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Abstract Quantifying fine root (<2.0 mm in diameter)
distribution and turnover is essential for accurately estimat-
ing forest carbon budgets. However, fine root dynamics are
poorly understood, possibly because of their inaccessibil-
ity. This study quantifies fine root distribution and turnover
rates for five representative Chinese temperate forests types.
Fine root number, diameter, biomass, necromass, produc-
tion, mortality, and turnover rates were measured using a
minirhizotron over a 12-month period. More than 90% of the
fine roots were < 0.5 mm in diameter, with thin fine roots at
shallow layers, and thicker ones in deeper soil layers. The
fine root dynamics were significantly different among the
forest types. Coniferous plantations had fewer fine roots,
less biomass, necromass, production and mortality but
greater average diameters than fine roots of broadleaved
forests. All traits, except for diameter, decreased along the
soil profile. Fine root numbers and production exhibited a
unimodal seasonal pattern with peaks occurring in summer,
whereas biomass, necromass and mortality progressively
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increased over the growing season. The turnover rates of
roots < 0.5 mm varied from 0.4 to 1.0 a! for the five forest
types, 0.5-1.0 a~! for the soil layers and 0.2—1.1 a~! for the
seasons, with the largest turnover rate at the 0—10 cm depth
in summer. The patterns of fine root numbers, biomass,
necromass, production, mortality, and turnover rates varied
with forest types, soil depths, growing season and diameter
classes. This study highlights the importance of forest types
and diameters in quantifying fine root turnover rates.

Keywords Biomass - Necromass - Mortality -
Production - Root diameter - Root number

Introduction

Fine roots (<2 mm in diameter), functioning for water
absorption and nutrient capture, make up one-third of the
global net primary production (Jackson et al. 1997; Du and
Wei 2018), and are sensitive to environmental changes (Gill
and Jackson 2000). Quantifying fine root characteristics
and rates of turnover is essential for accurately estimating
forest carbon budgets and improving our understanding of
belowground processes and their adaption to environmen-
tal changes (Eissenstat and Yanai 1997; Clemmensen et al.
2013; Wang et al. 2017). However, fine root dynamics are a
least understood aspect of forest ecology, possibly because
of their relative inaccessibility. The temperate forests in
northeastern China account for one-third of the forest area
and standing stock in the country and play a crucial role
in national carbon budgets (Wang 2006). The belowground
carbon pool and fluxes in these forests, however, have not
been quantified (Wang et al. 2006a; Zhang and Wang 2010).

The first objective of this study was to compare fine
root characteristics among five forest types, soil depths and
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seasons. It has been reported that root characteristics vary
with tree species (Kong et al. 2014; McCormack et al. 2015).
For example, the fine roots of coniferous species tend to
have greater diameters than those of broadleaved species,
and those penetrating deeper soil layers are likely to be
thicker (Lopez et al. 2001; Pregitzer et al. 2002; Wang et al.
2006b; Kong et al. 2014). Fine root features in the forest
levels, however, may differ for each species because plants in
natural ecosystems have evolved morphological and physi-
ological attributes in response to resource competition from
other plants (Brassard et al. 2009). To maximize exploitation
of belowground resources, coexisting species often develop
compensating functional traits to partially or completely seg-
regate their niches (Man and Lieffers 1999; Bennett et al.
2002). Brassard et al. (2009) hypothesized that mixed spe-
cies stands with different functional root traits may attain
greater root biomass and production through more efficient
and complete usage of soil resources than a monoculture
or species mixture with roots with similar functional traits.
However, this hypothesis requires testing. Additionally, fine
roots demonstrate plasticity with changes to the environment
(Eissenstat and Yanai 1997; Eissenstat et al. 2000; Gill and
Jackson 2000), which further complicates our understand-
ing of fine root characteristics. Fine root development is
influenced by growing season and soil depth (Hendrick and
Pregitzer 1992; Satomura et al. 2006; Espeleta et al. 2009;
Kou et al. 2015), however, growth and influencing factors
remain unclear. McCormack et al. (2015) noted that the tra-
ditional fine-root pool (<2 mm in diameter), is a heterogene-
ous group of roots which had obvious functional divergence
between root diameter classes. In this study, the dynamics
and production between root diameter classes are examined.
It is hypothesized that the two coniferous plantations will
have greater fine root diameters but less biomass, necromass
(dead organic material), production, and mortality than the
three natural broadleaved stands, and that roots (<0.5 mm)
in the surface soil layers will be more numerous in the sum-
mer and have greater biomass, necromass, production and
mortality than fine roots in deeper soil layers, in other sea-
sons but have larger diameters (0.5-2 mm).

The second objective was to quantify fine root turnover
rate (TR) and its spatiotemporal pattern for the five forest
types. Fine root turnover is a major pathway for carbon and
nutrient cycling in forest ecosystems. It varies with tree spe-
cies (Steele et al. 1997), growing season (Pregitzer et al.
1993), temperature (Pregitzer et al. 2000), soil depth (Fahey
and Hughes 1994; Wang et al. 2017), and fine root diameter
(Wells and Eissenstat 2001). Fine root turnover or longevity
is commonly estimated with a minirhizotron imaging system
in which the TR is calculated from the fine root length by
assuming that all fine roots have a uniform diameter or den-
sity. However, fine root diameters and densities change with
species (Pregitzer et al. 2002; Wang et al. 2006b), seasons
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and soil depths (Eissenstat and Yanai 1997; Zhang et al.
2009) and function (McCormack et al. 2015). These factors
may introduce bias in estimating fine root turnover rates in
the minirhizotron approach. For example, when separating
fine roots (<2 mm) into absorptive fine roots (<0.5 mm) and
transport fine roots (0.5-2 mm), McCormack et al. (2015)
estimated that fine-root production and turnover accounted
for approximately 22% of the global terrestrial net primary
production—an approximate 30% reduction from previ-
ous estimates, assuming all roots <2 mm in diameter had
the same turnover rate (1.0 a~!). It was hypothesized that
turnover rates will differ with forest type, at different soil
depths and in different seasons because fine root diameters
and densities change.

Materials and methods

This study was conducted at the Maoershan Forest Eco-
system Research Station, northeastern China (45° 24’ N,
127° 40" E). Average altitude is 400 m a.s.l. average slope
is 10°-15°. The parent soil material is granite bedrock and
the soil is a dark brown medium loam. The climate is con-
tinental monsoon and based on meteorological data from
1989 to 2009, the mean annual precipitation is 629 mm and
the average annual evaporation is 864 mm. Average annual,
January, and July temperatures are 3.1 °C, — 18.5 °C, and
22.0 °C, respectively. The frost-free period is between 120
and 140 days with early frosts in September and late frosts
in May. The stands are naturally regenerated or have been
planted following large-scale industrial logging of an origi-
nal primary temperate mixed forest.

The experimental design included five forest types with
three random replicated 20 m X 30 m plots in each type. The
forest types, which are representative of this region, are: a
Korean pine (Pinus koraiensis Sieb. et Zucc.) plantation, a
Dahurian larch (Larix gmelinii Rupr.) plantation, a Mongo-
lian oak (Quercus mongolica Fisch.) forest, an aspen-birch
(Populous davidiana Dode and Betula platyphylla Suk.)
forest, and a hardwood forest dominated by Fraxinus man-
dshurica Rupr., Juglans mandshurica Maxim., and Phel-
lodendron amurense Rupr. (Table 1).

Minirhizotron measurements of fine root demography

Dynamics of fine roots were monitored with the minirhi-
zotron research (MR) method (Johnson et al. 2001). Five
acrylic MR tubes (90 cm X 5.1 cm inner diameter) were
installed randomly in each plot in the autumn of 2006.
They were partly inserted at a 45° angle off, reaching a
45-cm depth. Each tube had 45 (1.8 cm X 1.4 cm) rectan-
gular frames sequentially numbered along its length from
the bottom to the top. One year after the MR tubes were
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Table 1 Site conditions and overstory characteristics for the five forest types

Forest types Slope position Slope (°) Age (years) Density BA (m*ha=%) Mean DBH Mean tree Origin
(trees ha™?) (cm) height (m)

Aspen-birch Mid-slope 16 58 2050 (44) 29.8 (6.3) 11.17 (0.91) 10.42 (0.56) Naturally
forest regenerated

Hardwood Toe-slope 7 53 1889 (910) 31.1(6.2) 14.40 (4.53) 11.27 (2.43) Naturally
forest regenerated

Korean pine Mid-slope 12 42 2528 (215) 38.3 (0.8) 12.91 (0.51) 12.05 (0.35) Plantation
forest

Dahurian larch ~ Toe-slope 3 50 1417 (741) 32.8 (2.0) 14.25 (1.9) 12.27 (0.36) Plantation
forest

Mongolian oak  Upper-slope 23 59 2111 (48) 37.8 (1.1) 12.17 (0.07) 11.00 (0.26) Naturally
forest regenerated

The numbers in parentheses are standard deviations (n=3)
BA basal area, DBH diameter at breast height

installed, as recommended by Johnson et al. (2001), fine
root images were collected from each tube. In this study,
the images for analysis were taken with a micro-video cam-
era (Bartz Technology, Santa Barbara, CA, USA) every two
weeks from October 15th 2008 to October 15th 2009, a
total of 14 sampling times. Images were not taken in winter
months (November 16th 2008 to March 14th 2009) because
of a thick snowpack (~40 cm) and frozen soils. During each
sampling time, 45 MR images were taken from the top to
the bottom of each tube.

The images were digitized using the Rootracker software
(version 2.0, Duke University Phytotron, Durham, NC,
USA). Morphology (length, diameter, volume) and category
(living: brown and elastic; dead: black and inelastic; lost:
dead or eaten by insects) were recorded. The soil profile
was divided into four layers: 0—10 cm, 10-20 cm, 20-30 cm,
and 30—45 cm. For each MR tube, the length and volume of
fine roots for each root class and soil layer were averaged.
Production and mortality between the sampling times were
calculated by summing up all new root lengths per volume
and dead root lengths per volume for each MR tube at the
end of the period. Lost roots which had been present in the
previous measurement were included as a part of mortality.

Measurements of specific root length

Eight soil core samples (10-cm inner diameter) were ran-
domly taken in each plot in June, August, and September
of 2009, corresponding approximately to leaf emergence,
maximum leaf area, and leaf senescence, respectively. The
soil cores were removed at 0—10 cm, 1020 cm, 20-30 cm,
and 30-45 cm, placed in a cooler (~4 °C), transported to
the laboratory and kept frozen before they were analyzed.
Fine roots were removed manually from the soil cores
according to depth and washed and sorted into living or dead
roots into < 0.5 mm, 0.5-1.0 mm, and 1.0-2.0 mm diameter

class. For each class, the roots length were measured with
a digital vernier caliper, placed in labeled envelopes, oven-
dried to a constant mass at 65 °C, and weighed to the near-
est 0.0001 g. For each diameter class by soil depth for each
forest type, the specific root length (SRL) was calculated as
root length divided by root dry mass (m/g).

Measurements of soil properties

Continuous soil temperature (Ts) and water content (W) at
the 5-cm depths in the oak,hardwood, and pine forests were
measured with a CR23X datalogger (Campbell Scientific
Ltd., Logan, UT, USA) attached to thermocouples and water
content reflectometers (CS616-L, Campbell Scientific). The
data were recorded at 15 min intervals. T5 and W5 in the
larch and aspen-birch forests were derived from the con-
tinuous measurements following the protocol of Wang et al.
(2006a).

To determine soil chemical properties, five soil cores in
each plot were randomly sampled every month from May to
November 2009, and the cores were divided into four depths,
0-10 cm, 10-20 cm, 20-30 cm, and 30-45 cm. For each
depth, total nitrogen (N), phosphorus (P) and potassium (K)
were measured only in August; ammonium (NH4+), nitrate
(NO3), available phosphorus (P,) and available potassium
(K,) were measured monthly from May to November. The
soil samples were thoroughly mixed, sieved (<2 mm) and
the subsample extracted with 2 M KCI for determining
initial NH,* and NO;~ concentrations. After homogeni-
zation of the air-dried samples in a ball mill, total N was
determined by the Kjeldhal method using a Kjeltec 8400
analyzer (Foss Tecator AB, Hoganéds Sweden); total P was
determined by the sodium hydroxide-molybdenum stibium
anti-color method; total K was determined by the sodium
hydroxide-flame photometry method. Available K levels
were determined using ammonium acetate-flame photometry
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and available P concentration by the acid melt-molybdenum
stibium anti-color method.

Data analysis

Based on vegetation phenology, the growing season was
divided into three periods: spring (March—May) when the
leaves were out, summer (June to early August), and autumn
(mid-August to October) when the leaves commenced fall-
ing. The experimental unit was the plot, and the means and
standard errors of fine root traits were calculated by averag-
ing plot-level measurements. Fine root turnover rate (TR
a~!) was calculated as:

TR = (P +M)/(2 x B), (1)

where P, M, and B are fine root production (g a‘l), mortality
(g a~!), and mean annual standing biomass (g), respectively.
Biomass-based production and mortality were calculated as
root length divided by specific root length (SRL).

The analysis of variance with the least significant differ-
ence (LSD) test was applied to determine significant differ-
ences in fine root diameter, number, biomass, necromass,
production, mortality, specific root length (SRL), and turno-
ver rates (TR) among forest types, soil depths, and seasons.
A correlation analysis was applied to test the relationships
between fine root traits and soil properties. All data analyses
used the SPSS version 13.0 (SPSS Institute, Chicago, IL,
USA).

Results
Specific root length (SRL)

SRL was significantly different (P <0.05) among the five
forest types for all three diameter classes (Tables 2, 3). The
SRL ranking varied with the classes; for the < 0.5 mm class,
mean SRL varied from 22.5 m g~! for the larch forest to

Table 3 Specific root length (SRL) of fine root by forest types, soil
depth and season

Category SRL(m g™")

<0.5 mm 0.5-1.0 mm 1.0-2.0 mm
Forest type
Korean pine forest 40.49 (0.71)*  31.35(3.56)* 1.74 (0.35)°
Dahurian larch forest  22.50 (0.42)°  18.43 (1.62)> 3.50 (0.33)™
Mongolian oak forest 29.91 (3.66)* 14.49 (1.12)°  3.06 (0.27)®
Aspen-birch forest 30.28 (3.65)°  16.85 (1.49)° 3.96 (0.25)
Hardwood forest 4036 (1.24)"  28.95 (6.91)™ 2.47 (0.61)*
Soil depth (cm)
0-10 34.76 (2.40)*  25.26 (2.52)* 2.67 (0.42)°
10-20 35.61 (2.97)* 19.42 (2.94)° 2.75(0.38)°
20-30 30.78 (2.67)™ 20.88 (2.74)*® 3.23 (0.52)®
30-45 26.61 (2.95)° 17.54 (2.27)° 3.55 (0.43)*
Month
June 52.84 (7.62)* 25.64 (3.77)* 3.01 (0.30)*
August 27.86 (3.61)°  8.51(1.53)° 1.77 (0.13)°
September 31.79 3.53)°  12.39 (1.62)° 2.84 (1.21)*

Values are means with standard errors in parentheses. Superscript a,
b, c denote significant differences in SRL among forest types, soil
depths and months by diameter classes based on LSD tests at a=0.05
level (n=3 for the forest type category, and n=>5 for the soil depth
and months categories)

40.5 m g~! for the pine forest; for the 0.5-1.0 mm class,
the average SRL ranged from 14.5 m g~! for the oak forest
to 31.3 m g~! for the pine forest. The average specific root
length for the 1.0-2.0 cm class ranged from 1.7 m g~! for the
pine forest and 4.0 m g~ for the aspen-birch forest.

SRL for the < 0.5 mm class was significantly lower in
the 30—45 cm depth than for other depths, varying from
26.6 to 35.6 m g~! (Table 3). There were significant dif-
ferences in the SRL for the other two diameter classes
among soil depths (Tables 2, 3). The average SRL var-
ied from 17.5-25.2 m g~! and 2.7-3.5 m g~! for the
0.5-1.0 mm and 1.0-2.0 mm classes, respectively. Spe-
cific root lengths were significantly different among the

varance orspecieroot ength M7 e SRL(m ™)

(SRL) of different diameter <0.5 mm 0.5-1.0 mm 1.0-2.0 mm

classes

F P F P F P

Forest type 14.0 <0.01 19.3 <0.01 12.5 <0.01
Soil depth 2.71 <0.05 6.92 <0.01 5.48 <0.01
Month 69.1 <0.01 18.8 <0.01 126 <0.01
Forest type X soil depth 1.99 <0.05 1.75 <0.05 2.16 <0.05
Forest type X month 3.74 <0.01 2.40 <0.05 0.54 0.82
Soil depth x month 1.01 0.42 0.71 0.64 0.38 0.89
Forest type X soil depth X month 1.10 0.37 0.88 0.55 0.27 0.99

F F-ratio, P P value
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seasons for all three diameter classes (Tables 2, 3). Fine
roots developed in August and September had lower
lengths than those in June. The mean SRL varied from
27.9-52.8 m g7, 8.5-25.6 m g~ ! and 1.8-3.0 m g~! for
the < 0.5 mm, 0.5-1.0 mm and 1.0-2.0 mm classes, respec-
tively (Table 3).

Fine root diameter and number

Fine root diameter showed a highly right-skewed distribution
for all forests, soil depths, and seasons (Fig. 1). More than
90% of the diameters were < 0.5 mm, and 98% < 1 mm. How-
ever, the peak frequency of the distribution and the diam-
eter were substantially different among the stands (Fig. 1A),
whereas they were more uniform with soil depth and seasons
(Fig. 1B, C). Peak frequencies of root diameter and distri-
bution in the oak and aspen-birch forests were greater than
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in the pine and larch forests, whereas peak diameters of the
former were less than in the pine and larch forests (Fig. 1A).
In spite of a consistent right-skewed diameter distribution

Fig. 2 Mean values of fine root
biomass, necromass, produc-
tion, mortality, number, and
diameter among the forest types
(A), soil depths (B), growing
season periods (C) and diameter
classes (D). The letters “a—d”
denote, based on LSD tests at
a=0.05 level, significant dif-
ference groups of means among
the forest types (n=15), soil
depths (n=20), seasons (n=15)
and diameter classes (n=15).
Error bars are standard devia-
tion errors
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(Fig. 2). The average fine root diameters for pine, larch, oak,
aspen-birch and hardwood forests were 0.3, 0.3, 0.2, 0.2, and
0.3 mm, respectively. Conifers had thicker fine roots than
broadleaved species (Fig. 2A). Fine root diameter signifi-
cantly increased with soil depth (Fig. 2B), which the val-
ues varied from 0.2 to 0.3 mm. Although the means of fine
root diameters did not differ significantly over the growing
season, they decreased from the previous growing season
(0.2-03, Fig. 20).

The number of fine roots was significantly different
among forest types, at different soil depths, and in different
seasons (Fig. 2). The means varied from 8 +2 cm™2 a~! for
the oak forest to 30+5 cm™ a~! for the aspen-birch forest
(Fig. 2A). The numbers decreased from 13+3 cm™ a~! in
the 0—10 cm depth to 4+2 cm=2 a~! in the 30—45 cm depth
(Fig. 2B). The average number of fine roots produced in
the spring, summer and autumn were 3, 11, and 4 cm2a”,
respectively (Fig. 2C). The means in the < 0.5 mm,

0.5-1.0 mm and 1.0-2.0 mm diameter classes were 15.9,
0.6, and 0.1 cm™2 a™!, respectively (Fig. 2D).

The number of fine roots showed dissimilar distribution
patterns along the soil profile (Fig. 3A), decreasing as soil
depth increased for the pine, oak, and hardwood forests.
However, the numbers were in a sine-curve vertical pat-
tern for the aspen-birch forest, while it was generally even-
distributed for the larch forest across soil depths (Fig. 3A).
Peaks appeared at 0—10 cm and 20-30 cm for the aspen-
birch forest, and 1020 cm for the larch forest. The aver-
age frequencies of fine roots were 41.0%, 27.7%, 19.4% and
11.9% in the 0—10 cm, 10-20 cm, 20-30 cm, and 30-45 cm
depth, respectively.

Fine root numbers had similar distribution patterns
throughout the growing season, with a maximum in the sum-
mer (Fig. 3B). The average frequencies of fine roots were
17.3%, 65.9%, 16.8% in the spring, summer, and autumn,
respectively. There were similar distribution patterns in the
three diameter classes, with maximum in the < 0.5 mm class

Fig. 3 Frequency of fine root ——e——  Pine forest
numbers (A—C), biomass 100 ———— - Orreennee Larch forest
(D-F), necromass (G-I), 30 _(A) ———v—— Oak forest (B) N ©)
production (J-L), and mortality —h— Aspen-birch forest N
(M-O) in the five forest types 0 — —= —  Hardwood forest // N i
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and diameter classes + g -
4
L 1 1 1 L
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|- L A’ |-
;\? L Necromass (H) L (I)
=]
g L -
Sy
2 = L
43
L X)L (L)
N 1 1 1 r
i Mortality (IN) (0)
1 N 1 1 1 L
Q N Q 5
N \Q‘q’ fLQ”B '*36)‘ '(9% ‘é‘é \0@&
< & W
Soil depth (cm) Season Diameter classes (mm)

@ Springer



878

N. Wang et al.

(Fig. 3C). The average frequencies of fine roots were 93.6%,
5.0%, 1.4% in the <0.5 mm, 0.5-1.0 mm, and 1.0-2.0 mm
diameter classes, respectively.

Fine root biomass and necromass

The relative distribution of fine root biomass along the soil
profile varied with forest type, while necromass decreased
with increasing soil depth except for the larch plantation
(Fig. 3D, G). Both frequencies of biomass and necromass
for the larch forest were relatively low in the upper 10 cm,
peaked in the 10-20 cm depth, and declined afterwards.
The frequencies of biomass for oak and hardwood forests
decreased with increasing soil depth while for the pine and
aspen-birch forests, they were relatively high at the soil
surface, decreased at the 10-20 cm depth, peaked at the
20-30 cm depth, and then declined. Over the different soil
depths, biomass frequency varied from 4.6 to 44.4%, while
that of necromass ranged from 7.6 to 48.6%.

Both frequencies of biomass and necromass increased
over the growing season for all forests (Fig. 3E, H). The
frequency of fine root biomass varied from 23.0 to 46.0%,
while necromass ranged from 27.2 to 43.8%.

The frequencies of biomass for all forests peaked in
the < 0.5 mm diameter class, and were relatively low in
the 0.5—-1 mm class, but necromass frequencies decreased
with increasing diameter for all forests (Fig. 3F, I). Bio-
mass frequencies varied from 59.0-84.2%, 6.2-10.4%, and
6.5-31.9% for the <0.5 mm, 0.5-1 mm, and 1.0-2.0 mm
diameter classes, respectively, while necromass ranged from
74.7-82.7%, 71.0-5.5%, and 5.5-9.5%, respectively.

There were significant differences in biomass and nec-
romass amounts among forest types, soil depths, diameter
classes, and growing season (P < 0.05) except for necromass
amounts over the growing season (P> 0.05, Fig. 2). Biomass
amounts were 40.5, 46.0,41.6, 52.1, and 65.9 g m~2 for the
pine, larch, oak, aspen-birch, and hardwood forests, respec-
tively, while the corresponding necromass amounts were
10.0,5.2,9.7, 7.6, and 6.6 g m~2 (Fig. 2A); biomass/nec-
romass ratios were 4.0, 8.8, 4.3, 6.9, and 10.0, respectively.
Average biomass and necromass amounts decreased with
increasing soil depth and over the growing season, vary-
ing from 6.0-16.6 g m~2 and from 0.79-3.4 g m~2 over the
soil profile, respectively. They ranged from 40.5-61.5 g m™>
and 7.0-9.2 g m~2 over the growing season, respectively
(Fig. 2B, C). The average biomass was 33.7, 4.2 and
11.3 g m™? for the <0.5 mm, 0.5-1 mm and 1.0-2.0 mm
diameter classes, respectively, while the average necromass
amounts were 6.2, 1.0 and 0.6 g m~2, respectively (Fig. 2D).
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Fine root production and mortality

The relative distribution patterns of fine root production
and mortality along the soil profile were similar to those
of the corresponding amounts of biomass and necromass,
respectively (c.f., Fig. 3D, G, J, M). The vertical patterns of
production frequency varied substantially with forest type,
varying from 3.8 to 57.5%. However, the frequency of mor-
tality decreased with increasing soil depth, varying from
1.3 to 71.6%. Unlike biomass and necromass amounts, the
frequencies of production and mortality over the growing
season were different in terms of both pattern and divergence
among the forest types (c.f., Fig. 3E, H, K, N). Production of
fine roots peaked in summer for all forests (66.3% average),
whereas mortality maximized in autumn (mean of 48.4%).
Both frequencies of production and mortality among the five
forest types were highest in the < 0.5 mm class, ranging from
49.9 to 98.5% for production and 55.5-95.7% for mortality
(Fig. 3L, O).

Production and mortality of fine roots were signifi-
cantly different among forest types, soil depths, diam-
eter classes and seasons (P <0.05). Production was 26.7,
28.1,22.1,57.4, and 57.7 g m~2 a~! for the pine, larch,
oak, aspen-birch, and hardwood forests, respectively,
while the corresponding fine root mortality was 7.7, 13.6,
13.4, 16.7, and 33.3 g m~2 a~! (Fig. 2A). The conifer-
ous forests had less fine root production and mortality
(27.4 gm~2a~! and 10.6 g m™? a~!) than the broadleaved
forests (45.7 gm~2a~!and 21.1 g m~2 a~!). Mean produc-
tion and mortality decreased with soil depth, varying from
147t04.0 gm > a ! and from 7.6 to 1.3 gm~2 a™!, respec-
tively. Overall, fine root production peaked in summer, with
a maximum of 24.4 g m2a!; mortality, however, increased
from 2.3 g m~2 a! in the spring to 8.4 g m~2 a~! in autumn
(Fig. 2B, C). The mean production was 28.7, 2.1, and
7.6¢ m~2a~! for the <0.5 mm, 0.5-1 mm and 1.0-2.0 mm
diameter classes, respectively, while average mortality was
12.8, 0.8 and 3.3 g m~2, respectively.

Fine root turnover

Fine root turnover (TR) were significantly different among
the five forest types, soil layers and seasons for all three
diameter classes (P <0.05). TR for the pine, larch, oak,
aspen-birch, and hardwood forests in the < 0.5 mm class
were 0.39 a!,0.83 a7!,0.50 a™!, 0.97 a!, and 0.75 a™!,
respectively, while for the 0.5-1.0 class they ranged from
0.21a"! for the oak forest to 0.49a~! for the hardwood for-
est, and for the 1-2 mm class, from 0.07 a~! for the oak for-
est to 0.26a~"! for hardwood forest (Fig. 4). Turnover rates
in the 0—10 cm depth were 1.0 a™', 0.79 a~! and 0.49 a™!
for the < 0.5 mm diameter class, 0.5-1.0 mm class and
1.0-2.0 mm class, respectively, and approximately 75.4%,
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the mean of other seasons. The average turnover rates of
forest types, soil depths and seasons in the < 0.5 mm diam-
eter class was 0.69 a~!, 0.68 a~! and 0.65 a™!, respectively,
approximately 109.1%, 172% and 92.6% greater than in the
corresponding 0.5-2.0 mm class.

Fine root traits related to soil properties

Fine root diameter was negatively correlated with most of
the soil property variables but the correlation was insignifi-
cant. For the < 0.5 mm diameter class, fine root numbers,
biomass, necromass, production, and mortality were all
positively correlated with Ts (soil temperature), W (soil
water), K, (available potassium), P (phosphorous), and N
(nitrogen), with correlation coefficients varying from 0.38
to 0.93 (Table 4). For the 0.5-2.0 mm diameter class, only
T significantly influenced the fine root number, biomass,
mortality and production; while the fine root number was
also influenced by W5, N, P and P,. Necromass levels were
not significantly correlated with all the variables (Table 4).

Discussion
Fine root dynamics and turnover rates by diameters

Fine root diameter is an important morphological index
reflecting tree characteristics for resource acquisition (Eis-
senstat and Yanai 2002). Our data show that more than 90%
of the fine roots throughout the soil profiles in the five for-
est types and over the growing season were < (0.5 mm in
diameter (Fig. 1). This is in agreement with previous studies
(Hendrick and Pregitzer 1992; Wells and Eissenstat 2001;
McCormack et al. 2015). In addition, the high frequency of
this diameter class accounted for more of the biomass, nec-
romass, production and mortality than the low frequency of
the 0.5-2.0 mm class. More frequent < 0.5 mm fine roots are
better correlated with soil properties than the 0.5-2.0 mm
diameter roots (Table 4). These results suggest that it would
be inaccurate to treat all roots <2.0 mm as a functionally
homogenous group, and also support the argument that
the conventional category of fine roots (i.e., <2 mm diam-
eter) can be divided into morphological and physiological
subgroups for various tree species (Wells and Eissenstat
2001; Pregitzer et al. 2002; Guo et al. 2004; Wang et al.
2006b; McCormack et al. 2015). McCormack et al. (2015)
suggested that the broadly defined fine-root group should
be split into absorptive fine roots and transport fine roots.
Absorptive fine roots are closely related to resource acquisi-
tion and uptake, whereas transport fine roots have primarily
transport functions. This approach could enable comparisons
among functionally similar roots; however, in this study, the
identification of root traits to determine functional divisions
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was inconvenient in the mixed forest. In this study, the fine
root frequency method was similar with the fine root func-
tional classification in number and diameter (McCormack
et al. 2015), and still allowed meaningful comparisons of
biomass, necromass, production and mortality across forest
types. Moreover, it can reduce sample processing times and
avoid the need to identify individual root functions.

Accurately estimating root turnover rates is essential
for the evaluation of the role of fine roots in the cycling of
water, nutrients, and carbon in terrestrial ecosystems. Our
data show that the turnover rates decreased with increas-
ing fine root diameter classes (Fig. 4). The data also show
that turnover rates were different between the more frequent
< 0.5 mm diameter fine roots and the 0.5-2.0 mm diameter
roots. The mean turnover rates by forest type, soil depth and
seasons for < 0.5 mm fine roots were 2.09, 2.72 and 1.93
times higher than the turnover rates for the 0.5-2.0 mm roots
(Fig. 4). This suggests that it was incorrect to assume all
fine roots < 2 mm had the same rates of turnover. In reality,
only the more frequent < 0.5 mm diameter fine roots turn
over more quickly and comprise most of the biomass and
production of roots < 2.0 mm in diameter (Fig. 2). The mean
turnover rates by forest types for roots <2.0 mm in diameter
was 0.54 a~!, 28.5% lower than for < 0.5 mm diameter roots
(0.68 a™").

Fine root dynamics and turnover rates by forest types

Fine root diameter, number, biomass, necromass, produc-
tion, and mortality were all significantly different among the
five forest types in the same geographical region (Figs. 1A,
2A). This is similar to previous studies (Hendrick and Pre-
gitzer 1993; Steele et al. 1997; Wang et al. 2006b; Quan
et al. 2010). These differences in fine root properties may
be attributed to the genetics of the species and their adapta-
tion to environmental changes (Comas and Eissenstat 2004;
Eissenstat et al. 2015; Zadworny et al. 2016). Compared
with the coniferous plantations, the broadleaved naturally
regenerated forests had a greater frequency of thin fine roots
(Fig. 1A) and root numbers, resulting in greater biomass,
necromass, production and mortality (Fig. 2A), supporting
our first hypothesis. This is also consistent with the general
morphological distinction between angiosperms and gymno-
sperms (Loépez et al. 2001; Pregitzer et al. 2002; Wang et al.
2006b). Our data also shows that fine root number, biomass,
necromass, production, and mortality were all positively
correlated with soil temperature, water content, available
potassium, phosphorous and nitrogen (Table 4). The aspen-
birch and hardwood forests normally occur at mid- and toe-
slopes with moist, fertile soils (Wang 2006), probably lead-
ing to greater fine root numbers, biomass and production.
In contrast, the oak forest is found on upper slopes with arid
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infertile soils, resulting in lower root numbers, biomass and
production (Fig. 2A).

There was no significant relationship between fine root
diameters and soil properties (Table 4). This may be associ-
ated with mycorrhizal colonization. Fine roots of coniferous
species are colonized by ectomycorrhiza fungi, while those
of broadleaved species are colonized by endomycorrhiza
fungi (Brundrett 2002; Pregitzer et al. 2002). Additionally,
co-occurring species in a same forest may have an asyn-
chronous phenology and nutrient adaptive strategy by fine
roots (Burke and Raynal 1994; Burton et al. 2000). These
factors may contribute to the greater diameters of the former
(Comas and Eissenstat 2004; Wang et al. 2006b) and mask
the impact of soil properties on fine root diameters (Table 4).
The negative relationship between fine root diameter and soil
properties examined in this study indicates that fine roots can
change their morphology and surface area to acquire soil
resources more efficiently.

The fine root turnover rates in this study (0.39-0.98 a™!
for < 0.5 mm diameter) were within the range for temperate
forests (0.1-2.0 a~!) (Gill and Jackson 2000). There were
significant differences in turnover rates among the five for-
est types for both < 0.5 mm and 0.5-2.0 mm root diameter
classes, possibly because of significant inter-stand variations
(Fig. 4), suggesting that forest type is an important consider-
ation for accurately determining turnover rates of fine roots.

Several possible factors may contribute to inter-stand
variations in turnover rates (Gill and Jackson 2000). First,
the genetic characteristics of tree species may partly explain
variability (Eissenstat and Yanai 2002). Fast-growing spe-
cies (e.g., aspen, birch, larch) usually have higher turnover
rates than slower growing species (e.g., oak, pine) (Eissen-
stat and Yanai 2002). The coniferous forests had lower aver-
age turnover rates (0.61 a~! for fine roots < 0.5 mm diam-
eter) than broadleaved forests (0.74 a~' for fine roots). This
is in agreement with other studies (Vogt and Bloomfield
1991; Coleman et al. 2000; Matamala et al. 2003). Secondly,
soil resource availability influenced fine root production and
mortality (Table 4), and thus affected turnover rates (Hen-
drick and Pregitzer 1993, 1997; Lee and Jose 2003), which
altered the species-associated trend described above. For
example, some studies indicate that coniferous forests have
higher turnover rates than broadleaved forests on various
boreal sites (Ruess et al. 1996; Steele et al. 1997). Among
the broadleaved forests in this study, the hardwood and
aspen-birch forests had greater turnover rates than the oak
forest, possibly due to their differences in soil resource avail-
ability (Fig. 4). Thirdly, multi-species mixed forests may
possess greater variability in stand-based turnover rates than
monoculture plantations because of species divergence in
growth characteristics and responses to environmental con-
ditions. Fourthly, the fine root classification method may
result in diverse turnover rates. In this study, for fine root

diameters < 0.5 mm, the aspen-birch forest had the high-
est turnover rates and the pine plantations had the small-
est. However, the hardwood forest had the highest turnover
rates and the oak forest had the smallest for fine root diam-
eters 0.5-2.0 mm. Fifthly, measuring uncertainty may also
introduce bias in turnover rate estimates. In this study, as
suggested by Johnson et al. (2001), MR images were col-
lected every 2 weeks. However, biomass and production of
fine roots were considerably greater than the necromass and
mortality for the five forest types (Fig. 2A), implying below-
ground carbon accumulation or/and fine root decomposition
between measuring periods. In spite of this, the turnover rate
was less than 1 a~! (i.e., the fine root longevity was greater
than 1 a), and biomass was greater than necromass, espe-
cially for the aspen-birch and hardwood forests (Fig. 2A),
again indicating that some carbon loss from fine root decom-
position occurred. These results suggest that turnover rates
in this study may be underestimated for some forests.

Fine root dynamics and turnover rates along the soil
profile

Most thin (< 0.5 mm) fine roots appeared in the surface
soil layers for all forests, while those with larger diameters
(0.5-2.0 mm) occurred at deeper layers (Fig. 2B). This
finding, similar to other studies (Wells and Eissenstat 2001;
Eissenstat and Yanai 2002) may reflect plant cost—benefit
principles. Shallower occurring thin fine roots with greater
surface area may be more capable of absorbing nutrients at
surface soil layers where more nutrients are available; in
contrast, deeper, thicker fine roots can penetrate into lower
soil layers where nutrients are relatively deficient, soil bulk
density is higher, and water supply may be more stable (Eis-
senstat 1992; Eissenstat et al. 2000; Hutchings and John
2003; Brassard et al. 2009).

Both relative and absolute distribution of the numbers of
fine roots, biomass, necromass, production of fine roots, and
fine root mortality decreased with soil depth (Figs. 2, 3), in
agreement with previous research (Powell and Day 1991;
Hendrick and Pregitzer 1996). Few studies, however, quan-
tify fine root dynamics or characteristics at the forest level,
in spite of the fact that these patterns of distribution seem to
be determined (Fahey and Hughes 1994; Hendrick and Pre-
gitzer 1996, 1997; Ruess et al. 2003; Baddeley and Watson
2004). Hendrick and Pregitzer (1996) reported that 44% of
the production and 40% of the mortality of fine roots were
concentrated in the upper 20-cm depth in a northern hard-
wood forest. Our data shows that the upper 20-cm soil layer
contained relatively high percentages of fine root produc-
tion (55.4-72.6%) and mortality (64.8-95.9%) (Fig. 3], M).
Although there was a general decreasing trend in fine root
number, biomass, necromass, production, and mortality with
soil depth, the values and depth of maximum occurrence
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differed among the forest types (Fig. 3). This highlights the
significance of understanding various belowground carbon
allocation patterns for different forest types in modeling for-
est carbon and nutrient cycles (Jackson et al. 1997).

In addition to forest types, the vertical distribution of fine
roots may also be associated with the soil environment and
resource availability (Canadell et al. 1996; Hendrick and
Pregitzer 1996; Jackson et al. 1996; Rytter and Hansson
1996; Burton et al. 2000; Quan et al. 2010). The fact that
most fine root traits were closely related to soil temperatures,
soil water contents and nitrogen (Table 4), which reflected
the impact of site conditions on fine root dynamics. Several
studies show that the deeper the soil, the lower the turnover
rate or the longer lifespan the fine roots have (Kosola et al.
1995; Burton et al. 2000; Johnson et al. 2001; Wells et al.
2002; Anderson et al. 2003). Pooling data across the five
forest types, showed that turnover rates decreased with soil
depth for all diameter classes (Fig. 4). The fine roots in the
surface layers have thinner diameters and large surface area
(Figs. 2B, 3), and maintain active metabolism facilitated by
warm temperatures and high nitrogen availability (Table 4).
The increased maintenance respiration consequently results
in high turnover rates to improve carbon use efficiency (Bur-
ton et al. 2000; Gill and Jackson 2000; Majdi and Ohrvik
2004). In contrast, fine roots at deeper layers have thicker
diameters and low possibility of pathogen invasion, lead-
ing to prolonged longevity or lower turnover rates (Gill and
Jackson 2000; Wells and Eissenstat 2001; Baddeley and
Watson 2005).

Fine root characteristics and turnover rates
over the growing season

In spite of insignificant differences in fine root diameters
over the growing season, there was a trend in diameter
reduction as the growing season began (Fig. 2C). This may
be attributed to the course of development of fine roots (i.e.,
a low order root in spring might become a higher order root
in September), to cortical senescence or cell death (Liljeroth
1995; Wang et al. 2006b), or to changes in tissue density
over the growing season (Eissenstat and Yanai 1997; Pre-
gitzer et al. 2002). However, some studies have reported
that autumn-developed fine roots were thicker so as to store
carbohydrates for the coming year’s growth and to prepare
for winter (Eissenstat and Yanai 1997; Fitter et al. 1998; Pre-
gitzer et al. 2002; Pregitzer 2003). Our data also shows that,
unlike other forests, the oak forest had the largest diameter
of fine roots in autumn (data not shown). Further monitor-
ing of fine root diameters by species and seasons are needed
to discern possible homeostatic mechanisms for diameter
seasonality.

Previous studies in temperate forests have shown different
seasonal patterns of fine root production, such as unimodal
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with a maximum in spring (Hendrick and Pregitzer 1993,
1997; Lee and Jose 2003) or in summer (Burke and Raynal
1994; Rytter and Hansson 1996; Ruess et al. 1998, 2003;
Brassard et al. 2009) or with a bimodal peak occurring in
spring and autumn (Hendrick and Pregitzer 1996; Dress and
Boerner 2001; Son and Hwang 2003). In this study, more
than 66% of fine root number and production occurred in
summer (Figs. 2C, 3B, K). The likely reasons for this sum-
mer peak are that: (1) favorable temperatures, abundant pre-
cipitation and available soil resources accelerated the growth
of fine roots (Table 4) (Pregitzer et al. 2000; Chapin et al.
2002; Quan et al. 2010); and, (2) maximum leaf area in sum-
mer provided an abundant supply of carbohydrates for fine
root growth (Vogt et al. 1996; Burton et al. 1997; Pregitzer
et al. 2000; Quan et al. 2010). Nevertheless, possible mecha-
nisms for other seasonal patterns of fine root numbers and
production are lacking.

Both relative and absolute distributions of fine root
biomass, mortality, and necromass showed progressively
increasing trends over the growing season (Figs. 2, 3). This
might be associated with aboveground phenology (Fahey
and Hughes 1994; Pregitzer et al. 2000) and/or soil condi-
tions, especially in temperate forests (Pregitzer et al. 1993;
King et al. 1999). There is normally a time lag between
fine root production and biomass accumulation (Dress and
Boerner 2001). It is thus possible to attain peak biomass in
autumn, which may be beneficial for storing non-structural
carbon for the growth in the coming spring. In the late grow-
ing season, when temperatures have decreased and leaves
begin to fall, a large quantity of fine roots died (Farrar and
Jones 2000), possibly following the carbon cost—benefit
model (Eissenstat and Yanai 1997), accordingly mortality
increased (Fogel 1983; Ericsson et al. 1996; Ruess et al.
1998). The increasing mortality and low decomposition rates
at low temperatures resulted in maximum fine root necro-
mass in autumn (Silver and Miya 2001).

Our data shows that the rate of turnover of fine roots
peaked in summer for all diameter classes (Fig. 4). Because
environmental conditions in summer are beneficial for bio-
mass accumulation, production and mortality (Table 4)
(Burton et al. 1997; Eissenstat et al. 2000; Pregitzer et al.
2000), fine root lifespan shortened, resulting in high turnover
rates (Ryan et al. 1996; Burton et al. 2000; Pregitzer et al.
2000).

Conclusion

Patterns of fine root numbers, biomass, necromass, pro-
duction, mortality, and turnover rates varied in the Chinese
temperate forest types, with soil depths, over the growing
season and with diameter classes. These forest-level pat-
terns may be associated with the genetic characteristics of
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the tree species and soil properties. The findings highlight
the importance of forest composition and root diameters
in quantifying fine root dynamics and turnover rates, and
also emphasize the necessity of considering the influence
of both forest types and environmental conditions on fine
roots when measuring and modeling carbon and nutrition
cycles. A better understanding of fine root dynamics and
belowground carbon allocation needs to couple below-
ground with aboveground processes and combine mor-
phological monitoring with physiological measurements
in future studies.
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