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Abstract Plants experience unique challenges due to
simultaneous life in two spheres, above- and below-
ground. Interactions with other organisms on one side of
the soil surface may have impacts that extend across this
boundary. Although our understanding of plant—herbi-
vore interactions is derived largely from studies of leaf
herbivory, belowground root herbivores may affect plant
fitness directly or by altering interactions with other
organisms, such as pollinators. In this study, we inves-
tigated the effects of leaf herbivory, root herbivory, and
pollination on plant growth, subsequent leaf herbivory,
flower production, pollinator attraction, and reproduction
in cucumber (Cucumis sativus). We manipulated leaf
and root herbivory with striped cucumber beetle (Acal-
ymma vittatum) adults and larvae, respectively, and
manipulated pollination with supplemental pollen. Both
enhanced leaf and root herbivory reduced plant growth,
and leaf herbivory reduced subsequent leaf damage.
Plants with enhanced root herbivory produced 35%
fewer female flowers, while leaf herbivory had no effect
on flower production. While leaf herbivory reduced the
time that honey bees spent probing flowers by 29%,
probing times on root-damaged plants were over twice
as long as those on control plants. Root herbivory
increased pollen limitation for seed production in spite
of increased honey bee preference for plants with root
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damage. Leaf damage and hand-pollination treatments
had no effect on fruit production, but plants with
enhanced root damage produced 38% fewer fruits that
were 25% lighter than those on control plants. Despite
the positive effect of belowground damage on honey bee
visitation, root herbivory had a stronger negative effect
on plant reproduction than leaf herbivory. These results
demonstrate that the often-overlooked effects of below-
ground herbivores may have profound effects on plant
performance.
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Introduction

Belowground interactions between plants and other
organisms influence, and are influenced by, interactions
above the soil surface (Bardgett and Wardle 2003; Wardle
et al. 2004; van der Putten et al. 2009). Although our
understanding of plant-herbivore interactions is derived
largely from studies of leaf herbivory (van der Putten et al.
2001), a rapidly growing body of research demonstrates
that underground herbivory can have as great or greater
impacts on plant fitness (e.g., Strong et al. 1995), com-
munity structure (Brown and Gange 1989, 1990; Gange
and Brown 2002), and ecosystem function (Bardgett et al.
2005; De Deyn and van der Putten 2005). Damage to roots
may affect chemical defense levels in leaves and vice
versa, altering the likelihood of later herbivore attack
(Bezemer and van Dam 2005; Kaplan et al. 2008). Because
belowground herbivory is more difficult to quantify and
manipulate than leaf herbivory, we are only beginning to
understand its effects on plant fitness. These fitness effects
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could be driven both by direct effects on plants and by
altering interactions with mutualists, such as pollinators.

Pollinators are essential for the successful reproduction
of many plants, including at least 90 major crops in
the USA (Allen-Wardell et al. 1998; Kearns et al. 1998;
Kremen et al. 2002), and pollinator behavior can be med-
iated by herbivory. Leaf damage can reduce floral display,
leading to fewer pollinator visits (Strauss et al. 1996; Steets
et al. 2006; Adler 2008). However, plants may respond to
herbivory by increasing male flower production, leading to
higher male reproductive success (Strauss et al. 2001).
Surprisingly, the effect of belowground herbivores on
pollinators has only been examined in two systems. Poveda
et al. (2003, 2005a) reported that wild mustard (Sinapis
arvensis) attacked by root herbivores actually attracted
more pollinators than plants without root herbivory,
although this effect disappeared in plants that also suffered
early-season leaf damage. However, in butternut squash
(Cucurbita moschata), root damage had no effect on pol-
linator visitation (Hladun and Adler 2009). Thus, root
damage may reduce fitness less than aboveground damage
if it increases pollinator attraction, but the effect will
depend on the aboveground community of both pollinators
and herbivores.

Cucumber (Cucumis sativus: Cucurbitaceae), a widely-
cultivated annual herb, is ideal for studying the effects of
above- and belowground herbivores and pollinators on
plant performance. The striped cucumber beetle (Acal-
ymma vittatum: Chrysomelidae), a specialist on Cucur-
bitaceae, frequently attacks cucumber both above- and
belowground. Adult beetles feed on leaves, stems, and
flowers, while larvae feed on roots for 10-20 days before
pupation; multiple generations may occur per year (York
1992). In our system, larvae are present from mid-June
until the end of the growing season. Cucumber is
monoecious and reliant on pollinators for fertilization.
Both male and female flowers remain open for a single
day and are visited by a variety of generalist pollinators.
Total flower production varies according to the growing
conditions, but male flowers usually outnumber females
by at least tenfold. Female flowers produce more nectar
than male flowers, but the nectar in male flowers has a
higher sugar content (Collison 1973). Pollination may
limit reproduction in Cucurbitaceae (Stanghellini et al.
1997; Gingras et al. 1999; Kremen et al. 2002; Strauss
and Murch 2004), and both cucumber fruit size and yield
are significantly correlated with the number and cumu-
lative duration of pollinator visitors to cucumber flowers
(Stanghellini et al. 1997, 1998; Gingras et al. 1999). We
conducted a manipulative field study aimed at exploring
how leaf herbivory, root herbivory, and pollination affect
plant growth, floral display, pollinator preference, and
reproduction.

@ Springer

Methods
Experimental treatments

On 11 June 2007, we planted cucumber seeds (Marketmore
76; Southern Exposure Seed Exchange, Mineral, VA) in
Metromix 360 soil (Sun Gro, Bellevue, WA). On 19 June,
96 seedlings at the cotyledon stage were transplanted to
0.6-L pots filled with Metromix 360 soil.

We manipulated leaf herbivory, root herbivory, and
pollination (2 levels of each) in a factorial design for a
total of eight treatment combinations (rn = 12 plants/
combination). At the seedling stage, potted plants were
separated into blocks of eight and randomized so that one
treatment combination was applied to one plant in each
block. Damage treatments were applied to all plants in a
block on the same days so that plants within a block were
exposed to herbivores for the same amount of time. Leaf
herbivory treatments began in the greenhouse on 25 June,
when plants were at the one-leaf stage, by placing three
field-collected beetles enclosed in a mesh bag on each
leaf. Beetles were placed on fully expanded leaves and
removed after 50% of each leaf was consumed; this is
well within the range of natural herbivory since young
plants can be completely defoliated and killed by beetles.
(R. Hazzard, personal communication). This was repeated
for the second and third leaves when each fully expanded.
Control plants received mesh bags without beetles, and
bags were removed at the same time for both control and
damaged plants. A. vittatum overwinter as adults and
damage young plants aboveground before laying eggs that
hatch into root-feeding larvae (Marsh 1910); conse-
quently, we conducted root herbivory treatments after leaf
herbivory to mimic natural damage patterns. Root her-
bivory treatments began in the greenhouse on 11 July
when all leaf herbivory treatments were complete. Plants
with root herbivory received 50 A. vittatum eggs placed in
agar next to the stem at the soil surface. Because female
beetles can lay this many eggs in a single night, this is a
relatively low density of eggs per plant (R. Smyth, per-
sonal communication). We obtained eggs by mating field-
collected beetles in the laboratory. As no attempt was
made to deter leaf or root herbivory once plants were put
in the field, the treatments represent an augmentation of
natural damage levels.

On 19 July, plants were transplanted into an agricultural
field (Hampshire Farm, Amherst, MA) in two rows (48
plants/row) with 1.2 m between plants and rows. Planting
in rows mimics the normal layout of crop cucumbers, but
we did use wider spacing than that normally found in
commercial agricultural fields to allow us to distinguish
individual plants during the entire season. Plants within
blocks were planted adjacent to each other within a row to
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account for any variation in abiotic conditions along the
row, such as differences in water or light availability. To
determine if cucumber plants were pollen limited, we
enhanced pollination to all female flowers produced on
plants in the supplemental pollination treatment by apply-
ing supplemental pollen with a paintbrush 5 days/week
beginning when the first female flowers appeared on 25
July. We obtained pollen from extra non-experimental field
plants. Hand-pollination has been shown previously to
increase fruit biomass in cucumber (Thomson et al. 2003).
Plants in both the supplemental and natural pollination
treatments were always exposed to natural pollinator visits.

Growth and herbivory

We assessed plant growth and subsequent leaf herbivory on
three dates (26 July, 6 August, 13 August). We counted the
total number of leaves per plant and measured the length
and width of the three youngest fully expanded leaves on
one haphazardly chosen vine per plant. Leaf area was
calculated as length x width and averaged to create one
value per plant per date. We also estimated by eye the
percentage damage to each of these three leaves. We
measured plant growth at the end of the experiment by
harvesting each plant, dividing plants at the soil surface
into aboveground and belowground portions, drying these
at 40°C, and weighing them.

Flowers and pollination

When flowering began (17 July), we counted all male and
female flowers 5 days/week until the end of the experiment
(7 September). To measure floral display, in mid-August
we measured the length and width of one petal on up to
three male and three female flowers on each plant. We
observed pollinator behavior in August by following indi-
vidual pollinators and recording on voice recorders (1)
pollinator taxa, (2) which plants they visited, (3) how many
flowers were probed per plant, and (4) the duration of each
flower probe. Plants were observed between 1000 and 1400
hours when flowers were open, and only on sunny days.
The total observation time was 14 person-hours across nine
different dates between 1 and 21 August.

Reproduction

We collected and weighed all cucumber fruits produced
once they reached 18 cm in length; beyond this length,
fruits began to turn yellow and decay. Some fruits did not
reach this length and were collected when they began to
turn yellow, which indicated maturity. To determine
reproductive success and provide a further measure of
pollen limitation, we measured seed production on the first

three fruits produced on each plant. We cut cucumbers in
half lengthwise, counted the number of visible developed
seeds on each half, and averaged this value first within fruit
and then within plant (as in Gingras et al. 1999). The
reproduction responses we analyzed were total number of
fruits produced per plant, average fruit weight per plant,
seed production, and fruit set (proportion of female flowers
that produced fruit).

Analyses

We analyzed results with general linear models (PROC
GLM, SAS 9.1; SAS Institute, Cary, NC) with type III
sums of squares; independent variables were the three
treatments and all interactions. Block was included in
models to account for possible spatial variation in mea-
sured responses or variation due to the timing of leaf and
root herbivory treatments. We treated block as a fixed
factor, following the recommendation of Newman et al.
(1997) for situations when blocks are arbitrarily defined
units. Treating block as a random factor did not qualita-
tively change results (not shown). Response variables were
averaged within each plant so that plant was the unit of
replication. For responses measured on multiple dates (leaf
count, leaf size, and subsequent damage), we used repeated
measures analysis. The total number of visits to each plant
was analyzed for all pollinators combined and separately
for the two most common pollinators, bumble bees (Bom-
bus spp.) and honey bees (Apis mellifera). For these two
taxa, we also analyzed the proportion of open flowers on a
plant that were probed per visit and the time spent per
flower probe. Visits to male and female flowers were not
distinguished. We transformed response variables to meet
assumptions of normality and homogeneity of variance.
Number of leaves, subsequent leaf damage, and leaf and
root weights were square root transformed; fruit set was
arcsine square root transformed.

Results
Growth and herbivory

Both root and leaf herbivory affected plant growth, but
only leaf herbivory affected subsequent leaf damage
(Fig. 1). Enhanced root damage significantly reduced the
number of leaves per plant (Table 1). This effect was most
pronounced at the last census, when leaf number was
reduced by 15%, suggesting that effects of early root
damage increased rather than attenuated over time
(Fig. 1a). Leaf number was not affected by enhanced leaf
damage, and leaf area was not affected by leaf or root
herbivory (Table 1). Root herbivory caused a marginally
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Fig. 1 Herbivory treatment 15
effects on number of leaves (a),
aboveground biomass (b),
subsequent leaf damage (c), and
belowground biomass (d).
Herbivory treatments: N7 No
treatment (natural leaf and root
herbivory), L enhanced leaf
herbivory (with natural root
herbivory), R enhanced root
herbivory (with natural leaf
herbivory), L + R enhanced
leaf and root herbivory. Values
in all panels are given as back- 0

10 A

Number of leaves

Natural leaf herbivory ——
Enhanced leaf herbivory — @ — 30 4

b Root, P<0.1
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transformed least square T
means =+ standard error (SE).
See text for details of the 154 ¢
statistical analyses
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% Subsequent leaf damage

Natural leaf herbivory —&—
Enhanced leaf herbivory — @ —

d Leaf, P<0.05

—t

—
—

Belowground biomass (g)

significant reduction in aboveground biomass (Table 2,
Fig. 1b). There was a significant leaf x root herbivory
interaction effect, such that enhanced leaf herbivory
reduced aboveground biomass only on plants that did not
receive enhanced root herbivory [Fig. 1b, data given as
mean =+ standard error (SE); natural leaf herbivory with (1)
natural root herbivory, 24.28 + 2.05 g, and (2) enhanced
root herbivory, 15.46 £ 1.58 g, Tukey HSD « = 0.05,
P = 0.005; enhanced leaf herbivory with (1) natural root
herbivory, 16.10 £ 1.89 g, and (2) enhanced root herbiv-
ory, 18.19 & 1.93 g, Tukey HSD « = 0.05, P = 0.864].
Aboveground biomass also varied among blocks. Leaf
damage reduced final root biomass by 12% (Table 2,
Fig. 1d), but root biomass was unaffected by other treat-
ments including root herbivory. Plants with enhanced leaf
herbivory received less subsequent leaf damage in the first
two surveys (Table 1, Fig. 1c). Pollination treatments had
no effects on plant growth or leaf damage (Tables 1, 2).

Flowers and pollination
Enhanced root herbivory, but not leaf herbivory, reduced
the total number of female flowers. Plants with root dam-

age produced 35% fewer female flowers than control plants
(Table 3, Fig. 2a). Treatments did not affect the number of
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Aug 6
Date sampled

T

Herbivory treatment

male flowers produced (overall mean 53.13 £ 1.70 flow-
ers, all ' < 3.09, P > 0.12). Leaf herbivory reduced petal
width on female flowers (mean = SE: control
9.64 £ 0.33 mm; enhanced herbivory 8.69 + 0.40 mm;
Fi137 =542, P =0.031), but there were no other treat-
ment effects on this or other floral measurements (all
F <196, P > 0.17).

We observed 249 individual pollinators probe 968
flowers. The majority of pollinators (51.8%) were bumble
bees (Bombus spp.), followed by honey bees (Apis melli-
fera; 26.1%). Small numbers of butterflies (Lepidoptera:
Pieridae), skippers (Lepidoptera: Hesperiidae), hoverflies
(Diptera: Syrphidae), and sweat bees (Hymenoptera: Ha-
lictidae) also visited flowers. The total number of pollinator
visits to plants was not significantly affected by treatments
(Table 4). Both leaf and root herbivory affected the length
of time that honey bees probed flowers, but in opposite
directions: honey bees spent 28% less time per flower on
plants with enhanced leaf herbivory, but 119% more time
per flower on plants with enhanced root herbivory
(Table 4, Fig. 3). There was a significant interaction
between leaf herbivory and pollination treatment on the
number of honey bee visits because hand pollination
marginally significantly increased visits on plants with
natural leaf herbivory (mean + SE; natural leaf herbivory
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Table 1 Repeated-measures ANOVA showing effects of treatments, block, and date on leaf number, leaf area, and subsequent leaf damage

Source df Leaf number Leaf area Subsequent damage
MS F MS F MS F
Between-subject effects
Leaf herbivory 1 0.38 2.29 1.80 x 107 2.58 9.44 10.11%%*
Root herbivory 1 0.88 5.24% 1.50 x 10* 0.00 0.04 0.04
Pollination 1 0.06 0.34 8.85 x 10° 0.13 0.42 0.45
Leaf x root 1 0.36 2.15 2.03 x 10’ 2.92 0.26 0.28
Leaf x poll 1 0.01 0.05 559 x 10° 0.08 0.09 0.10
Root x poll 1 0.04 0.26 1.05 x 107 1.51 1.97 2.11
Leaf x root x poll 1 0.28 1.65 9.94 x 10° 1.43 0.46 0.50
Block 11 1.51 8.9 2.41 x 107 3.47H%% 591 6.33%%*
Error 69 0.17 6.96 x 10° 0.93
df Wilks’s A F Wilks’s A F Wilks’s A F
Within-subject effects
Date 2,68 0.317 73.10%%* 0.560 26.75%** 0.676 16.32%**
Date x leaf 2,68 0.863 5.42%* 0.932 2.45 0.984 0.54
Date x root 2,68 0.846 6.17%* 0.975 0.87 0.909 3.41%
Date x pollination 2,68 0.977 0.81 0.882 4.56% 0.937 2.29
Date x leaf x root 2,68 0.997 0.10 0.983 0.58 0.982 0.62
Date x leaf x poll 2,68 0.993 0.25 0.972 1.01 0.995 0.19
Date x root x poll 2,68 0.992 0.27 0.978 0.76 0.967 1.18
Date x leaf x root x poll 2,68 0.999 0.04 0.989 0.38 0.965 1.23
Date x block 22,136 0.319 4.76%** 0.455 2.92%%% 0.613 1.71%

* P <0.05; ** P <0.01; #* P <0.001

Table 2 ANOVA showing the effects of leaf and root herbivory,
pollination, interactions, and block on above- and belowground bio-
mass at the end of the experiment

Source df Aboveground Belowground

biomass biomass

MS F MS F
Leaf herbivory 1 1.55 1.76 0.41 5.33*
Root herbivory 1 2.58 2,93 0.01 0.16
Pollination 1 0.45 0.05 0.02 0.28
Leaf x root 1 7.34 8.33%* 0.14 1.80
Leaf x pollination 1 1.63 1.85 0.00 0.06
Root x pollination 1 0.25 0.29 0.06 0.80
Leaf x root x poll 1 0.04 0.04 0.01 0.10
Block 11 2.79 3.17%* 0.09 1.23
Error 59 0.88 0.08

P P<0.1; * P<0.05 ** P <0.0l

with (1) natural pollination, 1.09 % 0.26, and (2) enhanced
pollination, 2.27 £ 0.46, Tukey HSD, « = 0.05,
P = 0.053; enhanced leaf herbivory with (1) natural

pollination, 1.40 £ 0.47, and (2) enhanced pollination,
1.24 £ 0.26, Tukey HSD, « = 0.05, P = 0.922). Bumble
bee probe duration was not affected by treatments,
although there was a trend for root herbivory to reduce total
bumble bee visits (Table 4).

Reproduction

Both number of fruit and average fruit weight were sig-
nificantly reduced by enhanced root herbivory, but unaf-
fected by leaf herbivory and pollination treatments.
Mirroring the effects on female flower production, plants
with enhanced root herbivory produced 38% fewer fruits
(Table 3, Fig. 2b) that were, on average, 25% lighter
(Table 3, Fig. 2c) compared to plants with natural levels of
root herbivory. Leaf herbivory increased the number of
seeds per fruit, while seeds per fruit was reduced by root
herbivory (Fig. 2d). Enhanced pollination had a marginally
significant positive effect on number of seeds per fruit, and
there was a significant pollination x root herbivory inter-
action such that hand pollination erased the negative effect
of root damage (Table 3) [mean + SE; natural pollination
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Table 3 ANOVA showing the effects of leaf and root herbivory, pollination, interactions, and block on reproduction-related variables

Source df  Number of female Number of fruits Average fruit Number of seeds Fruit set
flowers weight produced
MS F MS F MS F MS F MS F
Leaf herbivory 1 18.76 2.69 0.41 0.48 3170.04 0.88 872.99 4.62% 0.04 0.21
Root herbivory 1 33.04 4.74% 9.41 10.99%* 40355.27 11.18%%* 808.98 4.28%* 0.03 0.14
Pollination 1 22.48 3.23% 0.59 0.68 238.2 0.07 583.27 3.09* 0.22 1.06
Leaf x root 1 15.29 2.19 0.04 0.04 4745.15 1.32 246.82 1.31 085  4.14%
Leaf x pollination 1 19.33 2.77 1.46 1.71 734.43 0.20 32.13 0.17 0.05 0.26
Root x pollination 1 1.08 0.16 0.65 0.75 4108.03 1.14 1040.41 5.51% 0.31 1.5
Leaf x root x poll 1 11.31 1.62 0.11 0.13 4973.83 1.38 43.67 0.23 0.04 0.18
Block 11 17.02 2.44% 2.78 3.25%% 4513.83 1.25 327.28 1.73% 0.19 092
Error N 6.97 0.86 3608.04 188.82 0.21
P P<0.1;* P <005 % P <00l
 Error degrees of freedom: female flowers, 64; number of fruits, 64; weight, 60; seed production, 60; fruit set, 56
Fig. 2 Herbivory treatment 8 1 4 1
effects on total female flower a Root, P<0.05 b Roat, P<0.01
production (a), fruit production »
(b), fruit weight (c), and number g 6 - I 3
of seeds per fruit (d). Values are e} l 8 1
given as untransformed least o 2 I I
square means = 1 SE. See g ] ‘s I
Fig. 1 for herbivory treatment g 47 | I 5 2] I I
abbreviations kS I £ 1 I
5 =
Qo P4
£ 2 11
S
P4
0 0
300 - 50 1
c Root, P<0.01 d Leaf, P<0.05
Root, P<0.05
250 - =
1 I S 40 |
_ I I : < I | I
S 200 - i 8 | |
£ I 2 301
2 1 ] T
S 150 - 8 1
5 S 20
& 100 - g
£
50 4 zZ 10 4
0 NT L R L+R 0 NT L R L+R

Herbivory treatment

with (1) natural root herbivory, 38.96 + 3.25, and (2)
enhanced root herbivory, 24.01 £ 3.19, Tukey HSD,
o = 0.05, 0.016; enhanced pollination with (1) natural root
herbivory, 36.21 £ 3.03, and (2) enhanced root herbivory,
37.10 & 3.24, Tukey HSD, o = 0.05, P = 0.997]. There
were no main effects of enhanced leaf or root damage on
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fruit set, but the leaf x root herbivory interaction was
significant (Table 3). However, post-hoc tests revealed no
significant differences between different leaf and root
herbivory treatment combinations [mean £ SE; natural
root herbivory with (1) natural leaf herbivory, 0.53 £ 0.07,
and (2) enhanced leaf herbivory, 0.91 £ 0.13; enhanced
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Table 4 ANOVA showing effects of leaf and root herbivory, pollination, interactions, and block on pollinator visitation

Source df  Total visits HB visits BB visits HB probe duration BB probe duration

MS F MS F MS F df MS F df  MS F
Leaf herbivory 1 0.17  0.01 1.61  0.68 022 0.06 1 356.90  5.12% 1 0.63 0.12
Root herbivory 1 2569 205 033 0.14 1353 3.61°F 1 43627  6.25* 1 1.33 0.26
Pollination 1 2831 226 352 148 487 1.30 1 253 0.04 1 0.06 0.01
Leaf x Root 1 0.03  0.00 073 031 034  0.09 1 97.61 1.4 1 0.69 0.13
Leaf x Pollination 1 4446 3.55% 11.17  4.69* 1.97 0.52 1 270.03 387 1 14.41 2.78
Root x Pollination 1 18.91 1.51 272 1.14 14.11 3.76% 1 0.82 0.01 1 9.23 1.78
Leaf x Root x Poll 1 13.55  1.08 038 0.16 1524 4.06* 1 6.52  0.09 1 0.08 0.02
Block 11 3827  3.06%* 477  201* 124 331%* 11 128.12 1.84 11 13.11 2.53*
Error 61 12.53 2.37 3.75 25 69.77 53 5.18

HB Honey bee (Apis mellifera), BB bumble bee (Bombus spp.)
PP <0.1; % P <005 %% P <001

30
Leaf, P<0.05
Root, P<0.05
25 —

N
(=}
|
——t

Time per flower (s)
o
|

N
o
|
—
—

AT ] l
1

NT L R L+R
Herbivory treatment

Fig. 3 Herbivory treatment effects on honey bee probe duration per
flower. Values are given as the means &= 1 SE. See Fig. 1 for
herbivory treatment abbreviations

root herbivory with (1) natural leaf herbivory, 0.65 £ 0.09,
and (2) enhanced leaf herbivory, 0.53 £ 0.08, Tukey HSD,
o = 0.05, all P > 0.3].

Discussion

Herbivory reduced plant growth in our experiment, which
is hardly surprising. However, we found that above- and
belowground growth were mainly influenced by herbivores
on the opposite side of the soil surface. Enhanced root
damage by beetle larvae reduced the number of leaves and
had a marginally significant negative effect on total
aboveground biomass at the end of the growing season, but
it did not affect final root biomass. Correspondingly, early

leaf damage reduced final root biomass, but only affected
aboveground biomass when plants did not receive
enhanced root damage (Fig. 1b). It is possible this pattern
is due to a growth—defense tradeoff (Herms and Mattson
1992) wherein resources are allocated to defending the
portion of the plant under attack at a growth expense to
other plant parts. However, our evidence for a growth—
defense tradeoff is limited to the aboveground portion of
this experiment because root damage is extremely difficult
to measure. We might expect stronger reductions in both
above- and belowground biomass when leaf and root
damage are enhanced simultaneously, but this was not
observed. Under severe stress (such as combined root and
leaf attack), these plants may have a limit as to how much
resources they will reallocate away from growth. Quanti-
fication of chemical defenses in both root and leaf tissues
following attack would help address this question.
Early-season leaf damage was found to reduce the like-
lihood of leaf damage later in the season, consistent with
results from many previous studies (Karban and Baldwin
1997; Agrawal 1999) and suggesting that folivory induced a
defensive response. In spite of the economic importance of
cucurbits and their specialized cucumber beetle herbivores
(Metcalf and Metcalf 1992; USDA 2002), we are not aware
of other studies examining how cucumber beetle herbivory
affects subsequent resistance to beetle damage. This ques-
tion is particularly interesting because cucurbitacins, the
major defensive compound known in cucurbits, are phago-
stimulants to these herbivores (Chambliss and Jones 1966;
Metcalf et al. 1980). The induction of cucurbitacins in
cucumber has been demonstrated only in response to damage
by generalist spider mites, which increased resistance to later
mite attack (Agrawal et al. 1999). If cucumber beetle damage
also increased cucurbitacins, we would expect more sub-
sequent herbivory by cucumber beetles. That we found less
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damage suggests the mechanism of resistance in cucumbers
may differ between generalist and specialist induction, as has
been suggested previously for cucurbits (Tallamy and
Krischik 1989; Tallamy and McCloud 1991) or that damage
induces other defensive changes that affect cucumber beetles
more than increased levels of cucurbitacins.

Interestingly, leaf and root herbivory had opposite effects
on pollinator preference. Plants with enhanced leaf damage
received significantly shorter honey bee flower probes
(Fig. 2). This reduced attractiveness to pollinators following
folivory is consistent with results reported from numerous
previous studies (Strauss et al. 1996; Lehtild and Strauss
1997; Strauss and Armbruster 1997; Mothershead and Mar-
quis 2000; Hambéck 2001; reviewed in Adler 2008). The
effects of leaf herbivory on pollinator preference could be
mediated by flower size, since leaf herbivory reduced floral
display due to narrower petals on female flowers. Surpris-
ingly, honey bees spent significantly more time on plants with
enhanced root herbivory. To the best of our knowledge, the
effect of root herbivory on pollinators has only been exam-
ined in two other systems. One study found no effect of
cucumber beetle damage on pollinator behavior in butternut
squash (Hladun and Adler 2009). In the other system, results
were remarkably consistent with ours: root damage by
wireworms (Agriotes sp.) in wild mustard consistently
enhanced attraction of pollinators, which were primarily
honey bees (Poveda et al. 2003, 2005a). In both of these
studies, there was no effect of root damage on any measure of
floral size (Poveda et al. 2005b; Hladun and Adler 2009) or on
nectar production or anther length in wild mustard (Poveda
et al. 2005b). It is possible that root damage changed other
unmeasured attractiveness traits, such as floral scent or nectar
composition, which often affect pollinator behavior (Dobson
et al. 2005; Nicolson 2007). Although root herbivory altered
flower sex ratios by reducing female flower production, this is
unlikely to cause the observed changes in honey bee behavior
because female flowers are more rewarding than male flowers
(Collison 1973). In the confamilial C. moschata, bee flower
probes to female flowers were twice as long as those to male
flowers (K. Hladun and L. Adler, unpublished data). If this
pattern holds in cucumber, then we would expect the altered
sex ratio due to root damage to reduce rather than increase
probe duration. In our study, enhanced root herbivory also
had a tendency to reduce bumblebee visits, suggesting that
root herbivory may induce changes that affect closely related
pollinators differently. Further studies should examine
induced changes in floral traits, including scent and nectar
production, in response to root herbivory, and how different
pollinators may respond to induction.

Root herbivory had a greater effect than leaf herbivory on
reproduction. Plants with enhanced root damage produced
fewer female flowers (Fig. 3a). Despite the positive effects
of root herbivory on honey bee probe duration, root
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herbivory reduced fruit production, mean fruit weight, and
seed production (Fig. 3b—d). This contrasts with recent
findings in the confamilial C. moschata in which leaf her-
bivory by adult A. vittatum reduced reproduction more than
larval root damage (Hladun and Adler 2009). Under
enhanced root herbivory, seed production was pollen-lim-
ited, as shown by the significant interaction between the
hand-pollination and root herbivory treatments (Table 3,
Fig. 2d). This is surprising given the positive effect of root
herbivory on honey bee pollination behavior. However,
honey bees may be inefficient pollinators, especially com-
pared to bumble bees, which have been shown to visit more
flowers per unit time and deposit more pollen per flower visit
than honey bees (Stanghellini et al. 1997, 2002). Since root
herbivory tended to reduce the number of bumble bee visits,
this effect may outweigh any benefits of increased time spent
per flower by honey bees. Enhanced leaf damage unex-
pectedly caused greater seed production in spite of reducing
pollinator attraction. This may also be due to the poor effi-
ciency of honey bees as pollinators. Leaf herbivory treat-
ments reduced honey bee probe duration, so more efficient
bumble bees may have accounted for a greater proportion of
successful pollinations. If wild bumble bees are more effi-
cient pollinators than domestic honey bees, these results may
underscore the importance of healthy populations of native
pollinators that could help plants overcome limitations due to
antagonists (Strauss and Murch 2004).

In conclusion, while both above- and belowground
herbivory by A. vittatum affected cucumber plants, root
herbivory more consistently reduced reproductive mea-
sures, such as fruit production, fruit size, and seed pro-
duction. These results may have important implications not
only for our understanding of plant-herbivore interactions
in natural systems, but also for managed systems. In
agroecosystems, the importance of belowground herbivory
is recognized only when herbivores have dramatic impacts
(e.g., Ellis et al. 1999; Felkl et al. 2005; van Dam et al.
2005). However, when root damage is cryptic and does not
cause mortality, the impacts of root herbivory on yield may
still be substantial but go undetected.
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