
 

Plant, Cell and Environment

 

 (2002) 

 

25, 

 

431–439

 

© 

 

2002 Blackwell Science Ltd

 

431

 

Blackwell Science, LtdOxford, UK
PCEPlant, Cell and Environment0016-8025Blackwell Science Ltd 2001
25
793

 

Soil insects and root demography
C. E. Wells et al.

 

Original ArticleBEES SGML

 

Correspondence: David M. Eissenstat. E-mail: dme9@psu.edu

 

Soil insects alter fine root demography in peach 
(

 

Prunus persica

 

)

 

C. E. WELLS,

 

1

 

* D. M. GLENN

 

2

 

 & D. M. EISSENSTAT

 

3

 

1

 

Intercollege Graduate Program in Plant Physiology, The Pennsylvania State University, University Park, PA 16802, USA, 

 

2

 

USDA–ARS Appalachian Fruit Research Station, Kearneysville, West Virginia 25430, USA and 

 

3

 

Department of Horticulture, 
The Pennsylvania State University, University Park, PA 16802, USA

 

ABSTRACT

 

Minirhizotrons were used to assess the effects of soil insect
suppression on the demography of peach fine roots (<1

 

 

 

mm
diameter) over two growing seasons. The experiment was
conducted at the USDA–ARS Appalachian Fruit Research
Station in Kearneysville, WV, USA using six 15-year-old
peach trees. Clear butyrate minirhizotrons were installed
beneath each tree in April 1996. Soil drench treatments
were applied around individual minirhizotron tubes at
monthly intervals and consisted of 1

 

 

 

L of water or 250

 

 

  

µµµµ

 

L of
a broad-spectrum insecticide in 1

 

 

 

L of water. Roots were
videotaped at 2- to 4-week intervals during the 1996 and
1997 growing seasons. Insecticide application was associ-
ated with a significant increase in fine root longevity: the
median lifespans of insecticide-treated roots were 46–125

 

 

 

d
longer than those of control roots. In addition, the devel-
opment of brown pigmentation was significantly delayed in
insecticide-treated roots. Insecticide application did not
appear to increase soil fertility, as accumulation of NO

 

3
–

 

,
NH

 

4
+

 

, and PO

 

4
2

 

- on mixed bed ion-exchange resin was sim-
ilar in treated and untreated soil. These results suggest that
interactions with below-ground insects can significantly
influence root longevity and may alter the rate at which
roots undergo developmental changes in anatomy and
physiology.

 

Key-words

 

: Minirhizotron; proportional hazards; root
herbivory; root pigmentation; root turnover.

 

INTRODUCTION

 

The effects of above-ground insect herbivory on plant per-
formance in both natural and agricultural systems are well
documented (Crawley 1983; Gange 1990; Trumble 1993).
However, our understanding of below-ground herbivory is
much more limited (Anderson 1987; Brown & Gange 1991)
and generally focuses on the effects of specific crop pests
such as the corn rootworm (

 

Diabrotica

 

 spp.; Levine &
Oloumi-Sadeghi 1991) or the grape phylloxera (

 

Daktu-
losphaira vitifoli

 

; Ordish 1987). Below-ground herbivory
has been responsible for dramatic reductions in above-

ground production (reviewed in Brown & Gange 1990) and
can significantly affect host plant physiology by changing
carbon allocation patterns (McNaughton 1983; Schmid,
Miao & Bazzazz 1990), creating or exacerbating water
stress (Ridsell-Smith 1977; Gange & Brown 1989), and
altering tissue nitrogen levels (Goldson 

 

et al

 

. 1985; Steinger
& Muller-Scharer 1992). In addition, a number of studies
indicate that substantial below-ground herbivory can occur
in systems where no single dominant root pest has been
identified and in which above-ground symptoms of root
feeding are not readily apparent (Henderson & Clements
1974; Henderson & Clements 1977; Brown & Gange 1989;
Wilson, Gunn & Cherrett 1995).

Frequently, the effects of below-ground herbivory do not
manifest themselves above ground until a significant por-
tion of the root system has been removed. The ‘damage
threshold’ for root loss, defined as the percentage of the
root system that can be removed without measurable
reduction in above-ground production (Brown & Gange
1991), has been estimated at 50–60% for grasses (Davidson
1979) and can be as high as 67% in maize under well-
watered conditions (Dunn & Frommelt 1998). Maron
(1998) found little effect of ghost moth root herbivory on
bush lupin growth and fecundity over the course of 2 years
despite considerable damage to the root system, although
delayed effects on fecundity appeared in the third year.
Such high tolerances for root loss suggest that moderate
levels of below-ground herbivory may be common and may
represent an important cause of root mortality in the field.

In recent years, the contributions of fine roots to whole
plant carbon budgets (Lambers 1987) and to ecosystem
level carbon and nitrogen cycles (Jackson, Mooney &
Schulze 1997) have gained wider appreciation. Non-
destructive root observation tubes (minirhizotrons) have
permitted detailed measurements of root longevity in a
number of systems (Hendrick & Pregitzer 1992; 1993; Reid,
Sorenson & Petrie 1993; Hansson, Aifen & Andren 1995;
Majdi & Kangas 1997; Fitter 

 

et al

 

. 1998; Ruess, Hendrick &
Bryant 1998; Wells & Eissenstat 2001) and have revealed
differences in longevity among roots of various sizes and
positions within the root system (Gill 

 

et al

 

. 2001, Wells &
Eissenstat 2001; Wells, Glenn & Eissenstat 2001). Nonethe-
less, we have little insight into the physiological and ecolog-
ical processes that determine the longevity of individual
fine roots. To what extent root lifespan is controlled by the
plant to optimize the efficiency of resource capture (Eissen-
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stat & Yanai 1997) and to what extent it is controlled by
external biotic and abiotic factors remains unclear.

A number of authors working with rhizotrons and
minirhizotrons (Rogers 1929; Head 1968; Fogel 1990; Wil-
son 

 

et al

 

. 1995) have noted insects feeding on and around
roots, although the consequences of these interactions for
root life history have rarely been examined in detail. Rog-
ers (1929) noted that insects appeared to feed on dead or
decaying cortical tissue which had been sloughed from
apple roots, and Head (1968) observed that the activities of
insects on the surface of white roots were responsible for
significant losses of root-soil contact in apple. Wilson 

 

et al

 

.
(1995) measured a decrease in root turnover and a 30%
increase in above-ground dry matter production following
soil insecticide treatment of a British grassland. Although
insect numbers declined in this system following pesticide
application, none of the specific insects affected were con-
sidered to be pests.

In the present experiment, we used minirhizotron
observations to assess the effects of soil insect suppression
on the production and longevity of peach (

 

Prunus persica

 

)
fine roots during two growing seasons. Soil insect popula-
tions were reduced through the application of chlorpyrifos,
a broad-spectrum organophosphate insecticide that has
been widely used in studies of below-ground herbivory
(McGonigle & Fitter 1988; Brown & Gange 1989; Maron
1998). We used a Cox proportional hazards regression
approach to compare the risk of mortality for treated and
untreated roots and to determine whether all fine roots
responded equally to the pesticide treatments. Previous
root demographic work in peach has shown that fine roots
of different orders, diameters, and depths differ in their
risk of mortality (Wells 

 

et al

 

. 2001), and we therefore
hypothesized that these different classes of roots would
also differ in their susceptibility to herbivory. Destructive
harvest data were used to determine whether differences in
fine root longevity in response to pesticide application
were associated with changes in the root length density of
the bulk soil.

 

MATERIALS AND METHODS

Study site and minirhizotron installation

 

The experiment was conducted at the United States
Department of Agriculture–Agricultural Research Service
Appalachian Fruit Research Station in Kearneysville, West
Virginia using six 15-year-old Loring peach trees on Hal-
ford rootstock growing in a Hagerstown silt loam soil (fine,
mixed Mesic Typic Hapludalf). The trees at this site exhib-
ited no above-ground symptoms of below-ground her-
bivory, and the soil did not contain significant numbers of
insects considered to be pests in peach (D. M. Glenn, per-
sonal communication). Minirhizotron observations and
inspection of soil samples revealed the soil arthropod pop-
ulation to consist primarily of members of the orders Aca-
rina and Collembola, the class Diploda, and Lepidopteran
and Coleopteran larvae.

In April 1996, six clear butyrate observation tubes
(minirhizotrons) were installed beneath each tree at an
angle of 30

 

°

 

 from the vertical, pointing towards the tree
base. Tubes were placed approximately 0·7 m from the
trunk and at least 0·8 m from one another. They were 70 cm
in length (50 cm viewable), 6 cm in outer diameter, and
were inscribed with a single vertical transect of 30
1·8 

 

×

 

 1·2 cm windows on the upper surface. The bottoms of
the tubes were sealed with acrylic plugs. Light penetration
and radiant heating were prevented by wrapping the tops of
the tubes in black electrical tape, sealing them with rubber
stoppers, and covering them with white aluminium cans.
Two minirhizotrons from each tree (12 minirhizotrons
total) were randomly chosen for use in the present experi-
ment; the remaining tubes were used in additional experi-
ments not reported here.

 

Insecticide application

 

Soil drench treatments were applied around individual
minirhizotron tubes at monthly intervals from August to
October in 1996, from April to October in 1997, and from
April to June in 1998. One tube per tree received 1 L of
water, and the other received 250 

 

µ

 

L of Lorsban 4E insec-
ticide (chlorpyrifos, 44·9% by volume; DowElanco Corpo-
ration, Midland, MI, USA) in 1 L of water. Assignment of
drench treatments to tubes was random. The drenches were
poured slowly around the circumference of each tube
where it emerged from the ground, allowing the liquid to
move down the soil–tube interface. Care was taken to treat
only the soil immediately adjacent to the minirhizotron
tube. Initial trials in which a miniaturized camera (Bartz
Technology, Santa Barbara, CA, USA) was used to video-
tape the progress of dyed water along the soil–tube inter-
face confirmed that this method successfully treated all
roots adjacent to the minirhizotron windows.

Chlorpyrifos is a non-systemic, broad-spectrum organo-
phosphate insecticide which acts as a cholinesterase inhib-
itor in the insect nervous system. It is labelled for use
against numerous arthropod pests, including Coleopteran
and Lepidopteron larvae, mites, aphids, scale insects, ants,
thrips, and wireworms. Chlorpyrifos is primarily a contact
poison, although death may also result from ingestion or
exposure to vapours (Thomson 1982). Following applica-
tion, chlorpyrifos adsorbs quickly to soil particles and
remains relatively immobile in the soil (USEPA 1989;
Racke 1992); its half-life ranges from 60 to 120 d, although
this figure can be modified by soil and climatic factors
(Hartley & Kidd 1983; Howard 1989).

Although the chlorpyrifos molecule does contain an
atom of phosphorus, it is unlikely that the application of
Lorsban 4E directly increased soil fertility in our experi-
ment due to the low amounts of active ingredient applied
(approximately 97·5 mg chlorpyrifos containing 8·7 mg P
per drench). Chlorpyrifos has been widely used in studies of
below-ground herbivory, and a number of authors have
reported no effect of the pesticide on plant growth and
nutrient status in the absence of herbivores (McGonigle &
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Fitter 1988; Brown & Gange 1989; Maron 1998). Green-
house trials with saplings grown in sterilized soil confirmed
that peach exhibited no growth response to chlorpyrifos in
the absence of herbivores (data not shown). Evidence sug-
gests that the effect of chlorpyrifos on non-arthropod fauna
is also minimal (Clements & Bale 1988; Pozo 

 

et al

 

. 1995).

 

Ion exchange resin bags

 

It is unlikely that soil fertility was directly affected by the
pesticide applications, but it may have been enhanced by
the death and decomposition of target organisms. We tested
this possibility using an mixed-bed ion exchange resin
(IER) bag method (Binkley & Matson 1983), which pro-
vided an integrative measure of soil nitrate, ammonium and
phosphate availability over the weeks following pesticide
application. Buried IER bags intercept gravitational and
diffusional water flow and accumulate nutrient ions in
amounts which reflect their activities in the soil solution
(Yang, Skogley & Schaff 1991; Wyland & Jackson 1993).
Accumulation is sensitive to the water regime (Binkley
1984), temperature (Yang 

 

et al

 

. 1991), and short-duration
nutrient pulses (Gibson 1986) and is thought to provide a
reasonably accurate reflection of nutrient availability to the
root system through time.

Ion exchange resin bags were made by placing 15 g wet
weight (7·45 g dry weight) of mixed bed cation + anion
exchange resin (Dowex MR-3, Sigma # I9005, Sigma-
Aldrich Co., St Loris, MO, USA) into nylon stocking tubes
which were sewn shut with cotton-polyester thread for fin-
ished bag dimensions of 8·0 cm 

 

×

 

 5·0cm 

 

× 

 

0·5 cm. Twelve
bags were buried beneath each of the six experimental trees
(72 bags total) at a depth of 8 cm and a distance of 0·8 m
from the trunk in May 1998. Following burial, each bag
received one of two soil drench treatments: 500 mL of
water or 500 mL of insecticide as described above.

Six bags from each tree were removed after 1 month,
whereas the other six received a second soil drench treat-
ment at 1 month and were removed after 2 months. The
exposure times of the resin bags were chosen to reflect the
time frame within which we saw responses to our pesticide
treatments in the minirhizotron videos. Resin recovered
from the bags was air-dried and extracted in 200 mL of 1 

 

M

 

KCL. Nitrate and phosphate concentrations in the extract
were analysed by ion chromatography (DX-500 system
with conductivity detector and chemical suppression,
Dionex Corp., Sunnyvale, CA, USA). Ammonium concen-
trations were determined colorimetrically using the auto-
mated phenate method (American Public Health
Association 1998) on a Technicon AutoAnalyzer II system
(Bran + Luebbe, Buffalo Grove, IL, USA). Availability
indices (

 

µ

 

g nutrient g

 

−

 

1

 

 dry resin) for each nutrient were
calculated as described in Binkley & Matson (1983).

 

Root videotaping and final harvest

 

Roots that grew against the surface of the minirhizotron
tubes were videotaped at two-to four-week intervals during

the 1996 and 1997 growing seasons using a miniaturized
camera system and portable VCR (Bartz Technology). Vid-
eotaping was suspended during the winter, as prior obser-
vations indicated that there was little root activity during this
time. Frames from the resulting videotapes were digitized
and archived on a Macintosh 7500 computer (Wells & Eis-
senstat 2001). Data recorded for each root included the date
of appearance, date of browning, date of death, depth, diam-
eter, and order. Death was defined as either (a) disappear-
ance or (b) a blackened and shrivelled appearance. Roots
that turned brown but appeared intact were not counted as
dead. Root diameter was measured to the nearest tenth of
a millimetre on the first date that the root appeared using
RooTracker software (Dave Tremmel; Duke University
Phytotron, Durham, SC, USA). Root order was assigned
according to a topological classification scheme in which
roots with no dependent laterals (external links) were con-
sidered to be order 1, roots with a single set of dependent lat-
erals were considered to be order 2, and so on.

After the last video sampling date in June 1998, a
1·25 cm thick annulus of soil was removed from around
each minirhizotron tube (approximately 2000 cm

 

3

 

 of soil
per tube). Roots from each sample were washed free of soil
and scanned on a flat bed colour scanner; root length per
sample was measured using WinRhizo software (Regent
Systems, Quebec, Canada) and used to calculate the root
length density (cm root cm

 

−

 

3

 

 soil) of the soil surrounding
each minirhizotron tube.

 

Statistical analyses

 

The effects of insecticide treatment on nutrient availability
indices and root length density were each assessed using
analysis of variance with tree as a random effect and treat-
ment as a fixed effect. Average root browning times were
compared using the Mann–Whitney 

 

U

 

-test (SPSS 8·0; SPSS,
Inc. Chicago, IL, USA).

The effects of insecticide treatment, root order, root
diameter, depth (0–20 cm or 20–40 cm) and browning on
the risk of root mortality in each year were estimated using
a Cox proportional hazards regression (Cox 1972; Allison
1995; Wells & Eissenstat 2001) performed with SAS PROC
PHREG (SAS Institute, Cary, NC, USA). Roots from all
cohorts produced after the initiation of treatments in a
given year were combined for this analysis to ensure ade-
quate numbers of roots in all categories. The data were
stratified by cohort in order to control for the effects of pro-
duction date on the risk of mortality. Terms representing
the interactions between each covariate and insecticide
treatment were also tested. Non-significant interaction
terms (

 

P

 

 > 0·05) were subsequently removed to arrive at
the simplest model that described the data.

 

RESULTS

 

The use of a broad-spectrum insecticide to suppress soil
insect populations around individual minirhizotron tubes
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was associated with a significant decrease in the risk of fine
root mortality. Application of insecticide extended fine root
median lifespan by 46 d in 1996 and 125 d in 1997 (Fig. 1).
The risk of mortality for insecticide-treated roots was 59%
that of control roots in 1996 [exp (

 

−

 

0·5285) = 0·59], and
47% that of control roots in 1997 (Table 1; see footnote for
explanation of relative risk calculations).

Higher root order was associated with a significant
decrease in the risk of mortality in 1996 (

 

β

 

 = 

 

−

 

0·5691,

 

P

 

 < 0·0004), but not in 1997 (

 

β

 

 = 

 

−

 

0·0652, 

 

P

 

 < 0·8923) when
the number of higher order roots in the sample was quite
small (

 

n

 

 = 9). Larger root diameter was also associated with
a decrease in the risk of mortality in 1997 (

 

β

 

 = 

 

−

 

3·0596,

 

P

 

 < 0·0545), and a similar trend was noted in 1996 (

 

β

 

 = 

 

−

 

1·3712, 

 

P

 

 < 0·1500). There was insufficient evidence to con-
clude that root depth influenced the risk of mortality in
either year. Root browning had no effect on root mortality
in 1996 and decreased the risk of root mortality in 1997
(

 

β

 

 = 

 

−

 

0·8095, 

 

P

 

 < 0·0142; Table 1). Terms representing the
interaction of insecticide treatment with order, diameter,
depth and browning were not significant at the 

 

P

 

 < 0·05
level in either year and were dropped from the model (data
not shown).

Insecticide treatment did not influence the overall per-
centage of roots which became brown (41% treated versus
40% control in 1996; 30 versus 34% in 1997). However,
insecticide application was associated with a significant
delay in the development of brown pigmentation in both
1996 and 1997 (Mann–Whitney 

 

U

 

-test; 

 

P

 

 < 0·02 in 1996;

 

P

 

 < 0·015 in 1997; Fig. 2). Among roots that became brown,
the mean time required for browning was 22 (1996) and 66
(1997) days longer for insecticide-treated roots than control
roots.

 

Figure

 

 

 

1.

 

Survival probabilities for insecticide-treated (

 

�

 

) and 
control (

 

�

 

) roots in 1996–97 and 1997–98. All roots produced after 
the initiation of treatments in a given year were pooled and given 
a common start date. Survival probabilities were generated using 
the baseline statement of PROC PHREG in SAS. Median lifespan 
is defined as the first time-point at which the survival probability is 
less than or equal to 50%.
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chi-square

1996–97

 

b

 

Treatment 1

 

−

 

0·5285 0·1660 10·1340 0·0015
Depth 1

 

−

 

0·3022 0·1726 3·0679 0·0799
Diameter 1

 

−

 

1·3712 0·9525 2·0726 0·1500
Order 1

 

−

 

0·6775 0·2393 8·0127 0·0046
Browning 1

 

−

 

0·0256 0·1790 0·0268 0·8701

1997–98

 

c

 

Treatment 1

 

−

 

0·7499 0·2881 6·7763 0·0092
Depth 1

 

−

 

0·4653 0·3106 2·2434 0·1342
Diameter 1

 

−

 

3·0596 1·5914 3·6962 0·0545
Order 1

 

−

 

0·0652 0·4813 0·0183 0·8923
Browning 1

 

−

 

0·8095 0·3300 6·0172 0·0142

 

a

 

Parameter estimates (values of 

 

β

 

) can be interpreted as follows: for quantitative covariates 
such as diameter, a one unit change in the covariate is associated with a 100[exp(

 

β

 

) 

 

−

 

 

 

1] 
percentage change in the hazard of mortality, controlling for other covariates. For dummy 
variables such as treatment, the ratio of the hazard of an individual coded ‘1’ to that of an 
individual coded ‘0’ is exp(

 

β

 

), controlling for other covariates.

 

b

 

n

 

 

 

=

 

 

 

223;  mean diameter 

 

±

 

 SD

 

 

 

=

 

 

 

0·29

 

 

 

±

 

 0·10

 

 

 

mm; number of higher order roots = 29.

 

c

 

n

 

 

 

=

 

 

 

117 ; mean diameter 

 

±

 

 SD

 

 

 

=

 

 

 

0·31

 

 

 

±

 

 0·12

 

 

 

mm; number of higher order roots = 9.

 

Table

 

 

 

1.

 

Results of proportional hazards 
regression performed on pooled root 
lifespan data collected in 1996–97 and 1997–
98. The parameter estimate and chi-square 
statistic for each model covariate is shown
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There was no evidence to suggest that pesticide treat-
ment increased the availability of NO

 

3
–

 

, NH

 

4
+

 

 or PO

 

4
2–

 

 in
the months following the initiation of treatments. No dif-
ferences were apparent in the nutrient availability indices
of any of the ions at one month (data not shown) or at two
months (Fig. 3) after pesticide application (

 

P

 

 > 0·25 for all
ions and dates).

We did not detect differences in cumulative fine root
production or standing root numbers on treated and con-
trol tubes over the 2 years of the experiment (Fig. 4).
Although cumulative production and standing root num-
bers were always higher on treated tubes, this difference

was not significant (differences evaluated with Student’s 

 

t

 

-
test on individual dates) and may have reflected differences
in initial fine root length on treated and control tubes prior
to the application of treatments. The coefficient of variation
for standing root numbers on a per tube basis ranged from
57 to 106%, depending on the date. The number of
minirhizotrons used in the experiment may not have been
sufficient to detect treatment differences in standing root
numbers given this level of variation. We could also detect
no difference in root length density in the soil surrounding
treated and untreated tubes (

 

F

 

1,5

 

 = 0·076, P < 0·794; Fig. 5).
However there was a significant relationship between the

Figure 2.  Mean number of days required for the development of 
brown pigmentation in roots that became brown. Bars represent 1 
SE. Asterisk denotes significant difference at P < 0·05 level 
(Mann–Whitney U-test).
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Figure 3. Nutrient availability indices (µg 
nutrient g −1dry resin) for NO3
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+ and 
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2– on ion exchange resin bags from 

insecticide-treated soil (dark bars) and 
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insecticide application.
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number of roots visible on the minirhizotron surface and
the root length density in the surrounding soil (r2 = 0·3818,
P < 0·0191; data not shown).

DISCUSSION

Insecticide treatment and root longevity

Application of a broad-spectrum insecticide around indi-
vidual minirhizotron tubes was associated with increased
longevity of peach fine roots (< 1 mm diameter) over the
course of two growing seasons. The median lifespan of
insecticide-treated roots was 46–125 d longer than that of
control roots, depending on the year. The effect of insecti-
cide application on root longevity did not appear to be due
to increased soil fertility, as accumulation of NO3

–, NH4
+,

and  PO4
2- on mixed bed ion-exchange resin was similar in

treated and untreated soil. This study represents the first
time that the effect of soil faunal suppression on fine root
longevity has been directly quantified, and the results sug-
gest that soil insects may strongly influence fine root
mortality.

Although direct removal of root tissue through feeding
is the most obvious manner in which soil insects may affect
root physiology and lifespan, it is not the only way in which
they may do so. Numerous species – including aphids, scale
insects, phylloxerids and cicada nymphs (Brown & Gange
1990) – feed from the phloem or xylem sap of intact roots.
Much of the damage associated with the grape phylloxera
results not from the feeding activities of the insects them-
selves, but from the introduction of a fungal pathogen into
feeding wounds (Granett et al. 1998). Collembola reduce
plant growth through feeding on mycorrhizal hyphae,
although the effect of hyphal consumption on the roots
themselves is not known (Warnock, Fitter & Usher 1982;
McGonigle & Fitter 1988). The activity of insects moving
along the surface of the roots, perhaps grazing on rhizo-
sphere micro-organisms (Head 1968), reduces root–soil
contact and may decrease nutrient uptake by individual
roots. In addition, not all interactions with below-ground
herbivores are necessarily negative: moderate levels of root

feeding can stimulate root growth (Simberloff, Brown &
Lowry 1978; Riedell 1989), increase lateral root branching
(Kahler et al. 1985) and enhance rhizosphere bacterial pop-
ulations (Denton et al. 1999). Although we use the term
‘below-ground herbivory’ for the sake of brevity, we recog-
nize that interactions with soil insects may take on many
forms in addition to the direct removal of root tissue. Appli-
cation of a broad-spectrum insecticide undoubtedly altered
a number of below-ground plant–insect interactions, and
the observed changes in root longevity represent a response
to the sum of these alterations. Nonetheless, this study pro-
vides strong evidence that peach fine root mortality is exac-
erbated by insects or other arthropods that are naturally
present in the soil of an apparently healthy orchard.

It has previously been shown that the risk of root mor-
tality in peach is related to a number of single-root level
characteristics including root order, diameter, depth and
age. Median survival times of 200 d or more are common
for larger diameter fine roots (>0·5 mm diameter) with
dependent laterals, whereas smaller diameter fine roots
(<0·25 mm diameter) with no laterals have median survival
times of approximately 70 d (Wells et al. 2001). We
expected that these different classes of fine roots would also
differ in their susceptibility to herbivory, especially in light
of the differences in tissue nitrogen content (and, presum-
ably, nutritive value) with diameter and order that have
been reported for other tree species (McClaugherty, Aber
& Melillo 1984; Camire, Cote & Brulotte 1991; Pregitzer et
al. 1997). However, fine roots of different orders, diameters
and depths responded similarly to soil insecticide treat-
ment, implying that they experienced similar levels of
below-ground herbivory under control conditions. All roots
considered in the study were less than 1 mm in diameter
and non-woody; it may be that soil insects do not discrim-
inate among roots within this size class in peach.

Insecticide treatment and root pigmentation

In addition to its effects on root longevity, soil insect sup-
pression also delayed the development of pigmentation,
implying that browning may be enhanced by the presence
of soil insects under natural conditions. This result is con-
sistent with those of previous authors who noted that inter-
actions with the soil biota altered both the pattern (Rogers
1929) and rate (Dunn 1979) of root browning. Root brown-
ing is a natural developmental process that occurs weeks to
months after initial root production and appears to involve
condensed tannin accumulation and cortical senescence
(McKenzie & Peterson 1995). Although the physiological
significance of browning is poorly understood, a number of
studies have indicated that brown roots have a reduced
nutrient uptake capacity relative to younger white roots
(Chapman & Parker 1942; Head 1966; Harrison-Murray &
Clarkson 1973; but see Atkinson 1983). If browning is asso-
ciated with reduced nutrient uptake capacity, then organ-
isms which enhance the rate of root browning could also
influence whole plant nutrition and growth without directly
removing root tissue.

Figure 5. Root length density (cm root cm−3 soil) in a 1·25 cm 
ring of soil surrounding treated and control minirhizotron tubes.
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Brown pigmentation was associated with a lower risk of
root mortality in 1997, and a similar effect of browning on
mortality has also been shown in apple (Wells & Eissenstat
2001). Although the rate of browning was enhanced in the
presence of soil insects and brown pigmentation was asso-
ciated with increased root longevity in 1997, there was no
evidence to suggest that browning itself protected roots
against herbivory. Treatment by browning interaction terms
were not significant in either year of the study.

Insecticide treatment and root production

Despite marked differences in root longevity with insect
suppression, we detected no changes in cumulative root
production in response to our treatments. Numerous
authors have reported compensatory re-growth of roots fol-
lowing below-ground herbivory (McNaughton 1983;
Schmid et al. 1990; Steinger & Muller-Scharer 1992, Dunn
& Frommelt 1998), whereas Wilson et al. (1995) reported a
decrease in root production when soil insects were sup-
pressed. Most of these studies dealt with below-ground her-
bivory at the level of the whole plant or ecosystem, and it is
not surprising that the loss of a significant portion of the
root system at this scale shifted whole-plant carbon alloca-
tion to support root re-growth. In the present experiment,
only a small portion of each tree’s root system was pro-
tected from herbivory, and it is unlikely that whole-tree car-
bon allocation patterns were in any way affected by the
treatments. Equivalent fine root production on treated and
untreated minirhizotrons was not unexpected given the
highly localized nature of the insecticide applications and
the fact that all trees received the same set of treatments
(one treated tube, one untreated tube).

Although we observed changes in root longevity with
insecticide treatment, we did not detect significant differ-
ences in minirhizotron root numbers or bulk soil root
length density on insecticide-treated tubes. We had
expected higher standing root numbers on treated tubes as
a result of reduced root mortality rate. Although the aver-
age number of roots visible was always higher on treated
tubes, especially over winter, extremely high spatial vari-
ability in root numbers limited our ability to draw strong
conclusions in this regard.

CONCLUSIONS

There is clearly a qualitative difference between the pro-
tection of individual roots from herbivory and the protec-
tion of an entire root system. The localized treatments used
in the present experiment indicated that soil insects could
influence lifespan, but provided no information on the com-
plex feedback between below-ground and above-ground
physiology that undoubtedly characterizes root–insect
interactions at the whole-tree level. A complete under-
standing of the effect of below-ground herbivory on root
dynamics in peach awaits further investigation at the whole
plant level and the identification of specific plant–insect

interactions at the single root level. Nonetheless, the results
presented here indicate that interactions with below-
ground insects can strongly influence root longevity and can
alter the rate of at which roots undergo developmental
changes in anatomy and physiology. The potential for soil
fauna to influence above-ground production as well as
below-ground carbon and nutrient cycling through interac-
tions with the root system is an area of root biology that
deserves further investigation.
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