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may ':1ave been a factor in the selection of these
species.

Abstract

The response of pl8nt species to Mure atmospheric
carbon dioxide concentrations [CO2J has been deter-
mined for hundreds of crop and tree species.
However, no data are currently available regarding
the response of invasive weedy species to past or
future 8tmospherlc [COz). In the current study, the
growth of six species which are widely recognized as
among the most invasive weeds in the continental
United States, Canada thistle (Cirsium arvense (L.)
Scop.), field bindweed (Convolvulus arvensis L.),
leafy spurge (Euphorbia esu/a L.), perennial sowthls-
tie (Sonchus arvensis L.), spotted knapweed
(Centaurea maculosa Lam.), and yellow star thistle
(Centaurea solstlt/alis L.) were grown from seed at
either 284, 380 or 719 ~ol mo'-' [CO2J until the
onset of sexual reproduction (I.e. the vegetative per-
Iod). The CO2 concentrBtions corresponded roughly
to the CO2 concentrations which existed 8t the begin-
ning of the 20th century, the current [CO2J, and the
Mure [CO2] projected for the end of the 21st century,
respectively. The average stimulation of plant bio-
mass among invasive species from current to future
[CO2J averaged 46%, with the largest response
(+720;0) observed for Can8da thistle. However, the
growth response among these species to the recent
[CO2J Increase during the 20th century was signifi-
cantly higher, 8ver8ging 110%, with Canada thistle
again (+18OOf0) showing the largest response. Overall,
the CO2-induced stimulation of growth for these spe-
cies during the 20th century (285-382 ~ol mol-')
was about 3 x greater than for any species examined
previously. Although additional data are needed, the
current study suggests the possibility that recent
increases In atmospheric CO2 during the 20th century

Key words: Carbon dioxide, invasive weeds, leaf area ratio,
net assimilation rate, relative growth rate.

Introduction

Invasive plants are generally recognized as those species,
usually non-native for a given system. whose introduction.
commonly by human transport, results in economic or
environmental haml. Although the impact of such species
on native plant communities is well documented
(Rejmanek and Randall, 1994), introduced plant species
also present a threat to agronomic productivity. In
agriculture, invasive plants out-compete crops for soil
and water resources, reduce crop quality, interfere with
harvesting operations, and reduce land values. The US
Department of Agriculture estimates the annual product-
ivity loss of 64 crops due to invasive or 'noxious' species
at $7.4 billion (USOA-NRCS, 1999).

Of course, not all introduced plant species become
invasive. What then are the characteristics associated with
successful invasive species? Understanding these charac.
teristics is crucial since, if they can be identified, future
invasions could be identified and controlled. While
attention has been given to the lack of native predators
or parasites (Vitousek et al., 1996), less work has focused
on the role of the abiotic environment per se in invasions
(0' Antonio and Vitousek. 1992)

One aspect of the environment which is of obvious
interest is global climate change. The concentration of
atmospheric CO2 has already risen 30% during the 20th
century from -285 J.1Inol mol-l to a current estimate of 370
J.1Inol mol-l with most of the increase occurring since the
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I 950s (Keeling and Whorf. 2001). The United Nations
Intergovernmental Panel on Climate Change (UN-IPCC)
predicts that [CO~ could exceed 700 ~ol mol-J by the
end of the current century (Houghton et al.. 1996). Recent
IPCC reports provide strong evidence that rising C~ and
other trace gases could lead to a 3-12 °C increase in global
surface temperatureS with subsequent effects on climate.
although the degree of temperature/climatic change
remains uncertain (Kaiser. 200 1 ).

While the extent of temperature increases remains
speculative. there is acknowledged consensus on the direct
physiological impact of increasing [CQ2J on plant photo-
synthesis and metabolism (see reviews by Stin. 1991;
Bowes. 1996). Increasing [CO2] has been shown to
stimulate growth and development significantly in hun-
dreds of plant species (see Kimball. 1983; Kimball et al..
1993; Poorter. 1993. for reviews examining the response to
future CO2 concentrations; Sage. 1995. for a review of the
response to pre-industrial CO2 concentrations). .

Based on these reviews. it is clear that plant species
respond differently to the ongoing increase in atmospheric
[CO2], In fact. differential response of C3 and C4 plant
species to increasing CO2 during the 20th century has been
suggested as one potential explanation for recent invasions
of native C4 grasslands in North America by woody C3
species (Johnson et al.. 1993). However, a specific
evaluation of growth responses among recognized invasive
plant species to past. p~sent and future C~ concentra-
tions is not available.

To determine the relative extent of potential growth
stimulation systematically. six widely acknowledged
North American invasive weeds. Canada thistle (Cirsium
arvense (L.) Scop.). field bindweed (Convolvulus arvensis
L.). leafy spurge (Euphorbia esula L.). perennial sowthis-
tle (Sonchus arvensis L.). sponed knapweed (Centaurea
maculosa Lam.). and yellow star thistle (Cenraurea
solstitialis L.) were grown from seed at either 284. 380
or 719 ~ol mol-J [CO2J until the onset of sexual
reproduction (i.e. the vegetative period). These CO2 values
correspond approximately to those which existed at the
beginning of the 20th century. those which exist today. and
those which are predicted to occur by the end of the 21 st
century. Vegetative growth was considered critical since
early development is a key factor in determining crop!
weed competition (Kropff and Spiners. 1991).

filled with vemticulite and were thinned to one seedling 4-6 dafter
emergence. For each [CO:) treatment 24-26 plants of a given
species were used. Pots were rotated biweekly inside the chambers
and arranged to avoid shading from other plants. All pots were
watered to the drip point daily with a complete nutrient solution
contaimngl4.5 rnMol m-3 maogen (Robinson. 1984). All seed was
obtained from Herbiseed (Herbiseed Corp.. Berkshire, UK).

For all environmental chambers, temperature was altered in a
diurnal fashion from an overnight low of 20 °C to a maximum
afternoon value of 30 °C, with an average daily (24 h) value of 23.1
OC. Similarly, light (photosynthetically active radiation, PAR) was
also altered diumally in conjunction with temperatUre. with the
highest PAR value (-1200 ~ol m-2 S-I) occurrina during the
afternoon. Daily PAR was IS h, supplied by a mixture of high
pressure sodium and metal halide lamps and averaged 38 mol m-: ~I
for all chambers. The C~ concentration of the air was controlled by
adding either C~ or CO;rfree air to maintain the desired C~
concentration. Injection of CO2 and CO2-free air was controlled by a
TC-2 controller using input from an absolute infrared aas analyser
(WMA-2, PP Systems, Haverhill, MA. USA). Temperature, humid-
ity and [CQ2J were recorded every IS miD, and daily averages
detemtined for a given experimental run. Additional details
concerning the operating system can be found in Ziska et at. (2001).

Plants were grown until S4-6O d after sowing (DAS) at which
time, depending on species, initiation of ftoral spikes or reproductive
development was evident. Reproductive development occuned 2-3
d earlier at 284 ~ol mol-I C~ for spotted knapweed and yellow
star thistle relative to ambient CO2 conditions, but was approxi-
mately equivalent for all other species among CO2 tteatments.
Because of different growth rates and timing of reproductive
development, Canada thistle, field bindweed and yellow star thistle
were harvested at 17, 23, 3S, and 54 DAS. while leafy spurge,
spotted knapweed and perennial sowthistle were harvested at 23. 3S.
54, and 60 DAS. To minimize root binding, all species were
transplanted to 21.11 pots by 36 DAS. With the exception of leafy
spurge. leaf area was determined phOtometrically on all leaves at 17,
23 and 3S DAS using a leaf arek meter (model 3100. Li-Cor Corp.,
Lincoln NE. USA). Because of the large leaf area at S4 and 60 DAS.
subwnples of 10 leaves per C~ treatment and species were placed
in moistened paper towels to prevent leaf rolling and leaf area was
delermined as described previously. These leaves were then dried at
65 °C and total leaf area per plant and specific leaf weight estimated
by the linear regression of leaf area to leaf dry weight (,2>0.91 for all
species) obtained from these leaves. Because of the milky latex and
the subsequent difficulty in running leaves of leafy spurge through
dJe leaf area meter, this technique was also used to determine total
leaf area per plant for this species at 54 and 60 DAS. In addition to
leaf area, dry mass was detennined separately for all leaves, stems
and roots at each harvest for all species and [C~] treatments after
drying at 6S OC for a minimum of 48 h or until dry mass was
COnstanL Relative growth rate (RGR), net assimilation rate (NAR)
and leaf area ratio (LAR) were calculated accordini to Jones (1983).
Because NAR is detemtined on a per leaf area basis. NAR of whole
plants (NARp) was also detemtined by multiplying NAR by existing
leaf area at a given harveSL

Because only three chambers were available. a randomized
complete block design was used with runs over time as replications
(blocks). Each chamber was assigned one of the three CO2
treatments. At the end of a given run (i.e. 60 DAS). CO2 treatments
were randomly assigned to a given chamber and the entire
experiment was repeated. The entire experiment was repeated
three times. and the mean value from each run used as a single
replicate. Growth characteristics, biomass and vegetative character-
istics were analysed using a one-way ANOV A with CO2 as the
independent variable. To detennine differences as a function of
[CQ..j for a given species and harvest date, a Student's (-test

Materials and methods
Seeds from six weedy species, Canada thistle, field bindweed, leafy
spurge, perennial sowthistle, spotted knapweed. and yellow star
thistle. were grown using three controlled environmental cbamben
(EGC Corp., Chagrin Falls, OH, USA) with exh chamber kept at
one of three 24 b carbon dioxide concenu-auons set-points, 285, 380
or 720 IJ.mol mol-I (actual [CO2] values averaged on a 24 h basis
dtrough the experiment were 284:18, 380:10 or 719:6 jJ.mol
rnol-1 COz). Five to ten seeds of each species were sown in 0.61 pots



(assuming unequal variances) was used. Unless otherwise stated.
significant differences for any measured parameter were determined
as significant at the P ~O.OS level.

Results

Increasing [CQ2J above levels present at the beginning of
the 20th century (i.e. 285 J1mol mol-I) stimulated NAR at
either 23 and/or 35 DAS for all invasive species except for
spotted knapweed (Table 1). By 54-60 DAS, the additional
stimulation of NAR by (CO:1J was no longer consistent
among species (and had actually declined for perennial
sowthistle) (Table 1). Although this would suggest
increasing insensitivity to assimilation with increasing
C~, HAR is expressed per unit leaf area. Consequently, if
total leaf area per plant is taken into consideration,
increasing [C~J from either 284 to 380 or from 380 to
719 J1mol mol-I resulted in significant stimulation of NAR
per plant (HARp) through 54 or 60 DAS for all species
except leafy spurge with no evidence of a decline in the
relative stimulation through this period as a function of
(C~ (Table 2).

Leaf area was also significantly stimulated with increas-
ing [CO2J with a greater relative increase from early 20th
century to current CO2 than from current to projected
[C~ levels (Fig. 1). LAR in contrast, increased with
decreased [CQ2J, especially during the early part of the
growing season for five out of the six species (Fig. 2). That
is, at 284 J1mol mol-I C~, LAR significantly increased for
Canada thistle, field bindweed, perennial sowthistle,
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spotted knapweed, and yellow star thistle betWeen 17-35
DAS. Increased LAR for the lowest [CO,,] was also
observed for leafy spurge at 54 and 60 DAS. The increase
in LAR indicates a greater allocation to leaf production
during early development for the lowest [CO,-] (Fig. 2).

The CO2-induced stimulation of plant biomass was
consistent with that observed for leaf area, with a greater
relative increase from 284 to 380 than from 380 to 719
~ol mol-l Co" (Table 3). Yellow star thistle and
perennial sowthistle showed the largest absolute increase
in plant biomass at 54 and 60 DAS, respectively. The
smallest absolute response was observed for leafy spurge,
with no significant increase in biomass observed at 60 DAS
betWeen current and future [CO,,]. By the final harvest date
(i.e. either 54 or 60 DAS). significant increases in leaf.
stem and root weight were also observed in all species with
increasing [CO,,]. with the exception of root weight in
leafy spurge (Table 3). The largest relative increase.
averaged across all species was observed for root biomass
(-120% from 284 to 389 ~ol moil; 55% from 380 to 719
~ol mol-I). While there is a significant effect of [COz] on
R:S ratio averaged for all species. for individual species.
no consistent effect of [CO2] was observed for root:shoot
ratio (Table 3).

Although there are clear differences in plant biomass
and its components as a consequence of [COz]. little actual
change in RGR as a function of [Co,,] was observed for a
given sampling date (Table 4). Although RGR did decline
over time. overall RGR did not differ as a function of CO2

Table 1. Change in net assimilation rate (NAR. g cm-J ~/Xlo-')for six noxious weed species grown at either 284.380 or 719
)#nO1 morl CO2

Different letters indicate significant differences between CO2 treatments for a given sampling date and species.

Species CO:z DAS

23 35 54 60

284
380
719
284
380
719
284
380
719
284
380
719
284
380
719
284
3~
719
284
380
719

1.16 b
1.85 .
1-.~ b
1.32 b
1.28 b
2.54 .

1.74 c
2.10 b
2.5S .
loSS
1.78
I.~
NA
NA
NA
1.31 b
1.76.
2.00.
2.23
2.13
2.5S
1.74
2.02
2.10
1.71 b
1.96 b
2.23.

1.4~ b
1.68 ab
1.74.
1.03 b
1.07 b
1.49 .
0.92 b
1.21 ab
1.48 .
1.61 .
1.31 ab
1.18 b
1.27 b
1..1 ab
1..5.5 .
1.29
1.26
1.28
1.26
1.32
1...5

Canada thistle
(Cirsi- arwrlS~)

Field bindweed
(Co/IvoIvldus arv,nsis)

1.01
0.90
1.10
O.70c
1.16 b
1..50 a
0.6.5 b
1.29 a
1.15 ab

Leafyspllr&e
(EllPhQrbi4 ,SIdll)

Perennial sowdliStle
(Sonchus al'VCnsis)

Spotted knapweed
(Centaurea maculosa)

2.73 a
2.17 b
2-'3 ab
1.74 b
1.77 b
2.03' a

Yellow star thistle
(Centaurea solstilialis)

Ave~ O.79b
1.12 ba
1.2.i .
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Table 2. Change in net assimilation rate on a per plant basis (NARp. g planrl tl"1) for six noxious weed species grown at either

284.380 or 719 pmol mall CO2
Different letters indicate significant differences between C~ treatments for a given sampling date and species.

Q~~.Species

~M23 35

1.532 c
3.332 b
5.424 a
2.177 c
3.383 b
4.293 a
0.270 c
0.608 a
0.721 .
1.491 c
2..537 b
3..592 .
1.672 c
2.775 b
4.162 a
2.tOBb
4.279 a
4.642 a
1.542 c
2.819 b
3.806 a

0.014 b
O.(l16a
0.OS2 a
0.057 b
0.078b
0.245 a

0.249 c
0.543 b
1.016 a
0.488 b
0.866 a
1.164 a
NA
NA
NA
0.165 c
0.526 b
0.891 a
O.26S c
0.453 b
0.837 a
0.473 c
0.804 b
1.356 a
0.328 c
0.638 b
l.OS3 a

284
380
719
284
380
719
284
380
719
284
380
719
284
380
719
284
380
719
284
380
719

Canada thistle
(Cirsium arvense)

Field bindweed
(Convolvulus arvensis)

0.650 ab
0.4SO b
0.928 a
0.895 c
2.966 b
6.279 a
0.742 b
3.627 a
4.418 a

Leafy spurge
(Euphorbia ~sula)

Perennial sowthistle
(Sonchus arvensis)

Spotted knapweed
(Centaurea maculosa)

0.106 b
0:111 b
0.211 .
0.059 b
O.OOb
0.169 a

Yellow star thistle
(Centaurea solstitialis)

O.162c
z.348 b
3.815 a

Average

known to be noxious and invasive is likely to be
regulated by law in order to prevent its introduction or
spread into new areas. Six of the top 15 weeds
determined by Skinner et al. (2000) (all C3 species)
were used in the current study. Among these, Canada
thistle, is recognized as the most noxious weed,
occurring on 33 noxious lists (the next closest weed,
musk thistle, occurs on 24 lists) (Skinner et al., 2000).

Relative to other species, do invasive species show a
stronger or lC$Scr response to increasing atmospheric
[CO2l? What is the expected response? One of the earliest
attempts to integrate plant response to elevated [CO2l was
published by Kimball (1983) who examined 430 previous
studies. Bases on his analysis he determined that the
average response of plants (:!:SE) to future elevated CO2
conditions was 34:!:6% (330-360 ~ol mol-l for ambient
versus 600-1000 J.1.Inol mol-l for future elevated; Kimball,
1983). Other studies which have quantified the variation in
the response of plants to future [C~] show similar results
(e.g. 37% for 156 plant species; Poorter, 1993). In the
current experiment with invasive weeds, the average
response after 54 DAS was -45%, similar to previously
published values (Fig. 3A). For individual weedy species,
only Canada thistle (+72%) and spotted knapweed (+60%)
indicate a substantially stronger than expected response to
future elevated [CO2l relative to the baseline devised by
Kimball (1983). The strong response to future elevated
[CQ21 relative to current ambient levels observed for these
tWO species is consistent with the observed stimulation of
NARp (+63% and +50% for Canada thistle and spotted

treatment during the measured growth interval. Since there
are obvious biomass differences as a result of [Caz] by the
end of the experiment, the actual change in RGR resulting
from [C~] must have occurred prior to 17 DAS for
Canada thistle, field bindweed and yellow star thistle and
prior to 23 DAS for leafy spurge, perennial sowthistle and

spotted knapweed.

Discussion

Because of the recent increase in atmospheric [CO2], and
its importance in plant physiology, the response of plant
species to future levels of CO2 has been the object of
numerous studies (for reviews see Poorter, 1993; Kimball
et ai., 1993; Curtis and Wang, 1998; inter alia). In
examining the species listed in these reviews, it is clear that
a principal focus of many studies has been on commer-
cially important species (i.e. crops and trees). Although
weeds have been investigated (see Patterson, 1995, for a
review), specific evaluations of the growth response of
recognized invasive or noxious weeds to past, present or
future Caz concentrations are not available.

The invasive species chosen for this study were
taken from Skinner et ai. (2000) who ranked noxious
weeds from surveys of the United States and Southern
Canada. ('Noxious' refers to the fact that these plants
have been deemed harmful in a legal sense and not
that the plants are poisonous.) Their inclusion in such
a list recognizes the detrimental nature of such species
and their wide-spread occurrence. Obviously a plant
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Fig. 1. Leaf area for six invuive weedy species. Canada IbistIe (Cini- a""ns~). field bindweed (Convolvulus a"""sis). leafy spurge
(Eupitorl1ia 'SIlIa). perennial sowthisde (Sonchus arv,nsis). spotted knapweed (C,ntallna macillosa). and yellow star thistle (C,ntauna
solstitialis) u a function of 284. 380 and 719 1£11101 mor-l (CO:]. Exh point is the averap of lS-18 pl30ts averaaed over three runs. Bars are
75E. Different leaen indicate sianificant differences on me lut day of harvest (,4-60 DA5) as a function of [CO:].

during the 20th century. with most of the observed increase
coming since the late 1950s (c. 312 ~ol mol-I in 1959)
(Keeling and Whorf. 2001). Prior to 1900, [C~ fluctuated
between 180-290 ~oi moi-1 for at least 220 000 years
(Barnola et al., 1987; Jouzel et al., 1993). With respect to
the recent and rapid increase in QUnospheric [CO~ during
the 20th century, do invasive species show a suonger than

expected response?

knapweed. respectively, from ambient to future elevated
[Co,j), but could not be predicted based on relative
biomass allocation (e.g. R/S, alterations in source: sink).
Overall, the response of the invasive weeds ex:amined here
to projected future increases in atmospheric [C~], does
not differ considerably from that of other species.

But the 'current' [Co,,] is in ftux. Atmospheric carbon
dioxide bas already risen from -285 to 378 ~ol mol-I

4000

2000

1000
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Fig. 2. Leaf area ratio (LAR) deternlined as the ratio of existing leaf area to above-ground plant biomass at different harvest dates for six invasive
weedy species. Canada thistle (Cirsium arvense). field bindweed (Convolvulus arvensis). leafy spurge (Euphorbia esula). perennial sowthistle
(Sonchus arvensis). spotted knapweed (Centaurea maculosa). and yellow star thistle (Centaurea solstilialis) as a function of 284. 380 and 719
l1Inol mol-I [Caz]. . Indicates a significant difference relative to the 284 IJ.mOl mol-I value for the 719 11n10l mol-I treatment.

range of preindustrial relative to current levels. Including
only C3 species. the estimated average relative biomass
response betWeen 270 and 380 ~ol mol-l is approxi-
mately 29% (see Fig. 3b in Sage. 1995). If this response is
updated to include more recent reportS, (i.e. wheat varieties
Seri M82 and Yaqui; Mayeux et ai., 1997; Aibutilon
theophrasti; Dippery et al., 1995; Ward et ai., 1999), the
average relative growth response (:tSD) is 33:t11% for

In contrast to future elevated CO2 levels. less work. has
integrated the response of plants to the recent increase in
atmospheric [C~. even though it is recognized that leaf
and plant photosynthesis can be particularly sensitive to
the low [CQ.,j concentrations of the past (Polley et al..
1993). This is due in part to technical considerations since
it is more difficult to scrub C~ than it is to add it.
Nevertheless. Sage (1995) summarized 12 studies over the

200

110

1.

10
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Table 3. Final biomass chDracteristics for six noxious weeds

Canada thistle. field bindweed and yellow star thistle were harvested at 54 DAS; leafy spurfe. ~nial sowthistle and spotted ~weed were
harvested at 60 DAS. Weeds were grown from sowing at either 284.380 CK 719 J1moI mor ~. Values are expressed as g plant- . R:S is the
ratio of root to shoot biomass. Different lenm indicate significant differences G a functi<XI of CO2 concenb'I1ioo fCK a given parameter and
species.

6.79 c
IS.02 b
24.71 .
8.38 c

12.31 b
17.52.
2.7S c
4.21 b
6.13.
7.33 c

16.17 b
25.89 .
10.81 c
21.72 b
30.03 .
11.43 b
21.01 .
24.63 .
7.92 c

IS.07 b
21.49.

0.50
0.42
0.44
0.51 c
0.71 a
0.64 b
0.49.
0.43 ab
0.35 b
0.58 b
0.88.
0.86.
0.26 b
0.38.
0.46.
0.42ab
O.36b
0.46 a
0;49b
0.52 b
0.56 .

Canada dlistJe
(Cirsium arverue)

Field biMweed
(Co/lvolvulus arvmsis)

LeafyspurJe
(Euphorbia ,sula)

PereMial sowthistle

(Soncluu a,,'ensis)

spotted knapweed
(Cerll~rea maculosa)

Yellow sw cbistle
(Cemauna sol.rtitiaJis)

AVer8ae

Table 4. Change in relative growth rare (RGR. g g-1 4"1) for six nonOllS weed s~ies grown at either 284. 380 or 7/9 JDnoI
morl CO2
Different leuen ~ significant differeoces between ~ uabnet1ts f~ a liven sampling dale and species.

Species ~ DA$

23 5.4 6035

0.118
O.I~
0.122
0.103
0.107
0.099
0.091
0.106
0.1:01
0.139
0.110
0.114
0.121
0.124
0.116
0.113
0.119
0.103
0.114
0.117
0.109

284
380
719
284
380
719
284
380
719
284
380
719
284
380
719
284
380
719
284
38)
719

0.210 b
0.307 .
0.169 .
0.214 b
0.192 b
0.283 .

0.232
0.224
0.232
0.191
0.193
0.177
0.1"60
0.150
0.131
0.230
0.245
0.236
0.197
0.200
0.198
0.173
0.194
0.190
0.191
0.201
0.195

Canada lhistle
(Cir.riwn arveru~)

Field bindweed
(Convolvulus arveruis)

0.185
0.00
0.077
0.059 b
0.083 .
0.098 .
O.~b
0.096 .
0.080 a

LeafyIpUrJe
(Ellphorbia esllla)

~Dnia1 sowthisde
(Sonchus arv~nsis)

Spotted kDapweed
(Cenl4urea maculow)

0.39S .
0.311 b
0.321 b
0.213
0.210
0.258

YeUow star thistle
(Centallrea solstiti4lis)

0.069
O.~l
0.00

Averaac

[C~ values between 250-270 JUIlol mol-I and 360-380
~ol mol-I.

ID the current stUdy. the response of the six invasive
weeds to recent increases in [C~] (i.e. since the
beginning of the 20th century) averaged 110%.
Although only a limited number of preindustrial studies

are available. the responses from the current experi-
ment are considerably higher than previously reported
for any plant species over this [~ range (Fig. 3b).
It could be argued that limitations of nunients or water
could limit the resp>nse of these species to abnOs-
pheric CO2 in the field; however. many of these
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Yellow star thistle

Leafy spurge -
X=110.1

Field bindweed

Spotted knapweed

150 2000 50 100

Percent increase in total biomass at 54 DAS
Fig. 3. (A) The average relative increase (%) detennined from the ratio of dry weight at elevated (719 1LIn01 mol-I), relative to ambient (380
1LIn01 mol-I) CO2 for three experimental runs for each of six invasive weeds, Canada thistle (CirsilUn arvense), field bindweed (Convolvulus
arvensis), leafy spurge (Euphorbia esula), perennial sowthistle (Sonchus arvensis), spotted knapweed (Centaurea maculosa). and yellow star
thistle (Centaurea so[stitialis) at a common harvest date of 54 DAS. Dotted line is the average response of plants as reported by Kimball (1983).
(B) Same as (A), but for [CO21 of 284 and 380 IJ.InOI mol-I C~. Dotted line is the published response of plants from 270-380 1LIn01 mol-I (Sage,

1995). See text for additional details.

relative growth increase less than 80%. There was a larger
relative increase in leaf area and NARp between 284 and
380 than from 380 to 719 when averaged for all species,
but the relative response of NARp, or other growth
characteristics from 284 to 380 J.lInOI mol-l was independ-

species are associated with managed agronomic envir-
onments where water and nutrients would be optimal
(patterson, 1995).

For individual species, Canada thistle again showed the
largest relative increase (+180%), but no species showed a



ent of the CO2-induced stimulation of ~wth observed at
S4 DAS for individual species.

Why such a strong response to recent increases in
atmospheric [COz]? It has been shown in numerous'studies
that below-JI'Ound JI'Owth can show dramatic increases
with increased [COz] (Rogers et aI., 1986; Bemsten and
Woodward, 1992; Prior et al., 1994). Interestingly, of the
most noxious weedy species listed by Skinner et al. (2<XX»,
many have a strong below-ground root or rhizome system
(e.g. Canada thistle, purple loosestrife, field bindweed,
leafy spurge, Russian knapweed. whitetop, perennial
soWtbistle, quackgrass, dalmation toadftax) which can
generate new stems from below-JI'Ound struCtures.
Averaged among all species in the cU1Tent experiment,
below-JI'Ound biomass showed the strongest relative
increase to the recent [C~ increase (+121% versus
54% for C~ concentrations from 284-380 versus 380-
719 ~ol moil, respectively, see Table 3).

It is possible that substantial below-ground sinks
'contributed to the large growth stimulation from 284 to
380 J.UDOI moil providing a link between invasiveness and
C~ responsiveness. However, at this time, the selection of
propagation by vegetative means over ftora! reproduction
remains only an intriguing possibility. The evolutionary
role of increasing (COz] in the recent past cannot be fully
elucidated by a single study done under growth chamber
conditions for individual specie~. Clearly, the responses of
the species considered here will vary in situ as a function of
competition and environment with other factors antagon-
istic to the direction of selection (Etterson and Shaw,
200 I). Additional field experiments to clarify the response
to recent increases in (COz] are difficult due to technical
considerations (cf. Mayeux et aI., 1993). Nevertheless,
understanding the role of climate, particularly the sudden
and dramatic rise in atmospheric carbon dioxide within
recent decades, as a possible factor in the invasiveness of
the these species deserves additional consideration. Such
an assessment may be crucial in quantifying the response
and potential agronomic threat posed by invasive weeds as
atmospheric [C~] continues to increase.
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