
869

REPORTS
Ecology, 84(4), 2003, pp. 869–874
q 2003 by the Ecological Society of America

FIELD EVIDENCE FOR A RAPIDLY CASCADING UNDERGROUND
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Abstract. The strength of cascading effects from predators to plants is a controversial
issue in work addressing terrestrial trophic interactions. While suppressing herbivores, the
effects of some predators dissipate through two trophic levels and only modestly affect
land plants. I addressed the strength of the indirect effect of the predatory nematode Het-
erorhabditis marelatus on the bush lupine (Lupinus arboreus), where the nematode may
protect the plant by killing root-feeding ghost moth (Hepialus californicus) caterpillars. I
manipulated both predators and herbivores and measured all three components of this
cascade in the field. Lupine bushes in eight plots had 24 caterpillars added to each bush’s
rhizosphere. Four plots had nematode predators added to the soil, while four control plots
had no nematodes added. Cascading effects on lupine growth and fitness occurred quickly.
The nematode halved herbivore densities in three months, increased lupine trunk growth
by 67% within eight months, and increased seed set by 44% in three months. Combined
with previous experiments, this result identifies the system as a potent terrestrial trophic
cascade. By protecting bush lupine, a nitrogen fixer, this predator may mediate the plant’s
community effects. Though poorly known, underground predators can have profound effects
on terrestrial communities.

Key words: Hepialus californicus; Heterorhabditis marelatus; Lupinus arboreus; predator–prey
interactions; soil food web; terrestrial cascade; top-down effects; trophic cascade; underground her-
bivory.

INTRODUCTION

Trophic cascades, where predators benefit plants by
suppressing herbivores, have fascinated ecologists
since the Hairston–Smith–Slobodkin ‘‘green world’’
model (Hairston et al. 1960) highlighted the potential
impact of indirect trophic effects. Cascades have been
found in marine pelagic zones (Estes et al. 1998), fresh-
water lakes (Carpenter and Kitchell 1993) and rivers
(Power 1990), tropical forests (Letourneau and Dyer
1998) and streams (Pringle and Hamazaki 1998), and
temperate grasslands (Schmitz 1994). Argument about
the usefulness of the cascade ‘‘concept’’ as a model for
terrestrial interactions led to several analyses of the
strength of cascading terrestrial dynamics (Schmitz et
al. 2000, Halaj and Wise 2001). These analyses high-
light two issues that, together, underlie much of the
current debate over trophic-level regulation of terres-
trial systems.

The first of these issues concerns the role of com-
plexity in food web dynamics. Cascades imply that
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predators’ population-level effects on herbivores are
reflected in increased plant performance; omnivory or
intra-guild predation may reduce a predator’s ability to
sufficiently control herbivore populations (Polis and
Strong 1996, Polis et al. 2000). Complex interactions
between and among trophic levels may also occur more
commonly in highly reticulate systems. Simplified ag-
ricultural food webs had stronger cascading effects of
predators on plant performance than did natural sys-
tems (Halaj and Wise 2001). Alternatively, the dynam-
ics of natural terrestrial food webs may simply be slow-
er or less transparent than those of rapidly cycling
aquatic or agricultural systems (Holt 2000, Power
2000).

The second issue focuses on the biological ‘‘signif-
icance’’ of cascading interactions. Suppressing terres-
trial herbivores may reduce herbivory, but statistically
significant reductions in damage often produce only
minimal increases in plant fitness (Halaj and Wise
2001, but see Schmitz et al. 2000). If decreased plant
damage due to terrestrial predators is not reflected in
plant fitness, it is reasonable to ask whether the addition
of predators makes a difference to plant demography
or community structure. Even where cascading dynam-
ics occur in terrestrial systems, they might involve only
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a small subset of species, rather than predator–herbi-
vore–plant interactions in general (Polis et al. 2000).
The proposed dichotomy between species-specific and
broader community-level cascades has led to consid-
erable debate (Hairston and Hairston 1997, Holt 2000).
A predominance of species-specific interactions sug-
gests that plant communities even in cascading systems
may not generally be controlled (through predator ef-
fects on plant survival/reproduction) by indirect inter-
actions.

An oft-cited example of a terrestrial trophic cascade
is the underground nematode–ghost moth–lupine food
chain (Strong et al. 1996b, Hairston and Hairston 1997,
Pace et al. 1999). Underground herbivory by root-feed-
ing larvae of the ghost moth Hepialus californicus on
the bush lupine Lupinus arboreus can cause thousands
of bushes to die off simultaneously (Strong et al. 1995).
Field application of systemic insecticide demonstrated
that suppressing underground herbivory on bush lupine
over a three-year period caused a cumulative 28% in-
crease in seed set and an 18% increase in survival in
protected plants (Maron 1998). The entomopathogenic
nematode Heterorhabditis marelatus preys on root-
feeding larvae of the ghost moth, and high nematode
abundance is inversely correlated with ghost moth den-
sity (Strong et al. 1996a). Areas with low densities of
ghost moth caterpillars had higher lupine survival
(Strong 1997), suggesting that the nematode increased
lupine survival by suppressing H. californicus. In a
field experiment isolating the three-species chain in
outplanted pots, lupine seedlings with nematodes and
ghost moth larvae had much higher survival than seed-
lings with ghost moth larvae and no nematodes (Strong
et al. 1999). Some authors have used this research to
exemplify trophic-level regulation (Hairston and Hair-
ston 1997). Others, however, caution that the cascade
may be an artefact of removing the three-species chain
from the full annual climatic cycle for each component
species and from the rest of the food web (Strong 1997),
which includes nematode-eating fungi (Jaffee et al.
1996), omnivorous underground predators, and sa-
prophagous species subsisting upon detritus.

The experiment reported here sought to study the
nematode–ghost moth–lupine chain under natural con-
ditions, in mature stands of bush lupine, where the
natural community would have its maximum effects on
the cascade. If the cascade demonstrated in a manip-
ulative experiment using potted seedlings was a func-
tion of the three-species chain’s removal from the full
underground food web, then strong fitness-level effects
on plants should be reduced or absent for mature lu-
pines in unmanipulated grasslands. In addition, the
strong effects shown in earlier experiments on seed-
lings may not be representative of effects on mature
lupines.

METHODS

Culturing and applying the nematode
Heterorhabditis marelatus

The standard technique for censusing and culturing
entomopathogenic nematodes uses bait insects such as

‘‘waxworms,’’ larvae of the wax moth Galleria mel-
lonella (Zimmermann 1986). In an effort to include
more realism, I applied nematodes using four infected
waxworm cadavers per bush rather than spraying the
soil with a laboratory-made solution of suspended nem-
atodes. The waxworms were infected by placing them
in soil from areas on the Bodega Marine Reserve
(BMR; Bodega Bay, California, USA) known to have
high H. marelatus densities; infected waxworms turn
a distinctive brick-orange color and are easily identi-
fied. H. marelatus juveniles colonize soil when they
emerge from a host cadaver. The total number of in-
fective juvenile nematodes emerging from a host ca-
daver ranges widely, from 100 000 to 1 3 106 (E. L.
Preisser and D. Strong, unpublished data). G. mello-
nella larvae are much smaller than late-instar H. cal-
ifornicus larvae, and previous surveys of the experi-
mental site found an average of five ghost moth larvae/
root infected with H. marelatus (Strong et al. 1996b).
The nematode treatment densities are therefore similar
to those occurring in natural conditions.

Experimental design

The experiment was a fully crossed factorial design:
predator (the entomopathogenic nematode Heterorhab-
ditis marelatus) and no predator (no H. marelatus),
crossed with water (supplemental water added twice
weekly) and no water (ambient soil moisture). The wa-
ter/no water factor was examined as part of a separate
experiment on the effect of watering on lupines; how-
ever, it did not impact the results below and is not
further discussed. Two contiguous blocks, each con-
taining all four treatment combinations, were estab-
lished in a 40 3 13 m area in the coastal grassland at
BMR in winter 2001. Lupine bushes in this area had
very low ghost moth densities in winter 2001, with a
mean of one larvae/bush (E. L. Preisser, unpublished
data). This area was sampled at the same time for nem-
atodes using G. mellonella as bait insects (Zimmerman
1986), and also had very low nematode densities
(1/140 bushes surveyed positive for H. marelatus pres-
ence). I surveyed all the lupines within the two blocks
and selected 40 large, mature lupines/block with sim-
ilar stem diameters (3.79 6 0.068 cm [mean 6 1 SE]),
no detectable H. marelatus, and no ghost moth (He-
pialus californicus) larvae. While this represents a non-
random sample of lupines, it also ensures that the ex-
perimental plants experienced the same treatment ef-
fects and did not enter the experiment weakened by
ghost moth herbivory. Other lupines in contact with
the selected experimental lupines were removed to min-
imize intraspecific competition. Each block was divid-
ed into four plots, one plot per treatment combination,
for a total of two replicates per treatment combination
and eight total replicates. Each of the plots had 10 large,
mature lupine bushes. To prevent movement of nem-
atodes between plots during the experiment, plot
boundaries were trenched and aluminum flashing
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FIG. 1. Number of frass tubes of root-feeding larvae of
the ghost moth Hepialus californicus in the treatments with
the entomopathogenic nematode Heterorhabditis marelatus
(predator) and without (no predator). The number of frass
tubes indicates the number of ghost moth larvae burrowing
in the root. Error bars indicate 6 1 SE.

placed around them to a depth of 10 cm below and 4
cm above the ground. Movement of both ghost moths
and nematodes between lupines during the dry season
is minimal (E. L. Preisser, personal observation; D.
Strong, personal communication).

I applied the H. marelatus treatment in May 2001
by enclosing four H. marelatus-infected waxworms
within a wire-mesh cage (to prevent mammals from
eating them) and placing the cage in the soil 3–5 cm
deep at the base of each lupine. The no-H. marelatus
treatment had the same experimental procedure ap-
plied, but with waxworms killed by cold.

One week after nematodes were applied to the soil,
I added 24 second and third instar ghost moth cater-
pillars to each lupine rhizosphere, in the soil at the base
of the trunk. This larval density of ghost moths was
between the ‘‘intermediate’’ and ‘‘high’’ densities of
16.8 6 5.2 and 37.5 6 4.1 ghost moth larvae/root noted
at BMR (Strong et al. 1995). Since the nematodes had
not yet begun emerging from the host when placed in
the soil, the nematodes’ survival the week before the
ghost moth larvae were added was high. To ensure that
at least some of the caterpillars I added survived the
transition from the soil to the root, I used second and
third instar larvae in the field experiment. Previous
observations suggest that at this stage survival would
be high enough that at least some of the caterpillars
would survive to settle on lupine bushes. The cater-
pillars were raised from eggs laid in winter 2001 by
moths collected at BMR and fed sliced carrots, the
standard culture technique for ghost moth caterpillars
(Wagner 1985). These caterpillars raised on carrots are
roughly the same size as those ghost moth caterpillars
raised on lupine root, a more difficult culture technique
(D. Strong, personal communication). Experimental
bushes were not protected from natural ghost moth ovi-
position, as the netting necessary to prevent egg laying
might also have interfered with pollinators and/or the
activity of ground-dwelling fauna.

Data collection

I assessed abundance of the ghost moth larvae by
counting the number of frass tubes at the base of the
trunk of each lupine three months into the experiment.
These distinctive tubes, unique to H. californicus lar-
vae, are made of frass extruded from the root burrow.
The frass tubes have the appearance of sawdust bound
into a matrix and plug the hole. Other species do not
make frass tubes at BMR since there are virtually no
other large root-boring insect species on L. arboreus
at this site (Strong et al. 1996a). Since ghost moth
caterpillars do not share root tunnels (Wagner 1985),
frass tubes provide a noninvasive index of larval abun-
dance. There is approximately a 1:1 correspondence
between the number of frass tubes found on the root
and the number of ghost moth larvae present in the
root (J. Havstad, unpublished data).

I measured the trunk diameter of each target lupine
at the beginning of the experiment and at two, four,
and eight months into the experiment. After flowering
and seed set three months into the experiment, I count-
ed all of the seedpods on each bush and haphazardly
collected 20 pods/bush that were intact and on the verge
of dehiscing. I counted all the seeds in these seedpods
to determine the number of seeds/seedpod for each
bush, and used these data to determine the total number
of seeds/bush.

Data analysis

The experiment was analyzed by ANOVA, with
predator and block as factors and herbivore density or
plant performance as the dependent variable. The in-
dices of plant performance (trunk growth and total
seeds/bush) and herbivore density were calculated as
the means of 10 mature lupine bushes per plot. Prior
to analysis, the data on plant performance and herbi-
vore density were checked for normality. Growth in
trunk diameter was expressed as ln(basal area)current 2
ln(basal area)initial. Repeated-measures ANOVA ad-
dressed trunk growth at four and eight months into the
experiment. Seed production was analyzed as total
seeds/bush (mean seeds/pod 3 total seedpods/bush)
with initial trunk diameter as a covariate. Because this
part of the experiment explicitly planned to test only
for the effect of the predator (nematode), statistical
tests used the fixed main effect ‘‘predator.’’ The
‘‘block’’ effect was used to control for spatial effects.
The statistical package JMP, version 4.0.3 (SAS 2000),
was used for all analyses.

RESULTS

Experimental additions of the entomopathogenic
nematode Heterorhabditis marelatus halved root bor-
ing by the ghost moth Hepialus californicus (ANOVA,
predator: F1,4 5 15.12, P , 0.018; Fig. 1; see Appen-
dix).

Nematode predation on ghost moth larvae led to
greater lupine growth. After two months, mean basal
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FIG. 2. Basal area (BA) of L. arboreus trunks in predator
(H. marelatus) and no-predator treatments. Trunk diameter
relative growth was calculated as ln(basal area)current 2
ln(basal area)initial. Lines are the best-fit quadratic equation for
each treatment (predator line, r2 5 0.985; no predator line,
r2 5 0.875).

FIG. 3. Total least-square mean seed production of L. ar-
boreus bushes in the predator vs. no-predator treatments. Er-
ror bars indicate 6 1 SE.

trunk area in the H. marelatus treatment increased 39%
more (predator, 8.33 6 0.60 cm2; no predator, 5.99 6
1.38 cm2; means 6 1 SE) than those without the nem-
atode. This greater growth rate persisted into the winter,
eight months after the start of the experiment, when
mean trunk diameter in the predator treatment had
grown 67% more (predator, 24.78 6 1.56 cm2; no pred-
ator, 14.86 6 2.98 cm2) than in those plots without
predators (rm-ANOVA: F1,10 5 88.094, P , 0.001; Fig.
2; see the Appendix).

Nematode predation on ghost moth larvae increased
the number of lupine seedpods and seed set. Lupines
treated with H. marelatus had 30% more seedpods/bush
(predator, 451 6 31 seedpods; no predator, 346 6 12
seedpods) This led to a 44% increase in total seeds/
bush in the predator treatment (F1,3 5 12.15, P , 0.040;
Fig. 3; see the Appendix).

DISCUSSION

This research connects all three components of the
nematode–ghost moth–lupine food chain in nature with
mature plants and extends work done on the three-
species cascade in more controlled conditions (Strong
et al. 1999) and work with the two-species ghost moth–
lupine interaction (Maron 1998, 2001). The nematode
had a powerful effect on the ghost moth, demonstrating
for the first time that this predator suppresses a root-
boring herbivore in mature lupine in nature. The nem-
atode indirectly benefits the bush lupine through its
effects on the ghost moth and may cause community-
level impacts on coastal grasslands.

Although my experiments have assessed only the
short-term impact of the trophic cascade, the predator
caused a 39% increase in trunk basal area growth after
two months and a 67% increase in growth over eight
months. Lupines are long-lived woody perennials, and
the cascade may have large cumulative effects on seed

production over a lupine’s life-span. The difference in
growth was accompanied by a significant increase in
the number of seedpods and total seeds/bush. Although
L. arboreus may be limited by germination sites rather
than seed density (Maron and Simms 1997), a 44%
increase in mean seed set cannot be dismissed as neg-
ligible either demographically or in terms of population
effect. This three-species interaction is thus a ‘‘species-
level cascade’’ (sensu lato Polis et al. 2000); there may
also be community-level effects, but the multiyear time
scale of terrestrial interactions makes this difficult to
test (Holt 2000).

The indirect interaction between nematodes and lu-
pine bushes occurred within a minimally manipulated
soil food web, causing me to reject my initial hypoth-
esis that this cascade would be weakened within the
underground food web. The full complement of spe-
cies-level interactions between underground organisms
might have been expected to minimize the cascading
trophic effect (Polis and Strong 1996, Polis et al. 2000),
but this was not the case. This is significant since the
experimental densities of predators and herbivores are
comparable to natural conditions. While ghost moth,
nematode, and lupine abundance have been cyclic over
the past decade (D. Strong and E. L. Preisser, unpub-
lished data), my addition of 24 ghost moth larvae/root
was between the ‘‘intermediate’’ and ‘‘high’’ densities
of 17 and 38 larvae/root found in 1994 (Strong et al.
1995). When nematodes are found with ghost moths,
they often kill a large fraction of the larvae present; a
1995 lupine survey found an average of five larvae/
root infected with H. marelatus (Strong et al. 1996b).
Since I did not monitor the entire soil food web, it is
impossible to say that my experiment did not (1) alter
components present in unmanipulated systems, or (2)
happen to examine the food web at a time when other
interacting species were absent. My manipulations
were purposefully minimal, however, with predator and
herbivore densities comparable to natural levels. In ad-
dition, intensive yearly sampling for six years has re-
vealed no other lupine root borers (the vertebrate ex-
ception being the pocket gopher, Thomomys bottae,
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which occasionally chews roots of young lupine) pres-
ent at BMR (D. Strong, personal communication).

There are several possible reasons why this system
has strongly cascading three-species dynamics. The
ghost moth H. californicus, vulnerable to a wide range
of predators in the detritus, has few predators once it
settles within lupines. Only H. marelatus and the in-
sect-eating fungus Beauveria bassiana cause signifi-
cant mortality in late-instar larvae, and the larvae have
no known parasitoids (Wagner 1985). In the midst of
a complex food web, ghost moth larvae in lupines are
thus directly affected by only a subset of possible pred-
ators. The larvae can be large, and root borers in gen-
eral have a large per capita effect on plants (Brown
and Gange 1990, Pomerinke et al. 1995). By reaming
and cutting vascular cells, they destroy root–shoot con-
nections; they may also increase the plant’s vulnera-
bility to soil-borne pathogens (Brown and Gange
1990). Maron (1998) found that below-, but not above-
ground, herbivory decreased lupine survival, despite
the fact that aboveground herbivores were at least an
order of magnitude more abundant than belowground
ghost moth larvae. In addition, the nematode H. mar-
elatus is capable of an extraordinary numerical re-
sponse to its prey/hosts. The cadavers of even small
ghost moth larvae can produce hundreds of thousands
of nematodes (E. L. Preisser and D. Strong, unpub-
lished data). Mathematical modeling of this nematode–
ghost moth interaction indicates that a kill can saturate
the rhizosphere with nematodes, leading to the deci-
mation of local prey populations (C. Dugaw, unpub-
lished manuscript).

The numerical response of nematode predators to
their prey, the paucity of linkages between the root-
boring larvae and other predators, and the ghost moth’s
potent effect on lupines may create a powerfully linear
food chain within the larger food web. Underground
trophic interactions are often described as complex and
interdigitated due to factors like omnivory, size-de-
pendent predation, and spatial heterogeneity (De Ruiter
et al. 1995, Polis and Strong 1996). Absent experi-
mental error, my findings support two possible sce-
narios. First, the underground web may have been sup-
pressed, or highly variable in time and space. If true,
then under different circumstances I might have seen
attenuation of the predator’s trophic signal. The second
option is that this is a true food chain, with the three
species interacting so strongly with each other, and so
little with other organisms, that the trophic-level dy-
namics characteristic of simplified systems are the most
appropriate model (Hairston and Hairston 1997, Halaj
and Wise 2001). The nematode specializes on ghost
moth larvae, ghost moth larvae specialize on the lupine,
and the lupine is particularly vulnerable to root-feeding
herbivores. Other organisms from the larger food web
(e.g., nematode-trapping fungi, the insect-eating fun-
gus B. bassiana, or the tussock moth Orgyia vetusta)

may have an impact, but their effect is relatively slight
(or present only in some areas, under some conditions).

While unproven, the community-level effects of this
interaction could be substantial. Lupines are influential
components of coastal vegetation as prodigious nitro-
gen fixers, and N is released both through leaf detritus
and when the plants die. This pulse of N into N-poor
grassland soil allows nonnative annuals like Lolium
multiflorum and Bromus diandrus to invade (Maron and
Jefferies 1999). With repeated cycles of lupine growth,
death, and resprouting, the soils accumulate N and na-
tive plants are competitively inferior, favoring the fast-
er growing invaders. By indirectly increasing lupine
growth, nematodes increase the amount of N released
in the soil, ultimately producing community-level ef-
fects. The strength of the nematode–ghost moth–lupine
cascade over the short term suggests that this indirect
facilitation of lupine growth may be critical to the long-
term dynamics of coastal grasslands.
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APPENDIX

A table with results of ANOVA analysis of (1) frass tubes/bush, (2) trunk diameter relative growth, and (3) total seeds/
bush are available in ESA’s Electronic Data Archive Ecological Archives E084-016-A1.


