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Abstract

Fine roots play a key role in carbon, nutrient, and water biogeochemical cycles in forest ecosystems. However, inter-annual
dynamics of fine root production, mortality, and turnover on the basis of long-term measurement have been less studied.
Here, field scanning rhizotrons were employed for tracking fine root by branch order over a 6 years period in a larch planta-
tion. For total fine roots, from the first- to the fifth-order roots, annual root length production, length mortality, standing
crops, and turnover rate varied up to 3.4, 2.3, 1.5, and 2.3-folds during the study period, respectively. The inter-annual vari-
ability of those roots indices in the first-order and the second-order roots were greater than that of the higher order (third- to
fifth-order) roots. The turnover rate was markedly larger for the first-order roots than for the higher order roots, showing the
greatest variability up to 20 times. Seasonal dynamics of root length production followed a general concentrated pattern with
peak typically occurring in June or July, whereas root length mortality followed a general bimodal mortality pattern with
the dominant peak in May and the secondary peak in August or October. Furthermore, the seasonal patterns of root length
production and mortality were similar across years, especially for the first-order and the second-order roots. These results
from long-term observation were beneficial for reducing uncertainty of characterizing fine root demography in considera-
tion of large variation among years. Our findings highlight it is important for better understanding of fine root dynamics and
determining root demography through distinguishing observation years and root branch orders.

Keywords Root phenology - Seasonal pattern - Rhizotron - Root window - Inter-annual variation - Larix principis-
rupprechtii

Introduction

Drawing a holistic picture of fine root demography through
time is critical for simulating and evaluating belowground
carbon (C) and nutrients cycles. Although fine roots account
for less than 2% of the total ecosystem biomass, they may
contribute up to 40% of the total ecosystem production
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through their fast turnover (Vogt et al. 1995; Jackson et al.
1997). However, substantial uncertainties remain for the
estimation of fine root production and turnover rate (Strand
et al. 2008; Neumann and Godbold 2020).To date, our
understanding of fine root dynamics is mainly based on
short-term (less than 3 years) studies (Freschet et al. 2021;
Iversen et al. 2021). Therefore, we need to explore temporal
variability in fine root annual demographics.

Long-term research is an available way to reveal the
variability of fine roots dynamics (Strand et al. 2008). The
inter-annual fluctuation and seasonal pattern of fine root
demographics are the two main sources of the variability
(Krasowski et al. 2010; McCormack et al. 2014). Few previ-
ous studies have reported that fine root production, mortal-
ity and turnover rate showed widely inter-annual variation
(Joslin et al. 2000; Iversen et al. 2008; Strand et al. 2008;
Day et al. 2013; Krasowski et al. 2018). For instance, fine
root production and mortality varied more than 4-folds in
subtropical forests (Joslin et al. 2000; Kou et al. 2018), and
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up to 30-folds in a temperate forest (Krasowski et al. 2010).
The variability in fine root annual demographics may depend
on climatic factors (Day et al. 2013; Kou et al. 2018), or
closely linked to study sites and tree species (Krasowski
et al. 2010, 2018). Therefore, more studies on fine root inter-
annual variation are needed in other sites and forest types.
In addition to the inter-annual variation, fine root production
also showed seasonal patterns including the concentrated,
bimodal, multiple, and equally distributed patterns (McCor-
mack et al. 2014, 2015b; Radville et al. 2016; Iversen et al.
2018). Compared with root production, the seasonal pattern
of fine root mortality was less studied. Some studies reported
that fine root mortality flush occurred in spring and late fall
(Ruess et al. 2003; Wang et al. 2020), while other studies
suggested that the most of fine roots died during winter sea-
son (Tierney et al. 2001; Cleavitt et al. 2008). Thus far, our
understanding of the seasonal pattern of fine roots is still
limited, and whether these patterns are stable across years
remain unclear.

The fine root population is composed of roots with dif-
ferent branching levels and functions (Pregitzer et al. 1997;
McCormack et al. 2015a). Numerous studies have shown
that fine root morphology, stoichiometry and function sys-
temically changed with the root branch order (Doi et al.
2017; Mucha et al. 2020; Freschet et al. 2021). Moreover,
root branch order was the key predictor of turnover rate (Guo
et al. 2008b; Huo and Cheng 2019). Recently, Kou et al.
(2018) reported that nitrogen (N) addition increased the pro-
duction, mortality, and turnover rate of the lower order fine
roots but not the higher order fine roots. Thus, the lower
order roots, as mainly responsible for nutrient and water
absorption, and the higher order roots, as mainly respon-
sible for transportation and storage, maybe show different
temporal behaviors to the changing environmental factors
(McCormack et al. 2015a). Distinguishing root branch order
will greatly improve our understanding of fine roots dynam-
ics (Huo and Cheng 2019).

Rhizotron and minirhizotron are non-destructive meth-
ods that are well suited to observe root dynamics for long-
term studies (Taylor et al. 1990; Dannoura et al. 2008).
However, the small viewing window (e.g., 1.4 X 1.8 cm)
of the traditional minirhizotron cannot enable us to cat-
egorize roots by branch order precisely, in particular for
the higher order roots (Wells and Eissenstat 2001). Com-
pared with minirhizotron, the most advantage of field rhi-
zotron is with the larger viewing widow (e.g., 20 X 30 cm)
continuous observation of root branching (Nakahata and
Osawa 2017; Huo and Cheng 2019). Therefore, field rhizo-
tron approach provides an opportunity for us to study the
fine root dynamics by distinguishing root branch orders.
In this study, the field rhizotron method was employed to
observe root dynamics during a 6 years study period in a
Larix principis-rupprechtii Mayr (larch) plantation, which
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is either a key plantation species in China or the dominant
species in boreal and temperate forests on the globe. Our
objectives were (1) to reveal the inter-annual variability in
fine root length production, mortality, standing crops and
turnover rate across root branch orders; and (2) to identify
the seasonal pattern of root length production and mortal-
ity across years. We hypothesized that the inter-annual
and seasonal fluctuations of lower order roots are greater
than those of higher order roots, as lower order roots are
likely more sensitive to environmental and tree physiologi-
cal changes (McCormack et al. 2015a; Kou et al. 2018).

Materials and methods
Study site

This study was conducted at the Guandishan Longxing
Forestry Farm which is located in the middle part of
Lvliang Mountains, in Shanxi Province, China (37° 30’
N, 111° 36’ E). The region belongs to the eastern part of
Loess Plateau, and has a temperate continental monsoon
climate (Sun et al. 2015). The mean January, July and
annual air temperature are — 8.9 °C, 17.0 °C, and 4.7 °C
averaged from 2012 to 2017, respectively (Fig. S1). The
mean annual precipitation is 851-1068 mm, and 85% of
the total amount falls in growing season (May—October)
(Fig. S1).

Study plots were established on a north-facing slope of
approximately 5°, with an elevation ranging from 1700 to
1800 m above the sea level. The larch (Larix principis-
rupprechtii Mayr) plantation was established in 1990 by
planting 2-year-old seedlings using an approximate 2 X2 m
planting grid system. Larch was the exclusive overstorey
species (mean diameter at breast height=12.1 cm; mean
height=11.5 m; mean stem density = 1158 N/ha at the
beginning of the experiment in 2012), and the understorey
vegetation was largely absent. Three 20 X 20 m plots were
established with 50 m spacing of neighboring plots in the
plantation. The soil in the plantation is a mountain brown
earth characterized by well-developed horizons and well
drained. The thickness of the forest floor is approximately
5 cm, whereas mineral soil depth could exceed 50 cm. At
the beginning of the experiment, we collected a mixed
soil sample (soil depth, 0-30 cm) by drilling 5 points
with a soil core (inner diameter =2.5 cm) in each plot.
The soils were used to analyze soil chemical properties
(pH, total C and total N) after air drying. Soil pH (H,0)
was determined on air-dried subsamples of soil using a 2:1
(weight:volume) slurry. Soil total C and total N content
were determined with an elemental analyzer (Elementar
Vario EL III, Hanau, Germany).
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Rhizotrons’ installation and image processing

In May 2012, ten rhizotrons (available viewing window is
20 cm X 30 cm, width X depth) were installed adjacent (about
1 m from the center of trunk) to each of 10 measurement
trees (randomly selected) in each plot, for a total of 30 rhi-
zotrons. A maximum observation depth is 30 cm, beyond
which few roots occurred in the site. The field rhizotron
method had been introduced in detail in our previous study
(Huo and Cheng 2019). Briefly, the installation process can
be divided into three steps (Fig. S2). First, we cut a soil
profile by inserting the sharp flat chisel (25 cm X35 cm,
width x depth) vertically into the soil. Take one side close
to the measurement tree of the chisel as the undisturbed side,
and then dug out the soil from the other side (disturbed side)
of the chisel until the chisel is removed. Secondly, glass
plate (thickness 5 mm) tightly faced to the soil profile by
four stainless long nails in each corner. Finally, the pit was
backfilled with excavated soil and litter. After installation,
mark the location of the rhizotrons on the ground by using
small red flags. The glass plates were securely buried in soil
during the study periods, only except for sampling dates.
Thus, the temperature of the glass surface is the same as
that of the bulk soil.

Images were collected from the field rhizotrons approxi-
mately monthly throughout the growing season. At each
sampling date, we carefully dug out the soil from the dis-
turbed side until the glass plate was entirely emerged. Then,
root image was recorded using a flat scanner (Epson Perfec-
tion V33, Japan) (see detail in Huo and Cheng 2019). The
pit was backfilled with the excavated soil and litter after
the observation within few minutes. Image recording was
suspended during the winter (November—April) when the
soil was frozen. Sampling dates are shown in Table S1.
Note that there were only two sampling times for 2012 and
2014 due to the current year of installation and graduate
year of students for image collecting, respectively. Roots
first appeared on August 2012, which was three months after
the installation. The dataset of 2012 and 2014 were likely
unreliable because of the limited sampling times. Therefore,
the results and analyses of the present study were based on
the rest 4 years of reliable observations (2013, 2015, 2016,
and 2017).

A total of 973 root images were digitized by the same
laboratory technician using the software Rootfly (Version
2.0.2, General Public License, Clemson, South Carolina,
USA). The image size was 20 cm X 30 cm (24 bit color,
600 dpi) which permit us to categorize individual root by
branch order (Huo and Cheng 2019). Root branch order was
assigned according to a topological classification scheme in
which roots with no visible dependent laterals were consid-
ered to be order 1, roots with a single visible set of depend-
ent laterals were considered to be order 2, and so on (Wang

et al. 2006). We successfully sampled the fourth-order and
the fifth-order roots. However, there are too few fourth-
order and fifth-order roots to be figured out alone. Thus,
we grouped these third-order, fourth-order, and fifth-order
roots into the higher order roots according to their anatomi-
cal characteristics from previous study, which reported that
first-order and second-order roots are absorptive roots, and
third-order, fourth-order and fifth-order roots are mainly
transport roots of larch species (Guo et al. 2008c; Gu et al.
2014). Data recorded for each root included the identifica-
tion number, diameter, length, soil depth of birth, date of
birth, date of death, date of disappear, and branch order.
Roots were identified as being born when they first appeared
on the surface of the glass plate. Death was defined as when
roots turned black from brown or white of living roots,
shriveled, and produced no new roots in subsequent view-
ings. In addition, some roots suddenly disappeared rather
than death following slow senescence and were classified
as dead roots.

Data analysis

Root production, mortality and standing crops were calcu-
lated based on the length of all roots and separated by root
branch order, observation date and year. These measure-
ments were expressed as length of roots per surface area of
glass plate (i.e., root length m m2). Annual root production
is the sum of the length of new born roots, living roots elon-
gation, and maturation from lower to higher order at each
observing date of a year. Similarly, annual root mortality is
the sum of the length of dead roots at each observing date
of a year. Annual mean standing crops were averaged of live
roots at each observing date of a year. Root turnover rate of
each year was estimated by annual root length production
dividing annual mean standing crops (Burton et al. 2000;
Strand et al. 2008).

Seasonal patterns of fine root length production and
mortality were determined for each year (exclude 2012 and
2014). For a given observation date, the root length data
were divided by the number of days between the current and
previous observation dates, and then the calendar monthly
data were calculated. Estimates of the calendar monthly
production and mortality were used rather than point meas-
urements from each observation date as the length of time
between observations varied. The calendar monthly data
were normalized by dividing the total annual root produc-
tion and mortality for the year. Thus, the proportion distribu-
tion of root production and mortality allowed us to compare
across years with different absolute values. Root production
was assumed to be zero for the months of winter (November
to April), and overwinter mortality was included into the
early spring dataset. This simplifying assumption was made
as it was not possible to sample image over winter months
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due to soil freezing. For each year, smooth spline curves
were employed to link the adjacent points of monthly root
length production and root length mortality.

Three plots were treated as replication (n=3), and data
of ten rhizotrons in each plot were averaged. To examine
inter-annual effects on annual root length production, annual
mortality, and mean annual standing crops, we used a linear
mixed-effects model with year as a fixed effect and plots as
a random effect. For the seasonal patterns, the differences
in peak time of root length production and mortality among
years were also tested by using a linear mixed-effects model
(year as a fixed effect and plot as a random effect) for each
root order. When appropriate, we compared means between
treatments by post hoc Turkey HSD tests. We also calcu-
lated the coefficients of variation (CV) among years of root
indices for each root order. The CVs were used to evaluate
the extent of the inter-annual variation. The relationships
between climatic factors (temperature and precipitation)
and root indices, and root production versus root mortality
were analyzed using Pearson’s correlation. All the statistical
analyses were considered as significant at the 0.05 level. In
some instances, data were log transformed to normalize the
distribution of residuals. All statistical analyses were per-
formed with JMP (version 8; SAS Institute, Cary, NC, USA).

Results

Annual fine root length production, mortality,
standing crops and turnover rate

The soil total C, total N, and pH (H,O) of the top mineral
layer (0-30 cm) were 2.36 +0.035 g kg™! (mean + standard
error), 0.13+0.004 g kg™!, and 7.1 +0.41, respectively. Dur-
ing the entire study period (2012 —2017), the total number
of roots being observed was 6309, which composed of 5355
first-order roots, 777 s-order roots, 138 third-order roots, 29
fourth-order roots, and 10 fifth-order roots (Table S2). The
mean diameters were 0.41, 0.46, 0.95, 1.37, and 2.57 mm
for the first-order to the fifth-order roots, respectively
(Table S2). As mentioned above (see detail in “Materials
and methods”), these roots were separated into three groups,
first-order, second-order and higher order (>3 order) roots
in the subsequent results. In addition, we totally sampled
34 times during the 6 years study period, but only two times
per year in 2012 and 2014 (Table S1; Fig. S3). Therefore, we
only reported the reliable dataset of the rest 4 years (2013,
2015, 2016, and 2017) in the following results.

Annual root length production and mortality of fine
roots varied significantly among years (Fig. 1, Table 1).
Annual root length production, mortality, and standing
crops varied 3.4, 2.3, and 1.5 folds between the high-
est and lowest years, respectively (Table 2). Root length
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Fig.1 Annual fine root length production (a), mortality (b) and
standing crops (c¢) with branch orders measured in 4 years in a Larix
principis-rupprechtii plantation. Error bars are total standard errors
(n=3). Bar with different letters are significantly different among
the total amount of the years in multiple comparisons by the Tukey’s
honestly significant difference test (¢=0.05)

Table 1 The results of linear mixed-effects model analysis for annual
root length production, mortality and standing crops among 4 years
(2013, 2015, 2016, and 2017)

Fine root index df F P value
Production 8.133 0.008
Mortality 7.338 0.043
Standing crops 0.483 0.704

The values in bold type indicate that it is statistically significant at the
0.05 level

production was highest (22.67 m m~2) in 2013 and lowest
(6.76 m m~2) in 2017 (Fig. 1a). Furthermore, the CVs for
root production among years were 56%, 55%, and 9% for
the first-order, the second-order, and the higher orders (>3
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Table2 The coefficients of variation (CV) and the maximum folds
(Max/Min) of variation for root length production, mortality, turnover
rate among 4 years

Fine root index Root branch order CV% Max/Min
Production First-order 56 35
Second-order 55 34
Higher-order 9 1.2
All order 54 34
Mortality First-order 53 34
Second-order 35 2.1
Higher-order 88 26.7
All order 32 2.3
Standing crops First-order 45 2.8
Second-order 22 1.8
Higher-order 25 1.9
All order 16 1.5
Turnover rate First-order 13 1.3
Second-order 35 1.9
Higher-order 25 1.7
All order 38 23

orders) roots, respectively (Table 2). The value of root
length mortality was the highest (15.35 m m~2) in 2013
and the lowest (6.67 m m~?) in 2015 (Fig. 1b). It is impor-
tant to note that the CV (88%) of higher order roots was
likely overestimated due to the extremely low mortality
(0.005 m m~?) in 2013 (Fig. 1b; Table 2). The long-lived
nature of higher order roots lead to the low mortality in
the first year (2013) after rhizotrons’ installation. The CV
of root length mortality markedly declined from 88 to 47%
when excluding the extreme data of 2013. The mean stand-
ing crops of root length was 21.55 m m~? across years, and
did not differ significantly among years (Fig. 1c, Table 1).

Root order distribution of annual root length produc-
tion, mortality, and standing crops clearly changed with
observation years (Fig. 2). For the annual root produc-
tion across years, the contribution of the first-order, the
second-order and the higher order roots were 75%, 22%,
and 3%, respectively (Fig. 2a). Furthermore, the root order
distribution of root production tended to be quickly sta-
ble since the first year (2013) after the rhizotron installa-
tion. The root order distribution of root length mortality
across years, were on average 60%, 31%, and 9% for the
first-order, the second-order, and the higher order roots,
respectively (Fig. 2b). Furthermore, the higher order roots
accounted for only 0.5% of total root mortality in 2013, but
increased rapidly to 9% in 2015 (Fig. 2b). Compared with
root length production and mortality, the standing crops
had a higher proportion of the higher order roots, which
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Fig.2 Proportional contributions of root branch orders to annual root
length production (a), annual mortality (b) and annual mean stand-
ing crops (c) of fine roots appearing in 4 years. The bar colors are the
same as those shown in Fig. 1

accounted for 33% across years. Specially, the proportion
of the higher order roots monotonically increased from 17
to 45% during the study period (Fig. 2c¢).

The average root turnover rate of fine roots guild (all
orders together) was 0.63 year™! across years, and varied
2.3-folds between the highest and the lowest years (Fig. 3).
Moreover, root turnover rates across years were 1.41, 0.39,
and 0.07 year_1 for the first-order, the second-order, and the
higher order roots, respectively (Fig. 3). The variation of root
turnover rates is much higher among root orders (21.6-folds)
than among years (2.3 folds). Overall, root turnover rates
decreased with observation year increase, and the CVs of
root turnover rates among years were 13%, 35%, and 25% for
the first-order, the second-order, and the higher order roots,
respectively (Fig. 3).
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Fig.3 Turnover rates (T=annual length production/annual mean
standing crops) for first-order roots, second-order roots and higher
order (order > 3) roots during 4 years

Seasonal dynamics of fine root length production
and mortality

Root length production followed concentrated patterns
across root orders and observation years (Fig. 4a, b, c).
For the first-order and the second-order roots, the peak

production typically occurred in June (Fig. 4a, b), whereas
the peak production for the higher order roots occurred in
different month (from May to August) during the 4 years
observation (Fig. 4c). Based on the peak times (month), the
CVs of root production were lower for the first-order (14%)
and the second-order (8%) roots than for the higher order
(20%) roots across years. Root length mortality generally
followed bimodal patterns across root orders and observation
years (Fig. 4d, e, f). The dominant peak typically occurred in
May, and the secondary peak commonly occurred in August
or October (Fig. 4d, e, f). It is noteworthy that the peak
times of the higher order roots mortality among years shifted
wider than that of the first-order and the second-order roots.
Overall, the seasonal patterns of root length production and
mortality appeared to be stable across years (Fig. 4).

There were significantly positive relationships between
monthly mean air temperature and monthly root length
production of the first-order (r=0.586, P <0.01), the sec-
ond-order (r=0.445, P <0.05), and the fine roots guild (all
orders together, r=0.534, P<0.01) during growing sea-
sons (Table 3). However, monthly root length mortality did
not show any correlation with monthly air temperature and
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Table 3 The results of Pearson’s

. . Fine root index Root order n Temperature Precipitation Monthly mortality
correlation analysis between
root length production and r Pvalue r Pvalue r P value
length mortality and climatic
factors Monthly production  First-order 24 0.586 0.004 0.377 0.084 —-0.201 0.927
Second-order 24 0.445  0.029 0.287 0.174 -0.331 0.114
Higher-order 24 0.374 0.072 0.302 0.151 0.064 0.766
All orders 24 0.534 0.007 0.362 0.082 -0.107 0.617
Monthly mortality First-order 24 0.050 0.816 —-0.229 0.283
Second-order 24  0.052  0.808 —-0.230 0.331
Higher-order 24 0.117 0.587 —0.098 0.649
All orders 24 0.050 0.816 —-0.207 0.331

Temperature and precipitation are monthly means during growth season from May to October. n=24

(6 months per year X4 years)

The values in bold type indicate that it is statistically significant at the 0.05 level

precipitation across all root orders (Table 3). Root monthly
length production was not clearly correlated with root length
mortality (Table 3), and both seasonal patterns were in asyn-
chronous times (Fig. 4).

Discussion

Inter-annual fluctuations of fine root production,
mortality and turnover by root branch order

We found that the inter-annual fluctuations of root indices
were greater for the first-order and the second-order roots
than for the higher order roots in larch (Fig. 1, Table 2),
which supported our hypothesis. The manner in which fine
roots of the different branch orders respond to changes in
environmental conditions has received little attention. Previ-
ous studies with minirhizotrons reported that annual fine root
production and mortality could vary 2 to 30-folds among
years in temperate forests (Iversen et al. 2008; Krasowski
et al. 2010; Fukuzawa et al. 2013). However, the previous
studies commonly oversimplified the fine roots as a single
pool, which may mask the direction and magnitude of inter-
annual variation of different branch orders roots. In the cur-
rent study, rhizotrons with large viewing area provide us an
opportunity to classify the fine roots into different root order
pools. Our results suggest that the first-order and the second-
order roots are more sensitive to changes in exogenous and
endogenous factors than the higher order roots. This finding
is similar to the results by Kou et al. (2018) who showed
that N deposition concurrently increased the production and
mortality of the first two orders roots (absorptive roots) but
not the higher order roots (transport roots). Absorptive fine
roots involve primarily in the uptake of soil water and nutri-
ent, whereas transport fine roots serve primarily transport
and structural functions (McCormack et al. 2015a). Given

that the different functions, the mechanisms for regulating
root dynamics of distinct fine root pools may be different.
Several potential factors may contribute to the inter-
annual variations of fine roots across branch orders. First,
environmental factors (e.g., temperature, precipitation, and
soil N) affect the variability of annual root production and
mortality (Finér et al. 2011). Few studies reported that the
responses of the thinner roots (diameter < 1 mm) production
to soil warming (Shi et al. 2017; Jarvi and Burton 2020) and
drying (Rytter 2013) were greater than that of thicker roots
(1-2 mm). In addition, soil N-enriched patches can stimulate
the proliferation of absorptive roots but not transport roots
(Hodge 2006). At present, very few data are available to
distinguish the response of different orders (or functional
types) roots to environmental change. In the current study,
the climate is relatively mild during 6 years study period
(Fig. S1), but annual root length production and mortality
of the first-order roots changed by up to 56% or 3.5-folds
(Table 2). Therefore, the weak year to year fluctuations in
climate potentially lead to strong variations in annual root
production and mortality. Second, tree physiological pro-
cesses may drive the inter-annual variation. The first two
order roots have higher nutrient uptake and metabolic activ-
ity (e.g., respiration) compared with higher order roots (Guo
et al. 2004; Jia et al. 2011). With photosynthate sufficient,
plants favor to produce lower order roots to improve the abil-
ity for acquiring soil resources, whereas C limitation likely
promotes low-order roots mortality to reduce maintaining
respiration cost (Eissenstat and Duncan 1992; Eissenstat and
Yanai 1997; Xia et al. 2010). Here, we speculate that lower
order roots are more closely related to tree physiological pro-
cesses than higher order roots resulting in larger inter-annual
fluctuations. Third, root herbivores prefer the first-order and
the second-order roots to the higher order roots (Sun et al.
2011), which may intensify the inter-annual variations in
fine roots. Moreover, the materials of root windows affected
fine root growth and behavior (Withington et al. 2003), this
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effect on young first-order and second-order roots may be
greater than that on old higher order roots. Collectively,
given that the multiple impacts of environment changes,
tree physiology, root herbivores, and other factors, the larger
inter-annual variation could exhibit on lower order roots than
on higher order roots.

Moreover, our results showed that the turnover rate decreased
with the increase of observation years, and the highest variation
was 2.3-folds among years (Fig. 3; Table 2). This finding was
partly consistent with that reported in Krasowski et al. (2018),
the turnover rates varied more than 3 times during multi-years
observation in two balsam fir stands. Another previous study
also reported that root turnover rates decreased with years since
initiation of minirhizotron study (Strand et al. 2008), which was
in line with our results. The estimates of fine root turnover rate
remain highly variability among different methods (Hendricks
et al. 2006; Strand et al. 2008) and different pools of roots being
observed or measured (Guo et al. 2008a; Gaudinski et al. 2010).
Our results showed that root turnover rates markedly decreased
with the increase of root order, and the highest variation was up
to 21.6-folds between the higher order and the first-order roots
across years (Fig. 3; Table 2). At present, little is known about
the turnover rates (or lifespan) of higher order roots due to meth-
odological limitation (Huo and Cheng 2019). Using C isotope
approach, the turnover rates were up to ten times slower for the
higher order roots (thicker roots with diameter 0.5-2.0 mm) than
for the lower order roots (thinner roots with diameter < 0.5 mm)
in temperate forests (Matamala et al. 2003; Riley et al. 2009).
Overall, our findings highlighted the need to estimate root turno-
ver rate not only by separating different root branch orders but
also by multiple years of measurement.

To the best of our knowledge, few studies with rhizotron
or minirhizotron have lasted over 5 years, thus our results pro-
vided a rare opportunity to evaluate the equilibrium time of soil
disturbance after the rhizotron installation (Strand et al. 2008;
Nakahata and Osawa 2017). We found that the equilibrium time
based on the distribution of root branch orders was longer than
that based on total fine roots as a single pool (Figs. 1, 2). Specifi-
cally, the root length density recovered rapidly after a growing
season in the year of installation (Fig. S3). Extensive studies
using minirhizotrons reported that root proliferation phenom-
ena resulted from root pruning and soil nutrient increasing near
the tube surface (Joslin and Wolfe 1999; Johnson et al. 2001;
Krasowski et al. 2010). However, the distribution of root branch
orders of standing crops may not represent those in bulk soil
in the first year of installation. Because the newly born roots
are young, it takes time to grow into higher order (old) roots,
so the equilibrium of root population needs longer time (Kra-
sowski et al. 2018). The root population data of soil block (or
soil core) is an important reference for evaluating the artificial
effects of rhizotron (tube) installation. The higher order roots
accounted for one-third of the total fine root length standing
crops in bulk soil according to a previous study (Wang et al.
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2006), which measured standing crops using soil monolith in a
larch plantation. Our results suggested that the proportion of the
higher order roots did not reach the above value (approximate
33%) until the third year (2015) after the rhizotron installation
(Fig. 2). Moreover, this equilibrium time was partly supported
by the minirhizotron study of Strand et al. (2008) that observed
root mean lifespan return to equilibrium by third year in a total
8 years observation. Therefore, we recommend the optimal equi-
librium time after the rhizotrons’ installation was at least 3 years
for examining different root orders especially higher order roots
dynamics in temperate forests.

Seasonal patterns of fine root production
and mortality

Our results revealed that root length production followed
a general concentrated seasonal pattern with the peak pro-
duction typically occurring between late spring and early
summer for all root branch orders (Fig. 4a, b, ¢). The con-
centrated pattern of root length production is in line with
those of other deciduous species in the temperate forests
(McCormack et al. 2014, 2015b; Withington et al. 2021).
The seasonal patterns of fine root production possibly were
regulated by tree species strategies and regional climate
(McCormack et al. 2014). The larch is an early leaf expan-
sion and fast stems growth strategies species (Wang et al.
2006), which may lead to fine roots flush in the early days of
the growing season. The region of the current study belongs
to a typical continental monsoon climate with rain and heat
corresponding period (Sun et al. 2015). Fine roots, as soil
resource acquisition organs, the timing of root production
was likely linked to favorable environmental (e.g., tempera-
ture, soil moisture, and nutrient) conditions (McCormack
et al. 2015b; Iversen et al. 2018). This is supported by the
positive relationships between monthly root length produc-
tion and monthly mean air temperature for absorptive roots
(the first-order and the second-order roots) (Table 3). There
was also noticeable inter-annual variation of peak times
among different root orders (Fig. 4a, b, c). For the first-order
and the second-order roots, their production could use the
nonstructural carbohydrate stored in trees (Luo 2003). This
could buffer the impact of climatic fluctuation on their pro-
duction thereby resulting in the relatively stable peak times
across years. In contrast, the peak times of the higher order
roots were varied greatly in different years (Fig. 4c, Table 4).
One possible cause is that the C required for the higher order
roots growth mainly comes from photosynthate of the cur-
rent year. Another possible cause is that the relatively small
sample size of the higher order roots might result in the
higher uncertainty to estimate peak times (Table S2). Over-
all, the concentrated seasonal patterns of fine root length
production were consistent across years and orders.
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Table4 The results of linear mixed-effects model analysis for the
peak times of root length production and root mortality among
4 years

Fine root index Rootorder df F P value
Peak time of production Order 1 3 2.286 0.156
Order 2 3 1.844 0.217
Order>3 3 14.533 0.001
First peak time of mortality Order 1 3 1.500 0.287
Order 2 3 2.133 0.174
Order>3 3 2.667 0.119
Second peak time of mortality Order 1 3 2.148 0.172
Order 2 3 3.529 0.068
Order>3 3 0.515 0.683

The values in bold type indicate that it is statistically significant at the
0.05 level

Fine root length mortality followed a general bimodal
pattern with primary pulse in early spring and secondary
pulse in fall for all root branch orders (Fig. 4d, e, f). For the
primary pulse, it may be due to the including of overwinter
mortality in the current study (see detail in “Materials and
methods”). Tierney et al. (2001) reported considerable over-
winter mortality in a northern hardwood forest. Soil freez-
ing may cause non-woody fine roots either directly cellular
injury or indirectly physical damage (Cleavitt et al. 2008).
For the secondary pulse, previous studies also reported that
high fine root mortality occurred in the late growing season
in temperate forests (Ruess et al. 2003; Wang et al. 2020).
Though the factors controlling latter root mortality are
unclear, it is possible that trees could actively regulate root
mortality for reducing the cost of maintains respiration dur-
ing non-growing season. In addition, our results also showed
that the mortality seasonal patterns (the peak time) of the
first-order roots were always synchronous with that of the
second-order roots in each year (Fig. 4d, e), indicating that
the first-order and second-order roots of larch form a “root
module” as found in other tree species (e.g., Xia et al. 2010).
However, the mortality seasonal patterns between the first-
order roots and the higher order roots exhibited asynchro-
nously in two (2013 and 2016) out of four observation years
(Fig. 4d, f). It is currently unclear what factors regulate root
mortality especially for higher order roots, which is worth
investigating in future studies.

Conclusions

Our results based on a 6 years rhizotron observation demon-
strated that annual fine root length production, mortality, and
turnover rate were greatly fluctuated among years. The data
of single year or even short-term observations may lead to

biased estimates of fine root dynamics compared with mul-
tiyear or long-term observation. Importantly, we found that
the inter-annual fluctuations were greater for the first-order
and the second-order roots than for the higher order roots.
The first two order roots, as absorptive fine roots, sensitively
suffer more from climatic fluctuation and tree physiological
status. Across years and root branch orders, fine root length
production and mortality generally followed concentrated
seasonal pattern and bimodal seasonal pattern, respectively.
Furthermore, the seasonal patterns of the first-order roots
were commonly synchronous with that of the second-order
roots but not the higher order roots, supporting the previous
“root module” hypothesis. In addition, our results showed
turnover rates could differ more than 20 times between the
first-order and the higher order roots, thus it is very impor-
tant to distinguish root branch orders for obtaining robust
estimates of root dynamics. Our findings emphasize that
long-term study in fine root dynamics particularly includ-
ing higher order roots would deepen our mechanistic under-
standing of inter-annual and intra-annual variations of fine
root demography and belowground carbon cycle.
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