
Forest Ecology and Management 480 (2021) 118645

Available online 10 October 2020
0378-1127/Published by Elsevier B.V.

Repeated fall prescribed fire in previously thinned Pinus ponderosa increases 
growth and resistance to other disturbances 
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A B S T R A C T   

In western North America beginning in the late 19th century, fire suppression and other factors resulted in dense 
ponderosa pine (Pinus ponderosa) forests that are now prone to high severity wildfire, insect attack, and root 
diseases. Thinning and prescribed fire are commonly used to remove small trees, fire-intolerant tree species, and 
shrubs, and to reduce surface and aerial fuels. These treatments can be effective at lowering future fire severity, 
but prescribed burns must be periodically repeated to maintain favorable conditions and are feasible only outside 
the historical summer wildfire season. This study examines tree growth and mortality associated with spring and 
fall burning repeated at five (5 yr) and fifteen-year (15 yr) intervals in six previously thinned ponderosa pine 
stands in the southern Blue Mountain Ecoregion near Burns, Oregon, USA. Each stand consisted of an unburned 
control, and four season-by-burn interval treatments: spring 5 yr, spring 15 yr, fall 5 yr, and fall 15 yr. Burning 
was initiated in fall 1997 and spring 1998. Pine height and diameter growth was evaluated in 2013, 15 years 
following initial treatment. Mortality was assessed annually from 2002 to 2017, when these stands experienced 
severe defoliation from pine butterfly (PB, Neophasia menapia), followed by a moderate outbreak of western pine 
beetle (WPB, Dendroctonus brevicomis), allowing us to examine resistance to these disturbances. Pine in the 5 yr 
fall treatments added more diameter than spring 15 yr and marginally more than spring 5 yr, while fall 15 yr 
added marginally more diameter than spring 15 yr. In addition, the fall 5 yr treatments had lower mortality 
associated with prescribed fire, PB, WPB, Ips spp., red turpentine beetle (RTB, D. valens), and mountain pine 
beetle (MPB, D. ponderosae), but the effect was not always significant. Annosus root disease (ARD, caused by 
Heterobasidion irregulare) and black stain root disease (BSRD, caused by Leptographium wagneri var. ponderosum) 
appear to be unaffected by burning. However, BSRD occurrence dramatically declined in all treatments, probably 
a result of thinning prior to study initiation. Results from this study demonstrate that repeated fall burning, 
especially at 5-year intervals, improves ponderosa pine diameter growth and may provide resistance to future 
biotic and abiotic disturbances while spring burning, regardless of frequency, does not.   

1. Introduction 

Ponderosa pine (Pinus ponderosa Lawson & C. Lawson) forests of the 
western US were historically adapted to fire (Weaver, 1943; Agee, 
1993). Both wildfires and fires intentionally ignited by Native Ameri-
cans were frequent and generally of low severity (Agee, 1993; Covington 
and Moore, 1994; Boyd, 1999; Heyerdahl et al., 2001; Hessburg and 
Agee, 2003; Fule et al., 2009). Frequent fires reduced the occurrence of 
small pines, fire-intolerant conifers (e.g., Abies), seedlings, and shrubs, 
resulting in a mixed-age mosaic of large widely scattered trees and tree 
clusters, and grassy openings with scattered shrubs and few seedlings 
(Hessburg et al., 2000; Collins et al., 2015). High-severity fires were rare 

in most ponderosa pine forests because surface fuel was generally light 
and widely scattered, and tree canopies were high and open with few 
ladder fuels (Keane et al., 2002). However, beginning in the late 19th 
century, fire suppression, livestock grazing, and selective logging 
interrupted the disturbance role of fire, allowing younger pines and fire- 
intolerant species to survive, while litter, duff, and woody fuels accu-
mulated, fueling high-severity wildfire (Agee, 1993; Covington and 
Moore, 1994; Belsky and Blumenthal, 1997; Hessburg et al., 2005; 
Marlon et al., 2012; Dennison et al., 2014). Anthropogenic climate 
change is also contributing to increasing frequency of large wildfires and 
cumulative area burned (Littell et al., 2009; Dennison et al., 2014), 
largely through reduced fuel moisture (Peterson and Marcinkowski, 
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2014; Abatzoglou and Williams, 2016). In addition, forest densification 
and increasing drought can expand the occurrence of other disturbances 
such as disease and insect attack (Castello et al., 1995; Covington et al., 
1997; Fettig et al., 2007, 2019). 

In an effort to mitigate these unsustainable conditions, forest man-
agers are applying thinning treatments, where fire-intolerant tree spe-
cies and smaller pines are removed, followed by prescribed burning to 
reduce fuel (Agee and Skinner, 2005). These treatments can increase 
forest resilience to wildfire (Pollet and Omi, 2002; Fulé et al., 2012; 
Stephens et al., 2012; McIver et al., 2013). But prescribed burning must 
be periodically repeated to keep tree seedlings and fine fuel at low levels 
necessary to maintain this resiliency (Battaglia et al., 2008; Reinhardt 
et al., 2008; Westlind and Kerns, 2017). 

The complex and often competing effects of thinning and prescribed 
fire treatments on future forest health is a major area of concern. Re-
ductions in stand density through thinning can increase available water 
(McDowell et al., 2003; Skov et al., 2004) positively affecting tree 
growth (Cochran and Barrett, 1993; Busse et al., 2009; Zhang et al., 
2013; Tappeiner et al., 2015; Vernon et al., 2018) and drought resistance 
(Sohn et al., 2016; Bradford and Bell, 2017; Vernon et al., 2018), as well 
as reduce tree mortality attributed to insects (Fettig et al., 2007; Zhang 
et al., 2013). But mechanical thinning can release monoterpene attrac-
tants leading to increases in bark beetle attack (Fettig et al., 2006), and 
damage to the residual trees may also lead to increases in root pathogens 
(Ferrell, 1996). The impact of prescribed fire on growth of remaining 
trees is highly variable with some studies indicating increases (Hatten 
et al., 2012; McCaskill, 2019), decreases (Landsberg et al., 1984; 
Landsberg, 1992; Busse et al., 2000), or no change (Sala et al., 2005). 
Results depend upon the severity (Landsberg et al., 1984), season 
(Hatten et al., 2012; Thies et al., 2013), and interval of burning 
(Peterson et al., 1994). Additionally, the impact of fire on tree growth 
may take several years to become apparent (Thies et al., 2013). Pre-
scribed fire may also cause undesirable mortality to highly valued large 
trees (Kolb et al., 2007; Hood, 2010) and lead to increases in tree 
mortality attributed to bark beetles (Schwilk et al., 2006; Maloney et al., 
2008; Fettig et al., 2010a; Davis et al., 2012). Many of these effects 
change over time, adding further complexity when evaluating thinning 
and burning treatments. Fire-related tree mortality rates generally drop 
to those of unburned stands within a few years (Thies et al., 2005), and 
increases in bark beetle attack associated with fire are usually short- 
lived (Davis et al., 2012; Westlind and Kelsey, 2019). 

In western US forests, most prescribed burns are conducted in the 
spring and late fall because personnel are available and weather con-
ditions are favorable for maintaining control, but how burn season and 
repeat interval interact with other stress agents and affect future stand 
health is not well known. Spring burning coincides with peak annual 
activity periods for many bark beetle species, and this timing may 
contribute to increased tree mortality from the beetles or the pathogens 
they vector. But fall burns are typically higher in severity (Ryan and 
Reinhardt, 1988; Thies et al., 2005; Fettig et al., 2010b), due to lower 
fuel moisture following the typically dry summer season (Estes et al., 
2012). Higher fall fire severity also increases the likelihood of bark 
beetle attack (Negrón et al., 2016; Westlind and Kelsey, 2019) that may 
offset the effect of burning during periods of high beetle activity in 
spring (Ganz et al., 2002; Schwilk et al., 2006). The interval between 
prescribed burns can impact growth (Peterson et al., 1994), as short 
intervals may not allow trees to fully recover and longer intervals allow 
more fuel to accumulate leading to higher burn severity. 

In response to concerns of Malheur National Forest personnel in the 
southern Blue Mountain Ecoregion of Oregon, regarding perceived in-
creases in spread of black stain root disease (BSRD, caused by Lep-
tographium wageneri (W.B. Kendr.) M.J. Wingf.) following spring burns, a 
study was initiated in 1997 to investigate the impacts of prescribed 
burning on BSRD (Thies et al., 2005). During the course of this study 
beginning in 2010, the area experienced widespread defoliation from a 
pine butterfly (PB, Neophasia menapia C. & R. Felder) outbreak, lasting 

three years, peaking in 2011 at over 100,000 ha (Flowers et al., 2011, 
2012, 2013), and resulting in mean defoliation of 67% by 2012 
(DeMarco, 2014). The PB outbreak was followed by a widespread 
eruption of western pine beetle (WPB, Dendroctonus brevicomis LeConte) 
from 2015 to 2017 (Buhl et al., 2016, 2017, 2018). These conditions 
created a unique opportunity to investigate the impacts of prescribed 
burning on these and other mortality agents of ponderosa pine. 

The fungus L. wageneri causing BSRD, colonizes water conducting 
tissues in host roots and lower stem, restricting water movement. Three 
fungal variants have been identified, each with specific host preferences: 
L. wageneri var. ponderosum infects ponderosa pine and Jeffrey pine 
(P. jeffreyi Grev. & Balf.), L. wageneri var. pseudotsugae infects Douglas-fir 
(Pseudotsuga menziesii (Mirb.) Franco), and L. wageneri var. wageneri 
infects pinyon pine (P. edulis Engelm.) (Hessburg et al., 1995). Virulence 
of the disease appears to vary with host species and tree size. Healthy 
ponderosa pine may be able to survive by outgrowing infections (Owen 
et al., 2005), whereas, in Douglas fir, infections are typically fatal, with 
young fir usually succumbing within a year or two, while older firs may 
take 6 to 8 years to die (Hessburg et al., 1995). The disease can spread by 
root and lower bole feeding bark beetles and root weevils, and once 
established on a site, by root to root contact. 

Pine butterfly outbreaks are relatively rare events generally lasting 
from two to six years, but defoliation can be severe and cover large 
geographic areas. The worst documented outbreak occurred on the 
Yakima Indian Reservation from 1893 through 1895 affecting 65,000 
ha, and in association with bark beetles, destroying over two million 
cubic meters of ponderosa pine volume (Hopkins, 1907; Weaver, 1961). 
What causes endemic PB populations to outbreak is not known, as there 
are no clear links with any environmental factors (DeMarco, 2014). 
Outbreaks typically end due to a combination of predators, parasites, 
and bacterial or viral diseases (Furniss and Carolin, 1977; Scott, 2012). 
During the summer, PB adults lay eggs on current year needles that 
hatch the following spring to begin feeding on the mature needles. 
During an outbreak, larvae can consume all mature needles and all but 
the base of current year needles (Evenden, 1940; Furniss and Carolin, 
1977; Scott, 2012) (Fig. 1). Other mortality events associated with PB 
outbreaks have been recorded near McCall, Idaho, USA in 1922–23, 
where 11,000 ha were affected and an estimated 25% of mature pine 
were killed (Evenden, 1940), and in southern Idaho in 1950–54, where 
100,000 ha were affected, but mortality of < 2% was attributed to aerial 

Fig. 1. Severe defoliation from pine butterfly (Neophasia menapia) of ponderosa 
pine (Pinus ponderosa) in 2012 at the season and interval of burn study in the 
southern Blue Mountain Ecoregion, Oregon, USA. Most trees ultimately 
recovered but a portion succumbed to attack by western pine beetle (Den-
droctonus brevicomis) two to three years following defoliation. Photo credit: 
Doug Westlind. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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pesticide application at the outbreak peak (Cole, 1966). In documented 
outbreaks a significant portion of pine mortality occurred in subsequent 
years being attributed to attack by WPB, and mountain pine beetle 
(MPB, D. ponderosae Hopkins), on trees stressed by the prior defoliation 
(Hopkins, 1907; Evenden, 1940; Furniss and Carolin, 1977). 

WPB typically attack ponderosa pine stressed by other agents (Moeck 
et al., 1981) and are associated with excessive competition and periods 
of drought (Fettig et al., 2019). Adult WPB have no known primary 
attraction kairomone, they initiate attack through random landing and 
sampling of trees until a suitable host is found (Moeck et al., 1981; Raffa 
et al., 1993). But once attack is initiated, other WPB are drawn to the 
attacked tree by strong attraction to their pheromones, exo- and endo- 
brevicomin, and frontalin overwhelming tree defenses through high 
numbers (Bedard et al., 1980). 

Increasing the resilience of dry western forests using restoration 
treatments of thinning and prescribed burning began in response to large 
and severe wildfires altering the fundamental character of forests (Agee 
and Skinner, 2005; Fitzgerald, 2005). But climate and disturbance are so 
closely linked that climate change is fundamentally altering forest 
disturbance regimes (Seidl et al., 2016). In addition to increasing fire 
occurrence and size, fire seasons are growing longer due to earlier 
snowmelt (Westerling et al., 2006), insect reproductive rates are 
increasing and winter mortality is declining (Creeden et al., 2014), and 
the increasing occurrence and severity of drought weakens tree defenses 
to insect attack (Bentz et al., 2010; Fettig et al., 2019). The effects of 
thinning and prescribed burning restoration treatments on forest resis-
tance to this broader set of disturbances is not well known and better 
understanding is vital in planning restoration treatments. Our research 
objective here is to quantify differences between restoration treatments 
of no-burn (control), and four season-by-burn interval treatments: spring 
5 yr, spring 15 yr, fall 5 yr, and fall 15 yr on tree growth, and mortality 
from prescribed burning, BSRD, insects, and other root diseases in pre-
viously thinned ponderosa pine stands in the southern Blue Mountain 
Ecoregion of Oregon, USA. Our expectations were that; 1) fall and more 
frequent burning would reduce tree growth due to higher fall fire severity 
and more frequent disturbance, 2) spring burning would increase mor-
tality from BSRD based on prior observation of forest managers, and 3) 
spring burning would increase insect mortality, resulting from burning 
during period of high activity of most bark beetles. 

2. Materials and methods 

2.1. Study sites and experimental design 

2.1.1. Season of burn 
In summer 1996, six replicate mixed-age ponderosa pine stands (40 – 

56 ha) in the Emigrant Creek Ranger District, of the southern Blue 

Mountain Ecoregion near Burns, OR, USA were selected from a larger set 
of stands planned to receive burn treatments. Four stands are in the 
eastern portion of the district near Driveway Springs (43◦ 48′ N, 118◦ 59′

W) designated DW14, DW17, DW26, DW28, and two stands are in the 
western part of the district near Idlewild campground (43◦ 48′ N, 118◦

59′ W) designated as Trout Creek and Kidd Flat. The stands were pre-
dominately 80 to 100 years old with varying numbers of individuals up 
to 250 years old developed from native primary forest with a history of 
selective harvest beginning in the 1920′s and natural regeneration 
following fire suppression beginning in the early 1900′s. All stands 
received a low thinning in 1994 or 1995 to 181 to 252 trees ha -1 with 
mean dbh from 25.5 to 31.8 cm and basal area of 17.2 to 19.4 m2 ha -1 

(Thies et al., 2005). Each replicate stand was divided into three areas 
(4.5 – 20.5 ha) and randomly assigned treatments of fall burn, spring 
burn, and unburned control. Prescribed burns were conducted in 
October 1997 (fall) and June 1998 (spring). Tree morphology charac-
teristics and burn damage were evaluated in 1998 following all burns 
using six systematically placed 0.20 ha sampling plots in each treatment 
(Thies et al., 2005). Results for stand structure, tree mortality attributed 
to fire, and BSRD incidence were previously reported through 2001, four 
years following initial prescribed burns (Thies et al., 2005). 

2.1.2. Interval of burn 
In 2002, the study was expanded to include intervals of re-entry 

burns, hereafter referred to as reburns. Each season of burn treatment 
unit described above was divided roughly in half and randomly assigned 
a reburn frequency treatment of either five years or 15 years with 
reburns always the same season as the original treatment, control units 
were not subdivided. Selection of reburn frequencies was designed to 
bracket what was known at the time of historical mean fire return in-
tervals for the area (Soeriaatmadja, 1966; Bork, 1984; Heyerdahl et al., 
2001). This resulted in each of the six replicate stands (n = 6) having five 
individual treatments; the unburned control with six 0.20 ha sampling 
plots, and four burn season-by-frequency treatments of: (1) fall 5 yr, (2) 
fall 15 yr, (3) spring 5 yr, and (4) spring 15 yr, each with three 0.20 ha 
sampling plots. The first and second 5 yr reburns were conducted in 
October 2002 and 2007 (fall) and June 2003 and 2008 (spring). The 
third 5 yr, and first 15 yr reburns were conducted on two stands in 
October 2012 and May 2013, but weather conditions delayed burning 
the remaining four stands until October 2013 and May 2014. For all 
burns, mean air temperature at the time of burning averaged 6.2 ◦C 
higher during spring burns (15.5 to 30.0 ◦C) than fall burns (10.0 to 
20.6 ◦C), but conditions were similar between the two seasons for 
relative humidity (12 to 54%), wind speed (0.0 to 11.4 km hr-1), and 
flame length (0.0 to 1.5 m). Detailed information regarding prescribed 
burn dates and conditions have been described previously (Westlind and 
Kerns, 2017, Table 1). 

Table 1 
Tree size and stand density estimated means (95% CI below in parentheses) of ponderosa pine (Pinus ponderosa) by treatment in 2013, 15 years after initiating the 
season and interval of burn study in the Blue Mountain Ecoregion, Oregon, USA. Within columns, treatments with the same letter superscript are not different at α =
0.05.  

Treatment* (n = 6) HT** DBH TPH BA SDI QMD 

Control 16.2 
(14.3 to 18.1) 

31.9ab 

(27.6 to 36.2) 
232 
(180 to 284) 

22.0a 

(19.3 to 24.7) 
371a 

(321 to 420) 
35.1 
(31.3 to 39.0) 

Fall 5 17.3 
(15.3 to 19.2) 

33.7ab 

(29.4 to 38.0) 
186 
(133 to 238) 

17.3b 

(14.6 to 20.0) 
297b 

(247 to 346) 
36.1 
(32.3 to 40.0) 

Fall 15 17.6 
(15.7 to 19.6) 

35.6a 

(31.4 to 39.9) 
167 
(115 to 219) 

17.8b 

(15.1 to 20.5) 
290b 

(240 to 339) 
38.0 
(34.1 to 41.8) 

Spring 5 16.4 
(14.4 to 18.3) 

31.9ab 

(27.7 to 36.2) 
216 
(164 to 268) 

20.7ab 

(18.0 to 23.5) 
347ab 

(297 to 396) 
35.3 
(31.5 to 39.2) 

Spring 15 15.9 
(14.0 to 17.8) 

30.4b 

(26.1 to 34.7) 
224 
(172 to 276) 

20.4ab 

(17.7 to 23.1) 
334ab 

(285 to 384) 
34.5 
(30.6 to 38.3)  

* Treatments: Control = unburned, Fall 5 = prescribed burned in fall every 5 years, Fall 15 = prescribed burned in fall every 15 years, Spring 5 = prescribed burned in 
spring every 5 years, Spring 15 = prescribed burned in spring every 15 years. 

** Variables: HT = tree height (m), DBH = diameter breast height (cm), TPH = trees ha− 1 (ponderosa pine > 7.5 cm), BA = basal area (m2 ha− 1), SDI = mixed-age 
stand density index, QMD = quadratic mean diameter (cm). 
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2.2. Sampling 

In late summer of 2013, height and stem diameter was measured for 
all trees >7.6 cm dbh on sampling plots using laser hypsometers and 
diameter tapes, respectively. From 2002 through 2017 tree mortality 
was monitored annually in the fall and each new dead tree, with no 
green needles, was assessed for potential non-fire agents contributing to 
death. Attack by WPB, Ips spp. (species not identified), and MPB were 
assessed by removing bark to determine their presence from feeding and 
nuptial gallery patterns as described in Furniss and Carolin (1977). Red 
turpentine beetle (RTB, D. valens LeConte) attack was identified by the 
characteristically large pitch tubes typically occurring below breast 
height on the lower bole and root collar (Owen et al., 2010). Suppression 
(SP) mortality was recorded in the absence of other mortality agents 
when a tree was completely overtopped, and prior live crown % was 
very low. All new dead trees, depending on size, had two or three roots 
inspected at the root collar to determine presence of Annosus root dis-
ease (ARD, caused by Heterobasidion irregulare (Fr.) Bref.) and BSRD. 
Following the fire treatments in 1998, 2003, 2008 and 2014, trees were 
assessed for stem charring and crown scorch. 

Ponderosa pine growth was evaluated in 2013 on all trees after the 
spring 2013 reburns, or 15 years after study initiation. Stands resched-
uled for burning in fall 2013 and spring 2014 were included, as their 
reburn delay impact on the previous 15 years of growth was considered 
negligible. As mentioned previously, mortality from 1998 through 2001 
was reported in Thies et al. (2005). Here we report mortality from 2002 
through 2017 when 5 yr treatments had received three reburns and the 
15 yr treatment had been reburned once. 

2.3. Statistical analysis 

The division of the burn treatments to study reburn frequency 
resulted in a randomized block, incomplete split-plot study design 
replicated in each of the six stands. Season of burn represents the whole 
plot (control, fall, and spring) and reburn frequency as the split-plot (5 
yr or 15 yr). The unburned control treatment is the incomplete split, as 
these plots were not burned. The 2013 tree height and diameter data 
were used to calculate trees ha -1 (TPH), basal area (BA, m2 ha− 1), 
quadratic mean diameter (QMD, cm) and stand density index (SDI, no 
units; Reineke, 1933) modified for mixed-age stands following the 
summation method described in Shaw (2006). Tree growth for the study 
period was calculated by subtracting the 1998 height and diameter 
values from those taken in 2013. From 2002 to 2017, total combined 
tree mortality was summed by treatment and normalized to a per- 
hectare basis. Each contributing mortality factor including fire, PB, 
WPB, Ips spp., RTB, MPB, BSRD, ARD, and SP were similarly summed 
and normalized per hectare but, sums by contributing factors can be 
higher than total mortality as dead trees may be represented more than 
once where multiple factors contributed to mortality. Treatment means 
were then calculated by experimental unit (stand by treatment) for 
analysis. Stand descriptor means by treatment of tree height, diameter, 
TPH, BA, QMD, and SDI, were compared using ANOVA, with treatment 
modeled as a fixed effect and stand as a random effect. Tree growth and 
mortality analyses used the same design, but after testing all stand 
structure variables, the study period initial (i.e. 1998 for growth, 2002 
for mortality) TPH value was used as a covariate using ANCOVA to 
control for treatment density differences because it was typically the 
only significant stand descriptor covariate or was most significant 
(lowest α). Because of the independent control split-plot design, 
response to the five treatments (control, fall 5 yr, fall 15 yr, spring 5 yr, 
and spring 15 yr) was compared using paired contrasts (Aastveit et al., 
2009). Assumptions of normality and equal variance of residuals was 
checked during analysis through use of quantile–quantile and residual 
versus predicted plots, respectively. No transformation of response 
variables was necessary. To balance the possibility of type I and II error 
in such a large field experiment we chose to not correct for multiple 

comparisons. We considered effects significant based upon α = 0.05, and 
marginally significant when α > 0.05 to α ≤ 0.10. All analyses were 
completed using the Mixed procedure of SAS 9.4 (SAS, 2014). 

3. Results 

3.1. Stand structure 

Stand descriptor means and 95% confidence limits by treatment in 
2013 for tree height, diameter, TPH, BA, SDI, and QMD are presented in 
Table 1. Tree height in fall 15 yr treatments was 1.7 m taller than trees in 
the spring 15 yr treatments (marginally significant, t15.5 = 1.80, P =
0.091), with no other height differences. Similarly, diameter of fall 15 yr 
trees was 5.1 cm greater than the spring 15 yr trees (t15.3 = 2.40, P =
0.030). There was 65 more TPH in the control treatments than in the fall 
15 yr (marginally significant, t14.4 = 1.96, P = 0.069). BA for control 
treatments was 4.7 and 4.2 m2 ha -1 greater than the fall 5 yr (t23.9 =

2.53, P = 0.018) and fall 15 yr (t23.9 = 2.24, P = 0.034) respectively, 
with no other BA differences. The control treatments SDI was 74 and 81 
units greater than the fall 5 yr (t21.9 = 2.19, P = 0.039) and fall 15 yr 
(t21.9 = 2.40, P = 0.025) treatments, respectively, with no other SDI 
differences. QMD did not differ by treatment (all P > 0.135). 

3.2. Growth and mortality 

Diameter growth in fall burns was 20 to 27% greater than in spring 
burns, and 17% above the unburned controls, but differences were only 
significant between the fall 5 yr and spring 15 yr treatments (P = 0.046), 
and marginally significant between fall 15 yr and spring 15 yr treat-
ments (P = 0.057), and fall 5 yr and spring 5 yr treatments (P = 0.100) 
(Fig. 2). Height growth did not differ among treatments (all P > 0.604). 

Across all treatments, annual tree mortality from 2002 to 2017 was 
generally low, < 2 TPH except for a moderate increase during the PB 
outbreak, and a more severe increase from during the WPB outbreak 
(Fig. 3). By treatment, overall tree mortality ha -1 was lowest in the fall 
and highest in the spring treatments regardless of the burn interval. 
Total mortality from all causes in the fall 5 yr treatments was 19.3 and 
17.2 TPH less than the spring 5 yr (P = 0.043) and spring 15 yr (P =
0.070, marginally significant) treatments respectively, and total mor-
tality in the fall 15 yr was 20.5 and 18.5 TPH less than the spring 5 yr (P 

Fig. 2. Diameter growth (cm) of ponderosa pine (Pinus ponderosa) from 1998 
through 2013 at the season and interval of burn study in the Blue Mountain 
Ecoregion, Oregon, USA. Bars represent 95% confidence limits. Treatments (n 
= 6) include an unburned control (Control), and prescribed burns repeated in 
fall every 5 years (Fall 5 yr), fall every 15 years (Fall 15 yr), spring every 5 years 
(Spring 5 yr), and spring every 15 years (Spring 15 yr). Treatments with the 
same letter are not different at α = 0.05. 
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= 0.040) and spring 15 yr (P = 0.064, marginally significant) treatments 
respectively (Fig. 4). Direct fire mortality sustained in the reburns was 
very low, < 4 TPH due to limited fire severity, though slightly higher in 
the spring units, the differences were not significant (all P > 0.211). 
Mortality associated with the PB outbreak was also lowest in the fall 
treatments, but again not statistically different from either the control or 
both spring burn treatments (all P > 0.163). Mortality associated with 
WPB in fall 5 yr burn treatments was 9.2 and 9.3 TPH less than the 
control (P = 0.040) and spring 5 yr (P = 0.036) treatments respectively 
(Fig. 5). Mortality associated with other stressors trended lower with fall 
burning but was not always significant (Table 2). Mortality associated 
with Ips spp. did not differ by treatment (all P > 0.207). RTB associated 
mortality was 5.9, 5.5, 5.0 and 3.7 TPH less than the spring 15 yr 
treatment for the fall 5 yr (t15.7 = 3.17, P = 0.006), control (t16.8 = 2.79, 
P = 0.013), fall 15 yr (t15.9 = 2.53, P = 0.022), and spring 5 yr (t15.7 =

1.98, P = 0.065, marginally significant) treatments respectively. Mor-
tality associated with MPB in the control was 1.0 and 1.1 TPH less than 
the spring 5 yr (t20.0 = 1.79, P = 0.089) and spring 15 yr (t20.0 = 2.05, P 
= 0.054) treatments respectively, but the effect was only marginally 
significant. Mortality from BSRD and ARD did not differ by treatment 
(all P > 0.228). 

4. Discussion 

4.1. Stand structure 

In 2013 SDI values ranging from 290 to 371 represent 32% to 41% of 
the recommended 900 biological maximum for even-age ponderosa pine 
managed for timber production (DeMars and Barrett, 1987; Oliver, 
1995). These values are considered moderate density and below the 50% 
of maximum considered as the density dependent mortality range. While 
the fall treatments had lower tree density following the higher severity 
initial 1997 fall burns (Thies et al., 2005), the range of 167 to 232 TPH 
for all treatments remains considerably higher than the 35 to 125 TPH 
reported as historically typical for pre-settlement ponderosa pine stands 
(Covington et al., 1997; Harrod et al., 1999; Youngblood et al., 2004; 
Churchill et al., 2017). Further reductions in stand density to levels more 
historically typical would likely add disturbance resistance to the 
ecosystem and have elsewhere been shown to increase growth effi-
ciency, water relations, and resin flow for the remaining trees (McDo-
well et al., 2003; Skov et al., 2005; Zausen et al., 2005) promoting 

Fig. 3. Annual pine mortality (trees ha -1) across all 
treatments from 2002 through 2017 showing 
increased mortality from pine butterfly (PB, Neophasia 
menapia) and western pine beetle (WPB, Dendroctonus 
brevicomis) outbreaks at the season and interval of 
burn study in the Blue Mountain Ecoregion, Oregon, 
USA. Drip torch figure represents fall and spring burn 
years. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article.)   

Fig. 4. Overall ponderosa pine (Pinus ponderosa) mortality (trees ha− 1) from 
2002 through 2017 at the season and interval of burn study in the Blue 
Mountain Ecoregion, Oregon, USA. Bars represent 95% confidence limits. 
Treatments (n = 6) include an unburned control (Control), and prescribed 
burns repeated in fall every 5 years (Fall 5 yr), fall every 15 years (Fall 15 yr), 
spring every 5 years (Spring 5 yr), and spring every 15 years (Spring 15 yr). 
Treatments with the same letter are not different at α = 0.05. 

Fig. 5. Western pine beetle (WPB, Dendroctonus brevicomis) associated mor-
tality (trees ha -1) of ponderosa pine (Pinus ponderosa) from 2002 through 2017 
at the season and interval of burn study in the Blue Mountain Ecoregion, 
Oregon, USA. Bars represent 95% confidence limits. Treatments (n = 6) include 
an unburned control (Control), and prescribed burns repeated in fall every 5 
years (Fall 5 yr), fall every 15 years (Fall 15 yr), spring every 5 years (Spring 5 
yr), and spring every 15 years (Spring 15 yr). Treatments with the same letter 
are not different at α = 0.05. 
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additional resistance to bark beetle attack (Fettig and McKelvey, 2010), 
and drought (Bottero et al., 2017). 

4.2. Tree growth 

Increases in ponderosa pine radial growth in response to thinning 
have been well documented relative to decreased competition for re-
sources, including light, nutrients, and water (Covington et al., 1997; 
Sala et al., 2005; McDowell et al., 2006). The increases in growth for fall 
5 yr and fall 15 yr treatments we document are contrary to our expec-
tation that more frequent fall burning would reduce growth due to 
higher fall fire severity and more frequent stress. While modest the in-
creases in growth with fall burning, if continued over time, could result 
in substantial treatment diameter differences, and since all treatments 
here were thinned prior to the initial burns, this increased growth is in 
addition to the thinning response. Earlier reports from this same study 
found no diameter growth differences among treatments (Hatten et al., 
2012; Thies et al., 2013), but growth responses to burning may take 
years to develop, because they could be masked by increases resulting 
from prior thinning, or simply delayed as trees recover from injuries 
sustained in the burns (Sutherland et al., 1991). At year 10, Thies et al. 
(2013) found that trees in all treatments were adding radial growth 
faster after thinning, when compared to the same trees prior to thinning, 
but without differences for either season or frequency of burn, however 
trees in fall treatments were adding diameter faster in years five to 10 
than in years zero to five post fire. The increase in diameter growth 
documented here for the fall treatments suggests that trend continued 
through year 15, resulting in significantly increased diameter growth. 

There are several factors that might be related to the growth patterns 
we observed. Two measurements from other work at these same sites 
imply improved water availability in the fall burn treatments. First, fall 
5 yr treatments consistently had higher summer and fall soil moisture 
measured at 7.5 cm depth (Hatten et al., 2012), and second, analysis of 
carbon isotope discrimination from foliage collected in the upper third 
of dominant tree crowns in 2015 indicated increased stomatal conduc-
tance and photosynthetic rate (Hatten, 2020, personal communication). 
These patterns in water availability may be related to; 1) rapid reduction 
and maintenance of low litter and duff levels decreases rain interception 
resulting in faster infiltration to mineral soil and decreased evaporation 
back to the atmosphere (Hatten et al., 2012), 2) reduced surface root 
uptake and transpiration before reaching the mineral soil (Smith et al., 
2004), and 3) reduced competition from high numbers of pine seedlings 
and saplings (Westlind and Kerns, 2017) (Fig. 6). In addition to water, 
other factors potentially contributing to increased fall 5 yr and fall 15 yr 
growth are increases in available nutrients such as nitrogen and 

phosphorous following fall burning, and longer calculated growing 
season due to increased solar heating and better water infiltration to 
mineral soil, as a result of maintained low litter and duff levels, espe-
cially in fall 5 yr treatments, (Hatten et al., 2012). 

Lack of a corresponding height growth increase is not surprising, 
because a height growth response is more complex, and may take longer 
periods to become evident (Oliver, 1979), and also depends upon tree 
size, age, and site productivity (Tappeiner et al., 2015). 

4.3. Tree mortality 

4.3.1. Overall mortality 
Overall mortality during the 16 years from 2002 through 2017 was 

generally low, only surpassing two TPH yr− 1 during the PB defoliation 
and six TPH yr− 1 during the modest WPB outbreak. However, mortality 
was lowest in the fall treatments regardless of reburn interval, sug-
gesting increased tree vigor and resistance to disturbances with fall 
reburns, likely due to increased water and nutrient availability and 
longer growing season as discussed above. While the levels of mortality 
encountered during this study are relatively modest regardless of 

Table 2 
Non-fire stress agents contributing to ponderosa pine (Pinus ponderosa) mortality (ha− 1) from 2002 to 2017 at the season and interval of burn study in the Blue 
Mountain Ecoregion, Oregon, USA. Values are estimated treatment means (95% CI below in parentheses). Within columns, treatments with the same letter superscript 
are not different at α = 0.05.   

Insects Root diseases Other 

Treatment* 
(n = 6) 

Ips ** RTB MPB BSRD ARD SP 

Control 2.6 
(0 to 9.0) 

3.8b 

(0.5 to 7.1) 
1.3a 

(0.5 to 2.1) 
1.7 
(0 to 3.6) 

0.2 
(0 to 1.5) 

5.3ab 

(0 to 10.8) 
Fall 5 0.0 

(0 to 5.6) 
3.4b 

(0.3 to 6.5) 
0.7ab 

(0 to 1.4) 
1.5 
(0 to 3.1) 

0.8 
(0 to 2.0) 

2.2ab 

(0 to 7.3) 
Fall 15 0.0 

(0 to 6.0) 
4.3b 

(1.0 to 7.7) 
0.0b 

(0 to 0.8) 
1.5 
(0 to 3.3) 

0.9 
(0 to 2.3) 

0.0b 

(0 to 5.5) 
Spring 5 1.7 

(0 to 7.8) 
5.6ab 

(2.5 to 8.7) 
0.3ab 

(0 to 1.1) 
1.9 
(0.2 to 3.5) 

1.0 
(0 to 2.2) 

8.1a 

(3.0 to 13.3) 
Spring 15 3.9 

(0 to 10.2) 
9.3a 

(6.1 to 12.5) 
0.2b 

(0 to 1.0) 
2.2 
(0.5 to 3.9) 

1.3 
(0 to 2.5) 

7.1a 

(1.7 to 12.4)  

* Treatments: Control = unburned, Fall 5 = prescribed burned in fall every 5 years, Fall 15 = prescribed burned in fall every 15 years, Spring 5 = prescribed burned in 
spring every 5 years, Spring 15 = prescribed burned in spring every 15 years. 

** Mortality agents: Ips = Ips spp., RTB = red turpentine beetle, MPB = mountain pine beetle, BSRD = black stain root disease, ARD = Annosus root disease, SP =
suppression. 

Fig. 6. High number of pine seedlings and saplings developed after thinning in 
unburned control (left) versus reburn (right) in 2010 at the season and interval 
of burn study in the Blue Mountain Ecoregion, Oregon, USA. Path in center of 
photo is the fire line between treatments. Photo credit: Doug Westlind. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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treatment, the percentage reduction is high and if sustained over time 
could become quite substantial, especially under more frequent and 
severe disturbances expected with future changing climate. Specific 
mortality agents of interest encountered in this study are discussed 
below. 

4.3.2. Mortality from fire 
Mortality from the initial 1997/98 burns was either immediate, 

resulting from consumption or lethal heating of crown or bole tissues, or 
delayed over the first three years, from sublethal damage to the crown, 
bole and roots reducing their physiological function. Both types of 
mortality were significantly higher in fall than spring burns. But by year 
four, all treatments had low mortality rates similar to the unburned 
controls (Thies et al., 2005). Reburns at 5 yr or 15 yr reported here, were 
of very low severity with minimal immediate or delayed mortality 
attributed to fire, and bole or crown scorch beyond that initially 
observed in 1997/1998 burns was rare regardless of season (spring or 
fall) or interval (Westlind and Kerns, 2017; Kerns and Day, 2018). Fall 
reburn timing was restricted to late season periods with lower temper-
ature and higher humidity, plus much of the litter, duff, and fine fuel 
that drives fire severity was previously consumed during the initial 1997 
burns. Spring reburn severity, while still low, was slightly higher due to 
more litter, duff, and fine fuel remaining following the 1998 spring 
burns (Westlind and Kerns, 2017), but spring reburn severity remained 
low due to the higher fuel moisture content (Estes et al., 2012). 
Consequently, additional thinning by fire to further reduce stand density 
will require increases in burn severity; however, with fuels already 
reduced from prior burns, this will likely require a change in burn pre-
scriptions toward warmer and lower humidity periods of late summer, 
or early fall when natural fires historically occurred. 

4.3.3. Mortality from black stain root disease 
Contrary to the prior observation of increased mortality from BSRD 

with spring burning, we found no effect from either burn season or in-
terval. Low BSRD related mortality across all treatments here suggests 
low virulence in ponderosa pine of this area. After initial burns, Thies 
et al. (2005) estimated 22% of the trees in these stands were infected 
with BSRD based on examination of trees killed immediately by fire 
damage in fall 1997 and spring 1998 burns. However, low BSRD related 
mortality was recorded in unburned control stands, suggesting BSRD 
either takes a long time to kill ponderosa pine, or a low percentage of 
infected trees die. Potential insect vectors of BSRD include RTB and 
Hylastes macer (LeConte) among others (Goheen and Cobb, 1978; 
Goheen et al., 1985; Owen et al., 2005), both are attracted to fire 
damaged pines producing ethanol combined with pine monoterpenes 
(Kelsey and Joseph, 2003; Kelsey and Westlind, 2017), potentially 
increasing the spread of BSRD in burned stands. Indeed, by fall 1998, 
one season after the initial prescribed burns, RTB had attacked 6.2%, 
24.3%, and 30.8% of the control, spring and fall treatment trees, 
respectively (Niwa, 1998, unpublished data). Yet, these differences in 
beetle attacks did not lead to differences in BSRD mortality, and appears 
not to have spread this disease, or it would have been recorded in our 
dead tree assessments for mortality agents. Rather, our results suggest 
BSRD infection rates in these stands declined markedly from the 22% 
reported by Thies et al. (2005). Of the trees that died from 2002 to 2017, 
only 6% had BSRD as a contributing factor, a proportion close to the 
8.1% infection level reported in nearby unburned stands where entire 
root systems of 284 trees were examined (Kelsey et al., 2006). Our es-
timates were from root collar examination, and are probably lower than 
actual infection levels, as some roots are likely infected, but not detec-
ted. It is possible the high BSRD rate of infected trees reported by Thies 
et al. (2005) was a short-term response to elevated insect activity 
generated by the prior thinning activity and logging slash as demon-
strated following Douglas fir pre-commercial thinning (Harrington et al., 
1983; Hessburg et al., 2001). But in the long-term, thinning has been 
shown to reduce BSRD mortality in ponderosa pine from both sides of 

the Sierra Nevada in Northern CA (Otrosina et al., 2007; Woodruff et al., 
2019). Mechanisms reducing incidence of BSRD after thinning are most 
likely; a) improved tree vigor in thinned stands is enough to outgrow the 
fungus influence, b) wider tree separation disrupts disease spread via 
root contact between trees, as seen in other root diseases, and c) wider 
separation may decrease the trees likelihood of being encountered by 
pathogen vectoring bark beetles (Owen et al., 2005; Woodruff et al., 
2019). 

4.3.4. Mortality from pine butterfly 
The slight uptick in mortality associated with PB reported here was 

largely confined to less vigorous small trees with a tertiary or suppressed 
crown position. Though the differences were not significant, mortality 
associated with PB was lowest in the fall units burned every five years. 
Lower mortality in the fall 5 yr treatments aligns with our previous 
report from the same area where we found slightly less defoliation (5%) 
with fall 5 yr burning (Kerns and Westlind, 2013). Generally, defoliation 
episodes in conifers don’t cause significant mortality themselves until 
defoliation exceeds 90% but can result in reduced carbon stores 
affecting tree growth and vigor (Cole, 1966; Schowalter, 2016), but with 
PB, survival depends upon tree health prior to defoliation (DeMarco, 
2014). Improved water and nutrient availability in the fall 5 yr reburn 
units may have increased tree vigor and carbohydrate storage enough 
that they better withstand multiple years of defoliation. 

4.3.5. Mortality from western pine beetle 
The lower WPB mortality we found is also likely tied to increased 

tree vigor with fall 5 yr burning, as healthy ponderosa pines typically 
produce enough resin to either eject the attacking beetles or flood the 
larval gallery limiting larval development (DeMars and Roettgering, 
1982). Chemical defense to attack can also be enhanced as trees respond 
to frequent burning with increases in resin duct development resulting 
in enhanced resin flow (Perrakis and Agee, 2006; Hood et al., 2015). 

The WPB outbreak two years following the PB defoliation is consis-
tent with their preference for attacking ponderosa pine stressed by other 
agents (Moeck et al., 1981), and the timing is similar to the earlier PB 
outbreak near McCall, Idaho, where defoliation peaked in 1922 and 
substantial WPB mortality was noted from 1924 to 1927 (Evenden, 
1940). High numbers of trees stressed by multiple years of PB defoliation 
allow WPB populations to increase, peaking a few years after the defo-
liation event. Then, as surviving trees recover and become less suitable 
hosts, WPB populations return to endemic levels as seen here and 
following previous PB outbreaks. 

The lack of increased WPB attack associated with the reburns is not 
surprising. Heat scorch of the tree bole is the primary factor contributing 
to post fire attack by WPB (Westlind and Kelsey, 2019) and was not 
present due to very low reburn severity. 

5. Conclusions 

Following thinning and prescribed fire as fuel reduction treatments, 
pine stand densities remained higher than historically typical, regardless 
of season or reburn interval. However, we have some evidence that fall 
prescribed burning, especially at more frequent intervals (e.g., repeat 
three times at 5-year intervals in this study), may provide additional 
forest health benefits. Ponderosa pine stands burned frequently in the 
fall added diameter faster and had less overall tree mortality, as well as 
less mortality during an outbreak of western pine beetle than stands 
burned in spring at the same frequency. Other trends with fall burning 
indicated increased forest health and resistance to disturbances, such as 
PB outbreak, and attack by RTB and Ips spp. The increased growth and 
lower mortality we found, while modest over the course of our study, 
could become substantial over longer periods. Further reductions in 
stand density to typical historical levels, through either mechanical 
thinning, or thinning by higher severity reburning, may provide addi-
tional resistance to more frequent disturbances predicted for the future. 
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