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INTRODUCTION

This paper is an attempt to determine the effects of the various
meteorologieal factors on the distribution, gseasonal sbundance and
sctivity of certain species of the insect family Foctuidse, which are
commorly classed as cutworms and army worms. AS yet, the studies
include but few species, but the results so far obtained seem of
fundsmental importance, and the methods used, slthough somewhat novel
to entomologists, are applicable to the solution of many similar

economic problems.
PEFINITIONS

Physical ecology mey be defined as the study of physical
Such factors

e |

factors in their relation to the ecology of a species.

are 1ight, heat and moisture, as opposed to sgsociational factors

Such ss parasites, or chemical factors such as food relations. The

or field conditions comes within
gelves fall into two

study of these physical factors und

the reslm of meteorology, and the factors them

1
general classes, weather snd climate. Prof. J. Warren smith ('20,p.1)
mskes the following comparison of these groups:

"weather is the condition of the atmosphere at a definite tinme.

It includes all the phenomena of the air that gurrounds us, such as
Pressure, temperaturs, moisture, wind, and the 1ike.

"Climate deals with the averages snd the extremes of the weather

that prevail at any place. Thus 1t will be seer that westher relates to

time and climate to loestion.”

—

——

Dates in parentheses refer 10 titles in the 118t of literatyre cited,

8t the end of the paper.
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LITTAT0NE

laboratory experiments under controlled conditions, or to the drawing
of general conclusions from s superficial study of field dsta, without
subjecting the data to any form of mathematical analysis. This is

the case in the esrly development of sny branch of science, the
qualitative form preceding the quantitative. Our entire knowledge of
quantitative physicsl ecology may be stated as consisting of a few
definite laws of growth deduced from laboratory experiments, and & fow
broad generaligations on the effeects of climate on animal and plant
distribution and sctivity. Some 0f the more important of these

deductions are worthy of mention in connection with this specific

problem.

Working under confrolled laboratory conditions, Sanderson and

Peairs ('17) determined that the effect of temperature upon insect growth

2
might be represented by s rectangular hyperbola, of the formuls XY=4

A being s constant, called by them the thermal constent, X being the

temperature and Y being the time of development. By plotting X against

1 :
¥ . the plot becomes a straight line which intersecis the temperature

8xis at the point %~= 0, or point of no growth, which they called the

1
developmentsl gero. The guantity § they have termed the index of

£ totsl growth accomplished in
it

development, and it represents the part o

One day. In most cases where this method of plotting has been used,

has been found thet the relations outlined above hold irue for the

EOrtion of the temperature range which is approximated under field

Conditions, and that the developmental zero found mathematically 18

8 Very close spproximation to the point of dormsncy under £ield conditions




W. D. 2ierce ('16) showed that the effect of temperature
gombined with humidity was to change the developmental zero of Sanderson
to an elliptical curve whose foci were the optimum condition, and that
Sanderson's curve of growth was a zone, inside of this ellipse. Any
eross section of this zone, parallel to the humidity axis gave a
hyperbolic tempersture curve, as befora.

Studying the distributionsl data obtained by the U.5.Biologicnl
Survey, C. U. Merriam ('98) formulated a general law of animal and plant
distribution, as follows ('98, p.54)

"Investigations conducted by the Biologiesl Survey have shown
that the northward diatributiﬁn of terrestrial animals and plents 18
governed by the sum of the positive or effective temperatures for the
entire season of growth and reproduction, and that the southward

distribution is governed by the mean temperature of a brief period

during the hottest part of the yeer."”

By the term "effective temperatures” is meant all temperatures

above 47%° P, which was then regarded as a goneral devalopmental zero.

Sanderson {'08) showed juite conclusively that the nor thward

d1stribution of some insect specied was limited, not by the Sum of

effective temperstures, dut by the minimum winter temporature, and

recommended the inclusion of this factor in Merriesm's law.

A.D.Hopkine ('18) has formulated sn empiricsl bioclimatic law,

Stating that in general, in temperate Niorth America, the time of

Ocourrence of any given periodic event in 11fe activity becomes later

in the spring and earlier in the fall as we progress northward, eastward

&nd upward. The general rate of change is four dasys for esch degree of

l'tltERO. each five degrees of longitude and each four hurdred feet of

8ltitude.
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The Bioclimatic Law does not represent conditions on the Faeifie
Coast, and there is a gradually decreasing error in its spplication until
the region well east of the Tocky Mountsins is reached. As the author of
the law has stated, it is & purely empirical deduction from field
observations, and apparently the basis of the law is the gradual change
from marine to continental climate progfosaing from east to west as we
g0 inland. 2ossibly a restatement of the law, based upon distsnce from
the ocesn rather that upon westward progression would give smaller
errors in the western part of the range.

Aside from the general problem of the effects of climate upon
animal distribution, there have been a number of efforte to connect
certain climetic conditions with specific insect outbresks. Fo attempt
will be made here to include all of the work done on this problem, but
a8 few abstracts will be given to show the gemeral character of the work.

One of the early sttempts in this direction was the hypothesis
8dvanced by Asa Fitch ('60) to account for army worm outbresks. It is
quoted in full ('60, p. 121)

".eee. more briefly expressed, my view is this - a dry geason and

dry swamps multiplies this insect. 4nd when it 1s thus multiplied, u wet

8eason and overflowed swamps drives it out from its lurking place in

flocks, slighting here and there over the country. But on being thus

rusticated, it finds our arable lands too dry for it apd immediately on
meturing snd getting its wings again, it flles back 10 the swanps,
Whereby it happens that we see no more of it."

This vijv was also supported dy C.V.Riley ('70, '76), and shows

thet even in this early stage in the development of sntomology, 1t was
Tecognised that climatic factors might explain insect Outbresks.
pution of

Charles . Barrett ('82) gives notes on the distril

P Dt | O TR e e
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various FNoctuid species ir an #nglish district following two types of
winter conditions, and concludes that the abundsnce or rarity of native
species is lasrgely determined by climstic conditions. Four successive
mild wintere made certain specles,vhich were ordinarily common, Very rare,
.and other ordinarily rare species guite common. FMollowing these winters
came three severe winters, after which the normsl balance wae restored.
In considering the relation of precipitation to insect distributien,
Criddle ('17) cited the Rocky Mountain Locust as an example of an insect
which is incressed greatly during dry seasons, and slsc states that in
Yanitoba the Hessisn Fly 1s checked by a drought sufficient ripen the
whest prematurely. He shows that the combination of light snowfsll and
low winter temperature has been fatal to the Colorado fotato Beetle in

most parts of Manitoba, and considers that it will probably mever be a

ms jor pest in thst region.

In the realm of plant ecology, especislly in the study of the

economic crop plants, there is a rapidly increasing body of work

upon the mathematicasl study and analysis of cdimatic relations. J. Warren

Smith (*'20) brings together the principal work relating to the effects of

elimate upon crope, using statistionl methods for the more or less exact

definition of eritiecal growth periods. In many gnses it is now possible

to predict the amount of a given crop on a certain srea 1f the weather

eonditions during these eritical parioda ure knowne This work 18 very

Valuable and suggestive, and the methods used there have been adopted

in part in this paper.

LINES OF STUDY

This paper is baced upon studies along three distinet but related

nd 801l moisture relations,

urrounding

lines, laborstory experiments upon temperature

Attempts to correlate these results with the copditions ©

. a
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outbreaks of three species in the !1ald: and s statistical interpretation
of data relative to the effects of weather conditions on moth flight.

The work was commenced at University Ferm, St. Paul, Minnesota, in 1919,

in connection with cutworm investigntions undertaken for the Minnesota
Agricultural Experiment Station, and there earried through iwo seasons,
during which time all of the original data relating to Minnesota conditions
were secured. During 1921 the work has been carried on in Hontana, in
connection with investigations of the life history and gontrol of the

2ale Western Cutworm (Porosagrotis orthogonis dorr.) for the Montana
Agricultural Experiment Station, &nd all of the original dats relating

to Hontsna comditions were obtained during that period. The writer wishes
to scknowledge his indebtedness to the authorities of both of these
stations for the opportunity to study the problems, and for many courtesies
extended during the work, snd especially to Dr. Re Ne Chapman of the

University of Minnesota, under whose direct supervision most of the
Minnesots work wes done, and whose advice and sssistance have baen
invaluable. He also wishes to thank Hr. U.G.Purssell, Mr. C.M.Ling, and

Mr.%.T,Lathrop, Meteorologists of the U.S.Weather Bureau at Minneapolis

Minnesota, Havre, Montana and Helena, Nontana, respectively, for their

cooperation in supplying meteorological dais used in these studies.

MEPHODS USED

In & previous paper (Cook '21), the anthor has published the

Mirnesote data relative to the effects of weather upon moth flight,

using the method of partial correlation in their interpretation. The
Present paper extends thie discussion, using eimilar methods in this
part of the work. These methods are well explained in Yule (*19) and

Smith ('20). The method of correlation depends upon the basic assumption
tfaight line,

that the relation between the factors studied lies along & ®
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which is approximstely the csse with the moth flight deata, with the same
exception noted in the previous paper ('21, p.53). Partisl correlation
assumes & causal relstionship between the factors correlated, which is
justified in the work or moth flight, but cannot be rasdily sssumed in
the work on the relation of climatic conditions to.larval growth, so that
in this lstter csse, only total correlatiorn is used. It was found, upon
plotting the points of the general climatic relations, gshown in Plate IV,
that these did not lie slong = straight line, 80 a ourve Was fitted to them
by the method of leset squares (Leland '21). Several other somewhat
simpler but less accurate methods msy be found in Tipka (*21), which is
a valusble aid in this sort of work.

In any study of the relation of organisms to their environment, 1t

is necessary to develop some method of correlating laborstory experiments

with field observations. The laboratory experiment shows what the
the field

organism will 4o in & certain controlled environment, while
observation shows what it doee under the conetantly fluctuating

conditions found in the field. If we can reduce the field condition to

some sort of an expression representing the optimum condition, and can

determine the optlénn ander controlled conditions, then we msy 8ay that

the two conditions sre eguivalent. Becsuse of the wide fluctustions in

field conditions, it is necessary to treat the mean of s large serles

of observations instesd of using = single observation,, and the only

aveilasble method of determining field relstions is that of statistics,

which hse wide soeial and biometric applicstions. The accuracy of the

result varies ss the squere root of the number of observations, so that

ta yield more agecurate results than ghort series.

large accumulations of da
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COMPARATIVE CLINATOLOGY OF MINNT30TA AND MONTANA

The studies on which this paper is based were cerried on under
two essentially different climetlic econditions, and these differences Are
best brought out by a comperison. It is difficult to compare two large
areas, s0 the two points where moth flight experiments were conducted
were selected ss typleal, end their climaetic features compared.

Steranl, ¥innesota is in latitude 44°58'H, longitude 92°03'W,
and Vevro,lontans in latitnde 48°74'N, longitude 109°40’'W. Both of these
genersl regions sre in the Transition Zone of Merriam ("$8), but sre
eonsidered =s soparate fawae by Thompson-Seton ('09), who places
Mirresots chiefly in the West Alleghenisu fauna end Nentans chiefly in the
Cempostrian fauna. Tsble I, the data for which were secured from Henry (* O
8hov s the meture of the elimstic diffarsnces betwesn the two regioms, and
Flgu-e 1, Jlate I, 1s & climograph comstructed from the data of Table A

The "elimograph” is s disgram originally introduced by Ball (*10)
and modified ‘by several worksrs, of whom Varney ('20) is one of the
latest. The mesn momthly figuraes for temperature snd hamidity are plotted
against each other, and the dots for the sucoassiva months cormected by

8 lins with srrow heads showing the direction of change in the annual

cycle, n
The summer humidity conditions sre radically different in the two
regions, the pericd from April %o September represanting in Montuna a
eondition of dryness pever reached in ilinnesota. This dry summer condition
Practieally eliminates the posalbllity of two-brooded species, 80 that few
Such species occur in the plaims reglon of Montena. Another factor of

eonsiderable importance ia the escology of the moths is the large diurnal
. Tange in Montans, which restricts flight to the late aftermoon and esrly

8vening daring e large part of the summer Seaaor.




Winter conditions sre very similer in the two regions, 80 that this

factor should not operate to differentiste the two faunae.

TARBLE I CLIMATOLOGY OF HAVES MONTANA AND ST PAUL NINHESOTA

MONTH TRM2ERATURE HUMIDITY PRECIPITATION
MEAR NOFTHLY DAILY RANGE 7T POTAL MONTHLY

HAVRE ST.PAUL HAVER ST.2AUL HAVRE ST.PAUL HAVER ST.ZAUL

 January 12 12 19 18 76 76 0.8 1.0
 Februsry 14 16 21 17 L4 76 0.5 0.6
March 27 29 21 18 70 68 0.6 1.8
April 44 48 24 20 44 54 1.0 2.5
sy 53 &0 26 20 45 51 2.1 3.3
June 61 66 24 19 43 £6 2.9 4.4
July 68 74 27 21 35 A4 2.1 3.6
August 66 72 29 20 74 55 1.3 2.4
 September 55 62 27 20 44 58 1.3 2.3
 Ootober 44 60 24 18 56 62 0.6 2.5
| November 28 2 21 16 71 69 0.7 1.2
December 22 20 19 16 75 "6 0.5 1.2

Mear
I ‘nﬂﬂal oe ‘1 eo® 45 csscene 85 a0 18 eeen 56 sane ‘3 asassssBetssnan

I. Total Annual ...Q......il‘.g ..33.‘

GENERAL CLIMATIC DATA
BEAVREE ST PAUL

Temperature HAVRE ST PAUL
ilean maximum 63 56 Average date
Hean minimum 20 36 last spring frost May 17 Hay 6
Absolute maximum 108 104 first fall frost Sept.16 0Oct.5
Absolute minimum <55 =41
Average length of 124 days
Bo.days above 90° 20 7 Growing sesson 162 days

' Bo.days below 72° 168 168
GENSRAL ECOLOGY OF THE NOCTUIDAR OF MINNESOTA AND MOFTANA

As would be expected from the radical olimatic differences, the

Noctuid feunse of the two regions are essentially different, a8 is

brought out in Teble II, which is a compilation from Hampson ('03-'09).

The species listed as western or eastern are not confined to Montana and

Minnesota, but represent roughly semi-arid west and hunid east. In order

. to show the relations of these regions to the gemeric centers of
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d1spersal, the number of Palesrctic species in esch genus is included.
Roughly, that region showing the greatest number of species is genersally
the center of dispersal (Polsom '06, p.%8%).

TABLE II NOCTUID DISTRIBUTION IN THE HCLARCTIC REALM

GEHNUS NUMBER OF NEARCTIC SPBCINS FUMBIR OF

RASTERE WRETERE CNEON PALRARCTIC HOLARCTIC

B.AMGR H.AMSR TO BOTH SPRCIES S2ECIE3
Buxoa 26 163 10 84 0
. Chorizagrotie 0 b 0 4 0
Yorosagrotis 1 12 1 0 0
Peltia 7 11 1 3 0
Polis 34 63 2 71 0
Ssvsvasnne ee oew .e e LR
l!:otia 22 17 0 79 3
Cirphis L 7 0 66 3
farastichtis 12 9 1 16 0
Agroperina b 3 1 1 0
Sidemia 1 . 2 1 9 0
Shecvsennnse Y X R e e L

Totals

Western Group 67 254 14 161 0
Bastern Group 47 28 3 171 6
Grand Totals 114 292 17 332 6

The predominating western genera nrc“of western origin, apparently,
and none of their species sre common to Turope snd America, while the
typical enstern genera are obviously of Zuropean origin. In this connection
it 18 interesting to note the comment of John B. Smith ('90,p.11) with
regard to the charscter of our American Agrotid fauna:

"It ie suggestive that so large a proportion of our species are
from the western part of our country, and that those species are mostly
referadle to those genera in which the front is modified in some Way and
the tibial armature heavy. In fact the distinctive charscter of our

Western fauns is shown in the very predominance, and sometimes sbnormal

development of tivial and clypesl armature.”
The species of Buxos, Chorizagrotis and Zorosagrotis are regarded
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by Hampson as representing the highest dcv§10pnunt of the Noectuld type,
and this structural position is dorne out by their ecology. They
differ from the eastern species in many importent respects, in sll of

which they are more highly specialized than the latter.
LARVAL HABITS

Cutworms may be grouped in three classes according to feeding
hadbits. Climbing cutworms sre those species which climd plents, eating

the foliage without always destroying the main stem. Lycophotia
mergaritosa and Porosagrotis vetusta belong to this class.(Slingerland)

The great ma jority of the eastern species feed at or Just above the

surface of the ground, and may be called surface cutworms. Examples

of this type asre Peltim ducens, Zuxoa messoris and B. tessellsts.

A third, and more recent type in point of development, 41s the group
of sub-surface feeders, or subterranean cutworms. Comparatively few
Species are kmown to have this habit, among which sre Zorosagrotis
orthogonis and, possibly, Sidemia devastator. 2. orthogonia feeds
entirely below the surface, cutting off plants from one to two inches

below the soid surface, and moving from one to another underground
excopt under abnormel conditions such as heavy rainfall. All of the
moat abundant Montans cutworms are oither surface or subterranesn
feeders, with several spooies suspected of the latter habit, although

this has not been proven as ynt'oxoapt in the case mentioned.
ADULT HABITS

In the habits of the sdults as well as in those of the larvse,

the species of the two regions are guite different. In the first plsce,
the cutworm moths of the Montana group sre very strong in flight. This

W88 well shown during the early summer of 1921, when thousands of

— : By oy
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specimens of Chorizagrotis asuxilisris, the Western Army Cutworm, ware

esptured in Minnesots, Jowa and Yansas. This species breeds normally
in the plains region of Montana (Cooley,'16) and has never been
reported in large numbers east of that region. This means that in 1921
the moths must have flown at least three to four hundred miles from
the place where they emerged.

Another peculisrity in the 1life history of C. auxilisris and

Agrotis unicolor Walk. (loctus clandestina Hsyris) as recorded by

Strickland('16) 18 the habit of aestivation in the adult stage. The

mothe emerge in June and aestivate for a pariod of at least three months

before maturstion of the ovaries and oviposition. None of the common
Minnesota species (with the possible exeeption of Ae.unicolor, which also
breeds in Minnesota) are known to have any similar habits. This
2estivation is apparently the method chosen by these species to escape
the intense heat aud drought of July and August in dontana.

Yery little is known concerning the ovipositidn habits 'of

-
)31

loctuidae, but all of the eastern species whose habits are known lay .

their eggs directly on green vegetation., This is definitely known for

Agrotis ypsilon, Feltis ducens, Polis lorea, Lycophotis margeritosa E;,,

and Cirphis naipuncta. Those Western specles whose habits are known,

on the other hand, lay their eggs elither on trash on the surface of the

8011 (C.suxiliaris,Strickland '16) or in the gurface layer of the soil.

(2.0rthozonia, Parker,Strand and Seamsns, '21) Several species of

Buxoa are sugpected of gimilsr habits, but have not been found ovipositing

" yet. L]
In reproductive capscity, the Rastern species in gemeral outrank

the Western, with some exceptions. Thus, 1t was found in Insectary work

at University Farm that L.margaritoss lays as high as 7000 egg®, &an

&verage figure obtained from twenty-elght moths being 1497. Feltis annexs

R — R
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(Jores, '18) laye se many as 1700 eggs, an aversge for ten femsles
being 794. C. finipuncta has been captured with as many as 800 eggs in
the ovaries (Turner '16) and probably lays many more in the field.
Admong the Western species, [. orthogonia averaged 715 eggs each for
five females (Parker, Strand and Zeamans,'£l), and C. suxilisris

laid sbout 1000 eggs (Strickland '16), which figures are the only
ones available for Western species. It is evident that L. orthogonia,

the most highly developed cutworm ecologically, does not need 0 high
8 reproductive capacity, as the eggs, being scattered in small clusters
through the soil, have a much larger chance of survival.

Another fsetor to be considered in connection with reproductive
eapacity 1s the ability of the species to produce sudden and severe
outbreaks., A species with a high reproductive capscity can multiply |
very rapidly, end a small number of moths surviving & hard winter wan
quickly bring up the population to a destructive number. Such species
@8 C., unipuncta and C. suxiliaris and L. margaritoss can produce these
sudden severe outbresks, as is evident from a superficial survey of
the genersl economic literature. On the other hand, 2. orthogonis
d0es not swuadenly appear in large numbers, but produces a graduslly
incressing population in any given place until checked by climstie

conditions, when the cycle is recommenced.

THEZ PHYSICAL 2COLOGY OF THE IMMATURE STAGES
LABORATORY STUDIZS

In order to obtain some experimental evidence with regard to the
Telations of the various stages of Noctuids to temperature and humidity,

llhﬁratorx experiments were carried on at University Farm, St.laul,

Minnesots during the two winters of 1919-1920 and 1920-1921. It was
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the intention of the writer to rear as many species ss podsible under
eontrolled conditioms, but L. margaritosas was the omly species which
was obtained in large enough numbsrs in the Insectary for this work.

Ae stmospheric humidity has s very small influence on the insect during
the larval stages, which sre spent in the surface iayor of the soil,
the moisture of the direct envirorment, nasmely, soil moisture, was

studied instead.

80IL MOISTURE RELATIONS

The method used in determining the relations of L. margeritosa
to s0il moisture were in general those of students of plant physiology,
being the rearing of the insect in & cage of soll whose known moisture °

content was held approximately eonatant by the daily addition of

sufficient water to maintain a constant weight.  Lantern globes covered

over the top with cosrse muslin were placed over the soil in a pot

holding about five pounds of soil. The original moisture content of the

801l was determined, sufficient water added to secure the required

moisture content, the weight of pot,soil,=nd cage taken, and held

eonetant throughout the experiment. The freshiy-lsld eggs Wwere placed

on the surface of the soil in the cage, and the insects reared through

to the adult etage under the same constant molsture condition. A

thermograph was kept in close proximity to the cages to give a continuous

record of air temperature, and all cages were kept close together in the

greenhouse under as uniform conditions =s possible., Two sete of

experiments were performed, differing slightly in details, and will

be considered separately.
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FIRST BXPTRIMENT 1919-1920

In this experiment three soils were used, a cosrse sand with
8 maximum water capaeity of sbout 52 percent of dry weight, & rich
leafmold with s water capacity of shout B2 percent of dry weight, and

8 mixture of equal parts of these two, designated as loam, whoee water

eapacity was asbout 41 percent of dry weight. Two cages were held at
each moisture condition, of which ithere were a total of sixteen. The
cages were exsmined each morning, snd the number and instaer of the
larvae present noted, sc that the figures given represent an average

for the larvae of each two cages.
TABLE 1II

HOISTURE RELATIONS OF LYCOZHOTIA MARGARITOSA
FIRST EXPERIMENT 1919-1920

CONTENT

(2) KO EGG FO LARVAL NO PUPAL KO TOTAL PERCENT
TOTAL 20GS PERIOD LARVAR PIRIOD PUPAR PARIOD ADULYS LIFR MNORTALITY
CAPACITY DAYS DAYS DAYS DAYS

SAND SHERIRS

16 50 6 30 53* 0 0 59.0% 100.0

23 17 & 14 S0.0*% 3%  saes 0 44.5% 100.0

32 84 7 u 2203. o sese 0 29-3' 100.0

9 18 8 12 59.6 2 24.5 2 89.5 96.4
47 60 7 b2 58.1 7 £22.3 S 92.3 96.0

63 27 9 20 B2.5 4 32.0 1 9.0 96.2

108.00000e196 oo 78 o 141 ooe 5649 & 16 oo 35.6 oo0 O o 91.2 .o 96.9
LOAM SERIRS
30 ' 3 8.0. 0 asse o 15-0‘ 100.0
30 7 14 47.1* O o 0 $4.1Y 100.0
30 3 23 56.6 4 £3.2 d G 86.7
24 7 19 51.9 9 23.0 8 6B.1 76.2
28 9 14 53.8 A 32.0 2 89.0 92.9
26 g 5 52.7 2 22.0 1 82.0 88.9

1"...--. 1’1 e 7.5 aw ,8 see 53-8 --19 .. 8 05 00015 . 8"‘ L ’gll
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TABLE III (CONTINUZD)

ATER CONTRERT
PERCENT OF |

(1) (2) BO BG6 EO LARVAL RO PUPAL NO TOTAL PERCHET
DRY TOTAL RGGS PRRIOD LARVAR PRRIOD PUPAS PERIOD ADULTS LIPS MORTALITY
IGHT CAPACITY DAYS DAYS DAYS DAYS

)
LEAFHMOLD SERIRS

10 19 27 7 20 5645 s o 0 63.5 100.0
20 28 28 8 22 506 1 25.0 1 92.0.° 65.9
w 5? 26 3 12 ”l“ 0 eeee o m I lm.o
40 76 17 8 10 48,0 4 28.6 32 80.0 82.4

80r108.ceccee I8 coe Tl o 54 oo 4803 cee 6 oo 28.9 oo & o 83.0 oee 95.9

*Insects apparently died from lack of moisture before emerging

as adults.

#Larvae in this cage killed by a fungous disease.

Considering both duration of stages Qﬁd mortality, the loam was
the most favorsble soill for growth. The minimum water requirement of the
species seems to be about thirty-five percent of the total eapacity on
each soil, and the optimum is sbove fifty percent. There seems to be no
upper 1limit, sltrough probably a very wet soil is more favorable to

the development of fungl inm the fleld, thus reducing the numbers of insects.

SECOND EXPERIMEET 1920-1921

n the first, and was
ions. Only

This set of oxpdrinenta was run as a check 0
onduoted in the same greenhouse, under the same genersl condit

one soil, s loam mixture with a water capacity of thirty-two percent, was

used, snd five eages were run st esch of six molsture conditions. In

8ddition to the thermograph as in the first experiment, resdings were taken

each morning of the tempersture of the surface soil in each cage, from

which the departure of that temperature from that of the thermograph was

computed, and the actual temperature condition in the Cuge determined.
Records were only kept of dates of hatching of egge and emergence of adults,
together with the number of adults emerging, from which the mortality
Percentage is oaleulated. The results of this experiment sre given in

hhl. Iv.
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TABLE IV

MCISTURE RELATIONS OF LYCOPHOTIA MARGARITOSA
SECOND EXPTRIMENRT 1920-1921

WATER CONTHERY LARVAL
PERCENT OF AND
(1) (2) FO RG0 PUSAL ) s TOTAL PTURCENT
DRY TOTAL EGGS PERIOD PERIOD ADULTS LIFE MORTALITY
WEIGHT CAPACITY DAYS  DAYS DAYS
5 15 128 7 59.4 15 664 88.3
10 31 108 7.6 B8.5 13 76.0 87.9
156 47 80 7.5 75.1 11 82.6 86.2
20 62 29 8.6 76.6 25 85.1 74.8) ,
26 78 8E 9.0 83.6 12 92.6 86.9 |
30 94 90 9.0 78.6 21 87.6 76.7.)

/‘\

The minimum moisture reguirement is not so evident in thie
experiment as in the first, bdbut there is s definite optimum moisture |
lying in the neighborhood of sixty percent of capacity. In order ;;
show the gemersl tremd of both experiments, the dsta of Table III 1s
combined with that of Table IV, to form Table V, in which the various

moisture contents are grouped into four general olssses.

TABLE V
MOISTURE RELATIONS OF LYCOPHOTIA MARGARITOSA

WATER
PERCTNT OF ro po TOPAL PERCENT
TOTAL CAPACITY BGGS ADULTS LI?® MORTALITY
0.0 to 75.0 14 28 71.0 98.2
36.0 to 50.0 222 21 84.8 90,6
61.0 to 65.0 183 34 86.7 81.4
66.0 to 100.0 256 29 88.5 B4 .E

The general conclusion to be drawn from these exporiments is that
the Variegated Cutworm has & definite moisture re uirement, both optimum
and limiting, and that the optimum condition 1ies in the neighborhood

of sixty percent of the total water capacity of the soil.
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TEMPERATURE RELATICHES

Experiments were planned for the rearing of all stages of

L. margaritoss under controlled conditions of temperature, but it was

fourd that any obtainsble constant tempersture was too high for the
larval and later stages. The mortality was 100 percent at all temperatures
above 2z°c, and only s single adult was secured st this temperature.
Experiments on the hatching of the eggs were more successful. Table VI
8hows the results obtained from th§ exposure of twenty-four masses of
f1fty to four hundred eggs esch to three different constant temperatures.
Four of the masses exposed to 30°C failed to hateh, and only a portion of
the eggs in the other six masses hatched, showing that this tempersture
spproaches the upper limit of growth. The figures for duration of egg
period are welghted according to the number of individual egge in the
experiment. The figures in the columns headed "Index of Development" and
"Phermal Constant® are derived as explained in the introduction in the

discussion of the work of Sanderson and Desirs ('13J

TABLE VI
TRMPYRATURE RZLATIONS OF LYCOPHOTIA MARGARITOSA

BGG STAGE
. 1/(6) (2)x(6)
TEMPERATORE IN C 5O DURATION DAYS INDEX OF THERMAL
OBS “RVED ZFPRCTIVE MASSES MAX. MIN. MEAN DEVELOPMEET CONSTANT
(1) (2) (3) (¢) (8) (6) (7) (8)
23 14.2 10 B.6 5.0 5.2 .192 72.84
27 18.2 4 4.0 4.0 4.0 «250 72.80
20 21.2 10 4.5 4.0 4.1 <244 86.92

In the second series of moisture experiments, daily readings were
taken of the temperature of the surface soil of esch cage, from which the
actual gage temperature was computed. In Table VII are given these
temperature figures for the egg stage, together tith the dsta on duration
Of the egg period and computations of the index of development and
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thermal constant on the basis of effective temperatures, as in Table VI,

TABLE VII
TRMPSRATURE RELATIONS OF THR 260 STAGR OF LYCOPHOTIA MARGARITOSA
USDER COETROLLED MOISTURE CONDITIORS

WATHER
PERCENT OP TERMPERATURE

TOTAL EO RGG MRAN MEAN InpEx oF THIRMAL
CAPACITY BGGS PERICD AIR CAGR DEVELOTHINT CONSTAST
156 189 7.0 20% 19.88° 147 77.56

z1 157 7.5 20  18.99 <133 76.43

47 163 7.5 20  18.26 133 70.95

62 156 8.5 20 17.15 «118 70.98

78 85 9.0 20 16.44 111 68.76

The results of both these experiments are plotted on Flste II,

the points for the two series being distinguished by the use of two

symbols. The agreement of the two sets is more than accidentally close,

end we must conclude that moisture in itself has little influnence on

by reducing temperature.
drawn through all of

the egg stage, except &8s 1t acts indirectly,
Plgure 1, Plate II, shows the temperature hyperbols

the points, and Figure 2 shows the reciprocal line.

FIELD AFD STATISTICAL STUDIES

Very early in the course of these studies, in considering the

relations of L. margaritoss to temperature and soil moisture, it became

quite evident that a knowledge of these optimum and limiting conditions

ghould be of great value in a study of the relations of meteorologieal

knowing definitely that the
about 60% of the

factors to insect outbreaks. For example,

optimum soil moisture condition for this species is

total moisture capacity of any soil, would it not be a logical step to
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assume that field conditions during s destructive outbreak must at least
approach this conditiont If this sssumption is correct, and the -riiar
believes it to be, then, working back from this hypothesis, the

weather data, in terms of temperature snd precipitation, for the infested
region during the period of the outbresk, must represent this optimum.
This, then, is the first problem. Is there any definite indication of
en approximately constant moisture condition in the field, as expressed
in the temperature and precipitation records, and, if so, in which

parts of the 1ife history of the insect is this relation most pronounced?y
Purther, if possible, it is desirable to snalyse the weather data for

the period covered by the destructive generation of the insect and by
the preceding winter generation, that is, for a period extending at least
a year previous to the outbresk, comparing conditions in all of the months
with each other, to obtain indications of any relationships which might
8id in the climatological interpretation of the outbreak.

As 1t is necessary to deal with a large body of data in order to

obtain trustworthy results, it is evident that some method of analysis,

preferably some well-known standard method, aust be used. For this work
the method of correlation, as developed by the writers referred to in the
introduction, is well sdapted. The metsorological relations of C. unipuncta
in Minnesota have been gquite carefully analysed by this method, and

some of the more general relations of L. margaritoss and 2. orthogonia,

although the work done on these last iwo species is of o preliminary

nature, introduced in this paper for purposes of comparisom.
METEOROLOGICAL RELATIORS OF CIRFPHIS UNICUNCTA

Since 1895, there have been five major outbreaks of the Army Worm
in Minnesota, which form the basis of this study. The general method of
attack consisted in determining first the distribution of the insect in




each outbreak, plotting the area roughly on a map, selecting all of the
U.S.Weather Buresu Stations inside of this area, and assembling the
weather data for esch station for the entire year preceding the outbreak.
Out of about seventy-five statiom records so secured, tweniy-one points
were selected which had been in the srea of destructive abundance for at
least two of the five outbresks, and their records were assembled for

the entire period 1895-1920. As some of the records were not complete for
the entire year preceding an outbresk, those incomplete records were
eliminated, leaving a series of thirty-five records, which were finally
used as the basis of the statisticsl study. This elimination secured &
set of records from a single region, each one represented more than once
in the series, and all of them in regions more than normally lisble %o
army worm sttacks. A description of the area covered by each outbresk,
the sources of information concerning esch, and = list of the stations
used for each in the statistical work follows.

1. 1896. A very widespresd and destructive outbreak occurred
throughout the southern and southeastern parts of the siate. Data in
regard to distribution were obtained chiefly from files of the daily
Newspspers of the region for the period, on file in the Library of the
Minresots Historicsl Society. The stations used were Farmington, luverne,

Montevideo and Winoma.
2. 1906. A more local outbreak occurred in the southwestern part

-

of the state, extending some distance north of the Minneso ta River into

the southern portion of the Red River Vallay. The distribution of the

insect in this and succeoding outbbesks was obtained from records and

eorrespondence filed in the office of the State intomologist. The stations

Belected were Alexandris, Bird Island, Fergus Falls and Morris.

8. 1910. A widespread outbdreéak occurred over the dame territory

Covered in 1896, but with the most severs damage in the southwestern part
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of the state. The selected stations were Alexandria, Bird Island,
Fairmont, Fergus Falls, Montevideo, Morris, New Ulm, Redwood Falls snd
Windom.

4. 1919. A very widespread and severe outdreak of the army worm,

sccompanied almost universally by L. margaritosa covered the entire

southern part of the state, extending up the Red River Valley as far as
Crookston. This outbresk asnd the one in 1920 were personally investigated
by the writer. Selected stations were Albert Lea, Bird Island, Pairmont,
Farmington, Crand Meadow, Luverne, Lynd, Montevideo, New Ulm, Redwood
Falls, S3t.Peter, Winona, Worthington and Zumbrota.
B. 1920. A loeally severe outbreak occurred Over an area embracing
portions of the counties of Rock, Pipestone, Murray, Cottonwood, Lyon
and Redwood. The stations chosen were Bird Island, Luverne, Lynd and
Hdontevideo. 1
The complete dats for these stations may be found in the files
of the "Climatological Data, Minnesota Section", of the U.S.Weather
Bur eau.
Having sssembled these data, the next step 1s the search for
Some methods of interpretation which will bring out the presence of a
given moisture condition such as was outlined sbove. A eonsideration
of the relationship between tempersture, precipitstion and soil moisture
makes it evident that, considering the variation in the evaporating

power of the sir st different temperatures, s heavy precipitation at a

high temperature would produce the same moisture condition in the soil

a8 a lighter rainfall at a lower temperature. Thatl is, for exsmple,

the moisture at 70 degrees F and four inches precipitation would
Probably be equivalent to that at 60 degrees ? and three inches rainfall,

In other words, if we plot the temperature and precipitation figures for

the thirty-five stations on a dot chart, whose ordinate is temperature

%‘




and whose abeissa is precipitation, placing s dot at the interseation of
the axes representing the condition st each station, & positive correlation
between temperature and precipitation would represent the presence of

an approximstely constant moisture condition at all of the stations.

The closer the relationship, and the nesrer the dots approach a straight
line, the highar the value of the coefficient of correlation, "r", and

the more eritiesl this relationship in the economy of the aspecies.

A series of dot charts, constructed as outlined above, were
prepared for the conditions in each month of the yesr preceding an army
worm outbresk, each chart containing the thirty-five points representing
the selected stations. The correlation coefficient, "r" was ealoulated
for each chart, together with its “probable error”. The significance
of "r" s related to its probable error, a value less than three times
the probable error being of little significance, and one of more than
8ix times the probsble error indicating s Vvery eritical relationship.

In order to determine whether these correlations were entirely due to ?

.

the conditions in years preceding army worm outbreaks, & second series

0f charts was constructed, onme for each month, on which the temperature

end precipitation for the twenty-one stations for the entire period of

twenty-five years were plotted. The difference between the correlations

in the latter set and those in the former set indicated the true

relationship of these conditions to army worm outbreaks. Both sets

of coefficients and probsble errors are given in Table VIII. Those

months in which the value of "r" was near to gix times its probable

error, and in which it varies greatly in the months precedin srmy wornm

outbresks from the value for the same month in the whole period, are

regarded as eritical, and the month and value are repeated in the

fourth column.
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TABLE VIII
CORRELATIONS OF THEMPMRATURE WITH PRECIFITATION
MONTH 21 STATIONS 36 SRLECTED SIGNIFICANT
ENTIRE PERIOD STATITNS CORRELATION
18956-1920 FOR PURIOD OR
PRECEDING CRITICAL
ARMY WORM FERIOD
OUTBR BAK

August 1.129 +,081 - 007 £,117
September 4,088 + .028 t.421 % 093 +.421 September
October -, 064 + ,033 1.B71 £ 077 +.5671 Cetober
Kovember +., 029 1 035 +.481 x ,088 +.481 November
December 4,017 + 088 +.126 £ 112
Jamary -. 251 2 .071 -.2871t .,108
February +.819 £ .030 +. 2428 + 107
Mareh -«390 3 .0286 ~s416 = .094
April +.,012 £ 088 -e318 £ 102
May +.096 £ 073 1,548 £ .079 +.548 May
Jtlne - 0006 £ ,OFF +s 122 4 s 240
July -.169 £ ,078 +,169 £ .110

Analysing the data in this manner shows that without any
ressonable doubt, there is present some definite,practically constant
moisture condition during the period preceding the outbreak, and that
this condition is most marked in the months of September, October,
November and May, or during the larval life of the overwintering
generation. The correlations in the winter months are fairly high,
but correspond closely to ihou for the twenty-five year series, and hence
8re not necessarily related to army worm outbreaks.

The next logical step would be to ascertain whether this moiature
eondition 1s approximstely equivalent in the various coritical months, but
We will postpone this consideration until some other relationghips are
®tuiied. Let us next study the relations between successive months, for the
Purpose of determining the presence of any gseasonal succession which is of

importance. A consideration of the problem will show that a negstive

COrrelation between tempersture in two successive months shows the presence

Of & necessary constant temperature sum for those two months. That is, 1t

i.b=————————————————————————————_______4--IllIIllllllllllllllllllllll.
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8 warm September be followed always by a cold October, snd a cold Stptllb;r
by & warm October, tﬁs sum of temperature for the two months will tend to /
remsin constant, and 1t remains for us to determine the significance of -
this thermal constant in the economy of the army WOTrMe. ,,f/ﬁj !
In order to test the presence of any such relationships, dot

charts and correlations were made by combining the temperature of each

month with that following, and with various other months where there
seemed to be any indication of a eritical relationship. The same
procedure was followed with the precipitation data, and the more significant

of these correlations are given in tabular form in Tables IX and XK.

TABLE IX
TRMPERATURE RELATIONS BRTWERN SUCCESSIVE HMONTHS
PRECEDING ARMY WORM OUTBREAKS

SEPT ncr nov DPRC JAN JUNE JULY
SEPT -092‘ *-723 '0565 -o745 -0619 -'718
ocT +.,796 +, 781 +.884 +.786 +.770
HOV +.5657 +.,760 +.571
DHO 4.’28 *.378
JAN 4,567
JUEB +.788
JULY
TABLE X

PRECIFITATION RELATIONS BITWESK SUCCESSIVE MONTHS
PRECZDING ARMY WORM OUTBREAKS

SEPT ocT OV DEC JAN JUNE JULY
SEPT - 564 -,170 - 2564 -. 561
ocT +.429 +.323 +.566
KOV
DEC
JAN
JUNE 1. 607
JULY

Although no general correlations were made, &8 in the case

of the first set of computations, 1t meems probable that these

corralations given here are all significant, especinlly those between

Successive monthe. The most interesting relationship® are found
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in the temperature conditions in the fall and early winter months.
Considering September, Cotober asnd Kovember first, as they &re the
months in which the young lsrva prepares for hibernstion, 1t 18 spparent
that there is & very high correlation indicating the existence of a
constant sum of temperature for those three months. If Septomber 18
warm, October snd November are both cold, and if September is cold,
October and November are werm. In order to test for the presence of
this thermsl comstent, the mean temperature for October and November
wae computed and correlated with the September temperature, which gave
8 value of =.771 for "r". Then the mean temperature for the three
monthe was computed for easch station, and found to be 46.92, ranging
from 42.6 to 49.7F, with a standard deviation of l.44 degrees. The
standard devistions of the monthly temperatures of which this sum was
composed were F.70, 3.47, and 2.56 degrees, reppectively.

The significance of this thermal constant in the economy of
a certain atage

t this

the insect evidently 1s in enabling the insect to resch

in which it is best sble to hibernate. Enight (*16) has shown tha

species cannot hibernate in New York in the pupal stage, and evidently

the range in Hionesota 18 even narrower, probably being restricted to two

or three certain larval instars.

Another interesting temperature relationship 1# that between

September and December and Jammsry, considered together. The relationship

18 even higher when October 1s substituted for September. This shows a
very interesting balance between fall and winter conditions. If September
is warm, the young larva grows qite rapidly, bat its growth is checked

by the cold weather in October and Hovembar, and this gradual “"hardening”

process ensbles it to withstand low temperatures in the early winter.

On the other hand, if September be cold, the =low growth is accelersted

during the warm October and November which follow, and the larva does not

-;——_




have the grsdusl “hardering" period found in the former case, and is
evidently unable to withstand such cold weather in the early winter.
These reletionships are evidently vital to the insect, and a more
complete amalysis of those and others of lesser importance would
probably emable us to predict the occurrence of army worms in any
given locality by & study of the weather data for the previous year.
On Plate III are shown a few of these dot charts, for
the correlations in the fall and early winter months. The relationships
are very close for this class of dsta, snd their importance should not
be underestimated. Hotice particulsrly the high correlstions between
tempersturee of successive periods, which are almost perfect in ome '
case and of high value in the others.
| Bow, returning to the consideration of the question raised
_earlier in the paper as to the equivalence of the moisture conditiona
in the various months, we will study that point more intensively.
Piret, it will be of vslue in visualising the situation to show
graphieslly how the condition in each of these months departs from the

sverage of the region for twenty-five years. This 1s shown in Pigure 4,

Plate 111, The heavy central axes represent the mormal condition, and

departures are measured from these in degrees #. and inches of rainfall.

A circle represents the position of eseh month with regard 1o normal

conditions. Six of the months are in the “warm,wet" guadrant, three in

the "warm,dry" quadrant, and three in the “eool,dry" quadrent. lone of

them are in the "oool,wet" quadrant, a condition probably favorable to
fungous parasites. The winter months are sll warm and none of them very
wet, indicating that a warm winter, with light gnowfsll, =nd presumably
frequent freezing and thawing pericds, is favorable to this species.

 Thie is also the case with the FPale Western Cutworm, 1o be noted lster.
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In the early part of this study, it wss brought out that a
positive correlation between temperature snd yrecipitation in any one
month indicated the existence of a nearly constant moisture condition.
This line would be approximately straight in considering the range of
tempersture in any one month, but would probably be a curve when the
wide range of annusl conditions is considered. As the amount of
moisture in the soil is a funetion of the evaporation of the air ss
well as of tempereture and precipitation, this curve should be of the
same general type s the curve which shows the amount of water vapor
the ai; ean evaporate at any given tempersture, in other words, the
vapor pressure curve of water. The formula for this ae given by

phyesical chemiste, is approximetely

2.3026 1:“ iol s 18, W ‘q; l_!_!n)

We are mot primarily interested in the various conetants of
this curve P, represanting vapor pressure, T, temperature and ¥ the
latent heat of wvaporiszation, but we will note that it 18 logarithaie
in nature, snd hence, 1f the temperature and preecipitation points
for the veriouns months are plotted on s graph, they should be capable
of representation by a similar logarthmic curve. Such a graph is shown

in Pigure 10, Plate IV, and & curve computed to fit the points, whose

formula is given in the figure. The writer wishes %o emphasise the

point that the selection of that partioulsr formula was the result

of more or less guesswork, slthough the constents are computed by least
Square methods, and are sccurate for that type 0f curve. It is possible
that future work will show that some other form of exponential curve
will express the moisture relations of the army worm more accuratsly.
Bowever, the curve is semi-logaritimic, and a plot of the points on

Semi-log paper shows them to fall in the neighborhood of a straight line,

¥hich justifies the assumption of that type of formula.

B
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To susmarigze the results of the snalysis of the metaorologiesl

reletions of Cirphis unipuncta, we may state the following conelusions:

l. The army worm evidently has a definite optimum moisture
requirement, as shown by the various correlations, wkich ean be
expressed in terms of temperature and precipitation by the

logaritimic formuls

in which X represents temperature and Y precipitation. Substitution of

given velues of X in the equation give the correspording logY¥, from

vhich Y may be found. This eguation reprecents the general optimum

eordition, and sny plece whose annusl conditions approach this curve

lies within the normal range of the species, and 18 liable to infeatation

%whenever the particular rejuirements outlined below &re satisfled.

£. In Minnesota, where hibernation takes plsce in ;he larval

stage, the sum of tesporatures during Septeaber, October and Hoveaber

must approach 3 x 46.92°70,

In sdaition, the tempersture for the WO months of December

and Japuary taken together must begr the relation te that of October

expreseed by the eguation

Dec.tenp.+ Jan.temp. * 2,75 Oot.tomp = 120.4°

Which equation ie derived from the correlation in Figure 9, 21ate IIl.

The sbove are the most important particulsr resuirements which must

be fulfilled in Minnesots before an army WOrw outbreak occurs. There are

provably other minor conditions which combine with these, but which are

n between temperature and precipitation musti,

0ot 20 vital. The relatio

&t lesst in September, Octobd-r, Hovémder anfi May, approach the general

condition outlined above.




T —I—=

- 38 -
HETEOROLOGICAL RELATIONS OF LYCOFHOTIA MARGARITOSA

Unfortunately for this study, the only outbreak of this species
in Minnesotas concerning which we have definite information available
was in 1919, in associstion with C. unipuncta, as was mentioned above.
With only this single outbreak as a basis, it seemed futile to attempt
much statistieal work, as the results obtained would be of but slight
value. However, s comparative study of the weather data for this
outbreak and that for the other four army worm outbreaks should yield
some evidence as to the points of difference which made possible the

extreme abundance of L. mergaritosa. Accordingly, the stations listed

above for 1919 were separated from the rest of the data, and their
means computed. These figures, together with those for the Pale Western

Cutworm, will be found below, in Table XI.

These means were then plotted in » menner similar to that used
with the mean figures for the army worm outbresks, and a similer
exponential curve plotted to fit them, whose equation is

Log Y =0.07696- .00845 X (Plate IV, Fig. 11)

This curve differs chiefly from the army worm curve in the

size of the constant term, indicating a larger basiec amount of rainfall,

8nd showing that the Variegated Cutworm prefers conditions more moist

than the Army Worm.

Knowing from laboratory experiments that the optimum moisture

condition for this species is about 607% of total water capacity, we can

conclude that this curve represents an approxinstion to this condition,

8nd hence, that the army worm curve, which represents a slightly lesser

Smount of precipitation for any given temporature, indicates the optimum

for that species to be slightly lower, probably in the neighborhood of
46 to 50% of total capacity. The writer has been unable as yet to

Confirm this fact experimentally, and it would be 8 matter of considerable

B




interest and value to do so.

From the faot that the data are 80 meager, 1t is impossible to
draw any conclusions with regard to any necessary succession of
Seasonal conditions, as was done in the case of the army worm, 80 this

part of the study is incomplete.
METROROLOGICAL RELATIONS OF POROSAGROTIS ORTHOGONIA

The two species whose climstic relations we have been considering
8re both normel inhabitants of the humid region of Minnesota, and their
moisture requirements sre those matural to species of this region. We

%ill now consider these relations of forosagrotis orthogonis, a species
¥hose habitat is s region with a normal rainfall of about fourteen

inches per annum, as compared to twenty-eight in Minmesots. It 1s
Sppsrent that the moisture re uirement of such a species must be very
Much lower thsn those of the former two species, but it is not at once
Spparent Just how much lower it should be.

The Pale Western Cutworm is a species which has very recently
become of great importance in many parts of Montanas. It was first noted
in large mumbers in 1915, and has since been rapidly inoressing. For a
Skoteh of its distridutional history, the readler is referred to DParker,
Strand and Seamans ('21). The chief point of interest in comneciion with
its rapid incresse is the fact that the past five years (1917-1921) have
been & period of slmost unprecedented drought over the infested regions,
*hich hss evidently been an important factor in the ecology of the species.
From distributionsl dats on file at the Bntomology Department, lontana
State College, maps were constructed as in the case of the Army Worm,
8nd U.S.Weather Bureau stations selected as representative of gonditions
in the infested reglons. As this #tudy 1e stil) in the e8rly stages, the

@istribution and list of stations will be reserved for lster publieation.




Two points noted at the commencement of the study are of interest,
and will be mentioned here. PFirst, a very superficisl stady of these
distributionsl maps in connection with maps showing the snnual distribution
of precipitation for the period made it very evident thst the greatest
amount of dsmsge in any year fell within the area of the state recelving
less than twelve inches of rainfall. This shows beyond a doubt the
semi-arid character of the optimum condition. Second, & plotting of
the monthly means for a period of about a year preceding outbreaks,
obtained in each case by the aversging of about forty points, gave
the distribution curve shown in Figure 12, Plate IV. Computing the
constants for this curve by the method of least squares gave the
eguation for this species as

Log Y= 9.48837 - 10 + .01168 X

Thus this curve, of a similar formula to the other two, varies
in the size of the constant term, and also in the greater value of the
X term, indicating a grester curvature than in the other cases. An
inspection of this curve as plotted shows the much smsller amounts of
rainfall necessary to produce the optimum for this specles.

Another relation, on which very little work has been done other
than a preliminary examination of the data, 18 the rolation to winter
conditions. Such an exsmination showed that winter conditions in years
and places preceding outbreaks were warmer than normal, and dryer than
normsl. Thus, this specles, like the Army Form, ecan withstand a
considerasble amount of freesing and thawing better then steady ecold

weather with a heavy snow blanket.

COMPARATIVE CLIMATOLOGY

Bow that the general climatic relstions of these three species

have been outlined, it is of interest to compare these conditions with




esch other and with other places, to show the significance of these
relations in the consideration of genersl distribution. Table XI,
reproduced below, gives the comparstive conditions in the months

preceding outbreaks of the three species studied.
TABLE XI

' COMPARATIVE CLIMATOLOGY

MOETH POROSAGROTIS CIRPHIS LYCOFPHOTIA
(PRECEDING OUTERREAK) ORTEOGONIA UNIPUNCTA MARGARITOSA
1 TEMP PP?  TEMP 227 TRUP PPT
“m't 6505 1.8 smes aee sesae ene
3 s’pt“b.r b3.7 1.1 59.4 2.8 66.2 1.6
', October 41.4 1.1 47.0 1.8 51.0 2.5
November 28.6 0.6 34.1 2.6 36.9 3.2
December 18.7 0.6 20.1 1.1 27.7 1.6
January 21.1 0.5 17.6 0.7 28.2 0.5
February 22.1 0.5 15.8 1.2 17.5 2.3
March 27.0 0.5 23.0 33 31.7 1.2
April 41.4 1.2 46.8 3.1 45.4 3.8
May 52.7 1.7 56.6 2.6 56.9 2.0
June 59.4 2.0 68.3 6.5 69.6 6.9
July g i 72.3 - 3.6 4.3 4.6

Total h.cipi“tionoooo 1048 cocscscsnne gﬁ.‘ evasessces D0.2

L This table shows conelusively the wide variation in the moisture
requirements of the three species, a fact which 18 further shown
graphically in Figure 13, Plate IV, on which all three of the
curves are drawn in their relations to ehoch other.

If these lines reslly represent the moisture requirements of these
gpecies, any location in which one of them is normally found should

' approach the moisture conditions indicated by the particular line.

In order to test this out, three points were chosen, one of which

is within the range of the Pale Western Cutworm, One in the range of

the Army Worm, and presumably, of the Variegated Cutworm, and one of

which is outside of the range of the army worm, but possibly, under

exceptional conditions, in the range of the Varlegated Cutworm.




The three points chosen were Glasgow, Montana for the first, Ithaca,
Kew York for the second and Jacksonville, Florids for the third. The
data for their mesn monthly temperatures and precipitations were
obtained from Henry ('06), and plotted on FPigure 1%, in their proper
relation to the three curves. The lines drswn connecting the outside
points of each station are of no especial significance, but are merely
introduced to bring out the general conditions at each point more
clearly. In the cases of Glasgow snd Ithaca, the points are in very
close relation to the respective cutworm curves, showing that they
normelly approach the neeessary moisture condition. The condition at
Ithaca is of especial interest when considered in connection with the
theory of Pitch ('60) which was evolved from a study of New York
conditions. Ithaca is normally slightly to the "wet" side of the army
worm curve, which accounts for the occurrence of army worms there
following dry sessons, as Fitch has indicated.

Jacksonville, Plorida is not only at a éontidurnbla distance
from either of the curves for Army Worm and Veriegated Cutworm, but
the major axis of the polygon lies at a consiGerable sngle to these
curves. Thus it would not only take a wide variation in conditions
to bring about an Army Worm outbresk there, but this varistion would
have to be such as would twist the axis of the distribution through
a considerable angle, a condition which practicslly excludes the
possibility of extensive outbreaks in that region.

It is herdly conceivable that either of the last two places
would ever become dry enough to be infested by the Fale Western
Cutworm, or that Glssgow would ever be wet enough to be infested by

the Army ¥orm.
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CORCLUSIONS

We may summarize the results of the studies on the relations of
meteorologiesl conditions to outbreaks of these three lioctuid species
in the following statements.

l. Bach of these species has a dafinite optimum and limiting
8011 moisture regquirement, which has been ascertained directly by
laboratory oxﬁ&rinonta in the case of Lycophotis margaritosa, sand
indirectly, by a study of conditions surrounding outbreaks in the case
of the other two species. This moisture reguirement is capable of
mathematical expression in the form of an equation similar to that
expressing the relation of vapor pressure of water to temperature,
giving directly the optimum condition in terms of temperature and
precipitation during the growth period of the species. Thesa three
equations, fitted to the data for the three species 8re:

A, Pale Wastern Cutworm: log Y = 9.48837 - 10 1.01158 X
B. Army Worm: Log Y = 9.85188 - 10 t+.00999 X
C. Variegated Cutworm: Loé Y = 0.07695 +.00845 X
the

£. These soil moisture curves may be used t0 indicate

distridbution of each species, by plotting tke mesn danta for any
paring their loeation with the curve.

e reguirements, there

8tation on the same grasph and com
3. In addition to these genersl moistar

are certain sequences of climatic conditions necessary for the production

Of the species in lerge numbers, which musti be fulfilled in any season

before an outbresk can ocour. The temperature relations of C. unipunota

during the fall snd winter months are an example of such a condition.
4. Of these conditions, those surrounding hibernation seem to be
of the grestest importance, and an outbresk seems 1O be directly related

t0 the percentage of the larvae that survive the winter successfully.
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METR2OROLOGICAL RSIATIORS OF THE ADULY MOTHS

As was stated in the early pages of this psper, the data
relating to the effects of weather conditions on moth flight were
secured at St. Paul, Minnesota during 1920 and at Havre, Montans during
1921. The Minnesots data were published in = former paper (Cook '21)
together with a part of the present statistical trestment, and these
basic data will not be repeated here.

Bait traps were run st Havre during the period from August 1
to September 8, when a cold wave and consideradble smowfall practically
put an end to moth flight. The traps used in this experiment were large
glazed earthenware receptscles holding nbout five gallons each, Hleven
of these were used during the height of the flight season, on two
fields, being placed about three hundred feet apsrt and st & height of
about three feet above the ground. The bait used was & ten percent
solution (by volume) of crude beet molasses, secured from the Great
Western Sugar Co., at Billings, Montana. It was found necessary to
renew the solution sbout twice a week, because of the high evaporation.

A record was kept of the numbers caught of each of the more
gount of the males and

which the

abundant species per night, and a comparatire

femsles of Porosagrotis orthogonia, which was the species on
As the eatches for & few nights at

most accurate data were desired.
the height of the flight period were too lsrge to be counted by one

individusl, the entire catch was preserved for esch night by drying,

and later counted by the following method of sampling. The entire

night's oatch was placed in a conical pile on a flat surface, and
®eparated by planes through the spex into a series Of radisting piles,

each of which represented a definite fraction of the catch(one~fourth

Or one-eighth, depending on the size of the totsl eatch). One of these

T S T T S TS ——— "




———-——

piles was then carefully examined and sorted, and the rest of the catch
merely counted, the total for esch species being assigned pro rata
from the proportion found in the examination of the fraction. This
method was found to give results of relatively high accuracye.

Table XII gives the total figures for the more sbundant Noctuids,

obtained as described sbove.

TABLE XII
MOTH PLIGET AT HAVRE MONTANA
AUGUST 1 TO S5pTIMBR 8, 1921

SECIRS RUMBER OF PERCENT OF
SCRCIMENS TOTAL CATCH

forosagrotis orthogonie

Males 6,450 10.8

Females 14,614 24.5
Buxoa pallipennie 28,309 47.2
Euxos quadridentata 2,826 4.7
Sidemia devastator 2,537 4.2
Caradrine extima 681 1.1
Other species 4,640 7.4

Total asssssesns 60'05? ".'..°"..1m‘0

Included among the "other species” were Chorigagrotis suxiliaris,

Peltis ducens, Porossgrotis cstenuls snd about twenty-five other specles,

as well as considerable unidentifiadble

mostly of the genus Suxoa,

materisl. Nome of these species were present in pumbers making more than
One percent of the total.
The noteworthy feature of the satch was the great and increasing

sbundance of Buxos psallipeniis, = species formerly very rare, but at

present the most common single species. 30 far as is known, the species

i3 not injurious to erops, but the larvs has not been positively

id.nt ified.
Records of temperanture and pumidity were available at the

Experiment Station, from iInstruments axpoaeqio field conditions within

& half s mile of the traps. Pressure Observations taken ati 6 pem. were
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obtained from Mr. C.M.Ling, U.5.4eteorologist ot Havre, Montana, about
Seven and one~half miles distant. As pressure varies rather slowly,
these readings gave a good index to conditiong 6% the Station. The
data for catches, temperature, humidity, pressure and precipitation,
together with the five day sliding average for each, computed ss in

the former paper, are given in Table XIII. The normals, which were not
computed for the weather factors in the Minnesots data as published,
Were also computed for these factors, but the figures are not included.
Y1ate V 18 a2 graphical representation of Table LITI. TYor each factor
&re shown & straight line representing the seasonal mean, an angular
graph showing the daily variatione in the factor, and a smoothed curve

¢losely approximating the five day normals.
METHODS OF STATISTICAL ARALYSIS

In the first place, the primary object in computing the five
day normal catch was to reduce the figures for catch from the widely
varying dsily figures to a common denominator, # percentage, or index
number. Then similsr normals were computed for the other factors for
the sake of uniformity in treatment as well as for the elimination
of any long-period trends.(Yule, '19, p.200), Having these three
figures for each factor, we have at our dispossl three different
methods of statistical trestment, which will bring out the facts from
three entirely different angles. Por example, # Study of the relations
between the index catch and the observed values Of weather factors
will show which particular values of those fact0r®, if any, are most
favorable to moth flight. Then, a further study ©f the relation between
the varistions in these fsctors and the variations in the catoh will
bring out amy relationship between a change in 20Ny factor and the catch.

Pinally, a study of the relation between the geparture of the normal

B e N PR
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catoh from the season average and the depertures of the weather factor
rormals from their sesson sversges, will show the relationship, 1f any,
which existsbetween the emergenca of the various species apd the
condition of the weather during the period of emergence. All three of
these methods of snalysis have been spplied to both sets of data, and
partiul correlations worked out between the eatech faotor and the

various weather fsctore. These coefficlients, obtained in the manner

expléined in the previous paper, are all given ir Table XIV, on the

opposite page. The coefficients are divided into three groups,
inditsated by the designations A, B, and C, corrasponding to the three

mothods of analysis outlined above.
The coefficients of group A, which sre the ones published for

the Minnesota data in the previous paper, are intended as a measure

of the relationship between the index oateh and the obeerved values

of the weather factors. It was found necesssry %0 divide the Minnesota

dants on the basis of humidity, the dividing lines being balow 54% and

sbove 0% respectively. The same process was necesasry in tresting the

Montana data, except that the dividing line in this cuse was drawn

below 404 snd above 30k. Bumidity is the most gignificant factor in

this group, and the largest index ecatches ware gecured in times when

this feetor was near the mesn for the sesson. Ip other words, the moths

flew best in times wher husidity wss sbout aversge for the season.

None of the coefficients are large, and the Montans figures would be
of 11ttle value except that they show the same tendency s the

Minnesota figures.

Considering the coefficients of Group B, we have » much different

condition. In this set of correlations, the affocts of variations in
the factors were studied, and variations in humidity have the sanllest

effect of any factor studied. Temperature and pressure both have

L
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significant positive correlations, which may be interpreted as follows:
“hen the temperature and pressure are higher, and the humidity lowerp on
any particular night thaen the averages of these factors for the five
nights of which this one is the center, then the cateh is also higher
than the average for these five nights. That is, moths fly more freely
on warm, dry nights, following cooler, damper nights than when the
reverse is true.

It is in group C that the largest valmes are found for the
correlation coefficients sre found. As the figures correlated are avarages
for five dsy periods, the relations must be considered as deing relations
of the weather factors to smergemce. Thus, under Ninnesots conditions,
more moths emerge in a time of higher temperature and lower pressure and
higher humidity than the season sverage, the humidity being the moat
important factor, followed by temperature and pressure. In the lontana
data, tempersture was of practically no significance, but there was 8
very high relationship between emergence und the other two fsctors, with
bumidity slightly more important. Xvidently, more moths emerge in times
of high humidity in humid regions, and more moths emerge in times of
low humidity in srid regions. The sise of the coefficient of multiple
correlation in the latter case, "R"- %92, indicates that the omergence
of moths in the ;rid regions 18 alwost entirely s function of these

¢limatic conditions,
To summarisze these relations; the observed values of humidity

have sn ipportsnt besring on the flight of moths, the largeat numbers
flying when the humidity is necr the gensonal mean, Tumidity also affects _
emeorgence, more emerging under high humidity conditions in Minnesota and
under low humidity conditions in Nontana. Varlations in temperature and
pressure from night to night are of more importance than variations in

humidity. Purther studies, and the accumulation of more data may

affect these relationships, but probably will only intensify them.
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CONCLUSIONS

A general consideration of the studies presented in this paper
leads to the following conclusions.

l. Bach of the species included in this study kas a very
definite optimum scil moisture reguirement, which, broadly speaking,
linits the distribution of the specioes.

2. This reguirement may be determined experimentally under
econtrolled conditions, and also indirectly, by a stetisticsal analysis of
the weather conditions surrounding outbresks of that species.

¢« In esech case, the optimum moieture requirement of the species
which occur in sny given region is a close approsch to the normal
climatic eondition in that region, so that outbreaks would occur every
Beason were 1t not thet there is 2ls0 & noceseary seasonal seguence

°f corditions which must be fulfilled in order to emable the insect to
reach destruetive sbundance.

4. This seguence, which may operate either by favoring the
destrnctiv; insect, by limiting the sctivities of ite enemies, or both,
is the econtrolling factor in the production of outbreaks, and a careful
8tudy of such a seguence in the 1life history of any insect should enable
us to predicet the possibility of an outbreak of that insect in any given
region.

In conclusion, the writer éiahos to emphasize the importance
of the vuse of mathematicsl methods in the study of insect outbreaks, as
well ae to show its practical application in the examples cited. As the
literature of statistics is rather foreign to entomological workers, a
few selected titles of especially valuable works, which are of great
Servige in such a study, are listed below, in the bibliography.
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PLATRS

Zlate I. Comparative Climatology

_ Pigure l. A comparative clinmograph of the armual ¢yoles at
Ste Psul, Minnesota and Havre, Montana.

Flaste II. Tempersture Relationa.

Pigure 2. Hyperbolic temperature-growth curve for the egg
stage of Lygophotis margsritosa.

Figure 2. Reeiprocal growth curve for the egg stage of
Lycophotla margaritosa.

Plate 11I1. #deteorologienl Relations of Cirphis unipunota.

Figure 4. Departures of monthly mean conditions from their
respective normals during the period preceding outbreaks of
Cirphis unipuncta.

Figuree 5,6,7,8,9. . Correlations between the weather factors
irn the gperiod preceding sray worm outbresks.

e September temperature and precipitation

6. October temperature and precipitation

Te Septomber temperature and Ogtober temperature

8. September tempernture snd mean October-Fovember tempersiure

9. October tempersture and mean December~January temperature

2late IV. Climstolozieal Relstiions of Ncotunidsoe.

Pigare 10. Mcisture curve of Cirphie unipuncta

Pigure 11. Moisture curve of gieo!iiiln margar itoss

Figure 12, ¥oisture curve of Jorossgrotis or%ﬁﬁggﬁﬂa

Figure 13. The three curves .ou‘!n.ﬂ, 1o show comparative
conditions and general distribation.

Plate V, Meteorological Pelationa of the Adult Moths,

Figure 1l4.
(a) Number of Loctuids esught per trep per night at Havre,

Montapa from August 1 to Septembder B, 1921.
(b) Temperature at 7 pem.
{e) Relative humidity at 7 pe.n.
{d) Berometric pressure st the U.3.Veathar PBurean 3Station

at Havre, taken st 6 pem.
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