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Summary

1. Four species of Drosophila, Drosophila nigrospiracula (Patterson & Wheeler
1942), Drosophila mettleri (Heed 1977), Drosophila pachea (Patterson & Wheeler
1942), and Drosophila mojavensis (Patterson & Crow 1940), are endemic to the
Sonoran Desert of North America and breed in different species of necrotic columnar
cacti. Differences in resource availability have been suggested to explain the inter-
specific variability in fly population biology, but resource availability for these species
has not been quantitatively assessed thoroughly in either spatial or temporal terms. The
resource availability was quantified quarterly at three sites for 3 years and population
sizes for each Drosophila species were estimated.

2. Spatial and temporal availability of resources differed significantly among species
of host cacti, with organpipe cactus (Stenocereus thurberi) being the least abundant
and senita (Lophocereus schottii) the most abundant spatially.

3. Drosophila species differed significantly in population size. The largest population
sizes were found for D. nigrospiracula and D. mojavensis and smallest for D. pachea.
Populations of D. mettleri were intermediate to these.

4. Population size was greatest for fly species utilizing host species having the largest
and longest lasting necroses.

5. Resource availability does not explain the reduction of fly populations in the
summer. Necroses were most abundant when flies were absent.
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Introduction

Temporal and spatial aspects of resource availability
are considered to have important consequences for
population biology. At the genetic level, resource
availability can impact the structure and evolution-
ary potential of the population. For example, small
isolated populations should be prone to genetic drift
or to cycles of extinction and recolonization, and to a
large extent a population’s size depends upon the
size, persistence, and distribution of its resources,
but present knowledge of the ecology of metapopu-
lations remains quite limited (McCauley 1991, 1993;
Thompson 1996). Life-history variation, especially
allocation to reproduction, also has been linked to
resource availability, where the need to forage exten-
sively influences the energy available for reproduc-
tion (Boggs 1992).

One group of organisms with the potential to
address the relationship between resource availability
and population biology is those species of Drosophila
that breed in necrotic cacti. Although a large number

*To whom correspondence should be addressed.

of Drosophila species utilize cactus necroses, or rots,
four are endemic to the Sonoran Desert of North
America and are the core of the cactus—microorgan-
ism—Drosophila model system (Barker & Starmer
1982). Of these four, one, D. pachea, belongs to the
nannoptera species group, while the other three are in
unrelated subgroups of the repleta species group
(Heed 1982). Each Drosophila species has an essen-
tially exclusive relationship with a particular species
of columnar cactus within any geographic locality
(Heed 1978). These are summarized in Table 1 for
populations of these species living in Arizona and
Sonora and reflect the relationships between the flies,
the unique chemical profiles of their hosts and the
microorganisms involved in the necrotic succession
(Barker & Starmer 1982).

Similar processes initiate necrosis formation in all
species of cactus hosts. Once a cactus is injured, colo-
nization by bacteria and yeasts creates a ‘rot pocket’
that serves as a feeding and breeding site for
Drosophila. Fermentation produces volatiles that are
different for each host cactus and serve to attract adult
Drosophila for feeding and mating. Adults mate on
the surface of the cactus or inside of the rot pocket,
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depending upon the species, and females oviposit in
the cactus tissue. Larval development is completed in
the necrotic tissue or in the soil soaked with liquid
from a necrotic cactus. The timing of the dispersal of
eclosing adults is unknown.

Well-defined phylogenies and host associations,
coupled with the ease of laboratory rearing, have
made this group of Drosophila an important focus for
evolutionary studies. Certain features of their ecology
are more clearly defined than for any other
Drosophila species. The majority of the studies on the
ecological relationships between cacti and their flies
deal with the adaptations of flies to the chemical prop-
erties of their hosts (Fogleman & Abril 1990).
However, spatial and temporal availability, those
resource characteristics with the greatest potential to
influence genetic differentiation and life history evo-
lution, are the least well known. Preliminary data
reported by Mangan (1982) suggest the existence of
significant differences among hosts in spatial and
temporal distribution of necroses, but are too limited
to allow generalizations.

Also unknown is the typical size of populations of
the four desert Drosophila species. Discrete and some-
times large populations of flies aggregate at necrotic
hosts, but no comparative estimates are available of
population size for the four species. Collection records
indicate that all four species of Drosophila undergo
substantial contractions in population size in July,
August and September, when few investigators have
found flies, despite exhaustive searches. Rockwood-
Sluss, Johnston & Heed (1973) reported collecting 141
adult D. pachea in July 1970 and five adults in August
1971 near Santa Ana, Sonora. A collection in August,
1991 near San Carlos, Sonora, yielded nine adult D.
pachea (Pitnick 1993). Sluss (1975) collected 42 D.
nigrospiracula near Altar, Sonora, in August 1971.
For D. mojavensis, collections in 1965 yielded 165
flies in July near Oputo, Sonora, and 20 more in
August near Caborca, Sonora (Fellows & Heed 1972).
Collections at other times of the year typically yield
several hundred to several thousand flies with consid-
erably less effort (Sluss 1975; Johnston & Heed 1975,
1976; Ruiz & Heed 1988).

An explanation for the apparent reduction in fly
populations is suggested by the observation of
Mangan (1982) of a substantial drop in the number of
necroses for all host cacti from February to May. A

Table 1. The host plant associations of the cactophilic Drosophila found at the three

sites in this study

Drosophila species

Host species Common name

D. mojavensis
D. nigrospiracula

D. pachea
D. mettleri

Stenocereus thurberi Organpipe
Pachycereus pringlei Cardon
Carnegia gigantea Saguaro
Lophocereus schottii Senita

Soaked soil of above hosts

continuation of this decline, if typical of annual
changes, could explain the observed near-disappear-
ance of flies in the summer, but unfortunately, those
surveys were conducted only in 1 year and were not
continued after May.

The first step in unravelling the relationship between
resource availability and interspecific variation in fly
population biology is the simultaneous assessment of
the characteristics of the necroses for each cactus host
and of the typical population sizes of each Drosophila
species. Thus in the present study quarterly surveys
were conducted of the distribution of necroses of each
host plant at sites in Arizona and Sonora for three con-
secutive years. Using capture-mark-recapture, the
sizes of the Drosophila populations typically aggre-
gated at each host cactus were also estimated. These
data were used to examine the hypothesis that resource
availability influences population biology of cac-
tophilic Drosophila by testing the following predic-
tions: 1, hosts differ in spatial and temporal aspects of
resource availability; 2, the summer decline in fly
numbers is explained by an extreme reduction in
necrosis number; 3, Drosophila species differ in popu-
lation size; and 4, fly population size is associated with
resource availability, such that larger populations are
found at the most abundant resources.

Methods
STUDY AREAS

Three sites were selected at which to carry out the
study (Fig. 1). Two of the sites were located in the
Mexican state of Sonora near the city of Guaymas.
One, the San Carlos site, is located at 27°58'N latitude
and 111°05'W longitude. The other Mexican site is
located at 28°00'W latitude 110°50'N longitude, des-
ignated the Guaymas site. These two sites are approx-
imately 23 km apart. The third site was located near
the Superstition Mountains east of Tempe, Arizona, at
33°22'N latitude and 111°22'W longitude and is
referred to as the Superstition site. At each site, a
15 ha plot was measured and its perimeter staked.

HOST PLANT SURVEYS

Surveys were conducted at quarterly intervals (August,
November, February, May) beginning in August 1993,
for 3 years. These months were selected for three rea-
sons. First, early February and early August represent
dates with very low and high temperatures, respec-
tively. Second, three of the months match those of a
previous study at a different location (Mangan 1982)
in which the utilization of cacti by flies was reported.
Finally, rot availability in August, when flies of all
four species are rare, has never been characterized.
During the initial survey period, the cacti on each
15 ha site were mapped utilizing a compass and a
range finder according to standard techniques
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Fig. 1. Locations of the three 15 hectare study sites in Arizona and Sonora.

(Williams 1987). Each cactus was marked with a
numbered metal tag and the number of arms on each
plant was counted. A subset of plants was measured
for arm circumference. Plants were checked rigor-
ously for any necroses, and when one was found, the
cactus was marked with a colored flag. Necrosis size,
in cm>, was estimated on a subset of plants from
measures of necrosis length, width and depth. The
presence or absence of adult flies was recorded, and
from necroses with no flies, about 100 g of substrate
was removed and examined for larval forms to verify
the absence of Drosophila. Those host plants with
adult flies were marked with an additional colored
flag and utilized in population size estimates.

CENSUS OF DROSOPHILA POPULATIONS

For each species, population size was estimated in
November, February, and May. No estimates were

made in August owing to a lack of flies. Population
sizes were estimated using standard mark-recapture
techniques. Flies were captured in the mornings
before temperatures began to rise. Every effort was
made to collect all adult Drosophila from a given
necrosis, collecting continued until no flies could be
located in the immediate vicinity of the rot. Captured
flies were marked with a small amount of fluorescent
dust (Radiant Co., Richmond, CA) and placed into
half pint bottles. Flies from each necrosis were
marked with a different color dust. Individuals were
counted and allowed ample time to clean themselves
of excess dust before release. Bottles were then placed
next to the necrotic cactus from where the flies had
been caught; flies were released by gently removing
the bottle tops to minimize disturbance. The following
morning, all flies at the rot were captured, counted and
checked for colored dusts. Population size estimates
were then generated using the Lincoln—Kennedy
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index with Bailey’s correction for small sample size
(Blower, Cook & Bishop 1981). One assumption of
this method is that during the course of the estimate,
there is negligible immigration and emigration from
the populations being censused. The authors’ unpub-
lished data indicate a low rate of movement between
necrotic cacti: less than 1% for D. nigrospiracula, D.
mojavensis, and D. mettleri and about 2% for D.
pachea. Therefore it is assumed that the populations
are stable during the course of the census.

Results
RESOURCE AVAILABILITY

Figure 2 illustrates the relative sizes of the four host
plants studied and the sizes of their necroses. With the
exception of cardon and saguaro, there is little overlap
between cactus species in arm circumference. Results
from a one way ANOVA were highly significant
(F = 25-24, df = 3,58, P < 0-0001). Necrosis size is
much more variable, although the rankings are the
same. A one way ANOVA for necrosis size was highly
significant (F = 244-32, df = 3,53, P < 0-0001), with
all of the cactus species, with the exception of cardon
and saguaro being significantly different in a
Tukey—Kramer Multiple Comparisons test.

Sites differed in composition of cactus species
(Table 2). The San Carlos site contained two of the
host plants, organpipe and senita. Three host plants,
cardon, organpipe, and senita were all found at the
Guaymas site. Saguaro was the only host cactus found
at the Superstition site. Thus for each fly species, there

were two sites at which the host plant was available.
This was true for D. mettleri as well, since cardon and
saguaro are the most likely cactus species to accumu-
late enough soaked soil to support larval development.

Table 2 summarizes the host characteristics at each
of the sites. While the density and size of the host
plants vary by site, these do not affect the number of
necroses at a given site. Rot number was not normally
distributed and thus was subject to log transformation
prior to statistical analysis. Rankings of rot numbers
by species were homogeneous between the years,
allowing years to be pooled. The results of an ANOVA
(Table 3) indicated that the species differed signifi-
cantly with respect to rot number but that this was not
influenced by site. Results of a Duncan’s multiple
range test (alpha = 0-05) placed senita in a different
subset than the other host plants.

Temporal variability in cactus necroses is of two
types. One is their incidence at different times of the
year and the other is the longevity of a necrosis once it
begins. The seasonal frequencies of necroses in the dif-
ferent hosts is shown in Table 4. Because site differ-
ences were found to be nonsignificant in the ANOVA,
values for Guaymas and San Carlos were pooled for
senita and for organpipe. Rot incidence varies among
seasons for all cacti, being lowest in May. A one-way
ANOVA revealed significant seasonal differences, how-
ever, only for senita (F =4-33, df = 11, P < 0-05). The
lack of statistical significance for the other three cacti
may reflect the extremely low incidence of necroses in
these species at all survey periods.

The other component of temporal variation in rot
availability is necrosis duration. While the design of

I

S

Senita Organpipe Saguaro Cardon
Arm size (n) 17.8+7-9 (10) 49.6 +15.0 (7) 113.8+ 399 (18) 126.6 £ 45-2 (27)
(range) (9-33) (27-76) (72-168) (56—220)
Necrosis'size (n) 46-5 (34 24583 (6) 214167 (6) 328818 (11)
(range) (8-1122 (4000-128000) (30000—-420000) (45000—-900000)

Fig. 2. Average sizes ( SE) of host plants and median sizes of their necroses. Host plant size is based upon arm circumference
in cm. Necrosis size was calculated from measures of length, width and depth and are reported in cm’.
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this study was not intended to measure rot longevity,
host species differences were apparent from the num-
bers of rots lasting through more than one survey
period. The average longevities, based upon survey
data, for cardon, saguaro, organpipe, and senita were
8, 6, 4.5, and less than 3 months, respectively. Pools
of soaked soil associated with cardon and saguaro
were often present at 3 months, but rarely at 6 months
after the original recording. However, it is likely that
around the base of a rotting cardon or saguaro, the
specific location of the soaked soil changes fre-
quently, making 3 months an overestimate. Necrosis
duration is clearly associated with plant size and
necrosis size (Fig. 2): senita cacti have the thinnest

Table 2. Characteristics of host plants at three different 15 hectare sites: average
number per hectare (+SE), arms per cactus (+ SE), rots per survey (+SE), and rots per
hectare (+SE). Necrosis means are based on 12 survey periods. Designations of NP
represent the absence of a particular host at a site

Study site
Cactus Species Guaymas San Carlos Superstition
Senita number (n/ha) 96 (6.4) 137 (9.1)
arms/cactus 96.6 +20.5 76.5+12.0 NP
rots/survey 292+23 259+25
rots/hectare 1.9+04 1.7+04
Organpipe number (n/ha) 137 (9.1) 107 (7.1)
arms/cactus 17.4+3.6 283+1.2 NP
rots/survey 1.3+09 20+12
rots/hectare 0.1+0.0 0.1+£0.0
Cardon number (n/ha) 277 (18.4)
arms/cactus 14.0+0.7 NP NP
rots/survey 63+1.3
rots/hectare 04x0.1
Saguaro number (n/ha) 196 (13.0)
arms/cactus NP NP 2.1+£0.1
rots/survey 1.7+£1.2
rots/hectare 0.1+0.0
Table 3. Analysis of variance for log-transformed necrosis number
Source DF SS F Value P Value
Species 3 12301.4027 59.75 0.0001
Site 1 28.5208 0.42 0.5216
Month 4 549.3395 2.00 0.1058 -
Year 3 498.4359 242 0.0747
Error 60 4117.4121

Table 4. Abundance of total necroses, by survey month, and the percentage, in paren-
theses, of those necroses utilized by Drosophila over the three years of the survey

Survey month

Cactus November February May August

Senita 204 (34%) "~ - 174 (31%) 102 (17%) 179 (0%)
Organpipe 11 (36%) 11 (36%) 5 (0%) 14 (0%)
Cardon 18 (50%) 22 (55%) 7 (43%) 28 (0%)
Saguaro 6 (50%) 5 (50%) 2 (50%) 3 (0%)

arms and the smallest necroses, the largest plants are
cardon and saguaro, where rots are typically enor-
mous and may last for many months.

Not all necroses are colonized by Drosophila.
Cardon and saguaro had the highest rates of utilization
at 50% or greater. But the use of necroses was not
constant across times of the year, either. In May, the
colonization of all the cactus species was lower than
November and February, and by August, it was effec-
tively zero. The physical appearance of necroses
found in August was similar to those observed to have
flies at other survey periods. Revisiting these rots at
various times of the day still failed to turn up flies and
no immature forms were found in the August samples
of cactus tissues.

CENSUS OF DROSOPHILA POPULATIONS

Table 5 shows the variation in population size present
within and among the four Sonoran Desert endemic
fly species. Population sizes were zero for all species
in August. For the three remaining periods when flies
were present, an ANOVA on log-transformed values
revealed no significant effect of season on population
size in any species (Table 6). Species were signifi-
cantly different in population size (P < 0-0001). The
Duncan grouping (alpha = 0-05) yields three size
classes. Drosophila nigrospiracula and D. mojavensis
populations were similar in average size. Drosophila
mettleri, averaging 1000, and D. pachea, averaging
400 individuals, were in separate size classes.
Pairwise comparisons showed the D. pachea popula-
tions at San Carlos to be significantly smaller than
those found at Guaymas (¢ = 3-26, df = 13, P = 0-006),
and D. nigrospiracula at the Superstition site to have
larger populations than at Guaymas (¢ = 2-51, df = 15,
P =0-024).

Discussion

The first prediction, that host cacti differ in spatial
and temporal necrosis availability, was confirmed.
There are two kinds of spatial availability, for cactus
necroses. The first is the number of necroses or
patches per hectare, the second is size of the patches,
independent of their density in an area. On the basis
of density, rots per hectare, the rank order of the host
cacti is senita > cardon > organpipe = saguaro. But
the host cactus species differ significantly in necrosis
size, such that a ranking inverse to that of density,
cardon > saguaro > organpipe > senita, is found. Thus
on the basis of the number of patches per hectare,
senita is the most abundant, but on the basis of necro-
sis biomass per hectare it is the least abundant.
Saguaro, organpipe and cardon necroses are large,
but are less frequently encountered. The difference
between the two rankings reflects two extremes: the
small but frequent senita rots vs the large but infre-
quent cardon rots.
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Temporal variability in resource availability also
has two components. One is the length of time a given
necrosis or soaked soil patch persists. Second is the
availability during different seasons of the year.
Clearly, patch size is related to duration; the longest
lasting necroses are found in the species with the
largest necroses, cardon. Senita rots and soaked soil
persist for the shortest amounts of time. On a seasonal
basis, rots are least abundant in the spring and most
abundant in the summer. This difference is quite strik-
ing for senita, where large numbers of necroses
account for the ability to detect statistically significant
seasonal differences in availability.

In summary, there are small, more ephemeral
necroses that occur at high density, as observed for
senita, and large stable necroses, exemplified by
cardon, saguaro, or organpipe that are farther apart.
There is a reduction both in rot number and rot utiliza-
tion in the spring. However, this is followed by a high
rot number in August, contrary to the prediction based
upon the difficulties of finding flies in summer.

The third prediction, that population size would
differ among Drosophila species, was supported. For
this study, a population was operationally defined as
the number of individuals found at a specific necro-
sis. While a population may be defined in a variety
of ways, this definition was employed to be consis-
tent with an earlier study of D. nigrospiracula
(Johnston & Heed 1976) and because the interest
was in determining the relationship between
resource availability and population size. The last
prediction, that population size is related to resource
abundance, is true when resource abundance is
defined in terms of patch size and duration. The
largest population sizes were found in D.
nigrospiracula whose host necroses are the largest
and longest lasting. Because D. mettleri adults have
occasionally been collected feeding at senita and
organpipe as well as on their primary hosts, saguaro

Table 5. Average population size estimates (+ SE) for each Drosophila species.
Population sizes reflect number of individuals at a single necrosis

Drosophila Species Average Size Range n

D. nigrospiracula 5123 +1713 260-27742 18
D. mettleri 1198 +235 30-6554 13
D. pachea 399 +238 16-1690 15
D. mojavensis 5352 +1923 1408-11500 3

Table 6. Analysis of variance for log-transformed population sizes

Source DF SS F Value P Value
Species 3 74.0501 14.02 0.0001
Month 2 5.6072 1.59 0.2167
Species X Site 6 3.1150 0.29 0.9356
Error 38 66.9072

and cardon, adults may experience slightly greater
resource availability than predicted on the basis of
soil patches alone.

It is possible, using the population size estimates for
individual necroses and the density of resources, to
calculate the number of flies expected in a neighbor-
hood, defined as a 15 ha study site. These sizes will
vary according to season. In August, the size is zero.
For seasons in which there are flies, the ranges are
5123-61 476 for D. nigrospiracula, 1198-9584 for D.
mettleri, 9352-16 056 for D. mojavensis, and for D.
pachea, 3192-12 369. Thus the smallest local popula-
tions may be those of D. mettleri rather than of D.
pachea, whose individual populations are small, but
more abundant because of high resource density.

A number of studies have estimated population size
for other Drosophila species (Crumpacker &
Williams 1973; Shorrocks 1975; Begon 1976;
Fontedevilla & Carson 1978; Barker, East &
Christiansen 1989). Most of the studies employed
baiting, however, a technique that can significantly
impact dispersal and numbers of adults (Johnston &
Heed 1975), precluding meaningful comparison of
results between studies. In the only report of popula-
tion size for a Sonoran Desert Drosophila species,
Johnston & Heed (1976), employing the same tech-
niques, estimated the sizes of D. nigrospiracula popu-
lations at four different cacti to be between 343 and
14 724 per cactus, similar to the authors’ own obser-
vations. For the non-desert Drosophila mercatorum
breeding in prickly pear cacti on Hawaii, population
size estimates ranged from 8 to 192 flies per cactus
(Johnston & Templeton 1982). That study did not
include surveys of resource availability, but prickly
pear cacti and their necroses appear most similar to
senita, with frequent but smaller shorter-lived
necroses, and smaller populations of flies.

The relationship between resource availability and
population size breaks down completely in the sum-
mer. Rot availability is high in August when flies of
all species are rare, suggesting that factors in addition
to necrosis abundance control populations during this
time of the year. Several potential explanations can be
invoked to explain this apparent summer bottleneck.
Flies may not be able to exist at the high summer tem-
peratures. This can be tested indirectly by long-term
studies comparing mild to extreme summers, and
directly tested through laboratory thermotolerance
experiments. On the other hand, the decrease in rot
utilization earlier in the spring may foreshadow the
decrease in fly numbers and by the time necroses
increase again, populations have become so small that
they escape detection. Summer necroses, while abun-
dant, may not be attractive to (Fogleman & Abril
1990) or suitable for Drosophila. Even at other times
of the year, not all necroses are colonized. And
finally, there may not be a bottleneck in summer.
Adults may move to a yet undiscovered microhabitat
or higher elevation during the summer.
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Variation in population biological characteristics
such as genetic differentiation and life history evolu-
tion of the four Drosophila species can now be evalu-
ated in the context of their resource ecology. In order
for local differentiation to occur, gene flow must be
sufficiently restricted. Comparative dispersal abilities
of the four species are unknown. The patterns of
resource distribution, however, make strong predic-
tions about dispersal. The low incidence of cardon,
saguaro, and organpipe necroses compared to senita,
suggests that D. nigrospiracula, D. mettleri, and D.
mojavensis should be stronger dispersers than D.
pachea. If this is the case, evidence of greater local
genetic differentiation in D. pachea than in the other
three species would also be expected.

With the exception of D. mojavensis (Zouros 1973),
none of the four desert endemic species has been stud-
ied in detail at the population genetic level
Preliminary observations suggest, that while genetic
variability appears to be comparatively low in desert
Drosophila (Johnston & Heed 1976), the species show
different degrees of local differentiation. Populations
of D. nigrospiracula and of D. mojavensis do not
appear to show any genetic subdivision across Arizona
and Sonora (Zouros 1973; Sluss 1975), while
Rockwood-Sluss et al. (1973) and Ward et al. (1975)
report some geographic differentiation in D. pachea,
as is expected. All of these observations, however,
must be regarded as preliminary. For D. nigrospirac-
ula and D. pachea, only two and four loci, respec-
tively, have been examined (Sluss 1975; Rockwood-
Sluss et al. 1973) and for D. mettleri no surveys of
genetic variation have been published. More complete
genetic studies should be undertaken to assess the
robustness of the association between population size
and structure and genetic differentiation.

The observed spatial and temporal differences in
resource availability should affect larvae and adults in
different ways (Heed & Mangan 1986). For larvae, a
predictable host is one allowing adequate time to com-
plete development. For adults, a predictable host is one
that occurs frequently. A large stable necrosis should
allow for longer development time and probably larger
body size. As predicted above, a host that is infre-
quently encountered requires greater dispersal capabili-
ties than do hosts that are spatially abundant. Dispersal
ability is related to body size in Dipterans (Roff 1977)
and Heed & Mangan (1986) suggest that the larval sub-
strate stability experienced by D. nigrospiracula under-
lies its large size and preadapts it to the greater dispersal
demands of its host. This suggestion can be tested
through comparative studies that control for phylogeny,
as well as by comparison of size, dispersal ability, and
necrosis distribution for populations living in Baja,
where three of the species shift to host cacti that, based
upon preliminary observations, differ considerably in
resource abundance. Finally, another trait, desiccation
resistance, given the arid environment of these flies, is
also predicted to be a function of distance between

necroses: those species having to disperse the farthest
should be the most resistant to desiccation. These pre-
dicted associations currently are under investigation in
the authors’ laboratory.
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