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Abstract

Aim of study: The study was conducted to characterize the impacts of plant roots systems (e.g., root length density and root bio-
mass) on soil preferential flow in forest ecosystems.

Area of study: The study was carried out in Jiufeng National Forest Park, Beijing, China.

Material and methods: The flow patterns were measured by field dye tracing experiments. Different species (Sophora japonica
Linn, Platycladus orientalis Franco, Quercus dentata Thunb) were quantified in two replicates, and 12 soil depth were applied.
Plant roots were sampled in the sieving methods. Root length density and root biomass were measured by WinRHIZO. Dye cover-
age was implied in the image analysis, and maximum depth of dye infiltration by direct measurement.

Main results: Root length density and root biomass decreased with the increasing distance from soil surface, and root length
density was 81.6% higher in preferential pathways than in soil matrix, and 66.7% for root biomass with respect to all experimental
plots. Plant roots were densely distributed in the upper soil layers. Dye coverage was almost 100% in the upper 5-10 c¢cm, but then
decreased rapidly with soil depth. Root length density and root biomass were different from species: Platycladus orientalis Franco
> Quercus dentata Thunb > Sophora japonica Linn.

Research highlights: The results indicated that fine roots systems had strong effects on soil preferential flow, particularly root
channels enhancing nutrition transport across soil profiles in forest dynamics.
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Introduction

Soil preferential flow (e.g., macropore flow, finger
flow and funnel flow) as a spatially and temporally
highly random and essentially unpredictable process
(Hendrickx & Flury, 2001) and a common phenom-
enon in pedological perspectives (Bonger et al.,
2008) results in complex flow patterns bypassing
soil matrix and increases the risk of pollutants (e.g.
Heavy Metal, Radionuclides) reaching greater soil
depths (Nimmo, 2012). Lots of studies ascribed the
phenomenon to macropores at the plot scale (Beven
& Germann, 1982), however, more recent studies
have confirmed that nonequilibrium infiltration may
produce similar soil preferential flow patterns. Pref-
erential flow has been implicated in radionuclides

and organic matter in groundwater, and pesticides
into public wells (e.g., Aldicarb in Long Island, New
York). Much work is underway to characterize con-
tamination by preferential flow using simulation and
modelling. Soil matrix flow and preferential flow
are two typical permeating patterns of water flow
and solute transport (Jarvis et al., 2012). Flow in the
soil matrix pores at the pedon scale results from
spatial heterogeneity in texture, bulk density, stones
or rock fragments and water repellency, while flow
in continuous and large pores or macropores at the
pore scale arises from different interactions: biopores
formed by plant root systems and macrofauna, cracks
formed by freeze and thaw or swell and shrinkage
circles, voids formed by irrigation, cultivation, and
tillage (Jarvis et al., 2012).
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Plant root systems situated in farmland, desert, for-
est soil, rangeland and grassland perform a vital role
in water and nutrient uptake, and this role varies due
to changes in root morphology, traits, and distribution
during their growth (Wiel & Wample, 1985; Tscherning
et al., 1995; Puhe, 2003; Yan et al., 2011). Root growth
is controlled by many factors containing soil compac-
tion (Panayiotopoulos et al., 1994; Alameda et al.,
2012; Glab, 2013), tillage systems (Mufioz-Romero et
al., 2010; Kadziené et al., 2011; Vakali et al., 2011),
macropores, soil strength and structure (Dexter, 2004;
Vocanson et al., 2006) and temperature (Gladish &
Rost, 1993; Finer et al., 2011a) which determine much
of the development of roots (Tracy et al., 2013;
Dastidar et al., 2012). Roots are able to form well-
connected macropores or channels and also normally
grow into rigid pores broader than their own diameters
(Logsdon & Allmaras, 1991). Channels created by plant
roots may contribute to water and solute transport,
especially macropore flow or preferential flow (Aber
et al., 1985; Li & Ghodrati, 1994; Joergensen et al.,
2002; Bogner et al., 2010; Germann et al., 2012).

Forest soil layers are composed of fine soil particles,
rock (ranging in size from fragments to boulders),
liquid, and a large amount of plant roots systems (Vogt
et al., 1996; Sundarapandian & Swamy, 1996; Kalyn
& Van Rees, 2006; Finér et al., 2011b; Yuan & Chen,
2013). Particularly, the relation of plant roots systems
to soil preferential flow tends to be more complicated
in forest soils containing abundant rock fragments or
gravels. Plant roots parameters, particularly fine root
length density (total root length per soil volume) (Glab,
2013) as an important indicator of root growth (Mosad-
deghi et al., 2009) and root biomass usually measured
by oven drying, have increased interests in forest eco-
systems because of their role in regulating the cycling
of water and nutrients for plants growth. However, is
it consistent with our expectations that plant roots
content is higher in preferential pathways than in soil
matrix in forest soils with more gravels? Relevant stud-
ies are rare. To confirm the hypothesis, we carried out
field dye tracing experiments in a forest soil containing
approximately 20% rock fragments located in Jiufeng
area, Beijing, China, with the Brilliant Blue FCF (Col-
our Index 42090) to visualize soil preferential flow
(stained areas) and soil matrix flow (unstained areas)
(Hagedorn & Bundt, 2002). Jiufeng area which influ-
ences groundwater quality and security of Beijing is a
representative region evaluated by soil preferential
flow. The objectives of our study were to: (1) compare
fine root length density and root biomass content be-
tween preferential pathways and soil matrix, (2)
evaluate effects of plant roots on soil preferential flow
in forest ecosystems.
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Materials and methods

Site description

Our study was a forest ecosystem in Jiufeng Na-
tional Forest Park (116°28'E, 39°34'N) located in the
northwest of Beijing, China (Fig. 1). Jiufeng National
Forest Park is part of Beijing Forestry University and
is used for teaching and scientific research. Elevation
ranges from 60-1100 masl (above seal level). The cli-
mate is temperate continental with a mean annual
precipitation of 630 mm, mean annual temperature
11.6°C, and mean annual potential evapo-transpiration
19,000 mm. The dominant vegetation at elevations
<800 masl was plantation of Platycladas orientalis,
Pinus tabulaeformis, Quercus spp., Robinia pserdoa-
cacia containing shrubs of Prunus armniaca and Vitex
chinensis. Above 800 masl, Pinus tabulaeformis,
Popular chinensis, Lespedeza bicolon, Spiraca trilo-
bata, Caragana rosea dominated the sparse forest
cover. The soil chemical and physical properties are
described as sandy loam containing approximately 20%
rock fragments and gravels. Its texture consists of
sandy loam in forest soils to 0.60 m in depth. Its or-
ganic carbon (OC) content varies from 2.28 to 46.17 g
kg™ in study site. The soil pH values range from pH
5.87 to 7.12 in the topsoil and subsoil (Table 1).

Experimental treatment

Six experimental plots were established within a 10
x 10 m quadrat situated in representative vegetation
region at 260 masl. Experimental plots 1 and 2 were
located in Sophora japonica Linn, experimental plots
3 and 4 in Platycladus orientalis Franco, and experi-
mental plots 5 and 6 in Quercus dentata Thunb sections

Experimental

plots

Figure 1. Location of Jiufeng area in Beijing, China and the
study sites.
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Table 1. Soil physical and chemical properties in the study site, Jiufeng area, Beijing, China.

Experimental Horizon illl)tzgtfl;l Particle size distribution Soil texture  Gravel Stand age  Organic czllrbon Cation exc'hange
plos em  Smd St Clay @ (ehe) capacity
Plot1 A 0-15  555% 268% 17.7% Sandyloam 13.9% 45 38.65 7.12 22.95

Bl 15-30 63.7% 19.9% 16.4% Sandy loam 18.3% 11.32 6.05 16.74
B2 30-50  67.7% 19.7% 12.6% Sandyloam 19.5% 4.72 6.01 19.62
C 50-60 65.5% 22.9% 11.6% Sandy loam 19.2% 2.28 6.31 20.76
Plot2 A 0-15  56.2% 254% 18.4% Sandy loam 11.2% 43 36.82 6.89 23.04
Bl 15-30  62.8% 20.2% 17.0% Sandyloam 16.8% 13.12 6.10 17.21
B2 30-50  68.9% 21.3% 9.8%  Sandyloam 19.4% 3.98 5.98 18.43
C 50-60 63.5% 23.7% 12.8% Sandy loam 18.9% 237 6.04 20.14
Plot3 A 0-15 59.4% 231% 17.5% Sandyloam 12.1% 35 44.58 5.97 24.56
Bl 1530 65.2% 182% 16.6% Sandy loam 15.6% 15.17 6.10 18.18
B2 30-50  66.4% 18.4% 152% Sandy loam 18.8% 6.87 5.87 19.10
C 50-60 63.8% 19.7% 16.5% Sandy loam 19.4% 3.45 6.03 20.01
Plot4 A 0-15  58.7% 24.1% 17.2% Sandy loam 12.8% 46 46.17 6.00 25.31
Bl 15-30  64.8% 20.8% 144% Sandyloam 16.7% 17.20 6.05 19.87
B2 30-50  67.3% 21.5% 11.2% Sandy loam 19.5% 5.89 5.97 19.01
C 50-60 63.4% 22.9% 13.7% Sandy loam 18.4% 3.64 6.04 18.78
Plot5 A 0-15  573% 23.5% 19.2% Sandyloam 13.5% 41 44.70 6.10 24.56
Bl 15-30  64.8% 24.4% 10.8% Sandyloam 16.4% 16.80 6.08 19.74
B2 30-50  65.7% 21.5% 12.8% Sandy loam 19.8% 4.58 5.98 19.54
C 50-60 63.4% 22.4% 142% Sandyloam 18.7% 3.97 5.96 18.42
Plot6 A 0-15 56.9% 249% 182% Sandyloam 11.8% 45 42.80 6.00 23.54
Bl 15-30  63.8% 21.8% 14.4% Sandyloam 16.8% 15.21 6.04 18.12
B2 30-50  66.3% 23.5% 102% Sandy loam 18.9% 4.87 6.21 19.65
C 50-60  62.7% 21.6% 15.7% Sandy loam 18.4% 2.89 6.11 20.15

of the quadrat. Two replicates for each vegetation type
were conducted in the quadrat. Fifty millimeters of
enriched Brilliant Blue FCF dye solution (5g L) was
applied to the relevant experimental plots. The solution
was uniformly applied to a 1.2 x 1.2 m area centered
on the experimental trees to avoid border effects (Hage-
dorn & Bundt, 2002). Horizontal and vertical soil
profiles were excavated when the solution had infil-
trated the soil (Hu ef al., 2013). Horizontal profiles
were excavated from 0.5 x 0.5 m quadrats and vertical
profiles with maximum dying depth were extracted
respectively from points centered on the experimental
trees one day after dye tracer application (Hagedorn &
Bundt, 2002). For the horizontal and vertical sections,
soil cores were replicated and extracted from prefer-
ential pathways and soil matrix to observe plant roots
content at the soil profile scales. During field experi-
ments, camera should be taken to record preferential
pathways (stained areas) and soil matrix (unstained
areas) (Hagedorn & Bundt, 2002) (Fig. 2).

Root sampling

Each experimental plot was excavated from hori-
zontal sections in 10 cm depth increments 24 h after
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application of Brilliant Blue FCF dye solution. Undis-
turbed soil samples were taken at each depth using
soil corers (7 cm diameter, 5 cm height, 200 cm?
volume) with two field replications in preferential
pathways and soil matrix. Samples were taken to a
depth of 60 cm (0-5, 5-10, 10-15, 15-20, 20-25, 25-30,
30-35, 35-40, 40-45, 45-50, 50-55, 55-60 cm) in all
experimental plots. Soil cores were stored at —2 °C
(Castellanos et al., 2001) and soil was separated from
plant roots using 5 mm sieves. When necessary, sam-
ples were placed in dishes with 4-5 mm deep water
so that plant roots spread and soil particles could eas-
ily be removed. Soil-free roots were dried for 48 hours
in an oven at 70 °C to constant weights (Helmisaari
et al., 2007) and then weighed using an electronic
balance (DV215CD). Fine root length density was
measured using WinRHIZO (STD4800) (Yan et al.,
2011). And fine root biomass was calculated by root
dry weight on the basis of the cross-sectional area of
soil cores.

Root content contribution to preferential flow

Root content contribution to preferential flow was
characterized by evaluating comparison of root content

April 2015 « Volume 24 « Issue 1 « e012
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Figure 2. Experimental treatment: extracting soil cores from preferential path-
ways and soil matrix at the soil profile scales (0-60 cm) after solution application.

(root length density and root biomass) between soil
preferential flow and soil matrix. Relevant equation
was based on root content. Simplified equation is

|aPP - aSM‘
rn=

Cpp sy

n is root content contribution to preferential flow
(%), o pp is oot length density (mm 100 cm™) or root
biomass (g 100 cm™) in preferential pathways, o, is
root length density (mm 100 cm™) or root biomass

‘aPP - aSM|
O pp

|aPP _aSM‘
(©)

described by 1= , Where

(g 100 cm™) in soil matrix. In general, 11 =

will be appropriate when ¢, is higher than ag,, while
‘aPP - aSM|

aSM

when &, is smaller than o, = will be

appropriate.

Preferential flow indices

Dye coverage: proportion of the dye-stained areas
to sum of the dye-stained and non-stained areas (Kas-
teel et al., 2013) (equation (1)). In preferential path-
ways, water and solute flows through this way, bypass-
ing the soil matrix.

Lj (1)

DC =100-
D+ ND

where DC (%) is Dye Coverage, D is the dye-stained
areas (cm?), and ND is the non-stained areas (cm?).
Maximum depth of dye infiltration: dye tracers
move through soil preferential pathways to deep soil
layers even groundwater levels. In vertical soil profiles,
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relevant profiles would be excavated to the maximum
depth.

Statistical analysis

One-way ANOVA was used to access differences in
mean root length density and root biomass between
preferential pathways and soil matrix and to character-
ize effects of root parameters on soil preferential flow.
Comparison for the evaluation of plant roots content
between the two regions was analyzed by SPSS soft-
ware.

Results
Characteristics of soil preferential flow paths
Dye coverage

In our study, dye coverage was almost 100% in the
upper 5-10 cm, but then decreased rapidly with the
increase of soil depth for all experimental plots (Fig. 3).
As seen from the figure, dye coverage displayed at the
same site was not similar to some extent, which was
probably due to soil heterogeneity, particularly abun-
dant rock fragments and gravels in the study sites.
Generally speaking, it was widely considered that dye
coverage from Platycladus orientalis Franco decreased
quickly at the soil profile scales. Based on our results,
we fully took degree of soil preferential flow into con-
sideration, and the relationship between degree of soil
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Figure 3. Changes in dye coverage with soil depth in all ex-
perimental plots.
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preferential flow and dye coverage was also illustrated.
From dye patterns (Fig. 4), we proposed that degree of
soil preferential flow was medium in Jiufeng area. The
degree of soil preferential flow showed in Platycladus
orientalis Franco located in plot 3 and plot 4 was more
pronounced than that showed in Sophora japonica Linn
and Quercus dentata Thunb. In general, dye coverage
in the soil profiles tend to be lower as a higher degree
of soil preferential flow occurs.

Maximum depth of dye infiltration

Maximum depth of dye infiltration was different from
soil profiles in all experimental plots because of differ-

Horizontal distance of soil profile (cm)

00 10 20 30 40 50 60 70 80 90 100

Soil depth (cm)

55 7 Plot 2

Horizontal distance of soil profile (cm)
00 10 20 30 40 50 60 70 80 90 100

Soil depth (cm)

95 1 Plot 4

Horizontal distance of soil profile (cm)
00 10 20 30 40 50 60 70 80 90 100

Soil depth (cm)

Figure 4. Dye patterns of soil preferential flow in all experimental plots.
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ent plant roots content and soil spatial heterogeneity.
On the basis of all surveyed data, maximum depth of
dye infiltration was almost 50 cm from all soil profiles
in plot 4 with a higher variance 132.4 (n =9, p <0.05),
while a smaller variance 21.4 (n =9, p < 0.05) in
plot 1.

Root length density evaluation in preferential
pathways and soil matrix

In this study, fine root length density < 5 mm in
diameter decreased with increasing distance from soil
surface both in preferential pathways and soil matrix
to some extent with respect to all experimental plots
(Fig. 5). Fine root length density was greatest on the
soil surface, with appropriately half root length den-
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sity in the top 20 cm of the soil for experimental plot
1, and 15 cm for plot 2, plot 3, plot 4 and plot 6, and
10 cm for plot 5; 90% in the top 40 cm of the soil for
experimental plot 1 and plot 3, and 25 cm for plot 5
and plot 6, and 30 cm for plot 2 and plot 4 whether in
preferential pathways or soil matrix. Fine root length
density (mm (100cm?®)™") was also different from spe-
cies (Table 2): Platycladus orientalis Franco >
Quercus dentata Thunb > Sophora japonica Linn. The
greatest plant roots concentration was found in the
upper soil layer within a depth of 25-40 cm (topsoil).
On the basis of all data from experimental plots, fine
root length density < 5 mm in diameter was 75.0-
87.5% higher in preferential pathways than in soil
matrix.

Meanwhile, we found that the contribution of fine
root length density to soil preferential flow was sig-

Root length density (mm (100cn?))
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Figure 5. Changes in root length density between preferential pathways and soil matrix in all experimental plots. The relationship
between root length density and soil depth was illustrated. The difference of root length density between preferential pathways and

soil matrix was significant to some extent.

Forest Systems

April 2015 « Volume 24 « Issue 1 « e012



Influences of plant roots on soil preferential flow in forest ecosystems 7

Table 2. Root length density located in 0-15 cm, 15-30 cm and below 30 c¢cm in preferential pathways and

soil matrix from experimental plot 1 to plot 6.

Experimental plots Plotl1  Plot2  Plot3 Plot4 Plot5 Plot6
Preferential pathways RLB(mm (100cm?) ") 2252 2264 3045 4248 2940 3118
(0-15 cm)
RLB(mm (100cm®) ") 1377 1172 1594 2806 1360 2050
(15-30 cm)
RLB(mm (100cm®) ") 884 960 629 1593 - -
(below 30 cm)
Average 1504 1465 1756 2882 - -
Soil matrix RLB(mm (100cm?)™") 1603 2083 1778 2143 1523 1968
(0-15 cm)
RLB(mm (100cm?) ™) 1364 1165 880 1540 1133 2003
(15-30 cm)
RLB(mm (100cm?) ™) 720 675 325 1428 - -
(below 30 cm)
Average 1229 1308 994 1704 - -
Total 2733 2773 2750 4586 - -

RLB represents root length density in this paper.

nificant also (Fig. 6). Among those data, reference
value of root length density contribution to preferential
flow (19.2%) was fully considered for all experimental
plots. From those data which exceeded 19.2%, we sup-
posed that root length density was higher in soil pref-
erential pathways than in soil matrix and that soil
preferential flow was positively correlated with root
length density. Furthermore, such accounted for 63.3%
of all experimental data. While with respect to those
data which were below 19.2%, we stated that the im-
pacts of root length density in preferential flow was
ambivalent (positive/negative), because some experi-
mental data illustrated that root length density was
higher in preferential pathways than in soil matrix,

100 -
90+
80 ®
70

60 - e
o o Reference

50 °®

40

oo Value of RLD
contribution

0k’ . e . ¢ e®  {0PF:19,2%
Lo ® 0 °

20 o ce .O ® O ° e °

10F o ° o ©° e

Fine root length density contribution to
preferential flow (%)

0 L
Figure 6. Fine root length density contribution to soil preferen-
tial flow in all experimental plots. Two circles were listed in the
line overpass or below 19.2%. Open circles are below 19.2%,
and the other shaded circles represent that either root length
density contribution to preferential flow overpass 19.2% or be-
low 19.2%. RLD represents root length density and, PF repre-
sents preferential flow.
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while the others were on the contrary. Besides, the
percentage ratio (root length density was higher in
preferential pathways than in soil matrix or not) was
50% respectively among those experimental data which
was below 19.2%.

Root biomass evaluation in preferential
pathways and soil matrix

In general, fine root biomass < 5 mm in diameter
also decreased with increase of soil depth in preferen-
tial pathways and soil matrix (Fig. 7). Fine root bio-
mass was greatest on the soil surface, with appropri-
ately 70-80% root biomass in the top 20 cm of the soil
at the soil profile scale. Based on those data from ex-
perimental plots, fine root biomass <5 mm in diameter
was, 66.7% for plot 1, 2, 4 and 5, 100% for plot 3, and
33.3% for plot 6, higher in preferential pathways than
in soil matrix. Average fine root biomass was also dif-
ferent from species: Platycladus orientalis Franco
(1.474 g (100cm*)™") > Quercus dentata Thunb (1.332
g (100cm?)™") > Sophora japonica Linn (0.837 g
(100em?) ). With respect to different soil depth, fine
root biomass was 50% higher in preferential pathways
than in soil matrix for soil depth 0-10 cm, and 83.3%
for 10-20 cm and 66.7% for 20-40 cm respectively.
Among all surveyed data, root biomass was 66.7%
higher in preferential pathways than in soil matrix on
the whole. Fine root biomass as a proportion of total
tree biomass was 9% for plot 1, 14% for plot 2, 10%
for plot 3, 30.5% for plot 4, 16.5% for plot 5 and 20.1%
for plot 6 respectively.
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Figure 7. Changes of root biomass with the increasing depth from soil surface between preferential pathways and soil matrix with

respect to all experimental plots.

In our study, we also realized that the contribution
of fine root biomass to preferential flow was pivotal
(Fig. 8). Like root length density, reference value of
root biomass contribution to preferential flow (50%)
was fully taken into account. There was no doubt that
fine root biomass was higher in preferential pathways
than in soil matrix as those data exceeded 50%. There-
fore, we hypothesized that soil preferential flow was
also positively correlated with fine root biomass as
those data were considered. Meanwhile, such ac-
counted for 55.6% of all surveyed data. As those data
were below 50%, the influences of fine root biomass
on preferential flow was ambivalent. And the percent-
age ratio that fine root biomass was higher in prefer-
ential pathways than in soil matrix was 20%, while the
percentage ratio that fine root biomass was smaller in
preferential pathways than in soil matrix was 80%
among those data which was below 50%.

Forest Systems

Discussion

Soil preferential flow in the soil profiles

Our field dye tracing experiments conducted in for-
est ecosystems containing abundant rock fragments
illustrated that soil preferential flow was more obvious
and that finger flow was predominant in Jiufeng area.
The results were in agreement with Noguchi et al.
(1997) and Hagedorn & Bundt (2002). Dye coverage
decreased with the increasing soil depth from soil sur-
face which supported more studies (Ohrstrém et al.,
2002; Kramers et al., 2009), while some studies also
indicated that the amount of stained area per depth (dye
coverage) decreased to a depth and afterwards in-
creased (Bogner et al., 2013). Ecologists attribute the
results to macropores density (e.g., root channels, rock
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Figure 8. Fine root biomass contribution to soil preferential flow
in all experimental plots. Two circles were listed in the line
overpass or below 50%. Open circles are below 50%, and the
other shaded circles represent that either root biomass contribu-
tion to preferential flow overpass 50% or below 50%. RB rep-
resents root biomass, and PF represents preferential flow.

soil interface and cracks). And sandy soil may also lead
to the results. In the study site, forest soils contain
abundant rock fragments and soil texture is not homo-
geneously distributed which makes higher soil spatial
heterogeneity at the soil profile scale. Therefore, pref-
erential pathways continuity is better because more
plant fine roots on the soil surface. Particularly, the
sandy loam will enhance plant roots into the macropo-
res, meanwhile plant roots will also form correspond-
ing channels to make soil water and solute transport
through them. Lots of studies confirmed that degree of
soil preferential flow in the upper soil layers was
higher than that in the subsoil which led to smaller dye
coverage, because preferential pathways were densely
distributed in the topsoil. Maximum depth of dye in-
filtration was not similar greatly though experimental
plots at the same site. At the soil profile scale, soil
heterogeneity depended on preferential pathways con-
tinuity. In general, dye tracers could infiltrate into the
deepest soil depth even groundwater levels which was
not calculated by Richards equation, Mobile-immobile
model and other mathematical models.

Role of fine root length density in soil
preferential flow of forest ecosystems

Our results indicate that fine root length density
decrease with increasing distance from soil surface
which supports early and recent studies (Mitchell et
al., 1995; Tracy et al., 2013). Those results collected
from fine root length density imply that plant roots
content are higher in preferential pathways than in soil
matrix, supporting studies like Bundt e a/ (2000,
2001), and the results are also in agreement with
Bonger et al (2010) and Bengough (2012), because
plant fine roots usually form root channels called pref-
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erential pathways (Li & Ghodrati, 1994; Jeergensen et
al., 2002) to prompt water infiltration after their decay
(Beven & Germann, 1982). Soil preferential pathways
in forest soils include higher organic carbon content
and microbial biomass compared with soil matrix
(Backnis et al., 2012). Plant fine roots themselves tend
to release more organic matters to the soils as the
rhizosphere decays. During plant roots decomposition,
root channels are filled with organic matters derived
from roots themselves (Ghestem et al., 2011). Plant
fine roots constitute a dynamic component of forest
ecosystems (Dastidar et al., 2012). By means of ac-
cumulating soil organic matters and redistributing
nutrients at the soil profile scale, fine roots play sig-
nificant role in their surrounding environment (Persson,
2000). Meanwhile, plant fine roots longevity is vari-
able ranging from a few months to years because the
process of plant roots turnover making new roots to
replace decaying or dead roots is more related with soil
nutrient availability (Yavitt et al., 2011). Changes of
fine root length density is a complex network with mil-
lions of lateral branches associated with mychorrizal
hyphae (Majdi et al., 2005).

Our field experiments were carried out during rainy
season, particularly during heavy rain, soil water flow
in preferential pathways and cracks increases, and fine
roots may become asphyxiated even die. Clusters of
fine roots are sometimes observed along or at the end
of coarse roots and correspond to zones of major or-
ganic nutrients and water uptake. Fine roots have high
decay and emission rates, and clusters may soak up
water during rainy season and may contribute to de-
cayed flow paths (Ghestem et al., 2011).

Furthermore, the highest fine root length density was
found in the upper soil layer within a depth of 25-40
cm (topsoil). The result was in agreement with Lipiec
et al. (2003), Bonger et al. (2008), Glab (2013). Fine
roots on the soil surface are pivotal in forest nutrient
cycling (Bengough, 2012). Despite forest nutrient cy-
cling, fine roots may account for 50% of the Net Pri-
mary Production in forest ecosystems, and some stud-
ies proposed it up to 75% (Vogt et al., 1996) and 33%
(Gill & Jackson, 2000), which was beneficial to exam-
ine forest dynamics. To better understand forest dynam-
ics with climate changes, studies on fine roots dynam-
ics tend to be necessary. However, characterizing fine
root dynamics are tedious and time-consuming. Fine
root length density as an index of root dynamics also
changes with climate. Therefore, fine root length den-
sity dynamics could lead to carbon and nutrient fluxes
during forest dynamics process although fine roots
contribute little to total forests biomass (<5%).

And fine roots located in the soil surface layers
could also improve soil physical and chemical proper-
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ties (e.g., soil bulk density, porosity, organic carbon,
citation exchange capacity and so on). For example,
the topsoil tend to have higher recharge rate that brings
the soil moisture close to saturation compared with the
subsoil (Vogt et al., 1996; Schmid & Kazda, 2002). In
the topsoil, fine roots which are short-lived and non-
woody (Vogt et al., 1996) in forest ecosystems may
have more preferential root channels. The conclusion
is in agreement with Noguchi et a/. (1997) who stated
that decaying fine roots of alfalfa could create more
stable preferential pathways than wheat. Meanwhile,
the results indicate that 100% of all fine root length
density are within a depth of 55 cm in study site which
is agreement with Schenk & Jackson (2002).

Role of root biomass in soil preferential flow
of forest ecosystems

In this paper, fine root biomass was densely concen-
trated in the upper soil layers. The result was in agree-
ment with Ford & Deans (1977) and Raizada et al.
(2013). Change of fine root biomass is more pro-
nounced in the upper soil layers than in deeper soil
layers because of the higher organic matters and nutri-
tion in the topsoil. Some studies imply that fine root
biomass increases in nutrient rich zones, while some
species also have a high fine root biomass in nutrient
poor zones. The average of fine root biomass of the
forest ecosystems in this study (1.214 g (100cm?)™)
was substantially lower than estimates from Safford
(1974), but not all temperate forest ecosystems. It is
likely that gravels constitute the large portion of soil
profiles in Jiufeng area: 10% in the top soil of 15 cm,
15% to a soil depth of 30 cm and 20% at soil depths
below 30 cm. However, gravels constituted only 9%
of the soil profiles studied by McClaugherty et al.
(1984) and Safford (1974) did not state gravels.

Our results indicated that fine root biomass account-
ing for the total tree biomass in forest ecosystems
varied between 9% and 30.5%. Fine roots’ share of
total biomass rarely represents more than 5% of total
biomass of trees, while Santantonio ef al. (1977) and
Fogel (1983) reported that root biomass (coarse and
fine roots) as a proportion of total tree biomass varied
between 18 and 45%. Brassard et al. (2011) stated that
coarse root biomass (diameter > 1 cm) could account
for approximately 30% of total biomass in forest eco-
systems. Maybe fine root biomass has been found to
be variable in relation to forest stand characteristics
(e.g., species, stand age, density, basal area and soil
properties) or environmental factors (e.g., temperature,
precipitation, geographical location and elevation)
(Finer et al., 2007). Jackson et al. (1997) estimated fine
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root biomass and reported that live fine root biomass
ranged from 130 g m™ in deserts to 950 g m™? in tem-
perate grasslands.

Past results have shown that fine root biomass in-
creases with stand age, for example, Grier et al. (1981)
stated that there was an increase in fine root biomass
with years, and Persson (1983) also. Those results are
in agreement with us to some extent. With regard to
Platycladus orientalis Franco located in plot 3 and 4
and Quercus dentata Thunb located in plot 5 and 6, we
found that fine root biomass increased with years, while
there was no significant differences in fine root biomass
for Sophora japonica Linn, and such supported Vogt
et al. (1985), Ruark & Bockheim (1987) and Finer et
al. (1997).

Change in fine root biomass may alter organic nutri-
ent availability in forest soils. In previous studies,
changes in fine root biomass were found to be the re-
sults of internal factors (e.g., plant species) and exter-
nal factors (e.g., soil properties, stand age and climate).
As was mentioned, fine root biomass only accounted
for little of the total forest biomass, but such may exerts
significant influences on carbon and nitrogen cycling
in forest dynamics. Meanwhile, forest dynamics may
affects on root biomass dynamics correspondingly.

In summary, the highest plant root concentration was
found in the upper soil layer (Bonger et al. 2008; Him-
melbauer et al., 2010). More plant root channels would
increase macropores network density and continuity
(Shi et al., 2012). Not only plant roots grow into ma-
cropores but also create macropores (biopores, cracks
and burrows) (Noguchi et al., 1997). More decaying
or decayed plant roots as well as fine plant roots are
distributed on the soil surface. Compared with living
plant roots, decayed roots were more effective to create
preferential pathways (Mitchell ef al., 1995). Further-
more, plant roots could release complex organic com-
pounds (e.g., amino acids and organic acids) into the
soils to prompt plant growth (Bengough, 2012).

Conclusions

Measurements of plant roots systems in forest eco-
systems showed that significant effects of root length
density and root biomass on soil preferential flow. In
general, root length density was greater in preferential
pathways than in the soil matrix, and root biomass was
also. Particularly, some preferential flow indices (e.g.,
dye coverage and maximum depth of dye infiltration)
were measured in all experimental plots, presumably
reflecting the degree of soil preferential flow in the
study site. Field dye tracing experiments were used to
visualize flow patterns in the soil profiles and to quan-
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titatively characterize plant roots content located in the
preferential pathways and soil matrix. Despite soil
spatial heterogeneity due to abundant rock fragments
in the experimental plots, our results showed that plant
roots systems played a significant role in soil prefer-
ential flow.

Acknowledgments

We thank the Key Laboratory Soil and Water Con-
servation and Desertification Combating, Ministry of
Education, China.

References

Aber JD, Melillo JM, Nadelhoffer KJ, McClaugherty CA,
Paster J, 1985. Fine root turnover in forest ecosystems in
relation to quantity and form of nitrogen availability: a
comparison of two methods. Oecologia 66(3): 317-321.
http://dx.doi.org/10.1007/BF00378292

Alameda D, Anten NPR, Villar R, 2012. Soil compaction
effects on growth and root traits of tobacco depend on
light, water regime and mechanical stress. Soil Till Res
120: 121-129. http://dx.doi.org/10.1016/j.still.2011.11.013

Backnis S, Laine-Kaulio H, Kleve B, 2012. Phosphorus
forms and related soil chemistry in preferential flowpaths
and the soil matrix of a forested podzolic till soil profile.
Geoderma 189-190: 50-64. http://dx.doi.org/10.1016/].
geoderma.2012.04.016

Bengough AG, 2012. Water dynamics of the Root Zone:
Rhizosphere Biophysics and Its Control on Soil Hydrol-
ogy. Vadose Zone Jounal, 11(2).

Beven K & Germann P, 1982. Macropores and water flow
in soils. Water Resour Res 18: 1311-1325. http://dx.doi.
org/10.1029/WR018i005p01311

Bogner C, Gaul D, Kolb A, Schmiedinger I, Huwe B, 2010.
Investigating flow mechanisms in a forest soil by mixed-
effects modeling. Eur J Soil Sci 61(6): 1079-1090. http://
dx.doi.org/10.1111/.1365-2389.2010.01300.x

Bogner C, Widemann BTY, Lange H, 2013. Characterising
flow patterns in soils by feature extraction and multiple
consensus clustering. Ecol Inform 15: 44-52. http://dx.doi.
org/10.1016/j.ecoinf.2013.03.001

Bogner C, Wolf B, Schlather M, Huwe B, 2008. Analysing
flow patterns from dye tracer experiments in a forest soil
using extreme value statistics. Eur J Soil Sci 59(1): 103-
113. http://dx.doi.org/10.1111/j.1365-2389.2007.00974.x

Brassard BW, Chen HYH, Bergeron Y, Pare D, 2011. Coarse
root biomass allometric equations for Abies balsamea,
Picea mariana, Pinus banksiana, and Populus tremuloides
in the boreal forest of Ontario, Canada. Biomass Bioenerg
35(10): 4189-4196. http://dx.doi.org/10.1016/j.biombi-
0e.2011.06.045

Bundt M, Albrecht A, Froidevaux P, Blaser P, Flithler H,
2000. Impacts of preferential flow on radionuclide distri-

Forest Systems

bution in soil. Environ Sci Technol 34(18): 3895-3899.
http://dx.doi.org/10.1021/es9913636

Bundt M, Widmer F, Pesaro M, Zeyer J, Blaser P, 2001.
Preferential flow paths: biological ‘hot spots’ in soils. Soil
Biol Bioch 33(6): 729-738. http://dx.doi.org/10.1016/
S0038-0717(00)00218-2

Castellanos J, Jaramillo VJ, Sanford Jr. RL, Kauffman JB,
2001. Slash-and-burn effects on fine root biomass and
productivity in a tropical dry forest in México. Forest Ecol
Manag 148: 41-50. http://dx.doi.org/10.1016/S0378-
1127(00)00523-5

Dastidar MG, Jouannet V, Maizel A, 2012. Root branching:
mechanisms, robustness, and plasticity. Wiley Interdisci-
plinary Reviews: Dev Biol 1(3): 329-343. http://dx.doi.
org/10.1002/wdev.17

Dexter AR, 2004. Soil physical quality Part I. Theory, effects
of soil texture, density, and organic matter, and effects on
root growth. Geoderma 120(3-4): 201-214. http://dx.doi.
org/10.1016/j.geoderma.2003.09.004

Finér L, Helmisaari HS, Lohmus K, Majdi H, Brunner I, Borja
I, Eldhuset E, Godbold D, Grebenc T, Konopka B, et al., 2007.
Variation in fine root biomass of three European tree species:
Beech (Fagus sylvatica L.), Norway spruce (Picea abies L.
Karst.) and Scots pine (Pinus sylvestris L.). Plant Biosyst 141:
394-405. http://dx.doi.org/10.1080/11263500701625897

Finér L, Messier C, Granpré L, 1997. Fine-root dynamics in
mixed boreal conifer —broad-leafed forest stands at dif-
ferent successional stages after fire. Can J For Res 27:
304-314. http://dx.doi.org/10.1139/x96-170

Finér L, Ohashi M, Noguchi K, Hirano Y, 2011a. Factors
causing variation in fine root biomass in forest ecosys-
tems. Forest Ecol Manag 261(1): 265-277. http://dx.doi.
org/10.1016/j.foreco.2010.10.016

Finér L, Ohashi M, Noguchi K, Hirano Y, 2011b. Fine root
production and turnover in forest ecosystems in relation
to stand and environmental characteristics. Forest Ecol
Manag 262(11): 2008-2023. http://dx.doi.org/10.1016/].
foreco.2011.08.042

Fogel R, 1983. Root turnover and productivity of coniferous
forests. Plant Soil 71(1): 75-85. http://dx.doi.org/10.1007/
BF02182643

Ford ED, Deans JD, 1977. Growth of a Sitka Spruce Plantation:
spatial distribution and seasonal fluctuations of lengths,
weights and carbohydrate concentrations of fine roots. Plant
Soil 47: 463-485. http://dx.doi.org/10.1007/BF00011504

Germann PF, Lange B, Liischer P, 2012. Preferential Flow
Dynamics and Plant Rooting Systems. In: Hydropedol-
ogy. pp: 121-141.

Ghestem M, Sidle RC, Stokes A, 2011. The Influence of Plant
Root Systems on Subsurface Flow: Implications for Slope
Stability. BioScience 61: 869-879. http://dx.doi.
org/10.1525/bi0.2011.61.11.6

Gill RA, Jackson RB, 2000. Global patterns of root turnover
for terrestrial ecosystems. New Phytol 147: 13-31. http://
dx.doi.org/10.1046/j.1469-8137.2000.00681.x

Glab T, 2013. Impact of soil compaction on root development
and yield of meadow-grass. Int Agrophysics 27(1): 7-13.

Gladish DK, Rost TL, 1993. The effects of temperature on
primary root growth dynamics and lateral root distribution

April 2015 « Volume 24 « Issue 1 « e012


http://dx.doi.org/10.1021/es9913636
http://dx.doi.org/10.1016/S0038-0717%2800%2900218-2
http://dx.doi.org/10.1016/S0038-0717%2800%2900218-2
http://dx.doi.org/10.1016/S0378-1127%2800%2900523-5
http://dx.doi.org/10.1016/S0378-1127%2800%2900523-5
http://dx.doi.org/10.1002/wdev.17
http://dx.doi.org/10.1002/wdev.17
http://dx.doi.org/10.1016/j.geoderma.2003.09.004
http://dx.doi.org/10.1016/j.geoderma.2003.09.004
http://dx.doi.org/10.1080/11263500701625897
http://dx.doi.org/10.1139/x96-170
http://dx.doi.org/10.1016/j.foreco.2010.10.016
http://dx.doi.org/10.1016/j.foreco.2010.10.016
http://dx.doi.org/10.1016/j.foreco.2011.08.042
http://dx.doi.org/10.1016/j.foreco.2011.08.042
http://dx.doi.org/10.1007/BF02182643
http://dx.doi.org/10.1007/BF02182643
http://dx.doi.org/10.1007/BF00011504
http://dx.doi.org/10.1525/bio.2011.61.11.6
http://dx.doi.org/10.1525/bio.2011.61.11.6
http://dx.doi.org/10.1046/j.1469-8137.2000.00681.x
http://dx.doi.org/10.1046/j.1469-8137.2000.00681.x
http://dx.doi.org/10.1007/BF00378292
http://dx.doi.org/10.1016/j.still.2011.11.013
http://dx.doi.org/10.1016/j.geoderma.2012.04.016
http://dx.doi.org/10.1016/j.geoderma.2012.04.016
http://dx.doi.org/10.1029/WR018i005p01311
http://dx.doi.org/10.1029/WR018i005p01311
http://dx.doi.org/10.1111/j.1365-2389.2010.01300.x
http://dx.doi.org/10.1111/j.1365-2389.2010.01300.x
http://dx.doi.org/10.1016/j.ecoinf.2013.03.001
http://dx.doi.org/10.1016/j.ecoinf.2013.03.001
http://dx.doi.org/10.1111/j.1365-2389.2007.00974.x
http://dx.doi.org/10.1016/j.biombioe.2011.06.045
http://dx.doi.org/10.1016/j.biombioe.2011.06.045

12 Yinghu Zhang, Jianzhi Niu, Xinxiao Yu, Weili Zhu and Xiaoqing Du

in garden pea (Pisum Sativum L., cv. “Alaska”). Environ
Exp Bot 33(2): 243-258. http://dx.doi.org/10.1016/0098-
8472(93)90070-V

Grier CC, Vogt KA, Keyes MR, Edmonds RL, 1981. Biomass
distribution and above- and below-ground production in
young and mature Abies amabilis zone ecosystems of the
Washington Cascades. Can J For Res 11: 155-167. http://
dx.doi.org/10.1139/x81-021

Hagedorn F, Bundt M, 2002. The age of preferential flow
paths. Geoderma 108: 119-132. http://dx.doi.org/10.1016/
S0016-7061(02)00129-5

Helmisaari HS, Derome J, N6jd P, Kukkola M, 2007. Fine
root biomass in relation to site and stand characteristics in
Norway spruce and Scots pine stands. Tree Physiol 27(10):
1493-1504. http://dx.doi.org/10.1093/treephys/27.10.1493

Hendrickx JMH, Flury M, 2001. Uniform and preferential
flow mechanisms in the vadose zone. In: Conceptual
Models of Flow and Transport in the Fractured Vadose
Zone (ed. N.R. Council), National Academy Press, Wash-
ington, DC. pp. 149-187.

Himmelbauer ML, Loiskandl W, Rousseva S, 2010. Spatial
root distribution and water uotake of maize grown on field
with subsoil compaction. J. Hydrol Hydromech 58: 163-
174. http://dx.doi.org/10.2478/v10098-010-0015-z

Hu B, Han CL, Jia Y, Zhao ZH, Li FM, Siddique KHM, 2013.
Visualization of the three-dimensional water-flow paths
in calcareous soil using iodide water tracer. Geoderma
200-201: 85-89. http://dx.doi.org/10.1016/j.geoder-
ma.2013.01.009

Jackson RB, Mooney HA, Schulze ED, 1997. A global
budget for fine root biomass, surface area and nutrient
contents. Proc Nat Acad Sci USA 94: 7362-7366. http://
dx.doi.org/10.1073/pnas.94.14.7362

Jarvis NJ, Moeys J, Koestel J, Hollis JM, 2012. Preferential Flow
in a Pedological Perspective. In: Hydropedology. pp: 75-120.

Jorgensen PR, Hoffmann M, Kistrup JP, Bryde C, Bossi R,
Villholth KG, 2002. Preferential flow and pesticide trans-
port in a clay-rich till: Field, laboratory, and modeling
analysis. Water Resour Res 38(11): 1246-1261. http://
dx.doi.org/10.1029/2001 WR000494

KadZiené G, Munkholm LJ, Mutegi JK, 2011. Root growth
conditions in the topsoil as affected by tillage intensity.
Geoderma 166(1): 66-73. http://dx.doi.org/10.1016/j.
geoderma.2011.07.013

Kalyn KA, Van Rees KCJ, 2006. Contribution of fine roots
to ecosystem biomass and net primary production in black
spruce, aspen, and jack pine forests in Saskatchewan. Agr
Forest Meteorol 140(1): 236-243. http://dx.doi.
org/10.1016/j.agrformet.2005.08.019

Kasteel R, Schnitzler F, Berns AE, Vanderborght J, Ver-
eecken H, 2013. Visualization of transport pathways for
organic compounds in undisturbed soil monoliths. Geo-
derma 195-196: 70-78. http://dx.doi.org/10.1016/j.geo-
derma.2012.11.014

Kramers G, Richards KG, Holden NM, 2009. Assessing the
potential for the occurrence and character of preferential
flow in three Irish grassland soils using image analysis.
Geoderma 153: 362-371. http://dx.doi.org/10.1016/j.geo-
derma.2009.08.021

Forest Systems

Li YM, Ghodrati M, 1994. Preferential Transport of Nitrate
through Soil Columns Containing Root Channels. Soil
Sci Soc Am J 58(3): 653-659. http://dx.doi.org/10.2136/
$$52j1994.03615995005800030003x

Lipiec J, Medvedev VV, Birkas M, Dumitru E, Lyndina TE,
Rousseva S, and Fulajtar E, 2003. Effect of soil compac-
tion on root growth and crop yield in Central and Eastern
Europe. International Agrophysics, 17: 61-69.

Logsdon SD, Allmaras RR, 1991. Maize and soybean root
clustering as indicated by root mapping. Plant Soil 131(2):
169-176. http://dx.doi.org/10.1007/BF00009446

Majdi H, Pregitzer K, Morén A-S, Nylund J-E, Agren GI, 2005.
Measuring fine root turnover in forest ecosystems. Plant Soil
276: 1-8. http://dx.doi.org/10.1007/s11104-005-3104-8

McClaugherty CA, Aber JD, Melillo JM, 1984. Decomposi-
tion dynamics of fine roots in forested ecosystems. Oikos
42: 378-386. http://dx.doi.org/10.2307/3544408

Mitchell AR, Ellsworth TR, Meek BD, 1995. Effect of root
systems on preferential flow in swelling soil. Commun
Soil Sci Plant Anal 26: 2655-2666.http://dx.doi.
org/10.1080/00103629509369475

Mosaddeghi MR, Mahboubi AA, Safadoust A, 2009. Short-
term effects of tillage and manure on some soil physical
properties and maize root growth in a sandy loam soil in
western Iran. Soil Till Res 104: 173-179. http://dx.doi.
org/10.1016/.stil1.2008.10.011

Mufioz-Romero V, Benitez-Vega J, Lépez-Bellido RJ, Fontan
JM, Lopez-Bellido L, 2010. Effect of tillage system on
the root growth of spring wheat. Plant Soil 326(1-2): 97-
107.http://dx.doi.org/10.1007/s11104-009-9983-3

Nimmo JR, 2012. Preferential flow occurs in unsaturated
conditions. Hydrol Process 26(5): 786-789. http://dx.doi.
org/10.1002/hyp.8380

Noguchi S, Tsuboyama Y, Sidle RC, Hosoda I, 1997. Spa-
tially distributed morphological characteristics of ma-
cropores in forest soils of Hitachi Ohta Experimental
Watershed, Japan. J Forest Res 2(4): 207-215. http://dx.
doi.org/10.1007/BF02348317

Ohrstrom P, Persson M, Albergel J, Zante P, Nasri S, Berndts-
son R, Olsson J, 2002. Field-scale variation of preferential
flow as indicated from dye coverage. J Hydrol 257: 164-
173. http://dx.doi.org/10.1016/S0022-1694(01)00537-6

Panayiotopoulos KP, Papadopoulou CP, Hatjiioannidou A,
1994. Compaction and penetration resistance of an Alfisol
and Entisol and their influence on root growth of maize
seedlings. Soil Till Res 31(4): 323-337. http://dx.doi.
org/10.1016/0167-1987(94)90039-6

Persson H, 2000. Adaptive tactics and characteristics of tree
fine roots. Dev Plant Soil Sci 33: 337-346.

Persson HA, 1983. The distribution and productivity of fine
roots in boreal forests. Plant Soil 71: 87-101. http://dx.doi.
org/10.1007/BF02182644

Puhe J, 2003. Growth and development of the root system
of Norway spruce (Picea abies) in forest stands—a review.
Forest Ecol Manag 175(1-3): 253-273. http://dx.doi.
org/10.1016/S0378-1127(02)00134-2

Raizada A, Jayaprakash J, Rathore AC, Tomar JMS, 2013.
Distribution of fine root biomass of fruit and forest tree

April 2015 « Volume 24 « Issue 1 « e012


http://dx.doi.org/10.1016/0098-8472%2893%2990070-V
http://dx.doi.org/10.1016/0098-8472%2893%2990070-V
http://dx.doi.org/10.1139/x81-021
http://dx.doi.org/10.1139/x81-021
http://dx.doi.org/10.1016/S0016-7061%2802%2900129-5
http://dx.doi.org/10.1016/S0016-7061%2802%2900129-5
http://dx.doi.org/10.1093/treephys/27.10.1493
http://dx.doi.org/10.2478/v10098-010-0015-z
http://dx.doi.org/10.1016/j.geoderma.2013.01.009
http://dx.doi.org/10.1016/j.geoderma.2013.01.009
http://dx.doi.org/10.1073/pnas.94.14.7362
http://dx.doi.org/10.1073/pnas.94.14.7362
http://dx.doi.org/10.1029/2001WR000494
http://dx.doi.org/10.1029/2001WR000494
http://dx.doi.org/10.1016/j.geoderma.2011.07.013
http://dx.doi.org/10.1016/j.geoderma.2011.07.013
http://dx.doi.org/10.1016/j.agrformet.2005.08.019
http://dx.doi.org/10.1016/j.agrformet.2005.08.019
http://dx.doi.org/10.1016/j.geoderma.2012.11.014
http://dx.doi.org/10.1016/j.geoderma.2012.11.014
http://dx.doi.org/10.1016/j.geoderma.2009.08.021
http://dx.doi.org/10.1016/j.geoderma.2009.08.021
http://dx.doi.org/10.2136/sssaj1994.03615995005800030003x
http://dx.doi.org/10.2136/sssaj1994.03615995005800030003x
http://dx.doi.org/10.1007/BF00009446
http://dx.doi.org/10.1007/s11104-005-3104-8
http://dx.doi.org/10.2307/3544408
http://dx.doi.org/10.1080/00103629509369475
http://dx.doi.org/10.1080/00103629509369475
http://dx.doi.org/10.1016/j.still.2008.10.011
http://dx.doi.org/10.1016/j.still.2008.10.011
http://dx.doi.org/10.1007/s11104-009-9983-3
http://dx.doi.org/10.1002/hyp.8380
http://dx.doi.org/10.1002/hyp.8380
http://dx.doi.org/10.1007/BF02348317
http://dx.doi.org/10.1007/BF02348317
http://dx.doi.org/10.1016/S0022-1694%2801%2900537-6
http://dx.doi.org/10.1016/0167-1987%2894%2990039-6
http://dx.doi.org/10.1016/0167-1987%2894%2990039-6
http://dx.doi.org/10.1007/BF02182644
http://dx.doi.org/10.1007/BF02182644
http://dx.doi.org/10.1016/S0378-1127%2802%2900134-2
http://dx.doi.org/10.1016/S0378-1127%2802%2900134-2

Influences of plant roots on soil preferential flow in forest ecosystems 13

species raised on old river bed lands in the North West
Himalaya. Trop Ecol 54(2): 251-261.

Ruark GA, Bockheim JG, 1987. Below-ground biomass of
10-, 20-, and 32-year-old Populus tremuloides in Wiscon-
sin. Pedobiologia 30: 207-217.

Safford LO, 1974. Effect of fertilization on biomass and nutri-
ent content of fine roots in a beech-birch-maple stand. Plant
Soil 40: 349-363. http://dx.doi.org/10.1007/BF00011517

Santantonio D, Hermann RK, Overton WS, 1977. Root bio-
mass studies in forest ecosystems. Pedobiologia 17: 1-31.

Schenk HJ, Jackson RB, 2002. The global biogeography of
roots. Ecol Monogr 72: 311-328. http://dx.doi.
org/10.1890/0012-9615(2002)072[0311: TGBOR]2.0.CO;2

Schmid I, Kazda M, 2002. Root distribution of Norway
spruce in monospecific and mixed stands on different
soils. Forest Ecol Manag, 159(1): 37-47. http://dx.doi.
org/10.1016/S0378-1127(01)00708-3

Shi ZJ, Xu LH, Wang YH, Yang XH, Jia ZQ, Guo H, Xiong
W, Yu PT, 2012. Effect of rock fragments on macropores
and water effluent in a forest soil in the stony mountains
of the Loess Plateau, China. Afr J Biotechnol 11(39):
9350-9361. http://dx.doi.org/10.5897/AJB12.145

Sundarapandian SM, Swamy PS, 1996. Fine root biomass
distribution and productivity patterns under open and closed
canopies of tropical forest ecosystems at Kodayar in West-
ern Ghats, South India. Forest Ecol Manag 86(1-3): 181-
192. http://dx.doi.org/10.1016/S0378-1127(96)03785-1

Tracy SR, Black CR, Roberts JA, Mooney SJ, 2013. Explor-
ing the interacting effect of soil texture and bulk density
on root system development in tomato (Solanum lycoper-
sicum L.). Environ Exp Bot 91: 38-47.http://dx.doi.
org/10.1016/j.envexpbot.2013.03.003

Tscherning K, Leihner DE, Hilger TH, Miiller-Sédmann KM, El
Sharkawy MA, 1995. Grass barriers in cassava hillside cul-
tivation: Rooting patterns and root growth dynamics. Field
Crop Res 43(2): 131-140. http://dx.doi.org/10.1016/0378-
4290(95)00028-0

Forest Systems

Vakali C, Zaller JG, Kopke U, 2011. Reduced tillage effects
on soil properties and growth of cereals and associated
weeds under organic farming. Soil Till Res 111: 133-141.
http://dx.doi.org/10.1016/j.sti11.2010.09.003

Vocanson A, Roger-Estrade J, Boizard H, Jeuffroy MH, 2006.
Effects of soil structure on pea (Pisum sativum L.) root
development according to sowing date and cultivar. Plant
Soil 281(1-2): 121-135. http://dx.doi.org/10.1007/s11104-
005-3938-0

Vogt KA, Vogt DJ, Moore EE, Littke W, Grier CC, Leney L,
1985. Estimating Douglas-fir fine root biomass and pro-
duction from living bark and starch. Can J For Res 15:
177-179. http://dx.doi.org/10.1139/x85-030

Vogt KA, Vogt DJ, Palaiotto PA, Boon P, O'Hara J, Asb-
jornsen H, 1996. Review of root dynamics in forest eco-
systems grouped by climate, climatic forest type and
species. Plant Soil 187(2): 159-219. http://dx.doi.
org/10.1007/BF00017088

Wiel WF, Wample RL, 1985. Root growth, water relations
and mineral uptake of young ‘Delicious’ apple trees
treated with soil and stem applied paclobutrazol. Sci
Hortic 26(2): 129-137. http://dx.doi.org/10.1016/0304-
4238(85)90005-6

Yan HF, Li K, Ding H, Liao CS, Li XX, Yuan LX, Li CJ,
2011. Root morphological and proteomic responses to
growth restriction in maize plants supplied with sufficient
N. J Plant Physiol 168(10): 1067-1075. http://dx.doi.
org/10.1016/.jplph.2010.12.018

Yavitt JB, Harms KE, Garcia MN, Mirabello MJ,Wright SJ,
2011. Soil fertility and fine root dynamics in response to
4 years of nutrient (N, P, K) fertilization in a lowland
tropical moist forest, Panama. Aust Ecol 36: 433-445.
http://dx.doi.org/10.1111/j.1442-9993.2010.02157.x

Yuan ZY, Chen HYH, 2013. Simplifying the decision matrix
for estimating fine root production by the sequential soil
coring approach. Acta Oecol 48(1): 54-61. http://dx.doi.
org/10.1016/j.acta0.2013.01.009

April 2015 « Volume 24 « Issue 1 « e012


http://dx.doi.org/10.1016/j.still.2010.09.003
http://dx.doi.org/10.1007/s11104-005-3938-0
http://dx.doi.org/10.1007/s11104-005-3938-0
http://dx.doi.org/10.1139/x85-030
http://dx.doi.org/10.1007/BF00017088
http://dx.doi.org/10.1007/BF00017088
http://dx.doi.org/10.1016/0304-4238%2885%2990005-6
http://dx.doi.org/10.1016/0304-4238%2885%2990005-6
http://dx.doi.org/10.1016/j.jplph.2010.12.018
http://dx.doi.org/10.1016/j.jplph.2010.12.018
http://dx.doi.org/10.1111/j.1442-9993.2010.02157.x
http://dx.doi.org/10.1016/j.actao.2013.01.009
http://dx.doi.org/10.1016/j.actao.2013.01.009
http://dx.doi.org/10.1007/BF00011517
http://dx.doi.org/10.1890/0012-9615%282002%29072%5B0311:TGBOR%5D2.0.CO%3B2
http://dx.doi.org/10.1890/0012-9615%282002%29072%5B0311:TGBOR%5D2.0.CO%3B2
http://dx.doi.org/10.1016/S0378-1127%2801%2900708-3
http://dx.doi.org/10.1016/S0378-1127%2801%2900708-3
http://dx.doi.org/10.5897/AJB12.145
http://dx.doi.org/10.1016/S0378-1127%2896%2903785-1
http://dx.doi.org/10.1016/j.envexpbot.2013.03.003
http://dx.doi.org/10.1016/j.envexpbot.2013.03.003
http://dx.doi.org/10.1016/0378-4290%2895%2900028-O
http://dx.doi.org/10.1016/0378-4290%2895%2900028-O

