
FSP Project Y051204, Lewis  -1- 

RELATIONSHIPS BETWEEN CLIMATE AND INCIDENCE OF DOTHISTROMA 
SEPTOSPORUM 
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1.0 The Pathogen and Disease Cycle 

The causal agent of Dothistroma needle blight is an Ascomycete fungus characterized by both 

sexual (teleomorphic) and asexual (anamorphic) forms. The telemorphic form, Mycosphaerella 

pini, originally placed in the genus Scirrhia (Ivory 1967), is less prevalent than the asexual form, 

Dothistroma septosporum.  M. pini was first reported in Europe, and more recently in Alaska, 

British Columbia, California, and Oregon (Patton 1997). In 1962 it appeared on Pinus radiata 

growing in high rainfall areas of East Africa and shortly after in New Zealand (Marks et al. 

1989). However, many of these reports remain unconfirmed, most notably in those areas where 

D. septosporum has been a major needle pathogen (Bradshaw 2004). 

 

D. septosporum is a primary pathogen that invades and kills pine foliage (Gibson 1972). The 

disease is characterized by distinct brick-red bands (1-3mm wide) around the needles that can 

appear within weeks of infection (Shain and Franich 1981). The red colour is due to the 

production of a toxin, dothistromin, a difuranthraquinone, which diffuses into the tissue in 

advance of the hyphae, killing the cells and resulting in their collapse (Shain and Franich 1981). 

D. septosporum sporulates shortly after the death of the needle tissue, by the formation of minute 

black stromata (fruiting bodies), which emerge through the dead epidermis. Conidial masses are 

borne on the stromata that typically begin to mature during the spring and are passively 

transported by rain splash during the growing season. The telemorphic state of the pathogen is 

formed in a similar way, but consists of linear black ascostromata bearing ascospores (Gibson 
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1972). Conidial production is largely dependent on sufficient temperature and leaf wetness 

periods, and under optimal conditions can release spores for up to seven months (Karadzic 

1989). New infection occurs on current year or 1-year-old needles. Once the appropriate signals 

from the new needle are recognized by the conidia, the resulting germination is accompanied by 

the emergence of a germ tube. During the early stages of infection, the germ tube undergoes a 

precise and genetically programmed series of morphological changes. There are conflicting 

reports about the sensing mechanisms that induce germ tube morphogenesis, as well as whether 

the direction of growth is random or targeted towards a stomatal pore (site of entry) (Peterson 

1966; Gadgil 1967).  The morphogenic events, however, result in the formation of an 

appressorium, a swollen structure that adheres strongly to the leaf surface and facilitates 

penetration (Peterson and Walla 1978). From this, hyphae branch into intra- and intercellular 

regions of the mesophyll layer of the needle tissue (Ivory 1972). Hyphae growth is restricted to 

necrotic tissue, indicating the necessity of dothistromin production during colonization, and 

subsequent massive proliferation. The host cells collapse after 32-114 days and needle symptoms 

appear (Bradshaw 2004). The stromata generally mature and produce conidia a year or two after 

infection. The difference in life cycle completion is often associated with geographical area 

(Peterson 1966), which could have implications about its relationship to climate.  

 

2.0 Damage 

The most immediate effect on host trees is the reduction in growth (Patton 1997), with the loss 

being proportional to the average percentage of defoliation (Ades et al. 1992). During a typical 

outbreak, high defoliation occurs, leading to substantial decline in tree vigour. Even under ideal 

conditions for disease development, damage seems to be limited largely to reduction of growth 
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resulting from defoliation (Bingham et al. 1971). Although mortality is rare it has been reported 

in stands where successive years of severe defoliation have occurred (Bradshaw 2004). Most 

pines susceptible to infection are in those stands less than 10 years that are remote from the 

natural range of the species. In contrast, lodgepole pine plantations in northwest British 

Columbia exhibit the most severe symptoms between 15-20 years old (Woods personal 

communication), with natural, mature stands of the species showing high levels of mortality 

(Woods 2003).  

 

Severe outbreaks of the disease have threatened the forest industry in a number of exotic pine 

plantations, especially those associated with Pinus radiata (Peterson 1966). In New Zealand, this 

highly susceptible species was planted on 400,000 ha, which resulted in considerable failure to 

the crop (Marks et al. 1989). Pinus ponderosa was once second to P. radiata, but were replaced 

due to the higher susceptibility of P. ponderosa to Dothistroma needle blight (Burdon and Low 

1991). In Africa, temperature and moisture conditions favoured disease development, which 

markedly reduced productivity of the P. radiata plantations (Gibson et al. 1964). In North 

America, the disease gained some notoriety after the failure of ornamental, shelterbelt, and 

Christmas tree plantings (Peterson 1966), but was not deemed important enough for large-scale 

surveys of damage and impact (Patton 1997). Since 1992 there have been reports of increased 

incidence in Europe and the United States, as well as new outbreaks in other parts of the world 

(Bradshaw 2004), such as in northwest British Columbia (Woods 2003). 

 

 

3.0 Disease Management 
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More than 30 pine species are known to be hosts, and in North America alone D. septosporum 

has been found on 29 pine species and hybrids, including two-,three-, and five-needle pines 

(Patton 1997). Control for Dothistroma needle blight in commercial forests is by breeding 

resistant plant stock and fungicide spraying. In New Zealand, successful aerial spray programs 

were developed with copper-based fungicides in which sprays were applied when the overall 

infection level of unsuppressed green crowns reached >25% with the total number of trees 

infected in the area reached 50% (Kershaw et al. 1988). As many as seven or eight applications 

were required until the plantations reached the resistance age at about 20 years of age. Cost-

benefit models did not determine whether there is a real financial benefit because of the high cost 

of spraying on a commercial scale (van der Pas et al. 1984). However, applications in many 

countries have continued to prevent loss of wood yield and minimize potential human health 

hazards posed by the dothistromin toxin (Bradshaw 2004).  

 

Breeding programs have achieved ultimate control and a reduction in fungicide costs (Patton 

1997). Natural variation in resistance was noted within many species of pine, including P. 

radiata. As a result, breeding trials showed high heritability of a resistant trait in P. radiata, 

which lead to the development of a Dothistroma-resistant family (Carson 1989). In New 

Zealand, this breed was estimated to have 15% less disease, and to cost 56% less in chemical 

spray compared with control trees (Bradshaw 2004). However, where site conditions are 

favourable for disease development, the degree of resistance observed in P. radiata was 

insufficient to contain the disease at economically acceptable levels (Ades et al. 1992). Another 

breeding trial conducted by Power and Dodd (1984) found that two-year-old seedlings of P. 

radiata, grown in the field, had much higher levels of infection than related stecklings of a more 
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advanced maturation state. Although this could have had reduced the need for intensive spraying, 

it was not clear from this study if this greater resistance would persist through out the life of the 

tree as well as effects on relative growth characteristics.  

 

4.0 Host Resistance 

Resistance to D. septosporum infection has been observed within many species of pine. In East 

Africa, Ivory and Paterson (1969) observed 10-15 year old P. radiata trees showing outstanding 

health, combined with acceptable size and form, in severely diseased plantations. Such trees are 

often regarded as carrying some inherent resistance to blight, as their position in the midst of a 

severely infected crop make it most unlikely that they were chance escapes. This is often true in 

stand of northwestern British Columbia. For instance, in a 2004 aerial survey of infected stands, 

few trees exhibited low to no defoliation. 

 

Disease susceptibility varies with host species. For example, P. attenuata, P. ponderosa, and P. 

radiata are highly susceptible, although P. radiata develops resistance at about 10-15 years of 

age. Species showing some level of natural resistance include P. patula, P. tacda, and P. 

sylvestris (Gibson 1972). Because lodgepole pine has never been considered to be at risk, little is 

known about its resistance capabilities. Surveys have documented severe levels of infection in 

the area, which may indicate that lodgepole pine is highly susceptible species.  However, much 

of this effect may be caused by a combination of exogenous factors rather than those that are 

genetic in nature, such as the larger numbers of hosts on the landscape and weather more suitable 

for disease development. 
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5.0 Effects of Environment on Disease Development 

Temperature is an important factor influencing the occurrence and development of many 

diseases (Colhoun 1973). Although infection by Dothistroma is largely dependent on wet 

conditions, optimal temperatures during extended periods of high humidity have the ability to 

increase disease severity. Favourable temperatures may shorten the period between infection and 

the production of new spores and so influence the number of spore generations occurring during 

a season (Colhoun 1973). This effect on the supply of inoculum may determine whether or not 

an epidemic can develop. Gadgil (1974) showed that highest conidia germination percentages 

were recorded on needles collected four days after inoculation during continuous wetness periods 

and warm temperature regimes (20/12°C and 24/16°C). In the same study, temperature seemed 

to have an appreciable effect on infection structures. For instance, mycelial growth on needles of 

P. radiata at the 24/16°C regime increased after eight days compared to those observed under 

lower temperature regime. In a separate study, germination was near optimal at 22°C, but 

decreased rapidly below 22°C or above 24°C on water agar (Peterson and Walla 1978). 

Similarly, Parker (1972) showed that in early incubation treatments P. radiata had a greater 

number of needles infected at the warmer temperatures and high humidity regimes (24/21°C and 

91-100% RH). In contrast, Ivory (1972) showed that the optimum for conidia germination and 

apparent stomatal pit entry was approximately 17°C. The effect of temperature and humidity 

combinations favoring infection is a cumulative one, and suggests that different stages of 

infection have different optimum combinations of the two factors.  In addition, infection by D. 

septosporum can occurred at a wide range of temperatures. However, severity of infection 

remains low except at warmer temperatures under continuous moisture. Thus, it appears that 

temperature has an influencing effect on disease initiation and development. It has also been 
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suggested that temperature may influence the survival of the pathogen, thereby affecting the 

development of disease (Colhoun 1973). The survival of Dothistroma under different 

temperatures has not been investigated, however since Dothistroma is a threshold disease it can 

be hypothesized that temperature would have an effect. 

 

Wet weather is required for the release of large number of Dothistroma spores. Spore trap 

experiments are often used to examine the influence of wet weather on the quantity of spore 

release. For instance, Peterson (1973) used spore counts to show that the majority of conidia 

released by Dothistroma were during periods of rain or heavy mist. The length of the wetness 

period has also been shown to have a marked effect on the severity of infection and the length of 

the pre-reproduction period (Gadgil 1976). For example, Gadgil (1974) showed that disease 

severity (% visibly infected foliage) was much higher and the pre-reproductive period of D. 

septosporum shorter when foliage was kept moist continuously than when wet for only 8, 24, or 

48 hr after inoculation. In contrast, the process of germination and penetration by conidia may 

occur under dry conditions. Gadgil (1976) showed that the length of the dry period (up to 60 

days after inoculation) had no direct effect on the germination percentages following deposition. 

These results help confirm observations from a 1984 survey conducted in eastern Australia. The 

survey showed that a severe drought in 1982 and 1983 had not eliminated the disease in several 

plantations and could be attributed to the drought tolerance of spore germination (Marks et al. 

1989). In contrast, stromata formation shows an exponential increase with decreasing number of 

dry days (Gadgil 1976). These results support observations in northwestern B.C. Between June-

September the amount of rainfall and temperature is a good predictive indicator of disease 

development (appearance of infection) (Peterson 1973). For instance, long dry periods after 
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Dothistroma infection leads to low disease development and slower disease expression than 

during wet conditions. 

 

Light intensity has a strong influence on the severity of disease (Bradshaw 2004). For instance, 

the development of Dothistroma disease symptoms has shown to be reduced under low light 

conditions (Gadil and Holden 1976). Indeed if foliage is shaded for 5-20 days after inoculation, 

no symptoms are seen, although soon after removal from the shade treatment symptoms develop. 

It has been suggested that the reduced disease seen in low light conditions is due to the nature of 

the host response, rather than that if the fungus or its toxin. There is no direct evidence to support 

this suggestion but there is some tentative evidence for the role of photosynthetically active 

tissue in augmenting the toxicity of dothistromin (Bradshaw 2004).  

 

Disease development is influenced by the interaction of temperature, humidity and light. It is 

obvious that most research on Dothistroma disease development is under controlled lab 

conditions, which are far removed from natural conditions. It is important therefore, to mention 

that in the field, a number of environmental factors are simultaneously undergoing changes and 

not a single factor. Thus, more mensurative experiments need to be conducted to further 

understand the natural conditions disease development is most prevalent. 

 

6.0 Environmental Stress and Host Predisposition 

Disease development largely depends upon the influence of environment on the genetically 

controlled response of the host (Schoeneweiss 1975). Environmental stresses predispose plants 

towards greater susceptibility by reducing host vigor. Local environment due to topography and 
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soil conditions has a significant impact on the quality of the host. For example, Ades et al. 

(1992) reported variation in the severity of Dothistroma needle blight among provenances and 

families of P. muricata in New South Wales, Australia. Two sites were chosen to represent 

extremes in soil types (infertile sediments) planted in the area. As a result, soil parent material 

was shown to be a major factor affecting severity of infection. The most extreme soil type was 

recorded as having 40% more infection and lower host growth than the less extreme site. Much 

of this infection variability can also be attributed to the stability of resistance among tree 

provenances and seed sources. Earlier studies of damage in lodgepole pine provenance trials 

showed that although provenances exhibit enormous variability to forest disease, resistance to 

disease is related to seed source of different geographic origins (Ying and Hunt 1987). For 

example, Ying and Hunt (1987) assessed 41 lodgepole pine provenance sites in the central and 

southern interior of BC for stability of resistance to Lophodermella concolor (needle cast). As a 

result, it was evident that resistance of pine to L. concolor was essentially a population 

characteristic under strong genetic control. That is, elevation of seed origin had a significant 

effect on the level of resistance to infection; susceptibility increases with seed source elevation. 

Therefore, it is possible that current Dothistroma severity in northwest British Columbia could 

be associated with the selected seed sources for the reforestation programs in the area. Seed 

transfers of distinct geographical origins can compromise the resistance stability of the host by 

exposing individuals to below optimal environmental conditions. As a result, reduced host 

productivity and physiological performance, such as disease resistance, may be a factor 

contributing to disease severity.  
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7.0 Land-use Histories  

Forest management practices over the past five decades in temperate and boreal forests of 

Canada have concentrated on even-aged, single-species stands. Many have argued that in these 

attempts to simplify ecosystems and reduce their variability has caused managed ecosystems to 

become less resilient to disturbance or stress (Woods 2003). This is most evident in the ICH zone 

of northwestern British Columbia. In a study conducted by Woods (2003) species composition 

was compared in managed stands and unmanaged stands to determine whether forest 

management practices have reduced the diversity of species in the ICH zone. In one analysis, 

average species composition in selected 25-30 year old plantations and stumps present in the 

former stand showed a species shift towards one dominated by one or two species, namely 

lodgepole pine and interior spruce. These forests are currently at risk to epidemics of forest 

pathogens, such as Dothistroma, particularly in light of a trend towards wetter summer 

conditions. 

 

8.0 Dendrochronology: a tool for evaluating outbreak histories 

Dendrochronological techniques have long been applied to study the response of host trees to 

defoliation and the detection of past outbreaks (Veblen et al. 1991; Girardin et al. 2000; Weber 

and Schweingruber 1995; Jardon et al. 1993). In these studies, past episodes of defoliation are 

reflected by growth suppression in the host species annual growth rings (Zhang et al. 1999). As a 

result, a record of the outbreaks on growth is retained in tree-rings and can be unraveled by 

dendrochronological techniques (Fritts and Swetnam 1989). Tree-ring chronologies are 

particularly important where instrumental records or historical observations of natural 
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phenomena are limited (Case and McDonald 2003), such as with the limited recorded outbreaks 

of Dothistroma. 

  

8.1 Host and Non-host Chronologies 

Reconstructions of outbreak histories have largely been dependent on using observational data to 

infer a dendrochronological signal within the tree-ring record. Of the observational methods 

developed for reconstructing outbreaks, a strategy commonly used is a comparison of host and 

non-host tree species (Trotter et al. 2002). By comparing growth between the host and non-host 

species, variation because of shared factors such as climate can be removed, and periods of 

reduced growth observed only in the host species can be inferred as periods of pest outbreak. For 

example, Case and MacDonald (2003) used these comparative methodologies to identify larch 

sawfly, Pristiphora erichsonii (Htg.), infestation-induced growth anomalies. In this analysis, the 

non-host black spruce (Picea mariana) ring-width chronology and tamarack (host) (Larix 

laricina) ring-width index series were plotted together over their period of overlap, 1757-1997. 

Until the late 1800s, the two chronologies were responding to the same common signal (i.e. 

moisture availability), after which there appeared to be a decoupling. That is, the tamarack 

chronology exhibited periods of extended growth suppression not apparent in the black spruce 

chronology. This divergence suggests as a species-specific cause for reduced growth in 

tamarack. The growth suppressions identified during the 1880s and the turn of the 20th century 

coincide with anecdotal evidence of the first reported North American outbreak of larch sawfly, 

reportedly causing devastation of stands throughout the range of tamarack (Case and MacDonald 

2003). The presence of light rings in 1919, 1951, and 1964, along with abrupt growth reductions 

in tamarack during the 1920s and the mid-1970s are also consistent with historical records 
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associated with observations of larch sawfly. Thus by comparing growth between the host and 

non-host species, periods of reduced growth observed only in the host species can be inferred as 

potential periods of pest outbreak.  

 

8.2 Importance of Sample Size 

To assure that a chronology is representative of stand history rather than the idiosyncratic growth 

patterns of a few trees, it is desirable to include as many cores in the sample as possible. The 

number of cores included in a chronology generally decreases towards earlier dates (Veblen et 

al. 1991a). Thus, to extend the chronologies, cross-dated series from dead trees are combined 

with those of live trees. Numerous studies found that incorporating cores from dead standing 

trees substantially improves the interpretability of a stand chronology (Veblen et al. 1991a). For 

example, dead, downed tamarack and black spruce trees were sampled to increase the sample 

depth through periods prior to the 20th century. As a result, tamarack and black spruce ring-width 

series extended back 330 and 327 years, respectively. Increasing the number of radii assured 

accuracy of dating early larch sawfly outbreaks (Case and MacDonald 2003). Determination of 

dates of tree death was also helpful in ascertaining if there has been a past period of massive tree 

death as expected for a spruce beetle outbreak. In another study, the incorporation of samples 

from dead-standing trees was shown to increase sample size and reveal patterns in the early 

history of spruce beetle outbreaks that may have not been detectable if samples only from live 

trees are used (Veblen et al. 1991a).  
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8.3 Interactions that Distort Reconstructions 

Perhaps the most critical issue addressed in dendrochronology is the lack of information on how 

multiple factors interact in the tree ring record, despite the recognition that multiple factors may 

simultaneously impact tree growth (Trotter et al. 2002). Absolute values of tree-ring widths are 

functions of multiple factors, including tree age, climate variations, endogenous and exogenous 

disturbances, and genetics (Ryerson et al. 2003). This is why dendrochronologists standardize 

tree-ring widths prior to quantitative analyses. For example, it is recognized that the relative 

effects of age related impacts on growth must be removed and transformed into a stationary 

index prior to interpretation (Fritts and Swetnam 1989); otherwise the relative changes in other 

factors can be masked (Ryerson et al. 2003). There is no a priori reason to assume that the 

effects of one environmental factor always results in variations and trends in tree-ring series that 

exceed the variations and trends induced by other factors (Ryerson et al. 2003), such as climate 

influences. For example, defoliation by spruce budworm in the San Juan Mountains of Colorado 

caused a clear reduction in host tree-ring growth. However, the growth reduction was detected 

only when compared with the growth that was expected during the outbreak periods, as 

estimated by non-host tree-ring growth (Ryerson et al. 2003). Without correcting for the 

possibility of a masking effect during analysis, a “false” (i.e. artifacts) interpretation of the 

outbreak periods may occur. This technique of comparing host and non-host chronologies has 

been highly effective in reconstructing long histories, but imperfect because non-host and host 

tree species do not have exactly the same response to climatic variations (Speer et al. 2001). For 

instance, certain factors may have a more positive response on non-host growth than on the host, 

or the host trees might encounter limiting factors earlier than non-hosts. In this case, host growth 

would tend to be less than the non-host growth, and these differences may be detected as 



FSP Project Y051204, Lewis  -14- 

outbreaks (Ryerson et al. 2003). To alleviate much of this problem, response function analyses 

are applied to host and non-host series. This climate control procedure is necessary to 

consistently and confidently identify outbreaks within and among trees and stands (Fritts and 

Swetnam 1989). The technique is based on the assumption that, if non-host and host trees 

responded in a similar manner to climate variations, then the differences (or residuals) between 

standardized ring-width chronologies of the non-host and host trees will primarily reflect non-

climatic environmental variables (Speer et al. 2001). Thus the variations in the difference 

between the host and non-host chronologies could be used as an index of the non-climatic 

environmental variable, such as disease outbreaks. 

 

8.7 Dendroclimatology: a tool for reconstructing climate  

Instrumental observations form the basis of our knowledge of climate variability on short time 

scales (Gajewski and Atkinson 2003). This present length of instrumental record, however, is 

insufficient to assess the relative importance of various forces on the climate system. Longer 

climate records developed from proxy data can extend these time periods available for analysis 

(D’Arrigo et al. 1999). High-resolution climatic reconstructions from tree-rings are one valuable 

proxy source of paleoclimatic data (Linderholm et al. 2003) that can broaden climate information 

by centuries to even millennia (D’Arrigo and Jacoby 1999).  

 

Tree rings have characteristics which make them an exceptionally valuable source of 

paleoclimatic information (Fritts 1976). Among such attributes are the facts that (1) ring widths 

are easily measured for a continuous sequence of years, (2) the measurements can be calibrated 

with climate data, and (3) the rings can be dated to the specific years in which they were formed, 
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so that the climate data can be precisely placed in time (Fritts 1976). Few other source of 

paleoclimatic information can provide both continuity and precise datability, and few can be 

replicated and quantified as easily as tree rings. 

 

In order to reconstruct, or make inferences about, past climate from tree-ring data, chronologies 

must be calibrated against a climate variable (Cropper 1982). The objective of the calibration 

procedure is to establish the appropriate statistical or mathematical transformation, which 

converts measurements of climate to those of growth or converts measurements of growth to 

measurements of climate, depending on the research question. Such calibrations can be obtained 

in a number of ways, some of which involve simple statistics and others, which involve rather 

complicated statistics. The simpler procedures often involve one factor at a time and require a 

priori knowledge as to the nature of the relationship (Fritts 1976). For instance, Grudd et al. 

(2002) used tree-ring widths from 880 living, dry dead, and subfossil northern Swedish pines 

(Pinus sylvestris L.) to construct a chronology covering the last 7400 years. Trees growing close 

their thermal limit of distribution, such as with northern Swedish pines, are known to react to 

variations in the growing-season temperature through its influence on cambial activity. In such 

localities, the widths of the annual tree-rings will tend to be proportional to the overall warmth of 

the summer. Thus, it was assumed that the interannual pattern of such tree-ring sequences could 

be used as a tool to reconstruct annually resolved histories of summer-temperature variability by 

calibrations against recent instrumental climate data. Through simple correlation analyses annual 

mean tree-ring indices were shown to positively correlate with monthly mean temperature over 

the calibration period of 1869-1997, notably in July, with no apparent correlations with monthly 

sums of precipitation. As a result, various reconstructions of past temperature were permitted. 
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The relationship between the tree-ring indices and summer mean temperature data were then 

modeled by a linear regression. Results from the regression coefficients were used to reconstruct 

summer temperature back to 5407 BC, allowing temperature inferences over a continuous 7400-

year period.  

        

Of the more complex statistical methods include multivariate techniques, which help identify 

relationships and eliminate unnecessary variables. These more complex methods are based on 

the fact that ring-width variations are rarely caused by a single limiting climatic factor, though 

one can be markedly more important than others, and a single factor can vary in its importance at 

different time throughout the year (Fritts 1976). For example, the relative effect of precipitation 

amount in winter on growth is usually different from the effect of the same amount in the 

summer because the two differ in its limiting environmental condition and growth-controlling 

processes (Fritts 1976). Also, the effect of a climate factor such as precipitation may be 

conditioned by other climatic factors. For example, temperature determines whether precipitation 

falls as rain or snow (Fritts 1976). Therefore, the tree-growth and climate relationships are best 

represented as a system with different variables entering into the relationship. For instance, Cook 

et al. (1998) used tree-ring records, six from eastern North America and four from northwestern 

Europe, to develop the first reconstruction of the winter North Atlantic Oscillation (NAO). 

Because the tree-ring networks were made up of a mix of tree species and ecotypes, many of the 

chronologies were assumed to not relate well to variations in the NAO. As no a priori model for 

what tree species, site locations or climate responses are likely to be strongly correlated with the 

NAO variations, screening procedures were adopted to identify those chronologies not strongly 

related to the NAO index. As a result, a three-stage process of calibration/verification was used 
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to develop this NAO reconstruction. Verification is obtained using data withheld from the 

calibration analysis (Fritts 1976). The coefficients of the calibration equation are applied to a set 

of predictor data for a different time period, for a different climatic station, or for different trees 

than those derived from the original calibration relationship. Verification is established when 

estimates derived from the original calibration resemble those from the predictor data. This 

procedure is essentially a method of statistical proof that a particular relationship is not the result 

of pure chance and that the reconstructions do in fact represent conditions that actually did exist 

(Fritts 1976). In stage 1 of calibration/verification procedures, both North American and 

European tree-ring chronologies were independently calibrated against the NAO index using a 

principal component regression procedure to determine reconstruction potential. As a result, 

verification tests found a statistically significant relationship between the calibration periods (AD 

1874-1926 and 1927-1979) and most of the tree-rings. Through a stage 2 screening process only 

those significantly correlated chronologies were retained for further analysis, thereby removing 

any spurious predictors. In stage 3, the remaining chronologies were pooled to jointly reconstruct 

the NAO index. Three different calibration periods were tested: AD 1874-1926, 1901-1953 and 

1927-1980. As a result, the regression coefficients were generally better than the previous stage 2 

models of the independent tree-ring chronologies. This indicated that the two pooled tree-ring 

chronologies (one North American and one from Europe) are contributing unique aspects of 

winter NAO variability to the reconstructions. Thus, result from the regression coefficients was 

able to reconstruct winter NAO variability back to AD 1701, covering a period of 278 years.  
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9.0 Twentieth-century Dynamics of Outbreaks in a Multicentury Context 

One of the most important uses of multicentury reconstructions of outbreak histories is to 

evaluate the hypothesis that outbreaks have become more frequent, widespread, or severe during 

the 20th century (Speer et al. 2001). The causes of these changes have been largely attributed to 

past management practices and the effects of climate shifts. These hypotheses speculate that (1) 

human land uses have caused changes in the forest composition and/or structure that affect 

outbreak dynamics (Swetnam and Lynch 1989; Burleigh et al. 2002), and/or (2) 20th-century 

climate changes may have caused an alteration in outbreak dynamics through changing weather 

effects on trees or an agents physiology (or a combination of the two) (Case and MacDonald 

2003; Zhang et al. 1999). For instance, artificial shifts in species composition towards an 

increased number of host trees during the 1950s appears to have induce the current spatial 

increase of western spruce budworm outbreaks (Weber and Schweingruber 1995). On the other 

hand, El Nino events experienced from the mid-1970s to late 1900s in southwestern United 

States could have played a large role in synchronizing the recent outbreaks over a large 

geographical area (Ryerson et al. 2003). In this study, both an increase in host density and 

favourable weather patterns has been suggested as a major catalyst of the current spread and 

severity of Dothistroma in northwest British Columbia. Mulitcentury changes in Dothistroma 

dynamics, however, have not been previously studied. A distinct advantage of having long time 

series for studying outbreak dynamics is that multiple examples of cycles or other behaviours 

through time that may be obtained, and it is also possible to assess how these characteristics 

changed through time (Speer et al. 2001).  
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