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ABSTRACT: Human activities are altering greenhouse gas concentrations in the atmosphere and
causing global climate change. In the near future, there will certainly be changes in the Brazilian
phytosanitary scenario attributed to global climate change. The impacts of climate change can be
positive, negative or neutral, since these changes can decrease, increase or have no impact on diseases,
depending on each region or period. These impacts will also be observed on plants and other organisms
as well as on other agroecosystem components. However, these impacts are not easily determined,
and conseguently, specialists from several areas must go beyond their disciplinary boundaries and
placing the climate change impacts in a broader context. This review focuses on the discussion of
different aspects related to the effects of climate change on plant diseases. On the geographical and
temporal distribution of diseases, a historical context is presented and recent studies using data of
forecast models of future climate associated with disease simulation models are discussed in order to
predict the distribution in future climate scenarios. Predicted future disease scenarios for some crops
in Brazil are shown. On the effects of increasing concentrations of atmospheric CO, and other gases,
important aspects are discussed of how diseases change under altered atmospheric gases conditions
in the future. The consequences of these changes on the chemical and biological control of plant
diseases are also discussed.
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MUDANCASCLIMATICASE DOENCASDE PLANTAS

RESUMO: As atividades antrépicas estdo alterando as concentragdes de gases de efeito estufa da
atmosfera e causando mudangas no clima do planeta. Certamente, num futuro préximo, devido as
mudancas climéticas globais, ocorrerdo modificagdes no cenario fitossanitario brasileiro. Os impactos
podem ser positivos, negativos ou neutros, pois as mudangas podem diminuir, aumentar ou ndo ter
efeito sobre as doencgas, em cada regido ou época. Esses impactos também seréo observados sobre as
plantas e outros organismos, além de outros componentes do agroecossistema. Porém, esses impactos
ndo sdo facilmente determinados e, desta forma, os especialistas das diferentes &reas precisam ir além
de suas disciplinas e abordar os impactos das mudangas climéticas em um contexto mais amplo. Nessa
revisdo sdo discutidos os aspectos relacionados com os efeitos das mudangas climéticas sobre as
doencas de plantas. Na distribui¢do geogréfica e temporal das doengas, um contexto histérico é
apresentado, incluindo estudos recentes utilizando dados de modelos de previsdo do clima futuro
associados com modelos de simulagdo da doenca a fim de predizer a distribui¢8o nos cenérios climéticos
futuros. Também sdo apresentados os cendrios futuros de previsdo de doencas de algumas culturas
no Brasil. Sobre os efeitos do aumento da concentragéo de CO, atmosférico e outros gases sdo
discutidos importantes aspectos do comportamento das doengas sujeitas as condic¢Oes alteradas de
gases atmosféricos no futuro. As conseqiiéncias dessas alteragdes sobre o controle quimico e biol4gico
das doencas de plantas também sdo discutidas.

Palavras-chave: CO,, mudangas climéticas globais, aguecimento global, andlise espacial, controle

INTRODUCTION

Greenhouse gas concentrations in the atmo-
sphere are being altered by Human activities, thus caus-
ing global climate change. These activities, intensified
after the Industriadl Revolution at the end of the eigh-

teenth century result from the use of natural resources
such as fossil fuel burning, deforestation and other
land use changes. The atmospheric concentration of
carbon dioxide (CO,) has reached levels significantly
higher than in the last 650 thousand years (Siegenthaler
et a., 2005). Since 2000, the growth rate in CO, con-
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centration is increasing more rapidly than in the pre-
vious decades (Canadell et al., 2007). Similar trends
have been observed for methane (CH,), nitrous oxide
(N,O), and other greenhouse gases (Spahni et al., 2005;
IPCC, 2007).

Consequently, several changes in the climate
have been registered. The average global surface tem-
perature has increased by 0.2°C per decade in the past
30 years (Hansen et a., 2006). Eleven of the twelve
warmest years ever registered by instruments since 1850
occurred between 1995 and 2006 - with the exception
of 1996. Alterations in the water cycle have aso been
observed. Changes will probably continue to happen
even if greenhouse gas concentrations stabilize, due to
the system’s thermal inertia and to the long period nec-
essary for returning to alower equilibrium (IPCC, 2007).

The importance of the environment on the de-
velopment of plant diseases has been known for over
two thousand years. Theophrastus (370-286 B.C.) ob-
served that cereals cultivated in higher atitude regions
exposed to the wind had lower disease incidence than
cereals cultivated in lower atitude areas. During the
eighteenth century and the beginning of the nineteenth
century, the effects of factors such as nutrition, air
humidity and wind on plant disease occurrence started
to be studied (Colhoun, 1973). Nowadays, the envi-
ronment can influence host plant growth and suscep-
tibility; pathogen reproduction, dispersal, surviva and
activity; as well as host-pathogen interaction.

The classic disease triangle establishes the con-
ditions for disease development, i.e. the interaction of
a susceptible host, a virulent pathogen and a favorable
environment. This relationship is evidenced in the defi-
nition of plant disease itself. A plant disease is a dy-
namic process in which a host and a pathogen inti-
mately related to the environment are mutualy influ-
enced, resulting in morphological and physiological
changes (Gaumann, 1950).

Diseases are responsible for losses of at |east
10% of global food production, representing a threat
to food security (Strange & Scott, 2005). Agrios
(2004) estimated that annual |osses by disease cost US$
220 billion. Besides direct losses, the methods for dis-
ease control - especially the chemical methods - can
result in environmental contamination and in residua
chemicals in food, in addition to social and economic
problems. The close relationship between the environ-
ment and diseases suggests that climate change will
cause modifications in the current phytosanitary sce-
nario. The impacts can be positive, negative or neu-
tral, since there can be a decrease, an increase or no
effect on the different pathosystems, in each region.
The analysis of the potential impacts of climate change
on plant diseases is essential for the adoption of adap-

tation measures, as well as for the development of re-
sistant cultivars, new control methods or adapted tech-
niques, in order to avoid more serious losses
(Chakraborty & Pangga, 2004; Ghini, 2005).

Plant pathogens are ubiquitous in natural and
managed systems, being among the first to demonstrate
the effects of climate change due to the numerous popu-
lations, ease of reproduction and dispersal, and short
time between generations. Therefore, they congtitute a
fundamenta group of biologica indicators that needs to
be evaluated regarding climate change impacts, besides
being responsible for production losses, and potentially
threat to agroecosystem sustainability.

Degspite the threat posed by climate change to
plant protection in the near future, there are few re-
ports about this subject (Garrett et al., 2006). This re-
view aims to report and discuss the impacts of cli-
mate change on the spatial and temporal distribution
of plant diseases, the effects of increased concentra-
tion of atmospheric CO, and the consequences for dis-
ease control. The impacts on abiotic diseases associ-
ated with the occurrence of extreme values of envi-
ronmental variables will not be discussed, in spite of
an expected increase in their incidence (Rosenzweig
et al., 2001; Boland et al., 2004).

GEOGRAPHICAL AND TEMPORAL DISTRIBU-
TION

Once environment and diseases are closdly re-
lated, climate change will probably alter the geographi-
cal and temporal distribution of phytosanitary prob-
lems. The host plant agroclimatic zoning for coffee will
be altered, as showed by Assad et al. (2004); likewise,
pathogens and other microorganisms related to the dis-
ease process will be affected. Therefore, new diseases
may arise in certain regions, and other diseases may
cease to be economically important, especialy if the
host plant migrates into new areas (Coakley et al.,
1999). According to these authors, pathogens tend to
follow the host plant in its geographical distribution,
but the rate at which pathogens become established
in the new environment is a function of the mecha
nism of pathogen dispersal, suitability of the environ-
ment for dispersal, survival between seasons, and
physiological and ecological changes in the host plant.
According to Chakraborty et al. (2000a), more aggres-
sive strains of pathogen with broad host range, such
as Rhizoctonia, Sclerotinia, Sclerotium and other
necrotrophic pathogens can migrate from
agroecosystems to natural vegetation, and less aggres-
sive pathogens from natural plant communities can
start causing damage in monocultures of nearby re-
gions. Regarding unspecialized necrotrophs, the range
of hosts can be extended due to crop migration.
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Disease simulation models frequently used for
forecasting can be utilized in simulation studies of spa-
tial and temporal distribution in future climate scenarios.
For vector-transmitted pathogens the risk analysis may
include the effects of climate change on the vector
population, as discussed by Harrington (2002) for the
barley yellow dwarf disease.

One of the first studies about this subject was
conducted by Luo et al. (1995). These authors car-
ried out arisk analysis of rice blast epidemics and plant
growth associated with climate changein several Asian
countries due to the importance of this crop and to
the losses related to this disease, caused by
Magnaporthe grisea. Simulations were made to study
the risk of blast epidemics under the effects of tem-
perature change and enhanced UV-B radiation. The re-
sults demonstrated that changes in the amount of rainfall
do not affect the occurrence of the epidemics since
they have little effect on the leaf wetting period. In cool
subtropica zones, higher temperatures caused increases
in disease severity and in the area bellow the disease
progress curve, because higher risk of epidemics oc-
curs under higher temperatures. In humid tropical and
humid warm subtropical zones, such as Southern
China, Philippines and Thailand, the opposite effect
was observed. Lower temperatures increased the risk
of rice blast epidemics since the current temperatures
in these regions are above favorable values for the oc-
currence of this disease. However, a larger area bel-
low the disease progress curve does not always re-
sult in lower rice yield, since the effect in plant growth
also takes place. The effects of the increase in UV-B
radiation were highly significant for the occurrence of
epidemics.

Using mathematical models, Carter et d. (1996)
simulated climate change in Finland and concluded that
warming will expand the cropping area for cereals by
2050 (100 to 150 linear km per Celsius degree increase
in mean annual temperature); furthermore, higher yields
are expected with higher CO, concentration. In this
scenario, potato cropping will also be benefited with
an estimated 20 to 30% increase in yield. However, a
new distribution of the potato cyst nematode
(Globodera rostochiensis) is aso predicted, with north-
ward expansion in the country and a higher number
of generations per year. In this context, the risk of po-
tato blight (caused by Phytophthora infestans) is sig-
nificantly higher in al regions of Finland. The losses
caused by an increase in the incidence of these im-
portant phytopathogens were not estimated.

Boag et al. (1991) obtained similar results for
the plant-parasitic nematodes Xiphinema and
Longidorus. The geographica distribution of these vi-
rus-vector nematodes in Great Britain and Continental

Europe (samples collected in 10 km* and 50 kn grids,
respectively) were associated to July soil surface tem-
perature isotherms. Since the nematodes geographical
distribution is directly related to temperature, there
could be more problems with these microorganisms
in northern Europe, caused by the increase in existing
populations and to the dissemination of these species
from the southern region.

A similar scenario was predicted by Brasier &
Scott (1994) and Brasier (1996), for the occurrence
of Phytophthora cinnamomi in oak (Quercus spp.) in
the European continent. Under conditions of global
warming the survival and degree of root disease seems
likely to be enhanced, while the host range of the or-
ganisms might also be increased. The model simulated
three scenarios. increases of 1.5 and 3°C of the mean
annual minimum and maximum temperatures, and a
3°C increase of the mean annua minimum and maxi-
mum temperatures with a 20% increase in summer
precipitation. In all situations, the results showed that
there could be a significant rise in pathogenic activity
in contaminated areas. Nevertheless, there will prob-
ably be alower pathogen dissemination in regions with
arigorous winter, such as Scandinavia, Russia and the
central Danube. Among the factors responsible for the
increased importance of this disease, the authors men-
tion the possibility of its dissemination to new aress,
a longer favorable period for inoculum production and
infection, higher dissemination and survival rates in
roots and the soil, besides an increased plant predis-
position. A similar study was conducted by Booth et
al. (2000), who performed a risk analysis for the oc-
currence of Cylindrocladium quinqueseptatum in eu-
calyptus in the various production regions in the world.

All of these pioneering studies assumed con-
stant increments in temperature, precipitation, or other
climate variables. However, the devel opment and avail-
ability of global climate models (Genera Circulation
Models, GCM) enabled the application of these spatia
increments in the risk evaluation of disease occurrence.
One of the most important accomplishments of the
Intergovernmental Panel on Climate Change (IPCC)
was the presentation of a group of greenhouse gas
emission scenarios known as SRES (Special Report
on Emissions Scenarios), which take into account driv-
ing forces such as population, economy, technology,
energy, agriculture (land-use), as well as their inter-
actions. Thus, four scenario families were defined: A1,
A2, B1 and B2, which constitute references related to
future greenhouse gas emissions (IPCC, 2001). The
IPCC Data Distribution Centre (DDC) was established
to facilitate the dissemination of these scenarios, as
well as of related environmental and socio-economic
factors, for climate impact evaluations. The GCM
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guantify the behavior of climate compartments (atmo-
sphere, oceans, vegetation, soils, etc.) and their inter-
actions, allowing the estimation of climate variables
(mean, maximum and minimum temperatures, precipi-
tation, etc.) for the various greenhouse gas emission
scenarios established by the IPCC (2001).

Marengo (2006) presented a detailed charac-
terization of the variability and regional climate trends
for Brazil during the twentieth century and future cli-
mate scenarios for South America, using data provided
by the IPCC (2001). Rainfall and temperature maps
of the country were produced for the climatological
normal from 1961-1990, considered a reference pe-
riod, and for future projections using five GCM.

Comparing methodologies of plant disease spa
tial distribution maps associated to climate change ef-
fects in Brazil, Hamada et a. (2006) used the coffee
leaf miner (Leucoptera coffeella), as a biological
model. For future climate conditions, constant incre-
ments in temperature for the country were used in a
first method, and spatially variable increments (pro-
vided by the GCM) were used in a second method.
Both methods were centered in the 2080 decade (simu-
lation of the period from 2071 to 2100), for the A2
scenario. Future increases in the probable number of
generations of the coffee leaf miner were observed in
both methods of map elaboration. However, the use
of constant increments in mean temperature led to an
underestimation of the number of generations in the
future as compared to the use of spatially variable tem-
perature increments. In addition to a seasonal differ-
ence, a regiona difference was observed in the oc-
currence of the probable number of generations of the
coffee leaf miner.

Bergot et al. (2004) have used a GCM to simu-
late the potential impacts of climate change on the ex-
pansion of Phytophthora cinnamomi in oak, by mod-
eling phloem temperature of infected trees to evauate
overwintering probabilities. For the downy mildew of
grape, caused by Plasmopara viticola, Salinari et al.
(2006) used GCM to evaluate disease pressure, defined
as the number of fungicide sprays necessary to con-
trol the disease. Using temperature and rainfall data
from a regionalized climate model based on a GCM,
Hadley Climate Modd 3 (HadCM3), from the Hadley
Centre for Climate Prediction and Research, UK, Evans
et a. (2008) estimated the severity of phoma stem can-
ker epidemics on oilseed rape across the UK, under
high- and low-carbon emissions for the 2020s and
2050s.

The climate change risk analysis for the Black-
sigatoka of banana (caused by Mycosphaerella fijiensis)
was studied by Ghini et a. (2007), elaborating disease
distribution maps assembled from scenarios and GCM

data provided by the IPCC (2001). The maps revealed
that there will be a reduction in the favorable area for
the disease in Brazil. This reduction will be gradual for
the 2020, 2050 and 2080 decades, and will be more
pronounced in the A2 scenario than in the B2. In spite
of this, extensive areas will still remain favorable for
the occurrence of this disease, especidly in the period
of November through April. The same climate data-
base was used by Ghini et a. (2008) in order to evalu-
ate the potential climate change impacts on the spatial
distribution of nematodes (Meloidogyne incognita
races) and leaf miner (Leucoptera coffeella) for the
coffee crop. Maps obtained considering the A2 scenario
indicated that there could be an increase in infestation
of both the nematode and the pest, due to the higher
number of generations per month when compared to
the climatological normal from 1961-1990. For the B2
scenario, the number of generations will aso be higher
as compared to the current scenario, but it will be
lower than for the A2 scenario for both.

The use of GCM presents some problems since
their outputs have low spatial and temporal resolution,
in spite of the advances achieved from 1990 until re-
cently (IPCC, 2007). These characteristics on which
the evaluations are based make it difficult to match the
predicted scenarios with the models of biologica re-
sponses such as plant or disease growth, which re-
quire daily or even hourly input data. One of the great
challenges is to adapt the requirements of biological
process models to what is provided by the GCM, with
long term approaches (Scherm & Bruggen, 1994;
Scherm & Coakley, 2003; Scherm, 2004).

The high degree of uncertainty of the anoma-
lies among the models of some climate variablesis an-
other important aspect. For example, precipitation pre-
dictions of the GCMs are generally more uncertain than
temperature predictions. Therefore, precipitation does
not follow the same pattern of behavior in the various
models, unlike the temperature increase predicted in
all models. One way to deal with this issue is to cal-
culate the arithmetic mean of the results of the vari-
ous models in order to smooth out the differences,
though this option is quite work-intensive. Despite the
limitations, these scenarios continue to serve as a ba-
sis for impact evaluation of global climate change
(Vuuren & O'Neill, 2006). These authors discussed the
consistency of the IPCC scenarios, comparing projec-
tions to recently-obtained actual data on population,
economy, energy use, and gas emissions.

Models can smulate global climate change sce-
narios and different levels of disease severity, with the
aim to estimate yields, establish control tactics and strat-
egies, aiding the decision making process. More ef-
forts must be dedicated to this type of study, which
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can result in significant time and resource savings.
Therefore, Ghini & Hamada (2008) edited a book to
discuss the impacts of climate change on diseases of
the main crops in Brazil. For example, Lopes et al.
(2008) considered that if the predictions about a rise
in global temperature actually take place, rainy season
potato crops will be more stricken with disease than
winter crops, and cropping will not be feasible in low
altitude regions due to the increase of biotic and abi-
otic diseases. Gioria et a. (2008) showed a prediction
for the main tomato diseases and argued that climate
change will not be favorable for the occurrence of late
blight (Phytophthora infestans), verticillium wilt (Ver-
ticillium albo-atrum), and white mold (Sclerotinia
sclerotiorum); and will not alter the importance of the
tomato mosaic caused by the tomato mosaic virus
(ToMV) and the septoria leaf spot (Septoria
lycopersici). In contrast to those diseases, the authors
considered that the importance of powdery mildew
(Leveilula taurica) will increase in al tomato produc-
tion regions across the country, just as the importance
of early blight (Alternaria solani), fusarium wilt
(Fusarium oxysporum f.sp. lycopersici), bacterial wilt
(Ralstonia solanacearum), tomato spotted wilt virus -
TSWYV, tomato chlorotic spot virus - TCSV, ground-
nut ring spot virus - GRSV, Chrysanthemum stem ne-
crosis virus - CSNV and yellow leaf curl virus
(Geminivirus).

ATMOSPHERIC CARBON DIOXIDE

There is arelatively large number of studies on
the beneficial effect of increased concentration of at-
mospheric CO, on plant growth. In the last few years,
approximately 3,000 reports have been published on the
subject (Jones & Curtis, 2000; Loladze, 2002). High
CO, concentration results in benefits for plant growth,
although there might be differences among species. Sev-
eral authors reached the same conclusions with differ-
ent crops, natural ecosystems and forest species.

CO, enrichment promotes changes in plant
metabolism, growth and physiological processes. There
is a significant increase in the photosynthetic rate and
a decrease in the transpiration rate per unit leaf area,
while total plant transpiration sometimes increases, due
to the larger leaf area (Jwa & Walling, 2001; Li et al.,
2003). The dterations also include higher efficiency
in the use of water and nitrogen by the plant (Thomp-
son & Drake, 1994). The stimulus on photosynthesis
is due to the reduction in competition between the at-
mospheric CO,and O, being fixed by the ribulose 1,5-
bisphosphate carboxylase-oxygenase (RUBISCO) en-
zyme. The atmospheric concentration of O, normally
inhibits CO, absorption by plants, and triggers photo-
respiration. With arise in CO, concentration, the inhi-

bition of photosynthesis by O, tends to decrease due
to anincrease in the CO,:O, ratio.

Despite evidence of beneficial effects of CO,
on the host plant, it is not well known if these effects
will still take place in the presence of pathogens or
other limiting factors, particularly in tropical countries.
Few studies were conducted in controlled conditions,
which might not reflect plant responses in the field,
where there are variations and interactions among tem-
perature, precipitation, and other factors.

In a review about the effects of the increase
in CO, concentration on plant diseases covering the
period of 1930 to 1993, Manning & Tiedemann (1995)
observed an upward trend in diseases. The authors
analyzed the potential effects of higher CO, concen-
tration on plant diseases, based on the plant responses
to this new environment. The increase in plant biom-
ass production, i.e., the increase in production of
shoots, leaves, flowers and fruit, represents more tis-
sue that can be infected by pathogens. Increased car-
bohydrate contents can stimulate the development of
sugar-dependent pathogens, such as rusts and pow-
dery mildews. Increases in canopy density and plant
size can promote higher growth, sporulation and spread
of leaf infecting fungi, which require high air humid-
ity, but not rain, as rusts, powdery mildews and leaf
necrotrophs. The increase in crop residues can repre-
sent better survival conditions for necrotrophic patho-
gens. The reduction in stomata opening can inhibit sto-
mata-invading pathogens, such as rusts, downy mil-
dews and some necrotrophs. The shortened growth
period and accelerated ripening and senescence can
reduce the infection period for biotrophic pathogens,
and increase the necrotrophic pathogen populations.
The increase in root biomass increases the amount of
tissue that could be infected by mycorrhyza or soil-
borne pathogens, but can compensate the losses in-
flicted by the pathogens. Higher root exudation can
stimulate both pathogens and antagonistic microbiota
in the rhizosphere (plant growth promoters). In a more
recent review on the subject, Chakraborty & Pangga
(2004) concluded that of the 26 diseases studied to
date most of them increased in severity when in CO,-
enriched environments.

The effects of increased CO, atmospheric con-
centration are often observed in the host plant, result-
ing in dterations in the host-pathogen relationship. Ac-
cording to Braga et a. (2006), the exposure to CO,-
enriched atmospheres can change inducible defensive
responses in plants against pathogens. These changes
occurred in individual metabolites and were dependent
on cultivar resistance patterns. Pangga et al. (2004)
stress the importance of induced resistance studies,
besides canopy size, in the evaluation of CO, effects.
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The reduction in incidence and severity of the red
maple fungal pathogen (Phyllosticta minima) in Acer
rubum in a CO,-enriched atmosphere was a conse-
guence of stomatal conductance reduction providing
smaller openings for infecting germ tubes (Mcelrone
et al., 2005). The reduction in silicon content in rice
leaves due to a reduction in respiration rates was the
explanation for an increase in rice blast severity in a
FACE (Free Air Carbon Dioxide Enrichment) experi-
ment (Kobayashi et a., 2006).

The impact of increased CO, concentrations
can be observed in several stages of the pathogen-host
relationship cycle. Hibberd et al. (1996a,b) conducted
detailed studies of these effects on the powdery mil-
dew (Erysiphe graminis) cycle for barley. Chakraborty
et al. (2000b), studying the effects of elevated CO,
concentration on the epidemiological components of
anthracnose caused by Colletotrichum gloeosporioides
in Sylosanthes scabra demonstrated that the gas in-
fluences both the pathogen and the host, with differ-
ences in the expression of the disease resistance un-
der these conditions, however varying with the culti-
var. In a controlled environment, the increase in CO,
concentration promoted higher plant growth, but did
not compensate for reduced growth due to anthracnose
in the most resistant cultivar. For the more suscep-
tible cultivar, though, there was a compensation effect.
Thus, Hibberd et al. (1996a,b) concluded that the ben-
efits of CO, fertilization on growth depend on the na-
ture of plant resistance. Delayed growth of the patho-
gen germtube and appressorium reduced the germina-
tion percentage of conidia on leaves and extended the
incubation period in a controlled environment with high
CO, concentration. Consequently, there was a reduc-
tion in disease severity. Furthermore, pathogen pen-
etration takes place through the stomata, and the in-
crease in CO, reduces leaf stomatal density. On the
other hand, the latent period was not altered and spore
production was significantly higher.

Regarding the pathogen, important alterations
can occur as a consequence of an increase in CO, con-
centration. To better understand the aggressiveness
evolution process of Colletotrichum gloeosporioidesin
Sylosanthes scabra, Chakraborty & Datta (2003) in-
oculated two isolates in two cultivars with different
resistance levels during 25 sequential infection cycles,
in environments with 350 ppm and 700 ppm of CO,,.
The aggressiveness increased for the resistant culti-
var, but not for the susceptible cultivar, and there was
an increase in isolate fecundity in the environment with
higher CO, concentration. These results are extremely
important for the epidemiology of the disease demon-
strating that the pathogen can adapt to a new environ-
ment.

The effects of increased atmospheric CO, con-
centration can interact with the effects caused by other
factors, such as nitrogen fertilization and irrigation.
Thompson et al. (1993) studied these interactions for
the powdery mildew on wheat, caused by Erysiphe
graminis, in England. Thompson & Drake (1994)
evaluated C, and C, plants regarding infestation by in-
sects and fungal disease severity as a function of wa-
ter and N contents. In a factorial FACE experiment,
Mitchell et al. (2003) assessed the effects of increased
CO, concentration, nitrogen input and ecosystem spe-
cies diversity on the occurrence of foliar funga dis-
easesin C, and C, plants.

Besides N and irrigation, the effects of dlevated
CO, concentration can be affected by other gases that
are also changing. The increase in the ozone (O,) con-
centration was studied by Tiedemann & Firsching
(2000) in combination with CO, increase, for spring
wheat plants infected or not with leaf rust disease
(Puccinia recondita f. sp. tritici). These authors ob-
served that the leaf rust disease was strongly inhib-
ited by O,, but unaffected by elevated CO,. They also
observed that elevated CO, largely equalized the nega-
tive effects of O, on the photosynthetic rate, growth
and yield parameters, but was not capable of compen-
sating for the detrimental effects of fungal infection.
Percy et a. (2002) investigated in a FACE experiment
the impacts of elevated CO, and O, on poplar leaf rust
(Melampsora medusae) in natural disease outbreaks.
In this study, CO, alone did not alter the rust occur-
rence, rust infection increased fourfold under enhanced
O,, and co-exposure did not completely offset the
negative effects of O,, as infection remained almost
threefold higher as compared to the control leaves.
Karnosky et al. (2002) aso observed that the effects
of O, on leaf surface properties resulted in increased
incidence of this rust. Osswald et al. (2006) investi-
gated whether elevation of CO, (400 up to 700 ppm)
and/or ozone (ambient or two-fold ambient) resulted
in a change in susceptibility of potato plants infected
with Phytophthora infestatans. The main result was
that arise in CO, caused a significantly enhanced re-
sistance of the susceptible potato cultivar ‘Indira to-
wards P. infestans, whereas ozone had no significant
effect. These authors investigated the effect of N-fer-
tilization in combination with CO_-treatment on the re-
sistance of potato to P. infestans, because CO, induced
an increase in resistance correlated with an increased
C/N-ratio in potato leaves. They observed that a lower
C/N-ratio, due to higher N-concentrations, decreased
resistance to P. infestans.

There have been few studies to verify the ef-
fect of soil air CO, on disease incidence. The order
of magnitude of this concentration is naturally many
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times higher than the concentration in the atmosphere.
Runion et a. (1994) conducted one of the few stud-
ies with soil-borne pathogens, in a FACE experiment.
The authors observed an increased incidence of “damp-
ing-off” caused by Rhizoctonia solani for cotton plants
cultivated with elevated atmospheric CO,. More re-
cently, Jwa & Walling (2001) studied the effects of
elevated CO, concentration on the development of root
rot in tomato, caused by Phytophthora parasitica. They
observed that the pathogen incidence in the roots was
significantly lower for plants grown under 700 ppm
than under 350 ppm CO,, but P. parasitica hyphal
growth rates in vitro were similar for both concen-
trations.

Osozawa et a. (1994) evaluated the effects of
CO, in the gaseous phase of two soils, one suppres-
sive and the other conducive in relation to the clubroot
disease caused by Plasmodiophora brassicae on cab-
bage. They concluded that the increase in the CO, con-
centration promoted the occurrence of the disease in
the conductive soils at high soil moisture levels. The
promotive effect of high CO, concentration on the oc-
currence of the disease is ascribed to the fact that the
decrease of the soil water pH by CO, accumulation
may activate the germination of resting spores and im-
pair the activity of crucifer roots. On the other hand,
in the suppressive soil, the alterations were not sig-
nificant since other physical and chemical mechanisms
contribute to induce the suppressiveness.

To study the effect of increased atmospheric
CO, concentration on plant viroses, Mamstrom &
Field (1997) observed that the CO, enrichment stimu-
lated the growth of oats infected with the barley yel-
low dwarf virus (BYDV), attenuating the dwarfing
symptom. The CO, enrichment stimulated photosyn-
thesis in infected plants by a greater amount than in
healthy plants. Sixty days after the beginning of the
treatments, the healthy plants had a 12% increase in
total biomass as compared to plants grown in the lower
CO, concentration, while diseased plants had a 36%
increase. The growth stimulation is probably due both
to direct effects of CO, on carbohydrate production,
and to indirect effects on plant water relations, allow-
ing the diseased plants to take up more carbon and per-
haps to distribute it better. With these results,
Malmstrém & Field (1997) analyzed the epidemiol ogi-
cal consequences of the alterations triggered by the at-
mospheric CO, enrichment. The epidemiology of the
barley yellow dwarf virus depends upon the pathogen
inoculum reservoir, which consists of infected plants,
and upon the rates at which vectors acquire and trans-
mit the virus, since aphids are the only vectors and
there is no transmission by seeds. The results obtained
by these authors demonstrate that CO, enrichment may

enhance the virus reservoir in the agroecosystem, by
increasing the size and persistence of the infected
plants. This effect can be noticed, for example, due
to the increase in root biomass and to the water-use
efficiency by diseased plants which can reduce losses
of infected plants by drought, the main cause of death.
Furthermore, CO, enrichment may enable diseased
plants to compete better with healthy neighbors. Thus,
while the effects on virus epidemiology will also de-
pend strongly on the vector response, these plant re-
sponses would tend to increase the prevalence of the
disease, but decreasing its severity.

DISEASE CONTROL

Disease management strategies depend on cli-
mate conditions. Climate change will cause alterations
in the disease geographical and temporal distributions
and consequently the control methods will have to be
adapted to this new redity. There are few discussions
on how chemical control will be affected by climate
change, despite the importance of this subject. Changes
in temperature and precipitation can alter fungicide
residue dynamics in the foliage, and the degradation
of products can be modified. Alterations in plant mor-
phology or physiology, resulting from growth in a
CO,-enriched atmosphere or from different tempera-
ture and precipitation conditions, can affect the pen-
etration, translocation and mode of action of systemic
fungicides. Besides, that changes in plant growth can
alter the period of higher susceptibility to pathogens
which can determine a new fungicide application cal-
endar (Coakley et al., 1999; Chakraborty & Pangga,
2004; Pritchard & Amthor, 2005).

The fungicide market will certainly change.
Chen & McCarl (2001) performed a regression analy-
sis between pesticide usage (provided by the USDA —
United States Department of Agriculture) and climate
variations in several US locations, with climate data
provided by NOAA - the National Oceanic Atmospheric
Administration. The per acre pesticide usage average
cost for corn, cotton, potatoes, soybeans and wheat
were found to increase as precipitation increases. Simi-
larly, the pesticide usage average cost for corn, cot-
ton, soybean and potatoes also increase as tempera-
ture increases, while the pesticide usage cost for wheat
decreases.

However, the main impact of climate change on
chemical control will be in the cultural realm. The fact
that the entire humanity is suffering the consequences
of anthropogenic activity in the process of exploiting
the resources of the planet will raise an awareness that
this activity must be conducted in a sustainable way.
Society will certainly exert pressure for the use of non-
chemica methods to control plant diseases.
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One of the direct consequences of climate
change in the pathogen-host relationship is the genetic
resistance of plants to diseases. Many changes in plant
physiology can alter the resistance mechanisms of cul-
tivars obtained by both traditional and genetic engineer-
ing methods. Several studies provide evidences of these
aterations, such as significant increases in photosyn-
thetic rates, papillae production, silicon accumulation
in appressorial penetration sites, higher carbohydrate
accumulation in leaves, more wax, additional epider-
mal cell layers, increased fiber content, reduction in
nutrient concentration and alteration in the production
of resistance-related enzymes (Hibberd et a., 1996b;
Chakraborty et al., 2000a; Osswald et a., 2006).

Paoletti & Lonardo (2001) conducted one of
the few studies to verify the effects of increased CO,
concentration on disease control by using resistant cul-
tivars. The authors reported that Cupressus
sempervirens, a cypress clone resistant to canker
caused by Seiridium cardinale, maintained the genetic
resistance when cultivated in a high CO, content envi-
ronment. There is a larger number of studies regard-
ing the effects of temperature and other climate vari-
ables, as reported by Huang et a. 2006.

Some types of resistance can be more affected
than others. Many changes in host physiology can po-
tentially enhance plant resistance. Nonetheless, the
greatest threat to genetic resistance is the acceleration
of pathogen cycles, which can be affected during all
life cycle by increased CO, concentrations. Some stud-
ies revealed that in spite of adelay in the initia devel-
opment and a reduction in host penetration, the estab-
lished colonies develop faster. The increased fecundity
of the pathogen, associated to a favorable microcli-
mate within enlarged canopies favors the occurrence
of epidemics (Hibberd et al., 1996b; Chakraborty et
al., 2000a).

There is practically no information on the im-
pacts of climate change on plant disease biologica con-
trol. The few results obtained focus on climate change
impacts on the composition and dynamics of the mi-
crobia community of the phyllosphere and the soil,
which can be very important for plant health.

Key soil aspects for microbial activity will be
modified, such as soil nutrient availability, soil tempera-
ture, and soil water content. In addition, the amount
of nitrogen introduced into natural and agricultural sys-
tems through fertilizers and pollutants can cause sig-
nificant impacts on the microbiota (Nosengo, 2003).
Gruter et al. (2006) concluded that exposition to an
environment with a 600 ppm CO, concentration did
not quantitatively alter the soil bacterial community.
However, these same authors concluded that one of
the potential effects of climate change is on plant di-

versity, which results in changes in the soil bacteria
composition (types of bacteria and frequency of oc-
currence). Using a FACE experiment to evauate the
effects on saprophyte fungi, Rezacova et a. (2005)
observed that Chlonostachys rosea, an important bio-
logical control agent of Botrytis and other pathogens,
and Metarrhizium anisopliae, one of the most impor-
tant entomopathogens for insect pest control, were
strongly associated with the cover crop in a high CO,
concentration environment. The authors suggest the
abundance of these fungi species can indicate an in-
crease in the soil suppressiveness to phytopathogenic
fungi and other pests.

Warwick (2001) conducted one of the few de-
tailed studies on the effect of climate conditions on bio-
logica control efficiency, demonstrating the effects of
the rainfall regime and time of application of
Acremonium vittelinum and A. persicinum for the con-
trol of the tar spot of coconut caused by Catacauma
torrendiella and C. palmicola. However, there is no
information on most antagonists. Studies on this sub-
ject will be important for maintaining the efficiency of
biological control. Additionally, it is necessary to know
the responses of the diseases to these changes. These
answers will allow conclusions on what might hap-
pen to biocontrol, both natural and through the intro-
duction of bioagents.

The prediction of the effects of climate change
on plant disease biological control is complex and cur-
rently based on indirect observations. Nevertheless, the
vulnerability of biocontrol agents will surely be higher
with climate change, since this is one of the problems
when applying antagonists (Garrett et al., 2006).

The adaptability of some agricultural systems
can help to minimize the negative impacts of climate
change with the adoption of new cultivars and other
practices. Developing countries, though, will have
more difficulties in adapting to climate change, due
to the lower technological development and to the
scarce resources available for the adoption of mea-
sures.

Ghini & Bettiol (2008) argued that in general
the climate change will be beneficial for biological con-
trol, both natural and introduced, since the awareness
of the society towards environmental problems will
demand measures that minimize pollutant emissions.
Therefore, the biological equilibrium of agricultural sys-
tems will be benefited, leading to an increase in the
complexity of the system, and consequently, to bio-
logical control. To achieve this, specialists from dif-
ferent agriculture-related areas need to go beyond dis-
ciplinary boundaries and position the global climate
change impacts in a broader context, including the
whole agroecosystem.

Sci. Agric. (Piracicaba, Braz.), v.65, special issue, p.98-107, December 2008



106 Ghini et al.

REFERENCES

AGRIOS, G.N. Plant pathology. 5 ed. London: Elsevier, 2004.
922p.

ASSAD, E.D.; PINTO, H.S,; ZULLO JUNIOR, J.; AVILA, A.M.H.
Impacto das mudangas climaticas no zoneamento agroclimético
do café no Brasil. Pesquisa Agropecuaria Brasileira, v.39,
p.1057-1064, 2004.

BERGOT, M.; CLOPPET, E.; PERARNAUD, V.; DEQUE,
M.; MARCAIS, B.; DESPREZ-LOUSTAU, M.L.Simulation
of potential range expansion of oak disease caused by
Phytophthora cinnamomi under climate change. Global
Change Biology, v.10, p.1539-1552, 2004.

BOAG, B.; CRAWFORD, J. W.; NEILSON, R. The effect
of potential climatic changes on the geographical
distribution of the plant-parasitic nematodes Xiphinema
and Longidorus in Europe. Nematologica, v.37, p.312-323,
1991.

BOLAND, G.J.; MELZER, M.S.; HOPKIN, A.; HIGGINS, V;
NASSUTH, A. Climate change and plant diseases in Ontario.
Canadian Journal of Plant Pathology-Revue Canadienne
De Phytopathologie, v.26, p.335-350, 2004.

BOOTH, T.H.; JOVANOVIC, T.; OLD, K.M.; DUDZINSKI, M.J.
Climatic mapping to identify high-risk areas for
Cylindrocladium quinqueseptatum leaf blight on eucalypts in
mainland South East Asia and around the word. Environmental
Pollution, v.108, p.365-372, 2000.

BRAGA, M.R;; AIDAR, M.PM.; MARABESI, M.A.; GODQY, JR.L.
Effects of elevated CO, on the phytoalexin production of two
soybean cultivars differing in the resistance to stem canker
disease. Environmental and Experimental Botany, v.58,
p.85-92, 2006.

BRASIER, C.M. Phytophthora cinnamomi and oak decline in
southern Europe: environmental constraints including climate
change. Annales des Sciences Forestieres, v.53, p.347-358,
1996.

BRASIER, C.M.; SCOTT, J.K. European oak declines and global
warming: a theoretical assessment with special reference to the
activity of Phytophthora cinnamomi. Bulletin OEPP/EPPO
Bulletin, v.24, p.221-232, 1994.

CANADELL, J.G.; LE QUERE, C.; RAUPACH, M.R.; FIELD,
C.B.; BUITENHUIS, E.T.; CIAIS, P; CONWAY, T.J,;
GILLETT, N.P; HOUGHTON, R.A.; MARLAND, G.
Contributions to accelerating atmospheric CO, growth
from economic activity, carbon intensity, and efficiency of
natural sinks. Proceedings of the National Academy of
Sciences, v.104, p.1866-18870, 2007.

CARTER, T.R.; SAARIKKO, R.A.; NIEMI, K.J. Assessing the risks
and uncertainties of regional crop potential under a changing
climate in Finland. Agricultural and Food Science in
Finland, v.5, p.329-350, 1996.

CHAKRABORTY, S.; DATTA, S. How will plant pathogens adapt
to host plant resistance at elevated CO, under a changing climate?
New Pathologist, v.159, p.733-742, 2003.

CHAKRABORTY, S.; PANGGA, [.B. Plant disease and
climate change. In: GILLINGS, M.; HOLMES, A. (Ed.)
Plant microbiology. London: BIOS Scientific, 2004. p.163-
180.

CHAKRABORTY, S.; TIEDEMANN, A.V.; TENG, P.S. Climate
change: potential impact on plant diseases. Environmental
Pollution, v.108, p.317-326, 2000a.

CHAKRABORTY, S.; PANGGA, |.B.; LUPTON, J.; HART, L.;
ROOM, PM.; YATES, D. Production and dispersal of
Colletotrichum gloeosporioides spores on Stylosanthes scabra
under elevated CO,. Environmental Pollution, v.108, p.381-
387, 2000b.

CHEN, C.C.; McCARL, B.A. An investigation of the relationship
between pesticide usage and climate change. Climatic Change,
v.50, p.475-487, 2001.

COAKLEY, S.M.; SCHERM, H.; CHAKRABORTY, S. Climate
change and plant disease management. Annual Review of
Phytopathology, v.37, p.399-426, 1999.

COLHOUN, J. Effects of environmental factor on plant disease.
Annual Review of Phytopathology, v.11, p.343-364, 1973.

EVANS, N.; BAIERL, A.; SEMENOV, M.A.; GLADDERS, P.; FITT,
B.D.L. Range and severity of plant disease increased by global
warming. Journal of The Royal Society, v.5, p.525-531, 2008.

GARRETT, K.A.; DENDY, S.P.; FRANK, E.E.; ROUSE, M.N;
TRAVERS, S.E. Climate change effects on plant disease:
genomes to ecosystems. Annual Review of Phytopathology,
v.44, p.489-509, 2006.

GAUMANN, E. Principles of plant infection. London: Crosby
Lockwood, 1950. 543p.

GHINI, R. Mudancas climéticas globais e doengas de plantas.
Jaguariuna: Embrapa Meio Ambiente, 2005. 104p.

GHINI, R.; BETTIOL, W. Impacto das mudancas climéticas globais
sobre o controle biolégico de doengas de plantas. Summa
Phytopathologica, v.34, supl., p.S.193-194, 2008.

GHINI, R.; HAMADA, E. Mudangcas climéticas: impactos sobre
doencas de plantas no Brasil. Brasilia: Embrapa/SCT, 2008.
331p.

GHINI, R.; HAMADA, E.; GONCALVES, R.R.V.; GASPAROTTO,
L.; PEREIRA, J.C.R. Andlise de risco das mudancas climaticas
globais sobre a sigatoka-negra da bananeira no Brasil.
Fitopatologia Brasileira, v.32, p.197-204, 2007.

GHINI, R.; HAMADA, E.; PEDRO JUNIOR, M.J.; MARENGO,
JA.; GONCALVES, R.R.V. Risk analysis of climate change on
coffee nematodes and leaf miner in Brazil. Pesquisa
Agropecuéria Brasileira, v.43, p.187-194, 2008.

GIORIA, R.; BRUNELLI, K.R.; KOBORI, R.F. Impacto potencial
das mudancas climaticas sobre as doengas de hortalicas: tomate,
um estudo de caso. Summa Phytopathologica, v.34, supl.,
p.S.121-S122, 2008.

HAMADA, E; GHINI, R.; GONCALVES, R.R.V. Efeito da mudanga
climética sobre problemas fitossanitarios de plantas:
metodologias de elaboracdo de mapas. Engenharia Ambiental,
v.3, p.73-85, 2006.

HANSEN, J; SATO, M.; RUEDY, R;; LO, K.; LEA, D.W.; MEDINA-
ELIZADE, M. Global temperature change. Proceedings of the
National Academy of Sciences, v.103, p.14288-14293,
2006.

HARRINGTON, R. BYDV: the heat is on: Barley yellow dwarf
disease; recent advances and future strategies. In: HENRY, M.
Barley yellow dwarf disease: recent advances and future
strategies. México, D.F.: CIMMYT, 2002. p.34-39.

HIBBERD, JM.; WHITBREAD, R.; FARRAR, J. F. Effect of 700
umol mol™* CO, and infection with powdery mildew on the
growth and carbon partitioning of barley. New Phytologist,
v.134, p.309-315, 1996a.

HIBBERD, JM.; WHITBREAD, R.; FARRAR, J. Effect of elevated
concentrations of CO, on infection of barley by Erysiphe
graminis. Physiological and Molecular Plant Pathology,
v. 48, p.37-53, 1996b.

HUANG, Y.J; EVANS, N.; LI, Z.Q.; ECKERT, M.; CHEVRE, AM;
RENARD, M.; FITT, B.D.L. Temperature and leaf wetness
duration affect phenotypic expression of RIm6-mediated
resistance to Leptosphaeria maculans in Brassica napus. New
Phytologist, v.170, p.129-141, 2006.

IPCC. Climate change 2001: the scientific basis. Geneva: IPCC/
WG [, 2001. 881p. (Assessment Report, 3).

IPCC. Climate change 2007: the physical science basis. Geneva:
IPCC, 2007. 996p. (Assessment Report, 4)

JONES, M.H.; CURTIS, P.S. Bibliography on CO, effects on
vegetation and ecosystems: 1990-1999 literature. 2000.
Available at: http://cdiac.esd.ornl.gov/epubs/cdiac/cdiac129/
cdiac129.html. Accessed 04 Apr. 2003.

JWA, N.S;; WALLING, L.L. Influence of elevated CO, concentration
on disease development in tomato. New Phytologist, v.149,
p.509-518, 2001.

Sci. Agric. (Piracicaba, Braz.), v.65, special issue, p.98-107, December 2008



Climate change and plant diseases 107

KARNOSKY, D.F.; PERCY, K.E.; XIANG, B.X.; CALLAN, B
NOORMETS, A.; MANKOVSKA, B.; HOPKIN, A.; SOBER, J;
JONES, W.; DICKSON, R.E.; ISEBRANDS, J.G. Interacting
elevated CO, and tropospheric O, predisposes aspen (Populus
tremuloides Michx.) to infection by rust (Melampsora medusae
f. sp tremuloidae). Global Change Biology, v.8, p.329-338,
2002.

KOBAYASHI, T.; ISHIGURO, K.; NAKAJIMA, T.; KIM, H.Y ;
OKADA, M.; KOBAYASHI, K. Effects of elevated atmospheric
CO, concentration on the infection of rice blast and sheath
blight. Phytopathology, v.96, p.425-431, 2006.

LI, F.; KANG, S.; ZHANG, J.; COHEN, S. Effects of atmospheric
CO, enrichment, water status and applied nitrogen on water-
and nitrogen-use efficiencies of wheat. Plant and Soil, v.254,
p.279-289, 2003.

LOLADZE, L. Rising atmospheric CO, and human nutrition: toward
globally imbalanced plant stoichiometry? TRENDS in Ecology
& Evolution, v.17, p.457-461, 2002.

LOPES, C.A.; REIS, A.; SHIMOYAMA, N. Impacto potencial das
mudancas climéticas sobre as doencas da batata no Brasil. In:
GHINI, R.; HAMADA, E. Mudancas climaticas: impactos
sobre doengas de plantas no Brasil. Brasilia: Embrapa/SCT, 2008.
cap.3, p.75-92.

LUO, Y.; TEBEEST, D.O.; TENG, PS.; FABELLAR, N.G.
Simulation studies on risk analysis of rice leaf blast epidemics
associated with global climate change in several Asian countries.
Journal of Biogeography, v.22, p.673-678, 1995.

MALMSTROM, C.M.; FIELD, C.B. Virus-induced differences in
the response of oat plants to elevated carbon dioxide. Plant,
Cell and Environment, v.20, p.178-188, 1997.

MANNING, W.J.; TIEDEMANN, A.V. Climate change: potential
effects of increased atmospheric carbon dioxide (CO,), ozone
(0,), and ultraviolet-B (UV-B) radiation on plant diseases.
Environmental Pollution, v.88, p.219-245, 1995.

MARENGO, J.A. Mudancas climaticas globais e seus efeitos
sobre a biodiversidade: caracterizagdo do clima atual e
definicdo das alteragdes climéticas para o territério brasileiro
a0 longo de século XXI. Brasilia: Ministério do Meio Ambiente,
2006. 212p. (Série Biodiversidade, 26).

MCcELRONE, A.J;; REID, C.D.; HOYE, K.A.; HART, E.; JACKSON,
R.B. Elevated CO, reduces disease incidence and severity of a
red maple fungal pathogen via changes in host physiology and
leaf chemistry. Global Change Biology, v.11, p.1828-1836,
2005.

MITCHELL, C.E.; REICH, PB.; TILMAN, D.; GROTH, J. V.
Effects of elevated CO,, nitrogen deposition, and decreased
species diversity on foliar fungal plant disease. Global Change
Biology, v.9, p.438-451, 2003.

NOSENGO, N. Fertilized to death. Nature, v. 425, p.894-895,
2003.

OSOZAWA, S.; IWAMA, H.; KUBOTA, T. Effect of soil aeration
on the occurrence of clubroot disease of crucifers. Soil Science
& Plant Nutrition, v.40, p.445-455, 1994.

OSSWALD, W.F.; FLEISCHMANN, F.; HEISER, I. Investigations
on the effect of ozone, elevated CO, and nitrogen fertilization
on host-parasite interactions. Summa Phytopathologica, 32S,
S111-S113, 2006.

PANGGA, 1.B.; CHAKRABORTY, S,; YATES, D. Canopy size and
induced resistance in Stylosanthes scabra determine anthracnose
severity at high CO,. Phytopathology, v.4, p.221-227, 2004.

PAOLETTI, E.; LONARDO, V. D. Seiridium cardinale cankers in
atolerant Cupressus sempervirens clone under naturally CO,-
enriched conditions. Forest Pathology, v.31, p.307-311, 2001.

PERCY, K.E.; AWMARCK, C.S.; LINDROTH, R.L.; KUBISKE,
M.E.; KOPPER, B.J.; ISEBRANDS, J.G.; PREGITZER, K.S.;
HENDREY, G.R.; DICKSON, R.E.; ZAK, D.R.; OKSANEN, E;
SOBER, J.; HARRINGTON, R.; KARNOSKY, D.F. Altered
performance of forest pests under atmospheres enriched by
CO, and O,. Nature, v.420, p.403-407, 2002.

PRITCHARD, S.G.; AMTHOR, J.S. Crops and environmental
change. Binghamton: Food Products Press, 2005. 421p.
REZACOVA, V.; BLUM, H.; HRSELOVA, H.; GAMPER, H.;

GRYNDLER, M. Saprobic microfungi under Lolium perenne
and Trifolium repens at different fertilization intensities and
elevated atmospheric CO, concentration. Global Change

Biology, v.11, p.224-230, 2005.

ROSENZWEIG, C.; IGLESIAS, A.; YANG, X.B.; EPSTEIN, PR.;
CHIVIAN, E. Climate change and extreme weather events.
Global Change & Human Health, v.2, p.90-104, 2001.

RUNION, G.B.; CURL, E.A.; ROGERS, H.H.; BACKMAN, PA.;
RODRIGUEZ-KABANA, R.; HELMS, B.E. Effects of free-air
CO, enrichment on microbial populations in the rhizosphere
and phyllosphere of cotton. Agricultural and Forest
Meteorology, v.70, p.117-130, 1994.

SALINARI, F.; GIOSUE, S.; TUBIELLO, F.N.; RETTORI, A;
ROSSI, V.; SPANNA, F.; ROSENZWEIG, C.; GULLINO, M.L.
Downy mildew (Plasmopara viticola) epidemics on grapevine
under climate change. Global Change Biology, v.12, p.1299-
1307, 2006.

SCHERM, H. Climate change: can we predict the impacts on plant
pathology and pest management? Canadian Journal of Plant
Pathology, v.26, p.267-273, 2004.

SCHERM, H.; COAKLEY, S.M. Plant pathogens in a changing
world. Australasian Plant Pathology, v.32, p.157-165, 2003.

SCHERM, H.; BRUGGEN, A.H.C. van. Global warming and
nonlinear growth: how important are changes in average
temperature? Phytopathology, v.84, p.1380-1384, 1994.

SIEGENTHALER, U.; STOCKER, T.F.; MONNIN, E.; LUTHI,
D.; SCHWANDER, J.; STAUFFER, B.; RAYNAUD, D,
BARNOLA, JM.; FISCHER, H.; MASSON-DELMOTTE, V.
JOUZEL, J. Stable carbon cycle-climate relationship during the
late pleistocene. Science, v.310, p.1313-1317, 2005.

SPAHNI, R.; CHAPPELLAZ, J.; STOCKER, T.J;; LOULERGUE,
L.; HAUSAMMANN, G.; KAWAMURA, K.; FLUCKIGER, J;
SCHWANDER, J.; RAYNAUD, D.; MASSON-DELMOTTE, V.;
JOUZEL, J. Atmospheric methane and nitrous oxide of the late
pleistocene from Antarctic ice cores. Science, v.310, p.1317-
1321, 2005.

STRANGE, R.N.; SCOTT, P.R. Plant disease: A threat to global
food security. Annual Review of Phytopathology, v.43, p.83-
116, 2005.

THOMPSON, G.B.; BROWN, J.K.M.; WOODWARD,F.I. The
effects of host carbon dioxide, nitrogen and water supply on the
infection of wheat by powdery mildew and aphids. Plant, Cell
and Environment, v.16, p.687-694, 1993.

THOMPSON, G.B.; DRAKE, B.G. Insects and fungi on a C3 sedge
and a C4 grass exposed to elevated atmospheric CO,
concentrations in open-top chambers in the field. Plant, Cell
and Environment, v.17, p.1161-1167, 1994.

TIEDEMANN, A.V.; FIRSCHING, K.H. Interactive effects of
elevated ozone and carbon dioxide on growth and yield of leaf
rust-infected versus non-infected wheat. Environmental
Pollution, v.108, p.357-363, 2000.

VUUREN, D.P. van; O'NEILL, B.C.O. The consistency of IPCC's
SRES scenarios to recent literature and recent projections.
Climatic Change, v.75, p.9-46, 2006.

WARWICK, D.R.N. Colonizagéo de estromas de Sphaerodothis
acrocomiae agente causal da lixa grande do coqueiro por
Acremonium persicinum. Fitopatologia Brasileira, v.26,
p.220, 2001.

Received January 07, 2008
Accepted June 16, 2008

Sci. Agric. (Piracicaba, Braz.), v.65, special issue, p.98-107, December 2008



