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RisingAtmosphericCarbonDioxideand PotentialImpactson the Growthand
Toxicityof Poison Ivy(Toxicodendronradicans)
L. H. Ziska, R. C. Sicher,K. George,and J. E. Mohan
Becauseof its abilityto inducecontactdermatitis,the establishment
andspreadof poisonivy is recognizedas a significant
publichealthconcern.In the currentstudy,we quantifiedpotentialchangesin the biomassandurushiolcontentof poison
carbondioxideconcentration
(CO2).We alsoexaminedthe
ivyas a functionof incremental
changesin globalatmospheric
rateof newleafdevelopmentfollowingleafremovalto simulateresponsesto herbivoryas functionsof bothCO2andplant
size. The experimentalCO2 values (300, 400, 500. and 600 [lmol mol- ) correspondedapproximatelyto the
concentrationthat existedduringthe middleof the 20th century,the currentconcentrationand near and long-term
Over250 d, increasingCO2 resultedin significantincreases
projectionsfor this century(2050 and 2090), respectively.
in leafarea,leafand stemweight,and rhizomelengthrelativeto the 300 gmol mol-1 baselinewith the greatestrelative
increaseoccurringfrom300 to 400 lmol mol-'. Therewasa nonsignificant
(P = 0.18) increasein urushiolconcentration
in responseto CO2;however,becauseof the stimulatory
effectof CO2on leafbiomass,the amountof urushiolproduced
per plantincreasedsignificantlyfor all CO2 abovethe 300 gmol mol-' baseline.Significantincreasesin the rateof leaf
developmentfollowingleaf removalwerealso observedwith increasingCO2. Overall,thesedataconfirmearlier,fieldbasedreportson the CO2sensitivityof poisonivy but emphasizeits abilityto respondto evensmall(- 100 gimolmol-1)
changesin CO2abovethemid-20thcenturycarbondioxidebaselineandsuggestthatits rateof spread,its abilityto recover
fromherbivory,and its productionof urushiol,maybe enhancedin a future,higherCO2 environment.
radicans(L.) KuntzeTOXRA.
Nomenclature: Poisonivy, Toxicodendron
Key words: Climatechange,carbondioxide,leaf development,toxicology.
Records of carbon dioxide concentration (CO2) have
shown an increase in ambient CO2 of ' 22% from 311 to
380 jtmol mol-1 since the late 1950s (IPCC 2001). The
current annual rate of CO2 increase (- 0.5%) is expected to
continue, with concentrationsexceeding 600 gmol mol-1 by
the end of the 21st century (IPCC 2001). In addition to its
indirect role as a greenhouse gas, rising carbon dioxide has
a direct effect on plant systems because it represents the
primary raw material (carbon) needed for plant growth.
Because 95% of all plants currently lack optimal levels of
carbon dioxide for photosynthesis (i.e., those with the C3
photosynthetic pathway), the rapid increase in carbon
availability is likely to stimulate the photosynthesis and
growth of both anthropogenicallyimportant and deleterious
plant species.
Potential differencesin the response of weeds and crops to
recent and projectedincreasesin CO2 have been the subjectof
a number of investigationsat the agronomic level (See Ziska
and Runion 2006, for a review). Although the role of weed
biology in the context of agricultureremains a primaryfocus
of inquiry by weed scientists,it should also be recognizedthat
the role of weeds in altering human health can be significant
(Ziska 2003a).
One of the most common weed-induced health effects
experiencedby the general populace is dermatitis.More than
100 plant species are associatedwith contact dermatitis, but
perhaps the most recognized is the poison ivy group
(Toxicodendronspp.). These species, ubiquitous throughout
North America, can spread by seed or asexually through
rhizome production. Rhizomes spread in all directions, both
at, and below, the surface, rooting continuously (i.e., not at
nodes like runners) and establish themselves over large
DOI: 10.1614/WS-06-190.1
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horizontal or vertical areas. Sensitivity to urushiol, the oillike compound found in this specie,, can occur in about 2 of
every3 people upon initial exposu'e, with amounts as small as
1 ng sufficient to induce contact dermatitis in sensitive
individuals (Tanner 2000). Clearly, potential changes in the
growth or toxicity of Toxicodendronto rising levels of carbon
dioxide will have significant consequences for human health
on a broad scale.
A recent 6-yr in situ study of poison ivy at Duke University
(Mohan et al. 2006) demonstratedthat exposure to elevated
CO2 (- 200 gmol mol-1 above current background)
stimulated photosynthesis and growth (mean plant biomass)
with a more toxic form of urushiol when compared with
current levels of atmospheric carbon dioxide. Although this
study was significant in its scope, there were additional facets
of the poison ivy response to CO2 that requiredclarification,
including (1) to what extent poison ivy has alreadyresponded
to recent (20th century) changes in CO2, (2) how rhizome
length (a principlemeans of asexualreproduction)respondsto
CO2, (3) how sensitive urushiol concentrationor production
is to small changesin CO2, and (4) how CO2 altersthe rate of
new leaf development if leaves are removed, as through
herbivory. To address these questions, we initiated an 8-mo
experimentto examine the growth and urushiol production of
clonal poison ivy populations at 100 gmol mol-' intervals
between 300 and 600 gmol mol-1.

Materialsand Methods
Experimental Conditions. Rhizome segments (4 to 5 cm in
length, 1 to 2 cm in diameter) were collected from a single
clonal population of poison ivy located near Buckeystown,
MD. Rhizomes were collected in the spring of 2003 and
2004. After sizing, one to two segments were placed in pots
filled with a 1: 1 mixture of sand and vermiculite and placed
on a greenhouse mist bench. Once leaf initiation occurred,
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of poison ivy after250 d.a'b
Table 1. Averagesand P valuesof the ANOVA for CO2 concentrationfor vegetativeand qualitativecharacteristics
Variable

Averages(gmol mol-1)
400
500

300
2,169 c
13.2 d
27.8 d
343 d
1.11 c
0.23
15.0 d

Leafarea(cm2)
Leafwt (g)
Stem wt (g)
Rhizomelength (cm)
Rhizome (No).
Urushiol (mg g-' FW)
Urushiol (mg)

4,779 b
31.8 c
52.1 c
547 c
1.75 b
0.26
40.9 c

5,663 ab
37.8 b
63.8 b
664 b
2.19 ab
0.28
53.3 b

600

P valuecCO2 effect

6,568 a
43.3 a
87.1 a
851 a
2.25 a
0.36
78.1 a

***
**
**
**
**
0.18 (NS)
**

a

Unless otherwisespecified,data are per plant, e.g., urushiol(mg) is the averageproductionof urushiolin milligramsper plant.
b Abbreviations:No.,
number;FW, freshweight;NS, not significant.
c Differentlettersindicatesignificantdifferencesas a function of [CO2] treatmentsusing a Fisher'sProtectedLSD.
* P &lt;
0.001.
0.01; ***P&lt;
0.05; **P &lt;

response reported here from 400 to 600 tmol mol-1

(-- 55%).

The stimulationof leafor stembiomasswasobservedeven
with small (100 jmol mol-1) increasesin CO2 (Table1).
Overall, although vegetativeresponse to CO2 remained
significantfor 100 jmol mol-1 increasesup to 600 gmol
CO2, the relative response diminished as CO2

mol-

increasedabove the 400 gmol mol-1 baseline.Similarly,
althougha significantincreasein total rhizomelength was
observed as a function of treatment CO2, the largest relative

increasein rhizomelength over time occurredbetween300
and 400 gmol mol-1 CO2 (Figure1). Data on the response
of plant biomassto recentchangesin atmosphericCO2 are
limited but suggestan averageresponseof - 30% (Sage
1995; Ziska2003b). The responseobservedhere for poison
ivy (300 to 400 pmol mol-1 CO2) is aboutthreetimesthat
average(- 105%),suggestingthat the most rapidpotential
changein poison ivy growthin relationto CO2 may have
occurredin the laterhalf of the 20th century.
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Although poison ivy can show a strong response to recent
and projected changes in CO2 how might that response be
mediated by herbivory?Herbivory is a recognized check on
the size and survivorshipof plants, and leavesof poison ivy are
browsed frequently by white-tailed deer, muskrat, and other
herbivores (Pederson and Wallis 2004). To simulate herbivory, all poison ivy leaveswere removed from different cohorts
at weekly intervals between 60 and 90 d after exposure to
a given CO2. The rate of leaf redevelopment(i.e., leaf weight
and area) was independent of plant age at the time of leaf
removal (i.e., between 60 to 90 d, data not shown); however,
the rate of development was strongly influenced by the
treatment CO2 (Figure 2). For example, the time to mature
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Figure 1. Nondestructive measurementsof total rhizome length per plant
(determinedas the productof rhizomenumberand length)for poison ivy grown
at four differentconcentrationsof atmosphericcarbondioxide (CO2). Carbon
dioxide values correspondedroughly to the atmosphericconcentrationthat
existedduringthe middleof the 20th century,the currentconcentration,and the
near and long-term projections for the current century (2050 and 2090),
respectively.Lines are "best-fit."Equationsfor lines (from lowest to highest
[CO2])are:y = - 16.001 + 1.204 (x) + 0.000996 (x2);y = 49.180 + 0.912 (x) +
0.00512 (x2);y = -24.167 + 1.736 (x) + 0.00436 (x2);y = 47.392 + 1.484 (x) +
0.00758 (x2). Significant differences in slope were observed between the
300 gLmolmol-1 and all other [CO2] treatments.
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Figure 2. Changes in leaf area and dry weight as a function of time during
regrowthas a functionof [CO2]followingleaf removal.Differentlettersindicate
significantdifferencesas a functionof [CO2] treatmentsusinga FishersProtected
LSD. Symbolsarethe sameas in Figure 1. Additionaldetailsareprovidedin the
Materialsand Methods section of the text.
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trifoliate leaf development was approximately three times
faster at 600 compared with 300 gLmolmol-1 CO2. The
rapidityof leaf developmentlikely reflectscarbohydratestatus
of the whole plant, which generally increasesin response to
elevated CO2 (e.g., Stitt 1991).
Will potential changes in growth of poison ivy with
increasing CO2 alter the concentration or production of
urushiol, the oil associatedwith contact dermatitis?Urushiol
is a mixture of phenolic catechols that can readily penetrate
the skin and induce a rapid allergicresponse.It is the immune
system, specificallythe destructionof skin cells by white blood
cells that, in turn, can lead to contact dermatitis.At present,it
is estimated that 80 to 90% of the U.S. population can
become sensitive to poison ivy with repeated exposures to
urushiol (Krenzelokand Provost 1995). In the currentstudy,
no change in the ratio of unsaturatedto saturatedforms of
urushiol (i.e., the more toxic form of urushiol) was observed
(data not shown). There was a nonsignificant (P = 0.18)
increase in urushiol concentration in response to increasing
CO2, in part because of considerable leaf-to-leaf variation.
However, given the stimulatory effect of CO2 on leaf and
plant growth, the total amount of urushiolproducedper plant
increasedsignificantlyas a function of CO2 (Table 1).
How do the responsesobservedhere apply to the potential
spread of poison ivy and urushiol in a future, higher CO2
world?Clearly,the growth responseof poison ivy to CO2 will
be dependent on other abiotic resources, particularlylight,
nutrients, and water availability. Light, for example, is
recognized as a limitation for the development of understory
vines, and recent reports suggest that elevated CO2 could
benefit the response of deep-shadedtropical vines (Granados
and Korner2002) as well as provide additionalcarbon during
the spring when temperatevines may be carbon limited (Zotz
et al. 2006). If vine growth is, in effect, limited by nutrientsor
water, then production of secondary compounds, such as
urushiol, may representan alternativecarbon sink, and higher
concentrationsof such compounds could result as CO2 rises
(see Bryant et al. 1983). Conversely, the growth response to
CO2 under optimal conditions may not include an increasein
concentration but, instead, greater productivity of urushiol
per plant (i.e., largerplants), consistentwith the currentstudy.
However, both scenarios would be associatedwith a greater
potential for contact dermatitis either through increased
concentrationor by greaterlikelihood of human contact.
Overall, the growth responseof poison ivy to CO2 reported
here is consistent with that shown previously in situ (Mohan
et al. 2006). Moreover, these data confirm the sensitivity of
poison ivy growth to recent and small changes in atmospheric
CO2 and suggest that future increases in CO2 are likely to
stimulate the growth of poison ivy and production of
urushiol, even if herbivory increases.Recent in situ observations have, in fact, indicated that vines are likely to benefit,
relativeto trees, as atmosphericCO2 increases(e.g., Belote et
al. 2004; Phillips et al. 2002). It has been thought that as CO2
increases,vines can allocate more photosynthateto additional
leaf tissue because of low allocation to support structures
(Sasek and Strain 1990; Tsugawa et al. 1980); greater light
capture, in turn, would prove over time to confer greater
competitive advantage. The current data for poison ivy are
consistent with these observationsbut suggest furtherthat the
rate of rhizome elongation, which is proportionalto the rate
of asexualspread,may also increasesignificantlyin responseto
CO2.

In summary,the potential consequencesof a warmerplanet
with respect to pathogens, air and water quality, and
respiratory disease are well recognized by the health-care
community (e.g., Patz and Kovatz2002). Less recognized (or
evaluated)are the direct or indirectconsequencesof increasing
CO2 on plant biology and public health. Although the
response of poison ivy to global change cannot be elucidated
by examining a single parameter, understanding and
quantifying the impact of recent and projected changes in
CO2 as a dynamic, unrecognizedaspect of poison ivy growth
and urushiol production deservesparticularattention. Given
the importanceof contact dermatitisas a public health issue, it
is hoped that the efforts described here and previously
(Mohan et al. 2006) will encouragefurthercollaborativework
between medical and plant scientists in the interaction
between plant-induced contact dermatitis and human-induced climatic change, for example, the mapping of poison
ivy within urban locations, (i.e., higher CO2 environments;
see Ziska et al. 2003a) and the sharing of such maps with
health-careproviders.
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