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ORIGINAL ARTICLE

Leaf temperature of soybean grown under elevated
CO2 increases Aphis glycines (Hemiptera: Aphididae)
population growth
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Abstract Plants grown under elevated carbon dioxide (CO2) experience physiological
changes that influence their suitability as food for insects. To determine the effects of
living on soybean (Glycine max Linnaeus) grown under elevated CO2, population growth
of the soybean aphid (Aphis glycines Matsumura) was determined at the SoyFACE research
site at the University of Illinois, Urbana-Champaign, Illinois, USA, grown under elevated
(550 μL/L) and ambient (370 μL/L) levels of CO2. Growth of aphid populations under
elevated CO2 was significantly greater after 1 week, with populations attaining twice
the size of those on plants grown under ambient levels of CO2. Soybean leaves grown
under elevated levels of CO2 were previously demonstrated at SoyFACE to have increased
leaf temperature caused by reduced stomatal conductance. To separate the increased leaf
temperature from other effects of elevated CO2, air temperature was lowered while the CO2

level was increased, which lowered overall leaf temperatures to those measured for leaves
grown under ambient levels of CO2. Aphid population growth on plants grown under
elevated CO2 and reduced air temperature was not significantly greater than on plants
grown under ambient levels of CO2. By increasing Glycine max leaf temperature, elevated
CO2 may increase populations of Aphis glycines and their impact on crop productivity.
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Introduction

Atmospheric carbon dioxide (CO2) levels have risen
steadily since the start of the Industrial Revolution,
from 280 μL/L to 386 μL/L today (IPCC, 2007). This
concentration is predicted to double within the next
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100 years (Ehhalt et al., 2001). While elevated CO2

stimulates photosynthesis and results in increased pro-
ductivity in C4 plants (Curtis & Wang, 1998), the
indirect effects on interactions with herbivores vary
greatly.

Multiple studies with lepidopteran herbivores have
shown delayed larval development (Reddy et al., 2004;
Gang et al., 2007) and higher mortality (Agrell et al.,
2000, Knepp et al., 2007) when feeding on plants grown
under elevated CO2. However, several studies have doc-
umented that coleopterans and hemipterans experience
increased survivorship (Xing et al., 2003; Gao et al.,
2008) and fecundity (Chen et al., 2004, 2006; O’Neill
et al., 2008). The causative factor for these changes differs
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depending on which plant species the insects are feeding
upon.

One of the most recent pest species found on soybean
in the USA is the soybean aphid, Aphis glycines Mat-
sumura (Venette & Ragsdale, 2004). A native of Asia,
A. glycines was first documented in the USA in July 2000
(Ragsdale et al., 2004). It has spread throughout the USA’s
Midwest and is one of the few pests that consistently
has an economic impact on soybean (Glycine max) yield
(Ragsdale et al., 2007). Aphis glycines are ectotherms and
their physiological functions are dependent on the temper-
ature of their environment (McCornack et al., 2004). Mc-
Cornack et al. (2004) showed that soybean aphid growth
and reproduction changes dramatically depending on leaf
temperature.

Aphid populations were surveyed at the SoyFACE
research site at the University of Illinois, Urbana-
Champaign and populations were larger on soybeans
grown under elevated CO2 conditions than on soybeans
grown under ambient CO2 conditions (Dermody et al.,
2008). Glycine max plants grown under elevated CO2

have increased leaf area, increased C : N ratio, and higher
amounts of leaf sugars (Ainsworth et al., 2007). They also
have decreased evapotranspiration, which increases leaf
temperatures (up to 2◦C), due to reduced stomatal con-
ductance (Bernacchi et al., 2007), and as stated above,
temperature is one of the most important factors for ec-
totherm growth.

In this study we examined the effects of living on soy-
bean exposed to elevated CO2 atmospheres on A. glycines
population growth. As stated, one of the most important
factors for ectotherm growth is temperature. For small-
bodied aphid species, such as A. glycines, one of the most
important of these factors is the temperature of the leaves
they live upon for their entire lives. As higher leaf tem-
peratures were previously measured for soybean grown
under elevated CO2 atmospheres (Bernacchi et al., 2007),
we hypothesized that A. glycines population growth would
increase on plants grown under elevated CO2 as the result
of changes in leaf temperature. To test this hypothesis,
we manipulated air temperature in the elevated CO2 treat-
ment to nullify the resultant increased leaf temperature on
aphid population growth.

Materials and methods

Aphis glycines population growth on FACE plants

All field studies were done during July and August
2005 at the soybean free air gas concentration enrich-
ment (SoyFACE) research site at the University of Illinois,

Urbana-Champaign, USA. SoyFACE is an open Free Air
gas Concentration Enrichment system that exposes large
field plots of G. max to elevated levels of CO2 (Long et al.,
2004). Glycine max plants were grown under ambient
(384 μL/L CO2) and elevated CO2 (550 μL/L) atmo-
spheres at the SoyFACE site. The G. max cultivar used
was Pioneer 93B15. Treatment plots covered 350 m2, had
a diameter of 20 m, and were at least 100 m from any
other plot. The SoyFACE plots were designed in a ran-
domized block with each treatment replicated four times.
CO2 concentration at all of the plots in the site was mea-
sured with an infrared gas analyzer (Model SBA-1, PP
Systems, Hitchin, UK). As the entire field site is open to
the elements, air temperature, day length and rainfall were
the same for both treatments.

Ten soybean plants were chosen in each atmospheric
treatment plot for a total of 40 plants per treatment. Fifty
wingless adult A. glycines were confined on one leaf on
each plant with fine mesh (size 30) at the R4 growth stage.
The R4 stage was chosen as this was the plant stage that
coincided most often with the period of aphid peak pop-
ulation growth at the SoyFACE research site (end of July,
early August). Populations were undisturbed for 1 week.
At the end of the week, leaves within bags were cut and
placed at −80◦C until aphids could be counted. Popula-
tion growth of only 1 week was counted as A. glycines
can easily double their populations in that period and we
were concerned that if we left them longer they would
become overcrowded and switch to producing only alates
(Wang et al., 1962). Population growth, estimated from
the final counts in the two treatments minus the size of
the original population placed on each leaf, were ana-
lyzed by a one-way analysis of variance (ANOVA) with
treatment as the independent variable (SPSS 9.0: SPSS
Inc., Chicago, IL, USA). Results at the 0.05 level were
considered significant, and as there were only two treat-
ments, use of post-hoc tests was unnecessary. Air temper-
atures were recorded at the SoyFACE site for the week
of the experiment with a humidity and temperature probe
(Vaisala INTERCAP HMP50 SecondWind, Somerville,
MA, USA) attached to a data logger (Campbell CR23X
logger: Campbell Scientific, Inc., Logan, UT, USA). Leaf
temperatures in the ambient and elevated carbon dioxide
atmospheric research plots were previously reported by
Bernacchi et al. (2007).

Aphis glycines population growth under elevated CO2

conditions with controlled temperatures

Growth chamber studies were done in environmen-
tal growth chambers during spring 2008 to isolate the
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Fig. 1 Aphis glycines population growth on Glycine max grown
under ambient and elevated levels of CO2. Mean ± standard
deviation air temperature for the week of the experiment was
23.878 ± 4.759◦C. Black bars = A. glycines population growth
on G. max grown under ambient levels of CO2; grey bars =
A. glycines population growth on G. max grown under elevated
levels of CO2.

potential effects of elevated temperature caused by stom-
atal closure, one of the indirect effects of CO2, on aphid
population growth rate. Chambers were built of an alu-
minium frame and walls made of clear cellulose acetate
(Maherali & DeLucia, 2000). Glycine max were grown
under ambient (400 μL/L CO2) and elevated CO2 (700
μL/L) atmospheres. Seeds of Pioneer 93B15 were planted
in Sunshine R© LC1 soil growth mix (SunGro Horticul-
ture, Vancouver, BC, Canada) and watered every other
day. Watering schedule and day length were the same for
both treatments with watering every other morning and
a combination of natural light and halogen lamps in the
greenhouse with a day length of 14 h.

Air temperature was manipulated in the elevated CO2

treatment to nullify the increased leaf temperature from re-
duced stomatal conductance that results from growth un-
der elevated CO2 conditions. Air temperature was main-
tained at 25◦C in all chambers while plants were growing
before the experiment started. To manipulate leaf temper-
ature, all ambient CO2 chambers were maintained at 27◦C,
for the duration of the experiment only, and all elevated
CO2 chambers were maintained at 25◦C. Leaf tempera-
tures were measured daily for each plant with a digital
thermocouple (6400-04 leaf temperature thermocouple,
Li-Cor, Lincoln, NE, USA, with HH506R thermometer,
Omega Engineering, Inc., Stamford, CT, USA) attached
to a data logger (21X micrologger; Campbell Scientific,
Logan, UT, USA) to confirm that temperature ranges were
equal in both atmospheric treatments. Individual chamber
temperatures were raised or lowered if the range in that
chamber deviated from the desired range. Twenty plants
were grown under each atmospheric treatment, with five

plants in each of two chambers. Aphids were confined
on plants at the R4 growth stage after 5 weeks of growth
(McWilliams et al., 2004). Fifty A. glycines were placed
on one leaf on each plant and the same protocol used for
measuring population growth at SoyFACE was followed.
Populations were undisturbed for 1 week. At the end of
the week, leaves with bags were cut and placed at −80◦C,
until aphids could be counted and differences in popula-
tion growth counts (estimated the same as for the counts
for aphids on the FACE plants) were analyzed by a one-
way ANOVA with treatment as the independent variable.
Again, results at the 0.05 level were considered signifi-
cant, with the use of post-hoc tests considered unneces-
sary as there were only two treatments. Leaf temperatures
were analyzed by a one-way ANOVA with treatment as
the independent variable (SPSS 9.0).

Aphis glycines individuals for all experiments (field
and growth chamber) were obtained from a campus lab-
oratory colony. First instar nymphs were collected from
Champaign County in Illinois and reared on the William
82 soybean cultivar in an environmental growth chamber
(Wille & Hartman, 2009).

Results

Aphis glycines population growth on FACE plants

Aphid population growth in the field in the elevated
CO2 treatment was significantly greater than population
growth in the ambient treatment (elevated CO2 growth
805 ± 92 individuals; ambient CO2 growth 464 ±
66 individuals; df = 1,75; F = 9.011; P = 0.004)
(Fig. 1). Mean ± standard deviation (SD) air temperature
for the week of the experiment was 23.9 ± 4.8◦C. Mean ±
SD mid-day (hours 12:00–2:00 PM when the sun is at its
zenith) leaf temperatures for the week of the experiment
were 31.0 ± 5.4◦C for soybeans grown under elevated
CO2 conditions and 30.3 ± 4.9◦C for soybeans grown
under ambient levels of CO2 (Bernacchi et al., 2007).

Aphis glycines population growth under elevated CO2

conditions and controlled temperatures

Mean leaf temperatures at the start of the exper-
iment were 22.6 ± 1.7◦C for ambient leaves and
24.8 ± 1.8◦C for elevated CO2 leaves when the air
temperature was the same in the two treatments. Prior
to putting aphids on leaves, air temperature in the
ambient CO2 chambers was raised and resulting leaf
temperatures in the greenhouse chambers were not signif-
icantly different between the two CO2 treatments (week
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Fig. 2 Temperatures experienced by Glycine max grown under
ambient and elevated levels of CO2 and artificially controlled
air temperatures. Air temperature is plotted on the left side of
the graph (ANOVA, df = 1,38; F = 3.626; P = 0.115) while
corresponding leaf temperature is plotted on the right side of the
graph (ANOVA, df = 1,38; F = 0.012; P = 0.914). Black
bars = chambers/plant grown under ambient levels of CO2; grey
bars = chambers/plants grown under elevated levels of CO2.

mean leaf temperature in the ambient CO2 chambers =
19.63 ± 1.71◦C; week mean leaf temperature in the ele-
vated CO2 chambers = 19.69 ± 1.73◦C; df = 1,38; F =
0.012, P = 0.914) (Fig. 2). While these temperatures
were lower than we had intended, they are with in the
optimal temperature range for A. glycines (McCornack
et al., 2004). Aphid population growth in the greenhouse
chambers was not significantly different between the two
treatments when the chambers were maintained at differ-
ent air temperatures (df = 1,38; F = 0.298, P = 0.589)
(Fig. 3).

Discussion

Population growth of A. glycines increased on soybeans
grown under elevated CO2 (Fig. 1). By removing the in-
crease in leaf temperature from the other effects of el-
evated CO2, we were able to reduce aphid population
growth to the level seen on plants grown under ambient
levels of CO2 (Figs. 2 and 3). This finding suggests that
the increase in aphid productivity seen on plants grown
under elevated CO2 is mainly the result of the increased
leaf temperature of these plants, although other indirect
effects of elevated CO2, such as increased amounts of car-
bohydrates in the plant and effects directly on the insect
may also be important.

Life history attributes of herbivores, such as longevity
and fecundity, are extremely important in predicting fu-

ture impacts of global atmospheric change on agriculture.
Aphis glycines on soybean plants reproduce clonally, pro-
ducing apterae (wingless) and alate (winged) nymphs, de-
pending on the extent of crowding (Ragsdale et al., 2004).
Individuals can live for roughly 1 month, maturing from a
nymph to an adult capable of producing offspring within
1 week (Hong et al., 2010). This maturation process de-
pends a great deal on ambient temperature, with even
small temperature increases, such as the one degree dif-
ference measured at SoyFACE, speeding up development
of A. glycines (Hirano et al., 1996). Populations can re-
produce rapidly on soybean plants; 15 generations/season
was measured in China and presumably growth is similar
in the USA (Wang et al., 1962). This rapid population
growth is facilitated by adults being able to produce two
or three nymphs each day (Hong et al., 2010). While
we only measured population growth after a 1-week in-
terval, this period is sufficient for accurate population
monitoring, and is the period of time commonly used for
assessing future population growth (Desneux et al., 2006;
Costamagna et al., 2010). Population sizes of A. glycines
on one leaf after this 1-week period may also cause signif-
icant crowding, leading to nutritional stress and increased
production of winged alates and migration, both of which
may give an inaccurate estimate of population dynam-
ics and future growth (Hodgson et al., 2005). Increased
population growth under elevated CO2 conditions will
potentially lead to higher herbivore loads on each plant,
and increased dispersal throughout the field as larger

Fig. 3 Aphis glycines population growth on Glycine max grown
under ambient and elevated levels of CO2 under artificially con-
trolled conditions (ANOVA, df = 1,38; F = 0.298; P = 0.589).
Air temperature was maintained at 25◦C for chambers with el-
evated levels of CO2 and was maintained at 27◦C for chambers
with ambient levels of CO2. Black bars = A. glycines popula-
tion growth on G. max grown under ambient levels of CO2; grey
bars = A. glycines population growth on G. max grown under
elevated levels of CO2.
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populations lead to crowding and increased production
of alate nymphs (Ragsdale et al., 2004).

Aphids are phloem feeders which are nitrogen-limited
(Dixon, 1998). Levels of various nutrients in soybeans
grown under elevated CO2 have been previously mea-
sured at the SoyFACE site. Quercetin, a powerful flavonol
antioxidant that may promote increased longevity, is sig-
nificantly increased in foliage grown under elevated CO2

during the time period of aphid peak population growth,
but is not significantly increased in the phloem (O’Neill
et al., 2010). Nitrogen is significantly decreased in foliage
grown under elevated levels of CO2, increasing the C : N
in those plants (Dermody et al., 2008), but more so in July
than in August (Hamilton et al., 2005). In fact, levels of
the 17 amino acids available in soybean phloem are not
significantly different in plants grown under ambient or
elevated levels of CO2 at SoyFACE during late July and
early August (B.F. O’Neill, A.R. Zangerl, E.H. DeLucia,
and M.R. Berenbaum, unpubl. data). As there are very
few (or none depending on the year) significant differ-
ences in nutrient levels in soybean plants during peak
aphid population growth, the increased temperature of
soybean foliage grown under elevated levels of CO2 is the
most likely cause of increased aphid population growth
during this period (Bernacchi et al., 2007; Dermody et al.,
2008).

Aphids move into soybean fields fairly early in the sum-
mer and build slowly with increasing temperatures until
their populations peak at the end of July and beginning of
August (Ragsdale et al., 2004). The increased tempera-
ture of plants grown under elevated CO2 may allow aphid
populations to build faster, and peak earlier in the season.
Aphids typically peak at the end of pod fill (at the end
of seed case development when the seeds themselves are
starting to develop [Fehr et al., 1971]). Peaking earlier in
the season with faster population growth rates, resulting
from higher leaf temperatures, may lead to large faster-
growing aphid populations at the start of pod fill instead
of at the end, and a resulting increased period of potential
economic injury (Ragsdale et al., 2007). Even if these
populations decrease rapidly, the earlier timing of the po-
tential aphid infestation may damage soybean plants at a
crucial point for yield determination (Myers et al., 2005;
Beckendorf et al., 2008). This change will potentially af-
fect soybean yield to an even greater extent than the yield
reductions currently produced by aphids, as earlier large
infestations may result in higher levels of yield loss in the
USA (Catangui et al., 2009).

Plants grown under elevated CO2 conditions are no
longer CO2-limited during photosynthesis (Ainsworth &
Long, 2005) and reducing water loss is a higher priority
(Bernacchi et al., 2007). Stomata will close more often,

increasing leaf temperature (Kana & Vass, 2008). Also
under elevated CO2 conditions, A. glycines population
growth is enhanced, at least partially due to these elevated
leaf temperatures. This enhancement of A. glycines pop-
ulation growth suggests that yield reduction of soybean
resulting from A. glycines feeding may in the future be-
come more severe as a consequence of global changes.

Acknowledgments

We thank Glen Hartman and Curt Hill for maintaining the
A. glycines laboratory colony in the Department of Crop
Sciences, UIUC. The SoyFACE experiment is supported
by the Illinois Council for Food and Agricultural Research
(C-FAR), Archer Daniels Midland Co., and USDA-ARS.
This research was supported in part by grants from the
U.S. Department of Energy (No. DE-FG02-04ER63489),
and by USDA grant #2002-02723.

References

Agrell, J., McDonald, E.P. and Lindroth, R.L. (2000) Effects of
CO2 and light on tree phytochemistry and insect performance.
Oikos, 88, 259–272.

Ainsworth, E.A. and Long, S.P. (2005) What have we learned
from 15 years of free-air CO2 enrichment (FACE)? A meta-
analytic review of the responses of photosynthesis, canopy
properties and plant production to rising CO2. New Phytolo-
gist, 165, 351–371.

Ainsworth, E.A., Rogers, A., Leakey, A.D.B., Heady, L.E., Gi-
bon, Y., Stitt, M. and Schurr, U. (2007) Does elevated atmo-
spheric [CO2] alter diurnal C uptake and the balance of C and
N metabolites in growing and fully expanded soybean leaves?
Journal of Experimental Botany, 58, 579–591.

Beckendorf, E.A., Catangui, M.A. and Riedell, W.E. (2008) Soy-
bean aphid feeding injury and soybean yield, yield compo-
nents, and seed composition. Agronomy Journal, 100, 237–
246.

Bernacchi, C.J., Kimball, B.A., Quarles, D.R., Long, S.P. and
Ort, D.R. (2007) Decreases in stomatal conductance of soy-
bean under open-air elevation of [CO2] are closely coupled
with decreases in ecosystem evapotranspiration. Plant Phys-
iology, 143, 134–144.

Catangui, M.A., Beckendorf, E.A. and Riedell, W.E. (2009) Soy-
bean aphid population dynamics, soybean yield loss, and de-
velopment of stage-specific economic injury levels. Agron-
omy Journal, 101, 1080–1092.

Chen, F.J., Wu, G. and Ge, F. (2006) Responses of spring wheat
to elevated CO2 and their effects on Sitobion avenae aphid
growth, development and reproduction. Chinese Journal of
Applied Ecology, 17, 91–96.

C© 2011 The Authors
Journal compilation C© Institute of Zoology, Chinese Academy of Sciences, Insect Science, 00, 1–7



6 B. F. O’Neill et al.

Chen, F.J., Wu, G. and Ge, F. (2004) Impacts of elevated CO2 on
the population abundance and reproductive activity of aphid
Sitobion avenae Fabricius feeding on spring wheat. Journal
of Applied Entomology, 128, 723–730.

Costamagna, A.C., McCornack, B.P., Ragsdale, D.W. and Lan-
dis, D.A. (2010) Development and validation of node-based
sample units for estimating soybean aphid (Hemiptera: Aphi-
didae) densities in field cage experiments. Journal of Eco-
nomic Entomology, 103, 1483–1492.

Curtis, P.S. and Wang, X. (1998) A meta-analysis of elevated
CO2 effects of woody plant mass, form, and physiology. Oe-
cologia, 113, 299–313.

Dermody, O.C., O’Neill, B.F., Zangerl, A.R., Berenbaum, M.R.
and DeLucia, E.H. (2008) Effects of elevated CO2 and O3 on
leaf damage and insect abundance in a soybean agroecosys-
tem. Arthropod–Plant Interactions, 2, 125–135.

Desneux, N., O’Neil, R.J. and Yoo, H.J.S. (2006) Suppression
of population growth of the soybean aphid, Aphis glycines
Matsumura, by predators: The identification of a key predator
and the effects of prey dispersion, predator abundance, and
temperature. Environmental Entomology, 35, 1342–1349.

Dixon, A.F.G. (1998) Aphid Ecology. Chapman & Hall, London.
300 pp.

Ehhalt, D., Prather, M., Dentener, F., Derwent, R., Dlugokencky,
E., Holland, E., Isaksen, I., Katima, J., Kirchhoff, V., Matson,
P., Midgley, P., Wang, M., Berntsen, T., Bey, T., Brasseur, G.,
Buja, L., Collins, W.J., Daniel, J., DeMore, W.B., Derek, N.,
Dickerson, R., Etheridge, D., Feichter, J., Fraser, P., Friedl,
R., Fuglestvedt, J., Gauss, M., Grenfell, L., Grübler, A.,
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