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Abstract

Crop plant compensation for herbivory and the population dynamics of herbivoresare two key elementsin defining
an herbivore's pest status. We studied the dynamics of natural, unmanipulated populations of the aphid Aphis
gossypii on seedling plantings of cotton, Gossypium hirsutum and Gossypium barbadense, over a 4-year period
in California’s Central Valley. Aphid populations colonized all plantings, but reached densities in excess of 0.5
aphids/leaf during only oneyear (1991), when outbreaksoccurred. Outbreak popul ationswere, however, ephemeral;
predation and parasitism suppressed aphid populations prior to the initiation of flower bud production, when cotton
plant growth may become photosynthate-limited. Effective natural biological control was observed despite the
action of hyperparasitoidsand the heavy mortality of immature parasitoidsthat occurred when predators consumed
parasitized aphids.

We conducted manipulative experiments during 1991 and 1992 to quantify the ability of pre-reproductive
G. hirsutum to compensate for aphid herbivory. In 1991 aphid populationsin the high-damage treatment reached
densities as high as any observed naturally during the past 37 years. Damage symptoms were severe: leaf areawas
reduced by up to 58% and total above-ground plant biomass was reduced by 45%. By the time of crop harvest,
however, plants had compensated fully for the early damagein each of the threetraitsthat define cotton’s economic
value: the timing of crop maturation, the yield of cotton fiber, and the quality of cotton fiber. Aphid feeding damage
did, however, produce some changesin plant architecture that persisted throughout the growing season, including
a decrease in the number of vegetative branches. In 1992 aphid populations and associated damage were much
lighter, but the qualitative responses to herbivory were consistent with those observed in 1991. Plant compensation
for early damage was compl ete for economically significant measures, and vegetative branch production was again
suppressed in mature cotton plants. There was no evidence for a change in the suitability of G. hirsutum as a host
plant for A. gossypii as aresult of early damage (‘induced resistance’).

We conclude that pre-reproductive G. hirsutum, which has not yet begun strong allocations to reproductive
structures or established architectural complexity, has retained effective means of compensating for herbivory. In
contrast to other systems exhibiting strong compensation, G. hirsutum appearsto compensatein part by enhancing
apical dominance. The recognition of early-season A. gossypii as nhon-pests is critical to the sustainability of
cotton production, because it will allow growers to forego pesticide applications that accelerate the evolution of
pesticide-resistance and disrupt natural communities of predators and parasitoids.
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Introduction

Plant responsesto herbivory are fundamental to devel-
oping economic injury levels, which are a basic ten-
et of modern integrated pest management programs
(Pedigo, 1989). Factors that suppress herbivore popu-
lations are also critical in defining the ability of herb-
ivores to decrease crop yield, because suppressive
factors may maintain herbivore damage below levels
at which plant compensatory responses become inef-
fective.

The relative ability of plants to demonstrate par-
tial, complete, or over-compensation for vertebrate or
invertebrate herbivory is controversial (Belsky, 1986,
1987; Crawley, 1989; Maschinski & Whitham, 1989;
Whitham et al., 1991; Belsky et al., 1993; Dyer et al.,
1993; Rosenthal & Kotanen, 1994; Mathews, 1994;
Paige, 1994; Aarssen, 1995). However, even advoc-
ates of the position that plants often compensate fully
or overcompensate for herbivory support a ‘biphasic
response’, in which increasingly severe herbivory
eventually results in decreased plant growth or repro-
duction (Dyer et al., 1993; Lowenberg, 1994). There
is also a broad consensus that plant compensation is
influenced by environmental conditions, and in partic-
ular that plant compensation is likely to be enhanced
by high availability of nutrients, water, and light and
low levels of interspecific competition (Belsky, 1986;
Whitham et a., 1991; Maschinski & Whitham, 1989;
Belsky et a., 1993; Trumble et al., 1993; Aarssen,
1995). These are exactly the conditions that charac-
terize many agroecosystems, leading to the suggestion
that agricultural crops should demonstrate strong com-
pensatory abilities (Belsky, 1986; Heinz & Parrella,
1992; Belsky et a., 1993; Aarssen, 1995). On the
other hand, it has aso been hypothesized that crop
plants, as aresult of agronomic selection for increased
allocations to reproductive structures (e.g., Meredith
& Wells, 1989) and decreased plasticity of growth
form, have forfeited some of their ability to com-
pensate for arthropod herbivory (Welter & Steggall,
1993; Rosenthal & Welter, 1995). In light of these
divergent predictions, it is imperative that the ability
of crop plants to compensate for damage be assessed
experimentally to design management programs.

In this study, we document the popul ation dynam-
ics of early-season aphid populations, including the
influence of natural populationsof predatorsand para-
sitoids, to assess the likelihood that aphid popula
tions colonizing pre-reproductive cotton will persist
into reproductive stages of plant growth, which may

be particularly sensitive to herbivory (Wilson, 1986;
Brook et al., 1992c; Matthews, 1994). We then attempt
to quantify the ability of pre-reproductive upland cot-
ton, Gossypium hirsutum L., to compensate for herb-
ivory by the cotton aphid, Aphis gossypii Glover. We
conclude that highly effective natural biological con-
trol, coupled with a strong compensatory response of
pre-reproductive cotton, renders early-season cotton
aphids non-pests. Therefore, current control practices
for thisaphid on pre-reproductive cotton, based largely
on prophylactic insecticide treatments, are likely to be
counterproductive and should be abandoned.

Materials and methods

Population dynamics of early-season aphids. We
studied the population dynamics of cotton aphids
developing naturally on seedling cotton in insecticide-
free but otherwise conventionally managed cotton.
Study sites were as follows: ‘ Shafter’, the University
of California (UC) Shafter Research Station, Kern
County; ‘Kearney’, the UC Kearney Agricultural Cen-
ter, Fresno County; ‘West Side', the UC West Side
Research and Extension Center, Fresno County; and
‘Davis, the UC Davis Student Experimental Farm,
Yolo County. Upland cotton, Gossypium hirsutumL.,
cultivar GC510 was planted in 1991 and 1992, cultivar
‘Maxxa was planted during 1993 and 1994, and one
plot of pimacotton, GossypiumbarbadenseL ., cultivar
S-7 was planted in 1994. Cotton seed was not treated
with systemic insecticides.

Aphids were sampled approximately weekly in
each study site by collecting 40-100 leaves into 70%
ethanol. Cotyledons were collected until the first true
leaf waspresent. Theoldest trueleaf wascollected until
the plants reached the 5-node stage, at which time we
began collecting the mainstem leaf at the fifth node
down from the terminal, wherethefirst nodeis defined
asonewith an unfurledleaf >2.5cmwide. Aphidsand
other arthropods were rinsed off the leaves manualy
in the laboratory over afine sieve (78.7 mesh per cm),
collected into 70% ethanol, and counted with a stereo-
microscope. We counted aphids and aphid ‘ mummies
formed by the development of the primary parasit-
oids, and categorized mummiesasfollows: (1) ‘intact’,
i.e.,, without emergence holes or signs of predation;
(2) ‘emerged’, i.e., with a smooth, circular emergence
holeleft by an emerged primary parasitoid; (3) ‘ hyper-
parasitized', i.e., with a rough-edged approximately
circular emergence holeleft by an emerged hyperpara-



site, either Alloxysta bakeri (Kieffer) (Hymenoptera:
Cynipidae) or Pachyneuron siphonophorae (Ashmead)
(Hymenoptera: Pteromalidae); or (4) ‘predated’, i.e.,
with alarge, irregular hole, usually on the dorsal side,
indicating an attack by one of the two dominant coc-
cinellid beetles present in cotton during the early sea-
son, Hippodamia convergens Guérin-Méneville and
Coccinella novemnotata franciscana Casey. Counts of
predated aphid mummies provided us with a meas-
ure of the intensity of predation on aphids; because
some attacked mummies are dislodged from the plant
(R. Colfer, pers. comm.), this measure is likely to
underestimate the true impact of predation. Prelim-
inary studies suggested that adult H. convergens do
not have clear preferences for non-mummified aphids
versus mummified aphids (R. Colfer, pers. comm.).

During 1991 we also collected weekly samples of
up to 100 mummified aphids, with not more than five
mummies collected from a single plant. Mummies
were held in a paper bag in a cooler and transported to
the laboratory where they were placed individually in
gelatin capsulesfor rearing.

Plant growth was monitored approximately weekly
by counting the number of mainstem nodes above the
cotyledons and measuring plant height (from the coty-
ledonsto the top node) for 10-20 plants per sample.

1991 herbivore impact experiment. We manipulated
the densities of cotton aphid populations in small,
replicated field plots of cotton during the seedling
and early vegetative growth periods (from 27 April
to 28 May), and then maintained the plots relatively
aphid-free for the remainder of the field season. We
monitored plant growth, the timing of crop matura
tion, cotton yield, and cotton fiber quality to quantify
the impact of herbivory and the cotton plant’s ability
to compensate for early damage.

Upland cotton, G. hirsutum L. Acala cultivar GC-
510, was grown in the field at Shafter under stand-
ard commercial practices except that no insecticides
(seed or foliar treatments) were used other than as spe-
cified below. Weeds were suppressed effectively with
a pre-plant application of herbicides (Treflan, Caper-
ol) on 28 January and by mechanical cultivation and
hand-hoeing during the growing season. The field was
planted on 12 April in rows separated by 1.02 m,
and was furrow irrigated. The field received 145.7 kg
of N/ha on 3 June to maintain recommended levels
of plant nutrition. Plant growth regulators were not

applied.
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Plots, each comprising six 3.05 m-long rows of
cotton, were arranged in ten blocks of four plots each.
Theblocksran perpendicular tothefurrows. Plotswere
separated by 2 m of bare ground along the length of
rowsand by two bare plant rows. The outer two rows of
each plot were not sampled during the experiment, and
were used to minimize potential edge effects. Seedling
stands were thinned on 6 May to achieve a relatively
uniform spacing of plants; each plot (the central four
rowsonly) had atotal of 101-120 seedlings after thin-
ning.

We initialy planned to apply four different treat-
ments, each associated with a different density of aph-
ids (control, low, medium, and high); however aphid
populations crashed before the low and medium treat-
ments were differentiated. Thus, the final treatments
were: control, with asfew aphidsas possible; medium-
1; medium-2; and high, with as many aphids as pos-
sible. To suppressaphidsinthecontrol plots, aselective
aphicide (pirimicarb; 0.60 g Pirimor 50W/liter water)
was applied until runoff to the undersides of leaves
with a Hudson sprayer on 6, 13, and 20 May. The first
two of these applications killed essentially all resident
aphids; however, thethird application waslargely inef-
fective. To increase aphid densitiesin the high density
plots, we augmented natural aphid densities in two
ways. First, cotton aphids from a laboratory colony
were outplanted in the high density plots on 27 April;
although exact countsof aphidsrel eased per plant were
not made, we were able to approximately double the
number of aphids on the seedlings. Second, all pred-
ators (primarily coccinellid beetle eggs, larvae, and
adults, and syrphid fly eggs and larvae) were manu-
ally removed from all plants in the high-density plots
on 13 and 20 May. Because natural predator densit-
iesin the field were high and predators moved readily
between plots, it wasdifficult to prevent predatorsfrom
re-entering high density plots after manual removals.
We therefore applied a low rate of carbaryl (5.94 mi
of Sevin 27% flowable formulation per liter of water,
applied at a rate of 445 mi/ha) to the entire field (all
treatments). Pilot experiments conducted outside the
main experimental areademonstrated that thislow rate
killed predators, but did not have a detectable direct
effect on the aphids. We did not directly manipulate
the aphid densities in the medium-1 and medium-2
treatments.

Aphid densities began to increase during late
August and early September; on 10 September we
therefore applied bifenthrin (2.22 ml Capture 2E per
liter water applied at 210 | per hectare), which sup-
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pressed aphids effectively until the cotton was chem-
ically defoliated on 23 September. Plots were hand
harvested on 4-5 October.

Aphid densities were sampled weekly beginning
on 6 May, when the first true leaves appeared. From
628 May we sampled the oldest true leaf present on
the plants; beginning 3 June (when most plants had
>5 mainstem nodes) we sampled the mainstem leaf at
thefifth node from the plant terminal. Ten leaves were
sampled per plot and stored in aplastic bag withasmall
quantity of 70% ethanol to preserve the arthropods.
Aphids and other arthropods were recovered from the
leavesasdescribed above. Theareaof thelower surface
of each leaf wasmeasured usingaLICOR L 1-3000 | eaf
areameter with amotorized belt so that aphid densities
could be expressed as numbers per square centimeter
of lower leaf surface.

To document plant responses to herbivory, we
sampled ten plants per plot at four times during the
experiment. To prevent our weekly leaf sampling from
potentially altering the growth characteristics of these
samples, we flagged these plantsat the beginning of the
season, choosing every third plant, and did not sample
any leaves from them. On 27 April, before apply-
ing the experimenta treatments, we sampled plants
a the cotyledon stage by cutting plants at the soil
level. Samples were dried in an oven at 60-65 °C
to aconstant weight and then weighed to measure total
above-ground dry mass. On 3 June (post-treatment)
plant node counts were taken and plant height meas-
ured (from the cotyledon scar to the point where the
petiole of the newest mainstem leaf [width >2.5 cm]
attached to the mainstem). Plants were then cut at the
cotyledon scars and dried in an oven at 60-65 °C and
weighed to estimate total above-ground dry mass. For
thelast two samples (at mid-season, 6 August, and just
prior to defoliation, 19-21 September), we gathered
detailed data on plant structure and biomass allocation
for each of the ten plants sampled (Kerby & Hake, in
press). Plant height and node number were measured
asbefore. Every mainstem nodefor each plant was cat-
egorized as follows: if a fruiting branch was present,
we recorded the first position of the fruiting branch as
containing either a square (i.e., a flower bud), awhite
flower (1-day old), ayoung boll (beginning with 2-day
old flowersand including bollsthat had not grown bey-
ond the tips of the boll bracts), a mature boll, an open
boll, or an aborted position (no reproductive structure
present); if no fruiting branch was present, we recor-
ded the presence or absence of a vegetative branch.
Plants were then divided into leaf, stem plus petiole,

and fruiting structures, and each part separately dried
in an oven at 6065 °C to a constant weight and then
weighed. Although our plant sampling reduced plant
density within the experimental plots somewhat, final
plant densities were still well within the normal range
used in commercial California production.

To measure the timing of crop maturation, we
gathered two types of data. First, for each of the ten
plants sampled and mapped on 19-21 September, we
counted all open bolls and mature bolls that had not
yet opened. Second, we counted the total number of
bolls per plot that had not opened by 8 October (after
harvest was completed).

Samplesof ginned cotton lint weretested for alarge
number of quality-related parametersat the Texas Tech
University International Center for Textile Research
and Development (Lubbock, Texas, USA). This cen-
ter operates a Motion Control Model 4000 HVI sys-
tem equipped with a Shirley Developments Limited
FMT 3 Fiber/Maturity Tester. Cotton lint sampleswere
also tested for total reducing sugar content (potassium
ferricyanide method) and stickiness (minicard test) at
the USDA Cotton Quality Research Station, Clemson,
South Carolina, USA (Perkins, 1993).

1992 herbivore impact experiment. The design and
methodology for the 1992 experiment were as
described above for the 1991 experiment with the fol-
lowing modifications. Cotton was planted on 3 April.
Plots were separated by 3.05 m of bare ground along
the length of rows. The density of plants was lower
than in 1991, plant counts made at the end of the sea-
son showed an average of 62.8 + 1.4 (SE) plants per
plot (four central rows only).

We initialy planned to apply four different treat-
ments, each associated with a different density of aph-
ids (control, low, medium, and high); however aphid
populations crashed before the control and low density
treatments were differentiated. Thus, the final treat-
ments were: control (2 plots per block), with as few
aphids as possible; medium; and high, with as many
aphids as possible. Densities of naturally colonizing
aphids were extremely low; thus, no manipulations
were needed to maintain the control plots free of aph-
ids. To increase aphid densities in the medium and
high density plots, we augmented natural aphid densit-
iesinthreeways. First, cotton aphidsfrom alaboratory
colony were outplanted in the medium density plotson
15 and 30 April and in the high density plots on 15
and 22 April. Second, al predators and mummified
aphids were manually removed from al plantsin the



high-density plots on 22 and 30 April and on 7 May.
Third, we twice applied carbaryl a a low rate that
had no detectable effect on aphids across the entire
experimental field (all treatments) to kill predatorsand
parasitoidsthat were reinvading the high density aphid
plots (18 April: 0.16 kg/ha Al; 23 April: 0.11 kg/ha).

Aphid densitiesin all treatments crashed by 7 May.
Aphid densities remained very low until late June,
when populations increased and remained at low to
moderate densities through July and August, decreas-
ing to very low levels by early September. No insect-
icideswere applied for these or any other mid- or late-
Season pests.

Aphid densities were sampled on 15 and 22 April
by counting al aphids on a single cotyledon of each
of ten plants per plot in the field. On 30 April and
7 May the oldest true leaf present on ten plants was
sampled and processed in a cohol. Additional samples
were made on 8 and 14 July and on 8 September by
sampling themainstem leaf at thefifth node. Leaf areas
were measured for all true leaves sampled.

Whole plants were sampled at three times dur-
ing the experiment to document responses to herb-
ivory; some of these plants may have had afew leaves
removed during the leaf sampling to measure aph-
id densities. A representative sample of plants was
obtained by taking plants at regular intervals (e.g.,
every tenth plant) within each plot. A pre-treatment
plant biomass sample (10 plants per plot) was collec-
ted on 15 April. On 13 May we sampled 20 plants per
plot for the post-treatment sample. The final biomass
sample for full plant mapping (10 plants per plot) was
taken on 9-10 September. To estimate the timing of
crop maturation, we again estimated the proportion of
bollsthat had opened on each of theten plants sampled

for mapping.

Satistical analysis. The herbivore impact experi-
ments were analyzed using 2-way ANOVA, with main
effectsfor block and treatment. Pairwise contrastswere
used to compare each aphid density treatment with the
control. Because we did not know a priori which of
a large number of mid- and late-season plant traits
might respond to aphid feeding on pre-reproductive
cotton, we analyzed many traits. To avoid drawing
erroneous conclusionsfrom apotential proliferation of
Type | error, we only interpret results that were sup-
ported by very low P values (i.e., P values that would
gtill be significant after correcting for multiple com-
parisons using Bonferroni’s inequality) or results that
were observed at P < 0.05 in both the 1991 and 1992
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experiments. To examine the functional relationship
between the intensity of herbivory and plant response,
we conducted regression analyses. The intensity of
early-season aphid herbivory within each experiment-
al plot was quantified using the weekly samples to
calculate cumulative aphid-days (aphid numbers mul-
tiplied by the number of days present) from thetime of
plant emergence(1991: 21 April; 1992: 15 April) until
the time when early-season aphid populations crashed
(1991: 28 May; 1992: 7 May). In 1991 for the control
plotsonly, weincluded aphid density estimates of zero
for the days after the first two applications of pirimi-
carb, which were very effective. To test the hypothesis
that early herbivory induced plant resistance to sub-
sequent aphid populations, we regressed early-season
cumulative aphid-days on: (i) for 1991, the cumulat-
ive aphid-daysfor the aphid populationsthat appeared
during the remainder of the growing season (28 May to
19 September); and (ii) for 1992, the mean number of
aphidspresent per fifth main stemleaf on 8 and 14 July.

Results

Population dynamics of early-season aphids. Aphis
gossypii colonized pre-reproductive cotton during all
four years of the study, but reached densitiesin excess
of 0.5 aphids per leaf only during 1991 (Figures 1-4).
Aphid populations on seedling cotton in 1991 were as
high or higher than any observed during the past 37
years(T. F. Leigh & P. Wynholds, pers. comm.). Dens-
ities at the Shafter site peaked at over 60 aphids per
leaf on plants at the 2-node stage and declined rap-
idly over the next 2 weeks (Figures 1A ,B). Predation
appeared to be the dominant factor responsible for the
aphid population decline. Mummified aphids, mostly
formed by Lysiphlebustestaceipes(Cresson) (Table 1),
were never abundant relative to unmummified aphids,
and most of the mummies were predated by coccinel-
lid beetles prior to parasitoid emergence (Figure 1C).
The hyperparasitoid A. bakeri was present, but was
never abundant (Table 1). By May 28 aphid popula-
tions had declined below levels of detection, and all
of the remaining aphid mummies had been destroyed
by coccinellid beetles. Densities at the Kearney site
peaked at or before the 1-node stage, and mummified
aphidswere common (Figure 1D, E,F). Two hyperpara
sitoids were common: A. bakeri and P. siphonophorae
(Table 1). Once again, however, most aphid mummies
were predated prior to the emergence of parasitoid or
hyperparasitoid progeny (Figure 1F), suggesting asig-
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nificant role for predation in suppressing aphid popu-
lations. Although these correlative observations can
provide only circumstantial evidence that predators
suppressed aphids, the predation hypothesis is sup-

ported more definitively by manipulative experiments
(Colfer & Rosenheim, 1995; see Discussion).

Aphid densitieswere generally too low on seedling
cotton 1992—1994 to assess sources of mortality accur-
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Table 1. Number of primary parasitoids and hyperparasitoids reared from mummified A. gos-

sypii collected on seedling cotton in 1991

(A) Shafter
Perasitoid 6 May 13May 20 May
Primary parasitoid species
Lysiphlebus testacei pes (Cresson) 3 82 7
Aphidius sp. 0 4 1
Hyperparasitoid species
Alloxysta bakeri (Kieffer) 0 10 18
(B) Kearney
Parasitoid 21May 28May 3Jdune 10 June
Primary parasitoid species
Lysiphlebus testacei pes (Cresson) 67 4 2 0
Diaeretiella rapae (Maclntosh) 1 0 0 0
Hyperparasitoid species
Alloxysta bakeri (Kieffer) 30 19 0
Pachyneuron siphonophorae (Ashmead) 0 18 10 1

ately, but the action of aphid parasitoids was detected
at three sites (Figures 3F, 4B,C), and at two of these
sitespredator activity wasindicated by aphid mummies
found with holes | eft after predator attack.

1991 herbivoreimpact experiment.  Cotton seedlings
in the experimental plots were colonized by alate aph-
ids within a week of emergence, and aphid densities
increased rapidly over the ensuing four weeks (Fig-
ure 5). Our experimental manipulations succeeded in
generating awide range of cumulative aphid-days/cm?
leaf across the plots (range: 47-481; mean+SE for
control plots = 118 + 19; medium-1 = 162 + 10;
medium-2 = 176 + 26; high = 364 + 38; Kruskal-
Wallistest, d.f. = 3, x> = 17.1, P < 0.001). Aphid
populations in the high density treatment peaked on
20 May at densities of 25.6 + 2.4 (SE) aphids per cm?
of leaf, or 154 + 20 (SE) aphids per average-sized | eaf.
Despite our attempts to sustain these high aphid dens-
ities by excluding natural enemies with insecticides
and manual removal, predators (primarily H. conver-
gensand C. novemnotata franciscana) and parasitoids
(almost exclusively L. testaceipes) became extremely
numerous by the end of May, and between 20 May
and 28 May the aphid populations crashed. We were
unable to find a single living aphid anywhere in our
experimental field on 28 May. Aphids were the only
significant arthropod populations present on seedling
cotton or at any subsequent time during the growing

season; natural control of other potential pests (includ-
ing spider mites, Tetranychus spp., and Lygus spp.)
was excellent.

Damage symptoms from aphid feeding on cotton
seedlings were severe. Aphids caused leaves to cup,
crinkle, and fail to expand normally (Figures 6 and
7), and some leaf abscission was observed. The upper
surfaces of |eaves became covered with honeydew and
aphid exuvia, and ‘ shadows' of honeydew-soaked soil
were evident beneath each plant. Plant growth was
stunted, as measured on 3 June by either plant height
or total above-ground plant dry weight (Table 2, Fig-
ure8A). Treatmentswith intermediatedensities of aph-
ids showed a significantly increased number of main-
stem nodes following the period of damage compared
to either the control or the high density aphid treat-
ment (Table 2), which may have been a response to
abscission of damaged |eaves.

Measurements of plant growth and structure taken
during the growing season revealed a pattern of com-
plete compensation for early aphid damage. Differ-
encesin mean leaf area disappeared by 9 July, approx-
imately 6 weeks after aphid populations crashed (Fig-
ure 6B). By 6 August, the large differences in total
above-ground dry plant mass had also disappeared
(Table 2, Figure 8B), and alocation of biomassto | eaf,
stem, and fruit production did not differ across treat-
ments. The three parameters most closely tied to the
val ue of the cotton crop, the timing of crop maturation



52

Table2. Herbivoreimpact experiment 1991. Influence of different intensities of herbivory on cotton growth and biomassallocation.
Traits are defined on a per plant basis; each plot contributed one value representing the mean of 10 individually measured plants.
Shown are means + SE. Two-way ANOVA was conducted with main effects for block and treatment; P values are reported for
the main effect for treatment. Asterisks indicate means that are signficantly different from the control; *P < 0.05; **P < 0.01;

***P < 0.001
Plant trait Control Medium 1 Medium 2 High P
April 27 (pre-treatment)
Total dry weight (g) 0.0666 4+ 0.0001  0.0644 + 0.002 0.0640 + 0.001 0.0645 + 0.002 0.57
June 3
Total dry weight (g) 1.38+ 0.10 1.13 4+ 0.07* 1.10 + 0.03** 0.76 4+ 0.04*** <0.0001
Mainstem nodes 6.79 + 0.16 7.38 + 0.14** 7.53 + 0.05*** 6.94 + 0.19 0.002
Height (cm) 8.59 4+ 0.45 7.21 4+ 0.38** 6.74 + 0.15*** 5.16 £ 0.22%** <0.0001
August 6
Total dry weight (g) 80.3+ 3.7 85.6 + 5.3 89.1+ 3.2 79.7 + 37 0.28
Leaf dry weight (g) 2124+ 0.9 219+ 11 221+0.8 2144+ 0.9 0.89
Stem dry weight (g) 237+ 14 232+ 17 231+12 220+ 1.0 0.86
Fruit dry weight (g) 36.0+ 1.8 404+ 26 437 £+ 1.2** 363+21 0.018
Height (cm) 33.0+ 06 325+ 038 322+ 06 321+ 05 0.75
Mainstem nodes 19.51 + 0.18 20.21 4+ 0.19** 20.12 + 0.17* 20.07 + 0.11* 0.022
Vigor index 0.778 + 0.017 0.723 + 0.010**  0.721 + 0.011**  0.722 + 0.012**  0.008
Nodesto 1st fruiting branch ~ 6.86 + 0.12 6.72 + 0.12 6.57 + 0.13 6.68 + 0.10 0.36
Fruiting branches 13.65 + 0.22 14.49 £+ 0.18*** 14554 0.06***  14.39 4 0.14** 0.0006
Vegetative branches 0.08 + 0.02 0.04 + 0.02 0.04 + 0.02 0.04 + 0.03 0.46
Retention top 5 fruit (%) 522+ 1.0 55.6 +4.4 56.2 + 2.8 618+ 34 0.23
Retention bottom 5 fruit (%) 79.2+ 2.1 744420 772+17 740+ 16 0.20
Squares 08+0.1 1.0+ 0.2 1.0+01 1.3+ 0.2%* 0.038
September 20
Total dry weight (g) 1382+ 97 146.3 + 3.3 1345+ 59 139.8+ 6.2 0.65
Leaf dry weight (g) 153+13 16.3+ 0.8 162+ 1.0 1414+ 10 0.37
Stem dry weight (g) 277+ 18 26.6 + 1.0 246+ 0.7 242+11 0.12
Fruit dry weight (g) 948+ 74 1034 + 2.7 93.7 + 4.7 1015+ 4.7 0.47
Height (cm) 854+ 19 836+ 14 821+13 823+ 13 0.34
Mainstem nodes 20.30 + 0.10 21.06 + 0.24** 21.12 + 0.30** 20.96 + 0.21* 0.017
Vigor index 1.89 + 0.05 1.75 4+ 0.03* 1.72 + 0.05** 1.73 + 0.03** 0.017
Nodesto 1st fruiting branch ~ 5.97 + 0.13 6.13 + 0.16 6.20 + 0.18 6.30 + 0.17 0.62
Fruiting branches 1533+ 0.13 15.93+0.25 15.92 + 0.31 15.66 + 0.17 0.13
Vegetative branches 0.54 + 0.08 0.27 + 0.06** 0.17 + 0.03*** 0.12 + 0.05%** 0.0001
Retention top 5 fruit (%) 188+ 23 13.0 + 1.5* 104 4+ 1.1 144+ 18 0.012
Retention bottom 5 fruit (%)  78.4+ 1.2 764+ 23 718+ 26 746+ 26 0.18
Mature bolls 125+ 9.0 133+ 44 120+ 6.2 130+ 54 0.38
Mature bolls open (%) 7274+ 17 758+ 14 744+ 15 721+ 06 0.29

as measured by the proportion of all mature bolls that
had opened prior to crop defoliation (Table 2, Figure9),
cottonyield (Table 3, Figure 10), and cotton fiber qual-
ity (Table 3) did not vary across treatments. Different
measurementsof cotton fiber maturity produced differ-
ent and contradictory results (Table 3). Micronaire, the
most widely used measure of fiber maturity, showed no
trend across treatments. Lint fraction and gin turnout,

which decrease with increasing boll maturity, sugges-
ted that aphid feeding accel erated fruit maturation. The
‘fiber fineness’ test suggested that early aphid feeding
led to coarser, more maturefibers. Finally, the percent
maturity’ test suggested that maturity was depressed by
aphid feeding. Perhaps most importantly, fiber matur-
ity was extremely high across all of the experimental
treatments.
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Table 3. Herbivore impact experiment 1991. Influence of different levels of early-season aphid populations on final cotton
yield and fiber quality. Shown are means + SE. 2-way ANOVA was conducted with main effects for block and treatment;
P values are reported for the main effect for treatment. Asterisks indicate means that are significantly different from the

control; *P < 0.05; **P < 0.01; ***P < 0.001

Crop measure Control Medium 1 Medium 2 High P
Yield

Bolls not open 10/8 8.00 £ 0.92 7.80 + 1.30 7.40 £ 1.36 7.20 £1.32 0.97
Seed cotton yield (g) 6735 4 230 6555 4 151 6722 4+ 138 6496 + 99 0.53
Cotton lint yield (g) 2596 + 91 2533 4+ 60 2595 + 54 2488 + 42 0.44
Cotton seed yield (g) 3910 4+ 136 3811 4+ 90 3906 + 79 3805 + 54 0.70
Gin loss (%) 343+ 0.10 3.24+ 0.09 3.29 + 0.08 3.13+0.05 0.11
Lint fraction 0.3822 4+ 0.0008  0.3832 4+ 0.0010 0.3831 4+ 0.0014 0.3793 4+ 0.0011* 0.02
Gin turnout (%) 38.53 £+ 0.07 38.64 £+ 0.10 38.61 +0.13 3829+ 0.11 0.039
Lint quaity

Micronaire 4.56 £+ 0.03 457 £+ 0.03 4.58 4+ 0.03 454 +0.03 0.77
Fiber length (cm) 2.908 + 0.047 2.906 + 0.025 2.918 4 0.044 2911 + 0.044 0.92
Uniformity ratio (%) 83.81 +0.32 84.20 + 0.24 84.40 + 0.27 84.41 + 0.29 0.43
Fiber strength 31.67 £ 0.57 30.90 £+ 0.37 30.90 £+ 0.39 31.02 £+ 0.31 0.54
Elongation (%) 6.74 + 0.05 6.67 + 0.03 6.71+ 0.07 6.72 + 0.02 0.74
Leaf index 2.60 + 0.43 2.60+ 043 2.30+ 0.30 230+ 0.21 0.88
RD (acolor measure) 80.78 £+ 0.22 80.91 + 0.17 81.25 +0.25 81.17 £ 0.18 0.42
+b (acolor measure) 8.74 + 0.07 8.67 + 0.06 8.63 + 0.08 8.82 + 0.04 0.20
Maturity (%) 95.7+ 1.25 91.9+ 1.10* 94.1+ 155 89.7 £+ 0.73*** 0.0048
Fiber fineness 1580+ 29 166.6 + 2.0* 162.7+ 29 169.9 + 1.9%* 0.0093
Minicard stickinesstest  0.10 4+ 0.11 0.20+0.14 010+ 011 0.20 +0.14 0.89
Sugar content (%) 0.44 + 0.03 0.40 + 0.02 0.41 + 0.02 0.39 4+ 0.02 0.29

Aphid feeding damagedid, however, produce some
changesin plant architecture that persisted throughout
the growing season (Table 2). The primary changes
were an increase in the number of fruiting branches
(6 August sample) and a suppression of the produc-
tion of vegetative branches late in the growing season
(20 September sample).

Aphid populations were very low throughout the
mid-season, and began to increase in late August and
early September (Figure 5B). To test the possibility
that early aphid feeding produced |ong-1asting changes
in plant suitability for aphids (‘induced resistance’),
we regressed cumulative mid- and late-season aphid-
days (‘y’; 28 May to 19 September) on cumulative
early-season aphid-days (‘z'). The test produced no
support for the induced resistance hypothesis (y =
1.38 + 0.0014z; r = 0.29, n = 40, P = 0.07).

1992 herbivore impact experiment. Few aphids col-
onized seedling cottonin our experimental plotsduring
1992, and densities remained low (Figure 11, and see
below). Aphids were barely detectable in plots where

we did not augment populations with greenhouse-
reared aphids. Our experimental manipulations gen-
erated a relatively small range of cumulative aphid-
dayd/leaf across the plots (range: 0-124.5; mean + SE
for control plots = 0.4 + 0.1; medium = 5.4 + 1.7;
high = 61.1 + 10.4; Kruskal-Wallis test, d.f. = 3,
x? = 30.4, P < 0.0001). Aphid predators (H. con-
vergens and C. novemnotata franciscana) and para-
sitoids (L. testaceipes) were still abundant, however,
and were observed moving out of nearby barley fields
which were drying down and being harvested at the
same time that cotton was emerging. On 17-18 April
we observed that most of the outplanted aphids were
consumed by coccinellid larvae and adults, and adult
parasitoids were observed in the field ovipositing into
outplanted aphids on 22 April within minutes of aphid
release into the field. Asin 1991, we were unable to
protect outplanted aphids from predator and parasitoid
attack, and by 7 May aphid populations had crashed.
In 1992 damage symptoms were generally mod-
est. Leaves on which aphid colonies developed in the
high density treatments were cupped and crinkled, and
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Figure 3. Early-season aphid population dynamics 1993. Shafter site: (A) mean (+1 SE) plant height and number of mainstem nodes, (B) aphid densities and impact of parasitoids and
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Figure 4. Early-season aphid population dynamics 1994. Shafter,
(A) G. hirsutumfield 1; (B) G. hirsutumfield 2; (C) G. barbadense.

some leaf abscission was observed. Although these
effects were not sufficiently consistent to generate
significant omnibus F'-tests for treatment effects on
mean leaf area (30 April, Fo3 = 2.4, P = 0.11;
7 May, F3 = 05 P = 0.62), the one pair-
wise comparison that might be expected to produce
a sensitive test for damage based upon observed aph-
id densities (Figure 7) was significant (mean leaf area
30 April, control plots = 5.21 + 0.31 cm?; high dens-
ity plots = 451+ 0.0.31 cm?; t = 2.2, P = 0.04).
Neither total plant biomass nor plant height were sig-
nificantly influenced by the modest densities of aphids;
however, aswas observed in the medium aphid density
treatmentsin 1991, aphid feeding caused anincreasein
the mean number of mainstem nodes (Table 4), which
may have been aresponse to leaf abscission.

Compl ete compensation was again observed during
1992 for early-season aphid damage. L eaf areashowed
no significant differences across treatments on 8 July,
14 July, or 8 September (data not shown, P > 0.50).
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Table 4. Herbivore impact experiment 1992. Influence of different intensities of herbivory on cotton
growth and biomass alocation. Traits are defined on a per plant basis; each plot contributed one value
representing the mean of 10-20 individually measured plants. Shown are means+ SE. Two-way ANOVA
was conducted with main effects for block and treatment; P values are reported for the main effect for
treatment. Asterisks indicate means that are signficantly different from the control; *P < 0.05; **P <

0.01
Plant trait Control Medium High P
April 15 (pre-treatment)
Total dry weight (g) 0.0629 + 0.0011 0.0648 + 0.0010 0.0618 + 0.0010 0.12
May 13
Total dry weight (g) 0.748 + 0.053 0.799 + 0.065 0.713+ 0.039 0.44
Mainstem nodes 4484 0.14 465+ 0.17 4.93 4 0.12** 0.03
Height (cm) 54.6 + 2.5 570+ 2.9 57.3+21 0.52
September 9
Total dry weight (g) 203.9 + 12.9 180.4 + 17.8 195.4 + 17.0 0.47
Leaf dry weight (g) 289+ 19 263+ 28 286+ 2.7 0.63
Stem dry weight (g) 486428 424439 448 4+ 3.6 0.29
Fruit dry weight (g) 1264+ 85 1118 + 115 121.9 4+ 109 0.51
Height (cm) 80.3+21 784+ 29 797+ 22 0.84
Mainstem nodes 20.69 4 0.29 20.58 4+ 0.46 21.20 4 0.40 0.50
Vigor index 172+ 0.02 1.70 + 0.05 1.65 + 0.04 0.15
Nodes to 1st fruiting branch ~ 7.11 + 0.11 6.94+ 0.15 6.92 + 0.16 0.47
Fruiting branches 14.38+ 031 14.47 4+ 0.44 1510+ 0.43 0.36
Vegetative branches 3544+ 0.15 356+ 0.14 2.98 4+ 0.14* 0.027
Retention top 5 fruit (%) 55+ 0.9 57+14 52+ 1.4 0.96
Retention bottom 5 fruit (%)  63.0 + 2.6 614437 573439 0.39
Mature bolls 16.6 +11.2 14.6 + 144 16.0 + 13.1 0.49
Mature bolls open (%) 0.853 + 0.024 0.887 + 0.034 0.855 + 0.030 0.52

No differences were observed in total above-ground Discussion

dry plant weight, or in biomass allocations to leaf,

stem, or fruit (Table 4). Asin 1991, the three paramet- Natural, unmanipulated populations of the aphid

ers of greatest economic significance, the timing of
crop maturation as measured by the proportion of bolls
opened on 9 September (Table 4), cotton yield, and
cotton fiber quality (Table5), did not vary significantly
across treatments.

Themodest level of aphid feeding damagedid pro-
duce one effect on plant architecture that persisted to
the mature plant stage: the production of vegetative
branches was suppressed in the high aphid density
treatment (Table 4), as was observed in 1991.

We tested for induced resistance to aphids by
regressing the mean density of aphids per leaf on 8
and 14 July (dependent variable) on the cumulative
early-season aphid days per plot (independent vari-
able); the test revealed no effect of early aphid feeding
(y =25.1-0.047z; r = —0.13,n = 40, P = 0.42).

A. gossypii colonized seedling cotton plants during all
four years of the study, but became abundant during
only one year (1991). The high density populations
observedin 1991 were ephemeral, disappearing before
the plantsreached the six-node stage (when the produc-
tion of flower buds begins; Kerby and Hake, in press).
Aphid population declineswere associated with strong
suppressive effects of predation and, to alesser extent,
parasitism. In manipulative studies, aphid feeding res-
ulted in an immediate decrease in leaf area (Figures 6
and 7), plant height (Table 2), and total above-ground
biomass (Figure 8, Table 2). Cotton plants consistently
showed compl ete compensationfor early damageinthe
three parametersthat define the monetary value of the
crop: the timing of crop maturation (Figure 9, Tables
2-4), cotton fiber yield (Figure 10, Tables3and 5), and
cotton fiber quality (Tables3 and 5). Aphid feeding on
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Table 5. Herbivore impact experiment 1992. Influence of different levels of early-season aphid
populations on final cotton yield and fiber quality. Shown are means 4+ SE. Two-way ANOVA was
conducted with main effects for block and treatment; P values are reported for the main effect for
treatment. Asterisks indicate means that are signficantly different (P < 0.05) from the control

Crop measure Control Medium High P
Yield

Seed cotton yield (g) 6260 + 167 6295 + 316 6472 + 323 0.80
Cotton lint yield (g) 2371 + 63 2401 + 122 2470 + 124 0.74
Cotton seed yield (g) 3626 + 98 3618 + 179 3739 + 187 0.81
Gin loss (%) 429 + 0.10 438+ 0.14 409+ 011 0.24
Lint fraction 0.3770 £ 0.0011 0.3803 4+ 0.0008*  0.3806 + 0.0010*  0.04
Gin turnout (%) 37.88 + 0.08 38.14 + 0.08* 38.16 + 0.10* 0.04
Lint quality

Micronaire 381+ 0.04 3.80 + 0.06 3.84+ 0.05 0.84
Fiber length (cm) 1.104 + 0.005 1.093 + 0.005 1.099 + 0.006 0.36
Uniformity ratio (%)  81.76 + 0.23 81.19 4+ 0.40 8149+ 0.21 0.39
Fiber strength 34.09 + 0.32 34.63 + 0.78 34.67 + 0.65 0.63
Elongation (%) 5.87 + 0.03 5.82 + 0.03 5.84 + 0.04 0.62
Leaf index 2.05+ 0.05 2.80 + 0.56 250+ 042 0.18
RD (acolor measure)  81.67 + 0.14 81.84 £ 0.25 81.06 £+ 0.49 0.19
+b (acolor measure)  9.13 + 0.04 9.16 + 0.06 8.99 + 0.16 0.38
Maturity (%) 829+ 58 843+ 88 89.9+ 0.7 0.73
Fiber fineness 1322+ 21 130.3 + 32 1381+ 19 0.11

seedlings did, however, have effects on plant architec-
ture that persisted until harvest: plants sustaining early
damage produced fewer vegetative branches (Tables 2
and 4). Therewas no evidenceto support the hypothes-
is that early-season aphid feeding induced changesin
cotton plant quality that influenced mid- or late-season
aphid populations.

Populationdynamics.  Our observational studiescon-
ducted 1991-1994 suggest that high densities of cotton
aphids develop only sporadically on pre-reproductive
cotton. This observation is consistent with less formal
observationsmade from 1959-1990in the San Joaquin
Valley (T. F. Leigh & P. Wynholds, pers. comm.) and
in 1995-1996, although a small fraction of the cotton
acreage planted onthe eastern side of thevalley appears
to experience high densities of aphids on seedling cot-
ton more frequently (L. D. Godfrey & S. Wright, pers.
comm.). Aphid populations on seedling cotton were
ephemeral. Our inference that aphids were suppressed
primarily by natural enemies rather than some other
factor (e.g., adecrease in plant suitability or seasonal
increases in temperature) is based upon two lines of
evidence. The first, and weaker, evidence is the syn-
chrony of the declines in aphid populations and the

appearance of large numbers of predated aphid mum-
mies. Inthe most dramatic case, 100% of themummies
were attacked at the same time that the aphid popula-
tion crashed (Figure 1C), suggesting very intense pred-
ation. Casual observationsmade in thisfield site at the
time of aphid population collapse revealed extensive
cannibalism among dense populations of coccinellid
larvae that had completely consumed all herbivores
present in the field (J. A. Rosenheim, pers. abs.). The
second, and stronger, evidence comes from manipu-
lative field experiments demonstrating that aphid pop-
ulations caged on seedling cotton to exclude natural
enemies continued to increase rapidly as cotton plants
grew and matured (Colfer & Rosenheim, 1995). In
contrast, aphid populations were suppressed in cages
with openings that permitted entry by either parasit-
oids alone or combinations of parasitoids and pred-
ators. Effective suppression of aphid populations by
natural enemies appears to occur despite a high incid-
ence of predator attack on parasitoid offspring devel op-
ing within mummified aphids (‘intraguild predation’,
Rosenheim et al., 1995) and the action of hyperpara-
sites.
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Figure 5. Herbivore impact experiment 1991. Mean (+SE) density
of aphids per cm? of lower leaf surface. (A) Aphid densities on
seedling cotton over the period when the different treatments were
applied. The mgjority of plants had germinated by 21 April. The
control plot was sprayed with pirimicarb on 6, 13, and 20 May.
(B) Aphid densitiesfor the remainder of the season; notethe different
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Plant compensation. Our study has demonstrated
that cotton can compensate fully for aphid herbivory
sustained during the pre-reproductive stages of plant
growth. This result is consistent with observations
of the impact of A. gossypii on pre-reproductive cot-
ton in Texas (see the 1990 trial reported by Parker
& Huffman, 1991) and Israel (Drishpon, 1992) and
a large body of research documenting cotton’s abil-
ity to compensate for at least some forms of natural
and artificial herbivory (primarily defoliation and dam-
ageto reproductive structures), especially during early
growth stages (Wilson, 1986; Kerby & Keeley, 1987;
Brook et al., 1992a-c; Terry, 1992; Kerby et a., 1992;
Dyer et al., 1993; Matthews, 1994).

Brook et al. (1992c) demonstrated that the abil-
ity of cotton to compensate for fruit damage was a
function of overall yield levels: high-yielding plants
undercompensated for damage, whereas low-yielding
plantsovercompensated. Inthisregard, it isnoteworthy
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Figure 6. Herbivore impact experiment 1991. Impact of aphid feed-
ing on the area of the undersurface of mainstem leaves. (A) First
true leaf, showing the impact of aphid feeding on leaf expansion.
(B) Leaves sampled from thefifth mainstem node bel ow theterminal .
Results of 2-way ANOVA: *P < 0.05; ***P < 0.001.
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Figure 7. Herbivore impact experiment 1991. Influence of early-
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and 28 May) on the mean above-ground plant dry weight for each
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Figure 9. Herbivore impact experiment 1991. Influence of early-
season aphid feeding (total aphid daysaccumulated between 21 April
and 28 May) onthemean proportion of maturebollsthat opened prior
to defoliation (19-21 September) for each of the 40 experimental
plots.
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Figure 10. Herbivore impact experiment 1991. Influence of early-
season aphid feeding (total aphid daysaccumulated between 21 April
and 28 May) on the mean seed cotton weight for each of the 40
experimental plots.
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Figure 11. Herbivore impact experiment 1992. Mean density of
aphids per leaf on seedling cotton over the period when the different
treatments were applied.

that theyields obtained in the control plotsof our aphid
impact studieswere high (equivalent to 2095 kg of cot-
ton lint per hectare in 1991 and 1915 kg/hain 1992),
approximately 150% of recent averageyieldsinthe San
Joaguin Valley, but still well within the range of yields
commonly observed in California (Kerby & Goodell,
1993). Thus, our studies suggest that even under con-
ditions of high yield, seedling cotton can compensate
effectively for aphid damage.

The physiological mechanism by which compens-
ation for aphid damage occurs is unknown. However,
plants whose growth is constrained by the availability
of sinksfor photosynthate may generally have stronger
abilitiesto compensatefor herbivory than plantswhose
growthislimited by sourcesof photosynthate (Trumble
et a., 1993). Kerby & Keeley (1987) and Kerby et al.
(1992) have suggested that upland cotton grown under



Cdlifornia conditions is largely sink limited until 7
mainstem nodes have been produced, when the plants
begin to produce squares (flower buds). Furthermore,
because photosynthatefor devel oping bollsisproduced
primarily by nearby leaves located on the same fruit-
ing branch or the mainstem leaf located at the same
node (Kerby & Hake, in press), damage to leaves on
mainstem nodes | ocated below the first fruiting branch
may have little impact on subsequent boll develop-
ment. Aphid populations colonizing seedling cotton
in the San Joaquin Valley are usually transient due to
the action of natural enemies, and al of the popula-
tions that we monitored were controlled before cotton
reached nodes 6-7, when the first fruiting branches
were produced (Figures 1-4, Tables 2 and 4). Thus,
our experiments may be an example of strong com-
pensation by a plant that is primarily sink-limited, and
therefore less influenced by the loss of photosynthate
to phloem-feeding aphids and the impairment of |eaf
function due to aphid damage.

Changes in plant structure in response to aph-
id feeding may aso contribute to compensation. An
important mechanism by which plants are thought to
overcompensate for herbivory is through the release
of apical dominance and the associated increase in
growth from nonapical meristems (Trumble et al.,
1993; Aarssen, 1995; Watson, 1995). And yet, in
this study, it appears that compensation occurs at least
partialy through the reverse effect: the suppression
of vegetative growth at nonapical meristems. Aphid
feeding in both 1991 and 1992 suppressed the produc-
tion of vegetative branches. Vegetative branches are
produced low on the cotton plant (mean + SE nodes
from cotyledon to vegetative branches during 1991,
6.18 +0.18; 1992, 4.80 + 0.06), and differentiation of
thefirst floral budsoccurswhen the plantshave 2—3true
leaves (Mauney, 1986; Kerby & Hake, in press). Thus
aphids feeding on seedling cotton may damage mer-
istems destined to devel op into vegetative branches, or
influence the developmental fate of these meristems
in other indirect ways. While vegetative branches can
make small contributionsto total yield, they can only
do so by producing their own fruiting branches, which
occurs at a much slower rate than on the mainstem
(Kerby & Hake, in press). Fruit retention rates and boll
size are also smaller on vegetative branches than on
the mainstem (Kerby & Hake, in press). Thus, early
aphid feeding, by suppressing the production of veget-
ative branches, shifts cotton from a more vegetative
to a more reproductive growth form and may thereby
contribute to yield compensation. Cotton is a peren-
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nial plant grown as an annual crop in Californig; it is
thus possible that damaged cotton would under-yield
undamaged cotton during the second or subsequent
years of reproduction due to its smaller investment in
structures that can eventualy bear large numbers of
fruiting branches (e.g., Foggo, 1996).

Cotton appears to have undergone domestication
while retaining substantial abilities to compensate for
early-season herbivory. The damage generated by aph-
id feeding during April and May occurs, however, at
a time when the plant is not yet reproductive, and it
may be primarily during the period of fruit production
that domesticated plants are particularly sensitive to
herbivory. Similarly, the possibility that domesticated
plants have reduced tolerance for herbivory because
of their more determinate and less plastic architec-
tures may havelessimmediate bearing on the ability of
seedling cropsto tolerate herbivory, because seedlings
often have not devel oped the architectural complexity
that characterizes the mature plant.

In summary, our findings of strong compensation
in seedling cotton are consistent with several previ-
ous studies, and may reflect seedling cotton growth
being limited by sinksrather than sources of photosyn-
thate. Early aphid feeding suppressed the production
of vegetative branches|ate during the growing season,
thereby producing a less vegetative and more repro-
ductive growth form. While mature crop plants have
been hypothesized to be more sensitive to herbivory
because of selection for increased yield or architec-
tural simplicity, these effects of domestication may be
less important for the early, pre-reproductive stages of
crops.

Induced resistance. Experimental studies conducted
by Karban and his colleagues have demonstrated that
cotton seedlings respond to artificial or natural herb-
ivory with changes in subsequent resistance to herbi-
vores, plantswhose cotyledonsor first true leaveswere
fed upon by spider mites, Tetranychus spp., were sub-
sequently less suitable hosts for the growth of spider
mites (Karban & Carey, 1984; Karban, 1986; Karban
et al., 1989), the beet armyworm, Spodoptera exigua
(Hubner) (Karban, 1988), and a pathogenic vascular
wilt fungus Verticillium dahliae Kleb. (Karban et al.,
1987, 1989). This‘induced resistance’ isin contrast to
the "induced susceptibility’ to spider mites caused by
removing the apical bud from small cotton seedlings
(Karban and Niiho, 1995). Thus, different types of
herbivory appear to induce different changes in plant
suitability, and atered plant suitability may influence
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a taxonomically broad array of herbivores. Wool &
Hales (1996) obtained mixed results in initial labor-
atory investigations of the possibility that A. gossypii
might induce resistance in cotton seedlings.

To test the hypothesis that early feeding by cotton
aphidsinduces changes in plant suitability for aphids,
we examined the relationship between the density of
early-season aphid populationsand the density of aphid
populations that developed subsequently in the same
plots during the mid- and late-season. For both the
1991 and 1992 experiments we found no evidence for
any effect of early-season herbivory. The 1991 experi-
ment might have failed to detect an induced resistance
response, even if one had been present, for two reas-
ons. Firgt, even the seedlingsin the control treatments
experienced moderate aphid feeding damage, and the
induced resistance response may reach a maximum
with only small levels of herbivore damage (Karban &
English-Loeb, 1988). Second, aphid populations did
not reappear until late August, long after the initial
damage, and it is unclear if induced resistance per-
sistsin the field until the late season (Karban, 1986).
However, both of these potentia problems were elim-
inated in the 1992 study, and we still observed no evid-
encefor induced changesin plant suitability. Although
more carefully controlled studies would be valuable,
we conclude from these initial field explorations that
aphid feeding on cotton seedlings does not appear to
producemajor changesin the expected density of aphid
populations devel oping on later plant growth stages.

Implications for an aphid management strategy.
Insecticides are widely used on seedling cotton in
the San Joaguin Valey. The severe damage symp-
toms produced by the heavy aphid populations during
1991 (Figures 6-8) elicited the application of broad-
spectrum material sacross much of the growing region.
The cost of these applications also has contributed
to the wider adoption of prophylactic use of insect-
icides, either as seed treatments (using acephate) or as
applications of granular adicarb or phorate at plant-
ing. Although adicarb is also used to suppress root-
knot nematodes and early-season spider mite popu-
lations, applications of aldicarb are justified in part
by their ability to suppress aphid populations. Foli-
ar insecticides, seed treatments, and aldicarb provide
protection for no more than six weeks (L. D. God-
frey, pers. comm.), and thus suppressinsects only dur-
ing the pre-reproductive stage of cotton growth, when
plant compensation appears to be strong. Thus, costly
insecticidesarewidely deployedto control populations

of an herbivore that appears from our results to be a
non-pest.

Might this early-season insecticide use be costly
in ways other than the direct costs of purchasing and
applying the chemicals? We fedl that the answer is
‘yes for two reasons. First, integrated pest manage-
ment in California cotton is founded on the tenet of
maximizing natural biological control of a suite of
herbivores, including A. gossypii, Lygus spp., Tetra-
nychus spp., Helicoverpa zea (Boddie), and Spodop-
tera spp., that have the potential to become econom-
ic pests. Early-season insecticide use may delay the
establishment of the community of predatorsand para-
sitoids that contribute to the suppression of these arth-
ropod populations, both by directly poisoning these
natural enemies and by eliminating the host/prey pop-
ulations that support natural enemy population growth
(Wilson et al., 1991; Zhang & Chen, 1991; Rosen-
heim & Wilhoit 1993; Wilson et al., 1996). The small-
plot experiments reported in our study do not revea
the effects of early-season aphid populations on pred-
ator community establishment, because the plots are
so small that predators readily move between treat-
ments. However, on the spatial scale of commercial
cotton fields, the presence of prey for predators during
the early season may be important. Consistent with
this thesis is the observation that in comparison to
untreated cotton, cotton fields planted with acephate-
treated seed develop larger populations of aphids dur-
ing the early squaring period of plant growth (L. D.
Godfrey, pers. comm.), when aphid feeding can sup-
press yield (Fuson et al., 1995; see also Parker and
Huffman, 1991). (This rebound of aphid populations
does not, however, occur after imidicloprid seed treat-
ments or applications of granular adicarb.) Second,
an increasingly acute problem in cotton pest manage-
ment is the appearance of insecticide resistance in key
arthropod pests (including aphids, mites, and white-
fly; Grafton-Cardwell, 1991; Hardee & Ainsworth,
1993; Leclant & Deguine, 1994). The single most
important means of slowing the evolution of resistance
is to minimize selection pressures exerted by pesti-
cide applications (Denholm & Rowland, 1992). Thus,
insecticide use should be reserved for periods when
pest suppressioniscritical for crop protection. Applic-
ations targeted for non-damaging populations, such as
aphid populations on seedlings, promote resistance in
aphids and other herbivore populations that are incid-
entally exposed to the pesticide. This decreases our
subsequent ability to control these pests at times when



their feeding has a significant impact on yield or crop
quality (Hardee & Ainsworth, 1993).

Inwhat growing areasand under what conditionsis
our conclusion that pre-reproductive cotton can com-
pensate fully for aphid damage appropriate? First, our
observations of the transient nature of aphid popula-
tions on seedling cotton appear to be representative of
conditionsthroughout California’'s Central Valley with
the exception of an area of cultivation located along
the eastern side of Tulare County, where early aph-
id populations occur more frequently and often per-
sist into cotton’s reproductive growth stages (L. D.
Godfrey & S. Wright, pers. comm.). Further work
is needed to quantify cotton’s ability to compensate
for damage generated by these more persistent aphid
populations, but it is clear that sufficiently dense mid-
season populations will depress yields (Fuson et al.,
1995). Second, we can speculate that cotton’s abil-
ity to compensate for early aphid damage might be
reduced by subsequent stress from herbivory or oth-
er factors. In both of our manipulative experiments,
cotton sustained very little mid- and |ate-season herbi-
vore pressure. However, we feel that the most sensible
course of action is to manage later sources of plant
stress if and when they appear, rather than anticip-
ating what effects they might have if left unchecked.
Finally, can growersplanting G. hirsutumcultivarsdif-
ferent from the one tested here (GC-510) rely on our
results? Recent field experimentation conducted in the
San Joaquin Valley with the cultivar Maxxa, which has
emerged as the predominant cotton cultivar in Califor-
nia, has shown that it too appearsto compensate fully
for aphid feeding damage on pre-reproductive growth
stages (L. D. Godfrey, pers. comm.). It is impossible
to extrapolate with confidence to cultivars that have
not been tested. However, we note that although early-
season pesticide applications may seem like a con-
servative, prudent management strategy, we suggest
that just the converseis often true: early-season pesti-
cide use may inflate the subsequent risk that damaging
herbivore populations will develop. The massive and
devastating region-wide outbreaks of aphid and spider
mite populationswitnessed in Californiain 1995 show
just how destructiveamanagement strategy based upon
early, aggressive use of insecticides can be (pers. obs.).

In conclusion, because pre-reproductive G. hirsu-
tum has retained effective means of compensating for
herbivory, subject to the caveats discussed aboveearly-
season A. gossypii should be recognized as non-pests.
Use of insecticides to control aphids on seedling cot-
ton is therefore generally unnecessary, and probably
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threatens the sustainability of cotton production by
accelerating the evolution of pesticide-resistance and
disrupting communities of natural enemies.
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