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Viewed within the perspective of an evolutionary time
scale, the cacti in general and the sahuaro in particular are
among the relative newcomers to the plant kingdom. The
cold -intolerant sahuaro, which has the most northerly dis-
tribution (to Lat 35° 6' N) of any of the columnar cacti, is
still actively evolving under the continued powerful selec-
tive pressure of recurring critical climatic events -
catastrophic freezes -that have been a dominant force in
the evolution of the species. Subfreezing temperature and
aridity under warm season (and bi- seasonal) rainfall have
been codominant selective forces in molding the gigantine
columnar cacti of the American deserts. It is not surpris-
ing, therefore, that sahuaros exhibit relatively wide var-
iances in those characteristics that constitute adaptive
strategies appropriate to survival of the species in the
climatic extremes that characterize the present range of
its desert distribution in Arizona, extreme southeastern
California, and adjacent Sonora, Mexico.

There is little that is known with great certainty on the
evolution of the sahuaro and other columnar cacti that
live today in the Sonoran Desert -the species usually
thought of as desert giant cacti. The family (Cactaceae) has
a poor fossil record; there are no known materials older
than 40,000 radiocarbon years before present (Van Deven-
der, 1973). In spite of a poor fossil record, there is much
circumstantial evidence bearing on the problem of origins.
The circumstantial evidence is strong for early cactus rep-
resentation in the Madro -Tertiary Geoflora (Chaney, Con-
dit and Axelrod, 1944; Axelrod 1950, 1957, 1958, 1960,
1970, 1979).

It appears beyond reasonable doubt that the Cactaceae is
a tropically- derived family. It is not surprising, therefore,
that this new world plant group has strong representation
in the deserts that border the tropics -the subtropical
warm deserts -with relatively little continental represen-
tation beyond them. For example, cacti are either poorly
represented, greatly reduced to substratum level, or non-
existent in habitats within the cold Great Basin Desert of
North America and in similar habitats within its South
American analog, the cold Patagonian Desert in southern
Argentina.

Regarding species, in the absence of an adequate fossil
record, answers to questions on evolutionary history of
desert columnar cacti can be given or estimated with fair
security on the basis of the circumstantial evidence. Much
of the evidence lies in the known history of the Madro-
Tertiary Geoflora and the evolution of the North Ameri-
can Desert. The following scenario for Cenozoic history of
the Cactaceae is consistent with and/or drawn in part from
information in Britton and Rose (1920, 1922), Bravo (1937),
Chaney, Condit and Axelrod (1944), Deevey (1949), Axel-
rod (1950, 1957, 1958, 1960, 1970, 1979), Shreve (1951), Just
(1952), Backeberg (1958), Buxbaum (1958), MacGinite
(1959), Dorf (1960), Van der Hammen (1961), Raven (1963),
Lowe (1964, 1966), Martin and Mehringer (1965), Felger
and Lowe (1967), Hunt (1967), Wolfe and Hopkins (1967),
Pascual (1970), Vuilleumier (1971), Wright, 1971), Lowe et
al. (1973), Solbrig (1973, 1976), Turner (1973), Van Deven-
der (1973), Raven and Axelrod (1975), Steenbergh and Lowe
(1976, 1977), Wells (1976), Orians and Solbrig (1977), Gib-
son and Horak (1978), as well as Van Devender and Spauld-
ing (1979). For a reconstruction of the Tertiary environ-
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ment see Axelrod (1950, 1957, 1958, 1960, 1970, 1979); for
Quaternary environment see Wells (1976) and Van Deven-
der and Spaulding (1979).

Cenozoic History of the Cactaceae
Early Tertiary: Paleo- Oligocene time, 75 to 35 mybp [million

years before present]. Evolution of the Cactaceae within and mar-
ginal to the widespread broadleaved evergreen Neotropical-
Tertiary Geoflora. Evolution of cactus family and subfamily adap-
tive strategies, during approximately 40 or more million years.

Middle Tertiary: Oligo- Miocene time, 35 to 15 mybp. Evolution
of tropical and subtropical cactus groups -involving both north-
em and southern sides of the tropics -in tropical and subtropical
deciduous forest and scrub environments. Evolution and radia-
tion of principal cactus growth -form strategies; establishment of
higher categories of modern aspects -the major genera and
groups of genera (tribes)- during 20 million years of increasing
dryness, cooling, and accelerated evolution of the Madro -Tertiary
Geoflora.

Late Tertiary: Mio- Pliocene time, 15 to 5 mybp. Widespread
expansion of semi -arid and arid subtropical scrub of the Madro-
Tertiary Geoflora, with derivation of larger columnar cacti out of
the subtropical phylads bordering the tropics in North and South
America. Speciation of major lower categories -modem species
and species- groups of extra -tropical cacti -during 10 million
years of expanding dry climate and increasingly seasonal climatic
patterns.

Latest Tertiary: Plio- Pleistocene time, 5 to > 1 mybp. Continu-
ing evolution of taxa in the arid subtropical scrub and expanding
desert environment, essentially finalizing modem desert species
as we know them today in North and South American deserts and
bordering environments during 3 -4 million years of response to
increasing orogeny and expanding aridity -with progressive sea-
sonal cooling -in southwestern regions of the continents. Selec-
tion for greater stem -mass (thermoregulatory energy conserva-
tion) progressing to gigantism in columnar cacti within progres-
sively cooling subtropical scrub and desertscrub environments,
producing inter -continental convergent evolution of gigantine
adaptive form and function- including convergent thick -pithed
ecological equivalent Camegiea gigantea in the North Ameri-
can Sonoran Desert and Trichocereus terschekii in the South
American Monte.

Quaternary: Pleistocene time, ca. 1 to --0 mybp. Mixing of
species compositions of biotic communities under strong secular
climatic change, with biogeographic shifts of taxa in both eleva-
tion and latitude. Glaciation, with glacial periods of the order of
100,000 years duration, and interglacials on the order of 10,000 to
20,000 years. Known fossil material of cacti -the entirety of
which date less than 40,000 radiocarbon years before present -
indicate no difference from modern populations of taxa.

Quaternary-Late Pleistocene: Middle and Late Wisconsinan
time, 40,000 to 11,000 ybp. Mesophytic Pinyon -Juniper woodland
communities predominant across landscapes presently in the
Chihuahuan, Sonoran, and Mohave Deserts, before, during and
after the glacial maximum (22,000 -17,000 ybp). Environmental
domination by winter climate, however equitable, did not provide
summer requirements for germination, establishment, and
growth of the subtropical columnar cacti within Wisconsinan
needle- leaved woodland. Camegiea remained within latitudi-
nally displaced subtropical scrub environments south and below
the perimeter of the woodland.

Quaternary -Holocene: Early Holocene time, 11,000 to 8,000
ybp. Xeric Juniper woodlands under dominant winter- season pre-
cipitation persisted widely and inclusive of Southwest landscapes
presently occupied by vegetation established under dominant
warm - summer monsoon precipitation. Carnegiea remained
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southward in Sinaloan upland rocky sites, as it does today within
such relatively frost -free subtropical communities at the south -
em edge of its geographic distribution in northern Mexico.

Quaternary- Holocene: Middle and Late Holocene time, 8,000
ybp to present. Desertscrub communities of modern aspect
formed into the regional biotic communities (biomes) recogniza-
ble today under significant summer as well as winter precipita-
tion. Rapid northward and upward deployment of floral and
faunal elements into modern subtropical and warm temperate
desertscrub assemblages accelerated by melting of the ice sheets
and stronger development of the Azores (Bermuda) High -with
increased and expanded summer precipitation- favored by
warmer global temperatures. Derivation of communities of mod-
em aspect during late Holocene, following movements of species
elements into present positions during both middle and late
Holocene. The presence of Carnegiea today in ecotone stands
with junipers, oaks, and other woodland and chaparral taxa at the
edge of the desert results from secondary contact during middle to
late Holocene time in the current Holocene interglacial.

Freezing and the Historical Record -the Last 200 Years
Catastrophic freezes occur throughout the range of the

sahuaro and are an integral component of the species -
environment during the Holocene interglacial that we are
currently experiencing. Such climatic events are neither
"new" nor "unique" and do not in themselves indicate a
climatic trend.

We examined conventional climatic data records in an
earlier report (Steenbergh and Lowe, 1976). Among other
kinds of diverse long -period records, the freeze -caused
constrictions at the base of the largest (oldest) sahuaros
provide a most important record of critical freezes dating
back to the first half of the 19th century (Steenbergh and
Lowe, 1977: Fig. 54). Historical observations further com-
plement the record of such events. Of particular signifi-
cance are such accounts as recorded on Papago Indian
calendar sticks (Tatom, 1975):

"1848 -In this year happened an almost unbelievable thing.
Cold weather of unheard -of intensity swooped down on the
Papagos and almost snuffed them out. Snow fell to a depth of
three feet on the level and as deep as the tops of houses in drifts,
and lay on the ground for many weeks. Cattle and horses could
not find food under the snow and the People could not find
firewood. There was great suffering because the People had al-
ways been accustomed to warm winters.

1870 -Snow again fell to a remarkable depth. It remained on
the ground only two days before melting away."

The historical record of freeze- caused damage to the
subtropical citrus and other agricultural crops in Arizona
constitutes another important, and previously un-
examined indicator of the impact of catastrophic freezes
on the subtropical sahuaro and other cold- sensitive native
plant populations in the Sonoran Desert during this cen-
tury (Table 1). It is apparent in our observations over the
last three decades in the Sonoran Desert that the severity
of damage to sahuaros and similarly cold- sensitive native
plant species by a given freeze is closely reflected by the
concurrent damage to citrus crops.

Hilgeman (1965) in a brief historical review of citrus in
Arizona notes that "Severe freezes in '13, '37, '49, '50, '62,
and '63 have caused extensive fruit losses ... " A more
complete record of the effects of freezing on citrus (and
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Table 1. Chronology of critical winter freezes and reported crop damage in Arizona. The following climatic briefs are from U.S.
Weather Bureau summaries for the period 1895 to 1957. Tucson minimum (min.) temperatures (F°) shown are for the University of
Arizona Station, 2423 ft (739 m).

1895- Tucson December min. 14 °.
1897- Lowest temperature of the year. Tucson Dec. min. 16 °.
1899 -January snowfall in Salt River Valley. Crop of orange fruit

sustained no serious injuries. Tucson min. 17°.
1901- December Tucson min. 10 °.
1902- Principal cause of the light orange crop was cold weather

in December 1901 which caused considerable damage to
trees.

1904 -January Tucson min. 15 °.
1905- December temperature greatly deficient. Tucson min. 11 °.
1910 -Unusually cold January 3 -8. Tucson min. 15 °.
1911 -Tucson January min. 16 °.
1913 -January freeze most severe in history of the state. Con-

siderable damage to citrus groves in Salt River Valley -
orchards killed, set back, fruit frozen. Tucson min. 6 °.

1916- December -unusually cold and dry. Tucson min. 15 °.
1919- December -coldest month since 1892. Tucson min. 20 °.
1922 -January-an unusually cold month, citrus fruit frozen.

Tucson min. 17 °.
1924 -January nights unusually cool, heavy frost but negligible

damage to citrus fruits. Tucson min. 24 °.
1925- Damaging January frost and freezes in all sections. Tucson

min. 18 °.
1929- January freeze damage to citrus and cantaloupes in Yuma

Valley. Tucson min. 22 °.
1931- December killing frosts, much damage to citrus trees and

fruit. Tucson min. 23 °.
1932 -January-citrus fruits and young trees severely damaged

by cold weather. Tucson min. 19 °.
1933- February cold wave caused extensive damage to lettuce

and citrus crops. Tucson min. 18 °.
1934- Slight damage to lettuce and citrus by November -

December cold wave. Tucson min. 22 °.

other crops) reported in U.S. Weather Bureau summaries
(1895 -1940, 1940 -1957) is summarized in Table 1. This
weather -integrated record is, in some respects, more
revealing of the impact of such climatic events on sa-
huaros -and other cold- sensitive native plant popu-
lations -than are temperature values available from
official climatic data records.

The degree of freeze -caused damage to cold- responsive
citrus and other crop plants represents an integrated meas-
ure of intensity and duration of the particular freeze as
well as the immediate post -freeze (re- warming) thermal
environment. The succulence and surface -volume ratio
of citrus fruits provide thermal characteristics similar to
those of sahuaros -especially with respect to small
juveniles, albeit of often different position in the thermal
profile. The severity of damage to citrus and other culti-
vated crops produced by each of the climatic events as
noted in Table 1 is a reliable indicator of the seriousness of
the impact of these same critical events on sahuaro popu-

1935 -Slight January damage to citrus trees in Salt River Valley.
Tucson min. 21°.

1937- January-the coldest month on record, 40 to 60 percent of
citrus crop frozen. Tucson min. 15 °.

1939 -Coldest February for all years of record. Lettuce growth
retarded and citrus injured by cold. Tucson (UA) min. 25 °;
20° at Magnetic Observatory station.

1940 -Light January freeze in citrus belt -little damage. Tucson
min. 22 °.

1942 -Slight January frost damage to citrus, Salt River Valley.
Tucson min. 26 °.

1945 -December freeze damage to citrus and winter truck crops.
Tucson min. 19°.

1947- Severe January cold damage to orange crop in Salt River
Valley. Tucson min. 22 °.
Considerable December freeze damage to cabbage and
broccoli, slight damage to lettuce. Tucson min. 24 °.

1949 -Damaging freeze on January 4th, 5th, and 6th. Bitter cold
all month. Heavy losses to fruits and vegetables in south-
ern portions of the state. Tucson min. 16 °.
December -heavy frosts, moderate damage to citrus and
vegetables. Tucson min. 22 °.

1950 -January freeze most severe since 1913. Citrus and truck
crops severely frozen. Many citrus trees sustained con-
siderable damage. Entire Phoenix area citrus crop dam-
aged. Tucson min. 18 °.

1953 -December -some injury to citrus due to repeated frosts.
Tucson min. 24 °.

1956- February-some frost damage to melons, frost protection
necessary for citrus and truck vegetables. Tucson min. 24 °.

1957- December -narrative weather summaries discontinued.

lations. This is true not only for northern populations of
the sahuaro, but also -in progressively reduced degree
southward -for sahuaro populations growing in central
and southern Sonora, Mexico.

These diverse records leave no doubt that the sahuaro
and other associated tropically derived species have, dur-
ing the last two hundred years, been subjected to a series
of irregularly occurring, intermittent, catastrophic freezes.
Neither the historic record nor the status of existing
sahuaro populations suggest that these events, in them-
selves, indicate a climatic trend. Rather, they tell us that
freezing continues to operate upon these populations as a
powerful selective force. Furthermore, the structure of
sahuaro populations and the continued presence of
sahuaros throughout the historic range of the geographic
and ecologic distribution of the species are the final and
conclusive evidence that adaptive evolution of increased
natural resistance to freezing is a continuing process
appropriate to the survival of the species.
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