects of N, W and the interaction of NW on fine
root dynamics differed between the growing and non-
growing seasons (Figs. 3 and 4). For FRP,, this difference
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Fig. 3 Effects of different treatments on the seasonal dynamics of monthly fine root production (n=3, P <0.05). Different letters (lowercase let-

ters) represent statistical significances among treatments

occurred mainly in the second observation period. Com-
pared with the control, the FRP, of N and the interaction of
NW decreased significantly in the non-growing season, but
there was no significant difference in the growing season,
while the trend of W was opposite (Fig. 3). For FRM,,, this
difference mainly occurred in the first observation period.
The FRM,, of N and W had no significant change in the non-
growing season, but decreased significantly in the growing
season (Fig. 4).

Overall, FRP  in all treatments was lower in the second
growing season than in the same period of the first obser-
vation period. The FRP_, decreased by 25.62% (control),
20.74% (W) and 38.62% (NW), respectively; however, the
N increased by 122.10%. FRM,, in all treatments was higher
in the second non-growing season than in the same period
of the first observation period, which increased by 12.17%
(control), 128.90% (N), 122.18% (W) and 65.93% (NW),
respectively.

The median life span of fine root differed significantly
among treatments at the same birth time based on the log-
rank test (p <0.01) (Table 2, Fig. 5). Compared with the
control, the N, W and the interaction of NW all significantly
reduced the median life span of fine root born at each period

(Table 2). For all treatments, the median life span of fine root
born in the first growing season was the longest, while that
of fine root born in the second observation season was the
shortest (Table 2, Fig. 5). For the same treatment, the median
life span of fine root born in the growing season was greater
than that of fine root born in the non-growing season, and
the median life span of fine root born in the first observation
period was greater than that of fine root born in the second
observation period (Table 2, Fig. S4).

Cox proportional hazards regression analysis showed
that root length, soil layer and birth period all had a sig-
nificant effect on fine root life span when controlling for
other factors, but the effect of average fine root diameter
was not significant (Table 3). One-centimeter increase
root length increased life span by 1.1% according to the
hazard ratios for each year (e.g., 100 (e™*'77-1)=16.2%).
The risk of fine root mortality increased by 40.4% (e.g.,
[1.404-1]x 100%) and 33.5% (e.g., [1.335-1]1x 100%)
with the increasing soil layer, respectively. This meant that
the median lifespan of fine roots surviving in the 10-20-
cm soil layer was greater than that of the bottom layer
(Table 3, Fig. S3). The N, W and the interaction of NW all
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Table 2 Effects of different
treatments on the mean life span
(MeaL) and median life span
(MedL) + SE (d) of fine roots
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Time of CK N w NwW

birth MeaL(d) MedL (d) Meal(d) MedL (d) MeaL(d) MedL (d) Meal(d) MedL (d)
NGS 1 30343 32649(a) 27149 198+6(b) 359+7 293+12(c) 33446 268+5(d)
GS 1 38642  489+0(2) 30944 30846(b) 34043 260+4(c) 34412  369+4(d)
NGS2  269+3 ND(2)209+4 233+3(b) 2343 264+4(c) 20944 208+4(d)
GS 2 1404 1 ND(a) 11942 118+5(c) 13542 155+2(b) 12541 ND(b)
NGS 40043 373+8(a) 26646 215+4(b) 349+5 273+8(c) 3145 254+5(d)
GS 36842 462+6(a) 28644 27146(d) 31543 33625 33042  360+4(b)
oP1 42642 462+7(a) 318+5 274+5(c) 37144 337+50b) 379+3  345+3(b)
oP2 26242 265+0(a) 194+3 203+4(c) 21043 209+6(b) 193+3 171+6(c)

Median root life span with different letters is significantly different among treatments at P <0.05 (log-rank
test by product-limit (Kaplan—Meier) survival analysis). ND was not available or unable to be calculated
because 50% survival was not reached. NGS 1 represents the first non-growing season. GS 1 represents the
first growing season. NGS 2 represents the second non-growing season. GS 2 represents the second grow-
ing season. OP1 represents the first observation period. OP2 represents the second observation period
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Fig.5 Survivorship curves of fine roots born in different observation
period. NGS (2017-2018) represents the first non-growing season.
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GS (2018) represents the first growing season. NGS (2018-2019)

Table 3 Results of Cox
proportional hazards regression
analyses of root life span for all
roots appearing from 2017/11 to
2019/10

200

represents the second non-growing season. GS (2019) represents the
second growing season

Effect factors B SE Wald df Pvalue Hazard ratio
Length (cm) —-0.177 0.032 29.677 1 0.000 0.838
Diameter (mm) 0.209 0.130 2.600 1 0.107 1.233
Depth (cm) (Ref* =10-20-cm soil layer) — - 389.686 2 0.000 -
20-30-cm soil layer 0.340 0.021 265.300 1 0.000 1.404
30-40-cm soil layer 0.289 0.018 266.288 1 0.000 1.335
Time of birth (Ref* =Non-growing season — - 1023.356 3 0.000 -
2017- 2018)

Growing season (2018) —-0.276  0.019 213446 1 0.000 0.759
Non-growing season (2018-2019) 0.182 0.028 42478 1 0.000 1.200
Growing season (2019) 0.633 0.033 376.186 1 0.000 1.883
Treatment (Ref* = CK) - - 1207.255 3 0.000 -

N 0.708 0.026 715799 1 0.000 2.031
w 0.550 0.021 697.332 1 0.000 1.734
NW 0.510 0.020 668.884 1 0.000 1.665

*The reference soil layer, time of birth or treatment to which life span of roots of deeper soil layer, of roots
born in other periods, of other treatments was compared
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significantly increased the risk of fine root mortality, with
the lowest survival rate of fine root under the N (Table 3).
Thus, in terms of the degree of change in mortality risk,
the N had the strongest effect on the median life span of
fine roots, while the soil layer had the least.

Discussion

Effects of N, W and the interaction of NW on fine
root morphology

Root distribution patterns in the soil can be influenced by
a combination of both biotic and abiotic factors within the
soil, and the heterogeneity of the soil resource can also lead
to variation in the vertical and horizontal distribution of the
root system (Schenk and Jackson 2002; Gerland et al. 2002).
Previous studies have shown that the number, distribution
pattern, production and mortality of fine root decrease with
the increase of soil depth, which is consistent with our
results (Wang et al. 2019; Li et al. 2020, Wang et al. 2020a).
The morphological characteristics of fine root in response to
the N and W and the interaction of NW may be influenced
both by changes in the physical and chemical properties of
the soil and by their own growth strategies. On the one hand,
soil bulk density and nutrient content may decrease with the
increase of soil layer, which is not conducive to the growth
of fine root (Clark et al. 2003; Li et al. 2020). The root sys-
tem balance the demand of resource transport and absorption
by building larger diameter root, which leads to the decrease
of the average number of living root and the surface area of
monthly living root (Eissenstat and Yanai 1997).

For W, drought stress leads to a reduction in soil water
content, which may result in the root system having no suffi-
cient resources to build more fine roots (Idol et al. 2000; Eld-
huset et al. 2013; Zang et al. 2014). The increase of drought
stress in the second observation period and the decrease of
snow cover thickness in non-growing season will lead to
the deepening of soil freezing. In this period, the existing
living fine roots had a larger diameter to resist the influence
of external adverse environmental factors, so as to reduce
the mortality (Guo et al. 2008; McCormack and Guo 2014).
Under drought stress, the interaction of NW may enhance
uptake capability by selecting for a reduction in the average
diameter of bottom fine root. It was also found that in the
two observation periods, the average number of living root
and surface area of fine root in the bottom layer were higher
than those in the W treatment (some soil layers reached a
significant level). This indicated that the drought resistance
of the fine root in the bottom layer might be enhanced to a
certain extent by increasing nitrogen on a year-round time
scale.
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In different periods, the high plasticity of individual fine
root morphology enables it to change its morphological
characteristics when soil nutrients and water changes, so
as to drive the change of root survival strategy (McCor-
mack and Iversen 2019). The aboveground part basically
stopped growing in the non-growing season and entered the
dormancy state. At this time, there was little demand for
root foraging nutrients. The N makes fine roots only need to
increase the average diameter or the individual surface area
to meet the nutrient requirements of plant. In the growing
season, the physiological activities of plant are more vigor-
ous (Persson 1985; Wang et al. 2016; Wang et al. 2020a,
b). At the same time, nitrogen addition may increase the
physiological activity of fine root (Clark et al. 2003; Burton
et al. 2012; Tu et al. 2015; Li et al. 2020), and they need to
increase single root length to maintain the balance between
absorption and transport function. For W, drought stress
causes fine roots to increase their individual root length and
surface area in order to expand their range and area of con-
tact with the soil and thereby explore and exploit new soil
resources (Robinson et al. 2003; Zhou et al. 2019). Long-
term W treatments may make the soil more permeable so
that the fine roots have less resistance to developing new soil
spaces (Robinson et al. 2003; Barber and Silberbush 2015).
So the fine roots that are living in the soil bottom layer may
not need to increase in diameter to enhance the ability to
resist soil resistance.

Overall, the minirhizotrons do not distinguish the fine
roots of different tree species and what our study presents is
the combined results of the changes in the fine root morphol-
ogy of several tree species and their interactions with several
environmental factors, the internal differences of which we
cannot know any more.

Effects of N, W and the interaction of NW on fine
root dynamics

Production and turnover of fine root

Fine root dynamics control the potential uptake and cycling
of nutrients and water in forest ecosystems (Hendricks et al.
1993; Matamala et al. 2003). Our results indicate that nitro-
gen addition reduces fine root production, which is similar to
the results of previous studies (Wang et al. 2019; Yuan and
Chen 2010; Peng et al. 2017). This response may be benefi-
cial for root growth, as the cost of putting large amounts of
carbon into fine root production may outweigh its benefits
under conditions of high nutrient utilization. Optimal allo-
cation theory also suggests that an increase in soil nitrogen
content leads to a decrease in carbon input to the root system
by the plant and a consequent decrease in fine root produc-
tion (Eissenstat and Yanai 1997; Yan et al. 2017).
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Burton et al. (2012) considered that the turnover rate of
fine root with the increase of nitrogen availability might be
an instantaneous response to the increase of soil nitrogen
availability (Mei et al. 2007). As plants adapt to an environ-
ment of increased nitrogen effectiveness, the rate of fine root
turnover may occur accordingly to accommodate changes in
overall survival strategies. This study also showed that nitro-
gen addition significantly increased fine root turnover while
significantly decreasing fine root production, a situation that
could lead to a steady decrease in fine root biomass, so this
state may not persist. The significant increase in fine root
turnover after nitrogen addition may be due to the fact that,
on the one hand, the N treatment may significantly increase
the fine root nitrogen content and thus promote fine root
respiration, and if the input of photosynthetic products to the
root system does not meet its respiratory consumption, the
fine root life will be shortened and turnover will be acceler-
ated (Gough et al. 2004; Pregitzer et al. 2000).

Drought as a multifaceted environmental stress may have
a negative impact on fine root production (Brunner et al.
2015). Precipitation reduction may inhibit the physiologi-
cal processes of fine root and making them less productive,
while some short-term precipitation reduction experiments
have found that drought increases fine root production (Gaul
et al. 2008a, b). As of 2019, precipitation reduction treat-
ments within this sample plot have been carried out for
10 years. The response of fine root dynamics to long-term
water-reducing treatments may differ from short-term (Vicca
et al. 2012; Brunner et al. 2015). We also found that FRP
was higher in the interaction of NW than that in the N and W
alone (not significant in the second year). The reason for this
may be that the nitrogen addition may alleviate the degree
of drought in the root system to some extent (Zhang et al.
2020). Drought-induced reductions in net photosynthesis
and productivity of plants result in a lower proportion of
photosynthetic products being allocated to the root system
(Hagedorn et al. 2016). In addition, the reduced mobility of
nutrients in the soil due to lower soil water content limits
the availability of nutrients to plants (Dijkstra et al. 2015;
Raven et al. 2018). Plants under drought stress may optimize
their root carbon allocation strategies to maintain nutrient
uptake. A recent *CO, pulse-labeling experiment has shown
that, under drought conditions, plants invest more in carbon
allocation to rhizodeposition or to mycorrhizal symbiosis
and less in root biomass. However, under the interaction of
N addition and water reduction, plants allocated more C to
the root system and less to the soil to counteract the drought
effect (Wang et al. 2021). During the first observation
period, N addition significantly reduced soil pH (Table S2),
which may have led to an increase AI’* concentration in
soil and thus inhibited root production (Joslin et al. 2000;
Smithwick et al. 2013). However, the water reduction treat-
ment may have reduced this negative effect by decreasing

the contact area of fine roots with the soil. This may be the
reason for the higher FRP of the NW treatment compared
to the N addition or water reduction treatment alone. How-
ever, in the second observation period, the reduction in total
precipitation led to a significant increase in the degree of
drought stress, at which time the interaction of NW pro-
vided limited relief from the adverse environmental factors,
so the differences in FRP between the three treatments (N,
W and NW) were not significant. This is consistent with our
hypotheses 1 and 2.

The precipitation reduction did not significantly change
the annual average turnover of fine root in the first observa-
tion period but significantly increased it in the second year,
which may be related to changes in snow thickness during
the two non-growing seasons. In the first non-growing sea-
son the thick winter snowpack provides good protection for
the fine roots against cold conditions and the spring snow-
melt also provides them with water and nutrients to with-
stand the drought of the growing season (Groffman et al.
2001). However, the second non-growing season has a thin
snowpack and limited nutrient and water availability from
spring snowmelt. In such conditions, the increased freez-
ing of the soil encourages root mortality and causes more
damage to the fine roots (Henry and Biochemistry 2007). In
addition, the isolated precipitation after the growing season
will accelerate the lignification of fine root and reduce their
absorption capacity (Anna and Tuomo 2010). Fine roots may
choose to enhance water uptake efficiency by increasing old
root mortality and new root emergence, which will allow
fine roots to optimize water transport and uptake efficiency
and faster turnover rates (Eissenstat et al. 2000; Chenlemuge
et al. 2013). During the same period, for the NW treatment,
an increase in respiration rate and a decrease in uptake
capacity of the fine root occurred simultaneously, which
led the fine roots to choose to increase the turnover rate to
ensure the efficiency of nitrogen uptake.

Effect of different treatments on the life span of fine root

The belowground process of temperate forest has obvious
seasonal variation due to the influence of climate factors
(Hendrick et al. 1996; Pregitzer et al. 2000). Our study
found that the FRPm and FRMm of all treatments tended to
decrease at the end of the growing season and increase at the
end of the non-growing season, even reaching a stage peak.
This may be related to rising soil temperatures in spring and
lower soil temperatures later in the growing season.
Compared to the control, the N, W and the interaction of
NW all significantly reduced the median life span of fine root
in all observation periods (Fig. 5) which is consistent with
the trend in fine root turnover rate in the second observation
period. For all treatments, the life span of fine root born in
the growing season was significantly longer than that born
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in the non-growing season, which was different from some
previous studies (Jones et al. 2003; Gaul et al. 2008b). The
life span of fine root is influenced by a number of environ-
mental factors at the same time, and their life span may be
the result of competition between organs for photosynthetic
products (Yanai and Eissenstat 2002). Some studies suggest
that the carbon source for fine roots born before the spring
leaf spread is mainly carbohydrates stored in the previous
year, and that once these sources are depleted the fine root
die (Marshall and Waring 1985; Pregitzer 2003). Fine roots
born earlier than leaves during the non-growing season may
compete with aboveground parts for photosynthetic prod-
ucts and thus cause changes in internal source-sink rela-
tionships (Pregitzer 2003). Insufficient carbohydrates allo-
cated to the belowground portion of fine root will result in
a forced reduction in the longevity of fine root born during
the non-growing season. During the growing season, the
aboveground foliage growth is almost complete. Even if the
fine roots are more physiologically active during this period,
a large amount of photosynthetic products can be transported
to the ground in time. In addition, higher soil temperature
and precipitation during the growing season are also more
suitable for fine roots to survive and their life span will be
higher than that of fine root born during the non-growing
season.

Previous studies of fine root anatomy in this sample site
have shown that increasing nitrogen, reducing water and
their interaction all significantly reduced fine root cortex
thickness in some of the dominant species during the grow-
ing season and increased it significantly in the non-growing
season (Zhang et al. 2020; Yan 2020). We hypothesize that
fine roots will choose to reduce the thickness of the cortex
during the growing season to optimally uptake and transport
capacity, so that those with thicker cortex (and lower uptake
capacity) may be eliminated at this stage, resulting in fine
roots born out of season barely lasting more than a year.
These results are consistent with our hypothesis 3, that is,
the dynamic and morphological responses of fine root to
different treatments are various in growing and non-growing
season.

Factors influencing the longevity of fine root

Cox regression analysis showed that when only a single fac-
tor was considered, root length, season of birth, soil layer
and nitrogen addition, precipitation reduction and their inter-
action all had a highly significant effect on fine root longev-
ity, while mean root diameter had no significant effect on
fine root longevity. Firstly, our study was on mixed conifer-
ous forest, which resulted in a mixed pattern of variation
in fine root longevity across multiple species (Beyer et al.
2013; Zhang et al. 2020). That may have resulted in average
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diameter not having a significant effect on fine root longev-
ity. In some pure plantations, the diameter of the fine root
may be a key determinant of fine root longevity (Guo et al.
2008; Gu et al. 2011; Gu 2017). Secondly, the turnover of
fine root did not decrease with increasing diameter either.
Indeed some studies suggest that diameter may not be the
only factor determining fine root longevity and turnover, and
the specific root length and root tissue density seem to be
more convincing in explaining fine root dynamics (Ryser
1996; Weemstra et al. 2020).

Cox regression analysis showed that when only root
length was considered, the longer the fine roots, the higher
the survival rate, perhaps because longer fine roots are able
to explore new soil resources to a greater extent, and the
benefits of maintaining fine roots outweigh the maintenance
costs, so they live longer. Cox regression with the dynamics
of fine root production and mortality both indicated that the
survival rate of fine root in the second non-growing sea-
son was extremely significantly reduced. This was associ-
ated with a reduction in snow thickness (Gaul et al. 2008b;
Sutinen et al. 2014), and increased fine root mortality during
the non-growing season may also have been the main reason
for the reduced fine root production in some of the treat-
ments during the second observation period and the delayed
onset of peak FRP in the nitrogen addition treatments during
the growing season.

We found that the fine root mortality increased with the
deepening of soil layer, which was consistent with the trend
of turnover of fine root in different soil layers (Table S1; Fig.
S3). This may because the nitrogen availability of deep soil
in the sample plot cannot meet the needs of plant, and the
bottom fine roots obtain nutrients through rapid turnover.
The nitrogen addition may increase the content of available
nitrogen in deep soil, thus breaking the balance and increas-
ing the energy consumption of fine root respiration. The con-
tent of available nitrogen in surface soil is generally higher
than that in deep soil, and the fine roots in this soil layer will
get more carbon allocation (Pearcy et al. 1987). The bottom
soil is located at the end of the root system, it takes a long
time to get carbon, and it is more likely to die if the carbon
supplement is not timely (King et al. 2002).

Conclusions

The nitrogen addition and precipitation reduction and their
interaction significantly reduced the monthly average num-
ber and surface area of living root in each soil layer, but
the effect on the morphology of individual root was differ-
ent from that of the whole. This result suggests that when
fine roots are exposed to environmental stress, fine roots
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may drive changes in overall survival strategies by altering
the morphology of individual root. Both long-term nitrogen
addition and precipitation reduction and their interaction
reduced the annual production of fine root. The different
treatments did not significantly alter the average annual
turnover of fine root in the first observation period. Com-
pared with the control, different treatments did not signifi-
cantly change the turnover of fine root in the first observation
period, but significantly increased it in the second observa-
tion period, which may decrease the standing stock of fine
root. These results may also be due to changes in fine root
vertical distribution pattern, growth strategy and ecosystem
carbon cycle caused by changes in environmental factors.
At present, the response mechanism of fine root dynamics
of different dominant tree species to the nitrogen addition,
precipitation reduction and their interaction is still unclear,
and further research is needed.
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tary material available at https://doi.org/10.1007/s10342-022-01445-9.
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