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Climate change and insect 
distribution

The effects of global warming on living or­
ganisms have now been recognized from the 
level  of  individual  species to communities, 
most notably in the form of temperature-re­
lated range shifts (Walther et al. 2002, Root 
et  al.  2003,  Hickling  et  al.  2006).  As  the 
number of insects per unit area is inversely 
related to latitude and elevation (Speight et 
al. 1999), we may assume that the increase 
of temperature would allow the spreading of 
insect species northward and upward, espe­
cially  for  those  species  that  have  wide 
ranges, as many forest pests have. This as­
sumption is supported by fossil data related 
to  the  forest  insect  response  to  climatic 
changes of the past. Higher damage and in­
sect diversity was recorded during the global 
warming  which occurred during the  Paleo­
cene  -  Eocene  transition,  relative  to  other 
periods (Wilf & Labandeira 1999).

With mean global temperatures increasing 
over the past 100 years by about 0.8ºC and 

projected to continue (Solomon et al. 2007), 
widespread  climate-related  changes  in  the 
biosphere can be expected. There are various 
ways by which the insects may react to cli­
mate  change  (Williams  &  Liebhold  1995, 
Ayres & Lombardero 2000, Harrington et al. 
2001, Bale et al. 2002, Parmesan 2006), and 
it  seems  reasonable  to  assume  that  an  in­
crease of temperature within the vital limits 
of  a  species  implies  a  faster  development. 
The species ready to expand are those char­
acterized  by  high  growth  potential,  mul­
tivoltinism and absence of diapause, whereas 
those that could be restricted show slow de­
velopment rate and long cycles.  The reduc­
tion of the period of time spent as a larva or 
pupa may improve survival, as these are the 
stages more subjected to predation and other 
mortality  factors  (Bernays  1997).  The  in­
crease in population density may in turn pro­
mote a further expansion of the range. Some 
species would be simply limited in their sur­
vival at the southern edge of their range and 
would shift the range northward. Switching 
to new hosts may occur among non-special­
ist  herbivores,  and  can  be  the  first  con­
sequence  of  the  strong selection  on colon­
izers (Harrington et al.  2001, Stastny et al. 
2006).

Parmesan & Yohe (2003) have provided a 
quantitative assessment of the biological im­
pact of climatic change, using data from dif­
ferent types of organisms, including insects. 
This  analysis  concerned  the  spatial  (range 
shift)  and  phenological  (advancement  of 

spring events) data, averaging 6.1 km/decade 
and  2.3  days/decade,  respectively.  Eighty 
percent  of  the  studied  species  (n  =  434) 
showed a consistent range shift and 87% an 
advancement  of  spring  events,  such  as 
flowering or migration.

However, the response of insects to climat­
ic change may not always be linear (Bale et 
al. 2002, Gaston 2003). For example, the de­
velopmental stages of the insects can be dif­
ferentially  affected  by  the  climate  change, 
i.e. the growth can be accelerated by higher 
temperature, but at the same time the length 
of diapause may be extended.

Those  insects  developing  without  winter 
diapause, which are active during this season 
and are protected from the low temperature, 
are the best candidates for range expansion if 
the winter temperature maintain the current 
increasing trend (Sinclair  et  al.  2003).  The 
increase in winter temperature is a key factor 
for  the  survival  of  the  lepidopteran 
Atalopedes campestris in the new coloniza­
tion areas (Crozier 2004). A good example 
concerning  a  forest  pest  is  the  case  of  the 
pine  processionary  moth  Thaumetopoea 
pityocampa (Box 1, Fig. 1), reported also in 
the  last  IPCC  report  (Rosenzweig  et  al. 
2007).

However, most forest insects of temperate 
regions  have  a  winter  diapause,  which  in 
some cases can last several years. Temperat­
ure plays a major role in the induction and 
maintenance of this diapause. An increase of 
the temperature would modify the induction 
and maintenance of the diapause, involving 
changes, which could affect the development 
of the insect, making predictions about popu­
lation  dynamics  quite  unreliable.  Two  ex­
amples  are  reported  here,  which  illustrate 
how high temperature during the larval de­
velopment  has  caused  lower  diapause  rate 
and higher damage by the spruce webspin­
ning sawfly Cephalcia arvensis (Box 2), and 
how high winter  temperature has  disrupted 
the maintenance and termination of the egg 
diapause in the larch bud moth  Zeiraphera 
diniana (Box 3), causing a poor synchroniza­
tion with the host and the absence of an ex­
pected outbreak.

A different situation is presented by species 
that are already adapted to the cold environ­
ments, such as  Aglais urticae. These would 
probably undergo a restriction of the range if 
they become limited at their southern bound­
ary by increasing temperature (Bryant et al. 
1997).

For insects that are heavily dependent on a 
favourable  synchronization  between  bud 
breaking  and  hatching,  such  as  the  winter 
moth  Operophtera brumata,  it  appears that 
there  may  be  a  compensation  between  a 
faster egg spring development and a delayed 
pupation in autumn, both triggered by an in­
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Abstract:  The  climate  change  may  indirectly  affects  the  forest  ecosystems 
through the activity  of  phytophagous insects.  The climate  change has been 
claimed to be responsible of the range expansion northward and upward of 
several insect species of northern temperate forests, as well as of changes in 
the seasonal phenology. Several papers have dealt with the prediction of the 
most likely consequences of the climate change on the phytophagous insects, 
including some of the most important forest pests. Increased levels of CO2 in 
the atmosphere involve an increase of the C/N balance of the plant tissues, 
which in turn results in a lower food quality for many defoliating insects. Some 
insects respond by increasing the level of leaf consumption and consequently 
the damage to the tree, whereas others show higher mortality and lower per­
formance.  The level  of  plant  chemical  defences  may also be affected by a 
change of CO2. The temperature is affecting either the survival of the insects 
which are active during the cold period, such as the pine processionary moth, 
or the synchronization mechanism between the host and the herbivores, as in 
the case of the larch bud moth. An increase of temperature may alter the 
mechanism by which the insects adjust their cycles to the local climate (dia­
pause), resulting in faster development and higher feeding rate, as in the case 
of the spruce web-spinning sawfly outbreaks in the Southern Alps.
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crease of temperature (Buse & Good, 1996). 
Therefore, phenology is not affected, allow­
ing Bale et al. (2002) to conclude that the ef­
fects of the global warming would not be so 
evident in some species.

Finally,  the  natural  enemies  of  forest  in­
sects  may  be  affected  by  the  temperature 
change in different directions or extent. The 
expansion of the host may not be promptly 
followed  by  that  of  its  enemies,  as  in  the 
case of the pine processionary moth (Zovi et 
al. in press), or the synchronization between 

host  and parasitoid  may not  be  maintained 
under  new  temperature  conditions.  This 
seems to be the case of a parasitoid of the 
winter moth Operophtera brumata, which is 
effective at low elevation but that is almost 
absent  at  high  elevation  (Kerslake  et  al. 
1996).

All the examples cited above illustrate how 
insects  may  react  to  the  climate  change, 
however they also have a great potential to 
develop  physiological  and  behavioural  ad­
aptations,  which may improve  their  fitness 

under new conditions. This would ultimately 
lead to the formation of genetically differen­
tiated populations and possibly new species, 
especially when the climatic change is asso­
ciated with range expansion and host switch.

Climate change and host-insect 
interactions

The capacity of an herbivore insect to com­
plete its development depends on the adapta­
tion  to  both,  the  environmental  conditions 
and the host plant. The plant may respond to 
changes in temperature by varying its growth 
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Fig. 1 - Egg batch of the pine proces­
sionary moth Thaumetopoea 
pityocampa on a twig of Pinus sylvestris 
in the expansion outbreak area of Mont 
Avic (Aosta), at the unusual elevation 
for an alpine population of 1450 m. The 
insect shows high performance and al­
most no mortality due to the absence of 
the main natural enemies; a genetic ana­
lysis has shown that the population ori­
ginated from different sources, suggest­
ing that female moths are flying over 
bigger distances than previously be­
lieved (Salvato et al. 2002).

Box 1 - The pine processionary 
moth Thaumetopoea 
pityocampa 

The  winter  pine  processionary  moth, 
Thaumetopoea pityocampa offers a pos­
sibility  to  test  for  the  effects  of  global 
warming on an insect population over a 
wide  area  of  the  Mediterranean  basin 
and southern parts of Europe, where it is 
the most important  pest  of pine forests 
(Pinus spp.).  Its  geographic  range  lies 
within precise limits of elevation and lat­
itude  (Démolin  1969),  primarily  as  a 
function of the average winter temperat­
ures. Because the larvae are oligophag­
ous,  potentially  feeding  on  all  Pinus 
spp., but also on Cedrus spp. and the in­
troduced  Pseudotsuga  menziesii,  host 
plant  distribution  does  not  restrict  the 
present range of the insect; many usual 
or  potential  host  species  grow in areas 
where the insect is absent. Consequently, 
if  the  climatic  conditions  become  fa­
vourable in higher latitudes or at higher 
elevations,  the  insect  may  expand  its 
range to these areas, often coupled with 
host  switching  (Battisti  et  al.  2005, 
Robinet  et  al.  2007).  This  relative  im­
portance  of  temperature  over  biotic 
factors in defining the geographic distri­
bution  makes  the  moth  a  particularly 
suitable model to study the range shift in 
relation to global warming (Buffo et al. 
2007). 
An important forest pest in many areas, 
the moth has shown in the last decades a 
substantial  expansion  of  the  outbreak 
area  both  northward  and  upward 
(Huchon & Démolin 1971, Hodar et al. 
2003, Battisti et al. 2005), aggravated by 
extreme climatic events such as the sum­
mer of 2003 (Battisti et al. 2006). This 
has resulted in high attack rates in areas 
previously largely unaffected by the in­
sect (Stastny et al. 2006). The case de­
serves  special  interest  for  the  implica­
tions it may have on the management of 
European forests and plantations, as well 
as on ornamental trees. 

Fig. 2 - Salvation logging after repeated defoliation of the spruce web-spinning sawfly 
Cephalcia arvensis in Norway spruce stands of Cansiglio Plateau (Southern Alps). This was 
the first outbreak of this insect ever recorded in the Alps, where it is endemic.



Forests and climate change - lessons from insects 

rate, as it is commonly observed along latit­
udinal or altitudinal gradients, when the con­
ditions become progressively less favorable 
and the  herbivores  are  more limited  in  the 
host’s exploitation. An example is given by 
the willow psyllid (Cacopsylla spp.), which 
is restricted to feed on a low number of spe­
cies  or  types  of  plant  tissues  as  the  range 
edge is approached (Hodkinson 1997, Hill et 
al. 1998). 

The  change  of  temperature,  which  pro­
motes  the  expansion  of  the  insect’s  range, 
may also involve a new association between 
a herbivore and its host, as it has been shown 
by the pine processionary moth attacking the 
mountain pine (Pinus mugo) in the southern 
Alps.  The  large  outbreaks  observed  in  the 
expansion areas on the new hosts may be ex­
plained  either  by the  high susceptibility  of 
the  hosts  or  by the  inability  of  natural  en­
emies to locate the moth larvae on an unusu­
al hosts or environment (Hodar et al. 2003, 
Stastny et al. 2006). 

An elevated concentration of CO2 may af­
fect  the  performance  of  phytophagous  in­
sects through the modification of the nutri­
tional properties of the host plant (Jones et 
al.  1998,  Hunter 2001, Knepp et  al.  2005). 
As CO2 is the main carbon source for photo­
synthesis,  its  increase  could  alter  the 
carbon/nutrient balance of plants, increasing 
the C/N ratio and thus diluting the nitrogen 
content of the tissues. However, the response 
of plants to increased CO2 varies among spe­
cies. A high concentration causes an increase 

of tannins in the leaves of birch, poplar and 
maple,  but  not  in  the  eastern  white  pine 
(Pinus strobus) (Roth & Lindroth 1994). 

The first reaction expected from herbivores 
to the increase of the C/N ratio is compensat­
ory feeding, in other words they should eat 
more  to  accumulate  enough  nitrogen  for 
their development. Thus, plant damage may 

increase,  but  plant  biomass  could  remain 
stable if we assume that the plants exposed 
to  high  CO2  grow more.  Phytophagous  in­
sects may also develop adaptations to over­
come  higher  C/N  ratios,  such  as  the  pine 
sawfly Neodiprion lecontei, which shows an 
increase in the efficiency of nitrogen utiliza­
tion when reared on plants treated with high 
CO2 concentration  (Williams  et  al.  1994). 
However,  other insect  species  seem unable 
to  compensate the lower nutritional  quality 
of the plants by increasing the efficiency of 
nutrient  utilization  (Brooks  &  Whittaker 
1999, Stiling et al.  1999). The experiments 
of Lindroth et al. (1993), on three species of 
saturnid moths, show that the performance of 
the  caterpillars  is  only  marginally  affected 
when the nitrogen content of the leaves is re­
duced by 23% and the C/N ratio increased 
by 13-28%. 

Experiments  combining  different  concen­
trations of both nitrogen and carbon dioxide 
supplied  to  Norway  spruce  showed  that  a 
high nitrogen level may compensate the ef­
fects  of CO2 on the concentration of nutri­
ents and defence compounds in the shoots, 
limiting the negative effects on the test insect 
Lymantria  monacha (Haettenschwiler  & 
Schafellner 1999). 

The effects  of  a  modified  atmosphere  on 
herbivore insects could also involve the third 
trophic level, i.e. their parasitoids and pred­
ators. As we are expecting a delay in the de­
velopmental time of the herbivores after ex­
posure to high CO2 (Fajer et al. 1989, Lin­
droth et al. 1993, Smith & Jones 1998), the 
probability  of  parasitism  and  predation 
should increase as well. Experimental evid­
ence of such a hypothesis is contradictory, as 
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Box 2 - The spruce webspinning sawfly Cephalcia arvensis 

The outbreaks of the spruce web-spinning sawfly  Cephalcia arvensis in the Southern 
Alps are a good example of what may happen when favourable climatic conditions inter­
fere with the mechanism of the induction of extended diapause, allowing an exponential 
growth of the population and consequent damage to trees. This species, as many others 
in this genus, is monophagous on  Picea and endemic to the spruce range in Eurasia, 
where outbreaks have been seldom recorded (Marchisio et al. 1994). Cephalcia species 
generally show low fecundity and spreading of the cohort over many years by mean of 
an extended diapause, which is induced by low temperature at pupation time (Battisti 
1994). However, in the period 1985-1992 there was a sudden outbreak in the Southern 
Alps (Asiago and Cansiglio Plateaux - Fig. 2), during which the populations developed 
an annual life cycle and grew exponentially, causing repeated defoliations, which ulti­
mately caused tree death over hundreds of hectares (Battisti et al. 2000). The most likely 
reasons for such a change in the life cycle of the insect have been explored through an 
analysis of the local climate, which showed that the years preceding the outbreak were 
characterized by an abnormally warm and dry weather during the feeding period of the 
larvae. We hypothesized that favourable conditions promoted the survival and speeded 
up  the  development,  making  it  possible  to  pupate  when  soil  temperature  was  high 
enough to start pupation immediately, skipping in this way from the extended diapause. 
Later, an experiment showed that the soil threshold temperature for the induction of the 
extended diapause was about 12°C (Battisti 1994), well below the values recorded in the 
forest at the beginning of the outbreak. The sudden increase of the population density 
was not quickly followed by that of natural enemies, which were unable to limit popula­
tion growth (Battisti et al. 2000). It seems likely that the increase of the temperature in 
June and July of 1983-85 is the major factor promoting the outbreaks, as they occurred 
simultaneously at two sites at a distance of about 100 km, through switching the insects 
to an annual generation. 

Fig. 3 - Larch stand at timberline in the Eastern Dolomites, where the cyclic outbreaks of the 
larch bud moth Zeiraphera diniana are less regular and of variable intensity, fitting the mod­
el of the easterly directional population waves created by Bjornstad et al. (2002), based on 
the 35-year dataset of Baltensweiler & Rubli (1999).
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Roth & Lindroth (1995) did not find higher 
parasitism  by  the  hymenopteran  Cotesia  
melanoscela on the larvae of Lymantria dis­
par raised at high CO2, whereas Stiling et al. 
(1999)  found  higher  mortality  of  oak  leaf 
miners by parasitoids on two species of oak 
(Quercus myrtifolia, Q. geminata) grown at 
high CO2 level. 

Laboratory  or  greenhouse  experiments 
provide valuable data, but it is difficult to de­

rive conclusions applicable to the natural en­
vironment. For example, high CO2 levels are 
known to increase the temperature and,  in­
directly may affect the host-herbivore inter­
action. 

Dury et al. (1998) showed that an increase 
of 3°C of the temperature might lead to the 
same effects of an increase of CO2 (decrease 
of nitrogen, increased of condensed tannins) 
on oak leaves. However, an increase of tem­
perature  may  enhance  the  feeding  of  the 
herbivore and thus compensate for the negat­
ive effects of a lower food quality. An exper­
iment that tested simultaneously the effects 
of different levels of CO2, nitrogen and tem­
perature  on the  monoterpene  production of 
Pseudotsuga menziesii (Litvak et al.  2002), 
indicated that the synthesis of these defence 
compounds was more affected by individual 
tree variability than by the treatments. 

The  response  of  herbivore  insects  to  in­
creased CO2 may also differ among the feed­
ing guilds, as suggested by Bezemer & Jones 
(1998). Defoliators are generally expected to 
increase leaf consumption by about 30%, but 
leaf  miners  showed  a  much  lower  rate. 
Phloem-sucking  insects  appear  to  take  the 
greatest  advantage  from increased  CO2,  as 
they grow bigger and in a shorter time. In a 
FACE (Free Air Carbon Enrichment) experi­
ment carried out in Wisconsin (Percy et al. 
2002), the activity of all guilds of herbivores, 
combined with the effect of increased ozone, 
may be compensated by the beneficial con­
sequences  of  enriched  CO2 on  growth  of 
Populus tremuloides. 

More research is clearly needed to make re­
liable predictions about the effects of climate 
change  on  the  relationships  between  the 
forest trees and phytophagous insects. Good 
conceptual  frameworks,  such  as  the 
carbon/nutrient balance (Bryant et al. 1983) 
and  the  growth/differentiation  balance 
(Herms & Mattson 1992) theories are avail­
able to interpret experimental results and to 
formulate  new  hypotheses.  Hopefully,  this 
understanding  of  the  effects  of  climate 
change on forest pests will enable us to take 
the necessary measures to counteract or mit­
igate the possible negative consequences on 
the forest ecosystems. 
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