|

7/ “““\\\ A ECO" SEARCH

% // RESEARCH IN AGRICULTURAL & APPLIED ECONOMICS

The World’s Largest Open Access Agricultural & Applied Economics Digital Library

This document is discoverable and free to researchers across the
globe due to the work of AgEcon Search.

Help ensure our sustainability.

Give to AgEcon Search

AgEcon Search
http://ageconsearch.umn.edu
aesearch@umn.edu

Papers downloaded from AgEcon Search may be used for non-commercial purposes and personal study only.
No other use, including posting to another Internet site, is permitted without permission from the copyright
owner (not AgEcon Search), or as allowed under the provisions of Fair Use, U.S. Copyright Act, Title 17 U.S.C.


https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
http://ageconsearch.umn.edu/
mailto:aesearch@umn.edu




= 2 l2s

1.0
rer— : M&

—_—
—_—
1

Lal Ea~

122

m" TR Rl 2

= |k

A28 fis e

fAICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

en

5 1 [l
a2
b

=

FEEEE

fl2

122

FEER

E
Er

[

Juz

]

llLE

2L flis

MICROCOPY RESCLUTION TEST CHART
MATIONAL BUREAU OF STANDARDS-1963-A



http:111111.25
http:1111/1.41

Techrnical Bulletin No. 807 « March 1942

MEMENT OF AGRICULTURE

Temperature, Moisture, and Penetration
Studies of Wood-Staining Ceratostomellae
in Relation to Their Control*

By Rarer M. Lixporex,® formerly pathologist, Iivision of Feresl Pathology,
Bureau of Plant Indusiry
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INTRODL CTION

Discoloring fungi that attack the sapwood of recently cut and
stored forest products are of world-wide distribution and economic
mmportance. Of the numerous species concerned, those causing
bluish to gray blemishes commonly known as **blue stain’” or “sap
stain’ are most prevalent, In the United States resulting damage
is greatest in the Gulf States and Pacific coast regions. where moisture
und temperature conditions favorable for the egrowth of the fungi
oceur through much or all of the year. Recently, several factors
have been operating to inerease the economic importance of these
organisms.  One of the foremost is the use of second-growth timber
having a larger proporiion of suseeptible sapwood than is found in

¢ Recewved for publication Juns 12, 1941 i
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virgin timber. In the Gull States, particularly, there is the neces-
sary trend in the lumber industry of supplanting large logging nnd
milling operations with smaller ones, which, because of limited facili-
ties and different handling practices, are often confronted with serious
discoloration problems. Fimally, prejudice against stained wood is
incressing greatly and has extended to light discolorations, which
formerly were considered insignificant.

Kesearch contributions frem widely scattered sources have been
stimulated by the ubiquitous wood-staining fungi. Much of this
literature has covered control and taxonomic phascs of the problem.
During the past deeade. extensive studics on control have resulted in
the development of improved antiseptic treatments, which are now
in wide ind successful use on a varicty of wood species and prod-
ucts (16).* Along taxonomic lines, the preponderance of evidence
has been that the genus (Cerafostomella contains some of the most
common woodl-stuining species {4, £1). However, the investigations
of Lagerberg ot al. (11} in‘licate that a group of miscellaneous Hypho-
myectes is of equal or grosier importance than (eraéostomella species
in northern Evrope.  Similar Flyphomyeeies occur as discoloring fungi
i the United States but are believed to be less important than in
the Scandinavian countries,

The present studies ol wood-staining fungi concern temperature and
moisture relations, rates of growth on agar and in wood, and certain
practical aspects of the results in control programs.  Sapwood of
southern vellow pine and common specics of Ceratostomella were used
throughout the work, The several specific phases of the studies are
conveniently trealed separately.

TEMPERATURE IN RELATION TO GROWTH O™ AGAR AND
STALINING OF WOOD

There is suvprisingly little Jiterature om the velation of temperature
to the development of staining fungi vwn agar and in wood., Such
data as nre availablie have been obtamned largely from work by
European investigators on the cardinal points for growth on artificial
media.  So far as is known, no attempt has been made to conduet
comparative studies with similar or closely related staining specics
occurring in the United States.

ltmplm ing an incomplete series of controlled temperatures, Miinch
(/5) constdered the optimum for growth of Endocnnidiophora coeru-
It’s(‘r’ns Mitneh and specios of eratostomella 1o be between 20° and
25° (1. Slow growth was observed at 72 C.

Tralek (5 Iopurtml the eritieal l(‘[ll])[‘IﬂlllI(‘H [or & questionable
species to be 34°, 25°, and approximately 5° . Although he men-
tinned (eratostomelle piceac Miineh, Lagorberg ot al. (.H) belioved
that he worked with Leptographivm bindbergiy Lagerberg and Melio.

High resistance of ¢ pilifere (Fro Wint. to heat treatmonts appliod
te wood was veportied by Hubert (73, Although wood-decaying or-
ganisms varied greatly in reaction to Lemperatures of 95° o 180° I,
35° to 82° (' g, pz:’:ﬁ’m was outslanding in its ahility to remain
viable for a time at some of the intermediate temperatures.

Six discoloring spoecios, inchuding Ceratostomelle enerunlea Mliineh,
were tested onomall ngar by Lagerberg ol al, (77). A periodicity

¥ ltalic numbers in parentheses refer to Literatore Cted, po 3




STUDIES OF CERATOSTOMELLAE

In rate of growth was noted in contrast to the uniform rate shown by
most Hymenomycetes. Optimum  temperatures for the sceveral
species were between 22° and 25°, the mmmimum slightly above 0°,
and the raximum above 27° C. . coerulea had a broad optimum
range, between 22.5° and 25°, whereas Endoconidiophora me-rulescens
and Lepfr)gr aphinm lundber gii 'had restricted optima of 22.5° and 25°,
respectively.

Jussila (10} 1ep0rt{.d greatest discoloration, of export shipments of
lumber at 22° to 25° €. At 35° and 0°, stain development was re-
tarded. Little discoloration occurred in shipments of lumber from
Finland during periods when temperatures averaged less than 10°.

According to Vanin {20), Lebedev's investigations of several
species, including Ceratostomella piceae, (. coervlea, and €. pind
Miinch, showed the optimum temperatures Lo lie within the limits of
22,5 gnd 29°, the minimum between 0° and 10°, and the maximum
between 27° and 39° (¢ Details of the methods of experimentation
are not available.

Some of the discoloring species mentioned above do not occur
commonly, if at all, m the Uaited Btates.  This 1s not the case with
Ceratostomella pini and Indoeonidiophora eoerulesecns, and may not be
truc ol Ceratostomella ecoerulen. The last-named species alppmcntly
does not differ greatly in mmplmlogv from the common species
recognized as (" pilifera in the United States.

The present studies included isolates of Ceratostomella pilifera
from several widely separated regions, (7. pluricnnvlaie Hedge., .
ips Rumbold, and ¢ coerulea, the last from Sweden and Canada.
The specific purposes were to determine (1) eritical temperatures and
rates ol growth on artificial media, (2) rate of hyphal penetration and
stain development in wood as aileeted by temperature, (3) effect
of alternating temperatures on growth rate, (4) possible thermal
steatns of (. pilifera, (5) oompamlnr{- reaction te temperature of
C. pilifera and (" coerulea, and (8) the importance of high tempera-
fures as limiting factors in stain development in unsensoned lumber.

GrowtH ON AGAR AT DWFrERENT TEMPERATURES
METHODS

In a preliminary series, nine different temperatures, ranging in
approximately equal steps from 4° fo 36° (., were employed. Re-
sults of this work are not presented in detail beeause the chambers
at 20° 24°, and 28° were not controlled accurately. Since the
temperatures at 4°, 32°, and 36° were fairly constant, some use of
these date s made in estimating maximum and minimum points for
development.

‘The growth stucios were made in 90-mm. Petri cdishes containing
approximalely 20 (.. of malt-extract agar, made of 2.5 percent malt
extract and 1.5 percent agar. DBlocks of fungus-covered substrate,
5 mm. nn an edge, were transplanted from actively growing plate
cultures Lo the coenter of the dishes.  After 4 hours at room tempern-
ture, the inoculated dishes were distributed in cight controlled tem-
perature chambers which ranged from 5° to 40° . Diameter meas-
urements of each culture were made daily for a period of 12 days, the
size of the myceliel mat recorded representing an average of at least two
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different measurements. Eleven isolates were studied, each isolate
being represented by two or three dishes at each temperature. The
growth recorded daily for cach isolate was based on the average
growth of the three replicate cultures.  Since the colonies were usually
circular and the replicales varied little, measurement complications
were slight on the whole.
' For the study of growth at alternating temperatures, Petri-dish
cultures similar to those described above were preparved for O pilifera
and . ips.  After incubation for 2 days at 25° C.. the dishes, two
for a given secries with each organism, were shifted in various ways
at 24- or 48- hour intervals among the oight different temperature
chambers,

Collection and isolation data for the 11 isolates are given in table L.

TasrLe l—-Designation and collection data on cultures of Ceratostomella used in
the sindies

H | Colleetion snd isedation datn
Fuugus No. |- : - T T s e s e
I e Wand If Date Teodairil hy—
Ll . - PR . p—
1
39273 M ississingd Pinus nalfuatris 3T )i R. W, Davcidson.
H . 13 da . . 1832 .
Jaam Lo L North Curoling | Mieuas teede T 1924 1 €. T Ruuwthold.
L. pififera . {58 . L | Mississipnd Figus pofustri w3 . RV, Davidson.
R E L L do 1 do | 1832 N,
[313-42 l Afoxien i s pondernga Taws . isuid J
194 31 A{3 ] Californin Y Piane fombertiana Dol Co] 1929 ! CLP. Rumbold,
o corralea -{392—1“ - Comedn Biries slrpias 1. W0 B, AL Atwell,
' Canne-Cid : Sweden t T, Lagorberp.
C. pluriap- : .. L. E
rudata. 185 7 QM Missbysippd Lignidasher stgraciffue . Pogn OO Rumbold.
Coips._. .. 745 . Flatidn Pirees echinate Ml P32 . R, W, Davidson.

VO, rarrulen A82-C14 was oblained by the Foresl Prsducis Lahoratories, Ottaws, Cannds, from Prof.
I Lagerbere, of Sweden,

RESVLTSE

Data for the growlh of 11 isolat- - of Ceratostomelle on malt-extract
agar maintained at constanl temperatures are presented in table 2.

Tanne 2.

Avernge inHy dinmroier Increment

ab mdiend ool tempraiares:

Cirawth of Ceralostoimelle pilifera, C. pluriepnulate, O, [ps, and O, coernlea
on mall-cxtract agar af teapperaiteres of 7° to 30° .

Estimeindd raredinal
temgrraturns

Fungns ! Pluer af eollection
- PR ., Mini- Opli- Maxi
A W % B3 8 o o tnum
Mo M, M, Mm .\h:h'.\.‘m,:.\!m_'.\hﬂ. een
Aiiashsippd LA 41 44 54 TE OLE 1] 4] i
1 e Lo 26 &E A2 LT LT & O 4
A Nartl (‘nrpliml LG 246 hE 50 7.5 6 1] 4. 4§
<. pitifera { Missiusipi Lo o2k 44 50-T0069. 0 0 1
ji) . Le 25 4B AR T2 T4 ] 1] 4
A Texien . LA &3 A4 G4 %d s 0 ] 3
Fniil’u;‘uin ARy Sse-atrA b i 0 k1
“nrndda .5 %% 470 a4 nd4oan f i k3 )
C. coeruler {Soedten LE 23 33 B8 &$ 0 a @ PR
C. plurigrnuiate Misgissipp . g o2 3438 6,262 ] li] AR A4aA
Coips o Floriin . L8 4R 63 BB MBI 34 a &5 di-az 37-30

b Order ng in teble 1,
t Avecage dibly increment of mnt after torinal growih rale attained, based on 2enltures for ench organism

and tempirature adl 8, WP, pacd 3157 O amd on i eullores ot remaining temperabanes,

¥ Tp eslimnting cardinnl tempeeatiores use wad e of supolemental duts from a preliminary series with
contrelled tomperatures of 4°, 8°, 32%, and 30+
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Growth for different 24-hour obscrvation periods at a given tem-
perature was not constant for any of the fungi. Variations of as
much as 2 mm. appeared in successive daily readings, some of which
were due probably to slight errors in measurement and possibly to
small fluctuations in temperature. The differences oceurred with
no apparent regularity, so that a definite pertodicity in rate of growth
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FIGURE 1. - A comparison of the average daily diameter increment on malt-extract
agar of 5 isolates of Ceratostomella pilifera from the southeastern United States.

was not indicated. Likewise, there was no determinable inerease or
decrease in rate of growth with time in the relatively short periods
of these tests,

Significant differences in the reaction of the isolates to the various
temperatures are evident in plate I and figures 1, 2, and 3. The
C. pilifera isolates fall into two distinet groups which differ 2° to
4° m optimum and meximum temperatures for growth. The high-
temperature group includes all €. pilifera cuitures criginating in
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Mississippi and North Caroling and has as estimated cardinal points
slightly below 4°, 279 to 29°, and 34° to 35° (".  The low-temperature
group, which consists of isolales from California and a mountainous
region of Mexico, has as cstimated critical points slightly below 3°,
25° t0 26°, and 31° t0 34° C.  Figures 1 and 2 clearly show thesediffer-
ences and also the degree of similarity within each group.

The two isolates of (ergfostomella coerulea varied widely in rates of
growth and response to temperature (fg. 2).* The isolate from
Canada showed close agreement in critieal points and increment with
(. pilifera from California and Mexico, the former particulerly.
Similar to these, its rate of growth was reduced appreciably at 30° C.
and was more rapid than that of the southeastern eulfures of ¢,
pilifera at temperatures helow the optimum.  The Swedish isolate of
C. coerulea showed the narrowest temperature range of any of the
fungi tested, and its growth rale at favorgble temperatures was about
one-half ‘that of the Canadinn €' coerulea and the reported rate for
this species in Sweden.  Considering these differences, some doubt
must exist as to the normality of the culture.  Although it (ailed to
produce perithecia in contrast Lo all other isolates, Lagerherg et al,
(11) state that this often is true of old cultures of (" coerulea. Its
ability to discolor wood was not determined, but its cultural eharacter-
istics resembled those of stainitg fungi.

Of the several species, (erafostomella pluriaunwlaia showed the
slowest growth rates and (' ips the highest (Ag. 3). The cardinal
temperatures for (. pluriennuleta wore similar to those of the south-
castern isolates of (' pilifera. (' ips was the bighest temperature
organism of the group; it {ailed to grow at 5° C.. made fairly rapid
growth at 35°, and had caedinal points varying from 2° to 8% ghove
those of the other isolates.

Temperatures above the optimum caused a proncuticed retardation
of growth in all cases.  An increase of 5° to 8° C. above the optimum
resulted in inhibition of growth, wherens n deerease of 5° to 8° below
the optimim never reduced growth mare than 40 pereent and wsually
not more than 25 to 30 pereent. A drop of 20° or more was required
to step growth at low temperatures,

The time of appearance of brown-colored hyphae, and the rate of
change froin hyaline to brown, varied with the different isolates and
temperatures.  Browu hyphae appeared carlier at {uvorable tempor-
atures for growth than at 5% or 10° C.. and there was evidence that
with hyphae of a given age, the change from hyaline to brown pro-
gressed more rapidly as Lempervatures approached the optimum paint.
The fact that rate of byphal darkening might have been affected by
differences in the amount of light in the temperature chambers can-
not be disregarded.

There was a direet relationship between the eritien! temperatures
for growth and viability of the Isolates at unfavorably high tempoera-
tures. This was evident Trom the recovery made at 25° by eultures
that had been ineubated al 35° €. for 7 or 14 davs.  After 7 days,

' Adotter fram E, A. Awell, Forest Pradirets Laborustorles of Cupada, Otinwa, statesn part: "“Ihore ean
te no doubt of the fdendity of Lhe Swedish enltitre of O, toerwled Since 1L wis receiver direelly from Profossor
Lagerberz and has boen kept with our sigek ctltures svor stnen. 10 iy possible, hawever, that continois
growth on artificiy] medin coused vertain changes in the enllore, [ am net so sure of the ilentity of pur
v pullnre I, The grigioal cuiiore ident et forns iy Profossor Daeerherst as €7 eoera e Toenme so L -
inated and was Hsearded,  The gno sent (o you wasons of soverad al1ees freme Lhe saine pivee of wam! as the

identified culture, alk of which appeared 1o Ve the sume fungies, nltherght no messuremmends of the peritheein
of Ltha unidentiiigd cullures were mnde,™
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STUDIES OF CERATOSTONMELLAE )

Ceratostomella pilifera from California and (. coeridea from Sweden
were ne longer viable; after 14 days . coerwlea from Canada and
(. pilifera from Mexico failed to resume growth. All other isolates
eventually attained normal growth, but at rates that indicated a
definite carry-over effect for 3 to 4 days from the incubation at 35°,
The . pilifera isclates from Mississippi attained a normal rate of
growth most rapidly, followed by (. pluriannulata and ', pilifera
from North Carolina.

Loss of viability oceurred at temperatures only slightly higher than
the maximum points for growth. As mentioned above, € coerulea
and two cultures of (. pilifera no longer were viable after either 7
or 14 days at 35° C. After 2 doys at 35° the possibly abmnormal
(. eserwlea from Sweden failed to grow; after 7 days at 30°, growth
was resumed, None of the isolates except (' ips resumed growth
after 2 days af 40° One day nt 40° was fatal only to € coerulea
from Sweden and oceasional evlttures of (" eorrulea from Canada and
of . pilifera from Californin and Mexico. (7 ips failed to grow
after 7 <ays at 40°,

The effect of daily change of temperature on the growth of (7. pili-
fera and ¢ ips is shown in figure 4. The average daily increment
under conditions of constant temperatures is given for the purpose of
comparison.

It is evident from figure 4 that both organisms hecame adjusted
immediately to the new thermal environments and continued growth
at a normal rate, when the daily shifts were made between near
optimum and suboptimum temperatures from 5° to 30° C. In all
stich cases the daily increment was ueither significantly higher nor
lower than that of cultures maintained constantly at a given tempera-
ture.  However, when the cultures were subjeeted, in the course of
shifting, to temperatures slightly above the maximum points for
growth, a condition of retarded increment was evident for about 2
days. Thus, (" pilifera showed subnormal growth for 2 days at 15°
and 25° following incubation at 35° for | dayv. Likewise, (" ips
grew at a reduced rate at temperatures of 15° and 30°, after being
subjected to 40° for I day.

Hyenal PexeTraTioN a%p Deveropmest v Woop at DIFFERENT
TrmpPErATURES

METEONS

Blocks, approximately 1.8 by 2 by 0.7 inches, were quarter-sawed
from o fresh bolt of Praus eehiuata supwoad.  Tmmoediately after o
surface treatment of 5 sevonds in boiling water, the bloeks woere placed
in sterile Kolle Hasks und inoculated by means of a platinum loop
with a suspension of ascospores and conidia of ¢ eratostomella pilifera
{No. 3-3/3). The Uasks were then distributed in ehambers having
at the start 4° tomperature intervals from 4° to 36° (', Fluetuations
of 2° to 3° developed in the 20°, 24° and 28° chambers while the tests
wore In progress.

One test series, consisting of o flask with 2 heavily inoeculated blocks
at each temperature, was for the purpose of observing hyphal de-
velopment and the time of visible staining of the wood. A second

41730 47— 2
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Ceralosfomelia pilitera

L NORTH GAROLINA} Ceratostomelia ips
T T T 3 T T T T

I
o 5 10

05 1015 20 25 30 35 4D 15 20 25 30 35
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Figure 4.—Comparative average daily growth of two Petri-dish cultures of
Ceratostomella pilifera (left) and €. ips (right) on malt agar at different daily
temperatures and at constant femporatures,  The average growth of cultures
at changing temperatures is indicated by eurves and of those at econstant
temperatures {dnta from fable 2, p, 4) by bars. The successive daily tem-
p}(:ratures in degrees centigrade are indicated Ly the figures at the points on
the curves.

°




STUDIES OF CERATOSTOMELLAR 11

and larger series was intended for the study of radial and longitudinal
penctration of the hyphae in wood. In the latter series, cach fask
contained 2 blocks, 1 of which was inoculated on & tangential and the
other on a transverse surface. The blocks were inoculated by placing
& spore suspension in s marked aren on one surcface of the block
Either 3 or 6 flasks were incubated st each of the different tempera-
tures, the smaller number being used for the temperatures considered
less critical. After 24, 48, and 96 hours, 1 or 2 flasks were removed
from each temperature chamber, and the moisture content of the
blocks, based on oven-dry weight, was determined. Sections for
microscopie examination were then prepared from each block by
cutting out small cubes of wood at the point of inoculation. The
cubes were boiled immediately in water and stored in a 50-350 mix-
ture of glycerin and alcobol. ~ Usually 10 sections, 10 to 20 microns
thick. were cut from each cube; these sections wore stained in Pianeze
III b and, after dehydrating and clearing, were mounted in canada,
balsam,
RESULTS

The stages of development of (‘eratostomelia pilifera on blocks of
Pinus echinata that were incubated at various temperatures are
compared in table 3. The data are based largely on observations
made through Rolle Hasks with the unaided eyve; consequently, the
earliest vecurrence of some stages probably was not recorded.

TaBLk 3. - Type of development of Ceratostomella pilifera an the surfaces of Pinus
rehinala blocks incubeled for 3 to 20 days al 4° v 32°

Iy~
.il‘rgr ' Prevemgimzent at igdswied temperitee - 40,0
inoei- stes nf fanan-
lation Jroa !
trim-
her 12 2 Kt 25

Wolilte grom i n 7 S Sparse Sparar
Culormi hyplue n " [}] n /I
eritheest 1 " ] n i}

{.‘s‘l:lim«! wiehnl [ t ]

1 ] it
White prowih [f} " Mediom Teavy Heavy
11

(“tore) hyphae 0] Light Light Licht
l Purithers " 1 0 0 t
Shanoet] woend 1 " FIALTS Lighr Lighy ¢
White zrowrh i+ Spsaree Medium Hheuvy Henyy Heuwy .
J('u[nrp:l by pabise 1 ] Lixhy Heavy Houvy Heavy ¢
IPPI’{I}II'I‘I:l u " 33 Ligrht Lyrht Light
Srioed wonod " 1} Laghbn Muorfiam Hoavy Henvy
Whire orowil: i Sledan Heavy Heany Heasy Hunvy
Cilored hypshae 1] Laghe vy Heavy Heavy fenvy
Peritheei Lk it Abefinom Hepnvy Heavy Hoavy -
Stared woot ] Ll vy {leavy {leavy Heavy -
I\\'hltr- rrpwlh Spare Aedram Henvy Henvy Henvy Tenvy Hinvy
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The reaction of C. pilifera to different temperatures was in general
the same opn surfaces of wood s on agar. Differences were limited
to the absence of growth on wood at 32° C., the very slow appearance
of visible growth on wood at the lower temperatures, and the reiatively
slight variation in hyphal development between 20° and 28°. The
studies on agar indicated that 32° was below, but probably close to,
the maximum temperature for growth and that development was
distinetly slower at 20° than at either 25° or 30°. Microscopic
sectons showed some penetration of hyphae at 32° but neither
mycelizl growth nor staining was visible on the blocks afler 20 days.
At favorable temperatures, between 20° and 28°, colored hyphae and
Lght staining of the wood surfaces were visible atter 4 or 5 days.
Heavy steinmmg of the surfaces and development of perithecia were
evident within 7 days ut these temperatures. A decrease in tempera-
ture from 20° to 168° and from 20° to 12° resulted in delaying the
appearance of stain for 2 and ¢ days, respeetively. Only light
development of colored hyphae and incipient staining were observed
after 15 days at 8°.

The effect of different temperatures on the rate of penctration of
(. pilifera into sapwood of Pinus echinata is shown in table 4.  After
1 day, scattered hyphae, confined largely to the surface layers of the
wood, had developed only st temperstures between 16° and 28° C.
After 2 days, slight hyphal penetration was evident at 8° and 12°
but not at 32°. Penetravion was greatest al temperstures of 20°
to 28°: it reached 1.9 mm. in a redial direction and 8.8 mm. in 2
longitudinal direction. In general, penctration was three to four
times as rapid longitudinaily as radielly. After 4 days, scattered
hyphae were found in the surface cells of only o few sections of blocks
incubated st 32° and no growth was evident at 4° or 36°. Again.
the rate of penciration at the several temperatures between 20°
and 28° was variable, perticularly in a radial direction. Considering
all temperatures except 32°, penctration was three to six times as
great longitudinally as radially.

Although direct compnarisons between tables 2 and 4 are not pos-
sible nt most temperabures, a general correlation 18 apparent bebween
growth on agar and deveclopment in wood. At 4° C., evidences of
hyphal development were lacking both in wood and on agar after
4 days.’ However, at 8° slight surface penetration in wood was
apparent after 2 days, whereas no growth was recorded on agar
after g similar period.  There was a further differonce at 32°; growth
was evident on agar within 2 davs, but slight penetration in wood
was recorded only after 4 days. It appears from the moisture-content
determinations that there was little loss of moisture at the Iigher
tempergbures doring the ficst 48 hours, but that the trond was townard
lower water contents after 96 hours. Shght drving of the surlaces
of the wood at 32° could have been a lumiting factor in penctration,
even though total water content of the blocks indicated favorable
-conditions for growth.

In comparing actual rates of growth on agar and penotration in
wood, use 15 made of the radinl increment on agar vather than the
diametey of the mat. On this basis, it appears that growth during
the first day was somewhat more rapid on near than in wood at she

. § Reeordsof praw th on numr 2L 1°, 5%, aned 32° . were obtnined from a ypreliminnry series Hiat is not reported
in detail beeause some of Lhe inteninedinte lomperatanes vacicdl sxcessively.
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favorable temperstures between 20° and 30° C. However, after 2
and 4 days, the maximum Jongitudinal penetration in wood was
almost cqual to, and in several cases more than, the average daily
growth on agar ab all temperatures except 32°. Penetration in o
Tadial direction in wood was about one-half to one-fifth that of growth
On BEAL.

TasLe 4.--Penelraiion of Ceratostomella pilifera inio blncks of Pinug echinate
sapwood incubaled for different periods al different temperatures

Depth of peneiration * Aver-
: o : aEe
o b orem- . . L wais-
E';n;(‘} puriL [LETHAN : Longitudinal Hyphal developasnt ' %H::‘: 1?«;[ -
RY fure? |o— . T ! (0\"0!1-
Aver- { Maxi- |, Aver- I Maxi- - odry

age | wam : age | mum 1;85i8)
L o8 Mm. | Mwm, | Mol | M Percent
4 [} 0 0 R R e - I 110
8 0 & 0 a . 107
12 Q 0 0 ] e L T 103
15 L2 3 .1 L% { Very sparge; in surfoee Inyers poly . 109
1 0 .4 K ] .8 | Bpatse; in trachelds largely - ... o o
M ] 4 G .7 | Sparse: most seclions with nathing. 94
23 N 1 .2 .3 C o 07
32 Q 0 n 0 96
Kt )} 0 1} L NP S 101
4 0 0 1] 1 e e 108
L] 0 ] 1 .9 | Very sparse; in surfaoee 1o .. 108
12 ) .8 .0 1.1 | Hyplml develapment sparse and byaline LK
10 .3 1.0 kX1l 3.5F . do [ . w0
2 bt 1.3 1.7 5.8 0§ 105
H 1.4 .8y Al 6.0 107
28 IR 1.% 5.2 0.1 111
a2 it U i} G 103
L 30 ] 1] ] 0 0
4 ] 0 1] 1} meama ae . . e cnanan- 0l
8 4 .6 20 3.5 | Bparse; many seetions willy nothiog ... 103
12 1.5 1.8 4.5 7.0 | Ratller sparse; Dyphee hyaline. ... 106
16 2.4 2.8 5.4 10.5 | Fairly ahundoat; byaline ... ... . Lo
E 20 2.4 44 10.0 1.5 i Abandant; inletior hyphne hyalive ... . . i
24 2.8 3.2 0.0 4.5 il . e e e 85
28 a6 a4 LD G |.. -de L. e [, 95

a2 1 L4 _G .2 | Wrery sparse; mosl, sections with nothing. 81
E o3 0 0 a Lol L e e 03

. [

1 The 202, M0, nnd 2 C. ehambers Suctunterd within n range of =2%,

t Each fignee based on mensurements of 10 to 40 geelions feom 1 or 2 hlocks, the Iatter usually, Average
penctenlinn eqbuls o avernge of the muxiniem penetration in pach of the bloeks of & series, Maximum
penctration vquals the greatest pengtration recorded 0 any of the blocks ol series.

TeMreraturEs 1N PiLeEs o UnseasoNED LumBER
METHODS

During the summer of 1932, air temperatures were recorded in and
around piles of lumber seasoning at three southern sawmills located
at Couchwood, La., Natalbany, La., and Hettiesburg, Miss. This
general region is onc of important blue-stain occurrence and high
summer temperstures. The readings were taken between 10 a. m.
and 3 p. m. on days that were clear except for occasional clouds.
Commercial piles of pine lumber that bad been drying for less than 1
day to 40 days were sclected. Partially or fully seasoned piles were
usuelly adjacent to those in which temperaturcs were recorded.

All records inside of the piles were taken on the top surface of the
board adjucent to the outside board, and at a point 4 to 6 feet from
the front of the piles, The heights tested were 2 feet above the
bottom, midway, and 2 feet below the top of each pile. The tem-

[ e e
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perature of the surrounding alr was recorded in the shade at a distance
of i to 2 feet from the pile, and at the same levels as the pile readings.

Seventeen piles of lumber, each having one series of temperatures
taken for any 1 day, are represented in the comparative results.
Some piles were used for only one series of readings and others_for
several series on different days. For purposes of presenting the
results, the tempergtures recorded for piles of approximately the same
ages are averaged. In the group representing piles 1 day or less in
sge, all readings concern different piles; for groups covering a range
of several days in age, several readings on the same pile are repre-
sented to some extent in the averages.

RESULTS

The temperatures that were recorded in and around piles of lumber
seasoning at three southern sawmills are summarized in table 5. In
presenting these results, it is reslized that s number of factors, in-
cluding size, type, location, and age of pile, as well as time and place
of observation, would have to be considered In any detailed study of
temperature variations in piles of lumber during seasoning. Never-
theless, the data reported herein are believed to Indicate whether high
temperatures are an important limiting factor in the discoloration of
unseasoned lumber.

TAnLE 5.—A comperison of temperalures outside and within piles of soulhern pine
lumber of different degrees of dryness

Avoerepe temperature in different leeations  (Hiphest tempwrarires recorted

g

Top . Midway ;1 Botlem

H 1
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A g of piies
(daya}
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The average of temperabures for the respective bested locutions
within the piles ranged from 1.3° to 6.1° C. lower than those of the
surrounding aiv. The differences were least toward the bottom of
the piles in most cases. Noticeable also is the general trend of smuller
differences between outside and inside temperatures as the age of
the piles increased; there was o $.1° C. difference in the upper portion
of piles that had been stacked less than 1 day, as compared with a
2.4° difference in piles of 30 to 40 days in age.

The highest temperaturc that was recorded within any one pile
was 31.5° . This pile had been drying for over 30 days and in all

robability was no longer susceptible to stain. In piles that were
ess than 18 days old, inside temperatures seldom exceeded 28°, but
in one case they reached 30.6°. In contrast, the outside temperatures
usually were above 30°, and in one case reached 35.2°.
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Both outside and inside temperatures decreased toward the bottom
of the piles. This would be expected because of the downward and
outward movement of the cocl air resulting from cvaporation of
maoisture from lumber.

In this study, the inside temperatures were recorded on boards that
were adjacent to the outside boards in the pile. It is probable that
such temperatures were somewhat higher than those that would have
been recorded farther within the pile. On the other hand, the out-
side boards undoubtedly were subjected to higher temperatures than
those recorded; however, any effect of temperature on stain develop-
ment in such exposed boards would be greatly overshadowed by the
influence of rapid drying.

Discusston

Among the factors that might aflect growth response of fungi at
different temperatures are the substratum, time of making ohserva-
tions, thermal history, and the favorableness of other epvironmental
factors.

Considering wood-inhabiting fungi only, Wolpert (22) reported that
optimum temperatures for growth varied to some extent with the sub-
stratum. However, the differences in reaction were not of sufficient
magnitude to preclude grouping the organisms tested into certain
thermal classes. Correlations between the rates of wood decay and
myceclial growth on culture media at different temperatures were
attempted by the author (14). Temperatures that were favorable
for myvcelial growth were likewise conducive to rapid deeay, but
whether the cardinal temperatures or relative rates of growth were
the same on agar and in wood was not determined. Giumann (6)
recently reported that the optimum temperature for vegetative
erowth of two wood-rotting fungi was 2° to 3° C. higher than that
for decay of wood. In compsaring growth and respiration rates at
different temperatures, Lelimann and Scheible (12} found that with
a given amount of substratum, respirstion might continue to increase
at temperatures above the optimum for growth. Decay of wood
was believed to proceed at the greatest rate under thermal conditions
that were most favorable for the growth and ramification of the
hyphae. Scheffer and Livingston (17} suggest that the optimum
temperature for decay may be expected to lie somewhat above the
optimum but considerably below the maximum temperature for
myecelial growth. Although this difference in optima for growth and
decay apparently is considered slight, they pemnt out that it might
prove greater under conditions in which growth of the fungus into
unoccupied wood represents only a4 small part of the total activity
of the organism.

Ne¢ sipnificanl differences were deteeled in the present stwdy
between the growth-temperature velations of f'eratestomelle pilifera
on malt agar and on wood. Penciration of hyphae and discoloration
of wood were greatest at temperatores that also favored mycelial
growth on agar, The average longitudinal spread in wood over s
period of 4 days was in general close to the average radial increment
on agar at given temperatures. There was some evidence that the
thermnl range for rapid penetration and staining of the wood was
bronder than that for rapid mycelial growth on agar, and that
establishment might oceur somewhal more readily in wood than on
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agar at the lower temperatures.  The searcity of penetration at 32° €.
might indicate that maximum limits are lower on wood, but the
possible influcacing factor of surface drying of the wood cannot be
disregarded at this temperature.  While recognizing that slight vari-
ations may ocecur, it is believed that the temperature relations of
(". pilifera_are practically the same en wood and agar, and that
growth of this organism in wood under diffecent thermal environments
can be determined with sufficient aceuracy for most purposes from
comparative tests on agar,

Changes in the growth-temperature relations with time have boen
reported for several groups of fungi. If the factor of time is im-
portant, the effect of it would secm to be particularly evident in
comparisons of growth of wood-rotting organisms for short periods
on agar as against deeay of wood during periods of several months.
In such ¢ases, however, the possible offeet of differonces in substrata,
as well as in time, would have to be recognized. Hurmphrey and
Siggers (9 reported that for 7 of 21 fungi studied, the optimum tem-
peratures for growth on agar shifted to lower points with increase of
incubation periods.  This change suggested that the optimum tem-
peratures for decay of wood over long periods might be lower than
those indicated by the agar tests of short duration. The author (14)
voted that for 1 of 3 fungi studied there was a slight reduction in
growth on agar and decay of wood with time at the higher temper-
atures. In the present study with Cleratostomella pilifera, there was
no definite periodicity in growth rate, as suggested by Lagerberg ot
al. (71) for certain staining fungi. Furthermore, there was no
apparent shifting downward of optimum and maximum temperatures
for growth on agar or in wood with increase in time of incubation.
The rapid development of most staining fungi on wood, as well as
on agar, would make the factor of time less significant than might be
true of many other wood-attacking organisms.

Data have been lacking on the effeet of prior temperatures and of
fluctuating versus maintained thermal conditions on the growth rela-
tions of wood-staining fungi. In the present studv. the subjection
of cultures of (". pilifera and C. ips to daily changes of temperature
within the range botunded by the optimum and minimum points for
development resalted in neither stimulation nor retardation of
growth. Departures from characteristic growth under conditions of
constant temperatures were evident onlvy when the cultures were
subjected, in the course of the daily changes, to temperatures slightly
above the maximum points for development.  Ineubalion for 1 day
at unfavorably high temperatures resulted in retarded growth of the
culture for about 2 days in mare favorable thermal environments.
Such evidences of retarded growth, which might have been due to
killing of the actively growing hyphae at the margins of the cullure,
were most pronounced for the organisms with the lowest optima.
Except for the retarding or killing effect of temporary exposures to
supramaximum temperatures, it is doubted that important variations
in growth reaction of these organisms result from changing as com-
parced to maintained temperatures. 11 is realized that differences of
short duration might have heen obscured in the daily measurements
employed in this study, and that the daily and sudden ehanges of
temperature are not Lypical of the fluctunting conditions occutring
naturaliy.
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There was a direct relationship betweon critical temperatures for
growth of the isolates and viability at unfavorably high femperatuves.
In all cases, the isclates with the lowest optima were the first to be
killed and the last to recover from incubation at 35° and 40° C,
Likewise, the highest maxima were possessed by those isolates with
the highest optinum points. A comparison of the work on wood-
destroying lungi by Liese (18} and Cartwright and Findlay (7) shows,
accordmg to the latter, that the group with low optima are in general
the most sensitive to killing by heat.  Humphrey and Sigerers (9)
apparently found no consistent relation hetween the maximum and
optimum temperatures for growth of a large number of Hymenomy-
cetes, although their dala show a direct correlation for most of the
Specics,

The limiting effect of extremoes of temperature on the distribulion
of wood-inhahiting fungi has been mentioned by Cartwright and
Findlay (7). They ebserved that fungi that are of wide occurrence
have a broad temperature range.  Farthermore, dominance of species
I an environment in which vther factors are equatly favorable was
believed 1o depend on the relative rates of growth at difforent tempor-
atures,  The use of only three distinet specics, the lack of data on
the relative frogueney of their occurrence, and their predilection for
dillerent wood substrata make comparisons along the above lines of
little vatue in the present stady.  Iateresting to note, however, was
the occurrence of thermal sirains of Ceralostomedla pilifera which
differed 2° to 4° in oplinunm and smaximum temperatures for growth,
All cultures obtained from the warm southeastern seetion of the
United States were in the bigh-temperature group,  C. coorulea from
Canada_conformed closely in growth to the low-temperature aroup,
which also seems to be teue of 7 coerdea in Burope (11, Dilferences
in_scasonal and regional distribntion and prevalence of Uhese and
other staining fungi prohably are Lo be expeeted from the variations
shown in eardinal points for development. Roecent studies by Vereall
(211 show a general correlation between the seasonal froquency of
staining fungi and their growth in relation to Lemperature,

On the basis of the presenl work, high temperatures, as they oceur
naturally, are not considered an important limiting factor in the dis-
coloration ol lumber during seasoning.  Althoueh  the cardinal
temperatures of other stenins and staining species probably are not
within the limits of the determined ones, it does not seem probable
that many of the common diseoloring organisms have optimum and
maximam poinis much below 23° and 30° O respeetively.  The
studies in southern lumber vards indieated that air Lemperatures
around piles of lumber are often aliove the maximum {or growth of
staining fungi, but that temperntures within the piles of drving lumber
ustally ave favorable for rapid stain development. These records
were taken during warm sunmmer moenths in o resion where tempoer-
atures are probabiy as high as in any other locality of impostant stain
develepment in the United States. Temperalures unfavorably high
for growlir undoubitedly ocenr at tines on the (op courses and outside
boards of unseasoned piles, and also throughout piles of dried lumber;
however, stain development usually is precluded under sueh conditions
as & result of rapid loss of moisture from the wood.  Within the limits
of maisture eontent favorable for growth of these fungi in wood, loss

417350 -42. .——3
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of water from wood continues and is sccompanied by the cooling
effect of evaporation; if evapovation ceases, a moisture cquilibrium
between the wood and atmosphere has been reached and staining is
unlikely, regardless of temperature conditions. The principal offects
of high temperatures probably arc those of retarding growth and
recucing inoculum on exposed surfaces of humber and logs, and of
influcncing the relative development of different staining species that
vary in their temperalure relations.

The importance of low temperatures in retarding and inhibiling
stain development varies with the Jocality and season of vear.  Mini-
nmum poinls for development of the several specios of ¢ eratosiomella
employed in these studies were in the region of 4° and in one case
between 6° and 8° C. Other species probably have somewhat higher
minimum points, although few, il any, would be hkely Lo exceed 10°
as a lower limit.  In the Gull States region, low temperatures during
tire cooler months weuld be expeeted Lo retard, butl seldom inhibit,
stain development for extended periods.  In suel northern regions
2s the Lake Stales, cessation of staining would seem to be the ease
during moesl of the winter scason. Such conclusions are clearly
corroborated by practieal experience in the two regions.  1n the Gult
States, losses due to discolovation are encountered throughout the
year, but, with favorable moisture conditions, are likely to be more
severe in the warm summer months.  Control treatments are applied
thronghout the year in much of this territory.  In the Lake Siates,
seasonal variations in stain oceurvence are partieularly proncunced,
and definite efforts al control are expended only during the warm,
moist periods,

It is appavent from fiekd observations that the elfeetivencss, as
well as use. of preventive methods is influenced by lemperatore in
relation to growth of staming fungi. Wheve temperafures of 20° (o
30° C. prevail, incansistent control of stain is ohtamed if the applica-
tion of antiseptic dips or sprays to the surfaces ol lumber is delayved
for more than 2 days aller sawing. AL 5% or 10°, the elfeetivencss of
siteh treatments is litQe impaired by a similar or somewhat longer
period of delay in application,  Differences in the rate of penetration
of the oveanisins at various temperatures might Iikewise influenee
the eifvcliveness of other methods of control.

Ceratostomelia ips, which oceurs in common assoecintion with tree
and log-attacking beelles, had the highest eardinad temperatures and
most rapid rate of growth of any of the iselates studied., The opti-
mum temperature for growth of this species was elose 1o the maximum
for development of the other isolates.  Avaslable literature does not
disclose whether the staining specivs associated with inscets usuaily
are of a high-lemperature and rapid-growing type.  Temperalures
under bark, particularvly of logs iving in the sun, often exceed Lhose
of the nir, sl at times would preebide the development of many
slaining fungi,

MINIMUM MOISTURE REGUIREMEATS FOR DEVELOPMENT
OF CERATOSTOMELLA PILIFISRA

Moisture is the most conunon timiting fretor in the devoelopment of
staining fungi in woad.  Unless storage of wood wndder water is prae-
tieable, iInformation on the niunimum moisture requirenents of slain-
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ing orgsnisms is of greatest usefulness in the development and
application of control measures. Previous investigations have empha-
sized the minimum points, and the following review of literature is
confined f{o this phase of the moisture problem.

Minch (#5) veported only slight development of (‘eratosiomella
coerules in wood of Pinus sylvesiris L. with moisture contents in the
region of 28 percent, oven-dry basis. He apparently considered 28
percent as being close te the lower meisture limit for the growth of
this organism. Moistwre gradients In the experimentnl materinl
throw some doubt on the opinion that shight discoloration is paessible
without the presence of free water in the cells.

Lagerberg et al. (717 used sections ol pine and spruce that had been
partially sterilized at 50° €. The mimmum moistare content for (.
coeruleq proved to be slightly below 27 percent, oven-dey basis. The
limit for Endoconidiophora coerulescens was some what higher than that
for most of the species studied.  No cffect on lower moisture vequire-
ments resulted from the partial paraffining of the surfaces of the
experintental material.  They concluded that stain development at,
or immediately below, the fiber-saturation point was of no practical
significance, and that free water in the parenchyma cells was necessary
for important discoloration of wood.

After analyzing data from his own and other investigations. Huberd
{8} concluded that little development of any of the sap-stain [ungi
occurs at or below 20-percent moisture, oven-dry basis.  The rvesults
of a number of stiwdies emploving several discoloring species and kinds
of woot were presented in tabular form.  Mintmum moisture limits
were shown to vary from 25 to 60 porcent in the several tests; diffes-
ences were great oeven for the same {ungus on a given wood.

Colley and Rumbold (31 tested Ceratostomella pitifera on sterilized
Pinus taede sticks in which a moisture gradient was established during
the incubation period,  The lower imit for staining was believed to
be approximately 24 percent, but a moisture content of 20 pereent
was suggested as a practieable snd safe working hmit,

Jussia (/0 reported that expor! lumber with less than 24 percent
moisture at the time of shipment did wot discolor in transit.  Con-
siderable stain was encountered I lumber that had move than 24
pereent of moisture al the time of loading. or that was exposed to wet
conditions during transport.

According to Vanin {203, Lebedey veported that there was possible
stain development at different moisture eontents, oven-dey basis, as
foliows: 22 to 33 pereent for Cerafostomella cocrulen, 28 to 33 pereent
for (7. pint, and 30 to 33 percent for (7. picege.  No stain development
was reported for . coerulea at 22 peveent, for (7 pini al 28 pereent,
and [or . piceae at 30 percent.  The details of Lebedev's experimental
procedure and interpretation of vesults are nol wvailable.

Most of the previous work ¢id not permit accurate control or deter-
mination of the moisture content of the wood during the initial stages
of penotration of the staining fungi. 1o the present study, methods
differing from those used previously were employed in determining
the critical lower limit of moisture for penctreation of (" pilifera into
Pinus echinata sapwood. The manoer in which meisture content was
controlied is considered loss subjeet to error than the earlier metheds
of dryiug wood to various degrees and attempting Lo maintain con-
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stant moisture conditions subsequently, or of setling up moisture
gradients in moist sticks with, or without. one end in water.

MurHops

Blocks, approeximately 1.5 by 1.3 by 0.3 inches woere cut from un-
mfeeted Pinns eekinate sapwood shipped in log form (rom Louisiana.
Transverse speeimens were made beeause moisture changes and funeus
penetration in wood are more rapid longitudinally than either radially
or tangentially.  The blocks were brought to moisture equilibrium in
a room with autematieally maintained relative humidity of 63 percent.
They were then placed in stoppered flasks and steamed in an auto-
clave Tor 20 minutes at atmospheric pressure,  The blocks were
tistributed ameng eight farge airtight desieeators, cach of which
contaimed a saturated solution, with excess ehemiceal, designed to give
o oseries of maintained relative humiditios in the space above the
solutions.  These solutions are listed in table 6, Wire sereons
suspended about 2 inehes above the surfuee of the liquid kept the
blacks from Dbecoming moistenced,  The desieeatoms, solutions. and
sereens were stevilized before Inserting the blocks, as a precaution
asainst Inter conlamination ol the wouod.

Three blocks intended Tor controls and three Tor later inocclation
were transferred tler a= azeptic conditions as poessible from the ster-
ilized flasks o each desiceator. The desleestors wore stored 1o room
maintained at w temperature of approximately 253 Ater 5 days,
2 of the bloeks in each desteentor were remuoved and thelr moistare
contents were determined. Three of the remainine four blocks were
inoeulnted by transferring with o small needle aseospores aul conidia
of . pilifera (Noo 3331 to one of the blocks, and droplets of a spore
suspensgion in sterile distilled water to the other twa.  After 10 days
the oven-dey moEture eontents of the three inoculated and one
control hlock were determined, and small cubes wore then cut from
the place of inoealation for seetioning purpeses.  [Iyphal penetration
and development were defermined by microscopic examination of 12
gsections {rom eael, bloek,

A second geries war established in which fewer chemieal soluttons
wore used, and the bloeks were not subjeeted to o prelininary ster-
ilization (reatment: otherwise, the methods were simile to those
de eribed ahove,

Resvurs

The data on the development of Ceratostomedln pilifira in small
blocks of Pians relorate sapwoad maintained Tor 10 davs al ditferent
moisture contents are summarized intable 6,

The moisture contents resched in the bloeks were not i all cases
the expeeted ones lor the chemienal solutions used: nevertheless a
laicky satisfactory range was obtained in the region of the eritienl
points.  Close similarity on the whole s evident between moisture
contents al the time of inoeulation and at the comploetion of the test,
The wercenwent fudientes that an equilibriom of the wood with the
air had been reached wt the time of inoculation and that approxi-
mately the same water content was maintained (hroughout the in-
cubation period.  Altheugh dilferences gre seen in the moisture per-
centages of the six blocks in each series, the greatest deviation (rom
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TabLk 6.—Development of Ceratostomella pilifera in small inoculaied blocks of Pinus
cchinala sepwaod mainlained for 10 days ai different moistiire conlents

Moisture . ;
Microscop-
Selutions determivngrelative humidity w&":,fé‘sor ie goctions

of atmosphere surrounding blocks, ! {oven-dry showing Remarks
time of examination, and treatment wolght hyphal
basis) presence !
Dipotassium phosphate (KaflPCu): Pereent Pereent r
Mal. .o
Al inccwletion.. . . oooe e Ygi T
At and of Lest:
12.2

Q
Inoculated . | . ... 0 }h’osur!ncuur inLerior growth,
1]
|t}

Check.. .. . ...l
Potassivm chloride (K0:
At ingeadation. . ..oocceeeeeoae o .
At end of test:

Inceulated. . o cceicnninn oo 1 g,

T o — ——y

Cheek. .. . R
Potassinm chromnte {K:Cro:

Alingenlation.. .. ... ..
A end of test:

Inoctiated. .

0]

0 _r} Ta.
gl

a

Avend of 1est:

Atimoculation. .ol l
Inoculated.. .. .. .....e. ..,f

(I

Cheek . . . ...l
Sgdinm suliate {NeS04:
Alibeculation . . . L.
Arend of fest:

'
H T S (Jl g i} Ia.
Check..... .. ol I
Spadium dibasie phosphate (NnatiPO,.-
12E130):

i 4
Atinoculstion ... ... { ;T .
At end of test: b .
. 2.1 o Surface growth visible only in bloek
i ) with M-percent maisiire.,
Ineculate:). . e el oy 0 No stain.  iyphae in wood spurse,
i as g ! sn || stert, thick with stubby protuber-
i "1 wnees,
Check .. . e dn e 247
Polassium suliate (K804 vy
At lnoculation e ‘{ :.-'.ii]T sl
At end af test: :
. 4! 10¢ 1{C'atlony surface prawth bt no visible
Inoculpted. .. ... . . { HMTE 100 i< stnin,  Hyphee mostly hyaling, fairly
' 285 i 100 { shundani {n reys and trackieids.
Cheek. . ) 235! 0
Waler {1130} i ’
. 3 LT
Atfnoculatien ... .. . . L L ]{ |0
Atend of test: !
‘l w9 10 [ Wood visibly stnined.  Brown hypbas
[noctlated ! R o ahundant in wood ruys and tra-
T T ) : '—;;' & e clieids, partienlarly in blocks of 34,5
: T undl 2.0 pereent mojsiure.
Cheek .. Lo 47, 4 ]

1 2 blocks B enelt series were used only to dererming approximate moistiuee contenta of Lhe blocks at
the time of tnoculation.

* 12 mitroscopic sectlons were exarmbingd frem each of Lhe 4 blocks, The fourth block o vach series is
an nningeulated chock, nene of which shewed surfsee or {terlor growth,

PR
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the average within six of the seven series employing chemical solutions
was less than 2 pereent, and in four of them, npproximately 1 pereent.
Unsatisfactory control of moisture content was obtained over water,
three of the blocks being close to the fiber-saturation point and the
remaining three from 5 to 20 percent higher.  Absorption of some
water of condensation and wetting in the case of one block undoubtedly
were factors in these differences.

Visible staning of the surface was noted only i the blocks exposed
to a saturated atmosphere over water. There was a cottony gprowth
of white mycelium on the bloacks ranging from 24.4 to 28.5 percent in
meisture in the potassium sulfate sertes.  Sparse mycelium developed
on the block with 24-pereent meisture in the dibasic sodiam phosphate
series, hut no livphae were evident on the blorks having 23.7 and 23. 1
percent of molsture.

Hyphae were observed in the ravs and tracheids of seettons taken
from blocks having 23.1 percent and higher moisture.  In the block
having 23,1 poreent of moisture, only a few short filaments were found
close to the point of inoculation in two-thirds of the sections. At
moistiare contents sbove 24.4 percent, hyphae were [airly abundant
in heth the wood rays and tracheids. The wninocuiated check
blocks lor all series showed no interier or exterior evidences of fungus
growth.

Hyphal appearance and distribution in the wood cells varied consid-
erably in blocks of different moisture contents.  Mature brown
hyphae, which result s discoloration of wood, were relatively abun-
dant at moisture contents above 28, infrequentat 27 Lo 20, and absent
below 27 percent.  Hyaline filaments were well distributed through
mys and teaclieids at moisture percentages ahove 24.4. At the
eritieal meisture contents of 23 to 24 percent, hyphal growth was
limited to o sparse xerophytic tvpe, which had penctrated onlv a
short distance Drom the moculated odge of the sections. The fila-
ments wore short, thick, heavyv-walled i appearsnee and had stubby
protuberances rather than definite braneh development.

Becanse of contaminalion, defimite rosults were not obtainnbie from
the serios of lests in which unsteritized wood bloeks were used.  The
bloclks apparently had been exposed Lo Bhizopus sp. before being placed
in the desieeators. T appeared from the imited data that the mini-
mum moisture limits were not signifieantly different from those in
weod given the fairly mild heat treatinent. Likewise, no determinable
differestee in resulis wos oblnined o the use of dry spores and minute
spore suspensions as ineculum.

Discusston

After 10 days, slight development of Ceratosfomella pilifera in short-
fenf pine sapwood was noted ol moisture conlents between 23 and 24
percent, oven-dry basis.  Flowever, il is not helieved that Lyphal
development under such conditions would have progressed to the
discoloring siage. Al moisture contents between 24 and 23 pereent,
hyaline fibunents were well distributed through the wood rays and
trachoids and gppeared fikeiv to continue development to maturity
with longer meubation periods, Above 27 pereenl i moisture
contenf, tie blocks contuined mnture hrown hyphae and ususlly were
vistbly stained ut the end of 10 duys of incubation.  The conelusion
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reached is In close agreement with that reported by Colley and Rum-
bold (3)-—that a moisture content in the region of 24 percent is the
fower limit for staining of wood caused by C. pilifera.

Doubt has existed as to whether free water in the cell cavities of
wood is required for stain development. Most investigations, includ-
ing the present, have found the minimum moisture linis to be in the
region of the reported fiber-saturation poirt of the wood (274 per-
cent). The fiber-saturation point is nol a defintte and constant value,
but varies to some extent with different woods and treatment of the
wood. It is generally aceepted that it canmot be reached in an un-
saturated atmosphere. Wood incubated in atmospheres of high
humidity, but not saturated, showed fairly abundant penetration of
hyphae; however, there was visible staining during the incubation
petiod of 10 days only in blacks exposed to saturated atmosphores
over water. Although free water apparently is not essentinl for
limited hyphal peneteation and development, and possibly slight
staining over an extended period of time, it seems evident that
significant staming from a practical standpoint occurs only when the
wood is at or above the fiber-saturation point.

Insuffieient meisture has never been considered a factor in the usual
absence of stain development in the sapwood of living trees.  Most
investigators are inclined to aseribe this condition to excessive water
contents instead (8, 15). With certain tree species m which 150
percent or more moisture i the sapwood is not uncommon, this
explanation undoubtedly holds true in part at least, although other
possible contributing [actors cannot be disregarded eatirely, [n the
ease of heartwood 1 the living tree, msufficient moisture has been
mentioned as one of the possible reasous for the absence of staining
fungi (8, 77). This explanation is believed untenable for most
species In that heartwood in the tree is usually, if not always, at or
above the fiber-saturation point.  In addition, relatively high water
contents are not unconimon in unstained heartwood exposed to moist
conditions of stornge and use. The absence of sugars, starches, and
other materials in the parcnchyma cells or the presence of inhibitory
extractives is considered a more probable influencing fnctor.

It has been suggested (8, 8) that a moisture rontent of 20 percent
in wood be considered a safe and practicable working limit for control
purposes. Sueh a limit is considered reasonable even though mini-
mum moisture conlents for statn development undoubledly vary to
some extent for different organisms and for woods with different
fiber-saturation points. Concerning the offect of different wood sub-
straia on moisture relations, Snell (18) reported that the aptimum and
maximum moisture contents for decay were inversely proportional Lo
the specific gravity of the weod. Whatever reintions exist for wood-
decaying fungi in this connection might rensonubly be expected to
hold for staining fungi also. It is improbable, however, that mini-
mum moisture requiroments are wiluenced by speecific gravity tosuch
an extent as are the optimum and maximum points.

Wide use is made of the minimum point for stain development in
control efforts that are directed ol regulating the moisture content of
wood. The maximum peint s of practical uselulness principally for
logs and large timbers that ean be stored under water. Whiwe
moisture contents below the minimum are reached oventually in
air-seasoned wood, the determining fuctor in stain vecurrence is the
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rate at which the wood dries. The rapid penetration and subsequent
development “of discoloring Fungi vequire that the drying rate be
fairly rapid if staining is to be avoided. Under cerlain conditions of
drying, wood may come to, or below, fiber saturation af the surface
but retain a high moisture content in the interior. If this oecurs
after the staining organisms have penetrated into the interior but
while the hyphae in the surface layers are still in the hyaline stage,
n type of discoloration known as “inlerior stain™ may develop.

Wood that has heen dried below the fiber-saturation point is still
subject to discolorntion upon remoistening. The relative suscepti-
bilitv of remoistencd and frosh wood varies [or different orgonisms,
woods, and methods of handling the wood (17). Discoloration of
seasoned wood that is placed under moist conditions of use or storage
is not uncommon. In the case of export shipments, Jussila (70)
reported that stain was common in dry lumber that was exposed to
moist conditions at the time of leading and unloading, in the holds,
or on deck during transport.  Similar observations have been made on
shipments of lumber {from the Gulf States.

PENETRATION OF CERATOSTOMELLA PILIFEERA INTO WOOD
AND ITS RELATION TO CONTROL PROBLEMS

It is generally recognized that stoining fungi concentrate in the
parenchymatous elements of sapwood and require the contents of surh
cells ns 1 ready source of food. While hyphae are not uncommen in
the tracheids of coniferous woods, they are primarily massed in wood
rays and resin ducts. In wood that is stained thoraugzhty by some of
the common Ceratnstomella specivs, parenchymatous cells sometimes
arc decomposed to the extent that structure is ohliterated.  Tracheids
usually are left intact except for occasional bore holes in the walls.
Passage of the fungi from cell to cell is often through pits in the radial
walls, but direct penetration of the tangential walls of tracheids is
hol uncemmon. The mechanism of penetration is a disputed point;
Lagerberg et al. (71) believe penetration is accomplished ordinarily
by nwechanieal means, whereas Hubert {8) considers secretion of en-
zymos by the lyphal tips as a more probable explanation, The
constriction of hyphae in forcing passage through pits and walls and
the ocourrence of swellings st the points of entrance and emergence
are common for sonie species, bul apparently not for all.

Information un the rate of penelration of staining fungi into wood
fins been Hinited largely to general indications yielded by studies of
(aclors affecting stain development.  Minch (15) reported an average
longitudinal growth for €. pini of i to 10 mm. per duy. There was
little or no penetration in [reshly eut wood, but complete penetration
within 10 to 12 days was obtaned in cross sections, § ee.in height,
after a loss of water equivalent to 10 lo 15 pereent ol the weight of
the wood, Lagerberg ot al. (77) present some general fizures which
ndicate daily radial rates of penctration of the magnitwde of 1 to
1.8 mm. for (. coerulea, und 2 Lo 2.5 mm. for C. pini, under favorable
or semilnvorable conditions [or growth. Creatly reduced rates of
penebrietion were indicnted for both erganisms as moisture, oxygen, and
ther conditions affecting growth beeame less suitable.  The relation
of tempernture to the rate of penctration of €. pilifere into pine sap-
wood has been cousidered in the present bulletin
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The purposes of these studies were to determine rates of penetra-
tion of C. pilifera in the different structural planes of pine sepweod,
and to use such date in ascertaining how soon chemical treatments
must be applied to f{reshly cut wood in order to obhtain efficient
eontrol. The occasional fatlure of chemical-control measures that are
in wide commercial use has sometimes been the result of delayin
treatment unty the stzining organisms had pencirated beyond the
depth reached by the antiseptie sohution

Rate oF Hypnan Penerramion Into Woon

METHODS

Sapwood blocks, 2 by 2 by 2 inches, were quarter-sawed from an
uninfected log of Pinws echinate that averaged sbout five growth
rings per inch. Care was taken to obtain as true radial, tangential,
and transverse cuts as possible.  All surfaces of the blocks except the
one to be inoculated were dipped immediately for a few sceonds in
a hot bath of paraffin {(about 100° C.), followed by transfer to a cooler
paraffin bath (about 60° C.). Single blocks were then placed in
sterile 2-quart jars that had been plugged with cotton and sterilized.
The blocks were inoculated by placing & spore suspension of & mono-
sporus culture of Ceratostomelle pilifere in & small area in the center
of the surface t0 be tested. The jars were distributed between two
rooms maintained at 60 and 90 percent relative humidity and =
temperature of 25° to 28° C.  After incubetion periods of 24, 48, 72,
96, and 288 hours, siv jars, containing bloeks inoculated on the three
types of surfaces, were removed from each room. Microscopic
sections were madoe from smell cubes that were cuf from the blocks
at the place of inoculation. The maximum penetration recorded in
all blocks of & piven series and no average of the moaximum peneteation
in each of the bioeks of 2 series, based on the examination of 10 sectious
from each block, are used in presenting the resulis. Moisture con-
tents of the large blocks were determined from samples talen adjacent
to the area from which the cubes were removed.

To compare penecération from springweod and summerwood sur-
faces, 16 blocks, 2 by 1.8 by 0.7 inches, were cut in such & maunner that
wide bands of either springwood or summerwood were exposed on the
tangential surface. The blacks were taken from a single bolt and
from the same annusal rings insofar as possible. Half of the blocks
were either surface-sterilized in boiling water for 5 seconds or auto-
claved for 15 minufes at 15 pounds’ pressure. Four blocks of each
series of eight were then inoculated on either a summerwood or &
springwood surface. Ineubation was for 84 hours in a room main-
tained 8490 percent relative humidity and a temperature of 25° to 28° C.

RESULTS

The data for the blocks incubated at 60 and 90 percent relative
humidity are grouped because no significant difference in hyphal
penetration or moisture content of the blocks could be detected.
The average moisture contents of the blocks after the several incuba-
tion pcrimfs, based on six specimens in each case, were 104, 98, 108,
105, and 100 pereent in the room at 90 percent relative humidity;
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and 106, 107, 96, 102, and 96 percent in the room at 60 percent relative
humidity. 1t is obivous that the method of handling the blocks
permitted little loss of water, even after 12 days.

The depth of radial, tangential, snd longitudinal penetration of
Ceratostomella pilifera in blocks incubated for 24 to 288 hours is shown
in fable 7. Although penetration varied considerably in different
sections from & single block, and oceasionally in different blocks of
3 given series, the rates shown are typical of the great mass of the

ata. .

Tanre 7—.: comparison of redial, tangoniial. and longitudinal penetralion of
Ceratostomella pilifern inte Pinus echinata blocks incubated for 24 to 288 hours
al 26° te 28° C,

Penelration !

Incubation’ | ; i
perind Tangential Radial Longiiudinal Remarks
Thmarsl e i e e .

Awver-  Maxi- - Aver-  Maxi- - Aver-  Maxi-
age . mum age mutn age mum |

Mmoo M. Mm. - AMm. Mm. , Mm,
0 0. : X

0, 0 0.3 0.3 Q.4 0.7 © o roegsurahle tangentlsl penetration.
L3 .4 1.2 1.4 5.5 | 6.0 Tangentinl }l)cnetmtiun SPUCSC.
.8 . N 1.7 2.0 0.8 11§ . All hyphae hyaline.
11 1.3 30 5.5 16.0 17.5 - Interigr hvphae hyaline.
6.0 8.0 10.0 12.0 45.0 51,0 Brown hyphac prezent in il cases.
i

! Based on the microscople examination of 20 to 40 sections from 2 to 4 bloeks in ench case.  Aversge
pepctration equals sn average of the maximum penetration in each of Lhe blocks of 8 series.  Maximum
penctration equals the greatest penetration reeorded In any of the blocks of a series.

Definite daily rates of penetration, which were maintained through-
out the several incubation periods, are not apparent in table 7.
Haxcept for the first 24 hours, however, the data indicate an approxi-
meate daily rate of 0.5, 1, and 4.5 mm. in the tangential, radial, and
longitudinal direction, respectively. Rates of a somewhat similar
magnitude apparently were being maintained at the cnd of 288 hours.
Using these data as a basis, o ratio of 1:2:9 for the relative rates of
penctration in the three structurzl directions is indicated. Earlier
studies in the field, in which & number of messurements were made
of visible discoloration in pine lumber, had shown radial penetration
to be two to four times as rapid as tangential penetration and one-
third to one-seventh as rapid as longitudinal penetration.

A comparison of tables 4 and 7 shows close agreement on the whole
in the depth of radial and longitudinal penefration for similar in-
cubation periods and tempernturc. Again, the rate of longitudinal
penetration into wood is indicated to be as great or greater than the
average radial growth on agar (table 2).

The radial penstration from summerwood surfaces was slightly
fess than from springwood surfaces, both in steamed and unsteamed
wood (table 8). Although the differences were small, they were
feirly consistent for all blocks. A pronounced effect on rate of penc~
tration resulted from steaming at 15 pounds' pressure for 15 minutes.
It is noted, however, that the depth of penetration into the unsteamed
wood was somewhat less than would be expected from table 4 and 7,
Unfortunately, determinstions of moisture content were not made
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in this series; therefore, it is possible thet moisture conditions were
somewhat more favorable for rapid penetration in the steamed than
in the unsteamed wood. Nevertheless, radinl penetration into the
steamed wood was twa to three times as great as that recorded in any
of the other tests.

TasLE B.— Radial penetration of Ceralostomella pilifera from inoculated springuwood
and summerwood surfaces of steamed and unsieamed Pinus echinate blocks incu-
bated for 84 hours af 25° to 28° (.

| Radinl penetration t
Burface inoeulated Treatsrent of blocks e e ma
Averape  Maximuom

M. Xfm.
Springwood 5-second «ip o bolling water . .
Summerwond. .
Soringwood
Sumrmerwond

! Based on the examination of 40 sections frotn 4 blocks in each case. Average penctration eounls averspe
of the maximum peaetration in caeh of the bYlocks of & series, - Maximom penetniion equals the prestest
penatration reoorded in any ef tho blecks of 4 serics,

Rare or HypeAlL PENETRATION as AFrFEcTiNG UsE oF CHEMICAL-
CoNTROL TREATMENTS

METHODS

Radial and tangential boards, approximately 1 by 6 by 14 inches,
were cut from uninfected Pinus echinata sepwood. The boards were
sprayed immediately with a spore suspension of Ceratostomella pilifera
and then placed in solid piles in & room mamtained nt 90 percent
relative humidity and o temperature of 25° to 28° C. * After periods
of 1,12, 24, 48, 72, or 96 hours, & given number of boards were dipped
for 10 seconds in a 0.24 percent aqueous solution of & proprietary
compound conlaining 5 percent of ethyl mercuric chloride. The
treated boards were stored in small piles in the humidified room for a
period of either 21 or 28 days, at which time they were examined for
surface and interior stain development. Two series, consisting of
24 and 36 boards, were handled in the manner deseribed.  Depending
upon the series, two or three radial boards and an equsl number of
tangential boards were tested for each of the six periods of delay
of trestment.

In determining the approximate depth of penetration of antiseptic
solutions applied as 10-sccond dips, use was made of solutions that
give a color reaction in wood. Frechly cut boards were dipped for
10 seeonds in each of the following: 5 percent sodium bichromate,
5 pereent sodium  dinitrophenolate, 10 pereent hydrochlorie acid
(tested for red color with phloroglucin), and 4 percent zinc chloride
{tested for blue color with a mixture of 1 percent potassium ferro-
cyanide, | percent potassium iodide, and a 5 pereent starch solution).
Supplementary cvidence was obtained from measurcments of the
bright oufer zone in 20 boards that had been given a 10-second treat-
ment with the ethyl mercuric chloride solution either 72 or 96 hours
after inoculation with . pilifera.
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RESULTS

In table 9 is presented a summarized statement of stain develop-
ment in’ Pinus echinete bhoards that were dipped in an antiseptic
solution within 1 to 96 howrs after inoculation with Ceratostomella
pilifera. The data for radial and tangential boards are not segre-
gated, because they showed no important differences in interior stain
development. Surface stain and mold were somewhat less abundant
on radial than on tangential boards, but there was no basis for con-
cluding that a longer delay of treatment would have been safe.
From a practical standpoint, true radial boards of any size cannot be
cut; furthermore, tangential side surfaces and transverse end surfaces
always provide for the morc rapid radial and longitudinal penetration
of hyphac. Therefore, any differences that might have appeared in
the present studies would have had little practical significance.

Conditions were somewhat less favorable for severe staining and
molding in series 1 than in series 2, and this is indieated by the differ-
ences 1n surface development. In the former series, progressive
drying of the boards during incubation was facilitated by leaving 2
1-inch space between the individual pieces in the pile. In series 2
the bostds were separated only one-guarter to one-half inch in the
pile. Differences in the original moisture content of the pieces were
not a factor, as the range mn both series was between 100 and 110
percent, oven-dry-weight basis.

TasLes 0— Development of surfece and interior stein tn Pinus echinate boards
inaculated immediately ofter sawing with Ceratostomelly pilifera and dipped
within I to 96 howurs in an anliseplic solution

Herieg and . 1, .
Leeatreent s#:m{f b Muld intensity ! l Interior stain
delay (hoursy St
i
Serirs ). ¥ Peroent '
}2' oo . g tilaleh of el stain in L board,
a5 R a Paleh of end stain in 2 bowrds. -
s End stain in all 4 boards; 2 small patehes of stain
i8 o-5 |jlArht to medinm I away frown ends. i
o 1120 to ) pereent of slaln in & boards.  End stain ooly
79 : =10 in fourth. .
o6 Ty 103 Thorgughfy statned except for bright shell.
-------- ‘Fhoroughly stained cxeept for psctinily bright shell.
3:3 i *ateh of sl stain in 2 hoards.
18 ;| ateh of end stain in & hosrds,
{|End stain in all & hoards; 2 patehes of stain away
8 I5egg [PHeAVF .l fram enids,
- : ! 5 Tin 17[5 nereent of stain in atl bonrds,  Bright outer
u skl
."" z‘r' heraughly stained except fur partinily bright shell.
Ly 2A-50 B

' Surfnee molding wis coused by organisms present in tho humidibel incebalion roam,

? Basedl en 2 radlal and 2 tangeniiel boards for each delay In treatinent. ‘I*he hoards were separated 1 inch
in pie during incebation of 28 duys 6t 88 pereent celative humidiby wnd at tempeenbures canginge from 25°
to 28° .

! Based on § radial and § taneenlinl hoards Jor eseh delny in trentinent,  ‘The bosrds were separated
1 ta Y inch in pite during incohation of 21 days,

There was heavy development of stain in the interior of the boards
when treatment was delayed 48 hours or longer after inoculation
(table 9). Although a 48-hour delay apparently was close to the
eritical time for efficient control of interior discoloration, it obviously
was Loo long under the very [avorable conditions provided [or staining.
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Interior stain development in Pinus echinate sapwood inocuwlated immediately
with Ceratostomelin pilifere and treated after dilferent periods of time with an
antiseptie solution. A and B, treated 24 houry afier inoculation. End stain
wag general in this series and there were patehes of interior stain in oceasional
hoards. €, D, and B, treated 48, 72, and 906 hours after inoculation, respec-
tively. The unstained arcas indieate to snme extent the depth to which the
antiseptic solution pencirated and prevented the development of stain.
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Delays longer than 48 hours resulted in complete discoloration of the
interiors, except for a partially bright outer shell of 1 to 4 mm. {pl. 2).
The bright outer zone was less distinet with incresse of stain on the
surfaces of the boards, which increase beeame inportant when the
treatment had been delayed 72 hours or longer in series | and 48
hours or longer in series 2. Daily examinations of the boards nfter
moculation showed that light patehes of stain had developed before
trentment, particulacly in the 96-hour series. In addition o such
slight stain as was present at the time of trealment, failure of the
solution to give continuous protection during the prolonged severe
conditions undoubtedly contributed to stain development on the
surfaces.

Patches of end stain were found oceasionally in boards treated im-
mediately or within 12 hours, and were genernl when the treatment
was delayed 24 hours (pl. 2). Such stain cannol be attributed to
rapid longitudinal penetration alone, Either the treatment failed
to give complete protection to the ends, or inoculum was earried into
the wood beyond the depth reached by the solution. Failure of the
treatment could have been immediate, or after exposure for a time
to the severe conditions of the test.

Although the antiseptic solution emploved in these studies is used
widely and effectively for the control of stain in lumber and other wood
products, ne ready method for determining the depth of penetration
is available. Longitudinal penetration of other aqueous solutions
ranged {rom 5 to 10, with an average of 7 mm.; and the radial and
tangential penetration was from 1.5 to 3.5, with an average of ap-
proximately 2 mm. Supplementary cevidence, obtained from the

measurement of the bright outer zoue in 20 radial and tangentinl
boards having interior discoloration, indicated an avernge longi-
tudinal penetration of the solution of 8 mm. and a radial and tangential
penctration of 1.5 to 2 mm. Comparing these depths of penetration
of the solution with the rates of hyphal penetration into wood, it
appears that 48 hours is close to, but possibly longer than. the maxi-
mum delay of treatment for efficient contral of stain.

Hypuai DHSTRIBUTION AND DEVELOPMENT In T'isT BLOCKS SUBJECTED
To IDhrrFERENT CoNpiTioNs

The type and abundance of hyphae, both on and in wood, varied
considerably with the Ineubation period, the surface inoculated, and
the method of handling the blocks. Earlier nnd more abundant do-
velopment of white and colored hyphae was evident on tangential and
transverse surfaces than on radial surfaecs. This was true also of
steamed in comparison with unsteamed wood: after 96 howrs, hrown
hyphae were not pronouneed on most of the unheated bloeks, whereas
conspicucus development of colored hyphae and light staining were
evident on all steamed blocks.  No recognizable difference in growth
on summerwood and springwood surfaces could be detected afler the
rather short incubation perinl of 84 hours.

Hyphal development within the wood was most abundant in the
blocks inoculated on the teansverse and tangential surfaces.  Colored
hyphae usually were confined to the surface lnvers in wood incubated
for periods of 96 hours or less.  In steamed wood incubated for 110
hours, colored hyphae extended 4 to 5 mm. from a transverse sutface,
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whereas in unsteamed wood, such hyphae were present only 1 mm.
or less from the inoculated sueface, Hyphal development was more
abundant in all cases 1 steamed than in unsteamed wood.

As to distribution in the wood elements, the hyphae were concen-
trated in wood rays and vesin ducts, but were not uncommon in
tracheids (pl. 3). In the 288-hour series, the rays were compacted
with thick brown hyphae, and frequently only a semblance of the
original parenchyma-cell strueture remamed.  Penetration of the
tracheid walls occurred usually through bordered pits in the radiat
walls (pi. 3, C' and [, Direet penetration of walls of tracheids was
observed occasionally hut pronounced dissolution was never evident.

In boards with interior stain, hyphae were observed in microscopic
sections that included a portion of the bright outer zone and the dis-
colored wood below (pl. 3, B). A definite line of demareation, in
hoth abundance and (ype of hyphae, was evident in passing from the
clear outer area to the discolored interior. Fyaline hyphae were
found in the clear outer wood, but the mature brown stage was lacking,
Development in this zone was sparse, and the seattered hyphoe
gave evidence of profoplasmic disturbanee or disintegration.  In the
stained wood, hyphae were abundant in rays and tracheids and were
largely of the mature brown type.  There was little doubt that the
interior-stain condition had resuited from killimg of the hyphae in the
surface layers of the wood belere the colored stage had been reached,
as indicated by the bright weood at the cdges and uncut end
of board B m plate 4, but not until some of the hyvphae had pene-
trated beyond the depth reached by the chemieal treatment.

Dscession

Penetration of a given blue-stain fungus into wood is influenced
by a number of factors, meluding moisture and oxygen conditions,
ternperature, and physical and chemical differenees which either
occur nalurally or are induced in wood.

In the present stwdy no attempt was made 1o compare wood at
different moisture contents, but there is reason to believe that water
and oxygen conditions of the test material favored vapid growth of
Ceratostomelle plifera, This belief is supported by the facts that
rales of penetration diffeced Little in puraffined and unpacaflined
wood, longitudinal penetration inte wood equaled the rate of radial
growth on mall-extract agar, and stain development was eapid in
boards from which little or no loss of wuler was possible. The
moisture content of the wood ranged from 95 to 110 percent in
practically all enses.  The possibility that the rate of penctration
might have been somewhal greater al other moisture contents,
Lowever, is not discounted.  Lagerberg el alo (/1) reported slow pen-
etration of (. coerufea into pine sapwoad of 150 to 160 pereent moisture
content, oven-dry weight hasis.  Penetralion was rapid at 110 to
120 pereent unless diffusion of oxygen into the wood was retarded
artificially.

The effeet of different temperntures on rate of pencleation has heen
described carlier in these studies, Peneteation of . pilifere into
sapwood was most eapid 2l lemperntures that likewise favored
grentest growlh of mycelium on agar. “T'he incubation temperature
(25° 1o 28° (1) employed in the present series of Lests undoubtedly
provided favorable thermal condilions for vapul growth.




veannnal Ho et 0l U5 Pepartment of Azrne, *uee

}

vt e CH o ecahc b il e ds e B e s el

R P P O S T R A M tarhind =itz

v ot i 'n! \\n{:ll

et hvab

. b b e -

I FR N L ST LRI VNS B B PLANTURS S I TR Voot ed pis e

spdets vooae ot onde AR T P TP ISR S HESera STITS B T R NTT N

gt g e e fr Pt el ke phoa et a e s pon o e paedind
walie foe rrpoeie ot e o et )




Technicai Bulletin 807, 1. 5, Department of Agricolture PLATE 4

i ,.___._I-.._.N._.__.,,,.__.v...-. v_frﬁ’f

i
i
j
L

s o

r“& |

Comparison of stain developient in boards inoculated with Cerctostometla pitifera.
A, Ne antiseplic solution applicd subsequentiy. B, Dipped in an antiseptic
solution 72 hours after inoculation.  The top end represeats o eut through
the board and not the surface to which the solution was appliced.
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Physical and chemical differences which oceur naturally or are
induced in wood of a given species may have an appreciable effect
on the penetration of staining fungi. Lagerberg et al. {1/} found that
changes in the nutritive value of wood cut at different seasons of the
vear had little effect on penetration. Likewise, variations in the
density of wood were not important for most of the fungi studied.
On the other hand, staining was greatly retarded in wood that had
been either stored in water or seasoned and later remeistened. The
loss of water-soluble and other nuirttive substances from immersion,
action of other micro-organisms, ete., was considered to be primarily
responsible for the reduced susceptibility of the wood. In the present
studies, steaming of the wood seemed 1o increase the rate of radial
penetration of Ceratostomella pilifera. Changes in the chemical or
physical conditions of the wood. rather than in moisture content, are
believed to have been concerned. Greater penetration. or other
evidences of attack, in steamed wood has been reported by Chapman

{23 for blue-stain fungi and by Spradling (/9 for Trtc:‘szerma lig-
norum (Todes Harz. In the present work, radial penetration was
somewhat less rapid in summerwood than in springwood.  Apparently,
the difference, if iny. is slight, and its efieet would be of litde signifi-
cance either in initial penetration or in continued de\elopmont of
hyphae in woads with different amounts of springwood and summer-
wood.

Under favorable moisture and temperature conditions for growth,
Ceratostomella pilifera pencteated into unheated sapwood at approxi-
mate daily rates of 0.3, 1 and +.5 mun. in the tangential. radial, and
longitudingl directions, respeetively. Other staining species un-
doubtedly differ from (" pilifera in rate of penctration. From the
studies of growth on agar. ¢ ips would be expeeted to penetrate
more capidly, and ¢ pluriannulaia somewhat more slowly than
. piltfera. 1t i= not known whether relative growth of different
species on agar is & fairly reliable index of relative penetration into
wood, although it seems likely sueh would be found to be the case if
suitable agar and wood substrata were used in the comparative
studies,

A general ratio of 1:2:7 to 114119 would be rxpected to cover relative
penetration of {7 pilifera in the three struerureal planes of wood.
Differences between staining species in ragios of penetration in dif-
ferent planes probably would be less than in relative penetration in
one plane. As a general rule, longitudinal penetration occurs in
the tracheids and resin duets primartly, both of which present only
few obstructions in the form of cell walls. Tracheids in pine are
often 5 to 5 mm. in length.  Radigl spread takes place largely in the
wood rays, the cells of which apparently offer no great resistance,
and may extend continuously throughout the sapwood. Penctration
in & tangential'directinn ean be accomplished only through numerous
walls, mostly of trachelds. XNevertheless, it is obvious frem the
present studies that tangential penetration is not ilusiguificant.

Rate of penetration of diseoloring fungi has a diceel bearing on
the use of surfuce treatments for the control of stain in lumber. The
failure of antiseptic dips in current use is sometimes the result of
delay in applying the solutions te wood until the hyphae have pene-
trated bevond the depth reached by such treatments. Comparisons
of depth of penctration of solutions with rate of hyphal penetration of
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(", pilifera into wood indicated 48 hours to be elose to, but longer than,
the maximum delay for efficient control.  Although the depth of
hiyphal penelration after 48 hours usually was less than that reached
bv the solittion, maximum hyphal spread in the radial and tangential
directions oflen was grealer than the recorded minimum depth “of the
solution. A delay ol 48 hours in treatment proved definitely inade-
quafe in tests m wlich inoculated boards were dipped al various
intervals in o recognized contra! solution. There was heavy develop-
ment of inierior stain in practically all boards treated 48 hours or
longer after incculation. Moisture and  temperature conditions
favored rapid hyphal development in the wood throughout these tests.

The evidenee available indicates that a delay of more than | day
in treating lumber is not advisable, if control of €\ pilifera is Lo he
expecled under all condilions.  Treatments thal are delayed 2 days
might prove effective under many environmental conditions, but
cannot he considered as gonerally safe. Treatment after delays of
3 or 4 days, particularly during periods of rapid stain development,
would seem to nave little value exceept in reducing inocubmm and
retarding further staining on the surfaces.  Use of chemieal dips for
this purpose alone could not ordinarily be justified.  In actual prac-
tice the use of other chemieal solutions and the possible presence of
other organisms that penelrale more rapidly than . pilifera would
have in be considered; also, the possibility tha! some longitudinal
penetration of hyphae might ocenr from side surfaces that have not
been sawed exaetly parnllel Lo the orientation of the tracheids.
Nevesthieless, it is believed that a delay of no longer than 1 day will
lead to satisfaclory control in practically all cases.

SUMMARY

Bleven isolates of Ceratosiomelle, including seven ecultures of €%
pilifera from different geographie regions, ¢ eoerulea from Cannda
wdd Sweden, ¢ plurienndaete, and €. Ips, showed signifieant differ-
ences in reaction Lo Lemperature on maltngar. The ¢ pilifera
isolates comprised bwo distinet groups which differed by 2° to 4° (.
in optimman and  maxanum  temperatures for growth,. The low-
temperature group and O eoerudea from (nnada had as approximate
eritical poinis 3°, 25° to 26° and 319 to 34°: the high temperature
group amd (% pluriennulata, 4%, 27° to 20°, and 34° to 35°. (" ips
had cardinal points varying from 2° (o 82 above any of the other
fungi tested.  An tnerease of 3° (o 82 above the oplimum inhibited
growth, whireas a decrease of ‘.3(]" or more was required Lo inhibit
growth at low temperntires,

While daily inerements al » given {empernture were not conslant
for any of the fungi, neilher o defimle periodicity m growth rate nor
n determinable change i rate with time was indienled.

There was a direet eorrelation belween eardinal lemperatures for
growth on agar and viability of the isolates at unfavorably high
Lemperatures.

Loss of viability occurred relatively early ol tempoeratures only
glightly higher than the maximum points for growtl. 7, enerulea
and two culluves of . pilifere were no longer viable after 7 or 14
days ot 25° (L All isolutes excepl (0 ips Iniled (o zesume growth
after 2 days at 40°.
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The time of appearance of brown hyphae and the rate of change
from hyaline to brown variced with the different isolates and tempera-
tures. Brown hyphac appeaved earliest at the most favorable tem-
peratures for growth, and there were indications that hyphae of a
given age changed from byaline to brown more rapidly at such
temperatures.

Daily changes of temperature between the optimum and minimum
points for development had no effect on the growth-temperature
reletions of € pilifera and (" ips.  Both organisms beeame adjusted
immediately to the new thermal envirenment and continued growth
at a normal rate for that lemmperature. The enly departure [rom
typical growth rates in constant thermal environments was retarded
increments for about 2 days at favorable temperatures, lollowing
exposure of the cultures for 1 day to temperatures stightly above the
maximum points for growth,

A direet correlalion was apparent between growth of (. pilifera on
agar and development in southiern pinewood at different temperatures.
Penctration of hyphac into wood was most rapid at temperatures
that likewise favored rapid mycelial growth on agar. The rates of
longitudinal penctration into wood and of radial growth on agar
were closcly similar. )

The average of temperatures for the respective locations within
piles of unseasoned lumber at three southern sawmills ranged from
1.3° to 6.1° €. loewer than those of the surrounding atr.  The highess
temperature recorded within any one pile was 31.5° It appenrs
that high temperatures are not an important luniling factor in the
practical problem of discoloration of lumber during air seasoning.

The minimum meisture content for development of (' pilifera n
Pinus echinata sapwood was determined as approximately 24 per-
cent, oven-dry-weight basis. There was slight penetration of hyphae
at moisture contents between 23 and 24 percent, such hyphal develop-
ment being limited to short, thiek, heavy-walled filaments. There
was [airly abundant hyphal penctration in wood subjected for 10
days to atmospheres of high humidity, but not saturated.

Alfter 10 days, maturve brown hyphae were relutively abundant in
wood above 29 percent in moisture, infrequent at 27 to 29 pereent,
end absent below 27 percent. There was visible staining only in
wood that was at or above the fber-saturation point (274 percent).
Although free water in the woed did not appear essential for limited
development, important sbeining is not considered likely in wood
below the fiber-saburation point.

Ceraiostomella pilifera penetrated into Pinus echinate sapwood ab
approximate daily rates of 0.5, 1, and 4,5 mm. in the tangential,
radial, and longitudinal directions, respectively, Penctration was
slightly less rapid in summerwood than in springwood, but the differ-
enee was too small {o be significant.  Radinl penctration was greater
in steamed then in unsteamed wood.

Under favorable conditions for growth, hyphae of (. pilifera
penetrated into wood beyond the delermined depth reached by con-
trol treatments within 48 hours, or shortly thereafter. Delays of
48 hours or longer in applying an antiseptic treatment proved ex-
cessive for the control of stain in boards which had Leen ineculated
immediately after suwing. A delay of more than 1 day in the applica-
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of trentments in practice is not considered advisable, if control

of C. pilifera is to be expected under atll conditions.
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CLIMATE AND ACCELERATED EROSION IN THE SOUTHWEST 8]

Bedrock is not exposed in the gully in the upger end of the Tu-
sayan Washes section, but near the mouth of the Wepoe the Mancos
shale has been cur through and the first of several exposures of the
underlying morve resistant formu.ions is encountered. Similar ont-
crops are found at intervals downstream from the vicinity of Coyoie
Springs to about 6 miles above Red Lale trading post. Low eliffs
become more prominent down valley. especially on the southeastern
side. and culininate in the Nuvnjo-Wingute cliffs. which close in
1.3 miles below Coyote Springs (figs. 25 and 35).

About 17 miles northeast of the Red Lake trading post the Navajo-
Wingate cliffs recede from the wash. The Polacca then traverses a
broa:l {owland developed on the weak Chinle formation and elengate.d

- . - o
- '

FI6ULg 4 —View npoche Polacen Golly from abonr 3 miles sotnchwest of FPolucea
village. The gully bere is about 4) fear deep.

in a northwest-southeast dirvection parallel to the strike of the rock-.
Here. about 2 miles east of Red Lake trading post. Oraibi Wash
formerly joined the Polacen by several fluad channels,

Ax the surface is covered by u mantle of sand. the areal distribution
of 81l material in much of the Tusayan Washes section is not well
known. Some evidence ean be obtnined from exposures along the
gullies (fig. 49} and from aerial photographs. In the Tolani Duakes
region (fig. 25). the fill i~ remarkably uniform. It appears tu have
been derived beth from upstream wid from the valley sides. Fans
and leveed chanr s have spread the depositional material over the
valley floor.

Although the lateral slopes of the valley appear to be relatively
smooth when viewed from o distince. eloger examination shows that
they are ridged with many longitudinal sand dunes (7. p. 120

1 YU SO
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pavalleling the prevailing southwest winds (fiz. 40). The sand
Iargely covers the pediment slopes of the area, and in places long
fingers of sund extend from the valley to the top of the bordering
chiffs.

There hns been little recent erusion of the Interal glopes in the area
up valley from Coyote Springs. in part because of the plant cover and
in part because the practice of the Hopi Indians of utilizing for irri-
gation all flood waters off the slopex above their fields has acted as
a check on run-off and has prevented the formation of large lateral
gullies. Drainage of the Iateral slope zone ir obstrueted and incom-
plete, and most of the gullies are small and discontinuous. Small

SELINT MESL
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Iratme S—Physiographie map of an area north of the junetion of the Polncea
and Wepo Gullies, showinyg the absurption of streanis by the hroad sand-
mantled alluvial surface.

strepmg survive for short distances, only to be absorbed by the sur-
face sand (figs. 50 and 51). Little of the ruu-off of the area ever
reaches the main Polacen Gully.

The Tolani Lakes area is gomewhnt warmer and drier than the
aren above Covote Springs and is now a hroad expanse of sand flnts
overgrown with brush. willows., nnd weeds. =uch ax Russinn-thistle.
Navajo families inhabiting the wrea have stripped it of much of
its natwral vegetation, Movement of sand and encroachment of
undesirable plant species have resulted.

The condition of the present Polacea Gully n the Tusayan Waslies
gection is somewhat different in the reaches above and below the
mouth of the Wepo. Downstream to the mouth of the Wepo the
Polacca Gully contains remnants of small tervacelike benches, which
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suggest that this portion of the channel may have undergone four
distinct, though probably very brief, phases of reeutting. Below
the mouth of the ¥Wepo the suggestion of mmiltiple recutting dis-
appenrs. A possible cause for successive stuges of cutting is found in
the increase in velurae of How effected when gullies in the Wepo,
Burnt Corn and Keams Canvon Washes becaine joined to the Polacca
and in the junction of the lower and upper Polacea gullies.

Evidence of the history of past cutting of the Polacca Gully
near the mouth of Wepo Wash 1s indistinet.  Wind-blown material
has so mantled the surface that the presence ot an old. gently sloping.
longitudinal fan, sueh as would have been formed at the lower end
of a discontinuous gully, might well be abscured. It seems probable,
though. that the cutting that started the extensive gullving of the
upper wash began in the vicinity of the bedrock outerops close below
the junction of the Wepo and the Polacea (fig. 26. between I and F),
This is sugmested by the mrester breadth of the upper part of the
gully upstream from this point (fg. 26. £) and also by recollections
of the Hepis that gullying of the Polucca Wash was fiest observed
in approximately this leeation.

The cutting of the Polacen Gully through the vemainder of the
Tusuyan Washes section is thought to have set in somewhat later
than that above the mouth of the Wepo., The location of the initial
cutting points is obzeure, but chanuel eross sections sugpest oue about
8 miles below Coyote Springs (fir. 26, between & and H).

PAINTEDR DESERT SECTION

At the south end of the Tolani Luakves area the Polacea passes
through a break in its last barrier, the cliffs of the Chinle formation,
and reaches the valley of the Little Colorado River (fig. 23). Corn
Wash enters from the enst near the upper end of the section. On the
present fHood piain of the Little Colorado River the Polacea Wash
turns and puarailels the main strenm tor nearly 8 milex before joining
it whout three-quarters of a mile vest of the town of Leupp.

This seetion of the Polacen Wash ix transitionn] between the Tolani
Lakes aren and the fload plain of the Little Colorado. The surface
changes from the light-colored sand. characteristic of the higher
parts of the wash. to a davk chocolare-red material, mostly silt,
which appears to have been brought here from the fluod plain of
the Little C'olorado by wind. This process i now very active, and
plaves wers noted where the vegetation of the previous year had been
buried 8 to 14 inches,

From the upstream end of this seetion to the flood plain of the
Little Colorado River. the Polacen Gully is deeply entrenched in
the vallex 6, Numercus channels and distributaries mark former
courses of 11 Polacen andd Corn Washes, but none were abserved that
indicated thaat the channels had ever hefore been so deeply cut.
Memndering and recutting of the puldly wre evident in this reach and
inerense downsteean. patienlarly below the point of entrance of
the Corn,  Hlere, as above the month of the Wepn, recurrent down
entting may have been brought abont by increase in flow eaused by
the integration of dininnge deseribed at the top of this page.
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Processes anp Errects oF NoRMAL AND ACCELERATED Erosion

In the Polacca Wash, as in most other valleys of the Southyest,
two groups of land forms can be distinguished. The first of these
includes all the major wnd many minor features of the area—forms
that have been produced by the normal action of natural processes.
Superposed on these, and altering their shape and character. are
land forms of the second group, which result from a recent quick-
ening of the erosion processes. This acceleration of erosion has been
sufficient to alter greutly the physiographic and ecologie aspects of
the region.

DEVELOPMENT OF THE POLACCA DRAINAGE PRIOR TO THE RECENT
ACCELERATION OF EROSION

CANTON CARVING AND VALLEY FILLING

The carving of the Grand Canyoun and other major valleys of the
Southwest, according to Gregory. began some time after the Eocene
{92, p. 20). when uplift and tilting of the land introduced the present
or “canyon” cycle of crosion. What had been a low-lying plain
with shallow valleys was rapidly dissected to an intricate pattern of
deep, narrow, vertical-walled eanvons with ungraded floors. The
main features of the Polacca Wush werve probably eroded at that
tine,

There 1s no reason to think that conditions have been continually
favorable to degradation since the beginning of the period of caunyon
cutting. Local evosion levels, rock benches, and perched stream
gravels have been taken to indicate a luck of aniformity of tectonic
movements or of climate. or both (3.2 pp. #6=27)." In the dry
clinates, where channels carry water only during and after infre-
quent vains, ircegularity of regimen is one of the most marked
characteristics of streams and may in jtself explain many of the
features sometimes attributed = lurger changes. At any part of s
channel aggradation in one mun may be succveded by degradation in
the next. and during lccal shiowers parts of the stream course may
carry heavy run-off while other parts remain drv.  Under these con-
ditions there is no reason why cutting showld be confined to the
upstream area and deposition to the lower reaches. There may be
many local alternations of ervsion and aggradation in valleys as fong
ag those draining Black Mesu to the southwest,

The canyon cycle is still in progress. but for much of ihe last
several thousand years deposition rather than cutting hag been the
dominant process. During this phase, called by Gregory the “epi-
cyele of alluviation,” parts of many of the canyons of this region
were filled to a depth of 30 to 100 feet or more. Pottery and corn
cobs buried in fills in the Nuvajo country indicate the recency of at
least some of the deposition. Gregory deseribes in the upper Moen-
kopi Valley old cottonwood trees lately exhumed, whose trunks were
buried in 10 to 30 feet of il) (51. p. 150).

Most of the Polacca Valley fill is water-laid, but neolian material
is present in seattered Joenlities throughout the wren and is prominent
in the lower valley and in some of the larger tributnries. Irregular
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lenses of sand, silt, and clay are common in the fill (fig. 52), and
stringers of gravel are abundant Jocally. Lenses vary from less than
an inch to » few feet in thickness and extend as much as several
hundred feet laterally. Thickness appears to bear little relation to
length; lenses only a few inches thick may persist for hundreds of
feet whereas others several feet thick can be traced for only a few
tens of feet along the gully wall. Trenching of the vailey fill by
gullying reveuls buried talus and slide material and buried rock
cliffs in addition to the many old channels (fig. 52}, These are
characteristically sand-flled, but in places they contain mud balls and
other kinds of detrital material.

EQswwe £ ser o o A
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Froore 52 —Fill seetions exposed along the Polwcea Guliy: -l Extends down
valloy from 2 peint one<puirter mile above the mouth of Red Canyen Guliy
ikl includes the uppermost knickpoint of the main Policea : #, extends down
valley from i poing 12 miles above the mouth of the Buame Corn Gally and
exhibits 4 sand-filled buried ehannels; C, represents the regniarity of sequetice
of sand, elay, and sand layees in the Polani Lakes area 7 miles northeast of
the led lake teadime post; 1 in the apper end of the Puinted Desert section,
12 miles northeast of Leupp, shows how the heds are more lonslike thau in
the Polani Lakes arvea,

The fill materinl of the box canyons in the headwaters avea of
the Polaces drainage is largely soxd, Minor gravel lenses wre pres-
ent locally, and there is some silt and clay.  From about the mouth of
Red Canyon Wash to the mouth of the Burnt Corn the fill is finer,
consisting of clay and silt and minor amounts of sand.  IFrom theve
to the vitlage of Polacea sand and clay are present in about equal
amounts, and there are only minor lenses of silt,  From Polacea vil-
lage to a few miles helow Coyote Springs (fig, 25} the 811 15 prin-
cipadly sand, with very little silt, but locally containg groups of
clay lenses. Small gravel lenses are belter developed in this section
than elsewhere in the Polucea; bedrock is exposed in the gully at
numerous plices. The Gl iy lorgely water-laid and is grny except
for local lenses of red materinl. Buried sands of possible dune
origin are not unconunon.
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The S11 material in the Tolani Lukes area aud for 10 to 12 miles
up valley has nnusually regular and continuous beds (fg. 52, ().
These are: {1} A lower sand. 2 to 20 feet thick, prevailingly gray
and water-laid: {2) a elay hovizon 4 to 25 feet thick, contuining an
admixture of sand and silt, generally gray but having red lenses in the
downstream portion: and (3) an upper horizon of sand 2 to 10 feet
thick, confaining both water- and wind-deposited materinl. prevail-
ingly gray but also having red lenses in the downstream reaches.
No buried chaunels and only one exposure of bedrock were noted 1n
this reach of the present Polacea Guily.

From the Tolant Lakes area to the Houd plain of the Little Colorado
River the 8l is composed of a lower gray hovizon of sawd, containing
tocally some clay. and an upper red horizon of clay containing minor
amounts of sand (fig. 52. /7). Lenses of ved sand and clay ave
only rarely found within the lower horvizon, Bedding is uniform
for considerable distupees in some pavts of this section but in others
it is markedly lenticular. No bured channels or outerops of bed-
rack were noted.

Certain generzlizations can be made on the distribution of alluvial
materials w the Pelaccu with reiation to the position of the gully
in the wash. The evidence 1% obtained principally from exposures
on the walls of the main Polacen Gully and its tributaries,

1. The ecoarsor muterials tend to wecupy side positions and the
fimer types predominate n the central part of the canyons except
{a) where a large tributary whose drainage iz entively from the
Mesaverde enters ut w relatively wwrrow part of the main canyen and
carries the coarse materinl well out past the center of the main
canyon so that fine materials can be present only along the farther
wall, and (b) where the coarser matermls are largely lacking because
the triburary drains only the Mancos shale,

2. Sand lenses ju a eentral position within the eanvon frequently
thicken rapidly toward one side of the eanyon and thin toward the
other.

3. Sand lenses, particularly those in @ border position, often grade
both up and down canyon, through silt to clay.

1. Mong the eentral part of the eunyons, espeeially the broader
ones, the fill ks comnmonly clay with only seattered lenses of sand
and silt,

5. A HH composed most exclusively of =and i found only in
small, nurrow, bhigh-gradient cauyons, which are so situated that the
gource of material is confined to the Mesaverde formalion,

The distribution of material in the valley 81 i chinacteristic of
processes still operative.  The mnjor process of Blling, even in valleys
ias large aw the Polacen, was by fan building,  Part of the material
came down from the headwaters of the cauyon and was deposited in
Jongritudinal funs. By far the larger purt of the fill i the upper
halt of the Polucea, however. was derived from mesas bordering the
wash and was brought i along the sider of the eunvon by tributary
drainage. Material from hoth sources was carried down and
deposited in the lower Polieea.

Seclimentation is believed {o have taken place fivst along the lower
renches of the wash, probably in the Talani Lakes area. There the
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infilling by the Oraibi and Polacea Washes began early in the epieycle
of alluviation, and filling by local rum-off from the swrounding
slopes is still active.

Following or simultaneonsly with infilling in the T'olani Lakes area
deposition began in the other basins along the course of the lower
Polacca. The reaches of lowest uradient and flattest cross section
tended to be filled first. Deposition was Irvegular and spotty,
however, and changed according to location of intense rains and
movement of wind-blown sand. The floor of the wash gradually
approached a graded condition. fiest in the basin avess and later in
the narrower canyon reaclies between.

In_the canyon sections the process of infillling was by no means
simple. Except in a few short nurrow canyons of high gradient
the surface development was largely controlled by transverse truns-
port. Alluvial fans and aprons were the dominating surface features,
and the down-canyon drainage made its way between or over the
extremities of the marginal fans. For this reason the main drainage
was sinuous and subject to change in position and gradient as these
transverse forms developed. Shifting of the drainage lines led to
local afternation of deposition and removal, with gradual advance of
the material down drainage. Fang and aprons were most abundant
along the margins of the wash. but large fans were also built at
places in the main longitwdinal drainage line.

SECONDARY CHANNELING AND FILLING

The walls of deep gullies and arroyos reveal that the fills of many
of the valleys of the Southwest contain large buried channels and
are not uniform but appear to record several stages of deposition (55).
Buried channels may be seen in the fill of parts of the Polacea Valley
(fig. 52. B}, but this valley shows little evidence of successive stages
of filling. In the Jadito. Oraibi. and other valleys, Hack (53) has
found many filled channels and sufficient sedimentary, physiographic,
and archaeologric evidence to lead to the conclusion that there have
been three stages of filling and cutting since the original carving of
the valleys. These stages have been interpreted as due to climatic
causes, Considerstion of the processes at work in the vulleys, how-
ever, will show that regionnl changes from erosion to deposition and
back ngain as w result of climatic change are not necessary to explain
the conditions found. More than that. regional chunges from erosion
to deposition would fail to explain fully the channeling and other
features of the valley fill,

Under natural conditions few of the valleys of the semiurid and
arid regions contained perennial streams ot even continuous channels
down the draivageways.  Arroyoes were cut locally, und the muterial
removed was carried 2 short distance down valley and deposited as
a fan. The growth of discontinuous arroyos was much Jilke that of
the discontinuous gullies formed in many of the valleys in recent
years by accelerated erosion. Series of discontinuous gully channels
can stil be observed in the headwaters reaches of Kemms Canyou,
Red Canyon. Burnt Corn Canyon, and others in the Poluces drainnge
(pp. 92-95). Betore the formation of the great Policea Gully, a
traverse down the length of the valley at any one time would show
that areas of urroyo cutting alternuted with areas of deposition.
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Each discontinuous arroyo ended down valley in a fan. These
arroyocs lengthened upstrenmn by headwurd erosion and at their lower
ends became buried by their own debris, Where a complete series
of discontinuwous channels was developed down a drainageway the
head of each arreyo cut into the alluvial fan being built by the next
arroyo up valley,

Headward working of arroyor with deposition at the lower ends
by backfilling of the chunnels (57, p. 29} produced waves of sedi-
mentation that migrated up valley. Material removed from the head
of the arroyo war trunsported downstremn a few feet or a few
wiles and deposited.  Although the sediment Joad moved down valley,
the enlargement of individual deposits by addition to their up-
vallery ends resulted in the upward migration of each locus of
sedimentation.

During floods resuiting from oceasional intense precipitation the
flow carried farther than usual. Clhanrels were elearved ow. and
fans were dissected. Deposition of the sediment load formed a
down-valley extension of the fan, av. if the lengthened channel inter-
sected another channel down drainage. the Ivad might be carried
wiueh tarther ro form a new fan.  Eszpecially in these longer clunnels
persistent down-valley migration of bends and meanders greatly
ineregsed channel widrh (Ha. 335, and in time they eould even cut
out an entive valley fill. Run-off from heavy or protracted rains,
then. by cutting out of older fills caused a down-valley migeation of
the locus of sedimentarion.

Erosion alrernates with depusition as the sedbmentarion waves
migrate past any one place.  Several waves of sedimentation may
be depositing fills in a single long valley stmultanecusly.  An ap-
parentiy continnous i, #f formed by a wave of sedimentation, may
vary greatly in age indifferent pares of a valley. Age corvelations
on valley fills. therefore. gre hazardous and eannot safely be ex-
tentled for any considerable distanec.

The stuges worked out by Hack for filling and cutting in the Jadito
Valley and =everal other vulleys of the Hopi and Navajo eountry aad
a similar history postulated by Bryan, and Albritton und Bryan, for
valleys in New Mexico and Texax (77. ) are explained as the result
of changes of elimate.  Hack recognizes that one chronology will not
apply to all parts of a valley. Regardless of climatic conditions
depoxition cannot go on simultaveously throughout an endre drain-
age beeause part of the area must be andergoing erosion to provide
the sediment load.  The normuad processes of erosion and sedimenta-
tion, as outlined above. are adequate ro produce succes<ive flling and
cutting of variour parts of valleys withour any change of climate,
amd complex intecacrions nof the up-vallev and down-vailey waves
of sedimentation offer an almost infinite variety of Al sequences.
The =edimentary history of the Polacea Valley and similar valleys in
the Southwest i far wmore complicated than i+ revealed by the few
exposures on gully walls. but even so. it i+ believed that the ex-
planation of suecessive deposition and removal of Al es in sedi-
mentary proces=es and irregular occurrence of heavy storms rather
than in apny change of climate.
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“FieURE H3.—Sesment of the Polncea Gully about a mile soutly of Polacen village. The numbered patterns indieate minor erosion levels
oceupied temporarily by the chanuel as iv cur downward awmd migrated down valley.
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Wind setivity has played a part in the normal development of
the Polacca Wash and neighboring wasbes. It was much greater
at some times than at others. San(i believed to have been deposited
by wind, is found buried in the valley fill. but whether there was
ever such a widespread development of dunes in the Polacea drain-
age as was found by Hack (55) in the Jadito is not known. Some
of the sand deposits of the Polacea fill, interpreted as old dunes, may
be correlative with those betweer what Hack has designated as the
No.1 and No. 2 fills in the Jadito Vulley.

RECENT ACCELERATED EROSION

The Polacea drainage shows evidence of all three major processes
of accelerated erosion: Sheet wash and rilling, gullying, and wind
erosion.

SHEET WABH AN RILLING

Sheet wash. although far less spectacalar than gullying, is active
throughout the Polacea drainage, Even before the acceleration of
erosion. sheet wash, sometimes cailed slope wash., was effective in the
down-valley and lateral movement of weathered materials. Distribu-
tion of sediments indicates that a large percentage of the total valley
fill of the canyon section moved in from the Aanking slopes by lateral
wash. Today, with impoverishment of the vegetal cover, even more
soll and coarser debris are carried down the alluvial slopes and fans
by sheet wash or by shallow rills. whose courses change from one rain
to the next. Smoothuness of the Iateral slopes can be attributed to
the grading action of rhese processes. Sheet wash and rilling deliver
soil material to the gullies and transport debris through reaches of
the canyon section that have no channels.  Ax has been noted on p. 73,
all the material leaving Dripping Springs. Horse Pasture. and Little
Hill on Top of the Mountain Canyons at the present time is moved
by sheet wash or the related but more viscous and heavily loaded
sheet flood. It is not known whether mass movement and wind action
are carrying appreciable amounts from these tributary canyons.

The present destructive effects of accelerated sheet erosion are most
clearly seen on the mesa margins, where bave rock and seattered elumps
of vegetation now characterize what was formerly « soil- and vegeta-
tion-covered surface. Depletion of the vegetal cover through leavy
grazing of sheep and gorts appears to have started the acceleration
of sheet erosion on the mesa surfuces. Once started. the more rapid
rate tends to continue. A wood stund of vegctation, either grass,
shrubs, or tree, helps to perpetuate itself by retarding run-off and con-
serving water. As vegetation is removed by grazing or erosion less
water can be stored in the plants or given back to the atmosplere by
transpiration; infiteation is diminished, and more water is allowed
to run off. Hence the removal of the remaining vegetation tends
to proceed at an increasingly rapid rate.

xcept on the fnttest surfaces the muin danger is that sheet wash
may give way to rills and gullies. Tlis transition is in progress along
the intermediate slopes and seems to be directly related to depletion
of vegetal cover. The present grass and berbaceous vegetation can
hold litfle water on the slopes und e too sparse to be effective I
keeping run-off dispersed.
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GULLYTNG

The striking feature of the present landscape of the Polacca Wash
is the great medial gully whose deep chunnel cuts the wash floor for
a distance of 90 miles. Twisting along the center of the valley, with
its bed 10 to 50 feet below the valley floor. the Polacca Gully has
widened its channel by meanderving, and has engulted millions of tons
of soil material in the process. It has ruined some of the best agri-
cultural land of the Indians, has subdrained the valley floor, and has
discharged great quantities of silt into the streams below. Lavge
tributary gullies ave present i the Burnt Corn, Wepo. Keams Canyon,
and Oraibi Washes. and countless others arc now extending their
channels from the parent washes back into the flanking slopes and
even to the mesn surfaces. These gullies are typically of the flat-
bottomed, vertical-walled, box type. which during periods of active
growth are characterized by rapid headward erosion.

Coxrnvous axn Discontizuors Grivmes.—Gullies, at fivst, ave short
and discontinuous. ‘With continuation of usccelerated Tun-off they
grow in Jength to join other discontinuous gullies upstream and down-
stream along the sune drainage line. In this way ave formed long
“continuous” gullies, from which cutting progresses up tributary drain-
ageways, further extending the gully system. A continnous gully
has an unbroken channel from its head to its junction with a larger
trunk gully or a naturai arroyo or stream. Integration of discon-
tinuous gullies into a continuous pully system has gone on until today
the central gullies in most of the larger washes tributary to the Polacea
form a part of the continuons channel system.

Although there are many reasons why lmid-lund and arid-land
rillies should be of somewhat diffevent form. hoth econtinuous and
iscontinuous types ave common in both of these elimatic regions, In

humid lands, just as in the arvid Southwest. discontinuous gully chan-
rels are a marked sowrce of danger, because what may today be a
short and relatively inactive gully emptying onto w small alluvial fan
may tomorrow become incorporated in a Tong continueus gully sysien:
anc may begin to deepen and lengthen rapidly.

Discontinuons gullies commonly, though not necessarily, lie in
linear series alony drainageways. Series of such pullies are still present
in the upper end of the Polacca Wash and in most of its major tribu-
taries such as Burnt Corn and Keams Canyvon Washes, Gullies on the
pediment and alluvial-fan zones, alse, are chmuetervistically of the
discontinucug type.

A typical series of discontinuous gullies in the Polacea drainage is
depicted in figuves 54 and 55. The profile (fig. 55) shows that there
are no abrupt changes in the gradicnt of the canyon floor. Slight
bulges indicate alluvial fans that have developed at the lower ends
of the discontinuons gullies. Discontinuous gully 4 has a convex
break in its profile (8,800 fect above the junction with Red Canvon
Gully). This suggests that the channel is composed of two parts that
have recently joined. The presence of the knickpoint 300 feet down-
stream from the bedrock waterfall supports this evidence.  Above the
waterfall the chunmel is essentially on bedrock threughout its course.
Between the mouth of guily 4 and the main head of guliy 2 (fig, 55)
is a Navajo cornfield. The important relation of discontinuous chan-
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nels to floodwater farming of this type in the Southwest has been
pointed out by Bryan (29). Gully ¢’ contains a knickpoint whose
advance is deepening the channel and lowering the gradient. This
is a common occurrence in gullies of the Polacea area and is frequently
brought about by the increase in flow which results from headvward
elongation. Variations in the imherent erodibility of the different
horizons of the fill may aid in the formation of knickpoints but ave not
essential.  Gully D, which is continnons with the Red Cunyon Gully,
has worked headward into the lower part of the alluvial fan formed
at the mouth of gully ¢

Sraces v GrrLy Growsm~—The exact processes of gully develop-
ment and the stages through which the galiies in difforent parts of
the country pass vary according to bedrock, soil. vegetation, and cli-
mate. Recent studies of the development of the large eaving-walled
gullies of the Piedmont of South Carolina (69} have indicated that
zullies there pass through four well-defined stuges: A stage of chanuel
erosion by downward scour; a stage of headward cutting by the action
of plunge pocls; a healing stage; and. a stage of stabilization. Re-
Juvenation of cutting. owing to o lowering of buse lovel or an increase
i rapidity of run-off not uncommonly causer 1 reversion to one of
the earlier stages. Gullies In the Polacen Wash aren and clsewhere
in the Southwest pass through four stages similar in general to those
of the Piedmont gullies but differing i details. These are: {1}
Initiation, which may take place in at least three difforent ways; (2)
cilargement by headward elongation: {8) healing, by w reduction of
stope of the walls and the establishment of vegetation ; and, (4) stabi-
lization, revegetation. and development of soil profile. and possible
eventual filling and obliteration,

Stage 1—Gullies may be mitiated wherever there is sufficient ac-
celeration of run-off. Denuded spots may form in vegetated drainage-
ways and spread up and down valley with succossive run-off periods
until they coalesce and are deepened ta produce a well-defined stee-
walled channel. Leighly (79, pp. 272276} has described this develop-
ment along gently sloping natural drainagewnys in northwestern New
Mexico. It is effective in the Polacen druimage and probubly is
operative thronghont the Southwestern United States.

A method of gully initiation far more rapid than the fivst, and par-
ticalarly common in the Polacea Wash drainage and in other regions
of low anuual rainfall, is effective where an intense storm cenfers on
an area in which the vegetal cover is inadequate to protect the soil
from erosion. It is inost common in sunmmer., One storm oeeurLence
may give vise to one channel or to several, either alung a single drain-
ageway or scattered through the storm urea in various positions where
stmilar surface conditions exist. The tength of the gully or gulilies
that are formed depends very lar rely on the size of the Storm center
and on the intensity aud duration of preeipitation.  Although run-off
15 rapid in the Southwest, owing to the lack of close-growing vegeta-
tion, the flow does not ordinarily travel far. Much waler is tost by
sinking into the soil or passing into the atmosphere.  Evaporation is
effective because the climate is dry and most of the fows nve shallow
and broad, either in sheets or in small rills and distributaries, Short
gutlies may develop from intense storms on any slope, hut they are
Tormed most frequently where the surface is relutively steep.
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Gullies may also be initiated by cutting in the side wall of an
existing channel. Water entering the channel side tends to cause
caving. and a reentrant is formed which readily develops into a
well-defined tributary gully.

The boxlike cross section of guilies and arvoyos in semiarid lands
is almost as typical of channels a foot deep and less than 10 feet
long as of large gullies and canyons, Box-shaped gullies develop
rapidly. and a channel over 100 feet long and several feet deep may
be formed by a single small rain.  Shallow V-shaped channels. more
characteristic of humid lnuds, are oceasionally found in semiarid
climates but are seldom over a few feet in Jength,

Stage 2—Growth of gullies by headward elongation takes place
at highly variable rates. In this stage the gradient of the gully
is characteristically lower thun that of the surface in which the
gullyiscut, The channel is commonly deepest newr its head. although
if knickpoints are present the greatest depth may lie immedintely
downstream from a major knick.

By headward erosion one gully may rveach another upslope along
the same drainage line and join with it to form a single longer gully.
The cutting head of the lower gully then heeomes w knickpoint and
continues headward migration. Down cutting and a temporary
steepening of the gradient of the old upper gully result. The in-
crease in volume of How may enuse renewal of down cotting in the
downstream part of the gully channel and the formation of a second
headward-migrating knickpoint.

The presence of one gully inereases the prohubility that others
may be initinted down drainage. TUnless the debris fan deposited
by the gully is large enough to absorh most of the water poured into
it, much of the flow will traverse the fan in a number of shallow
distributary channels. If the water trom these distributavies re-
unites below the fan this concentrated flow moving neross the un-
gullied surface may be sufficient to induce channeling whereas the
surface flow prior to the formation of the upper gully and fan was
ineffective.

Headward extension of a gully is retarded as the drainage divide
is approached because of the concurrent decrease n the area drain-
ing into the gully head. In most gullics in the Polacen area the
drainage divide Hies not in the alluvinl fill but above i in the fan
or pediment zones or on the mesa. Headward growth of the gully
is greatly retarded when bedrock is reached and iz practically stopped
if the entire head wall is composed of rock. There is not necessarily
any diminution of the volume of water entering rhe gully over the
head wall, however, and downward erosion will continue until grade
is reached. '

Vertical incision of gullies is a far less continuous process in arid
and semiarid lands than in more humid arens. Not only ave ruins
less frequent in the dry clinmtes. but the downward cutting of a
gully during a storm ig more likely to be partly obscured by aggrada-
tion of the channel when run-off diminishes.

In humid lands raing are frequent and permanent streams ave
relatively closely spaced. Much of the debris carved from a gully
during a period of heavy run-off is varvied directiy to a perennial
stream and thence by mwore or less continuons transport through
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suceessively larger watercourses to the ses. Although more material
is carried at high water than at low, part of the losnd of permanent
streams 1s constantly on the move. In arid and semiarid climates
perennial streams are much move widely spaced. The infrequent
heavy rains usually cover only relatively small arens and the run-off
irom only a few storms ever reaches permanent streams. Most of
the load of the arroyos. washes. and gullies of seminrid lands is
transported a short distance only to he dropped again where infiltra-
tion, evaporation. and transpiration have abstracted the water. In
storms of wider extent. usually of lower inteusity. more of the drain-
ageways “run_through? to perennial streams. but at any segment
0% the channel the load carried is tar less than that moved by the
run-off from the powertul local showers,

With the approach of a graded condition in a gully, vertical
cutting diminishes. Lateral erosion becomes the dominant means of
channel enlargement.  Thix process can go on in the nartower ean-
yons unfi] all of the fill material abuve the level of the gully bed is
removed. As the channel becomes wider. however. other conditions
remaining unchanged. the effective valume of water is reduced. owing
to the change in the proportions of the channel cross section, so that
the rate of luteral erosion decreases,

As each gully that is tributary to « larger gully or stream is con-
trolied in part by the larger draivage line. each change in gracient
of the trunk gully is reflected in its tributarie-. When overtalls
or knickpoints advance up the trunk past tributuries, those tribu-
taries become discordant and in turn begin to lower their channels
by the headward erosion of corresponding falls.  Furthermore. the
average volume of water passing through the trunk gully does not
becume constant until all of the tributaries have ceased their head-
ward elongation.  The interlependence of the various parts of a
continuous gully system is thus so close that the advance of any
part to a later stage of development can take place only when the
necessary conditions have been attained by the other portions of
the networlk.

Stage J—When, for any reason. the downward erosion of the
gully floors is retarded. healing gains dominance. Opposing proc-
egsey are active at this time. Lateral cutting by the streum tends
to retain the steep gully walls, and sheet wash. aided by muss move-
ment. tends to reduce the walls to relatively low slopes. The dura-
tion of the luteral-cutting phase depends on 'the muterial of the cully
walls and_the volume and frequeney of flow of water through tle
gully.  With increase in mobility of the wall material or reduction
in the frequency and volume of flows in the gully. lateral cutting
diminishes; vegetation begins to establish itself” on the veduced
slopes. and locally deposition may take place. There is only seat-
teved evidence to indicate that this stage hus begun in the Polucea
drainage nrea,

Reduction in slope of the gully walls by caving and sliding groes
on so slowly rhat even a slight amount of lateral erosion will main-
tain the vertical walls, Evidence of the worlk of slope-reducing
agents cun best be seen on surfaces protected from strean erosion,
such as walls ubuve high benches aloug the channel.

BUAOE AT
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Stage 4—The fnal stage. stabilization. is represented in the
Polacen drainage almost Snlel\ by chaunels formed at earlier periods.
This stage may be divided into two phases. The first of thesc. stu-
hilization proper. results fron the estublishment of vegetation within
healed gullies. Slope, seil. and vegetution become ad]usied to the
climate so that normsal conditions of erosion again exist. The sta-
bilized gullies, however. act as drainage lines. They are the plices
where a rejuvenation of abnormul erosion is most likely to occur
with any renewal of accelerated run-ofl.

With a continuation of deposition after stabilization an additional
phase may be brought about in which the stabilized channels are
completely filled and obliterated. The climatic transition along the
Potacea from arid at the lower end to subhumid in the headwaters
is favorable to eventual filling of the channels. The abundance of
available material in the bhigher and more humid portions of the
area would make possible rapid aggradation i conditions of normal
erosion were reestablishiod.

MrcHAxwICs 0F GULLY ExLarcesmenr—The processes of headward
and lateral growth of the deep gullies of the Southwest vary with
the amount of ran-off being carried and the composition of the walls,
The shape of the gully head, whether pointed. boxlike, bulbous. or
dendritic, is determined largely by the relative rates of the headward
and sideward growth and b_\_ the distribution and volume of flow
of water over the rim.

Abrasion by flowing water at the top of the head wall is a relatively
minor cause of the enlargement of deep gullies. Other conditions
remaining the same. this whrasion increases with the velocity of the
flow and s at a maxinunn during the height of the run-off.

A far more powerful cause of headward erasion in rullies 1s the
caving of the upper wulls as a result of undercutting. “This process
is eqpoc'mlly active where the materiale of the fill. instead of incre: 1sing
in resistance downward, have the most resistant layers close to the
surface. In the Southwest this weakness at depth is generally trace-
able to lenses of water- or wind-laid sand., which have very low
binding qualities; to beds that are subjecr to drying and cracking.
which makes them more vulnernble to the attack of running w .Ltet.
or to beds that become fluent when souked.

When first suljected to a turbulent flow of water, clayey layers
that have been broken down by cracking behave mueh as worid a bed
of gravel. Before the individual clods can be soaked througl they
are carried off in suspension or are rolled away along the strewm
flioor. Even large chunks several inches in diameter nre removed.
These become rounded to form cobble- shaped mud balls, whicl: are
common in some parts of the area and have been found also in the
fill in buried channels. Gravels may be embedded in the surface.
but when the balls are hroken open the iuterior struclure is seen
to be still that of a clod from the gully wall, and otten shows bedding
planes or a rectangular crumb fracture.  Only the outside shell be-
comes plastic in the ordin: ary short peried of transport during run-off.
If left in water long the clay softens and the structure breaks down.

The presence of ](msvh cracked muterial and a cloddy structure
in a gully wall depends on the presence of sufficient soil colloids to
produce shrinkage when the soil is dried and on a lack of pressure
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from above to close the cracks ag shrinkage takes place, In a typi-
cul section of a deep colloidal soil exposed in a gully bank, the upper-
most layers have either a clodlike structure in which the interstitial
spaces arve about equal in size vertically and borizontally or a struc-
ture in which the horizontal spaces are slightiy smaller than the
vertical ones. Lower down, where the overburden ig greater, the
structure becomes essentially columnar. Herizontal cracks ave small,
and vertical cracks ave lurger but fewer in number.

Undercutting of gully banks for several inches. or even a few feet,
without caving shows that the weight of the soil columu is not trans-
mitted uniformly to the lower layers but may be supported in part
by a sort of eantilever suspension. Locally, deep in the filly theve
ave very commonly one or more massive clay-sand members suf-
ficiently strong to support the overburden and permit horizontal as
well as vertical cracking in the Jower layers. Examples were noted
where horizontal cracks open more thun an inch were formed m-
mediately below massive unceracled beds buried at a depth ef 10 feet.
Loose eracking of strata low o gully walls i far more a product of
desiceation working lateraily from the gully than of normal seoil
structure formed from the surface downward.

Even where the lower horizons are not columnar or blocky in
structure, sopking during high water followed by flow and caving
are the most effective processes of gully-head erosion. Soaking of
the head wall takes place nor only from flow on the gully floor but
from the splashing of the wuater in the plunge pool and from the
thin surface-tension film of water that trickles down the gully head.
After the stage of maximum rmn-off. water that has soaled into the
walls near the bottom of the gully tends to seep back out. ¢arrying in
suspension many fine soll particles. If the wall matertals have been
softened greatly by the soaking. portions of the bank give way. Such
caving may contine for hours or even days after run-off has ceased.

Widening of the channel down gully from the head depends on the
composition of the gully walls und on the rate and volume of flow,

Phe shallow depth to which rhe average fill material of this region
15 moistened by rain jrdicates that seepage of surface water down-
ward through the =oil ix usually unimportant as an agent of gully
enlargement. Cracks, animal burrows, or other snmrtace openings,
however, readily deterinine the direetion of gully development. If
water enterving underground passages emerges from a gully wall
through a continuation of the pussage or by seepage along lower
prermeahle horizons, soaking amd slumping or flownge of materal into
the gully is Intensified in that direction. Eventually the higher
horizonsg will cave. and another gully channel will be started.

WIND KROBION AN DFIOSTITON

In a climate as dry ax that of wost of the Polacea drainage busin
the vegetal cover i rarely if ever zuflicient to prevent completely
the shifting of sund ov soil by the wind, Tnder these conditions,
common to it large portion of the Southwes(. a decrease in vegetuation
or an increase in either erosion or deposition by running water permits
wind erosion to sel in.

In several parts of the Polacea drainage. especially from the vicinity
of Pelacea village downstream to the valley of the Little Colorado,
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sand blowing lies recently been renewed, und active dunes now accupy
the surface (fig. 56). Although the most noticeable effects are in
the valley bottoms. wind deposits are ulso found an the uplands. In
reentrants near the southwestern border of Bluck Mesa large dunes

villige.
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locally huve buried the pediment zone und sweep from valiey foor
to mesa top. Sand dunes of well-defined barcelhan (ype oecupy an
aren of more than a square mile on the surface of First Mesa, north-
east of Walpi (g, 57), and irregubie huminocks extend over a
greater nren,




CLIMATE AND ACCELERATED ERCSION IN THE SCUrHWEST 101

Froiur G7.~-Suhd dunes of barehan 3pe on the e of 1est Moesa {sittinesd
by white doshesy d aniles northesst of Polpees village, The Palnees Guily
enbs arross e npper e coroer of the view,  Sealo is approxinmiely @ inehos
to I mike,  (Novih is o 1the ol b of the view 3
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Longitudinal dunes {76, p. 127}, oriented in & general southwesterly
direction parzllel to the prevailing winds {figs. 25 and 40}, are the
dominant type on the valley bottom. Dunes arve especially sbundant
in the Tusayan Washes section, where sand storms are said te have
increased in frequency during recent years.

Wherever wind-blown send is found as a continuous surface mantle,
it is effective in preventing erosion by running water. Puarts of the
Polacca drainage are almost immune te sheet wash and serious gully-
ing because of absorption of the flowing waters by sand and becuuse ot
the obstruction offered by drifting sand to the formuation and mainte-
nance of chanrels. By reason ofgZ their retention of water these sand
areas are favorable for vegetative growth and are valnable to the
inhabitants of the region as agricultural land.

ACCELERATED EROGSION IN THE SOUTHWEST

Recent acceleration of erosion in the Polacca drainage and in the
Southwest as a whole is now generally recognized. There is as yet,
however, no general pgreement as to the cause of that acceleration.
Any vahd explanation of this recent trenching must recognize that a
large part of the region is uffected by it and that in some localitles
it began as much as 8¢ to 100 years ago, though in ‘most aveas it had
its start more recently,

DATE oF ACGCELERATION OF ERosioN
THE $OUTHWEST

Rich, Gregory. Brysn, and others have gathered muny records of
the beginning of necelerated erosion in the Southwest. The dates
vary from valley to valley as do also the nature of the terrain. time
of settlernent, type of land use, climate, and reliability of the inferma-
tion. Hough, in 1906. made a general statement for the entire re-
gion that acceleration of erosion :i}egau 80 years earlier or about 1875
{64). Bryan considers this too early and places the beginning of
cutting about 1885 (23) .8

Most accounts by esrly travelers in the Southwest indicate that
acceleration of erosion did not begin until after the establishment
of settlements and the expansion of the cattle industry. Local excep-
tions may be noted. Explorers and military parties thar erossed the
Rio Puerco of the Rio Grande drainage in New Mexico between 1846
and 1877 report banks 10 to 30 feet high and a chunnel as much as
100 feet wide (10 pp. J06-467; 23, p. 359; 71, p. 432; 95, p. 71}. This
would suggest that channeling had ser in fur earlier than the late
eighties, the date given for it T;_\' loeal inhabitants (23, p. #39). The
explanation of apparent disngreement of the two accounts may lie in
the development of discontinuous channels, which eventuaily joined to
form one great continwous gully {pp. 92-95). Albert, Simpson,
and Jucksoi. whose journals tell of the early condition of this river,
may have crossed some of the earlier channeled reaches. Later, as
guilying spreac up and dowu the valley, subdraining the bottomn Iands

¥ BryaN, Kirg, URE-COLUMSTAE AGHICTIPURE (X RELAMPION 70 PERIDS OF ALLIVIATHON

JINCPHE BORTICWRRT.  Paper preseoted hefore Anthrop. Sec., 8th Amer Bel, Cong, Moy 16,
1940,  Wushington, T ¢




CLIMATE AXD ACCELERATED EROQSION IN THE sovTHwEST 103

and impeding the diversion of witer for irrigation, the population
was mure seriously affected. At least three river towns were aban-
doned {22, p. N

Judging from au early account by Simpson (43, 3. 78}, Chaco Can-
yon, a tributary of the San Juan River in northwestern New Mexico,
had no gally i 18390, Jackson. in 1877, found un arroyo 16 feet deep
and 40 to 60 feet wide (71, pp. 431-440), and by 1924 this channel hag
enlurged Lo 30 by 200 to 300 feet in section (24, p. 240). _ _

Agrieulfural land along the Rio Sulado, tributary to the Rio Greande
at San Acaciz, N. Mex. was settled in 1880.  According to loeal in-
habitants. an exceptional rain and flood in 1888 cut 1 new channel for
the stream along the course of an old road. Most of the farming land
of the valley has since been destroyed by fuwrther cutting that between
1882 nnd 1918 ereased the width of the Rio SBalado 10 re 40 times (26).

The channel that vecupies what was once the main street of Silver
City. m southwestern New Mexico, was cut lavgely in the vears 189
to 1908 (227 24, p. 17}, lutense rains fell in this area in July and
September 1875, and July and Aupust 1881 but it was not until the
6-inch rain of July 21. 1895, that the major excavation began,  August
1903 bad two more digastrous floods on successive afternoons.  In 1917
the channel was over 100 Teet wide and 37 feel deep (79 pp. 24-25),
and by 1934 the depth was repurted to have increased to at least 54
foet (7. p. J1).

Acceleration of eroston on the Gila River in southern Arizona awl
on various of Hs tributaries took place between 1870 and 1960 (104,
713). Rillito Creck, a tributary of the Santa Cruz River, hegan cut-
ting o few miles northeast of Tucson after the opening of a United
Stares Ay post ou the Rillito ar Fort Lowell in 1872, Punfano
Wash, entering rhe Rillito from the south. eroded rapidly during floods
in 1881 and in the nineties (56, p. 8},

In 1870, the valloy of the Man Pedro, a longr tributary of the Gila in
southeastern Avizona, had o shallow grassy bed and banks covered
with Tuxurtant vegetaiion.  Willow. cottonwood, syeamore, and mes-
quite timber were abundant. and there were Lirge hods of sauceaton
and grauma grasses and sagebrush, By 1900, the river had cw 10 10 40
teet below its former banks. Trees and widerbirush were gone, and
cattle and horses trailing between feed and water had cut many small
walerways from the Lills to the river (2.2, p, 1.2},

Another account of the lower San Pedro says that until about 1858
the Valley consisted of a nurerow steip of very fertile subireigated
fields.  Beaver danw retarded the flow and prevented channel cutting,
Trapping of the beavers and removal of grass frowm the hillsides al-
Towed stieh an inerease in erosion that by 1892 or 1893 a4 chiannel 3 to 20
teet leep hadd been eat almost the whole length of the river.  Freshels
each year carried away mare of the bottom lands. and in adcition to
curtailing the area of good Tand. the deep channel drained the botlows,
Killing the native grags and making trrigation more difficult (520 pp.
do-14).  Bryan points to the change in plant associntions in the San
Pedro Valley as clureteristic of (he reeently dissected valleys of the
Southwest.  Within the memory of men now living the phreatophyies,
ar shallow ground-water planis, have disappeared and have been re-
placed only by groves of mesquite (27, pp. 477 -456).
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The Gila itself has cut away much of the former flood plain in its
upper course, but Lelow the mouth of the Santa Cruz River it has de-
posited enough sediment to fill the oid deep ehunnel and form a sandy
plain a quarter of a mile to half a wmile wide (24 pp. 347—244).

Floods that have carved a large channel in the floor of Blue River
Canyon in the Gila River drainage began in 190¢.  Between 1800 and
1921 the number of ranches iu this basin decreased from 43 o 21 and
the population from 300 to 95 (24, p. 242, 74).

'Ill?le present channel of Sap Simon Creek. which enters the Gila
River from the south about 4 iniles east of Safford. ix 10 to 3¢ feot
deep, 600 to 800 feet wide. and 60 wniles long.  Olmstend reports that
it developed after the cutting of a smali floodway by settlers in 1883
(23.p. 848,79, p. TH).

Arroyo cutting in streams tributary to the Maneas River. and so
indivectly to the Gila, began between 1881 and 1891 (N6).

In northern Arizona and southern Utah much of the channeling of
flut-floored washes appenrs to have started hetween 1880 and 1880, Ac-
cording to Brady 1.2¢). the Rio de Flag. northwest of Flagstaff, Ariz.,
formerly flowed through a grasey flood plain but in 1936 was deeply
entrenched.  Curting began in 183637, when a logging rvoad down
the center of the valiey was in wse. The wroyo enlarged rapidly be-
tween 1890 and 1882, and by 1800 it was 15 to 20 feet wide and 16 feet
deep.  When reported on by Brady in 1836 it was 60 feet wide and
20 feet deep.

Cottam and Stewart (47, g 6733 stare that Mountain Meadow. in
southwestern Utah. was dissected by huge pullies during a protracted
period of torrentind storms in the spring of 1884,

Dauvis reports that cotting on Kanab Creek i known to have hegun
m the finod of July 28, 1883, which was followed in 1854 and 1885 by
high waters from unusually heavy snows. In these three years
gully 60 feet deep by abont 70 feer wide and 15 miles long was cul in
the fill of Kanab Creek (49, p. 77). Lakes known io have existed in
Bonito Canyon in 1850 (%5, p. 710}, in Tyende Valley in 1880, and in
Laguna Canyon in 1882 have been drajued and the valleys deeply
trenched.

According to Gregory (31, pp. 14902131y, Navajo legend tellx that

the Segi region was bewitehed in 188 The Iakes vanished and furm
lands were cut out.
In 1884 the flat-hovtomed alinvial lose of Walker Creok was ovcupied by Ilian
furwers, ind the bed of the Chinte was caltivited @ is 39938 the 1oreeees on Walkoer
Creck were 8¢ foed above i strens and the Chinde Huwed hotween olluvial banks
G feet in heighr. Sinee (he Mormon ocenpitbion of ‘Puba in 1878 the Moenkopi
hurs bnfrenched itself ino aituvign 1o deplis of 15 to 40 foet.

Prospectors. pottery hunters. Government officials, Navajos and
Hopis agree, Greogory saye in placing the formation of terraces 25 to 85
yvears before he wrote, or between 1882 and 1892, Those on Pueblo
Colorado Wash at Ganado were Tormed about (896 (54, p. 1313,

THE POLAWA DEAINAGE BASIN

The begimning of aceelerated erosion in the Polaces drainage basin
can be dated only approximately, but the several lines of evidence are
all in general agreemsent.  Tarly travelers through the Navajo country
appear to have said nothing about the presence of gullied channels.
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The first descriptions yet found are by Bourke, who visited the Hopi
snake dance in 1881.  He noted on August 16 that high wind-rvippled
sand dunes on the plain south or southwest of the (ip of First Mesa
provided heavy gomg for their mules (7. p. 287). To the west. in
the center of the broad valley sepurating First and Second Mesas, he
says. 1s a rainy-season streaul. apparvently Wepo Wash. flowing from
the north and joining what is now ealled the Polacca Wash, Where
his party crossed the Wepo it was a brook 20 feet wide and 3 to 6
inches deep. with a swift cwrrent. Corn, melons. pumpkins, and
squashes were being grown along the valley (77, pp. 2871-282). As he
does not mention any difficulty in erossing it is presumed that the Wepo
at the trail hetween First and Second Mesas was at that time a surface
flow with only low banks. The “clay talus™ forming the slopes trom
the base of the mesa cliffs to the plain, Bourke says. was “slashed and
wrinkded In all possible divections by ravines and arroyos, ranging
from 2 feet to 200 feet in depth. across and bet ween which runs a mage
of sheep and goat and donkey trails™ (17, pp. 282255}, Dissection
of these steep infertile slopes is probably almost as old as the congested
settlements on the mesa (ops above them and must have long preceded
the widespread gullving of the wash floors.

On August 19 Bourke's party started southeast from the plain below
Mishongnovi at the tip of Second Mesa. When seareely o mile on
their way they ran into an alkali flat full of mud holes. and their mules
and wagon hecame deeply mired.  After digging out they proceeded
down draimge and soceeeded in erossing at a place where the water
lowed Letween vertieal banks 10 feet high.  The wails. of a crumbling
sand and elay mixture. had to be graded down 1o allow the wagon to
pass,  Less than 250 yards farther another and more troublesome
ravine was crossed insimilar manner (77, pp. 2992423, The position
of these mnd Hatx and the two 1avines suggests strongly that the miry
aven and the arvoyo first crossed may have been adong the Wepo,  The
second and Targer arvovo or gully way have been the Polacca. From
thisat would appear that gullving wWong the Polacea had indueed cor-
relative cutting on the tributary Wopo or that both had trenched inde-
pendentiy. In any event. eafting on the Wepo did not extend up
drainage so far as the boggy area, which may have been on a broad
allavial fan. The place where the Wepo had been crossed 3 davs
hefore must have heen sl farther upstream. These Tew observations
of valley trenching suggest that by 1881 uccelerntion of erosion had
made n start in the centenl part of the Polacen diminage but that the
gulliss were nol continuons up the washes and had not reached
anything like their present width and depth.

The fivst topographic survey of the Polacea diminage. made in
1883, 1= shown on the Canyon De Cheliy. Marsh Pass, and Tuosavan
reconatssance maps of the Tnited States Goologieal Survey. Be-
cause of the sinall seale (1:230.000) amd recomuissance nature of
these old maps it is impossible to be sure that o)l drainageways were
mapped.  Permanent i intermittent streams are shown in several
of the other valleys. bowever, and it i= unlikely that a well-developed
steep-walled gully down the Polaces Wash would have Leen ignored.
Various springs i the Polacea drainage are shown. and the Cauyon
De Chelly quadiangle indicates a peenmnent stremm about 4 wiles
long in one of the Palueen beadwaters.  As near as can be determined
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this channel was in Dripping Springs Canyon (fig. 42). and it may
have been a natural feature. These early mups, therefore, suggest
that gullying in the Polacea drainuge was not well developed until
some time after 1883.

According to information obtained from the Hopis, accelerated
cutting of the Polacca Wash began in the 1890's at a point several
miles below the village of Polacea. The exact location iz not
known, but field evidence suggests that cufting began abeut 7 wmiles
down valley from the villuge {figs. 25 and 20 Between £ and F ).

On the basis of the positions of longitudinal fans and on com-
parisons of cross sections of the present gully above and below the
fans, the approximate positions of other oid gully channels along the
course of the present Polacca Gully can be located. One such dis-
continnous channel is thought to have extended from about u mile
southwest of the mouth of Red Canyon (fig. 26 between 4 and B)
upstream for at least 2 miles; one for a distunce of about 3 mi::s up
from the mouth of the Burnt Corn (fiz. 26 between ¥ and D) : and
one from about 6 miles to 9 miles above the mouth of the Burnt Corn.
The longitudinal fans were formed by deposition from discontinu-
ous channels and were later cut through when the channels beciume
incorporated in the continuons gully system,

According to this interpretution, aetive discontinuous channelg
were present in four reaches of the main druinage of the Polacca
Wash, possibly before the end of the last century. Integration of
these channels under the influence of continued accelerated srosion
produced the long, continuous Polacen Gully.

Evidence from the major (ributaries of the Polucea also indicates
that acceleration of erosion began some time after 1890. A land
survey made in 1891-92 ¥ shows a discontinuous gully in the Wepo
Wash, terminating about 5 miles above the present junction of the
Wepo with the Polacen—a reach that now contains a continuous
gully channel. In Keams Canyon Wash, according ta Hoover,
writing in 1930 (52, p. 437):

The greatest trenching kus taken place within the lust 10 or 15 years. Before
1880 there was no serigus arroyo wash in Keanms (anyoen, but later the govern-
ment experimental farm there was largely  washod away awd lmd (0 be
abandoned. The scheol wits moved two miles down the canvon to its present
gite. The wash is now about 26 feet deep und goes through the middle
f the old fields and cemetery.

Gregory, who worked in this area intermittently from 1909 to 1913.
seid that the deep alluvial fill of Kewns Canyon was then being
removed so rapidiy that location of roads and preservution of build-
ings was a serious problewm (37, p, 1i7),

Cutting of neighboring washes has also tuken place largely since

1900. Hoover says of the Oraibi (02, p. 437), the next wash west of
the Polucca, in 1630:
The old Oraibi Wash of 30 yenrs ago wius no more thau five or six foet deep
and can still be fraeed where 0 was abundened for the great sash about 45
feet deep and severnl hnndred feet aeross.  Loeully it has eut to bed rock,
here there is & cimstant How of surface water, Tt is vepresentutive of what
hag taken place in all rhe valleys.

wh, 8 Genernl Laugd (HHeo,  PowNRMEP N0, S8 NORTH, KANGE NG, |8 KANT, GILA AND SAGT
WIVER MBRIDIAN,  Bewle, 40 chains to an ioeh.  [Ms map, United States Dopatetment of
thre Interjere]
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Jaditc Wash, adjoining the Polaces drainage on the east, has a
Ppresent channel in some places as much as 100 feet deep. Most of
this, according to Hack, has been cut since 1914 (25, p. 68).

The weight of evidence indicates that accelerated erosion in the
Navajo country began between 1880 and 1883, and gradually spread
until by about 1914 all the major drainages and most of the larger
tributaries were trenched by a system of continuous gullies. Since
then gullies have cut deeper and have joined to form a more com-
plex centinnous gully system. Enlargement of channels and exten-
sion of the system continues. Parts of some of the larger gullies
appear to be less active than they were a few years ago.

CAUSES OF ACCELERATION oF EROSION

DIASTROP H1SM

Available information indicates that accelerated erosion in the
Southwest was initiated at slightly different times in different areas
but that by far the greatest incidence was in the period 1880-1900,
In the seurch for the cause of acceleration of erosion these geologi-
cally short time limitations must be kept in mind.

Rejuvenation of stream action would be a possible explanation
of the trenching of the valley floors. In individual streams this could
be brought sbout by increase of flow, through capture, or by the
cutting through of a resistant barrier such as a massive bed, lava
flow, or landslide. More or less synchronous acceleration on streams
throughout the Southwest conld scarcely result from any such local
causes.

A far more widespread cutting of gullies in valley floors could
be brought sbout by steepening of chunnel gradients through dias-
trophic action. Any type of doming, warping, or tilting of the
earth’s crust, however, would involve u directional orientation along
which grades would be increased and en orvientation in the opposite
direction in which grades would be decreased. Warping thaf would
produce increased cutting in southward-flowing streams should pro-
duce aggradation in those flowing toward the north in the same
arez. Vertical uplift or doming would produce a steepening of gra-
dient of streams flowing radially outward from the uplifted area.

No evidence of recent drainage chunges of these kinds has been
found in the Polacca or elsewhere in the Southwest. Observation of
the growth of continuous gullies from short discontinuous ones
{p. 92} further suggests that accelerution of eresion has been brought
about by changes on and above the earth’s surface rather than within
the crust.

AGRICULTURE

Where cultivation of the land entails complete removal of natural
vegetation and for purt of the year Jeaves the surface entirely bare,
the hazard of soil erosion varies with the farm calendar and with the
seasonal variations in ¢limate. In the Navajo and Hopi reservations
agriculture is well adapted to the climatic conditions and is far less
likely to induce serious erosion than are the usual agricultural prac-
tices of farmers in somewhat more hunid lands,
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Few of the Indian fields of northeastern Arizona are ever plowed,
‘Corn, the major crop, is planted in individual holes made with a
planting stick. Most of the fields are in sandy areas which retain
much of the scant rainfall and thevefore do not wash badly. Sand
blowing rather than gullying is the major difficulty to be combatted
on these fields, and windbreaks of reed, brush, or stones are commonly
used. Fields on alluvial fans or on flood plains of arroyos are more
subject to gullying. Even here, however, the usual Indian agri-
culture does little to increase the hazard. Stewart (100, p. 329) re-
ports that flood-water irrigation as practiced by the Hopis and the
Zunis today is a highly effective means of preventing gullying, The
result of land abandonment may be seen on a field that went out of
tribal control when boundaries of the Zuni Reservation were realigned
about 35 years ago. The fiat-bottomed stream which was formerly
used to provide floodwater irrigation for the field has now cut a
channel approximately 75 feet wide by 20 to 30 feet deep.

Diversion dams and distribution ditches to irrigate the fields are
reported to have been very numerous in the past (82, 700), and if
properly maintained must have ncted to prevent rather than induce
accelerated erosion. Abandonment of these works, as Reagan (82)
has suggested, may have been a contributing factor in starting
accelerated channel cutting. Bryan * helieves there were fewer dams
than Reagan indicates and that their effect on alluviation and erosion
was small. It seems certain, however, that in the areas most in-
tensively cultivated the water-cantrol structures of these early farmers
were highly effective in retarding run-off and in causing alluviation.

Little is known of the number of inhabitants in northeastern
Arizona before the coming of the Spaniards. Espejo in 1583 esti-
mated the number of the Moquis at 50,000, but this is thought to have
been far too high (43, p. 157 48. p. 661). In 1776 the engineer Miguel
Costunso * made an estimate of 7494 (43, p. 75). This figure, which
1s also given by Escalante. ngrees well with other estimates of that
period. In 1780, however, after 3 years without rain. (fovernor Anza
gave the population as 798 and the deaths as 6.698. Whipple in 1858
noted the population as 6.720 (777, p. 13). the Eleventh Census in
+ 1890 as 1,996 (43. p. 49), and the Indian Service in 1939 s 3,339,
including 114 Hopis residing off of the reservation (109, table 3).

Considering that the Hop! population probably has never exceeded
8,000 and that the Navajos have gradually risen to their present
48,235 (109, fable 2) from u start of about 8,000 in 1868, it is improb-
able that the Indian lands have ever been much more intensively
farmed than they are today.

In recent years only about 38,000 acres on the Navajo and Hopi
repervations have been under coltivation, exclusive of a sinall area
around Gallup, N. Mex., and of acreage opevated by the Indian
Service. The cultivated acreage. Jess than 60 square miles, is approxi-
mately 0.25 percent of the two reservations excluding the Gallup
area, or an average of 1.6 cultivated acres per square mile® The

0 Zee fontnole 18, . 102,

A CONSPANED, MIGUKL WICTAMER . . . RORKE DISTAXDIAS DEL NUEVO MEXICO A SONOILA,
¥ 4 wmoNrEkiny, [Ms]  Arvch, Ge y ub, de o Nue, Prov. Int. v, 769, item 2. Mar, 18,
1776, Mexleo Clty.

LY. 8, B0iL CONSERVATION SERYICE.  STATISTICAL STAMMARY HUMAN DEPEXPENCY au-
VEY, NAYATN AXND HOP RESERVATIONA. 41 tnbles and mup. Albuguernyue, N, Mex. Rev,
1930,  [Mimeographed.] (Sce tables 1 and 24.)
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proportion in the Hopi country is higher, 7.6 acres per square mile
in 1936, but ubove and below the Hopi lands on the Polacea and
adjoining drainage basins eultivated land falls to less than the aver-
age for the reservations. Considering the small amount of land
cultivated it seems impossible that agriculture could have been a
significant cause of the acceleration of erosior.

CLIMATE

Many of those who have considered the acceleration of erosion in
the Southwest have concluded that it has been brought on by a ehnnge
of climate. The exact mechanism operative or the amount of change
necessary to produce the accelernted cutting ave not stated, but refer-
ences to progressive desiceation. decreased rainfall, or greater relutive
aridity are common. Huntington (64, 66, 67). Gregory (51), Visher
(110}, and Bryan (23, 28) have suggested sueh a change as the cause
of recent channel trenching (pp. 45-16).

RELATION OF CLIMATE TQ NONMAT AND ACCELERAEED HROSTON

The possible effects of chunge of climate on rate of erosion are
many and varied. Increase or derreage of precipifation are the
changes most prone to affect run-off und arve therefore of greatest
significance in the problem,

Decrease of precipitation in an arid or semiarid laud reduces the
vigor of plant growth. The less hardy specimens die, the survivors
are reduced in size or strength, und there is a general shift toward
a more xerophytic vegetation. With decrensing precipitation there
15 also less wafer to flow off the lands. Three results are possible:
(1) If the cffect of vegotal depletion is less than that of reduction
In precipitation, run-off will be less destructive wnd the hypothetical
change of climate will bring less erosion than formerly; (2) vegetal
depletion muay balance deerease in precipitation and erosion conditions
may remain the same as before; (3) depletion of vegetation may be
more effective than the decrease i precipitation and, particularly
i individual storm intensity remains the sume, run-ofl and erosion
will be accelerated,

Moderate inerease of precipitation may have the opposite of any of
these three effects. In an arid or semiarid land moderate increase
should improve the vegetal cover on slopes. A grent increase in pre-
cipitation is likely to cause degrading of stream valleys temporarily,
until vegetu! protection can adjust tuily to the new climatic condi-
tions. There is a question. then, in any aren whether increase or
decrease of annual precipitation would be most likely to cause accel-
eration of erosion. Tt has been assumed by most of the proponents of
the climatic-change hypothesis, that o deerease in precipitation. by
lowering the resistance offered by vegetation to run-off has brought
about the increase in crosive uctivity in the Sonthwest. Huntington
(66, p. 32) stresses the complimentayy process. He points out that
depletion of vegetation beeause of decressed precipitation so increases
the amount of debris removed from the slopes that streams are over-
lowcled and mnst aggrade rather than degrade their valleys. It must
be kept in mind that processes are different in upstream and down-
strexin pacts of the same drainageway. In arid drainages that do
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not run through to a major stream xll material eroded from the
headwaters must he deposited at lenst temporarily in the lower
course. The boundary beiween the croding and the depositing zones
migrates upstream or downstream with each period of run-off.

Possible results of a lowering of precipitation would depend in
large part on the specifie lnl'f(‘OIOIU“'I('nl changes. In northern Ari-
zong, for example. a reduction in winter rains wonld have a different
eﬂ:'ect from reduction in summer rains.  Bailey has pointed out that
a change in intensity would De important even if there were no
change in fotal precipitation (I3, p. 3/7}. A meteorological shift
that would lessen the frequeney and intensity of summer thunder-
showers and of the ocensional tropical cvelones in the Southwest.
while maintaining the same annual total. might increase the protec-
tion afforded by the plant cover to the ground surface. A whift
that would delay the inception of the summer rains by only a fow
weeks, however. would seriously damage the vegetation, thus favoring
ucceleration of erosion.

In a land of sbundant rain an inerease rather than any slight de-
crease of precipitation would be needed to cnuse acceleraiion of
erosion.

It has been pointed out in the discussion of the distribution and
intensity of precipitation in the Sovthwest and in the Polacea drain-
age in particular that summer conditions are markedly different from
those of winter (pp. 8-11. 4748}, The silent differences and their
effects on the nperation of normal and nceelerated erosion ure sum-
marized in table 13
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[ram storms of lower intensity,
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Run-ndf beyond the stormn area
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Limiled number of new ehagnels
formed; many existing chaonels
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Under normal conditions the vegetal cover of the Navajo country
n summer gave adequate protection sgainst all but the most intense
rains. Carving of new channels took place largely where storms of
unusually high intensity centered over areas where the vegetal cover
was locally hupoverished er destroyed by fire or other causes or where
steep slopes allowed very rapid run-off. Most of the stoyms covered
areus of less than 30 square miles and had low total precipitation and
durations of less than an hour. High teniperatures sud almost con-
tinuwous wind movement caused rapid evaporation outside the imme-
diate storm aven and only shightly slower evaporation within, In-
filtration into the soil and transpiration from the natural plant cover
were higher than they are today and were at thelr peak in the swunmer
months,

Qutside of the highly lacalized storm center the run-off rapidly di-
minished in volume. owing to losses from inflitration and from evap-
eration and transpiration. usually termed “evapo-transpivation” by
hydrologists.  Erosion and transporting power decreased as the vol-
ame of How Jessened. and the material \\'asl]wd fram the storm aves waus
deposited at no great distarce.

unimer conditions tend to retard ruu-off and localize the effect of
each storm,  Ag a result the arrovoes that were formed in summer
under normal conditions were mostiy short and unconnected and char-
acteristically terminated in aHuvial fans. Longitudinal alluvial fans,
representing in part at least deposition at the lower end of discontin-
uous arroyo chunnels in the period of nornml erosion, wre present on
the surface of the upper Polarca Wash.

In contrast to the intense swmmer storms, winter storms are char-
acteristically of low intensity. may last for several days. and are of
wide areal extent (table 13). These storms are accompanied by wide-
spread cloudiness and Jow evaporation: winter vegetal cover is light
and transpiration therefore ineffective, Under these conditions the
widespread winter storm. although less able to initiate new channels
locally. may cause run-off throughout the entire avea. Easpeetally if
conlescence of tributary drainage brings together considerable flows
of water. winter run-off. whether from rain or melting snow, tends
to clear ont channels and enlarge discontimons arroyos lying within
the drainagewavs.

With normal plant cover. the lands recovered quickly from the
effects of heavy storms.  Vegetation erept back into the newly enrved
channels and nided in trapping sediment.  Vegetation on the sur-
rannding area prevented rapid run-off from average raing and per-
mitted healing of the storm-cut chaunels,

Depleted plant cover is much loss effective than the natural cover in
retarding run-off and removing water by transpivation. It is also less
effective in aiding infiltration.  In areas subject to nceelerated erosion
the effect of depletion is shown in several ways  Summer storms of
an intensity of precipitation insuflicient to cause enfting of new chan-
nels on & landscape clothed with natural vegetal cover can initinte
channels in areas of depleted vegetation. Thus in a region having
natural cover. only the area affected by the intense central part. or
eve, of the typieal sommer storm would be subject to initintion of new
chunnels, wherens in x region of depleted cover a much larger purt of
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the storm might cause destrnetive erosion. Similarly. where the
eround retains its natural cover, a tain of given intensity would carve
chmme]ﬂ1 only ou steeper slopes and where “dr: aitinge wiks concentrated
in sagsor drawe.  Where pround cover isde sleted. a storm of the same
1ntenf;1tv could initiute ch: anueling on gentler slopes and on surtaces
outside of draws and sags. hence ble_lLCtlll“’ a much larger part of the
area to accelerated eroslon.

Plant cover offers much less protection against erosion in winter
than in summer. Mechanical obstruetion to run-off is slight. cespe-
cially where the cover has been depleted. and transpiration in winter
15 essenfially inoperafive. It is fortunate indeed that rains in the
Southwest are characteristically of low intensity during this season
ol poorest vegetal protection.

hannel initiation is inactive in the winter months except along
some of the major deainngewavs,  Instead. the run-off from the slow,
protracted. widespread rains and melting snows inereases the size of
channels already formed. Owing to the high praportion of cloudi-
ness and the lowered rate of evaporation during the winter, in addi-
tion fo a more sparse vegetal cover, run-off can travel & consideruble
distance little diminished by absorption or evaporation.

Channel elearing aad headward growth of gullies lead to integra-
tion of the discontinuous eulltes formed by sumer raing and convort
small separate channels inro parts of one great continueus drainage
gystem.  This development of long, continuous channels llnnuﬂ'h
which water is 1.:})1(]]\ drained from the region is one of the wost
serlous consequences of aceelerated erosion in the Navajo country
today.

IXCHHINCE AND EFFECTS 0F TNTENSE PHECIPTTATION

A plant cover suflicient to protect the ground from the average
storm, or even from the 3-year or [0-year HIO: ni. may he quite made
quate to protect against the 50-. 500-. or 1,000-vear storms.  The tim-
ingr of rains and the conditions immediately preceding Intense taing
also welght their effectivoness.  Vegetation llll[’l(]\(‘llhh(‘d by 2 Jong
period of drought (pp. 31-35) is much less able to withstand a hm\\'

Aain than 18 a pl mt cover browght to bountiful growth by u succession
of well-spaced raing of low intensity,

The effects of heavy raing are .uan\ shown 1o the gullies and gullied
chanuels. 5o early universal tn the Sowt hwoest tncl.:\. and in the Hoads,
wash-outs, and eave-ins that bave eaused destruction of life und

aluable property. Heavy raingare not new (o the Seuthwest.  They
are an essentinl part of the meteorological regimen that has charue-
terized this region at least sinee (he unul_}uatnwuh that followed the
close of the Teo Age (475, Run-off from heavy eains here as well as
in other parts of the conntry, however, is now more rapid than it was
hefore white settlement {H))’) From the earliest vecords to the pres-
ent there has been an ever-inereasing ery that Hoods sre getting higher
upstream. channels are cutting wore deeply. downstream reaches are
aggrading. and the vegelal cover is not so good as it onee was.

The occurrence of dustructive rains in the latter half of the last
century is amply shown by newspaper accoutils, jowrnal eniries. and
official correspondence.  Representative storms and their effects are
desceribed below.
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The Arizona Miner (7} for August 8, 1868, reported :

About 9 o'clock Sunday morning last there oceurred, in Yuma county, in this
Territory, one of those drendful eatastrophies in Nuture, known us a “witer
spout,” which * * * jgwithout u parallel in similar phenvinena,  Mr, Jumes
Grant, mail vontructor on the La Paz and Preseott route * + ¢ left La Paz
Sunduy merning, and proceeded about 14 miles when e beheld o tremendous
black cloud to the esstward, moving toward him from the direction of Granite
Wush. Nothing daunted, he kept on his journey until arri ving at the big ravine,
14 miles this side of Frson's Well, now Rovert’s Station—-where he found the
freight trains of Miller Brothers and Camplell & Buffum, of Prescott, in n badly
demoralized coudirion, While the wagons, or &t pirt of them, were crossing the
ravine or wasl, a flood of wutor, which came very npear destroying the whole
teain rushed upon themy * * =

On the 81st of August. 1872, the Arizonn Miner (98) published a
delayed letter from Camyp McDowell, stating:

On the 9th inst. we bad rhe greatest flood in this sectlon that has over been
witnessed here, 3 60-100 inches of water feil {by the hospital guage,) iu less
than two hours, and nearly T inches feli in less than 12 hours. The damnge
ig immense, Lhe Govermment ditel s neprly adl washed away, We lost uver
#1000 worth of hay.

A few years luter. in 1880, the Indian Agent on the Nuvujo
Reservation commented {16, p. 112,

The effcet of the heavy winds iud rmins hns been 0 destroy in many loculi-
ties the entire crops of wheat sl corn., The viins were musually severe iz
seasen, more s than for four or five yews pust,. The dam ot che igreney,
about eomploted, wias varried iaway by one of those cxtrpordingry flowds in
about half an bour's time, and rocks weighing tons enrried a distunce of
several hundred yards.

Bourke, a keen observer of natural phenomena. deseribed (17, pp.

A=) many of the storms his purty encountered in Arizona and New
Mexico 1n the sunnner of 1881,

Those who are not familiar with the fonrful tepe of thander-stotins whieh
arise in the Trans-Missouri region ean form go conception of the havoe wrought
by those which assailed ihe vicinity of Santn Fé in the frst week of August
84T, ind 1axed to the utmmoest the etrrineering ability of the manngers of che
Topekia and Sanla e Ruiiroad o keep their grains running with anytiling
like regularity.  The worst storin of rhe series {rhar of the varly morning of
Awgust 23, although spusmodic o its natues, was bhenomenal o rhe amount of
wialer Ealling during the time it isigd, * * o«

Consequently we were ot axtonished 1o lonrn, us we did al breakfasr, thag
the railrond track had boon washed away, and that e was po probsihility
of traing rumring on sehedule time for severnl fliays,

Constant storms Torced Bourke and his party (o remain at Keam’s
ranch in Keams Cavyon from August 13-15. 1881, He SHYS (/7
pp. STO=ETT. 280-281)

The first evining afrer our sreival, 18 the st wis setting, the mist chickened
suddenty, and a Fearful cloud-burst heoke upon u=soin less thme than it takes
Teowrire these lines it md Nooded (he ereelhod, raised the wiler fooa depth
of three inches on the leyvol ground around the house, cnrrisd away the dam,
which was hnilt of ponderous spodstone slabs 1wo feet on 0 side, and then
subsided as quivkly as it kad come,

Inside of hadf an hour the whele fempest bad come wid gune. Right to ten
feet nf water had swept like o solid wall down the narrow chaunel of the
creek, and the stars were agnin shining!

* - * - » - *
Na deseription could do justioe 1o owe of those  Arvizona eloud-bursts,  Mr.
Keam's hopse lies in o narrow gorge only 100 yards wide, angd the receplicle
of every dvop of water falling within an wren of len miles square. It does
323402 12 —8
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pot take much caleulation [u show the power of one of the storms prevailing
here during the riiny season.

Following the trail southward through the Hopi Butte country to
the Mormon settlement of Sunset. on the Little Colorado River.
Bourke's party veached the Breaks of the Little Colorado in the
afternoon of August 21, 1881 (I7, p. 347

Here eoutd be made ont the gziade of what must at one fime have been a very
respectable piece of engineering, o voad dows into the valley below, or rather
down to the lower beunch.
- = * *x = * [
Whaever had done the work had done [ well, but fruifiessiv. A fearful
elond-hurst must have =wept over this place Luely. and with immenss power
had hurled great cubes of rock from their position® or gnawed ont awful gups
% and § feer deep and § and 1 feer wide in the path we were 1o descend.

The destruetive power of some of the storms of a single month in
1881 is well shown by Bo irke's accounts. Then, as now. railroad
tracks were washed out. substantial rock dams were carried away. and
roads were made impassable by pullving. Other summer storms in
northeastern Arizona led the Indian -\ment (N0, I to report.
September 1, 185K

Some of the dams con=tructed lnsr year have washed ong) in faect i would
bhe difficult tir make a dwm in this eounticy to wirhstand the terrible foods
during the rainy =emsnt, without 2 great ouflay of expense.  For thiz reason
the consfruetion of dams. exeept for remporary wsed, fhould be abandened and
the work directed to reservoirs, difehes, and rhe developing of springs.

The heavy rains of 1880-1890 are of particulur intervest becnuse of
the evidence that acceleration of erosion first became apparent in
many of the vallevs of the Southwest during that period {pp. 104),
Among the excessive and destructive storms of the 1a80% General
Greel\' (47. pp. 15 17Y ina report on the rhnute nf the arid regions
of the Southwest listed for Arizona and New Mexico.™

Septepber, 18— The aintall of the 21= meazoving 250 inches, cnjsed a
finod af Sitver City, [N. Mex.] which damaged buildings und driwned a bor.

Anguxt, 1SS1—Three foads visited Silver ity daving the morth, on the 7o
the 1orh, and the 2Hih, of which the seeond did constderubie damage,

Angust. 1881 —Near Wickenburgh, Ariz, n clowd burst easusing the Hassay-
ampa River from being pecfecply dry or =anset, August G TSK1L te b o stream
@ mile wide at 11 1, and frem 2 o 15 feel deop; in 18 hours the river was
again dry., On the 17th o flood nterrapted communication and did much dunsge
in the Salf River Valley near Phoenix.

Ootober, 1881 —Greal danmagre was Gone to the Atehisen, Fopeka angd Saata
Fé Railway on the Gth, amd all frafhie was suspeided sourh of Lax Vepas, o
the Bio Grande sod Galisteo yirileys there wore minnerois heavy wasboaais, and
in many phiees the rodl hed wis eovered with great heaps of sand.

Anineat, 1882 —8Serios waslvis oecurted on the 24th hotween (as=n Grande
aud Yumi.

Mareh, 1884~ -t Tlorenee on the 7ol & clend-barse flooded e streets 4 feeg
deep.  On rhe D severn) miles of track were washed away east of Yumm,
On the 1ich the Giln broke through e levees and flonded Ywnn,

Jrely, TI881.—The flootled Colotado washed away parte of the radlway bridge
at Yuma on fhe 1=t ang Jd.

April, 1886.—IHeavy rain on he 1h and 20th eaused Santa Fe {'reek to
assume the proportions of a river, Telegraph commmmication wax interrupted,
railroad bridges were washed wway, and several miles of track destroyed.

June, 1886.—High water in the Ris Grande, in the Valverde, ecompletely
overflowed the tewns of Chamberioe, Loanneen, gt Nombre de Dios, this on

2 The detn on Arlzena dod New Mexics guoted from Greely have iwen rearransed
chranalogienliy.
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the 2d and 8d of the monch. Between the Tth and 10th the freshet laving
moved downstream washed away houses and railway tracks, destroyed bLridges,
and sabmerged three towns in the Mesilla Valley.

Awgust, 1836.—1This was o month of flaods at Yumn On the 1ut, light
rain fell during the gresier part of rhe day. Seventy-five milos west of Ymua
the rain was heavy, enusing @ wuashour on the ailway and deluying trains,  On
the 15th there was o thunderstorm mensuring 1.57 nelies, of which 0.80 fell in
20 minntes; the railway wius washed out both east and west of Yuma, causing
& ecomplete suspension of traffic for several days. On the 27th, heavy rain iy
the mountning washed out the track east of Yoma and deliyed trains,

Seplember, 1836—Hetween the 11th and 13th, henvy rains fell belween
Bocorro and Albugueryue. witshing away severnl miles of track, o hridge over
the Salida was rendered  fusecure, aud  several honses  wopre destroyed  in
Socorre and San Mareial.

July, 1887.—On the Tth o remarkably heavy rain foll ot Nogales, flooding
streets, destroying bridges. and  washing away railway  tracks, During the
prevalence of a thondersterin on the afternoon of rhe St o clond-burst accurved
on the cast fork of the White River in the mountains enst of Forl Apache,
A volune of water 3 feet tleop came down fhe viiton, which subzided in 1wo hours,
On the afternoon of the 13th gnother heavy rain oceurred at Nognies in conueetion
with which there was reported a2 elond-burst in the moutitiins =outhenst of
Bonora.  Raibway teathic was stopped for nearly o month.

Neptewiier. [887.—UHeuvy freshets camve down the Sunta Crvuz and Rillito an
the 9th. destroying severai miles of track and sote hricges near Pantana. On
the 12th, 5 wiles of tenek gl rhree bridges were wishod awily on the Sonorn
railrand.  Near Drogoon norailway cmbaskment 30 oot high was washed out
for o distunce of & milox.

The nineties and the early vesrs of the next decade were nat without
Intense storms. 1905, however, stands out as a particularly wet vear
(pp. 18=21) ¢ in Janvary, February. Mareh. April, and Noveniber pre-
aipitation was far more than normal at many stations. but the summer
months were drier than usual. Because the rains wore mostly of the
winter tyvpe. characterized by large total precipitation rather thun
high intensity. many widespread floods resulted. Records of a few
of the rains of 1905 and their effects in dunmage to propert aand loss of
Jife. as published by the Arizona Republican, of Phoenix. are listed
helow:

[Tamary 111 From authoentic sourees it was learned it while [T was| the
heaviest ridn for seven years fn Cental Arvizonn, the logses to the rallronds
comprised uothing but minor washoute * % % p sitngilon was muvh berter
than wonld have been the eise if the precipifation had been of the midswumer,
rerrential clinrgeter.  [See 2, g 1]

[February 6] Mr. Grien Tad 100 aeres of barloy and some alfalfa * * %
It was wl vooted np bhat ahour ten aeees, gud that was badly domaged.  There
is no sigh of the voung alfalfa.  If it had been older samething might have Leen
expeeied of It yet, hur this erop wis romnved by the rools, the surfuce of the
graund being sheared off or ent fall of minintare arroyas.  [See 3, po

[Februarvy 200 The worst that was femred hag happesied wnd for the third
time (his yenr the Glla bridge is wreeked., At least 400 feor of il wag taken
away by the flood waters Suoturday night and Bunday and by this time the
breaic may he s1ill Lerger, [ 8§oo 4, noald

[Moreh I8) A Mr, Brown * * = guid thar ane frm woler the Arlington
cinal had hoen tuken bodily and anciler of 16 neres adjaining it was more
than haif gone, and o part of ihe nraperty of fhe Arlington Land and Cattle
company had been swillowed up hy the river,

The river has ut no tinte overflowed it hunks in that immediate neighbyrhood
but has risen almost fo the top of the banks, The water rmans with terrihle
swiftness and fthe hauks melt away, whole neres ar n rime. The erosion is
inerensed by bheavy @eift wood which rhe water hnels ngtinst the loase soil
[See 3, n. 6.]

IMarch 171 Pempe and the surronnding country was visited by the warst rain
ind hail storm o L yet this senson yesterduy afternoon, * * % AMr. Sim-
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mong * * * reported thot in forty-five minutes the precipitation amounted
to 142 inches nnd it seemed from that pluce to be raining sy hard or harder
on all sides.

* ] * * * * *

About #0 feet of the D & P. frack went aut * * % [See §, p, 7. )

[April 1G] J. T, Hord who bas lived for sohie years on a farm near the river
at the south end of the Novinger ruad [near Phoenix, Ariz], has woved to
town, * * % (Of the sixty-five avres he had tivie to o woek ago only twenry-five
acres are left and with (he forty aeres fhat wore swept awasy in the flogod. went
liig bouey exreactor, fhe bailding i was N, various outbaildings, an outside cellar,
pearly all the mesquite nnd shade trees on the furm and all of his bavk yard.
The water had ubdermined his main house so bad it wias ne longer suale to
stay in it and one-lalf of it is sticking out over the angry srream, or was
vesterdny. [See 7, g 4]

{April 267 Gallup, N, M. aApril 25—The #ood situation on the Archison,
Topeka amd Nanta Fe radlway was practically unchanged tonight and it is
regarded as very doubdful if any teatus can be moved before lute tomorrow
if then.

L - L L ] [ [

Brifdge No. 40, over the Rio Ban Jose, just at the west switeh ar Hovaee, is in
o very dongerous condition and may go oub gt any nvapent. The snow is very
deep in the mountiaing and all the stveams are ronning baulk fall in some places
overflowing the lowiauds,  [See 8, po 1]

{ Novewrber 30) AN other flood news now takes a back seat wnd the Marivopa
& Phoenix railrodd bride over the Giln civer agnin steps into the limelipght.
Ag was feared Tuesdoy night, disuster overteok i and yesterday morning iF wis
learned that four hundred feer of the lnng siructure had heen swept awny nnd
fears are entertained that the breach will be further wideued before this morning,
The bridge is somewhere between 1900 and 2000 feet long * * % [See 8 p 30

Heavy floods on the lower Cokaado River in the spring of 1905
snlarged the intuke fo the irvigation canals of the Imperial Valley,
and the river cut a new channel 75 wiles across southern California
to the Balton Sink. This basin had been dry when first explored by
the Spanish in 1774 and remained dry almost continuously wntil the
Salton Sea was formed in 1905,

Protracted winter, spring. and fall rains such as caused the extensive
flooding in 1905 are very eflective in elearing out and widening chan-
nels :md i bringing ahout mtegration of lfuii\ systerus. There is
little information available on the coffects of the 1905 rains on sofl
erosion.  However. as the heavy winter and spring raing produced
g moad vegetal cover, it is to he expected that erosion wonld have been
felt muelh more in enlargement of ehannels piveady started than in
the cutting of new gullics down vegetated slopes,

The tropical storims that moved up the California coast in Sep-
tomber 1938 (pp. 13-14) eauved extensive domage in Arizona and in
the southern part of California.  The stor ni of September 4-7 brought
the heaviest rain Phoenix. Ariz. had experienced in 28 vears. Canal
banks broke, trafic was interrupted, fields and homes were imodated.
and gullies were carved on agricultaral Inndl  Traflic on the Atchison,
’lopvkﬂ & Santa Fe Railroad was interrupted Tor several duys by
wash-outs between Valentine, Ariz.. and Goffs. Calif. Before the
damage from the storm of Hop!vmb(- 47 eould be fully repaired,
rain from the second tropieal exclone reached the area, Many of the
reconstructed sections of track were washed out again, and other sec-
tions untouched by the firgt storm were badly damaged. Bridges, eul-
verts, bulltheads, and embanlonents were most wunudy affected.
Thousand-foot sections of track were undereut or removed in at least
six locations. Severad of the breaks were nearer 2,000 feet in length.
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In a few areas additional damage was done by other storms coming
still later in Septenmber.

The Southern Pacific Co. had no more than average storm damage
to the Arizona portion of its lines in September 1939, In southeaster
California the storm apparently was heavier. and in the {wo States
damage to the railroad right-of-way approximated $175.000.% The
Arzona Highway Department veports that in its opinion this was
the heaviest storm experienced in northwestern Avizona in the past
50 vewrs. Traflic was delayed on U. 8. Highway No. 66 between
Kingman and Topock and on T. S, Highway No, 80 between YHa-
sayampa and Ywna beeause of run-off in the dips. A streteh of
about 10 miles of U. S. Highway No. 93 between Kinguan and
Boulder Dam was so badly damaged that it will have to be rebuilt.
The cost is estimated ar $150.000. A timber bridge some 300 feet
long aceross Derrital Wash was carried away bodily and will have to
be replaced.”

Destructive flaods from the abnorma) September rains swept down
the lower Colorade River Vallex in California and Arizona ea rly in
the month.  Property along the river was damaged extensively and
canals and _lands of the Yumu irvigation project and the Imperial
Irrigation Distriet were affected by wash-outs. gullying. and silting
(6. p. T54).

Imperinl and Coachelln valleys suffered the grautest damsge.  Nearly every
witsh and warer sourse tun full and wany {wirll the exception of Alamoe nnd
New rivers) excovded 1heir previous maximum records. Iu o pumber of io-
stanees 1he channels were insatlivient 1o ey adl the water, and the runoft
firwed as o sheel over rhe adioluing Innd culling nnmeronus gulleys virying in

* *

depih frin inches to several feer, *
Truck gardens in many places were coverod with severad invhes of sund and
silt, leaving the fields perfectly flat. bt eroded by Lurge gulieys.

The Imperlni distrlerCs ennal system suffored probably the worst dinnnge
sinee the disastrous Hloods of 19051 -07. AMany of the cinals were obliteraled,
Others hecnme uncontrolled Hood channols, and miles of lnterals were so devig.
uded that Bowili be necessary 1o reconsireet thent,

Less precipitation fell in the Navajo Country in the northeastern
part of the Stale, bul even if storms hud been as heavy there accounts
of the dunage would be few. Records of destrnetive rains in the
Nuvajo country come lugely from reports of Livliun Agents, ag
storms seldom receive notice in the public press unless they huppen
to disrupt highway or rail travel or dumage irvigation or waler-
supply works.

Many storms have contributed to the enfting of the present large
gully in Keams Canyon. on the Polacea deainage. Bourke’s deserip-
tion of the heavy rains he observed there in 1851 (p. 113) shows the
power of flash run-off.

In 1911, the Annual Report of the Moquj Agency, Keams Canyon,
Ariz.. stated that buildings of both the agency and the school were
being injured by the constant cracking of the walls. This wis be-
lieved 1o be due to ihe gradual slipping of the soil towsrd a large
arroyo in front of the grounds. The arroyo. it was noted. was con-

# Lettar to (', W, Thornthwaite from M. C. Blnnehard, ehief ahgineer, Connt Lines, Afehl.
son, Tupekn wnd Banin Fe ilway o, L Augelos, Calif,  Marel A, 194,

= Latlor te (. W, Thernthwaile from W, 1L Kirkbeide, elidef englnesr, Southern 'neite
Co,, San Feanelieo, Calif,  Marel 190, 10,

*Letter lo C. W, Thornthwaite from B N, Grant, e ity Stite highway engioeer, Arf.
i Elighway Depertment, ["hoenix, Aris. April , 1040
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stantly becoming larger by reason of the heavy rains in July and
August of each year® 7The report for the same augency in 1913
shows a picture of the arroyo in Keams Cunyon “within one mile of
its beginning. where the canyon is narrow. Depth approximately
fifty feet.” The caption notes further that 10 years before there
had been no evidence of such an urroyo.®

The annual report * for the next vear stutes that the first days
of July were rainy and that on Sunday. July 5, 1914 0.7 inch of
water fell in 15 minufes. Great damage resulted. Ruins between
August 26 and September 3. 1915, in the vicinity of Keams Canyon
destroyed roads and rendered communicatinn exceedingly difficult.

In 1919 the Superintendent * of the Moqui Agency reported: “On
July 1ath, 1919, 1n Keams Canyon. oue inch of rain fell in thirty
minutes. This was a flood that eaused oue to wish he had an Ark”

Only 2 years later. on August 4. a cloudburst washed out the re-
taining walls at the Keams Canyon sgency and destroyed roads,
crossings, and bridges, cutting off all communication with the
schools.®

1t is apparent from the foregoing descriptions and from that by
Hoover (p. 106) that the major gullying in Keams Canyon probably
started between 1903 and 1911 but that the gully did not approach its
present size until abont 1915 or 1920. The part played by the occa-
gional intense ruins in the cutting of this gullied channel is clearly
indieated by the above accounts.

Intense rains have coused accelerated cutting and serious property
damage in many other parts of the Navajo country., A cloudburst
on the evening of July 24. 1921, near For( Definnce Agency rushed
dewn Bontto Creek 10 feet deep destroying protective works that had
stood for 16 years. A road and 200 feet of pipe line were washed
away. cutting off the water supply, Damage was estiinated at 10,000
to $12.500.%= *

Superintendent Kneale * of the Sun Juan Agency at Shiprock.
N. Mex.. reported on September 19, 1§25

I have to report a eloud burst yesterday PAL, about 3: 00, Insting practicalty
onr half hour, Phe water Uowed over the highway near the athletic tield to
n depil of three feet; the wnre Louse, jail, and all eotinges were surrounded
by wuter to # depth of one feet or move:; water Hewed down the highway
jeading toward Farmington to a depth of one foot, Bmue of our crops are
buried under many tnebes of ooze and some are wished away; fonees wore
destroyed ; ditehos filled and oblitermed; bridges and roads washed out; rhe
bagement at the Mesan School was paortinlly fitled with innd and water.  EHow-
ovor there waus o aeeident or loss of tife.

There have beon mumerous sueh storms, during the past 8ix weeks, on nll
sides of usg, keeping the arroyas full and the roads for the most part impussable,
but this one hit Siiiprock sypuorely.

T LawsE, A, L. ANNCAL KEFONE FOR THE FISCAL YEAR, 1011, OF THE MuQr? IXDIAN
HOEO0L, allznNa. (M5, Nat Areb.]

2 OpaNB, LE0,  ANKUAL REVOKY OF THE SUIERISTENDENT, MOQUI INDIAF (HEERVATION,
ARIZONA [FOR1DIET.  ULCTORIAL KECTION. [ Ms, Nug, Arel |

3 CRANE, LEQ, ANNUAL REPOWI OF THE HUPERINTHRDENT. MOQUI INDIAN  UBESERVATION,
ARIZONA [FOI I014].  NanmaTive secriox. [MeE Nato Arebl]

W Caxe, DKO.  EIGEUTIT ARNUAL QEPORT [1M8] 0F THE SUPERINTENDENT FOIL TIIE MOQUT
INDLAN REBERVATION KEAMEB CANVON, ARIZOXNA,  SARLATIVE SHOPoN, [ Ms, Nat, Arvel, ]

A DaNign, [ B} Telegrnm b the [ndinn Olliee, Washington, 1 C,, from Magul Ageney,
Keams Ceoyon, Aug b, 10200 [ My, Nat. Arch, .

= PAQUETTE, [PRrER]. Telegram o the Indlan Otfice, Washilngton, 0. C., from ffaret
Definnce, Aris, July 25, the1, 0 [ Ma, Not, Areel,§ .
Loetter to Commisgioner of Tndinn Affnivs, Washingeom, D, C., from Fort fe.
finnee, Arlz, July 26 1020 [Als, Nei, Avch.]

MW HENEALE, A, 1. [otter io Comemiesioner of Todinn ARwies, Washington, D, C,, from thw
Sap Junn Apeacy, Shiprock, N, Mex,, Sept A0, 1025, [ My, Nat. Arch,]
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If records of heavy rains and resulting erosion damage in the
Navajo country were more complete, a much more detailed picture
should be availuble of the close relation between storms and erosiou
suggested by these seattered accounts of the cutting of Keams Canyon
Gully and the damaging erosion neur Fort Defiance and at Shiprock
Apgency.

As there is no indication that there has been either an increase
or a decrease in the average annual amounts of precipitation in the
past 2,000 years or that heavy storms are now any more frequent or
more severe {han they have been in the pust (pp. 43-46). the ex-
planation of the increased erosion by run-off and the heightened
floods must be sought outside of the field of wetevrology.

GRAZING

Evaluation of the role of overgrazing in bringing about accelerated
erosion in the Southwest can be based in part on correlation of the
time of starting of heavy grazing and the date of gully cutting in
various valleys. As the Southwest developed primarily as a cattle
country, it is only natural that the introcduction of large herds took
place as early as or earlier than the establishment of permunent
white settlements. Herds grew in size rapidly, and the grazing load
increased until in many areas it soon exceeded the sufe range ca-
pacity. In hwmnid years when the vegetal cover was at its best
the large load could be carried. With the coming of a dry yeur
or a succession of dry years. however. the cover was far from suf-
ficient for the livestock. If was inadequate also to protect the land
from erosion.

The facts are clear that aeceleration of erosion followed close on
the heels of the introduction of heavy grazing. Considering the
large number of valleys throuphout the Southwest where this js
found to be true. the relation can hardly be fortuitous,

Riilito Creek, near Tucson, begun cutting after the opening of
the Army post at Fort Lowell in 1872, According to Smith (94,
p. 98) the valley wax Grst settled in 1858, and at {hat time was an
unbroken forest, principally of mesquite, with a good stand of grama
grass and other grasses between the trees. When the Army post
was opened bay was needed in large quantities. A few years of
cutting hay killed much of the grass, and cattle introduced during
the seventies furiher destroyed the forage and developed trails,
which soon eroded to gullies.

According to a runcher (53, p. 71%), the S8an Pedro Valley, Ariz..
had n luxuriant growth of vegetation in 1870. He continues:

There were (ully JHRO0D Dewd of stock af the headd of Selphur Spring Valley
and the valley of the Aeavipn lu 18ML In 1900 there were ot wwre than
one-linlf thit number nud they were doing poorty,

Ancther rancher (53, pp. 13-74) on the Ban Pedro suid in 19800;

Of the rich granu grasses that vriginnlly covered the country so tittle now

remuins that no aceount can be taken of fhewm.
- £ * * L] * L]

Twelve venrs ago 40000 eattle grew fal along o certain portion of the San
Pedro Vatley where pow 2000 can nol findl suflicient forage for proper growth
and development. If instead of 40,000 head 10,600 had been kept oo this
runge, it would in ail probability be furpishing good pasture for the same
number to-day. Very few of tiese cutile were sold or removed from the
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range. They were simply left there until the pasture wus destroyed and the
stock then perished by stirvation.

Hoover states (67, p. 45} that the changed bebavior of the Gila
River s generally attributed to overgrazing “and the cutting of timber
in the upper basin.

Before 187 there were few eattle, but they increased rapidiv afier the settle-
ment, of the Apache Indiun treubles thot year. During the eighties there was
a series of wet years with abundiines of uutural foruge. The ranges hoilt up
rapidly, and overgrazing resulted. During the sune period the mountuins of
the Upper Basin in sogtheastern Arvizona wore being rapidly stripped of (heir
timber for use in the mines. The hilis were burer than now, beenuse with
the ndvent of the railwinys Detter wine tiwmber was broughi in from cthe out-
side ; buf the rufting for fuel conrinued. At the end of this series of wel
vears came rhe disasrreng flood of 1891, Before rhis. flond swaters of the Gila
merely spreiad ount over the fats and Driguied them. Now with the banks of
the river unprotected by brush and pgrass, the ehapne] saddenly widened. and
mnny good ranches along the river were rut gut.  Smaller branches of the
river in the upper buasin cui chanvels as mueh as twelve feet deep. On the
desert deep channels itppeired in what hid been grassy swiles,

Diversion of water by irrigation projects farther up the Gila Valley
and consequent recduction of flow is also thought to have contributed
to the changes in the regimen of the river (61. p. 47}.

The balunce of grazing, vegetal cover. and climate ¢an readily be
upset. In a series of vears with normal or greater than normal
precipitation the range nay have carried the grazing load with little
detriinental effect. With the coming of a drer than normal season,
year, or series of years the dep]etlon of vegetation may have been so
areat as to adjust the gr azing loud automatic allv by sturvation,
Calvin ® in a study of the history of the Upper (3ila Region suys:

With an imnmense grass-covered ratge. rhen, in its virgin condition, and wirl
the additional advantages of a wmild clivnte, Arizonn wis obyviously destined
to develop almost overnight into an imporiaunl stock-raising country,

» ¥ L] * * - *

When the two transeontinental railroads crossed Arizona about 1880, they
gave still further impetus to the livestock industry aleng with others. A great
part of the sudden inflnx of population ook to runching, * * *  Many mide
fortunes at first, but compeiition naturally grew keener. By the middle eishries,
every running sfrexm and permanent spring hnd its settler. Ranch  houses
were built, and ranges stocked with cattle brought from every purt of the
West.

In the full of 1883 the first carlond of pedigreed Herveforids were unbtided
in Arizonp. * *

In the early eu:htws rhere wits it heavy demand for heef in e gro muum.'
camps of the Territory and another from the Californin markets, * *

Then about 1885 oeeurred o drastic dedintion in the mining industry, * » =
As i result, ranchmen turned Lor the irst tlnwe to eastern moeckers o when
n shipment ef five hundred head brought the owner n gratifying price. 8 new
trend in runclhivg practice developed. It beeame the eustom for severnl years
to retiatn the she slock on the range, and to hold the steers unfil three years
old and gell themnm ng feeders to the corn-growinge stites or 1o Californis,

The retention of enrtle on the raoge then bhegan to assume grest importance
for the purposes of the present study. By 1807 it was coneeded that the ranges
were sfocked, says Compbell, to the limit of their eapacity. Then the druuth
prrived. * * *

Little effort wias made by owners to sell or ship their stock, a8 they walted
for the grass of the comming senson,  Bul 1892 wix worse than it8 predecessor.
By May cutfle were dring  June always o dry mouth in the Simithwest,
further dissipated the moisture which remained. The July rains did not

eeme. The August rains did not come Ciftle were porishing everywhere,

MCALVIN, Ress.  PHE HUISTORY OF THA UFPEN GILA HEZION TN ARIZONA AND NEW MEXICO,
[Copubliglivd manuseript, September 19:84.]  Mr, Calvin wus researeh nasistant, Soil Con-
servation Serylee, Safford, Arlz,
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* * * Apother yenr dragged onwards, and then in May, June. and July of
1893 gecurred the worst losses of all. “All ranchwmen concede,” sayvs Governor
MceCord, looking backwards i his Report of 1807, “thar it (the loss) wus
no less than fitty per cent, and sowe insist that sevenly-five per cent is not
foo grent an estimate.”

* ] * x * L] "

The first tragie half-cyele was complete. for the enuniry had pussed in twenty
yeurs from s virgiv, mmss-covered stite to o parched, close-picked condition
in which the last palatable leaf had temporarily been destroyed by starving
animals. * * %

Suthicient history has heen cited to show extreme unwisdom o the practice
of overstocking by the ranchmen.  They estimated the carrying rupacity of the
rutge and steeked 3. ner gecording (o it winimum but irg average—whieh
without i reserye of some kind bas alwurs proved fatal.

Other changes incident on settlement have been at least contributory
causes Tor acceleration of erosion in some aveus of the Southwest,
When settlers cut o short drainage channel to confine flood waters
of San Simon Creek near Solomonville in 1883 (79, p. 75), they
started a gully that iz now at least 60 miles long. The gully of the
Rio de Flag, Ariz.. was started partly by erosion along an old logging
road used in 188G-5T (20). The Sun Vicente arrove which formed
down the main street of Silver Cityv. N. Mex.. has been mentioned on
p- 103, Bure of vegetation but unpaved. the street lay in 2 natural
drainageway. It began to erode. and the channel enlarged rapidly
to its present depth of more than 50 feet. TLumbering, forest fires,
and evergrazing, Calvin says, are the reasons for the increased rate of
1un-off from the watershed above Silver City (J1. p. 59). Betting
nside of the Gila Forest in 1908 gave nature a chance to revegetate the
watershed. and Calvin reports that floods ure now so much smaller
andl less frequent that there iz a poepular notien that the area no
longer receives the big ruins that formerly fell there. an impression
not borne out by the records. Revetment work and gully-control
dams insfalled by the TUnited States So1l Clonservation Service and
the Civilian Conservation Corps have fnriher protected the city
from the possibility of vecurrence of destructive floods (22).

In seuthern Colorado, nceording to Duce (44). ranchers are unani-
mous in stuting that trenching of valleys has taken place within the
GO vears prececding 1918, Development of the arrovos. he says, seems
to have been vontemporaneous with ranching., Duce nofes that cattle
often trail down the center of a canyon, and he believes that wenring
of trails and destruction of vegetation by livestock were the enuses
of the accelerated evosion,

Additional evidence of the part played by heavy grazing was
presenied by Dodge in 1908 {42). He found in the Chinle Valley
strong indicution that the run-off from rains formerly Howed over
gently sloping valley floors in sheets,  The Navajos. he says, charge
that sheep. frst introduced to the area by the white man. have closelv
cropped the native grass. This and the traveling of sheep in droves,
often in single file. have wided in loosening surface detritus and giving
wauter opportunity to hecome concentrated in streams.  Dodge notes
(42. p. 531) that, at the time he wrote, the main Chinle Valley and
its larger tributaries were harren and were cut by arroyos, but—
one braneh is grass-covered and dac-fleored and sapports willow trees. Water
flows in sheets over the surfiee and is not concentrated in streaums. This valley
hasg never been oceapied as i grazing aren for sheep by the Nnvajos because of
& superstition thut it containg certain plants that are injurious to sheep.
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The presence of dead willows in branches of the Chinle Valley that
have been grazed and are now deeply dissected by arroyos suggests
that moisture conditions and the valiey floor were formerly like those
of the cne remuining branch that has escaped erosion.

In the Navajo country, grazing of domestic animals could not have
been extensive before the founding of the reservation in 1868. DBy
1872 abont 44,000 head of sheep and goats had been brought into the
the reservation (7%, pp. 198-199}, and growth of the flocks had
undoubtedly increased the number considerably. Compared with the
number of sheep and goats on the reservation in recent years, this
number is very small. It seems hardly likely, therefore, that the
grazing load of the seventies would be heavy enough to introduce
serious erosion. In the eighties or early nineties the critical grazing
load may have been reached.

As the small vegetational surplus was consumed, overgrazing pre-
aved the way for erosion. Where part of the vegetal cover had
een removed, even light storms were able to produce erasion. Sheet

wash and rilling came first, followed by the cutting of gullies, which
enlarged in each sueceeding period of run-off, G’l]ﬁ}-’illg of the main
channels of the washes and integration into continuous gully systems
followed. The headward growth of gullies and the starting of new
ones have gone on year after year during the period in which the
overgrazed condition of the runges has become increasingly acute.
Natural grasses have been displaced by less desirable vegetation, and
locally vegetative depletion has gone so far that only scattered rem-
nants of sod on bare rock surfaces give evidence of the former soil
and grass cover.

Overgrazing has altered the plant association on the mesa ureas
of the Polacea Wash drainage and has so increased the run-off that
all rains except those of very low intensity cause soil erosion. The
run-off from the lighter storms is too slight to do much gully cutting
near the divides ana seldom becomes sufliciently voncentrated through
coalescing drainage 1o ciuse channeling on the mesa tops. Light
rains, however, do soak the walls of preexisting gullies and induce
caving.

In the pediment zone along the Polucca Wash the gentler slopes,
and especially the back slopes of the asymmetric ridges formed by
slumping {p. 79), were formerly well vegetated, and grasse. as
well as brush and trees were present in many parts of the area.
Hogans were frequently built within or adjacent to this zone, and
these gentle slopes were subjected to heavy grazing. Many of the
slopes which formerly were soil covered are now bare, and gullies
have been cuf in the henches where alluvial material was once depos-
ited. Most of the grase has béen destroyed, and except for local
abundince of pinon-juniper, brush and weeds now compose the sparse
plant cover of this zone.

The vegetal cover of the alluvial fans and valley flats of the Polacca
drainage has also been seriounsly depleted by heavy grazing. The
extensive gullying of the funs and flats, though, is influenced not only
by overgrazing within the cunyons but by depletion of vegetafive
cover on the mesas, which causes accelerated washing over the cliffs
and down into the canyons. -
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The situation on the Navajo lands is like that in parts of Afriea
having similar elimate, It is suid that the overgrazed native pastures
are today the most seriously eroding areas within Bast Africa. Pas-
tures near the water holes are so badly overgrazed and trampled that
wafer can no longer penetrate into the soil. Cuttle trails develop into
gullies raciating from the water holes, and the overgrazing spreads
outwards so far that eattle may have to travel 20 miles for water.®
‘Where pasturage is too poor for cattle, sheep and goals are substi-
tuted. When goats have devoured the ground vegetation they browse
the lower parts of trees and shrubs up to a height of § or & feet (83,
pp. 1561593, :

In the Union of South Africa it has long been the native custom
to drive livestock daily to and from a kraal, or enclosure. This
practice closely resembles that of the Navajos. who use a corral until
the surrounding area ig rrazed cut and then move on, The develop-
ment of cenfers of serious overgrazing and trampling is common in
both areas and has led the Drought Investigation Commission of
South Africa to state that the abolition of kraaling is their most
pressing andl necessary change in farm methods {99).

It has been held for many years by Bryan and others that over-

grazing is not the basic cause ot the acceleration of ervosion in the
Southwest. Puart of the reasoning behind this stand is that the buried
channels and filled washes within the present main valleys give evi-
dence of at least three alternations of cutting and flling. Bryan
savs (28, p. 281), speaking especially of the Rio Puerco in New
Mexico:
It appears inhevently most probuble that the evclic changss have & common.
and doubtless a climatic, canse, The introducfion of livestock and the ensuing
overgrazing should be regarded as a mere trigger pull which timed a change
about {o take place.

From Bryan'’s viewpoint it might logically be ¢oncluded that any-
thing man can do to reduce grazing and other surface irvitations will
in all probability be inadequate to prevent the continuance of accel-
arated soll erosion in the Scuthwest. If this view is in error, and
the erosion has been the direct result of man’s use of the land, there
15 every reason to believe that by judicious reorganization and restric-
rion of land use the damage can eventnally be checked. Expressing
Bryan’s hypothesis in another way, change of climate might be re-
garded as the debilitating agency that had lowered the resistance of
the land-—overgrazing as the germ or infection that had touched off
the epidemic of nccelerated erosion. Even if the present severe
destenetion could be checleed, the general run-down condition would
continue and a full cure would havdly be possible,

The other view, that held by the authors of this bulletin and by
many others interested in actively combatting the soil destruction in
the Southwest, is that overgrazing by livestock introduced by the
white man has reduced the vesistance of the land to erosion and that
intense storm precipitation has been the germ or infection that caused
the outhreaks of accelerated erosion. In this view, lessening of the
grasing load would so build up the vegetal cover and the resistance of

0 MAHER, {OLIN, SOMEB ASPECTS OF HOIL HNOSION IN THE NATIVE UBSERVES OF KENYA
coLonY., [IMIB]  [Unpublisied mansseripl.f
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the soil to erosion that only storms of extreme intensities would be
able to cause serious erosion. The latter view is the more attractive
in that it offers hope of continued use of the lands through wise
control. Fortunately the evidence points strongly to the validity of
this interpretation.

As has been seen in the discussions of the climate of the Southwest
and of the possibility of climatic change (p. 38-46), meteorclogic
and climatologic considerations show no frend toward a more arid
climate in the Southwest in the past few thousands of years and no
evidence of any present duy trend either toward more arid or more
humid climate.

The large storm of high intensity and heavy fall of precipitation
rather than a geneval climatic trend explaing the accelerated erosion of
the arid and semiarid tands. Large storms have always occurred.
Before overgrazing lowered the resistance of the surface only the
greatest rains could carve arroves and enlurge wash channels. The
lands recovered rapidly, moreover. and dixcoutinuous channels had
Iittle opportunity to joln with others to form long continuous wuter-
ways. Perhaps only the 100-year rain cut new channels on the natu-
rally vegetated surface, perhaps only the 500-year rain. Big storms
have been and always will be unpredictable. None may occur for
muny years, or two or more may tuke place a few days apart. Big
storms, especially if grouped and if coming st a dry season or after a
long drought, have always been able to cut channels and start a sub-
cycle of accelerated erosion, Many of the periods of channel cutting
before the coming of the white man to the Southwest may have been
brought on in that way. Arroyvos chserved by Dellenbaugh (460) in
places where he says there were no cattle and never had been may
also have been cut by occasional storms of extreme intensity. Buried
channels found in the valley fills of the Southwest doubtless resulted
from earlier 100-year or 50C-year rains, possibly some following the
“oreat drought” of the last quurter of the thirteenth century A, D

Big storms will continue to visit the Southwest. The lands can
never be protected against the greatest of these storms. but much can
be done to avert damage from the average summer storm or even from
the 1-vear or the 5-year storm. In the present state of the lands all
these storms cause damage.

Various means can be used. Control of grazing and lessening of
the grazing load are paramount. The plant cover must be increased.
Water conserving measnres such as pasture furrows will aid. Dams
and other gully-control structures and water spreading devices will
offer protection against all but the greatest storms.  Structnres must
be carefully designed and be weli suited to the peculiar foundations
previded for them by the valiey fills. They should be built to with-
stand the 25-year or f0-vear ram. with the knowledge that a rain of
greater intensity may destroy them. As gruzing practices are im-
proved and vegetation spreads to {ake a fimmer hold on the soil,
reduction of run-off will lessen the load inmposed o control structnres,

Confirmation of the view that overgrazing rather than climatic
change has brought on the accelerated erosion in the Southwest is
found in the vegetution on protected plots. Cooperrider and Hend-
ricks report that a conservatively grazed fenced aren near Albu-
querque has approximately twice as much cover as the surrounding

.
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range and hence probably somewhat more than twice the protection
against erosion. Another plot, an old cemetery 2 miles southwest of
Albuquerque, has a far higher percentage of grass than the surround-
ing overgrazed laud and a lotal density of vewetation move than three
tumes that outside the fence (J6. pp. 22-23). The same trend is being
shown on newly fenced areas in the Navajo Country where grazing is
controlled and the number of livestock is lmited. Not only is the
vegetation better. but in the first year of the test the sheep within the
enclosure weighed almost one-third more and grew about one-thivd
more wool than those outside. The Lamb erop in the controlled area
was half again us large as that on the range ontside (87, pp. 38-39).
‘The management that was best for the land and was best adapted to
protect the soil agiinst accelerated crosion also yvielded the muost

profits,
SUMMARY AND CONCLUSIONS

Local information, physiographic evidence. and comparisons of old
and new survevs indicate that in the Polecen Wash, as in most other
alleys of the Southwest. acceleration of erosion first became active
50 to 60 years ago. This acceleration. which was made apparent by
the trenching of wash floors. was accompanied by u depletion of
vegetation, It has conmonly been attributed to a progressive desic-
cation of climate, but this explanation is not substantiated by awiiluble
evidence. and stwldy of the climate of the Southwest suggests other
possible reasons for the changes in erosion.

Because of a more critical halanee of climate and vegetation, cli-
matic variation produces far greater differences in plant growth and
erosion in dry regions than in hewid ands. Variations in precipita-
tion and temperature from vear to year may result in marked shifts in
the climatic pattern.  Areas normally semiarid may be arid one year
and subhumid the next.  Differences between the precipitation for
corresponding months in different vears is even more striking. One
year a @iven montl may receive wore than the aversge rainfall for
an entire yvear. The next year the same month may receive none.

The diurnal and annual nmrches of temperature and precipitation,
caused by the relation of the earth to the sun. are complicated by the
invasion and interaction of the various air masses that enter the
Southwest. These masses are cool and moist., ecol and dry. warm and
moist, or warm and dry, depending on the source region from which
they come and the route they follow. They cause the variations in
temperattre and precipitation in the Southwest. “The sum of the vari-
ations produced by the interactions of the different types of air magses
which enter the Southwest determines the yearly departure of the
climate from the normal.

Examination of evidence in tree rings. lake levels. cutting and
fitling of valleys, and in the development of pueblo peoples fuils to
reveal proof of any climatic change i the Southwest o the last 2,000
years. Climatic fluctuations of the magnitude experienced todlay have
aceurrerl. and intense storm= and groups of intense storms have had
their effect on the landscape, but if there lus been any progressive
change toward either a more humid or a more grid climate that trend
15 50 slight as Lo be completely overshadowed by the shorter period
fluctnations.
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Under mnatural conditions, in the Polacer Wash drainape and
through most of the Southwest. the plant cover protected the soil
and retarded the flow of water off the lands. In the valleys, deposition
exceeded removal. Discontinuous channels were developed locelly ag
a result of heavy storms. but most of the chanuvels or arreyos ex-
tended only short distances and ended down drainage in alluvial fans.
There was no continuous decp channel running the full length of the
Polacca Wash.

With acceleration of erosion. short discontinuous gullies became
more numerous. As long as these were separate units. rain falling
in one part of a drainage basin might be felt as run-oft for a few
miles or tens of miles down valley. but the flow seldom traveled much
farther. All but the largest channels were ephewmeral, shifting or
disappearing after each rain,

As aceeleration of erosion continued. move of the gullies length-
ened until they joined other guollies farther along the wash. The
water, confined within narrow channels. traveled longer distances.
and gully cutting proceeded more rapidly. Integration of drainage
by the joining of discontinuens gullies increased the rate of head-
ward cutting and of downward scour.  Gullying in the Polacea Wash
is believed to have started with at least five large discontinuous
gnllies. which later joined to form a continuaus gully channel reach-
ing from the headwnters area to the Little Colorado River. Gullies
in many of the tributary canyons form a part of this eontinuous
system. Discontinuous gullics that do not reach the main axial
channel but end in fans are abundant on the valley sides.  More and
more of these lateral slope gullies are new becoming continuous—
permanent tributaries of the main channels.

Gully cutting is the most obvious and most destructive of the
erosive processes at work in the Polacea drainage, but sheet erosion
and wind erosion are also rveducing the nsefulness of the lands.
Owing to sheet wash on the mesa surfaces bure roek now is exposed
where once was prass-covered soil.  On pediment slopes and alluvial
fans, sheet wash is gradually removing the most valuable part of
the soil cover. Wind erosion is destructive in certain parts of the
area and has become of inereasing severity within the memory of the
native inhabitants. Shifting sands have forced the abandonment
of fields and corrals and are now so widespread along the lower
Potacea that they obscure the basie structure of pediment. fan, aund
valley fill. Wind cvosion will become still more dominant in this
part of the area unless vegetation is planted to anchor the shifting
dunes. In the Painted Desert section of the Polacea Wash the shift-
ing material includes not only sund but fine chocolate-colored silts
from the flood plain of the Little Colorado River.

The work of the wind mayv be beneficial locally in helping to
check erosion by running water. Blow sand, being porous. absorbs
even fairly heavy rains. Where irregularly deposited it also tends
to catch some of the precipitation in pockets and prevents its running
off over the surfuce. Shifting sands, by filling or damming rills
and larger channels. retard destructive run-off and protect both the
immediate loeality and the aren downstream. Sandy lands are
among the best areas in the Polucen drainage for raising crops or
for growing a protective covering of vegetution.
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There is no evidence of any appreciable uplift or ti lting of the land
or any change in base level that might explain the recent accelers-
tion of erosion in the Southwest. The agricultural history of much
of the area, particularly of the Navajo and Hopi Indizn reservations,
shows no extensive cultivation and no use of harmiful practices that
would cause the widespread aceelerated ercsion. No evidence has
been found of any progressive climatic change that would explain
the recent increase in the rate of erosion.

Owing to the delicate adjustment of vegetation to climate in the
Southwest. a succession of even a few dry vears may s¢ impoverish
the plant cover that ruins of heavy. or even moderafe. Intensity can
initiate a period of accelerated erosion. Climatic records and news
reports show that from time to time parts of the region have been
visited by storms of exceptional intensity {pp. 112-119). These are
as characteristic of the Southwest as is its semiavid climate.

For all given elimatic conditions there is a_certain minimum plant
cover needed to protect the land aguinst destructive erosion. In
arid lands with little or no vegetation and low precipitation there
may never be sufficient vegetation to offer protection from the infre-
gient rains.  The dryness of the ground and the lack of well-marked
water channels may prevent rapid run-off, but a permanent inadequacy
of cover is characteristic.  lu semiarid lands the plant cover may be
barely adequate to resist the impuet of the climatic elements. The
margin of safety is slight. hence the amount of vegetation that can
safely be grazed is small. In subbumid and humid lands, although
storms are more frequent and more intense, the cover of vegetation is
thicker and a larger amount cen be grazed without causing soil wastage.
The murked contrast of the humid and arid lands in adeguacy of
cover must _be cousidered in evaluating the permissible gruzing in
any area. In the Polacea drainage and on range lands thirough most
of the Southwest the permissible amount has long since been exceeded.
Vegetation now is far from adequate to protect the surfuce wgrainst
the erosive forces.

The Polncen drainage is now suffering the results of a gruzing
economy that was introduced to the Indians of the Southwest about
1540 and has been practiced with little ¢hange to the present time.
The human and anmmal population was not heavily concentrated in
this purt of northeastern Arizona until after the Civil War., It
appears to have taken 15 fo 25 yeurs for the increased grazing -on
this land to reduce the vegetal cover 1o such an extent that chunges
in ervsion became recoghizebie to the human inhabitants. Serious
gullving at most other loealities in the Socuthwest correlates well
with expansion of the cattle industry stimulated by the building of
the railroads.  Acceleration of erosion is repurted to have begun in
much of the region between 1880 and 1890. and in certain areas prob-
ably a decade or two earvlier.

Ithough aceelerated erosion has carved deep channels almest the
entire length of many of the major washes in the Southwest and has
carried away millions of tons of seil material. this does not neces-
sarily mean that gullying need continue or that entive valley flats
must be lost to productive use. If the vemoval of vegetation can be
curbed and rvevegetation begun. it nmy be possible to check the
accelerated cutting, If the vegetal cover can be improved until it
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is adequate to check further evecsion, the damage can be stopped.
There is always the possibility that natural stabilization may be
achieved. But even if the streamn cuts to bedrvock and establishes a
local base level of erosion, thereby greatly retarding down cutting.
lateral swinging against the sides of the channel may continue to
remove the valley fill. Nuatural stabilization without a reduction of
grazing and an increase in the plant cover is unlikely.

In the Polacca drainage. as is general in the Southwest, the lower-
ing of the ground-water level through the cutting of deep gully
channels is more significant than the removal of soil by run-off. In
most of the semiarid and arid regions the soil profile 1s imperfectly
developed or immature. hence, the loss of a few inches from the

round surface is far less vital than a similar loss would be in a
wmid land. Water is of greater importance. It is essential that
the run-off. instead of draining sway inmunediately to deep gully
channels. be kept on the lunds, With increased water supply. vege-
tation can establish a more complete cover. The plants will not
only help to hold back run-off by the mechanical obstruetion they
offer but by transpiration and by promoting infiltration they will
diminish the amount of water to be carried awuy.

Changes in methods of herding are seriously needed. The Nuvajo
practice of driving livestock regularly to and from the corral brings
about a localized destruction of vegetation by trampling and grazing
aronnd corrals and watering places. a condition typical of native
grazing on frontier lands in many parts of the world. The first
step in preservation of the usefulness of the Nuvajo lands will be
the abolition or modification of the corralling gvstem. This must
be accompanied by reduction in the number of animal units. A
shift to a system of rotational puasturuge in fenced enclosures would
help greatly to reduce the damage from trampling and would make
it possible to allow time for the worst ranges to recuperate. Vege-
tative pluntings will probably be needed to aid in the reestablishment
of & wood plant cover composed of species valuable for gruzing rather
than rhe natural pioneers that churacterize the margins of the present
ernded surfaces,

Mechanical aids such as diversion damns, distribution ditehes, and
spreader structures. modernized <ince the days when they were ap-

lied to these areas by the Hopis and other apricuitural Indians, can

e used fo keep water out of the gullies and spread it on the valley
lands. where 1t can do more good. The major dependetce. how-
ever. must be plrced on u plant cover adequate to protect the soil
against the oceasional heavy rains,

The accelerated crosion that is damaging the lands in the Sonth-
west appenrs to have been caused by man. and by proper methods
man ean cheek the erosion and reclaim the land for his use. Check-
ing erosion will be more difficult in certain years than in others
because some vears will have greater than uverage precipitation,
some less. Wet year may follow wet year or drought year may
follow drought year in long series. Certuin months will be excep-
tionally wet or dry. het or cold. Occusional intense storms will
deluge the land. and. depending on the completeness of the plunt
cover at the time. they may drein away with little erosive effect or
may carve new channelways and enlurge old ones.
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In spite of the large fluctuations that are characteristic of the
elimate of the Southwest, intelligent action to increase the protection
and reduce the irritation to the surface and to reduce surface run-off
and loss of water will go far toward controlling accelerated erosion
and making possible the rehabilitation of the Southwest.
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