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Plate I. Plant of Opuntia Castillae in the cactus garden, University grounds, uninjured
with a temperature of 12 degrees F., but seriously frozen with a temperature of 6 de-
grees F,



Plate II. Plant of Opuntia sp. Burbank Special in the introduction garden, University
Farm, injured with temperature of 20 degrees F. Plant of rather rapid growth.



Cold Resistance in Spineless Cacti
INTRODUCTION

The differences in the frost resistance of cacti, the importance
of these plants in parts of Arizona as emergency and supplemental
stock feed, and the perennial interest in spineless cacti as possible
forage plants, led to the outlining of this Adams fund project.
This study has for its object the determination of the causes of hardi-
ness in cacti and is designed to throw light on the question as to
whether resistance to cold in these plants lies in the character and
structure of the plant body or in the character of the cell sap and
the protoplasm. An attempt has been made to determine the limits
of resistance in several species and varieties of spineless cacti. These
plants have been studied both in the field and in the laboratory
with reference to the relation between their morphology and physi-
ology and cold resistance The behavior of their protoplasm at
low temperatures has been carefully noted No attempt has beea
made to determine the critical temperature which the plant can
endure without mjuryto its tissues, but the minimum freezing tem-
perature which has been found to damage the plant has been noted,
also the temperature at which the plant is killed quickly. The
results obtained in this study by Mr Uphof check closely witk
field observations made by the writer on Opunha castillae over
a period of fifteen years

This experiment was also suggested partly through the failure
of Burbank spineless cacti to grow successfully under Arizona con-
ditions and to endure our winters, as noted by the writer in Bulletin
67 of this Station This observation, together with the fact that our
State has a rich and varied cactus flora, led to numerous speculations
concerning the factors of hardiness in cacti. Though this study
has been outlined for some time, the laboratory work was begun by
Mr. Uphof, in cooperation with the writer, only last summer,
Recent studies in the native cacti of our State have led to the
observation that the various species almost invariably have a
limited altitudinal distribution. This means, in brief, that the
different species are confined to areas similar in temperature arid
rainfall conditions. In a few instances low winter temperatures
are known to be the chief factor in limiting the distribution of certain
species, as, for example, Cereus Thurben, the organ-pipe cactus,
Cenus giganteus, the giant cactus, and Cereus Schottii, The explana-
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lion underlying the distribution of the great number of our cacti,
however, has not been made, although in the light of Mr. Uphofs
experiments minimum winter temperatures are a factor. In this
connection it will be interesting to observe that during the very
cold winter of 1912-13 thousands of small giant cactus plants
growing near their greatest altitudinal limits were killed outright
Many other species also suffered great damage.

For this study in hardiness, plants of spineless cacti—spineless
platopunhas—were secured from various sources, and, together
with those already growing on the University grounds, MV ere set in the
introduction garden at the University Farm, in the spring of 1914,
The writer is under obligation to Fraser Bros., Wellton, Arizona,
for a number of varieties of spineless cacti, including Opuntia ficus
indica, from Sicily and Malta, and Opuntia sp. Burbank Special,
The latter was thought to be a very hardy variety, Mr. B. R,
Russell, San Saba, Texas, kindly furnished plants of Opuntia Ellis-
iana, which he calls the San Saba spineless pear. This latter species
is entirely spineless and has shown itself hardier than any other
variety of spineless cactus growing in the introduction garden. It
is, however, slower growing than some other species. Other species
represented were Opuntia fusicaulis, a slender jointed spineless
pear, which the writer found in cultivation in Tucson gardens, and
OpunUa castillae. These were recently described by Dr. Griffiths
and are native to Mexico. Opuntia castillae is known to have been
growing in Tucson in the gardens of various Spanish and Mexican
residents for as long as thirty years and is commonly known
as "nopal de castilla." Forms of it are entirely spineless, though
the younger joints have a few fine spicules which sooner or later
disappear. It is often seen in cultivation in parts oi south-
ern California, where it is occasionally used as a hedge plant. Under
the most ordinary conditions it grows to a height of 6 to 10 feet,
the trunks and older branches becoming quite stout with age,
It is not injured by our highest summer temperatures, even with
rather arid culture, tluough for good, growth it should have a rea-
sonable amount of soil moisture. It is well adapted for growing in
southern Arizona, where the lowest winter temperatures do &<$
fall below—12.2° or —11.1° C.(10°or 12° #.)• In December, 1901, it
was not injured with a tempet attire of —12.2° C. (10°P.)> extending
over a few hours. In January, 1913, it was frozen back one-haH,
or more, on the University grounds, and also in Tucson witb *
temperature of —14.4° C. (6°F,). This latter temperature exteoW
over a considerable portion of the night and was preceded by
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24 hours of almost continuous freezing weather. This is said to be
the lowest temperature ever recorded for Tucson. At Phoenix,
Arizona, this species was killed back about one-fourth to one-fifth
during this same cold spell.

The soil in the introduction garden is deep and alluvial in
character, Ic is a fine, sandy loam and has good drainage. Some
black alkali is present, though apparently this has not injured the
growth of these cactus plants in the least. The cuttings were
planted on low ridges and cultivated and Irrigated between the
rows, all the plants being given the same care. The soil has been
kept in good condition during the growing season of the plants.
The various plants have made at best but a moderate growth, par*
ticularly when the favorable growing conditions are considered.
Opuntia castillae, Opuntia ficus indica, Opuntia fusicaulis, and
Opuntia sp. Burbank Special grew to heights of 14 to 24 inches
during the first year with 4 to 8 joints each. Plants of Opuntia Ellis-
iana made growths of 10 to 12 inches with 2 to 5 joints each. As
already noted, this is a slower growing species than the others, but
very hardy. The winter of 1914-15 was milder than usual and
little damage from frost was done to the matured growth of any but
the tenderest species, viz., Opuntia ficus indica, 0. fusicaulis, and
Opuntia sp. Burbank Special. The lowest temperatures at the Uni*
versity grounds for the winter season were —4.4° C. (24° F.) on
December 9, and —5.6° C. (22l P.) on the nights of December 15,
1914, and January 8, 1915, respectively. These temperatures were
of short duration. Opuntia Ellisiana and 0. castillae were not
injured in the least, while Opuntia fusicaulis > 0, ficus indica, and
Opuntia sp. Burbank Special were only slightly injured. The
greatest injury was done by the freeze of December 8, since up to
that time the weather had been mild, and some of the plants were
making considerable growth. Naturally, the tender immature
joints were easily killed. Altogether, the plants came through the
winter season in good shape and began a healthy growth in the
spring of 1915.

It is interesting to observe that Opuntia castillae and 0. Ellisiana
ceased their growth by the middle of October, or the first of Novem-
ber at latest, even with favorable growing conditions. Opuntia ficus
indica, 0. fusicaulis and Opuntia sp. Burbank Special, on the other
hand, continued growth ordinarily until freezing weather began in
December. There may be some relation between hardiness in
Opuntia castillae and 0 Elhsiana and their better adaptability to
our climatic conditions. This, however, might account for hardiness
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in the^e plants only so far as the first severe cold spell is concerned.
The immature joints of these species which continue growth until
a severe freeze, are naturally killed with the first heavy frost. How-
ever, the matured growth of Opuntia ficus indica and Opuntia sp»
Burbank Special, which ceased their growth before freezing weather,
showed no greater resistance to cold than the matured growth of
plants that had made active growth until frost.

In concluding this statement it should be said that the laboratory
work has been done entirely by Mr. Uphof, who is a Hollander
by birth and training, and has resided in this country for but a
few years. While he took very careful notes on his experiments,
it was not possible for him, without help, to write up his results
for publication. This fell to the lot of the undersigned, who has en-
deavored to state the results as Mr. Uphof understands them. Mr.
Uphof has gone over this paper several times with the writer's
help, and has made numerous suggestions to state more fully his
ideas. With this brief statement, the writer asks that this work be
regarded as Mr. Uphof s,

J J THORNBER.
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center of the plant are thick. Its cells are characterized by the
presence of crystals of calcium oxalate, when young these are star-
shaped, but with age they lose their beautiful stellar appearance
and come to occupy practically the entire space in the cell. Later
crystallization of these bodies through lack of space is very irregular.
The calcium oxalate everywhere lies closely next the inner membrane
of the cell and forms, with similar material of the neighboring cells
of the same layer, a continuous crystallized wall under the epidermis.

The next layer of tissue is usually three to five cells thick and
with age has very thick membranes, which also are suberized, though
not so heavily as the cuticle. This layer is everywhere furnished
with plasmodesmi d. e., connections of protoplasm between different
cells through the cell walls,) which are rather difficult to detect but
which are shown beautifully under the microscope when the slides
are immersed for a few minutes in each of the following solutions,
in the order named*

1 1 per cent osmic acid
2 Potassium lodid in iodine.
3 25 per cent sulphuric acid
The sulphuric acid swells the membranes and shows the plas-

modesmi clearly The writer observed that tissues afterwards put
for a moment in Delafleld's haematoxylin until the membranes
become light red sometimes show good results.

The tissue lying between the thick-celled layers, already described,
and the woody part of the joint, is a large-celled parenchyma, or
soft tissue. In comparison with the others its membranes are thin,
and often show plasmodesmi, which can only be detected, however,
with the already noted precautions. These cells are mucilaginous
and contain several large chloroplasts or green bodies. Bach of these
chloroplasts contains, during sunny days, from 4 to 12 small starch
grains. The cells toward the central part of the joint contain fewer
chloroplasts and less of the mucilaginous matter, but, on the
other hand, more water. Some cells of this parenchyma show star-
shaped crystals of calcium oxalate somewhat similar to those
already noted

The origin of the different layers and cells of a stem, or joiat,
may be studied to best advantage In young joints. Here the
epidermis appears as a tissue formed by the dermatogen,* while
the cells of the crystal-bearing layer, the thick-celled layer, and
adjacent large-celled parenchyma (all together forming the cortex)

* Dermatogen and penblem belong to the primary tissues of ft growing stem-
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lie, in an early stage, in a straight radial direction and take their ori-
gin from the periblem, which direction may be observed here and
there in Fig. 1. At a later age it is impossible to find out how the
tissues were formed, as the cells of the green parenchyma sometimes
divide longitudinally, and the thick-walled cells are so crowded that
they no longer lie inradial rows.

Kig 1 —Cross-section of a piece of joint of Opuntia castillae about two
weeks old, showing regular character of cells (Highly magnified)

It is hardly necessary to mention that the thick cuticle, the
crystal-bearing layer, and its adherent thick-celled tissues, together
with the slimy contents of the green parenchyma, are of great
importance to the plant, as these protect the stem against a high
transpiration rate, which would be disastrous for the spedes in a
dry and hot climate. It would not be worth while to describe the
thickness of the layers of that part which forms the integument of
the stem (I. e., cuticle, epidermis, crystal-bearing layer, and thick-
celled layer) if it were not observed that this integument is thickest
in those species which are resistant to cold. More than this,
physiological experiments demonstrated that the time of penetra-
tion of a certain temperature varies greatly when integuments
of different species of cacti are used.
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It will be interesting, therefore, to describe the outside layers
of each of the six species of cacti with which the writer worked.

STUDY Otf RELATIVE THICKNESS OF CUTlCIvE, CRYSTAL-BEARING

IvAYKR AND THICK- WALLED CELLS OF DIFFERENT SPINELESS OPUN-

TIAS

1. Ofuntia castillae has a cuticle 15 to 20 & thick, the cells of
the crystal-bearing layer are from 30 to 42 pi thick, and the following
thick-celled layer is 100 to 120 pi thick. Individuals from the Uni-
versity Farm, from the cactus garden on the campus of the University
of Arizona, and from a garden in the vicinity of Tucson were obtained.
These plants all showed the same general structure. In the writer's
experiments, plants from the University Farm were used, as the
other species which follow were also grown in the introduction gar-
den at the University Farm under similar conditions. This species
was damaged at a temperature of — 14° C. (6.8° P.).

2. 'O.jicus indica, from Malta. This species shows, in compari-
son with the former, a cuticle 5 to 10 y. thick; the crystal-bearing
layer is 30 to 38 yi thick, and the thick-celled layer is 55 to 75 (*.
in thickness. This species is not hardy in the field and was injured
-at -temperatures below, —6° C. -.(2.1.2° F.) in the laboratory.

Fig. 2.—Cross-section ol a piece of joint of Q$%ntta ca*iillat
About two years old. The integument is thick.

(Highly magnified)
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Fig. 3.—Cross-section of a piece of joint of Opuntia
sp. Burbank Special, about two years old. Note the
relatively thin integument. (Highly magnified).

Fig. 4.—Cross-section of a piece of joint of Opun-
tia Ellisiana about two y^ears old. Note the thick
Integument, (Highly magnified),

3. Opuntia sp. Burbank Special. The integument of this species
Is thin. The cuticle is 5 to 8 p, thick, the crystal-bearing layer 30 to
38 &> and the thick-celled layer 70 to 87 jx. This species is not
hardy and was killed at a temperature of —8° C.-(17.6° P.)*

4. 0. Ellisiana has, like 0. castillae, a thick cuticle of 12 to 15 £i»
^a crystal-bearing layer of 25 to 35 ^, and the next layer of 75 to
130 &JL This species is quite hardy; it is said to be resistant to tern-
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peratures of —17° C. (1.4° P.)- No direct observations, however,
have been made in the field at this low temperature.

5. O.fusicaulis has a cuticle 10 to 12 pi thick, a crystal-bearing
kyerof 20 to 30 n, and a thick-celled layer 87 to OStx.in thickness
This species is not hardy. It is injured at a temperature of—6° C.
(21° P.).

6. 0. ficus indica, from Sicily, has a cuticle 12 to 15 (i thick,
a crystal-bearing layer 30 to 40 p,, and a thick-celled layer
62to 74y,.in depth This species is not hardy; it is injured at tem-
peratures below —5° C. f23° P.).

It will be observed that the cuticle and the thick-celled layer
show great differences in thickness, while the crystal-bearing layer
is more nearly of the same thickness throughout.

The table below gives a summary of the thickness of the various
layers noted above.

SUMMARY off THICKNESS OF CELL LAYERS IN CACTI

Name of plant

QpunfaQ, cdstillae
0. sp. Burbank Special
0. ficus tndtca, from Malta
0. Elh^ana
0. fusicduh 7
O. Jicus indica, from Sicily

Thickness
of cuticle

15-20 tX

5- 8,1
5-10 ix

12-15 [J.
10-12 (x
12-15 PL

Thickness
of crystal-

bearing layer

30-12 [X
30-38 [L
30-38 ^
25-35 (A
20-30 u
30-40 [x

Thickness
of thick-celled

layer

100-120 {A
70- 87 {A
55- 75 p.
75-130 (A
87- 98 pt,
02- 74 a

RELATION" OF PENETRATION OF TEMPERATURE TO THICKNESS OF
INTEGUMENT OF CACTI

To determine whether the length of time of penetration of tem-
perature is influenced by the thickness of the integument or not
the following experiment was performed. Pieces of the integu-
ment about 5 by 5 cm. in extent were dissected from the joints
of all of the above Opuntias. The integument of each species was
wrapped carefully around the bulb of a thermometer and tied
with a thin wire. Such prepared thermometers were put quickly
in large test tubes the openings of which were closed with plugs
of cotton. The test tubes had been in an ice box at a temperature
of 4° C, (39.2° F.) several hours before the thermometers
were placed in them. After the thermometers were inserted
in the test tubes and the openings closed with cotton, the
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latter were placed in a glass cylinder rilled with crushed ice and
salt. In this way a temperature of 0° C. (32° F.) was reached easily.

This experiment was repeated three times, and each time gave
results showing that the rapidity of penetration of the cold is
dependent upon the thickness of the integument.

Fig. 5.—Apparatus used for determining the rate of penetration of temperature through
the integuments of various spineless cacti; and, also for making a comparative study of the
cooling points, freezing points, and duration of freezing points of different spineless cacti.

On an average it took 63.3 minutes for the temperature to
penetrate Opuntia castillae and 7,9.3 minutes for it to penetrate 0.
Eltisiana, both species of which have thick integuments. The
length of time required for the other species was much shorter.

The following table gives a summary of the experiment, the num-
ber of minutes indicating the time required for the temperature
to reach 0° C. (32° F.).
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SUMMARY SHOWING TIME) REQUIRED FOR A TEMPERATURE OF 0° C.
TO PENETRATE DIFFERENT CACTI

Name of plant
First

reading

Mtns
73
31
79
37
35
32

Second
reading

Mtns
52
39
77
33
40
48

Third
reading

Mtns.
65
35
82
28
41
48

Average

Mins.
63.3
35.0
79.3
32.6
38.6
40.6

PHYSIOLOGICAL STUDIES

In order to ascertain why these plants were injured by cold
it was necessary to consider four main problems:

1. Are the plants killed at a temperature a little above the
freezing point of water, as is often the case with tender greenhouse
plants?

2. Is the injury caused by the freezing of water in tissues of
the plant body?

3. May the plant tissues be killed by poisoning caused by
the cell sap becoming more and more concentiated, as its wa-
ter gradually changes into ice?

4. May the protoplasm withstand only certain temperatures
below 0° C. ^32° P.) without injury, and after having exceeded that
degree of cold, be killed?

EFFECTS OF TEMPERATURE AT THE MEETING POINT OF ICE ON THE
TISSUES

Beginning with the first problem—stems and parts of stems of
Opuntia castillae, 0. fusicaulis, 0. Ellisiana, Ofuntia sp. Burbank
Special, 0. ficus hidica from Malta and from Sicily were put in
crushed ice in an ice box, where they remained for two days at a
temperature of 0° C. (32° P.). After six hours the material was exam-
ined, but was not at all injured. After 48 hours the material was
again examined, but none of the stems were killed or apparently
injured. Parts of these cactus joints were then placed in a constant
temperature oven at a temperature of 60° C. (140° P.) for six hours,
at the end of which time they showed no apparent injury. It is
evident, therefore, that these plants can endure a considerable
range of temperature without injury. It is quite possible, how-
ever, that they might have been injured by this latter temperature
had it been continued for a longer time.
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Slides of tissue of cactus plants were put for different periods
on ice, but the cells were not damaged. This suggests that the
cells are not injured with the temperature of melting ice. The
first problem is, therefore, disposed o'f.

Protoplasmic Movements

It is interesting to observe the movements of the protoplasm of
the living cHls of cactus stems under different temperatures. In
studying a tissue at room temperature, which was about 29° C,
(84.2° F.), the streaming of the protoplasm is noticeable through
the rapid movements of the microsomes and physodes; th» large
chloroplasts also, and not infrequently the nucleus, are often
seen to move for a short time. When the temperature is gradually
lowered by putting ice around the slide, the protoplasmic movement
becomes slower and slower until it finally stops. The location of
the different protoplasmic structures and the size of the cells, how-
ever,remain the same; and the cells have not last their turgor. After
the ice has melted, the water around the slide soon takes the tem-
perature of the surrounding air and the protoplasm in the cells
again begins its movements.

DETERMINATION OF THE COOUNG AND THE FREEZING POINTS IN CACTI

The second problem is very interesting and raises several addi-
tional questions. It takes into consideration the behavior of the plant
at temperatures below the freezing point. The following experi-
ment was performed in this connection. Pieces about 10 by 10 by
25 millimeters in size were cut from the stems of cactus plants. In
the middle of these the bulb of a thermometer was inserted. The
thermometer, with tjie piece of cactus in position, was next placed
in a large test tube and the opening closed with a plug of cotton
batting. This test tube was next placed in a mixture of ice and
salt so that a temperature of —20° C. (—4° F.) was reached.

The thermometer soon dropped from the temperature of the
cactus to —1° or —0.75° C. (30.2 or 30.6° F.) the cooling point, and
then rose quickly to 0.25° to 0,50° C. (32.45°*to 32.9° F.). After
this the temperature remained for a considerable tiijie at 0,50° to
—1,50° C. (32.9° to 29.3° F.). This latter temperature is known as
the freezing point and has a remarkably small variation with the
different species of cacti that were studied. The length of time,
however, during which this temperature is maintained by the different
species of cacti varies considerably. After the temperature remain^
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at this freezing point for some time, as will be noted late r, it
drops fairly regularly to the temperature of the air in the test tube,,
which was kept usually at —20° C. (—4° F.).

COMPARISON OF COOLING POINTS, FREEZING POINTS, AND DURATION

OF FREEZING POINTS IN DIFFERENT SPINELESS CACTI

1. Opuntia castillae.—The cooling point was reached at •—1° C.
(30.2° F.) and rose to —0.50° C. (31.1° F.), the so-called freezing
point, where it remained from 35 to 44 minutes,when the temperature
dropped for a while slowly, and afterwards rapidly, until —20°C.
(-—4° F.) was reached.

2. 0. ficus indica from Malta.—The cooling point was reached
at —.75° C. (30.65° F.). The temperature rose now quickly
to —0.25° C. (31.55° F), the freezing point, where it remained from
12 to 18 minutes, then the temperature dropped quickly to —20° C
(—4° F.).

3. 0. Ellisiana reached its cooling point at —0.75° C. (30.65° F.)
and then went up to —0.50° C. (31.1° F.). Afterward it remained
at a temperature between —0.50° and —0.20° C. (31.1° and 31.64° F.)
for about 20 to 28 minutes, when it began to drop rapidly.

F ig. 6.—Cur ve showing cooling point, freezing point and duration of freezing point of
Opunlia castillae.
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Fig. 7.-—Curve showing cooling point, freezing point and duration of freezing point of
0puntia Ellisiana,

Fig. 8.—Curve showing cooling point, freezing point, and duration of freezing point of
Opuntia sp. Burbank Special.
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4. Opuntia sp. Burbank Special has a cooling point of —1° C.
(30.2° F.) and a freezing point of —0.20° C. (31.64° F.),where it
remained from 22 to 30 minutes and dropped afterwards rapidly,

5. 0. fusicaulis has a cooling point of —1° C, (30.2° F.) and a
freezing point of —0.50° C. (31 1° F.), where it remained from 45
to 64 minutes, and then dropped rapidly.

6. O.ficus indica from Sicily reached its cooling point at —0.75°C9

(30.65° F.) and its freezing point at —0.50° C. (31.1° P.), where it
remained from 30 to 38 minutes and dropped afterwards until the
temperature of the test tube \\as reached, which was —20° C
(—4° F.).

SUMMARY OF RESULTS OF TEN EXPERIMENTS WITH EACH OF SIX
SPECIES AND VARIETIES OF OPUNTIA

Name of plant Cooling point

o

0 castillae — 1
0 feus tndica, Malta — 0
O Elhwana — 0
Qpuntia sp Burbanlf

Special — -1
O. fusnauhs
O ficus mdica, Sicily

— 1

— 0

C
00
75
75

00

0

30
30
30

30
00 ! 30
?5 30

F

Freezing

o

20 -0
65 — 0
65

20
20
Go

_o

— 0

-0
—0

C
50
25
50

20
50 j
50

point

0

51
31
31

31
31
31

F
10
55
10

01
10
10

Time of
freezing

1
Zhns
35-44
12-18 '
20-28

i
22-30
45-64
30-38 ,

Temp of the air

°c
•—20
—20
— 20

—20
-20
— 20

0 F
—4
—4
—4

—4

—4
—4

RESULTS OF OTHER WORKERS

It is interesting to compaie the above study with the results of
other experimenters with cacti and also with different plants. The
different species show a considerable range of temperature for the
freezing point and also for the duration of the freezing point. The
limited work that has been done on the species of cacti by other
investigators gives practically the same freezing point as found in
the writer's experiments. This would indicate that cacti have their
own biophysical peculiarities.

Muller-Thurgau* in experiments with Phajus grandifolius, a
tropical orchid, shows that the temperature of the plant in an
environment of —7.5° C, (18.5° F,) drops regularly from 15° C.
(59° F.) to—2.5° C. (27.5° F.), after this it drops slowly until
—6° C/21.20 F.) is reached. The temperature then rises to —0.5° C*

*Ueber das Gefneren und Erfneren der Pflanzen, tandw. Jafarb. 1880
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(31.1° F.)» where it remains for about 4 minutes, after which it drops
regularly and gradually to —6.75° C. (19.85° P.) in 41 minutes.

In his experiment with potatoes, Muller-Thurgau found that
the temperature dropped regularly from 15° C (59° P.) to 2° C.
(35.6° F) Prom the latter to —3.3° C. (26° P.) it dropped
more slowly, after that the temperature rose rapidly to 2° C.
(35.6° P.) and remained there for 70 minutes. With this the air
in the experiment was changed to 15° C. (59° F.) so the freezing
experiment could be carried no further.

Muller-Thurgau gives a long list of freezing points of different
plants, from which several well-known species have been selected for
comparison with the freezing points of cacti.

OF FREEZING POINTS OF DIFFERENT PLANTS.

"
Opuntta maxima
Cineraria hybnda

Cooling point

°c
— 1 16
—2 40

\
Datura arborescens
Picas repens .
Fwus repens
Fuchsia fulgens . .
Hedera hehx
Bean . .
Sempervtvum tabu-

laeforme*
Thuyopsis dolo-

brata
f^nrn

Fruits of:
Grape (Riesling)
Apple (Canada

Reinnette)
Potato, contain-

ing sugar.

—4 30
—7 10

0 F.
29 91
27 68

24 26
19 22

—8 00 1 17 60
—2 35
—3 45
—6 30
—6 48

—6 20

27 77
25 79
20 66
20 33

20 84

7 35 is 77
i

—7 85
—2 10

—4,30

I 17 87
28 22

24 26

i

Freezing point

°c.
—0 15
—2 00

— 1 25
—4 05
—8 00
—1 75
—2 18
— 1 10
— 0 55

—0 57

— 2 60

—3 10
—1.40

—1.40

°*
31 73
28 40

29 75
24 71
17 60
28 85
28 07
30 02
31 01

30 97

27 32

26 42
29 48

29 48

Temp of air

0 C.
—4 50
—7 50

—5 50
—14 5
—11 0
—8 5
—4 2
—8 0
—7 50

—16 0

—12 0
—14 0

—9 00

*F.
23 90
18 50

22 10
5 90

12 20
16 70
24 44
17 60
18 50

3 20

10 40
6 80

15 80

Remarks

Stem
Very young

leaf
Old leaf.
Young leaf.
Old leaf.
Young leaf.
Old leaf.
Leaf.
Fresh leaf.

Twig.

•

Comparison of results

The results of the writer's work with cacti closely resemble
those which Muller-Thurgau obtained with Opnntia maxima. He
obtained a relatively high cooling point* and a freezing point
a little below the temperature at which water freezes, while
with other plants he obtained both a lower cooling point and a
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relatively lower freezing point Corn, with a cooling point of
—7 35° C. (18 77° P) and a freezing point of —2 60° C. (27.3° P.),
and fruits of grapes, with a cooling point of —7.85° C. (17 87° F.)
and a freezing point of —3 10° C (26 4° F.), may be cited as
examples

The above data follow very distinctly the laws of the freezing
of solutions, as stated by Raoult, who says "If one dissolves
in any selected solvent equimolecular quantities of different sub-
stances, the freezing point is lowered the same amount in all
cases" Also, "the lowering of the freezing point is proportional
to the size of the molecule of the dissolved substance."*

The different temperatures at which cell-sap freezes is here
very apparent Corn and grapes contain a high percentage of
organic and inorganic matter in the water of the vacuoles. It
is the great amount of sugar in the grape which gives to the fruit
so low a freezing point

Opunha mawma, with which Muller-Thurgau worked, and the
spineless cacti, with which the writer worked, on the other hand,
have freezing points very little below that of pure water It follows,
therefoie, that the dissolved matter in the large amount of water in
the cacti is very small This is not surprising when we consider that
the water m these plants is pnncipally storage water, which has
been gathered by the plants during the rainy seasons and which
enables the plant to carry itself through long droughty periods
such as are characteristic of the and plains of the southwestern
parts of the United States and of adjacent Mexico,

On the other hand, the water of corn, grape, and similar
plants, is imbibition water which serves to carry the inorganic solu-
tions from the roots to the young cells, and also assists in distrib-
uting different organic soluble substances from one pait of the plant
to another. It also takes part m the synthesis of carbohydrates*
In other words, it is water that is used for the time being and must
be replaced regularly This constitutes the important difference.

Another factor worth noting is the length of time required to
convert all the water of the plant into ice, as is shown in the table
and in Pigs. 6, 7, and 8. It is not the same with all species of cactL
Opuntia fusicauks took 45 minutes or more, and in one case 64
minutes, while 0. ficns indica, which was introduced from the island
of Sicily, required only 12 to 18 minutes.

*See also W Nernst, Theoretical Chemistry. 1899, pp 116 and 500.
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The above facts, however, are entirely independent of both
cooling point and actual freezing point, and, as we will see later, are
also independent of the degree of cold required to kill the plants.

Without doubt the duration of the freezing point is related
directly to respiration, which the plant is able to perform at low
temperatures until the water is entirely frozen, at which time
the protoplasm probably becomes dormant. This freezing of the
water takes place at the end or about the end of the nearly straight
line in the diagrams. As already noted, this line is shorter in
some species of cacti than in others. The curve is quite constant
for the same species, but there appears to be no relation be-
tween the length of this line and the cold resistance of a species.

Fig. 9.—Curves showing the freezing of dead tissues of spineless cacti, including Opuntia
sp.Burbank Special, 0. fusicaulis and 0. ficus indica. Compare with curves of living tissues.

It is interesting to observe the character of the curve when
pieces of recently killecj cactus stems are substituted for the living
ones. These show a very much shorter line, which soon becomes
strongly curv°H downward, as shown in Figure 9. This line
is practically the same for Opuntia ficus indica, Opuntia sp. Bur-
bank Special, and 0. fusicaulis after the freezing point is reached.
Similar results were obtained with other species.
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The similarity of the curves of freezing in the dead tissues of
the cacti is due purely to a physical condition, while the differences
in the curves of the living tissues is due to a biophysical condition.
The absence of living protoplasm in the cells appears to be respon-
sible for the differences observed in the curves.

EFFECTS OF FREEZING THE TISSUES

Taking up the third problem, it is well known that in freezing
plants ice generally appears first in the intercellular spaces of the tis-
sues. Since these intercellular spaces normally contain air and not
water,the presence of crystals of ice in them suggests that previous to
freezing the water must have been secreted from neighboring cells
with the lowering of the temperature. This low temperature
causes the water to separate from the cell solutions and freeze.
This leaves the remaining cell-sap solution stronger in soluble
substances, and consequently a lower temperature is required to
cause more of the water to separate and freeze It is easily under-
stood that the cell contains a stronger sap solution after a part of the
water has frozen. In some plants this solution ma) become strong
enough to kill the protoplasm of the cells affected.

The small amount of material which is dissolved in the storage
water in cacti is so unimportant that it can do little or no harm to
the protoplasm of the cells, even when relatn ely low temperatures
have caused a large amount of the water of the cell-sap solution
to be secreted and frozen.

With certain precautions the behavior of the frozen plant tissues
may be studied easily under the microscope, A Ganong tempera-
ture stage which serves as well for studying the behavior of the
protoplasm under low as under high temperatures wa^ used. For
this study the stage was fixed in the usual vv ay to the microscope,
and the triangular copper basin was filled with a mixture of crushed
ice and salt. To lower the temperature further, a vessel was filled
with the same freezing mixture, in which the triangular copper
basin of the temperature stage was partly embedded. In this way
the metallic part of the temperature stage, which is protected by
a thick felt covering to prevent radiation, and which is located
directly above the stage of the microscope, could be kept easily at
a temperature of —5° C. (23° P.). The temperature, however,
could not be reduced below this point. The holes in the sides of
the temperature stage where the glass slide is inserted were filled
with cotton batting to assist in maintaining a uniformly low tern-
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perature. With this it was easily possible to study the changes
taking place in the protoplasmic cells at the low temperature noted.
Ice, in the form of both needle and disk-shaped crystals, was first
observed to form on the walls in the intercellular spaces between
the cells and above them. When the freezing mixture was removed
and also the small pieces of cotton from the openings, the ice that
had formed in the intercellular spaces melted gradually, and prac-
tically all the water resulting was absorbed again by the cells. With
the low temperatures no movement of the protoplasm could be seen,
but with the gradual rise of temperature following the removal of
the bits of cotton and the freezing mixture, a slow movement of
the protoplasm was observed, which became faster with the rise
of temperature of the slide. This experiment was repeated several
times with the same section of tissue without killing the protoplasm.

Kig. 10.—Apparatus used for studying the effects of low temperatures and of freezing on
the protoplasm of cacti.

The same results were obtained by putting parts of the cactus
stems in test tubes at temperatures slightly below the freezing
point of water. This was repeated several times, allowing the
sections in each instance to come to the temperature of the room,
without injuring the*"protoplasm. These experiments proved that
the protoplasm in the'cells of the cacti was not injured (1) either as a
result of the separation of at least a large part of the water from
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the cell sap, and its freezing in the intercellular spaces, or (2) by
the condensation of the cell sap as a result of the water being
removed. The second and third problems, are, therefore, answered.

OF COLD ON THE PROTOPLASM

The only other cause that might result in the death of the
plant or parts of the plant is the inability of the protoplasm to
withstand temperatures below a certain point. It is not to be
presumed that the protoplasm would be killed as a result of the
destruction of the enzymes of the cell, since these are able to with-
stand low temperatures uninjured.

To determine this, pieces of stems of the various species and
varieties of spineless cacti were subjected to a killing temperature
of —20° C. (—4° F ). To do this, a large-sized ice-cream freezer
containing the ordinary freezing mixture of ice and salt was used.
This gave a temperature of —20° C. (—4° F.) . The cactus stems were
allowed to remain at this temperature for 48 hours, and the ice
and salt mixture was replenished from time to time. When removed
from, the freezer the stems were frozen hard, and upon thawing gradu-
ally it was evident that they had been killed, since they had lost
their turgor, and the water in the stems was not absorbed by the
protoplasm. Other tests also indicated that the protoplasm was
dead.

Along with thib experiment small pieces of the cactus stems were
fitted carefully about bulbs of thermometers which were inserted
in large test tubes, the ends of which were closed with cotton bat-
ting. These test tubes were placed in a mixture of ice and salt and
allowed to remain until the temperature reached —20° C. (—4° F.).
This length of time, as before noted, varied with different species.
When this temperature had been reached, the thermometers with the
pieces of cacti attached were removed, and the protoplasm was
studied The pieces of cacti were frown hard. After thawing
gradually there was every indication that the protoplasm was dead,
The cells had lost their turgor, and the protoplasm did not absorb
water. Microscopic study showed that the cells were plasmolyzed
and the protoplasm had collected toward the centers of the cells in
shapeless masses. The nuclei were shrunken,and the chloroplasts had
lost, in part, their roundish shape. This p^^plasm stained immedi-
ately with a solution of eosin in water, which condition will not obtain
with living protoplasm* The cells had lost their former outline
and the intercellular spaces were greatly enlarged. This latter,
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however, would not result in the death of the cells, as plant tissues
which have been frozen but not killed often show more or less en-
largement of the intercellular spaces. This was true with all spe-
cies of cacti studied. It is clear, therefore, that the protoplasm was
killed by certain low temperatures which it could not withstand.
With our present knowledge of chemical and physical phenomena
of life, it is not possible to study the internal behavior of the pro-
toplasm at the time when the temperature is fatal.

It is of both scientific and economic importance to determine
at just what temperatures these different species are injured and
killed by the cold, since some are able to withstand lower tempera-
tures than others. When a cactus plant is injured somewhat—i. e.,
only parts of the joints are killed, the plant may recover and make
good growth the following season. In the numerous experiments
performed in this part of the work, the results of which are sum-
marized in the table below, it was found that the same low tem-
perature which would injure a piece of cactus stem would kill it
if continued for some time, or if repeated five to eight times. Such a
temperature, therefore, must be regarded as the killing tempera-
ture. The less hardy varieties, like Opuntia ficus indica and Opuntia
sp. Burbank Special, were injured with temperatures between—5°
and —6° C, f23° and 21.2° F.) and were killed when subjected to
these temperatures several times. On the other hand, Opuntia
castillae and 0. Ellisiana were injured at temperatures of—14° and
—16° C. (6.8° and 3.2° F.), respectively. It is interesting to observe
that there is no great difference between the temperature which
will injure a plant and the temperature which is fatal to the plant
in a short time.
TABLE SHOWING TEMPERATURES AT WHICH PIECES OF CACTUS STEMS

WERE DAMAGED AND ALSO KILLED OUTRIGHT, WITH DIFFERENCES

IN TEMPERATURE

Name of plant

Opuntia castillae .
Opuntia sp Burbank

Special ,
0. ficus indica, Malta
0. Ellismna . . .
O« fusicaulis
0. ficus wdica, Sicily

Plant damaged

°c.
•—14

— 6
— 5
—16
— 8
— 5

°F
6 8

21 2
23.0
3 2

17 6
23.0

Plant killed
outright

°c.
—17

— 8
— 6
—18
—10
— 8

o p

1 4

17 6
21 2

—0 4
14,0
17 tf

Differ-
ence in
temp

0 C.
3

2
1
2
2
5

Temp of sur-
rounding air

°c.
—20

—20
—20
—20
—20
—20

0 F.
—4

—4
_4
. 4
— 4
—4
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From the above table it is observed that Opuntia castillae and
0. Ellisiana are resistant to lower temperatures than any of the
other species experimented with, being injured at -14° and -16° C.
(6.8° and 3.2° F.), respectively, and that Opuntia fans indica from
both Malta and Sicily and Opuntia sp. Burbank Special are least
resistant to cold. These species show injury at temperatures of
—5° and—6° C. (23° and 21.2° F.), respectively. Another species,
Opuntia fusicauks, was injured at a temperature of —8° C. (17.6° F.).
As will be shown later, these results coincide with observations made
under field conditions during the winter of 1915-16.

In this work it must be remembered that only pieces of cactus
stems were used and that for the most part these were protected
by the thick integument of the cactus on but two sides, above and
below, while the cut surfaces were naturally without the protection
of the integument. Since experiments, the results of which are given
on page 10, indicate that a considerable length of time is required
for the low temperatures to penetrate the integument, it is to be
inferred that uncut joints would resist the same low temperature
for a greater length of time. This, however, represents only
difference in the length of time required for the penetration of the
low temperature. It would not enable the protoplasm to endure
a greater degree of cold.

BEHAVIOR OF PLANTS OF SPINELESS CACTI GROWING IN THE INTRO-
DUCTION GARDEN AT THE UNIVERSITY FARM DURING THE WINTER

OF 1915-1916

The first frost of any note during the winter of 1915-16 occurred
on the night of December 16-17, when the temperature dropped
to —1,50 C. (29.3 F.). None of the species of cacti was injured.
A little later there were several cold nights when the temperature
dropped as low as —4° and —6° C. (24,8° and 2L2° P.). With
these temperatures some injury was done to plants of Opuntia ficns
indica and Opuntia sp* Burbank Special, This was particularly
true of the younger and partly immature joints, which lost their
color and turgor and began to shrink.

On December 28, the temperature dropped to —7,20° C,
(19.04° F.) on the University grounds, the corresponding tempera*
ture at the University Farm being one or two degrees lower.
With this, considerable damage was done to plants of Opnntia ficns
indica and Opuntia sp. Burbank Special growing at the University
Farm. The ends, also, of the less mature joints of Opnntia fusic&nlis
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were injured. No damage was done to plants of Opuntia castillae
or 0. Ellisiana, which remained in excellent condition throughout
the winter. Plants of Opuntia castillae growing on the University
grounds and also in several parts of Tucson showed no injury
from cold.

The lowest temperatures recorded on the University grounds
during the months of January and February, 1916, were —5° C.
(23° F.) on the night of January 11-12, and —5 6° C. (21.9° F.) on
the night of February 1-2. There are no temperature records at the
University Farm for these dates, but it is safe to assume that the
minimum temperatures there were one or two degrees lower than
those given above. During these cold nights plants of Opuntia ficus
indica and Opuntia sp. Burbank Special were slightly injured.

SUMMARY

1. In this study it has been found that the species of spmelesij
cacti having relatively thick integuments are more resistant to low
temperatures ttan those having somewhat thinner integuments, as
the penetration of low temperatures through a thick integument is
slower than through a thinner one. The term integument is used
Mere to include the cuticle, epidermis, crystal-bearing layer, and
several layers of thick-walled cells lying immediately below. The
thick integument may be an accidental rather than a developed
character. Since our lowest winter temperatures are often of short
4uration, a cactus plant having a thick integument may pass
through such a period practically uninjured, even though the tern-
ferature may be low enough to be fatal to the protoplasm. A
thick integument protects a cactus plant against sudden and severe
temperature changes at any season.

2. The freezing point of the cell-sap of the cactus plant is very
little below 0° C. (32°-F.), the freezing point of pure water. This
suggests that the soluble substances in the cell-sap of cacti are
very diffuse. The ordinary cactus contains as much as 90 per
cent water.

3. The collecting and freezing in the intercellular spaces of the
vater from the cells is not in itself particularly harmful to the
plant. Neither is the protoplasm poisoned with the concentration
of the cell-sap solution as a result of at least a part of the water
being withdrawn and frozen.

i. The protoplasm of these plants can withstand without injury
a certain low critical temperature, but a temperature below this
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is fatal Injury by irost of a normal cactus plant—i e., one healthy
and of mature growth, is due to the temperature falling below the
point which the protoplasm can endure.

5. This study indicates that OpunUa castillae and 0. Ellisiana
are resistant to lower temperatures than the other species of spine-
less cacti studied, being injured at temperatures of —14° and —16
C. (6.8° and 3.2° F.), respectively, while Opuntia ftcus tndica and
Opii^a sp. Burbank Special were injured with temperatures of —5°
an(j _e° C. (23° and 21.2° F.), respectively. These results agree
in general with observations made on these same species under
field conditions.

6. The temperature which damages a plant to any extent will
kill the plant if continued long enough or if repeated several times.
This may be regarded as the "killing" temperature.

7. The reason that one species of cactus endures more cold
than another is because of a difference in the character of the
protoplasm, due allowance being made lor the thickness of the
integument when the cold extends over only a short period.


