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Abstract The effect of elevated CO, on the demography
of the arachnid species Tetranychus urticae feeding on
Phaseolus vulgaris plants was analysed. This class of
herbivores (Arachnida) and its feeding guild (cell con-
tent feeders) are under-represented in studies of the com-
bined effects of herbivory and CO,. The growth of bean
was strongly stimulated by elevated CO,. The number of
leaves on lateral stems and of flowers increased but pod
weight decreased. Leaf nitrogen content was 25% lower
at elevated CO, due to an increase in non-structural sug-
ar concentration. Leaf water content was lower at elevat-
ed CO, while leaf-specific mass and epidermis thickness
were higher. Females of the mite raised at ambient or el-
evated CO,, but all fed with leaves grown at ambient
CO,, had similar progenies. When females were raised
on plants grown at elevated CO,, the numbers of their
progeny were reduced by 34% and 49% in the first and
second generation respectively. Later stages of develop-
ment were more reduced in elevated CO,, suggesting
that both fecundity and rate of development were affect-
ed. This study suggests that the abundance of T. urticae,
and consequently the damage to the many crops it in-
fests, might decrease in a future elevated-CO, environ-
ment.
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Introduction

An increase in CO, concentration directly causes an in-
crease in photosynthesis and a decrease in stomatal
opening (Drake et al. 1997). Indirectly it can lead to an
increase in plant biomass (Bazzaz 1990; Field et al.
1992; Wolfe et al. 1998; Wand et a. 1999) athough this
increase can be marginal in natural ecosystems with gen-
eraly low fertility (Kérner 1996). A more genera indi-
rect effect of elevated CO,, found in laboratory experi-
ments (Poorter et al. 1997) as well as in natural vegeta-
tion (Korner and Miglietta 1994), is a change in the
chemical composition of the plant material that strongly
affects plant-herbivore interactions (Lincoln et al. 1993;
Watt et al. 1995; Bezemer and Jones 1998).

CO,-stimulated carbon fixation results in an accumu-
lation of total non-structural carbohydrates (TNC) in the
leaves that “dilutes’ the concentration of the other leaf
constituents, in particular nitrogen and minerals (Lincoln
et al. 1993; Poorter et al. 1997). Nitrogen and mineral
concentrations can also be lowered by elevated CO, in-
dependently of this dilution effect (Poorter et a. 1997).
These changes increase the C/N ratio and strongly re-
duce the dietary quality of plants (Mattson 1980; Scriber
and Slansky 1981; Ayres 1993). In many cases, insects
fed with plants grown at elevated CO, increase their con-
sumption rate, but this compensatory mechanism is often
not enough to prevent a reduction in the insects' growth
rate (Lincoln 1993; Lindroth 19964). Typically, reduced
food-processing efficiency is observed with insects fed
on plants grown at high CO, (Lindroth 1996a; Roth et a.
1998) although adjustments in digestive physiology can
occur (Williams et al. 1994, 1998; Héttenschwiler and
Schafellner 1999).

Reduction in growth efficiency of ingested food
grown at high CO, may result from larger amounts of al-
lelochemicals in the diet, due either to increased con-
sumption or to a higher concentration of allelochemicals
in plant tissues. The carbon/nutrient balance hypothesis
(Bryant et al. 1983) predicts that if the availability of
carbon relative to nutrients increases, carbohydrates in
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excess may be diverted to the production of carbon-
based secondary metabolites often involved in the deter-
rence of herbivores (Lambers 1993; Ayres 1993). How-
ever, plants grown at high CO, do not consistently show
an increase in secondary metabolites (Lincoln 1993;
Lincoln et a. 1993; Lavola and Julkunen-Tiitto 1994;
Lindroth 1996b; Penuelas et al. 1996; Poorter et al.
1997; Penuelas and Estiarte 1998; Roth et al. 1998).

Herbivores preferentially feed on leaves with a high
water content (Scriber and Slansky 1981), but reduced
stomatal conductance and increased water-use efficiency
under elevated CO, (Bazzaz 1990) can be associated
with either improved or deteriorated tissue water status
(Lincoln et al. 1993). Elevated CO, can also increase
leaf toughness and palatability, partially through an in-
crease in leaf-specific weight and thickness, but this has
been rarely studied (Lindroth et al. 1993). Leaf tempera-
ture can also be increased at elevated CO, and may af-
fect insect development time (Brooks and Whittaker
1998).

Insect herbivores fed on plants grown at elevated CO,
generally show a reduction in fitness (Lincoln et al.
1993). The longer development times may reduce sur-
vival by extending the exposure of individuals to preda-
tors, parasitoids and climatic adversity. Larval mortality
increase in lepidopteran species with food grown at ele-
vated CO, (Fajer et al. 1989; Traw et al. 1996; Lindroth
19968). A reduction in pupa and/or adult weight, as
found with food grown at elevated CO, (Lincoln et al.
1993; Traw et al. 1996; Lindroth 1996a), is positively
correlated with male spermatophore size and adult fe-
male fecundity (Boggs 1981). However, few studies
have measured the consegquences for population size: the
results from short-term studies examining a subset of
life-history stages or from laboratory feeding trials with
excised leaves are difficult to extrapolate to the popula-
tion level. However, intergeneration effects (Brooks and
Whittaker 1998) and trophic web interactions (Stiling et
al. 1999) have been shown.

These general trends in the effect of elevated atmo-
spheric CO, on herbivory are derived from studies with a
very restrictive taxonomic representation. Among the 61
plant-herbivore interactions reviewed by Bezemer and
Jones (1998), 60 focus on insects, mainly from the or-
ders Lepidoptera and Hemiptera (34 and 17 interactions
respectively). There is also a restrictive feeding guild
representation since most focus on foliage-chewers (38)
and phloem-feeders (11) (Bezemer and Jones 1998).
Phloem-feeders do not al follow the trend typical of
foliage-feeders. some species show a decrease in devel-
opment time and an increase in population size under el-
evated CO, (Awmack et al. 1997, Bezemer and Jones
1998). There is insufficient data to draw conclusions for
other guilds (leaf-miners, xylem-feeders, root feeders,
seed eaters).

Here we investigate the effect of elevated CO, on the
demography of an arachnid species (Tetranychus urticae
Koch) raised on Phaseolus vulgaris L. (cultivar Con-
tender) plants. This mite can be found on more than 150

crop species (Jeppson et al. 1975) and causes large yield
reductions (Sances et al. 1981, 1982). It feeds on the
content of parenchyma cells (André and Remacle 1984,
Tomczyk and Kropczynska 1985). Since sugars accu-
mulate in the cytoplasm and sometimes in the vacuole
(Matil 1987; Huber et al. 1992), we predict that the accu-
mulation of TNC generally observed at elevated CO,
will negatively affect the performance of this cell-feed-
ing arachnid as it does for the foliage-chewers. Addition-
ally, changes in the leaf anatomy due to elevated CO,
can also contribute to changes in the feeding behaviour
of leaf-sucking insects. We also tested the direct effect
on the mite of doubling the current CO, concentration.
It is generally assumed that there is no direct effect
(Lincoln et al. 1993), but two tests (Fajer et al. 1991,
Caulfield and Bunce 1994) have given contradictory re-
sults.

Materials and methods

P. vulgaris plants were grown in 1.5-1 pots filled with a mixture of
horticultural compost (2/3) and sand (1/3). Thirty pots were placed
in each of four growth chambers (Fabreguettes et al. 1992): two
operated at a CO, concentration of 350 pmol mol-! and two at
700 pmol mol-1, with 600 pmol m? s1 photosynthetically active
radiation (PAR) for 16 h per day at 24°C and 70-75% relative hu-
midity. Three seeds per pot were sown on 18 March 1996 (day 1).
The number of plants per pot was reduced to one 12 days after
sowing. Soil humidity was maintained around 80% field capacity
by adding daily the amount of water that had been evapotranspired
during the previous 24 h. This amount, determined by weighing
two control pots per growth chamber, did not differ significantly
between the two CO, treatments (data not shown). On days 36 and
39, 200 ml of complete nutrient solution (500 pmol 1-1 nitrogen;
described in Koch et a. 1987) was added to each pot.

Thirty plants per growth chamber were infested with T. urticae
on day 15. The strain “White Eye”, easily identifiable with its un-
pigmented eyes, was used because of our knowledge of its biology
(Van Impe 1985, 1991; Lebrun et al. 1991; Nihoul et a. 1991). A
stock of teleochrysalids was gathered the evening before the infes-
tation. Males surround the females that emerge from the chrysalids
and mating occurs immediately. These females, mated and less
than 12 h old, were used to infest the plants. A single female,
whose health was checked by observing its turgidity, movements
and feeding activity, was deposited with a light brush on the upper
side of one of the two primary leaves of each plant. Its health after
deposition was also checked using a magnifying lens. Additional-
ly, to test for the direct effect of elevated CO, on T. urticae, 40
leaves of P. vulgaris grown in a greenhouse at ambient CO, only
were detached and placed in Petri dishes on a layer of cotton im-
bibed with deionized water. After one female had been placed on
each leaf, the Petri dishes, without cover, were randomly distribut-
ed among the growth chambers at 350 and 700 pumol CO, mol-1.

Demographic data were collected 12 days after the infestation,
since 12 daysis the period after which the first females of the next
generation hatch, at 24°C (Van Impe 1985). On each leaf where a
founding female had been placed, the colony was located and the
corresponding portion of the leaf was cut out, deposited in a Petri
dish and frozen at —-60°C. The remaining part of the plant was
checked for the occurrence of secondary colonies. Immediately af-
ter removal from the freezer, leaf samples were examined under a
magnifying lens (5, 10 and 25%) and eggs, larvae, nymphs, adult
males and adult females were counted.

Before the colonies were deep-frozen, one female from each of
15 randomly chosen colonies in each growth chamber was collect-
ed and deposited on a mature trifoliate leaf. After 12 days (day



38), the second-generation colonies were located, harvested and
analysed as described above.

Non-infested cotyledonous leaves were sampled on days 15,
24 and 27. Trifoliate leaves were sampled on days 27 and 38. One
leaf from each of five plants per growth chamber (eight plants on
day 15) was sampled randomly each time. They were weighed
after being oven-dried at 55°C for 48 h. The cotyledonous leaves
from day 24 were used for water content determination and
leaf area measurement using a scanner (Delta-T Devices Ltd,
Cambridge, UK). Total C and total N concentrations were deter-
mined on each leaf with a Carbon-Hydrogen-Nitrogen analyser
(Carlo Erba instruments, model EA 1108, Milano, Italy). Total
non-structural carbohydrate (TNC) analysis was carried out on the
five cotyledonous |leaves sampled on day 27 following the method
of Farrar (1993). Samples were extracted in 95% (v/v) ethanol at
80°C to obtain ethanol-soluble sugars. Starch and fructans (water-
soluble sugars) contained in the residue were extracted at 100°C
for 1 h in water; starch was then hydrolysed using amyloglucosi-
dase in an acetate:acetic acid buffer with a pH of 4.5. Total carbo-
hydrates in each fraction were determined using the phenol-
sulphuric acid method of Dubois et al. (1956).

Eight non-infested primary leaves per growth chamber were
randomly sampled on day 27 and stored in a 70% ethyl alcohol so-
lution. After soaking the leaf in deionized water, two 50-mm?
blade samples were taken at half length of the leaf, one adjacent to
the main rib and one adjacent to a secondary rib. Transverse blade
sections were made using a microtome (Reichert-Jung, Austria).
The sections were mounted with glycerine and analysed using a
microscope (Reichert-Jung, model Polyvar, Austria) connected to
avideo camera. Epidermis thickness was measured.

At the end of the experiment (day 38), al plants were harvest-
ed. Internodes length was measured and the number of leaves,
flowers and pods (longer than 1 cm) was counted. After oven-
drying at 55°C for 48 h, the various above-ground parts were
weighed.

Data were analysed using nested ANOVA (Statgraphics plus
4.0, Manugistic Inc). The linear model X;;=p+A+Bj; +ey, was
used to describe the data (Underwood 1997, p. 250) where X, is
any measurement (k) in any replicated growth chamber (j) in a
given CO, treatment (i). Degrees of freedom for CO, treatments
were a—1=1, for growth chambers within each CO, treatment
a(b-1)=1, and for the error term ab(n—1) where a is the number of
CO, treatments (2), b is the number of replicated growth chambers
(2) and n is the number of measurements in each growth chamber.
F-tests were conducted for A and By, with B;;, and g, as the error
terms, respectively. Variation among growth chambers was never
significant (P>0.05); however, according to Winer et al. (1991),
nested components were only pooled (leading to a single-factor
ANOVA with bn replicates in each treatment) when P>0.25. (In
the results, a superscript a following F-values indicates that pool-
ing was not possible). Normality tests indicated that no data trans-
formation was necessary. Relationships between the mite perfor-
mance and plant parameters were analysed using Pearson product-
moment correlation coefficients.

7

Results
The plant response to elevated CO,

Neither internode length nor number of leaves on the
main stem were affected by CO,, but plants grown at el-
evated CO, had a significantly larger number of leaves
on lateral stems and a tendency to have more flowers
(Table 1). Above-ground total plant weight was 65%
greater at elevated CO,, but the weight (as well as the
number) of pods was significantly lower at elevated CO,
(Table 1). The nitrogen concentration of the leaves was
significantly lower at elevated CO, throughout the grow-
ing period, resulting in a higher C/N ratio (Table 2). This
decrease in nitrogen concentration was due to the higher
non-structural sugar concentration at elevated CO,
(Table 3). Leaf-specific mass was higher at elevated CO,
and leaf water content was lower. Epidermal thickness
was always greater at elevated CO, but it was significant
only on the lower side near the secondary ribs (Table 3).

Effects of elevated CO,
on T. urticae demographic parameters

Direct effects

All females founded a colony at both CO, levels. The
number and class structure of the offspring that devel-
oped on the detached leaves grown at ambient CO, were
not significantly different in the growth chambers at 350
and 700 pmol CO, mol-1 (Table 4). This suggests that el-
evated CO, does not directly influence the performance
of this species.

Indirect effects on the first generation:

All the 120 females placed on intact plants in the
growth chambers founded a colony on the leaf where
they were originally placed. Though females were
placed on the adaxial leaf surface, all colonies but one
were established on the abaxial surface near arib, asin
nature. Colonies were not fragmented, suggesting that
females immediately found a favourable site. This and
the fact that most colonies had adults after 12 days indi-

Table1 Structure and weight of bean plants grown at ambient or elevated CO,

CoO, Internode length (cm) Number of leaves Number Number Aboveground dry weight (g)
(umol mol-1) of open of pods
1st 2nd 3rd On On flowers >1cm Vegetative Pods Total
main lateral biomass
stem stems
350 24 39 111 3.9 04.5 05.0 12.9 4.46 0.51 4,97
700 2.3 39 12.0 3.9 07.3 10.1 10.8 7.90 0.30 8.20
F 0.26a  0.032 0.232 0.002 30.65 11.162 04.24 187.02 8.52 162.87
P 066 0.88 0.68 1.00 <0.001 0.079 0.046 <0.001 0.006 <0.001

aGrowth chamber effect P<0.25 so nested components were not pooled, see Materials and methods
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Table 2 Nitrogen and carbon concentrations of bean leaves grown at ambient or elevated CO,

Co, Cotyledonous leaves Trifoliate leaves
(Hmol
mol-1)  Day 15 Day 24 Day 27 Day 27 Day 38
Nitrogen (mg g*) 350 716 F=116.92 484 F=633 421 F=184 545 F=30.3 36.2 F=64.82
700 57.7  P=0.008 37.0 P<0.001 349 P<0.001 443 P<0.001 198 P=0.015
Carbon(mgg?) 350 419 F=4.35 397 F=1.93 397 F=0.30 421 F=1.04 397 F=5.64
700 425 P=0.051 406 P=0.181 399 P=0.591 427 P=0.32 391 P=0.028
C/N 350 58  F=5252 83 F=1357 95 F=133 77 F=2954 111 F=124.6
700 76  P=0.018 109 P<0.001 116 P=0.001 9.7 P<0.001 199 P<0.001
aSee legend of Table 1
Table 3 Characteristics of bean leaves grown at ambient or elevated CO,
Co, Non structural sugars (mg g1) N (mgg? Specific Water Epidermis thickness (um)
(umol mol-1) structural mass content
Ethanol Water biomass) (mgecm=2) (%) Near main rib Near secondary rib
soluble soluble
Upper Lower Upper  Lower
side side side side
350 61.5 53.1 47.5 4.87 83 1.97 121 1.96 134
700 87.9 144.8 45.6 6.54 77 2.49 1.28 2.58 1.74
F 8.96 14.6 18 328 34.4 4.32a 0.232 6.482 5.45
P 0.008 0.001 0.197 <0.001 <0.001 0.173 0.679 0.125 0.026
aSee legend of Table 1
Table4 N f
oﬁgp(?i ng plérn}%%do eer%g:egn zgt CO, (umol mol-1) Statistics Statistics Fig. 1a Statistics Fig. 1b
either ambient or elevated CO,
and then placed on detached 330 700 F P F P F P
leavesall grown af ambient Eggs 10.6+1.0 8.4+0.7 31 0.08 05.92 0.134 104 0.003
CO, (mean+SE), and statistics -OZL. AL - - - - - -
for f:,(g lab ) Larvae 6.6+0.7 5.6+0.7 1.0 0.31 10.9 0.001 6.6 0.018
Nymphs 16.9+1.4 16.6x1.5 0.0 091 34.1 <0.001 10.0 0.004
Males 3.0+£0.4 3.9+0.5 1.7 0.19 13.62 0.066 4.5 0.043
Females 2.1+0.3 3.3+0.7 22 0.14 17.1 <0.001 2.8 0.107
Total 39.0+£2.6 37.7£2.9 0.1 0.70 451 <0.001 13.7 0.001

aSee legend of Table 1

Table5 Correlation coefficients (r) between the number of eggs and offspring per female (1st generation) and plant parameters (n=20)

Plant parameters day 24 Plant parameters day 27

Nitrogen % Carbon % Water %  Specific mass Nitrogen % Carbon % Ethanol-soluble sugars Water-soluble sugars
r 0.80 -0.25 0.76 -0.75 0.64 -0.14 -0.61 -0.45
P <0.001 0.29 <0.001 <0.001 0.002 0.55 0.004 0.046

cate that the transfer and culture conditions were satis-
factory. The total number of eggs and offspring per fe-
male was 34% lower at elevated CO, (31.2 vs. 47.5 at
ambient CO,, statistics in Table 4). Figure la presents
the effect on each developmental stage (T. urticae is a
protandrous species. at 24°C, mae development is
about 12 h shorter than female; Van Impe 1985). Later
stages of development were more affected than earlier
ones (—24% for larvae, -62% for females), suggesting

that both fecundity and rate of development are affect-
ed. The Pearson correlation coefficients between the to-
tal number of eggs and offspring and the plant parame-
ters are given in Table 5. Most plant parameters signifi-
cantly correlated with female egg and offspring produc-
tion (plant nitrogen content, water content, specific
mass and ethanol-soluble sugar) had similar correlation
coefficients.
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Fig. 1a, b Impact of CO, on the number of eggs and offspring in
different developmental stages per femae (xSE; ***P<0.005;
**P<0.01; *P<0.05; NS P>0.05)

Indirect effects on the second generation:

The establishment of the second-generation colonies was
less successful than that of the first generation, especial-
ly at elevated CO,: 20 out of 30 females founded a colo-
ny at ambient CO, and 15 out of 30 at elevated CO,. Ele-
vated CO, reduced the total number of eggs and off-
spring per female that successfully established a colony
(-49%, 27.5 vs. 54.7, statistics in Table 4). All stages,
except the females, were significantly lower in num-
bers(Fig. 1b). A two-way ANOVA with CO, and genera-
tion as factors showed no difference between generations
except for the females which were less numerous at the
second generation (F=3.96, P=0.048). There was no
CO,xgeneration interaction except for the number of
eggs which were more affected by CO, in the second
generation (F=4.84, P=0.029).

Discussion

The strong stimulation of the growth (+65%) of P. vul-
garis at elevated CO, was accompanied by a higher
number of leaves and internodes on lateral stems and by
a higher number of flowers (Table 1), suggesting re-
duced apical dominance. Such a developmental effect
has been observed in other species but is not the rule.
The mechanisms underlying this variability in response
are not understood (Pritchard et a. 1999). Surprisingly,
pod development (estimated by the number of pods
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>1 cm) was not enhanced by elevated CO, and the
weight of pods was significantly reduced (Table 1). A
lack of relationship between vegetative and reproductive
mass responses to CO, has been shown using published
data from a variety of species (Ackerly and Bazzaz
1995), but is aso true within genotypes of a single spe-
cies (Jablonsky 1997) or of a single population (Potvin
and Tousignant 1996). Such a variability might exist in
P. vulgaris, since Jollife and Ehret (1985), working with
the cultivar “Pure Gold Wax”, found vegetative and pod
dry weights to be similarly stimulated by CO..

The observed CO,-induced changes in leaf chemical
composition (lower N concentration, as a result of anin-
crease in TNC) and specific mass (Table 3) arein agree-
ment with the results obtained on most species. In alit-
erature review (Drake et al. 1997), ratios of parameters
for plants grown at elevated CO, to those of plants
grown at normal ambient concentration were 0.83 for
leaf nitrogen concentration, 2.62 for starch and 1.60 for
sucrose. In our study these ratios were on average 0.75
for leaf nitrogen concentration and 2.02 for TNC. Rado-
glou and Jarvis (1992), on the same species, found a
lower effect of CO, on carbohydrates. We also observed
a significant increase in the thickness of the lower epi-
dermis (Table 3). Radoglou and Jarvis (1992) found an
increase in the thickness of bean leaves at elevated CO,,
but only the parenchyma tissues were affected.

Although small variations in atmospheric CO, con-
centration can be detected by insects and can play arole
in host finding (Nicolas and Sillans 1989; Stange 1997),
it is generally assumed that a general increase in atmo-
spheric CO, concentration has no direct effects on herbi-
vores (Lincoln et al. 1993). Indeed, we found no direct
effect of CO, on the establishment and reproduction of T.
urticae. Similarly, Fajer et al. (1991) found no effect of
CO, on size and survival of Junonia coenia butterfly lar-
vae. However, the results of Caulfield and Bunce (1994)
suggest a positive effect of elevated CO, on the survival
of Spodoptera exigua larvae, but only when fed with
plants grown at elevated CO,,.

We report a considerable decrease in population size
with elevated CO,: the mean progeny per female was re-
duced by 34% in the first and 49% in the second genera-
tion, and fewer second-generation females founded a col-
ony at elevated CO,. The observed changes in both the
leaf chemistry (C/N, water content) and anatomy (epider-
mis thickness) could be responsible for this decrease
(Table 5). Wilson (1994) indeed showed a strong relation-
ship between the fecundity of T. urticae and the nitrogen
content of cotton. While there have been many studies on
the effect of elevated CO, on the performance of individ-
uals, few studies have actually documented the conse-
guences for population size and structure. Among the 61
plant-herbivore interactions reviewed by Bezemer and
Jones (1998), 17 analyse the impact on population densi-
ty. The phloem (8 studies) and whole-cell feeders (5 stud-
ies) on average respond positively to elevated CO,, but
thereis alarge variability and for 70% of the studies, the
impact of CO, is not significant (Bezemer and Jones
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1998). One of the studies showing a significant increase
in population size with elevated CO,, a result opposite to
ours, was conducted with T. urticae (Heagle et al. 1994).
However this experiment should be interpreted with cau-
tion since the white clover plants were partially defoliated
before infestation with the mites and CO, was applied on-
ly about 7 days before the infestation. CO, stimulated
plant growth, but no data on plant chemistry are given to
further evaluate the effect of these treatments.

While most studies on the performance of individuals
show a negative impact of CO, (Watt et al. 1995), stud-
ies at the population level give much more variable re-
sults. Three points can explain this paradox: (1) the pro-
portion of studies on aphids (short-lived, phloem feeders,
often not or positively affected by CO,) is high at the
population level and low at the individua level; (2) in
many studies at the population level, the insects were
free to move on the plant and possibly could choose to
consume the less atered plant parts (Williams et al.
1997), while in most studies at the individual level the
insects were fed with a pre-determined plant part; and
(3) severa population studies were done with open-top
chambers without confinement of the insect (Butler
1985; Butler et al. 1986). Here differences in population
sizes could result from an effect of attraction or deter-
rence (Docherty et al. 1997).

More integrated studies are needed on a larger spec-
trum of herbivore types before reliable predictions of the
impact of elevated CO, on plant-herbivore interaction can
be made. Interactions with leaf age (Williams et al. 1998)
and trophic web structure (Stiling et a. 1999) emphasise
the need for more realistic experimental design, and the
behavioural, demographic and genetic responses of the
herbivores need a more thorough assessment.
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