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Societal Impact Statement
Damage to white pine forests by white pine blister rust, caused by the non‐native in‐
vasive fungal pathogen Cronartium ribicola, is affecting people across western North 
America. The loss of white pine forests can impact economic opportunities as well as 
ecosystem and human well‐being. In this paper we quantify the durability, stability, 
and usability of natural genetic resistance to the disease in two white pine species 
using long‐term field trials. By combining quantitative genetic resistance breeding 
programs with data from field validation trials, land managers and policy makers will 
be able to better ensure healthy forests for the future.
Summary
•	 Many tree species are susceptible to non‐native pathogens or pests. Their level 
of susceptibility can be so severe that they are extirpated, and their use for for‐
est restoration or reforestation is curtailed. Programs to find, enhance, and utilize 
genetic resistance in tree species are underway. Because trees are long‐lived, re‐
sistance must be effective for decades to centuries to be useful. Resistance needs 
to be durable, stable, and present at a useful level. Field plantings provide the 
best opportunity to assess resistance durability and stability across a range of 
environments.

•	 In this paper we examine the durability and stability of resistance levels, previ‐
ously identified in seedling screening trials, of two white pine species, Pinus monti‐
cola (western white pine) and P. lambertiana (sugar pine) to white pine blister rust, 
using eight 15 to 20‐year‐old field trials in Oregon and northern California.

•	 We found that resistance varies for each host species and in different environ‐
ments. Major gene resistance (MGR) may have limited utility and the search for 
resistance should include all types of resistance, as quantitative disease resistance 
(QDR) appears to be more durable than MGR in the long term at many sites in our 
study.

•	 Our data provide encouragement and support for the use of long‐term field vali‐
dation studies in combination with quantitative genetic resistance breeding pro‐
grams. We advocate for an increased use of field trials to ensure that resistance is 
effective for restoration and recovery against invasive pathogens and pests.
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1  | INTRODUC TION

Tree species in natural, plantation, and urban forests are being 
damaged or killed by diseases and pests worldwide (Anagnostakis, 
2001; Liebhold et al., 2017; Lovett et al., 2016). The damage and 
mortality are often high enough that they threaten the viability of 
the species and its function in forest ecosystems throughout its 
geographic range. The most severe cases often involve non‐native 
pathogens and pests to which the affected tree species has not co‐
evolved (Budde, Nielsen, Ravn, & Kjær, 2016) and often has little 
natural genetic resistance. In North America, white pine blister rust 
(Kinloch, 2003), chestnut blight (Anagnostakis, 1987), Dutch elm dis‐
ease (D'Arcy, 2000), and emerald ash borer (Poland & McCullough, 
2006) are some of the non‐native diseases and pests causing mor‐
tality to native trees. Fortunately, there is often at least a low level 
of genetic resistance to these diseases and pests, despite the lack 
of coevolution (Sniezko, 2006; Sniezko & Koch, 2017). Usually, little 
can be done to stop the mortality of susceptible trees, and the best 
solution for retaining these species in future forests will be to find 
and utilize the genetic resistance that does exist (Boshier & Buggs, 
2015; Showalter et al., 2018; Sniezko & Koch, 2017; Telford, Cavers, 
Ennos, & Cottrell, 2015; Woodcock, Cottrell, Buggs, & Quine, 2018). 
Identifying and increasing the frequency of genetic resistance to dis‐
eases and pests, and deploying them in forests, has been recognized 
as a key step in maintaining healthy forests (Showalter et al., 2018).

Successful use of genetic resistance will depend on several key 
considerations including (a) the durability of resistance; (b) the sta‐
bility of resistance; (c) whether the resistance is passed onto progeny 
(heritable); and (d) whether the frequency and level of resistance is 
high enough for land managers to consider its use. Durable resis‐
tance refers to whether the pathogen or pest will evolve virulence 
that renders the resistance ineffective. Durability can often only be 
determined by planting the materials over many hectares and over 
many years in the presence of the pathogen or pest (Johnson, 1984; 
Vale, Parlevliet, & Zambolim, 2001). Stability of resistance refers to 
whether the resistance is effective over a range of environmental 
and climatic conditions. In some cases, a change of a few degrees 
in temperature can impact the efficacy of the resistance (Cheng et 
al., 2013; Wang, Bao, Zhu, & Hua, 2009; Zhu, Qian, & Hua, 2010). 
We suggest adding the term “usability” to denote that in the case of 
using genetic resistance in forestry, the frequency and level of her‐
itable resistance in individuals within a seedlot used for restoration 
or reforestation may vary and land managers will need to decide 
whether the current materials can be used to meet their objectives 
based on all of the available data.

Although durability and stability of resistance in food crops is 
important, in most cases the crops are annuals and new plantings are 

established every year. In these cases, new resistant genotypes, if 
available, can be planted in future years. The situation is different for 
forest trees. Trees are long‐lived organisms and will be present in the 
environments for decades to centuries. For native forest restoration 
efforts, planted seedlings are intended to become parent trees of fu‐
ture generations of seedlings. Thus, it is more important in forestry 
than in agriculture that genetic resistance be durable, stable and of 
a useful level to land managers. In addition, most tree species grow 
over a wide range of environments, with very little management in‐
puts after planting, and they face many abiotic and biotic challenges. 
Therefore, most restoration and reforestation efforts with forest 
trees will also need to maintain genetic diversity and future adapt‐
ability and thus the seedlings planted should be the heterogenous 
product of several to many parent trees rather than a single cultivar 
(genotype).

The programs to develop genetically resistant populations of 
Pinus monticola (western white pine) and P. lambertiana (sugar pine) 
to white pine blister rust, the disease caused by the fungal patho‐
gen Cronartium ribicola, began more than 50  years ago, and are 
among the longest ongoing programs in North America (McDonald, 
Zambino, & Sniezko, 2004) with a focus on a non‐native disease in 
forestry (Figure 1). These programs present an ideal opportunity 
to examine questions on the use of resistance in forestry. In this 
paper, we examine the field performance of genetic resistance to 
white pine blister rust in two species of white pines and use these 
results to discuss the importance of durability, stability and “usabil‐
ity” of genetic resistance in forest trees. Both major gene resistance 
(MGR) and quantitative disease resistance (QDR) have been docu‐
mented in P. monticola and P. lambertiana (Kinloch, 2003; Kinloch, 
Parks, & Fowler, 1970; Kinloch, Sniezko, Barnes, & Greathouse, 
1999; Sniezko, Smith, Liu, & Hamelin, 2014), as well as virulence to 
the MGR in both species (Kinloch & Dupper, 2002; Kinloch, Sniezko, 
& Dupper, 2004).

To more fully appreciate the difference in resistance types and 
their durability, stability, and usability, we must first define the dis‐
ease symptom expectations of having either MGR or QDR. In the 
case of white pine blister rust, both MGR and QDR are relatively rare 
for P. monticola and P. lambertiana (Kinloch, 2003; Kinloch, Davis, & 
Burton, 2008; Sniezko, Kegley, & Danchok, 2008). The progeny of 
parent trees with MGR will segregate for cankered and canker‐free 
phenotypes due to the simple gene inheritance of MGR (Kinloch, 
2003; Kinloch et al., 1999). Often, progeny of P. monticola and P. lam‐
bertiana parent trees with MGR show little or no partial resistance 
in seedling inoculation trials or in the field when exposed to virulent 
genotypes of the rust (R. Sniezko, unpublished data). Thus, in the 
presence of virulent rust genotypes all trees with only MGR will be 
highly susceptible to the disease, but trees in some families may also 
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have QDR and show a low level of resistance. In contrast to MGR, 
the progeny of parent trees with QDR, a form of resistance that 
will often have a more complex pattern of inheritance (King, David, 
Noshad, & Smith, 2010; Poland, Balint‐Kurti, Wisser, Pratt, & Nelson, 
2009), exhibit a range of phenotypes (Sniezko et al., 2014). For  
example, some seedlings from a single QDR family will be highly  
susceptible while others will be canker‐free and in between these 
two extremes some seedlings will have latent stem infections (Kegley 
& Sniezko, 2004; Sniezko et al., 2014), some will have fewer infec‐
tions (Kegley & Sniezko, 2004), some will have complete or partial 
bark reactions (Hoff, 1986; Sniezko et al., 2014; Struckmeyer & Riker, 
1951), some trees will tolerate active cankers (Hunt, 1997; Sniezko et 
al., 2008) and either die later or continue to live, and some trees may 
have a combination of these traits (Sniezko et al., 2014). The com‐
bination, level, and effectiveness of resistance will vary among the 
progenies of different QDR parent trees. Many of the components 
of QDR appear to be slowing the growth of the fungus (Struckmeyer 
& Riker, 1951; Hoff, 1986; see Kolpak, Sniezko, & Kegley, 2008 for 
discussion of some of the families included in this study; see table 1 
in Sniezko et al., 2014 for examples of families with a range of QDR). 
Relatively little is known about the durability and stability of QDR to 
date (Nelson, Wiesner‐Hanks, Wisser, & Balint‐Kurti, 2018), due to a 
lack of long‐term field trials such as the ones we report here, though 
it is thought to be more durable than MGR for many host species 
(Poland et al., 2009).

2  | MATERIAL S AND METHODS

Eight field trials planted between 1996 and 2001 in northern 
California and western Oregon are examined here. Each plant‐
ing was assigned a trial identity which consists of an abbreviation 
of the trial purpose (rust validation (RV) in this case), a number, 
and a letter. Some trials were planted with the same grouping of 
families or orchard seedlots, and these are identified by a com‐
mon trial number with different letter suffixes (Table 1). Trials 
RV1a and RV1b share the same 25 families (12 P. lambertiana, 13 P. 
monticola); trials RV6a, 6c, 6e, and 6f have 80 P. monticola families 

or orchard seedlots in common; and trials RV4c and RV7a have 
different subsets of families from each other and generally from 
the other trials. All eight trials include P. monticola, and two trials 
also include P. lambertiana families (Dataset S1). Most trials were 
planted as randomized complete blocks (6 to 12 blocks per trial) 
using family row plots (1 to 12 seedlings per family), but RV6e was 
planted as a completely randomized design with 7–24 seedlings 
per seedlot (Table 1).

The trials have been assessed periodically over the last 
15–20 years (Table 1). Ribes is the principal alternate host for C. ribi‐
cola (see Geils, Hummer, & Hunt, 2010 for a discussion). Infection at 
all sites relied on Ribes existing in the areas, except for RV1a, where 
some Ribes plants were inter‐planted among rows of pines to help 
ensure infection. Trials with moderate to very high levels of white 
pine blister rust incidence were selected for examination here, with 
the exception of RV6A where infection was only 6.3%.

The seedlots in these trials are representative of those avail‐
able from the United States Department of Agriculture (USDA) 
Forest Service's Pacific Northwest Region's (PNW) blister rust re‐
sistance program in the mid to late 1990s. All of the seedlots or 
the parents involved in crosses, have been previously evaluated 
for MGR and QDR in artificial inoculation trials of seedlings (for 
details and some results see Bingham, 1983; Kegley & Sniezko, 
2004; Kolpak et al., 2008; Sniezko et al., 2014). Seedlots included 
full‐sib families, half‐sib families, and bulked seed orchard lots. 
The parents of most of the Pacific Northwest seedlots were orig‐
inal field selections, but a few seedlots were progeny selections 
from tested families. One to three susceptible controls (seedlots 
showing very high susceptibility in one or more seedling inocula‐
tion trials) were included in each trial (Dataset S1). Eight families 
were open‐pollinated seedlots collected from surviving trees in 
the heavily infected Grass Creek and Blodgett plantings, two of 
the oldest field trials of P. monticola planted in Oregon (Sniezko 
et al., 2004): seven of these were planted in the RV6 trials, two 
of these (including one also in RV6 trials) were planted in RV7. 
In general, the level of survival (<5%) and QDR is low in seedling 
screening trials (Kegley & Sniezko, 2004; Sniezko et al., 2008) in 
most P. monticola and P. lambertiana families, including the families 

F I G U R E  1  The timeline of white 
pine blister rust progression and disease 
resistance screening in Pinus monticola 
and Pinus lambertiana in North America. 
Black text is used for historical events 
relevant to white pine blister rust in all 
white pine species and red text is used for 
events relevant to this study specifically
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planted in the field trials, but notable exceptions in P. monticola, 
such as two open‐pollinated half‐sib families from field collec‐
tions (05081–003 (in RV1, RV7), 21105–052 (in RV1, RV6), and the 
full‐sib cross 06024–506  ×  (06024–504  ×  06204–511) (in RV4)) 
occur. These three families are in the top one percent for QDR 
of more than 4,500 families evaluated over the first 30 years of 
the resistance program (R. Sniezko, unpublished data). For some 
details of these families see Sow# 75, 73, and 74, respectively in 
table 1 of Sniezko et al., 2014). All trials have families with identi‐
fied MGR and others known to possess QDR (Dataset S1). Some 
further background on seedlots, resistance type and early field 
results in the RV1 and RV4 trials are reported elsewhere (Sniezko 
et al., 2004 for RV1a; Kolpak et al., 2008 for RV4). In addition, 
one wind‐pollinated F2 seed orchard lot (Bingham F2) composed of 
families previously evaluated for white pine blister rust resistance 
at the USDA Forest Service's Inland West resistance program was 
included in the RV6 tests. This QDR Bingham F2 orchard lot (for a 
review see Bingham, 1983; sow 71 in table 1, Sniezko et al., 2014) 
has been widely planted for several decades in the Inland West 
and elsewhere and has no MGR (R. Sniezko, unpublished data).

Assessments of the trials included data on number of stem infec‐
tions, type of stem infections, location of infections (main bole and/
or branches), severity of overall infection, and mortality. Some small 
infections (or errors) from early assessment become inactive and not 
visible in later years, leading to slight fluctuations downward in the 
percent cankering recorded over time in a few families (and can be 
seen in the figures found in the results). In this paper we report on 
family percent stem symptoms and percent mortality. Graphs are 
produced using R version 3.5.0 (R Core Team, 2018).

3  | RESULTS

For P. monticola, the overall level of blister rust infection at the eight 
field trials varied from 6.3% to 99.2%, while the two sites with P. 
lambertiana were 91.6% and 97.0% (Table 1; Dataset S1). For P. mon‐
ticola, infection levels at RV6a were low (6.3%), those at RV1a, RV1b, 
RV6e, RV6f, and RV7 were moderate (59.9% to 86.0%), and those at 
RV4c and RV6c were high (99%) (Table 1). At seven of the eight trials, 
at least one family had 100% of trees with a canker for P. monticola 
and in both trials with P. lambertiana some families were 100% in‐
fected (Dataset S1). The temporal dynamics of infection at the sites 
varied considerably with, for example, RV4c having many P. mon‐
ticola families with >90% infection by the fifth year after planting 
(Figure 2), while only one P. monticola family has reached 90% infec‐
tion at RV1a after 18 years (Figure 3; Dataset S1). For P. lambertiana, 
infection was relatively rapid at both RV1a and RV1b, with many 
non‐MGR families showing >90% infection at RV1b by the 5‐year 
assessment (Figure 3). Mortality often lagged several years behind 
infection and few sites had reached high average mortality (Figures 
2‒4), with the P. monticola at RV4c (95.1%) and the P. lambertiana at 
RV1b (83.0%) with the highest mortality. For P. monticola, the mean 
infection varied from 6.3% to 99.2%, while the mean level of rust 

related mortality varied from 1.6% to 95.1%. The average number of 
cankers per alive, infected tree was also highly variable. For instance, 
at RV6e the average for infected, alive trees were 3.8 cankers per 
tree, while at RV6c the average was 25.1 cankers per tree.

Relative Resistance of P. monticola and P. lambertiana to white 
pine blister rust: The higher susceptibility of P. lambertiana compared 
to P. monticola is evident at the two sites, RV1a and RV1b, examined 
here (Figure 3). The mean infection of the 12 P. lambertiana fami‐
lies is 97.0% for RV1a and 91.6% for RV1b. This compares to 59.9% 
for RV1a and 86.0% for RV1b for the 13 P. monticola families. The 
difference is even greater for mortality. P. lambertiana mortality at 
RV1a is at 71.5% and is 83.0% at RV1b, versus 27.0% and 61.5% for 
P. monticola at these two sites, respectively.

RV1a is known to have the vcr1 strain of rust present which would 
overcome MGR in sugar pine, while RV1b is known to have the vcr2 
strain of the rust which would overcome MGR in P. monticola (Kinloch 
et al., 2004). The early effectiveness of MGR played out as expected 
at the two sites with MGR for P. lambertiana being generally ineffec‐
tive at RV1a and the MGR for P. monticola being ineffective at RV1b 
(Figure 3). However, a small to moderate increase in canker percentage 
in the most recent assessments in the three P. lambertiana MGR fam‐
ilies at RV1b and the two P. monticola MGR families at RV1a suggests 
that vcr1 and vcr2 may now be having some impact on infection at 
RV1b and RV1a, respectively, but with little impact yet on mortality.

P. monticola resistance: All sites exhibited variation in percent can‐
kering and mortality among the seedlots planted (Dataset S1). The 
susceptible control(s) had the highest (or among the highest) infection 
and mortality at all sites. For percentage of trees with cankers, the 
range in seedlot variation was the least for RV4c (77.4%–100%) and 
RV6c (83.3%–100%), the two sites with highest overall infection levels 
(Figure 2a; Figure 4b). Despite the high infection level at these two sites, 
there was a large range in mortality from white pine blister rust, with 
some seedlots at 100% mortality, but others at less than 40% mortality 
(Figures 2‒4). Additionally, the three top families from seedling inocula‐
tion trials also had the highest, or among the highest, resistance in the 
RV1, RV4, RV7, and RV6 trials in which they were included (Dataset S1).

The QDR Bingham F2 orchard seedlot has been the most widely 
used P. monticola reforestation material for decades, particularly in the 
Interior West of the United States. The percentage of trees with can‐
kers varies dramatically over the four RV sites where it was planted, 
with RV6a showing low infection at 6.3% and RV6c showing 100% in‐
fection (Figure 4). At this point, despite the high infection at RV6c, only 
45% of trees are dead from rust, essentially the same level as one of the 
susceptible controls. However, the severity of infected living trees is 
somewhat lower in the Bingham seedlot than the susceptible control.

4  | DISCUSSION

4.1 | Durability of white pine blister rust resistance

The capacity of C. ribicola to evolve virulence to MGR or QDR is 
a concern. Previous work has shown that virulence to the MGR 
in both P. lambertiana and P. monticola has arisen (Kinloch et al., 
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2004), and that the vcr2 strain with virulence to MGR in P. mon‐
ticola is more widespread than the vcr1 strain with virulence that 
affects MGR in P. lambertiana (Kinloch et al., 2004; R. Sniezko, 
Unpublished data). Our results support this. However, even in the 
presence of virulence, at some sites, the MGR families are con‐
tinuing to show some benefit with the level of infection <100% or 

less mortality than the susceptible control (e.g., RV6f; Figure 4h). 
An earlier assay of rust genotypes at RV1a confirmed the pres‐
ence of vcr1, but also indicated that vcr2 was present at a low fre‐
quency (Kinloch et al., 2004). This confirmation at RV1a, in the 
presence of only several small plantings of P. monticola (Kinloch 
et al., 2008; Sniezko, Bower, & Danielson, 2000), suggests that 

F I G U R E  2  The change in Pinus monticola disease infection for trials RV4c and RV7a represented by the percentage of trees with stem 
symptoms (a, b) and the percentage of trees dead from rust (c, d) through time. Red lines show susceptible controls, black lines show major 
gene resistant families, and gray lines show families with quantitative disease resistance
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MGR in P. monticola can be rapidly overcome by the evolution 
of the fungus, though this may not occur on all sites (Hunt et al., 
2018). The infection of P. monticola at RV1a involved some seed‐
lots with MGR and some seedlots with QDR. Encouragingly, QDR 
tends to be more durable at this stage than MGR in these trials. 
MGR in P. lambertiana appears to be relatively more durable than 
MGR in P. monticola, with data from other trials in Oregon showing 

effectiveness through at least age 30, even in trials with >90% 
cankering (R. Sniezko, Unpublished data). Restoration and refor‐
estation plantings will utilize both types of resistance, for example 
P. lambertiana in the Pacific Southwest Region and P. lambertiana 
and P. monticola in Pacific Northwest Region. The combination 
of resistance types may provide the best scenario for survival of 
these species from the current generation of seed orchards, while 

F I G U R E  3  The change in Pinus monticola and P. lambertiana disease infection represented by the percentage of trees with stem 
symptoms (a, b) and the percentage of trees dead from rust (c, d) through time for trials RV1a and RV1b. Red lines show P. lambertiana, cyan 
lines show P. monticola and dotted lines show major gene resistant families in both species
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breeding efforts are underway to increase the level of QDR in fu‐
ture orchard populations.

4.2 | Stability of white pine blister rust resistance

Hunt (2004) noted that the Bingham F2 orchard lot with QDR con‐
ferred a much higher level of resistance in interior British Columbia 
(BC) or higher elevation coastal BC than at a low elevation site in 
BC. Hunt attributed this to variation in environmental conditions 
(possibly temperature), and not differences in inoculum. Our re‐
sults are similar, and the 100% infection of this orchard lot in the 
RV6c site raises some concerns and further work will be needed to 
understand the resistance of this seedlot better, and the range of 
sites on which it will be most useful. In seedling inoculation trials 
at the USDA Forest Service's Dorena Genetic Resistance Center 
(DGRC), the efficacy of MGR in both P. monticola and P. lamberti‐
ana seems to vary in different years, with canker‐free percentages 
often being lower than expected (Danchok et al., 2012; R. Sniezko, 
Unpublished data). The findings at DGRC suggest that temperature 
and/or seedling physiology or phenology in different inoculation 
years may have an influence on the stability of resistance. Seedling 
screening assays for resistance for P. monticola and P. lambertiana 
often occur at lower elevation environments with different cli‐
matic conditions than where many P. monticola and P. lambertiana 
grow. Further studies are needed to test the relationship between 

environmental and climatic conditions on the stability of resist‐
ance. In addition, it is worth noting that in China and South Korea 
there are examples of where the co‐evolved pathogen and white 
pine species are showing higher levels of susceptibility than found 
in the past (La, 2009; Zhang, Lu, Sniezko, Song, & Man, 2010), sug‐
gesting that changes in management or environment may have 
altered the previous resistance equilibrium or possibly that new 
virulence has arisen. This is a reminder that resistance is important 
but needs on‐going field testing and monitoring to determine its 
level of efficacy over desired environments and through time.

4.3 | Usability of white pine blister rust resistance

In crop species and a few forest species, just one or a few geno‐
types may be planted to maximize genetic gain in traits such as re‐
sistance, yield, and uniformity. However, in most cases in forestry, 
seed for reforestation or restoration is from a mix of many parent 
trees in the forest or in seed orchards. Many forest tree programs 
are in just the first or second cycles of selection for resistance and 
the efforts to keep the necessary broad genetic base, coupled with 
durable and stable resistance, may mean modest gains in resistance 
in early generations. Field trials provide estimates of achievable lev‐
els of survival using resistance on sites of varying blister rust hazard. 
Land managers will be able to use these estimates to choose the 
number of seedlings they need to plant to achieve desired density of 

F I G U R E  4  The change in Pinus monticola disease infection represented by the percentage of trees with stem symptoms (a, b, c, d) and 
the percentage of trees dead from rust (e, f, g, h) through time at four trials in the RV6 test series. Red lines show susceptible controls, gray 
lines show known quantitative disease resistant families, black lines show major gene resistant families, and cyan lines show the Bingham F2 
quantitative disease resistant orchard seedlot
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P. monticola or P. lambertiana in their areas. Planting low to moderate 
hazard sites will require fewer seedlings from resistant parent trees 
or orchards. For the sites of extreme rust hazard, more seedlings will 
be needed, or higher levels of resistance may be required. Breeding 
to increase the level of resistance, and to combine MGR and QDR in 
orchards, is underway and this next generation of resistant materi‐
als would be anticipated to be more suitable for the very high rust 
hazard areas.

The range of P. monticola resistance expressed by the seedlots 
depends on the types of resistance (MGR or QDR), whether the 
vcr2 strain of rust is present, the relative rust hazard of the site, 
and when the white pine blister rust infection was first evident 
at a moderate or high level. The larger trees are before they are 
infected may confer advantage by allowing some lower level of 
partial resistance to be more effective, or simply due to their size 
it may take more infections to seriously damage or kill trees. The 
high infection of the susceptible control provides an indication of 
the susceptibility of the majority of P. monticola or P. lambertiana 
present before white pine blister rust was present or what might 
be available in some wild open‐pollinated seedlots used in early 
reforestation efforts.

4.4 | Implications for P. monticola and P. lambertiana 
reforestation and restoration

In this paper, we report on results of eight field trials of P. monticola 
and P. lambertiana to give guidance on the durability, stability, and 
usability of genetic resistance to pests and pathogens. We provide 
a direct comparison of the relative resistance in the field between 
the two white pine species. Our results are strengthened by the fact 
that that disease progression was closely monitored for 15–20 years 
under different environmental conditions. The subset of trials we 
examined provide insights about the utility of resistance for this 
pathogen. In addition, this system provides perhaps the best repre‐
sentation to date of what might be expected from genetic resistance 
in the first generation of breeding in forest trees.

Characterizing the level of disease resistance and its frequency 
in a family or seed orchard lot is an important consideration for for‐
est managers deciding on using a specific species or seedlots to meet 
reforestation or restoration goals. Currently, most data on levels 
and types of resistance come only from seedling inoculation trials 
(e.g., Kegley & Sniezko, 2004). Inoculation trials can characterize the 
type, level, and frequency of resistance, but durability and stability 
of resistance are only detectable with field validation. There have 
been few systems in tree resistance programs (and notably to native 
trees and non‐native pathogens or pests) studied long enough or 
specifically for QDR to make statements on the potential durability 
of resistance. In hybrid poplar, it is acknowledged that the potential 
durability of strategies involving qualitative and quantitative resis‐
tance is unknown at this point and further investigations are under‐
way (Jorge, Dowkiw, Faivre‐Rampant, & Bastien, 2005). There are 
ongoing studies aimed at identifying resistance genes (e.g., Muchero 
et al., 2018), but far fewer that report field trials of a decade or more 

in duration. Many of the most notable applied programs are noted in 
Sniezko and Koch (2017) along with the two white pine species re‐
ported on in this paper. The Chamaecyparis lawsoniana (Port‐Orford‐
cedar) program to develop resistance to Phytophthora lateralis may 
be the most advanced in terms of data from field trials (Sniezko et al. 
pers. comm.) and results indicate QDR is holding up well.

In the RV trials examined here, both P. monticola and P. lamber‐
tiana had some level of resistance to white pine blister rust, but in 
general the frequency of seedlings in a family with resistance was 
higher in P. monticola than P. lambertiana; a similar result was found 
in another trial (Kinloch et al., 2008). White pine blister rust infection 
in the field often occurs a few years after planting the trees but may 
take 5 or more years for even a susceptible family to approach 100% 
cankering, and even longer for high mortality to occur (Figures 2‒4). 
The level of resistance provided by MGR in the absence of a race 
of rust with virulence often approaches 50% to 100% canker‐free 
trees. Even so, as demonstrated in these field trials, the durability of 
the MGR gene can be relatively short‐lived on at least some sites (in 
several of the trials here, some of the MGR families show as high or 
higher levels of infection than the susceptible control). For P. monti‐
cola, the durability of MGR in western Oregon trials was short‐lived, 
though this result may be a product of either a mutation to a viru‐
lent strain or migration of virulence into the site, whereas the effec‐
tiveness of MGR in P. lambertiana is at least somewhat more robust 
in these trials (RV1b and R. Sniezko, unpublished). For P. monticola, 
many MGR families exhibited 100% cankered trees in some trials, 
but mortality lags slightly behind cankering. For P. lambertiana, only a 
few locations in California have been noted where MGR is no longer 
effective (Kinloch et al., 2004).

Quantitative disease resistance in both P. lambertiana and P. mon‐
ticola is holding up so far. In the two trials here, the level of QDR in 
some of the original field selections of P. monticola is higher than that 
found in P. lambertiana and this has been noted in inoculation trials 
(Kegley & Sniezko, 2004; Sniezko et al., 2014) and at least one other 
field trial (Kinloch et al., 2008). However, in both species, the level of 
QDR is modest compared to susceptibility and on high hazard sites 
most trees become infected and many will die. The effectiveness 
of QDR will be judged by the level of survival in the QDR families 
compared to the susceptible control families. The results are encour‐
aging, but because of the natural lag between infection and mor‐
tality more time will be needed to ascertain what level of survival 
QDR imparts. Forward selections of QDR families from inoculation 
trials has begun since these field trials were initiated, and the more 
recently established field trials will be examined to determine what 
increase in QDR has been achieved through breeding (e.g., Kinloch 
et al., 2012 with SP).

Future monitoring of these field trials (and others) will continue 
to provide managers with data on the efficacy of resistance through 
time. Depending on management objectives, resistance may be 
deployable alone, but in other cases the survival of trees may be 
augmented by use of silvicultural techniques, such as branch prun‐
ing to eliminate infections before they reach the bole of the tree 
(Schwandt, Lockman, Kliejunas, & Muir, 2010; Zeglen, Pronos, & 
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Merler, 2010). Classification of site rust hazard can be useful in pro‐
viding land managers information on which sites to emphasize for 
planting the currently available level of resistance or the number of 
seedlings to plant to ensure adequate survival (Schoettle, Jacobi, 
Waring, & Burns, 2018).

4.5 | Implications for resistance programs with 
other non‐native pathogens and pests

A key component to ensure a healthy forest and maintain biodiver‐
sity is the presence of genetic resistance to biotic and abiotic factors 
affecting trees. In the case of non‐native pathogens or pests, there 
may be relatively little natural resistance, and programs to find and 
utilize this genetic resistance may be needed to retain full utilization 
of the species on the landscape. However, it is important to real‐
ize that not all seedlings from an applied resistance program will be 
resistant, and to quantify the frequency and level of resistance that 
might be available for reforestation or restoration efforts. With this 
information, land managers can decide on whether to use the spe‐
cies and can account for the frequency of resistance and expected 
survival by planting extra seedlings.

The usability, durability, and stability of resistance will be an im‐
portant consideration on the ultimate success of reforestation and 
restoration. For resistance programs involving non‐native diseases 
or pests there is currently little data available to provide guidance 
to land managers. As non‐native pathogens and pests continue to 
spread and take their toll on forests and tree species worldwide, 
there has been greater interest in increasing the focus on genetic 
resistance, the tool with probably the best chance to restore these 
species. Until recently there have been relatively few decades old 
field trials to examine some key questions about genetic resistance. 
The example of P. monticola and P. lambertiana resistance to white 
pine blister rust over 15–20 years in the field trials reported here 
provides guidance on durability, stability, and usability of genetic re‐
sistance that can be applied in examining future outputs from resis‐
tant programs for other non‐native pathogens or pests.

Evaluation of durability, stability, and usability of genetic disease 
resistance is an on‐going process. Therefore, it will be essential to 
monitor at least a subset of field trials or restoration or reforestation 
plantings over many decades to gain stronger evidence of long‐term 
durability and stability. The usability of resistance will depend on the 
species and land managers’ objectives. In the case where the disease 
or insect kills the very high majority of the existing trees, then even 
a low frequency of resistance may be effective in ensuring survival 
of the species and the added costs of planting more seedlings may 
be deemed appropriate.

Identifying and breeding genetic resistance is an approach for‐
est managers can use to keep species present on the landscape or 
for plantation forestry. Biotechnology and landscape genomic tools 
to aid non‐native pathogen and pest resistance breeding are becom‐
ing available and are options being contemplated for use in forestry 
(Balkenhol et al., 2017; Boshier & Buggs, 2015; National Academies 
of Sciences, Engineering, and Medicine, 2019; Sniezko & Koch, 2017). 

Whether through classical selective breeding or aided by genomics or 
biotechnology, the resistance approach is not a cure‐all and needs to 
be well‐documented to ensure its most effective utilization. In most 
cases, the level of resistance in the first‐generation is limited and in‐
creases in resistance may be desired. Further breeding will provide an 
opportunity to increase the level of resistance, as well as its durabil‐
ity and stability. Breeding for genetic resistance is an invaluable tool 
for maintaining or restoring forest health. The lessons learned in the 
ongoing programs like those for white pine blister rust should help 
lead the way in contemplating some of the questions needed to be 
addressed and for efficiencies in the development of new resistance 
programs.
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