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During the past two decades the ponderosa pine forests 
of eastern Oregon and northeastern California have been 
seriously depleted by drought and bark beetles. Billions 
of board feet of merchantable timber have been killed, 
and there has been a gradual encroachment of desert 
conditions into what were once thriving pine stands. 

The question naturally arose in the minds of foresters 
and timber owners as to whether ths trend toward dry- 
ness and retreat of the forest was to conbinue over any 
long period of time or was merely a short cycle in a vari- 
able climate which would soon reverse the trend and give 
some hope for forest perpetuation in threatened sites. 
Since this problem was intimately tied in With increasing 
timber mortality due to bark beetle activity, we, as  
entomologkts, were concerned to know whether we could 
expect any eventual aid from Nature in holding beetle 
damage in check. 

Weather records, because of the relatively short period 
of time covered by them, were obviously inadequate to 
give an answer as to long-period climatic fluctuations. 
Records as to fluctuations in lake levels were also eibher 
too recent or too indefinite as to dates to be of much help. 
Tree rings, on the other hand, carried a very old and 
precise record of climatic fluctuations, provided they 
could be interpreted. 

EARLY WORK ON CLIMATE A N D  TREE GROWTH 

The influence of climate on tree growth has been recog- 
nized by scientists for centuries. Even Leonard0 Da 
Vinci realized this relationship when, in the fifteenth 
century, he explained to his pupil “how to arrive a t  the 

ears of a split tree trunk by the number of its lings; and 6 the thickness of these rings, a t  the degree of moisture 
of the corresponding year.’’ 

In more recent times, Huntington (7), (8), Anteva (l), 
Douglass (3)) (4), and many others have contributed to 
our knowledge of this subject and have demonstrated 
that tree rings not only show the age of a tree but record 
all of the vlcissitudes throughout its life. Particularly 
prominent in the tree-ring record are such events as severe 
forest fires, insect defoliations, and droughts. The ancient 
history thus recorded gives a particularly valuable record 
of long-period climatic sequences, provided the. other 
influences which have affected growth can be eliminated. 

Recently the Library of the Forest Service, United 
States Department of Agriculture, in Washington, D. C., 
issued a 7-page leaflet in which the present tree-ihg 
bibliography was compiled (12). The subject is, therefore, 
not a new one but has become well established as a method 
of analyzing ancient climatic history. 

1 ThIs paper Is a preliminary re rt on a study not yet wmpleted, the results of which 
will probably be glven in more %ll in a later publiwtion. It W Y ~ S  presented at the 
Meeting of the Amerlcan Meteorological Society held at Seattle, Wash. July 17, 1936. 

The only new phase of the present study is the applica- 
tion of the tree-ring method of analysis to the interpreta- 
tion of growth and climatic cycles in eastern Oregon. 
The only previous work of this character in the Pacific 
Northwest is that reported by Robert Marshall (9) in 
the vicinity of Priest River, Idaho, and a general analysis 
of growth cycles by Walter H. Meyer (10). Douglass (4) 
has also reported the analysis of a few tree-ring samples 
froin this region. 

METHODS O F  STUDY 

The present study was begun in 1923 at  Klamath Falls, 
Oreg., and has been continued somewhat intermittently 
ever since. Only in the last few years, however, has it been 
possible to give it sufficient attention to bring definite 
results. During the last year, the assistance of two 
W. P. A. helpers loaned by the Pacific Northwest Forest 
Esperiment Station has materially aided me in completing 
measurements and computations. Measuring by mi- 
crometer hundreds of trees involving thousands of rings 
has been a very tedious and laborious process, and I am 
gratefully indebted to a number of assistants who- have 
strained their eyesight over this phase of the work. 

The methodology of tree-ring studies such as the present 
one has been very fully described by Huntington (7), 
Antevs (l), and Douglass (3), and does not need to be dis- 
cussed here except to indicat,e briefly such variations as 
were made in these met’hods for certain steps. 

Tree selection.-Since we were most concerned with bark 
beetle damage to ponderosa pine (Pinus ponderosa) in 
eastern Oregon, it was only natural that this tree should 
have been selected for the tree-ring study. Moreover, it 
is a tree admirabl adapted to this purpose, and is the one 

ring studies in the Southwest. 
In the ponderosa pine stands of eastern Oregon, moisture 

is a limiting factor in tree growth. Given adequate soil 
moisture and suitable temperatures, ponderosa pine makes 
rapid annual growth. When soil nioisture drops below the 
wilting coefficient, the tree suffers; foliage is lost, roots 
dry up, and diameter growth diminishes, sometimes almost 
to the vanishing point. Following severe droughts, once 
adequate moisture conditions are restored, it may take 
several years for trees to recuperate. Ring width thus 
tends to measure more or less the cumulative effect of 
nioisture deficiency. Such a study would not be possible 
in western Oregon and Washington, where moisture is 
rarely, if ever, a limiting factor in tree growth. A few 
coniparisons of the rings of Douglas fir from western 
Oregon showed such uniformity in growth as to indicate 
clearly the difficulties involved in using a humid-zone tree 
for a climatic study. 

first selected by d ouglass (3) for his comprehensive tree- 
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In  the h t  selection of trees for ring study, only those 
growing on well-drained slopes were chosen. A brief 
analysis was sufficient to show that the ring patterns of 
trees growing along swales or creeks or on rocky ridges 
were not suitable for climatic comparisons. Those along 
streams were growing a t  a fairly uniform rate and only 
showed fluctuation in the very driest years. Trees grow- 
ing on very rocky ridges were likely to be stunted and of 
such slow growth as to give very inconsistent patterns. 

In  the course of the study, tree-ring sections have been 
taken from 1,240 ponderosa pines in 44 different localities 
of eastern Oregon and northeastern California, and on 
different pine sites ranging from site I11 (stands in which 
trees reach an average height of 142 feet) to poor site VI 
along the desert edge (stands in which the average height 
of trees is 64 feet). A comparison of the growth fluctua- 
tions on different sites showed that the poor sites along 
the desert edge were much more sensitive to drought con- 
ditions than the moister sites at  higher elevations. On 
these moister sites, tree growth was likely to be complacent 
except in very dry years. Trees growing on the desert 
edge, however, showed marked fluctuations from year to 
year and hence were best adapted for the tree-ring study. 

From most plots a radial section or increment core was 
secured by means of a Swedish increment borer. For this 
purpose dominant trees between the ages of 100 and 250 
years were selected. Trees of these ages are making fairly 
rapid diameter growth and respond readily to climatic 
changes. They give ring patterns which are easily meas- 
ured and compared for the purpose of determining short, 
recent-period fluctuations. From 12 to 15 cores of this 
type were taken at  random from each plot and 10 of the 
more uniform ones were selected for measurements. I t  
was found that 10 cores, selected in this manner, gave a 
pattern of ring-growth fluctuations which represented 
with considerable accuracy the average ring pattern for 
that plot-a pattern which could be duplicated by any 
other random sample similarly taken. 

For the,long-period fluctuations, five areas were selected 
in widely separated sections of eastern Oregon, where 
logging operations were in pro . These were the 
Clover Station area west of amath Falls, the Bly 
Mountain area south of Beatty, the Horsefly Mountain 
area south of Bly, the Pringle Falls area west of La Pine, 
and the Watkins Butte area north of Fort Rock, Oreg. 
The first three areas in Klamath County were approxi- 
mately 50 miles apart, while the last two areas in Deschutes 
County were over 100 miles north of these and 50 miles 
from each other. The differences in topography, forest 
type, site, and distance apart of these five areas served to 
eliminate the chance of any one factor other than climate 
affecting growth patterns in exactly the same manner in 
any given period of years. 

From each area V-shaped radial sections were sawed 
from freshly cut stumps so as to include the center and the 
most uniform radius. From 30 to 90 stump sections were 
obtained from each area, so selected as to give a balanced 
overlapping of age classes. 

From the Clover Station area a group of 31 stump sec- 
tions from trees of various ages was obtained from the 
Weyerhaeuser Timber Co.’s logging operation. The tim- 
ber was of Site quality 111, and the oldest tree was 530 
years of age. It was possible with this group to carry the 
record back to the year 1500, but satisfactory cross identi- 
fication was not established beyond 1700. 

From the Horsefly Mountain area a group of 46 stump 
sections was taken on the Pelican Bay Lumber Co.’s 
operation. 
the same average growth rate as the Clover Station group. 

The stand was of Site quality I11 and showed‘ 

The oldest tree was 710 years of age and the record was 
carried back to 1500, but, as with the Clover Station 
group, there were too few trees in the older age groups to 
establish satisfactory cross identihation beyond 1700. 

The Bly Mountain group of 52 stump sections was 
obtained on the Crater Lake Lumber Co.’s operation 
south of Beatty, Oreg. The area represented a Site V 
stand, with a marked fluctuation in growth pattern be- 
tween good and poor gears. The oldest tree was 600 years 
of age and the pattern was carried back to the year 1480 
with fairly satisfactory across identification. 

The Piingle Falls group consisted of 46 stump sections 
taken adjacent to  the Pringle Falls Experiniental Forest 
near La Pine, Oreg., in the logging operation of the Shevlin- 
Hiyon Lumber Co. The stand was a good Site IV, and 
the growth rate was quite uniform. Apparently, climatic 
changes had affected this stand only slightly and only the 
outstandingly poor years were marked in the pattern. 
However, the group showed an interesting history of fires 
and insect defoliations which caused cessation of growth 
n t  periodic intervals. 

The Watkins Butte group consisted of 90 stump sections 
taken on the Brooks-Scanlon Lumber Co.’s operation on 
the edge of the desert north of Fort Rock, Oreg. This 
was the most complete group with a unifoTm overlapping 
of age classes throughout and a record gomg back to the 
year 1268. The oldest tree was appro-ximately 755 years 
of age with about 100 years of growth missing a t  the 
center, due to decay. With a great deal of painstaking 
work, cross identification was accurately established 
throughout a ful l  650 years. This was diflicult to do, as 
many of the samples showed missing rings, following 
years that were evidently those of severe defoliation. A 
few distant trees, less severely affected and having a full 
coniplement of rings, served to bridge the gaps and estab- 
lish accurate dating. 

Cross ident$cation.-The first task, after reaching the 
laboratory, was to cross identify and accurately date the 
rings on each core. This was done by counting back 
from the outer ring of knowm date and, at  the same time, 
matching the pattern with other cores from the same 
locality to avoid mistakes in the count. The sequence of 
small and large rings is usually so uniform for any one 
locality that there is no difficulty in deciding as to the 
correct year for any given ring, once the typical pattern 
has been determined. Figure 1 shows how closely two 
cores from the Watkins Butte area match for certain key 
years. 

Because of fires, insect defoliations, frpsts, and other 
injuries, the possibility of finding false mgs or missing 
rings in the growth pattern of individual trees had to be 
considered. False rings were extremely rare, but missing 
rings were not uncommon, especially following abrupt 
stoppages of growth. Matchmg patterns before and 
after such catastrophes showed how many years were 
missing. In  very few cores were more than one to three 
rings lost at  such times. The pattern on each area was 
in this way independently determined, and then compared 
with the pattern of other areas. Since, as will be presently 
shown, there was found to be general agreement in key 
years between all areas, it seems reasonable to conclude 
that the dating was accurately done. 

Measurements.-A smooth radial sdction was prepared 
on each core with a razor blade, and once the correct 
dates had been determined, the decadal intervals were 
marked on each core with indelible pencil. 

Decadal measurements then were made to the nearest 
one-tenth millimeter with a nlillimeter rule. Measure- 
ments of annual growth were made with a microscope and 
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FIGURE I.-Radial sections from two trees on the Watkins Butte area illustrating cross identification of ring patterns. Dotted lines connect certain key years which show 
consistently large or small growth and which have been useful for cross identification purposes. 
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sliding micrometer stage which recorded ring width to the 
nearest one-hundredth millimeter. This increment core 
measuring device was constructed in the Washington shops 
of the Bureau of Standards. A more complicated device 
has recently been constructed for the T. V. A., and is called 
a dendroheliomicrome ter . 

Plotting.-Decadal measurements were plotted on a 
fairly large scale so as to permit fitting through the points 
a smoothed average growth-trend curve from which values 
for normal growth could be read. Measurements of the 
annual rings were recorded and plotted on long, narrow 
strips of profile paper mounted on cardboard so that they 
could be shifted to provide for totalling by either age of 
tree or year dates. 

T H E  GROWTH PATTERN 

One of the first things noted about ponderosa pine 
growth in eastern Oregon was the similarity in fluctuations 
of annual growth, not only as  between neighboring trees 
but also between trees throughout a wide area. This 
similarity in pattern gave encouragement to the thtory 
that no factor other than climate could cause such a mde- 
spread and consistent response. Practica.lly every incre- 
ment core or radial section, wherever taken in eastern 
Oregon, showed a sudden drop in growth between the 
1916 and 1917 rings; the years 1921, 1923, and 1928 stood 
out above their neighbors; and the years 1924 and 1929 
showed the smallest growth in that decade. 

Even when trees of different growth and vigor character- 
istics were compared, this same pattern of relative fluctua- 
tions was found. Figure 2 shows the annual radial growth 
by tree classes from one local area of the Ochoco National 
Forest. The actual n d h i e t e r  growth of these different 
tree classes is vastly different in amount, as one would 
naturally expect when comparing young, vigorous trees 
with old, overmature veterans. But when this growth is 
reduced to a percentage of the general average for each 
class, then it is apparent that the proportional fluctuations 
in growth have been practically the same for all classes of 
trees. Only the rapid juvenile growth of young trees and 
the slow complacent growth of overmature or suppressed 
trees are likely to show erratic or negligible response. 

By compamg the growth pattern, similarly detennined, 
from different areas in southern and central Oregon and 
northeastern California, it was found that the same pattern 
of growth extended over a wide mea. (See fig. 3.) Evi- 
dently there exists a broad climatic zone which influences 
and has dominated the growth pattern over a large region 
east of the Cascade Range. 

At present the boundaries of this climatic zone are not 
clearly defined. Pinehurst, Oreg., at the sununit of the 
southern Cascades, is the most westerly point examined 
which clearly shows the typical growth pattern. To the 
south the same pattern extends through the Modoc 
National Forest to Lookout and Alturas, Calif., and may 
extend on south to Susanville. All of the Fremont and 
Deschutes National Forests from Lakeview north to Bend, 
Oreg., show the same influence which extends on eastward 
to the Ochoco National Forest east of Prineville, Oreg. 
Detailed measurements have not been made from other 
portions of the region in the present study, but Meyer 
(10) has shown similar tendencies extending throughout 
the Blue Mountains and north throughout eastern Wash- 

In comparing the eastern Oregon pattern of ring growth 
with that of the big tree from the west slope of the Sierras, 
Huntington (7) and Antevs (l), very little similarity 
was found in the annual fluctuations or even in the de- 
cadd growth. The big tree record shows very uniform 
or complacent growth aa compared with the marked 
fluctuations found in the ponderosa pine rings. This is 
undoubtedly due to the great differences in moisture con- 
ditions in the two localities. The big trees and the pines 
do, however, show a marked similarity in the long-swing 
fluctuations, and agree in this respect. 

Agreement between the patterns of annual growth 
fluctuations of ponderosa pines in Arizona (Douglass 
(4))and those from eastern Oregon, for the period 1840 
to 1918, was not evident from inspection, but did give a 
correlation ratio of +0.41 f0 .09  which may be considered 
as significant. 

Normal tree growth.-Since there are large differences in 
the growth rates of individual trees according to age, 
diameter, tree class, position in the stand, and local 
influences, it is useless to compare yearly fluctuations in 
growth between different trees without first reducing these 
fluctuations to a common base. In other words, we must 
first determine a value for normal tree growth in order to 
have a base upon which fluctuations due to climate may 
be measured. 

Reducing yearly growth to a percentage of the mean, as 
is shown in figure 2, is only accurate for relatively short 
periods of time, of less than 50 years, for it does not take 
into account the normal growth cycle of the tree, nor does 
it compensate for other factors which may influence 
growth rates over a long period of time. 

A normal curve of radial growth for each area was 
determined by summating and taking the average growth 
according to age of all trees used in the study regardless of 
years during which such growth occurred. The rate of 
annual radial or diameter increment, for ponderosa pines . 

used in this study, gradually increases up to about 75 
years of age. By that time trees have reached an average 
diameter of 8 inches (100 mm radius) on poor sites and 
about 12 inches on good sites. From that point on, the 
rate of diameter growth gradually decreases until the trees 
are about 300 years of age. The growth curve then 
flattens out and diameter growth after 300 years becomes 
practicall constant. (See fig. 4.) 

Indivi d ual tree uuriation.4n comparing the growth 
curve of any individual tree against the general average 
or normal curve of growth, it was evident that this correc- 
tion alone failed to compensate for large differences in 
growth rates due to differences in individual tree vigor, 
dominance, crowding, or sudden release due to fire or 
windthrow of neighboring trees. Therefore, individual 
tree variation was compensated for by plotting the decadal 
growth and then fitting a smooth trend line. This process 
was the same as making the assumption that the trend of 
average growth which a tree maintained during a period 
of 100 years or more was normal for that tree, and that 
deviations from this trend line were due to outside influ- 
ences, including climate. 

The smoothed growth-trend curves fitted to each tree’s 
pattern tended to obscure any long-swing climatic changes 
of more than a century in length. To determine whether 
any such long-swing changes existed, the smoothed growth 
curve for each tree, which had been assumed to the normal 
for that tree, was then compared with the general average 
curve of growth according to age, and the deviations for 
each decade noted. Separate comparisons were made for 
trees between the ages of 75 and 150 years, between 150 
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and 300 years, and over 300 years. If it was found that 
in any decade, growth of trees in all three age groups showed 
the same significant deviation in growth either above or 
below the general average, than it was concluded that this 
displacement represented a real climatic effect. However, 
it  so happened that the average of the assumed normals as 
represented by the smoothed curves did not deviate from 
the generd average growth curve by more than 10 per- 
cent for any century. The smoothed curves had con- 
cealed an average decline of about 6 percent during the 
period 1430 to 1630, had underestimated the good growth 
period of 1630 to 1830 by 7 percent, and had underesti- 
mated the poor growth since 1830 by about 4 percent. 

In order to eliminate the erratic growth of youth and 
extreme old-age measurements were started at  100 mm 
from the center and stopped a t  age 450. The portion of 
the record most consistent with climatic fluctuations was 
found in rings between the one hundredth and two hun- 
dred and fiftiet,h years. In very old cores measurements 
were extended to the center rather than lose this ancient 
record. The oldest ring measured was that of the year 
1268, just 66s years ago. 

Disturbing in$z.xnces.-While the smoothed curve of 
growth eliminated the factor of tree dominance and posi- 
tion in the stand it did not fully compensate for sudden 
fluctuations clue to fires, defoliat,ion by insects, or released 
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These small differences were well within the limits of 
accuracy of the stud . 
at their center. Apparently, while in the seedling stage, 
these- trees had stagnated owing to competition for a 
period of 50 to 75 years and in some cases for 150 years. 
Then, with a release from competition, probably as a result 
of forest fires, they suddenly began to grow at normal rates 
and their subsequent growth varied, not with age, but 
more in accordance with their diameters. For this reason 
the early period of suppression was eliminated from the 
computations and the peak of growth wm used as a point 
of origin. (See fig. 4.) 

Ma.ny trees showe c9 an early period of suppressed growth 

growth due to neighboring trees being killed or blown over. 
Some of these factors are very important and give all 
outward indications of important climatic changes. 

(1)  Fire: Fires often have an important influence upon 
ring patterns and growth rates. If a fire is severe enough 
to cause hea.vy defoliation without lrilling the tree, rings 
at  the base will show a sudden cessation of growth, a 
peiiod of very slow growth, often missing rings (Craig- 
head (2)), and then gradual recovery, usually followed 
by a period of stimulated growth. (See fig. 5.) Surface 
or ground fires, which do not result in defoliation, usually 
cause little change in the owth pst,tern, except a subse- 
quent increase in growth g. ue to elimination of competing 



MAY 1937 MONTHLY WEATHER REVIEW 181 

-- 
1900 1910 I920 r I930 

I900 1910 1915 I920 I930 

FIGWEE 5. 



182 MONTHLY WEATHER REVIEW MAT 1937 

trees and other vegetation. Young trees often show sharp 
declines in growth following fires, while older trees give 
little indication of a disturbance. Apparently the effect 
upon ring patterns depends upon the amount of defolin- 
tion which tho trees suffer. Tall t.rees which escape 
foliage injury naturally show less effect than the sma.ller 
trees which a.re hit severely. 

Fires have been of such frequent occurrence in the pine 
region during t.he past centuries that it might be supposed 
that their effects would completely obscure the influenc,e 
of climate, and they do inject an element of uncertainty 
into ring interpretation as far as any one area is concerne,d. 
For inrtance, fire scars a t  the base of trees on the Wat8kins 
Butte area showed that during the nineteenth century 
fire swept the area in 1824, 1838, 1843, 1863, 1853, and 
ngain in 1888. Other centuries showed similar fire fre- 
quenc.ies. I n  spite of these frequent fires, the ring pa,tt,e.m 
on this area was not greatly disturbed by them. R.efer- 
ring to the radial sections shown in figure 1, it will be noted 
that the ring immediately following each fire was usmlly 
small with subsequent larger rings. This was pa.rticula.rly 
true of the fires of 1838, 1843, and 1888, but the fires of 
1863 and 1883 caused no noticeable effect. 

(2) Insect defoliation: Defoliation by needle-feeding 
insects must also be taken into acc,ount. In  the ponderosa 
pine region of eastern Oregon a.t least two important 
defoliators, the Pandora moth (Coloradia pandorn Blake) 
and the pine butterfly (Neoph,a.sis m e m p i a  Felde.r), may 
cause such da.ma.ge. The effect of a Pa.ndora outbreak of 
1920-25 on the average growth pattern of trees on the 
Klamath Indian Reservation is shown in figure 5. 

I n  general the effect of insect de.foliat,ion is similar to 
that of fire. There is likely to be a sudden cessation of 
growth, frequently missing rings, and then gradual 
recovery. About the only differeme is that following 
insect defoliations there is no subsequent period of 
stimulated growth due to release of trees from competi- 
tion, and, as a consequence, the reduced period of growth 
may be more extended than in t.he case of fire. Further- 
more, both young a.nd old trees will show the injury, the 
greatest effect being registered in the growth of the older 
trees. Swaine, Craighead and Bailey (11) have shown 
that defoliat'ions also cause an enlargement or normnl 
growth of the annual ring in the lower trunk and a 
reduction in the upper trunk for the first, year of the 
defoliation, so that by sectioning tmrees both at the top 
and base it should be possible definitely to determine the 
defoliation periods. 

While the effects of fires and defoliations on the growth 
pattern can usua,lly be recognized, the only way to eli- 
minate these and to determine what the growth would 
have been in spite of such disturbing influences is t,o take 
the average of a number of widely separa.t,ed a.reas on the 
assumption that, the same catastrophe would not be likely 
t,o occur in the same year over a.n entire region. Even 
fires are not likely to be so widespread, and we know that 
defoliations in this pine type are localized. 

CORRELATION O F  TREE GROWTH WITH PRECIPITATION 

Tree growth is the product of many factors, such as  the 
inherent characteristics of the tree species, the age and size 
of the tree, the amount of available food and moisture, 
and the action of heat and light. Annual-growth response 
of a tree summates the effect of all of these factors, and 
the width of each annual ring reflects the net result. 
It is, therefore, a better measure of good and poor growth 
periods than can be obtained by any number of direct 
measurements of each independent factor. 

Of all the factors affecting tree growth, those relating to 
climate are the most variable. The inherent growth 
characteristics of the tree species and the tree's age, size, 
dominance, and position in relation to its food sup ly 
change not a t  all or only slightly from year to year. #he 
greatest variables are the climatic factors of precipitation 
and temperature. In the semiarid ponderosa pine region 
of eastern Oregon mean annual. temperatures fluctuate 
within a narrow range. Prec.ipitation, however, is ex- 
tremely variable and, since soil moisture is so essential to 
tree growth, this one factor becomes the dominating 
influence in determining annual fluctuations in tree-ring 
width in this region. 

The normal distribution of ponderosa pine is limited to 
the zone where annual precipitation is in excess of 12 
inches. This appears to be the tree's minimum require- 
ment. According to Weather Burea.u records, the eastern 
division of Ore,gon has an average annual precipitation 
which fluctuate,s between 9.32 and 19.14 inches, and shows 
a mean of 13.75 inches for the pe,riod 1890 to 1935, inclu- 
sive. The, prec.ipitation at  individual stat,ions may vary 
between 4 and 65 inches. It is evident, therefore, that in 
some localities and in certain years the minimum moisture 
requirenie,nt for ponderosa pine growth is not met. The 
ground moisture drops below the wilt,ing point, the trees 
suffer, and bark beetles take the.ir toll. In  other years, with 
precipitation above norma.1, conditions are favorable for 
rapid tree growth. Thus along the desert edge we find the 
most sensitive response to conditions of adequate or 
deficient moisture reflected in tree growth. 

While it is evident, even from casual observation, that 
ponderosa pines do respond to differences in available 
moisture, we should hardly expect to find a perfect corre- 
lation betwe.en prec.ipitation and ring width. The optimum 
requirements for trees are met when the soil moisture lies 
between the wilting point and field-carrying capaclty. If 
the soil moisture drops below the wilting point, trees 
respond accordingly and their growth is either retarded 
or they die. On the other hand, if moisture increases 
beyoncl the field-c.arrying capacity, the soil becomes water- 
logged and any further increase in growth is inhibited. 
Undoubtedly the best conditions for optimum growth are 
reached when an ade,cluate soil-moisture supply is mam- 
trained t,hroughout the year and when warm, humid 
weather conditions prevail through a long growing season. 
Wet, cold years are just as likely to result in poor tree 
growth as hot, dry ones. 

In  the ponderosa pine region extreme conditions of 
total lack of soil moisture or complete saturation-of the 
soil rarely, if ever, occur for more than short penods of 
time, and seasonal precipitation varies within a range 
wbic.h is not greatly different from the limits of possible 
tree response. For this reason it is not surprising to find 
a high degree of positive correlation between fluctuations 
in annual ring width and differences in seasonal precipita- 
tion. 

Douglass (4) reports finding an 82 percent correlation 
between rainfall and ponderosa pine radial growth at  
Prescott, Ariz., and has even developed a formula by which 
rainfall of past ce,nturies could be computed from tree- 
ring niensure.ments with an accuracy of 70 percent.. He 
a.1~0 found that the tree rings were not merely proportional 
t,o the rainfall of the current year but showed the cumula-' 
tive effect of excesses and deficiencies from the preceding 
years. 

In  the present study the average departures of ring 
growth from normal have been compared with the yearly 
de.partures of precipitation in eastern Oregon. This 
relationship is shown graphically in figure 6. A certain 
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degree of correlation is evident simply upon inspection. 
‘Applying the methods of statistical analysis, the coeffi- 
cient of correlation between current growth and current 
seasonal rainfall (Sept. 1 to Sept. 1) was found to be 
+0.50f0.09. 

Examination of the seasonal precipitation and tree-ring 
curves in figure 6 shows that in most cases the peaks and 
depressions coincide. In other cases there appears to be 
a lag of 1 year in the response of growth. This lag usually 
coincides with a similar 1-year lag in water run&. For 
insta.nce, the increased rainfall of 1926-27 was followed by 
the heaviest run-off and a peak of tree growth in 1928. 

decades lake levels in eastern Oregon have receded. In 
1926 Goose Lake and many others dried up completely. 
Springs which have been depended upon for watering 
stock for many years have dried up, streams have dwindled 
and dust-swept deserts have taken the place of once fertile 
farm lands. Judging from the rainfall record alone we 
should hardly expect such catastrophes, but the tree rings 
accentuate this long-swing deficiency. 

This cumulative moisture deficiency is also shown in 
the record of the annual mean discharge of the Columbia 
Rive,r. Records of the United States Geological Survey 
give this information for The Dulles, Oreg., back to 1879 

Aomr 6. 

The same was true of increased precipitation in 1911-12, 
which was followed by increased run-off and tree growth 
in 1913. Comparing growth deviations with a 2-year 
cumulative departure of precipitation, a coefficient of 
correlation of +0.8250.04 was found. Thus, the tree 
rings show some effect of water conservation, and, in 
most cases, a lag of 1 year in full growth response. 

It is evident that the marked reduction in growth fol- 
lowing 1917 is due in large part to a cumulative deficiency 
of moisture, to a lowering of water tables, and to a physio- 
logical drought condition that is not strikingly evident in 
the yearly precipitation records, During the past two 

(6). The percent departures from a mean of 200,000 
second feet is shown in figure 6. The correlation with the 
tree-ring record is most striking and statistical analysis 
shows a coefficient of correlation of +0.56 50.09. 

The correlation between tree rings and climatic factors 
might be improved by taking into account several of the 
less important factors. For instance, the distribution of 
precipitation throughout the year has been found to be of 
importance. Rainfall in the spring and early summer 
during the growing period was found to be much more 
important than an excess of precipitation during the winter 
months. Variations in temperature and the length of the 
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growing season undoubtedly play a part. Multiple cor- 
relations including all of these minor factors have not as 
yet been determined. 

T H E  TREE-RING CALENDAR 

The combined pattern of growth from all areas in terms 
of percent departure from normal growth is shown in 
figure 7. In  this chart the effects of fires and other 
agencies have been largely eliminated back to 1,500 by 
combining the averages. 

The ancient history of eastern Oregon, as recorded in 
this tree-ring calendar, makes very interesting reading. 
The successions of fires, droughts, floods, and insect 
epidemics are all written in this record only aw-aiting a 
complete deciphering. So far only some of the more 
outstanding events have been interpreted. 

Going back over the record, we find that the recent 
drought started in 1917, reached a low in 1924 and a 
second low in 1931, and now shows a trend toward re- 
covery. Growth during the period 1912 to 1916 was much 
better than average, and reflects the abundant precipi- 
tation which fell during those years. 

During the period 1900 to 1919 average conditions pre- 
vailed, and we find by summating the departures that the 
average growth during this period is equal to the general 
average of the past 650 years. This is of great importance 
in indicating what can be expected as normal weather 
conditions in the future. The average rainfall during this 
period (1900-1919) was 13.79 inches for the eastern divi- 
sion of Oregon, which is only slightly more than the general 
mean of 13.75 inches for the total period 1890 to 1932, for 
which the Weather Bureau has summarized records for 
this half of the State. 

The great flood of 1893-94 is clearly marked in the 
treering calendar. As will be remembered, during this 
flood the Columbia River rose to its highest recorded stage 
of 33.0 feet, and the Willamette River flooded the business 
section of Portland. That such flood conditions were not 
unusual in early history is indicated in the tree-ring calen- 
dar, when peaks such as occurred in 1861, 1814, 1791, 
1775, 1752, 1702, and 1673 greatly exceeded the peak of 
1894. 

Except for three short depressions in the years 1871, 
1880, and 1889, the period from 1860 to 1900 was above 
average in growth rate. 
In 1861 we find an outstanding peak of growth which 

marks a high point in the ring pattern throughout eastern 
Oregon. This waa a winter of heavy snows which was 
followed by one of the worst floods in the history of the 
State. Mr. E. L. Wells, of the Portland office of the 
Weather Bureau, has uncovered some interesting old 
records of this flood ear. 

when the emigrant trains were trekking into Oregon, the 
country was suffering from a severe drought. Evidently 
Goose Lake, Harney Lake, and many other lakes in the 
region were dry a t  that time, for when Goose Lake dried 
up in 1925 for the first time in the memory of present 
settlers the ruts of a wagon road were clearly seen crossing 
the bed of the lake, indicating that in the 1840’s there was 
no water in this lake to impede the progress of the early 
settlers. The tree-ring record indicates that this was 
undoubtedly the case, for the depression of growth rate 
during the 1840’s and early 1850’s was almost as severe 
aa the present one. 

From the year of discovery of Oregon in 1805, through 
the Lewis and Clark Expedition, during the period of 
early settlement and until the coming of the emigrants in 

The tree record s E ows that between 1839 and 1854, 

1840, the country was relatively wet according to the 
tree-ring record. 

Carrying the record back for the previous five centuries, 
we can only speculate upon conditions through analogy. 
I t  seems fairly certain that the decade 1670 to 1680 was 
the wettest within the life span of the present living pine 
forests. The Seventeenth century was above normal in 
growth, the Sixteenth,century as dry as the recent one, 
and the Fifteenth century was wet. 

GROWTH CYCLES 

So far the present study has been devoted mainly to 
obtaining an accurate measure of normal growth rates of 
the past centuries, and a measure of deviations from this 
normal, both as to amplitude and period of time covered 
by above-normal or below-normal departures. The pat- 
tern and amplitude of these growth fluctuations in the 
eastern Oregon pine region have now been determined 
back to 1500, with a t  least partial elimination of the 
effect of defoliations and fires, and back to 1268 on one 
area, without elimination of such effects. 

It now becomes possible to analyze these fluctuations 
in terms of rhythmic harmonic cydes or as simple chance 
fluctuations. While this step in the analysis has been 
only briefly esmiined, as yet no eridence either for or 
against the existence of predictable cycles has been found. 
References to figures 7 and 8 indicate conclusively that 
over the G68-year period represented by the tree-ring 
record there has been so consistently downward trend of 
growth but rather a series of fluctuations above and below 
a constant average. 

I n  analyzing the California precipitation record from 
1850 to 1933 Gray (5) found a downward trend amounting 
to about 8 inches in 80 years. For the same period the 
tree-ring record shows close agreement with the precipi- 
tation record and shows a similar downward trend. 
But when the tree-ring record is extended back into 
earlier times this trend is reversed and finally becomes a 
straight line, representing a constant average. 

Referring to figure 7 it  is apparent that there have been 
alternate periods of good and poor growth. Some of the 
poor-growth Feriods are of short duration but of great 
intensity; others are long periods in which growth is only 
slightly below normal. The duration and intensity of 
good- and poor-growth periods are shown in table 1. 
Good-growth periods have ranged in length from 4 to 50 
years, with an average of 13.6. Poor-growth periods 
have ranged from 3 to 28 years, with an average of 12.9 
years. It is interesting to note that the cumulative 
deficiency of 627 percent for the period 1917 to 1936 
greatly exceeds that of any other period. The fact that 
the cumulative deficiencies of growth are greater than the 
cumulative increases is probably due to the abnormal 
effect of frequent forest fires and defoliations, and the 
inherent potentialities of tree growth, for there is a much 
smaller range in the possible increase of tree growth 
above normal than in its possible decrease. 

Combining duration and intensity, it is possible roughly 
to divide the more outstanding good- and poor-growth 
periods into three magnitudes, or degrees of importance. 
All important peaks of good growth are listed in table 2 
and outstanding depressions in table 3. Taking into 
account the intervals between all the peaks tabulated, 
we find an average interval of 9.4 years between years of 
good growth and 7.8 years between years of poor growth. 
The range is from 2 to 33 years. Taking the intervals 
between peaks of second-degree magnitude, and between 
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those of first and second degree, we find an average interval produce a straight, line. This method of analysis is applied 
of 29.2 years between these peaks of good growth, and in figure 8.4 It will be noted that of the shorter cycles none 
15.0 years between the corresponding depressions. On tend to efface the fluctuations until we get to one of 45 
comparing only the major peaks and depressions, we find years in length. With a 91-year period certain fluctua- 
an average interval of 55.4 years between years of best tions are still evident, showing that the cyclic phenomena 
growth and 82.5 years between years of the worst depres- presented by tree rings are fm from simple. 

- 
- 

1700 1750 1800 18% 1900 19% 1250 I300 1350 I400 1450 1506 1550 

- 
F~GUBE 8. 

sions. However, the range of these intervals is from 19 to 
219 years, so the regularity of occurrence is certainly not 
significant . 

As far as can be determined at  6he present tima, there is 
nothing to indica.te that the apparent cycles of growth are 
anything more than chance variations. - 

4 The portion of these curves representing the earlier tree-ring record, particularly the 
period from 1288 to 1500, is not as yet based upon a aufflciently large number of trees to be If Of length’ a moving average 

in length to t.he length of the cycle or a multiple of it will conclusive. 
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Date 

TABLE 2.-Important peaks of good growth i n  eastern Oregon climatic 
zone-Continued 

Magni- 
tude 

-- 

TABLFI 1.-Durations of good and poor growth periods i n  eastern 
Oregon climatic zone as shown by annual growth of rings of Pon- 
derosa pine 

nterme- 
diate Major 

peaks1 peaks 
andma- only 
Ir pealis) 
--- 

29 29 -- 

62 

115 177 -- 

73 73 -- 

Interral (in years) 
between 

Date 

1402 
1389 
1574 

1371 
1369 
1350 
1343 
1341 
1335 
1 sss 
:$! 
1307 
1685 
1281 
lZ77 

ll Interval (in years) 
between 

All 
peaks 

I 

Interme- 
diate 
peaks 

(andma- only 
Jor pea%S) 

Above normal 

1268-74 _ _ _ _ _ _ _ _  
1290-1304-.-..- 
1311-20 _ _ _ _ _ _ _ _  
1327-30 _ _ _ _ _ _ _ _  
1352-86 _ _ _ _ _ _ _ _  
1378-86 _ _ _ _ _ _ _ _  
1393-1414.----- 
1428-44 _ _ _ _ _ _ _ _  
1464-92 ._______ 
1499-1523.--.-- 
157S-39 _ _ _ _ _ _ _ _  
1548-56 _ _ _ _ _ _ _ _  
1565-86 _ _ _ _ _ _ _ _  
1593-1601 _ _  - - - - 
164&68-. _ _ _ _ _ _  
162640 _ _ _ _ _ _ _ _  
1682-87 _ _ _ _ _ _ _ _  
173944 _ _ _ _ _ _ _ _  
175HO _ _ _ _ _ _ _ _  
1777-88 _ _ _ _ _ _ _ _  
179548 ._______ 
1839-8 ._____._ 
1870-93 _ _ _ _ _ _ _ _  
1917-36 _ _ _ _ _ _ _ _  

1 1  \ Below normal 

Years 
6 

14 
8 
3 

14 
7 

21 
16 
28 
24 
10 
8 

21 
8 

22 
14 
6 
5 
4 

11 
4 

14 
23 
19 

Dura- 
tion 

3 
3 

18 
2 
7 
6 
2 
7 
5 

14 
22 
4 
4 

:umu1a 
tire 

ncrease 

-___- 

6 

27 

8 41 

26 
22 48 

4 
--- 
- ~ -  

Magni- 
tude 

- 

lul 
depres- 
sions 

- 

Hajor 
lepres- 
sions 
only 

-- 

82 

Date 

1787 
1783 
1777 
1757 

1741 

1739 
1'129 
1721 
1695 
1W 

1667 
1659 
1655 

1652 
1646 
1639 
1633 

1630 

Magnl- 
tude 

-- 

All 
depres- 
sions 

1st ...--. 
2d _ _ _ _ _ _ _  
2d _ _ _ _ _ _ _  
3d _ _ _ _ _ _ _  
3d _ _ _ _ _ _ _  
2d .______ 

2 

5 

6 
19 
9 

- 
- 

- 

3d .._____ 
3d _ _ _ _ _ _ _  
3d _ _ _ _ _ _ _  
2d _ _ _ _ _ _ _  

11 
4 
6 

20 

3d _._____ 
3d _-__--- 
3d _ _ _ _ _ _ _  
3d _ _ _ _ _ _ _  
2d _ _ _ _ _ _ _  

2 
10 
8 

25 
9 

Worst 
year 

- 
1671 
1 dB0 
1319 
1330 
1565 
1382 

:E 
1481 
1616 
1532 
1550 
1572 
1595 
1659 
1630 
1888 
1741 
1757 
1787 
1798 
1849 
1890 
1951 - 

All 
peaks 

:UmUla- 
tive 

eflciencq 

Percent 
184 
343 
93 
36 

210 
11 
298 
126 
450 
210 
log 
119 
148 
93 

188 
188 
47 
76 

102 
35 
22 

254 
138 
627 

172 

.- 

Date8 

- 

18885 
1307 
1326 
lSSS 
1574 
1389 
1423 
1463 
1486 
1523 
1543 
1569 
1588 
1611 
1642 
I675 
1706 
1756 
1775 
1791 
1814 
1861 
1894 

-/I Aserage ...I 12.9 

Ymrr 
14 
5 
5 

20 
10 
6 

12 
18 
5 
4 
7 
7 
5 

23 
4 

12 
50 
10 
15 
6 

38 
15 
22 

Pereeclt 
137 
18 
13 

161 
155 
45 

667 
81 
67 
10 
3 

37 
95 

128 
18 

180 
111 
160 
145 
062 
612 
111 
109 

-1-1- 
21 
8 

1275-89- 
1305-10- 
1321-26- _ _ _  ___. 
1331-51. 
1367-77. 
138682. _ _ _  - - _. 
141647- _ _  _ _  _ _  
144543- - 
1483-88- _ _ _  _ _  -. 
152428. 
1640-47. _ _ _ _  - - 
1557-64- 
1587-92- - _ _  _ _  - .  
16oH5. _ _ _  - 
164145. 
1669-81. 
1888-1738. - - - - 
1745-55. - 
1761-76. 
178W4. - - _ _  - - 
1800-1838. - - - -. 
1851-68. _____. 
1984-1916. - _ _ _  

21 

15 l3 I 49 I 49 

1881 3d -...-. 
167s I 1st ...-. 

28 
3 

17 
3 

11 
23 
29 
16 
15 
32 

33 
3 
4 
0 

24 

- 

-~ 
9.4 I 29.2 );4 

I 

TABLE 3.-Important depressions of poor growth i n  eastern Oregon 
climatic zone Average.- 13.6 101 

- 

Date 

- 
19s1 
1929 

1924 

1918 
1899 
1890 

1853 
1880 
1876 

1871 
1859 

1844 
1839 
1833 
1831 
1800 
1798 

II Interval (in years) 
between 

Interval (in years) 
between TABLE 2.-Important peaks of good growth i n  eastern Oregon climatic 

zone - 
M* 
depres- 
sions 
only 

- 

219 . 

I- 

Inter- 
mediate 
depres- 
sions 1 
(and 

major 
depres- 
sions) 

41 

Inter- 
mediate 
depres- 
sions 1 
(and 

major 
depres- 
sions) 

2 

Interval (in years) 
between 1 1  Interval (in years) 

between 

Magnl- Interme- 
tude All diate Major 

peaks peaks1 peaks 
(andma- only 

jor peaks) 

Datf 

- 
1913 
1807 

1885 
1877 
1875 
1868 
1866 

1861 

1857 
1855 
1838 
1832 
1823 
1825 
1818 
l 8 lb  

11 

1894 

I- 

6 

16 

55 

34 

3d _ _ _ _ _ _ _  7 
3d _ _ _ _ _ _ _  3 
2d _ _ _ _ _ _ _  4 14 

5 
27 
4 22 

51 

22 

-/-I- I I  
this wlumn peaks'of 3d degree magnitude areignored q d  only the longer intervals 1 In this wlumn peaks Of 3d degree magnitude are ignored and only the longer intervals 

between peaks of either flrst or second degree magnitude are listed. 
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- 

Major 
depres- 
sions 
only 

-- 

114 - 

35 -- 

TABLB 3.--lmportant deprussabna of poor powth in eastern Oregon 
climatic zone-Continued 

1410 

1408 

1399 
1395 
1382 

1362 

1358 

156.9 

1344 
1330 

1328 
1319 

1316 
1314 
1306 

1301 

1299 

1296 

1293 

mw 
1278 

iaii 

A significant correlation was found between seasonal 
precipitation and tree growth. On comparing the cumu- 
lative effect of 2 years of precipitation with tree-ring 
growth, a highly significant correlation ratio was found. 
By taking into account the distribution of rainfall through 
the year and the cumulative moisture through several 
seasons, an even higher degree of correlation may undoubt- 
edly be found. The width of each annual ring represents 
a summation and net effect of all the factors influencing 
tree growth. Thus the tree rings become a better measure 
of good or poor periods for plant growth than can possibly 
be obtained through any number of weat,her-recording 
instruments. 

The tree-ring record for eastern Oregon indicates that 
during the past 650 years there has been no general trend 
toward drier or wetter years. If such a trend exists, the 
change over a 650-year period is so slight that it is ob- 
scured by other fluctuations. Average growth for the 
30-year period 1900 to 1919 was found to be identical with 
the average growth during the past 650 years. There 
have been important fluctuations in growth throughout 
the entire period, however, With alternate periods of good 
and poor growth. 

All tree-ring nieasurements agree in showing that a 
very critical subnormal growth period has existed since 
1917. This slowing downof the growth rateisundoubtedly 
the result of deficient precipitation and lowered water 
tables. As compared with other drought periods, the 
present one is the most severe and critical that the present 
forests have experienced in the last 650 years. Several 
other periods have exceeded the present one in duration 
of subnormal growth, but none has approached it for 
severity. Growth in 1931, the poorest year, was 68 
percent below normal. 

The tree-ring record indicates that the last period of 19 
years of drought and poor tree growth represents a major 
fluctuation in a broad climatic cycle which eventually will 
be followed by a wet period of better than average growth. 
No rhythmic cycle has been found which would permit a 
prediction as to when this reversal in trend will occur. 
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SUMMARY 
Through a study of tree rings in eastern Oregon it has 

been possible to arrive at  an index of the ancient climatic 
history back to the year 1268. Micrometer measurements 
of annual radial growth of 1,240 ponderosa pines taken in 
44 different localities of eastern Oregon have given a sound 
statistical basis for this study. 

It was discovered that a broad climatic influence has 
uniformly dominated the growth pattern over a wide area 
of eastern OFegon and northern California. Any sample 
of ten selected trees was sufficient to show the same fluctua- 
tions of good and poor growth and outstanding1 good and 

such as fires, windfalls, or defoliations obscured the general 
pattern. 

The boundaries of this climatic zone are not as yet well 
dehed,  but in its broader aspects it probably takes in all 
of the northern Great Basin region, from the Cascades 
to the Rocky Mountains, including the drainages of the 
Pitt, Klamath, Deschutes, Snake, and Columbia Rivers. 
Uniformity of tree-ring pattern has been found in this 
study from Alturas, Calif., north to the Metolius River, 
and from the summit of the Cascades eastward to the 
southern portion of the Blue Mountain Range. Meyer 
(10) has shown that the same general tendencies exist 
throughout the Blue Mountains and northward through- 
out eastern Washington. Since tree-ring patterns reflect 
such general agreement over broad regions, they aro un- 
doubtedly good indicators of such weather conditions as 
affect plant growth. 
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