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Flowering phenology of six woody plants
in the northern Sonoran Desert
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Bowers, JANICE E. (U.S. Geological Survey, 1675 W. Anklam Road, Tucson, AZ 85745) AND MARK A.
DimmITT (Arizona-Sonora Desert Museum, 2021 N. Kinney Road, Tucson, AZ 85743). Flowering phenology
of six woody plants in the northern Sonoran Desert. Bull. Torrey Bot. Club 121: 215-229. 1994.—Climatic and
flowering data from a site in the northern Sonoran Desert of southern Arizona were used to define flowering
triggers and developmental requirements for 6 woody plants. These formulations were then used to predict
flowering dates at a second northern Sonoran Desert site. It was determined that flowering is triggered by rain
in Larrea tridentata (DC.) Cov., Fouquieria splendens Engelm., Encelia farinosa A. Gray, Ambrosia deltoidea
(A. Gray) Payne and Acacia constricta Benth., and that flowering is triggered by photoperiod in Cercidium
microphyllum (Torr.) Rose & Johnst. The base temperature for floral development in L. tridentata, F. splendens,
E. farinosa, A. deltoidea and C. microphyllum is about 10°C. Their mean degree-day requirements range from
414 to 719. Acacia constricta requires 522 degree-days above 15°C. Minimum rainfall triggers varied from 9
mm for Ambrosia to 20 mm for Encelia. Flowering time in C. microphyllum may reflect phylogenetic constraints,
while flowering time in F. splendens may be strongly influenced by pollinator availability. Flowering times of
the remaining species seem constrained more by climate than by biotic considerations such as phylogeny, seed
germination and competition for pollinators.
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Plant phenology —seasonal patterns of leafing,
flowering and fruiting in relation to climate—has
been a topic of scientific study since the eigh-
teenth century (Aitken 1974). Phenology is of
great interest in agriculture, where the timing of
flower and fruit production can be critical in de-
termining crop yield (Loomis and Connor 1992).
It is also a topic of more-than-passing ecological
interest, as the timing of flowering and fruiting
affects critical aspects of plant life cycles, partic-
ularly pollination and seed dispersal, thus setting
the stage for later germination and recruitment.

Janzen (1967) has argued that in the tropical
dry forests of Central America, dry-season flow-
ering of tree species is ‘““a result of selection for
sexual reproduction at the most opportune time
in the year, rather than the result of immutable
physiological processes which can only occur at
that time of year.”” He regarded sexual selection
as the “ultimate cause” of flowering time, en-
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vironmental triggers as the “proximate cause”
(Janzen 1967). In the North American deserts,
where germination, recruitment and other as-
pects of plant life cycles are adapted to take ad-
vantage of narrow climatic windows (Shreve
1917; Sheps 1973; Sherbrooke 1977, 1989; Ack-
erman 1979), one might expect that flowering
phenology would also be climatically con-
strained. Most of the dominant species in the
northern Sonoran Desert do indeed flower when
seasonal soil moisture is greatest (Simpson 1977,
Solbrig and Yang 1977). It has been suggested,
however, that the flowering time of certain So-
noran Desert dominants is determined by other
considerations: pollinator availability for Fou-
quieria splendens (Waser 1979), for instance, or
seed germination for phreatophytes and succu-
lents (Solbrig and Yang 1977). Kochmer and
Handel (1986) demonstrated that family mem-
bership strongly constrains flowering time in the
South Carolina flora. In the northern Sonoran
Desert, where floristic elements from cool-tem-
perate and warm-subtropical climates mingle
(McLaughlin 1989), it is not clear which should
dominate—phylogenetic or climatic con-
straints—in determining phenological patterns.
It is also not clear whether species that have
evolved under similar climatic regimes will share
the same phenological triggers; that is, flower in
response to the same environmental cues.
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Phenological triggers can be regarded as
switches that break bud dormancy and start de-
velopmental processes such as leafing and flow-
ering. Once set in motion, these processes ad-
vance as a function of temperature, daylength or
some combination of the two (Loomis and Con-
nor 1992). Only three environmental triggers for
flowering have been identified: photoperiod,
temperature and moisture (Rathcke and Lacey
1985; Loomis and Connor 1992). Rains presum-
ably operate by raising soil moisture to some
threshold value, at which point, given suitable
temperatures, bud dormancy is broken and flow-
er development is initiated. Rainfall amounts are
but useful proxies for soil moisture measure-
ments, which often are not available. The flow-
ering triggers for a number of plants native to
the eastern United States are known (Jackson
1966), as are those for many crop and ornamen-
tal plants (for example, Caprio 1973; Wielgolaski
1973). With a few exceptions, the flowering trig-
gers for plants native to arid regions of the south-
western United States have been examined only
in general terms.

In phenological analysis, the trigger date serves
as the starting point for calculating the heat units
needed for floral development. Heat units are
often expressed as degree-days, that is, as the sum
of mean daily temperatures above an appropriate
base temperature, or threshold. The many vari-
ations of this basic method include: 1) summing
degree-hours (Lindsey and Newman 1956); 2)
summing maximum daily temperature or min-
imum daily temperature (Bassett et al. 1961); 3)
summing the products of mean daily tempera-
ture and solar radiation in langleys/day (Caprio
1973); and 4) summing the products of mean
daily temperature and hours of daylight above
an appropriate threshold (Loomis and Connor
1992). An analysis of several of these methods
(White 1979) suggests that while their accuracy
does indeed vary, the variation is small and is
likely to be of greatest concern in agricultural
work, where extremely precise formulation of
developmental requirements is desirable.

Table 1 lists 39 Sonoran Desert plant species
for which phenological information is available.
All these studies were qualitative rather than
quantitative. The same is also true of most phe-
nological studies from the Great Basin Desert
(Everett et al. 1980; West and Gasto 1978), the
Mojave Desert (Beatley 1974; Ackerman et al.
1980), and the Chihuahuan Desert (Kemp 1983).
The work of Turner and Randall (1987), which

_used multiple regression with varying success to
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predict leafing and flowering based on rainfall
and mean monthly air temperature, is a notable
exception.

Our first goal in this study was to define as
precisely as possible the phenological triggers and
developmental requirements for selected Sono-
ran Desert plants. We used phenological data
gathered at one Sonoran Desert site to determine
triggers and heat sums, then, with that infor-
mation, predicted flowering dates at another So-
noran Desert site. We hypothesized that plants
flowering only once a year might be triggered by
photoperiod, temperature or some combination
of the two (restricted bloomers), and that plants
capable of flowering at more than one season
would be triggered by rain (repeat bloomers). We
were reluctant to invoke a photoperiod or tem-
perature trigger for repeat bloomers because there
is no simple scheme that accounts for spring
bloom under increasing temperatures and day-
lengths as well as for autumn bloom under de-
creasing temperatures and daylengths. An alter-
native model suggests that repeat bloomers
respond in spring to a temperature trigger but in
summer to a moisture trigger (Yang and Abe
1974). Considering this explanation needlessly
complex, we reasoned that repeat bloomers would
flower in response to rain triggers delivered with-
in a certain range of temperatures.

Our second goal was to examine phenological
patterns of woody dominants in the northern
Sonoran Desert. We expected that the pheno-
logical triggers, once identified, would reflect the
geographic origins of our species and at the same
time accommodate their current biseasonal pre-
cipitation regime. We further expected that, in
this arid region, the distinction between proxi-
mate causes and ultimate causes might prove
untenable.

Study Sites. In the 1980s, we undertook in-
dependent phenological studies, one on Tuma-
moc Hill, the other at the Arizona-Sonora Desert
Museum. The Tumamoc Hill study followed 6
native species from 1985 through 1989: Larrea
tridentata (DC.) Cov., Fouquieria splendens En-
gelm., Encelia farinosa A. Gray, Acacia constric-
ta Benth., Cercidium microphyllum (Torr.) Rose
& Johnst. and Ambrosia deltoidea (A. Gray)
Payne. The Desert Museum study followed 400
native and cultivated species for all or some of
the years from 1983 to 1989 (Dimmitt, unpub.
data).

Both sites are in the Tucson Mountains, Pima
County, Arizona. Tumamoc Hill is a rocky knoll
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Table 1. Phenological studies of Sonoran Desert plants.

Species

Source

Acacia constricta
Acacia greggii
Ambrosia deltoidea
Ambrosia dumosa
Bursera hindsiana
Bursera microphylla
Calliandra eriophylla
Carnegiea gigantea
Cercidium floridum
Cercidium microphyllum
Cordia sonorae
Echinocereus sp.
Encelia farinosa
Eriogonum fasciculatum
Errazurizia megacarpa
Erythrina flabelliformis
Euphorbia misera
Ferocactus acanthodes
Forchammeria watsoni
Fouguieria columnaris
Fouquieria splendens

Frankenia palmeri
Ipomoea arborescens
Jatropha cardiophylla
Jatropha cuneata
Justicia californica
Krameria grayi
Larrea tridentata

Lophocereus schottii
Lycium fremontii
Olneya tesota
Opuntia acanthocarpa
Opuntia bigelovii
Opuntia phaeacantha
Pachycereus pringlei
Prosopis glandulosa
Prosopis velutina

Simmondsia chinensis

Solanum hindsianum

Shreve 1951; Solbrig and Yang 1977

Shreve 1951; Solbrig and Yang 1977

Shreve 1951; Halvorson 1970; Solbrig and Yang 1977

Shreve 1951; Humphrey 1975

Humphrey 1975

Shreve 1951; Humphrey 1975

Humphrey 1975

Johnson 1924; Shreve 1951; Steenbergh and Lowe 1977

Turner 1963; Humphrey 1975; Solbrig and Yang 1977

Shreve 1951; Turner 1963; Halvorson 1970; Solbrig and Yang 1977

Shreve 1951

Halvorson 1970

Shreve 1951; Humphrey 1975; Solbrig and Yang 1977

Halvorson 1970

Humphrey 1975

Conn and Snyder-Conn 1981

Humphrey 1975

Halvorson 1970

Shreve 1951

Humphrey 1974, 1975

Darrow 1943; Shreve 1951; Humphrey 1975; Solbrig and Yang 1977,
Waser 1979

Humphrey 1975

Shreve 1951

Solbrig and Yang 1977

Humphrey 1975

Humphrey 1975

Halvorson 1970; Solbrig and Yang 1977

Shreve 1951; Halvorson 1970; Yang and Abe 1974; Humphrey 1975; Sol-
brig and Yang 1977; Abe 1982

Humphrey 1975

Humphrey 1975

Shreve 1951; Turner 1963; Humphrey 1975; Solbrig and Yang 1977

Halvorson 1970

Halvorson 1970; Humphrey 1975

Halvorson 1970

Shreve 1951; Humphrey 1975

Sharifi et al. 1983; Nilsen et al. 1987

Glendening and Paulsen 1955; Turner 1963; McMillan and Peacock 1964;
Halvorson 1970; Solbrig and Cantino 1975

Gentry 1958; Halvorson 1970; Humphrey 1975; Solbrig and Yang 1977;
Dunstone 1980; De Oliveira 1983; Benzioni and Dunstone 1985

Humphrey 1975

of andesitic basalt south and east of the main
range (Fig. 1). It reaches an elevation of 948 m,
with an elevational range of 245 m. The Desert
Museum grounds rise from 826 to 882 m in el-
evation and are on gently sloping, gravelly terrain
underlain by sedimentary bedrock.

The climate of both sites is arid. The average
annual rainfall during the period of study was
274 mm at Tumamoc Hill, 343 mm at the Desert
Museum. About 27 percent of the annual total
arrives in winter (December-March), about 51
percent in summer (July-September) (Bowers and
Turner 1985). April, May and June are often
without rain. Maximum temperatures in sum-

mer frequently exceed 40°C. Winter minima dur-
ing the period of study were —4°C at Tumamoc
Hill, —6°C at the Desert Museum. From 1985
to 1989, the average daily temperature at Tu-
mamoc Hill was 22.8°C. At the Desert Museum,
it was 21.7°C during 1983-1987 and 1989.
Vegetation of the Tucson area is typical of the
Arizona Upland subdivision of the Sonoran Des-
ert as defined by Shreve (1951). Dominant plants
on the rocky slopes of Tumamoc Hill include the
6 species listed above as well as Carnegiea gi-
gantea, Opuntia engelmannii, Opuntia versicolor
and Lycium berlandieri. The vegetation of the
gentle, gravelly slopes on the Desert Museum site
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Fig. 1. Location and principal geographic features
of the Desert Museum and Tumamoc Hill study sites.

is similar except for the addition of Simmondsia
chinensis and Olneya tesota and the lower fre-
quency of Acacia constricta.

Study Species. Larrea tridentata (Zygophyl-
laceae), an evergreen shrub, flowers in spring in
the Mojave Desert and the western Sonoran Des-
ert, where winter rain predominates (Oechel et
al. 1972; Boyd and Brum 1983) and in both spring
and summer in the eastern Sonoran Desert, where
rain is biseasonal (Barbour et al. 1977). Flow-
ering triggers suggested for Larrea have been
rainfall at all seasons (Shreve 1951; Humphrey
1975; Barbour et al. 1977; Abe 1982), and tem-
perature in spring, moisture in summer (Yang
and Abe 1974). Fouquieria splendens (Fouquieri-
aceae) is a drought-deciduous shrub. In the So-
noran Desert, it blooms primarily in spring
(March-May) (Waser 1979), but massive au-
tumn flowering occurs under some circumstanc-
es (Felger 1980), and winter (January-February)
flower is not unknown. Munz (1974) reported
flowering in the Mojave Desert from March—July.
In the northern Chihuahuan Desert, Fouquieria
flowers from March-June (Correll and Johnston
1970), occasionally in autumn (Loughmiller and
Loughmiller 1984). Photoperiod has been sug-
gested as a likely flowering trigger (Humphrey
1975). Encelia farinosa (Asteraceae), a drought-
deciduous shrub, blooms mainly in spring
(February-May), and given enough rain, from
October-January as well. Acacia constricta (Fa-
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baceae) is a drought-deciduous shrub that blooms
in late spring (April-June) and again in summer/
autumn (July—October). Floral buds may appear
in November or December but rarely receive
enough warmth to develop into flowers. Ambro-
sia deltoidea (Asteraceae), a drought-deciduous
shrub, flowers early in the spring, usually in Feb-
ruary and March. Cercidium microphyllum (Fa-
baceae) is a drought-deciduous tree with smooth,
green bark on all branches and twigs. Flowering
is in late April and early May. Photoperiod has
been suggested as a flowering trigger (Turner
1963).

Methods. DETERMINING PHENOLOGICAL
TRIGGERS AND DEVELOPMENTAL REQUIREMENTS.
Data Collection. At Tumamoc Hill, Bowers
tagged and numbered 10 individuals each of C.
microphyllum, F. splendens, E. farinosa, A. del-
toidea, A. constricta, and L. tridentata. The plants
grew near the weather station at an elevation of
814 m on a gently sloping bench with a northeast
aspect. She made weekly observations during
spring and the summer rainy season, less fre-
quent observations at other times of year. Ob-
servations, made on the same branch each time,
were qualitative records of various phenological
stages. For flowers, these were bud initiation,
buds present, flowers present, peak flower, none
(all flowers gone). For fruits these were abortive,
setting, maturing, dropping, none. For leaves
these were bud initiation, new leaves, full leaf,
leaflets dropping, leaves dropping, none.

At the Desert Museum, Dimmitt and assis-
tants made phenological observations 4 times
each month on plant populations located near
the weather station at an elevation of about 850
m. His qualitative records of phenological stages,
made on irrigated and non-irrigated plants, were
population sparsely budding, entire population
budding, population sparsely flowering, entire
population flowering, population sparsely fruit-
ing, entire population fruiting, population
sparsely in leaf, entire population in leaf, pop-
ulation with sparse leaf fall, entire population
with leaves falling. Our analysis used data from
non-irrigated plants only.

At both sites, rainfall and daily maximum and
minimum air temperatures were recorded. We
used climatic and flowering data from Tumamoc
Hill to define flowering triggers and develop-
mental requirements for the 6 species listed
above. With these formulations, we then used
climatic data from the Desert Museum to predict
flowering dates there.
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Data Analysis. Phenological analysis is neces-
sarily empirical (Loomis and Connor 1992) and
involves comparing the date of flower from year
to year with climatic conditions in each year.
Although for most species the date of flower will
vary from one year to the next, the temperature
sum required for flowering should be about the
same in every year. If the date of trigger and the
date of flower are known, the temperature sum
can be readily calculated. If the temperature sum
and the date of flower are known, the date of
trigger can also be calculated. We knew neither
the temperature sum nor the date of trigger for
any of our 6 species. Our method, therefore, in-
volved selecting a range of appropriate triggers,
then calculating the temperature sum from each
trigger to the date of flower. We reasoned that
valid triggers would produce temperature sums
that converged toward the same value year after
year, while spurious triggers would produce val-
ues that varied greatly from one year to the next.

Our process of trigger selection is discussed in
detail below. For each of our 6 species, we cal-
culated 5 heat sums from the date of each po-
tential trigger to the date of flower as follows:

2 (Tq — To),
where T, was the mean daily temperature and
T, was one of 5 base temperatures. The base
temperatures, calculated for every day of record
from May 1984-December 1989, were:

a) the average daily temperature above 0°C

[(Tmax + Tmin) - 2];
b) the average daily temperature above 5°C
[(Tmax + Tmin) - 2 - 5]’
c) the average daily temperature above 10°C
[(Tmax + Tmin) +2 - 10]’
d) the average daily temperature above 15°C
[(Tmax + Tomin) ~ 2 — 15];
e) the average daily temperature above 20°C
[(Tmax + Tomiw) ~ 2 — 20].
If Ty < Ty, no thermal time was accumulated.
For flower dates, we typically used the first date
when at least 3 of 10 plants were in bloom. Oc-
casionally, it was necessary to interpolate be-
tween observation dates to obtain a meaningful
flowering date.

To identify the best base temperature for each
species, we used the “least variability method”
(Arnold 1959), which involves calculating tem-
perature sums above several different bases. The
sums above a given base are averaged for the
period of record; the base temperature giving the
smallest standard deviation and coefficient of
variation is considered to be the appropriate

threshold (Arnold 1959).
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This process produced three results: 1) a range
of triggers capable of initiating flower develop-
ment, 2) the base temperature below which flow-
er development does not occur, and 3) the mean
heat sum required for development after the trig-
ger.

Rainfall Triggers. We searched for potential
rainfall triggers for all 6 species. We did not ex-
pect to find them in Ambrosia and Cercidium,
but did the analysis as a check on our original
assumptions. We considered all rains =5 mm as
potential triggers. This value is much smaller
than the moisture threshold of 25 mm reported
for Mojave Desert plants (Beatley 1974) and for
trees of tropical dry forest (Opler et al. 1976),
however, we did not want to dismiss the possi-
bility that relatively small rains might be effec-
tive triggers. When rain fell on several consec-
utive days, we used the cumulative total as the
trigger. For spring-flowering plants, we looked
for rain and photoperiod triggers in the preceding
autumn and winter (October-February). For
summer-flowering plants, we looked for rain trig-
gers in the month before bloom. When 2 or more
different rain events seemed equally likely to have
triggered a given flower event, we calculated heat
sums above the 5 base temperatures for each one,
then selected the trigger that produced the base
temperature with the lowest standard deviation
and coefficient of variation.

Photoperiod Triggers. We searched for photo-
period triggers for Cercidium and Ambrosia,
and, as a check on our original assumptions, for
Fougquieria, as well. First we determined day-
length for every day of the year at Tucson, Ar-
izona (about 32°N), by interpolating between the
daylength values for 30°N and 35°N given in the
Smithsonian Meteorological Tables (List 1951).
We selected as photoperiod triggers the following
dates for A. deltoidea: December 30 (daylength
of 10 hours), January 15 (10.21 hours) and Feb-
ruary 1 (10.66 hours). For Cercidium and Fou-
quieria, which flower somewhat later, we used
February 1, February 15 (11.03 hours), March 1
(11.50 hours), and March 15 (11.95 hours).

Temperature Triggers. As noted above, win-
ter dormancy of many plants in cold-temperate
regions is broken when the mean daily temper-
ature reaches a certain value (—0.6°C in the case
of Syringa vulgaris) (Caprio 1973). In the Seattle-
Tacoma area, where the mean daily temperature
in winter does not fall below —0.6°C, Caprio
calculated cumulative degree-days for Syringa
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vulgaris from the end of dormancy, about No-
vember 30 (Caprio 1973). In the northern So-
noran Desert, where many winter days are warm
enough for growth, it is difficult to find a starting
point for the calculation of degree-days for spring-
flowering plants. At the same time, the end of
dormancy coincides with the beginning of the
rainy season, making it impossible to separate
the effect of temperature from that of moisture.
Because the interactive effects of temperature and
moisture seem best suited for laboratory studies,
and because of the difficulty in selecting a starting
point for degree-day accumulation, we did not
search for potential temperature triggers for our
6 species.

PREDICTING FLOWER DATES AT THE DESERT
MuseuM. We used the formulations from the
Tumamoc Hill data set to predict flowering dates
at the Desert Museum. Given the variability in-
herent in our data, we predicted a range of flow-
ering dates rather than a single date for each
species in each year. We used the mean date +
2 standard deviations, which approximates the
95% confidence limits. For example, our for-
mulation for L. tridentata suggested that it will
flower given a triggering rain of 20 mm and a
heat sum thereafter of 443 + 62 degree-days
above 10°C (+ 2 SD). Examining the Desert Mu-
seum weather record, we found a potential rain
trigger in a storm of 25 mm on December 6-8,
1986. Summing degree-days above 10°C from
the day after this event, we reached the heat sum
less 2 SD (381) on April 6, 1987; the mean heat
sum (443) on April 12, 1987; and the heat sum
plus 2 SD (505) on April 16, 1987. The predicted
range of flower, therefore, was April 6-16.

After predicting flower dates for every year of
record for all 6 species, we noted for each flow-
ering event at the Desert Museum the first date
when the entire population was in flower (full
flower). When full flower was not achieved, we
noted the first date when some of the population
was in flower. Phenological data for Acacia con-
stricta were not available for 1988 and 1989, nor
for Ambrosia deltoidea in 1989. Finally, we com-
pared the predicted dates of flower with the ob-
served dates, then reevaluated our initial for-
mulations.

Results. DERIVING PHENOLOGICAL FORMULAS
oNTumMAaMocHILL. Larreatridentata. The dates
of flower during our study were April 4, 1985;
March 31, 1986; March 26, 1987; October 1,
1987; March 14, 1988; December 13, 1988; April
21, 1989, August 25, 1989; and November 17,
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1989. The lowest coefficient of variation, 0.069,
was achieved with a base temperature of 10°C
(Fig. 2). At flowering, mean degree-days above
10°C were 443 + 31. Triggering rains varied from
20-30 mm. Flowering in Larrea apparently re-
quires a triggering rain of at least 20 mm and a
heat sum thereafter of about 443 degree-days
above 10°C.

Fouquieria splendens. The dates of flower
during our study were April 10, 1985; April 7,
1986; April 24, 1987; April 13, 1988; and March
30, 1989. In addition, on October 23, 1987, we
noted a number of plants in flower at the base
of Tumamoc Hill about 200 m below our study
site. The lowest coefficient of variation, 0.090,
was achieved with a base temperature of 10°C
(Fig. 2). At flowering, mean degree-days above
10°C were 514 + 47. Triggering rains varied from
11-46 mm. Photoperiod did not seem to be an
effective trigger. Spring flower in F. splendens
apparently is triggered by the first cool-season
rain of at least 10 mm and requires a heat sum
thereafter of about 515 degree-days above 10°C.
We had too little data to predict when F. splen-
dens will bloom in autumn; heavy, soaking rains
when temperatures are cool but not cold seem
to be a prerequisite.

Encelia farinosa. The dates of flower during
our study were April 4, 1985; March 31, 1986;
April 17, 1987, May 20, 1988; and April 21,
1989. The lowest coeflicient of variation, 0.104,
was achieved using a base temperature of 10°C
(Fig. 2). At flowering, mean degree-days above
10°Cwere 414 + 43, Triggering rains varied from
21-26 mm. Bloom in E. farinosa is triggered by
cool-season rains of at least 20 mm and requires
a heat sum thereafter of about 415 degree-days
above 10°C.

Acacia constricta. The dates of flower during
our study were April 30, 1985; April 29, 1986;
May 15, 1987; May 20, 1988; August 3, 1988;
September 26, 1988; May 5, 1989; and August
11, 1989. The lowest coefficient of variation,
0.132, was achieved with a base temperature of
15°C (Fig. 2). At flowering, mean degree-days
above 15°C were 522 + 69. Triggering rains var-
ied from 11-27 mm. Flowering in A. constricta
is triggered by a rain of at least 11 mm followed
by a heat sum of about 522 degree-days above
15°C. The first cool-season rain triggers spring
flower.

Ambrosia deltoidea. The dates of flower dur-
ing our study were March 20, 1985; February 17,
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Fig. 2. Relationship between base temperature and the coefficient of variation for mean degree-days for four
woody plant species. Mean degree-days calculated from rainfall triggers to date of flower.

1986; April 2, 1987; March 14, 1988; and April
14, 1989. The lowest coefficient of variation,
0.099, was achieved with a base temperature of
10°C (Fig. 3). The photoperiod triggers produced
higher coefficients of variation than the rainfall
triggers (Fig. 3). Contrary to our expectations,
rainfall, not photoperiod, apparently triggers
flowering in this species. The curve produced by
the rainfall triggers is rather flat, which suggests
that the actual base temperature may be a few
degrees higher or lower than 10°C. Alternatively,
another temperature summation method might
provide more robust results. At flowering, mean
degree-days above 10°C were 472 + 47. Trig-
gering rains varied from 15-27 mm. Ambrosia
deltoidea apparently flowers in response to the
first cool-season rain of 15 mm or more and
requires a heat sum thereafter of about 472 de-
gree-days above 10°C.

Cercidium microphyllum. The dates of flower
during our study were April 30, 1985; April 15,
1986; May 15, 1987; May 1, 1988; and April 21,
1989. The lowest coefficient of variation, 0.067,
was achieved using a rainfall trigger and a base
temperature of 0°C (Fig. 4); however, the result-
ing curve suggests that this is a spurious result.
If one uses mean daily temperatures to calculate

temperature sums, and one selects a range of base
temperatures that extend above and below the
actual base, a graph plotting coefficient of vari-
ation versus base temperature will necessarily
produce a V-shaped curve (see, for example,
Lindsey and Newman 1956; Arnold 1959; White
1979). In the case of C. microphyllum, the only
combination of trigger and base temperature to
produce an appropriately V-shaped curve was
February 15 and 10°C, with a coefficient of vari-
ation of 0.100 (Fig. 4). For C. microphyllum, the
best trigger is apparently a daylength of about 11
hours. At flowering, mean degree-days above
10°C were 719 *+ 72. Cercidium microphyllum
apparently flowers when daylengths reach about
11 hours and degree-days above 10°C thereafter
reach about 719.

PREDICTED VERSUS OBSERVED FLOWER DATES.
Larrea tridentata. Our initial set of predicted
flower dates fell within £2 SD of the target for
only 4 of 12 flowering events. In several cases,
the difference between predicted and observed
dates of flower suggested that we had selected the
wrong triggers. For example, the March 1983
bloom was apparently triggered by a rain of 13
mm from November 9-11, and the September
1986 bloom was apparently triggered by a storm
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Fig. 5. Predicted versus observed flower dates for six woody plant species at the Arizona-Sonora Desert
Museum, 1982-1989. Dates are plotted as ordinal numbers from first day of year to last day of year. The line
has a slope of 1 and denotes a 1:1 correspondence between predicted and observed flower dates. The error bars
represent the range in predicted flower dates on either side of the mean. a, Larrea tridentata; b, Fouquieria
splendens; c, Encelia farinosa, d, Acacia constricta;, e, Ambrosia deltoidea; f, Cercidium microphyllum.

of 12 mm from August 11-12. Both triggers were
smaller than expected. When we used rains =12
mm as the trigger, we correctly predicted the date
of flower for 8 of 12 flowering events. In the 4
remaining cases, the observed flowering dates fell
outside the predicted range by only 3 or 4 days,
and there were no alternative rainfall triggers.
Figure 5a shows the predicted dates of flower
plotted against the observed dates. Linear re-
gression of mean predicted dates versus observed

dates suggests that our climatic formulation ex-
plains a high proportion of the variance in flow-
ering dates (R? = 0.998).

Fougquieria splendens. Our predicted flower
dates fell within =2 SD of the target for 5 of 7
flowering events. In the 2 remaining cases, we
could find no other likely triggers. The autumn
preceding the spring 1983 flowering season was
wetter than normal; this may have hampered our
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efforts to identify a single rainfall trigger. The
lack of summer flowering in our area suggests
that high temperatures inhibit floral develop-
ment. Figure 5b shows the predicted dates of
flower plotted against the observed dates. Linear
regression of mean predicted dates versus ob-
served dates suggests that our climatic formu-
lation explains only a modest proportion of the
variance in flowering dates (R? = 0.558). Drop-
ping the 1983 flowering event from the regres-
sion, however, shows that for the remaining years,
our climatic formulation explains much of the
variance (R?2 = 0.806).

Encelia farinosa. Our predicted dates of flow-
er fell within +2 SD of the target for 6 of 8
flowering events. In the 2 remaining cases, the
observed flowering dates were only a few days
short of the predicted range, and we could find
no other likely triggers. Figure S5c shows the pre-
dicted dates of flower plotted against the ob-
served dates. Linear regression of mean predict-
ed dates versus observed dates suggests that our
climatic formulation explains a high proportion
of the variance in flowering dates (R? = 0.995).
We could not determine a date of flower for spring
1984 because bloom was recorded as continuous
between November 1983 and April 1984. The
lack of summer flowering suggests that high tem-
peratures inhibit floral development.

Acacia constricta. Our initial set of predicted
flower dates fell within =2 SD of the target for
only 4 of 7 flowering events. It seemed likely that
we had selected the wrong trigger in at least 2
cases. We had not considered rains before No-
vember 1 as potential triggers for spring flow-
ering; when we used heavy October rains as trig-
gers for spring flower in 1984 and 1985, we
correctly predicted 6 of 7 events. For the re-
maining event, the observed date of flower was
7 days outside the predicted range; we could find
no other likely trigger. Figure 5d shows the pre-
dicted dates of flower plotted against the ob-
served dates. Linear regression of mean predict-
ed dates versus observed dates suggests that our
climatic formulation explains a high proportion
of the variance in flowering dates (R*> = 0.970).
The relative high base temperature (15°C) may
account for the lack of early spring flowering.

Ambrosia deltoidea. Our initial set of pre-
dicted flower dates fell within =2 SD of the target
for only 2 of 6 flowering events. Examining the
weather record, we found that 3 flowering events
had evidently been triggered by smaller rains than
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expected. When we used rains =9 mm as the
trigger, we correctly predicted 5 of 6 events. We
could find no other likely rainfall trigger for the
remaining flowering event. Figure Se shows the
predicted dates of flower plotted against the ob-
served dates. Linear regression of mean predict-
ed dates versus observed dates suggests that our
climatic formulation explains a modest propor-
tion of the variance in flowering dates (R? =
0.659). We suspect that much of the remaining
variance results from a mismatch in dates of
flower between Tumamoc Hill and the Desert
Museum; the unisexual flowers are inconspicu-
ous, and determination of full flower is more
subjective than for showy species such as Larrea
and Encelia. The lack of summer flowering sug-
gests that high temperatures inhibit floral devel-
opment, or that there is a chilling requirement.

Apparently, the only Sonoran Desert shrub for
which chilling requirements are known is Sim-
mondsia chinensis. Flower buds, typically formed
in autumn (Gentry 1958), remain dormant until
they have undergone at least 20 days of chilling
at temperatures no higher than 20°C (Dunstone
1980; Benzioni and Dunstone 1985; Ferriere et
al. 1989), a requirement easily met in most win-
ters in our area. None of our 6 species has been
reported to require vernalization. Those that
bloom in autumn (L. tridentata, A. constricta, F.
splendens, E. farinosa) do so following a lengthy
period of high summer temperatures and are un-
likely to require chilling. Ambrosia deltoidea is
perhaps somewhat more likely to require ver-
nalization,; if so, its needs were met at our study
sites in every year of record.

Cercidium microphyllum. Our predicted dates
of flower fell within +2 SD of the target for 4 of
7 events. For 1 event, the observed date of flower
was 1 day outside the predicted range; for one
other, it was 7 days outside. Figure 5f shows the
predicted dates of flower plotted against the ob-
served dates. Linear regression of mean predict-
ed dates versus observed dates suggests that our
climatic formulation explains a moderately high
proportion of the variance in flowering dates
(R? = 0.755).

Discussion. PHENOLOGICAL PATTERNS IN THE
NORTHERN SONORAN DESERT. Our results dem-
onstrate that flowering in L. tridentata, F. splen-
dens, E. farinosa, A. deltoidea and A. constricta
is triggered by rain, and that flowering in C. mi-
crophyllum is triggered by photoperiod. The base
temperature for floral development in L. triden-
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tata, F. splendens, E. farinosa, A. deltoidea and
C. microphyllum is about 10°C. Their mean de-
gree-day requirements range from 414 to 719.
Acacia constrictarequires 522 degree-days above
15°c. Minimum rainfall triggers varied from 9
mm for Ambrosia to 20 mm for Encelia. (These
values exclude the spring 1984 flowering season,
which, as we discuss below, followed an unusu-
ally wet autumn).

We were most successful at predicting flower
in L. tridentata, F. splendens, E. farinosa, A. con-
stricta and A. deltoidea. Longer phenological rec-
ords or more frequent observations might enable
us to predict bloom in C. microphyllum more
accurately. We found several different causes for
lack of agreement between predicted and ob-
served flower dates. In many cases, the discrep-
ancy was fairly small, and we could find no other
likely trigger. Our decision not to search for tem-
perature triggers may have slightly biased our
results for certain species. Because Bowers stud-
ied individuals while Dimmitt studied popula-
tions, there was a lack of consistency in defining
phenological stages. For C. microphyllum, for ex-
ample, the dates of early flower (1-3 of the marked
plants in bloom) at Tumamoc Hill corresponded
roughly to dates of full flower (most plants in
bloom) at the Desert Museum. Some of the dis-
crepancies between predicted and observed flow-
er dates no doubt reflect the variability produced
by our two different methods of data collection.

In other cases, predicted and observed flower
dates differed because we had selected the wrong
trigger. For the rain-triggered species, we were
able to define fairly precisely the heat sum re-
quired to bring the plants into flower; however,
the relatively short phenological record at Tu-
mamoc Hill gave us only a limited number of
rain triggers to choose from. Refining our for-
mulations, therefore, often involved identifying
the smallest possible trigger. For example, using
rains =20 mm as a trigger for L. tridentata, we
initially selected the storm of 47 mm from Jan-
uary 30-February 4, 1986 as a more likely trigger
than that of 15 mm on November 28, 1985. It
appeared that the smaller storm had indeed trig-
gered the flowering event of March 5, 1986, and
we revised our formulation accordingly.

In some years, unusual climatic events foiled
our best efforts at prediction. One example is the
early spring flowering of 4. deltoidea in 1984,
which can be attributed only to a 2-mm rain on
October 20, 1983. The early date of flower may
be a result of the El Nifo event of the previous
fall, when rains totaling 200 mm fell between
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September 29 and October 4, 1983. This may
be further evidence that flowering occurs not in
response to rainfall as such but to threshold levels
of soil moisture. A few of our predicted flowering
events failed to materialize. We expected a rain
of 62 mm from July 14-19, 1985 to trigger flow-
ering in L. tridentata, for example, but it did not.
This was the first storm after a long drought at
moderate to high temperatures, and perhaps there
was not enough moisture in the soil for the trigger
to be effective.

In a few cases, we cannot explain the discrep-
ancy between predicted and observed dates. One
example is the late March 1985 bloom of 4. del-
toidea. The only likely trigger was the 27-mm
storm in early December 1984, but these rains
should not have produced flowers until April 6—
April 20, 1985.

Duration of bloom varied considerably from
year to year in our study. At the Desert Museum,
flowering of Encelia, Larrea and Ambrosia was
severely truncated in 1979. Apparently, flower-
ing is almost invariably initiated given the ap-
propriate trigger; however, given insufficient soil
moisture, its duration may be curtailed. For the
spring 1989 flowering season, the preceding No-
vember-February rains had been scant (only 30
mm), and the 22-mm rain in late March, while
sufficient to trigger flowering, evidently did not
provide enough soil moisture to sustain a normal
period of bloom. That same spring, only 5 of 10
marked Cercidium plants bloomed on Tumamoc
Hill. As Shreve (1951) noted, C. microphyllum
may fail to flower altogether during extremely
dry years, as happened in 1956 (Turner 1963),
when only 51 mm ofrain fell during the previous
November-March.

Larrea tridentata had the most protracted pe-
riod of bloom of our six species. The average
over the 7 years of study was 59 days. The longest
duration of flower at the Desert Museum, 88
days, was in spring 1983; that year, after the
initial trigger of 11 mm on November 17-19,
1982, there were 5 more potentially triggering
rains. Perhaps each rain triggered a new flush of
bloom,; alternatively, prolonged high soil mois-
ture may have produced a continuous state of
bloom as a result of internal resource allocation.
To decide between these two hypotheses, it would
be necessary to count and mark individual flow-
ers throughout the blooming period.

For the purposes of analysis, we assumed that
a single rain, as long as it was large enough, could
trigger flowering in our 6 species. This may in-
deed be the case for F. splendens and L. triden-
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tata. Humphrey (1975) reported normal spring
flowering in both species after a dry winter in
which only 20 mm of rain fell between October
1968 and March 1969. Most of it was apparently
delivered in a single storm on January 25 (Hum-
phrey 1975); clearly, this one event sufficed to
trigger flowering in Fouquieria and Larrea. (Such
incidents may account for the widespread belief
that F. splendens flowers every year regardless of
rain.) Other species may require additional rain
after the trigger. Given the poor showing by En-
celia and Ambrosiain spring 1989, it seems likely
that they do need supplemental rains, and that
the minimum amount, excluding the trigger, is
close to 30 mm.

On our two study sites, the general sequence
of flowering was Ambrosia, Larrea, Encelia, Fou-
quieria, Cercidium and Acacia. This order re-
flects the different phenological requirements of
the six species. Ambrosia deltoidea has a rela-
tively high heat-sum requirement (472 degree-
days above 10°C), but because light rains are
more frequent than heavy ones in our area (Shreve
1914), its small rainfall trigger (9 mm) evidently
produces early bloom in most years. Encelia, on
the other hand, has a larger trigger (20 mm),
which might force it to bloom much later than
Ambrosiaif not for its low heat-sum requirement
(414 degree-days above 10°C). Fougquieria and
Larrea require similar rainfall triggers (12 and
13 mm), but the lower heat-sum requirements
of Larrea (443 degree-days above 10°C) enable
it to flower as much as a month before Fouquieria
(514 degree-days above 10°C).

We did find some variation in flower sequence
from year to year. On Tumamoc Hill in 1987
Larrea flowered about a week before Ambrosia.
Both events were triggered by the same Decem-
ber storm, but the smaller heat-sum requirement
of Larrea evidently resulted in its flowering ear-
lier that spring. In 1989, F. splendens flowered
3 weeks before Larrea and Encelia on Tumamoc
Hill, perhaps because it was able to respond to
a January storm of 15 mm accompanied by cold
temperatures (—2°C, —1°C, 0°C) whereas the
others were not. Because the next potential trig-
ger was the 26-mm storm of March 25, flowering
of Larrea and Encelia was unusually delayed that
spring. In contrast, Opler et al. (1976) found that
in Costa Rica the sequence of flowering among
12 tropical trees and shrubs was constant from
year to year and site to site. Flowering in their
species was invariably triggered by the first end-
of-dry season rain of 25 mm or more (Opler et
al. 1976). The flowering requirements of our spe-
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cies are more diverse; consequently the flowering
sequence is more likely to vary from year to year.

EVOLUTION OF FLOWERING TIMES IN THE NOR-
THERN SONORAN DESERT. The spring flowering
peak in the northern Sonoran Desert has been
noted often (MacDougal 1908; Halvorson 1970;
Solbrig and Yang 1977). Larrea, Fouquieria,
Ambrosia, Cercidium and Encelia generally reach
peak flower between the beginning of March and
the end of April. On Tumamoc Hill, other com-
mon nonsucculent perennials that flower during
the March—-April peak include Acourtia wrightii,
Bahia absinthifolia, Baileya multiradiata, Brick-
ellia coulteri, Carlowrightia arizonica, Glandu-
laria gooddingii, Hibiscus coulteri, Krameria
grayi, Menodora scabra, Porophyllum gracile and
Trixis californica.

Janzen (1967) argued that the dry-season flow-
ering peaks in the lowlands of Central America
are ultimately due to biotic rather than climatic
factors. In the North American deserts, flowering
peaks are determined to a much greater extent
by what Janzen called “immutable physiological
processes.” Most of the dominant species in the
Sonoran, Mojave and Chihuahuan deserts (ex-
cept perhaps phreatophytes and plants with spe-
cialized water-storage organs) depend heavily on
the seasonal availability of soil moisture to bring
flowers and fruits from initial to final stages
(Beatley 1974; Simpson 1977; Solbrig and Yang
1977; Kemp 1983). In many cases, a significant
rain is the trigger that initiates flowering. For
these reasons, flowering time for most species
must coincide with the seasons of greatest soil
moisture.

Photoperiod seems most likely to trigger flow-
ering where the environment is predictable. In
deserts, which are inherently unpredictable, rain-
fall is more efficient than daylength at coordi-
nating phenological events with environmental
conditions. The exception in our study is Cer-
cidium microphyllum; blooming during the dry
season, it is apparently cued to one of the few
predictable climatic features of the northern So-
noran Desert.

Flowering times of some desert plants may be
constrained by the need to produce seeds in time
for germination in the summer rainy season, as
Solbrig and Yang (1977) suggested. Encelia far-
inosa and A. deltoidea disperse seeds in late spring
but do not germinate until the following winter
or autumn, and Larrea disperses seed from spring
to autumn but seldom germinates except in late
summer or autumn (Rivera and Freeman 1979).
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It seems unlikely that flowering times in these
species have been determined by seed germi-
nation needs. Cercidium microphyllum, A. con-
stricta and F. splendens also disperse seeds in
late spring but germinate in response to summer
rains. The two legumes, Cercidium and Acacia,
have hard seed coats that prevent germination
for at least a year (Shreve, 1951; McAuliffe 1990).
Seeds of F. splendens remain highly viable for
two years after dispersal (Dimmitt, unpubl. data).
Germination needs do not seem a likely con-
straint on flowering times in these species, either.

Waser (1979) concluded that flowering time in
F. splendens in the Sonoran Desert has been
largely determined by pollinator availability,
specifically the northward migration of hum-
mingbirds in spring. Additional indirect evi-
dence comes from the Chihuahuan Desert, where
F. splendens grows under a summer rainfall re-
gime yet continues to flower in spring (Henrick-
son 1972). Production of flowers during a rela-
tively dry season argues for strong selective
pressure of some sort, such as the arrival of mi-
grating hummingbirds. (Climatic summaries
from the northern Chihuahuan Desert [Schmidt
1975; Brown 1982] suggest that winter rains there
are usually reliable enough and large enough to
trigger spring flowering in F. splendens.) Many
other species of Fouquieria bloom at virtually
any season given sufficient rain and warm enough
temperatures (Henrickson 1972), and this too
suggests strong selective pressure for spring bloom
in F. splendens.

With the exception of F. splendens, it seems
likely that pollinators have had little influence
on flowering times of the species studied here.
Acacia constricta offers few rewards to any pol-
linator (Simpson 1977). Ambrosia deltoidea is
wind pollinated. Encelia and Larrea bloom op-
portunistically in response to rains. Some pol-
linators, apparently cued by the same triggers as
their hosts (Simpson et al. 1977), time their
emergence to coincide with flowering peaks: for
instance, of the 22 solitary bees that feed only
on Larrea pollen or nectar, 20 are active only in
spring (Hurd and Linsley 1975).

Competition for pollinators may cause some
species to shift flowering times, as Waser (1983)
has demonstrated for Ipomopsis aggregata, a pe-
rennial herb. We know of no similar shifts in the
northern Sonoran Desert, where climate forces
sympatric species to overlap largely in their
blooming periods. In fact, rather than avoiding
competition for pollinators, two sympatric le-
guminous trees, C. microphyllum and Olneya te-
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sota, flower in the late spring dry season and
share a major pollinator, the solitary bee Centris
pallida (Jones 1978). The other Sonoran Desert
species of Cercidium also flower in spring, as do
many leguminous trees of the region (Wiggins
1964); spring flowering of C. microphyllum may
represent a phylogenetic constraint.

The dominant trees and shrubs of temperate-
zone plant communities may not have coexisted
long enough to affect one another’s flowering
times (Kochmer and Handel 1986). In the So-
noran Desert, Pleistocene and Holocene macro-
fossils show that community composition has
varied continuously as species have responded
differently to climatic fluctuations (Van Deven-
deretal. 1990). Today, for example, L. tridentata
and E. farinosa are common associates in the
Puerto Blanco Mountains, Arizona, but E. far-
inosa has been there for at least 10,200 years
while L. tridentata did not arrive until about
3400 years ago (Van Devender 1990).

The plant communities of the northern So-
noran Desert include species of various affinities.
Encelia and Ambrosia reach their centers of
greatest diversity in the winter-wet, summer-dry
climates of California and Baja California (Wig-
gins 1964). Fouquieria and Cercidium have spe-
ciated most heavily in the summer-wet, winter-
dry climates of Sonora, Sinaloa, Chihuahua,
Coahuila, Durango and Zacatecas (Henrickson
1972; Shreve 1935). We expected that the phe-
nologies of these species in our study area would
reflect their origins and at the same time accom-
modate the prevalent biseasonal rainfall regime.
The phenological triggers we found, however, do
not align themselves in any simple way with place
of origin. Plants with subtropical affinities can
be cued to rain triggers (Fouquieria, Acacia) or
to photoperiod triggers (Cercidium). Plants of
cool-temperate affinity can respond to cool-sea-
son rain triggers (Encelia, Ambrosia deltoidea) or
to both cool-season and warm-season rain (4m-
brosia dumosa) (Ackerman et al. 1980). The phe-
nological strategies of woody dominants in the
northern Sonoran Desert can be characterized as
a ‘“‘grab-bag” in that species with a variety of
triggers and heat requirements coexist. Flowering
times and phenological triggers of the dominant
species, though strongly constrained by climate,
are nonetheless unique.

Literature Cited

ABE, Y. 1982. Phenology of tetraploid creosotebush,
Larrea tridentata (DC.) Cov., at the northeastern



228

edge of the Sonoran Desert. Ph.D. Dissertation,
University of Arizona, Tucson.

AckerMAN, T. L. 1979. Germination and survival
of perennial plant species in the Mojave Desert.
Southw. Nat. 24: 399—408.

, E. M. ROMNEY, A. WALLACE AND J. E. KINNEAR.
1980. Phenology of desert shrubs in southern Nye
County, Nevada. Great Basin Naturalist Memoirs
4: 4-23,

AITKEN, Y. 1974. Flowering time, climate and ge-
notype: The adaptation of agricultural species to
climate through flowering responses. Melbourne
University Press, Melbourne.

ARNOLD, C. Y. 1959. The determination and signif-
icance of the base temperature in a linear heat unit
system. Proc. Amer. Soc. Hort. Sci. 74: 430-445.

BARBOUR, M. G., G. CUNNINGHAM, W. C. OECHEL AND
S. A. BAMBERG. 1977. Growth and development,
form and function, pp. 48-91. In T. J. Mabry, J.
H. Hunziker and D. R. DiFeo [eds.], Creosote bush:
Biology and chemistry of Larrea in New World
deserts. Dowden, Hutchinson and Ross, Strouds-
burg, PA.

BassetT, 1. J., R. M. HorLmes AND K. H. MACKAY.
1961. Phenology of several plant species. Canad.
J. Plant Sci. 41: 643-652.

BEATLEY, J. C. 1974. Phenological events and their
environmental triggers in Mojave Desert ecosys-
tems. Ecology 55: 856-863.

BENZIONI, A. AND R. L. DUNSTONE. 1985. A possible
role for abscisic acid in controlling dormancy in
jojoba flower buds. Austral. J. Plant Phys. 12: 463—
470.

Bowers, J. E. AND R. M. TURNER. 1985. A revised
vascular flora of Tumamoc Hill, Tucson, Arizona.
Madrofio 32: 225-252.

Boyp, R. S. AND G. D. BRuM. 1983. Predispersal
reproductive attrition in a Mojave Desert popula-
tion of Larrea tridentata (Zygophyllaceae). Amer.
Midl. Nat. 110: 14-24.

Brown, D. E. 1982. Chihuahuan desertscrub. Desert
Plants 4: 169-179.

CAPRIO, J. M. 1973. The solar thermal unit concept
in problems related to plant development and po-
tential evapotranspiration, pp. 353-364. In H. Lieth
[ed.], Phenology and seasonality modeling. Spring-
er-Verlag, New York.

ConN, J. S. AND E. K. SNYDER-CONN. 1981. The
relationship of the rock outcrop microhabitat to
germination, water relations and phenology of Er-
ythrina flabelliformis (Fabaceae) in southern Ari-
zona, USA. Southw. Nat. 25: 443-452,

CoRrELL, D. S. AND M. C. JoHNSTON. 1970. Manual
of the vascular plants of Texas. Texas Research
Foundation, Renner, TX.

DArrOW, R. A. 1943. Vegetative and floral growth
of Fouquieria splendens. Ecology 24: 310-322.

DE OLIVEIRA, J. P. 1983. Phenological studies of three
natural stands of jojoba (Simmondsia chinensis
[Link] Schneider) near Tucson, Arizona. Ph.D. Dis-
sertation, University of Arizona, Tucson.

DunsTONE, R. L. 1980. Jojoba flower buds: Tem-
perature and photoperiodic effects in breaking dor-
mancy. Austral. J. Agric. Res. 31: 727-737.

EVERETT, R. L., P. T. TUELLER, J. B. DAvIis AND A. D.
BRUNNER. 1980. Plant phenology in galleta (Hi-
laria jamesiiy-shadscale (Atriplex confertifolia) and

BULLETIN OF THE TORREY BOTANICAL CLUB

[VoL. 121

galleta—sagebrush (Artemisia tridentata ssp. wyo-
mingensis) associations. J. Range Manag. 33: 446-
450.

FELGER, R. S. 1980. Vegetation and flora of the Gran
Desierto, Sonora, Mexico. Desert Plants 2: 87-114.

FERRIERE, J., P. L. MILTHORPE AND R. L. DUNSTONE.
1989. Variability in chilling requirements for the
breaking of flower bud dormancy in jojoba (Sim-
mondsia chinensis [Link] Schneider). J. Hort. Sci.
64: 379-387.

GENTRY, H. S. 1958. The natural history of jojoba
(Simmondsia chinensis) and its cultural aspects.
Econ. Bot. 12: 261-295.

GLENDENING, C. E. AND H. A. PAULSEN. 1955. Re-
production and establishment of velvet mesquite
as related to invasion of semidesert grasslands. U.S.
Dept. Agr. Technical Bull. 1127.

HALvORsON, W. L. 1970. Topographic influence on
the pattern of plant communities, phenology and
water relations of a desert ecosystem. Ph.D. Dis-
sertation, Arizona State University, Tempe.

HENRICKSON, J. 1972. A taxonomic revision of the
Fouquieriaceae. Aliso 7: 439-537.

HuMmPHREY, R. R. 1974. The boojum and its home:
Idria columnaris Kellogg and its ecological niche.
University of Arizona Press, Tucson.

. 1975. Phenology of selected Sonoran Desert
plants at Punta Cirio, Sonora, Mexico. J. Arizona
Acad. Sci. 10: 50-67.

Hurp, P. D. AND E. G. LINsLEY. 1975. Larrea bees
of the southwestern United States (Hymenoptera:
Apoidea). Smithsonian Contributions to Zoology
193.

JAacksoN, M. T. 1966. Effects of microclimate on
spring flowering phenology. Ecology 47: 407-415.

Janzen, D. H. 1967. Synchronization of sexual re-
production of trees within the dry season in Central
America. Evolution 21: 620-637.

Jounson, D. S. 1924. The influence of insolation on
the distribution and the developmental sequence of
the flowers of the giant cactus of Arizona. Ecology
5: 70-82.

Jones, C. E. 1978. Pollinator constancy as a pre-
pollination isolating mechanism between sympatric
species of Cercidium. Evolution 32: 189-198.

Kemp, P. R. 1983. Phenological patterns of Chihua-
huan Desert (New Mexico, USA) plants in relation
to the timing of water availability. J. Ecol. 71: 427-
436.

KOCHMER, J. P. ANDS. N. HANDEL. 1986. Constraints
and competition in the evolution of flowering phe-
nology. Ecol. Monog. 56: 303-325.

LINDSEY, A. A. AND J. E. NEWMAN. 1956. Use of
official weather data in spring time-temperature
analysis of an Indiana phenological record. Ecology
37: 812-823.

List, R.J. 1951. Smithsonian meteorological tables,
6th ed. Smithsonian Institution, Washington, D.C.

Loowmis, R. S. AND D. J. CoNNOR. 1992. Crop ecology:
Productivity and management in agriculture sys-
tems. Cambridge University Press, New York.

LOUGHMILLER, C. AND L. LOUGHMILLER. 1984. Texas
wildflowers: A field guide. University of Texas Press,
Austin.

MCcCAULIFFE, J. R. 1990. Paloverdes, pocket mice, and
bruchid beetles: Interrelationships of seeds, dis-




1994]

persers, and seed predators. Southw. Nat. 35: 329-
337.

MacDougAL, D. T. 1908. The course of the vege-
tative seasons in southern Arizona. Plant World 11:
189-201, 217-231, 237-249, 261-270.

MCLAUGHLIN, S. P. 1989. Natural floristic areas of
the western United States. J. Biogeogr. 16: 239-
248.

McMILLAN, C. AND J. T. PEACcOCK. 1964. Bud-burst-
ing in diverse populations of mesquite (Prosopis:
Leguminosae) under uniform conditions. Southw.
Nat. 9: 181-188.

Munz, P. A. 1974. A flora of southern California.
University of California Press, Berkeley.

NiLseN, E. T., M. R. SHARIFI, R. A. VIRGINIA AND P.
W. RUNDEL. 1987. Phenology of warm desert
phreatophytes: Seasonal growth and herbivory in
Prosopis glandulosa var. torreyana (honey mes-
quite). J. Arid Environments 13: 217-229.

OEcHEL, W. C., B. R STRAIN AND W. R. ODENING.
1972. Tissue water potential, photosynthesis, 4C-
labeled photosynthate utilization, and growth in the
desert shrub Larrea divaricata Cav. Ecol. Monogr.
42: 127-141.

OPLER, P. A., G. W. FRANKIE AND H. G. BAKER. 1976.
Rainfall as a factor in the release, timing and syn-
chronization of anthesis by tropical trees and shrubs.
J. Biogeogr. 3: 231-236.

RATHCKE, B. AND E. P. LAcEy. 1985. Phenological
patterns of terrestrial plants. Annu. Rev. Ecol. Syst.
16: 179-214.

RIVERA, R. L. AND C. E. FREEMAN. 1979. The effects
of some alternating temperatures on germination
of creosotebush, Larrea tridentata (Zygophyllace-
ae). Southw. Nat. 24: 711-714.

ScaMmipT, R. J. 1975. The climate of Chihuahua,
Mexico. Technical Reports on the Meteorology and
Climatology of Arid Regions 23. Institute of At-
mospheric Physics, University of Arizona, Tucson.

SHARIFI, M. R., E. T. NILSEN, R. A. VIRGINIA, P. W.
RUNDEL AND W. M. JARRELL. 1983. Phenological
patterns of current season shoots of Prosopis glan-
dulosa var. torreyana in the Sonoran Desert of
southern California. Flora 173: 265-277.

SHEpPs, L. O. 1973. Survival of Larrea tridentata S.
& M. seedlings in Death Valley National Monu-
ment, California. Israel J. Bot. 22: 8-17.

SHERBROOKE, W.C. 1977. First year seedling survival
of jojoba (Simmondsia chinensis) in the Tucson
Mountains, Arizona. Southw. Nat. 22: 225-234.

. 1989. Seedling survival and growth of a So-
noran desert shrub, jojoba (Simmondsia chinensis),
during the first 10 years. Southw. Nat. 34: 421-424.

SHREVE, F. 1914. Rainfall as a determinant of soil
moisture. Plant World 17: 9-26.

1915. The vegetation of a desert mountain

range as conditioned by climatic factors. Carnegie

Institution of Washington Publication 217.

. 1917. The establishment of desert perennials.

J. Ecol. 5: 210-216.

. 1935. Nordamerikanische wustenpflanzen II.

Die Pflanzenareale 4: 17-24, maps 21-26.

. 1951. Vegetation of the Sonoran Desert. Car-

negie Institution of Washington Publication 591.

BOWERS AND DIMMITT: SONORAN DESERT FLOWERING PHENOLOGY

229

SmMPsoN, B. B. 1977. Breeding systems of dominant
perennial plants of two disjunct warm desert eco-
systems. Oecologia 27: 203-226.

, J. L. NEFF AND A. R. MOLDENKE. 1977. Re-
productive systems of Larrea, pp. 92-114. In T. J.
Mabry, H. J. Hunziker and D. R. FiFeo [eds.], Cre-
osote bush: Biology and chemistry of Larreain New
World deserts. Dowden, Hutchinson and Ross,
Stroudsburg, PA.

SoLBRIG, O. T. AND P. D. CANTINO. 1975. Repro-
ductive adaptations in Prosopis (Leguminosae, Mi-
mosoideae). J. Arnold Arboretum 56: 185-210.

AND T. W. YANG. 1977. Strategies in relation
to timing of blooming and fruiting, pp. 83-90. In
G. H. Orians and O. T. Solbrig [eds.], Convergent
evolution in warm deserts. Dowden, Hutchinson
and Ross, Stroudsburg, PA.

STEENBERGH, W. F. AND C. H. Lowe. 1977. Ecology
of the saguaro: II. Reproduction, germination,
establishment, growth, and survival of the young
plant. National Park Service Scientific Monograph
Series 8.

TURNER, F. B. AND D. C. RANDALL. 1987. The phe-
nology of desert shrubs in southern Nevada. J. Arid
Environments 13: 119-128.

TURNER, R. M. 1963. Growth in four species of So-
noran Desert trees. Ecology 44: 760-765.

VAN DEVENDER, T. R. 1990. Late Quaternary vege-
tation and climate of the Sonoran Desert, United
States and Mexico, pp. 134-163. In J. L. Betan-
court, T. R. Van Devender and P. S. Martin [eds.],
Packrat middens: The last 40,000 years of biotic
change. University of Arizona Press, Tucson.

, T. L. BURGESS, R. S. FELGER AND R. M. TURNER.
1990. Holocene vegetation of the Hornaday
Mountains of northwestern Sonora, Mexico. Proc.
San Diego Soc. Nat. Hist. 2: 1-19.

WaSER, N. M. 1979. Pollinator availability as a de-
terminant of flowering time in ocotillo (Fougquieria
splendens). Oecologia 39: 107-121.

. 1983. Competition for pollination and floral
character differences among sympatric plant spe-
cies: A review of evidence, pp. 277-293. In C. E.
Jones and R. J. Little [eds.], Handbook of experi-
mental pollination biology. Van Nostrand Rein-
hold, New York.

WEsT, N. E. AND J. Gasto. 1978. Phenology of the
aerial portions of shadscale and winterfat in Curlew
Valley, Utah. J. Range Manag. 31: 43—45.

WHITE, L. M. 1979. Relationship between meteo-
rological measurements and flowering of index spe-
cies to flowering of 53 plant species. Agric. Meteo-
rol. 20: 189-204.

WieLcoLaskl, F-E. 1973. Phenology in agriculture,
pp. 369-381. In H. Lieth [ed.], Phenology and sea-
sonality modeling. Springer-Verlag, New York.

WIGGINS, I. L. 1964. Flora of the Sonoran Desert,
pp. 189-1740. InF. Shreve and 1. L. Wiggins [eds.],
Vegetation and Flora of the Sonoran Desert, Part
2. Stanford University Press, Stanford, CA.

YANG, T. W. AND ABE, Y. 1974. Phenology of Larrea
divaricata in the Tucson region. Amer. J. Bot. 61
(Suppl.): 69.




