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Attacks of Mountain Pine Beetle as Related
to Tree Vigor of PonderosaPine
S. LARSSON

R. OREN
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ABSTRACT.The relationshipbetweentree vigor, measuredas stem growth per unit of leaf area,
and susceptibilityto mountain pine beetle attackswas examined in a stocking-levelexperiment
of ponderosapine (PinusponderosaLaws.)in centralOregon.Vigor decreased
asboth treedensity
(basal area) and leaf area index increased.Low vigor trees were more often attacked by beetles
than high vigor trees.Attacks increasedbelow a vigor thresholdof about 100 g of wood produced
per squaremeter of leaf area per year, correspondingin this study to a basal area of 21 m2 ha-•
or a leaf area indexof 2.9 m2 m-2. For managementof ponderosapine, maintainingvigorthrough
thinning will reducethe risk of mountain pine beetle attacks.FORESTSex.29:395-402.
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MOUNTAINPINEBEETLE
(DendroctonusponderosaeHopk.) is a tree-killing bark
beetle that attacks severalpine speciesin western North America (McCambridge
and others 1979). Extensive outbreaks are now occurring in 80- to 120-year-old

standsof lodgepolepine (Pinus contortaDouglasvar. latifolia Engelmanni)(Safranyik and others 1975, Cole and Amman 1980). Although widespreadoutbreaks
have also occurredin old-growth standsof ponderosapine (P. ponderosaLaws.)
(Blackman 1931, Parker and Stevens 1979), most recent outbreaks have been

recorded in pole-sized second-growthstands(Sartwell and Stevens 1975).

The importanceof hostconditionfor successful
attacksby mountainpine beetle
has been repeatedlymentioned (e.g., Safranyik and others 1975, Berryman 1976,
Cole and Amman 1980), althoughthe mechanismsinvolved were not understood.
Several studieshave suggestedthat low vigor trees, although imprecisely defined,
are the most susceptible(Sartwell and Stevens 1975, Berryman 1976, Schenk and
others 1980). Raffa and Berryman (1981) suggestedthat the quantity of monoterpenesproducedin responseto fungal inoculation was actually an index of vigor,
and Mahoney (1978) illustrated some correlations between attack and periodic
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stand growth. Theoretical discussionstogether with an abundance of peripheral
data still have not provided persuasiveevidence of variation in host susceptibility.
By exploiting the relationship between amount of wood produced per unit of
leaf area in coniferous trees, however, Waring and others (1980) introduced a
physiological index of growth efficiency, or vigor rating, easily and accurately
applied to individual trees. Using this rating, Waring and Pitman (1980) found
a good linear correlation between vigor of lodgepolepine and number of mountain
pine beetles required to kill a tree. They concluded from staining the sapwood
for starch that the trees attacked and killed had extremely low carbohydrate
reservesand therefore probably lacked the ability to produce sufficient defensive
chemical compounds such as oleoresins (R. H. Waring and G. B. Pitman, unpublished data).
In the present study, we examined the relationship between vigo• and level of
bark beetle attack, as developed by Waring and Pitman (1980), and assessedits
applicability to ponderosa pine by examining the distribution of mountain pine
beetle attacks over a range of tree vigors in a ponderosa pine stocking-level experiment in central Oregon. The experiment was part of a broad study on levels
of growing stock in even-aged ponderosa pine (Myers 1967), the results of which
will appear elsewhere(J. W. Barrett, manuscript in preparation).
METHODS

Study area.--The study site is located on Lookout Mountain in the U.S. Forest
ServicePringle Falls Experimental Forest (43øN, 12 løW, 1,500 m above sealevel),
about 60 km SW of Bend, Oregon. The Pinus ponderosa/Ceanothusvelutinus
plant community (Franklin and Dyrness 1973) is characteristicfor the area. The
experimental stand, almost pure ponderosapine with an occasionalgrand fir [Abies
grandis (Dougl.) Lindl.] in the understory,was 65 years old and averaged2,800
trees ha-l, basal area of 55 m 2 ha -l, and tree diameter of 15.8 cm before treatment.
In the late summer and fall of 1965, six levels of growing stock, ranging from
7-34 m 2 ha-•, were established (Table 1). These levels representedthe basal area
above which each stand was not allowed to grow. Although stocking level initially
may have been below that prescribed, as trees grew and exceeded a minimum

diameter (25.4 cm dbh in this experiment), the stand was thinned back to the
assignedstocking level (Myers 1971, Barrett 1979). In this experiment, each of
the six treatments was replicated 3 times and each replicate randomly assigned
to one of 18 0.2-ha plots. Each plot was surrounded by a buffer area 10 m wide
that had been thinned to the same stocking level as the inner plot, where trees
were tagged and numbered. Tree growth was measured at 5-year intervals (1970,
1975, and 1980) and any mortality recorded. In 1981 we added nine 0.02-ha
unthinned control plots, each located 30 m from a treated plot.
Measurements.--We counted the number of trees attacked when measuringtree
growth in 1970, 1975, and 1980 by collecting data on cumulative beetle-caused
mortality on trees for each of the previous 5-year periods. Then, in June-July
1981, before the beetle's flight period, all trees were searched for evidence of
beetles, and those trees with more than five visible pitch tubes were considered
attacked.

For rating vigor (i.e., amount of wood produced, in grams, per square meter of
leaf area), six trees were randomly selectedfrom each plot and three equally spaced
increment corestaken from each at breast height during June-July 1981. Sapwood
thickness (radius) and the previous year's growth ring were averaged for each tree
from microscope measurements, and vigor was calculated (Waring and others
1980). Local volume equations (J. W. Barrett, unpublished data) based on tree
diameter were used to determine the volume of stem wood produced. A constant
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TABLE 1. Characteristics
of ponderosapine plotsfor the experimentalthinning,
1980. Meansfor threeplots;standarderrorswithinparentheses.
Leaf area

Growing-stock
level
(m2 ha-l)

Stocking
(treesha-•)

Dbh'
(cm)

Basal area
(m• ha-l)

Control (54)b
34
28
23
18
14
7

1,283 (177)
521 (93)
507 (78)
361 (29)
216 (9)
140 (17)
54 (5)

23.0 (1.5)
29.7 (2.1)
28.2 (2.0)
30.4 (1.2)
35.6 (0.7)
38.0 (1.8)
44.2 (1.0)

53.5 (4.0)
36.0 (1.2)
31.6 (0.7)
26.2 (0.2)
21.5 (0.03)
15.9 (0.6)
8.3 (0.1)

index
(m2 leaf m-2
ground)
7.4 (0.55)
5.0 (0.17)
4.4 (0.10)
3.6 (0.03)
3.0 (0.004)
2.2 (0.08)
1.2 (0.01)

Quadratic mean diameter.
Data collected in 1981.

wood density of 400 kg m -3 was assumed for conversion to dry weight (Brown
and others 1949). These equationsagreedwithin 10 percentwith the more general
biomass equation of Gholz and others (1979).
Leaf area was estimated from sapwood area. One cm2 of sapwood is equal to
0.25 m 2 of projected leaf area (Waring and others 1982). However, becausethis
relationship was developed from measurementstaken at the baseof the live crown,
we had to correct for our measurements, taken at breast height. To do so, we
measured sapwood area and basal area both at breast height and at the base of
the live crown from sample trees at three different stockinglevels (7, 23, and 34
m2 ha-l) and found sapwoodarea at the base of the live crown to be 58 percent
(SE = 1.8, n = 21) of that at breast height. No significantdifferenceswere found
between the three levels of growing stock, so the same conversion factor was used
for all treatments. Stand leaf area was estimated by converting basal area to
sapwood area at breast height, then reducing that by 58 percent and multiplying
by 0.25. Leaf area index, a ratio of square meter of foliage to square meter of
ground surface,was obtained by dividing by 10,000, the number of squaremeters
per hectare.
RESULTS

Average tree vigor decreasedwith denser tree spacingand larger leaf area index
(Fig. 1, P < 0.01). In general, the number of trees attacked per plot decreasedas
averagetree vigor increased.However, beetle attacks were not linearly related to
vigor; instead, a threshold responsewas noted (Fig. 2). The average percentage
of attackswas significantlyhigher (P < 0.05) on plots with a vigor lessthan 100
g m -2 yr -•, as determined with an unpaired t-test. Current tree mortality was low
on all plots, probably reflecting low beetle-population levels. The only mortality
on plots with stockingcontrol was at 34 m 2 ha-•, which averaged 6.6 trees killed
in 1981 (from 1980 attacks);of total trees attacked on thinned plots, as evidenced
from visible pitch tubes, only 6 percent (n -- 72) were killed.
However, variation in the percentageof treesattackedwas considerableon plots
with similar vigors, especiallyat low and intermediate values (Fig. 2). We found
trees attacked in all of the nine control plots ranged from 6-20 percent of the
those present. This variation could not be correlated with vigor, basal area, leaf
area, or number of trees. Vigor among trees within all plots also varied considerably; the coefficientof variation averaged 26 percent in thinned plots, with no
specificcorrelation to a given treatment, and 60 percent in the controls. On the
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FIGURE1. Mean tree vigor, measuredas stem wood producedper unit of leaf area, in relation to
standbasal area and the related leaf area index at different stockinglevels. Values in circlesrepresent
the various levels (m 2 ha-•) of growing stock.

two treated plots that had the most attacks, we estimated vigor on attacked and
nonattacked trees; no significant differenceswere found when assessedwith an
unpaired t-test.
Surprisingly,cumulative mortality during 1976-80 was not significantlydifferent among low and high vigor plots, as determined by a simple t-test. Almost
all mortality, however, occurredin plots with a vigor lessthan 100 g m -2 yr-t,
although several low vigor plots had no mortality. Only a singletree was killed
on the plot with the highestvigor ranking (152 g m -2 yr-•), but that tree had a
vigor of only 52 g m -2 yr-t.
To link previous mortality with vigor, we first correlated current vigor with
current stocking(Fig. 1). If this correlationgenerallyholds, density-relatedmortality during earlier periods(1966-70 and 1971-75) may well reflect changesin
standvigor. Cumulativemortality beforethinningaveraged64 (SE 7.3) treesha-t,
with considerablemortality noted on all plots (Fig. 3A). This pattern began to
changeduringthe period 1966-70, and in 1971-75 and 1976-80, the distribution
of mortality wassignificantlyaltered,with by far the highestmortality at the upper
levels of growing stock (Fig. 3B).
DISCUSSION

At low and intermediate vigors, we found variation in number of attacked trees
and mortality amongplots of similar vigors.Considerablevariation in attacks
also was found amoung control plots, seeminglywithout any correlationto stand
characteristics.Generally, in this type of ponderosapine stand, tree mortality at
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FIGURE2. Percentageof trees per plot attacked in 1980 by mountain pine beetle in relation to tree
vigor. Values in circlesrepresentthe various levels (m2 ha-•) of growingstock.

endemic populations affects < 12 trees ha-• yr-• (Sartwell 1971). In this study, at
a stocking level of 34 m -2 ha-•, mortality averaged 7 trees ha-• in 1980 and 6
trees ha-• yr-• for 1976-80 (Fig. 3B), which we interpret to reflect a rather low
beetle population in the area. Unfortunately, we have no independent estimate
of population size and can only referencethe recordedtree mortality. At endemic
population levels, mountain pine beetles are known to be distributed in patches
throughout the forest (e.g., Berryman 1982). Consequently, we believe that the
variation in attacks among plots of similar vigor resulted from a patchy distribution typical for endemic populations.
Low beetle population probably also accountedfor the low percentageof killed
trees (6 percent of all trees attacked on thinned plots). It is well known that a
certain number of bark beetlesare necessaryto kill a tree (e.g., Berryman 1982),
although only a few beetlesare required to produce pheromones that attract others
(Wood 1972). Becausethis did not occur on most of our trees, we again conclude
that the beetle population was low. The few trees that were killed were found in
low vigor plots, or in the case of the highest vigor plot, on a tree with about onethird the vigor of the other trees. This supportsthe hypothesisthat comparatively
few beetlesare neededto kill low vigor trees(Waring and Pitman 1980, Berryman
1981). In the areas immediately surroundingthe killed trees, a "switching over"
probably occurred(Geiszlerand Gara 1978); beetleswere lessdiscriminatingwith
regard to tree vigor in selectingtrees (cf. Raffa and Berryman 1981). This might
explain why we could not find differencesin vigor between attacked and nonattacked trees on some plots and why we noted some attacks on trees with very
high vigor. In plots where no trees were killed, the switching phenomenon should
have been less important; thus, the attacked trees should also represent those
actively selectedby the beetles.
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FIGURE3. Cumulative tree mortality causedby mountain pine beetleat differentlevelsof growing
stock (A)just before treatment (1965) and (B) from different periods after stockingcontrol was
initiated.

We conclude, then, that the method of estimating beetle activity from visible
pitch tubes for endemic population levels generally indicates which trees might
have been killed had enough beetlesbeen present. Superimposingthe attack data
on the mortality data, both recentand from earlier periods,we find strongevidence
for a relationship between tree vigor and beetle attacks, in accordancewith the
findings of Waring and Pitman (1980).
The occurrenceof a vigor thresholdaround 100 g m -2 yr -•, above which attacks

(and mortality) suddenlydecrease,was similar to that reported for mountain pine
beetle on lodgepolepine (Mitchell and others 1983). They found a changein tree
mortality at a vigor of about 80 g m 2 yr-l, correspondingto a leaf area index of
2 m 2 m -2. Further, similar results have been reported from earlier studies in
thinned stands of ponderosa pine, although in those studies no correlation was
attemptedwith vigor or leaf area. Sartwell(1971) correlatedthe degreeof mortality
with tree density in easternOregon; he suggestedthinnings to a basal area of 2838 m -2 ha-1, dependingon site quality, to prevent mortality from mountain pine
beetle. Sartwell and Stevens(1975) concludedfrom studiesin both Oregon and
the Black Hills of South Dakota and Wyoming that a stand basal area of 34 m -2
ha-• should be a critical minimum, above which stands are liable to become
severelyinfested. Our data on cumulative mortality during the periods 1971-75
and 1976-80 show a similar increasein mortality at or about a stockinglevel of
34 m -2 ha-• (Fig. 3). In this study, we correlatedbasal area and vigor and found
that a basal area of 34 m -2 ha • on our plots correspondsto a vigor of 80 g m -2
yr-I--similar to the critical point predictedby our attack data from pitch tubes.
For managementof ponderosapine, we recommendcarefulattention to stocking
control if the risk of mountain pine beetle is to be minimized. In this study, a
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basal area below 34 m -2 ha-• (equivalent to a leaf area index of <5) provided
most trees with a vigor level at which they could withstand at least moderate
attack. Maintaining stands at still lower stocking levels, as recommended for
intensive managementby Barrett (1979), can ensurea greater margin of safety.
On better sites, including those supplementedby fertilizers and ameliorated by
brush control, higher stockinglevels may be feasiblein maintaining vigor above
the critical threshold. Compared with lodgepolepine, ponderosapine can safely
be grown at more than twice the leaf area and at 80 percent more basal area for
stands of similar height (Mitchell and others 1983). This may reflect differences
in growth rates related to site.
In summary, the susceptibilityof ponderosapine foreststo damagefrom mountain pine beetle is closely related to tree vigor, which has been demonstrated to
respond to stocking control. Although ponderosa pine can be grown at higher
stockinglevels and leaf areasthan lodgepolepine, both have similar, critical vigor
levels below which mountain pine beetle attacks are likely to be fatal.
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New IUFRO Working Party, S2.03-13, Breeding Southern Pines, Formed in
January 1982--Joint

Work Conference on "Provenance and Genetic Im-

provement Strategies in Tropical Forest Trees" to be held in Mutare, Zimbabwe, 9-14 April 1984
A new IUFRO working party, S2.03-13, Breeding southern pines, was formed
effective January 1982. This notice is to solicit potential members and to announce
the first meeting of the new working group.
A work conferenceon "Provenance and Genetic Improvement Strategiesin
Tropical Forest Trees" will be held jointly with IUFRO working parties S2.0208, Tropical speciesprovenances;S2.03-01, Breedingtropical species;and S2.0313, Breeding southern pines, in Mutare, Zimbabwe, 9-14 April 1984. For further
information regardingthe conferencepleasecontact
Dr. Richard

D. Barnes

Commonwealth Forestry Institute
South Parks Road
Oxford OX1 3RB

England

Those wishingto be includedin the new workinggroup on Breedingsouthern
pines should contact

Dr. Floyd E. Bridgwater
Southeastern Forest Experiment Station
North Carolina State University
School of Forest Resources
Box 5488

Raleigh, North Carolina 27650
USA
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