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Effects of Soil Compaction and Meloidogyne incognita on Cotton
Root Architecture and Plant Growth

JIANBING MA,1 TERRENCE L. KIRKPATRICK,2 CRAIG S. ROTHROCK,3 KRISTOFOR BRYE
4

Abstract: The effects of a soil hardpan and Meloidogyne incognita on cotton root architecture and plant growth were evaluated in
microplots in 2010 and 2011. Soil was infested with M. incognita at four different levels with or without a hardpan. The presence of
a hardpan resulted in increased plant height, number of main stem nodes, and root fresh weight for cotton seedlings both years.
Meloidogyne incognita decreased height and number of nodes for seedlings in 2010. Nematode infestation increased seedling root
length and enhanced root magnitude, altitude, and exterior path length in 2010. This was also the case for root length and
magnitude in 2011 at lower infestation levels suggesting compensatory growth. A hardpan had no consistent effect on these root
parameters but increased root volume in both years. A hardpan hastened crop maturity and increased the number of fruiting
branches that were produced, while M. incognita infection delayed crop development and reduced plant height and number of bolls.
Both M. incognita infection and a hardpan reduced taproot length and root dry weight below the hardpan in both years. Root
topological indices under all the treatments ranged from 1.71 to 1.83 both years indicating that root branching followed a her-
ringbone pattern. The techniques for characterizing root architecture that were used in this study provide a greater understanding of
changes that result from disease and soil abiotic parameters affecting root function and crop productivity.

Key words: ecology, host-parasite relationship, root-knot nematode, root topology, soil hardpan.

The southern root-knot nematode, Meloidogyne in-
cognita (Kofoid & White) Chitwood, is a detrimental
pathogen of cotton (Gossypium hirsutum L.) that is
distributed throughout the U.S. Cotton Belt (Koenning
et al., 2004). Root-knot nematodes cause the greatest
crop loss in cotton in sandy soils (Monfort et al., 2007) at
temperatures above 25 8C (Thomas and Kirkpatrick,
2001).

Cotton is a taproot crop in which the primary or
‘‘tap’’ root branches giving rise to secondary and ter-
tiary roots (McMichael, 1986). The shape of the root
system, the volume of soil explored by the roots, and
overall root density is dependent on the development
of lateral roots that extend outward from the taproot
(McMichael, 1986). The depth of root penetration de-
pends in large part on the taproot. A functional root
system is vital for anchorage and nutrient uptake from
the soil environment (Lynch, 1995). Impaired root
growth and development because of pathogens such as
M. incognita, or because of physical edaphic factors may
limit crop growth and development. A common physi-
cal factor that may impact root growth in agricultural
fields is compaction (Harveson et al., 2005). Compacted
soil has a higher bulk density and resistance to pene-
tration (strength) (Whalley et al., 1995). Root pene-
tration is inhibited by high soil resistance (Taylor and
Gardner, 1963; Medvedev, 2009). Compaction restricts
root growth of most plants when the soil resistance

reaches about 1,500 kPa; at a resistance near 2,500 kPa,
vertical root penetration is almost completely inhibited
(Coelho et al., 2000). Lowry et al. (1970) reported the
distribution of plant roots was partially or fully ag-
gregated to a shallow plowed layer above a compacted
soil pan. An inverse linear relationship between soil
strength and yield of corn, soybean, and wheat grown
in soils with a hardpan has been reported (Busscher
et al., 2000).

Meloidogyne incognita distorts cotton root morphology
by inducing gall formation resulting in the disruption
of the xylem, root epidermis, and cortical tissues (Bird,
1974; Meon et al., 1978; Shepherd and Huck, 1989).
Root damage and dysfunction because of alterations in
root anatomy may affect host-plant water relations and
suppress plant growth and development (Wilcox-Lee
and Loria, 1987; Koenning et al., 2004). Reduced leaf
stomatal resistance and transpiration (Evans et al.,
1975; Kirkpatrick et al., 1995) and water deficit stress
symptoms after root-knot nematode infestation have
been documented (O’Bannon and Reynolds, 1965).
Changes in root system architecture because of this
pathogen have been documented in controlled envi-
ronmental studies (Ma, 2012), but no research has been
done to quantify the nature of this reduction in the field.
Changes in root architecture, particularly in combina-
tion with the effects that may occur with increased soil
bulk density as a result of a hardpan could be very im-
portant in a loss of crop productivity. The objective of
this study was to determine the effect of a hardpan and
M. incognita on cotton root architecture and plant growth
in microplots.

MATERIALS AND METHODS

Sixty-four concrete microplots (76-cm diam., buried
80-cm deep) located at the Southwest Research and
Extension Center, Hope, Arkansas, were used for this
study in 2010 and 2011. Prior to planting in 2010, the
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microplots had been used for a soil texture study
(Jaraba-Navas et al., 2007). These microplots were left
undisturbed after completion of the previous experi-
ment and were compacted because of natural forces
(precipitation, hot and cold temperature, and evapo-
ration). Microplots used for the hardpan treatment
had soil textures with sand contents # 71%, and soil
bulk densities ranged from 1.80 to 2.07 g/cm3 before
the current study was initiated. In preparation for this
study, the upper 20 cm of soil was removed and the
remaining compacted soil was left in 32 of the micro-
plots to provide a compacted layer or hardpan. A steam-
pasteurized (30 min at 708C), fine loamy sand (87.1%
sand, 6.8% silt, 6.1% clay) was then added to the mi-
croplots above the compacted zone. The soil in the re-
maining 32 microplots was removed to a depth of 80 cm
and the microplots were refilled with the pasteurized
loamy sand to provide a comparison without a hardpan.
To ensure that no residual nematodes remained from
the previous trial, all the plots were treated with Vapam�

HL (sodium methyldithiocarbamate, 42% a.i., Amvac
Chemical Corp., Los Angeles, CA) at 35-ml/plot in
3,785-ml water, poured uniformly on the soil surface.
Immediately after application, each plot received an
additional 8 liters of water to help disperse the fumigant
into the soil and to provide a water seal. One week prior
to planting, soil samples were taken from all plots and
tested for nematodes with a semi-automatic elutriator
(Byrd et al., 1976) and sugar flotation (Jenkins, 1964) to
ensure the pathogen had been eliminated.

Inoculum of M. incognita race 3 was obtained from
stock cultures maintained in a greenhouse on tomato
(Lycopersicon esculentum Mill. cv. ‘Rutgers’). In 2010, in-
oculum was prepared by cutting tomato root systems
(60 d old) into segments 1 to 2 cm in length and mixing
the root segments thoroughly with the soil in which the
plants were grown. All root segments and soil were
composited, and subsamples were assayed to quantify
the number of nematodes that were present. Nematode
egg numbers were determined by collecting all infected
root segments from a standard volume of soil and ex-
tracting the eggs in 0.05% NaOCl (Hussey and Barker,
1973) for 4 min. Vermiform second-stage juveniles (J2)
in the soil were assayed using a semi-automatic elutriator
and centrifugal flotation. The soil and M. incognita-
infected tomato roots were added to specific microplots
immediately prior to planting in a sufficient volume to
achieve a total density of 4 eggs/cm3 soil in the upper
15 cm of the microplot. Control plots received root
fragments and soil from pots having healthy tomato
plants. The soil-root mixture was incorporated thor-
oughly into each microplot to a depth of 15 cm. Mi-
croplots for treatments at higher initial densities (8 or
12 eggs/cm3 soil) received a second or third inoculation
of 4 eggs/cm3/inoculation at 12 or 24 d later to obtain
densities of 8 or 12 eggs/cm3 soil, respectively. For these
inoculations, M. incognita eggs extracted with NaOCl

and suspended in distilled sterile water were applied into
two holes (0.5-cm diam. by 5-cm deep) per microplot.

In 2011, approximately 45 d prior to planting, soils
were disinfested in all the microplots by drenching with
Vapam� HL and assayed for live nematodes as described
previously. The same nematode population was used in
2011, but inoculum consisted exclusively of eggs that
were extracted from infected tomato plants. Nematode
eggs were applied in three different events starting at
planting and then at 12-d intervals to achieve final
densities of 4, 8, and 12 eggs/cm3 soil as described for
2010. Noninfested control plots received sterile water
only.

Twenty untreated cotton seeds of the root-knot nem-
atode susceptible cotton cultivar DP 0935 B2RF (Delta
and Pine Land Co., Scott, MS) were planted in each plot
immediately after infestation. The first M. incognita in-
oculation and planting occurred on 29 April 2010 and
5 May 2011, when the average soil temperature at 15-cm
deep was above 168C for 3 consecutive d. The second
and third inoculum applications of M. incognita occurred
on 11 May and 23 May 2010 and 18 May and 30 May
2011.

The experimental design of this study was completely
randomized with eight replications. Treatments in-
cluded a noninfested control, and M. incognita at three
different densities (4, 8, and 12 eggs/cm3 soil) with and
without a hardpan.

Model ‘‘R’’ Irrometers (IRROMETER Co., Inc.,
Riverside, CA) were placed at 10 cm and 20 cm below the
soil surface in arbitrarily selected plots to monitor the
soil water matric potential in plots with and without
a hardpan in both years. In the spring and early summer,
6 mm of water was added to each plot when the matric
potential at 10 cm reached -30 J/kg. In midsummer and
early fall, 12 mm and 24 mm of water, respectively,
were added to each plot when matric potential reached
-50 J/kg. Plant watering was stopped on 8 September
2010 and 10 September 2011. Polyethylene rain shields
were installed over the microplots in 2010 in an attempt
to keep natural rainfall out of the plots. The covers were
not used in 2011. Soil temperature was recorded at
20 cm below the soil surface from selected microplots
with a Model 450 WatchDog Data Logger (Spectrum
Technologies, Inc., Plainfield, IL). Weather data were
obtained from the weather station located approxi-
mately 100 m from the microplots for both years. In the
early season and late season of both years, soil penetra-
tion resistance for each plot was measured to a depth of
45 cm with a SC 900 Soil Compaction Meter (Spectrum
Technologies, Inc.).

Microplot soil fertility was maintained by applying
Jack’s Classic Fertilizer, 20-20-20 (J. R. Peters, Inc.,
Allentown, PA) (2.1% of nitrate nitrogen, 17.9% of urea
nitrogen, 20% of P2O5, and 20% of K2O) to each plot
periodically throughout the growing season to maintain
plant growth. Insect control was accomplished with
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esfenvalerate (Asana XL; E.I. du Pont de Nemours and
Co., Wilmington, DE) and acephate (Orthene 90S; Val-
ent USA Corp., Walnut Creek, CA) based on scouting
according to Arkansas Extension Service recommenda-
tions for cotton (Studebaker, 2010). Seedling stand was
determined 20 d after planting (DAP), and the plant
population was thinned to eight plants per plot. Four
seedlings with intact root systems from each plot were
excavated 31 and 34 DAP in 2010 and 2011, respectively.
Plant height from the cotyledonary node to the tip of the
main terminal and the number of main stem nodes were
determined for each plant. Leaf and stem tissue above
the cotyledonary nodes was dried at 608C for 48 hr to
determine top dry weight.

Excavated root systems were rinsed in running tap
water for 20 min, surface-disinfested with 0.5% NaOCl
by immersion for 1.5 min, blotted dry and weighed.
Each root system was rated for root galling on a scale of
0 to 5, where 0 = no galls, 1 = 1 to 2, 2 = 3 to 10, 3 = 11 to
30, 4 = 31 to 100, and 5 = 101 to 200 galls/root system.
Midpoint values, which are the median of the ranges
within a category (0 = 0 galls, 1 = 1.5 galls, 2 = 6.5 galls,
3 = 20.5 galls, 4 = 65.5 galls, 5 = 150 galls/root) were
used for statistical analysis. Each seedling root was
scanned by a high-resolution image scanner (Epson�

Expression� 10000XL Scanner, Epson America, Inc.,
Long Beach, CA). The WinRHIZO image analysis system
(Regent Instruments, Inc., Quebec, Canada) was used to
analyze each root image to obtain the root morpholog-
ical data (root surface area, volume, radius, links, tips)
and architectural data (altitude, magnitude, and exte-
rior path length) (Fitter, 1986). A link is a segment of
root from the root tip to a branch or between branches.
Magnitude is a topological parameter that describes
the number of exterior links. Altitude is defined as the
number of links in the longest path from any exterior
link to the base link. Exterior path length (Pe) is the sum
of the number of links in all paths. Based on this to-
pological classification system, there are two idealized
topological models—herringbone and dichotomous
(Fig. 1). With herringbone root systems, branching is
confined to the main axis while a dichotomous system
has equal branching on all links (Werner and Smart,
1973; Fitter, 1985). The topological index (TI) that de-
scribes this branching is determined by the slope of the
regression line from double-logarithmic (loge) plots of
the exterior path length against the magnitude (Fitter,
1986; Fitter and Setters, 1988; Larkin et al., 1995, 1996).
The values for TI usually range from 1.9 for herringbone
models to 1.2 for dichotomous patterns (Werner and
Smart, 1973; Fitter, 1986).

Cotton was harvested by hand at maturity. Plant height
from the cotyledonary node to the tip of the main ter-
minal for each plant was determined. Plant growth and
development were recorded using COTMAP (Bourland
and Watson, 1990) to describe the position of the first
sympodial branch above the cotyledonary node, total

number of sympodial branches, number of sympodial
branches with two bolls and total number of bolls per
plant. Days to first bloom and number of cracked bolls
114 DAP for each plot was recorded in 2010. At harvest
in both 2010 (173 DAP) and 2011 (180 DAP), four
mature plants with root systems were excavated care-
fully from each plot. Excavated roots were washed and
nematode galling was rated using the same scale as for
the early season galling. A Canon EOS Rebel T2i camera
(Canon, USA, Inc., Lake Success, NY) was used to take
digital images for each root system and images were
analyzed using the WinRHIZO software. Taproot length
for each root was measured. Each root was cut at 20 cm
below the soil line to evaluate the difference of root
biomass above and below hardpan depth and the two
portions of roots were dried separately in an oven at 608C
for 5 d and weighed. Soil population densities of nem-
atodes were evaluated at harvest in both years in all plots.
Six individual 15-cm-deep soil cores were removed from
each plot with a soil sampling tube (2.5-cm diam.) and
combined to make a composite sample. A subsample,
100 cm3 of the composite sample, was processed by
sieving and centrifugal flotation (Ayoub, 1980) to extract
J2 nematodes.

Statistical analyses were conducted using the GLM
procedure with SAS 9.2 (SAS Institute, Inc., Cary, NC)
to evaluate pathogen and hardpan treatment effects on
root architecture and plant growth. Treatment means
were separated according to Fisher’s protected LSD at
P # 0.05.

RESULTS

In the early season of 2010, the mean soil matric po-
tentials 10 cm below soil surface were -0.2 J/kg and
-5.0 J/kg for plots with or without a hardpan, respec-
tively. The mean soil matric potentials were -4.5 J/kg and

FIG. 1. Characteristics of branching patterns based on the topo-
logical classification system of Fitter (Fitter, 1986): a. herringbone;
b. dichotomous. Numbers indicate the magnitude of each link. Mag-
nitude is the same as the largest link magnitude. Altitude is the number
of links in the longest path from any exterior link to the base link;
exterior path length (Pe) is the sum of the number of links in all paths.
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-9.6 J/kg for plots with or without a hardpan in the early
season of 2011. Both 2010 and 2011 (June-October)
were below normal for rainfall. Soil temperatures at
20 cm for the first 6 wk (emergence to second true leaf
stage) averaged 27.28C in 2011 and were consistently
higher than the 2010 average of 22.68C. The warm
average soil temperature combined with low rainfall
during the study in 2011 tended to increase plant growth
and nematode activity. Because of environmental dif-
ferences between 2010 and 2011, data were analyzed
by individual years.

There was no soil hardpan by M. incognita interaction
on cotton seedling growth in either 2010 or 2011, so
main effects were examined (Table 1). Seedlings were
taller, and the number of stem nodes and root fresh
weight were greater in the presence of a hardpan in both
2010 and 2011 (Table 2). Meloidogyne incognita sup-
pressed seedling height and number of main stem no-
des numerically in both years, but differences were only
significant in 2010 (Table 2). Nematodes did not affect
root fresh weight in either year (Table 2). The hard-
pan reduced total root length in 2011, but increased
root system volume in both years (Table 3). Nematodes
increased total root length, with the greatest density
showing the shortest root length (Table 3). Nematodes
did not affect root volume in either year (Table 3).

In the early season of 2010, a soil hardpan by M. in-
cognita interaction was found for root magnitude, alti-
tude, and exterior path length (Table 1). The presence
of M. incognita increased root magnitude, altitude, and
exterior path length compared with uninfested plots,
and consistent increases in these parameters were greater
at the levels of 4 or 8 eggs/cm3 soil than at 12 eggs/cm3

soil. No consistent differences were found between plants
grown with and without a hardpan for lower inoculum
levels of M. incognita in 2010. Meloidogyne incognita effects
on root topological parameters were not significant in
2011, with the exception of root magnitude where lower
levels (4 and 8 eggs/cm3) increased root magnitude
compared with the uninfested treatment (Table 3).

No hardpan by M. incognita interaction was seen for
late season cotton plant height and reproductive de-
velopment in 2010, so main effects were examined
(Table 4). The nodal position of the first fruiting (sym-
podial) branch on the main stem was higher in plots
without a hardpan, while the number of cracked bolls
(a measure of earliness of crop maturity) was greater
in plots with a hardpan (Table 5). Plant height, total
number of bolls at harvest, and seed cotton yield were
similar in plots with or without a hardpan (Table 5).
Meloidogyne incognita reduced plant height and the
number of cracked bolls, but increased the height of the
first fruiting node position, indicating that M. incognita
infestation delayed development of the crop. Total boll
number was reduced by the nematode at 4 eggs/cm3,
but seed cotton yield was not significantly influenced by
the presence of the nematode (Table 5).

T
A

B
L

E
1.

P
ro

b
ab

il
it

y
va

lu
es

fo
r

m
ai

n
an

d
in

te
ra

ct
io

n
ef

fe
ct

s
o

f
so

il
h

ar
d

p
an

(H
P

)a
an

d
M

el
oi

do
gy

n
e

in
co

gn
it

a
(M

i)
in

o
cu

lu
m

d
en

si
ti

es
b

o
n

co
tt

o
n

se
ed

li
n

g
ch

ar
ac

te
ri

st
ic

s,
ro

o
t

m
o

rp
h

o
lo

gi
ca

l
p

ar
am

et
er

s
an

d
ro

o
t

ga
ll

in
g

in
th

e
ea

rl
y

se
as

o
n

o
f

20
10

an
d

20
11

.

P
la

n
t

h
ei

gh
tc (c

m
)

N
u

m
b

er
o

f
m

ai
n

st
em

n
o

d
es

R
o

o
t

fr
es

h
w

ei
gh

t
(g

)
T

o
ta

l
ro

o
t

le
n

gt
h

(c
m

)
R

o
o

t
vo

lu
m

e
(c

m
3
)

M
ag

n
it

u
d

ed
A

lt
it

u
d

ee
E

xt
er

io
r

p
at

h
le

n
gt

h
f

G
al

li
n

g
g

E
ff

ec
t

20
10

20
11

20
10

20
11

20
10

20
11

20
10

20
11

20
10

20
11

20
10

20
11

20
10

20
11

20
10

20
11

20
10

20
11

H
P

0.
00

06
,

.0
00

1
0.

00
08

,
.0

00
1

0.
00

60
0.

00
10

0.
12

15
0.

00
84

0.
00

02
,

.0
00

1
0.

57
40

0.
26

00
0.

85
46

0.
79

76
0.

59
29

0.
13

70
0.

17
92

0.
14

57
M

i
d

en
si

ty
0.

00
28

0.
10

46
0.

00
18

0.
37

90
0.

28
01

0.
45

54
0.

00
26

0.
01

28
0.

26
80

0.
99

70
,

.0
00

1
0.

02
97

,
.0

00
1

0.
36

66
,

.0
00

1
0.

10
79

0.
64

36
0.

16
07

H
P

*M
i

d
en

si
ty

0.
05

64
0.

22
81

0.
08

79
0.

11
16

0.
23

24
0.

87
27

0.
12

69
0.

16
82

0.
12

51
0.

57
64

0.
01

59
0.

19
70

0.
02

48
0.

65
34

0.
00

88
0.

37
91

0.
51

38
0.

62
99

a
A

so
il

h
ar

d
p

an
w

as
p

re
se

n
t

20
cm

b
el

o
w

th
e

so
il

su
rf

ac
e;

0
=

n
o

so
il

h
ar

d
p

an
,

1=
so

il
h

ar
d

p
an

.
b

M
el

oi
do

gy
n

e
in

co
gn

it
a

=
0,

4,
8,

o
r

12
eg

gs
/

cm
3

so
il

;
M

i
=

0
n

o
t

in
cl

u
d

ed
in

ga
ll

in
g

an
al

ys
is

b
ec

au
se

it
d

id
n

o
t

h
av

e
a

va
ri

an
ce

eq
u

al
to

th
e

o
th

er
tr

ea
tm

en
ts

.
c

P
la

n
t

h
ei

gh
t

fr
o

m
th

e
co

ty
le

d
o

n
ar

y
n

o
d

e
to

te
rm

in
al

.
d

M
ag

n
it

u
d

e
is

th
e

n
u

m
b

er
o

f
ex

te
ri

o
r

li
n

ks
p

er
ro

o
t

sy
st

em
.

e
A

lt
it

u
d

e
is

th
e

n
u

m
b

er
o

f
li

n
ks

in
th

e
lo

n
ge

st
p

at
h

fr
o

m
an

y
ex

te
ri

o
r

ro
o

t
li

n
k

to
th

e
b

as
e

li
n

k.
f

E
xt

er
io

r
p

at
h

le
n

gt
h

is
th

e
su

m
o

f
li

n
ks

in
al

l
p

at
h

s.
g

R
o

o
t

ga
ll

in
g

b
as

ed
o

n
a

0
to

5
sc

al
e:

0
=

n
o

ga
ll

s,
1

=
1

to
2,

2
=

3
to

10
,3

=
11

to
30

,4
=

31
to

10
0,

an
d

5
=

10
1

to
20

0
ga

ll
s/

ro
o

t.
A

n
al

ys
es

w
er

e
co

n
d

u
ct

ed
u

si
n

g
m

id
p

o
in

t
va

lu
es

in
w

h
ic

h
0

=
0,

1
=

1.
5,

2
=

6.
5,

3
=

20
.5

,4
=

65
.5

,
an

d
5

=
15

0
ga

ll
s/

ro
o

t.
*

In
te

ra
ct

io
n

b
et

w
ee

n
th

e
m

ai
n

ef
fe

ct
s.

Nematodes, Root Architecture and Soil Compaction: Ma et al. 115



There was no hardpan by M. incognita interaction on
root growth late in the season for 2010 or 2011, so main
effects were examined (Table 4). Taproot length was
suppressed both years by both a hardpan and M. in-
cognita for all treatments except the highest inoculum
rate in 2010 compared with the uninfested treatment
(Table 6). Dry weight of roots that developed above the
hardpan was not affected by the hardpan, while root dry
weight below the hardpan was reduced by the hardpan
in both years (Table 6). Root dry weight in the upper
20 cm (above the hardpan) was reduced at M. incognita
infestation levels of 4 and 8 eggs/cm3 in 2010 com-
pared with the uninfested treatment but was not af-
fected by M. incognita infestation level in 2011 (Table 6).
The lowest density of the nematode (4 eggs/cm3) sup-
pressed root dry weight below the hardpan consistently
in both 2010 and 2011 (Table 6). The presence of a
hardpan increased root system magnitude compared

with plants grown without a hardpan late in the season
in 2010 (P = 0.0339) and 2011 (P = 0.0105) but did not
affect altitude or exterior path length. Root system
magnitude in 2010 for treatments having M. incognita
was increased compared with the uninfested control,
ranged 167 to 203 compared with 129, respectively (P =
0.0092). A similar trend for magnitude was observed in
2011 for M. incognita (P = 0.0735) (data not shown).
Meloidogyne incognita had no effect on root altitude and
exterior path length in either year.

Root system topological indices (TI) for all the treat-
ments ranged from 1.71 to 1.83 in both years indicating
that the root system conformed to a herringbone root
branching pattern. The presence of M. incognita tended
to lower TI, although effects were variable. In the early
season of 2010, root TI was reduced by both 4 and 8 M.
incognita eggs per cm3 (1.72 and 1.75, respectively; P =
0.0137), comparing with uninfested treatment (1.77),
but there was no hardpan effect. In the early season in
2011, root TI were 1.74 and 1.71, for an inoculum den-
sity of 4 M. incognita eggs/cm3 with and without a hard-
pan, respectively, while root TI were 1.78 and 1.79 for the
uninfested treatment with and without a hardpan. In the
late season of 2010, a hardpan by M. incognita interaction
was seen (P = 0.0358) where a lower TI occurred for all
nematode infestation rates with a hardpan compared
with plots without a hardpan (data not shown). Over all
infestation treatments, the late season TI was reduced
from 1.74 to 1.70 in plots having a hardpan (P = 0.0190).

Data from noninoculated plots were not included in
the analyses for galling and late season J2 because the
variance of these plots was not equal to that of the other
nematode inoculum levels. There was no soil hardpan
by M. incognita inoculum density interaction for galling
or nematode population density at harvest in 2010 or
2011, so main effects were presented (Tables 1 and 4).
Root gall ratings were higher with a hardpan only in the
late season of 2011 (Table 7). There were no differences

TABLE 2. Effects of a soil hardpan (HP)a and Meloidogyne incognita
(Mi) at various inoculum densitiesb on cotton seedling characteristics
in 2010 (31 d after planting) and 2011 (34 d after planting).

Plant
heightc (cm)

Number of main
stem nodes

Root fresh
weight (g)

Treatment 2010 2011 2010 2011 2010 2011

HP
0 3.65 bd 4.65 b 2.95 b 2.66 b 0.27 b 0.56 b
1 4.78 a 8.28 a 3.49 a 4.18 a 0.42 a 0.94 a

Mi density
0 5.46 a 7.36 a 3.80 a 3.64 a 0.43 a 0.71 a
4 3.88 b 5.77 a 2.84 b 3.23 a 0.34 a 0.68 a
8 3.78 b 6.26 a 3.16 b 3.35 a 0.35 a 0.70 a

12 3.74 b 6.46 a 3.09 b 3.44 a 0.27 a 0.90 a

a A soil hardpan was present 20 cm below the soil surface; 0 = no soil hardpan,
1 = soil hardpan.

b Meloidogyne incognita = 0, 4, 8, or 12 eggs/cm3 soil.
c Plant height from the cotyledonary node to terminal.
d Means in a column followed by the same letter are not significantly different

according to Fisher’s protected least significant difference (LSD) at P # 0.05.

TABLE 3. Effects of soil hardpan (HP)a and Meloidogyne incognita (Mi) inoculum densitiesb on cotton seedling root morphological pa-
rameters in 2010 (31 d after planting) and 2011 (34 d after planting).

Total length (cm) Volume (cm3) Magnitudec Altituded Exterior path lengthe

Treatment 2010 2011 2010 2011 2010 2011 2010 2011 2010 2011

HP
0 57.03 af 70.06 a 0.16 b 0.33 b 31.6 a 18.3 a 414.6 a
1 64.81 a 57.66 b 0.22 a 0.63 a 28.7 a 18.0 a 352.5 a

HP HP HP
Mi density 0 1 0 1 0 1

0 45.42 c 53.67 b 0.21 a 0.49 a 22.6 e 18.8 e 24.7 b 15.0 d 13.3 d 17.6 a 246.6 f 183.1 f 309.0 a
4 72.37 a 74.95 a 0.20 a 0.48 a 31.7 cd 48.7 a 34.8 a 18.7 c 24.5 a 19.2 a 411.6 de 767.5 a 453.9 a
8 70.95 a 65.52 ab 0.21 a 0.47 a 41.4 b 35.8 c 31.7 a 24.0 ab 22.2 b 18.5 a 662.6 b 528.4 c 404.4 a

12 51.32 b 60.28 b 0.17 a 0.48 a 28.2 d 27.1 d 29.0 ab 20.5 bc 19.0 c 17.1 a 399.3 e 365.1 e 364.4 a

a A soil hardpan was present 20 cm below the soil surface; 0 = no soil hardpan, 1 = soil hardpan.
b Meloidogyne incognita = 0, 4, 8, or 12 eggs/cm3 soil.
c Magnitude is the number of exterior links.
d Altitude is the number of links in the longest path from any exterior link to the base link.
e Exterior path length is the sum of the number of links in all paths.
f Means in a column followed by the same letter are not significantly different according to Fisher’s protected least significant difference (LSD) at P # 0.05.
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in root galling on seedlings or at harvest among M. in-
cognita inoculum densities either year. The highest in-
oculum level, 12 eggs/cm3, had lower J2 populations late
in the season for 2010 than the lowest inoculum level
(Table 7). The density of M. incognita J2 was lower with
a hardpan late in the season of 2010 (Table 7).

DISCUSSION

In the early season for both years, the soil water matric
potential at 10 cm below the soil surface (above the
hardpan) in hardpan plots tended to be greater than in
the plots without a hardpan, indicating that the com-
paction layer trapped and held water in the upper soil
profile to a greater degree than where gravitational water
could move vertically in the absence of a hardpan.
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TABLE 5. Effect of a soil hardpan (HP)a and Meloidogyne incognita
(Mi) inoculum densitiesb on late season cotton growth and devel-
opment in 2010 (173 d after planting).

Treatment
Plant

heightc (cm)
Cracked

bollsd
First sympodial

nodee
Total
bolls

Yieldf

(g)

HP
0 28.60 ag 3.5 b 9.3 a 22.1 a 102.79 a
1 30.40 a 7.9 a 7.8 b 23.3 a 109.97 a

Mi density
0 33.33 a 9.7 a 6.7 c 27.0 a 133.63 a
4 27.92 b 5.0 b 8.5 b 18.4 b 82.83 a
8 27.56 b 4.9 b 9.4 a 20.2 ab 101.98 a

12 29.19 b 3.4 b 9.5 a 25.4 a 107.07 a

a A soil hardpan was present 20 cm below the soil surface; 0 = no soil hardpan,
1 = soil hardpan.

b Meloidogyne incognita = 0, 4, 8, or 12 eggs/cm3 soil.
c Plant height from the cotyledonary node to the tip of the main stem ter-

minal.
d The total number of cracked bolls at 114 d after planting.
e Nodes to the first sympodial branch excluding cotyledonary node.
f Seed cotton yield.
g Means in a column followed by the same letter are not significantly different

according to Fisher’s protected least significant difference (LSD) at P # 0.05.

TABLE 6. Effects of soil hardpan (HP)a and Meloidogyne incognita
(Mi) inoculum densitiesb rate on late-season cotton root growth in
2010 (173 d after planting) and 2011 (180 d after planting).

Taproot
length (cm)

Root dry weight
above hardpan (g)

Root dry weight
below hardpan (g)

Treatment 2010 2011 2010 2011 2010 2011

HP
0 18.86 ac 43.20 a 19.96 a 23.41 a 3.93 a 3.76 a
1 10.68 b 18.50 b 21.75 a 37.79 a 1.78 b 1.39 b

Mi density
0 18.62 a 40.43 a 24.67 a 25.66 a 4.74 a 3.47 a
4 12.77 b 27.12 b 17.23 c 22.99 a 1.96 b 2.05 b
8 12.44 b 27.79 b 19.67 bc 24.87 a 2.02 b 2.40 ab

12 15.25 a 28.07 b 21.86 ab 48.88 a 2.71 ab 2.34 b

a A soil hardpan (HP) was present 20 cm below the soil surface. 0 = no soil
hardpan, 1 = soil hardpan.

b Meloidogyne incognita = 0, 4, 8, or 12 eggs/cm3 soil.
c Means in a column followed by the same letter are not significantly different

according to Fisher’s protected least significant difference (LSD) at P # 0.05.
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Greater soil water availability could explain the increased
seedling height, number of nodes, and root fresh weight
early in the season of both 2010 and 2011 where a
hardpan existed. Ma (2012) found that higher soil bulk
density (1.50 g/cm3) resulted in increased seedling
height and greater root surface area, root volume, root
magnitude, and exterior path length in comparison
with lower soil bulk density (1.25 g/cm3) in a controlled
environment study. The interaction between soil bulk
density, water availability, and physical resistance is com-
plex (Taylor and Gardner, 1963; Coelho et al., 2000).
Higher soil bulk density and the presence of a hardpan
can result in increased plant growth and root devel-
opment when soil water is sufficient and the physical
impedance is relatively low. The average taproot length
for the uninfested plots was considerably less than 20 cm
early in the season in both 2010 and 2011, indicating
that the roots had not reached the hardpan that was
20 cm below the soil surface. Although seedling growth
was greater in 2011 than 2010, a significant hardpan ef-
fect was still found; the greater seedling growth in
2011was likely because of warmer soil temperatures than
2010. Early in the season of 2011, soil penetration re-
sistance (SPR) was 650 kPa at 10 cm below soil surface,
a resistance level that was near the 720 kPa that de-
creased cotton root growth by 50% (Dexter, 1987).
This SPR level above the hardpan likely occurred be-
cause of the extremely dry weather during June 2011,
and may explain the lower total root length and the
numerically smaller root topological parameters for the
hardpan treatment early in the season in 2011.

Compacted soil tends to increase soil strength and
decrease air permeability and hydraulic conductivity

(Allmaras et al., 1988; Whalley et al., 1995). The success
of a cotton root in penetrating a compacted soil layer
depends on its maximum axial root growth pressure
(ranging from 0.6 to 1.6 MPa) (Taylor and Ratliff, 1969).
Compacted soil strongly impedes the development of
taproots (McKenzie and McBratney, 2001). In their
study, roots that encountered a compaction layer were
severely tapered and deflected approximately 908 at the
top of the compacted layer. These ‘‘J’’ shaped roots
were also observed in our study. In the late season of
2011, the SPR at 20 cm deep in the plots without a
hardpan was 1,158.0 kPa while the SPR at the begin-
ning of the hardpan layer in the hardpan treatments
was 2,075.6 kPa, considerably higher than the 2,000 kPa
that has been reported to completely inhibit taproot
growth (Taylor et al., 1966). The increased SPR in the
late season resulting from the hardpan likely impeded
plant taproot penetration. A highly significant linear
correlation (r = -0.96) between soil strength and root
penetration has been demonstrated (Taylor and Gardner,
1963; Medvedev, 2009).

Increased soil resistance because of soil compaction
reduces both the percentage of roots penetrating the
soil and the rate of root growth through the soil. Distinct
differences in root distribution in heavily compacted
versus an uncompacted layer has been shown (Lowry
et al., 1970; Horn et al., 1995; Pierret et al., 2007). Similar
results were found in this study. In the late season of
2011, although the root biomass above the soil hardpan
layer was similar to that in the plots without a hardpan,
only 3.5% of the whole root biomass penetrated below
the compacted layer in hardpan plots compared with
13.8% of the whole root biomass that was found at the
same depth in the plots without hardpan. Given the SPR
that existed, it is likely that root penetration in plots with
a soil hardpan was the result of a few lateral roots pen-
etrating the soil along the sides of the microplots at the
interface between the soil and the concrete wall. Me-
chanical impedance because of soil compaction, while
slowing the rate of root extension, may increase root
diameter immediately behind the root tip (Atwell, 1988;
Materechera et al., 1991). In this situation, the diameter
of individual cortical cells rather than the cell number
increases resulting in increased cell volume in impeded
roots (Materechera et al., 1991). Soil compaction in-
duced the radial thickening of Lupinus angustifolius by
15% (Atwell, 1988). In the late season of 2011, root radius
in our study was greater by 18.2% in plots with a hardpan
(Ma, 2012). The impedance caused by soil compaction
may also alter the pattern of lateral root initiation and
sometimes induce the formation of lateral roots (Crossett
et al., 1975; Russell, 1977; Goss and Russell, 1980). In our
study, proliferation of lateral roots occurred primarily
above the soil hardpan in the late season of both years.
Because of the increased lateral root formation, the to-
pological parameters, root magnitude, root volume, and
root surface area were increased (Ma, 2012).

TABLE 7. Effect of soil hardpan (HP)a and Meloidogyne incognita
(Mi) inoculum densitiesb on root galling severity and nematode
populations in 2010 and 2011.

Gallingc J2d

Early season Late season Late season

Treatment 2010 2011 2010 2011 2010 2011

HP
0 47.8 ae 71.3 a 146.5 a 100.0 b 2,089 a 190 a
1 62.4 a 86.3 a 150.1 a 127.9 a 653 b 277 a

Mi density
4 50.2 a 66.7 a 150.0 a 103.6 a 1,910 a 260 a
8 62.0 a 90.9 a 144.7 a 117.1 a 1,074 ab 242 a

12 53.0 a 78.7 a 150.0 a 121.5 a 776 b 192 a

a A soil hardpan (HP) was present 20 cm below the soil surface. 0 = no soil
hardpan, 1 = soil hardpan.

b Meloidogyne incognita = 4, 8, or 12 eggs/cm3 soil; Mi = 0 not included in
analyses because it did not have a variance equal to the other treatments.

c Root galling based on a 0 to 5 scale: 0 = no galls, 1 = 1 to 2, 2 = 3 to 10, 3 = 11
to 30, 4 = 31 to 100, and 5 = 101 to 200 galls/root. Analyses were conducted
using midpoint values in which 0 = 0, 1 = 1.5, 2 = 6.5, 3 = 20.5, 4 = 65.5, and 5 =
150 galls/root.

d Second-stage juveniles (J2) per 100-cm3 soil were analyzed as log10(x + 1);
back transformed means are presented.

e Means in a column followed by the same letter are not significantly different
according to Fisher’s protected least significant difference (LSD) at P # 0.05.
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Off-target drift of 2,4-dichlorophenoxyacetic acid or
a similar herbicide from a neighboring farm late in the
season of 2011 precluded above-ground cotton de-
velopment data and yield from being collected. How-
ever, based on 2010 data, the soil hardpan appeared to
improve rather than delay cotton development, as in-
dicated by the higher number of total cracked bolls at
114 DAP, the lowered first sympodial node position,
and numerically increased average seed cotton yield in
plots with a hardpan. This may have been an artifact of
using microplots for the study. Davidson (1969) sug-
gests that small root systems may still support optimal
plant growth when the water and nutrient resources
are sufficient. Similarly, Rosolem et al. (1998) found an
increased shoot-to-root-dry-weight ratio coupled with
increased soil bulk density from 1.13 to 1.82 g/cm3

indicating that a relatively small root system was able
to support the same plant canopy in compacted soils.
Iijima et al. (1991) also reported that shoot growth was
promoted in ‘‘strong soils.’’ In our study, root distribu-
tion during the late season of 2010 was mainly above the
hardpan, where soil water and nutrients may have been
near optimal as a result of water management practices
in this study.

Meloidogyne incognita infects the root behind the root
cap and at the base of lateral roots or root tips, which
causes suppressed root growth. Feeding by the nema-
tode can suppress cotton root growth and shorten root
length (Kirkpatrick et al., 1991). In this study, the nem-
atode reduced taproot growth. Detrimental effects on
cotton plant growth and root development after nema-
tode infection were also reported by Ma (2012) in a
controlled environment in which plant stand, plant
height and the root fresh weight, surface area, length,
links, magnitude, altitude, and exterior path length were
significantly reduced by the nematode. However, in this
study, total root length early in the season of both years
and root magnitude, altitude, and exterior path length
early in 2010 were greater in the presence of M. incognita
indicating that nematode infection increased these
parameters, particularly under lower inoculum densi-
ties (4 and 8 eggs/cm3).

Compensatory root growth in response to invasion by
the potato cyst nematode (Globodera pallida) has been
documented by Smit and Vamerali (1998) using mini-
rhizotron root video observation. In their study, com-
pensatory root growth caused by the nematode was
restricted to the top 30 cm of soil and nematodes re-
duced rooting depth. Similarly, De Ruijter and Haverkort
(1999) found that nematodes prolonged root forma-
tion, and that nematode-infected crops possessed more
roots in the top 30 cm of soil than healthy crops. Haase
et al. (2007) reported lateral roots of plants infested by a
low level of M. incognita were elongated, a possible re-
sponse to wounding and stress on the host plant after
nematode invasion. The physiological reaction associated
with nematode attack may involve increased production

of phytohormones and ethylene in infected root tissue
(Glazer et al., 1983; Barker, 1999; Bird and Koltai, 2000).
These hormones play a critical role in the formation and
elongation of root hairs (Pitts et al., 1998; Ridge and
Katsumi, 2002). The mechanism that causes compen-
satory branching is still unknown. It is not clear why
compensatory root growth after nematode infection was
observed in the microplot study but not in the previous
controlled environment study by Ma (2012). The dif-
ferent soil textures and growth environments may have
contributed to these different observations.

Shorter taproot lengths were found for nematode
infested soils in both years. Thus it is possible that the
taproot length is an important root parameter to en-
sure sufficient healthy lateral root branching and fa-
cilitate the entire root system to absorb enough water
and nutrients.

The effects of the nematode on cotton growth in
2010 were similar to reports by Kirkpatrick et al. (1995)
and Walker et al. (1998) who also noted a lower number
of cracked bolls, total sympodial branches and bolls,
and the higher position of the first sympodial branch as
well as delayed harvest and reduced yield in nematode-
infested plots.

The root TI for this microplot study ranged from 1.71
to 1.83, indicating a herringbone pattern in which
branching is primarily on the main root axis (Werner
and Smart, 1973; Fitter, 1986). This type of branching
pattern is consistent with taproot-producing crops such
as cotton (Werner and Smart, 1973). Late in the season,
the presence of a hardpan decreased TI. A decrease in
root TI in response to nematode infestation was found
in the plots with or without hardpan. The lower TI values
in the microplot experiment suggest that compensatory
branching took place in the microplots in response to
M. incognita as discussed previously. Changes in the TI
in response to other root pathogens have also been re-
ported (Larkin et al., 1995, 1996). Soil infested with
Pythium irregulare (TI = 1.86) or P. ultimum (TI = 1.72)
resulted in altered root system architecture in alfalfa
compared with the TI of alfalfa roots in uninfested soil
(TI = 1.36) (Larkin et al., 1995).

An interaction between a hardpan and root-knot
nematode infection was only found for a few root mor-
phological parameters. The season-long effect of a
hardpan resulted in most of the root system developing
above the hardpan and reduced taproot length. How-
ever, the presence of a hardpan in general tended to
improve cotton growth and increase seed cotton yields,
which was likely because of water and nutrient availability
being near optimum in all microplots. This response
would not be expected in a field situation because irri-
gation management would likely not be as intensive.
Nematode infection reduced seedling growth and de-
layed cotton development late in the season. Taproot
length was also reduced late in the season. The taproot
is crucial for plants with ‘‘taproot’’ systems to penetrate
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and explore the soil and maintain functional roots thus
supporting plant growth. Root architecture studies allow
quantification of root parameters and characterization
of root branching structure and may suggest changes
in root function across soil environments. Studying
root architecture over a range of soil conditions pro-
vides a fresh way to investigate soilborne pathogen-host
interactions.
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Horn, R., Dom_z_za1, H., S1owińska-Jurkiewicz, A., and van Ouwerkerk, C.
1995. Soil compaction processes and their effects on the structure of
arable soils and the environment. Soil and Tillage Research 35:23–26.

Hussey, R. S., and Barker, K. R. 1973. A comparison of methods of
collecting inoculum of Meloidogyne spp., including a new technique.
Plant Disease Reporter 57:1025–1028.

Iijima, M., Kono, Y., Yamauchi, A., and Pardales, J. R., Jr. 1991. Ef-
fects of soil compaction on the development of rice and maize root
systems. Environmental and Experimental Botany 31:333–342.

Jaraba-Navas, J., Rothrock, C. S., and Kirkpatrick, T. L. 2007. In-
fluence of the soil texture on the interaction between Meloidogyne
incognita and Thielaviopsis basicola on cotton. Phytopathology 97:S51.

Jenkins, W. R. 1964. A rapid centrifugal-flotation technique for
separating nematodes from soil. Plant Disease Reporter 48:692.

Kirkpatrick, T. L., Oosterhuis, D. M., and Wullschleger, S. D. 1991.
Interaction of Meloidogyne incognita and water stress in two cotton
cultivars. Journal of Nematology 23:462–467.

Kirkpatrick, T. L., Van Iersel, M. W., and Oosterhuis, D. M. 1995.
Influence of Meloidogyne incognita on the water relations of cotton
grown in microplots. Journal of Nematology 27:465–471.

Koenning, S. R., Wrather, J. A., Kirkpatrick, T. L., Walker, N. R.,
Starr, J. L., and Mueller, J. D. 2004. Plant-parasitic nematodes attack-
ing cotton in the United States: Old and emerging production chal-
lenges. Plant Disease 88:100–113.

Larkin, R. P., English, J. T., and Mihail, J. D. 1995. Effects of in-
fection by Pythium spp. on root system morphology of alfalfa seed-
lings. Phytopathology 85:430–435.

Larkin, R. P., English, J. T., and Mihail, J. D. 1996. The relationship
of infection by Pythium spp. to root system morphology of alfalfa
seedlings in the field. Plant Disease 80:281–285.

Lowry, F. E., Taylor, H. M., and Huck, M. G. 1970. Growth rate and
yield of cotton as influenced by depth and bulk density of soil pans.
Soil Science Society of America Journal 34:306–309.

Lynch, J. 1995. Root architecture and plant productivity. Plant
Physiology 109:7–13.

Ma, J. 2012. Effect of soil physical parameters, Thielaviopsis basicola,
and Meloidogyne incognita on cotton root architecture and plant growth.
Ph.D. diss., University of Arkansas, Fayetteville.

Materechera, S. A., Dexter, A. R., and Alston, A. M. 1991. Penetration
of very strong soils by seedling roots of different plant species. Plant
and Soil 135:31–41.

McKenzie, D. C., and McBratney, A. B. 2001. Cotton root growth in
a compacted Vertisol (Grey Vertosol). I. Prediction using strength
measurements and ‘limiting water ranges.’ Australian Journal of Soil
Research 39:1157–1168.

McMichael, B. L. 1986. Growth of roots. Pp. 29–38 in J. R. Mauney
and J. McD. Stewart, eds. Cotton physiology. Memphis, TN: Cotton
Foundation.

Medvedev, V. V. 2009. Soil penetration and penetrographs in studies
of tillage technologies. Eurasian Soil Science 42:299–309.

120 Journal of Nematology, Volume 45, No. 2, June 2013



Meon, S., Wallace, H. R., and Fisher, J. M. 1978. Water relations of
tomato (Lycopersicon esculentum Mill. cv. Early Dwarf Red) infected with
Meloidogyne javanica (Treub) Chitwood. Physiological Plant Pathology
13:275–281.

Monfort, W. S., Kirkpatrick, T. L., Rothrock, C. S., and
Mauromoustakos, A. 2007. The influence of soil texture and fertility
on Meloidogyne incognita population density and cotton yield. Journal
of Nematology 39:1–8.

O’Bannon, J. H., and Reynolds, H. W. 1965. Water consumption
and growth of root-knot nematode-infected and uninfected cotton
plants. Soil Science 99:251–255.

Pierret, A., Latchackak, K., Chathanvongsa, P., Sengtaheuanghoung, O.,
and Valentin, C. 2007. Interactions between root growth, slope and
soil detachment depending on land use: A case study in a small
mountain catchment of Northern Laos. Plant and Soil 301:51–64.

Pitts, R. J., Cernac, A., and Estelle, M. 1998. Auxin and ethylene
promote root hair elongation in Arabidopsis. The Plant Journal 16:
553–560.

Ridge, R. W., and Katsumi, M. 2002. Root hairs: Hormones and tip
molecules. Pp. 83–91 in Y. Waisel, A. Eshel, and U. Kafkafi, eds. Plant
roots, the hidden half. New York: Marcel Dekker.

Rosolem, C. A., Schiochet, M. A., Souza, L. S., and Whitacker, J. P. T.
1998. Root growth and cotton nutrition as affected by liming and soil
compaction. Communications in Soil Science and Plant Analysis 29:
169–177.

Russell, R. S. 1977. Plant root systems: Their function and inter-
action with the soil. London: McGraw-Hill.

Shepherd, R. L., and Huck, M. G. 1989. Progression of root-knot
nematode symptoms and infection on resistant and susceptible cot-
ton. Journal of Nematology 21:235–241.

Smit, A. L., and Vamerali, T. 1998. The influence of potato cyst
nematodes (Globodera pallida) and drought on rooting dynamics
of potato (Solanum tuberosum L.). European Journal of Agronomy
9:137–146.

Studebaker, G. 2010. Pp. 272 in 2010–2011 Insecticide recommen-
dations for Arkansas. G. Studebaker, ed. Arkansas Cooperative Exten-
sion Service MP144-7.5M-1-11RV. Little Rock: University of Arkansas,
Division of Agriculture.

Taylor, H. M., and Gardner, H. R. 1963. Penetration of cotton
seedling taproots as influenced by bulk density, moisture content, and
strength of soil. Soil Science 96:153–156.

Taylor, H. M., and Ratliff, L. F. 1969. Root growth pressures of cotton,
peas and peanuts. Agronomy Journal 61:398–402.

Taylor, H. M., Robertson, G. M., and Parker, J. J., Jr. 1966. Soil
strength-root penetration relations for medium to coarse-textured
soil materials. Soil Science 102:18–22.

Thomas, S. H., and Kirkpatrick, T. L. 2001. Root-knot nematodes.
Pp. 40–42 in T. L. Kirkpatrick and C. S. Rothrock, eds. Compendium
of cotton diseases (2nd ed.). St. Paul, MN: APS Press.

Walker, N. R., Kirkpatrick, T. L., and Rothrock, C. S. 1998. Inter-
action between Meloidogyne incognita and Thielaviopsis basicola on cotton
(Gossypium hirsutum). Journal of Nematology 30:415–422.

Werner, C., and Smart, J. S. 1973. Some new methods of topological
classification of channel networks. Geographical Analysis 5:271–295.

Whalley, W. R., Dumitru, E., and Dexter, A. R. 1995. Biological ef-
fects of soil compaction. Soil Tillage Research 35:53–68.

Wilcox-Lee, D. A., and Loria, R. 1987. Effects of nematode par-
asitism on plant-water relations. Pp. 260–266 in J. A. Veech and
D. W. Dickson, eds. Vistas on nematology. Hyattsville, MD: Society of
Nematologists.

Nematodes, Root Architecture and Soil Compaction: Ma et al. 121


