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PRODUCTION IN TREMBLING ASPEN

(POPULUS TREMULOIDES, SALICACEAE) UNDER

ELEVATED CO2 AND IN HIGH- AND LOW-FERTILITY

SOIL1

JENNIFER L. MANSFIELD,2 PETER S. CURTIS,2,3,6 DONALD R. ZAK,3,4

AND KURT S. PREGITZER3,5

2Department of Plant Biology, The Ohio State University, Columbus, Ohio 43210;
3University of Michigan Biological Station, Pellston, Michigan 49769;

4School of Natural Resources and Environment, University of Michigan, Ann Arbor, Michigan 48109; and
5School of Forestry and Lake Superior Ecosystems Research Center, Michigan Technological University,

Houghton, Michigan 49931

The carbon/nutrient balance hypothesis suggests that leaf carbon to nitrogen ratios influence the synthesis of secondary
compounds such as condensed tannins. We studied the effects of rising atmospheric carbon dioxide on carbon to nitrogen
ratios and tannin production. Six genotypes of Populus tremuloides were grown under elevated and ambient CO2 partial
pressure and high- and low-fertility soil in field open-top chambers in northern lower Michigan, USA. During the second
year of exposure, leaves were harvested three times (June, August, and September) and analyzed for condensed tannin
concentration. The carbon/nutrient balance hypothesis was supported overall, with significantly greater leaf tannin concen-
tration at high CO2 and low soil fertility compared to ambient CO2 and high soil fertility. However, some genotypes increased
tannin concentration at elevated compared to ambient CO2, while others showed no CO2 response. Performance of lepidop-
teran leaf miner (Phyllonorycter tremuloidiella) larvae feeding on these plants varied across genotypes, CO2, and fertility
treatments. These results suggest that with rising atmospheric CO2, plant secondary compound production may vary within
species. This could have consequences for plant–herbivore and plant–microbe interactions and for the evolutionary response
of this species to global climate change.

Key words: carbon dioxide; condensed tannins; global change; plant–herbivore interaction; Populus tremuloides; Sal-
icaceae.

Atmospheric CO2 is predicted to double within 100 yr
(Houghton, Jenkins, and Ephraums, 1995), yet the con-
sequences of this perturbation for plant secondary com-
pound synthesis and plant-herbivore interactions are not
fully understood (Ayres, 1993; Lindroth, 1996). The car-
bon/nutrient balance hypothesis (CNBH; Bryant, Chapin,
and Klein, 1983; Waterman, Ross, and McKey, 1984)
predicts that as green leaf carbon to nitrogen ratio (C/N)
increases, as is often observed at high CO2 (Ceulemans
and Mousseau, 1994), production of carbon-rich second-
ary compounds such as tannins will also increase. While
studies involving leaf C/N manipulation through alter-
ation of light and/or nutrient availability have generally
supported the CNBH (e.g., Larsson et al., 1986; Bryant
et al., 1987; Nichols-Orians, 1991; Dudt and Shure,
1994,) results using elevated CO2 have been more vari-
able. For example, Lincoln and Couvet (1989) found that
monoterpenes did not increase in Mentha piperita L. cv.
Mitcham grown under elevated CO2. In contrast, Fajer,
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Bowers, and Bazzaz (1992) found that Plantago lanceo-
lata L. grown at 70 Pa CO2 did not have increased car-
bon-based secondary compounds compared to ambient-
CO2-grown plants, and levels actually declined in some
cases.

Fewer studies have examined the phytochemical re-
sponse of woody plants to elevated CO2, although results
more consistently support the CNBH. In Populus tre-
muloides Michx., Acer saccharum Marsh. (Lindroth, Kin-
ney, and Platz, 1993), Betula papyrifera Marsh. (Lin-
droth, Arteel, and Kinney, 1995), and Betula pendula
Roth. (Lavola and Julkunen-Tiitto, 1994) condensed tan-
nin concentration increased in elevated- compared to am-
bient-CO2-grown plants. For example, Lindroth, Arteel,
and Kinney (1995) found that tannin concentration in B.
papyrifera doubled under twice ambient CO2 conditions,
and elevated CO2 treatment in low-fertility soil resulted
in a 60% increase in tannin concentration of B. pendula
leaves (Lavola and Julkunen-Tiitto, 1994). Other second-
ary compounds showed more variable responses as the
phenolic glycoside salicortin increased 55% in P. tre-
muloides, whereas ellagitannin decreased in Quercus rub-
ra L. and increased in A. saccharum grown under ele-
vated CO2 (Lindroth, Kinney, and Platz, 1993). In B. pen-
dula, phenolic glycoside production was variable across
CO2 treatments (Lavola and Julkunen-Tiitto, 1994).

Many plant species exhibit significant intraspecific var-
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iation in herbivore resistance, some of which is related
to differences in production of defensive compounds
(Lege, Smith, and Cothren, 1992; Hemming and Lin-
droth, 1995; Hwang and Lindroth, 1997). However, little
is known about the magnitude of genetic variation within
plant populations for secondary compound production
under elevated CO2. Differential genotypic responses in
the synthesis of defensive compounds could have evo-
lutionary consequences; for instance, genotypes that al-
locate more carbon to defense compounds may experi-
ence a selective advantage in a CO2-enriched atmosphere
(Geber and Dawson, 1993). In the only study to date
examining this issue, Fajer, Bowers, and Bazzaz, (1992)
found no significant differential responses of secondary
compound production under elevated CO2 among six
clones of Plantago lanceolata. In light of documented
genetic variation in other responses to elevated CO2 (e.g.,
reproduction and stomatal index in Raphanus raphanis-
trum L.; Curtis, Snow, and Miller, 1994; Case, Curtis,
and Snow, 1998) further study of this question is clearly
warranted.

Here, we present data on genotypic variation for con-
densed tannin production in trembling aspen (Populus
tremuloides) grown under elevated and ambient CO2 and
two soil nutrient levels throughout one growing season.
We hypothesized that, in accordance with the CNBH,
plants grown under elevated CO2 and low nutrients would
have the highest levels of condensed tannin, while plants
grown under ambient CO2 and high nutrients would have
the lowest levels. In addition, given high levels of clonal
variation in morphology (Barnes, 1959), vegetative
growth (Sakai and Burris, 1985) and secondary chemistry
(Lindroth and Hwang, 1996a) within the source popula-
tion and the sensitivity of tannin production by P. tre-
muloides to environmental conditions (Lindroth and
Hwang, 1996b), we expected that genotypes would re-
spond differently to elevated CO2, with some genotypes
increasing tannin production and others decreasing pro-
duction or showing no change. Finally, we predicted that
naturally occurring levels of lepidopteran herbivore dam-
age would reflect treatment and genotype effects on tan-
nin production.

MATERIALS AND METHODS

This experiment was part of a larger study of Populus tremuloides
(Salicaceae) responses to elevated CO2 conducted at the University of
Michigan Biological Station (UMBS) in northern lower Michigan (Cur-
tis et al., 1996). During the fall of 1993, roots from six different male
genotypes (clones) were collected from Pellston Plain, Michigan, within
5 km of the elevated CO2 study site. The rooted cuttings propagated
from these samples were planted in 3 m diameter 3 2.4 m tall open-
top CO2 chambers (Heagle et al., 1989) in the spring of 1994. Each
chamber contained two individuals of each aspen genotype.

The chambers were positioned over open-bottom root boxes that had
been filled with either low- or high-fertility soil. High-fertility soil was
100% locally derived Kalkaska series topsoil, while low-fertility soil
was a mixture of 20% Kalkaska topsoil and 80% of the C horizon of a
Rubicon sand (the dominant material underlying the study site). In a
previous experiment using the same soil mixtures, nitrogen minerali-
zation was significantly higher in the high-fertility treatment (348 mg
N·g21·d21) than in the low-fertility treatment (45 mg N·g21·d21) (Randlett
et al., 1996). Half of the chambers were maintained at ambient CO2

(seasonal 24-h average 5 35.6 Pa), and half were maintained at elevated

CO2 (seasonal 24-h average 5 70.7 Pa). The experiment was arranged
as a two-way randomized complete-block split-plot design with CO2

and soil fertility crossed within each of five replicate blocks (20 cham-
bers total). Genotype was considered a subplot within each treatment
combination (the main plot).

Leaf samples were collected on three dates in 1995: 22 June, 6 Au-
gust, and 13 September. In each chamber, the youngest fully expanded
leaf from one individual of each genotype was clipped at the petiole,
flash frozen in liquid nitrogen and stored on dry ice until it was placed
in a 2828C freezer. On the last sampling date, leaves were not flash
frozen, but rather were placed immediately on dry ice. After freezing,
entire leaf samples minus the petioles were lyophilized and pulverized
to a fine powder. Leaves also were sampled on 8 August from mature
individuals of the same genotypes growing in Pellston Plain. On 29
June, leaves were sampled as above and C/N determined by CHN Anal-
ysis (Perkin-Elmer Model 2400, Perkin-Elmer Corp., Norwalk, Con-
necticut).

Condensed tannins were assayed by radial diffusion (Hagerman,
1987) calibrated against purified P. tremuloides tannin (Hagerman and
Butler, 1980; R. Lindroth, personal communication, University of Wis-
consin). Approximately 100 mg of leaf tissue were extracted with 70%
acetone and the supernatant applied to wells within agar plates contain-
ing bovine serum albumin. The binding of protein with tannin resulted
in precipitation rings whose diameter was proportional to tannin levels
in the sample. In our assays, ring diameter ranged from 0.57 to 1.29
cm. Reference standards were established for each batch of agar pre-
pared, and r2 values for the calibration curves were always .0.98.

In 1995, P. tremuloides throughout the UMBS area, including cham-
ber-grown plants, were attacked by the lepidopteran leaf miner Phyl-
lonorycter tremuloidiella Braun (aspen blotch miner). This species ex-
cavates a circular section of leaf mesophyll, allowing us to measure
CO2 and soil N effects on herbivore leaf consumption and larval per-
formance. For three of the aspen genotypes, single leaves on which the
miner had reached pupal stage were collected at random from separate
chambers and the leaf dry mass consumed (DWc) was calculated by

DW 5 A (LMA 2 LMA )c m u m

where Am was the total area of mesophyll consumed, LMAm was the
leaf mass per area of the mined tissue, and LMAu was the leaf mass
per area of an adjacent unmined section of the same leaf. Pupae were
dissected from the leaf, dried, and weighed.

Overall treatment effects were analyzed using repeated-measures
analysis of variance for split-plot design (Gumpertz and Browne, 1993).
Within a sampling date, elevated vs. ambient response means within a
fertility level were compared by least significant difference (a priori
comparisons), while comparisons across fertility levels, among clones,
and to mature plants were by the minimum significant range (a poster-
iori comparisons; Sokal and Rohlf, 1981).

RESULTS

Leaf tannin concentration was affected by both CO2

and fertility (the main plot effects) and by genotype (the
subplot effect; Table 1). At each sampling date, tannin
concentration was highest in the elevated-CO2, low-fer-
tility treatment and lowest in the ambient-CO2, high-fer-
tility treatment (Table 2). This pattern of response par-
alleled leaf C/N (Table 3) and was consistent with pre-
dictions of the CNBH. Within a soil fertility treatment,
tannin concentration was significantly higher in elevated
compared to ambient-CO2-grown plants, increasing an
average of 76% across dates at high soil fertility and 22%
at low soil fertility (Table 2). Within a CO2 treatment,
tannin concentration was also significantly higher in low-
compared to high-fertility soil. Leaf C/N showed similar
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TABLE 1. Results of repeated-measures ANOVA for tannin production
in Populus tremuloides. Significant CO2, fertility, and genotype ef-
fects are indicated on the between-subjects portion of the table,
while significant effects through time are shown on the within-
subjects portion of the table.

Source df MS F P ,

A) Between Subjects
CO2 1 137 900 45.9 0.001
Fertility 1 135 110 45.0 0.001
CO2 3 Fertility 1 5211 1.7 0.213
Main-plot error 12 3004
Genotype 5 47 183 22.6 0.001
CO2 3 Genotype 5 5655 2.7 0.026
Fertility 3 Genotype 5 2453 1.2 0.359
CO2 3 Fertility 3 Genotype 5 3869 1.9 0.111

Subplot error 80 2084

B) Within Subjects
Time 3 CO2 2 1193 0.6 0.569
Time 3 Fertility 2 9151 4.4 0.023
Time 3 CO2 3 Fertility 2 1083 0.5 0.599
Main-plot error 24 2062
Time 2 60 144 45.7 0.001
Time 3 Genotype 10 4302 3.3 0.001
Time 3 CO2 3 Genotype 10 1020 0.8 0.653
Time 3 Fertility 3 Genotype 10 2505 1.9 0.049
Time 3 CO2 3 Fertility 3 Genotype 10 1299 1.0 0.457

Subplot error 160 1316 Fig. 1. Leaf tannin concentration in six genotypes of Populus tre-
muloides sampled from 2-yr-old saplings growing in field open-top
chambers (bars) or from mature clones growing in Pellston Plain (open
circles). Chamber-grown individuals were growing in soils of low (L)
or high (H) N fertility and under ambient (open bars) or elevated (shad-
ed bars) CO2 levels. For clarity only June and August data are shown.
Vertical bars indicate 1 SE. Significance tests were within a fertility
level, where 1 P , 0.08, * P , 0.05, ** P , 0.01.

TABLE 2. Effects of CO2 and soil fertility on Populus tremuloides leaf tannin concentration in June, August, and September. Plants were grown
for 2 yr at ambient or elevated atmospheric CO2 and in soils of either high- or low-N availability. Mean (6 1 SE), N 5 5.

Condensed tannin concentration (mg/g)

Month

High fertility

Ambient CO2 Elevated CO2

Low fertility

Ambient CO2 Elevated CO2

June 62.8 (6.22)a1 123.1 (14.80)b 136.2 (10.13)b 167.4 (11.16)c

August 47.0 (3.23)a 84.0 (5.88)b 81.1 (7.77)b 90.4 (19.94)b

September 80.5 (13.32)a 123.4 (23.36)b 112.0 (13.36)b 146.1 (15.22)ct

1 Similar superscripts within a month indicate no significant differences at P , 0.05, or t P , 0.10.

variation, increasing 35% due to CO2 (across fertility
treatments) and 29% due to soil fertility (across CO2

treatments) (Table 3).
There was significant variation in leaf tannin concen-

tration within and among aspen genotypes as a function
of time, CO2, and fertility (Table 1, Fig. 1). For clarity,
only June and August data are shown in Fig. 1. Septem-
ber data parallel those of August. Overall, genotype 61
produced the least tannin (54.3 mg/g averaged across
treatments and sampling dates), whereas genotype 8 pro-
duced the most (138.8 mg/g averaged across treatments
and sampling dates). Genotypes generally responded to
treatments in a manner consistent with the CNBH, with
tannin concentration increasing under elevated CO2 and
low soil fertility compared to ambient CO2 and high soil
fertility, but there were notable exceptions. For example,
genotypes 42, 51, and 61 showed strong responses to CO2

under both low and high soil fertility, whereas CO2 re-
sponses were restricted to high soil fertility in genotypes
2 and 8. This variation led to a significant CO2 3 ge-
notype interaction for tannin concentration (Table 1). In
contrast, there was no fertility 3 genotype interaction,
indicating a consistent increase in tannins at low soil fer-
tility across the six genotypes. There were also no sig-

nificant changes in the rank order of genotypes with re-
spect to leaf tannin concentration.

Leaf tannin concentration also varied seasonally; Au-
gust levels were consistently lower than those measured
in June or September (Table 2). This variation was ge-
notype specific, however, with some genotypes showing
little decline in August (e.g., genotype 2) and others
showing as much as a 43% decline in this period across
all treatments (e.g., genotype 42) (Fig. 1). The temporal
change also was strongest at low soil fertility and was
reflected in significant time 3 genotype and time 3 ge-
notype 3 fertility interactions (Table 1).

There was no significant difference in leaf tannin con-
centration between native plants growing on the Pellston
Plain (66.1 6 14.8 mg/g) and those in our experiment
grown under ambient CO2 and low soil fertility (77.4 6
13.2 mg/g, t test). Only genotype 8 differed significantly
in leaf tannin between locations (Fig. 1).
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TABLE 3. Effects of CO2 and soil fertility on Populus tremuloides leaf
C and N content. Plants were grown for 2 yr at either ambient or
elevated CO2 and in soils of high- or low-N availability. Mean (6
1 SE), N 5 5 for each treatment.

Fertility CO2 %C %N C:N ratio

High Ambient 56.7 (0.20)ab 2.9 (0.07)a 20.0 (0.52)a1

Elevated 56.5 (0.22)ab 2.2 (0.07)b 26.4 (0.73)b

Low Ambient 56.2 (0.30)a 2.3 (0.03)b 25.3 (0.23)b

Elevated 56.9 (0.36)a 1.7 (0.08)c 34.5 (1.67)c

1
1 Different superscripts denote significant differences between treat-
ments at P , 0.05.

TABLE 4. Leaf dry mass consumption (DWc) and pupal dry mass
(DWp) of Phyllonorycter tremuloidiella feeding on Populus tre-
muloides genotypes grown at ambient or elevated CO2 and in soils
of high or low fertility. Mean (61 SE).

Fertility CO2

Geno-
type N DWc (mg) DWp (mg)

High Ambient 1 5 0.87 (0.35)a1 0.53 (0.03)ab

51 5 1.43 (0.28)ab 0.50 (0.03)a

61 5 1.41 (0.22)ab 0.55 (0.01)ab

Elevated 1 3 0.68 (0.28)a 0.59 (0.01)ab

51 5 1.79 (0.13)b 0.57 (0.03)ab

61 3 1.37 (0.11)ab 0.59 (0.03)ab

Low Ambient 1 5 1.82 (0.10)b 0.52 (0.02)ab

51 5 2.14 (0.15)b 0.50 (0.02)a

61 5 1.97 (0.36)b 0.58 (0.05)b

Elevated 1 1 2.33 —ab 0.62 —ab

51 2 2.61 (1.18)b 0.50 (0.01)ab

61 2 2.25 (0.38)b 0.54 (0.03)ab

1 Different superscripts denote significant differences between clones
at P , 0.05.

Pupal dry mass of P. tremuloidiella that fed on cham-
ber-grown plants was marginally greater in elevated com-
pared to ambient CO2 treatments (18%, P , 0.09, Table
4), and both the amount of tissue consumed (P , 0.01)
and pupal dry mass (P , 0.07) varied among the three
genotypes examined. There were no effects of soil fertil-
ity on pupal mass, although larvae consumed 69% more
tissue from low-fertility compared to high-fertility treat-
ments (P , 0.05). Carbon dioxide treatment had no effect
on the amount of tissue consumed.

DISCUSSION

Our results suggest that rising atmospheric CO2 will
alter patterns of carbon allocation to leaf-condensed tan-
nins in P. tremuloides in a manner consistent with the
CNBH. These results are in agreement with recent work
reporting increased carbon-based secondary compounds
in woody species (Lindroth, Kinney, and Platz, 1993; La-
vola and Julkunen-Tiitto, 1994; Lindroth, 1996), but con-
tradict some earlier studies that showed no change in sec-
ondary compound production under elevated CO2 (e.g.,
Lincoln and Couvet, 1989; Fajer, Bowers, and Bazzaz,
1992; Lincoln, Fajer, and Johnson, 1993). For example,
Lincoln and Couvet (1989) found no increase in volatile
monoterpenes in Mentha piperita cv. Mitcham grown un-
der elevated CO2. Likewise, the perennial herb Plantago
lanceolata showed no significant increase in iridoid gly-
cosides or phenylpropanoid glycosides (Fajer, Bowers,
and Bazzaz, 1992). However, because tannins are im-
mobile compounds that do not have a high turnover rate,
their response to CO2 may differ from mobile compounds
such as monoterpenes. We also found that the effect of
CO2 on leaf tannins was independent of soil N fertility
levels. Under conditions of low soil N mineralization,
already high leaf C/N was further increased under ele-
vated CO2, leading to a concomitant increase in leaf tan-
nin concentration. However, the relative response to CO2

was greater under high soil fertility conditions, where
tannin concentration almost doubled between ambient
and elevated CO2.

Consistent with the results of Hwang and Lindroth
(1997), we found that leaf tannin concentration varied
among aspen genotypes. However, it is particularly in-
teresting that genotypes responded differently to in-
creased CO2. Some genotypes showed significant increas-
es in tannin production, whereas others did not. Changes
in tannin production may impact herbivore success, par-
ticularly when coupled with changes in plant tissue qual-
ity. Traw, Lindroth, and Bazzaz (1996) found that leaves

with less foliar nitrogen and more condensed tannins had
poorer gypsy moth (Lymantria dispar L.) larval perfor-
mances. Similarly, Hwang and Lindroth (1997) reported
that clonal variation in tannin production contributed to
differential performance of insects feeding on those
clones. Genotypes that show little or no increase in tannin
production at high CO2 may therefore be more suscepti-
ble to herbivore attack or microbial invasion, relative to
genotypes showing a more marked increase in tannins.
Thus, genotypes with increased tannins may have an ad-
vantage in future climates.

We also noted an overall decrease in tannin production
in August compared to June and September. Several fac-
tors likely contributed to this temporal pattern. For ex-
ample, the physiological age of the leaves sampled varied
among dates. In September, new leaves had stopped
forming and the youngest fully expanded leaves likely
were more mature than corresponding leaves sampled in
August. Condensed tannin concentration in Quercus agri-
folia Nee., Q. ilex L., Q. semecarpifolia Sm., Q. serrata
Thunb., and Q. glauca Thunb. increased gradually
throughout the season as leaves matured (Kleiner, Mont-
gomery, and Schultz, 1989; Mauffette and Oechel, 1989;
Harinder, Dawra, and Singh, 1991), indicating that older
leaves have more time to accumulate tannins and may
thereby become better defended. An increase in self-
shading with canopy development could have contributed
to lower tannin concentration in newly expanded leaves
in August compared to June, a temporal trend also ob-
served by Auerbach and Alberts (1992). Light levels are
positively correlated with foliar secondary compound
conentrations in aspen (Lindroth and Hwang, 1996b).

Under elevated CO2, leaf nitrogen content typically de-
creases and herbivores often respond with a compensa-
tory increase in consumption (Lincoln and Couvet, 1989;
Lindroth, Kinney, and Platz, 1993). Lincoln, Couvet, and
Sionit (1986) found that larvae of the soybean looper
(Pseudoplusia includens Walker) increased consumption
of elevated-CO2-grown Glycine max L., a response that
was negatively correlated with leaf nitrogen concentra-
tion. Most work on the responses of herbivores to high-
CO2-grown plant tissue has been conducted with con-
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trolled feeding studies under artificial growth conditions.
We collected herbivory data from a naturally occurring
population of P. tremuloidiella feeding on plants in the
open-top chambers. Soil fertility clearly influenced con-
sumption by this herbivore; 43% more dry mass was re-
moved in low-fertility- compared to high-fertility-grown
plants. However, soil fertility did not affect pupal dry
mass, indicating that P. tremuloidiella successfully com-
pensated for low nutritional quality through increased
consumption. Elevated CO2 effects on P. tremuloidiella
preference and performance was less clear. There was a
trend toward greater pupal dry mass following consump-
tion of elevated-CO2-grown tissue but no effect on the
amount of tissue consumed. It is important to note that
small sample sizes, particularly at high CO2 and low soil
fertility, limit our ability to draw firm conclusions about
the magnitude of the CO2 effect. Traw, Lindroth, and
Bazzaz (1996) found gypsy moth pupal dry masses de-
creased when reared on elevated-CO2-grown Betula al-
leghaniensis Britton leaves but did not change when
reared on high-CO2-grown Betula populifolia Marsh.

We found that plant genotype significantly affected
both leaf dry mass consumed and leaf tissue chemistry.
However, consistent with other studies, we did not find a
significant correlation between leaf tannin levels and her-
bivore performance. Lindroth, Kinney, and Platz (1993)
and Hemming and Lindroth (1995) found no relationship
between condensed tannin levels and gypsy moth perfor-
mance. These results suggest that variation in other de-
fensive compounds such as phenolic glycosides or in
morphological traits such as leaf toughness could have
contributed to variation among clones in leaf miner pref-
erence. Auerbach and Alberts (1992) examined factors
contributing to host perference in P. tremuloideilla and
concluded that differences in phenology among P. tre-
muloides, P. grandidentata, and P. balsamifera could
best account for observed differences in feeding on these
three species. There was, however, little variation in tan-
nin content among these potential hosts.

Open-top chamber-grown plants often differ in numer-
ous respects from field-grown individuals and we there-
fore were interested in the extent to which leaf tannin
levels in our experiment plants resembled those of their
progenitor clones growing in a natural forest ecosystem.
We found no significant difference in mean leaf tannin
concentration in plants from low-fertility, ambient-CO2

chambers compared to those growing in the low-nutrient
environment of Pellston Plain. Of the five genotypes ex-
amined, only one differed in tannin level from its cor-
responding parent clone. In addition, the mean tannin
concentration we measured in June in our low-fertility,
ambient-CO2 chamber-grown plants (136 mg/g) was
within the range of tannin concentrations reported by Lin-
droth and Hwang (1996a) from 31 aspen clones sampled
during June 1995 on the Pellston Plain (131–273 mg/g).

These results give us some confidence that our data
may be useful in predicting future responses by this pop-
ulation to global atmospheric change. While the CNBH
accurately predicted changes in leaf condensed tannin
concentration, other factors such as genotype and time of
year also influenced tannin production. Importantly, the
differential response among genotypes to CO2 enrichment
suggests that patterns of plant secondary compound pro-

duction may vary within species as atmospheric CO2 ris-
es, with possible consequences for plant–herbivore and
plant–microbe interactions as well as the adaptive re-
sponse of this species to global climate change.

LITERATURE CITED

AUERBACH, M., AND J. D. ALBERTS. 1992. Occurrence and performance
of the aspen blotch miner, Phyllonorycter salicifoliella, on three
host-tree species. Oecologia 89: 1–9.

AYRES, M. P. 1993. Plant defense, herbivory, and climate change. In P.
M. Kareiva, J. G. Kingsolver, and R. B. Huey [eds.], Biotic inter-
actions and global change, 75–94. Sinauer, Boston, MA.

BARNES, B. V. 1959. Natural variation and clonal development of Po-
pulus tremuloides and P. grandidentata in northern lower Michi-
gan. Ph.D. dissertation, University of Michigan, Ann Arbor, MI.

BRYANT, J. P., F. S. CHAPIN, AND D. R. KLEIN. 1983. Carbon/nutrient
balance of boreal plants in relation to vertebrate herbivory. Oikos
40: 357–368.

———, T. P. CLAUSEN, P. B. REICHARD, M. C. MCCARTHY, AND R. A.
WERNER. 1987. Effect of nitrogen fertilization upon the secondary
chemistry and nutritional value of quaking aspen (Populus tremu-
loides Michx.) leaves for the large aspen tortrix (Choristoneura
conflictana (Walker)). Oecologia 73: 513–517.

CASE, A. L., P. S. CURTIS, AND A. A. SNOW. 1998. Heritable variation
in stomatal response to elevated CO2 in wild radish, Raphanus
raphanistrum (Brassicaceae). American Journal of Botany 85: 253–
258.

CEULEMANS, R., AND M. MOUSSEAU. 1994. Tansley Review Number 71:
effects of elevated atmospheric CO2 on woody plants. New Phy-
tologist 127: 425–446.

CURTIS, P. S., A. A. SNOW, AND A. S. MILLER. 1994. Genotype- specific
effects of elevated CO2 on fecundity in wild radish (Raphanus ra-
phanistrum). Oecologia 97: 100–105.

CURTIS, P. S., D. R. ZAK, K. S. PREGITZER, J. LUSSENHOP, AND J. A.
TEERI. 1996. Linking above- and belowground responses to rising
CO2 in northern deciduous forest species. In G. W. Koch, and H.
A. Mooney [eds.], Carbon dioxide and terrestrial ecosystems, 41–
51. Academic Press, New York, NY.

DUDT, J. F., AND D. J. SHURE. 1994. The influence of light and nutrients
on foliar phenolics and insect herbivory. Ecology 75: 86–98.

FAJER, E. D., M. D. BOWERS, AND F. A. BAZZAZ. 1992. The effect of
nutrients and enriched CO2 environments on production of carbon-
based allelochemicals in Plantago: a test of the carbon/nutrient
balance hypothesis. American Naturalist 140: 707–723.

GEBER, M. A., AND T. E. DAWSON. 1993. Evolutionary responses of
plants to global change. In P. M. Kareiva, J. G. Kingsolver, and R.
B. Huey [eds.], Biotic interactions and global change, 179–197.
Sinauer, Boston, MA.

GUMPERTZ, M. L., AND C. BROWNE. 1993. Repeated measures in ran-
domized block and split-plot experiments. Canadian Journal of
Forest Research 23: 625–639.

HAGERMAN, A. E. 1987. Radial diffusion method for determining tannin
in plant extracts. Journal of Chemical Ecology 13: 437–449.

HAGERMAN, A. E., AND L. G. BUTLER. 1980. Condensed tannin purifi-
cation and characterization of tannin-associated proteins. Journal
of Agriculture and Food Chemistry 28: 947–952.

HARINDER, P. S. M., R. K. DAWRA, AND B. SINGH. 1991. Tannin levels
in leaves of some oak species at different stages of maturity. Jour-
nal of Science Food and Agriculture 54: 513–519.

HEAGLE, A. S., R. B. PHILBECK, R. B. FERRELL, AND W. W. HECK. 1989.
Design and performance of a large, field exposure chamber to mea-
sure effects of air quality on plants. Journal of Environmental
Quality 18: 361–368.

HEMMING, J. D. C., AND R. L. LINDROTH. 1995. Intraspecific variation
in aspen phytochemistry: effects on performance of gypsy moths
and forest tent caterpillars. Oecologia 103: 79–88.

HOUGHTON, J. T., G. J. JENKINS, AND J. J. EPHRAUMS. 1995. Climate
change: the IPCC scientific assessment. Cambridge University
Press, Cambridge, MA.

HWANG, S.-Y., AND R. L. LINDROTH. 1997. Clonal variation in foliar



August 1999] 1159MANSFIELD ET AL.—VARIATION IN ASPEN TANNIN UNDER ELEVATED CO2

chemisty of aspen: effects on gypsy moths and forest tent caterpil-
lars. Oecologia 111: 99–108.

KLEINER, K. W., M. E. MONTGOMERY, AND J. C. SCHULTZ. 1989. Vari-
ation in leaf quality of two oak species: implications for stand sus-
ceptibility to gypsy moth defoliation. Canadian Journal of Forest
Research 19: 1445–1450.

LARSSON, S. A., A. WIREN, L. LUNDGREN, AND T. ERICSSON. 1986. Ef-
fects of light and nutrient stress on leaf phenolic chemistry in Salix
dasyclados and susceptibility to Galerucella lineola (Coleoptera).
Oikos 40: 205–210.

LAVOLA, A., AND R. JULKUNEN-TIITTO. 1994. The effect of elevated
carbon dioxide and fertilization on primary and secondary metab-
olites in birch, Betula pendula (Roth). Oecologia 99: 315–321.

LEGE, K. E., C. W. SMITH, AND J. T. COTHREN. 1992. Genotypic and
cultural effects on condensed tannin concentration of cotton leaves.
Crop Science 32: 1024–1028.

LINCOLN, D. E., AND D. COUVET. 1989. The effect of carbon supply
allocation to allelochemicals and caterpillar consumption of pep-
permint. Oecologia 78: 112–114.

———, ———, AND N. SIONT. 1986. Response of an insect herbivore
to host plants grown in carbon dioxide enriched atmospheres. Oec-
ologia 69: 556–560.

———, E. D. FAJER, AND R. H. JOHNSON. 1993. Plant-insect herbivore
interactions in elevated CO2 environments. Trends in Ecology and
Evolution 8: 64–68.

LINDROTH, R. L. 1996. CO2-mediated changes in tree chemistry and
tree-Lepidoptera interactions. In G. W. Koch and H. A. Mooney
[eds.], Carbon dioxide and terrestrial ecosystems, 105–120. Aca-
demic Press, New York, NY.

———, K. K. KINNEY, AND C. L. PLATZ. 1993. Responses of deciduous
trees to elevated atmospheric CO2: productivity, phytochemistry
and insect performance. Ecology 74: 763–777.

———, AND S.-Y. HWANG. 1996a. Clonal variation in foliar chemistry

of quaking aspen (Populus tremuloides Michx.). Biochemical Sys-
tematics and Ecology 24: 357–364.

———, AND S.-Y. HWANG. 1996b. Diversity, reduncancy and mulipl-
icity in chemical defense systems of aspen. In J. Romeo [ed.], Re-
cent advances in phytochemistry, vol. 33. Plenum Press, New York,
NY.

———, G. E. ARTEEL, AND K. K. KINNEY. 1995. Responses of three
saturniid species to paper birch grown under enriched CO2 atmo-
spheres. Functional Ecology 9: 306–311.

MAUFFETTE, Y., AND W. C. OECHEL. 1989. Seasonal variation in leaf
chemistry of the coast live oak Quercus agrifolia and implications
for the California oak moth Phryganidia californica. Oecologia 79:
439–445.

NICHOLS-ORIANS, C. M. 1991. The effects of light on foliar chemistry,
growth and susceptibility of seedlings of a canopy tree to an attine
ant. Oecologia 86: 552–560.

RANDLETT, D. L., D. R. ZAK, K. S. PREGITZER, AND P. S. CURTIS. 1996.
Elevated atmospheric carbon dioxide and leaf litter chemistry: in-
fluences on microbial respiration and net nitrogen mineralization.
Soil Science Society of America Journal 60: 1571–1577.

SAKAI, A. K., AND T. A. BURRIS. 1985. Growth in male and female
aspen clones: a twenty-five-year longitudinal study. Ecology 66:
1921–1927.

SOKAL, R. R., AND F. J. ROHLF. 1981. Biometry. W. H. Freeman, San
Francisco, CA.

TRAW, M. B., R. L. LINDROTH, AND F. A. BAZZAZ. 1996. Decline in
gypsy moth (Lymantria dispar) performance in an elevated CO2

atmosphere depends on host plant species. Oecologia 108: 113–
120.

WATERMAN, P. G., J. A. M. ROSS, AND D. B. MCKEY. 1984. Factors
affecting levels of some phenolic compounds, digestibility, and ni-
trogen content of the mature leaves of Bartera fistulosa (Passiflor-
aceae). Journal of Chemical Ecology 10: 387–401.


