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Abstract: Assessments of the effects of invertebrate herbivores on high-altitude plants have seldom taken into
account both mutualistic and antagonistic interactions. To evaluate the effect of herbivores (antagonists) and
pollinators (mutualists) on the female reproductive success of the high-Andean perennial herb Alstroemeria
umbellata, we separately and simultaneously excluded aphids (herbivores), and bees and bumblebees (pollinators)
in a 2×2 factorial design. In flowers with pollinators excluded, aphids did not reduce seed set per flower (i.e., a
direct effect). However, in flowers exposed to pollinators, aphids reduced seed set by 1.7 times (i.e., a pollinator-
mediated indirect effect). Likewise, both types of animals exerted non-additive effects on maternal fecundity.
These results suggest a modulating role for herbivores on the selection pressures exerted by pollinators on
A. umbellata.
____________________________________________________________________________________________________________________________________
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Introduction

Plant biomass removal by herbivores is an important
selection pressure faced by plants (Hendrix, 1987;
Strauss and Zangerl, 2002; Danell and Bergström,
2002). Herbivores may modify plant survivorship and
reproductive success. Their action may have a
significant impact on the reproductive ecology of
plants by directly reducing seed production, or by
indirectly modifying floral attractiveness to pollinators,
which in turn may also reduce seed production (Hendrix,
1987; Herrera, 2000; Herrera et al., 2002; Strauss and
Zangerl, 2002; Danell and Bergström, 2002). The
combined action of herbivores and pollinators may
influence the ecology of plant reproduction and the
evolution of pollination-related traits (Karban and
Strauss, 1993; Armbruster, 1997). Herbivores can
modulate the nature, strength, and fitness consequences
of interactions between plants and pollinators through
their effects on plant and flower characteristics. Thus,
by modifying factors such as pollen quantity and
quality, and floral display, herbivores may change
plant attractiveness towards pollinators (Hendrix, 1987;
Herrera, 2000; Herrera et al., 2002; Strauss and Zangerl,
2002; Danell and Bergström, 2002). For instance,

Herrera (2000) and Herrera et al. (2002) proposed a
herbivore-dependent selection by pollinators based on
the non-additive effects exerted by pollinators and
herbivores on the fitness of the perennial herbs Paeonia
broteroi and Helleborus foetidus.

Plants growing at high altitudes have only a narrow
seasonal window available in which to interact with
mutualistic and antagonistic animals, exhibit
comparatively high pollinator dependency for seed
setting (Arroyo et al., 1982; Arroyo and Squeo, 1990),
and are exposed to low levels of herbivory (Kelly,
1998; Susuki, 1998; Scheidel et al., 2003). Hence,
herbivores and pollinators are likely to interact to
modulate the reproductive success of high altitude
plants. We address this question using a high
Andean perennial herb Alstroemeria umbellata
(Alstroemeriaceae); this species was selected because
it bears conspicuous protandrous flowers which may
be intensely infested by aphids. A factorial design in
which pollinators and aphids were excluded separately
and simultaneously was used in order to determine
possible direct and indirect effects of aphids on the
maternal fecundity of A. umbellata, and to determine
whether these effects are additive or non-additive.
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Methods

Study site and species

Fieldwork was carried out between late January and
late February 2004 near Valle Nevado in the Andes of
Central Chile (33º21’S; 70º16’W; 2800 m a.s.l.).
Alstroemeria umbellata is a perennial, rhizomatous,
cushion-type herb occurring between 2500 and
3000 m a.s.l. in the Southern Andes (Bayer, 1987).
Blooming and fruit-growing periods occur from
December to February. Its breeding system is unknown.
Pollinators are mainly hymenopterous insects, the
most common in the study site being the bumblebee,
Bombus dahlbomii (Apidae), and the bee, Megachile
semirufa (Megachilidae). The only herbivore detected
in the study site was Aphis alstroemeriae (Aphididae),
which was found on some individuals, mainly at the
base of the flowers.

Herbivore and pollinator exclusion experiments

In order to assess the combined and isolated effects of
pollinators and herbivores on the female reproductive
success of A. umbellata, 30 individual plant cushions
each composed of at least one individual plant were
selected at random. Inflorescences of A. umbellata
were either exposed to natural pollination, or they
were enclosed inside a tulle bag to prevent pollinator
access. Plants chosen had aphids either naturally present
or absent and did not differ in any other apparent way
(i.e. in size, height, colour, etc). Plants without aphids
were sprayed with a malathion-based systemic
insecticide during the blooming and fruit-growing
periods whereas aphid-infested plants were sprayed
with an equivalent amount of water. Approximately
the same number (n = 6) of inflorescences in each
cushion were marked with cream-coloured masking
tape hidden below the inflorescences at the beginning
of the experiment, and were re-examined just prior to
seed dispersal. These treatments were factorially
combined to give four combinations of plants:1) plants
with both pollinators and aphids excluded from flowers
and developing fruits; 2) plants with no aphids present
but exposed to pollinators; 3) plants with aphids present
and pollinators absent until seed production; and 4)
plants exposed to the action of both aphids and
pollinators (i.e. controls).

 Because some plants were destroyed by livestock,
a fully balanced design could not be obtained; thus,
256 individual flowers were excluded from both aphids
and pollinators, 232 flowers were excluded from aphids
but not pollinators, 171 flowers were excluded from
pollinators but not aphids, and 153 flowers were
exposed to both aphids and pollinators. The total
number of seeds per flower in each treatment was
determined at the end of the experiment. Because the

seed-distribution data were right-skewed, with
numerous flowers producing very few or no seeds,
comparisons among treatments were made using a
non-parameric two-way ANOVA (the Scheirer-Ray-
Hare extension of the Kruskal-Wallis test; Sokal and
Rohlf, 1998), and pairwise comparisons were made
with Tukey’s HSD test for unbalanced data. Analysis
was made by applying the Type III SS error because
this procedure is appropriate for testing hypotheses
with unbalanced data and for testing main effects in the
presence of interactions (Statistica software package
v. 6.0).

Petal biomass at the end of the experiment was
determined by severing the petals from all flowers in
each inflorescence, drying them (40°C, 72 h), and
weighing them.

Results

Nearly half of the plant cushions growing at the study
site had inflorescences infested by aphids. The number
of aphids per inflorescence was negatively correlated
with total petal biomass of inflorescences (rs= -0.441,
P = 0.015, n = 30).

Seed set was 4.5-fold higher when pollinators
were present in plants exposed to herbivores (Tukey
HSD test, P << 0.001, Fig. 1). When herbivores were
excluded, seed set was 4.0-fold higher in the presence
of pollinators (P << 0.001, Fig. 1).

Aphids did not reduce seed set significantly in
those plants excluded from pollinators (i.e., a direct
effect) (P = 0.708, Fig. 1), but in the presence of
pollinators, seed set was reduced significantly by
herbivores (i.e., an indirect pollinator-mediated effect)
(P << 0.001, Fig. 1).

Figure 1. Effect of aphids and pollinators on the reproductive
success (mean ± SE number of seed set per fruit) of the alpine
plant Alstroemeria umbellata. Different letters above means
represent significant differences (Tukey HSD test).
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Flowers excluded from aphids, but with pollinators
present, produced significantly more seeds per fruit
than flowers excluded from pollinators and with aphids
present (P << 0.001, Fig. 1). In contrast, flowers
excluded from both aphids and pollinators produced
significantly fewer seeds per fruit than flowers exposed
to both pollinators and aphids (P << 0.001, Fig. 1).

Our results show that both aphids and pollinators
elicited a significant impact on the female reproductive
success of A. umbellata (Table 1). Furthermore, there
was a statistical interaction between aphids and
pollinators, (i.e., a non-additive effect) (Table 1),
demonstrating a modulating role for herbivores on the
selection pressures exerted by pollinators on
A. umbellata.

Discussion

Our study shows that herbivory by aphids had a
negative effect on the reproductive success of the
alpine plant A. umbellata, by lowering seed set in the
presence of pollinators, but not in their absence. Self-
pollination is not an uncommon phenomenon in the
genus Alstroemeria (Souto et al., 2002) and explains
the low level of seed set in plants with pollinators
excluded. This pollinator-mediated indirect effect
detected may have been the result of lower attractiveness
of flowers due to a reduction in their biomass in
response to aphid infestation. Thus, differences in
floral attractiveness to pollinators triggered by
herbivores have been shown to strongly influence
female reproductive success of some  hermaphroditic
plants (Krupnick and Weiss, 1999; Krupnick et al.,
1999).

Even though plants growing at high altitudes have
fewer oportunities to interact with herbivores than
those at low altitudes (Kelly, 1998; Susuki, 1998;
Scheidel et al., 2003), the negative effect of aphids
reported in this paper points to the importance of
considering the consequences of mutualistic and
antagonistic plant-animal relationships in high
mountain environments. Even though the ultimate
mechanisms accounting for such relationships remain

Table 1. Results of a  non-parameric two-way ANOVA (the
Scheirer-Ray-Hare extension of the Kruskal-Wallis test) testing
the effects of aphids and pollinators on female reproductive
success of the alpine plant Alstroemeria umbellata.
_______________________________________________________________

Source df SS MS H P
_______________________________________________________________

Aphids 1 734402 734402 19.14 <0.001
Pollinators 1 4655606 4655606 121.38 <0.001
Aphids x Pollinators 1 321395 321395 8.38 <0.02
Error 808 24703150 30573
_______________________________________________________________

to be determined, our report highlights the occurrence
of a possible pathway for correlational selection on
mutualistic- and antagonistic-linked traits in plants,
even in high altitude environments.

Acknowledgements

We are indebted to Nancy Cabezas, Leslie Calderón,
Cecilia Fernández, and Cristian Romero for invaluable
help in the field, and to Alejandra Troncoso for statistical
advice. This work was partly funded by Fundación
para la Innovación Agraria (FIA PI-C-2002-1-A-001).
We thank three anonymous referees for comments on
a previous version of the manuscript.

References

Armbruster, W.S. 1997. Exaptations link evolution of
plant-herbivore and plant-pollinator interactions:
a phylogenetic inquiry. Ecology 78: 1661-1672.

Arroyo, M.T.K., Primack, R., Armesto, J.J. 1982.
Community studies in pollination ecology in the
high temperate Andes of central Chile. I.
Pollination mechanisms and altitudinal variation.
American Journal of Botany 69: 82-97.

Arroyo, M.T.K.; Squeo, F.A. 1990. Relationships
between plant breeding systems and pollination.
In: Kawano, S. (Editor), Biological approaches
and evolutionary trends in plants, pp: 205-227.
Academic Press, New York.

Bayer, E. 1987. Die Gattung Alstroemeria in Chile.
Mitteilungen der Botanischen Staatssammlung
München 24: 1-362.

Danell, K.; Bergström, R. 2002. Mammalian herbivory
in terrestrial environments. In: Herrera, C.M.,
Pellmyr, O. (Editors), Plant-animal interactions,
an evolutionary approach, pp: 107-131. Blackwell
Science. Oxford, UK.

Hendrix, S.D. 1987. Herbivory and its impact on plant
reproduction. In: Lovett-Doust, J.; Lovett-Doust,
L. (Editors) Plant reproductive ecology, patterns
and strategies, pp: 246-263. Oxford University
Press, Oxford, U.K.

Herrera, C.M. 2000. Measuring the effects of pollinators
and herbivores: evidence for non-additivity in a
perennial herb. Ecology 81: 2170-2176.

Herrera, C.M.; Medrano, M.; Rey, P.J.; Sánchez-
Lafuente, A.M.; García, M.B.; Gutián, J.;
Manzaneda, A.J. 2002. Interactions of pollinators
and herbivores on plant fitness suggests a pathway
for correlated evolution of mutualism- and
antagonism-related traits. Proceedings of the
National Academy of Science, USA 99: 16823-
16828.



324 NEW ZEALAND JOURNAL OF ECOLOGY, VOL. 29, NO. 2, 2005

Karban, R.; Strauss, S.Y. 1993. Effect of herbivores on
growth and reproduction of their perennial host,
Erigeron glaucus. Ecology 74: 39-46.

Kelly, C.A. 1998.  Effects of life history and insect
herbivores on reproduction of Solidago
macrophylla (Asteraceae) on an elevational
gradient. American Midland Naturalist 139: 243-
254.

Krupnick, G.A.; Weis, A.E. 1999. The effect of floral
herbivory on male and female reproductive success
in Isomeris arborea. Ecology 80: 135-149.

Krupnick, G.A.; Weis, A.E.; Campbell, D.R. 1999.
The consequences of floral herbivory for pollinator
service to Isomeris arborea. Ecology 80: 125-
134.

Scheidel, U.; Röhl, S.; Bruelheide, H. 2003. Altitudinal
gradients of generalist and specialist herbivory on
three montane Asteraceae. Acta Oecologica 24:
275-283.

Sokal, R.R.; Rohlf, F.J. 1998. Biometry. 3rd ed. W. H.

Freeman and Company, New York.
Souto, C.P.; Aizen, M.A.; Premoli, A.C. 2002. Effects

of crossing distance and genetic relatedness on
pollen performance in Alstroemeria aurea
(Alstroemeriaceae). American Journal of Botany
89: 427-432.

Statistica software package v 6.0; see also http://
afni.nimh.nih.gov/sscc/gangc/SS.html.

Strauss, S.Y.; Zangerl, A.R. 2002. Plant-insect
interactions in terestrial ecosystems. In: Herrera,
C.M., Pellmyr, O. (editors), Plant-animal
interactions, an evolutionary approach, pp: 77-
106. Blackwell Science. Oxford, U.K.

Susuki, S. 1998. Leaf phenology changes in leaf
quality and herbivory pattern on Sanguisorba
tenuifolia at different altitudes. Oecologia 117:
169-176.

Editorial Board member: Mike Winterbourn



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


