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Insect mutualisms buffer warming effects on multiple trophic levels
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INTRODUCTION

heavy pressure from other herbivores (Styrsky and
Eubanks 2007, Moreira et al. 2012).
Ant abundance and composition are being altered by
warming (Pelini et al. 2011, Diamond et al. 2012), but
research regarding the responses of their aphid partners
and predation rates to warming has been ambiguous.
Several studies found that aphid fecundity or density
increases with temperature (Strathdee et al. 1995,
Holopainen and Kainulainen 2004). Others, however,
found decreased or unchanged density (Roy et al. 2004,
Adler et al. 2007), reduced adult survival (Ma et al.
2004), or increased time and resources dedicated to
avoiding heat stress (Ma and Ma 2012). Some studies
found that predation rates increase with temperature
(Jalali et al. 2009, Simonsen et al. 2009), whereas others
have found that attack rates for some predators peak
near ambient temperatures (Khan and Khan 2010) or
only increase with temperature when the prey are highly
mobile (Vucic-Pestic et al. 2011).
The objective of this study was to identify the direct,
indirect, and potential interactive effects of warming and
insect mutualisms on multiple trophic levels. In a fully
crossed design, we manipulated the presence of ants and
Chaitophorus populicola, an aphid that specializes on
Populus plants and is tended by ants, and warming (0–
5.58C) using potted P. tremuloides in open-top warming
chambers at Harvard Forest, Massachusetts, USA. We
monitored ant attendance of C. populicola, predator

Recent work suggests that species interactions can
have larger impacts than, and/or interactive effects with,
climatic changes on ecological communities (Rouifed et
al. 2010, Jochum et al. 2012, Shurin et al. 2012). The
responses of plants to climate change are shaped by their
interactions with other plants (e.g., Suttle et al. 2007),
herbivorous and mutualist insects (e.g., DeLucia et al.
2012), and even herbivore predators (e.g., Barton et al.
2009). However, the multi-trophic impacts of insect–
insect mutualisms on plants and arthropod communities
under warming remain unexplored.
Ant–aphid mutualisms are widespread and affect
competitive, predator–prey, and plant–herbivore interactions (Savage and Peterson 2007, Styrsky and
Eubanks 2007, Sanders and van Veen 2010). The
presence of ant–aphid mutualisms can yield reductions
in arthropod abundance and species richness (Wimp
and Whitham 2001, Styrsky and Eubanks 2007). In
some cases, host plants beneﬁt from the presence of ant–
hemipteran mutualisms, especially if they are under
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Abstract. Insect mutualisms can have disproportionately large impacts on local
arthropod and plant communities and their responses to climatic change. The objective of
this study was to determine if the presence of insect mutualisms affects host plant and
herbivore responses to warming. Using open-top warming chambers at Harvard Forest,
Massachusetts, USA, we manipulated temperature and presence of ants and Chaitophorus
populicola aphids on Populus tremuloides host plants and monitored ant attendance and
persistence of C. populicola, predator abundance, plant stress, and abundance of Myzus
persicae, a pest aphid that colonized plants during the experiment. We found that, regardless
of warming, C. populicola persistence was higher when tended by ants, and some ant species
increased aphid persistence more than others. Warming had negligible direct but strong
indirect effects on plant stress. Plant stress decreased with warming only when both ants and
C. populicola aphids were present and engaged in mutualism. Plant stress was increased by
warming-induced reductions in predator abundance and increases in M. persicae aphid
abundance. Altogether, these ﬁndings suggest that insect mutualisms could buffer the effects
of warming on specialist herbivores and plants, but when mutualisms are not intact, the direct
effects of warming on predators and generalist herbivores yield strong indirect effects of
warming on plants.
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abundance, C. populicola persistence, Myzus persicae (a
pest aphid that colonized the host plants during the
experiment) abundance, and P. tremuloides stress. In
addition to expecting direct aphid, predator, and host
plant responses to warming, we expected warming to
have strong indirect effects on aphids and host plants
mediated through predator responses to warming and
presence of C. populicola-tending ants. Ultimately, we
predicted that these indirect effects would yield significant interactions between warming and ant–C. populicola treatments on host plants. We modeled the direct
and indirect effects of warming and ant presence on
predators, both aphid species, and the host plant.
Finally, to test if plant responses to warming are shaped
differently by the presence of ant–aphid mutualisms, we
determined if there were signiﬁcant interactions between
warming and ant–C. populicola presence combinations
on host plant stress.
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METHODS
Study organisms.—Chaitophorus populicola is a specialist aphid found throughout North America that
feeds on poplar and cottonwood trees of the Populus
genus. It typically feeds on terminal shoots and is tended
by ants (Richards 1972). Myzus persicae is found
worldwide and feeds on a wide range of host plants. It
is a common agricultural pest due to its ability to
transmit plant viruses (Capinera 2001). Populus tremuloides, commonly known as trembling aspen, is a fastgrowing pioneer species that is broadly distributed
throughout North America (Burns and Honkala 1990).
Experimental design.—We transplanted 36 P. tremuloides saplings (47–103 cm tall) from a ;100-m2 area at
Harvard Forest, Massachusetts, USA into 40 cm
diameter pots in nearby open-top warming chambers.
These ;22-m3 warming chambers use continuous forced
air delivery to increase air temperature within them by
0–5.58C (see Pelini et al. [2011] for a full description).
Potted aspens were placed on the ground inside of the
warming chambers, where they were exposed to ambient
or 1.58, 2.58, 3.58, 4.58, or 5.58C above ambient air
conditions from June through August. Each chamber
contained four potted aspens, each being one of four
different ant–C. populicola combinations: A, aphids
present, ants absent; B, ants present, aphids absent; C,
ants and aphids present (intact mutualism); D, ants and
aphids absent. We excluded ants from the treatments A
and D by spreading a 6-cm band of Tanglefoot insect
barrier (The Tanglefoot Company, Grand Rapids,
Michigan, USA) directly onto P. tremuloides trunks.
Chaitophorus populicola aphids were collected from our
aspen collection site and added to (30 per aspen) the
treatments A and C at the beginning of the experiment.
During our semiweekly visual inspections of the plants,
ants were observed tending C. populicola on all C
treatment trees but were almost never present on B
treatment trees. No ants were observed on A or D
treatment (ant exclusion) trees. During the course of the
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experiment the pest aphid M. persicae colonized leaves
on many of our study aspens indiscriminately across
treatments, but ants were rarely observed interacting
with them. We watered the aspens throughout the study
period as necessary.
Data collection.—During semiweekly visual surveys,
we recorded the number of C. populicola, type and
number of predators (e.g., harvestmen, beetles, and
spiders), and species and number of ants tending C.
populicola. Using these data, we calculated C. populicola
population persistence time (i.e., the number of days an
aphid colony persisted on a single plant before dropping
off to avoid heat or predators [see Ma and Ma 2012])
and total predator abundance (cumulative for all
predators over the course of the experiment). For M.
persicae, we compared total leaf coverage of each plant
at the end of the experiment using a 0–5 scale (0 being
no M. persicae presence and 5 being near-complete leaf
coverage). At the end of the experiment, we assessed
plant performance using an Opti-Sciences OS-30P
Chlorophyll Fluorometer (Opti-Sciences, Hudson, New
Hampshire, USA) to assess plant stress by taking two
dark adapted Fv/Fm (variable ﬂuorescence divided by
maximum ﬂuorescence) values per leaf on three leaves
per plant. Fv/Fm is a widely used metric of plant stress
that represents the maximum potential efﬁciency of
photosystem II under current stress levels. Fv/Fm values
decrease with increasing plant stress.
Data analysis.—We used partial least squares path
modeling analysis to evaluate the main effects of and
interactions between warming, ant tending, and predator abundance on C. populicola persistence and M.
persicae abundance as well as the impact of the aphid
species’ persistence and abundance on overall plant
stress. We also used a linear mixed model to examine the
importance of ant species (random effect), warming
(ﬁxed effect), predator abundance (ﬁxed effect), and
their interactions on C. populicola persistence. Finally,
to determine if plant performance differed in the
presence of ant-aphid mutualisms vs. only one or neither
of the mutualistic partners and their interactions with
warming, we used ANCOVA followed by post hoc
linear models for each ant–aphid treatment to model Fv/
Fm as a function of ant–aphid combination, warming
(covariate), and the interaction between them. All
analyses were implemented in R version 2.15.2 (R
Development Core Team 2012).
RESULTS
Ants were observed attacking harvestmen, beetle, and
spider predators of C. populicola, and ant presence was
the dominant factor (see Table 1 for path coefﬁcients)
driving increases in C. populicola persistence (Fig. 1).
The species of ant tending a particular C. populicola
colony did not change over the course of the experiment.
Chaitophorus populicola colonies tended by Formica
subsericea ants, the most common attendants in this
study, had lower persistence than those tended by the
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TABLE 1. Standardized loadings coefﬁcients for direct, indirect, and total relationships between
model variables.
Relationships

Direct effects

Indirect effects

Total effects

Warming, predators
Warming, ant-tended aphid
Warming, pest aphid
Warming, host plant
Ant presence, predators
Ant presence, ant-tended aphid
Ant presence, pest aphid
Ant Presence, host plant
Predators, ant-tended aphid
Predators, pest aphid
Predators, host plant
Ant-tended aphid, pest aphid
Ant-tended aphid, host plant
Pest aphid, host plant

0.55
0.06
0.55
0.04
0.16
0.75
0.16
0.00
0.08
0.14
0.00
0.07
0.10
0.65

0.01
0.07
0.07
0.42
0.00
0.01
0.03
0.15
0.00
0.01
0.09
0.00
0.05
0.00

0.56
0.13
0.62
0.46
0.16
0.76
0.12
0.15
0.08
0.13
0.09
0.07
0.05
0.65

Note: The ant-tended aphid is Chaitophorus populicola, the pest aphid is Myzus persicae, and the
host plant is Populus tremuloides.

FIG. 1. Path analysis model. Each box
indicates a measured predictor or response
variable. Arrows indicate the hypothesized cause
and effect relationship between two variables,
and line width is scaled by the standardized
loading coefﬁcients for each connection for those
with coefﬁcients 0.10. Red lines indicate negative relationships, and black lines indicate positive relationships. Dashed lines indicate
relationships for which indirect effects were
stronger than direct effects. Coefﬁcients of
determination (R 2) are reported in boxes with
response variables. The ant-tended aphid is
Chaitophorus populicola, the pest aphid is Myzus
persicae, and the host plant is Populus tremuloides. Fv/Fm is variable ﬂuorescence divided by
maximum ﬂuorescence.

values than the other ant–C. populicola combinations
(Fig. 3).
DISCUSSION
Warming had strong direct effects on predator
abundance, which decreased with warming, and Myzus
persicae pest aphid abundance, which increased with
warming. However, species engaged in mutualistic
associations (ant-tended Chaitophorus populicola aphids)
were neither directly nor indirectly affected by warming.
Warming had negligible direct but strong indirect effects
on plant stress. Plant stress decreased with warming only
when both ants and C. populicola aphids were present
and engaged in mutualism. Plant stress was increased by
warming- induced reductions in predator abundance
and increases in M. persicae aphid abundance.
Overall, the presence of tending ants was the most
important driver of performance in C. populicola. As
found in other studies (e.g., Wimp and Whitham 2001,
Stewart-Jones et al. 2007, Herbert and Horn 2008), anttended colonies survived longer, likely because ants
protected the aphids from predators. In contrast to the
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other two ant species, Camponotus pennsylvanicus and
Lasius umbratus (F2,6 ¼ 16, P ¼ 0.004; Fig. 2), but
warming, predator abundance, and their interactions
with each other and species of ant tending had no
signiﬁcant effects on C. populicola persistence.
Ant presence decreased M. persicae abundance,
indirectly increasing host plant efﬁciency (Fv/Fm, which
decreases with increasing plant stress; see Table 1 for
path coefﬁcients). However, warming was the dominant
factor driving reductions in predator and increases in M.
persicae abundance. Consequently, warming indirectly
reduced host plant Fv/Fm (Table 1, Fig. 1).
Variation in host plant Fv/Fm was associated with
differences in ant–aphid combinations on plants (F3,24 ¼
5.8, P ¼ 0.004), warming (F1,24 ¼ 3.3, P ¼ 0.062), and
their interaction (F3,24 ¼ 2.4, P ¼ 0.058). More
speciﬁcally, Fv/Fm increased with warming when ant–
aphid mutualisms were intact, i.e., ants and C. populicola
were present (P , 0.001) but decreased when ants were
present but C. populicola were not (P , 0.001; Fig. 3).
Plants that lacked ants and C. populicola showed more
variability in their performance and had lower Fv/Fm
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FIG. 2. Chaitophorus populicola persistence (mean 6 SE) as
a function of species of ant-tending (Camponotus pennsylvanicus, Formica subsericea, and Lasius umbratus). Box plots show
the median (center line in box), 25% quartiles (top and bottom
of box), and the interquartile range (whiskers).

FIG. 3. Interaction plot of host plant (Populus tremuloides)
performance (Fv/Fm) with different ant–aphid (C. populicola)
combinations at different levels of warming. Lines are best-ﬁt
regression lines from the statistically signiﬁcant relationships (P
 0.05).

strong relationship between warming and abundance of
predators and the pest aphid M. persicae, warming had a
negligible impact on C. populicola persistence. Chaitophorus populicola colonies tended by F. subsericea did
not persist as long as those tended by C. pennsylvanicus
or L. alienus, implying that F. subsericea was less
effective at protecting the aphids from predators than
the other two species. These interspeciﬁc differences in
the impacts of ant tenders on aphid are likely to be
magniﬁed under warming, particularly because Camponotus spp. in the region studied here are declining (S. L.
Pelini, unpublished data).
For plants, the direct effects of warming were
negligible; rather, plant responses to warming were
mediated indirectly through C. populicola–ant mutualisms and M. persicae responses to warming and its
consequent reduction in predation. These top-down
cascading effects resulting from warming impacts on
higher trophic groups have been demonstrated in a
variety of aquatic and terrestrial systems (e.g., Barton et
al. 2009, Jochum et al. 2012, Shurin et al. 2012).
Altogether, these ﬁndings suggest that insect mutualisms
could buffer the effects of warming on specialist
herbivores and plants, but, when mutualisms are not
intact, the direct effects of warming on predators and
generalist herbivores yield strong indirect effects of
warming on plants.

Rutowski, J. Foy, A. Ellison, and two anonymous reviewers for
comments that improved earlier versions of the manuscript.

ACKNOWLEDGMENTS
We thank the Harvard Forest NSF LTER (DBI 10-03938),
and we acknowledge the U.S. DOE PER (DE-FG0208ER64510 to R. Dunn, A. Ellison, N. Gotelli, and N.
Sanders), and the NSF Graduate Fellowship (awarded to I.
Del Toro) programs for supporting this work. We also thank A.
Clark, N. Manyak, E. Oberg, M. Romero, M. Pelini, K. Towle,
and the Harvard Forest for technical support, and J. Fewell, R.

LITERATURE CITED
Adler, L. S., P. de Valpine, J. Harte, and J. Call. 2007. Effects
of long-term experimental warming on aphid density in the
ﬁeld. Journal of the Kansas Entomological Society 80:156–
168.
Barton, B. T., A. P. Beckerman, and O. J. Schmitz. 2009.
Climate warming strengthens indirect interactions in an oldﬁeld food web. Ecology 90:2346–2351.
Burns, R. M., and B. H. Honkala. 1990. Silvics of North
America. Volume 2. U.S. Department of Agriculture, Forest
Service, Washington, D.C., USA. http://www.na.fs.fed.us/
spfo/pubs/silvics_manual/volume_2/populus/tremuloides.
htm
Capinera, J. L. 2001. Green peach aphid (Myzus persicae).
University of Florida, Institute of Food and Agricultural
Sciences, Gainesville, Florida, USA. http://entnemdept.uﬂ.
edu/creatures/veg/aphid/green_peach_aphid.htm
DeLucia, E. H., P. D. Nabity, J. A. Zavala, and M. R.
Berenbaum. 2012. Climate change: resetting plant–insect
interactions. Plant Physiology 160:1677–1685.
Diamond, S. E., L. Nichols, N. McCoy, C. Hirsch, S. L. Pelini,
N. J. Sanders, A. M. Ellison, N. J. Gotelli, and R. R. Dunn.
2012. A physiological trait-based approach to predicting the
responses of species to experimental climate warming.
Ecology 93:2305–2312.
Herbert, J. J., and D. J. Horn. 2008. Effect of ant attendance by
Monomorium minimum (Buckley) (Hymenoptera: Formicidae) on predation and parasitism of the soybean aphid Aphis
glycines Matsumura (Hemiptera: Aphididae). Evironmental
Entomology 37:1258–1263.
Holopainen, J. K., and P. Kainulainen. 2004. Reproductive
capacity of the grey pine aphid and allocation response of
Scots pine seedlings across temperature gradients: a test of
hypotheses predicting outcomes of global warming. Canadian Journal of Forest Research 34:94–102.
Jalali, M., L. Tirry, and P. Clerq. 2009. Effect of temperature
on the functional response of Adalia bipunctata to Myzus
persicae. BioControl 55:261–269.

January 2014

INSECT MUTUALISMS BUFFER WARMING EFFECTS

secondary parasitoid community. Ecological Entomology
35:704–710.
Savage, A. M., and M. A. Peterson. 2007. Mutualism in a
community context: the positive feedback between an antaphid mutualism and a gall-making midge. Oecologia 151:
280–291.
Shurin, J. B., J. L. Clasen, H. S. Greig, P. Kratina, and P. L.
Thompson. 2012. Warming shifts top-down and bottom-up
control of pond food web structure and function. Philosophical Transactions of the Royal Society B 367:3008–3017.
Simonsen, M. L. R., A. Enkegaard, C. N. Bang, and L.
Sigsgaard. 2009. Temperature effect on the predation rate of
Anthocoris nemorum (Het.: Anthocoridae) on cabbage aphids
(Hom.: Aphididae). Journal of Applied Entomology 133:
198–200.
Stewart-Jones, A., T. W. Pope, J. D. Fitzgerald, and G. M.
Poppy. 2007. The effect of ant attendance on the success of
rosy apple aphid populations, natural enemy abundance and
apple damage in orchards. Agricultural and Forest Entomology 10:37–43.
Strathdee, A. T., J. S. Bale, F. C. Strathdee, W. C. Block, S. J.
Coulson, N. R. Webb, and I. D. Hodkinson. 1995. Climatic
severity and the response to temperature elevation of Arctic
aphids. Global Change Biology 1:23–28.
Styrsky, J. D., and M. D. Eubanks. 2007. Ecological
consequences of interactions between ants and honeydewproducing insects. Proceedings of the Royal Society B 274:
151–164.
Suttle, K. B., M. A. Thomsen, and M. E. Power. 2007. Species
interactions reverse grassland responses to changing climate.
Science 315:640–642.
Vucic-Pestic, O., R. B. Ehnes, B. C. Rall, and U. Brose. 2011.
Warming up the system: higher predator feeding rates but
lower energetic efﬁciencies. Global Change Biology 17:1301–
1310.
Wimp, G. M., and T. Whitham. 2001. Biodiversity consequences of predation and host plant hybridization on an
aphid–ant mutualism. Ecology 82:440–452.

Reports

Jochum, M., F. D. Schneider, T. P. Crowe, U. Brose, and E. J.
O’Gorman. 2012. Climate-induced changes in bottom-up and
top-down processes independently alter a marine ecosystem.
Philosophical Transactions of the Royal Society B 367:2962–
2970.
Khan, M. R., and M. R. Khan. 2010. The relationship between
temperature and the functional response of Coccinella
septempunctata (L.) (Coleoptera: Coccinellidae). Pakistan
Journal of Zoology 42:461–466.
Ma, C., B. Hau, and H. M. Poehling. 2004. The effect of heat
stress on the survival of the rose grain aphid, Metopolophium
dirhodum (Hemiptera: Aphididae). European Journal of
Entomology 101:327–332.
Ma, G., and C.-S. Ma. 2012. Climate warming may increase
aphids’ dropping probabilities in response to high temperatures. Journal of Insect Physiology 58:1456–1462.
Moreira, X., K. A. Mooney, R. Zas, and L. Sampedro. 2012.
Bottom-up effects of host-plant species diversity and topdown effects of ants interactively increase plant performance.
Proceedings of the Royal Society B 279:4464–4472.
Pelini, S. L., F. P. Bowles, A. M. Ellison, N. J. Gotelli, N. J.
Sanders, and R. R. Dunn. 2011. Heating up the forest: opentop chamber warming manipulation of arthropod communities at Harvard and Duke Forests. Methods in Ecology and
Evolution 2:534–540.
R Development Core Team. 2012. R version 2.15.2. R Project
for Statistical Computing, Vienna, Austria. www.r-project.
org
Richards, W. R. 1972. The Chaitophorinae of Canada
(Homoptera: Aphididae). Memoirs of the Entomological
Society of Canada 104:1–109.
Rouifed, S., I. T. Handa, J. F. David, and S. Hattenschwiler.
2010. The importance of biotic factors in predicting global
change effects on decomposition of temperate forest leaf
litter. Oecologia 163(1):247–256.
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