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The diversity and complexity of food webs (the networks of feeding relationships within an
ecological community) are considered to be important factors determining ecosystem function
and stability. However, the biological processes driving these factors are poorly understood.
Resource quality affects species interactions by limiting energy transfer to consumers and their
predators, affecting life history and morphological traits. We show that differences in plant traits
affect the structure of an entire food web through a series of direct and indirect effects.
Three trophic levels of consumers were influenced by plant quality, as shown by quantitative
herbivore–parasitoid–secondary parasitoid food webs. We conclude, on the basis of our
data, that changes in the food web are dependent on both trait- and density-mediated
interactions among species.

Food webs depict networks of trophic
relationships (interactions across levels
of consumers) in ecological communities.

A challenge in ecology is to understand the in-
terplay between bottom-up (resource-based) and
top-down (consumer-based) forces that structure
food webs (1–3) and to uncover the link be-
tween food web structure and ecosystem func-
tion and stability (4, 5). The species richness
(diversity) and complexity of food webs are key
aspects (4, 6, 7); for a given diversity and com-

plexity, other food web attributes can be pre-
dicted with simple rules of predation created on
the basis of body size (8).

The diversity of communities is determined
by past evolutionary processes and immigration
and extinction, which may be driven by both
direct and indirect interactions (9, 10). In food
webs, complexity is usually measured as con-
nectance: the fraction of all possible trophic
links that is realized. It is determined by the diet
breadth of the species in the web. Optimal for-

aging theory suggests that observed connectance
relies on the body sizes of predators and prey
(11). Therefore, food web structure may be in-
fluenced by variation in the traits of component
species. For example, insect host–parasitoid sys-
tems are influenced by variation in plant traits
(12). Plant nutritional quality directly affects troph-
ic interactions by influencing the morphology,
behavior, and life history of insects (13–15); but
how this affects food web structure remains un-
known. We studied how differences in resource
quality influenced structural properties of a
multitrophic food web through density- and
size-mediated interactions.

Aphids feed by piercing the phloem of their
food plant and are sensitive to changes in plant
quality (12). Aphid communities formed and
developed naturally for one season on 24 rep-
licate plots of 144 plants of either a feral or
domesticated (Brussels sprouts, var. gemmifera)
population of Brassica oleracea L. Cultivated
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Table 1. Statistics of interaction webs constructed in plots of the feral Brassica line and Brussels sprouts and final model selection of variables
explaining food web metrics. The results of analysis were derived from data presented in table S1. prop., proportion; NS, not significant.

Variable
Mean sprout

(SEM)
Mean feral

(SEM)
Final model

F value
(d.f.)

P value

Aphid Density (per plant) 619 (65) 2232 (318) Brassica line 24.7 (1,22) <0.001
Relative density (prop.
of M. persicae)

0.01 (0.003) 0.06 (0.01) Brassica line + aphid
density

40.3 (2,21) <0.001

Prop. parasitised 0.18 (0.02) 0.1 (0.01) Brassica line 19.8 (1,22) <0.001

Primary Mummy density 134.5 (17) 222.9 (31.9) Aphid density 22.4 (1,22) <0.001
parasitoids (Pp) Adult density 21.6 (1.9) 20.6 (3.5) Brassica line + aphid

density
5.7 (2,21) 0.011

Diversity 1.11 (0.03) 1.32 (0.09) Brassica line 4.5 (1,22) <0.05
Link diversity 1.36 (0.06) 1.95 (0.16) Pp diversity + Pp density +

aphid density + prop. of M.
persicae

67.3 (4,19) <0.001

Connectance 0.35 (0.04) 0.38 (0.03) NS
Prop. parasitised
(secondary)

0.82 (0.01) 0.9 (0.01) Mummy density + Brassica line 14.6 (2,21) <0.001

Mummy size (mm2) 1.22 (0.01) 1.49 (0.01) Brassica line 152.4 (1,22) <0.001

Secondary Adult density 113 (15) 202 (31) Aphid density 21.1 (1,22) <0.001
parasitoids (Sp) Hyperparasitoid

density
77 (10) 67 (9) NS

Prop. of mummy
parasitoids (of Sp.)

0.32 (0.02) 0.66 (0.01) Brassica line 149.9 (1,22) <0.001

Diversity 2.7 (0.13) 4.4 (0.1) Brassica line 103.4 (1,22) <0.001
Link diversity 2.8 (0.13) 4.9 (0.15) Sp diversity (96%) +

Brassica line + aphid
density + Sp density

295.1 (4,19) <0.001

Connectance 0.24 (0.01) 0.35 (0.01) Prop. of mummy parasitoids
+ aphid density

41.4 (2,21) <0.001
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Brassicas and their wild relatives show con-
siderable variation in primary and secondary
chemistry and morphology (15, 16). The studied
Brassicas differed in several traits, such as sec-
ondary chemistry, leaf thickness, and architec-
ture. In all plots, two aphid species, Brevicoryne
brassicae andMyzus persicae (Homoptera: Aphid-
idae), were found. Differences in aphid body
size (Table 1, Pp mummy size) and densities

(Fig. 1 and Table 1) show that the nutritional
quality of feral Brassica was higher than that of
domesticated Brassica.

The aphids in these plots were commonly
attacked by parasitoid wasps. Primary para-
sitoids (Pp’s) attacking aphids are in turn para-
sitized by two guilds of secondary parasitoids
(Sp’s) that differ in the way they feed on their
host. First, hyperparasitoids are koinobiont en-

doparasitoids (17). They lay their egg inside the
developing primary parasitoid larva inside the
living aphid host and delay development until
the primary parasitoid larva has killed and mum-
mified the aphid. Second, mummy parasitoids
are idiobiont ectoparasitoids that attack the mum-
mified aphid (fig. S1) and deposit their egg on
the primary parasitoid larva or pre-pupa, on
which the mummy parasitoid larva feeds ex-
ternally. Because of the more direct interaction
with host defenses, hyperparasitoids are typical-
ly more specialized than the generalist mummy
parasitoids (18, 19) [supporting online material
(SOM) text]. Thus, we studied four tropic lev-
els; plants (feral and domestic B. oleracea),
aphid herbivores, primary parasitoids, and sec-
ondary parasitoids. Aphid-parasitoid systems are
particularly suited to construction of quantita-
tive food webs, because the parasitoid pupates
inside the aphid integument, forming a so-called
mummy, allowing identification of both the host
and its parasitoid. Investigations of quantitative
food webs, where densities and link strengths
are known, have the advantage that they allow
for the detection of changes in the structure that
binary webs would miss (20) and are far less
sensitive to the effects of rare species and links
(21, 22).

Aphids were attacked by five species of pri-
mary parasitoid, all of which were found on the
plots of feral Brassica, whereas four of them
were present on the Brussels sprouts (Fig. 1).
The number of parasitized aphids was higher on
feral Brassica (Table 1, Pp mummy density) but
the proportion of parasitism was lower (Table 1,
aphid proportion parasitized). However, the den-
sities of emerging primary parasitoids on the
two types of plants were very similar (Table 1,
Pp adult density). The higher resource flow from
aphid to primary parasitoids on feral Brassica
was passed on to the next trophic level, which
was reflected in a significant 1.8-fold increase in
the density of the secondary parasitoids (Table 1,
Sp adult density). We calculated a diversity
index, taking into account the relative densities
(see materials and methods in SOM). This shows
that diversity among primary parasitoids was
significantly higher on feral Brassica (Table 1,
Pp diversity) and resulted in a greater diversity
of aphid–primary parasitoid links. (Table 1, Pp
link diversity).

Primary parasitoids were attacked by 10
species of secondary parasitoid, all of which
were present on feral Brassica and 8 of which
were present on Brussels sprouts (Fig. 1).
Species diversity and link diversity within sec-
ondary parasitoid food webs were respective-
ly 1.6 and 1.8 times higher in plots of feral
Brassica (Table 1, Sp diversity and Sp link
diversity). The diversity measure reflects both
the mean number (±SEM) of species (7.1 ± 0.3
versus 5.9 ± 0.2 in feral and domestic Brassica,
respectively) and the evenness of species abun-
dances (0.63 ± 0.02 versus 0.46 ± 0.02). The
connectance for secondary parasitoids with

Fig. 1. Aphid-parasitoid interaction webs on (A) feral Brassica and (B) domestic Brussels sprouts
pooled across replicated plots (fig. S2). The width of the bars is proportional to abundance. Middle
bars are aphids, bottom bars are primary parasitoids, and top bars are secondary parasitoids, with
gray and black bars depicting hyperparasitoids and mummy parasitoids, respectively. Wedges
indicate the relative contribution of a host to a parasitoid population. Numbers refer to species
identity. Note the predominance of mummy parasitoids on feral Brassica and associated density of
links.
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aphids was 1.5 times greater in feral than in do-
mestic Brassica (Table 1, Sp connectance), with
74% (R2 from general linear model analysis) of
the variation explained by the proportion of
mummy parasitoids among secondary para-
sitoids, which was twice as high in feral Brassica
(Table 1 and Fig. 1). We saw no evidence that
the host Brassica affected the density of spe-
cialist hyperparasitoids, suggesting that the dif-
ferences in secondary parasitoid density and
diversity were entirely due to the generalist
mummy parasitoids.

Our data show that variation in plant quality
has cascading effects across trophic levels as
mediated by changes in the abundance and size
of resource items (Fig. 2). The bottom of the
food chain—the plant type—affects the herbiv-
orous aphids, which in turn controls the quality
and abundance of the primary parasitoids, and
finally affects the top of the food web, the sec-
ondary parasitoids. These direct and indirect in-
teractions are mediated by both the densities and
traits (here size) of herbivores. Most interesting
is the effect of aphid size on the non-adjacent

secondary parasitoid trophic level. Larger aphids
result in larger mummies, leading to greater
representation of the generalist mummy para-
sitoid guild (fig. S3), resulting in greater link
diversity and connectance of secondary para-
sitoids. The strength of the pathways indicates
this importance of trait-mediated effects (mummy
size) in affecting secondary parasitoid commu-
nities (Fig. 2). Further evidence for trait-mediated
effects was that larger mummies were more
likely to yield mummy parasitoids and this ef-
fect was stronger in the feral Brassica (c23 =
9.41, P < 0.05).

We also investigated the effects of host plants
on size (as a proxy for fitness) and population
structure (sex ratio) of primary and secondary
parasitoids. For the four most common para-
sitoids in our study, adult size significantly de-
pended on aphid host size (F1, 793 = 571.13, P <
0.001), affecting fitness by increasing fecundity
and longevity (19). Host size was greatest on
feral Brassica (Fig. 3A; F1, 794 = 164.2, P <
0.001), resulting in significantly larger para-
sitoid offspring (Fig. 3B; F1, 797 = 78.73, P <
0.001). Furthermore, we observed 11% more
females of the primary parasitoid Diaeretiella
rapae (c21 = 4.36, P < 0.05) and the mummy
parasitoid Asaphes vulgaris (c21 = 7, P < 0.01)
on the feral Brassica (fig. S4). Female parasitoids
emerged from larger hosts than did males (F3, 794 =
59.28, P < 0.001), suggesting that sex allocation
in parasitoids is a function of host quality and
the quality of their primary nutrient source.

On the basis of these data, we concluded
that the feral Brassica was a better host for the
aphids and, indirectly, the parasitoids than was
the domestic line. It is likely that this increased
size, and therefore fitness, in both aphids and
the primary and secondary parasitoids was the
result of differences in plant traits such as plant
metabolites, defense chemicals, and architec-
ture, which we hypothesize caused the ob-
served differences in food web structure. Our

Fig. 2. Summary diagram of direct and indirect effects of plant quality on the structure of aphid-
parasitoid communities. Arrow thickness is scaled to standardized coefficients from path analysis to
illustrate the relative strength of effects.

Fig. 3. Mean (+SEM) (A) host size
and (B) hind tibia length of the
four dominant parasitoid species in
plots of the feral (black bars) and
domestic (white bars) Brassica. Num-
bers show sample sizes.
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study indicates that changes in resource traits
influence food web diversity and complexity
by interacting with foraging biology (indicated
by size-dependent parasitism and sex alloca-
tion) of consumers across several trophic levels
through a cascade of density- and trait-mediated
effects (Fig. 2), with implications for food web
stability and ecosystem functioning.
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Biomechanical Energy Harvesting:
Generating Electricity During Walking
with Minimal User Effort
J. M. Donelan,1* Q. Li,1 V. Naing,1 J. A. Hoffer,1 D. J. Weber,2 A. D. Kuo3

We have developed a biomechanical energy harvester that generates electricity during human
walking with little extra effort. Unlike conventional human-powered generators that use
positive muscle work, our technology assists muscles in performing negative work, analogous to
regenerative braking in hybrid cars, where energy normally dissipated during braking drives a
generator instead. The energy harvester mounts at the knee and selectively engages power
generation at the end of the swing phase, thus assisting deceleration of the joint. Test subjects
walking with one device on each leg produced an average of 5 watts of electricity, which is
about 10 times that of shoe-mounted devices. The cost of harvesting—the additional
metabolic power required to produce 1 watt of electricity—is less than one-eighth
of that for conventional human power generation. Producing substantial electricity with little
extra effort makes this method well-suited for charging powered prosthetic limbs and other
portable medical devices.

Humans are a rich source of energy. An
average-sized person stores as much
energy in fat as a 1000-kg battery (1, 2).

People use muscle to convert this stored chem-
ical energy into positive mechanical work with
peak efficiencies of about 25% (3). This work
can be performed at a high rate, with 100 W
easily sustainable (1). Many devices take ad-
vantage of human power capacity to produce
electricity, including hand-crank generators as
well as wind-up flashlights, radios, and mobile

phone chargers (4). A limitation of these con-
ventional methods is that users must focus
their attention on power generation at the ex-
pense of other activities, typically resulting in
short bouts of generation. For electrical power
generation over longer durations, it would be
desirable to harvest energy from everyday ac-
tivities such as walking.

It is a challenge, however, to produce sub-
stantial electricity from walking. Most energy-
harvesting research has focused on generating
electricity from the compression of the shoe
sole, with the best devices generating 0.8 W (4).
A noteworthy departure is a spring-loaded back-
pack (5) that harnesses the vertical oscillations
of a 38-kg load to generate as much as 7.4 W
of electricity during fast walking. This device
has a markedly low “cost of harvesting” (COH),
a dimensionless quantity defined as the addi-

tional metabolic power in watts required to gen-
erate 1 W of electrical power

COH ¼ D metabolic power

D electrical power
ð1Þ

where D refers to the difference between walk-
ing while harvesting energy and walking while
carrying the device but without harvesting energy.
The COH for conventional power generation is
simply related to the efficiency with which (i)
the device converts mechanical work to elec-
tricity and (ii) muscles convert chemical energy
into positive work

COH for conventional
generation ¼ D metabolic power

D electrical power

¼ 1

device eff �muscle eff
ð2Þ

The backpack’s device efficiency is about 31%
(5), and muscle’s peak efficiency is about 25%
(3), yielding an expected COH of 12.9. But the
backpack’s actual COH of 4.8 ± 3.0 (mean ±
SD) is less than 40% of the expected amount. Its
economy appears to arise from reducing the
energy expenditure of walking with loads (6, 7).
No device has yet approached the power gener-
ation of the backpack without the need to carry
a heavy load.

We propose that a key feature of how hu-
mans walk may provide another means of eco-
nomical energy harvesting. Muscles cyclically
perform positive and negative mechanical work
within each stride (Fig. 1A) (8). Mechanical
work is required to redirect the body’s center
of mass between steps (9, 10) and simply to
move the legs back and forth (11, 12). Even
though the average mechanical work performed
on the body over an entire stride is zero,
walking exacts a metabolic cost because both
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Pittsburgh, PA 15213, USA. 3Departments of Mechanical
Engineering and Biomedical Engineering, University of
Michigan, Ann Arbor, MI 48109, USA.

*To whom correspondence should be addressed. E-mail:
mdonelan@sfu.ca

www.sciencemag.org SCIENCE VOL 319 8 FEBRUARY 2008 807

REPORTS

 o
n 

F
eb

ru
ar

y 
11

, 2
00

8 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org



