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Abstract Induced prey defenses can be costly. These

costs have the potential to reduce prey survival or

reproduction and, therefore, prey population growth.

I estimated the potential for predators to suppress

populations of pea aphids (Acyrthosiphon pisum) in

alfalfa fields through the induction of pea aphid

predator avoidance behavior. I quantified (1) the

period of non-feeding activity that follows a distur-

bance event, (2) the effect of frequent disturbance on

aphid reproduction, and (3) the frequency at which

aphids are disturbed by predators. In combination,

these three values predict that the disturbances in-

duced by predators can substantially reduce aphid

population growth. This result stems from the high

frequency of predator-induced disturbance, and the

observation that even brief disturbances reduce aphid

reproduction. The potential for predators to suppress

prey populations through induction of prey defenses

may be strongest in systems where (1) predators

frequently induce prey defensive responses, and (2)

prey defenses incur acute survival or reproductive

costs.

Keywords Induced defense � Latency �
Non-consumptive interaction � Non-lethal interaction �
Predation risk � Trait-mediated interaction

Introduction

One of the goals of behavioral ecology has been to link

the behaviors of individual animals to patterns ob-

served at the population level. Predator–prey interac-

tions have been well-studied by both behavioral

ecologists and population ecologists, and provide a

promising avenue towards relating individual behav-

iors to population patterns (Smith and Sibly 1985;

Schoener 1986; Werner 1992; Anholt 1997; Lima

1998a; Schmitz and Suttle 2001; Beckerman et al.

2002). At the level of populations, predators are rec-

ognized for their ability to suppress the growth of prey

populations, while increasing their own numbers. The

suppressive effect of predators on prey populations is

generally assumed to occur through consumption of

prey individuals.

At the level of individuals, predators are also rec-

ognized for their non-consumptive interactions with

prey: prey often respond to the presence of predators

with defensive changes in their behavior (and other

traits as well). These predator-induced changes in prey

behavior can be costly, as the behaviors that help re-

duce the risk of consumption often cause prey to

experience decrements in other correlates of fitness

(for reviews, see Sih 1987, 1994; Lima and Dill 1990;
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Karban and Baldwin 1997; Lima 1998a, b; Sih et al.

1998; Tollrian and Harvell 1999; Preisser et al. 2005).

In this paper, I test the hypothesis that the costs asso-

ciated with prey defensive behaviors contribute to

predators’ suppression of prey populations (see S1 for

a diagram).

There are two complementary ways to address this

hypothesis. The first approach is to expose whole

populations of prey to cues associated with predation

risk, then test whether cues alone affect population

growth. By amputating wasp ovipositors, Tamaki et al.

(1970) separated the defense-inducing cues of parasit-

oid wasps from actual parasitism, and found that pop-

ulation growth in pea aphids was reduced in the

presence of amputated wasps. My colleagues and I

used a similar strategy to isolate the non-consumptive

effects of a pea aphid predator by disabling its

mouthparts (Nelson et al. 2004). When small popula-

tions of aphids were exposed to a non-consumptive

predator in field enclosures, they showed reduced

population growth compared to populations in enclo-

sures without predators. Thus, deleting the consump-

tive ability of predators empirically demonstrates that

predators can suppress prey populations by means

other than consumption. However, this approach does

not shed light on the mechanisms by which non-con-

sumptive interactions retard aphid population growth.

The second method of addressing the hypothesis

that the costs of induced defense reduce prey popula-

tion growth is to test whether the mechanisms that

could generate such an effect are in place. Two key

components that determine the extent to which in-

duced defenses reduce prey population growth are the

costliness of the prey’s induced response in terms of

survival and reproduction, and the frequency at which

predator–prey encounters result in induction (Nelson

and Rosenheim 2006). Among the many types of costs

that may be imposed by induced prey defenses, re-

duced or delayed reproductive output are of particular

interest because of their relevance to population

growth. Reproductive costs have been documented in

ciliates (Kuhlmann et al. 1999), cladocerans (Spitze

1992; Tollrian and Dodson 1999), rotifers (Gilbert

1999), and aphids (Tamaki et al. 1970; Roitberg et al.

1979).

We must also consider the frequency at which prey

responses are induced: an extremely costly prey de-

fense will have minimal impact on population growth if

it is rarely induced, and a defense that imposes small

costs may affect population growth nonetheless if it is

commonly induced (Nelson and Rosenheim 2006).

Induction rates may be expressed as a frequency, as a

proportion of the time budget, or as a proportion of the

population, depending on whether the prey response is

a discrete event such as a disturbance, a graded re-

sponse such as an activity reduction, or a non-revers-

ible shift such as accelerated development. With

measurements of induction rates in one hand, and

measurements of induction costs in the other, it is

possible to estimate the dynamical consequences of

induced defenses for prey populations.

This paper tests the hypothesis that predators affect

pea aphid populations through non-consumptive

mechanisms by quantifying the components of the

inductive interactions between predators and prey, and

then calculating the expected reduction in population

growth. Specifically, I measured (1) the immediate

costs of aphid behavioral shifts in terms of risk of

mortality and reduced aphid feeding activity, (2) the

long-term cost of reduced aphid feeding on aphid

reproduction, and (3) the frequency of predator-in-

duced behavioral shifts. These measurements are

combined to estimate the induction-mediated effect of

predators on aphid population growth.

Natural history: the pea aphid

Pea aphids (Acyrthosiphon pisum) are phloem-feeding

herbivores on alfalfa and other legumes, where they

interact with a suite of predators that includes lady

beetles, damsel bugs, hover flies, and parasitoid wasps

(Rotheray 1989; Snyder and Ives 2003; Nelson and

Rosenheim 2006). Pea aphids are relatively large and

mobile aphids, and they respond to predators by

extracting their mouthparts from the plant and walking

away or dropping from the feeding site. Previous

studies have set specific expectations regarding the

survivorship costs of avoidance behavior to pea aphids.

The dropping behavior of pea aphids has been pro-

posed to increase exposure to lethally high ground

temperatures (Roitberg and Myers 1979) and ground-

foraging predators (Losey and Denno 1998). Pea

aphids are also expected to suffer growth and repro-

ductive costs when predator-induced interruptions in

feeding lead to reduced nutrient intake (Dill et al.

1990; Kouame and Mackauer 1992). Because aphids

must compensate for the low nitrogen content of their

food by dedicating much of their time budget to

ingesting phloem (Wilkinson and Douglas 1995; Dixon

1998, pp. 15–16; Caillaud and Via 2000) even small

losses in feeding time may be physiologically costly.

Aphids are renowned for their high rate of repro-

duction. From spring through autumn, populations are

composed of parthenogenetic, viviparous females. Pea

aphids are born as nymphs, and molt into adults about

one week later. One or 2 days later they begin repro-
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ducing at a rate of 5–10 offspring per day for about

20 days under laboratory conditions (Campbell and

Mackauer 1977).

In general, reductions in reproduction do not neces-

sarily lead to reductions in population growth. A pop-

ulation growth rate that is strongly density-dependent

will not be affected by the costs of induced defenses.

Where prey experience reproductive costs of induced

defense, there exists the potential for predators to

influence prey population growth via non-consumptive

mechanisms; whether this potential is realized will de-

pend on the biology of the population in question. I have

two reasons to speculate that population growth rates

may be density-independent for the pea aphids in my

study fields. First, the fields were mowed monthly for

alfalfa hay, effectively re-setting the system. Second, the

pea aphids in my study fields generally occurred as sin-

gletons and, aside from a few recently-produced

nymphs, did not associate in colonies.

Materials and methods

Costs of predator-induced avoidance behavior I:

focal observations of disturbed aphids

To determine the immediate consequences of pea

aphid predator avoidance behavior, I conducted direct

visual observations of pea aphids that were disturbed

by predators in the field. Observations were initiated

by haphazardly selecting a location in an alfalfa field

and searching for a feeding pea aphid. An aphid

predator was released 5–50 mm from the focal aphid to

elicit aphid predator avoidance behavior. Because my

goal was to gain a synoptic view of aphid predator

avoidance behavior, I observed various stages of

aphids in different fields at different times of year, and

used an assortment of predator taxa to induce distur-

bance.

Observations were conducted during daytime hours

in November 1999, and April, May, June, and Sep-

tember of 2000. These months represent the parts of

the growing season in which pea aphids are typically

abundant in alfalfa (University of California 1985).

Observations were conducted on medium and large

nymphs, and winged and apterous (non-winged) adult

pea aphids (Table 2). Small nymphs were not used

because they were unresponsive to predators.

I collected locally abundant predatory insects from

the field and held them for 0.1–3.0 h before their release.

Predators used included juvenile and adult coccinellids

and nabids, and larval chrysopids (Table 2). Because

predator release did not always result in a behavioral

interaction, predators were re-introduced up to five

times at 3-min intervals until the aphid responded. Fifty-

nine percent of the aphids responded after one intro-

duction, and 85% had responded by the third predator

introduction.

Aphids typically responded to predator presence by

walking away from their feeding site or letting go and

dropping from the plant. Once the aphid responded to

the presence of the predator by removing its mouth-

parts from the plant, the observation commenced. I

continuously recorded aphid behavior, classified as

feeding (mouthparts touching plant), resting, or walk-

ing, from the time of feeding interruption to the time

the aphid had resettled and resumed feeding. Reset-

tlement was defined as 20 min of continuous feeding.

Twenty minutes of the mouthparts touching the plant

is a good indication that the aphid has accepted the

host plant (Caillaud and Via 2000; M. Caillaud, per-

sonal communication). Aphid behavior was recorded

using a combination of an audio tape recorder and a

hand-held computer (Psion Organiser II LZ64) run-

ning event recording software (Noldus Observer 3.0).

For each aphid, I recorded whether it survived the

disturbance, and I recorded its ‘‘disturbance period’’,

the interval from the time the aphid was disturbed to

the time it initiated resettlement (but not including the

20 min of feeding that were observed to determine the

point of resettlement).

Observations that ended before the aphid had

resettled (for example, if the aphid was lost from view)

were considered censored observations. For a censored

observation, the disturbance period is not known pre-

cisely, but it is known to exceed the observation period.

The mean and median disturbance period were calcu-

lated using survival analysis, which properly accounts

for the information contained in censored observations

(SAS 1994; Kleinbaum and Klein 2005).

Costs of predator-induced avoidance behavior II:

starvation experiment

To measure the reproductive cost of aphid predator-

avoidance behavior, I simulated daily disturbance

periods by separating aphids from their host plants

once per day for different durations and subsequently

recorded the aphids’ nymph production. ‘‘Starvation’’

is used here to refer to the experimentally-determined

periods of separation from plants; aphids may not

necessarily have been feeding immediately before

separation, and they may not necessarily have resumed

feeding immediately upon return to the plant (McLean

and Kinsey 1969). Shorter starvation periods simulated
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low rates of disturbance; longer periods simulated high

disturbance frequencies.

The aphids used in this experiment were the prog-

eny of field-collected apterous aphids, born in the

laboratory and reared for three days in field cages to

standardize their age and protect them from parasit-

ism. Three days after birth they were transferred to the

experimental alfalfa stems, one aphid per stem.

Through the course of the experiment, the aphids

developed into adults and began producing nymphs.

Aphids were constrained to the top 5–10 cm of the

stem by a plastic funnel (diameter 10.2 cm, depth

9.2 cm) lined with polytetrafluoroethylene (Fluon

AD1, Asahi Glass Fluoropolymers, Lancashire, UK), a

material so smooth that insects cannot walk on it. The

open top of the funnel cages exposed the aphids to

ambient environmental conditions and permitted daily

manipulation of the aphids. Aphids were caged on al-

falfa plants for 9 days, 1–9 August 2001. Starvation

treatments were imposed daily on 8 of the 9 days, from

when the aphids were 3–11 days old (except on day 5,

when the field was irrigated).

One hundred and eighty aphids were assigned at

random to four starvation treatments: 0, 1, 3, or 6 h

every day. Aphids in the 0-h treatment were not dis-

turbed; the 1-, 3-, and 6-h aphids were gently disturbed

and then removed from the plant using a fine paint-

brush and held in a shaded plastic vial for the appro-

priate time period. I inspected aphids daily and

recorded aphid status (alive, dead, or missing), aphid

stage (nymph, apterous adult, or winged adult), and the

presence or absence of offspring. Other insects that

arrived in the cages were removed. When the aphids

were 12 days old the aphids and their alfalfa stems

were collected and brought to the laboratory, where

the aphids were weighed on a microbalance and the

nymphs on each stem were counted.

Eighty aphids (44%) died or escaped before the end

of the experiment and were excluded from all analyses.

Starvation period did not influence the probability of

dying or escaping during the experiment (logistic

regressions: ndied = 46, r2 < 0.01, P = 0.31; nmissing = 34,

r2 < 0.01, P = 0.92). No aphids mummified. Of the

remaining 100 aphids (56%), all individuals molted to

the adult stage and 95 produced at least one nymph.

The effect of daily starvation period (0, 1, 3, or 6 h) on

aphid total fecundity was tested by simple linear

regression. Because starvation was expected to reduce

reproduction, I tested the null hypothesis that the slope

of the regression line was equal to or greater than zero

against the one-tailed alternative that the slope was

less than zero. I evaluated the effect of starvation on

aphid development and body mass, also using simple

linear regression. Because starvation was anticipated to

delay development and reduce body mass, these tests

were also one-tailed.

Frequency of predator-induced disturbance

in the field: video observations

To estimate the frequency of predator-induced distur-

bance under natural conditions, pea aphids were

monitored in the field using tripod-mounted video

cameras. The feeding activity of individual pea aphids

was recorded during August and September 2001 in

five fields of alfalfa on the campus of the University of

California at Davis, California (30�32¢N, 121�44¢W)

(Table 1). At night, subjects were illuminated using the

camera-mounted infrared light. Infrared light is not

visible to insects (Chapman 1998 p. 599), and the light

did not appear to influence the aphids’ behavior.

Aphids were checked periodically, and video record-

ings were stopped when aphids were missing from their

feeding location or when videotapes ended. Video-

tapes were viewed to reveal the times and reasons that

aphids stopped feeding. Observations ended (1) when

aphids spontaneously stopped feeding, (2) when aphids

were disturbed or consumed in encounters with other

insects, (3) when cameras ran out of videotape, or (4)

at the predetermined cutoff times that ended a 12-h

day or night. Three observations in which the view

became obscured were discarded because the time and

reason for stopping feeding could not be determined.

Observations were summed by field. Thus, for each

field, we observed a number of disturbances in a

number of hours of observation time. The nature of

these data precluded a direct calculation of the mean

disturbance rate and the variance of the mean. Rather,

the frequency of predator-induced disturbances was

calculated for each of the five study fields as the

number of predator-induced disturbances observed

divided by the total duration of observed aphid feeding

activity. The result was scaled to express the number of

disturbances per 12 h period. This calculation gave a

point estimate of the disturbance rate in each of the

five fields (without associated variance). The distur-

bance rates measured by this calculation approximate

the mean disturbance rates experienced by individual

aphids (Feller 1966; Heimpel et al. 1998).

Predator densities were measured by counting all

insects collected in ten sweeps of a 28-cm diameter

insect net swung through one linear meter of alfalfa.

Five replicates of ten sweeps each were conducted in

four of the five study fields (one field was not sampled).

Other results from these video observations are pre-
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sented elsewhere (Nelson and Rosenheim 2006); the

methods are repeated here for clarity.

Estimating population consequences

To estimate aphid reproductive losses incurred by

predator-induced disturbances, I combined the results

of the three projects described above. The focal

observations provided an estimate of the duration of

the predator-induced disturbance period (units: min-

utes of lost feeding time/disturbance). The starvation

experiment yielded an estimate of the percent loss in

reproduction for 60 min of daily removal from the

plant [units: percent loss in reproduction/(60 min lost

feeding time/day)]. I multiplied these two estimates

together to calculate the estimated percentage loss in

reproduction caused by one daily disturbance [units:

percent loss in reproduction/(disturbance/day)].

Bootstrapping procedures were used to determine

the 95% confidence interval around this value, as fol-

Table 1 Summary statistics for focal observations of pea aphids engaged in predator-avoidance behavior in alfalfa fields in Davis,
California

Field Dates Number of
observations

Predators used to
induce avoidance
behavior (and
number of
observations)

Number of
observations
on apterous
adults

Number of
observations
on alate
adults

Number of
observations
on nymphs

Mean
disturbance
period
(min)

Standard
deviation

South Gate 12–22
November
1999

8 Coccinellid
adult (8)a

5 3 0 42.1f 4.7

Student Farm 7–21 April
2000

10 Coccinellid
larva (10)b

7 2 1 41.1 9.9

South Gate
and Student
Farm

2–22 May
2000

13 Coccinellid
arva (13)b

2 4 7 42.7f 10.7

South Gate 13–19 June
2000

9 Coccinellid
adult (7)c

4 0 5 60.1 15.1

Nabis sp.
nymph (1)

Chrysopid
larva (1)b

Sheep Barn 19–29
September
2000

37 Coccinellid
adult (11)d

24 4 9 49.3 10.1

Nabis bug (24)e

Chrysopid
larva (2)b

a The 8 coccinellid adults were Hippodamia convergens
b Species not identified
c The 7 coccinellid adults were 3 Coccinella septumpunctata and 4 Hippodamia convergens
d The 11 coccinellid adults were 10 Hippodamia convergens and 1 Hippodamia ambigua
e The 24 Nabis sp. were 3 adults and 21 late-instar nymphs
f Mean is a low-biased estimate because longest disturbance period was censored

Table 2 Summary statistics
for video-recorded
observations of pea aphids in
each of five alfalfa fields in
Davis, California during 2001

Daytime is from 08:00 to
20:00; nighttime is from 20:00
to 08:00

Field (day
or night)

Dates Number of
observations

Hours of
observation

Number of
predator-induced
disturbances

Disturbance
rate (number
per 12-h day
or night)

A (day) 6–9 August 15 15.8 6 4.55
B (day) 21–23 August 12 13.3 3 2.72
C (day) 30 August–4

September
35 41.5 4 1.16

D (day) 11–13 September 14 16.2 2 1.48
E (day) 21–27 September 21 46.1 1 0.26
D (night) 11–13 September 6 27.4 1 0.44
E (night) 21–27 September 4 17.8 0 0.00
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lows. Step 1: the 77 focal observations were resampled

with replacement to produce a simulated data set,

which was then subjected to survival analysis to cal-

culate minutes of lost feeding time/disturbance. This

procedure was repeated 250 times. Step 2: the starva-

tion experiment was simulated by resampling with

replacement the data from each of the four starvation

periods. The simulated results were subjected to simple

linear regression and the slope and intercept were used

to calculate percent reproductive loss/60 min lost

feeding time; this procedure was repeated 250 times.

Step 3: each of the 250 values from step 1 was paired

with a value from step 2, and the two were multiplied

together. The result was 250 simulated estimates of

percent reproductive loss/disturbance, whose distribu-

tion yielded a 95% confidence interval. Resampling

procedures were conducted using Resampling Stats for

Excel (Resampling Stats, Arlington, VA, USA, http://

www.resample.com).

The video observations generated a point estimate

of the disturbance rate in each of five fields (units:

disturbances/12-h day). I multiplied the percent loss

caused by one daily disturbance (and the 95% confi-

dence limits) by the field-specific disturbance rate to

calculate the estimated percent loss in reproduction in

a particular field (units: percent loss in reproduction).

Results

Costs of predator-induced avoidance behavior I:

focal observations of disturbed aphids

Ninety-four pea aphid observations were initiated.

Seventeen observations were excluded from the anal-

ysis: 6 because the predator consumed the aphid, and

11 because the predator induced no response in the

aphid. Of the remaining 77 observations, 60 observa-

tions were completed when aphids resettled and 17

were censored (terminated before aphid resettlement).

Of the 77 observations, 57 aphids dropped, 1 flew, 13

walked, and 6 responded to the predator by inter-

rupting their feeding but did not immediately move

away from their feeding site. Of the 57 aphids that

dropped, 18 were temporarily or permanently lost from

view and their landing location was undetermined, 26

landed on alfalfa plant material lower in the canopy, 6

landed on plants other than alfalfa, 5 landed on dead

plant material, and 2 landed on the soil surface. The

two aphids that fell to the soil walked onto alfalfa

within 2 min. No aphids contacted ground-foraging

predators. In all cases, aphids survived the predator-

induced disturbance.

The calculation of the mean disturbance period

underestimates the true mean because it assumes that

each observed disturbance period ended by aphid

resettlement. This is true for the completed observa-

tions, but for the censored observations it is known

only that the disturbance period was longer than the

observation period. The mean disturbance period

(±SD) was 50.4 ± 6.4 min (biased). The median dis-

turbance period was 31.2 min (lower and upper 95%

confidence limits: 23.5 and 46.8 min).

Aphid disturbance period did not vary with month

of year or aphid stage (survival analyses, log-rank tests:

month of year, P = 0.89; aphid stage, P = 0.84).

Intriguingly, there was a marginally significant differ-

ence in disturbance period among predator types

(survival analysis, log-rank test: P = 0.05); however,

because the type of predator used was correlated with

field and month (Table 1), this effect is merely sug-

gestive.

Costs of predator-induced avoidance behavior II:

starvation experiment

Of the 100 aphids present at the end of the experiment,

10 had developed into winged adults and 90 into

apterous adults. Winged and apterous aphids showed

similar responses to starvation, but because they have

distinct life history strategies (Mackay and Wellington

1975; Campbell and Mackauer 1977), I analyzed their

responses separately. For winged aphids, fecundity

declined as starvation periods lengthened [P = 0.04

(one-tailed test); data not shown]. Apterous aphids

also showed increasing losses in reproduction as they

spent more time off the plant [P < 0.0001 (one-tailed

test), Fig. 1c].

Starvation caused an increase in development time

and a decrease in body weight; (winged aphids:

development time, P = 0.015; body weight, P = 0.065;

apterous aphids: development time, P < 0.0001; body

weight, P < 0.0001; Fig. 1a, b; all tests one-tailed.) The

aphids’ loss in fecundity was largely explained by

developmental time and body weight. [Stepwise mul-

tiple regression showed that nymph production was

best explained by body mass and development time,

with starvation treatment excluded from the model

(r2 = 0.65, P < 0.0001)].

The results of this experiment offered two ways of

estimating the reproductive cost of disturbance. For

both methods, I used only the responses of apterous

aphids, because they were the numerically dominant

morph. The first method is suggested by the focal

observations, which showed that disturbed aphids lose,

on average, 50.4 min of feeding time. The reproductive
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cost of one daily disturbance therefore may be most

nearly represented by the difference in reproduction

between undisturbed aphids and aphids starved for 1 h,

which indicates that aphids lose 24% of their total

reproduction for every 60 min of daily starvation. The

second method considers that the cost per disturbance

may not remain constant as aphids are disturbed more

than once per day. Therefore, the reproductive costs of

multiple disturbances may be best represented by the

slope of the regression line relating starvation period to

total fecundity, which indicates that total reproduction

is reduced by 9.0% for every 60 min of daily starvation.

For the purposes of estimating the population conse-

quences of disturbance (see below), I chose to use the

more conservative value of 9.0%, bearing in mind that

the reproductive costs per daily disturbance are prob-

ably higher, particularly for aphids experiencing low

disturbance frequencies.

Frequency of predator-induced disturbance

in the field: video observations

One hundred and one aphids were observed by video

camera for 178.1 h (Table 2). Ninety-seven aphids

were observed for 132.9 h during daylight hours, 08:00

to 20:00. Ten aphids were observed for 45.2 h during

nighttime hours, 20:00 to 08:00. (Six aphids were ob-

served during both day and night hours.) Observation

durations ranged from 1 min to 10 h 29 min. The

daytime rate of enemy-induced disturbances measured

in the five fields ranged from 0.26 to 4.55 disturbances

per 12 h day; the mean (±SE) was 2.03 ± 0.74 (Fig. 2).

The nighttime rate of disturbance, measured in two of
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fit to n = 90 apterous aphids
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Fig. 2 Number of predator-induced disturbances per 12 h day
(08:00 to 20:00) experienced by pea aphids living in five alfalfa
fields, A–E. Data are from video-recorded observations; see
Table 2 for summary statistics. Values were obtained by dividing
the total number of predator-induced disturbances by the total
duration of observations for each field, then scaling the results to
a 12 h period
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the five fields, averaged 0.22 ± 0.22 disturbances per

12 h night.

There was a seasonal component to the variation

among fields: fields sampled at later dates had lower

daytime disturbance rates (Table 2; linear regression:

r2 = 0.89; P = 0.02). Variation in predator densities

may be a possible source of this variation in distur-

bance rates: linear regression showed that daytime

disturbance rates tended to be higher in fields with

higher predator densities, but the relationship was not

significant [r2 = 0.68; P = 0.17 (data not shown)].

Estimating population consequences

Population growth depends on births and deaths. As

mentioned above (results: focal observations), pred-

ator-induced disturbances did not reduce pea aphid

survival—so, there is no effect on death rates. Com-

bining the results of the focal observations (50.4 min

lost feeding time/disturbance) with the results of the

starvation experiment [9.0% reproductive loss/

(60 min lost feeding time/day)] generates the predic-

tion that predator-induced disturbances reduce aphid

birth rates: aphids experiencing one disturbance per

day are expected to suffer a 7.6% loss of reproduc-

tive output [95% confidence interval: (4.7%, 10.2%)].

Expected losses are greater in fields where distur-

bance rates exceed one disturbance per day (and are

lower in fields where disturbance rates are less than

one disturbance per day). In the five fields where

daytime disturbance rates were measured, predator-

induced disturbances occurring during daytime hours

are projected to cause 2.0–34.6% losses in pea aphid

reproduction (Fig. 3). Nighttime disturbance rates

were not measured in all fields; to the extent they

occur, nighttime disturbances would be expected to

cause further losses.

Discussion

The non-consumptive effects of predators on prey

populations should be strongest when the cost of

prey defense is high, and when the induction of prey

defensive behavior is frequent. The studies presented

in this paper show that both conditions can be true of

pea aphids. First, disturbed pea aphids lose an average

of 50.4 min of feeding time—and when aphids lose

feeding time, they suffer reductions in fecundity.

Second, pea aphids can be disturbed by predators

frequently, from 0.26 to 4.55 times per day. Multiplying

the reproductive cost per disturbance by the frequency

of disturbance yields the key result of this paper:

predators, through their effects on aphid behavior, can

reduce aphid population birth rates by 2–35%.

This study detected no survival costs for pea aphids

disturbed by predators; however, it detected consider-

able reproductive costs arising from disturbed aphids’

lost feeding time. The high reproductive costs of de-

fense that were detected in the starvation experiment

would not have appeared if pea aphids had the ability

to compensate for lost feeding time. Removing aphids

from their plants for one or more hours per day re-

duced reproduction approximately linearly, indicating

that aphids cannot compensate for lost feeding time by

adjusting their activity budgets. Similar starvation re-

gimes imposed in a laboratory study of pea aphids

caused similar reductions in fecundity (Kouame and

Mackauer 1992). Evidently, reduced phloem intake

quickly translates into reduced reproductive output.

One reason that aphids have difficulty compensating

for lost feeding time may be that their food source, plant

phloem, is nutrient-poor, so the primary constraint on

their growth and reproduction is the amount of time

spent feeding (Risebrow and Dixon 1987; Dixon 1998

pp. 15–16). Indeed, evidence suggests that, when left

undisturbed, aphids devote a large portion of their
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are indicated by letters, A–E
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activity budget to feeding. First, aphids observed for

10 h periods in the laboratory spent an average of 8.5 h

in feeding-related activity (Wilkinson and Douglas

1995). Second, undisturbed aphids observed in the video

observations reported above occasionally interrupted

their feeding spontaneously, about once every 2 h

(mean feeding bout duration: 2.0 h). However, separate

focal observations of undisturbed aphids show that,

after a spontaneous interruption, aphids typically move

a short distance and resume probing activity quickly

(net displacement: 2.6 ± 0.5 cm; inter-feeding interval:

4.3 ± 1.1 min; means ± SE for 22 aphids, unpublished

data), suggesting that aphids do not voluntarily dedicate

long periods to non-feeding activity.

Population-level consequences of predator-induced

prey defenses should be most visible if, in addition to

being costly, prey defensive responses are induced

frequently. Video-recorded observations conducted

under field conditions showed that predator-induced

disturbances are common events: predators can disturb

pea aphids from their feeding sites one or more times

per day. The frequency of disturbance is a product of

predator–aphid encounter rates and aphid behavioral

response rates. Encounter rates are expected to vary

with predator densities and predator types, both of

which vary widely in alfalfa. Sampling efforts in four of

the five study fields provided a preliminary indication

that predator density may explain some of the field-to-

field variation in disturbance rates.

This study joins a host of studies that document the

costs of predator avoidance behavior. Although

behavioral studies have often shown that induced de-

fenses negatively affect various fitness correlates,

population-level approaches to predator–prey interac-

tions generally have not yet incorporated the costliness

of prey defense. The studies presented in this paper

link together to help translate the effects of predators

on individual behavior into effects on prey reproduc-

tion and, therefore, prey population growth. This ap-

proach was also taken by McPeek and Peckarsky

(1998), working with two aquatic insects that reduce

their feeding activity in the presence of predators, and

subsequently suffer reductions in their body size.

McPeek and Peckarsky, using calculations based on the

insects’ life history parameters, predicted that preda-

tor-induced reductions in feeding activity would influ-

ence population growth only in one of the two species.

In another version of this mechanistic approach,

researchers have constructed life tables for Daphnia

reared in the presence or absence of water-borne

predator cues, then calculated the intrinsic rate of in-

crease (e.g., Walls and Ketola 1989; Riessen and

Sprules 1990; Spitze 1992). When predator cues were

present, some clones of Daphnia induced a morpho-

logical defense, causing delays and/or reductions in

their reproduction and a smaller calculated rate of in-

crease. For pea aphids in alfalfa, the predicted conse-

quences of predator-induced defenses for population

growth are generated by the aphids’ behavioral re-

sponse, the high frequency that it is induced, and the

consequent delayed and reduced reproductive output.

The projects described in this paper comprise one

half of a two-pronged program testing for induction-

mediated predator suppression of pea aphid popula-

tions. The reduced aphid population growth that is

predicted in this paper was empirically demonstrated

in a parallel study of the pea aphid system (Nelson

et al. 2004). In two population-level experiments de-

signed to test for disturbance-mediated effects of pre-

dators, the growth of caged aphid populations was

suppressed by 30% when non-consumptive predators

were present, showing that the induction of avoidance

behavior can indeed reduce aphid population growth.

Together, the population-level experiments and the

present study provide the first study system for which

we have both a demonstration of non-consumptive

predators reducing prey population growth and an

understanding of the underlying mechanisms.

The losses in aphid reproduction estimated in this

study should be viewed as a qualitative result. The

actual reductions in aphid reproduction caused by non-

consumptive interactions with predators in my study

fields may be quite different from the mean estimates

presented in Fig. 3. The video and focal observations

are descriptive studies and their results should be fairly

general, but the relationship between starvation time

and fecundity is specific to the conditions of the star-

vation experiment. The experiment used young aphids

and ran for 9 days, so the measured effects of starva-

tion may pertain to only one portion of aphid life his-

tory. Thus, the actual disturbance effects of predators

may differ from the estimated effects. However, there

are several reasons to think that this study provides a

conservative estimate of the reproductive costs of dis-

turbance. First, the starvation experiment modeled

multiple disturbance events by increasing the duration

of a single starvation period, but three disturbances of

1 h duration may in fact be more costly than one dis-

turbance of 3 h duration; therefore, the starvation

experiment may underestimate the costs of multiple

disturbances. Second, the ‘‘disturbance period’’ mea-

sured by my focal observations included only the time

the aphids’ mouthparts were not touching the plant and

did not account for the non-feeding time between

placing mouthparts on the plant and beginning to

ingest phloem; therefore, the focal observations may
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have underestimated the lost feeding time that follows

a predator-induced disturbance. Third, the losses pro-

jected for the five study fields are based on predator-

induced disturbances that occur during daylight hours.

Though the durations and the reproductive costs of

nighttime disturbances were not measured in this

study, any disturbances induced during nighttime hours

would be expected to cause further losses in these

fields. Finally, the combined estimates do not account

for all possible consequences of disturbance. For

example, disturbed aphids may experience greater

exposure to secondary predators such as ground bee-

tles, web-building spiders, and entomopathogenic fungi

(Losey and Denno 1998; Roy et al. 1998). Any addi-

tional costs would make the actual induction-mediated

impact of predators greater than that predicted here.

Viewed in light of these caveats, the predicted means

and their associated bounds provide a useful picture of

the range of reproductive loss expected to be caused by

predator-induced disturbance.

The calculated estimates of reproductive loss arise

from reductions in feeding time, not from mortality. The

costs of defense for field-dwelling pea aphids would be

still greater if, in addition to reproductive costs, there

were also survival costs associated with pea aphid

avoidance behavior. However, the nature of survival

costs for pea aphids is unclear. Results from other work

imply that pea aphids risk dying as a consequence of

avoiding predators. Roitberg and Myers (1979) suggest

that when pea aphids drop, they might be exposed to

high soil temperatures and die of heat stress. Losey and

Denno (1998) suggest that fallen pea aphids might be-

come prey to ground-foraging predators. However, the

focal observations reported in this study revealed no

immediate mortality of disturbed aphids. The pea

aphids I observed rarely contacted the ground after

responding to a predator, and they never encountered

hot soils or ground-foraging predators. The aphids

simply lost an average of 50 min potential feeding time

and suffered reproductive costs, which have more

moderate effects on aphid population growth.

Thus, the calculations presented in this paper show

that even in the absence of dramatic, immediately le-

thal consequences of avoidance behavior, induced de-

fenses against predators can impact population

parameters. Costs of anti-predator behaviors have

been measured in many organisms and, while short-

term mortality costs appear in some species, sublethal

costs are more common. Therefore, while immediate

mortality is a risk faced by prey avoiding predators in

some systems, less dramatic costs such as interruption

and disturbance may be much more general conse-

quences of prey defensive strategies.

When the costs of predator-induced interruption

and disturbance appear to be small, their impact on

prey at the population level depends strongly on

their frequency of occurrence. The frequency of

predator-induced disturbances depends, in turn, on the

predator–prey encounter rate and the prey behavioral

response rate. High encounter rates result from high

predator–prey ratios. High response rates are expected

to result from evolutionary processes when predator

cues are both detectable and reliable, and when the

cost of responding is low (or the cost of not responding

is high). Predictions concerning the consequences of

predator-induced disturbances for prey populations

will be facilitated when experiments measuring the

costs of disturbance are coupled with observations

measuring the frequency of disturbance.

The strongest contribution of non-consumptive

predator effects to overall prey suppression should

occur in systems where prey have frequent encounters

with defense-inducing cues, and prey defenses impose

substantial reproductive and/or survival costs. In these

types of systems, a full understanding of predator

impacts on prey populations may require consideration

of the non-consumptive, as well as the consumptive

effects of predators.
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