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Foreword

“The outstanding scientific discovery of the twentieth century is not television or
radio, but rather the complexity of the land organism. Only those who know the most
about it can appreciate how little we know about it.”

—Aldo Leopold

The first-ever Symposium on Research in Saguaro National Monument (SNM) could
not have taken place without the creativity, dedication and hard work of several
people. Dr. Denny Fenn, past Unit Leader of the Cooperative National Park Resources
Studies Unit at the University of Arizona (CPSU/UA) and Dr. Robert L. Hall, retired
Chief of Resources Management at SNM, were key individuals in initiating and laying
out the framework for this event. Dr. Chuck Stone, Acting Unit Leader at the
CPSU/UA; Liz Bellantoni, Acting Chief of Science and Resource Management at
Saguaro; and Joan Ford who has kept literally dozens of researchers and parks
organized and informed in her position at the CPSU/UA, have done a superb job of
fleshing out that framework. The financial assistance of our old friends at the
Southwest Parks and Monuments Association (SPMA) and our new friends at the
Rincon Institute have provided the opportunity to host this symposium and publish the
proceedings of this special event.

The idea of a national park system has been called, next to democracy, America’s
greatest contribution to world culture. That contribution has resulted in preservation of
natural and cultural resources for all time, resources that are made available for public
enjoyment, inspiration, study, and the renewal of succeeding generations. National
parks arc our continuing experiment of respect for our past, self-control during the
present, and hope for our future. Drawing origins from the romantic movement of the
early 19th century, the national park idea has matured into a system of over 354
National Park Service (NPS) arcas and has been imitated by dozens of countries
throughout the world.

We commemorate the idea and reaffirm our commitment to the experiment yet again
as we celebrate the 75th Anniversary of the National Park Service - the agency charged
with promoting and perpetuating the national park idea. And I believe that it is
particularly appropriate that a research symposium is our “showcase”™ 75th
Anniversary celebration activity at Saguaro National Monument.

Parks have long been recognized as valuable “living laboratories™ and used as such
by independent researchers working to advance scientific knowledge about our
environment. Many of the studies described in this volume were conducted by
individuals who received no monetary support from the NPS.

Research to improve or facilitate park management is not new to the NPS, but
recognition of its importance to sound decision making, effective resource protection,
quality interpretive programs, and sensitive design and construction practices,
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—Bill Paleck

Bill Paleck is the 15th Superintendent of Saguaro National Monument and has serveg
in that capacity since April 1987. Paleck grew up in Tucson, Arizona and began hig
career with the National Park Service as a seasonal trail laborer in the Rincop

Mountains.

The Rincon Institute is pleased to help fund the publication and distribution of the
proceedings of the first Symposium on Research in Saguaro National Monument,
Widespread dissemination of the findings and results presented at the symposium is
essential to inform not only park managers, but also local government officials,
conservation advocates, developers, and owners of adjacent land, whose decisions and
actions increasingly have a direct impact on the integrity of Saguaro National
Monument (SNM). The general public will also benefit from understandings presented
here.

The Rincon Institute itself is a new idea, which promises to become an important
asset for promoting research, education, and conservation activities necessary o
ensure the long-term integrity of SNM. The institute and its affiliated organization —
the Sonoran Institute — were created to address a critical challenge facing those who
care about the monument, as well as national parks throughout the country. This
challenge is to determine what relationships and activities involving park managers,
conservation advocates, local governments, and the development community, will
protect national park resources and values and ensure that development occurring
adjacent to national parks adheres to the highest ecological, social, and financial
standards. While consideration of park resources in the planning and design of nearby
development is necessary, planning for park resources alone will not adequately ensure
the long-term ecological integrity of national parks and other protected arcas.
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The Rincon Institute was designed to help protect and enhance the resources of
SNM over the long-term, through a succession of home owners over several decades.
The institute hgs entered into an innovative agreement with the owners of the Rocking
K Ranch, a private holding that shares a five-mile boundary with the monument. This
agreement funds the institute through a start-up grant and long-term deed restrictions
that ‘w1'l] bind all future landowners and developers on the Rocking K Ranch. The
restrictons require that nightly hotel room fees, residential and commercial occupancy
fees, real estate transfer fecs, and monthly homeowner fees be paid to the institute to
support a wide range of conservation activities. This long-term funding mechanism
demonstrates that the development process can be guided to provide substantial,
permanent, dedicated funds for protecting national parks and other protected natural
areas.

The Rincon Institute activities include (1) managing natural open space for
educational, scientific, conservation, and outdoor recreational values; (2) providing
environmental education and rescarch; and (3) providing professional guidance and
oversight for the environmentally sensitive development and management of the
Rocking K Ranch and the Rincon Valley.

The Sonoran Institute works nationwide, with special emphasis on the Sonoran
Desert, to maintain the integrity of national parks and other protected natural areas by
encouraging similar special consideration for park values in adjacent land uses.

The concept of earmarking revenues generated by the development process to fund
an independent, non-profit conservation and education organization, is an experiment
that challenges both the development and the conservation communities. Many
developers now realize that stewardship of ecological resources improves market
acceptance; however, some fear creating a Trojan horse that will spur anti-
development sentiment. Conservation advocates recognize the value of enforceable
conservation commitments to fund wildlife habitat protection, environmental
education and research, and guidance for environmentally sensitive development;
however, some are suspicious that funding the Rincon Institute is merely a clever ploy
to gain public support for inappropriate development.

While it is premature to evaluate the ultimate outcome of this experiment, if success
is measured by imitation and widespread interest, early signs indicate considerable
success. The Sonoran and Rincon Institutes have already assisted proponents of
several similar initiatives around the country.

Publication of this volume is one of the Rincon Institute’s first undertakings, and a
very appropriate one. The institute is pleased to help publish and distribute 'the
proceedings because the integrity of SNM requires local officials, conservation
advocates, developers, and landowners to make resource protection and land use
decisions that are sensitive to the monument’s resources and needs. These decisions
require a strong foundation in scientific knowledge.

—Frank Gregg

Frank Gregg, Chairman of the Board of Directors of the Rincon Institute and Sonoran
Institute, is on the faculty of the University of Arizona, School of Renewable Natural
Resources. He has served as director of the U.S. Burcau of Land Management and

Vice-President of The Conservation Foundation.
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Foreword

For more than 50 years, Southwest Parks and Monuments Association (SPMA) has
worked in partnership with national parks in the western United States, donating more
than $7 million to their interpretive, educational, and scientific research programs.
Southwest Parks and Monuments Association’s affiliation with Saguaro National
Monument (SNM) began in 1943 and over the years our support has enabled the
monument staff to offer a wide range of programs and services that visitors to the
monument otherwise might not enjoy.

A growing part of our grants program to national parks is dedicated to funding
scientific research. Indeed, several of the papers included in this volume resulted from
research grants provided by SPMA to the monument. Scientific research is critically
underfunded in many of our western national parks. At a time when park resources are
experiencing increased impacts as a result of rising visitation, many parks still lack
sufficient baseline data on park resources. Without these data, it is difficult for park
managers to assess those impacts and make sound management decisions to ensure the
preservation of our national park lands.

Saguaro National Monument presents a unique challenge and many opportunities,
with its incredible diversity of landscape and natural resources most certainly affected
by continuing growth in the Tucson Basin, Wide-ranging, sensitive partnerships must
be forged to provide for its stewardship. To that end, Southwest Parks and Monuments

Association was pleased to assist in funding the Symposium on Research in Saguaro
National Monument and contribute to its publication.

—Tim Priehs

Tim Prichs has been the Executive Director of the Southwest Parks and Monuments

Association for 10 years. Prior to his position at SPMA, Prichs published the
interpretive newspaper for Grand Canyon National Park.
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Long-Term Saguaro Population Studies
at Saguaro National Monument

Raymond M. Turner

ABSTRACT

All saguaros (Carnegiea gigantea) were mapped and their heights measured on two large perma-
nent plots established at Saguaro National Monument in the early 1960s. These plots have been
examined on five subsequent dates. All plant deaths and new plants were recorded on the five later
visits. By 1989, when the plots were last examined, 80% of the plants first recorded at the Rincon
Mountain District (RMD) plot were dead. During the same period, only 26% of the original Tucson
Mountain District (TMD) population had succumbed. Striking as these mortality differences may
be, of at least equal significance is the difference in recruitment in recent years. At the RMD plot,
136 new plants are now found and 76% of that population comprises young plants encountered
since plot establishment. In contrast, at the TMD plot, 19 new plants occur and only 11% of the
population includes plants new since plot establishment.

INTRODUCTION

The dense stand of saguaros (Carnegiea gigantea)
on the flats at the base of Tanque Verde Ridge, the
main rationale for the establishment of Saguaro
National Monument (SNM) in 1933, has lost most of
the saguaros present at that time. This population
was composed of mostly old individuals and the loss-
es experienced were the expected attrition in an
aging population. What was not expected during the
same half century was the persistent failure of new
plant establishments, a phenomenon often noted in
recent decades (Steenbergh and Lowe 1983). The
forces responsible for the population changes are still
uncertain, but may be clarified by continued monitor-
ing of existing plots and establishment of new plots
at critical sites elsewhere in the Sonoran Desert.

METHODS
In February 1961, a rectangular area 400 x 1000 ft

(9.2 a) was permanently marked at the Rincon
Mountain District (RMD) in an area of relatively

level terrain between the Cactus Forest Loop Drive
and Freeman Road. A similar but smaller area, 320 x
640 ft (4.7 a), was established on the west side of the
Tucson Mountains near the intersection of Golden
Gate and Sandario roads in July 1962. A surveyor's
transit was used to place the corners of the plots and
to map the location of all saguaros within their
boundaries. Saguaro heights were measured either
by use of a telescoping 25-ft fiberglass rod or by
measurement with a transit. Since their establish-
ment, these permanent plots have been examined five
times at approximately six-year intervals. Subsequent
visits were made to the RMD plot in March 1965,
January 1973, December 1979, March 1983, and Jan-
uary 1989; and to the Tucson Mountain District
(TMD) plot in July 1965, July 1973, January 1980,
April 1983, and January 1989. At each visit, using
the maps as guides, new plant heights were measured
and the plots were examined for saguaro losses and
additions since the previous visit.
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RESULTS
Rincon Mountain District Plot
sle'l;gie] Saguaro population of 1961 has declined
y 1o the present. Of the 210 plants (22.8
llj;asngls/ é}agund that year, only 42 (20%) remained in
e € 1). No new plants were seen until the
VISILS of 1979, 1983, and 1989 when 13, 12, and 115
plants were located. The last value is perhaps 50%
too low because a heavy growth of the grass, Muh-
lenbergia porteri, has developed beneath the desert-
tre¢ canopies, hiding the new saguaros, which grow
mainly in these microhabitats,

Additional information concerning this group of
plants can be obtained by examining the distribution
of plant heights (Fig. 1). In 1961, few plants <10 ft
tall existed and few existed in the classes from 10-18
ft and in those >30 fi. Height frequencies of the 208
measurable saguaros (strongly leaning plants or those
with broken tops are excluded from this table)
reached maximum values between 18 and 30 ft, cor-
responding roughly to ages of 60 to 100 years
(Steenbergh and Lowe 1983: Tables 2-10). Thus, the
period between 1860 and 1900 appears to be one of
robust saguaro establishment, while that from 1900
to 1961, was one of little population augmentation.

At the time of the 1989 examination, the height
distribution was strongly skewed toward smaller
plants (Fig. 2). As most of the old plants had died,
little information remained regarding population
composition during the 1860-1900 era. By convert-
ing the individual height values to age (Steenbergh
and Lowe 1983: Tables 2-10), additional information
can be obtained for the timing of new plant establish-
ments. Accordingly, all plants <8 ft were grouped by
estimated year of establishment (Fig. 3). The his-
togram shows that during the period from about 1950
to 1988, surviving plants originated mainly between
the years of 1962 and 1983. The decrease in numbers
of plants assigned to 1976 is noteworthy. The diffi-
culty of finding plants in the field shorter than about
0.1 ft makes the graph segment from about 1983 to
1988 unreliable.

Tucson Mountain District Plot

The 1962 population at this site declined much
less abruptly than did its counterpart at the RMD,
The 205 plants (43.6 plants/a) first measured in 1962
had decreased to only 152 (74%) by 1989 (Table 2).

Comparison of (he 1962 and 1988 height-class hjg.
tograms (Figs. 4 and 5) shows the expected loss of
plants in the taller height cl§sses and a moderage
recruitment pulse by the relatively large number of
plants in the I-ft class. Interestingly, mortality among

has not been as great here as at the
the larger plants ifferences occurred in spite of

RMD plot. Mortality di ]
'miliall]; similar numbers of old planis in the two

lots. The height classes from 14 to 29 ft on the 1962
ik led out because of the higher

: ig. 4), sin ;
histogram (Fig ) g'nclude. represent survivors

frequency values they 1
lha([] became established between about 1850 and

1895 (Steenbergh and Lowe 1983: Tab]e.s 2-.] I)'_ This
period of apparent peak establishment 1s similar to
that noted earlier for the RMD plot.

DISCUSSION .
Population structure of the two plots at the begin-

ning of this study was similar in that there were rela-
tively many tall (old) plants and there were too few
small (young) plants to ensure maintenance of the
two populations through time. Although both plots
have experienced a greatly increased rate o-f recruit-
ment in the last decade or so, the new establishments
at the RMD plot are far greater than those at the
TMD plot. The enhanced establishment at the RMD
is probably attributable in part to domestic livestock
exclusion, which began there in 1958, and in part to
local habitat factors favoring greater seedling estab-
lishment there than in the TMD plot, which has been
livestock-free since 1929.

Of special note is the large difference in mortality
rates among the large plants in the two plots.
Although not quantified for this paper, it is clear
from comparison of Figures 2 and 5 that mortality
since the early 1960s among plants taller than about
17 ft has been far greater at the RMD plot than at the
TMD plot. The cause of this mortality difference is
unknown but habitat factors with greater impact at
the eastern unit than at the westem (e.g., catastrophic
freezes, air pollution) should be examined. If the
greater mortality rate of old saguaros at RMD per-
sists, the disparately large recruitment there may well
be nullified by the effects of the greater mortality rate
in the maturing population.

What caused the sharp reduction in number of sur-
vivors among plants germinating in 1976? Loss from
catastrophic freezes is unlikely because the most
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severe freezes for the 1951-1988 period occurred in
January 1962, January 1971, and December 1978.
Drought is strongly implicated as the cause for the
one year decline in establishment, as seen by Palmer
Drought Severity Index values for Tucson during the
period 1900-1980 (Goldberg and Turner 1986). The
drought of 1976 was clearly the most severe of that
80-year period.

The presence of large numbers of plants estab-
lished between 1870 and 1900, at both the SNM
plots and at widely scattered localities within the
plant’s range, suggests that some large-scale force
may be shaping these populations. Because of the
importance of July-August rainfall to the germination
of short-lived saguaro seeds, fluctuations in precipi-
tation for these two months could be a factor in
determining saguaro establishment. Indeed, the
frequency of large amounts of summer rain was
greater during the 1870-1900 period than during the
years since (Betancourt 1990). Attempts to under-
stand population dynamics within the monument
must clearly encompass studies far beyond national

park boundaries.

MANAGEMENT IMPLICATIONS

In recent months, the National Park Service (NPS)
has established several permanent saguaro study
plots in the monument. The importance of perma-
nently marking these plots and continued monitoring
at 5-year intervals is clear. The new plots, in addition
to those reported on here, should eventually become
part of the same data source to maximize the effi-
cient, consistent treatment and utility of the data.
Implementing this plan requires a commitment to
long-term research by the NPS.

The time is upon us when the saguaro forest tra-
versed by the Cactus Forest Loop Drive will have no
more than a handful of large plants. The forest of giant
cacti without cactus giants that was predicted for the
year 2000 by Alcon and May (1962) affords a rich
opportunity to teach monument visitors many intrigu-
ing lessons about the ecology of our region. The
numerous studies conducted at the monument provide
an excellent foundation for landscape interpretation by

NPS personnel. Challenging indeed is the prospect of
tuming the once highly acclaimed cactus “forest” into
something the public will want to cross the continent
or city to see. What is becoming an unphotogenic
scrubland can continue as the main attraction for visi-
tors to the RMD, if the phenomenal population surge
of new saguaros is emphasized.
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Table 1. Survivorship of saguaros at Rincon Mountain District plot, Saguaro National Monument,

Population totals by year first observed

1961 1965 1973 1979 1983
1961 210 175 126 88 75
1965 0 0 0 0
1973 0 0 0
1979 13 13
1983 12
1989
Totals 210 175 126 101 100

Table 2. Survivorship of saguaros at Tucson Mountain District plot, Saguaro National Monument.

Population totals by year first observed
1962 1965 1973 1980 1983 10800
1962 205 200 183 172 163 1 5?
1965 0 0 0 0 o'

1973 2 2 2 2
1980 2 2 ’
1983 2 2
1989 13
Totals 205 200 185 176 169 171
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Fig. 1. Height-class frequency of saguaros at end of 1961 growth year, Rincon Mountain District plot, Saguaro National Monument.
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Fig. 2. Height-class frequency of saguaros at end of 1988 growth year, Rincon Mountain District plot, Saguaro National Monument.
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Fig. 3. Age-class frequency of saguaros by year, for plants <8 ft at end of 1988 growth year, Rincon Mountain
District plot, Saguaro National Monument.
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Demographic Patterns of Saguaro and Fish-Hook Barrel Cactus
Populations in the Cactus Forest of
Saguaro National Monument

Thomas Helbsing and Nicole Fischer

excluded.

ABSTRACT
Natural populations of saguaro (Carnegiea gigantea) and fish-hook barrel cactus (Ferocactus wis-
lizenif) were studied in the Cactus Forest (Rincon Mountain District) of Saguaro National Monu-
ment. On two sampling sites, density, age and/or height distribution, presence or absence of nurse
plants, and plant vitality characteristics were recorded. Densities of the barrel cactus stands were 6.2
individuals/1000 m? and 6.4 individuals/1000 m?. Saguaro densities were 5.7 individuals/1000 m*
and 5.9 individuals/1000 m®. An unexpectedly large number of very small saguaros was found in
this winter-cold habitat: whereas 77.1% of the plants were younger than 20 years on one study site,
84.7% belonged to the youngest age class (0-20 years) on another. All juvenile saguaros were locat-
ed beneath nurse plants. Regeneration of this once outstanding saguaro population seems possible,
provided that all activities adversely affecting the vegetation (e.g., cattle grazing) continue to be

INTRODUCTION

During the past few years, numerous studies deal-
ing with the ecology of desert succulents have been
published (Nobel 1988). Whereas many investiga-
tions are focused on such economically important
species as certain agaves and prickly pears, a consid-
erable number of papers have been devoted to
saguaro (Carnegiea gigantea) ecology (Alcom and
May 1962; Niering et al. 1963; Tumer et al. 1966,
1969; Steenbergh and Lowe 1969, 1976, 1977, 1983;
Soule and Lowe 1970; Brum 1973; Nobel 1980a,b,
1988; Jordan and Nobel 1982; Helbsing and Kreeb
1985; Helbsing 1989). The dramatic decline of the
saguaro population in the Cactus Forest has been of
particular interest to environmental scientists. Until
now, very different hypotheses dealing with the caus-
es of the population decline have been proposed
(Alcom and May 1962; Niering et al. 1963; Hastings
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and Turner 1965; Tumer et al. 1969; Steenbergh and
Lowe 1983). Little is known about the ecology of
another large Sonoran cactus, fish-hook barrel cac-
tus (Ferocactus wislizenii). In this study, we report
on demographic patterns of saguaro and fish-hook
barrel cactus in a habitat previously exposed to the
impacts of livestock grazing and low temperature
stress.

METHODS

Natural populations of the saguaro and fish-hook
barrel cactus were investigated in the Sonoran Desert
near Tucson, Arizona. Study sites were located in the
Cactus Forest (Rincon Mountain District [RMD]) of
Saguaro National Monument (SNM). Due to the
proximity of two major mountain ranges (Santa
Catalina Mountains to the north, Rincon Mountains
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to the east), annual precipitation is fairly high in the
Cactus Forest (x = 312 mm/yr) and winter freczes are
common (Steenbergh and Lowe 1977, 1983). Com-
pared with the Tucson Mountain District (TMD) of
SNM, the RMD can be regarded as more winter-cold
and less arid. Livestock grazing continued even after
establishment of the monument in 1933. In the Cac-
tus Forest, grazing ceased in 1958, whereas other
portions of the monument were grazed until 1984
(Shelton 1985).

Two study plots were established in the Cactus
Forest in 1988 and 1990. Plot I (established in 1988)
comprised 0.84 ha and consisted of 21 contiguous 20
x 20 m subplots. Plot II (established in 1990) covered
1.0 ha, and consisted of 25 contiguous 20 x 20 m
subplots. For density determinations all saguaro and
barrel cacti occurring on the two sampling sites were
censused. Special care was taken to detect juvenile
individuals, often hidden by other plants and detritus
and thus rarely observed in the field. Morphological
parameters such as plant heights and diameters were
recorded for each plant. Saguaro age classes were
based on growth data reported by Steenbergh and
Lowe (1983). Plant vitality characteristics such as
observable current growth activity, turgescence
(swelling) and spination were determined. Freezing
damage was identified by stem constrictions indicat-
ing previous damage to the apical meristems or by
necrotic lesions of the stems (Steenbergh and Lowe
1976, 1983). Presence or absence of nurse plants or
rocks was also recorded.

RESULTS
Fish-hook Barrel Cactus

Within the two sampling sites, 52 (plot I) and 64
(plot II) barrel cacti were found, comprising densities
of 6.19 individuals/1000 m? on plot I and 6.4 individ-
uals/1000 m? on plot II. Height distributions of barrel
cacti are shown in Figures 1 and 2. On both plots, the
barrel cactus populations included numerous small
and intermediate-sized plants, with 86.5% of the bar-
rel cacti measuring less than 50 cm in plot I (Fig. 1),
and 84.4% in plot II (Fig. 2). Plants of the smallest
size classes were most abundant in plot II; 22 indi-
viduals measured less than 10 cm in height. Only a
small proportion of old plants was found in either
plot. The largest barrel cactus, a vigorous specimen
measuring 174 cm in 1988, was dead in 1990. Of the
barrel cacti investigated in 1988, 61.5% were located
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beneath nurse plants; in 1990, 65.6% were ShClicrcd
by nurse plants.

Saguaro Cactus

Within plot I, 48 saguaros were found in 1988, 4,
population density was 5.71 individuals/1000 p2
Forty-four of 48 plants were younger than 40 year
37 individuals being younger than 20 years (Fig. 3)’
Thus, 77.1% belonged to the youngest age class (q.
20 years). Based on the growth rates that Slcenbergh
and Lowe (1983) observed in the Cactus Forest, (e
age of the four saguaros taller than 5 m was mgp,
than 60 years (Fig. 3). Height distribution of plang
measuring less than 250 c¢m is shown in Figure 4: 74
of 44 juvenile plants were smaller than 20 cm. Only
a few juvenile plants were taller than 50 cm. In thig
winter-cold habitat, 45 of 48 saguaros were recordeq
beneath nurse plants, mainly mesquite (Prosopis
Juliflora) and foothill paloverde (Cercidium micro.
phyllum). No juvenile saguaros were found ip
exposed microhabitats. Although 32 giant cacyj
showed no signs of freezing damage, non-letha]
freezing injuries were apparent on 10 plants, Letha]
freezing damage was observed on six saguaros with
turgor losses, necrotic lesions and blackish apical
meristems. Whereas three freeze-killed plants were
located beneath nurse trees, the remaining three were
recorded in exposed microhabitats. Since 59
saguaros were found on the 1.0-ha plot established in
1990 (plot II), the density of the saguaro stand was
5.9 individuals/1000 m? On this study site the pro-
portion of very young plants was even greater than in
plot I: 50 of 59 saguaros (84.7%) were younger than
20 years (Fig. 5) and 38 (64.4%) were younger than
10 years. Only 5 of 59 saguaros were older than 60
years.

Height distribution of young plants measuring up
to 250 c¢m is shown in Figure 6: 43 of 52 juvenile
saguaros (82.7%) were smaller than 10 ¢cm and 35
saguaros measured less than 5 cm. Juvenile saguaros
of intermediate height were very scarce: only 2 of 52
Juvenile plants were taller than 40 cm (Fig. 6). All
juvenile plants were located beneath nurse plants,
often hidden completely by grass. Seven adult
saguaros were found in exposed microhabitats.
Lethal freezing damage was apparent in one old
saguaro and non-lethal freezing damage could be
observed in 13 plants. Forty-five saguaros showed no
signs of freezing damage.
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DISCUSSION
Investigations of population structures of barrel
and saguaro cactus in the Cactus Forest revealed that
both populations are dominated by young plants with
only a small proportion of old individuals. The
saguaro population, once the main attraction of the
monument, is now an unimpressive stand of scat-
tered, senescent plants. Only nine saguaros taller
than 5 m were found within the 1.84-ha study site.
Freezing damage such as drooping branches is appar-
ent in many of the older cacti (Steenbergh and Lowe
1983), reinforcing the impression of a dying popula-
tion. Extinction was predicted for this population by
the end of this century (Alcom and May 1962).
Catastrophic freezes, occurring sporadically in
winter-cold habitats like SNM, have killed numerous
giant cacti since the establishment of the monument
in 1933 (Steenbergh and Lowe 1969, 1976, 1977,
1983). In the Cactus Forest, the devastating effects of
sub-freezing temperatures are intensified by
increased water availability due to fairly high yearly
precipitation. Saguaros maintain water uptake during
the winter rainy season in spite of low temperatures
(Steenbergh and Lowe 1977), so osmotic concentra-
tions parallel an increase in water availability (Soule
and Lowe 1970). Thus, plants inhabiting the coldest
and least arid sites show lower osmotic concentra-
tions than plants in more arid and warmer environ-
ments (Soule and Lowe 1970). This is of particular
importance because increased osmotic pressures are
correlated with greater tolerances of low tempera-
tures (Helbsing 1989). In laboratory experiments, all
well-watered juvenile saguaros were killed by a tem-
perature of -9° C applied for one night. After a 19-
week drought, all plants survived the same
temperature without any damage. Half of the
droughted plants, with osmotic potentials ranging
from -0.92MPa to -1.1MPa, survived nighttime tem-
peratures of -10° C without injury (Helbsing 1989).
Field observations support these findings: highest
freezing mortality rates were recorded in freeze-
exposed habitats with improved water availability
(Steenbergh and Lowe 1976, 1977, 1983). Thus, in
the Cactus Forest winter survival of seedlings is
restricted to protected microhabitats created by nurse
plants. Prior to 1958, however, the nurse plant cover
had been reduced markedly due to grazing (Niering ct
al. 1963; Shelton 1985), causing the loss of innumer-
able microhabitats suitable for seedling establishment.

The long recognized absence of saguaro reproduc-
tion in the Cactus Forest could be due to interactions
of grazing-caused degradation of the vegetation and
low temperature stress. Age and height distribution
of saguaros in our study plots strongly support this
assumption, with an unexpectedly large number of
very small plants found beneath the regenerating
nurse plant cover. The termination of cattle grazing
in 1958 and the recommencement of successful
saguaro reproduction show a striking coincidence.

The height distribution of the barrel cactus popula-
tion shows a similar pattern. Whereas only few large
(old) plants were found, small individuals were locat-
ed in increasing numbers. Turner et al. (1966)
hypothesized that non-reproducing saguaro stands
would not recover until the nurse plant cover was
restored; we agree with this hypothesis. Regeneration
of nurse plants occurring since the elimination of cat-
tle grazing (Steenbergh and Lowe 1977, 1983) has
been accompanied by increasing rates of germination
and establishment of saguaro and barrel cacti. Hence,
regeneration of the saguaro stand in the Cactus For-
est scems possible, provided that this area is kept
under protection.
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Fig. 1. Height distribution of fish-hook barrel cactus (n = 52) by 5-cm height classes on a 0.84-ha sampling site (Plot I) in the Cactus Forest,
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Epidermal Browning of Saguaro Cacti:
Is It New or Related to Direction?

Lance S. Evans, Kathleen A. Howard, and Kelth H. Thompson

ABSTRACT
Browning of the epidermal surface of saguaro cacti (Carnegiea gigantea) is associated with prema-
ture death of the species in the northern Sonoran Desert. Analyses of authentic historical pho-
tographs demonstrated increased (1) trough (pleat) barking, (2) arcole deterioration, and (3) spine
loss from mature cacti from 1903 to 1987. Analyses of epidermal characteristics of saguaros at
Saguaro National Monument were performed to determine if epidermal browning was related to
compass direction. Results showed that both scaling and barking of crests (ridges) and troughs were
significantly higher on southemn exposures (140-220°%) than northern exposures (320-40°). Barking
of troughs was tenfold higher on the southern side than on the northemn side of cacti. These differ-
ences also were apparent for areole scarring and spine loss. The results of this study, coupled with

those of previous studies support the hypothesis that UV-B sunlight may be a factor in increased
epidermal browning of saguaros during this century,

INTRODUCTION

Recent evidence has shown that epidermal brown-
ing is correlated with several other surface and tissue
characteristics of saguaros (Carnegiea gigantea).
Specifically, brown-stemmed cacti have stomata
obscured by an epicuticular wax buildup on the epi-
dermis associated with deterioration of other surface
characteristics. Surfaces of browning cacti are posi-
tively correlated with reduced rates of photosynthesis
and a reduced number of chloroplasts in the
chlorenchyma, as well as increased browning of
parenchyma tissues inside the chlorenchyma (Evans
et al., this volume).

Epidermal browning is associated with the decline
of the saguaro population at Saguaro National Monu-
ment (SNM), and the surface characteristics of
healthy and affected cacti have been well character-
ized (Evans et al., this volume). Are these injuries of
recent origin, or can the same characteristics of stem
injury be observed for saguaros in the photographic
record from many decades ago? In this study,
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photographs of saguaros from several large collec-
lions were used to address this question.

Initial injury appears to occur predominantly on
the southern exposures of saguaros. Injury on other
exposures appears to follow the initial injury. Analy-
ses of cacti at SNM were used to determine the
severity of surface injuries at 20° compass incre-
ments around saguaros. These circumferential analy-
ses were then compared with total irradiance values
determined from model predictions to ascertain if
injury severity is related to solar irradiance.

METHODS
Photographic Studies

Sources of Authentic Photographs.—Three
sources of prints and negatives of saguaros were used
for this study: (1) the Homer Shantz collection locat-
ed at the herbarium at the University of Arizona; (2)
the collection archived by R. M. Turner of the U.S.
Geological Survey at Tumamoc Hill, Tucson,




24 Lance S. Evans, Kathleen A. Howard, and Keith H. Thompson

Arizona; and (3) the collection located at the Arizona
Historical Society, Tucson, Arizona. Personnel from
these organizations and from SNM stated that these
three sources would comprise a representative and
authentic historical collection of photographs.

Procedures to Evaluate Photographs.—Only

prints and negatives that had verifiable dates were
used in the analyses. Criteria for evaluating cacti
from photographs were (1) age and number of large
(>0.5 m) branches could be determined, and (2) char-
acteristics of crests (ridges) and troughs (pleats)
could be evaluated effectively. Each print or negative
was viewed under 25x magnification independently
by each of four researchers to determine which
saguaros in the photograph could be adequately eval-
uated. Each cactus that fit the above criteria was
given a code number for reference. Only saguaros
meeting the above criteria were included in the
database.

For each cactus to be scored, the following were
determined: (1) approximate age, (2) number of
branches, (3) presence of scaling or barking on
crests, (4) presence of scaling or barking on troughs,
(5) condition of areoles (i.e., apparently healthy, or
only a scar is present), (6) degree to which spines are
present, and (7) condition of growing point (i.e.,
fuzzy, not fuzzy, or missing).

Not all parameters were scored for each cactus.
Sometimes an evaluation could not be made for one
or more parameters for a particular cactus.

To insure proper uniformity of evaluation among
the four evaluators, a group of 20 saguaros from the
Shantz collection was randomly selected for stan-
dardization procedures. Each evaluator scored the 20
cacti and the scores were compared. Discussions
eventually resulted in similar scores. Afier standard-
ization procedures were completed, each candidate
saguaro was evaluated by two researchers indepen-
dently. If the evaluations differed significantly, the
two evaluators reexamined the specimen again joint-

ly. On rare occasions, a third evaluator was used if
marked differences of opinions occurred between the
two evaluators. Data were stratified so that parame-
ters scored could be correlated with dates of the pho-
tographs.

Researchers observed the physical appearance of
both crests and troughs separately. Saguaro surfaces
were characterized as exhibiting scaling or barking.

Scaling is the appearance of epicuticular way
buildup. Barking refers to a larger buildup of epicy-
ticular waxes with a very dark appearance; areoleg
are difficult to observe through the waxes. For each
crest, the surface was evaluated for scaling and bark.
ing, scored independently. A particular crest coulq
exhibit both scaling and barking, one or the other, or
neither. A score of 1 was given when a condition wag
present and a score of 0 when absent. For each
trough, the percentage of area that was apparently
healthy, covered by scale, or covered by bark wag
evaluated.

Observations were also made of areoles, including
characteristics of spines and the growing points of
axillary buds. Areoles were characterized as (1)
apparently healthy, (2) having only scar tissues pre-
sent, or (3) missing completely because of excessive
scaling or barking of the crest epidermis. Each crest
was characterized as having only one of the three
conditions above. A score of 1 was given for only
one category, and the other two categories received a
score of 0. Spines were characterized as being pre-
sent or missing. If spines were present, they were
characterized as having (1) a full complement of
spines, (2) some spines missing, or (3) most spines
missing. Each crest was characterized as having only
one of these three conditions. A score of 1 was given
to only one category. The other two categories
received scores of 0. This convention was followed
except when no spines were present. When this
occurred, the category with most spines missing was
given a value of 2.

The growing points of axillary buds were charac-
terized as fuzzy, not fuzzy, or missing. Fuzzy means
that epidermal hairs or hair-like tissues are present on
the areoles. The fuzzy condition was usually coinci-
dent with a swelling of the growing point. The
absence of the fuzzy condition was usually coinci-
dent with a lack of swelling. When the growing point
was absent, it usually reflected the presence of exces-
sive scaling and/or barking of the surrounding crest
epidermis.

Studles of Compass Orientation of Injuries

Sources of Cacti—The saguaros used for the field
study were sampled from 1 June through 22 August
1990 at SNM. Cacti were not selected randomly;
rather, an attempt was made to sample a wide range



Epidermal Browning of Saguaro Cactl 25

from young cacti with few epidermal injuries 10 older
specimens with brown and black epidermal cover-
ings. Excluded from this study were saguaros with
no apparent epidermal problems and those that
exhibited extensive barking of all crests and troughs.
These two types of cacti would not provide useful
information to determine the predominant direction
of injury.

Criteria to Evaluate Cacti—Cacti were evaluated
for many stem surface parameters described previ-
ously. Compass directions for all crests were record-
ed for each cactus. Troughs on each side of each
crest were also evaluated individually. Relative num-
bers of spines were recorded for each crest, and the
degree of coverage of scaling and barking was esti-
mated for crests and troughs.

Before evaluations began, all four evaluators
agreed on the criteria and the degree or extent of the
appearance of a certain surface characteristic for ran-
domly selected saguaros. When all four individuals
assigned values within 10% of the mean value for
each characteristic evaluated, standardization proce-
dures were concluded. Once standardization was
accomplished, evaluators worked in pairs. One per-
son was primarily responsible for evaluation while
the second person recorded data. The second evalua-
tor also provided technical assistance when neces-
sary, and an independent evaluation on several crests
and troughs for each cactus sampled. Observations of
characteristics of each crest and trough were taken
from 1.5 to 2.0 m above ground level.

Afier all saguaros were scored, two databases were
constructed. One contained data on cacti that exhibit-
ed only scaling on troughs, while the second con-
tained data on saguaros that had both scaling and
barking on troughs. Compass angles from ficld data
were corrected for azimuth difference from magnetic
to true north and then adjusted to the nearest 20",
Some angles had data for two samples while other
angles had no data.

Calculation of Irradiance.—The program used to
calculate total irradiance was obtained from G.
Geller and P. S. Nobel (Nobel 1988). Program inputs
were number of days before the equinox and site lati-
tude. All other inputs were default values, which
were appropriate for the deserts around Tucson (G.
Geller, pers. comm.). The program was modified so
that autorotation values were every 20°, and daily

amounts of total irradiance for each 20" compass
direction were provided. From these daily outputs,
total irradiance per annum for each 20" compass
direction was calculated.

RESULTS
Photographic Studies

The authentic historical photographs from 1903 to
1987 included 241 cacti. Initial data analysis includ-
ed all cacti with estimated ages >80 years. Statis-
tically significant (P = 0.05) decreases in age and in
the average number of branches of cacti occurred
with more recent photographs. Spines missing from
cacti in later photographs also increased significantly
(P = 0.05).

A second analysis was performed for cacti that
were estimated to be >115 years of age (Table 1).
Results of this analysis also demonstrated a statisti-
cally significant decrease in age (P = 0.002) and
number of branches (P = 0.0086) of saguaros in the
photographs. Even though more younger cacti were
sampled in more recent years, significant increases in
trough barking (P = 0.046), growing point missing (7
= 0.034), and all spines missing (P = 0.013) were
obtained with later photographs (Fig. 1; Table 1).

Compass Orientation

Trough scaling was highly correlated with com-
pass direction (Fig. 2). Values above 35% of area
covered ranged from 100 to 220°, Values on the north
side of cacti (340-20%) were below 20%. A similar
patlern was present with spines missing on crests
(Fig. 3), with highest values (scores >90) present on
southern exposures (160-200%) and lowest values
(scores <30) on northern exposures (340-20°).

The strong directional responses shown above
were supported by the database that included cacti
with both scaling and barking of troughs. Trough
scaling on southemn exposures (>30% of area at 807)
was six times greater than on northermn exposures
(5% of area at 0°; Fig. 4). This strong relationship
was also supported by high levels of crest barking
on these cacti (Fig. 5). Barking values were above
0.9 at 180°, and 0.6 at 20°. Scaling of crests was rel-
atively constant so that total injury (both scaling and
barking) was higher on southern exposures than on
northern exposures. Additional support for a direc-
tional effect is shown in Figure 6. Most spines were
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missing from southern exposures (values above 1.3
from 140-200"), while northern exposures (320-40°)
were above 0.7. Areoles with a whole complement of
spines were most prevalent on northern ¢xposures
(0.2 at 0°), while values for southern exposures were

lower (<0.06 at 180°).

DISCUSSION
The results of this study showed that the extent of

epidermal browning (trough barking) has increased
4.5% per decade from 1903 to 1987. The increase in
injury suggests that the causative agent may have
been present by the 1930s and that the intensity of
impact may have increased over the past 60 years.

The results of this study also showed very signifi-
cant directional effects. Portions of cacti facing com-
pass directions from 120 to 220" (southern
exposures) suffered the greatest amount of injury
while northern exposures evidenced much less
injury. Injury on southem exposures was about six
times greater than on northern exposures on trough
areas.

Directional effects documented here are not spe-
cific to cacti at SNM but are present on saguaros
throughout southem Arizona and northern Mexico.
The widespread nature of the phenomenon suggests
that the causative agent of epidermal browning is not
specific to monument areas but is occurring through-
out the region.

Calculated total irradiance values of the surface of
a vertical cylinder at ground level at 30.12° N lati-
tude, the latitude of SNM, are shown in Figure 7 at
20" increments. These data were calculated from the
computer program provided by G. Geller and P. S.
Nobel. As a rough approximation, about four to five
times as much total irradiance occurs on southemn
exposures as on northern exposures. If the sun’s rays
are having an impact on saguaros, it is postulated that
UV-B sunlight would be the most damaging. Data
from the National Research Council (1989) show
that stratospheric ozone levels at 30" N latitude have
decreased at the rate of 1.5% per decade between
1930 and 1987. Reduction in stratospheric ozone has
allowed an increase in UV-B irradiance. Could this
increase in UV-B irradiance explain the increase in

epidermal browning of saguaro cacti over the past

60-90 years? This question cannot be answergq
presently, but a hypothesis that incrt?ascd UV-B
exposure could be the causative agent is consisten,
with circumstances that relate o epidermal browning
of saguaros. These include the following: (1) epider-
mal browning has increased as total irradiance,
including UV-B exposure, has increased; (2) totg]
irradiance on southern exposures is four times that of
northern exposures at the latitude of SNM, and sca]-
ing of troughs on southemn exposures of saguaros s
four to six times greater than on north-facing sur-
faces; (3) crest areas, which receive less shading than
trough areas, show injury symptoms of epidermal
browning before trough areas; and (4) epidermal
browning is not localized but is present on saguaros
throughout the northern Sonoran Desert.

The hypothesis that sun exposure, including UV-B
irradiance may be involved in saguaro injury is
strengthened by unpublished observations by Gloria
Montenegro of Santiago, Chile. In Chile, the long-
lived columnar cactus, Echinopsis chilensis (Tri-
chocereus chilensis), exhibits similar epidermal
browning characteristics with epidermal browning
more prevalent on north-facing surfaces than on

southemn exposures.
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Table 1. Relationship between characteristics of saguaros estimated >115 years of age with date of photograph
as the independent variable (n = 141).

Dependent Correlation Equation of the linear
variable coefficient P regression line
Age -0.462 0.0002 y=193.01 - 0.92
Number of branches -0.220 0.0086 y=8.38-0.06
Barking of troughs 0.220 0.046 y =-0.0265 + 0.0045
(pleats)

Spines missing 0.273 0.013 y = -0.04 + 0.006
Growing point missing 0.243 0.034 y = -0.0353 + 0.0060
Apparently healthy crests

(ridges) -0.215 0.0493 y = 0.3550 - 0.0044
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Fig. 2. Relationship between trough (pleat) scaling versus compass direction of the crest (ridge). Data are from
saguaros that exhibited only trough scaling. The standard error of the mean for all measurements was 0.55.
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Fig. 3. Relationship between most spines missing versus compass direction of the crest (ridge). Data are from
saguaros that exhibited only trough (pleat) scaling. The standard error of the mean for all measurements
was 0.015.
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Fig. 4. Relationship between trough (pleat) scaling versus compass direction of the crest (ridge). Data are from
saguaros that exhibited both scaling and barking of troughs. The standard error of the mean for all measure-

ments was 0.013.
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Fig. 5. Relationship between scaling (lower line) and barking (upper line) on crests (ridges) of saguaros versus
compass direction of the crest. Data are from saguaros that exhibited both scaling and barking of troughs
(pleats). The standard error of the means for all measurements for barking and scaling were both 0.009.
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Fig. 6. Relationship between spines mostly missing (upper line) and whole complements of spines (lower line)
of areoles versus compass direction of the crest (ridge). Data are from saguaros that exhibited both scaling and
barking of troughs (pleats). The standard error of the means for all measurements for most spines missing and
whole complement of spines were 0.018 and 0.008, respectively.
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ABSTRACT

IndSaguaro National Monument in Tucson, Arizona
undergone a noticeable decline characlcrizc:d id

- b . .
Green cacti usually show little or no cpicuﬁculgr ?ﬂgcmal e sl
density, m i
cmomg(:hwc:]r: Z::rllli?;f)uwd;and areoles, and-grcatcr numbers of chloroplasts per cell in the
et l;rownin i mcpxdqnnal. browning. It is hypothesized that epicuticular wax ceases
R g cacti, us hindering gas exchange. Polyphenols are produced as a response

cclusion, resulting in brown parenchyma and a subsequent browning of stems.

saguaro cacti (Carnegiea gigantea) have

buildup, numerous spines, greater stomatal

INTRODUCTION

At Saguaro National Monument (SNM) in Tucson,
Arizona, population density and recruitment of
young saguaro cacti (Carnegiea gigantea) have
noticeably declined over the past 40-60 years (Hast-
ings and Tumer 1980). Saguaros can live to be >200
years old (Hastings and Tumer, 1980; Steenberg and
Lowe 1983). The most obvious correlate with prema-
ture death is the orange to brown to black discol-
oration that occurs on the surfaces of saguaros that
are about 80 years old or more. At present, the
cause(s) of epidermal browning is (are) unclear.

Little systematic research has been done to deter-
mine the cause(s) of the saguaro decline. Steenberg
and Lowe (1982, 1983) attributed the losses to freez-
ing injuries, but no direct evidence has been present-
ed to demonstrate that epidermal browning is related
10 freezing temperatures. Hastings and Tumer (1980)
considered the decline of saguaros at the Rincon
Mountain District (RMD) of SNM in the context of
changes in species dynamics throughout the Sonoran
Desert. They discussed such issues as the effects of
cattle (Bos taurus) and other desert animals, effects
of fire suppression, and changes in climate, as possi-

ble causes.

35

The present study was conducted to test the
hypothesis that stem tissues of green cacti differ from
stem tissues of browning cacti. To test this hypothe-
sis, epidermal characteristics, buildup of epicuticular
waxes, depth of chlorenchyma, and depth of tissue
browning beneath the chlorenchyma, were related to
stem color.

METHODS

Observations on, and tissue samples of, 472
saguaro cacti were collected from March 1988
through August 1990. Cacti from both the RMD and
the Tucson Mountain District (TMD) of SNM were
sampled. Cacti were not selected randomly. Rather,
an attempt was made 1o sample individual cact rang-
ing from apparently healthy young plants to older
cacti with thick brown to black epidermal coverings.
Observations and tissues were taken from 1.5 to 2.0
m above ground on southern exposures. Areas repre-
sentative of adjacent tissues were also sampled.
Scores for the various phenological observations are
averages for southern exposures between 1.5and 2.0 m

above ground.
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Color Selection
For sample cacti, epidermal color of the southern
exposures of stems was quantified through compari-
son with a Benjamin Moore paint color chart. Color
swatches were held next to each stem, making sure
that both the specimen and color chart were in direct
sunlight. The best color match was chosen by a mini-
mum of four researchers. Each assigned stem color
was then subdivided into percentages of cyan,
magenta, and yellow through color comparisons with
standard color separation procedures (Kneppers
1982) by two commercial artists working in natural

sunlight conditions.

The percentages of cyan and magenta each ranged
from 0 to 60 and these two surface color components
were combined into one color factor using the follow-
ing formula: color factor = 60 - cyan color + magenta
color. Thus, the color factor would be low for cacti
with a high cyan color and a low magenta color (green
cacti). Conversely, high color factor values would be
obtained for scaling and barking cacti with low cyan
and high magenta colors (browning cacti).

Tissue Samples

After epidermal color was estimated, tissue sam-
ples were taken. Tissue samples (approximately 2 x 2
cm) were cut from southemn exposures of stem sur-
faces. The depth of cut was approximately 2 cm.
After the sample was removed, the depth of green
color and the depths of the colors of the internal
parenchyma were recorded. The cuticle of each sam-
ple was removed and both the cuticle and internal tis-
sues were fixed in ice-cold 10% acrolein for a
minimum of 20 hours.

Surface Characteristics

Researchers observed the physical appearance of
both crests (ridges) and troughs (pleats) separately.
Surfaces were characterized as exhibiting pox, scal-
ing, or barking. “Pox” is described as blotches of yel-
lowing blended into the more normal green color of
the epidermis. “Scaling” is the appearance of a red-
orange epicuticular wax buildup. “Barking” refers to
a larger buildup of epicuticular waxes with a red-
brown to black appearance.

Observations were also made of areole characteris-
tics, specifically as related to spines and the growing
points of axillary buds of areoles on southem expo-
sures. Areoles were characterized as (1) intact, (2)

—

only scar tissues present, or (3) missing compleq
because of excessive scaling or barking of e Cmy
epidermis. Spines were characterized as to Presen st
or absence. If spines were present, they were chargg
terized as having (1) a full complement of spines (2.
some spines missing, or (3) most spines missing. '42)

The growing points of axillary buds were charag
terized as fuzzy, not fuzzy, or missing in appearanc(;
“Fuzzy” means that epidermal hairs or hair-]ike tis.
sues were present on the areoles. The fuzzy cong; fiom
was usually coincident with a swelling of the grow.
ing point. The absence of the fuzzy conditiop wag
usually associated with a lack of swelling. Whep, the
growing point was absent, it usually reflected eXces.
sive scaling and/or barking of the surrounding Crest
epidermis.

Cuticle Studies

After fixation, cuticles were washed with water o,
at least 10 minutes, dried with tissue paper and
affixed to microscope slides with quick-drying (5-
min) epoxy glue. After the cuticles were placeq on
slides, slides were covered with newspaper. A flat
board was placed on the newspaper and lead weights
or rocks were placed on the boards to ensure that
cuticles remained flat while the glue dried. Care was
taken to see that no abrasion occurred that woylg
remove epicuticular waxes or damage the cuticles i
any way.

Cuticles were viewed with a microscope at 100x
magnification. Five randomly selected views (2.54
mm? total area per view) of each cuticle were useq to
evaluate cuticular characteristics. Cuticles were
checked for conditions of epicuticular waxes ang
stomata. Flaking and sheeting of waxes, as opposed
to the lack of epicuticular wax coverings were noted.
Stomata were characterized as either visible or
obscured by epicuticular coverings. If stomata were
visible, stomatal density was determined.

Microscopic Characteristics of Epidermis
Microscopic examination of the epidermis of
saguaro cacti was conducted to determine the char-
acteristics of apparently normal cacti and those with
scaling and barking of the surface. The visibility and
density of stomata on the cuticles were also deter-
mined. Characteristics described as flaking and sheet-
ing were observed on cuticle surfaces. “Flaking” is
the buildup and partial sloughing of epicuticular
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waxes that results in a rough, non-uniform appear-
ance. “Sheeting” is the buildup of epicuticular waxes
that results in a smooth appearance. Both conditions
result in a decrease in the number of visible stomata.
Samples that exhibited both flaking and sheeting were
scored as having both conditions.

Values of flaking, sheeting, and the degree to
which stomata were visible were rated on a relative
scale from 0.00 to 1.00. Low values were given to
cuticles with little flaking, sheeting, or when the
stomata were clearly visible. Values of 1.00 were
given to cuticles with a high degree of flaking of epi-
cuticular waxes, total sheeting of epicuticular waxes,
and total obscuring of stomata.

Chloroplast Density Studies

Since the depth of the green chlorenchyma and the
amount of internal discoloration (ID) could vary
among cacti of various extemnal colors, the number of
chloroplasts per cell was determined for various
chlorenchyma depths. The depths sampled were (1)
0.0 to 0.9 mm (Tissue A), (2) 0.91 to 1.8 mm (Tissue
B), (3) 1.81 to 2.70 mm (Tissue C), and (4) 2.71 to
3.6 mm (Tissue D) from the cuticle. Each cell was
classed as having <5, 6-10, 11-15, or 216 chloro-

plasts per cell. Numbers of cells per view within
these classes were scored.

Statistical Analysis

Regression analyses were performed for a large
variety of presumed independent and dependent
variables, and analyses provided levels of signifi-
cance, correlation coefficients, and best-fit lines for
linear and quadratic equations by standard statisti-
cal programs (Steel and Torrie 1960). In all cases,

linear regression provided the highest level of sig-
nificance.

RESULTS

Data analyses have been aimed at understanding
the changes, both external and internal, that occur as
cacti tum from green to the barking condition. Two
parameters were used to document the differences,
namely color factor (a measure of the green to brown
color of the stem surface) and depth of ID.

Depth of ID and color factor are closely related
(Fig. 1). The Y-intercept value indicated that green
cacti may have 1-2 mm of ID. Intemnal discoloration
increased with increasing color factor values so that

with a color factor value of 50, ID was 5.5 mm and
with a color factor value of 80, ID was 8.0 mm.

Trough sheeting was positively correlated with
color factor and slopes of the lines for sheeting and
ID were similar (Fig. 1). The slope of the line for
obscured stomata was identical to that for sheeting.
The displacement of the line for obscured stomata to
the right of that for sheeting suggested that sheeting
precedes obscured stomata.

Correlations of flaking, sheeting, and obscured
stomata with ID did not provide statistically signifi-
cant linear relationships. On the contrary, statistically
significant quadratic relationships were obtained for
all three parameters with ID (Table 1). Results show
that flaking was rather low in cactus samples with 1-
2 mm of ID (Fig. 2). As ID increased to 3 mm, flak-
ing increased (about 0.70-0.78). At high ID values,
flaking decreased, probably as a result of the increase
in sheeting. Sheeting values were relatively low (0.4-
0.5) for ID values of 2-5 mm. However, sheeting val-
ues increased markedly from 0.5 to 0.82 for ID
values of 6 to 10 mm. The degree of stomatal
obstruction showed a response similar to that of
sheeting. For samples below an ID of 6 mm, values
below 0.38 were obtained for obscured stomata.
However, obscured stomata values increased to 0.63
as ID increased to 9 mm (Fig. 2).

Flaking increased markedly from 0.6 to almost
0.78 as ID increased from 1 to 5 mm (Fig. 2), but
thereafter, flaking decreased to about 0.57. At an ID
below S mm, sheeting levels were below 0.47, but as
ID values increased from 5 to 9 mm, sheeting
increased from 0.45 to 0.82. The increase in sheeting
above 5 mm ID coincided with the decrease in flak-
ing. The increase in sheeting was highly correlated
with the degree of obscured stomata. This is not sur-
prising since with a lack of flaking, sheeting of
waxes covers the stomata.

Internal discoloration was described in terms of
the depth of the discoloration. Since the color of 1D
ranged from yellow, orangish-yellow, orange, brown-
ish-orange, to brown, and since the gradations of
these colorations were difficult to determine in an
objective manner, only the depth of the discoloration
for each sample was recorded. In general, a depth of
discoloration of 1-3 mm reflected a color of
orangish-yellow to orange, while a depth of discol-

oration of >5 mm was usually brownish-orange to
brown.
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Field observations suggested that scaling and bark-
ing may occur on crests before they occur on
troughs. Statistical analyses indicated that crest scal-
ing occurred at relatively low color factor values and
increased to about 1.0 for a color factor value of 100
(Fig. 3). In contrast, crest barking usually occurred at
lower color factor values. For example, at a color

factor of 20, crest barking values were only 0.1 and
increased to 0.8 for a color factor value of 100

(Fig. 3).
Relationships between stomatal density and coIc_)r
factor and ID are shown in Figure 4. Stomatal densi-
ty decreased with increasing color factor values.
ed at a color

More than 20 stomata/mm? were obscrzv
factor of 0 but less than 2 stomata/mm”~ were seen at

a color factor of 70. Likewise, stomatal density
decreased with increasing ID. At ID values c?f 1 mm,
the stomatal density was about 15/mm? while at 1123

bout 4/mm”~.

values of 9 mm, stomatal density was a
The results indicate that stomatal density is highly
correlated with color of saguaro stems as well as ID.
They support the results above that show tha{ as
stems lose green color and turn brown, sheeting
occurs and in tumn stomata are obscured (Fig. 2).

Chloroplast density was positively correlated with
percent cyan in stem color in some tissue classes and
negatively correlated with percent magenia in some
tissue classes. Statistically significant negative rela-
tionships were found for frequency of cells with low
numbers of chloroplasts per cell versus cyan content
in stem color (Table 2). For example, cyan color was
negatively correlated with the number of cells in tis-
sue C that had 6-10 chloroplasts per cell. Three posi-
tive correlations between magenta and frequency of
cells with low numbers of chloroplasts were found.
These results show cyan color in the stem was asso-
ciated with more cells having higher numbers of
chloroplasts per cell, while magenta trunk color was
correlated with more cells having smaller numbers of
chloroplasts per cell. Significant correlations were
found for tissues B, C, and D, but not for tissue A,
suggesting that such changes do not occur in cells
adjacent to the cuticle but do occur in more internal
chlorenchyma.

Relationships between scaling and barking on
crests and troughs with degree of ID are shown in
Figure 5 and Table 3. Crest scaling was quite exten-
sive at low ID values. Trough scaling occurred after
crest scaling, and both crest and trough barking

simultaneously. These results -_
cate that crest scaling preceded 11]), suggesting (hy
scaling of the crests near the arc]o e; occurred carly
in the sequence of events that leads to epidern,,
prowning. This sequence of events is supporteq by
data showing that areole scarring (F{g_ 6 bege
about the same time as crest scaling (Fig. 5')_ Thes,
events were followed by 10ss of most spineg it
crest barking (Figs. 5and 6). :

Relationships between sheeting, scaling, Obscuring
of stomata, and barking of troughs are shown j,

Table 4. Trough sheeting was ersent at low color
factor values. Sheeting of the cuticle preceded scy).
ing. Obscured stomala develoged after scaling anq
preceded barking. Cuticle sheeting precec!ed scaling
and obscuring of stomata of troughs. Since thege
events in the troughs occurred after changes on
crests, it is assumed that cuticle sheeting occurred on
crests before scaling, and that obscuring of stomaty
on crests occurred between scaling and barking of
crests. Direct measurements of cuticle flaking, sheet.
ing, and obscured stomata of crests would be very
difficult since cuticles of crests are curved and coulq

not be accurately observed.

occurred almost

DISCUSSION
The results of this study demonstrate the sequence

of events that lead from green cacti to cacti with epj-
dermal browning. Events on the cactus crests precede
similar events on the troughs. Green cacti are charac-
terized by a lack of flaking or sheeting of epicuticy-
lar waxes. Cacti with a pale green color showed
some flaking of accumulated epicuticular waxes, and
this flaking may have resulted in sheeting of the
waxes that eventually obscured stomata with scaling
on crests. As sheeting occurred, more stomata were
obscured and less acid accumulation (photosynthe-
sis) occurred during night periods. Concomitant with
these events, the internal parenchyma changed from
a pale green or whitish color in the greenest cacti to a
yellow, yellowish-orange color. With sheeting and
eventual scaling and barking of troughs, the orange
discoloration turned brown.

The depth of ID increased from scaling to barking,
so that by the time barking occurred, little or no gas
exchange was possible. Lack of gas exchange leads
to a decrease in the number of chloroplasts per cell,
especially in more internal chlorenchyma. The lack
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of gas exchange also leads to decreaseq photosyn-
{hetic activity, probably the main causative agent of
the extensive intemnal browning that occurs when
troughs are scaled or barked. Internal brown tissues
eventually smell decayed when removed from the
cacti. The extensive intemal browning that oceyrs
with barked troughs probably makes cacti more sep.
sitive to secondary plant pathogens, insect pests, and
freezing injurics.
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Table 1. Relationships between trough surface characteristics with amount of internal discoloration.

Equation of the line

Dependcast viriable £ (quadratic functions)

Obscured stomata 0.001 y = 0.551 - 0.149(x) + 0.015(x>)
Sheeting 0.025 y = 0.678 - 0.119(x) + 0.015(x?)
Flaking 0.018 y=0.503 + 0.113(x) - 0.012(x>)

Table 2. Statistically significant relationships between number of chloroplasts per chlorenchyma cell and stem

color.

Stem No. Correlation Equation of the line
Tissue" color chloroplasts/cell cocfficient P (linear regression)
B Cyan 6-10 0.324 0.0268 y =17.07 - 0.30(x)
B Cyan 0-5 -0.242 0.047 y = 1.19 - 0.26(x)
c Cyan 11-15 0.238 0.046 y =24.35 + 0.35(x)
C Cyan 6-10 -0.342 0.034 y =20.06 - 0.38(x)
C Magenta 0-5 0.274 0.020 y = 0.582 + 0.034(x)
D Magenta 0-5 0.273 0.020 y =0.680 + 0.035(x)
D Magenta 6-10 0.225 0.040 y=12.33 + 0.11(x)

*Tissue depths: A = 0,0-0.9 mm, B =0.91-1.8 mm, C= 1.81-2.70 mm, D = 2.71-3.6 mm.
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Table 3_ R 2 . o . IomﬁOﬂ-
= elationships between surface characteristics of saguaros with internal df_cf______-f ——
Correlation tion of the line
Dependent variable coefficient P Eq;l;:— 0.026(x)
Crest scaling 0.153 0.002 el 0.026(%)
; ' ' _0.208 +0.
(T:‘rough scaling 0.164 0.001 ;’ 0415 - 0.09800) + 0.011(x)
rest barking 50,0001 e (x)
- _ 0083 +0.034
Trough barking 0.224 >0.0001 e =
of saguaros with color factor:
Table 4. Relationships between surface characteristics of the troughs line il
Equation of the a)
Correlation (linear regressio —"
Dependent variable coefficient ? 5= 0,063 + 0.014(%)
Sheeting 0.224 0'0141 y=-0.023 + 0.010(x)
Scaling 0.348 ’0'0001 y = -0.136 + 0.011(x)
Obscured stomata 0.408 >0.000 y = -0.066 + 0.008(x)
Barking 0.336 0.0001
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Fig 1. Relationships between depth of internal discoloration (right y axis), trough (plgag)'she.et_ing. and
obscured stomata versus color factor (left y axis, units are proportion of cactus arca exhibiting injury) for
saguaro cacti at Saguaro National Monument.
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Fig 2. Relationships between cuticle flaking, cuticle sheetin i
ships bety j 8 g, and obscured stomata (units arc proporti
cactus area exhibiting injury) versus internal discoloration (mm) for saguaro cacti at Saguaro Nal:im?:lr:;):mol-f
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Fig 3. Relationships between crest (ridge) scaling, crest (ridge) barking, areoles scarred, and most spines miss-
ing (y axis is the proportion of cactus characteristics or area of cactus exhibiting injury symptoms) versus color
factor for saguaro cacti at Saguaro National Monument.
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Fig 4i2ReIationsh1:ps between stomatal density and volume of base (1 ml of base titrated equals 128mMoles
H+/m™®) used to titrate stored organic acids versus color factor for saguaro cacti at Saguaro National Monu-

ment.
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Fig 5. Relationships between scaling and barking of troughs (pleats) and crests (ridges) (y axis is the propor-
tion of cactus surface area exhibiting injury symptoms) versus depth of internal discoloration (mm) for saguaro
cacti at Saguaro National Monument.
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Fig 6. Relationships between areole scarring, spines mostly missing, and growing point missing (y axis is the

proportion of cactus surface area exhibiting injury symptoms) versus depth of internal discoloration (mm) for
saguaro cacti at Saguaro National Monument.



Ecophysiological and Toxic Element Studies
of the Saguaro Cactus in Saguaro National Monument
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can be made.

_ ABSTRACT
Nutrient relations, gas exchange, and heavy metal chemistry of healthy versus declining saguaro
cacti (Carnegiea gigantea) were examined in six long-term monitoring plots in the Rincon Moun-
tain District of Saguaro National Monument. Results suggest that decline can first be measured as a
loss in maximum carbon dioxide (CO,) uptake, even before spine loss is observed, during seasons
of high water availability and temperature when natural environmental limits on physiological
activity are removed. South-exposed tissues are physiologically more active in terms of CO, uptake
and are the first to show signs of epidermal browning. Water-use efficiency was similar between
healthy and declining tissues. Concentrations of heavy metals (lead, cadmium) were well below
reported toxicity levels and thus are probably not a factor in the decline. Additional research is
needed before definite conclusions documenting the biology and physiology of the saguaro decline

INTRODUCTION

The saguaro cactus (Carnegiea gigantea) in the
Rincon Mountain District (RMD) of Saguaro Nation-
al Monument (SNM) has been declining since the
carly 1940s. A symptom commonly observed on
cacti in affected areas of the RMD is a browning of
the epidermis that originates at the arcoles near the
base of the cacti, beginning on the south-facing ribs
and gradually spreading around the cactus to north-
facing ribs. Declining cacti also demonstrate epicu-
ticular wax buildup and spine loss (Duriscoe and
Graban, this volume). The causal agent of this
browning is unknown. Steenbergh and Lowe (1977,
1983) present evidence that this browning is due to
natural freeze damage, although links to Tucson
urban pollution have more recently been suggested
(Stolte 1988).

Other studies in progress sponsored by the Nation-
al Park Service Air Quality Division are focusing on
the possible role of air pollutants in altering ecosys-
tem function (e.g., cyanobacterial-lichen soil crusts

[see Belnap, this volume]) and the health and resis-
tance of saguaros to natural stresses. The purpose of
this study was to examine nutrient cycling and nutri-
ent chemistry in the ecosystem, and nutrient rela-
tions, gas exchange, and heavy metal chemistry of
healthy versus declining cacti. Specific goals of this
study were to:

1. Document physiological differences between
healthy and declining cacti, measured as the diur-
nal course and maximum rates of noctumnal car-
bon dioxide (CO,) uptake and diumnal water loss
patterns, and to correlate physiological parameters
with visible signs of injury, to determine if decline
can first be observed as a physiological decrease
in CO, uptake and/or an increase in transpired
water loss;

2. Determine if decline begins first in the physiolog-
ically most active tissues, in part o examine the
alternate hypothesis that light radiation (such as
elevated ultraviolet [UV-B] wavelengths) could
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have a direct negative effect on cactus health;

3. Determine if heavy metal pollution (lead, cadmi-
um) from precipitation-borne smelter emissions is
a cause of the saguaro decline, by comparing trace
metal concentrations in both healthy and declin-
ing tissues to known levels of toxicity and injury.

METHODS

Site Selection
During August 1990, six intensive study sites were

chosen in the RMD from those established by
Duriscoe and Graban (this volume). Plots were cho-
sen o span the range of calculated injury indices
(Table 1). At least seven cacti from within each plot
that had not already been tagged for long-term moni-
toring were marked for physiological studies and tis-
suc nutrient analyses.

For cacti chosen during 1990, ribs were chosen
from around the entire circumference and specific
locations at breast height were permanently marked
for gas-exchange analysis. Rib surface azimuth was
measured with a compass. During 1991, six sample
locations were selected on each cactus to reflect tis-
sues facing true north (345°) and true south (165°),
and azimuths at 60" increments in between.

Gas Exchange Analyses

Gas exchange measurements were conducted with

a LI-COR closed-system Infrared Gas Analyzer
(IRGA) that had been fitted with a custom plexiglass
chamber top that was lined with clear teflon tape.
Measurements were made during an unusually wet
summer (1990) as well as an unusually dry summer
(1991). Carbon dioxide and hygrometer calibration
was conducted using standard gases by LI-COR,
Inc., prior to the field season. Seals between the
chamber top and the marked surface of each cactus
were made with double layers of closed cell foam.
“Breath tests” were performed before each logged
run to ensure that a full seal had been obtained
between chamber and plant as outlined by LI-COR,
Inc.
Because cacti use the CAM (Crassulacean Acid
Metabolism) photosynthetic pathway and thus open

stomata and have active CO, uptake during the

night, initial measurements during the summer of

1990 were made to determine the noctumnal timing of

£as exchange. Measurements were obtained from

ca 6:00 pm to 8:00 am the foilowing day for foiae
cacti at one site (Mica), and six at another (plog e
monitor the time course of nocturnal C(‘)2 uptake gn4
to determine if a maximum rai¢ Was maintained fo ,
length of time that could be uscd for bc“"’cen-plam
comparative measurements. Initially only nocrym,
CO, uptake and the iming of morning stomataj ¢,
sure was measured, rather than daytime rt:Spi.-a[iOn
measurements after stomatal c{osure. once 3 fim,
interval for maximum CO, gain was dcm"nincd.
cacti within other plots werc mc;asured during this
time frame in order to compare ussucs and differep,
cacti. At least two measurements were made of ey,
rib chosen on each cactus during the ni gh'l 'S run, -
were averaged. One control plant at one site (plan; 3,
Mica) was used as a reference plant, and Was mea,
sured at a predetermined time aﬁc_:r each night's pl,
run to be able to assess the validity of pooling dgy,

from different days.

Nutrient/Elemental A_nalyses :
At the end of the sampling season, lissue samples

were taken from the north and south sides of selecyeq
cacti for trace metal chemistry. All tissues were
frozen and sent to Boston University for processing
Tissues were frecze-dried for four days, separateq
from cuticles, and divided into chlorenchyma and
parenchyma. Tissues were ground in an agate mortg;
Samples and NBS (National Bureau of Standards)
citrus leaf standards were digested in teflon vesse)s
using a nitric acid flux on a hotplate using cleanroom
techniques, stored in virgin-resin HDPE bottles, ang
analyzed using graphite furnace atomic absorption,
Ultrapure acids, deionized water, and pyrogen-free
pipette tips were analyzed for purity against stap-
dards. Concentrations were determined using stap.
dard additions to eliminate matrix effects.

Calculation of an Injury Index
An injury index was chosen to reflect the percent

damage on tissue surfaces within the areas chosen for
gas-exchange analysis. Surfaces were rated for per-
cent orange 1o orange-brown scaling (the appearance
of a red-orange epicuticular wax buildup), with
chlorenchyma still visible through the cuticle, as well
as for the more severe barking (a larger buildup of
epicuticular waxes with a red-brown to black appear-
ance) of tissues. Tissues were ranked first for percent
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cover of damaged area, which could include ecither
parking or scaling; this percentage was divided by 10
10 become the first number in the injury index. The
second number corresponds to the percentage of
barking in the total cover. Thus an injury index of
2,05 means that 20% of the total surface area was
da.mang' with 5% barking.

statistical Analyses

Statistical analyses were performed using SAS
procedures on a Boston University mainframe com-
puter. Comparisons between cacti and correlations
among variables were performed using analysis of
variance (PROC ANOVA) and reported as signifi-
cant at the 0.05 level.

RESULTS

In general, the more south-facing tissues (azi-
muths 165°, 105°, 225%) had significantly higher
injury indices than north-facing tissues, a fact also
reported by Duriscoe and Graban (this volume).
Thus gas-exchange measurements were compared
poth by tissue orientation as well as the estimated
injury index.

During August of 1990, CO, uptake rates in
healthy saguaros became positive at ca 4:00 to 8:00
pm, and cither increased slowly or remained relative-
ly constant at a maximum rate at least two hours on
cach side of midnight (Fig. 1). Thus all rates to com-
pare different cacti within plots were made during
these hours, with each saguaro’s ribs measured twice
over this span. During this season of greatest water
availability, tissues on the south side of healthy
saguaros had higher CO, uptake maxima and re-
mained active longer than healthy tissues on the
north side (Fig. 1). In saguaros with visible browning
and injury indices over 2,00, south-facing ribs had
lower rates of uptake than north-facing ribs (Fig. 2).
The extent of decreased uptake from south-facing
ribs was directly related to the extent of browning as
measured by the injury index. During this season,
there were significant correlations (P < 0.01)
between CO, uptake maxima and both injury index
and rib azimuth.

Because we had initially hypothesized that decline
symptoms might represent injury to stomatal func-
tion that would be reflected in rates of water-use
efficiency (WUE), we calculated a measure of

instantancous WUE, defined as the ratio of photosyn-
thesis to transpiration. No correlation was seen
between WUE and injury index even in plants with a
wide range of injury indices and CO, uptake rates
(Fig. 3).

During the dry summer of 1991, CO, uptake rates
were clearly limited by the availability of water and
were significantly lower than 1990, and many plants
did not show positive CO, gain at any time during
the night. For all plants measured during this season,
daytime respiration losses were greater than night-
time CO, accumulation. However, CO, uptake was
still marginally related to injury index (Fig. 4),
although this effect was not as pronounced as during
the summer of 1990, when CO, uptake rates would
be expected to be at a maximum of physiological
potential.

Heavy metal concentrations in both green and
browning tissues were very low, well within the
range of concentrations seen in plants considered to
be free of trace metal contamination. Brown Lissues
had slightly, although not significantly, higher levels
of lead and cadmium than green tissues (Table 2).

DISCUSSION

Results suggest that saguaro decline can first be
measured as a loss in maximum CO, uptake, even
before spine loss is observed, during seasons of high
water availability and temperature when natural envi-
ronmental limits on physiological activity are
removed. This decrease appears to be due to a gener-
al stomatal closure during the night, as water loss
appears to be similarly reduced, with WUE not
directly related to injury index.

It has been suggested that elevated ultraviolet
(UV-B) radiation might be the cause of decline in
saguaros, which would fit in well with observed pat-
terns of epidermal browning beginning on south-
exposed tissues (L. S. Evans, pers. comm.). An
alternate hypothesis would be that decline begins
first in the physiologically most active tissues, as is
common for tissues exposed to both natural and
anthropogenic stresses, and that light radiation per se
is not the proximate causc of saguaro decline.
Research results reported here do indeed confirm that
in healthy saguaros, south-exposed tissues are physi-
ologically more active in terms of CO, uptake during
seasons of high water availability. However, it could
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ned if water loss was also
tissues. To definitively dis-
analysis of plants both
that were in place for

not reliably be determi
greater on south-exposed
tinguish between hypotheses,
with and without UV-B screens

several years would need 10 be made.
Heavy metal concentrations were well below

reported toxicity levels. Although levels were
marginally greater in declining than in healthy tis-
sues, this is probably a concentration effect due to
chlorophyll loss, rather than due to metal toxicity.
However, the only way to truly assess the respective
roles of potential atmospheric pollutants such as
heavy metals is to compare levels in these declining
populations to levels in populations of healthy
saguaros. Similarly, the only way to truly assess the
role of nitrogen deficiency/saturation in these
saguaros is to compare levels to populations far from
atmospheric sources of nitrogen, or at least in popu-
lations observed to be healthy. Levels of sulfur were
not measured in these tissues; due to smelting opera-
tions and reported low pH's for rain at nearby weath-
er stations, toxicity due to high levels of sulfur are

the next most likely culprit.

CONCLUSIONS
It is recommended that the following research be

completed before definite conclusions documenting

the biology and physiology of the saguaro decline be

made:

1. Nutrient analysis (specifically, tissue nitrogen
concentrations) of healthy populations of saguaro
to establish a baseline for analysis of declining
populations;

2. Analysis of sulfur concentrations and sulfur iso-
tope ratio analyses in saguaro tissues to determine
if excess sulfur deposition is a cause of premature
senescence;

3. Tissue analyses of reference plants (e.g., Larrea tri-
dentata [creosotebush), Prosopis velutina [velvet

mesquite]) to expand the analysis_ of air pollui,

effects to the entire desert community; n

Regional analyses over lhc; entire range of n

saguaro 0 assess population structure, iissue

browning, and physiological activity; ¢

5. Physiological analysis (c.g:, CO, Uptake) o
saguaros protected from ultraviolet (UV-B) Wave
lengths (by glass shields) to determine if lighy, o;
some component of light radiation, directly Cause
premature senescence in saguaro tissues, or i}
decline symptoms arc simply first observed in the
physiologically more active tissues, and is dj rectly
caused by some other, yet unknown agent.
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i hosen from those 1 N
ple 1. Study sites ¢ m established by Duris i
I,aspan the range of calculated injury indices, y coe and Graban (this volume). Plots were chosen
—
_ _ Intermediate
High injury index: injury index: Low injury index:
amamp——— 6)
plot 15 (39 Plot 2 (12) Plot 10 (5.2)
plot 5 (22.1) Plot 9 (4.1)
Mica (no calculated index)

Table 2. cgm?aﬁsons of lead (Pb) and cadmium (Cd) concentrations in ppm (pg/g) found in saguaro
chlorenchyma Lissues to published values of other plants from both contaminated and uncontaminated sites.

—

Pb cd

Plant tissue range X range %
saguaro (green tissues) 005030  0.157 001-003  0.022
saguaro (browning tissues) 0.12-0.59 0.285 0.01-0.04 0.025
cereal grains, edible 0.10-1.00 036 001-0.10  0.03
plants from contaminated sites 27-1506 1-7
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Fig. 1. Daily time course of photosynthesis in a healthy saguaro during the wet (Aug 1990) season. Legend
values are azimuth (injury index), with 345° as true north and 165° as true south,
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Fig. 2. Daily time course of photosynthesis in a declining saguaro during the wet (Aug 1990) season. Legend

values as in Figure 1.
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Fig. 3. Water-use efficiency, measured as the ratio of photosynthesis to transpiration, in a declining saguaro
during the wet (Aug 1990) season. Legend values as in Figure 1.
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Fig. 4. Daily time course of photosynthesis in a healthy saguaro during the dry (Aug 1991) season. Legend
values as in Figure 1.
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Influence of Livestock Grazing
on Saguaro Seedling Establishment

Fareed Abouhaidar

L

sects were established on each area parallel to the fence. Sagu

measured. Data analysis indicated that significantly more young saguaros existed on the area free of

grazing the longest (20 years longer). Grazing appeared to influence saguaro population age struc-
ture. Saguaros should be considered in the management of grazing in some desert habitats.

. . . ABSTRACT
The relationship between livestock grazing and young saguaro (Carnegiea gigantea) plants was

cxamit'led.in this study. Field work was conducted in Saguaro National Monument (Rincon Moun-
tain District) where a fence divides a homogeneous area into tw

1978. The hypothesis tested was that if catile grazing had no e
and/or their age distribution would be the same on the two diff;

0 portions, grazed until 1958 and
ffect, then the number of saguaros
erently grazed areas. Ten belt tran-
aros were probed for, counted and

INTRODUCTION

The giant saguaro cactus (Carnegiea gigantea) is
{he most distinctive plant of the Sonoran Desert. It is
a drought-adapted, tropically-derived species that is
sensitive to severe freezes like those that occur in the
Rincon Mountain District (RMD) of Saguaro Nation-
al Monument (SNM), where saguaros grow close to
their eastern range boundary. The saguaro is highly
responsive to environmental change and offers
insight into past and present ecology of associated
desert plants (Steenbergh and Lowe 1977). General-
ly, saguaro populations have been declining since the
early part of this century, resulting in the loss of
spectacular dense stands of large plants. These
stands contained few young saguaros to replace
dying older plants. A series of hard freezes early in
the century caused much of the damage (Steenbergh
and Lowe 1977).

Surprisingly little is known about the effect of cat-
tle grazing on saguaros. Cattle (Bos taurus) have
been suspects in the saguaro decline, and have been
eliminated from SNM. Yet no study has compared a
grazed area to an adjacent ungrazed one. Such a

57

study would likely eliminate variables such as polli-
nating bats, rodents, pollution, climate, and soil that
might mask the long-term effects of grazing.

Grazing may have had subtle effects on long-term
survival of saguaro populations. Seedlings and
young plants are usually found growing under
“nurse” trees and shrubs that shelter saguaros from
foraging wildlife, drought and cold during their first
years (Steenbergh and Lowe 1977). Saguaros grow
very slowly the first two decades; when they are
small they might be very vulnerable to cattle. Graz-
ing on the monument began in the late 1800s and the
present study aimed to examine effects of past cattle
grazing on saguaros (Abouhaidar 1989).

Field work was conducted on the RMD where a
fence divides an environmentally homogencous arca
into two portions, one grazed until 1958 (“ungrazed”
area), and the other until 1978 (“‘grazed” area). The
limited width of the study area (100 m) helped
reduce risk of variation as one moved away from the
base of the mountains. This also minimized the pos-
sibility of cattle use tapering off from east to west
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with increasing distance from a nearby spring and
salt lick.

METHODS
Ten transects were placed on each area. Transects
were 2 m wide, 220 m long and 3 m apart, and paral-
lel to the fence at right angles to washes. Proximity
to the base of the mountain mandated that transects
be placed close together. Twine was laid to represent
the center of the transect. Straightness was checked
by sighting down the twine as well as measuring dis-
tance to the previous transect. Wherever the transect
ran through a large, low tree, the twine was laid
around it. At the other side, the path was picked up
by sighting through the tree.

The surface, within a meter of the twine, was
closely examined for small saguaros by walking the
length of the transect. Where the twine went around
a tree, its intended path through the obstacle was
sighted and examined. Small saguaros were mea-
sured with a tape measure, larger ones with an Abney
level.

To estimate the age of each saguaro, growth rates
established by Steenbergh and Lowe (1983: Tables 2-
10) were used. Growth of saguaros varies with cli-
mate, especially rainfall, and with habitat (rocky,
non-rocky, exposure, etc.). The growth rate table
was derived from saguaros from non-rocky habitats
in the RMD, which approximate those of the study
site. Any inaccuracies that might have resulted apply
to all saguaros on both sides of the fence and thus did
not affect the final outcome.

For each side of the study area, the saguaros were
divided into 10-year age categories (11-20, 21-30,
etc.), except for those scarce ones >70 years old,
which were combined into one category. The popula-
tion in the ungrazed area was considered to be the
control with the expected distribution, and the grazed
population was compared to it (Table 1). The log-
likelihood ratio test was used to assess goodness-of-
fit without bias (Zar 1984).

RESULTS

Thirty-four saguaros of various size were found on
the transects of the ungrazed area, and 29 on the
grazed area. Statistical analysis indicated that the
grazed sample of saguaros came from a population
with different age distribution than the ungrazed

e

sample. A plot of saguaro numbers by age cla.
indicated that the major difference between the tws
populations was in the youngest class (11-20 )'Carso
Saguaro numbers in older classes appeared simila,
(Fig. 1).

A new set of hypotheses was proposed to teg; the
possibility that saguaros 221 years of age haq the
same age distribution in the two plots. Statisticy,
analysis indicated that among saguaros in thjg age
class, the grazed sample came from a Populatigp,
similar in age distribution to the ungrazed sample (p
=(0.05). This means that all the significant Variatiop
among the two samples was caused by the di flerence
in the number of saguaros in the youngest age clasg
(11-20 years).

DISCUSSION

The difference in the saguaro population age struc.
ture between the grazed (east) and ungrazed (wegy)
areas seems to point toward cattle grazing or SOme
other unknown factor(s). Germination and suryiy
of new saguaros was probably largely suppresseq
with grazing. In 1958, the fence was built and cattle
removed from the west side, providing the arez ,
chance to recover for >30 years. With no grazing,
the habitat improved for saguaros, which germinageg
and survived at a higher rate than previously. Fey
saguaros (three) appeared during the first decade
(1958-68) while the habitat was still recovering. n
the following decade (1968-78), a marked increase ip
saguaro germination and growth occurred, as evi-
denced by the 15 individuals that are now (1988) 11-
20 years old. In the third decade (1978-1988), thjs
trend may or may not have continued depending on
climatic and/or other conditions. Plants germinating
during this period are still too small to be reliably
detected.

If the same scenario applies to the grazed plot,
then the following has taken place or will, assuming
other variables do not change. Grazing stopped in
1978. A lag in saguaro recovery occurred during the
first decade (1978-88). Between 1988 and 1998,
more saguaros should germinate and survive, and a
large increase will be visible by 2008. At present
(1988), 10 years after grazing was discontinued, the
east side of the fence is in the same condition that the
west side was in in 1968. Only two small saguaros
11-20 years old were found there, compared to 15 on
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¢ west side. These two germinated and grew while
razing was still taking place. Thus, 13 sma
| quaros May ha\:'e been “lost” to grazing, a signifi-
cant 1088 according to the statistical tests, A teg
excluding the youngest age category revealed no dif-
ference between the two populations of older
4gUAI0S (221 years). Thus, grazing does not seem
(0 affect older saguaros.

survivorship of saguaros decreases with time. Not
4]l 15 young saguaros found on the west side of the
fence will survive to adulthood. Natural elements
will take their toll. But more saguaros are likely to
survive from 15 (ungrazed area) than from 2 (grazed
area) small plants. Grazing has probably destroyed
most of the young saguaros needed for population
siability over time. It is possible that grazing may
affect old saguaros, perhaps through erosion or other
factors. If so, a 20-year difference in grazing termi-
nation i apparently not enough time for differences
in the two adult populations to be expressed.

The results of this study apply only to areas simi-
lar to the study site—areas close to the cold-affected
poundary of the saguaro’s range, where small
5aguaros are dependent on nurse plants for protection
from freezing temperatures. Also, results apply only
1o relatively flat areas that are heavily grazed; steep
rocky areas experience less use by cattle, and large
rocks often shield small saguaros from trampling.

Cattle may have damaged saguaros (especially
young ones) on the site in several ways. In hot
weather, cattle tend to rest more often in the shade,
possibly intruding on the habitat of small saguaros
that require nurse plants in their first years of life
(Amold and Dudzinski 1978). Cattle may also graze
on nurse plants and reduce their protective cover
(Steenbergh and Lowe 1983), cause erosion, and
directly trample small saguaros. Occasionally, young
saguaros are caten by cattle (Niering and Whittaker

1965).
MANAGEMENT IMPLICATIONS

The surest and easiest, but most controversial, way
of protecting saguaro populations from cattle grazing
is to simply eliminate grazing from saguaro habitats.
This may not be possible on most public lands, but
less drastic measures can also be taken to protect

IS\:lgonr:lT;am Saguaro populations. Saguaro National
ot bem haslpropcrly taken the conservative
dotalled n)lf removing all cattle. Even if saguaros were
o Y Immune t(? the effects of grazing, cattle do not

ong ina location where efforts are being made to
ir:ll?[lmam natural processes unaffected by outside

uences. Due to resistance by ranchers, cattle
grazing was removed piecemeal, inadvertently allow-
ing for comparisons between adjacent areas.

Tl}e area that was used for this study should be
monitored in the future to observe changes in the
number of young saguaros, especially on the more
recently grazed (east) side of the fence. If the fence is
removed in the future, its location should be marked
for Lhc obvious reason of continuing such studies.
Exhibits at the SNM visitor center should mention
cattle as one of the agents that may have decimated
saguaros in the RMD. Exhibits should also mention
that grazing should be carefully regulated in saguaro
habitats outside the monument.
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: oved. Numbers of
Table 1. Saguaro numbers on the constantly grazed site and the site at which grazing Waziznzcxpectcd distribu-
saguaros on the site ungrazed since 1958 were adjusted to give the same total samplraﬂzed gince 1958 was 34.

tion) as on the site grazed until 1978. Actual number of saguaros found on the site ung

No. (Site with
Observed No. Ex;?eclcd in 1958)
2 removed
ge category (Site grazed granng
(yrs) until 1978) el >20 years
>10 ye
11-20 2 12.8 2
43
21-30 5 2.6
3140 2 2.6 o
41-50 3 2.6 e
51-60 6 81 -
61-70 6 17 25
8
>70 5 17 2
27.0

Totals 29 29.1
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Fig. 1. Plot of saguaro numbers by age class in grazed and ungrazed arcas.






Effect of Infrared Reflectance
on Stem Temperatures of Saguaros

Mark W. Smith

The role of high near-infrared (near-
(Carnegiea gigantea) was investiga

lengths

tion during late September and early October.

ABSTRACT

IR) reflectance in the temperature regulation of saguaro cactus
ted. Two independent methods were used to determine the effect
of high near-IR reflectance on saguaro stem temperatures: (1) measurement of surface temperatures
of two individual plants o{ comparable size and health, one of which was partially shaded by a
canopy of loose sun-screening material; and (2) a numerical solution of the time-dependent energy
balance (or heat transfer equation) for saguaro was determined. High reflectance at near-IR wave-

was found to decrease the peak surface temperatures reached by saguaros by 3.2 + 1.5° C
under the fairly mild environmental conditions encountered in the Sonoran Desert at 940 m eleva-

INTRODUCTION

The research described in this paper was conduct-
ed 1o answer two specific questions related to the
role of high near-infrared (near-IR) reflectance in the
temperature regulation of saguaro cactus (Carnegiea
gigcmlea): (1) How large, quantitatively, is the effect
of high reflectance at near-IR wavelengths (0.7-1.5 p
[microns]) in reducing the peak daytime surface tem-
peratures of saguaros, and (2) How important is the
IR reflectance in comparison to other factors such as
convective cooling and reemission of longer wave-
length IR radiant flux?

Radiant flux of wavelengths from 0.4 to 0.7 u is
sometimes referred to as photosynthetically active
radiant flux (PAR), since it is capable of promoting
photosynthesis. Photosynthetically active radiant flux
corresponds roughly to visible radiant flux, or light,
since the human eye is also sensitive to these wave-
lengths. Infrared radiant flux of wavelengths from
0.7 to 1.5 p will be referred to as “near-IR" flux,
since it is near in wavelength Lo visible light. Infrared
radiant flux at still longer wavelengths, from about 5
to 25 p, will be referred to as “thermal-IR™ flux.
Thermal-IR flux is emitted by all objects, including

63

clouds, the ground, and plants, and is related to the
temperature of these objects.

About 40% of the total solar output is at near-IR
wavelengths. Since this radiant flux is not photosyn-
thetically active, it would serve primarily to warm
plants, if it were absorbed. One might suspect that
the rejection of near-IR flux is especially important
for desert plants, which must tolerate intense sunlight
and high air temperatures while simultancously limit-
ing evaporative cooling to conserve water. Thick-
stemmed succulents such as agave and cacti do not
transmit any radiant flux and can limit the heat load
imposed by the sun only via high reflectance.

Absorptance as a function of wave number, or
inverse wave length, is shown in Figure 1 for
saguaro, Agave americana, and Opuntia laevis. The
product of absorptance times solar irradiance is plot-
ted in Figure 2 for saguaro and Agave lecheguilla.
High near-IR reflectance reduces the total amount of
solar energy absorbed by saguaros by 15-20%.

In addition to reflection, absorption and/or reradia-
tion of radiant flux, various other factors influence
the temperature of saguaros. Convective cooling by
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METHODS

Field Measurements A
The field measurement site was located approxi

mately 50 m east of the National Park Scn_flct;f) (N;ii
air quality station at the Rincon Mountain N:I) 3
(RMD) of Saguaro National Monum'ent (S
latitude 32° 10° N, longitude 110° 44" W at 940 m
clevation. All data sets were collected between 27
September 1988 and 2 October 1988, very shortly
after the autumnal equinox, so days and .mghts were
about equal. No rain fell during the period of mea-
surements and very few clouds were present. Over-
all, the weather was extremely stable.

The saguaro chosen for study had no arms and
stood on level ground free from the shade of neigh-
boring plants. The cactus was 2.25 m in height, with
mean diameters of 27.5 cm at a height of 0.5 m
above ground, 29 cm at a height of 1 m, and 31 cm at
1.5 m. The cactus had 18 ribs over its upper section,
each 4 10 4.5 cm deep.

Temperatures of the cactus were measured at 38
locations with type-T (copper-constantan) thermo-
couples. Temperatures were measured at 29 locations
inside the cactus with 36-gauge wire and at 9 loca-
tions on the surface with 30-gauge wire. The thermo-
couples were located to provide cross-sectional
temperature distributions at heights of about 0.5, 1.0,
and 1.5 m. The output voltages of the thermocouples
were digitized, converted to temperature readings,

and recorded automatically at 30-min intervals. The
error in the thermocouple measurements was estimat-
ed at = 0.8° C in accordance with standard error val-
ues published by Omega Engineering, Inc.

Hemispherl : .
and wind direction data were obtained fro,

. quality station at RMD. These valugs y,
::)lig ';: St-)r’nin intervals. Wind speed wag me(::;:‘lajL
{ m above ground level with an anemopmgy,,, b ced a
appmximatcly 3 m from the cactus chogey, for Sla:ed
The wind speed was s:amplgd at 10-sec im"“’alsudy‘
averaged over 2 15-min period. G{'Oupd Surface ang
peratures Were measured at 15-min intery g i m.
36-gauge type-T thermocouple covered With , lhia
Jayer of soil at the surface of the ground, 2 , n
the cactus.

Wesy of

An awning to provide partial shade for (e "
under study was erected from 28 September 1988al'o
30 September 1988. The framework was mgq, rmto
0.5 in. diameter electrical conduit. The Shading b I’ren
rial was lightweight plastic netting obtaineg o
local nursery. The framework and the netting Wcrs
painted white so that they would not be undu]y iy
ed by the sun. An Eppley model 8-48 radiomete, wag
used to monitor the amount of shade provideg p, i
awning. Two layers of netting produced appro:
mately a 15% decrease in the amount of direct .
mal solar irradiance falling on the plant.

An Everest 112C pistol grip infrared thermomey,
(IRT) was used to measure [emperature variajop
over the surface of a single rib and to make compa.
isons between the surface temperature of the sagys,
under study and a reference saguaro. The thermome.
ter had a 3° field of view. An emissivity setting of
0.98 was used. The reference saguaro was locajeq
near the air quality station and was about 4 n i,

height.

ra ty o

Computer Model

To develop a computer model of the time-depen
dent temperature distribution of saguaro, the equa-
tion of energy balance was first differentiated with
respect 1o time to yield an equation describing the
dynamics of energy flow or heat transfer. The
saguaro under study was approximated by a tapered
cylindrical solid, and this solid was divided into a
grid of finite volume elements. The differential equa-
tion for heat transfer was then converted into a finite
difference equation using a Crank-Nicholson finite
differencing method (Press et al. 1988). The total dif-
ferential operator was split into radial, vertical, and
angular components. The resulting equations all have
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m of tri-diagonal matrices. Thig approach
the inlcgl‘aﬂ:Oﬂ to.be repla.ced by the much
 jer process of inverting tri-diagonal matrices
simP © a1, 1988). Each element of the grig was
(Pf"';:d 0 exchange heat energy by conduction with

rest neighbors. Surfac:e elements also
i anged energy by convection and radiative
exch with the environment.

Calculations were conducted on a grid containing

cally 36 radlal_ c‘hvxs:ons. 24 angular divisions,
m:l g vertical divisions, or a total of nearly 7,000
minls- Time steps of typic_ally 100 seconds were
;P;d_ Calculations were carried out in double preci.
.~n The calculations were started using the mea-
§i0 4 6:00 am temperature distribution of the cactus,

rature at the 38 measured points was inter-
ﬂfa:ed to fill out the calculational grid. Energy flow
po remperature changes were then calculated for the
next 24 1o 72 hours using the measured environmen-
1al data as inpuls.

The following values were used for the basic phys-
jcal parameters in the model: saguaro surface emis-
sivity = 0.98 (based on values for eight other cacti

plished by Idso et al. 1967); net solar absorption
coefficient = 0.70 (average of values published by
Gates et al. 1965 and Nobel 1978); stem thermal con-
ductivity = 0.58 W/m/" C: stem density = 924 kg/m3;
and stem heat capacity = 3,885 J/kg/"C. The thermal

conductivity, density and heat capacity of the stem
were based on values published for compass barrel
cactus (Ferocactus acanthodes) and were all set

al to 93% of the corresponding values for water
4t 35° C (Lewis and Nobel 1977).

Thermal-IR flux emitted by the sky was calculated
from air temperature using a published formula (Idso
and Jackson 1969). Thermal-IR flux emitted by the

und and other plants was calculated using the
blackbody formula with emissivities of 0.95 and 0.97
(Wolfe and Zissis 1985). The thermal-IR flux re-
emitted by the saguaro was also calculated using the
blackbody formula. The convective heat transfer
coefficient was calculated as a function of wind
speed using published formulas (Lewis and Nobel
1977: Nobel 1978). To account for ribbing, the sur-
face area available for convective exchange was sct
equal to 1.7 times the surface arca of a smooth cylin-

der of the same diameter as the cactus.

(he fo

RESULTS AND DISCUSSION
Fleld Measurements
: 4?:;?38"3‘1 ground temperatures reached lows of
e [:car dawn and peaked at 50-55° C within
the s one .hour' after solar noon (time at which
un reaches its highest point in the sky). Air tem-
g‘?r;‘:s“fes ranged t:mm lows of 17-22° C near dawn to
- Igl of 32-34.5" C in midafternoon. Wind speeds
fo owed a pattern of being nearly zero in the hours
fom midnight to just after dawn, increasing steadily
;ﬁer da_\vn to a high of 2.0-2.5 m/s in midafteroon,
decreasing to near zero again after sunset, and pick-
ln_g up again 1o 0.5-1.0 m/s from 9:00 or 10:00 pm to
mldmght or 1:00 am. The measured hemispherical
solar irradiance peaked at 920-940 W/m? at solar
floon.. The calculated value of direct normal solar
irradiance peaked at 1,000-1,020 W/m? at solar noon.
Surface lemperatures of west-facing sections of
the saguaro with thermocouples implanted were mea-
s_unj:d between 3:00 and 6:00 pm and compared sta-
tistically with those of a reference saguaro. On two
days when the 15% shade awning was not set up, the
surface temperatures of the saguaro with thermocou-
ples implanted averaged 1.4° C lower than those of
the reference saguaro. On two days when the awning
was set up, the average temperature differential was
3.1" C. This implies that a 15% reduction in direct
solar irradiance produced an average decrease of 1.7° .
C in aftemoon surface temperatures. The reduction in
peak core temperature was only about 1° C. The stan-
dard deviation of the differential surface temperature
measurements was 0.7-0.8° C. The maximum varia-
tion of temperature over the surface of a single rib
was measured to be 1.0-1.5° C for sections of the
cactus not receiving direct sunlight.

Calculated versus
Measured Temperatures
The difference between calculated and measured

values of the core temperature and average surface
temperature was less than about * 3" C for the period
from sunrise to sunset. The model tended to underes-
timate midmorning temperatures and overestimate
midafternoon temperatures. The agreement during
the night was better than * 1° C. The close agreement
for night temperatures indicates that the calculated
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values for convective cooling and thermal-IR ex-
change are probably very good. The calculated day-
time response, which is dominated by solar input,
was not as accurate.

Calculated and measured temperatures for selected
times on 27 September 1988 and 28 September 1988
are plotted in Figure 3. A transect from the west-fac-
ing surface to the core at a height of 1 m is shown.
The calculations were begun at 6:00 am on 27
September 1988 and ended at 6:00 am on 28 Septem-
ber 1988. The surface temperatures reached a mini-
mum at 6:00 am. The core temperature fell about
another 1° C and reached a minimum about an hour
later. Surface temperatures on the west side of the
plant peaked at 4:00 pm. The core temperature
peaked at 8:00 pm. The error bars for the measured
surface temperatures were set at + 1.5° C in accor-
dance with the measured variation in temperature
over the surface of a single rib in late afternoon. The
standard thermocouple errors of + 0.8° C were used

for the interior temperatures.

Calculated Effects of Varying Radiative
and Convective Properties
The following parameters were varied in the com-
puter model and temperatures were recalculated. The
average solar absorption coefficient was decreased
by 15%, from 0.70 to 0.60, to mimic the cooling
effect of the 15% shade awning. The solar absorption
coefficient was next increased to 0.85, to predict how
warm the cactus would grow if its absorptance at
near-IR wavelengths were equal to its absorptance at
photosynthetically active wavelengths. The solar
absorption coefficient was further increased to 0.98
to predict how warm the cactus would become if its
absorptance at solar wavelengths were equal to its
absorptance at thermal-IR wavelengths. The solar
absorption coefficient was then reset to its normal
value and the ribs were artificially removed by treat-
ing the cactus as a smooth cylinder. This decreases
the surface area available for convective cooling, but
leaves the area available to collect direct normal
solar irradiance almost unchanged. Finally, the cactus
was treated as a smooth cylinder and the solar
absorption coefficient was increased to 0.85 simulta-
neously. The calculated effects of these changes on
peak surface temperature and peak core temperature

are summarized in Table 1.

The calculated increase in peak surface temper,.
ture produced by increasing the solar absorptjgy,
coefficient from 0.70 to 0.85 was 3.2-3.3" C, Since
the average absorption coefficient at photosynthet;.
cally active wavelengths is 0.85, this 3.2-3 3¢ C
change may be interpreted as the temperature redy.
tion attributable to high reflectance at near-IR waye.
lengths. The estimated uncertainty in this value js +
1.5° C based on the measured variation in tempera-
ture over a single rib. The change in peak core tep.
perature was only about 0.9° C.

Artificially removing the ribs produced a calculat-
ed 4.0-4.7° C increase in peak surface temperature,
Simultaneously removing the ribs and increasing the
absorptance produced a calculated increase of 8.0-
8.8° C in peak surface temperature and a 2.0° C
increase in peak core temperature. These results indi-
cate that the enhancement of convective cooling due
to the ribs is somewhat more important in minimiz-
ing peak temperatures than is the decrease in
absorbed solar irradiance due to the high reflectance
at near-IR wavelengths. Together, the two properties
are very important in minimizing the peak surface
temperature.

Calculated energy balance terms for a west-facing
saguaro surface at a height of 1 m are plotted in Fig-
ure 4. As shown, convective cooling of a given sec-
tion of the saguaro stem is at a maximum when
absorption of incident solar flux is at a maximum.
Convective cooling is proportional to the temperature
difference between a given section of the surface of
the plant and the surrounding air. The maximum tem-
perature differential, and therefore maximum con-
vective cooling, occur when the surface is facing the
sun directly.

Emitted thermal-IR also peaks when the surface
temperature of the plant peaks. However, absorbed
and emitted thermal-IR are always in approximate
balance. The value of the absorption coefficient at
thermal-IR wavelengths is therefore a fairly neutral
property in terms of energy balance. Decreasing this
coefficient from 0.98 to 0.50 produced only a 0.3-
0.7° C decrease in peak surface temperature and a
0.6° C decrease in peak core temperature.

Temperature fluctuations at the saguaro’s surface
propagate inward towards the core, with a time lag
and with dampened magnitude. The core temperature
of the saguaro under study was observed to peak near
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This was two hours after sunset and wej)
§:00 P‘“ﬂ;m temperatures had peaked and begun 1o
aﬂl’-{ su Gacs reported that the core lemperature of
decline. peaks near midnight (Gates 1988). The time
S’g‘famxpccl ed to be greater for larger stem diame-
Jag is © m Figure 3 we see that over a 24-hour peri-
fers. Fro rature fluctuations at the surface were
g(51,:”tlc.mé’cI_]m,,,cv.m:r. temperature fluctuations at the
» ) 7-10° C.
corc'wt:::n;';lé ture is the greatest controlling factor
Alr saguaro’s temperature, averaged over a 24-
for the .od. The average air temperature from 6:00
hour PC;‘_’ p eptember 1o 6:00 am on 28 September
3* C. The average core temperature during
period was 33.7° C. Lewis and Nobel
that air temperature is the factor which
greatest influence on average surface tem-
res of various species of cacti over a 24-hour
peratu (Lewis and Nobel 1977; Nobel 1978).
Had exact values reported for various tempera-
Thct';olh measured and calculated, are of course
tures, nly for the relatively mild conditions encoun-
valid : :iyng the period of field measurements. How-
tered m‘; conclusions about the relative importance of
ever, \erms in the energy balance equation proba-
;la; ?'cursﬂain valid for a much wider range of condi-

am on
was 33.
(he same
reported
exerts the

tions.

ANAGEMENT IMPLICATIONS

No specific recommendations are made at this
ime for further research or monitoring. However, an
il
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explanation of energy balance and plant temperatures
would make an inte

: resting topic for public education.
The possibility of developing an educational display
was explored previously, but not pursued due to a
lack of available funding.
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ers that affect the energy ba).

Table 1. Calculated and measured effects of changing yarious phySlcal paramel

ance of Carnegiea gigantea.

AT (°C) AT(C)

Zroperty changed From E_______,__.——S—uffc—e— 2
Net solar absorption 0.70 0.60 -(1.0t02.4) -1.0
(with awning)

Net solar absorption 0.70 0.60 .(201022) 0.9
Net solar absorption 0.70 0.85 +32103.3) +1.3
Net solar absorption 0.70 0.98 +(5810 6.2) +2.6
Thermal-IR absorption 0.98 0.50 (0310 0.7) -0.6
Geometry ribbed smooth +(4.0104.7) D
Net solar absorption 0.70 0.85 +(8.0108.8) +2.0

Geometry ribbed smooth
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INTRODUCTION

Saguaro cacti (Cameg:ea gtgantea_) bloom during
he hottest and driest time of year in the Sonoran
Desert. This is a period of intense stress for pollina-
tors and a period during which other floral resources
are scarce or unpredictable (O'Neal and Waller
1984). For these reasons, saguaro flowers represent a
particularly important source of nectar and pollen for
floral visitors. The goals of this study were to deter-
mine the quantity and sugar concentration of nectar
produced by saguaros and their relative, the cardén
(Pachycereus pringlei) and to determine how saguaro
nectar and pollen are utilized by honey and native

bees.
METHODS

Nectar from freshly removed saguaro flowers was
carefully extracted with 100 pl (microliter) caliprated
micro-capillary tubes (Kimble micro-capillary
pipettes). Floral nectar sugar concentration was mea-
sured as total dissolved solids based on refractive
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index using a Bellingham and Stanley hand refrac-
tometer. The amount of pollen produced by individu-
al flowers was determined, after removal of the
nectar, by carefully removing the basal portion of the
flower containing the nectaries with a razor blade,
followed by inverting the flower in an aluminum foil
weighing dish, After standing overnight, or until near
the normal midafternoon floral closing time, the
anthers were vibrated with a 256 Hz tuning fork to
remove any remaining pollen, and the pollen
weighed.

To obtain information on the rates of nectar secre-
tion and pollen and nectar removal by pollinators,
hourly measurements of nectar and/or pollen were
recorded over major periods of the night and day.
Some flowers were “bagged” with large plastic bags
to prevent loss of nectar and pollen to pollinators.
Study sites for the saguaro bloom were: Saguaro
National Monument (SNM), Rincon Mountain Dis-
trict (RMD) near the northwestern area of the Cactus
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Forest Loop Drive (May 20, 1984 and May 23,
1986); on the property of Mervin Larson on the bor-
der of SNM, Tucson Mountain District (TMD) (May
12 and 13, 1987); and on Tumamoc Hill, Tucson just
above the Desent Laboratory (May 27 and 28, 1987).

Pollinators were identified by visual observation
and collection of voucher specimens. The Larson site
was chosen partly because the major pollinators at
that site were the native cactus bee (Diadasia opunti-
ae), and the Tumamoc Hill site because primary pol-
linators there were the imported honey bee (Apis
mellifera).

Cardén floral nectar and pollen quantities were
determined as described for saguaro. Cardén study
sites were: Sierra Cirio mountains near Puerto Liber-
tad, Sonora, Mexico (April 17, 1987), and near the
beach on the mainland across from Tiburon Island,

Sonora, Mexico (April 18, 1987).

RESULTS
Saguaro flowers typically open between 9:00 pm

and 11:00 pm (Mountain Standard Time) and remain
open throughout the night and into the carly after-
noon of the next day. By 5:00 pm most are closed.
No pollinating bats were observed at any of the sites
on observation nights nor was any of the typical flo-
ral disruption caused by bat feeding observed on any
of the flowers. The first pollinators to arrive at the
flowers were the cactus bees, which arrived about 45
minutes before sunrise, followed by honey bees,
which began arriving about 15-30 minutes later.
These two species accounted for almost all of the flo-
ral visits (>98%). Minor floral visitors included large
and small bees (carpenter bees [Xylocopa
californica), and sweat bees [Halictidae spp.], plus
occasional other species) and doves, which typically
arrived later in the morning.

Pollen is fully available to pollinators upon floral
opening. Unlike pollen quantity, which cannot
increase with time, nectar is present in varying quan-
tities during the onc-day floral lifetime. Nectar secre-
tion usually begins shortly afier the flower opens and
nectar volume continues to increase until about 9:00
am. After this, the flower begins to resorb the nectar,
with complete resorption by the time the flower clos-
es. Nectar production at its pcak varied over a large
range of about 100 to 1,000 pl per flower with a

mean of 519 £ 228 (SD) pl based on | Mowe
each of the four saguaro sites taken a; [?fmm
peak nectar volume. Nectar volume appe, ! (:'ﬂc of
depending upon the year, season, site b \Z|

unknown factors. On average, saguaro neety Othe,
tains 22.2  3.1% sugar (range = 15-269;) Tou:] Con.
tar floral reward (weight of sugar per ﬂOWCr) is ]nec.
51 mg (n = 40), with a maximum of 236, ° 154
on a sample of 130 flowers obtained from .Va aseq
study sites, pollen weight per saguaro flowe is 2Téous
135 mg, with a maximum of 670 mg. 61

As soon as light is sufficient for flight, bees -
visiting the flowers. A typical standing CrOp cury 8in
pollen removal by honey bees over time ig Show:; of
Figurc 1. On this day sunrisc occurred z; 5:33 in
the first bec was observed exiting a hive g 5:00 ;
and very few other pollinators were observeq in lh'
area. By 6:00 am and within 30 min of Sunrise, o, c
50% of the original pollen standing crop had'be er
removed. One hour later over 75% of the pollen ch
removed and the trend continued until 10:09 am t?s
which time very little pollen remained. Evidenc, &
even one bee visit was obvious: the ugug] smoot,
uniform texture of the cone-shaped ring of anthe
around the pistil was disrupted. Within 3 short timzS
heavily-visited flowers began looking ragged and lhc;
creamy yellow appcarance of the anthers imparteq 1,
the pollen was lost. y

Nectar removal by honey bees began sogn after
initial pollen removal. Unlike pollen, which jg readj-
ly available on top of the flower, nectar is decp in the
floral corolla and the bees must struggle through (he
bed of stamens to get to it. Nectar removal by honey
bees followed a similar pattern as shown for pollen
in Figure 1.

Cactus bees exhibited a different saguaro floral
resource removal pattern than did honey bees (Table
1). Unlike honey bees, which after an initial remova)
of a portion of pollen, removed nectar and pollen in
parallel, cactus bees emphasized pollen collection g
the partial expense of nectar collection, For example,
at the cactus bee sites at 8:00 am, only 17% of the
nectar was removed, while 75% of the pollen wag
removed. At sites predominantly visited by honcy
bees, both nectar and pollen were about 759
removed by 8:00 am. This trend for the cactus bees
continued, with half of the nectar remaining at 9:00
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ok all of the pollcn I'EmO‘de. By 1’m pm
Jlen was gone, while much necyar
o all mc'po flowers.
“ear]y ajﬂed in the . x
% cem jation of cardén cactl studied was in 5
_pr onid harsher environment than the
much d é ardon flowers opened at night aboyt the
g -s.e " Saguaro flowers, bu_t closed much earjj-
B 10:00-11:00 am). During the study perig,
" (3 bees were observed visiting cardén flowers
nohonehen: clse and, presumably, they were absen
. YW ity Furthermore, no other bees or pollina.
from the spserved, although the observation periog
s Were We observed no evidence of floral visita-
35 short. cardén flower during night or day. Floral
jon 10 an)’of cardén and saguaro exhibited Sl.ﬁking
resou‘“s (Table 2). The amount of pollen produced
diﬁ'c;enccs cies was similar, but cardéns produced
by the I?Wicc as much nectar (nectar volumes mea-
ost he 9:00 am peak volume time for saguarg
sured a; 00 am for cardén). In addition to yielding
and & ;':tal'- cardén flowers produced a nectar that
boct 40% more concentrated in sugars. Com-
w‘as a ‘hese figUrEs reveal that cardén flowers pro-
bmﬁuu times the nectar sugar of saguaro.
duce sther difference between cardén and saguaro
An reSOUTCES Was observed in the different strate-
ﬁf)l‘il ¢ pollen production. Nearly all saguaro flowers
es :a ve ever observed produce pollen. Of the 24
we sn flowers sampled in the two sites and from 10
C{*;fd rent individual plants, only six flowers contained
di ucn Supporting evidence of the absence of pollen
?On; emaining 18 flowers was provided by the nec-
m The nectar of flowers without pollen was clear
w;i pollen-free; in contrast, the nectar of all six
gllcn-producins owece W SIS 0 mAvCEy
cloudy and contained pollen grains. _Thc information
in Table 2 for cardn pollen production was based on
only the six pollen-producing flowers. i ¥io pailen
produced by all 24 flowers i Corgitnod it aves:
aged, then an average flower contains only 64 mg
pollen, less than one-quarter that of saguaro. Cryptic,
male sterile flowers may be present in cardén popu-
lations.

DISCUSSION ,
Both saguaro and card6n are columnar cacti that

are typically considered to be bat-poninalcq (McGre-

gor et al. 1962). Evidence for this assumption s that
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al . A
Sncn hat s S0 play pollinatio
the afternoon
moming ang e

1984; Schmidt ang Buchmann 1986).
Honey bees are not n

ative to the Americas and
l::lr.efore played no role in the evolution of the polli-
- 10n syst;ms of either saguaro or cardén. Now,
. \;:;lear. thxnfe cosmopolitan, generalist, tramp species
PS the major pollinator of saguaros in SNM
and presumably af e )

fects the pollination of both
Saguaro and cardén in other areas where honey bees

:'I\I’d meur:acu coexist. Honey bees appear to be effec-

¢ pollinators of saguaros (McGregor et al. 1962)
and are Qrobably now the most important pollinators
along with cactus bees. No data are available for
cardén pollinators. Thus, from the point of view of
the saguaro, the honey bee is not deleterious. In fact,
huma.ns have reduced bat populations by destroying
roosting sites, habitat, and food sources; therefore,
honey bees might be beneficial replacement pollina-
tors.

The effects of honey bees on native pollinators of
saguaro is unclear. Bees do not have a direct effect
on bats because bats exploit the resources only at
night and before bees enter the scene. Direct evi-
dence of honey bees competitively reducing or
excluding diumal pollinators is difficult 1o obtain.
Indirect evidence of competitive exclusion is derived
from observations (Fig. 1 and Table 1) that within a
few hours of sunrise and well before floral closure,
most nectar and pollen have been removed by honey
bees. Nectar and pollen, therefore, are unavailable

for other pollinators, particularly those that might be
active after 9:00 am in the morning.
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Honey bees may well impact some diurnal pollina-
tors more than others. Doves and other birds likely
were major visitors to saguaros before the advent of
honey bees and when nectar remaining after bat for-
aging was available. At midday, a time of great water
and heat stress for birds, available saguaro nectar
might be especially valuable since birds cannot read-
ily forage on the ground due to high surface tempera-
tures. We speculate that saguaros might well have
been an important food and moisture source for birds
at midday, a source now largely unavailable due to
honey bees.

The pollination biology of cardén cacti is almost
unknown; although carddéns are bat-pollinated, little
else is known. In the carddn study areas, insect polli-
nators were scarce, and that situation is likely to exist
in other extreme cardén habitats. Thus, during the
evolution of the cardén pollination system, the main
selective forces were probably those generated by
bats. Evidence for this is the enormous production of
nectar and sugar by the flowers and the relatively
low (compared to saguaro) overall production of
pollen. Bats rely much more heavily on nectar than
pollen for food. Therefore the nectar-rich provisions
of cardén are ideally suited for a bat-cactus pollina-
tion system. Although we have no evidence, it is
interesting to speculate about the possibility of com-
petition between card6ns and saguaros for pollina-
tors. If, in areas such as our cardén study sites,
pollinators other than bats are rare, and if bats are a
limiting factor in the pollination biology of columnar
cacti, it is conceivable that cardéns outcompete
saguaros for these rare bat pollination services. This
could occur simply because cardéns provide about
three times the sugar per flower that saguaros pro-
vide. If pollen is relatively unimportant for bats and
if a superabundance of columnar cactus flowers
exists relative to bat needs, then bats likely would
visit predominantly cardén flowers for the rich nectar
reward and ignore the saguaros. This could be a driv-
ing force for the competitive exclusion of saguaros in

Some areas.

SUMMARY AND MANAGEMENT

IMPLICATIONS
This study has revealed that the introduction of

feral honey bees into SNM should have little delete-
rious effect on saguaro cacti and their reproduction.

Honey bees could, however, have a SignjﬁCam
impact on native pollinators and other Organism
such as some birds that use saguaro floral resources
Although direct evidence is lacking, we belieye lha[‘
honey bees reduce the populations of native bees i,
some situations. This problem might be exacerbajeg
in the future with the introduction of Afn'caniZed
honey bees (Apis mellifera scutellata) that are known,
to be active earlier in the day than European honey
bees, to form denser feral populations, and to nest in
small cavities such as saguaro boots. These cop,.
bined factors might place added stress on natiye pol-
lination systems within the monument and other
natural areas. Africanized bees are also a greater
threat to human visitors and might need 1o pe con-
trolled in some natural arcas that are particularly pj,.
logically sensitive, or are heavily visited by 1p,

public.
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Table 1. Rate of nectar and pollen removal from Saguaro cacti at sites visited primarily by native cactus bees

or by honey bees.
=i % removed
Cactus bee sites Honey bee sites

Time Nectar Pollen Nectar Pollen

= . 0 0
:ﬁ z 9.6 34.1 0 28.9
:00 il 169 4.7 73.6 84.3
e 514 92.1 88.3 4.6
1:00 pm 76.8 97.7 — —

: 3 is oi + SD.
Table 2. Comparison of nectar and pollen production by saguaro and cardén cacti. Variance is given as

Ratio:
Saguaro
Floral Production Saguaro Card6n Cardérlu’8 :gu
Nectar volume () 519 +228 (n=40) 958 +£300 (n=06) .
e = 141
g)ﬁg:::;tsrafion (%) 22.2+3.1 (n=40) 313+ .8(n=06) i
Nectar sugar (mg) 115 £ 51 (n=40) 339+ 100 (n=6) ;

= 0.96
Pollen weight (mg) 266 135(n=06) 25649 (n=16)
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Fig. 1. Pollen removal by honey bees from saguaro flowers, Rincon Mountain District, Saguaro National
Monument, 1986.
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ABSTRACT

¢ behavior and reproductive traits of the twg Dros
sigrospiracula) hat use saguaro (Carnegiea gigan
The location of the oviposition (egg-laying) substrate is (i
o species, but laboratory studies have shown other m
is being performed to com?box_ate laboratory findings.
iribution of sexes and species in feeding versus non-fe

ophila (pomace 1

o Y) species (D, mettleri and D,

as a host plant, are presently under study.

e mo_st remarkable difference between the
parkc.ed .dxfferences in behavior. Field research
r‘ellmmary data illustrated a differential dis-
eding areas or'l the cactus. The developmental
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[N‘[RODUCHON . .

The cactus-yeast-Drosophila sysFem is considered
a model for evolutionary and genetic studies (Barker
and Starmer 1982). The three components of the sys-
tem have been extensively investigated and their
interactions can be briefly described: Drosophila
(pomace flies) take nutrients from the yeasts and
from the cactus tissue that is decomposing due ini-
ally to stressful conditions such as lightning strike
or freezing temperatures (Steenbergh and Lowe
1983). The yeasts feed on the decaying tissue also
and are transported by the flies to newly formed and
yery aromatic necroses originated by bacterial action.
The ecology of the host plant, the cactus, sets the
stage for life history characteristics of the micro-
organisms and the Drosophila.

In the Sonoran Desert this system is characterized
by a high specificity between endemic specie§
of Drosophila and the species of their host cacti
(Heed and Mangan 1986). Saguaro (Carnegiea
gigantea) and cardén (Pachycereus pringlei) have
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been identified as the main host plants of D. mettleri
apd D. nigrospiracula in the desert. A remarkable
difference in the ecology and behavior of the two fly
species is the location of the oviposition (egg-laying)
substrate (Fogleman et al. 1981): D. nigrospiracula
females lay eggs in the necrotic tissue of the cacti
while D. mettleri females lay eggs in the soil that has
been soaked with liquid dripping from the cactus as
it ferments (Heed 1977, 1978). Recent behavioral
studies in the laboratory have shown marked differ-
ences between the two species; however, it is impor-

tant to determine whether these differences may also

be encountered in nature, and that is the focus of this

research. The field work was begun very recently;

therefore, only preliminary data from saguaros near

the monument are presented.

METHODS
Flies were observed and collected from three dif-
ferent rotting cacti in the vicinity of Tucson, Arizona.
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One rotting saguaro was located on the Sonoran
Arthropods Studies, Inc. (SASI) land near the Tuscon
Mountain District (TMD) of Saguaro National Mon-
ument (SNM). The other two were located at Iron-
wood Hills Picnic Area (Tucson Mountain Park).
Collections and observations were conducted in the
moming for eight days during late October through
late November 1990. Collecting was accomplished
by mouth aspirators connected to a vial. The vial of
flies was placed in a small cooler with ice to stop
activity. Two different areas were identified on each
rotting cactus: (1) feeding areas where liquid was
dripping down the ribs and where flies were
observed feeding, and (2) non-feeding arcas on exter-
nally healthy parts of the cactus where flies were also
present. Flies from both areas were taken to the labo-
ratory and examined under a microscope to identify
the species and the sex. A number of females were
dissected in order to record the state of their repro-
ductive organs. The presence of sperm in the female
and the developmental stage of her eggs, as outlined

by King (1970), were recorded.

FIELDWORK
A clear difference was found in the distribution of

the two species of flies and in the habits of males and
females with respect to feeding and non-feeding
areas. Most of the males and females of D. mettleri
were found in the feeding areas. Almost 60% of D.
nigrospiracula males, however, were captured in the
non-feeding areas, and close to 20% of females of
this species were also found in non-feeding areas.
The percentages of females in each species with
clearly different developmental stages of the eggs are
shown in Figure 2. We dissected 103 females (39 D.
merntleri and 64 D. nigrospiracula). The majority of D.
menleri females had immature eggs representing stage
9, where half of the developing egg is occupied by
nurse cells (King 1970). In D. nigrospiracula, almost
40% of the females had fully mature eggs. The data
were collected from rotting cacti with no wet soil pre-
sent; therefore, we lack comparative information from
cacti with oviposition substrate for D. mettleri. Even
so, an important physiological difference seems to
exist between the two species under these conditions.
Collections were also made from a single rotting
cactus five times during a 10-day period from 31
October to 11 November (Fig. 3). A temporal succes-

sion of both species is evident. As the necrotic tissue
became older, the number of D. mettler; flies
increased and the number of D. nigmsi""at‘w;;
decreased. The number of flies collected every day
was quite similar; therefore, a real change in absoluge

numbers of these two species over time exists.

LABORATORY WORK
Two main differences in behavior between D 5y,

tleri and D. nigrospiracula have been found in
laboratory: the movement of the wings by the maleg
during courtship and the degree of severity of aggre_
sion against females and males of the same species.
D. mertleri males vibrate their wings during
courtship. One wing is laterally extended from the
resting position and is rapidly moved up and down
The wing in the resting position may also vibrae.
This display, in which males alternate the extendeg
wing, is typical of a number of species (Spieth 1952).
The extended wing is always the one closest 1o (he
female (Fig. 4b). D. nigrospiracula males “scissop
their wings instead of vibrating them. Wing scissor.
ing is a laterally symmetrical, rapid and simultaneqys
opening and closing of both wings (Spieth 1952)
(Fig. 4a). Both types of wing movements in the twq
species produce a high frequency sound, the oy,
song, that females receive through their antennge
(Ewing and Bennet-Clark 1969). The love song is
known to play an important role during courtship
(Spiess 1987). The marked difference in the pattern
of wing movements suggests a significant differ.
ence in the love songs of D. nigrospiracula ang D.
mettleri.

Male aggression is another distinctive difference
between these species. D. mettleri males are very
aggressive towards their own females and among
other males. Occasionally in the laboratory we have
observed males engaged in direct combat. The males
butt heads, go into an upright position for a few sec-
onds and then fall over (Fig. 5a). The motive for the
fight is unknown; however, combats have been
observed immediately following copulation in mat-
ing chambers where a high ratio of males to females
exists, suggesting a relationship with mate procure-
ment. D. nigrospiracula males are not as aggressive
towards females nor among other males. Markow
(1989) described D. nigrospiracula males commonly
found in non-feeding areas of saguaros that are
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uniformly spaced with respect 1o each other. Ma}cs
waited in their small territories for females to armrive
in order to court them. If other males ‘were encoun-
tered, the defending male flicked its wings vigorous-
ly, chasing the other males (Markow, .1989; Fig. 5b).
This behavior has also been observed in lh.e laborato-
ry. Our results on the distribution of the flies (Fig. 1)
support Markow's observations. We .observed.D.
mettleri males continuously courting feeding
females, which suggests that the mating behavior of

the two species determines their unique spatial
arrangement on the cactus.

DISCUSSION

Egg development and female mating behavior are
coofcfinaled !!;Tlom according to Kambysellis and
Cradock (1991). D. menleri females feeding on rot-
ting cacti without suitable oviposition substrate h'ad
immature eggs (Fig. 2). Therefore, mating behavior
might be greatly affected by the developmental sta_ge
of the eggs. Lack of data from rotting cactus with
wet soil prevents us from speculating about how the

presence or absence of oviposition substrate affecfs
the physiological state of the flies. Even so, this

observation raises interesting questions concerning
behavioral regulation of oogenesis (egg formation).
Are females controlling oogenesis because the ovipo-
sition substrate is not present, or are they feeding in a
non-substrate cactus because of the immature nature
of their ovaries? An answer 10 this question can help
us understand the relationship between physiology
and ecology.

Heed and Mangan (1986) suggested that “D. met-
leri is adapted to feeding in soils that have been par-
tially produced by the activity of D. nigrospiracula
larvae in the tissue of Carnegiea.” Qur results in Fig-
ure 3 support this hypothesis. The densities of D.
mettleri flies should be low at the initial stages of the
rotting process and increase as D, nigrospiracula lar-
vae work through the cactus tissue. The decline in D.
nigrospiracula can simply be the consequence of the
drying of the tissue over time. A temporal succession
of the two species, determined by the rotting cactus
stage, could affect behavioral patterns, Fluctuations

in population density may create variations in male
aggressiveness and matin

g behavior (Ewing and
Ewing 1987).

SUMMARY AND MANAGEMENT
IMPLICATIONS '
This work represents one of the few c'omparamr'c‘
behavioral studies being condt}cted with sevcl;-
species of Drosophila under entirely natural condi

tions. Our preliminary data clearly illust'ratc how
observations under natural conditions are vitally nec-
essary for the interpretation of bchavto_ral_ paucm_s.
The role of the monument in permitting basic
research to be conducted is of considerable value and
will be even more valuable in the future.

Cactophilic Drosophila undoubtedly play an
important role in nutrient cycling in the $onoran
Desert. Although these flies are not the initial cause
of saguaro decay, their larvae are important decom-

posers of the tissue that is no longer useful to the
cactus.
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Fig. 4. Maje wing display, Patterng of wing movement displayed by the males during Ccourtship
a.D, Rigrospiracula wing scissoring; b, p. mettler;, wing vibration,
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Fig. 5. Male aggression. Agonistic displays among males: a. D. mertleri males butt heads and get into an
upright position; b. D. nigrospiracula males scare off other males from small protected areas in the cactus.



II.
Monument Flora and Fauna




On the Biogeography of the Herpetofauna
at Saguaro National Monument

Charles H. Lowe

ABSTRACT . o
The known monument herpetofauna of 57 species is briefly addressed. Explanatory ploch%rz[;“:;ns
discussed for desertscrub taxa at lower elevations, and woodland and forest taxa at h:gpcr ¢ Lrt:‘ _—
on the monument and beyond. Specific aspects of desent ecosystem structure underlymg_; uf pbm‘
ence/absence of potential Sonoran Desert lizard and snake congeners are dlS?USSCd. Within 1‘:.' wcl
geographic framework lies the explanation for the situation at Sagu'.}m Naponal Monumen -
the most xeric-adapted taxon in a given species pair is the one that is mis;mg from tlfc monum;‘,‘ ‘
herpetofauna. Species in the rattlesnake genus Crotalus illustrate especially \T.rcllnbmgmgrap ic
aspects of the south-north Madrean Archipelago and the cast-west Madrean Line in southeastem
Arizona and adjacent New Mexico. The Madrean Line divides in two the mountain island Madma.n
Archipelago between the Sierra Madre Occidental (south) and the Rocky Mountains (north). This

Southwest biogeographic line is as sharp as the world's most famous one, Wallace's Line, which
divides the Malay Island Archipelago in two.

INTRODUCTION

The space allouted is, of course, insufficient to dis-
cuss the entire herpetofauna at Saguaro National
Monument (SNM). Hence, my focus will be on fasci-
nating biogeographic stories in which parts of the
herpetofauna of the monument participate. A brief
summary of the amphibian and reptilian taxa that
occur on the monument is followed by a look at two
biogeographic patterns involving (1) the herpetofau-
na of the lower elevations, which lives wholly or pre-
dominantly in desertscrub and desert-grassland
communities, and (2) the herpetofauna of the upper

clevations, which lives wholly or predominantly in
woodland and forest communities.

THE HERPETOFAUNA

Four worldwide groups of veriebrates are repre-
sented in the monument herpetofauna, the anurans
(frogs and toads), the turtles, and the lizards and
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snakes (Table 1). Ecological and distributional infor-
mation for these species is provided in Lowe
(1964a), Black (1982), Lowe and Holm (1986,
1991), Lowe et al. (1986), and Stebbins (1985). Only
one reptilian species, the blacktailed rattlesnake
(Crotalus molossus), is found throughout the 6,600 ft
(1.25 vertical mi) elevational range of the monument.

In the discussion that follows for the lower monu-
ment, desertscrub species-pairs of iguanid lizards and
colubrid snakes are cxamined as present-or-absent
congeners in the herpetofauna. A biogeographic
explanation is given for the distribution patem that
is observed.

Six ratlesnake species oceur in the herpetofauna
at SNM, most of which are not high mountain
species (Table 2). As noted, only one of the six, the
blackuailed raulesnake, occurs throughout the cleva-
tional range of both districts of the monument. One
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Crotalus cerastes), OCCUTS

of them, the sidewinder ( ¥ et
only in the desert Tucson Mountain District (TMD),
i L.
which is the westem unit of the monumen
One of the six, the Arizona black rattlesnake (Cro-
found only in the forested

iridis cerberus), is
ki HHEH { (RMD), where it reaches

Rincon Mountain Distric ' .
its southernmost distribution on the conuner}t. As
discussed below, this rattlesnake is of particular

importance in onc of several interesting a!nd scientifi-
cally important Southwest biogeographical patiems
that involve the herpetofauna and other vertebrate
groups at the monument. '
Three other species of rattlesnakes (“Mexican
mountain rattlesnakes’) that occur in other nearby
mountain ranges in southeastern Arizona do not
occur in the Catalina-Rincon Mountains and thus are
not included in the monument herpetofauna (see
detail maps in Lowe et al. 1986). A discussion for the
upper clevation forest and woodland taxa centers on
the biogeography of the forest and woodland rat-
tlesnakes in southeastern Arizona and adjacent Mexi-
co. The Rincon Mountain fauna, which includes the
Arizona black rattlesnake, participates in this South-
west biogeographic story that involves present-and-

absent congeners.

THE LOWER ELEVATIONS:
SONORAN DESERTSCRUB AND
DESERT-GRASSLAND

Recent discussions of natural habitats may be
found in Niering and Lowe (1984), Bowers and
McLaughlin (1987), and Lowe and Holm (1991).
The Sonoran Desert communities are primarily cre-
osotebush (Larrea) desertscrub, paloverde-saguaro
(Cercidium-Carnegiea) desertscrub, and their eco-
tones that predominate on site from 2,020 ft upward
to ecotones with desert-grassland at 3,700 ft and
above.

The desert-grassland (or semidesert grassland)
communities are climax mixtures of native perennial
grasses, native dry-tropic shrubs and stem-succulents,

— . ¥

mesquite (Prosopis) and oth

pere.mials that prevail on ;;:Se;disclimax "
tropic grasslands between 3,70 am;ercd nati‘,eeed?
and abov'e ca 4,500 ft, Sa"anna-“kca 5,000 rdfy.
formed with 0aks of the evergreen, , ogd] °°°!0ncs'"a“‘
ang gp, ¢
Desert Ecosystem Structyre o,

When one travels through the dese

and looks at them comparatively, i l;‘: W

ent that deserts are comprised of ¢}, Comeg appad
features: (1) rockpiles, (2) bajadag! e underlwnr.
bottom fill (Fig. 1). The three cop, and (3 Valleg
tiguous and more or less subtly coggnems CORY
tems of a collective ecosystem unit fluous Subsy.

Superi.mposed on these three plrjma

fc?mm§ is (4) a pattem of drainage J; Y I"ﬂldscape
primarily by water, and (5) sandpies nl;s Produgeg
duced primarily by wind. These fiye 1at are py,.
tures’ are, of course, not peculiar just m%ﬂnclpﬂ fea.
are simply more naked, if not more obvioese"s' They
perhaps more quickly if not more acCum:ls' and thyg
in the world’s deserts and grasslands, Y asesmy

The Substratum
Both inside and outside of

nature of the natural substratur‘rjlecs)?}‘sichzgmfm’ e
rock, sod, et al.) is one of a half-dozen crittf :
@Is that determines the presence or absenca] o
given reptilian or amphibian species on 3 a(:i g
site. In deserts especially, the soil texture (rol:;k e
el, sand, silt, clay, et al.) is one of the most im Lol
c!laracterislics of the substratum for 3 lza\rp::mlm
diverse array of amphibians and reptiles, P
. Resulting primarily from weathering and the er.
sional forces of water and gravity, there is a down-
ward gradient in soil particle size distribution thy
extends across the entire ecosystem unit. That is
from the rock parent material above, downward'
across the bajada slope to the finer textured soils of
the flatter valley bottom fill below (Fig. 2). Accord-
ingly, many of the severest desert conditions are

'Thﬁ: bajada is l?]c flanking detrital skirt that surrounds the rockpile (mountain, rocky butte, etc.) of its source; the familiar alluvial fani
portion of a bajfida. ’Earlier in the upland erosional cycle, bajadas are steeper and, partly as coalesced t'ans' are composed ofireh.x?vtll
deep alluvial soil as in Figs. 2 and 3 representing the study area in basin and range topography. Later in lhe'erosionalpo cl ba'adasnri
less stecp and may exhibit Fe]adveiy shallow soil across outward sloping bedrock from the bas;: of the rockpile. The lzcre'bu;ock sur-
g,c:;kw;z}ﬁ::;my :o sc:;}l no.r vegetation, is alsolcchd a pediment, which term (meaning sloping surface) is borrowed from classical
eyl o c;.a\Lr:rc e Lna.ngular space fo'rmmg Lr}c gablc of a roof is the pediment. Bajada evolution—from the fanform bajada o
pediform baja in the erosional cycle in aridlands is illustrated in Putnam'’s Geology (Birkeland and Larson 1978) and elsewhere.
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ed for both plants and animals on the fine (ex.
RAEE Lils between desert ranges, where the Jeasy

d § ilable soil moisture is duc to finer soil parj.
Thus it is not unexpected that some of (he
nly specialized adaptal_ions .ror desert living,
1s extremes in sand swimming and drought
suQ“ ;ncc- are associated with fine textured Soils
:-(c:;:.d in the valley fill component of desert ecosys-

ure
fant-2V2

cle siIt.?-
ost hlg

[crllals.rnay be only somewhat less expected, when the

Jbserver comes upon desert spt.:cialists that are
gapted for rock-dwelling. Im.icc-d. in deserts some of
a - most extreme desert specialists live at one or the
other of (WO most extreme su!)stratum lypes on the
dient—rockpiles and_sand[?llcs—_at opposite ends
of the substratum pamcle_sue distribution. Such
extreme specialists are few ll’.l number and spectacu-
|ar in adaptation. Among their representatives in the
gonoran Desert are th(_: chuckwall'a (Sauromalus obe-
sus) specialized for life on and in desert rockpiles,
and the fringe-toed lizard (Um‘a notata) specialized
for life on and in shifting sandpiles.

Most reptilian and amphibian desert taxa, howev-
er, are centered adaptively at varying ecological
positions away from these extreme substratum con-
ditions of continually moving sand, and solidly posi-
tioned pilerock. Therefore, not surprisingly, we find
that most of the amphibian and reptilian desert taxa
of the world are adapted 1o relatively less extreme
substrata that usually characterize the bajada-valley
fill gradient.

Sonoran Desert Biogeography in Arizona

A simple diagramatic profile of SNM as shown in
Figure 3, illustrates that the monument area contains
a truncated desert ecosystem lacking one of the three
principal ecological subsystems. The missing subsys-
tem is valley bottom fill, which supports desertscrub
biotic communities dominated by creosotebush-white
bursage (Ambrosia dumosa) and their few associates
on primarily flatland fine-textured soils (Figs. 1 and
2). An examination of species-pairs that are present-
or-absent congeners, shows that the Sonoran Desert
reptilian taxa absent (“missing’") from SNM are those
species and genera requiring desert microenviron-
ments peculiar to the missing subsystem.

All of these taxa absent from SNM are present, for
example, in the herpetofauna at Organ Pipe Cactus
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Nationa] Monument
desent €Cosystem unj

B ?;';lthf sa:cg'::hcalffsﬂ:}:: most xeric-
ml_s;:::g it the s : = N]M_ ¢ one that is
munilie:sax :o;bis:::c(r;%m s r ﬂgﬂand o
at ORPI, more or | ¥ creosotebush-white bursage
i C'olorado l\‘/ atlilss lhrou_gh_o!.n Shreve's (1951)
Dot e exee ey subc?msxon of the Sonoran
it nds eastward into the Avra Valley and
to within a s.hon distance of SNM (Fig. 3). Thus, in
;;ZZ ;ﬂthgl:&dcscn elements of the herpetofauna
reach to the western doorstep of,

but do not enter, the monument,

Saguaro National Monument could have included
a representative portion of the historically and bio-
lo_glcally significant Avra Valley within its bound-
aries with relative ease 50-60 years ago, perhaps
even 30-40 years ago. The then essentially pristine
and little known area of Avra Valley that lies directly
below the western boundary fence of SNM has since
become variously occupied, and is now largely
destroyed. Saguaro National Monument was estab-
lished by presidential proclamation in 1933 and the
TMD portion was added in 1961.

One would think that since President Hoover in
1933 proclaimed all of the forested Rincon Moun-
tains (to Rincon Peak at 8,482 ft) to be included in
SNM, which he did amid litle protest, surely he
could have proclaimed a small part of the huge and
nearly unoccupied Avra Valley to be included, if not
some part of the Santa Cruz Valley. A President in
the 1940s or 1950s could have still accomplished the
task for the National Park Service (NPS), certainly
for a part of the Avra Valley arca. But such thinking
today is with the clarity of hindsight in a much more
knowledgeable world. The problem in the early
1930s was ecological. Ecology was then a young and
little-known science, and a fully coherent concept of
the ecosystem much less the Sonoran Desert, was not
at hand. The problem later in the 1960s was political;
it was too late.



Charles H. Lowe

94

THE UPPER ELEVATIONS:
FOREST AND WOODLAND |

The Southwest evergreen woodlands in the Rincon
Mountains are oak (encinal) and pinc-oak woodlands.
At the lower woodland limits of 4.009-4.500 ft
according to slope exposure, the encinal is an ever-
green oak woodland of Emory oak (Quercis emoryi),
Mexican blue oak (Q. eblongifolia), and Anzopa pak
(Q. arizonica) with the occasional presence of juniper
and pinyon representation in the woodland. With
gradual increase in elevation into the pine-oak w’oc?d-
land above, Chihuahua pine (Pinus leiophylla) joins
with Mexican pinyon (P. discolor), alligator-bark
juniper (Juniperus deppeana), and several evergreen
oaks—principally silverleaf oak (Q. hypoleucoides),
Arizona oak, Emory oak—and others. Mexican pine-
oak woodland above 7,000 ft gradually merges with
the montane conifer forest above.

The montane conifer forest is a mixed conifer for-
est with primarily pine and fir dominance varying
according to slope exposure and elevation from
approximately 7,000 ft to the top near 8,600 ft. Pon-
derosa pine (P. ponderosa) is the principal forest
conifer, providing a pine forest with Gambel oak (Q.
gambeli), madrofio (Arbutus arizonica) and others.
This forest usually becomes a mixed conifer commu-
nity at increasing elevations, with presence of Dou-
glas-fir (Pseudotsuga menziesii), white fir (Abies
concolor), and white pine (Pinus strobiformis). These
three coniferous trees reach their greatest stature and
density on north-facing slopes above 7,800 fi.

Mountain Islands
In the four-comers area of Arizona-Sonora-Chi-

huahua-New Mexico, as elsewhere throughout much
of the Southwest, the mountain island character of
conifer-clad and other high wooded mountains is
unmistakable (Fig. 4). Because of significant differ-
ences in base level to well over a thousand feet on
different sides of a mountain in the Southwest, differ-
ent biotic communities may contribute to the sur-
roundings of the mountain at base level. Grassland is
the single most prevalent formation at mountain base
level in this four-corners area, as shown in Figure 4.
Dating from early in this century these mountain
islands have been called “desert mountains,” “desert
mountain islands,” “mountain islands in desert seas,”
etc. But for these conifer-clad “sky islands™ (Heald

=

1951), such desert names “are inappropr
they are not surrounded by desery* (Lopnale becy,
Shreve (1915) first pointed out yegqr aWe 19 " Se
of these mountain islands are cither pn_gO. The bq'sas
land, or these ranges are complerely sma"l'ly 3’&:?
grassland, not desertscrup (Shreye ‘;”‘”‘flde,j by
Nichol 1937, Marshall 1957; Loy, 196915. 1914,
and Mehringer 1965; Brown ang Yoot 1 94b; %
sec Gehlbach 1981 and Davis 1997 for lh??, 1930)
view. © CONtray,
The grassland versus desert distineg;

noted, is of basic importance to specjeg ditmn agaiy
the explanatory biogeography of the mOU:P?rs?] ang
archipelago. These lowlands haye pegp tain jg)

from full glaciation to the present time, in lnvqlve ,
community replacements from foreg;g ’10 :Senes of
to grasslands, and, locally, to desertscryp, :

rent grassland connectors (grasslang Seas.) bce cur.
the mountain islands in the archipelago e tween
situ approximately 9,000 years (vap Debeen in
1990a,b and elsewhere), Vender

Mexican Mountain Biogeo
in the Borderlands SR

As in the case for certain desert Species paj
are present or absent in the herpetofaung 41 gﬁ
interesting biogeographic story is associateq With ¢
tain high mountain species that are present-or-ab:;-
congeners in the monument’s forested Rincon M, :
tains. This is the story of the high Sierra Madoun-
fauna and flora that barely enters the United Slarfean
where it variously adjoins southernmost ¢lementg .
the Rocky Mountain fauna and flora, The ramcsmff
genus Crotalus is exemplary in this story of Madrea::
(“Mexican Mountain”) biogeography in Arizong,

The Arizona black rattlesnake reaches jts south-
ernmost distributional limit on the continent in the
Rincon Mountains of SNM, just short of the Ari-
zona-Sonora boundary line. The current late
Holocene distribution of rattlesnake species on high
mountain islands in southeastern Arizona, and in
adjacent southwestern New Mexico in the Siera San
Luis, Animas Mountains, et al. is illustrated in Figure
5. It is a biogeographic pattern that is repeated in
many other taxa.

The rattlesnake genus Crotalus provides a glimpse
into vicariance biogeography in an island archipela-
£0. The pattern involves a distinctive south-north
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mountain island dcploynjncnl of principal groups of
raxa (Fig. 5). One group is “southemn” in origin with
its ecological metropolis in the Sierra Madre Occi-
dental of northwestem Mexico (Madrean); the other
is unorthern” in origin in the Rocky Mountains of the
southwestem United States (Petran),

Two of the most i:}tcrcsting carly findings for the
he,-pcmrauna and avifauna are indicated in Figures
4 and 5. One of these findings is the occurrence of 3
sharp biogeographic boundary line that divides in
two the montane island archipelago—the Madrean
Mchipclagﬂ—-lying between the Sierra Madre
occidcrllﬁi proper and the Colorado Plateau proper.
The geographic position of this Madrean Line that
divides the archipelago in two is approximated by the

nt location of Interstate Highway 10 (I-10) in
southeastern Arizona and adjacent southwestern New
Mexico (Fig. 4). This Southwest biogeographic
poundary line—the Madrean Line—is as sharp as the
world’s most famous onc, Wallace's Line, which
divides the Malay Island Archipelago in two (Wal-
lace 1859, 1863). Wallace's Line is unarguably the
poundary line of greatest interest and prominence in
biogeography.

The other especially interesting finding illustrated
in Figures 4 and 5 is for the Sierra Pinalefio (Graham
Mountains), the highest mountain range involved in
the system. The Pinalefios provide an enigmatic situ-
ation that parallels that of the enigmatic Celebes
(now Sulawasi) in the Malesian theater of Wallace’s
Line. The Pinalefio cnigma, as illustrated here by rat-
tlesnakes in the genus Crotalus (Fig. 5), results from
the anomalous presence of Madrean (southem) taxa
north of the boundary line (“I-10™) on what is pre-
sumably a mountain island outlier of the Rocky
Mountain (northern) massif.

We conclude for the Pinalefios, as Wallace (1876)
did for the Celebes, that the Pinalefios were not carli-
er united by extensive lands (highlands) to either the
northern or the southern massif. Rather, as indicated
best by the packrat midden data (Van Devender
1990a,b), faunal connections with dispersal under
secular climatic change, came through woodland and
forest communities across what are currently grass-
lands in the archipelago lowlands (Fig. 4). Thus,
what is clear beyond reasonable doubt is that during
the last dozen-odd glacial and interglacial faunal and
floral dispersions, the Pinalefios have witnessed the

comings and goings—during the last dozen-odd
gﬁlacml and interglacial faunal and floral disper-
SlOr_ls——of Madrean taxa and Rocky Mountain taxa
during the cyclical waxing and waning of their north-
em and southem distributional limits.

Thus, certainly the anomalous Pinalefios in the
Southwest, like the anomalous Celebes for Wallace
and those who followed in Malesia, speak clearly to
the theory first proposed by Wallace (1876 and else-
where) that present regional biogeography reflects
events of the past—the geological floral and faunal
history of the arca.

These findings for the Madrean-Rocky Mountain
montane archipelago system were made in the 1950s
and 1960s by ficld zoologists at the University of
Arizona engaged in detailing the ecological and geo-
graphical distributions of the Sierra Madrean and
Rocky Mountain vertebrate faunas in southem Ari-
zona and adjacent Mexico. We conducted a part of
this field work in the Rincon Mountains of SNM.
The first and most thorough ficld-based investigation
of Madrean-Petran montane island distributional pat-
terns is Marshall’s (1957) Birds of the Pine-Oak
Woodland. The most recent examination is by Davis
(1991), who is studying the Madrean-Petran montane
sedentary mammal fauna, inclusive of those in
Saguaro National Monument (Davis et al., in press).

What about the plants? One of the striking similar-
ities of the Southwest Madrean-Petran case to the
classical one in Malesia is the nonconformity of
many plant distributions to those of the animals.
Many plant taxa including major dominants do not
adhere nicely to the faunal boundary lines in either
area, while some do fit the pattern. For the Malesian
case, see contributors in Whitmore 1981, 1987; for
the Southwest case sce Shreve 1915; Marshall 1957;
Lowe 1961; Whittaker and Niering 1964; Bowers
and McLaughlin 1987.

For the Santa Catalina-Rincon Mountains and
other ranges north of the Madrean-Petran boundary
(Fig. 4), the southern representation of plant taxa is
relatively weak in terms of the abundance (popula-
tion densities) of major community dominants. This
is true however strong may be the Madrean percent-
age of the total taxa in the flora (Shreve 1915 to
Bowers and McLaughlin 1987). Major Madrean
plant dominants and others dwindle in population
densities northward of the Madrean Line reaching
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extinction at or before the Mogollon Rim, which is a

boundary in the archipelago. The northward

e drean plant taxa [o

opulation diminution of Ma : :
gxt?ncu‘on is controlled primarily by deficient winicr

heat—as in the case of their no@ward trun_ca;cc‘i
physiognomy—in annual concert “.,,m. progressively
northward deficient summer precipifation.

Between the Pacific and Atlantic coasts arc five
major south-north biotic corridors tha!'cxtend in lati-
tude across and beyond the Mcxico—Umted' St‘atcs bor-
derlands. The Madrean Archipelago lies within one f’f
these corridors. The plant and animal populations in
all of these south-north corridors obviously respond
individually and differentially to the envimnrr}er!lal
constraints that determine taxon distn'butiona.l limits.
It is beyond reasonable doubt for the subtropical and
tropical taxa, that winter-deficient heat northwafrd.
and summer deficient rainfall northward, prov_:dc
major direct and indirect constraints on population
distribution and population dispersal across the sev-
eral degrees of latitude within each of the five corri-
dors (Fig. 6). This conclusion was confirmed long
ago by relevant data from many observers stationed
in southem Arizona, beginning with Forrest Shreve
(e.g., 1911) and John Thomber (e.g., 1911).

The Wildemness Act of 1964 defined wildemess as
an area of land untrammeled by man, with opportu-
nity for solitude, containing ecological, geological,
educational, scenic, and historical values. In closing
these brief remarks on investigations into what G. G.
Simpson (1964) called “explanatory biogeography,”
it should be underscored that our field investigations
have included studies at SNM, which fortunately
protects within its boundaries several presently
untrammeled Sonoran Desert biotic communities.
And, because of the mission of the NPS, the monu-
ment protects what will be the last untrammeled
montane forest island—the Rincon Mountains—in
all of the Madrean-Rocky Mountain island archipela-

go.
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bians and reptiles at Saguaro National Monument. From Lowe and Holn, tiih
6, lgg

Table 1. The amphi
).

Phylum Chordata
Subphylum Vertcbrata
Class Amphibia (8 species in 4 genera)
Order Anura—Frogs and Toads (8)

Family Bufonidae—Toads (3)
Family H ylidae—Treefrogs ()
Family Pelobatidac—Spadefoot Toads (2)
Family Ranidae—Frogs (2)

Class Reptilia (49 species in 35 genera)

Order Testudines—Turtles (3)
Family Emydidae—Pond and Box Turtles (1)

Family Kinosteridae—Mud and Musk Turtles (1)
Family Testudinidac—Tortoises (1)
Order Squamata (46)
Suborder Sauria—Lizards (19)
Family Helodermatidac—Beaded Lizards (n
Family Gekkonidae—Geckos (1)
Family Iguanidae—Iguanids (12)
Family Scincidac—Skinks (1)
Family Teiidae—Whiptails and Allies (3)
Family Anguidac—Alligator Lizards and Allies (1)
Suborder Serpentes—Snakes (27)
Family Leptotyphlopidac—Blindsnakes (1)
Family Colubridae—Colubrids (19)
Family Elapidac—Coralsnakes and Allies (1)
Family Viperidae—Vipers and Pit-Vipers (6)
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, The six rattlesnake species at Saguaro Nationa] Monument.

Table

/CI‘UEIT‘S cerasies Sidcwindc;
C. atrox Westem Diamondback Rattlesnake
C. tigris Rattlesnake
C.s cutulatus Mohave Rattlesnake
C. molossus Blacktailed Rattlesnake
C. viridis cerberus Arizona Black Rattlesnake

v il

ule 3. spccies~pairs in the Sonoran Desert that are present-or-

Sagy

fence in e

310 NaU

onal Monument (SNM). The four congeners absent wj
. cance Off site, on the nearly-adjoining Avra Valley bottom fill 1o (h
t dist Tucson Mountain District (Fig. 3). ¢ west of the monument boundary

al?senl congeners in the herpetofauna at
thin the boundaries of SNM are present a

/"6rgan Pipe Cactus

National Monument

Saguaro

National Monument
/m;oma solare Regal Homed Lizard Phrynosoma solare
Phrynosoma plaryrhmos Desert Homed Lizard Absent
Urosauris Ornams Tree Lizard Urosaurus ornatus
Urosaurus graciosus Longtailed Brush Lizard Absent
Phyllorynchus browni Saddled Leafnosed Snake Phyllorynchus browni
Phyllorynchus decurtatus Spotted Leafnosed Snake Absent
Chilomeniscus cinctus Banded Burrowing Snake Chilomeniscus cinctus
Chionactis occipitalis Western Shovelnosed Snake Absent
—
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ROCKPILE

VALLEY BOTTOM
FILL

f desert landscape structure—the rockpile, its bajada, and g,
Y

Fig. 1. Three major underlying features 0
bottom fill, of a desert ecosystem.

--------

Fig. 2. Predominating soi indi co
3 g soil textures are indicated in their relative positi
Fig. : ng soil textures are ir ative positions
gradient of soil particle size distribution in the three subsystems of a desert e(oo:;zfem finc. ot (0 scale) on the
m unit.
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Rincon Mts,

Tucson Mts.

Tucson

Santa Cruz
Valley

i in di i file, not to scale. Sonoran Desert areas
ional Monument and environs in diagrammatic profile, .
e Nan:m are indicated by bolder lines between hash marks. A complete mme-part_ desert egoz:a
i rh i ur within the boundaries of Saguaro National Monument. The monument mclug;:s :;) =
i flOl DOC) subsystems, while falling shy of the basin subsystem of fine-textured \.ra.nc::fi g:)occur
By wor mcgllclg{:lembcrs of several paired-taxa congeners in the Sonoran Desert herpetofauna do ni
F). Accordingly,
o(vn the monument (see Table 3).
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The Madrean-Petran

Biogeographic Line in

Southeastern Arizona (as in Fig. 4)

Rocky Mountain
(Northern)

Santa Catalina, Rincon, Galiuro,
Winchester Mountains, et al.

C. viridis cerberus  Anzona Black
Rattlesnake

N

<

—» S

Sierra Madrean
(Southern)

Dos Cabezas, Chiricahua, Huachuca,
Santa Rita Mountains, et al.

C. pricei Twinspotted Ratdesnake
C.willardi  Ridgenosed Rattlesnake
C. lepidus Rock Rattlesnake

Rocky Mountain + Sierra Madrean

(Northern + Southemrn)

Pinaleno (Graham) Mountains

C.viridis cerberus  Arizona Black Rattlesnake
Twinspotted Rattlesnake

C. pricei

Fig. 5. The distribution of four species of mountain rattlesnakes (genus Crotalus) in southeastern Arizona. A fifth species, the blacktailed rat-
tesnake (C. molossus), occurs both north and south of the line. The enigmatic Pinalefios lie north of it (see Fig. 4).
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Vertical distribution
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LATITUDE

Fig. 6. Conceptual model of the pat

tern of northward limiting winter-deficient heat and summer-deficient rainfall—the climatic constrainis that
ally restrict (to extinction) the northward distribution o
four S=»N distributional corridors out of northern Mexico (see text).

f tropical and subtropical taxa along the Madrean Archipelago, as within the other
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Tl_\e lnr}portar.lce of Xeroriparian Ecosystems
to the Wintering Avifauna of Saguaro National Monument

R. Roy Johnson and Lois T Haight

i

tering birds.

| i

ABSTRACT
A xeroriparian study plot for wintering birds, consisting of a 30 x 800-m belt transect, and an
upland control plot of the same dimensions, were established near the base of Tanque S'\ficccrdc Ridge
in the Rincon Mountain District of Saguaro National Monument. Counts conducu‘:ld on the xcm:ﬁ-
parian plot in winter 1990-1991 averaged 19.67 species/census,
counts on the upland plot averaged 11 species and 47.5 individuals/census. Thirteen of the 27

species observed were recorded on iny the xeroriparian plot, 14 occurred on both, but none
occurred only on the upland plot, thus tllustrating the importance of Xeroriparian ecosystems 1o win-

with 167 individuals. In contrast,

Riparian ecosystcms have been recognized as
some of the mosl important and most endangered
ecosyslems in the desent Southwest since at least the
1970s (Johnson and Jones 1977). Ecosystems associ-
ated with dry desert watc_rcourses have also been
considered important habitat for many specics of
plants and animals, including birds, for scveral
decades (Lowe 1964). These drainageways, formed
by intermittent and ephemeral streams, and their
associated xeroriparian ecosystems (Johnson et al.
1984a), provide critical avian habitat in arid and
semi-arid desert regions. A number of studies begun
in the southwestern United States in the late 1960s
and carly 1970s first established the value of riparian
lands as avian habital. These early investigations
quantified riparian bird population densities and
specics richness in desert lowlands along the Verde,
Salt, and Gila rivers and tributaries in central Ari-
zona (Johnson and Haight, in press). The earliest
quﬂm;;atjvc riparian avian studies were for breeding
birds in cottonwood-willow (Populus-Salix), mixed
deciduous broadleaf (Platanus-Fraxinus-Populus),
cottonwood-mesquite (Prosopis), and associaled

riparian scrub (Carothers and Johnson 1971; Johnson
1971; Carothers et al. 1974). These studies used
time-cost intensive spot map methodology, and pro-
vided highly accurate figures regarding population
densities and species richness for breeding birds on
plots approximating 4 ha (10 a) in size (Carothers et
al. 1974),

The value of xcroriparian ecosystems was recog-
nized at Organ Pipe Cactus National Monument
(ORPI) by the 1950s (Hensley 1954). However,
attempts to quantify the importance of these ¢cosys-
tems to birds were not undertaken until 30 years
later, during the 1980s, more than a decade after
avian populations along perennial and wetier inter-
mittent streams were first quantified, in 1969, Find-
ings for xeroriparian studies have been similar 1o
those for more mesic riparian areas, and demonstrate
the importance of riparian areas as avian habitat in
comparison 10 adjacent drier upland arcas (Johnson
and Haight 1985, 1988).

The carliest xeroriparian studies were conducted
on both National Park Service (NPS) and non-NPS
plots in the Sonoran and Chihuahuan deserts in the
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United States and on Sonoran Desert plots in Mexi-
co. The studies reported here are the first xeroripari-
an population studies for wintering birds on Saguaro
National Monument (SNM).

STUDY AREA

The study was conducted in the Arizona Upland
subdivision of the Sonoran Desert. The upland plot
was established in a Sonoran desertscrub/scrub-
grassland (semidesert grassland) ecotone (Brown cl
al. 1979). Dominant trees and shrubs were foothill
paloverde (Cercidium microphyllum), velvel
mesquite (Prosopis velutina), bush muhly (Muhlen-
bergia porteri), grama grasses (Bouteloua spp.),
three-awns (Aristida spp.), numerous cacti (€.g.,
saguaro [Carnegiea gigantea), cane-fruit cholla
[Opuntia fulgida), christmas cactus [O. leptocaulis),
pricklypear [O. phaecantha]) and numerous other
shrubs, grasses, and cacti. Vegetation on the upland
plot was exceptionally lush, especially for an upland
desert site.

The xcroriparian plot was in a lush stand of the
mixed shrub-Prosopis velurina association (Brown ¢t
al. 1979). Dominant trees and shrubs were velvet
mesquite (Prosopis velutina), catclaw acacia (Acacia
greggii), nedeaf hackberry (Celtis reticulata), desert
hackberry (C. pallidum), desert broom (Baccharis
sarothroides), graythom (Ziziphus obtusifolia), chu-
perosa (Anisacanthus thurberi), canyon ragweed
(Ambrosia ambrosioides), and several other woody
species, as well as numerous grasses on floodplain
terraces. The wash channel was incised, often bor-
dered by banks 2 to 3 m high. In several places vege-
lation grows on xeroriparian islands separated by a
braided streambed, typical for higher order ephemer-
al washes throughout the monument.

WASH ORDER

Wash order is a system for classifying drainage-
ways formed by ephemeral and drier intermittent
streams (Johnson et al. 1984b). The system was
adapted from the stream order system originally
devised for classifying running streams (Horton
1945). A headwater wash is first order until its con-
fluence with another first order wash, then it
becomes a second order wash (Fig. 1). As washes
progress downslope, order increases cach time there
is a confluence belween washes of like order—two

second order washes form a third order wash, ey
Lower order washes entering higher washes do ng;
result in an increase in order; thus a first order
wash entering a second order wash does not form 4
third order wash, etc. Studies by Johnson et a1
(1984) and Warren and Anderson (1985) at ORpj
demonstrated a close relationship between wagh
order and plant species occurrence, presumably
related to varying moisture availability. Higher
order washes tend to support larger trees ang
shrubs and have a wider xeroriparian belt on the

banks of the wash.

METHODS
Study plots consisted of two belt transects located

near the base of Tanque Verde Ridge, at the southern-
most part of the Cactus Forest Loop Drive in the Rin-
con Mountain District (RMD) of SNM (T14S, R16E,
$32). We modified our earlier censusing methodolg-
gy (Johnson and Haight 1985, 1988) to provide 3
maximum amount of information with the minimg]
resources available. A xeroriparian census plot con-
sisted of a 30 x 800-m belt transect, with actua]
width in a given arca determined by the width of the
wash, including channel and riparian vegetation on
each side. An upland plot was designed for paired
plot comparison, and was also 800 m in length and
an average of 30 m wide. Care was taken (0 separate
the upland plot from the xeroriparian plot by at least
200 m, preferably 400 m, but this is not as critical for
winter as for spring and summer censuses when birds
are on breeding territories.

The upland plot originated 50 m southwest of the
“Cactus Forest Trail” sign located approximately
0.25 mi northwest of the Javelina Picnic area tum-
off. The plot continued along the crest of the ridge 10
its end, then tumed 90° to the southeast (directions
approximate) and continued to the next ridge, tumned
90" to the northeast, continued across the road and
then roughly paralelled the one-way road. It ended
approximately 50 m from the road and 250 m south
of the large wash that was used for the xeroriparian
plot (Fig. 2). The xeroriparian plot began 100 m west
of the loop drive in the largest wash in the area
(approximately 4th order), and continued 800 m
downstream to a couple of hundred meters from the
point where the Cactus Forest Trail drops from a hill
into the wash.
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o e momings Dt

nsuses Of the same momings in December 199
¢ january 1991; however, the combination of Jate
and ¢ and cold mornings made it nearly impossible
mnrlcomp]ish this. Little avian activity occurred
10‘£m sunup, which occurred about 30 min. earljer
b; (he upland plot than the xeiforiparian plot.
‘l oximately the same length of time was spent on
;-ach plot, gencrally 40 to 60 min. Birds on the
uplaﬂd plot were compara_twcly casy to detect and
;dentify- However, censusing the xeroriparian plot
ofien required more time because of additional effor
required 10 count larger numbers of sparrows (Table
) and because the denser vegetation resulted in
greater difficulty in detection and identification of
pirds. The census taker whistled an imitated call of
(e ferruginous pygmy-owl (Glaucidium bra-
silianum) at rcgulzilr m}ewals of approximately 50 m
during the xeroriparian cepsus L0 attract certain
species, €8x ruby-crowned kinglets, hermit thrushes,
and Bewick’s wrens, that gtherwme often go unno-
iced (scientific names of birds observed are given in
Table 1). Ideally, if censuses are conducted two days
in a row, reversing the direction traveled on the sec-
ond day increases the probability of observing cer-
1ain birds, especially those near the end of the count
\hat may have short activity periods. If two plots are
censused on the same day, the order of census for the
plots should be reversed on the second day. For stan-
dardization, only the birds observed by one person
were counted, even if two or more individuals were
involved in walking the transect.

we conducted most of our censuses on relatively
sunny, windless days. Attempts to census on a couple
of cloudy and/or rainy days were largely unsuccess-
ful. Wind, rain, and other environmental factors often
lead to decreased avian activity and/or reduction in
observer sight and/or hearing of avian activity (John-
son et al. 1981; Ralph and Scott 1981). The xerori-
parian arca was censused three times, and the upland
area was covered twice.

We began censusing as soon as morning avian
activity began. Most of the sparrows became active
when the sun started warming the area and the spar-
rows then left to feed in the grasses of the adjacent
uplands within an hour after sunrise. This necessitat-
ed censusing of the xeroriparian plot first, so we cov-
ered each plot on a different day to standardize both
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the le‘ngm of time and
Xeroriparian censusing.
attained for breedi
(1974)

time of day for upland and
.Thc high degree of accuracy
; ng_btrd Studies by Carothers et al.
Hiire 01;1 Spot-mapping breeding birds exceeds the
. our methodology. However, comparative

gures for upland and Xeroriparian species richness

and population densities established by our method-
ology are relatively reliable,

RESULTS AND DISCUSSION

speesfeneroTiarian censuscs averaged 19.67
with 167 individuals, in contrast to
upland averages of 11 species and 47.5 individuals/
23“5“3 (Table 1), Thus, the xeroriparian plot support-

approximately 3.5 times the number of individuals
and lwncc.lhc number of species as the upland plot.
Four Species were recorded on each of the five cen-
Suses, six species on four censuses, eight on three
censuses, four on two censuses and five on only one
census.

Of perhaps greatest significance is the almost
equal split of species occurrence in the two areas,
wup 13 of the 27 species recorded only on the xerori-
panan plot, 14 on upland plots also, but none only on
the upland plot. The critical importance of xeroripari-
an ecosystems is clearly illustrated, since all species
occured at some time in the xeroriparian ecosystem,
but no species were restricied to the uplands. Howev-
er, it would be a mistake to assume that the upland
habitat is not essential. For example, although sever-
al species of sparrows roosted and rested on the
xeroriparian plot, they were dependent on the exten-
sive upland semidesert grassland ecosystem for food.

Even though there is appreciable contrast in our
findings between upland and xeroriparian ecosys-
tems, the differences are not as great at SNM as for
most other areas we have studied during the past 11
years in the Sonoran and Chihuahuan deserts. Qur
other studies tend to show 5 to 10 times the numbers
of species and/or individuals on all types of riparian
plots as on adjacent upland plots, with few excep-
tions (Johnson and Haight 1985, 1988). We credit the
relatively low contrast between upland and xeroripar-
ian plots in the present study to three main factors:

1. The ecotonal nature of the SNM arca, which
shows characteristics of both desertscrub and
semidesert grassland, discussed earlier.
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Although winter birds are not gcpcrally as lcmlo—
rial as breeding birds, certain species are rclauv'cly
regular in their habits, especially in wnn'u:r .roosung
and feeding pattems. The unidentified, mnd:smcd owl
(Table 1) was found along the same section of lh'c
wash on several days. The large flock of Brewers
sparrows roosted in approximately the same arca on
floodplain meanders along the wash cach night of the

census period and left at approximately the same
time cach moming to feed in the upland grasscs. Per-
urve-billed thrashers, cardi-

manent residents, €.g., €
ined semblances of

nals, and pyrrhuloxias mainta )
territories throughout the year. Several winter resi-
dents, ¢.g., ruby-crowned kinglets, hermit thrushes,

and Bewick's wrens maintained winter territories.

Thus, the more ofien one censuses an arca the more
familiar one becomes with the locations of individual
birds. This also is the rationale for censusing at least
two or three days in a row. The census taker becomes
more familiar not only with the terrain and vegeta-
tion but also with the location of individual birds.

CONCLUSIONS
Extensive losses of riparian habitat have led to

great concern about associated impacts on breeding
birds, especially in the lowland North American
Southwest (Johnson et al. 1985; Johnson et al. 1987;
Knopf et al. 1988). The importance of riparian habi-
tat to migrating (Stevens et al. 1977) and wintering
pirds (Johnson and Haight 1985, 1988) is becoming
increasingly apparent. For, although reproduction is a
critical event in the maintenance of a species, if birds
do not survive migration and overwintering, whether
due to loss of habitat or other causes, they may be

Johnson and Lol

s T. Halght
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extirpated as surely as when breegip,

not adequalc. g Condilions
National Pafk Service landg Provig ary

areas for wintering as well as breedip, . . PTot
lng ang : Cc[ed

!Jirds. The Tucson Basin foothills gpe rapj mlgr&ﬁn
ing part of the Tucson urban enviropp, pid] o 8
al. 1986). Examination of aerial th:m Du“canm
that approximately 10% of the basip, igm;;h $ho ‘:l
ecosystems. Saguaro National Mg § xcmﬁpan, s
important natural “island” in this se:ui[:l Umen ; an
vegetated stream courses are a dOming anqd %
the natural landscape. Even first order want apec o
decidedly lush aspect on the monumeny asheg gp, .
the surrounding uplands; increasing]y ;1" Telation 1,
washes show an even more marked conulghgr Ordey
parison to upland plant communities, st in cop,.

MANAGEMENT IMPLICATIONS

Winter bird studies at Saguaro Nationg] M
demonstrated that SNM'’s avian populatiq 5 :
flcpcndcnl on xeroriparian ecosystems, Sirr:rI e
ings from extensive studies in ORPI ang ll]l1ar fing.
throughout all threc North American desam. |
United States and Mexico have dc:monstﬂs ol
critical importance of xeroriparian habj gy,
pared to upland habitats. A disproponionatf:-,ts‘ ke
of spf:cic§ of plants and animals are comp.onr:mbcr
xeroriparian ecosystems, areas that constitute ms a
habitat for wintering, migrating, and breedj Cnl.lcal
(Johnson and Haight, in press). e Ue

The great diversity of riparian habitats varies f;
permanently moist situations along perennial s; o
to bare sand or rock along dry desert wa c:ms
Although nearly all upland species exist in 0:1 o
more of these diverse riparian habitats, many o
of riparian plants and animals do not exist inzp":lgne;
ecosystems. Additionally, riparian ecosystems cgnsu
tute only a small spacial percentage of the total lam;
mass for most regions, especially in arid lands. Thus
one may find approximately 70-90% of the hﬁividu:
als_and more than 50% of the avian species of a
region along riparian corridors constituting less than
10% of the region’s space.

b_«Ion-rcsiliem upland ecosystems, especially in arid
regions, may be relatively resistant to damage, but
once damaged usually take considerable time to
recover. By contrast, riparian ecosystems, including
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{jon, are gcncral'ly comparatively resilient.
chh‘f yegetation and higher moisture assist riparian
Lust L;lems in the recovery process. Thus, damageq
%osvan reas can often be successfully rehabilitageq
ripal ners et al. 1989).

(Carﬂc same characteristics that make riparian areag
p— wildlife habitat also make them attractive o
pnmms for development and recreational purposes
‘:lmr]ﬂﬂ jands commonly receive disproportionate use
R]paumans as well as wildlife (Johnson and Carothers
38 D Management strategics for park lands need 1o
1‘ ount for this disproportionate importance of ripari-
1ands by active momtpnng of these areas and by
oviding for their protection fmn.x Overuse or inappro-
priatc use by humans and .domesuc animals. Addition-
‘lly development and maintenance f)f facilities, roads,
um'l's, and other management activities should be mini-

milﬁd in ripan'an areas.
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Auripar flaviceps 7 2
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Cac 3
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R by-chWﬂcd kinglet 4 1 s
Regulus calendula 4
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Polioprila mé.
Hermit thrush 4 3
Catharus guIiams 3
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Toxostoma curvirosire 1
Northern cardinal 2 1 .
Cardinalis cardinalis
pyrrhuloxia 2
Cardinalis Sinuanus
Green-tailed towhee 3 1 2 3
Pipilo chloruriis
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sShort-cared, long-eared of spotted owl.
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Table 1. Continued.
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Fig. 1. Wash order system for classifying drainageways formed by ephemeral and drier intermittent streams.
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Unexpected Mammalian Distributions
in the Rincon High Country

Ronnie Sidner and Russel| Davis
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spc(.'ic

onization and suggesls movement, sometime within

ABSTRACT

and observation of small mammals in the hj
1983 10 1988 have yielded several species new 1o Sagu

mammal specics provide °""de“°": that contemporary colonization (ongoing movement of species
across less suitable habitat separating mountain islands from ¢ach other and from the source of th
<) has occurred. The yellow-nosed cotton rat (§; ey

gh country of the Rincon Mountains from
aro National Monument. Two of these small

gemodon ochrognathus) exemplifies such col-

4 . the past 50 years, i i i
iz h country. Abert’s squirrels (Sclicrus abert years, into a vacant niche in the
he Catalina Mountains (where they were introduc

D_ dispersed across semidesert grassland from
ed in the 1940s) and offer another example of

conlemporary c(?lonization-in this case with a very precise arrival time. Desert shrews (Notiosorex
crawford) prqwde the first records of shrc\\.rs from the Rincons and were found at record elevation
and habitat Eight species are added to the list of bats from montane conifer forest. Suggestions are

L________

given for protection of the monument for future environmental health and scientific endeavor.

UCTION

INI&?{?ncon Mountains, one of the isolated moun-

in ranges in southeastern Arizona, are examples of
y untain wjslands” in a “sea” of semidesert grass-
T::I(:d. The island in this case is relatively small; the
high country portion, at elevations ranging from
about 1,525 10 2,640 m, consists of approximately 40
gm? of Madrean Evergreen Woodland (mixed oak
and oak associations), and approximately 20 km? of
Madrean Montane Conifer Fom§t gpondcrosa pine
(Pinus ponderosa) and pine associations; Brown and
Lowe 1983). e

Despite proximity to Tucson and the Umver§|ty of
Arizona, the Rincon Mountains have been studied by
few animal ecologists, undoubtedly because access
10 the high country has been confined to foot trails
since the early 1900s. Limited mammal collections
were made by H. Brown in 1911 and by L. M. Huey
in 1932. However, a complete list of mammals has
not been compiled, nor has there been a rigorous

study of mammals done in the high country since
Huey's work, nor since most of the Rincon’s wood-
land and forest habitats were included within the
boundaries of Saguaro National Monument (SNM) at
its establishment in 1933 (Cockrum 1960; Hoffmeis-
ter 1986). To correct this difficiency, we began hik-
ing into SNM to live-trap small mammals in the oak
woodland and montane forest, and we compiled pre-
viously gathered information to compose a more
thorough list of mammal species diversity and distri-
bution within SNM (Davis et al. 1986; Doll et al.
1989).

Island biogeographical theory has been applied to
mammals on desert mountains. According to this the-
ory, species richness should result from the opposing
forces of colonization and extinction. The rate of col-
onization should decrease as the distance increases
from the source of distribution of the species, while
the rate of extinction should increase with a decrease
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in island size. However, biogeographers generally
have favored the idea that once these mountain
islands were colonized (at some time in the past
when the climate was cooler and wetter and when the
mountains were interconnected by forest habitats),
extinction since then has played the only significant
role in determining the current species pattern (Davis
and Dunford 1987). However, we report here two
examples of the distribution of mammal species that
do not fit this previously accepted biogeographical
explanation. In addition to these unexpected exam-
ples of geographical distributions, we also report
two cases of unexpected ecological distributions of
mammals.

METHODS

We hiked into SNM 1o observe small mammals
and trap them with live traps, pit-fall (can) traps, and
mist nets in the fall of 1983, the spring of 1985, and
during the summers of 1984 through 1988. We spent
six days in the oak woodlands during April, Septem-
ber, and October, and 41 days in the montane conifer
forest during May, June, and August. We also com-
piled information about mammals of the high coun-
try from records at the University of Arizona
Mammal Collection, the Museum of the San Diego
Society of Natural History, and from observation
records kept by personnel of SNM. Mammal names
used in this report follow those of Jones et al. (1986).

RESULTS AND DISCUSSION
Yellow-nosed Cotton Rats
Within forest habitats in Arizona are patches of
subalpine grasslands (Brown and Lowe 1983) suit-
able for grass-eating, runway-making rodents such as
members of the vole genus, Microtus. In southemn
Arizona today, however, a species of this genus, the
long-tailed vole (M. longicaudus), currently occurs
only in high mountain meadows of one mountain
range, the Pinalefios (Graham Mountains). Fossil
deposits with Microtus from late Pleistocene age,
including one from the northeastern side of the
Catalina Mountains, suggest the possibility that this
genus once occurred on most mountains of southeast-
em Arizona but became locally extinct. In the Rincon
Mountains, small grass-fern meadows can be found at
clevations from 2,226 to 2,640 m, surrounded by pon-
derosa pinc-oak (Pinus ponderosa-Quercus sp.) and
ponderosa pine-Douglas-fir (Pseudotsuga menziesii)

forest that would be appropriate for Microtus, but none
exist there today, This niche for grass-eating, runway-
making rodents is now occupied by the yellow-nosed
cotton rat, Sigmodon ochrognathus (Davis and Ward
1988).

The presence of these rats in these montane mead-
ows was first verified in August 1984, when we were
surprised by the capture of five in just 20 traps set in
Manning Camp meadow at 2,440 m elevation,
Although the Rincons were within the range of this
species, yellow-nosed cotton rats had not been
recorded from them, and relatively few specimens
had been previously taken in Arizona (Hoffmeister
1986). None had been reported above 1,860 m
(Cockrum 1960) nor above oak woodland habitat
(Hoffmeister 1986). In August 1985, we found yel-
low-nosed cotton rats again in Manning Camp mead-
ow, Spud Rock Cabin Site meadow (2,226 m), on top
of Spud Rock (2,621 m), and in Mica Mecadow
(2,561 m). However, during the earlier and dricr sca-
son of that year, in May and June, we did not find
any yellow-nosed cotton rats at these localities. All
of the northern records of this species have been
recent; these rats were not known much north of the
border mountains until after 1960 (Cockrum 1960;
Hoffmeister 1986; Davis and Ward 1988).

It appears that yellow-nosed cotton rats have colo-
nized northward in the last 50 years from their origin
along the castern slopes of the Sierra Madre Occi-
dental. To reach their typical habitat in the rocky,
grassy slopes of the oak belt in the southeastern
mountains, these rats had to move through less suit-
able semidesert grassland habitats, Such colonization
cfforts are striking exceptions to the previous biogeo-
graphical explanation for the distribution of small
mammals in woodland and forest habitats on the
mountains of southern Arizona. When the climate
became warmer and drier after the Pleistocene, leav-
ing woodland and forest habitats isolated on moun-
taintops, the mammals of these habitats all were
thought to have been left stranded on mountains,
with only the possibility of extinction (or speciation)
to alter species composition on any mountain (Davis
and Dunford 1987). The dispersal of yellow-nosed
cotton rats northward within the past 50 years or so
provides evidence of contemporary colonization. In
addition, because they are the ecological equivalent
of Microts in its grass-cating, runway-making habit,
yellow-nosed cotton rats have moved in 1o fill this
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e in several southeastemn Arizona moun-
"3Canincludi"g the Rincons (Davis and Dunforg
(ain’

t's Squirrels . .
1 1941, Abert’s SQUI{TCIS (SClurlfS aberti) were
» oduced into the Catallmal ;\ggummns, where they
v become common. In ,a SNM‘ employee
hil orded having seen one of these squirrels near
re¢ 4 Rock in the Rincon Mountains. Abert’s squir-
,l:.l Jo not appear 10 be common yet in the Rincons,
bu{ {hey now have been recorded frf)m many forest
Jlitics, and we Saw them several times at and near
Io¢® ing Camp (Davis et al. 1986).
Mar?oﬂc of the early sight rcoord.s of Abert’s squirrels
mention the significance of fkfm sudden appearance
in the Rincons. The possflbalmcs that might occur to
comeone upon first seeing them here are that this
;pccics had been present all along but had been over-
iooked- or that it had bccn introduced. It is unlikely
{hat these conspicuogs sqmm;ls were overlooked for
very long, and it is mgt}ly‘unhkgly that someone ille-
gally went to the logistical difficulty of capture,
maintenance, and backpacis transport to release them
into a mountain range lacking road access or hunting
ssibilities. The much more likely explanation is
that these squirrels dispersed from the Catalinas
cometime between 1941 and 1959.

As with the yellow-nosed cotton rat, this is another
example of what has been termed contemporary col-
onization (Davis and Dunford 1987)—the ongoing
movement of a species from a source across non-typ-
ical and less suitable habitat to isolated patches of
suitable habitat. In this case, squirrels moved from
ponderosa pine forest in the Catalina Mountains,
across 23 km of woodland and semidesert grassland
in Redington Pass, to ponderosa pine forest in the
Rincons. Several similar movements by Abert’s
squirrels across less suitable habitat to colonize new
territory in Arizona have been documented by Davis
and Brown (1989). A similar situation must have
occurred with Abert’s squirrels on the North and
South Rim of the Grand Canyon.

It had previously been thought that Abert’s squirrels
were widely distributed during the Pleistocene in the
vast coniferous forest which covered much of Arizona,
and that they were left stranded in high elevational
islands with the increase in environmental aridity after
the Pleistocene. It was presumed that these squirrels

were left in their islands like prisoners unable to move
beyond their confines and that the Kaibab squirrel, a
subspecies of Abert’s squirrel, was left on the North
Rim with resulting population changes accumulating
b_'ccausc gene flow with other high elevational popula-
tons was stopped. We know now, from plant fossil evi-
dence, that this was not the case. Abert’s squirrels
depend upon ponderosa pines for long-term survival,
and no ponderosa pine forest occurred on the North
Rim before the early Holocene. In consequence, these
squirrels must have colonized northward with, or after,
the establishment of ponderosa pine. To have reached
the North Kaibab required that they move across non-
montane habitat—perhaps that occurring within the
Grand Canyon (Davis and Brown 1989).

Desert Shrews

No species of shrew had previously been recorded
from the Rincon Mountains. The montane shrew
(Sorex monticolus) occurs in the montane conifer forest
in the Catalina Mountains, and was expected to be pre-
sent in the Rincon high country meadows. In 1985,
Davis found a desent shrew (Notiosorex crawfordi)
dead atop a boulder on Spud Rock (2,621 m), but he
postulated that an owl could have carried it there. How-
ever, three years after the placement of pit-fall traps in
Manning Camp meadow (2,440 m), a desert shrew was
caught verifying the presence of this species in the Rin-
con high country (Davis and Sidner 1989).

The desert shrew that was found in Manning
Camp meadow not only represents a new locality
record (i.e., the Rincon Mountains), it is also a habi-
tat and elevational record for the species. Previous
observations are from arid to riparian habitats in
desertscrub up through the oak belt below 1,830 m
(Cockrum 1960). The absence of the “appropriate”
shrew for this locality (the montane shrew) and the
presence instead of a species found at lower eleva-
tions, might suggest another example of a species
moving in to fill a vacant niche in montane forest
(Davis and Sidner 1989).

Bats of Manning Camp
Meadow and Pond

Bats have been captured at three localities in the
Rincon high country. In July 1911, H. Brown collect-
ed two big brown bats (Eptesicus fuscus) at Manning
Camp (2,440 m). In June 1932, L. M. Huey collected
two big brown bats, one southwestern myotis (Myotis
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auriculus), and one long-legged myotis (Myotis
volans) at Spud Rock Cabin Site (2,226 m). These
ecologists used shotguns to collect bats as did most
early collectors, but guns are not now allowed in the
monument and are no longer appropriate for the cap-
ture of bats anywhere because of the possibility of
indiscriminate injury or death of a federally protected
bat species. In August 1966, B. Lund collected four
fringed myotis (Myotis thysanodes) at Manning
Camp (no field notes are available, but these speci-
mens were probably from a roost in the cabin). We
captured a single big brown bat in a net over Chime-
nea Creek at Grass Shack (1,659 m) in September
1983. In June 1988 we netted over Deer Head Spring
(2,195 m) where bats were seen flying, but we
caught none. Capture success at the pond at Manning
Camp, however, was often surprisingly high; from
1984 to 1988 we netted 136 bats.

Our technique was to set mist nets over water to
sample bats that came to drink or to forage on con-
centrations of flying insects. Nets were left open
from one to approximately nine hours (all night).
Freezing temperatures and steady rain were associat-
ed with the absence of bats. Evenings that followed
days of high temperatures and bothersome flying
insects saw increased bat activity. During the rainy
season (Augusi-October), few bats were caught. For
example, at Grass Shack on 9 September and 29
October 1983, a net left open all night yielded only
one bat. One net set all night at Manning Camp pond
in August 1984 produced no bats, and during 32
hours of netting there in August 1985, only five bats
were captured. Netting during drier months such as
May and early June was much more productive. For
example, during May-June 1985, 38 hours of netting
at Manning Camp produced 58 bat captures.

Prior to 1988, only three species of bats had been
recorded from the Rincon high country (Hoffmeister
1986; Sidner et al. 1988). Twelve species of insectiv-
orous bats have now been netted at Manning Camp
pond (Table 1). This is the highest recorded species
density (number of species per unit area) of mam-
mals on the monument. The high species diversity of
bats at Manning Camp is a result of the drinking

water provided by the pond, and the abundance of
insect prey attracted to both the water and the nearby
meadow. The presence of a large number of species
sharing a single resource would be expected to cause

the selection of resource allocation patterns to mini-
mize competition. Resource allocation involving
temporal spacing has been suggested for the two
most abundant species at the pond, big brown bats
and silver-haired bats (Lasionycteris noctivagans)
(Davis et al. 1986).

SUMMARY AND MANAGEMENT
IMPLICATIONS

Two species of mammals (yellow-nosed cotton
rats and desert shrews) found in Manning Camp
meadow are unusual and rare at that elevation and
habitat type. The meadow should be protected from
any change; for example, continuation of the policy
against grazing by pack animals in the meadow is
warranted.

Twelve species of bats have been discovered
drinking or feeding over the Manning Camp pond.
Because the pond is the source of water for field per-
sonnel, it will of course be protected, but it is impor-
tant that this be accomplished in a way to preserve its
present conditions in terms of open access, depth,
natural purification, and any other parameters affect-
ing the natural insect communities. Additional field
work is warranted to learn more about community
structure of these bats.

The encroaching development of homes and busi-
nesses near SNM borders will impact wildlife either
as a result of visits to homes by wandering or enticed
wildlife, or as human and pet visitors discover
wildlife and their resources on the monument. For
this reason, public participation in educational pro-
grams about environmental and ecological principles
will become increasingly important. Additional sym-
posia and other educational programs should be
offered.
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Table 1. Bats netted at Manning Camp pond. Numbers of each species are t.abulatcd by month lz.and year,
Specics marked with an asterisk had been captured previously in the Rincon high country. A question mark
designates two unidentified myotis bats (one escaped, and one was eaten by a raccoon).

1985 1986 1988
Common name Scientific name Jun Aug = e
Vespertilionid Bat Family Vespertilionidae 4 1
Southwestern Myotis* Myotis auriculus 6 1 1
California Myolis Mbyotis californicus 2
Western Small-footed Myotis Myotis ciliolabrum 2 1
Fringed Myotis* Myotis thysanodes 6 4 1
Long-legged Myotis* Myotis volans 4 1
Yuma Myotis Myotis yumanensis
Myotis ? Myotis spp. 1 1 6 3
Hoary Bat Lasiurus cinereus
Silver-haired Bat Lasionycteris noctivagans 4 1 ?
Townsend's Big-eared Bat Plecotus townsendii 1
Big Brown Bat* Eptesicus fuscus 34 3 L= i
Pallid Bat Antrozous pallidus 1
Molossid Bat Family Molossidae

Brazilian Free-tailed Bat Tadarida brasiliensis 1
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INTRODUCTION

The process of natural selection is a major evolu-
tionary force responsible for molding the shape of
phenotypic traits in natural populations (Futuyma
1986). Because of its prominence in evolutionary
biology, natural selection has been intensively stud-
ied from a variety of perspectives and approaches.
Many of the studies demonstrating selection have
involved indirect estimates, such as correlations
between a phenotypic trait and an environmental
variable (e.g., Fleischer and Johnston 1984; Endler
1986). Few investigators have adopted available
alternative approaches (e.g., cohort analysis, com-
parisons among age classes or life-history stages,
and perturbations of natural populations), to provide
a more dircct estimate of the magnitude and direc-
tion of sclection (Endler 1986; Schluter and Smith
1986). Even fewer researchers have followed popu-

lations for several years (e.g., Grant and Grant
1990).
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In this paper, I describe direct estimates of the
temporal pattemns of natural selection on body size
in a resident population of Urosaurus ornatus (tree
lizard) over a four-year period. The description of
such patterns will enhance our understanding of the
ecological significance of fluctuating environmental
conditions on phenotypic traits. In each year of the
study, I analyzed the data for evidence of selection
at a single life history stage—overwinter survivor-
ship. Determination of selection over several years
provides an opportunity to assess the frequency and
magnitude, as well as the form of selection, i.e.,
directional or stabilizing. Previous studies of natural
selection have focused on breeding bird populations
in dramatically fluctuating environments (e.g., Grant
1986; Grant and Grant 1990; Price et al. 1984;
Gibbs et al. 1988). This study is one of the few to
present the selection regime operating on an eclo-
thermic vertebrate.



Donald B. Miles

122

Factors Affecting Body Size .

Body size is a critical ecological trail for many
species (Peters 1983). Increased body size may h‘::ve
imporiant effects on reproductive success, acting
through dominance relations in males or larger clutch-
es in females (Dunham 1981, 1982; Dunham and
Miles 1985). As lizards increase in size (e.g., from
juveniles to adults), advantages in avoiding predators
may occur (Peters 1983). Two proximate factors act-
ing to determine body size of lizards are: (1) levels of
food availability, and (2) length of the growing scason
(Ballinger 1977; Dunham 1978). Both may act to limit
growth rate and hence ultimate size at adult stage
(Ballinger 1977). Food availability may be indirectly
estimated by rainfall and length of growing season by
calculating the number of degree days per year.

Demographic Profile of Urosaurus ornatus

The Saguaro National Monument (SNM) popula-
tion of this species has a cohort generation time of
1.5 years and an average annual adult survivorship of
0.20 (D. B. Miles, unpubl. data). The maximum life
span in the field (i.e., age of the oldest captured indi-
vidual) is at least five years. The age of first repro-
duction for both sexes is eight months at a snout-vent
length (SVL) of 46 mm. Maximum recorded adult
body size is 53 mm for females and 58 mm for
males. Potential predators at the SNM site include
the lizards Sceloporus magister (desent spiny lizard)
and §. clarki (Clark’s spiny lizard), at least one snake
(Masticophis flagellum, coachwhip snake), and sev-
eral bird species.

n boundary of SNM along the Speedway
t. A 2-ha study site was delineated in a
(Prosopis juliflora) bosque along the length
T0y0. All trees within the study arca were

mbered and their locations mapped on an
nat ;fid following the sampling design of
L7 v

‘€ Analysis

ort (lengitudinal) design for sti-
on statistics. Individuals were
e site of capture and followed
for conducting a long-term

mark-recapture study necessary for investigations of
natural selection are well established (e.g., Dy

et al. 1988). In this project, which lasted from 1987
through 1990, the study site was monitored for at
least three months (June, July and August) each year.
However, I also surveyed the study site during
months of April (1989), and May (1989, 1990), The
study plot was repeatedly censused each year during
these periods. At the start of the field scason (Apri],
May or June) we searched the habitat every day fop
the first 14 days. Thereafter, censuses were conduct-
ed weekly or biweekly. All numbered trees werp
assiduously examined for individuals of U. ornags.
Captured lizards were brought 1o the laboratory for
subsequent tests and mcasurements. The SVL of
each lizard was recorded to the nearest 0.5 mm using
a metal ruler. Individuals were also weighed to the
nearest 0.01 g on an clectronic balance. After the
measurements were taken, the individuals were
uniquely marked by toe clipping and a paint symbo]
at the pelvis. Lizards were then retumed to the site of
capture. On subsequent censuses only lizards that
lacked a paint mark were captured for processing,
When an individual with a paint mark was located,
we recorded the tree number, time of day and locga-
tion in tree for use in our survivorship estimates,

Rainfall Data

Desert habitats are characterized by unpredictable
rainfall pattemns, both in space and time. Because of
the important association between the amount of
rainfall and arthropod abundance, I recorded monthly
rainfall estimates from the National Oceanic and
Atmospheric Administration climatic summaries. |
used data from the Tucson Magnetic Observatory as
a reasonable estimate of the rainfall for the Speed-
way site. Rainfall amounts were lumped to provide
seasonal totals for winter and summer,

Selection Statistics

I followed standard formulae for estimating the
natural selection coefficients (Endler 1986). For the
purposes of this paper, I present the results for the
directional selection coefficient, This is defined as
the change in the mean value of a trait before and
after an episode of natural selection. The magnitude
of change in a trait is given by:

i=Xg-Xp/ (vp)'?
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where { is the directional selection coelficient, X, is
the mean of the trait after selection, X, is the mean of
the trait before selection, and (vp)" is the standard
deviation of the trait before selection (Endler 1986).
The value i is known as the standardized selection
differential (Falconer 1981)

RESULTS
Rainfall Patterns

Seasonal variation in rainfall for the years 1972
through 1990 is presented in Figure 1. Total rainfall
in the Sonoran Desert usually is apportioned into two
equal seasons; roughly half the total rainfall occurs in
winter and half in summer (Lowe 1965). However,
roughly 42% of the years had substantially more
rainfall in summer (>100 mm difference), 16% had
more rainfall in winter and 44% of the years showed
no difference between scasons, A strong correspon-
dence was observed between occurrence of El Niflo-
Southern Oscillation (ENSO) events (denoted by
asterisks above rainfall data in Fig. 1) and those
years with high summer rainfall (1972, 1982, 1983,
1984, and 1988), During the first three years of the
study, rainfall levels were below normal, especially
the winter rainfall for 1989. The period of low rain-
fall was interrupted by an exceptionally wet summer
season in 1990

Temporal Varlation in Body Size

Yearly and monthly trends in average body size
are presented in Figures 2 (males) and 3 (females).
Both sexes show similar pattens. Average body size
tended 10 increase from April to August; mean size
increments varied from 1-5%. Large increases in size
were evident for males (growth increment = 5.4%)
between July and August 1990. However, mean adult
body size declined from 1987 to 1990 (Table 1).

Patterns In Selection

The selection differentials, which may be interpret-
ed as the covariation between survivorship and body
size, are presented in Figure 4, Two pattems were evi-
dent: (1) the population experienced recurring
episodes of directional selection, and (2) the magni-
tude of selection oscillated between the sexes. Surviv-
ing individual males and females had, on average, a
smaller body size than the population as a whole
before selection in the period between winter 1987
and spring 1988, Interestingly, in the next period

surviving males were larger and females smaller than
the non-survivors, Between 1988 and 1989, the selec-
tion differentials switched, smaller males on average
and larger females on average survived in 1989, In
all years, evidence was also found for stabilizing
selection, i.c., a cropping of extreme individuals with
a consequent reduction in the variation before and
after an episode of selection.

DISCUSSION

Studies of populations over a number of years and
through several periods of selection are rare (¢.g.,
Grant 1986; Schluter and Smith 1986; Grant and
Grant 1990), Putative agents of selection are infre-
quently known in such studies. In contrast, this study
demonstrated recurring and oscillating patterns of
natural selection operating on a resident population
of U. ornatus within SNM, The observed trend of
declining body size among years can be indirectly
tied to lowered rainfall levels during the study peri-
od. Previous evidence has shown a strong correlation
between rainfall and arthropod abundance (e.g., Dun-
ham 1978, 1981).

Of particular interest is the impact of the ENSO
events on the local pattems of rainfall in the Tucson
Basin. Other studies have shown a correlation
between ENSO and biological phenomena in the
tropics (e.g., Grant 1986; Glynn 1988; Grant and
Grant 1990). Past ENSO events have been tied to
massive reproductive failures in scabird colonies.
Other tropical populations have been affected as
well, e.g., Darwin’s finches (Boag and Grant 1981)
and lava lizards of the Galapagos (H. Snell, pers.
comm,), Thus, ENSO may act as a major sclective
event through its influence on local and global cli-
matic patterns,

The correlation between ENSO events and the
summer rainfall pattern in the Tucson Basin may also
be an important component affecting the population
dynamics of U. ornatus. Recently, Swetnam and
Betancourt (1990) found a relationship between inci-
dence of fires in the Southwest and the ENSO, This
is the first study to demonstrate such a correlation
between a temperate population and ENSO. The link
between rainfall and body size is manifested by the
large correlation (Spearman rank correlation = 0.80);
however, the small sample size precludes any proba-
bility level being assigned. Still, the decline in aver-
age body size with lowered rainfall and the dramatic
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increase in body size after the heavy summer rainfall
of 1990 suggests a strong connection.

The periodicity and fluctuation in the operation of
selection on the population of U. ornatus may be tied
to ENSO as well as other biotic factors. Because U.
ornatus at the SNM site is polygamous, i.c., one
male may have two mates or more, the responses of
each sex 1o variation in environmental conditions is
not unexpected. Previous studies have demonstrated
recurring incidences of natural selection (e.g. Price et
al. 1984) as well as selection favoring small body
size (Price and Grant 1984). Therefore, within this
population of U. ernatus, females may be pursuing a
bet-hedging strategy in which energy apportioned (0
reproduction and growth are shunted to maintenance
and survivorship.

SUMMARY AND MANAGEMENT
IMPLICATIONS

Long-term study of variation in U. ornatus at
SNM demonstrated significant temporal variation in
body size. Temporal variation in the magnitude and
intensity of selection affecting the population was
also evident. The data indicate that these patterns are
a manifestation of abiotic and biotic factors. Most
importantly, the trend of body size variation is likely
. 1o be attributable to local rainfall patterns, which
- affect the abundance of arthropods, i.e., the lizards’
- food supply. Evidence links the patterns of local rain-
- fall to a global climatic event, the El Nifio-Southern
~ Oscillation. Thus, global weather patterns may have
a great affect on local conditions, which in tum affect
local biotic systems and population dynamics.
Natural resource managers at SNM should be
- of the influence that global conditions can and
ave on the processes within the monument. Also,
y effort should be made to protect natural
n dynamics within SNM. As habitat frag-
within the Tucson Basin and the surround-
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'S—E’;me df F P>F
Males
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I;fde{:;m 3 9.28 0.001
Month x Year 6 3.85 0.001
Females
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I{g‘—lm 3 32.87 0.001
Month x Year 6 1.77 0.09
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The Currency of Competition in Tree Lizards:
Food, Habitat, or Mates?

Robert T. M'Closkey

s ABSTRACT
A mbmuon of Sl:ll"-'e)_fs and small-scale experimental studies were conducted from 1983 to 1988 at
the Rincon Mountain District, Saguaro National Monument, in order to characterize the density and
distribution of a common lizard species (Iguanidae, Urosaurus ornatus, tree lizard), Tree lizard num-
bers were higher in dry wash than surrounding flatland desert. Males defended territories that included
the home ranges of females, and the mating system was variable, with bachelor, monogamous, and
polygynous males in the same population. Polygyny was habitat dependent and prevailed in wash
habitats. Polygynoqs males were larger than monogamous males, and territory owners could not be
displaced from territories by intruders. Territory defense by males was tenacious, and mates were the
objects of defense. This conclusion was substantiated by showing that males abandon their territories
following removal of the resident females. In contrast, food resource abundance was not important in
determining lizard numbers, territory quality, or home range selection. Females maintained home
ranges in the absence of males, and cues for site selection included the structural characteristics of
habitats. Transplant experiments with adult females suggest that successful reintroduction of species

into habitats previously occupied requires careful attention to the age class of the transplants.

INTRODUCTION
Ecologists are interested in discovering those fac-
tors that control the distribution, abundance, and vari-
ety of organisms in natural populations and
communities. Because the answers 10 some questions
about ecological processes are elusive, it is important
to select organisms for study that are numerous and
found in a variety of habitats. In this sense, lizards are
model organisms (Huey et al. 1983) because they are
abundant, defend space, are easy to observe and catch,
and occur in different combinations of species in many
types of habitat. Field studies of lizards have added
substantially to our knowledge of basic principles of
population biology. Numerous demonstrations of the
limiting effects of food and space on lizard growth,
reproduction, and population size have been published
(Ballinger 1977; Stamps 1977; Dunham 1978, 1980;
Pacala and Roughgarden 1982).

At Saguaro National Monument (SNM), Arizona,
the lizard family Iguanidae exemplifies the character-
istics of the model study organisms referred to above.
In 1983, I initiated investigations on the behavioral,
population, and community ecology of iguanids at the
Rincon Mountain District (RMD) of the monument.
The initial focus of the work was to assess the signifi-
cance of interspecific competition and predation
among the lizard species. Most certainly, the larger
spiny (Sceloporus spp.) and collared (Crotaphytus col-
laris) lizards include smaller species (Urosaurus orna-
tus, tree lizard) in their diets. In addition, because
several species of lizard occupy the same habitat,
interspecific competition for limited resources is pos-
sible.

The focus of our initial research soon changed. We
found no evidence for competitive interactions
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tween spiny and tree lizards (M’ Closkey a_nd Bafa
l1338'1'). anscl; w); never observed reduced s'urv.wor;l:rg
or growth rates of tree lizards whose !emtpnes -
contained within the territories of spiny lizards. ')l'
virtue of their cosmopolitan distribu'uon and hlgf
density, tree lizards have been the subject of most 0

our research at SNM. ) e
I employed two different approaches to invesuga
patterns of tree lizard distribution and abundance.
First, data from comparative surveys were used 1o
provide information on territorial bclfa?rnor..thc mat-
ing system, the role of food in dcr.elmmmg.llzard 415-
tribution, and the pattermn of habitat and mlcrohablltat
use. Second, I have used small-scale, nondestr}lcuve
experimental studies (removal and imrpducnon of
tree lizards) to provide a mechanistic basis for uz_ldef-
standing what govemns the interactions among indi-
vidual lizards in their quest for resources. The
experimental studies have important implications for
the reintroduction of species into habitats they for-
merly occupied. Such experimental work can provide
management guidelines, but is best approached by
manipulation of common, widespread species prior
to implementation on rare, threatened, or endangered

species.

In this paper I summarize the primary results of
our investigations on tree lizards. This work is con-
tained in a series of papers, and for economy of
space I cite them once (M'Closkey et al. 1987a,b;
M'Closkey and Baia 1987, 1990; M'Closkey et al.

1990a,b.c).

METHODS
Lizard surveys relied heavily on detailed censuses

to provide data on relative numbers among habitats
and the mating status of different individuals. At
each site we estimated the standing crop of arthro-
pods (lizard food) and measured structural attributes
of habitats. Details are given in the papers cited
above and are summarized here.

Lizard Census

We spent from two to five months in the field each
summer from 1983 through 1988. Lizards were live-
captured, marked, measured, and released. After a few
censuses, recapture rates of previously marked lizards
were >90% and on many occasions reached 100%.
Therefore, we had nearly complete enumeration of the

g

lizards at cach study site. Because tree lizargs

most of their activity time above groypg m& Spe
trees (Prosopis juliflora), dead saguarg (‘Ca CSquit,
gigantea), and dead paloverde (Cercidiyy, = Crnee:f\‘
lum) are focal points for male territorjes s rroph,
home ranges. Mgl

nd

Mating System
The census work provided detailed maps of

locations of individual lizards. We used (e ~lco the
(male) and home range (female) maps to Cl&is;T.Irr"
mating status of males as either bachelor, m, n\ the
mous, or polygynous. In addition, we Obgch;“‘
courtship and mating of many individyy) 1}, ”\?d
Male territories do not overlap so we coyg a.dr(.;
females to territorial males with little error. Fc.;]\}f'
did not move among male territories. ales

Food Resources
During both dry and wet seasons on egch, ginid

plot, we estimated arthropod numbers by Pl;:m:.”‘
construction paper cards (15 x 15 cm) at sites o 1r‘4‘}
occupied by lizards and nearby vacant sites, - d\.Lf
were placed both on the ground and in mesquite ;...
and were coated with “Tangle-Trap” adhesive. 1.,
feeding by tree lizards occurs above ground by, ...
observed occasional strikes at prey on the ﬂmunlj
Sample effort varied among sites, but overy)) |, -
counted more than 100,000 arthropods on 900 1.

Habitat Assessment

The census work was conducted primarily in 1
habitats, flatland desert and dry washes. Four o .
plots and three flatland plots ranged in size from ( |
to 1.8 ha and contained from 11 to 67 mesquitc i1
or other sites occupied by lizards (e.g., dead sa.u.
and paloverde). Not all plots were surveyed in s
year. On each plot we measured tree size and ..
ing, distance to the nearest woodrat (Neor,
albigula) nest, and soil penetrance (with a Brain.
Kilman pocket penetrometer),

Experimental Studies

In 1984, to test the hypothesis of mate defens
tree lizards, we removed 40 females and 41 .
from their territories and home ranges. The rermo:
lizards were transported to nearby sites and el
in mesquite trees that were not occupied by 1
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izards- In 1985, we conduc'tcd 30 ln'gls on male tree
Jizards 1O test the hypothesis that territories could be
l aded by @ nonresident male. Males were captured
- 4 released in “strange” territories. Since they were
zzch evicted by the residept male, We recaptured
each intruder and returned him to the original territo-

_In 1988, we conducted transplants of 20 female
|izards in order to test the: hypothe:Sis that females
recognize other females in selecting home range

sites.

RESULTS AND DISCUSSION
Density and Distribution

The primary seasons of lizard activity are spring,
summer, and early fall. In April and May, courtship
and mating are obvious and active territory defense
py males occurs. Two clutches of eggs are deposited
by females in late summer and hatchlings emerge by
late August. During our census work we marked
5500 lizards, and we recorded >2,000 total captures.
Beginning with censuses in 1983 a clear pattern of
tree lizard distribution emerged. Dry washes with
large, closely-spaced mesquite trees had high lizard
density (1.1-2.2 lizards/tree or site) compared to flat-
land habitat (0.3-0.8 lizards/tree or site). Lizard num-
bers were highest in the spring, followed by a
gradual decline through the summer in all habitats.

Mating System

The tree lizard mating system is variable, with
bachelor, monogamous, and polygynous males
occurring together in the same population. However,
the degree of polygyny is dependent on habitat type
(Table 1). In dry washes, polygyny is always more
common than in flatland habitat. In washes, over half
the males may guard two or more females within
their territories. However, monogamy prevails in flat-
land habitat, and isolated mesquite trees will usually
support only one pair of resident lizards.

One obvious correlate of the polygyny pattern is
the degree to which females aggregate at mesquite
trees or other sites. Because females lack the aggres-
sion shown by territorial males, large trees may con-
tain the home ranges of several females. Hence
polygyny increases with the proportion of trees occu-
pied by two or more females (Table 1). In addition,
closer spacing of trees or sites permits males to
monopolize mating opportunities. The seasonal

decline in polygyny (from dry to wet season) is a
consequence of the general decline in lizard numbers
and the more even distribution of females.

For males, polygyny provides clear advantages
and dry washes appear to afford the greatest opportu-
nities for multiple mates. Because mating opportuni-
ties represent a potentially limiting resource, 1
partitioned the data to determine whether polygynous
males are somehow different from monogamous or
b.achelor males. In both 1984 and 1985, significant
differences were found in male body size (Table 2).
Although the sample sizes were small, the data sug-
gest that larger males fare better in gaining access 10
multiple mates than smaller males.

Additional evidence for the role of body size in
determining mating success in males is provided by
the relationship between body size and survivorship.
Territory contests are evident in April and May and
fights for space frequently result in tail loss and
severe injuries (e.g., skin broken by cactus spines).
Body size is clearly advantageous in determining
winners and losers. Males that survive to late May
and successfully find mates are significantly larger
than males not surviving (Table 3). Females neither
defend space nor compete with one another for home
range sites. Consequently, body size has no influence
on female survivorship (Table 3).

Experimental Studies

I determined the tenacity of territory defense by
challenging resident males with nonresident intrud-
ers. Thirty trials were conducted in which an adult
male intruder was placed within the territory of a res-
ident adult male. The typical pattem of response by
the resident was to threaten, attack, and evict the
intruder. Many of the trials were reciprocal. After the
intruder was evicted we captured it and retumned it to
its original territory. After a period of time, the origi-
nal resident was captured and introduced to this
strange male's territory. Once again, the resident
evicted the intruder. Prior ownership of a territory is
important, and once territories are established even a
larger intruder could not evict a smaller resident.

Sex-removal experiments (1984) were designed to
determine if the primary function of territory defense
was the defense of resources (food, safe sites from
predators) or the defense of mates. On one plot
females (n = 40) were removed, on another males
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(n = 41) were removed, and a third was an unmanip-
ulated control. This simple experiment provided dra-
matic evidence of the differences between the SCXCS
in their use of space. Thirteen resident males aban-
doned their territories on the female-removal plot.
No resident males remained. In contrast, 15 females
remained resident on their home ranges on the male-
removal plot. The difference between the removal
and control plots was significant for males but not
for females. In other words, males clearly defended
mates, but females were content to remain on their
home ranges even with no resident male present.

By late August 1984, the female-removal plot con-
tained no lizards after abandonment of territories by
males. In addition, because females were removed
prior to oviposition (egg laying), no hatchling
recruitment occurred. How quickly is a lizard-free
habitat colonized by immigrants? Censuses in spring
1985 revealed no difference among control (0.96
0.07 lizards/tree), female-removal (1.02 & 0.15), and
male-removal (0.89 £ 0.05) plots. No significant
deviation from a 1:1 sex ratio was found. Therefore,
recovery is fast and unbiased with respect to sex.

Food Resources

The availability of food resources may be impor-
tant in affecting animal numbers, distribution, and
mating systems. Several questions are of interest in
the context of tree lizard ecology. Are wash habitats
superior to flatland in terms of food resources? Do
polygynous males occupy food-rich territories com-
pared with monogamous and bachelor males? Do
females select home ranges on the basis of food
abundance? Answers to these questions would pro-
vide clues to the pattern of lizard numbers in differ-
ent habitats and could explain why females remain in
their home ranges in the absence of males.

In 1984, we compared arthropod numbers between
wash and flatland habitat. We detected no differences
in arthropod numbers at the level of habitat, but sea-
sonal differences are apparent (Table 4). Similarly, in
1986 we could find no difference between habitats in
the number of arthropods trapped on the cards.

Differences Within Habitats

Even though habitats appear uniform in arthropod
distribution, patchiness within habitats may produce
variation in arthropod numbers. However, within the

—

wash in 1984, trees occupied by lizards and vacyy,
trees did not differ in arthropod numbers (Table 5). No
difference was observed in either dry or wet season,

On a finer scale, we investigated whether Males
differing in mating status maintained territorieg of
different food abundance. In both 1984 and 1986 p,,
differences were found among males in the quality of
their territories (Table 6). This pattern held for by,
dry and wet seasons, but the data are shown only for
the dry season when active territory defense was
apparent. Therefore, polygynous males did ng,
defend territories containing more food resources;

The final analysis dealt with the question of
whether females use arthropod numbers as cues i
selecting home ranges and oviposition sites. Home
ranges in which oviposition occurred were identifieq
with certainty because of the reproductive condition
of the resident females and the subsequent appegr-
ance of hatchlings. However, home ranges in which
oviposition occurred were no better (or worse) thap
vacant neighboring sites (Table 7). The arthropog
sampling detected significant seasonality in both
1986 and 1987, but no difference in arthropod nupm.-
bers between female home ranges and vacant sijeg
was found (Table 7).

Site Selection by Females

The preceding analysis showed that females do not
maintain home ranges, either for the choice of mates
or for concentrations of food resources, What cues
determine home range selection and maintenance by
females? We have discovered that significant tree
size selection by females occurs. In wash habitat,
mesquite trees on which females settled are signifi-
cantly larger (P < 0.001) than vacant trees, Larger
trees may provide refuges from predation or basking
sites. Once females establish residence in these trecs
they are defended by males. In flatland habitat the
presence of woodrat nests near the base of mesquite
trees increased the likelihood that females would set-
te. In 1986 and 1987, woodrat nests were present in
16 of 19 female home ranges. For neighboring
vacant sites nests were present in only 8 of 30 cascs
The presence of nests was significantly (G = 229, P
< 0.001) associated with the location of female home
ranges,

In addition, soil resistance (to penetration) was
significantly less (1.43 £ 0.14 g/cm?) in female home



The Currency of Competition in Tree Lizards: Food, Habitat, or Mates? 135

/

es compared with vacant sites (1.81 £ 0.12
"anﬁlz. P < 0.005, Wilcoxon signed-ranks test).
ofipo;iu'on is highly S.y{IChFOnize(i. and n}a.y be trig-

red by summer precipitation which facilitates dig-
g? in the soil. For example, 16 females oviposited
ging T fiernoon of July 21, 1986, following delayed
o:m mer rains. The loose soil beneath woodrat nests
iss especially conducive to digging in preparation for
oviposition.

E_xperlmental Studies

Does the presence of females on home ranges
affect the choice of those sites by other females? Two
or more females were frequently observed sharing
the same tree or site, with no apparent aggression.
Transplant experiments with females were conducted
in 1988 to answer this question. Eleven of 13 sham-
transplanted female lizards (controls) were present
after one week and six of 13 were still resident after
70 days. In contrast, females transplanted to new
sites (with 0 or 1 female already present) quickly
abandoned these sites. Only one of 20 transplants
maintained residence at the transplant site after 70
days. The difference between transplant and control
lizard residence is significant (G = 5.8, P < 0.025).

CONCLUSIONS

Surveys of tree lizards at the RMD of SNM
revealed differences in density between two major
habitats. Wash habitats supported higher densities of
tree lizards than flatland habitats. Larger and more
closely spaced wash trees may provide refuges from
predation and this may explain the pattemn in lizard
numbers. Stamps (1983) has provided experimental
evidence of refuge effects in juvenile lizards and
Howard (1978) has shown a relationship between
habitat selection and mortality in bullfrogs (Rana
catesbiana). In wash habitats, nearly all foraging by
tree lizards is within the tree canopy, whereas flat-
land lizards do strike prey on the ground. This differ-
ence in feeding behavior may lead to greater risks of
predation in flatland habitat and produce the pattern
in lizard density we observed.

An important consequence of tree distribution and
size in wash habitats is that female aggregations are
more common there. In contrast, flatland femalces are
more uniform in distribution. This difference in
female distribution (Table 1) permits some males o

monopolize or guard more than one mate. The result
1s a variable mating system, with bachelor, monoga-
mous, and polygynous males in the same population.
Emlen and Oring (1977) demonstrated how resource
distribution can affect the degree of polygyny in ani-
mal mating systems. Two observations suggest that
competition among males for mates is important.
First, polygynous males are larger than monogamous
or bachelor males (Table 2). Second, males that sur-
vive to establish territories are larger in body size
than males that eventually disappear (Table 3). These
observations are consistent with scenarios of compe-
tition for mates (Trivers 1976). In addition, two lines
of experimental evidence demonstrate the signifi-
cance of competition for mates. First, the territories
of resident males are resistant to invasion by intrud-
ers. Owners attack and evict intruders, and intruders
retreat from threats and attacks of owners. Second,
males abandon their territories when females are
removed.

This experimental result permitted us to distin-
guish two types of polygyny. First, several studies
have demonstrated the role of food distribution and
abundance on mating systems (e.g., Davies and
Lundberg 1984), territory size (Simon 1975; Guyer
1988a,b), and animal distribution (M'Closkey 1983).
Where females are attracted to and aggregate at
resources defended by males, the resulting mating
system is resource defense polygyny (Emlen and
Oring 1977). Altematively, males may defend mates,
per se, independent of food or other resources. If
some females aggregate, the resulting mating system
is mate defense polygyny, and this is clearly shown
in tree lizards.

Food abundance plays no role in the quality of
male territories (Table 6) and does not determine
their mating status. Food abundance does not provide
any cues to habitat (Table 4) or territory quality.
Because females remain on their home ranges fol-
lowing male removal, the basis for habitat selection
in females is not linked to mate choice. Rather,
female home range selection is probably related to
the selection of oviposition sites within their home
ranges. The presence of loose soil beneath woodrat
nests may be very important in site choice. Tinkle et
al, (1962) also showed a close association between
the home ranges of another iguanid lizard and the
presence of woodrat nests.
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Finally, transplant experiments with adult female
tree lizards suggest that female aggregations are not
caused by female-female recognition. This contrasts
with experimental studies of Stamps (1987), which
demonstrate conspecific cuing in another iguanid

lizard.

SUMMARY AND MANAGEMENT
IMPLICATIONS

The RMD of SNM contains a variety of habitats
exploited by a diverse lizard fauna. Tree lizards are
the most common iguanid and censuses revealed
higher numbers and greater frequency of polygyny in
wash compared with flatland habitat. In contrast with
much published work on birds, food resources avail-
able to tree lizards have no affect on lizard numbers,
territory quality, or home range selection. Instead, the
mating system is variable, is based on mate defense
polygyny, and body size confers a polygyny advan-
tage to some males.

Defining habitat and microhabitat requirements of
small animals is a major research activity (Szaro et
al. 1988), with applications in habitat restoration,
definition of indicator species, and reintroduction of
species into areas previously inhabited. Two of our
experimental results have implications for develop-
ing management guidelines.

Our female-removal site was devoid of lizards by
midsummer. However, no recolonization of the site
occurred for the remainder of the summer. In addi-
tion, no juvenile recruitment occurred. By the fol-
lowing spring, the female-removal site did not differ
from the control or male-removal site in terms of
lizard numbers. Recolonization was quick and com-
plete, and must have occurred in the early spring fol-
lowing emergence of lizards from winter inactivity.
By inference, the timing of reintroduction experi-
ments may be critical in the successful establishment
of populations. One might be inclined to conduct
reintroductions of animals late in the summer when
territorial aggression is lower and individuals have
accumulated food resources. However, territory
establishment occurs in early spring and this may be
the best time to conduct introduction experiments.

The transplant experiments were also revealing.
Females were not aggressive toward one another and
home ranges often overlapped extensively. Because
transplanted adult females failed to establish

—

residence at trees occupied by other femgjeg it
appears that home range tenacity develops Cal’]yl in
life, perhaps in juveniles. This result presengs an
interesting paradox for the implementation of rejpyy,,
duction experiments. Individuals with high reprogy,,..
tive value (mature females prior to their firsy
reproduction) may prove to be unsuccessful Subjcclu
for introductions. In contrast, juveniles have loye,
reproductive value because they face a substanjy
period of montality prior to reproduction. However
colonization of vacant habitat, dispersal, and hom(;
range and territory choice may only occur in juye.
niles. Hence, the ages of animals must be examineq
closely in the context of introduction experiments.
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and the percent of trees or sites with two or more females during we; and

Table 1. Polygyny, tree spacing. dry
seasons.
—
'_I‘recs 9r Mean
sites with di
>2 females between
Habitat No. of males Polygyny (%) (%) trees (m)
i
Wash-dry 78 53-67 24-33
44456
Wash-wet 18 33 6
Flatland-dry 50 0-33 3-8
12.2-13 ¢
Flatland-wet 46 7-20 2-9
Table 2. Polygyny and body size (snout-vent length [SVL] in mm) in wash habitat.
SVL (mm)
(Xx+1SE)
Male status 1984* 1985°
Monogamous 47+0.9 51+£03
Polygynous 54+0.5 54104

*1084:t=7.21,n=24, P <0.001.
%1985: t=5.43, n=26, P <0.001.

Table 3. Size of lizards (¥ = 1 SE snout-vent length [SVL] in mm) captured before 12 April 1984, and either
surviving or not surviving to late May.

Sex Surviving Not surviving D* P
Male 49t1.1 46 £ 1.0 0.45 <0.01
Female 41%1.1 40+1.2 0.21 0.2

*Kolmogorov-Smimov test.
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4. Density of arthropods (¥ £ 1 SE; N/100 cm?/d) tra
h:;’il;t during dry and wet seasons, 1984, i

/'." b
L Wash Flatland®
Dry (Apr-Jun) 129+2.40 9.2+ 1.59

Wet (Jul-Aug) 2574279 20.0+3.72

1geason, F= 434, P <0.001.
apitat, F = 0.53, P > 0.25.
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“Tangle-Trap” cards in wash and flatland

Table 5. Density of arthropods (X £ 1 SE; N/100 ¢cm?¥d) tra on Tran® . :
ed and vacant trees, 1984. pped on “Tangle-Trap” cards in wash habitat at

occupi

o Trees

Season Occupied Vacant t n P
Dry 13411 13+£1.0 0.02 51 >0.9
Wet 25%1.5 26+1.7 0.78 51 >0.4

p—

Table 6. Density of arthropods (¥ + 1 SE; N/100 cm?/d) on “Tangle-Trap" cards in wash habitat among males
differing in mating status, dry season.

Male status 1984* 1986"

Bachelor 16.3 £3.59 7.8+£0.91
Monogamous 13.1£1.09 7.6 +£0.90
Polygynous 11.7+0.72 9.4+0.76

'1984: F=2.29, P> 0.1.
*1986: F =0.93, P > 0.25.
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Table 7. Density of arthropods (¥ + 1 SE; N/100 cm?d) on “Tangle-Trap™ cards within home ranges ang "

vacant sites.
Year Season Home range Ta:a';[-\..
7.8+£0.73 7.7
3 Dry 1034
1986 Wot 4.7+0.29 4.6+ 29
b Dry 3.0+£041 39+ 045
1987 Wet 6.4+0.35 6.640.5
—

*Habitat: F = 0.00, P > 0.75: season: F = 14.76, P < 0.005.
*Habitat: F = 0.85, P > 0.25; season: F = 51.27, P < 0.001.
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Extirpated Plant Species of the Tucson Mountains

Renée J. Rondeau, Thomas R. Van
C. David Bertelsen, and Re

Devender, Philip D, Jenkins,
becca K. Van Devender

ABSTRACT
The Tucson Mountains form a small range located west of Tu,
Arizona Upland subdivision of the Sonoran Desert. Qur co
mountain range shows changes in the abundances of certain
seven species collected prior to 1950 have not been taken sin
Extirpated and extant (existing) species differed significantly

cson, Pima County, Arizona, in the
mpilation of a regional flora for the
species during this century. Twenty-
ce, in spite of more collecting effort.
as to the fraction of plants that were

winter/spring annuals (many have been lost). A change in climate, competition from introduced
species, and habitat destruction are all possible explanations for the loss of these species. The annu-
al winter rainfall was above average in the early part of the century followed by a drought of some
40 years. Introduced species have increased since the early part of the century. Competition, espe-
cially from introduced annuals, which tend to germinate and bloom earlier than native species, cou-
pled with lack of rainfall could account for the high percentage of winter annuals lost in the latter

half of this century.

[NTRODUCTION

The Tucson Mountains form a small range west of
Tucson, Arizona (Fig. 1), in the Arizona Upland sub-
division of the Sonoran Desert (Shreve 1964; Tumer
and Brown 1982). Approximately 40% of the range
is in protected areas, mainly Saguaro National Monu-
ment-Tucson Mountain District (SNM-TMD; 8,750
ha) and Tucson Mountain Park (7,075 ha). Saguaro
National Monument was set aside in 1961 to “pre-
serve and interpret a remarkable display of relatively
undisturbed Sonoran Desert vegetation, including a
saguaro (Carnegiea gigantea) stand, which equals or
surpasses saguaro stands elsewhere in the nation.”
Saguaro National Monument occupies the majority
of the high peaks and ridges as well as major washes,
canyons, and bajadas of the study area. Tucson
Mountain Park is a county park established in the
1920s as a nature preserve. It protects large arcas of
foothills as well as peaks, ridges, and washes. The
purpose of this study was to identify changes in the

plant species composition in the Tucson Mountains
within the 20th century.

METHODS

Most of the field work was conducted from 1987
to 1990, throughout each year, although greater effort
was applied during the seasons of greater plant repro-
ductive activity. A 335-km network of trails, ridges,
washes, canyons, and peaks was surveyed for plants
by the authors. In addition, vegetation along all
major roads and many minor roads was investigated.
Many of the sites were revisited several to many
times (e.g., Sendero Esperanza Trail to Wasson Peak
was visited 19 times in 1989). All major washes,
canyons, trails, and peaks (except Safford Peak) were
visited at least two times (spring and fall). Special
attention was given to examination of all distinct
rock types and habitats. We recorded the elevation,
habitat, rock type, habit, and reproductive status of
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each observed plant species, and collected at least
one voucher for each taxon.

The herbarium surveys entailed searching the fol-
lowing herbaria: University of Arizona, Arizona-
Sonora Desert Museum, Saguaro National
Monument, and Rancho Santa Ana Botanical Garden
in Claremont, California (the repository of Lyman
Benson’s cactus collection). Label data from approx-
imately 3,500 specimens representing all Tucson
Mountain plant taxa were entered into a computer-
ized database.

For each of the 27 extirpated species, case histo-
ries were developed that included geographical and
elevational range, habitat preference, life form, and

flowering time. Identifications of all specimens were
verified.

RESULTS

Collecting effort in the Tucson Mountains has
fluctuated throughout the 20th century; the first 20
years and the last 30 years were the most active peri-
ods for plant collecting (Fig. 2). Until recently, the
most intensively collected area was the Desert Labo-
ratory area on Tumamoc Hill (Thomber 1909; Bow-
ers and Tumer 1985).

In the early part of the century (1901-1933), J. J.
Thomber, botanist and curator for the University of
Arizona Herbarium, was the primary collector, with
over 600 botanical specimens taken between 1901
and 1915 from the Tucson Mountains or “mesas,
Tucson” (Thornber considered the area around
Tumamoc Hill as mesas [Thomber 1909]). His
efforts apparently were directed at the lower eleva-
tions and little if any collecting was done on the high
peaks and ridges. Forrest Shreve, a plant ecologist
with the Desert Laboratory (Bowers 1988) collected
more than 75 specimens from the Tumamoc Hill
region in the years 1908-1941. Lyman Benson, a
southwestern botanist, collected 30 specimens, most-
ly from the “A” Mountain, Gates Pass, and Rat-
tlesnake Pass region. From 1960 to the present, the
major collections have been made by J. E. Bowers,
A. E. Garwood, P. S. Martin, R. M. Tumer, D. K.
Warren, and the authors.

Although a substantial number of specimens were
collected from the Tucson Mountains during the
early part of this century (Fig. 2), just over half (.301
of 587) of the species were documented at that time.

i

Nonetheless, 27 species that were re

or common and that are documengeg g Presey,
specimens, have not been Teported sin . Vough,,
of these 27 species is presented in Tablce1195 A ]L\Ir
Mosl extirpated species are annucl :

whxcp 85% are obligate spring anmil f -
(f)my In spring) (Fig. 3). In contra, Lh:: >
ound in the area consist of 41% annyy pees s
60% are obligate spring annuals. A G_ums, o hich
Rohlf 1981) showed this difference i pm(sgka] o
SPring 1o summer annuals to be highly Sigﬁf’[{‘llong %
=6.49, 1 df, P = 0.002); the difference in .
of annuals to perennials is also signiﬁpmp@rtmr
9.869, 1df, P = 0.011). (G -

0), of
O'Wirig

DISCUSSION

It is difficult to argue from ne
although these species have not
1950, they may still occur som
Nevertheless, we have made a
spite of a much greater sam

expended previously (Fig. 2), these species stil]

not been located. Possible explanations for lhai“
local extirpations include misidentification (by eahr;J
er researchers or the authors), habitat dcstrucno;{

competition from introduced species, and climatic
change. -

gative evidenca
been collecteg sin:k;
ewhere in the Iange
diligent searc, andbijw
pling effort thay lh‘;i

. All specixgens were checked for proper identific,.
tion; any extirpated species with similar morpholgg,
to extant species were marked for special attention |-
field observations. Habitat destruction has resulieg
from urbanization and industrialization since the fir
half of the century and might have contributed 1o (.
loss of some of these species. It is difficult to know
how many may have been lost to habitat destruction,
since many of the labels from the specimens are
vague in terms of location. At least one specics was
likely eliminated due to habitat destruction; Cheilar-
thes parryi was collected from “Picacho de Calero”
(Twin Peaks) in 1931, and since then the mountain
has been removed for its limestone. No one particu-
lar habitat is common to the extirpated species. For-
mer habitats include rocky slopes, flats, low
elevation, high elevation, washes, etc. Most habi
destruction has been limited to the bajadas on the
ecastern side of the mountains. Therefore, habitul
destruction is not likely to be the major cause of
extirpations.
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.0 from introduced species could pla
C"mp;:,:o:,]e in extinctions (Groves and Bull?doz
m‘mpoBowers and Turner (1985) showed an
1986)- in the number of taxa from 238 10 346 over
increasé for the flora of Tumamoc Hill. Many of the
75 Y resulted from changes in habitat, especially
a m?ilurbﬂnce associated with construction of
from Ii[x:lincs' a clay quarry, and a sanitary landfill
roads. P roperty. Forty percent of the 126 taxa added
o8 m{fora were introduced species, and the majority
10 mclosely associated with disturbance. In some
are © introduced species may successfully compete
-4 native species when resources are in short
agall Many introduced spring annuals germinate
suPPﬂyc"wc r before the native annuals, and strongly
and e with the natives for water and pollinators.
It;i,: Jikely that decreases in winter rainfall through
(his century (Sellers and Hill 1974) may have caused
the ranges of annuals to contract to the north and
west. The annual winter rainfall was above average
in the early part of the century followed by a drought
of some 40 years. Although both summer and winter
rainfall were below average for the 40-year period,
the decline in winter precipitation was more severe.
A combination of competition from alien species and
a 40-year drought may explain the high loss of win-
rer annuals. Although species associated with the
Chihuahuan, Mohave, and Sonoran Deserts are rep-
resented in these extirpated species, those from the
Mohave Desert region are the most common (26%);
all other regions are fairly evenly distributed (Table
1). Mohave Desert rainfall occurs predominately in
winter, and the Mohave region has the highest per-
centage of winter annuals among the regions repre-
sented. A decrease in winter rainfall would be
expected to have a greater impact on winter anriuals
and species from the Mohave Desert.
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Table 1. Characteristics of locally extirpated species collected prior to 1950 (from Rondeau 1991),
Spring Biogc(m
Family/species name Collector and date annual region
. \
Adiantaceae N
Cheilanthes parryi Humphrey s.n. Feb 1931 0 Mohave Dege,,
Boraginaceae
Plagiobothrys pringlei Thomber 533 March 1903 Yes Sonoran Deser
Thomber 2206 April 1908
Compositae
Chaenactis carphoclinia Thomber s.n. March 1906 Yes Mohave Degep,
Thomber 5306 April 1905
Thomber s.n. April 1905
Hemizonia kelloggii Thomber 386 May 1903 Yes Introduceq
Thomber s.n. April 1905
Thomber s.n. May 1905
Lasthenia californica Thomber 7734 April 1915 Yes California
Layia glandulosa Benson 10112 April 1940 Yes Mohave Degery
Malacothrix coulteri Thomber 387 April 1903 Yes Mohave Degery
Thomber 4621 April 1905
Prenanthella exigua Thomber s.n. May 1903 Yes Sonoran/
Spalding & Thomber s.n. Mohave Desers
April 1906
Stylocline psilocarphoides L. Benson March 1945 Yes Mohave Desery)
Cuscutaceae
Cuscuta salina Thomber 7516 September 1913 No Saline Soils
Euphorbiaceae
Chamaesyce serrula Thomber 47 October 1903 No Sonoran Desery
Thomber 8948 August 1917
Gould 2552 September 1944
Gramineae
Lamarkia aurea Mrs. Thomber March 1903 Yes Exotic
Vulpia myuros Thomber s.n. March 1906 Yes Exotic
Thomber s.n. March 1907
Hydrophyllaceae
Phacelia popei Mrs. Thomnber 4013 March 1903 Yes Desert-

grassland
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tinued.
Tﬂble 1. Con
/
Sprin Biogeographical
i e Collecto Pang geograp
pamily/specics 12T rand date annual region
minosae ,
mﬂw greenel Hinkley s.n. March 193 No Chihuahuan/
Desert-
grassland
L.Dfus Sa[sugfﬂosm BCnSOn 10620 March 1941 ch Somra_nj
Benson 10700 March 1941 Mohave Deserts
alvaceae
MEremat'Ch" exilis Benson 10622 March 1941 Yes Mohave Desert
Thomber 4884 April 1903
Thomber 5326 April 1905
Sphaeralcea hastulata Fulton & Harris 6818, 6824 No Chihuahuan/
6825 April 1930 desert-
grassland
pagraceae ;
0 ognofh”" caespitosa Shreve s.n. March 1931 No Montane
Papa\'el’aceae
Argemone ochroleuca Peebles 6951 May 1930 Yes Tropical
plantaginaceae
Plantago bigelovii var. Darrow s.n. March 1937 Yes Widespread
californica
Polemoniaceae
Gilia capitata Thomber s.n. May 1905 Yes Northemn
Thomber s.n. March 1903
Ipomopsis longiflora Thomber 4439 August 1901 No Chihuahuan/
Thomber s.n. March 1903 desert-
Thomber 4988 April 1903 grassland
Thomber 4987 April 1903
Linanthus aureus Mrs. Thomber 1903 Yes Sonoran/
Mohave Deserts
Polygonaceae
Eriogonum reniforme Thomber s.n. April 1906 Yes Mohave Desert
Thomber s.n. April 1908
Rhamnaceae .
Condalia corellii Blumer; March 1911 No Tropical
Solanaceae
Lycium macrodon Benson 10617a March 1941 No Sonoran
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Fig. 2. Number of specimens collected per decade from 1900 to 1990 (from Rondeau 1991).
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Fig. 3. Comparison of life forms between locally extirpated species and locally persistent species (from

Rondeau 1991).
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pollen Harvest by l_‘loney Bees in Saguaro National Monument:
Potential Effects on Plant Reproduction

Stephen L. Buchmann,
Steven C. Th

Mary K. O'Rourke, Charles W. Shipman,
oenes, and Justin O, Schmidt
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ABSTRACT
A research apiary of five honey bee (Apis mellifera) colonies was established in the Tucson Moun-
\ain District of Saguaro National Monument during April 1987. The hives were fitted with modified
Ontario Agricultural College (OAC) pollen traps and monitored weekly from April 1987 until Jan-
pary 1991. Amounts of pqllcn trapped ranged from 10.2 to 23.7 kg annually. Daily pollen amounts
ranged from 0 to 282 g with a mean of 61.1 1 9.0 (95% CI) grams/colony/day. Four major periods
of pollen availability were found, with concomitant bee harvesting, during each of the four years.
Pollen diet breadth was quantified for nearby areas and extrapolated for managed and feral bee
colonies within the monument. Honey bees are extreme pollen generalists consuming pollen from

20-30% of all angiosperms within their foraging area (80-100 km?). This generalist strategy likely
has significant but unknown effects on the reproduction of native flora.

| —

INTRODUCTION

True honey bees, the genus Apis, are comprised of
about seven species not native to the New World.
One species (Apis mellifera L.), however, is now
nearly pandemic due to intentional introductions to
new lands, transport by beckeepers for honey and
wax production, and recent introductions for pollina-
tion. Such a worldwide distribution has brought Apis
into contact with almost all of the world’s terrestrial
flora. The Italian race or subspecies, A. m. ligustica
is the most popular for beckeeping in the United
States. With purposeful introduction into the Mexi-
can Plateau/Mexico City area in the 16th century by
Spanish conquistadors (Brand 1988), a highly effi-
cient bee competitor was unleashed onto floral land-
scapes. Descendants of these Spanish honey bees (A.
m. iberica or A. m. mellifera) escaped from naive
local beekeepers near Mexico City and migrated
northward into more temperate climates. Purposeful
introductions into northern Mexico, Sonora, and
southern Arizona were probably made by Franciscan

and Jesuit missionaries during the 17th and 18th cen-
turies (S. L. Buchmann, unpubl.). Thus, the exotic
honey bee rapidly naturalized and has been a part of
our arthropod biota for at least 200 years. Since
introduction, about 3,500 generations of bees have
had adequate time to colonize hollow cavities in all
available Sonoran Desert habitats below 2,500 m.
Apis probably has the greatest pollen dietary
breadth (i.e., polylecty) of any bee genus, or at least
shares this distinction with some neotropical bees in
the genus Trigona. Several biological characteristics
of these highly social bees make this possible. Unlike
native ground or twig-nesting solitary bees, which
are active briefly as seasonal dietary specialists
(mono- or oligolecty), honey bee colonies cannot
afford to specialize upon one or a few flowering
plants due to their perennial life history strategy.
Honey bees are active every day when weather
allows bee flight, and their colonies are nearly
immortal if successful queen replacement occurs.
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Honey bees have a particulate diet that includes

pollen, spores and some pollen-like substances pro-
viding protein and lipid needs. Apis is known to col-
lect pollen from almost all angiosperm groups, many
gymnosperms, and some fems and a few other sper-
matophyte groups. Honey bees have been observed
collecting such bizarre non-pollen particulates as
mites, flours, coal dust and sawdust (see references
in Schmalzel 1980). Animal-pollinated (zoophilous)
and wind-pollinated (anemophilous) flowers are vis-
ited for pollen. Wind-pollinated plants have no floral
nectar but this does not deter honey bees from steal-
ing pollen and exploiting these plants (Schmidt and
Buchmann 1983). Honey bees sequester carbohy-
drate reserves (honey) in their hives not only for win-
ter food, but as “flight fuel” making the stripping of
pollen from anemophilous blossoms energetically
possible. Apis mellifera can exploit both periodic and
random (rare) floral pulses of desert nectar and
pollen due to its efficient scouting, communication
and recruitment abilities. Several studies have deter-
mined that Apis routinely collects pollen from 20-
30% of all available species of flowering plants
within flight range (often 100-200 km?) of their
colonies (Roubik 1989; S. L. Buchmann, unpubl.
data). For better or worse, honey bees have intimate
reproductive contact with one-fourth of all flowering
plant species in natural and human-altered plant
communities.

All bees, including honey bees, harvest floral
pollen as proteinaceous food for themselves and their
larvae. None are “helpful mutualists™ purposefully
delivering pollen to receptive stigmas as do yucca
moth (Tegeticula spp.) adults. Bees are more appro-
priately viewed in an evolutionary context as persis-
tent plant enemies simply taking pollen and nectar
for their own nutritional uses (Roubik 1989). We do
not know the relative pollination efficiency of intro-
duced honey bees versus native bees as pollen vec-
tors of the native flora in Saguaro National

Monument (SNM) or other protected habitats
(Schmidt and Buchmann 1986; Scott et al. 1991). It
is clear, however, that honey bee visits to native
flowers can be damaging, and the long-term conse-
quences of such exotic pollination and pollen preda-
tion to plant community maintenance are unknown

(Schaffer et al. 1979, 1983).

In this paper, we report on pollen gleaned from
SNM on a seasonal and annual basis, based on pollen
trap data. Further, we indicate which flowering plant
genera and species are most heavily used by Ap;;.
and thus at greatest risk to reproduction or lowereq

seed quality.

METHODS

Pollen Trapping
On April 7, 1987, we moved five full-size colonies

of Italian honey bees housed in two deep and two
shallow Langstroth “supers,” to the Tucson Mountain
District (TMD) of SNM. The pollen trap apiary was
located alongside a wash 200 m west of Sandarip
Road and approximately 1.6 km southwest of the Sys
Picnic Area (T13S, R11E, S28). At establishment,
the colonies contained from 22,000 to 26,000 adul
bees. The colonies were given minimal management
with infrequent inspections only for diseases and
healthy, laying queens. Each hive was placed upon a
metal stand with legs in cans of motor oil to dissuade
ants. All colonies were positioned in the shade under
large paloverde trees (Cercidium microphyllum) but
otherwise unprotected. All five hives were fitted with
bottom-type wood and screen-modified Ontario
Agricultural College (OAC) pollen traps (Smith and
Adie 1963; Waller 1980) with deep drawers. This
type of pollen trap is less efficient at removing pollen
loads from returning foraging bees than most pollen
trap designs, and can remain in place for several
years without adverse effects on brood-rearing
(O’Neal and Waller 1984; S. L. Buchmann, unpubl.
data). These traps removed 60-65% of incoming
pollen corbicular loads, which were then available
for later weighing and sampling (O'Neal and Waller
1984; S. L. Buchmann, unpubl. data). In the first few
months of the study, bees in one of the colonies died
out. The colony was not replaced, so all data reported
herein are from the four colonies that survived during
the approximately 4-year study period.

Almost every Friday afternoon from April 7, 1987,
to January 1, 1991, the apiary was visited and pollen
collected. Drawers were emptied into separate paper
bags for each colony and returned to the laboratory
within 1-2 hours following collection. Pollen sam-
ples were sifted to remove unwanted non-pollen
debris and immediately weighed to the nearest 0.1 g.
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pcaling this procedure for all colonies, the
After r:c samples were placed into one paper bag
four W Srously shaken to thoroughly mix the pollen,
and S pooled sample was drawn a homogeneoys
From Jpsampl. This procedure was repeated week-
100 g; all subsamples were archived (frozen at
y C) for eventual chemical (nitrogen and crude
20 e palynological determinations. All weight
51;': prescmed represent fresh pollen weights ag
found in the trapS-

Preparation

zﬁge;alyngloglca! Methods
To date, N0 chemical analyses or microscopical
monomical determinations of the 1987-1991 frozen
Jlen samples have been made. The Arizona Upland
subdivision of the Sonoran d&?scnscrub (Turner and
prown 1982) plant community that surrounds the
apiary is very similar in vegetation s'lructunc (floristic
richness including abundancc_and diversity) to other
sites in the Tucson Mountains and Pima Canyon
(Santa Catalina Mountains) where we have estab-
jished other long-term OA(’; pollen trap apiaries. We
(Buchmann and O'Rourke, in press) are beginning to
identify pollen grains recovered from trap samples
from a site in Tucson Mountain Park (Arthropod Dis-
covery Center operated by Sonoran Arthropod Stud-
ies, Inc.). For this reason, we infer from these and
other unpublished studies, that previously analyzed
samples from our Pima Canyon site are qualitatively
similar, in terms of annual bee pollen diet, to SNM
samples. Therefore, palynological determinations of
plant taxa as Apis dietary elements for the Pima
Canyon site are generalized as probable dictary cle-
ments for the SNM trap apiary. Methods for pollen
preparation, chemical extraction, identification and
quantification are given elsewhere (O’Rourke and
Buchmann 1991). Further technical details of bee
pollen dietary studies and quantification, especially
the importance of pollen volume calculations and
simple numerical abundance counts, arc presented

elsewhere (Buchmann and O’Rourke, in press).

RESULTS

A total of 196 weekly samples were collected at
the SNM apiary between April 1987 and January
1991. Because time intervals between sampling dates
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were not always
: seven days apart, we
Pollen influx inio the apiary as pramcleree e

ill e piary as grams/colony/day as
19‘;;[;%(1 In Figure 1 (sec also O'Neal and Waller

Pollen harvest 1 o o
i y the four col £l s
rich paloverde-sa colonies living in this

: guaro (Carnegiea gigantea) upper
E?:ﬁ; ;:;:gel was characterized by dramatic weekly
ability In weeldo O} Potlen trapped. The vari-
o, Sl °b y pollen amounts is diagrammed as
g ' error bars rcprcsentmg one standard devia-

e (Fig. 1). Dramatic periodic shifts are the result
of times of pollen abundance in the floral communi-
ty, and favorable (sunny, warm and not windy) or
utjfavorable meteorological conditions for active
flight by worker bees. In general, the histograms are
strikingly similar to others we obtained for different
southem Arizona sites. Four periods of pollen avail-
ablll'ty are evident (one or two in the spring months,
Onc in summer during the seasonal monsoon precipi-
tation, and a sharp narrow fall peak). The striking
pollen dearth in early July each year occurs during
hot, dry weather and floral community inactivity
prior 1o the onset of summer rainfall. The amount of
pollen trapped for all colonies varied from a low of
10.2 kg in 1987 (partial year record) to 23.7 kg in
1989, with a mean of 18.9 + 6.0 (SD) kg. On a
grams/colony/day basis (combined values), the
amount of trapped pollen ranged from 0 to 282 g
with a mean of 61.1 £ 9.0 g (95% CI) (Table 1). The
habitat was rich in pollen produced and used by the
honey bee colonies. Based on 60% trap efficiency,
colonies actually amassed 14.3 to 33.7 kg per annum
during the four years.

The average annual precipitation for this part of
SNM is 280-300 mm. The precipitation from 1987 to
1990 was 221 10 413 mm, with a mean of 300 £ 90
(SD) mm (Table 1). Unexpectedly, although 1989
was a dry year and 1990 wetter than average, no pos-
itive correlation was found between wet years and
more honey bee-collected pollen. Such a relationship
has been observed in other long-term trapping api-
aries (S. L. Buchmann, unpubl. data).

Pollen Diet Breadth

Other pollen trapping and palynological investiga-
tions at nearby Sonoran Desert sites indicate that
managed and feral honey bee colonies routinely
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harvest pollen from 35-55 species of angiosperms
(Buchmann et al. 1990; S. L. Buchmmp. unpubl.
data). At the Pima Canyon, Sania Catalina Moun-
tains foothills apiary (during 1980-1989), pollen
from 55 flowering plant specics in 40 genera and 25
families was used by the honey bees. Numerically,
the dominant pollen types were: Aster (22.7%),
Prosopis (17.1%), Liliaceae (9.5%), Larrea (6.6%),
Simmondsia (6.6%), Ambrosia (6.4%), Phoraden-
dron (4.8%) and Cruciferae (1.6%). These taxa con-
tributed 75.3% of the annual pollen diet. Pollen from
35-55 angiosperm specics, representing about 18-
28% of the native flora within flight range, was used
by bees at this site from 1980-1989. Ancmophilous
plants (e.g., Ambrosia, Ephedra, Simmondsia) were
heavily used and the overall contribution from wind-
pollinated plants during this time was 5-28%. Sur-
prisingly, dominant plants such as saguaro and
foothills paloverde only represented 0.8 + 0.4% and
1.1 £ 0.7% of the mean annual diet (Buchmann and
O'Rourke 1988, in press; Buchmann et al. 1990).
Another OAC trap study conducted previously in
SNM, Rincon Mountain District (Schmidt and Buch-
mann 1986) indicated that saguaro and mesquite are
often major pollen sources for Apis during their
blooming periods.

DISCUSSION

The Arizona Upland subdivision of the Sonoran
deseriscrub plant association, especially on upper-
most bajadas encircling isolated desert mountain
islands in southern Arizona, is extremely rich in
legumes and other zoophilous (animal-pollinated)
annual and perennial plants. The area receives peri-
odic and regular summer precipitation promoting a
plant assemblage rich in trees, shrubs, annuals, and
succulents, with much vegetative and floral biomass.
Floral production, and therefore, pollen availability
to bees, is largely absent in December and early Jan-
uary. At all other seasons, native bees and exotic
honey bees have a diverse bouquet of flowers as their
pasture. A conservative estimate for this region at the
former Intemational Biological Program, Silverbell,
Arizona, site indicated that every hectare of plants
produces at least 10.7 kg of pollen annually (Simp-
son 1977). It is not surprising, thercfore, that the Ari-
zona Sonoran Desert supports the world’s richest

(comparable to some Medilterrancan arcas) Native
bee fauna. Approximately 3,500 describeq bee
species are found in the United States, and as mgy,
as 1,000 species may be present within 50 kmy of
Tucson. Native plant bee pastures this rich in pollen
and nectar-producing plants support competing popu-
lations of managed and feral honey bees in additiop,
1o native taxa.

Numerous feral colonies of Apis live in rock cayi.
tics in the Tucson Mountains. No surveys haye been
conducted to determine the average number of
colonies present in any of the 340 km? area that SN
protects. One estimate made for a riparian arca negr
Cottonwood, Arizona, suggested a range of 2.9 (o 5 ;
feral colonies/km?* (Taber 1979). If we assume thy
each of the 340,000 ha within SNM produces 10,7 kg
of pollen each year (based upon the Silverbell sjto
estimate of Simpson 1977), then the entire mony.
ment may produce 36,380,000 kg/yr. The hypotheti-
cal 1,358 colonies at a density of 4.0/km? (noy
including numerous managed colonies in apiaries
within flight range of the monument) would, there.-
fore, harvest 54,320 kg, or 1.5% of the estimated
potential annual pollen production from this area,

Sonoran Desert plant communities produce large
amounts of carbohydrate-rich floral nectar, which is
efficiently exploited by Apis colonies. Conservative
estimates of nectar production by a Sonoran plant
community (Simpson 1977) indicated that at least 4.4
kg/ha is available each year. Since honey is 209
water, this suggests a honey equivalent production of
5.3 kg/ha/yr. Measurements of honey production by
managed Apis colonies in Tucson during the period
1973-78 showed a yearly average gain of 18.5 kg,
although some colonies collected 47.3 kg. An upper
bajada site with pollen trap-managed colonies aver-
aged 83 kg stored honey, with a probable annual har-
vest and consumption rate of 193 kg of honey cach
year (S. L. Buchmann, unpubl. data). Assuming that
smaller feral colonies use 97 kg/yr, 1,358 feral honey
bee colonies collect 131,726 kg (7.3%) of the entire
(1,802,000 kg) annual nectar production available to
all nectarivores from the monument.

Nearly four years of OAC pollen trapping data
indicate overall plant community richness in pollen
and striking temporal variability. Four major periods
of pollen abundance occur, including two peaks in
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8 spring months, a p;c;:louﬂr:ced June/Jul.y dearth,
od by a recovery after the summer rains, and 5
follllo(\’é)cwbcr_Nove_mbcr) Qulse t_iue 10 native ang
_fa Lced Compositae SpCCICS'('Flg. 1). At this site,
in unity pollen at?undance 15 100 low 10 support
Comrc roduction during December and January, The
erage daily pol%ﬁf’ a\lrailabti’iity, in6d]icaled by trapped
[len, was surprisingly stable, at 6119 g (95% Cr),
b rprisingly- lower-than-average precipitation in
1989 (only 221 mm) (Table 1) produced unusually
pigh pollen harvests (332 kg) by our trap colonies,
We have no cxplanahop for ﬂu§ negahve correlation,
pollen trapping of Apis colonfcs 1s labor-intensive
and not the easiest way to acquire pollen diet breadth
nformation. Since cglomes are long-lived, much of
he harvested larval-ingested pollen becomes part of
hive architecture. Pollcq grains become incorporated
into propolis (plant resins), old dark brood combs,
and for old protected feral (_:olomes, as a blackened
debris midden. These materials can be processed to
reveal quantitative ﬂoral_chowes made by entire
colonies Over annual multi-year periods (O’Rourke
and Buchmann 1991).

Because Apis mellifera likely has the greatest
pollen dietary breadth of any insect, and because it
has an anthropogenic-derived cosmopolitan distribu-
tion, the species directly affects the reproductive
biology of about 25% of the world’s flowering
plants. Honey bees are often a powerful disruptive
floral herbivore and selective agent. Although honey
bees are supreme floral generalists (polyleges), and
their fidelity per foraging bout makes the species a
good pollinator, more often their effect on natural
plant communities is negative. Apis foragers, due to
their effective massive recruitment and immense
colony size, rapidly diminish nectar and pollen stand-
ing crops, even from wind-pollinated genera. This
undoubtedly reduces floral rewards available to spe-
cialist and generalist native bees, and in tum, lowers
population sizes. Even if community-wide pollen and
nectar are not limiting in this Sonoran habitat, for
certain solitary bees there could be indirect effects of
honey bee floral visitation on individual plant
species. For example, stigmas can become clogged
with foreign or less viable pollen. No documented
cases have been made for Apis causing any native
bees to become extinct in modemn times. Conversely,
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any equilibrium thag p,
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bee foraging activit
Prior 1o honey bee §
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We can never re
the most remot
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OW exists between native bees
ably does not represent native
y levels or floral preferences,
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Desert several hundred years ago.
tum to pre-Apis conditions and even
= Sqnoran Desert sites have intro-
immigrant honey bees.

SUMMARY AND MA
VP NAGEMENT

Although commercial and hobbyist beekeeping is
not allowed within monument boundaries, the poten-
tal effects of possibly 1,358 feral Apis colonies on
floral resource extraction/depletion and angiosperm
r‘.‘—Procluction are likely great and heretofore unappre-
ciated. Even if we wanted to eliminate all feral and
managed honey bee colonies from the monument, it
wogd be economically and logistically impossible.
A§ in almost all other areas of the world, since late in
lhls century honey bees have been omnipresent floral
Visitors. Attendant ecological dangers may even exist
n 2 plan for massive eradication or colony control,
especially in relation to impending Africanization of
feral honey bee colonies.

Australia has recognized the potential dangers of
intensive beekeeping within state and national parks
and has enacted legislation to control apiculturists in
native park lands. In the Northern Sandplains of
western Australia, imported honey bees used 30% of
413 native plant species as sources of nectar and
pollen (Wills 1989; Wills et al. 1990). In westemn
Australia many parks do not allow any beekeeping
within their borders. Through lobbying of beekeep-
ers, however, some areas have been set aside as des-
ignated beekeeping, honey-producing reserves. No
stated policy has been developed in Australia for
removing feral colonies.

In the United States, park managers and rangers are
being increasingly called upon to selectively remove
and/or kill aggressive feral colonies located near visi-
tor centers, trails and other much visited public areas.
This can be rapidly and economically done using a
number of existing techniques. In one or two years
when Africanized honey bees (Apis mellifera scutel-
lata) reach Arizona, the problem of feral colonies in
national parks and monuments will worsen, since the
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Africanized bee population can use much sma.allcr cav-
ities as nesting siles than honey bees. Africanized bees
will undoubtedly compete with native birds for access
to “boots” and other cavities in saguaro cacti. Many or
all of the resident feral honey bees nesting in rock cav-
ities may be replaced by the invaders, likely creating a
greater feral colony density within the monument. To
forestall or ameliorate this invasion, it would be best
to leave present feral colonies alone, as they provide
the only potential biological barrier to Africanized
bees (D. W. Roubik, pers. comm.).

Once established, at whatever level, Africanized
honey bees will have an added impact on the floral
resources and pollination within the monument.
Africanized bees collect more pollen and swarm
more frequently than European races. Of crucial
importance, is their demonstrated acumen for har-
vesting immense amounts of pollen from night-
blooming tropical plants normally pollinated by bats
(Roubik et al. 1986; Roubik 1989). These bees are
also known to heavily exploit native plants that are
dioecious or have large inflorescences of small flow-
ers. We predict that columnar cacti in Arizona and
Sonora, Mexico, will be highly preferred pollen
plants for Africanized honey bees, and populations of
legitimate “adapted” pollinators (solitary bees and
bats) may suffer from intense competition for pollen.
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Table ;_;;esulls from Ontario Agricultural College (OAC) pollen trapping at Saguaro National Monument,
1987-155%

p— ) Prctziginta)lion p:r; Egipckd) X colony grams/colony/day
Yeu g harvest (kg) %+ 95% CI (range)
1987 55 24 1024 14.34 50.6 +8.7 (0-104)
1988 49 333 19.46 2724 57.1+ 11.8 (0-148)
1989 47 221 23.69 33.17 70.7 + 16.4 (0-217)
1990 45 413 22.01 30.81 66.0 + 17.6 (0-282)

sgased upon a 60% OAC pollen trap efficiency.
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Pollen (g/colony/day)

Day of the Year

Fig. 1. Pollen harvest by honey bee colonies in Saguaro National Monument. Mean amounts of pollen trapped
at weekly intervals (reported as grams/colony/day) using Ontario Agricultural College (OAC) methodology
from April 1987 to December 1990. Variance between the four colonies is given as vertical error bars repre
senting one standard deviation.
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The Historic Role of Fire in the Rincon Mountains

Christopher H. Baisan

used to reconstruct and analyze fire histo

: ' ry in
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age to the forest canopy in general, but so
patches of intense fire as indicated by Clump:
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The mean fire interval for the mixed conife
3-19 years. Thirty-five major fire years
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ABSTRACT

Modem fire records and fire-scarred remnant material collected from |

f Saguaro National Monum

(>200 ha), carly-season (May-July) surface fires, M

ME areas, primarily on north aspects, did experience
s of aspen. The mean fire interval over the Mica Moun-
as 6.1 years, with a range of 1-13 years for larger fires.
r forest type (1748-1886) was 9.9 years, with a range of
bclfvccn 1700 and 1900 were compared with a tree-ring
verity Index. The mean July index for two years prior to
hile mean fire year index was near average.

0gs, snags, and stumps were
d pine forest above 2,300 m
ent. Cross-dating of the rem-

the mixed conifer an

INTRODUCTION

wildfires are serious business in southemn Arizona,
In the summer of 1990, before the monsoon began in
camest, the Dude Fire claimed the lives of six fire-
fighters. In carly July 1989, lightning ignited the
Chiva Fire on the northeastern flank of Mica Moun-
1ain. This fire bumed across more than 9,000 acres in
1 several day period and cost nearly $1,000,000 to
suppress. During June and July, wildfires ignited by
both lightning and people are quite common; while
loss of life is fortunately rare, controlling wildfires
requires considerable expense and effort.

In the not too distant past, wildfires bumed across
the Arizona landscape hindered by little but wet
weather. Yet, despite such fires, carly European trav-
clers were impressed by the extensive forests of pon-
derosa pine (Pinus ponderosa) and other conifers
carpeting the mountain ranges of the Southwest. Lt.

J. Bigelow, while scouring the Rincon Mountains for
Apaches in 1886, noted an ice cold spring surround-
ed by “fine old pines” and looked over the “timbered
declivity” stretching out from Mica Mountain
(Bigelow 1968).

Lightning-caused fire is an ancient force that has
been reworking landscapes and plant communities on
this continent for millions of years. Plant communi-
ties have adapted to, and often benefit from, wildfire.
Although flaming combustion itself is dramatic,
wildfire is best understood as a component of a con-
tinual process of fuel accumulation and reduction.
Fires may involve only a single tree or spread over
vast areas, and the resulting changes may persist
from a few months to several centuries, depending
on the intensity of the fire and the type of plant com-
munity involved, The effects of the Chiva Fire on the
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grassland, shrub and forest communities along
Tanque Verde Ridge may be seen dramatically after a
winter snowfall when the bumed area appears bril-
liant white in contrast to the darker shrub and tree
cover of the unburned area. It is clear that the signa-
ture of this fire will persist for many years {0 come,
affecting the mosaic of plant communities and the
habitat available for wildlife. The Chiva Fire has
become part of the unique history of this site, incor-
porated in the memory of the landscape.

In the aftermath of such a firc onc might ask ques-
tions such as: Were the timing, size and intensity of
this event unusual for this area? How often did such
events occur in the past? Were the effects of this fire
beneficial or harmful? The objective of this study
was 1o answer some of these, and other related ques-
tions.

METHODS

Records of fire occurrence obtained from Saguaro
National Monument (SNM), other historical
accounts, and the records contained in the rings of
trees that had been scarred by fires over the past sev-
eral centuries (Baisan 1990; Baisan and Swetnam

1990) were used for this study. Modem records pro-
“vided a context within which to interpret information
derived from trees. Fire-scarred conifers show a
unique, detailed record of fire over the life of the
tree. Low-intensity surface fires that pose little threat
to the tree itself, may ignite flammable resins exuded
around the scarred area or “cat-face”. The heat kills
adjacent tissue, thus leaving a permanent record of
its passage. Repeated fires leave successive wounds
visible as a series of ridges (Fig. 1).

Close analysis of samples allowed fire scar posi-
tion 1o be categorized (Fig. 1). From such detailed
examination of scarred sections, using den-
drochronological techniques of pattemn matching, it
was possible to determine the year, and in many
cases Lo estimate the season of fire occurrence. Once
the year of occurrence had been established, tree-
ring records were compared with historical accounts
and estimates of past climate. Comparison with the
climatic record can provide insight into fire-climate
interactions, while historical accounts may corrobo-
rate tree-ring data. A distinct advantage of den-
drochronological analysis is the ability to assign a

calendar date to the formation of each tree ring, ey,
when working with samples from dead trees wher,
the date of death is unknown.

RESULTS AND DISCUSSION
Modern Data

Locations of over 400 lightning-caused fires thy
occurred in the Rincon Mountains over the past 5
years are shown in Figure 2. That such fires were
common in the upper elevations, particularly aroung
Mica Mountain, is evident. The relation of fire oceyy.
rence to elevation is also shown in Figure %
Although more fires begin at the upper clevations,
lightning may also ignite fires in the desert shrub,
grassland, and pine-oak communities.

The occurrence of lightning fires is strongly seq.
sonal, with most fires ignited between May ang
September. Although the peak in numbers of fireg
occurred during late July, the greatest area wag
burned in June and early July (Fig. 4).

Fire Scar Data

Collection, examination, and analysis of fire.
scarred samples from more than 50 trees, snags,
stumps, and logs provided information from which 3
400-year record of fire occurrence was reconstructed.
Sample sites and locations are shown in Figure 5,
and locations of individual samples in the vicinity of
Mica Mountain are shown in Figure 6. In order 1o
construct a complete historical record, trees were
sampled in groups whenever possible.

The information from samples was assembled into
a fire chronology for Mica Mountain (Fig. 7). Each
horizontal line represents the fire record from a tree
or group of trees, and the occurrence of a fire is
noted with a triangle. The occurrence of widespread
fires can be scen as the vertical alignment of trian-
gles, indicated on the margins with a calendar daic.
Three points may be noted about this fire chronolo-
gy: (1) fires occurred throughout the period of
record; (2) many were large, as indicated by the ver-
tical alignment of the triangles; and (3) the relatively
frequent occurrence of widespread fires ceased just
prior to the tum of the century. In some cases, it can
be seen that fires spread across the entire area sam-
pled. In other cases, various portions burned in
sequence as in 1795, 1797, and 1799. Large fires that
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00 yrred in 1943 and 1954 were recorded by scarreq
¢ within these banS. In addition, fires in 1879
4 1886 mentioned in the Tucson newspapers and
in publishcd jOUl'ni.il were recorded. Interyals
between 1arge fires varied from 3 to >10 years, near-
1y 20 in some Cases. The mean ﬁfe mnterval for the
Mica Mountain area was close 1o six years. Distribu-
(ion of fire inlcwalg for several locations and a com-
osite for the Mica Mountain study arca are
resented in Figure 8. e

Where seasonal position of fire scars could be
dentified, 999% were earlywood or dormant season
scars. This indicates that spreading fires, as in the
modern period, occurred prior to the onset of sum-
mer rains. Distribution_ of fire scar position for a
pumber of fire years is gxyen in Figure 9, Three types
of bums may be recognized. Early season or May-
June fires (e.g., 1748, 1780), mid-season or July fires
(.8 1851, 1879), and those without a clear peak
(c_g,, 1768)

Comparison of the fire chronology with an esti-
mate of past drought severity revealed a fairly con-
sistent pattern of two wet years preceding the
occurrence of large fires. It is believed that this indi-
cates a climatic linkage between fire occurrence and
the amount of grass and litter available o carry the
fire. Wet years suppress fire activity and stimulate
plant growth, setting the stage for spreading fires
during subsequent fire scasons. The result of averag-
ing the reconstructed July PDSI (Palmer Drought
Severity Index) value for 35 fire years, seven prior
years, and two following years between 1700 and
1900, is shown in Figure 10.

Fires recorded by scarred trees were low-intensity
surface bumns, which did little damage to the forest
overstory. The frequent occurrence of these fires
maintained the forest in an open condition and pre-
vented the accumulation of fuel, which would even-
wally lead to intense fire. Following the decline in
fire occurrence at the turn of the century, dense thick-
ets of young trees have become established over
large portions of the study arca. Should a fire occur
in these areas during dry, windy conditions, the entire
stand might be killed, including mature trees that
have survived numerous fires in the past.

A few areas on the north side of Mica Mountain
and Rincon Peak showed evidence of canopy bumns
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(P(l:ogw paiches of aspen below the North Slope Trail).
Cver, such areas are limited in extent and the for-

est in general shows little evi i
cvidence of this t of
severe fire behavior. &

MANAGEMENT IMPLICATIONS
SCSEE‘{-;&;O N'ational Monument has an on-going pre-
uming program, initiated nearly 20 years
ago. However, limitations in funding and available
personnel have imposed severe constraints. The sup-
pression costs of the Chiva Fire exceeded the yearly
prescribed fire budget by more than 100 times, yet
fires of this size were relatively common in the past
and should not necessarily be viewed as catastrophic
occurrences. The focus of fire programs nationwide
should shift from crisis management to real fire man-
agement where the economic benefits of prior plan-
ning can be fully realized. Prescribed natural fire and
planned ignition programs need to be funded at lev-
els that more accurately reflect the importance of fire

1o the ecosystems of the Southwest. Clearly, the

retum to a natural fire regime with today’s concems

about the urban-rural interface, smoke management,
excessive fuel buildup, budget constraints, and public
relations, presents a major challenge. Sound manage-
ment requires scientific knowledge, good judgement,
and public support. It is my hope that studies such as
the one reported here will lead to increased public
awareness of wildfire's necessary and positive role in
natural ecosystems. This, in tun, may be translated
into solid public suppont, both specifically for pre-
scribed fire programs and more generally for the
additional research necessary to gain fuller under-
standing of the complex and unique ecosystems of
which we are a part.

Specific recommendations for additional research
are as follows:

1. Salvage of tree-ring material from areas to be
burned with planned ignition. This study pro-
vided a history of fire occurrence, which is fairly
complete for the Mica Mountain site between
1650 and 1950. However, a number of samples
contained records that extended into the 1400s.
Indications of changes in fire frequency through
time were noted, yet because of the limited sam-
ple size in the early portion of the record, mean-
ingful interpretation is difficult. Concems about
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the effects of climate change on fire regimes make
such information of particular interest. Old snags,
logs, and remnant debris present throughout the
arca represent a unique and irreplaceable resource
for the records of past conditions and events they
contain, in addition to their strictly biological
value to the ecosystem. Every effort should be
made to conserve these resources by identifying
and sampling (or protecting, should immediate
sampling be impossible) those that might be of
interest, prior to buming.

2. Collection and analysis of additional fire scar
samples to increase our understanding of igni-
tion and fire spread patterns prior to 1900. By
building on the data already available from this
study, salvage of additional fire scar samples from
Rincon Peak, Heartbreak Ridge, the cast slope of
Mica Mountain, and Tanque Verde Ridge could
provide a much clearer picture of fire behavior
under conditions of unrestricted spread. This
information would prove valuable to the fire man-
agement program, particularly with regard to fire
sizes, intervals, and fuel relationships over a large
arca. The data could also be used to generate
and/or test models of fire behavior.

3. Extend the results of this study to other vegeta-
tion zones including the pine-oak forest and
oak-juniper woodland. This could be accom-
plished by analyzing and combining information
from aerial photography with information on
stand age structure and community boundaries.
Knowledge about the role of wildfire in these
community types, about which little is presently
known, would be increased.

e

4. Establish photo points in all community type
in order to catalogue the changes in communis
ties over time'. When large fires occur, Phot(;
points can help track recovery and change i, the
bumed arca. Photo points within the Chiy, Fire
as well as an elevation transect along lha:
Madrona-Manning Camp trail (which hag not
bumed recently) are possible locations, COUpling
of photo points with permanent vegetation plots
would allow precise quantification of the CXZIC\[
nature and pace of change in these areas,

5. Study the stand age structure and stand esyy},.
lishment patterns within the pine forest and
mixed conifer forest types. This would provide
additional data about the interactions of fire gp
climate, and their effect on forest structure. Such
information will also improve our understanding
of the effects of fire interval on tree establish.
ment.
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't is recommended that black and white photos be used to document these points. The longevity of black and white negatives will

allow reliable comparison for the maximum length of time.
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Fig. 2. Locations of lightning fire ignitions in the Rincon Mountains from 1937 to 1986.
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Fig. 6. Map of the Mica Mountain study area with the location of sample trees (dots) and groups (stippled).
Sample trees from the 1983 study are noted by their National Park Service identification number.
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Mica Mountain: Composite of Major Fires 16571893
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Fig. 8. Fire intervals compiled for several collection sites and a composite for the Mica Mountain study area,
All sites show considerable variability. FRI (fire return interval) = the return of fire to a point. MFI (mean fire
interval) = the return of fire to an area of specified size. In this case, the areas consist of collection sites or the

entire study site for the composite. Refer to Figure 6.
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Studies of Urbanization and the Wildlife Resources
of Saguaro National Monument

William W. Shaw, Audrey Goldsmith, and John Schelhas

ehe ABSTRACT

Studies of u'rtgamzauon and the wildlife resources of Saguaro National Monument (SNM) are cur-
rently examining: movements of desert mule deer (Ococoileus hemionus crooki) and collared pecca-
ry (Dict?:yles taj‘acu); potential displacement of native cavity-nesting birds by exotic birds;
distribution, density and movements of desert tortoises (Gopherus agassizii); potential impacts of

domestic dqgs and cats; and wildlife-related attitudes, perceptions and behaviors of people who live
within 1 mi of the monument. To learn more abo

households within 1 mi of its borders were surveye
species of animals use residential areas adjacen
encourage wildlife by providing food and water for various s
feed wild birds and 31% feed other wildlife including deer,

d. At the current low level of development, many
t to the monument. Furthermore, many people

latrans). As a group, monument neighbors favor low density zoning that will maintain the move-
ment of wildlife between residential and park lands.

ut SNM wildlife and its human neighbors, 460

pecies. Sixty percent of the households
, collared peccary, and coyotes (Canis

INTRODUCTION

Urbanization of adjacent lands is a process that is
affecting many national parks and other protected
arcas. One survey of National Park Service (NPS)
superintendents (National Parks and Conservation
Association 1979) reported that two-thirds of 203
parks in the United States had problems with incom-
patible uses on adjacent lands. Residential and com-
mercial uses were the first and second most
frequently cited land uses creating problems.

The impacts of land use changes adjacent to natu-
ral areas do not exclusively affect natural resource
managers. In addition to degrading park resources,
urban expansion along park boundaries may result in
losses to the adjacent community in the form of
reduced scenic beauty, fewer recreational opportuni-
ties, and decreased tourism associated with the natu-
ral amenities of these areas.

In biological terms, the greatest threat of land use
changes adjacent to parks is insularization. At the

time most national parks were created they were sim-
ply pieces of much larger ecosystems that contained
some notable features, such as the superlative exam-
ples of Sonoran Desert plants and animals found at
Saguaro National Monument (SNM). As human pop-
ulations have expanded, the natural ecosystems
around many parks have been reduced and parks
have become increasingly isolated as “islands” of
nature in a human-manipulated environment. A
growing body of literature in conservation biology
and island biogeography has addressed the threat of
insularization to preserving biodiversity (MacArthur
and Wilson 1967; Miller and Harris 1979; Wilcox
1980; Soulé 1985; Newmark 1987).

Insularization is an especially relevant issue for
SNM because rapid expansion of Tucson is leading
to dramatic land use changes along monument bor-
ders. In 1933, when SNM was established, the popu-
lation of Tucson was only 35,000 and the monument
was accessible by traveling 15 mi east of town on
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dirt roads. By 1986, the population of Pima Cot_miy
had reached 624,347; growth is expected to continuc
at about 3% per year and reach 940,000 by the year
2000 (Tucson Trends 1986). Major housing develop-
ments and commercial enterprises are currently pro-
posed or under way immediately adjacent (0 the
monument.

The potential for integrating conservation into the
planning and development of cities is receiving
increasing attention in Tucson (Shaw et al. 1986) and
elsewhere (Leedy et al. 1978; Shaw and Mangun
1984; Stenberg and Shaw 1986). However, only lim-
ited information is available for assessing the natural
resource implications of urban growth for the resi-
dents of Tucson and for the resources of the monu-
ment. This paper describes a series of recent and
ongoing research projects that address these issues
and presents preliminary results from one study that
involved a survey of people who reside within 1 mi
of SNM. The general goal of the studies is to build a
foundation of knowledge that will enable the NPS
and the community of Tucson 1o evaluate alternative
patterns of urban expansion in terms of likely effects
on the wildlife resources of SNM.

METHODS

Because of its diverse and productive habitats,
SNM contains a large variety of wildlife. Seventy-
four species of mammals and 187 species of birds are
listed on SNM checklists (Southwest Parks and Mon-
uments Association 1985; Doll et al. 1989). Her-
petologists also have identified 58 species of reptiles
and amphibians that are likely to be present within
the monument (Lowe and Holm 1986). Faced with
this diversity, an initial step in the research process
was to identify several studies that would provide
valuable information about urbanization and wildlife
resources. Several wildlife species and related issues
were identified as high priorities through use of the
following criteria:
1. Scarcity and/or low reproductive capability;
2. Public interest/high visibility;
3 Easily disturbed by human activities;
4. Dependent on resources outside the park;
5. Vulnerable to predation or displacement by dogs

or cats;
6. Vulnerable to displacement by exotic wildlife.

S

The following s.pecics or issues were identifje d for
detailed investigations.

1. Desert mule deer (Odocoileus hemionus crooki
and collared peccary (Dicotyles tajacy) n Py
ments across monument boundaries;

2. Effects of introduced cavity-nesting birgg on
native bird species;

3. Distribution, density and movements of deser; -
toises (Gopherus agassizii) at SNM;

4. Potential impacts of domestic dogs and cats ¢y
wildlife at SNM;

5. Wildlife-related attitudes, perceptions and behgy.
iors of people who reside within 1 mi of SNM;

6. Development of a Geographic Information Syi.
tem database for SNM.

The deer, collared peccary, and Cavity-nesting birg
studies have been completed and results are presep;.
ed elsewhere in this volume (Bellantoni and Krgys.
man; Bibles and Mannan). Analyses of the other
studies are under way and all research will be com.
pleted later this year. Presented below are some pre.
liminary findings from the household survey. The
objectives of this survey were to obtain information
about wildlife observations, problems, and wildlife-
oriented activities from SNM's neighbors.

RESULTS

Five hundred households located within 1 mj of
SNM were randomly selected from Pima County
property records. Following the mail survey method-
ology of Dillman (1978), each selected household
was mailed a 12-page questionnaire covering
wildlife-related attitudes, perceptions and behaviors.
After deducting new arrivals, departures, and nonde-
liverable questionnaires, the total sample size was
460. A total of 393 houscholds responded, yielding a
response rate of 85% (Table 1). Overall, 1,877 homes
and rental units are located within a mile of SNM.
Thus, the 393 respondents in this study comprise
about 21% of the total population of people who live
within 1 mi of the monument. Absentee landowners
were not included in the study.

Al the current levels of development, many
species of wildlife move freely between SNM and
nearby private lands. The percentage of households
within 1 mi of the monument that reported seeing
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yarious species of wildlife on their property is shown
in Figure 1. While observations of. some species such
a5 bobcats (Lynx rufus) are quite unusual, other
specics, including coyotes (Canis latrans) are seen
on a regular basis.

[nteractions with some kinds of wildlife are
encouraged by many residents. As shown in Table
2, 60% of the respondents 1o this question feed wild
birds and 31% feed other kinds of wildlife. Feeding
large wild mammals is strongly discouraged for
both biological and human safety reasons. However,
substantial numbers of households feed deer, col-
Jared peccary, and coyotes (Table 3). One conse-
quence of feeding large mammals may be an
exceptionally large population of urban-adapted
coyotes. Most of SNM's neighbors see coyotes on
their property (Fig. 1) and over 40% believe they
have lost cats to coyote predation.

The close relationships between SNM neighbors
and the natural resources of the area are further
reflected by responses to a question as to why people
chose to live near the monument. Seventy-one per-
cent of the respondents to this question cited proxim-
ity to the monument as either the primary or an
important reason for their choice (Table 4). This pos-
itive relationship between SNM and its neighbors
applies to both districts of the monument, although it
is strongest at the Rincon Mountain District (SNM
East).

Considerable agreement exists among SNM neigh-
bors concerning the kinds of land uses that are appro-
priate adjacent to the monument (Fig. 2). When
presented with seven alternatives ranging from “low
density housing” (1 a or more per house) to “light
industry,” only “low density housing™ was consid-
ered appropriate by a majority of respondents. Fur-
thermore, although we did not offer this altemative,
many people added notes to the questionnaire saying
“three to four acres per house” is the only appropri-
ate land use in their neighborhood.

MANAGEMENT IMPLICATIONS

At the current low level of development found
along most of SNM’s boundary, many kinds of
wildlife move freely between protected and residen-
tial areas. Indeed, some species such as coyotes and
collared peccary appear to thrive in neighborhoods

with four or more a/house. Populations of other
Fpecics are undoubtedly reduced to some extent, but
it is notable that even intolerant species such as
desert tortoises and gila monsters (Heloderma sus-
pectum) are still observed on private property by a
substantial number of SNM’s neighbors.

Close association between people and wildlife is
more than an incidental consequence of proximity to
SNM. It is an important factor in people’s decisions
to live in this area and many people encourage these
interactions by feeding wildlife at their homes. As a
group, SNM neighbors favor land management and
zoning that will maintain the interchange between
the monument and adjacent lands.

The boundaries of natural areas have been charac-
terized as semi-permeable membranes because they
arc imperfect barriers to the movements of humans,
animals, air, and water. From a human perspective,
this means that the natural amenities of parks and
reserves actually reach beyond the borders of these
arcas and enhance the living environments of those
people fortunate to live nearby. The negative impli-
cation is that the effects of human activitics can pen-
etrate boundaries and degrade the resources of
protected areas.

Studies of wildlife-related boundary issues at
SNM and elsewhere are gradually developing a
foundation of knowledge about relationships
between urbanization and protected areas. With
these kinds of data, park managers and city planners
can evaluate the implications of altemative land uses
for the wildlife and humans that reside in and near
the park.
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Table 1. sample sizes and response rates for survey of households within 1 mi of Saguaro National
Monument.
— .

Original Adjusted Number of Response
Location sample sample* respondents rate
f—__—;
SNM (East) 250 241 218 90.5%
SNM (West)* 250 219 175 79.9%
Totals 460 393 85.4%
“Adjusted sample = original sample - undeliverables, departures and recent arrivals,
bSaguaro National Monument, Rincon Mountain District.
egaguaro National Monument, Tucson Mountain District.
Table 2. Numbers of households that feed wild birds and other wildlife,
i Feed wild Feed other
Location birds wildlife
SNM (East)" 134 (61.1%) 71 (34.8%)
SNM (West)® 93 (54.7%) 45 (27.1%)
Totals 227 (59.9%) 116 (31.4%)
*Saguaro National Monument, Rincon Mountain District.

bSaguaro National Monument, Tucson Mountain District.

Table 3. Numbers of households that feed specific types of large wild mammals.

Location Mule Deer Collared Peccary Coyote

SNM (East)* 11 (5.0%) 39 (17.9%) 24 (11.0%)
SNM (West)® 3 (1.7%) 8 (4.6%) 19 (10.9%)
Totals 14 (3.6%) 47 (12.0%) 43 (10.9%)

*Saguaro National Monument, Rincon MounLai_n Disll‘%ct.
bSaguaro National Monument, Tucson Mountain District.
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Table 4. Importance of being close to Saguaro National Monument in decision of where to live.

Primary Important Slightly Not
Location reason reason important important
SNM (East)" 60 (28.8%) 98 (47.1%) 17 (8.2%) 33 (15.9%)
SNM (West)® 33 (19.3%) 75 (43.9%) 16 (9.4%) 47 (27.5%)
Totals 93 (24.5%) 173 (45.6%) 33 (8.7%) 80 (21.1%)

*Saguaro National Monument, Rincon Mountain District.
®Saguaro National Monument, Tucson Mountain District.
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Movements. of Desert Muyle Deer and Collared Peccary
in Saguaro Nationa] Monument

Elizabeth S. Bellantoni and Paul R. Krausman

ABSTRACT
We studied movements of 10 desert mule deer (Odocoile

lared peccary (Dicotyles tajacu) in the Rincon Mount

(SNM) sam ‘Fcbmarjf 1988 Mugh December 1989, Movements of desert mule deer were closely
associated with the distribution of free-standing water during the driest scasons of the year. Deer
responded to losses of ephemeral water sources in SNM by leaving the monument to obtain 'wau:r.
F.m_lr_ of five collared peccary herds frequented urban areas and supplemented their natural diet by
visiting some homes and/or restaurants on a daily or twice daily basis. The addition of water and
supplemental food sources was a deliberate effort by homeowners to attract wildife onto their prop-
erty. The current pattem of habitat islands interspersed with low density housing (<1 house/2-4 ha
or <1 house/5-10 a) serves as an effective and highly desirable buffer zone between the monument

us hemionus crooki) and five groups of col-
ain District of Saguaro National Monument

and the more heavily developed urban areas 3.2 km (2 mi) to the west.

INTRODUCTION

Boundaries of national parks and protected areas
are usually politically defined. In a survey conducted
by the National Parks and Conservation Association
(1979), urban development was cited as the primary
threat facing national parks in the United States.
Development on lands adjacent to national parks
may irreversibly damage the natural resources of
these areas.

In Arizona, the Tucson metropolitan area is devel-
oping and growing rapidly and formerly undeveloped
lands are being converted to urban environments.
Major changes in land use patterns occur at the edges
of the city. Urban development is particularly evident
along the boundaries of the Rincon Mountain District
(RMD) of Saguaro National Monument (SNM).

When the RMD was established in 1933, the land
adjacent to the monument was undeveloped (Nation-
al Park Service 1986) and served as available
wildlife habitat. As urbanization encroaches on its
borders, the amount of wildlife habitat outside the

monument is rapidly disappearing, travel corridors
providing access to and from SNM are being elimi-
nated, and fauna outside the monument is diminish-
ing. Urbanization is also fragmenting the remaining
wildlife habitat.

Habitat fragmentation can be a serious threat to the
survival of large mammal populations because of
their needs for space (e.g., isolation from humans
and their pets) and habitat resources (e.g., water, for-
age, cover). Wildlife in isolated habitats are vulnera-
ble for various reasons (e.g., loss of critical
resources, dispersal corridors, habitat heterogeneity,
genetic variability) (Wilcove et al. 1986). Wildlife
movement patterns may also be affected by habitat
fragmentation (Janzen 1986; Wilcove et al. 1986).
Distribution of wildlife may be limited by roads,
trails, and other human activity. Development occur-
ring adjacent to SNM may cause alteration in move-
ment and activity patterns of those animals that range
along the boundaries of the monument.
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The effects of urban development on desert mule
deer ( Oc‘ir)coiieus hemionus crooki) and collared pec-
cary (Dicotyles tajacu) populations in the Southwest
hfwc not been studied in detail. Both species attract a
high level of public interest and concern among
sportsmen and wildlife-oriented recreationists. These
ammal-s range beyond the boundaries of SNM, where
urba'mzauon is causing loss of habitat for both
species.

Our objectives in this study were to (1) describe
movements of desert mule deer and collared peccary
along the boundaries of the RMD of SNM and adja-
cent private lands; (2) determine habitat use by desert
mule dcf:r_ and collared peccary relative to sex, sea-
son, activity, water availability, and human distur-
bance; and (3) compare observations of home range
and t?abila[ use by desert mule deer and collared pec-
cary in an urban environment to similar data reported
for these species in other southwestern habitats.
Thes‘c data will provide information that can be used
by city planners, developers and park managers to
make informed decisions regarding urban growth and
its effect on desert ungulates (hoofed mammals).

STUDY AREA

The study area encompassed the RMD of SNM at
elevations below 1,219 m (4,000 ft) and west of Uni-
versal Transverse Mercator (UTM) latitudinal com-
ponent 5,300,000 m (Fig. 1). The northern and
western borders of the study area are major county
roadways located 1.6 km (1 mi) north (Speedway
Boulevard) and 3.2 km (2 mi) west (Houghton Road)
of the northwestern and western boundaries of SNM.
Rincon Mountain District is located on the eastern
edge of Tucson and is bordered on the eastern and
portions of the northern and southern sides by Coron-
ado National Forest. Residential developments bor-
der sections of the western, southwestern, and
northwestern boundaries of the monument.

Tucson has an arid climate with a mean annual
precipitation of 28 cm (11 in.) (Sellers and Hill
1974). The majority of rainfall occurs in late summcer
as geographically isolated thunderstorms and in win-
ter as widespread, regional storms. Although data for
1988 did not differ significantly from the yearly
average, 1989 was the fourth driest year on record
with 16.5 c¢m (6.5 in.) of precipitation (J. Mazur,
Natl. Weather Serv., Tucson, Ariz., pers, comm. ).

With the exception of a small water cg;;:h\;ncm
located behind the visitor center, Pe’em;;milc;lfr
sources on the desert floor © SNMMzgsi ephcmcracl!
occasional seeps, Springss and tanks-

ing. The occur-
water sources disappear bY 1316_3[;5]”31%”“ increases
rence of free-standing water W’

i tside the
. sl - con Mountains. Ou
with elevation in the Rin¢ Jable year-round.

monument, water is rcz:lc::‘g ;:ca]ocatcd on residen-
iority of water SO 3 -
p

benefit of wildlife.

METHODS
We captured

females) in the

March 1988. Deer WeT

ausman et al. .
El;rllaglre hydrochloride (HC1) and ketamine HCI

1Guidice et al.
Z 2 < iramuscularly (De :
administered int were reversed with tola-

mobilizing drugs
19;;_9). I}rzncl administered intravenously. We fitted
s radio collars prior to release.

i —coded
deer with color 1988 and January 1989, we cap-

n February ‘
t]?xi:;i?ve collared peccary (1/herd) with a qe:—gun or
box trap. Collared peccary werc handled using meth-
ods similar to those used for mule deer.

Between February 1988 and September 1989, we

used radio telemetry and obtained visual observa-
tions of each collared animal every 7-10 days. We
obtained additional telemetry locations every 7-14
days from fixed-wing aircraft (Cessna 182) between
September and December 1989. We made observa-
tions from the ground primarily during diurnal hours,
generally early moming and evening, when animals
were most active. Additional data were collected by
several homeowncers, documenting presence and fre-
quency of collared animals on their property.

We used the harmonic mean (Dixon and Chapman
1980) and minimum convex polygon (MCP) (South-
wood 1978) methods to calculate seasonal home-
range size. For the harmonic mean method, we used
a 75% isopleth (that represented the area where an
animal spent 75% of its time within its home range)
to chnlif y core areas of use and compared this infor-
mation to similar data reported for other studies.
Desert mule deer data were analyzed seasonally by
SeX. Qn]y deer located >9 or more times/scason were
used in the analysis. Seasonal categorics were based

10 desert mule deer (5 males and 5

D of SNM during February and
e taken with a drive net or net-
d immobilized with
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= (emperature and precipitation patterns as
€ ccribed by Ordway an‘d !-(ra}:sman (1986). Because
rcliminary data analysis indicated no seasonal dif.
P ences in home-range use, we analyzed collared
ary data on an annual ba§15 by herd. we present
minimum convex p.olygon estmales (area defined by
the 0 utermost locations rccorc_ied for an animal with-
i1 its home range) for comparison to other studics.
For mule deer da‘ta. we Uansfqnned the harmonic
mean and MCP estimates (o their natural logarithm
o achieved homogeneity of -variances. Analysis of
yariance was used to test for differences in these estj-
mates between sexes and among seasons. For MCP
estimates, we examined differences in home-range
size among SEasons using Student-Newman-Keuls
(SNK) multiple range test (Norusis 1988:B-159). We
e collared peccary data for differences in home-
range size between years and herd classes (i.e., herds
using urban vs. non-urban' environments) using the
Mann-Whitney test (Norusis 1938:B-177).

RESULTS
Desert Mule Deer
we located desert mule deer 596 times during the
study. Analysis of variance indicated no significant
difference (P > 0.05) for mean home-range size
between sexes and among seasons for the harmonic
mean estimates (Table 1). A significant difference (P
< 0.05) was found for MCP estimates among sea-
sons, although the difference between sexes was not
significant. Closer examination of the MCP estimates
using SNK multiple range tests indicated a signifi-
cant difference (P < 0.05) in mean home-range size
during late summer for both sexes M=28km%F=
4.1 km?). During the late summer fawning period,
females increased the size of their home ranges.
Females moved to higher elevations during late sum-
mer, with three females using the same general fawn-
ing area. Fawning sites generally ranged between
150 and 300 m above the desert floor and were locat-
ed close to perennial water. Males also enlarged their
home ranges and moved to higher elevations during
late summer.

Individual variation is apparent in deer use of
areas outside of SNM. Although some deer (e.g., no.
442) used available habitat outside the monument all
year (Fig. 2), others (e.g., no. 341) did not move out
of the monument until ephemeral water sources

began to disappear in late spring (Fig. 3). Other deer
ftmained within SNM by day, often bedded in the
vicinity of the boundary. Because the majority of
deer sightings on residential property occurred
between dusk and dawn (B. Burkholder, homeowner,
unpubl. data), it is likely that some radio-collared
amimals moved out of SNM only during this time.

_ Home range increased for four of five males dur-
Ing the breeding season (Dec-Jan). Two males that
had never been observed out of the monument previ-
ously were seen with females during this period in
residential areas. Both males returned to the monu-
ment at the end of the breeding season.

Collared Peccary

We located collared peccary herds 277 times dur-
ing the study. Mean home-range size between herd
classes (Urban = 1.03 km?, Non-urban = 1.00 km?)
and years for collared peccary was similar (P > 0.05)
(Table 2).

All radio-collared urban peccaries weighed
between 28-30 kg (60-65 1bs) when caught. Detailed
records kept by several homeowners who provided
supplemental food sources for collared peccaries
indicated that these animals have become readily
habituated to urban environments and have been vis-
iting some homes and restaurants on a daily basis for
years. Four herds with radio-collared animals (nos.
460, 672, 801, 921) (Fig. 4) frequented urban areas
and supplemented their natural diet by visiting some
homes and/or restaurants on a daily or twice daily
basis. Food items most often consisted of table
scraps, bird seed, bread, and dog food. A fifth herd
with a radio-collared animal (no. 560), located within
the interior of the Cactus Forest Loop Drive, did not
use urban areas. This herd exhibited movements and
habitat use typical of a free-ranging wild herd.

One urban peccary herd (no. 801) had the smallest
home-range size of any herd reported in the literature
(Minnamon 1962; Schweinsburg 1971; Bigler 1974,
Supplee 1981; Day 1985). This herd, comprised of
two animals, lived inside the SNM boundary within
200 m (650 ft) of a residential arca. The radio-col-
lared female, well-known to neighborhood residents
for >4 years, had become so accustomed to humans
that she could be hand fed.

Another radio-collared individual from an urban
herd (no. 672) had the farthest dispersal movement
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of
car;mi‘[ coll}::md peccary'rcponcd in the literature. In
¥ March of 1989, this adult female moved into a

g_l;y&]?l:lhough she and an adult male, presumably
s € same herd, were l.alcr captured and retumed

| e_monymcnt, the radio-collared animal moved
again In mid-July. She was relocated over 16.0 km
(10 m:_) southwest of the SNM boundary (I-Ib and
Valencia Road), again in the company of an adult
male. In this new habitat she was repeatedly
observed at a recreational vehicle campground where
she was again supplementing her diet with human-

provided foods.

DISCUSSION

Desert Mule Deer
Because females retumned to the desert floor after

their fawns were weaned or lost, it is likely that
water availability was not the primary reason for the

shift Lo higher elevations. Possible explanations for

this shift in habitat use may be predator avoidance,
sexual selection (Wilson 1975; King and Smith

1980), or the result of increased nutritional demands

brought on by pregnancy (Short 1981; Bowyer

1991).

The larger home-range size associated with desert
mule deer males during this same period corresponds
to the start of the summer rains. Males that had
moved out of the monument in search of water dur-
ing the early summer retum to the park at this time as
water sources become more abundant (Fig. 3).

During the drought in 1989, deer tended to move
carlier (e.g., April-May vs. June) and remain longer
in habitats outside SNM, as compared to 1988 when
rainfall patterns were considered normal. In most
cases, deer returned to the same residential arcas
where they had prior knowledge of dependable water
sources.

Of the 10 radio-collared deer, eight were observed
out of the monument at some time during the study.
A ninth animal, although not observed out of the
monument, was seen on several occasions within
several hundred meters of the boundary, suggesting
that she may have used areas outside of the monu-
ment, We do not know if a tenth animal, which lost
its collar midway through the study, used habitats

outside of the monument.

Although collared peccary are Cﬂpableh: -fn:lbr;m_
ing for long periods without water Igchlavioralclm
1962), desert mule deer appear 0 s din watcyr
dependent on the presence of l‘rcc-slanmaf e
(Wood et al. 1970; Hervert and l(mlﬁ’?hc sizes of
Rautenstrauch and Krausman EeE. SNM‘wcrc
seasonal home rangl‘:s O;F I::llr‘lg:c({;z;smrcpomd for
small compared to home- g i
desert mulg deer POP“laﬁons e wcs;crgr::::::;
(Rcnnpeing (0 R“"écﬁiﬁ.ﬂifffn ?111989) reported
l:'f:ifgd)esiftu:lfﬁ:"szg? :l?gT ated to free-standing water

d of summer. Hervert and

i iest perio '
!(il::unsfn::lc(cig;;} l;(;f':rnonstmlcd that a»;rhcrs]c:::é:zg
access to water, desert mule deer fcnr:] :::z e
for it outside their known home aia g h;.wc aitac
movements in response to water ().:.:lsMCCUHGCh
reported by Clark (1953), Hanson a;n g
(1955), Johnson (1962), Wood et al. L c;ncn
Rogers et al. (1978). The same general mov L
g desert mule deer at SNM.

are evident amon g
paﬁcﬁ:mcnm of desert mule deer are closely associ-

ated with the distribution of fme-smndiqg waler dur-
ing the driest seasons of the year. Purmg years of
normal precipitation, these dry periods occur most
notably in early summer and, to a lesser extent, win-
ter, during the breeding scason. Deer responded to

losses of ephemeral water SOUrces within their home
the monument to search for avail-

ranges by leaving 1 :
able water. In the majority of instances, water
sources represented a deliberate effort by homeown-
ers to attract wildlife onto their property.

Collared Peccary
Differences in habitat use between urban and non-

urban peccaries illustrate the highly adaptable nature
of these animals. The frequency with which urban
herds supplemented their diet with human-provided
foods indicates how readily these animals have habitu-
ated to urban environments. Urban herds all exhibited
similar behavior pattems. During the day, these ani-
mals bedded primarily in washes within the monu-
ment. Although urban peccaries were known to forage
on natural food sources, they were inclined to travel to
residential arcas during evening hours, frequenting
locations where they knew they would be fed.

Day (1985) reported average live weights of adult
peccaries on the Three Bar Wildlife Area in south-
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m Arizona ranging from 18-27 kg (40-60
,‘;.féccffecls of supplcn'{c.ntal food sourceg P"OV:giﬁ
py humans on the nutritional status or reproductive
fitness Of the coum peceary are unknown. Howey.
o pcccarics in this study were gcnc.rally heavier than
those reported elsgwhcre (Minnamon 1962:
gchweinsburg 1971; Bigler 1974; Supplee 1981: Day
1985), most likely the result of supplemental feeding.

Supplee (1981) noted mfit when a collared peccary
herd was reduced to <4 animals, it decreased the sjze
of its home ran_ge'. At SNM, the extremely small]
nome range exhibited by a herd comprised of two
animals appears to be a function of both herd size
and resource availability. This herd, perhaps more
than any other in the study, developed an apparent
dependence on human-provided foods. Because of
the reliability and frequency with which several
homeowners provided supplemental food sources,
coupled with the proximity of this herd’s home-range
core (75% isopleth) to housing, this pair did not have
to travel far to obtain human-provided foods.

Observations by Day (1977) and Supplee (1981)
indicate that dispersal and formation of new herds is
frequently initiated by adult females belonging to a
subherd. This small herd unit also typically consists
of adult males and juveniles that form the nucleus of
the new herd. In our study, the extraordinary distance
travelled by an adult female from an urban herd may
be the result of density pressures or competition for
mates (Bissonette 1976), or stimulation from the
availability of suitable habitat (Supplee 1981).
Because housing density increases dramatically 3.2
km (2 mi) west of the monument resulting in an asso-
ciated decrease in available wildlife habitat, this ani-
mal may have been forced to search much farther
than expected before finding suitable habitat to

establish a territory.

MANAGEMENT IMPLICATIONS

wildlife management agencies throughout the
Southwest commonly develop water sources for
wildlife. By providing deer with unlimited access to
free-standing water during the driest times of the
year, homeowners are, in effect, actively managing
the SNM deer population. By providing deer with a
resource that otherwise would be limiting during the
carly summer and, to a lesser cxtent, the winter
months, homeowners encourage the high numbers of

ared p
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deer Presently found on
seasons,

th CH slri"'n{i?n:ggn'(“;“smm (198_6) dcmonslrfilcg that

me-range oo 0f free-standing water within the
(0% apems s lﬂ: 0 deS{:l“[ mule dccr-fcmalcs CZ:lllSCd
ket & 0 scci.( available water in less dcsaraplc
SNM 0; inzrgsrrimvmg watc‘r sources from outside
: ) ng the housing density such that the
Increased level of human disturbance precludes deer
use of private lands, movements of monument deer
10 less desirable habitats (e.g., areas possessing
lower-quality forage and lacking critical resources)
are also likely to occur. Forcing animals to inhabit
suboptimal habitats may increase their susceptibility
to predation, lower their nutritional planes, and
decrease their reproductive fitness.

Prcsen.ring the remaining available wildlife habitat
adjacent to the boundaries of SNM will be advanta-
gcpqs to other desert fauna and will also aid in main-
taining the integrity of SNM resources. Habitat
islands in strategic locations (c.g., a 12.6 ha [31 a
travel corridor, currently for sale, located on the
monument boundary between Old Spanish Trail and
the southem end of Freeman Road) improve conser-
vation and enhancement of the wildlife resources of
protected areas (Harris 1984). As development con-
tinues to occur along SNM boundaries, a more pro-
nounced interface between wildlife refuge and urban
environment will result. This process will eventually
lead to a reduction in the effective size of SNM as
wildlife habitat.

Results of our study demonstrate the need for
desert mule deer to obtain critical resources on lands
outside SNM. The current pattern of habitat islands
interspersed with low density housing (<1 house/2-4
ha or <1 house/5-10 a) (A. Goldsmith, pers. comm.)
serves as an effective and highly desirable buffer
zone between the monument and the more heavily
developed urban areas 3.2 km (2 mi) west of the
park. Although several radio-collared animals were
observed close (<300 m or <1,000 ft) to these heavily
developed areas, neither deer nor collared peccary
were observed in these habitats.

Deliberate efforts to attract wildlife onto private
properties indicate the high value that homeowners
living adjacent to SNM place on wildlife-viewing
recreation. Some residents have expended consider-
able effort and expense to provide elaborate watering

the desert floor during these
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devices and other habitat improvements for wildlife.
Increased housing densities accompanied by an asso-
ciated increase in human numbers will result in a
degradation of this form of recreation for homeown-
ers. Increased wildlife depredations on vegetable gar-
dens, flower beds, and omamental plantings will also
result. An active coordinated effort should be made
by city and county planners, park managers, and
developers to take actions that will enhance the con-
gruence of the political and biological boundaries of
the monument to minimize potential losses on the

wildlife resources of SNM.
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Tuble 1. Harmonic mean and minimum convex polygon (MCP) estimates of mean seasonal home-range size (km") of desert mule deer in the
Rincon Mountain District of Saguaro National Monument, Tucson, Arizona, 1988-89.

Scason*
Spring Early summer Late summer Winter
i SE No. No. X SE No. No. Xx SE No. No. X SE No N‘).
deer  locations deer locations deer  locations deer  locations
Females
5% 05 03 3 32 06 02 7 90 09 01 7 100 0.2 0.1 3 13
isopleth®
MCp*® 33 14 3 32 20 05 7 90 41 06 7 10§) 21 G % kR
Males
75% 04 0.1 5 63 03 01 6 172 06 02 9 111 07 03 5§ 51
isopleth”
MCP* 23 04 L} 63 1.6 04 6 72 28 04 9 1 3y 10D 5 57

"Spring = 1 Feb-30 Apr, carly summer = 1 May-Jul 15, late summer = 16 Jul-31 Oct, and winter o 1 Nov-31 Jan.

"Arca where an animal spent 75% of its time within its home range,
“Arca defined by the outermost locations recorded for an animal within its home range,
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umusnEn] 4 2d pu? UOIURIRY °S WeqeZy]
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5 Harmonic mean and minimum convex polygon (M :
1'ublt2' e d Slountats Distder or gon (MCP) estimates of 1 -I7
collnrcd peccary in the Rincon Mountain District of Saguaro National Monmn:r‘\ll].u'?u:i:::cﬁr.rl-ir:r%)?\:”f‘);kﬂr{l;; 3
@ No. home
460"  ranges  560* No. ho"“" " No. home No. home No. home
Jis N ranges 672" ranges  801' ranges 921 ranges
1988°
75% 0.3 30 0.3 33 0.05 39
isoplc[hd ‘
1989°
5% ) 0.2 34 04 39 0.7 26 0.04 53 0.3 45
isopleth
02 @1
MCP® 0.8 34 1.1 39 23 26 0.4 53 12 45
(13 @1
*Herd no.

"Radio-collarcd in Jan 1989.

cgased on seasonal year (1 Fcb-31' Jan).

¢Arca where 2 herd spent 75% of its time within its home range.

«Area defined by e plHeios locations recorded for a herd within its home range.

‘Collared animal left herd in mid-July; home range calculated for collared animal after leaving herd.
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Fig. 1. Location of study area in the Rincon Mountain District, Saguaro National Monument, Tucson, Arizona.
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INTRODUCTION

This study is one of several designed to identify
the effects of urbanization on animal populations in
Saguaro National Monument (SNM). We examined
the effects of exotic cavity-nesting birds on native
cavity-nesting birds in and near SNM. We focused on
cavity-nesting birds for several reasons: (1) the Euro-
pean starling (Sturnus vulgaris) and house sparrow
(Passer domesticus) nest in saguaro (C_’arneg{ea
gigantea) cavities and are common exolic species
associated with development in the Tucson area
(Mills et al. 1989); (2) the availability of cavities
often is thought to limit the breeding density of cz.wi-
ty-nesting birds; and (3) competition for nest S‘ltcs
with European starlings has been partly responsible
for the decline of native species in other regions of
the United States (Yoakum et al. 1980).

We had three objectives: (1) evaluate the ‘m[lucr.lcc
of exotic cavity-nesting birds on native cavity-nesting

birds on SNM, (2) determine how the influence of
CXotic cavity-nesting birds changes as densitics of the
exotics increase, and (3) determine if European star-
lings are capable of excluding native cavity-nesting
birds from cavities in saguaro cacti.

STUDY AREA AND METHODS

We conducted the study during 1988 and 1989 on
SNM, the University of Arizona Tumamoc Hill
Desert Laboratory, and an area adjacent to Arthur
Pack Golf Course. All sites were in or near Tucson,
Arizona, and all were areas of relatively undisturbed,
desert vegetation in the paloverde (Cercidium micro-
phyllum)-cacti-mixed scrub series of the Sonoran
Desert (Turner and Brown 1982).

From 12 May to 12 July 1988, we surveyed cavity-
nesting birds on eight transects with Emlen’s (1971)
line transect method. Three transects were near Avra
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Valley on the Tucson Mountain District (TMD) of
SNM, and three were located on the northwestern
comer of the Rincon Mountain District (RMD) of
SNM. The two remaining transects were located on
the Tumamoc Hill Desert Laboratory. Transects
began at the boundary of the monument or laboratory
and extended 500 m into the interior of the proper-
ties. Transects were established to ascertain how far
into the interior of the monument exotic cavity-nest-
ing birds were nesting, and whether a relationship
existed between the abundances of exotic and native
cavity-nesting birds.

We also conducted an experiment to determine
whether exotic cavity-nesting birds compete with
native cavity-nesting birds for nest sites in an arca
where cavities are limited. Steps in this experiment
were: (1) survey cavity-nesting birds during the 1988
breeding season in plots where both native and exotic
species were nesting, (2) if necessary, reduce the
availability of cavities after the breeding season to
induce a shortage of nest sites the following year, and
(3) resurvey the plots in 1989 to ascertain whether
exotic or native species used the available cavities.

We established six 10-ha plots (316 x 316 m) in
1988. All plots were positioned to contain potential
nest sites for cavity-nesting birds. Plots selected con-
tained at least 21 saguaros with what appeared to be
cavities (range = 21-37 saguaros). Two plots were
adjacent to Arthur Pack Golf Course (Arthur Pack
North and Arthur Pack South plots), and two were at
the Tumamoc Hill Desert Laboratory (Tumamoc Hill
North and Tumamoc Hill South plots). Plots not on
SNM (hereafter called experimental plots) were
selected because they were adjacent to potential for-

aging areas for European starlings and house spar-
rows, and thus were likely to support nests of both
native and exotic cavity-nesting birds. The four
experimental plots were bordered by housing subdi-
visions on one side. The two plots near Arthur Pack
Golf Course also were bordered by the golf course.
The remaining two plots (exclosure and wash plots)
were in the RMD of SNM, on the north end of the
Cactus Forest Loop Drive. These plots served as con-
trols in the experiment.

We estimated the density of cavity-nesting birds
on all plots with the nest location method (Enemar et
al. 1976). We searched each plot until satisfied that
all nests were located, usually making 4-9 diumnal

e

visits, and 2-7 nocturnal visits. Noctumal visits v,
made to locate nests of elf owls (,Mic_’“”ler:e
whitneyi) and screech owls .(Olu.s kennicottii). Visits
were made between 18 April and 14 July 1988, ang
27 March and 14 July 1989. Tape-recorded cajg
were used to elicit territorial responses from elf owig
and western screech owls on initial noctumnal vigjg
Nest cavities of these species were then located dyr.
ing mid- to late June by listening for begging calls of
m;lé::nist;asured the height and classified the size of
the openings (se¢ Goad and Mannan 1987) of a)
cavities on the experimental plots, and of nest cavi-
ties on control plots. We also meas.urcd the heu_ghlg of
the saguaros that supported cavities. \_Vc visually
inspected all apparent cavitics (0 dlsungmsh real cay-
ities from unfinished holes. An extendible lad'dcr, 7.6
m in length, was used to climb saguaro cacti. Cavi-
ties not within reach of the ladder were “inspected”
with a telescoping pole and plummet.

In 1989, we attempted to limit the availability of
cavities on experimental plots by plugging those that
were unused by birds or those used by exotic birds
during 1988. We plugged cavities in January and
February 1989 with rubber test-tube stoppers. Cavi-
ties excavated during the 1989 breeding season were

not plugged.

RESULTS

We observed no European starlings or house spar-
rows on SNM during any of the surveys (on either
transects or plots) or other field work. We did, how-
ever, sece European starlings near SNM on two occa-
sions.

Magnitude of changes in numbers of nests
between years on experimental and control plots was
similar for all species, and most of the differences in
abundance of nests between years were relatively
small (Table 1). Of the possible changes on experi-
mental plots, 39% involved no change, 46% involved
a change of 1 nest, 11% involved 12 nests, and 4%
involved +>2 nests. On the control plots, 20% of
possible changes involved no change, 60% involved
a change of 1 nest, and 20% involved 42 nests. The
direction of changes that did occur were inconsistent
within species among experimental plots. For exam-
ple, five of seven species increased on some plots
and decreased on others,
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ificantly differ in their choice

. 1
pecics qtd r;,?;gsh%tr height of the nest saguaro.
cajlllyof nest cavities used by European star-
e : Slrmnallcf than that used by northem flickers
[ings was Saura‘““) and ash-throated flycatchers
(co!apres cinerascens) (Table 2). The size of the
(Myigr;h:: cavities used by house sparrows did not
nin

0 ‘fer from that used by native, cavity-nesting
dific
SPcCiCS-

Dlsa,fcs ﬂfi)f;l.msﬁng birds probably do not, at pre-
Ex?nﬂuence native cavityjnesung birds on SNM
e exolics are not nesting on SNM. We were
bccauscw evaluate how the influence of exotic cavity-
lmat"lc pirds on native cavity-nesting birds changes
ncsuﬂgdcnsity of the exotics increases, because
as lt_‘:s were not present on SNM.
cxc:;c failed to demonstrate measurable competition
ecen exotic and native cavity-nesting birds by
¥ nest holes. We believe competition for nest
p'luggglfs reduced in two ways. First, woodpeckers
s“csvatcd at least 12 new cavities on the experimental
c;luctas in 1989. Second, use of cavities was being parti-
u:ned temporally by residefn and migra-r.ory c.:avity-
nesting birds, and according to opening size by
northern flickers, ash-throated flycatchers, and Euro-
pean starlings. The woodpecke_rs and exotic species
(i.e., resident, cavity-nesting birds) generally nested
from March through May, whereas a]l but-one of the
native, secondary, cavity-nesting species (i.e., migra-
fory cavity-nesting birds) nest.e.d from late May
through July. We found six cavities (15% of those
found) that were used as nests by woodpeckers or
exotic species early in the breeding season, and llf.len
used again by migratory species later in the breeding
season. Because European starlings and house spar-
rows did not evolve with native species, the “parti-
tioning” of nest cavities through time is coincidental,
and might not be effective in reducing competition
under all conditions. For example, if conditions were
appropriate for European starlings to produce a sec-
ond brood, their breeding season would overlap that
of the native, secondary, cavity-nesting birds, and
competition for nest holes could increase.
The elf owl was the only native secondary cavity-
nesting bird with a breeding season that overlapped
those of the starling and house sparrow. EIf owls
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ncstcc} on only two of the experimental plots; there-
fore, it was difficult to evaluate how and if they com-
peted for nest sites with exotic species. However, the
:c\bundancc of elf owls where they did occur, either
increased or remained the same after potential nest
holes were plugged.

Our data indicated that no species was consistently
lower in abundance after the holes were plugged than
before. It was clear, however, that house Sparrows
were far less abundant on Arthur Pack South in 1989
than in 1988. All but one of the house Sparrow nests
on this plot (n = 8) in 1988 were within 50 m of a
housing development. In 1989, only one of the avail-
able holes within the 50-m zone was occupied by
house sparrows; other holes within this zone were
used by European starlings or native cavity-nesting
birds. Several holes outside the 50-m zone were avail-
able, but were not used by house sparrows. We specu-
late that competition prevented house sparrows from
using most of the holes close to the housing develop-
ment, and that empty holes farther from the develop-
ment were too far from sources of food to be suitable.

MANAGEMENT IMPLICATIONS
AND RECOMMENDATIONS

The current levels and kinds of development near
SNM support relatively few exotic, cavity-nesting
birds. Our data suggest that even if European starlings
and house sparrows were present on SNM, they
would not likely exclude native species of cavity-
nesting birds. The ability of woodpeckers to excavate
their own cavities and to defend them (we observed
on numerous occasions that woodpeckers were domi-
nant over starlings at nest sites) probably will allow
them to coexist with exotic species of birds, assuming
that an adequate number of saguaros exists to provide
substrates for cavity excavation. Most native, sec-
ondary cavity-nesting species are likely to be able to
coexist with European starlings and house sparrows
because they nest at different times. It should be
noted, however, that nesting competition could occur
between these species if European starlings and house
sparrows produce a second brood (Kessel 1957).

The issue of exotic species of birds on SNM is pri-
marily an aesthetic one—is it desirable and pleasing
to have exotic species of birds on SNM? The answer
to this question apparently is no, based on the National
Park Service mandate to remove disruptive exotic
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We, therefore, recommend

that if undisturbed land near SNM is developed,
sources of food, water, and cover for Eurr.np.can star-
lings and house sparrows be minimized. This 1§ paml::-
ularly important along the boundary qearcsg the
monument headquarters because the buildings, picnic
grounds, human activities, and other developments
associated with the headquarters area already provide
some sources of food, and potentially, nest and roost
sites for exotic species of birds. We propos¢ the fol-

lowing guidelines:

species from park lands.

1. Landscape all developments near the mon‘umenl
with native species of plants. It is especially impor-
{ant to maintain saguaro cacti (as potential nest
sites), and avoid planting grass lawns (e.g., golf
courses) near the monument.

2. Avoid creating sources of open water near the mon-
ument

3. Limit the property that supports horses or other
livestock near the monument so that auxiliary
sources of food (e.g., grain) are reduced (Feare
1984).

4. Limit the density of houses near the monument. As
the density of houses increases, so does the likeli-
hood that house sparrows will be present (Stenberg
1988; Mills et al. 1989).

5. If grass lawns, open sources of water, additional
“horse property,” or dense housing are developed
near SNM, then house sparrows will likely nest on
the monument within 50 m of housing develop-
ments, and starlings will nest on the monument
within 1 to 2 km of the boundary. These “zones of
occurrence” were developed on the basis of four
pieces of evidence: (1) all but one of the house
sparrow nests on our experimental plots were with-
in 50 m of a housing development; (2) we docu-
mented nesting of European starlings up to 300 m
from a housing subdivision on an experimental
plot; (3) we observed starlings flying at least 800 m
from sources of food to nests at Arthur Pack Golf
Course, and from “horse property” near SNM; and
(4) Kerpez (1986) found European starlings nesting
up to 4 km from agriculture. The distance a bird
will travel between a source of food and a nest
probably depends upon the richness of the food
source and on how many nest sites exist around the
source. For example, some European starlings

would likely nest beyond 1 km. of the Monumey,
boundary if a rich foraging habitat, such a5 , golf
course, were built next 1o the bFJundary, and if
nest sites were present in the immediate ViCinizy

around the course.

Given these predicted “zones of occurrence,” -
recommend that developments that provide foog
water, or cover for European starlings and house Spar.'
rows be restricted to beyond 2 km of the boundary
SNM. These restrictions are especially important ne,,
areas frequented by visitors, such as the monym et
headquarters and visitor center.

LITERATURE CITED

Emlen, J. T. 1971. Population densities of birdsg
derived from transect counts. Auk 88:323-347

Enemar, A., A. G. Hojman, P. Klaesson, and L. Njs.
son. 1976. The relationship between census resylyg
and the breeding population of birds in subalpine
birch forests. Omis Fenn. 53:1-8.

Feare, C. 1984. The starling. Oxford Univ. Presg,
Oxford, UK.

Goad, M. S., and R. W. Mannan. 1987. Nest site selec-
tion by elf owls in Saguaro National Monumen;,
Arizona. Condor 89:659-662.

Kerpez, T. A. 1986. Competition between European
starlings and native woodpeckers for nest cavities
in saguaros. M.S. Thesis, Univ. Arizona, Tucson,

Kessel, B. 1957. A study of the breeding biology of
the European starling (Sturnus vulgaris L.) in North
America. Am. Midl. Nat. 58:257-331.

Mills, G. S., J. B. Dunning, Jr., and J. M. Bates. 1989.
Effects of urbanization on breeding bird community
structure in southwestern desert habitats. Condor
91:416-428.

Royall, W. C., Jr. 1966. Breeding of the starling in
central Arizona. Condor 68:196-205.

Stenberg, K. 1988. Urban macrostructure and wildlife
distributions: regional planning implications. Ph.D,
Thesis, Univ. Arizona, Tucson. 152pp.

Turner, R. M., and D. E. Brown. 1982. Sonoran
desertscrub. Desert Plants 4:181-221.

Yoakum, J., W. P. Dasmann, H. R. Sanderson, C. M.
Nixon, and H. S. Crawford. 1980. Habitat
improvement techniques. Pages 329-403 in S. D.
Schemnitz, ed. Wildlife management techniques
manual. The Wildl. Soc., Washington, D.C.



Impacts of Exotic Cavity-Nesﬁng Birds on N

/ ative Cavity-Nesting Birds

199
r of nests of cavity-nesting birds on plog |
e N PIots near Tucson, Arizona, 1988 and 1950,
/ '
Species?
: COAU MEUR e
W o PRSU STVU PADO
North y 0
1988 ; ; . 2 4 |
1989 5 1 3 3 1
South
1988 g ; , 3 0 | |
1989 : 3 : 1 :
Arthur Pack
North
1988 2 4 . 1 1 | l
1989 2 3 5 ! 2
South
1988 1 1 P . 0 |
1989 1 2 0 1 : : 1
Saguaro National Monument
closure
EX]QSS 1 4 3 . 1 : :
1989 0 6 1 2 0 0
ash
W 1988 0 2 P 3 N 0 O
1989 0 3 6 1 0 : 0

"COAU = Colaptes auratus, northem flicker; MEUR = Melanerpes uropygialis, gila woodpecker, MIWH =
Micrathene whitneyi, elf owl; MYCI = Myiarchus cinerascens, ash-throated flycatcher, PRSU = Progne subis,
purple martin; STVU = Sturnus vulgaris, European starling; PADO = Passer domesticus, house Sparrow.
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Table 2. Characteristi
o, nistics of sa . " -
nesting birds near Tucson, Aﬁgz':)?:: ‘;-‘;;l; :::lc; (;;‘ggcs used as nest sites by native and exotic specics of cavity-
St? g.ll;li]ro Cavity Small cavity
i e i openings
S # height
CI;C:*ZS g 3 % " % n
MEUR g @ 5.47 &) 12.5 (8)
MIWH S G4 5.39 (35) 83.3 (36)
MYCI o ) 5.50 (25) 76.9 (26)
PRSU = (15) 6.23 (15) 42.9 (14)
ST — (14) 6.45 (14) 91.7 (12)
= 7-a4 (&) 6.28 4) 100.0 (6)
PADO
8.82 ©) 6.00 ©) 77.8 ®
MEUR = Melanerpes quratus, §ila woodpecker; MIWH =
PRSU = Progne subis,

ed flycatcher,

a
COAU = Colaptes auratus, northern flicker;
domesticus, house §

Micra:henetwhimeyi. elf owl; MYCI = Myiarchus cine
purple martin; STVU = Sturnus vulgaris, European starl

rascens, ash-throat
parrow.

ing; PADO = Passer
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INTRODUCI'ION .
Rapid urban developfnent in Tucson and Pima
County led Saguaro National Mgmument (SNM) to
Jace the measurement of human impacts high on the
priority list. In 1983, funds became availab}e for a
biological and sociological s.ludy of _human impacts.
We reported on the sociologfcal portion of the study
in 1985 (Shand and Underhill 1985). In that report,
we pointed out that the results of ti}e sociological
study must be “closely tied to the biological study
since many, perhaps most, measurements qf human
impacts are [involve] biological populations and
associations.” One of the frustrating aspects of .Lhc
1983 studies was the lack of quantitative baseline
data on SNM resources or its visitors. Results of the
biological phase of the human impact study have not
yet been published. _ .

The 1985 report covered three qucsugnnzurc sur-
veys of monument users: a survey of visitors from 1
September 1983 through 31 August 1984; a survey
of homeowners living within 2 mi of monument
boundaries; and a survey of 13 organizations that use

the monument for group activities. These surveys
provided information about where visitor impacts
occurred, but did not measure past impacts or how
the monument may or may not have changed as a
result of visitor activities. The surveys provided a
baseline for future comparisons and documented who
the visitor was demographically according to season,
point of origin, activity participated in while at the
monument, number of visits, satisfaction level, and
opinions as to certain management options. The neigh-
bor survey explored some of the same factors and
measured the ways in which nearby residents related
to SNM. Impacts of organized groups are small, but
again, information about them was recorded. We
attempted to analyze results in a manner that would
make them most useful to planners and managers.

METHODS

Development of viable management plans to mini-
mize visitor impacts while accommodating visitor
demands requires accurate information beyond
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mo s
useﬂsﬂl:lr{ef;gdczt:]a;f;aldws:lau'on ﬁgqres. The visitor-
following objectjves:e a5 part of this study had the
1. ;zsztd:mfgn :_{hc Iypc§ of rgcrcational activities
T req CNtly participated in by visitors;
ctcr.m_lnc the areas of the monument where
these .:1ctmties occur and the level of use;
; 1’1:(()) ZS[[Ima[": the level of visitor satisfaction;
. . ciermine how uses by local residents differ
rom lhose of non-local Arizona residents, out-of-
statfa visilors, and visitors from foreign countries;
5. 'I_‘o identify changes, if any, that visitors woul.d
like to see in National Park Service (NPS) man-
agement and interpretive programs; and
6. To assess differences in visitor uses in different
sc.asons and between eastern (Rincon Mountain
D‘lstr'ict-RMD) and western (Tuscon Mountain
District-TMD) districts of the monument.

W

Visitor-use, Neighborhood
and Organizational Surveys

Beginning in September 1983, an “exit/mailback”
survey was distributed to visitors by SNM staff and
NPS volunteers. This survey was conducted through
August 1984. A one-year sampling period was cho-
sen to determine seasonal variations of recreational
use and to obtain a representative sample of monu-
ment users. A total of 4,371 questionnaires was dis-
tributed at the two districts (2,518 at RMD and 1,853
at TMD). This represented 1% of the estimated total
visitation for 1981, the most recent figures available
when the study commenced. The number of ques-
tionnaires distributed at each district during a given
season was based upon 1981 monthly visitation fig-
ures provided by monument staff.

The survey questionaires were designed in cooper-
ation with monument staff, and patterned after the
Master Park Service Visitor Survey Form approved
by the Office of Management and Budget (No. 10-
24-0036). Copies of these questionaires appear in
Shand and Underhill (1985).

During May and early June 1984, a second survey
was conducted among Tucson residents living within
2 mi of monument boundaries. In addition to meeting
the objectives outlined above, this neighborhood sur-
vey was designed to (1) gain better information on
equestrian use of monument lands by its neighbors,

(2) determine the number of hOUS‘fho_lds Owning
pets—important because of the pt_)tcnuaj lmpacllslrﬂ_y
dogs and cats may have on wildlife, (3) determine if
public access and usc have had any adverse effects
on the privacy or property of neighbors, and (4) scek
opinions on how the NPS should ap;_)roach local
issues such as commuter traffic along Picture Rocks
Road at TMD and public access 10 ialivnn Hanger

i RMD. i
St?I;(::nsitrvcy questionaire for monument neighbors
ral visitor-use survey and

r the gene . .
was pattemed afte g mf <ame questions. This was

gsg;ﬂ;l;egj; E::r:){n;aﬁsons could be made between
visitors and neighbors. Thf: survey was com:;c;;d
using the procedures prescribed by D!Hmzll{'l ej 78).
The Pima County Assessor’s Ofﬁce_supp i - com-
puter printouts of all owner-occupied rc:}srldenccs
within 2 mi of each district (1,910 households). A
10% random sample was drawn from each pnmo.u['
which produced a list of 184 households—115 adja-
cent to RMD, and 69 adjacent to Tr'l\udnl;)edsz;:i;; 3;253

i i i were re .
191 questionnaires mailed Lo e

le. The overall response ra
;ﬁ; The high response rate is undoubtedly due to

our being able to follow-up on Lhos_c who initially
failed to respond by mailing out reminder cards.and
additional questionnaires. Copies of Lhege question-
naires may be found in Shand and Underhill (1985).
A third visitor survey was mailed to local orga-
nized groups identified by the NPS as being regular
users of the monument. A list of these groups along
with the two-page questionnaire can also be found in
Shand and Underhill (1985). This survey was
designed to meet most of the same objectives as the

other two. Of the 13 groups sent the questionnaire,
10 (77%) responded.

Data Analysis
All statistical analyses were performed with the

SYSTAT program for microcomputers (Wilkinson
1984). Descriptive statistics (absolute frequencies,
relative frequency percentages, means, and standard
deviations) were used to summarize data and aid
comparisons. Open-ended questions eliciting more
than one response were analyzed manually to obtain
response frequencies. Additionally, Chi-square anal-
ysis was used to determine if significant differences
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isted a,;}orﬁidc nce (local vs. non-local visitors),
arcd

RESULTESe Survey )
jtor- down of visitor activities participated jp o
onument district (RMD and TMD) ang by
is pmsentcd in Table 1. At !:)om districts, the
 equent activities were (1) enjoy the desery, #))
most frzgic drive, (3) visit information center, (4)
‘%kc scalk. (5) study plants, and (6) O_bScrve animals,
; jow participation in ranger-guided walks wag
e 0l due to infrequent scheduling because of
roballi) r:’l tations. Joggers and bikers were not age.
ely sampled since they usually operated early or
ql:z iny the day, when few questionnaires were dis.
la
uibufﬂ‘:;l ost activities the level of satisfaction wag
EF Ofme only activity showing a fairly high leve] of
ndent dissatisfaction was viewing animals,
rt’,spobl because most Vvisitors arrive after midmom.
.“’b:,hgn most mammals are inactive. Only 37 of
|ng2 9 respondents (3.6%) had this complaint.
1, visitor Satisfaction.—In order to gain more insight
o the level of visitor satisfaction, the visitor-use
i asked two open-ended questions. Respon-
suwez;:ere asked to indicate “how monument facili-
o ould be improved to increase access to and
oS ent of the monument.” Respondents were also
enioy‘;mfor “additional opinions you would like to
;fmcg to the attention of the park management. Were
there aspects of your trip U}at were especially satisfy-
ing or disappointing which managers should be
ware of?” The majority of respondents to the survey
: ared to make no distinction between these two
apzﬁons. Most offered the same comment or sug-
g:sljon when answering both questions. 'Ihere.forc.
the answers to both questions have_ been combined,
with duplicate answers from any single respondent
eliminated. A total of 2,188 comments was tallied
(1,381 from RMD and 807 from TMD). Of the total,
1,213 (55%) were general comments favor?ble to the
monument, its facilities, or the NPS. I:‘l.fty-scv.cn
(3%) of the comments were generally critical. Nine
hundred seventy-five (45%) of the comments offered
specific suggestions on how the monument or its

facilities could be improved.

se

by Visitors N
] e’
8hbors, ang Organizeq CGroups 703
espondents based on season of the yqy
i

e

Better marking of trajls
. Trail Mmaintenance needed;
More visitor drinking facilities;
More hiking trails; and '
Road maintenance needed,

PN AW

(The Suggested improvements listed above were also
menugnct‘i repeatedly in earlier Superintendent’s or
Custodian’s monthly reports.)

Respondents at both the RMD and TMD were

six (1,076) RMD respondents and 779 TMD respon-
dents answereg this question. Of the 813 respondents
_fmm.RMD With an opinion, 79% (644) favored des.
1gnaung some trails for hikers only, and 21% (169)
faviored allowing horses and hikers 1o use the same
trails. Of the 546 TMD respondents with an opinion,
81% (441) favored designating some trails for hikers
only and 19% (105) favored allowing horses and hik-
€rs 10 use the same trails.

Socia-Demographics.——Socio-demographic char-
acteristics of visitors to both districts by season are
shown in Tables 2 and 3. Party size and group affilia-
tion are similar to most park or recreation surveys.
The higher percentage of winter and spring visitors
>50 years old reflects the “snowbird” population in
southern Arizona, but any interpretation of age com-
position should recognize that visitors under 18 were
not adequately sampled. Mode of arrival certainly
points out America's love of the automobile.

The large percentage of visitors from the Tucson
area, 45% of the RMD respondents and 32% of those
at TMD, reflects SNM’s proximity to a large
metropolitan area. The percentage of local visitors is
far higher than the percentage of local visitors at
most NPS units. Approximately 60% of the visitors
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Surveye

revcal}(l:d dmv;::rc from out of State. The survey also

E s ut:v:n though the monument ig adjacent

those Surveyed wi?ﬁgg'pcolp i <

\ INg for the first (i
i TC Visitis ITSt time,

i i_ ﬁéoz‘mtam District versus Tucson Mountain

5 ISItOrs 1o the two districts of the monu-

;!:5 d(;’csp{;;;z;Ak; b:::cmc dr_ive, visit information center,
line with traziilionarl"r ‘;Pa";”“gls,'and hike/walk) are in
10 parks should do, Th, thinking as to what visitors
NPS units. There & same cannot be said for all
NPS 10 ex ‘andearlel 1$ a real opportunity here for the

Area opr . & Inierpretive programs.

Sitor Origin.—Area of origin also pro-
duced some significant differences in visitor activi-
I!e§ and attitudes. As has been pointed out, local
residents are the largest single user-group. This holds
true for both districts throughout the entire year. At
RMD, the proportion of local use ranges from a low
of 41% in spring to a high of 55% in fall. At TMD,
local use ranges from a low of 26% in summer to a
high of 37% in fall.

The visitor-use survey indicated some significant
differences in activities by local residents as com-
pared with other monument visitors. In terms of
activities participated in, the survey showed the fol-
lowing differences:

1. Only 29% of local residents photograph or
sketch during their visits, whereas 55 to 94% of
other monument visitors participate in these
activities.

2. Only 43% of local residents study plants during
their visits; 59 to 81% of other visitors enjoy this
activity.

3. Visiting the monument for driving/sightsceing is
a popular activity among 88% of out-of-state
visitors, but only 54% of local visitors come to
participate in this activity.

4. As would be expected, local residents are more
likely to bicycle (12%) than other monument

visitors (0-5%).

cipated in more fre-
by out-of-state visi-
dents (24%), and
ore frequent-

5. Although picnicking is parti
quently by locals (21%) than
tors (12-18%), Arizona res!
foreign visitors (42%) participat¢ ™
ly than locals. _ .

6. Byackpackers at RMD are m(?rc Inl;cl); 1lom2?d?:1;

zona residents (13%) than either loc

sitors (0-5%).
(9%) or out-of-state vnsggnm visit the monument

S1
h i?l?(l));r::znogsiarlsr\imc 62 to 94% of all other
isi ilities. '
8 \I;;;:o;fkﬁeg ﬂgf‘iﬁlﬁﬂmcm backcox'n:.‘tgy .Lr'a;‘;;; [1)s
- more popular among IOCI-ll.S (RMllg.-ctO%;' .
47%) than among other visitors .( (29_9”) i
9. Locals (28%) and Arizona residents aocccm
: more in favor of increased backcoﬁ{:zy r 58
than out-of-statc Visitors (7-16%). la % 11;2 gc::}
of locals had no opinion, while an b g
19% of remaining visitors.had no oplir_u £
10. Locals (27%) are morg];:lvfziv‘g:sczsj)é%) ing
0 .
g:c];lll;n ?2: %(;uar;;h inﬁzona residents (43%) are
more in favor of regaining af:c'ess to Madrona
Ranger Station than other visitors (14-25%).
This is not a well-known problem; 48% of locals
had no opinion and up to 78% of non-locals were

in this category.

11.

One final note concerning the difference iI:l use by
local residents and other monument visitors,
Although local residents made up the largcs;t user-
group, over half of all respondents (51-58%) indicat-
ed that this was their first visit in the last five years.
This is important for NPS management to keep in
mind when planning and advertising interpretive pro-
grams, and in providing adequate directions to and
from both districts of the monument.

Survey of Monument Neighbors

A questionnaire was mailed to 191 randomly select-
ed houscholds of the 1,910 reported by the Pima
County assessor to reside within 2 mi of the monu-
ment (119 for RMD and 72 for TMD). Eighty-one
percent (81%) responded. Copies of the questionnaire
and responses were published in Shand and Underhill
(1985). About two-thirds of respondents favored
maintaining current access to the monument. A much
higher percentage of neighbors favored hikers and
horseback riders using the same trails than did visitors
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g). In fact, TMD neighbors were
 45% sf.avor of combined use. Answering the
(2:1 i w the monument affcctcd their prop-
moS hQ cv, only four neighbors at RMD
Ve m};otted any problems. Ninety-six
wo & g that they were not adversely affect-
ey of neighbors reported seeing stray
ot 45% 4t 85% reported having dogs or cats
cats. tﬁ reparing mF q}xcsliqnnaire. we
£ their wnﬁ\cfc was litile point in asking whether
?wci ded u}at s were allowed to run at large.
their ! expectﬂd' neighbors biked, jogged,
AS might . horses on the monument more than
(ikeds sblic. Faifly high use of the monument
eral pu® ding neighbors was reported. Howev-
bath-t:’: cample was small and covered the
o ausc ing season, the level of ll’i;-)s.rcponed
p‘eas?‘b:pused with caution in determining year-
shoul

use- t neighbors, Tucson resi-
round from monument -
esponses

other visitors were compared on certain

irty-nine percent of neighbors favored
jons. TR oS compared with 28% for Tuc-
b?dwu:n?zs% for others. Among neighbors of
resider™ f those who had an opinion favored
He oss at Madrona Ranger Station; 80% of
a::::ms and 70% of other visitors were also
Tugson 13 {he Picture Rocks Road question, 61% of
g > hpors favored not widening the road,
TMD'S n‘;i%f both other groups favored leaving the
while 90 opinions of TMD's neighbors concem-
- to the monument at night contrasted sharply
ing 80CE° " esidents and other visitors. Sixty-nine
e “csfoTMD neighbors favored maintaining night
pcmem“? ile only 31% of Tucson residents and 41%
ﬁa visitors held this opinion.

CONCLUSIONS AND MANAGEMENT
RECOMMENDATIONS o
In the 1985 report, we drt;w some conclusions al

:ont recommendations that are of special
l.nade et‘ gsix years later. The survey revealed that
mlerei half of monument visitors were Tucsonans
i‘Talnnfio;redicledl that visitation would increase as T'uc-

rew. That has happened. Increased con}hcts
;‘::[:wien bikers, joggers, and motorists along Picture
Rocks Road and Cactus Forest Loop Drive were p_r;,-
dicted. That has also occurred, including a bike

fatality on the 1ae
r. e
1985 conclusions: To paraphrase briefly from the

The visitor-

country facilj

Use survey indicated that back-
dents, and re

:%s are mostly used by local resi-
ldential development adj

: jacent to
monument boundaries will produce an increase

N cquestrian use of backcountry trails. Higher

levels of use by locals and equestrians will
mean accelerated damage to trails and camp-
sites.

As monument use increases s0 will the
demand and need for more interpretation. Over
i.lalf of the visitors are first-time visitors, and
Interpretation is especially important 1o their
tnjoyment and understanding of monument
Tesources. Since the majority of recreational
impacts will be restricted to areas immediately
adjacent to monument roads, picnic areas,
campsites and trails, the single management
tool that will most alleviate recreational impacts
is resource interpretation. At present, many vis-

itors do not take advantage of the information
currently provided.

The eight recommendations were:

1. Close Cactus Forest Loop Drive (RMD) to motor
traffic and install a tram system. This has not been

implemented.

. Construct a new commuter route to replace Picture
Rocks Road (TMD) or make it a scenic parkway

through the monument with a reduced speed limit.

County plans call for a new road, and the SNM

General Management Plan calls for closing Picture

Rocks Road when that is done. Ample time is like-

ly available to make Picture Rocks Road a scenic

parkway before the new road materializes.

Improve the design of Mica View Picnic Area

(RMD). Status is unknown.

Establish an aggressive trail maintenance pro-

gram. This is currently being done.

. Expand present interpretive facilities and pro-
grams. This is being done to the extent possible

given budget constraints.

Move Tanque Verde Trail trailhead (RMD). Status

is unknown.

7. Periodic surveys of monument visitors. It would

appear that the time is ripe for an updated survey.

6.
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8. The NP
b S;t)r t:susl take a greater part in community
iy A ent Superintendent Bill Paleck h
hy ry definitely done this, -
wcrco:tcgi::ﬁ: pr']lzgicmns that we made six years ago
i bord. ¢ recent developments along the
fhe, Mo cr of SNM deserve mention. Recently,
Sinatanes unty Board of Supervisors approved a
s is[:a tz:)ld plan for the Rocking K Ranch. The
principa]gd one as fe-u' as SNM is concemed. The
nulomobilemw'l[)'a“ is increased air pollution from
Safier o s.mhc plan calls for a 300-ft natural
riparian lang alc SNI\_& boundary, protection of all
et s along Rincon Creek and its monument
et §, access to Madrona Ranger Station,
a0 u:mor’m to the monument, and a num-
bl rhenvnml_zmcmal actions including a fund-
Instilutc)a_rc and interpretive institute (Rincon
m;lr'litlci:sol:ly thing more encouraging for the monu-
¢ recent passage of legislation that will add

L ———

the Rincon Creek portion of the Rocking K property
to the RMD. This bill recently passed Congress and

was signed into law by the president in June 1991 ¥
llow-up survey of visitors

The time is ripe for a follow-Uk < :
and neighbors 1O examine activities and sat.ts.fachon
levels. Only then can management measure 1is suc-

ingful manage-

cesses and failures and develop mean

ment objectives.
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Table 1. Percent visitors participating i iviti istri
: ’ paung in activities by season at each district of Saguaro National Monument. A co ist Vi
ties mentioned by respondents as “other” is given by Shand and Underhill (1985). G P S

Rincon Mountain District Tucson Mountain District
Seasons* Seasons*

¥ Fall Winter  Spring Summer  Total Fall Winter Spring Summer Total
Activity n=186 n=374 n=447 n=168 n=1175 n=172 n=277 n=317 n=46 n=812
Photograph/sketch 46 43 49 55 47 50 53 56 63 54
Hike/walk 55 59 54 55 56 60 73 66 61 67
Study plants 51 54 54 58 54 64 64 67 72 66
Observe animals 52 47 57 64 54 45 47 52 43 48
Ranger-guided walk 2 2 4 2 3 3 3 2 0 2
Take scenic drive 53 71 76 81 71 70 73 79 78 75
Bicycle 10 6 6 1 1 0 1
Jog/run 4 2 4 3 0 1 1 0 1
Picnic 15 18 21 13 18 20 27 26 24
Backpack/camp 10 4 5 5 6 3 2 2 2 2
Visit info. center 55 66 69 i | 66 67 72 65 96 70
Enjoy the desert 81 84 82 88 83 89 87 %0 93 89
Other 6 5 7 8 6 8 4 4 4 5

*Fall = Sep-Nov, winter = Dec-Feb, spring = Mar-May, summer = Jun-Aug.

SI0quBRN ‘sioysip Aq asn [eUOPEI.DIY JuaWNUOW [PUOCHEN aumneis

L0Z sdnomn pazjueSio pue ¢
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e,

.« . 1 i i i 1 a i
Table 2. Socio-demographic characteristics of visitors to the Rincon Mountain District, Saguaro Nationg)

Monument.
Season®
e ——
Fall Winter Spring Summer Total
% Y% % % %
b : ot =1
Afgc(;f origin (n= 1170) ” 23 41 43 45
Rest of Arizona 4 2 4 7 3
Califomnia 3 7 7 ; 8
Northwest 5 5 4 - "
Southwest 5 7 5 5
North Central 5 13 1 7 10
Central 2 3 5 3 4
East of Mississippi 15 19 23 22 20
Foreign country 6 2 1 4 g
®Age in years (n = 1158
gHSy ( ) " 3 g 5 5
19-35 42 24 23 42 29
36-50 18 18 21 33 21
S50 37 54 56 21 48
How arrived (n = 1173)
Walk 0 1 1 0 1
Bicycle 7 5 2 6 4
Car/truck/van 88 91 94 90 01
Motorhome 2 3 2 1 )
Other 3 1 2 3 2
Group affiliation (n = 1174)
Came alone 20 12 11 14 13
Family 45 59 52 55 54
Friends 24 20 22 21 21
Co-workers 1 0 2 1 1
Family/co-workers 0 0 0 0 0
Friends/co-workers 1 0 0 2 1
Family/friends 6 8 10 7 8
Organized group 4 1 3 1 2
Number in party (n = 1145)
17 10 11 13 12
2 43 50 46 41 46
3 11 14 14 14 14
4 15 14 18 18 16
5 5 6 3 7 6
26 7 7 5 8 7

*Fall = Sep-Nov, winter = Dec
*Chi-square analysis indicates

-Feb, spring = Mar-May, summer = Jun-Aug.

a significant difference among seasons

ata 0.95 level of confidence.



; Soc,o-dcmographlc characteristics of visitors to the Tucson
:;;::nfcnt Mountain District Saguaro Nationg]
SHPE L 3. .
= — eason'
r -
% % Sp;:) ng Sur;mcr Total
0
varea of origin (n=807) - ¥
i 12 v 30 26 1
Rest of Arizona 6 3 g
California 6 10 8 ; 6
NOnhWCS{ 2 4 7 p 8
Southwest 5 9 6 x 3
3 20 12
Central 2 ol s 1 3 13
East of Mississippl 22 22 2 5 3
; 22
Foreign country 5 3 8 4 p
bage in years (n = 799)

1-18 1 0 1 2 i
19-35 39 22 27 20 %
36-50 22 23 19 37 ”

>50 39 55 53 30 49

How aﬂ‘i\"ed (n - 808)
BiC)’CIe 0 1 0 0 0
Carftruck/van 97 95 95 95 96
Motorhome 3 3 3 4 3
Other 1 1 0 1
Group affiliation (7 = 810)
Came alone 16 9 10 0 10
Friends 52 54 57 80 56
Co-workers 3 1 0 0 I
Family/co-workers 1 0 1 0 1
Friends/co-workers 0 0 1 2 0
Family/friends 9 9 7 7 8
Organized group 1 4 1 0 2
Number in party (n = 809)
1 16 9 7 0 9
2 54 49 49 50 51
3 11 9 13 9 11
4 12 20 18 22 18
5 4 5 4 4 5
>6 3 8 8 6 7

'Fall = Sep-Nov, winter = Dec-Feb, spring = Mar-May, summer = Jun-Aug,.

*Chi-square analysis indicates a significant difference among scasons at a 0.95 level of confidence.
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ABSTRACT

(he past 10 years, we have studied the ozone gen

" sitivity of tremp;
1e5) populations throughout the United States. Our results suggesy  sig

5 of natural selection is occurring through loss of ozone.-
stag

. sensitive genotypes from i
ol ambient 0zone concentrations. Thus, subtle intraspec o oo
elc

ring due to 0zone stress.

ific diversity changes may be occur-

F— )
ODUCTION _ ~ OVERVIEW OF NPS STUDIES
INgjone s one of the most important regional air ~ Multiple Species Studies

i America (Bamard et al., in press).

uum£el: :(:?n?ated to cause crop loss of about
: pillion dollars per year in the United States
it dams et al. 1988). While comparable esti-
o not yet available for forest trees, it is
oim ax;fat ozone can reduce growth (Wang et al.
oo ), increase mortality (Kamosky 1980), affect
l%()a'bcttion (Benoit et al. 1983), and impact com-
1.epﬁ?(mg,u-ucmr&z (Miller 1973). '
mum{yroximately 10 years ago, we hypothesized that

Appwas negatively affecting the gene pool of for-
. cies in some regions of the United States.
cSI-[mus\‘i)se hypothesis, we initiated a series of studies
- tes;; are the ozone sensitivity of tree populations
}o ::1) l\gtional park Service (NPS) lands across the
J(r)med States, including those fmm- Saguaro Natllona}
Monument. In this paper, we m\flew.thc. results o
ihis research, speculate about the implications of our
findings, and discuss remaining research needs.

Berrang et al. (19864) tested the relative ozone tol-
erances of randomly selected clones of four tree
species from NPS areas in the eastemn and midwest-
em United States'. Species were selected to represent
a range of sensitivity to ozone. Trembling aspen
(Populus tremuloides) was the most ozone-sensitive,
followed by black cherry (Prunus serotina Ehrh.)
and red maple (Acer rubrum L.). Flowering dogwood
(Cornus florida L.) was the most tolerant. For both
trembling aspen and red maple, a significant negative
correlation was found between the mean population
response to ozone (as determined in controlled fumi-
gations) and the average annual ozone concentration
where the populations originated. For both of these
species, the percentage of leaves injured and the
average leaf area injured were nearly twice as great
for the most sensitive populations as for the most tol-
erant one. For aspen, trees from Cuyahoga Valley
National Recreation Area were more tolerant than

Shenandoah (Va.), Great Smokey Mountains (N.C.~Tenn.) and Acadia (Me.) national parks; Delaware Water Gap National
IEastern: Shenando: :

Recreation Area (Pa.-N.J.); Saratoga National Historical Park (N

.Y.). Midwestern: Cuyahoga Valley National Recreation Area (Oh.);

y (l'[ . p I“d-l o al lﬂk hOXBS.
VO ageurs (Mulﬂ.) E"d Islc Ro ale “Ch ) "auona] mkSQ ana DUHCS (l“d ) Nld SIeeP\ng Bw D’uncs (MlCh.) nauon CS.
Y g
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those from Voyageurs and Isle Royale naﬁgnrzlllalp;l:sﬂ(-'
For red maple, trees from Shenandoah.NauX B
Cuyahoga Valley National Eecreauon - m g
Great Smokey Mountains Nauonal.Park wi e
tolerant than those from Acadia National Par e o
results support our hypothesis that nat.ural se cn .
for ozone tolerance is occurring in relatively poliu
parks.

n Studies i

Asi?titd Trials.—Our initial results with '3SPF“
(Berrang et al. 1986b) followed our hypothesis \jﬂlh
regard (o air pollution-induced natural selection.
However, results were based on short-term fumiga-
tion to induce acute injury, and on a small number of
populations that were very widely separated geo(;
graphically. Therefore, we subsequently ‘conducte
additional aspen studies. First, we esmpllqud field
trials to compare growth and visible foliar injury by
ozone in two locations (southern New York and
southern Michigan) where elevated ambient 0zone
occurs. At least fivefold differences in visible foh:cu'
injury were measured among population means in
each planting, and the means were negatively corre-
lated with ozone concentrations for each arca
(Berrang et al. 1989). The relative sensitivity r.an?
ings among populations and among clones wxitlun
populations agreed closely with rankings derived
from the acute fumigation experiments. Unfortunate-
ly, survival in these plantations has been poor so that
meaningful growth information is not available from
them.

Nationwide Studies—Berrang et al. (1991) exam-
ined the relative ozone tolerances of 15 aspen popula-
tions from NPS lands across the United States®.
Differences among populations were statistically sig-
nificant (P = 0.05), with the most tolerant populations
from the West Coast, Northeast and industrialized
portions of the Great Lakes. Populations sampled
from areas that have failed to achieve the national
ambient air quality standard for ozone (0.12 ppm for
1 hr) were significantly more tolerant than popula-

tions from areas that achieved the standard. As with
the original study, there was a significant negative
correlation between the amount of visible foliar injury

d James
David F. Karnosky, paul C. Berrang. and J

p. Bennett

nd maximum daily ozone averages at localitieg
E\‘when: the populations were collc:cwd,1 _—
ted a significant corre ation between
- det? c;n'ury after ozone fumigation and twg
an.loun.t ° ri;bles (annua]. precipitation and minj-
e rature) on a nationwide basis. However,
ik ‘f"-'gf,ship between visible ozone injury and
= l_e auozone concentration was still significant
ot ring out the climatic effects. Thus, this
il rted our hypothesis that ambient levels of
Zt:ggcslgs;’ be eliminating ozone-sensitive clones
from natural populations of aspen. : _
Growth Stud:‘es.——Verylhulc information exists
regarding growth comparisons of ozone-sensitive
and tolerant trees in clean air as compared to ozone-
added air. Recently, Kamosky and Scholz (in press)
compared the growth of 18' ozone-sensitive and 18
ozone-tolerant aspen clones in season-long exposures
1o 80 ppb ozone for six hours per day, three days per
week. No significant ozone-induced growth reduc-
tions were detected for the tolerant clones. However,
ozone-induced reductions of 46%, 34%, an(.j 37%
were found for stem, retained leaf, and root biomass
itive clones.
forl:lh;:;%l‘s t;lle senior author established a small field
trial of ozone-sensitive and ozone-tolerant aspen
clones in southern New York. After 10 years, the two
ozone-sensitive clones were about one-half the
height of the ozone-tolerant clone (Berrang et al.
1989). No significant differences were seen in the
height growth of these clones when they were grown

in charcoal-filtered (ozone-free) air (Wang et al.
1986a).

MANAGEMENT IMPLICATIONS

Our studies suggest that subtle population changes
may be occurring in ozone-sensitive forest-tree
species. These changes are not readily detectable, as
stocking levels and stand appearance may be identi-
cal with or without air pollution stress (Barnard et al.,
in press). However, a number of implications exist.
Probably the most important is that biodiversity may
be reduced as sensitive genotypes are eliminated. If
50, remaining populations may have a reduced poten-
tial for adapting to future changes such as global

“In addition to those areas mentioned previously, sites included Saguaro National Monument (Ariz.); Yosemite (Calif.), Sequoia-Kings
Canyon (Calif.), Rocky Mountain (Colo.), Yellowstone (Mont.-Wyo.) and Glacier (Mont.) national parks; Mount Rushmore National
Memorial (S.D.).
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warming- A second important implica.tio_n is that
R e alleles may be permanently eliminated as
. sitive genotypes are lost. If these two phenomena
§ occurring, TESOUrCe MAanagers must be concerned
::Jut the conservation of adaptability in forest-tree
opulations under ozone stress, and strategics to
facilitate this conservation effort must be developed.

Studies Needed ;

A number of qucstfons remain regarding our
hypothCSis that ozone-induced natural selection is
occurring in forest trees. To da_le. our research is
nighly correlative in nature. That is, we have correla-
tions of ozone tolerances with ozone concentrations
at various sites. However, these correlations could
also result from other factors. Four types of studies to
further test our hypothesis are suggested.

1. Reciprocal plantations of ozone-sensitive and tol-
erant aspen clones under similar climatic condi-
tions but under high versus low ozone loading
would be useful in comparing long-term effects of
ozone on growth.

2. A study to compare genetic variation from high
and low ambient ozone areas is needed, as our
studies have not included enough individuals per
population to make meaningful comparisons. If
ozone is eliminating a portion of the population,
one would expect variability may be decreased in
the residual populations. In this regard, more
intensive sampling from a small number of popu-
Jations along a steep ozone gradient would enable
us to compare variability in ozone responses and

to minimize variability created by environmental
factors.

3. Studies are needed to quantify the effects of ozone
stress on competition between ozone-sensitive
and tolerant genotypes. Particularly interesting
would be a comparison of survival between
ozone-sensitive and tolerant clones with and with-
out ozone exposure. Also interesting would be the

time course of competition events. For instance,
how soon do ozone-sensitive aspen trees die out
of populations as they are being outgrown by
neighboring trees? Do the roots die as quickly as
the tops, or do they stay alive for a long time after
the stem dies back?

. Studies are needed to see if we can detect popula-
tion differences by means other than ozone fumi-

gations. For example, isozyme or RFLP analysis
could be used to examine variability in natural
populations under varying ozone stress levels.
Variability in populations could be examined as
well as heterozygosity levels and frequency of
rare alleles.

CONCLUSIONS

Our studies with trembling aspen and red maple
clones collected from NPS lands suggest that ozone
may be causing subtle population changes that could
eventually cause reduced adaptability and/or gene
loss. However, a number of research questions still
remain to be addressed before policy regulators will
be convinced that our hypothesis has been proven
beyond a reasonable doubt.
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{hat warrant consideration are also mentioned.
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ABSTRACT

§aguaro cactus (Carnegiea gigantea) in the monum

INTRODUCTION .

Saguaro National Monument (SNM) is one of 158
dass 1 areas in the United States. Federal legislation
mandates that resources in class I areas (often wilder-
ness areas) are to receive the highest protection from
air pollution. It 18 reasonable to ask if we really need
1o be concerned with air quality in all class I areas or
even at SNM in particular. However, it is important
10 note that although the entire United States was
essentially wilderness less than three centuries ago,
few pristine areas remain today. Consequently, it is
essential to preserve class I areas to allow natural
processes 10 proceed with as little human influence
as possible.

Air pollutants that are of concern to the National
Park Service (NPS) come from point sources and
regional sources, and are classified by the origin of
the pollutant and the neamness of the NPS unit to the
pollutant source. Point sources, such as smelters,
power plants, and aluminum reduction facilities, are
a concem if they are located near NPS units. Point
sources emit primary pollutants such as sulfur oxides
(80,), nitrogen oxides (NO,), toxic metals, fluorides,
and a suite of organic and inorganic compounds.
Areas near point sources can become contaminated
for many decades with toxic metals (Lepp 1981a,b).

Regional pollutants, like smog, sometimes come
from sources distant from NPS units and consequent-
ly are a concern for many NPS areas. These pollu-
tants are mostly emitted from automobiles and
various urban sources but can also originate from
multiple point sources. Regional air pollutant masses
often contain primary pollutants such as SO, and
NO;, and organic and inorganic compounds; they
also contain secondary pollutants that are a result of
chemical transformation in the atmosphere, such as
ozone (04).

Plants are generally more sensitive to air pollution
than animals (Treshow and Anderson 1989). Plants
use the power of sunlight during photosynthesis to
remove carbon dioxide (CO,) from the air and make
sugars, which all animals, including humans, con-
sume. Pollutants can disrupt this basic life process by
damaging cells of sensitive plant species (Smith
1990). Gaseous pollutants injure sensitive plants by
entering leaves during normal gas exchange process-
es. If injuries to internal leaf systems are severe, they
are manifested on leaf surfaces as different patterns of
foliar discoloration. Specific pollutants can cause
very distinctive patterns that can be used to diagnose
the extent and severity of injury (Jacobsen and Hill
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1 yo s e e o
lnizgis :gs:lsxg:ic foliar lI'I_ILiI'}’. is severe, other
reduced retention oracc§le11‘amq ook bt
growth 6F corge r;ccd €s in conifers, rcdu‘ced
O b s ogts, reduced reproduction,
i - 10 predators and pathogens, and
e sed mortality (Treshow and Anderson 1989;
ngt‘?cclc?ig)‘i :_ur pollutants can also affect animals

jured plants. Sugars and amino acids
produced in plant leaves may be changed by pollu-
tants, thus altering their nutritional value (Bedford
1986).

Pl_ams in ecosystems that are in the process of suc-
cessional transition may be more vulnerable to air
pollution than plants in more stable life stages of the
same ccosystem (Stolte 1982). For example, a cha-
parral plant community recovering from a fire pro-
duces many seedlings and resprouts with different
leaf structure than plants in older, more decadent
chaparral stands. Young, rapidly growing plants with
succulent tissue appear to be more vulnerable to pol-
lution than older plants with more sclerophyllous
(tough) tissue. Air pollutants may differentially affect
species of plants growing after a fire and alter the
natural processes of community regeneration. Since
fire is a natural component of both the montane aqd
desert ecosystems of SNM, the potential exists for a_lr
pollutants to alter natural successional processes in

the monument.

BIOLOGICAL EFFECTS
OF AIR POLLUTANTS

Ozone _
In the western United States, ponderosa (Pinus

ponderosa) and Jeffrey (P. Jeffreyi) pines arc known
to be especially sensitive to O3 (Miller et al. 1963).
Ozone injures these species by destroying chloro-
phyll, accelerating needle aging, and causing lower
retention of needle whorls. The result is death of
lower tree branches and crown thinning that can lead
to reduced growth or tree death. These symptoms
have been documented on ponderosa pines in the
Rincon Mountains (Duriscoe 1987, 1989). Some
trees have little foliage remaining, while others in
proximity show little damage and are apparently
more tolerant because of genetics, microclimate, or
both. Ozone may be upsetting the normal competi-
tive processes of natural selection in this pine forest
(Scholz et al. 1989).

. hically extensive
o St e T o
lt'c al parks, and SNM Wt it i d'or -
f‘l«'i‘ 1on. P 'Dun-scoc 1990). The survey indicated
injury in 1986 ( quoia, 29% of those in

i in S¢€ s
tyr'm[ 3?[% :nf;ipll;]g; ;?SNM pines had been injured
osemile,

0, from 1987-1989
X X Sures of !
by Oa. Cumulfi“"]'ci:i g(;quoia as cgmparcd with
were very Nig much lower. It is reasonable to
Yosemite, w-l;hmc relatively low cumulative O expo-
assume that 1 . to increase, damage to the pines

nt will also increase. Recent growth
e ntral and southermn Arizona

- in ce
studies of COﬂ’:ﬁ;s plonderosa pines and Douglas-firs

indicate that M -if) in SNM are not growing as
(Psemuuff;g";eﬁ;fr‘::?c, and previous (pre-industri-
;;:ll ;aj\:rh;lmws'wou} d suggest (Graybill and Roge
g
1989). lative O3 exposures in
of cumu 3
Scasonaghlz:;:g::e;zcd by relatively high O; expo-
SNM ariurring in spring and early summer months
surcsmt';c injure sensitive shrubs such as squawbush
(Rhus trilobata) (Temple 1985). High Os levels in
July 1990 may have been rcspf)nmble f‘or the foliar
. ey found on squawbush 1n the air pollution
Ljury at SNM in August 1990

iomonitoring garden at S :
?sl:guam Natl. Monument, Div. of Sci. and Resour.
Manage., unpubl. data). At SNM, high Oj; levels

sometimes occur during spring months when wild-
flowers are completing their short growth and repro-
duction cycles. Some species of desert annuals have
been shown to be very vulnerable to Os; (Thompson

et al. 1984).

in the moO

Sulfur Dioxide
In the Southwest, relatively high levels of sulfur

emissions from point sources have occurred for
many decades (Wood and Nash 1976; Marsh and
Nash 1979; Dawson and Nash 1980; Graybill and
Rose 1989). As with O3, SO, enter plant leaves and
cause injury to conifers, broadleaf plants, desert
annuals, and shrubs (Barrett and Benedict 1979).
Some plants such as lichens are very sensitive to sul-
fur dioxide (SO;) (Nash 1973; Sheridan 1979). Stud-
ies conducted around major point sources such as
s;neltcrs and power plants indicate that the number of
lichen species decreases as one approaches the point
source (McCune 1988). Vascular and non-vascular
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€S instead of (he

N rogen dioxide (NO) is weakly phytoigy.  colUM: TaENCsium, yng
Asd an or when mixed with O; or SO, Nitrogen
ic_.alo also important contaminants in polluted i
0% glid or liquid fertilizers. Fertilizing a lawn or ca::’l:lbcs th
8{arl'dt'.ﬂ results in the enhanced pla{nt growth that js Cactuso iy the whole 5
g ired, but in natural ecosystems similar effecyg are | s.growm rales can chan ystem altered.
e heneficial because natural balances are upget rsvels in the s0il drop from gcon:aﬂ(ed;y Wiea pR
If nitrogen is introduced into a saguaro (Cﬂfnegief; obel 1985; Nobej 1988), V10 5.0 (Berry and
jgantea) ccosystem, all Species may not respond  Flyorige
cquallY Some SpecCics, paljucularly grasses, may be Fluoride i
sble to use the enhanced nitrogen supply better than g planr.(s: l:ldw
others (Tilman 1987). Species that are normally  and can cay b
minor components of the plant community may be fionsin thcllse plant II'lJ_LII:y even at ve
bl (0 increase in RUMPCTS, groWth rate, and repro-  Pack 1970, Ny o.C" PPO) Fange (Treshow and
Juctive SuCcess to the defnmem of other species. rides like‘mem?" Acad.en_my of Science 1971). Fluo-
Cacti species respopd rapidly and differenti ally to plant's oy ; Cause injury to a wide variety of
different levels of nitrogen (Nf)bel 1983, 1988), but chain, accumulaﬁ:O Passed along through the food
the natural structure and functioning of these desert  plants, C°"chumug IN animals that eat contaminated
species in relationship to nitrogen deposition is not  contain Jiitiie ﬂuoris'e ammmals farther up the food chain
well known. Nitrogen deposition has also been  feeqd on. If a plant has 1Oan the plants or animals they
linked to alterations in winter hardening and to eats the plant —— ufpm 1ﬂuonde, an animal that
dehardening cycles of certain species (Freidland  son and Dewey 1972 Gomatc] 00 ppm or more (Carl-
1084; Freer-Smith and Mansfield 1987). Sauen 10,

Aol Rl Glglbal Climate Change
obal cli g ;

When NO, and SO, mix with moisture, acid rain,  versation g::; lguflslér}l%;’; '; g;;i):;alr gtsc;g)nc Tc‘)f con-

: I : ; . To date,
acid fog, acid mist, or acid snow are produced. Dried  no consensus among scientists exists as to whether
acidic particles can also be produced in the atmo-  the climate is changing on a global scale. One of the
sphere. Mixing air pollutants with normal precipita-  causes of potential climate change is the anthro-
tion not only adds sulfur, nitrogen, and other  pogenic (human-caused) increase in CO, and other
chemicals to the precipitation, but the pH of the pre-  gases in the atmosphere. These gases trap heat near
cipitation is also lowered (made more acidic) in the  the earth's surface and prevent it from radiating back
process. In the Southwest near SNM, some summer  into space. Carbon dioxide levels are definitely ris-
rain events are acidic, with a pH of 3.6, which is  ing, and whether temperatures increase or not, an
almost as acidic as vinegar (Blanchard and increase in CO, may favor plants that are able to
Stromberg 1987). Reports from the National Atmo-  make best use of an increased supply of this impor-
spheric Deposition Program (1987) indicate that Ari-  tant compound. Shifts in plant species abundance and
zona has some of the most acidic rain in the western  distribution could also occur as a result of increased
United States. levels of CO,.

If rain falling on plants is very acidic, the waxy In the Tucson Basin, urbanization induces another
lissue covering the leaf surface can be eaten away,  kind of localized temperature change, with pockets



220

Kenneth W. Stolte

of hot and cold air altering temperature regimes in
and near SNM (Kirby and Sellers 1987). Growth and
competition of native plants may be changed by
these localized iemperature alterations.

RESEARCH EMPHASES AT SNM

Intensive research sponsored by the NPS Air Quali-
ty Division at SNM's Rincon Mountain District
(RMD) has focused on pines in the mountains and
cacti on the desert floor. It is generally agreed that
cacti have been declining in portions of the RMD—
not just saguaros, but also chain-fruit chollas (Opuntia
spp.) and barrel cactus (Ferocactus spp.). Freezing has
been suggested as a cause for the saguaro decline
(Steenberg and Lowe 1976, 1977, 1983). However,
prior to 1930 when saguaros were abundant and vigor-
ous, many more severe freezes occurred than from
1930 to 1970, when many larger saguaros died (Steen-
berg and Lowe 1976). Perhaps freezing and low tem-
peratures are not the entire answer.

Cacti may be stressed by something that makes them
more susceptible to freezing, drought, windthrow, and
pathogens. Researchers are now investigating whether
air pollution, past or present, might be altering the nat-
ural resistance of cacti. Epidermal browning of
saguaros was described long ago as a natural degrada-
tion of the epidermis of older cacti (Long 1929). Cacti
are still dying and the epidermal browning syndrome
associated with declining saguaros is now under seri-
ous study (Stolte 1988). Epidermal browning is strong-
ly associated with spine loss. Spines normally fall off
older cacti, but many young plants are also showing
browning and spine loss. The root systems of a few
brown saguaros that were toppled by wind have indi-
cated that saguaros with epidermal browning may also
have poorly developed roots. The individuals exam-
ined were 20 to 30 ft (6-9 m) tall and almost without
support. Windthrow will probably claim more of these
individuals with time.

What is unusual in SNM is that epidermal browning
is observed on relatively young as well as old
saguaros, and appears to be a process of premature
aging. The long history of air pollutants within and
around SNM (Wood and Nash 1976; Dawson and
Nash 1980; Clemensen 1987; Graybill and Rose 1989)
and the accelerated aging response frequently
observed in plants exposed to toxic levels of air pollu-
tants (Treshow and Anderson 1989: Smith 1990)

—

est that air pollution shq-lld be investigated =3
ts:uagl.:a] or contributing agent 1n the cactus decline. A
system of long-term monitonng plots has. been esyzp,
lished inbothdistﬂc:sofSNdeclcmme
epidermal browning, spine loss, age-class Structyre,
and mortality of saguaros over time (Duriscoe ang
raben, this volume).
© Paloverde (Cercidium Spp.) appear (o be dying 2
high rates in some of the same areas as sagyapy,
Some trees are festooned with mistletoe (Phorqg,,
dron califonicum), but others arc not. Stems on
with mistletoe are staning.lo turn black. Again, the
cause is unknown, but oenmnly_wa!-rams fl{nt:cr Study,
Continued research and monitoring of air quality i,
dcscnamlmommecosystcl:ns_ofSNM is critical 1
understanding some of the existing and potential prop,
lems mentioned in this paper. The urban growth
around this wildemess area mak&s.S.NM an unfory,.
nate, but ideal laboratory for determining the effects of
regional and local changes in air qua].i(y on native
species. To protect SNM from degradation due s
pollution, we need to understand the sensitivity of
SNM organisms and ecosystems 10 air pollutants of
concern. This requires initiating and cominuing shor.
and long-term air quality research and monitoring pro.
grams. The severity and extent of air quality degrada.
tion are not well known. However, effects on valyapje
natural resources at SNM are of serious concery
because air pollutants are known 1o cause severe and,
in some cases, irreversible changes in ecosystems
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An Investigation of the Impact of Inorganic Air Pollutants
on Saguaro National Monument
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particulate samples.

ABSTRACT
Environmental data evaluating the input of inorganic air pollutants to the Saguaro National Monu-
ment ecosystem have been collected over the past four years. These data are summarized in the fol-
lowing discussion. The enrichment factor approach is employed to provide a framework for
simplified interpretation of this large collection of data from soil, cactus, lichen, tree-ring, and air

|

INTRODUCTION

Saguaro National Monument (SNM) was created
by Exccutive Proclamation in 1933, in response to
concerns for preserving stands of saguaro cacti
(Carnegiea gigantea) in the vicinity of Tucson, Ari-
sona. Nearly 45 years passed before settlement of
poundary disputes and land acquisition resulted in
the establishment of the final monument boundaries
(Clemensen 1987). In the meantime, in the early
1940s, observations were made that older saguaro
cacti in the monument were dying and that reestab-
lishment of saguaro seedlings was not occurring.

After the original observation in 1940 that saguaro
cacti were dying, the so-called “saguaro decline” was
initially attributed to bacterial infection. During the
winter of 1941-1942, large numbers of presumably
diseased cacti were removed and buried in an effort
to stop the spread of the alleged infection
(Clemensen 1987). Subsequently, references to
saguaro decline dating as far back as 1896 were dis-
covered, and the prevailing viewpoint of the condi-
tion changed to regard it as a naturally-occurring
cyclical fluctuation resulting from general overmatu-
rity of the saguaro population. With the change in
viewpoint, the concern regarding the declining
saguaro population broadened to include failure of

seedling reestablishment and death of older individu-
als. Various factors investigated as potential influ-
ences on seedling reestablishment included cattle
grazing (Clemensen 1987), nutritional deficiencies,
and changes in other edaphic (soil) factors (Tumer et
al. 1966).

Although some effect on saguaro populations and
seedling reestablishment could be linked to climatic
conditions and cattle grazing, no satisfactory overall
explanation of the continuing saguaro decline has
been forthcoming. Studies of saguaro populations in
other locations indicated that some populations are
flourishing (Tumer 1990), reenforcing the conclusion
that the decline of the population at SNM is some-
what of a local phenomenon. The continuing decline
is, however, real, and is documented in a series of
photographs taken from the same vantage point in
1935, 1965, and 1985. The extreme thinning of the
cactus forest is obvious and dramatic.

More recently, air pollution has become suspect as
a potential causal factor in the continuing saguaro
decline. Air pollution sources such as copper
smelters throughout southern Arizona and also the
growing Tucson metropolitan area date back to the
late 19th century. Although emissions from copper
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METHODS

” c;‘:: :ﬁi—:{ ':’mehmi"afy survey of soils and selected
: as undertaken at SNM under the aus-
lec'.?s of an interagency agreement between the
N:::g::: Iljark Service (NPS) and the Los Alamos
aboratory (LANL). The purpose of this
Survey was to identify chemical profiles that might
indicate air pollution impact upon the monument.
These efforts have been expanded each year, with the
last sampling conducted in early 1990. Soil samples
were collected inside and outside the monument
(including several distances from a nearby smelter).
Samples were also collected from healthy-appearing
and obviously afflicted saguaro cacti, and from epi-
phytic lichens and tree-ring cores from four species
of trees in the Catalina and Rincon Mountains along
the northern and eastern boundaries of the Rincon
Mountain District (RMD) of SNM. Tree-ring cores
were used in an attempt to identify elemental profiles
over time that might be correlated with saguaro
decline and with changes in air pollution input. Con-
trol samples of soils and tree cores were collected
from Walnut Canyon and Chiricahua National Monu-
ments in Arizona, and Gila Cliff Dwellings National
Monument in New Mexico.
All soil samples were air dried and sieved through
a standard 20-mesh brass screen to remove organic
debris and larger rock fragments. Soils from the Tuc-
son Mountain District (TMD) of SNM were further
separated into four size fractions (20, 60, 100 and
<100-mesh) using stacked standard brass screens.
Lichens were air dried and analyzed without further
preparation. Tree cores were cut into increments rep-
resenting the time periods 1800-1850, 1850-1900,
1900-1950, and 1950-present. This was accom-
plished by direct calibration of our cores with paral-
lel samples taken and dated by personnel of the
Laboratory of Tree-Ring Research at the University

of Arizona. Tree-core segments were freeze-dried
before chemical analysis. Saguaro tissue samples
were cut from the “peaks” of the ribs of selected
individuals on both the north and south sides of the
cactus and frozen in the field. In the laboratory, sam-
ples were thawed, separated into three layers (cuticle,
chlorenchyma, and parenchyma), and freeze-dried

prior to chemical analysis. )
To date, most elemental analysis has been con-

ducted via instrumental neutron activation analysis at
the LANL Omega West Reactor by the authors and
the staff of the reactor facility. Up to 45 elements
have been quantitatively determined. These methods
are described in detail by Gladney et al. (1980) and
Garcia et al. (1982). A small set of these samples has
been analyzed for fluorine using ion selective elec-
trode techniques. Carbonate carbon has been mea-
sured in some of the soils via acid-evolution
gravimetry and both bound and unbound water haye
been determined by coulometry in the same subset of
soils. These methods are described in detail by Gau-
tier and Gladney (1986). All chemical analyses have
been quality assured by concurrent analysis of
National Institute of Standards and Technology (for-
merly National Bureau of Standards), U.S. Geologi-
cal Survey, and Canadian Geological Survey
reference materials according to our established poli-
cies (Gautier et al. 1989).

Air particulate samples have been collected since
1985 at the air quality monitoring station located south
of monument headquarters in the RMD, and analyzed
by proton induced X-ray fluorescence at the Universi-
ty of California, Davis, under a separate agreement
with the NPS. Some of these data have been provided
to us for comparison with our elemental measure-
ments, and were the subject of a previous presentation
describing the enrichment factor (EF) approach to air
pollution impact assessment (Gladney 1991).

RESULTS

Over 825 soil samples from the various sites have
been analyzed for up to 48 constituents. The EF
approach detailed in Gladney (1991), has been used
in an attempt to summarize this mass of data for
more incisive interpretation and eventual resource
management use. All EFs were computed relative to
Wedepohl’s average elemental abundance in the
carth’s crust (Wedepohl 1968). Overall means and
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standard devialionf of these Ei?s are presented in
Table 1 as function of sampling site and depth,
while all elements were measured at all sites, certain
constituents were consistently below our limits of
Jetection and could not bt.: used to calculate EFs.
This is shown as " " if all samples were below
detection limits, and as a mean without a standard
deviation where only one or two samples yielded
.
EFon]y preliminary data are presently available on
elemental concentrations in saguaro cactus tissue. We
have just completed the dissection and freeze-drying
of the 120 samples taken during the spring of 1990
(yielding 360 independent fractions for chemical
analysis) and have not yet begun elemental measure-
ments. Elemental concentration trends for manganese
in four cacti along the northern end of the Cactus
Forest Trail (RMD) are shown in Figure 1. Cacti
were sampled in 1988 at different heights along the
stem and divided into the previously described three
tissue types. Of 13 elements thus far determined,
only manganese exhibited any dramatic trends. The
remainder of these data are shown in Table 2.
Although these data are insufficient to implicate
manganese as a causal agent, severe chlorosis (lack
of chlorophyll) has been observed as a symptom of
manganese toxicity in plants (Labanauskas 1966).
This subject may be worthy of further investigation.
Tree-core elemental measurements via neutron
activation have proven to be particularly difficult.
Relatively high concentrations of manganese in the
woody tissue have provided an intense analytical
interference and severely hampered our ability to
produce quantitative data for any other element. We
are currently investigating other analytical tech-
niques which are not so sensitive to the manganese
concentrations in these samples. Similar problems
have been encountered in the lichen samples and
these have also failed to yield usable data at this

time.

DISCUSSION
Several elements (silver [Ag], arsenic [As],

bromine [Br], gallium [Ga], Indium [In], lead [Pb],
antimony [Sb], selenium [Se], vanadium [V], and
zinc [Zn]) have become established as indicators of
various types of sources for regional inorganic air
pollution (Gladney 1991). This list is worth keeping

in mind durin : ; ; g

taton ofthe data gathered st ng T o
fmio;mia;: f((;rral.tﬁe 1) can be divided into roughly
ki emprhe Zo Purfil)oses of this presentation: (1)
Skt f) en at or below our limits of
@ semen S sep e o
pohl’s crustal abund - eut?ns s i tq i
% : ances, \_m_th EFs consistently

ow 0.5; (3) those that exhibit EFs near 1.0 (0.5-
2.5); and (4) constituents that have EFs greater than
2.5 for a significant number of sites. The last group is
u_ie arena to examine for evidence of anthropogenic
arr pollution input to the SNM ecosystem. The rea-
‘son we chose the EF range of 0.5-2.5 to represent
.‘noh impact” for this approach is that natural variabil-
ity in soils can be quite high. One must be careful not
to overinterpret EF data near 1.0, but instead look for
large deviations, preferably an order of magnitude or
more. Even elevated levels in soils may not be bio-
logically available, and plants growing in these soils
need to be analyzed in addition to the soils to provide
evidence for actual uptake.

The data in Table 1 indicate that Ag, iodine [I], In,
and Se are candidates for the first group, i.e., uninter-
pretable because of limited data. Some data for In
and Se occur with above detection limit concentra-
tions; these will be discussed along with the other
indicator elements, although any conclusions for
these two elements have high levels of uncertainty.
Several elements that fell into the second category
(depleted), seldom exhibited this behavior elsewhere,
in our experience. Calcium [Ca], chlorine [Cl], cobalt
[Co], magnesium [Mg], and sometimes sodium [Na]
and scandium [Sc], showed depletions over large
areas of SNM and in many of the background sites as
well. Although this has no air pollution implication,
it scems to represent an unanticipated characteristic
of southwestern soils. This also provides a counter-
argument to the hypothesis that saguaros are suffer-
ing from elevated levels of “salt” exposure, because
these readily mobile elements secem to have been
effectively leached from the soils studied. The third
group (within normal natural ranges) is the largest:
barium [Ba], Br, cerium [Ce], chromium [Cr], dys-
prosium [Dy], europium [Eu], iron [Fe], fluorine [F],
Ga, potassium [K], lanthanum [La], lutetium [Lu],
manganese [Mn], Na, neodymium [Nd], rubidium
[Rb], S, silicon [Si], samarium [Sm], strontium [Sr],
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tantalum [Ta), terbium [Tbl, titanium [Ti},‘uramlri:;
(U1, V. ytterbium [Yb], and Zn. We ha\_re dlsco:; "
little, if any, evidence that concentrations of thes
elements in SNM soils are being affected by any
nic source. A

an?nrgp?og:nh group, those with EFs consistently in
excess of 2.5, contained some unusual members. We
place As, cesium [Cs], hafnium (Hf), In, Sb, Se, tho-
fum [Th], tungsten [W], and zirconium [Zr] in this
group for which further scrutiny is required to deter-
mine possible nonnatural sources for elevated lcve}s
(relative to Wedepohl's crustal average) observed in
many or most samples taken during this study. Con-
centrations of these elements (except Cs, In, and Se)
in the TMD samples that were separated into four
particle size groups, also exhibited marked prefer-
ence for the smallest size fraction of soil particles.
This phenomenon suggests that the enrichment of six
of these elements may be related, although HI, Th,
W, and Zr are rarely found in excess concentrations
in airborne emissions (except for some municipal
incinerator air particulates in the eastern United
States; Greenberg 1976). The four elements are asso-
ciated and enriched in naturally-occurring zircons
and zeolites. These minerals are highly resistant to
chemical weathering, and may be ground to fine par-
ticles that are retained for extended time periods in
this ecosystem, in concert with their system-wide
higher EFs. We have no explanation for the unusual-
ly high EFs observed for Cs in the San Manuel
Canyon and SNM Cactus Forest (Table 1). Ordinari-
ly this element has no air pollution input or implica-
tions.

Indium, Sb, and Zn are significantly enriched in
the soils from the smelter canyon, in SNM soils from
the RMD, and in many of the regional “background”
sites. These elements are more strongly enriched in
the surface soils of the smelter canyon, and are com-
monly associated with the roasting process for sul-
fide ore oxidation and metal recovery. Regional
impacts from these elements probably occur from the
metal smelting industry in southern Arizona.
Throughout the regional samples we examined, these
clements were significantly more enriched in the sur-
face soils relative to the subsurface soils, implying
that air pollutant deposition can be a major source.
Arsenic, another element commonly associated with
copper ore reduction, does not yield such a clear

The problem is largely due to arsenic
being near detection limits, thereby
bility to make a meaningful regional
assessment of distribution. Arsenic is a well known
air pollutant arising from the metal smelting industry
(including copper) in the Tacoma, Wz'ish.mgtop, arca
and we suspect that it would show a similar distribu-
tion to Sb, were our analytical meth(_)d more sensi-
tive. To date, we have observed no evidence that any
airbome elements are being taken up or accumulated
at elevated levels in tree rings or saguaro cactus
tissue. : )

The preliminary saguaro Lssue data proYlded in
Figure 1 and Table 2 have some interesting implica-
tions. Cacti # 51-53 appeared to be relatively healthy
individuals, while cactus 54 exhibited substantial
browning on the south side coupled with general
spine loss over the lower portion of the stem. Surface
discoloration extended deep into the parenchyma tis-
sue and, together with a characteristic odor of com-
plex phenolic compounds, was observed on samples
immediately after collection. Of the 13 elements thus
far studied, only manganese seems to correlate with
the observed external injury symptoms. To date, no
direct evidence of elemental input to the SNM
ecosystem has been observed in the few cactus tissue
samples examined. We hope that the 1989-1990
RMD cactus samples will provide more straightfor-
ward data for these correlations, as well as for the
relationship between elemental concentration and
damage index.

interpretation.
concentrations
reducing our a

SUMMARY AND MANAGEMENT
IMPLICATIONS

Application of the EF approach to the air particu-
late data taken on the dichotomous sampler at the
SNM air quality monitoring station clearly indicates
that certain elements are currently enriched in the air
particulates coming into the monument. Similarly,
several trace elements in the soil samples also indi-
cate anthropogenic impact, probably from dry depo-
sition of air pollutant particulates. We do not yet see
clear evidence that this source of trace elemental
enrichment of the SNM ecosystem has had any
impact on the biologial resources of the monument.
We want to evaluate the relationship in detail when
all analytical data on biological samples are avail-
able. Visibility impact assessments are not part of
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agreement and are being studied b
(i imcﬂgeu'::zm;unﬂ-m the NPS Air Quality Divisim{
gnother gm0 we have used some of the data from this
Even our conclusions should not be interpreted in
et isibility impact.
0 1y, saguaro cacti (and Pcr'haps ou'xcr cactus
Clear yare undergoing a continuing decline within
cs&fhﬂf- our data do not implicate anthropogenic
jution impacts for inorganic elements, atmo-
ir PO " issions related 10 the Tucson metropolitan
spheric ¢ yet be disregarded as a potential cause
arcd Cag:co line. The complex nature of anthropogenic
for“}f_c stion of the organic compound burden of
modift ric acrosols is just beginning to be under-
atm Direct impact from the leeward drift of agri-
sto0d- chemicals (herbicides and pesticides) from
. me Spraying operations, or other organic chemi-
enrichment from diffuse ufban sources, should be
idered @ high priority for mveSUgatnpg the mech-
s underlying the observed decline in the cactus
U m—a:;n;ately. organic chf:mical analyses in.natu-
ol materials are far more dlﬁ?ClﬂP and expensive to
conduct than inorganic dgtermmaugn;. and the spec-
o compounds runs into the millions. Somc_: pre-
... evidence is available from unpublished
llm;kmc?nducted by colleagues at LANL that short-
wor ed organic acids readily penetrate the waxy
Ch"’,g‘m of cacti, perhaps having a heretofore unantic-
'.:u:md uacid-rain” effect on desert ecosystems
I(pG affney 1988). Evans (1984) has also speculated on
the permeability of waxy cuticles to polar versus
non-polar compounds.
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Table 1. ment, Catalina Moun-
lams" Ch‘ﬁgglhﬂl::rgl ;:f er:l‘lchmcm factors for soils collected at Saguaro szcm3161:"'0'(":‘11 f Dwellings National
Monument, 1987.19 9Ign Monument, Walnut Canyon National Monument, and
. f
. Depth # Ce cl i
Site (in) Samples Ag  As Ba Br Ca ucs
San B 2.
_gisanhu:l Smelter S 2.240.4 3.2 22106
g = e 12402 = oss01  22£02 0.4 1.740.2
- 15 4 - = 14403 = 0.540.1 2.0£0.1 0.4 1.640.2
0 3 = - 1.240.1 - e 2.3+0.6 01 1.140.2
. 15 3 = - 1.2:0.1 — 0.420.1 13403 02 1.740.1
- B R ety B 1.120.1 — 01 20403 0.4 1.7
. . [ R, 1.240.2 — e 1.4 0.4 1.8
-1 mi 0 2 e oy’ 1.4 — ;, P 1.4 g
6 - S 1.2 — o 0.620.1
Saguaro National Monument 03£0.1 2.140.1 - 0.7£0.1
RMD-1 0 3 = 1340.1 — 02 2.0£0.2 e 0.610.1
15 s e o 1.310.1 e 030 2408 0.1 0.540.1
RMD-2 R I 1.140.2 = oat0q 17302 02 0.6£0.1
el 1.240.1 — ost02  20%02 0.2 0.610.1
RMD-3 0 s RS 1.240.2 = 03202 ! 8204 ) 103 1.040.2
5 3 — — 02— g0 1402 a5y 12401
Exclosure 0 11 — - 1.0+0.1 - 0.240.1 1. 410'2 0340.1 1.240.2
E B, ~ .= 0.840.1 o 02:01  14E02 5001 06202
2 8§ - - 0.840.1 = 04102 20202 03i02 07201
Kiln Trail g 9 L = 1.240.2 i 04103 1730~ 0.1 0.70.1
§ o e 10802 - 0.920.4 Z-giig-s = 0.50.1
12 4 - — 1120 10x06 04102 1 - 0.740.1
RMD-CP-5 0 14 105 22403 1201 SO0 03101 1.6£0.1 — 05401
¢ 14 — 2504 1001 2L g0l 25:3-2 = 0.6£0.1
& i S M ; gig g 1l Ho1 2611 0605 : 'g 0.2 o 0.640.1
£ W — - S 05403 840.
RMD-CP10 g . 1f — Fu4 é ggf 5. giso 0 09408 Iﬁgg i g:zg::
RADLCPLS g }g i 3?10,'3 12:02 15109 124 g ; 130.2 — 0.840.1
; 10t02 48116  LIEl. . — &0
6 19 23 3405 LT s 03101 1.740. e
RMD-CP17 0o 18 — 27403 082 0302 1203 - 610
6 18 — 30406 0.740.2 . 340+130 1.9+1.3 0.9 0.740.3
Limestone i@ - - 1408 £ 09+0.1 12101 0.1 0.740.1
= 1.1£0.1 i 310.1 0.440.2
Slag 3 040.2 — 03t0.1 15801 0.
TMD-1 0 7 — 2308 5-910-2 i3 0340.1 1.4 0.310.1 0.4
6 7 — 20 1‘21;0I2 0.5 0340.1 1.540.3 0.4 0540.1
TMD-2 0 4 — 2608 12002 03, ool s 0.4 0.640.2
6 2 — 32408 ks - 04+0.1 08102 04102 04102
TSP 0 10 — == 0.8 iO- Pt = 0.440.1 0.840.4 0.440.5 0.410.2
6 10 = T  ,mas — 0405 0802 3B -
i 2 1l g et 0.640.1 — 0340.1 09402 04102  0310.1
12 5 _1 - 0.440.1 — 0.310.1 0.840.1 0.4 0.240.1
R”%‘X';‘Ai“"gm“"" 8 = = 1.040.6 _ 0.640.6 05403 2.0 1.3
6 B - o 0.540.2 - 03+0.1  0310.1 0.3 0.240.1
12 g = e 0.510.2 — 0240.1  0310.1 0.240.2 0.2
CHIR 0 15 - - 0.840.4 — 04103 14303 04402 03102
S 0.640.2 - 0240.1 17404 04102  0310.1
WACA 0 6 — —_ 1340.2 — 0.840.1 1.240.1 0.410.2 23104
6 6 — —— 1.040.1 - 0.410.1 1.140.1 0.240.1 2.010.2
GILA i OB e e 1.0£0.2 — 04102 14102 06102  0740.1
4 6§ — = 1.240.2 —_ 04102 1503  0.240.1 0.610.1
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Table 1- Continued
Depth  # “
in) Samples Cr Cs
site : . =, s F G
e —
San 0 2 42403 26404 18
05 km 54 1602 45602 30i04 1904 o8 —  _  gmeg
110, 1 20 oia - s
2k 1S 3 0901 45103 25106 oo 3ss cn 1
N 0 3 09804 3604 13004 15:03 paeq ey o Lo
15 3 12401 43402 19104 160) 3arn) T = i Wil
g 0o 2 1.0 16 16 X -2;;’-4 — —~ S =
- 6 2 10 37 22 4 24 — — TR
National Monument R S
sepu 0 3 07402 27401 34106 16801 13405
15 3 001 33402 2702 13401 12503 T e o
- 0 3 0602 24102 27813 17405 1308 sl -
15 3 05501 31402 20807 13401 o9s0g —  smms
o 0 3 0501 2803 20 1602 10801  — <y
15 3 05400 34307 17404 14404 09501 Z ess
e 0 11 0801 B33 1201 10800 10802 06 2 _  20wp5
6 8 0701 9609 12402 11301 10101 09 — 22404 —
12 8 0701 9344 12403 1001 10501 04 = — 20803 —
i T 0 19 0601 545 21306 14103 0802 05402 _  Sot16
6 16 06101 849 17104 13102 08101 06201 _ 34408 _
12 4 0601 743 18101 14201 08801 06 — 35403 —
[MDCPS O 14 05101 24403 28104 13402 1002 10 64tld4  —
6 14 07801 29404 21402 12401 09801 — 1002 44506 —
TMDCP9 0 18 04301 10410 30408 17603 09402 — 11301 63418
6 18 0601 24%12 21103 14202 09801 _ 11403 37606 36
RMDCP10 0 18 0601 25103 26405 13102 11402  — 11502 Sou2
6 18 0601 29403 16804 1102 09+0.1 —  10:02 33£.0 25614
RMDCPIS 0 18 0601 32406 19404 12402 11802  — 1002 5040 o
6 19 0601 35408 1502 11301 10#0.1 —  1.0:03 34:09 2319
RMDCP-17 0 18 0501 68849 20406 1303 10802  — 10102 5520
6 18 06102 71456 15:04 10802 08802 — 11402 26107 2612
S 4 583 14409 — 1741 L1009 30— 41413 —
S 3 06:0.1 4603 12 11401 08401 01 — S8 e
o N9 0 7 03102 2303 07603 0702 0602 — L1 34820 —
§~7 w3 23 09403 08802 06 = — 2 8 =
S 0 4 04102 2002 08203 08401 11504 — 12105 35045 _
6 4 05102 23:02 09403 08202 13406 — 10802 3821 _
TSP 0 10 23120 19406 1004 06101 05802 05 — 1806 —
6 10 04102 18406 19408 06402 05402 04 — 2008 —
NSP 0 18 29417 24410 12402 06402 06402 08 - BRI T
6 18 03101 15:04 15805 0640.1 04#0.1 0806 — 19405 —
12 5 02401 10401 10403 05801 04801  — = 1803 —
Regional Background
CATAL 0 3 22419 16408 04 0301 05802 07 ~ BT e
6 3 02:0.1 08:02 04102 02401 030.1 07 — 0801 —
12 3 02601 08802 07  02:01 0301 09 N
CHIR 0 15 0706 30406 12401 05:02 06101 03 — a1 —
6 15 03301 31104 15405 04#0.1 06101 06 66 47606 —
WACA 0 6 2103 27402 09402 13102 15101 06 AR
6 6 17403 3103 08101 12401 14101 06 41 3508 —
GILA 0 6 07602 1603 19404 08101 08101 04 — AGHS e
6 6 07401 17401 2309 08101 0801 06 36 42604 —
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Table 1. Continued.
f
Depth #
i : Nd Rb
Site (in.) Samples In K La Lat Mg 4M_!:_______N_:.__-t
San Manuel Smelter
- 3 — 22403
i3 0 4 138 13102 — = o7 4exd OO0 T jei0d
15 4  — 12102 - e 0.7 5.641.1 0.8£0.1 = 2.140.2
2km 0 3 60 1301 — g SAS Oy o~ LA
15 ST T — N 04 3704 o0 - 2.040.3
-5 km 0 3 62 13101 — L 0.4 24 . 06201 - 1.6£0.1
, 15 3 — 12401 — - 05 2304 T - 14
-1 mi 0 2 93 12 —~ — 038 3L 0.5 - 12
6 7 - 1.1 - s 0.9 2.0 '
Saguaro National Monument == 1.7£0.1
0.7:0.1
RMD-1 0 3 — 1301 — — == {%32 05101  — 13301
15 3 — 1101 — - e ALs amny < — 1M
RMD-2 0 3 — 12402 2 — "= 04 . 7402  — 1.140.1
‘ 4 1.0002 0.730-
15 3 — 10401 - - g4 - MRS ompl . — @ LA
RMD-3 0 3 — 12400 — — 04 a2 e 1.120.1
15 3 — 09401 — 0440.1 1.1103 09:0.1 04201 X 1.610.2
Exclosure 0 11 —_— l.l:tO.l - — 0.440.1 09:!:0 | 03101 = 1.440.2
6 8§ 19 09401 — —~ BN ggesy el . — R
12 8 — 0901 — — 05 201 lli0z 0802  — 1.240.2
Kiln Trail 6. 19 = 1481 = — D oow2 05202 — 1.240.1
6 16 16 1001 — - 0’;9', 1.040.1 06:0.1 —_ 1.2:0.2
1z 4 L1101 — o1 1503 OEAL Jabe 13£0.1
RMD-CP-$ 0 14 — 1301 1602 35807 0310'1 L o601 22102 13201
6 14 11 L1200 13301 2.610.3 0310.1 12602 08301 3. 1309 1.240.1
RMD-CP-9 § 14 M1 (%00 2104 31208 0301 LERE 5001 22106 L1
6 18 — 10:01 1502 2004 0.3:8-: 402 0601 22405 13%0.1
RMDCPl0 0 18 17 1aBb A 32408 (401 0802 0401 1&04  LUA
6 18 1.6 09401 1 * ~ 0.640.1 20405 1310.1
SMDEPIS 2O 18 — LHOD L3023 2EGS 05:3-3 (lwlgf 06101 18805 1202
0 18 01 11201 1603 0401 08B L0 22107 19406
2 16 12001 1405 2306 03401 16203 .
RMD-CP-17 0 18 0640.1 15306 17407
0i02 10:03 1706 03101 13205 OO
» 6 @ 14 QR TS = sa Ae 5 — L1405
. 3 — 1M02 - 0840.1 1.0:0.1 0620.1 — 1.240.1
TMD-1 o 7 — 1001 14101 08103 03301 05401 11404 14102 1410
6 1 — 1001 13 08  03i0.1 06402 11102 16 13
TMD-2 S 4 1201 15802 o902 03 - 06102 1.140.2 17405 13102
© 4 1101 1603 1003 0301 07:02 09402 19406 13101
TSP o 10 — 10603 — - 0.6 19403 0902  — 1.5£0.3
6 10 — 081002 — t 0.6  24£11 09803  — 12403
NSP 0 18 57 12802 — - 04 2111 07802  — 17402
6 18 — 08401 — — 02401 12403 0910.1 - 14102
2 5 — 094001 — - — 10804 0930.1 — 1302
Regional Background
CATAL 0 3 — 0902 — — - 30 10802 — 1.740.4
6 3 — 0801 — — — 16408 1.240.1 — 1.410.1
2 3 — 08101 — - — 2002 12401 - 1.440.1
CHIR 0 15 — 14802 — - — 331221 09102 — 2.840.6
6 15 32 14802 — — 04401 1.1#03 09402  — 3.440.5
WACA 0 6 — 0801 — —  L1¥02 14401  0310.1 — 1.040.1
6 6 — 06401 — — 09+0.2 1.040.1 0.240.1 — 0.840.2
GILA 2 6 — 1301 - — 06101 14402 08101 < — 16403
6 — 14801 — — 06301 13102 0.840.1 e 1.540.2
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inued
nable 1. €077
/’-—D_;P:h' ’

(in.) Samples Sb Sc Se Si Sm Sr Ta T
V =
<o Manuc! Sl o 4 3B 1BO2 ~ 18800 sy 1.840.4

0.5km 15 4 1434  2340.5 — 1.240.2  3.040.7 o 2'31:0'9 - 304
0 3 .M 1601 — 1M 2u00 0 . gy A2
2km 5 3 105803 16102 — 12401 24303  _ 17802 _ A
0 3 2047 11+03 — L T T S SN - ...
Skm 15 3 13943 1400 — 12400 20802 g3y 2 2HLS
. o 2 3 12— 12 13 = 00 10 ap
Jlmi 6 2 13 1.0 — 1.1 22 -— 1.0 1.6 1.8
Monument
sugoro Nl 3095804 0701  — 1401 24804  — 0502  _  g0u
RMD- 15 3 8017 08+01 — L1401 1 I
9103 - 13£1.3 = 24%13
oMD2 0 3 6311 08401 — 1240.1 20407 1.0 0.440.1 — 2.8+1.0
15 3 74+19 078001 — L1101 18403  _— 0.4 —  20:03
. 0 3 4SELT OMD1  — 12400 2382 _— 0400 — 2404
15 343413 07801 — 08101 21403 — 04101 — 20403
Exclosure 0 11 8.0&11 0801 — 09+0.1 12402 o 0410.1 0740.1 16102
6 § 63412 0801 —  08#0.1 13802 — 04301 07401 15402
12 8 58412 08401 — 07801 124002  — 03301 07402 1402
Kiln Trail 0 19 77829 07801 — L1#0.1 19405 2.1 04+0.1 14405 2310.7
6 16 67418 0801 — 09402 16802 — 03401 12402 19402
12 4 7018 08101 — 10401 18403  — 03301 12401 1940,
RMD-CPS 0 14 75507 06101 9. — 21403  — 04101 16402 24104
6 14 60£07 07401 7.7 - 1.640.1 —  0410.1 14301 20202
RMD-CP9 0 18 41420 07401 — — 27406 09 04301 2005 3.0:08
6 18 43+21 07401 — — 1.940.3 1.0 0310.1 14402 2.1+03
RMDCPI0 0 18 69107 07:01 — - 19102 14 05401 16403 23403
6 18 59t1.0 07401 — S 14103  — 03301 11402 17403
RMD-CP-15 0 18 7810 07801 — — 16402  18+1.0 050.1 12402 19403
6 19 6.8+12 07401 — — 14102 10403 04401 1.0:02 17402
RMD-CP-17 0 18 5809 07401 88 - 18406  — 08403 1304 21107
6 18 47416 07401 — — 14404  — 06403 09:02 15404
— 4 40840 06302 — 17410 41418 3315 06402 17407 08+02
. 3 73809 07401 — 10401 12401  —  03#0.1 09302 14+0.1
TVD-1 0 7 5824 04102 713 — 10402 13303 06401 05502 29+14
6 7 5.6 0.4 - = 09 1102 06 0.4 3.0
VD2 0 4 6.6:25 04102 200 11303 07 06401 06402 3.4%23
6 4 67+19 04102 280 —  L1#04  — 06402 06102 3.6+1.8
TSP 0 10 6827 06102 — 1.040.1 12405  — 10407 11405 11404
6 10 24107 06402 — 09402 11405 —  0580.1 11404 1.040.5
NSP 0 18 12£10 0601 — 11103 08+02  — 13108  — 11303
6 18 26:09 07801 — 08101 08402 — 04802 — 13103
12 5 24410 07401 — 07401 08802 — 05802 2 — 12402
Regional Background
CATAL 0 3 o5 04102 — 1.040.1 07804  — 09405  — 06403
6 3 25804 03101 — 09401 04101 — 05801 — 04401
12 3 1806 03101 — 09401 04401 — 05801 — 05401
CHIR 0 15 84 04301 — 12402 15304  — 10802 — 24406
6 15 47418 03101 — 13102 12404  — L1502 — 30404
WACA 0 6 93 124001 — 13402 1.240.1 18 05:01  — 1.130.1
6 6 55t13 12401 — 1.040.1  1.240.1 N T — 1.040.1
GILA 0 6 S50t13 041001 — 1.040.1 19402 —  05#0.1 = 1.640.2
6 6 42411 05401 — 114001 17402 17 05801 @ — 1.840.1
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Table 1. Continued.
\
Depth  #
Site (in) Samples Ti U ¥ W & - Zr
e
San Manuel Smelter
05km 0 4 5241.6 1.740.1 4.61.1 — 3.240.6 6.3+2.7 e
15 4 6.1+1.6 25104  58+l4 — 4.0+0.8 4.141.1 s
2km 0 3 3.740.6 1.740.1 3340.2 — 3.040.2 4.140.3 P
15 3 37403 15102 28402 — 29106  2410.2 o
-5 km 0 3 34110 13103 22410 — 18106 22406 =
15 3 40405 13102  27:03 — 2.040.1 24404 =
-1 mi 0 9 28 13 2.0 - 2.0 52 =
6 2 28 14 2.2 — 1.8 26 "
Saguaro National Monument
RMD-1 0 3 12402 16102 09101 — 4.8£1.0 1.440.1 =
15 3 11101 12402 0701 — 34102 1440.] =
RMD-2 0 3 1.040.5 12403 07403 = 2.0 13402 -
15 3 08101 09101 06401 — 20407 13401 =
RMD-3 0 3 0.940.1 13102 07101 == 2.540.1 1.340.1 s
15 3 08402  09+0.1  0.740.1 = 1940.4 1.540.1 s
Exclosure 0 11 0.840.1 1.240.1 0.740.1 — 1.3140.2 1.640.5 -
6 8 0740.1 11402 07401 — 12402 14401 =L
12 8 0.640.1 10401  0.640.1 — 12402 14402 2
Kiln Trail 0 19 08402  14+03 06401 = 2240.7 1.440.2 =
6 16 0740.1 11102  0.640.1 — 1.840.4 1340.2 e
12 4 0.840.1 12402  0.610.1 — 1.640.1 1.240.1 =
RMD-CP-5 0 14 1.040.1 14402 07401 24107  4.6407 10102 384038
6 14 08401 10101 06401 21403 32404 11101 49409
RMD-CP-9 0o 18 09402 14404 06401 21409  4.0+1.1 10801 45414
6 a8 0740.1 10801 06401  20:05 27406 1101 30408
RMD-CP10 0 18 10401 13302 07401 22402  41%1.0 12402 41410
6 18 0740.1 09402 07401 21404 24407 L1401 26411
RMD-CP15 0 18 10401 12401 07401 24404  2.840.7 12402 3.6409
6 19 0840.1 10301 07401 23104 21403 L1+0.1 31412
RMD-CP17 0 18 09402 14402 06402  28+1.1 29408 LI0.1 52420
6 18 0.6+0.1 1.0403 06401  28+1.3 22408 10102 17406
TMD-1 0 7 06403 19408 05102  3.00.8 — 0.8+0.4 33404
6 7 06402 27404 07104 3.2 — 0.8 38
TMD-2 0 4 06402 27406 07403  3.0405 — 08102 31822
6 4 07402 28407  08+04  3.0408 — 08402  29+14
TSP 0 10 05402 12404 04402 — 2.240.6 1.640.5 s
6 10 04102 12407 04402 — 29412 08102 2
NSP 0 18 06102 10402 04102 o 17405  3.1404 =
6 18 04101 12404 03101 = 23104 12403 =
12 5 0340.1 09401  0240.1 - 2.640.9 1.740.2 —
Regional Background
CATAL 0 3 04102 07402 03102 — 08102  2.8+2.1 —
« 3 0.4 0.6£0.1  0.1+0.1 = 06102  0.810.1 —
12 3 02 0.6+0.1 0.1 i 09402  0.840.2 -
CHIR 0 15 07402 20104  0440.1 = 15403 22408 =
6 15 06102 23103  0340.1 = 1.740.3 1.640.2 —
WACA 0 6 15402  0940.1 1.310.1 — 1L1H02 26410 —
6 6 12401  0.840.1 1340.1 — 0.940.1 1.640.2 —
GILA 0 6 09402 11402  0.640.1 = 1.840.3 1.840.2 =
6 6 10401 12401  0.740.1 — 18404 15402 —
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Table 1. Continued.

/_-_-_—_

g - silver Ga - gallum Se - selenium
A] - aluminum HI - hafnium Si - silicon

s - arsemic I- iodine Sm - samarium
Ba - barium In - indium Sr - strontium
Br - bromine K - potassium Ta - tantalum
Ca - calcium La - lanthanium Tb - terbium
Ce - cerium Lu - lutetium Th - thorium
(1 - chlorine Mg - magnesium Ti - titanium
Co - cobalt Mn - manganese U - uranium
Cy - chromium Na - sodium V - vanadium
Cs - cesium Nd - neodymium W - mngsten
Cu - cOpPer Pb- lead_ . Yb - ytterbium
Dy - dysprosium Rb - rubidium Zn - zinc

Eu - curopium § - sulfur Zr - zirconium
F - flourine gb - antimony

Fe - iron ¢ - scandium

Table 2. Whole cactus mean elemental concentration in saguaro tissue (jg/g unless otherwise stated).

Al Ba Br Ca Cl Cu In Mg Mn Na S StV
(%) (nglg) (%) (%) (ng/g)
e —
Cuticle
Cactus # 51 127 219 47 43 1650 87 26 0.68 260 187 042 2712 168
Cactus # 52 76 184 16 4.7 980 6.6 27 0.65 239 179 0.44 216 81
Cactus # 53 103 256 3 57 1090 9.8 24 1.03 360 209 0.66 510 143
Cactus # 54 114 32 47 36 1270 16 35 1.14 920 250 0.68 350 200
Chlorenchyma
Cactus # 51 47 164 i 86 3330 11 47 1.59 131 800 1.22 490 88
Cactus # 52 62 125 100 71 8100 12 51 0.99 67 770 1.20 240 79
Cactus # 53 126 186 31 109 2160 84 22 132 88 360 0.59 980 106
Cactus # 54 205 209 154 74 6400 13 50 202 257 650 1.20 560 160
Parenchyma
Cactus # 51 97 153 45 54 1900 11 50 3.1 125 1000 1.07 370 96
Cactus # 52 75 130 86 44 7900 12 40 19 55 820 1.34 170 120
Cactus # 53 222 208 18 4.7 1400 14 36 3.0 119 930 0.65 540 102
Cactus # 54 246 290 102 83 5300 13 54 217 203 1850 1.05 606 108
Al - aluminum Cu - copper Na - sodium
Ba - barium In - indium S - sulfur
Br - bromine Mg - magnesium Sr - strontium
Ca - calcium Mn - manganese
Cl - chlorine

V - vanadium
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GANESE CONTENT vs. HEIGHT
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Fig. 1. Elemental concentration trends for manganese in four cacti along the northern end of the Cactus Forest
Trail, Rincon Mountain District, Saguaro National Monument,
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gpidermal Browning and Population Dynamics of Gi
Saguaros in Long-Term Monitoring Plots "y

Dan M. Duriscoe and Sandra L. Graban

/

‘ ABSTRACT
Forty-five permanent vegetation plots each comprising an area of 4 ha were established throughout
both districts of Saguaro National Monument. The purpose was to identify the extent and severity of
epidermal browning on giant saguaro cacti (Carnegiea gigantea) and to initiate long-term studies of
vegetation dynamics. Results of the study indicated that epidermal browning is a widespread condi-
jon. Little geographic pattem to lpe condition was found, although several plots in the westem por-
ion of the Cactus Forest area (er.lcon Mountain District) exhibit severe browning. Browning was
much more severe on the south side of plants than the north side, was positively correlated with
height (and presumably age), and was negatively correlated with spine retention. An increase in
young Saguaros (<0.5 m) in the Cactus Forest population over the past 10-20 years was documented

S

INTRODUCTION \
in November 1987, the National Park Service

(NPS) Air Quality Division filed a report on observa-
tions of the decline of giant saguaro .:.;ac!i (Carnegiea
gigamea) in the Rincon Mountain District (RMD) of
Saguaro National Monument (SNM). S.cv?re brown-
ing of the epidermis was reported coincident with
areas of numerous dead and dying cacti, and healthi-
er (greener) cacti were observed near and in washes,
coexisting with mesquite (Prosopis velutina) trees.
Observations of healthy saguaro stands in areas adja-
cent to the RMD, particularly the San Pedro Valley,
led to the conclusion that the severe browning and
decline of the Cactus Forest may be a localized phe-
nomenon, possibly related to airbome contaminants
(Stolte 1988). The NPS Air Quality Division sought
10 establish a systematic network of plots for long-
term monitoring of cactus throughout both the RMD
(SNM-East) and the Tuscon Mountain District

(TMD; SNM-West) of SNM. According to Stolte
(1988):

The $prawling urban development of the Tucson
area threatens to degrade both these units. Establish-
ment of long-term plots will enable the National Park
Service to monitor the stability of this species rele-
vant to increasing levels of urban pollutants.

OBJECTIVES

The objectives of the study were to (1) determine
whether the existing cacti in the RMD of SNM are
still declining and (2) develop a mechanistic under-
standing of the nature of the decline. Of particular
interest was the characterization of the development
of the epidermal browning symptom and the relation-
ship of that symptom to susceptibility of the cacti to
freeze injury (National Park Service 1988). We
believed that the cacti selected within plots should
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i ion
represent an unbiased sample of the entire pOPIL:II::f
of saguaros within the boundaries of the monu

METHODS
Sampling Desi )

Thf stuc%y area 5:?3 defined by the political .bound-
aries of the monument. Within these boundaries, the
extent of a target population of saguaros was identi-
fied with the aid of vegetation maps. Budgetary con-
siderations determined that a maximum of 45 plots
could be established. With this in mind, we set out 0
devise a sampling design that would give 8009 geo-
graphic coverage of the sample area while man}h‘i'm-
ing independence of sample points and remaining
unbiased. We chose a stratified random approach to
locating plot sites, as described by Taylor (1977).

The area defining the saguaro type in the RMD was
divided into 25 equal portions with horizontal (cast-
west) and vertical (north-south) lines on the map.
First, five east-west trending belts of equal area were
defined, then each of these was divided into rectangu-
lar areas that included approximately 1.5 km? of cac-
tus type. Thus, 25 subpopulations were defined
throughout the monument (Fig. 1). This approach was
taken 1o prevent clumping the plots, a potential result
of simple random sampling. Because each of the sub-
populations consisted of an equal area, each site had
an equal chance of being selected if one site per sub-
population was chosen. A 100 x 100 m grid was
placed over the map, defining 1-ha areas. In each of
the 25 units, a grid cell was selected at random. We
then attempted to establish a plot at each of these ran-
domly chosen sites. Of the 25 random points first
chosen, only one had to be rejected after field check-
ing, after which a successful second try was made. A
similar technique was employed for TMD, except that
the total number of plot sites selected there was 20,
Figures 2a-b identify the location of each plot as actu-
ally established; plot boundaries are shown to scale.

Plot Design

The use of permanent quadrats is appropriate for
studies of vegetation dynamics (Austin 1981). A
fixed area for all plots allows casy comparison of the
relative importance of many plant species over time.
We chose an area of 4 ha (10 a) for each plot, based
on observations of the relative densities of saguaros
within the sampled area. We set a minimum number

N

for saguaros >2 m in height at 30 per
projected that the use of 4 ha would ingy
in all arcas mapped as saguaro type.

Every saguaro of a height >10 cm wag tal
each plot. Plants 22 m were then selec
detailed measurement and long-term mop
Thirty such plants within each plot were
picked from all those found. These 30 sagy
considered to represent the 4-ha plot, and the ik
population in which the plot was located. The tota
number of cacti >2 m found in each plot ranged from
32 to 400 (Table 1).

Within each plot, a much smaller “ecologicy plop
of 100 m? (10 x 10 m) was established for the pur-
pose of monitoring small perennial plant Species
including grasses. The methods used for thege Plots'
followed those applied by researchers at Tumamog
Hill in Tucson (Goldberg and Tumer 1986), Within
each ecological plot, the stem(s) and canopies of
each individual plant were mapped and the Species
identified. Ecological plots were established with
boundaries aligned with major compass directions;
one of the selected saguaro cacti was in the center of
each plot (Fig. 3).

plot, and
We
e finding 5

lied i
ted for
1oring,
andom]

aros werg

Data Collection

The location of each plot was mapped on 715
minute topographic maps to within 30 m of the acty.
al location. The 4-ha area was surveyed as a square
200 m on cach side, accurate o about 2%. Each of
the 30 saguaros selected for long-term monitoring
was mapped in relation to plot boundaries and topog-
raphy. Rebar stakes with yellow plastic caps were
placed at each of the plot comers. A stake was placed
just north of each of the selected cacti and affixed
with a numbered aluminum tag for future identifica-
tion. Each cactus was also photographed in color
from the south side of the plant, and the maps and
photographs were archived for future reference.

Variables measured at each saguaro included:

1. The height of the main stem (within + 0.5 m);

2. A visual estimate of the percentage of the stem
and arms covered with epidermal browning on
both the north and south sides of the plant;

3. A visual estimate of the percentage of spines

retained on the main stem and arms on both the
north and south sides;
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= amber and estimated total length of amms 1o
4 meteh

e PO osite chmcu?,ristics as one 9[ six classes
5 e ndication of moisture avatlabnl:t)f;

asan | of squares ona ?zs—squam grid (made of

6 Aoqunha rdware cloth in a wooden frame) that

0.5 in- of epidermal browning, scarring,

contdin® aged tissue (the grid was placed 1.3 m

ground level on both the north and south

resence of absence of scars from mechanical
\ nesting birds, freezing, and discoloration
n%c-by the presence of betacyanin. Percent
c';usc estimates were made in classes following
wS“::msf 41]-Barrett system of plant disease mea-
the (Horsfall and Cowling 1978). Associat-
— shrubs, and succulent species in the
meedia;c vicinity of each cactus were recorded.
i

of ecological plots were digitized and a

Ma[:‘d 1otal canopy area for each species in each

e obtained using a customized computer pro-

plot W The total area covered by perennial grass

cs in cach plot was estimated in the field as a

spec ge of the plot area and noted on each map;
individual grass plants were not mapped.

RESULTS AND DISCUSSION
idermal Browning .

obvious pattemns emerged from the epidermal
prowning data: (1) taller cacti are browner and (2)
he south sides of plants are browner than. the north
sides. The first relationship is illustrated in Figures
4,.1,,' Figure 4a is 2 plot of the mean percentage of
enidermal browning on the south stem as the depen-
dgﬂ variable (y-axis) and height in meters on the x-
axis. The heights of individual plants have been
“pinned” into 0.25 m classes up to 7.5 m, and 0.5 m
classes between 7.5 and 10 m; the relatively small
pumber of cacti observed with heights >10 m were
placed in tWO classes, 11-12 m and 12-14 m. The
mean and standard error bars of percent browning on
he south stem were plotted at the center point of
cach “bin". The plotted points describe a curve I.'hat
may be interpreted either as a power function passing
through the origin, or as Iw0 lincar functiong wuh_an
inflection point of about 4 m in height. Tpc |r‘1‘ﬂecuon
point may be called a “threshold height” above

! disease™ in a given area. Fi
he L L ure S
2llusrt’rlatc; this 19ea with data from two plots.g9 and
N .eﬂ:;; nc?;n:)mn;d allargc proportion of green cacti,
. Y e clustering of poi -
. £ Ol points along the x

the 7 m height level, be i
! » beyond which a
Steep upward trend is defined by three points. By

contrast, data from plot 41 define a thre
about 4.5 m, beyond which the scatter of poisrrlll?;in;f
cates a similar steep upward trend.

At -first glance, the data may infer that plot 41
el-tpenenccd a more severe attack of the browning
disease. However, it is reasonable to conclude that
thg severity of browning is not so much a function of
he.lght as age. The power function model would fit
this concept, for the age versus height curve for
saguaro cactus has been shown to approximate a
power function (Steenberg and Lowe 1983). Also,
saguaros grow at widely differing rates depending on
their environment, which may be determined by dif-
ferences in elevation, topography, and/or soil struc-
ture over relatively short distances (Steenberg and
Lowe 1977). Plants 5 m in height may be the same
age as 8 m tall plants growing in a more favorable
environment. Plot 9 is a relatively well-watered, flat
area with good soil development. Plot 41 is a steep,
severe southwest-facing rocky slope where moisture
availability may be more limited. Thus, the “thresh-
old” heights of 7.0 and 4.5 m may, in fact, represent
plants of the same age.

An ideal “index” of the severity of epidermal
browning would account for the age of the plant. It is
not possible to determine the age of each saguaro
investigated merely from its height, or any other
direct means., We used a simple method of quantify-

ing the severity of browning on a particular cactus
using the following formula:

visual estimate of
browning on south stem (%)

height (m)

browning index =
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Since we sampled cacti >2 m in height, the maxi-
mum index value in our sample would be 50
(100%/2 m) and the minimum O (for cacti of any
height with no browning). This linear model of
browning may be considered a rough approximation,
ignoring the effects of threshold heights, different
age-height functions for different areas, and possible
nonlinear response relationships. It is, however,
much preferred to comparing percentages of brown-
ing directly regardless of the height (and associated
relative age) of the plants. When index values are
averaged over all 30 cacti within a plot, a “plot
index” that may be compared geographically is
obtained. A summary of the following data is pre-
sented in Table 1: mean browning index values for
all 45 plots along with mean heights of cacti, num-
bers of saguaros counted in each of five height class-
es, percent brown observed on the south stem,
percent spines retained on the south stem, elevation,
general aspect, and topographic position. Means are
also presented for each district of the monument and
for the entire population sampled. The mean brown-
ing index for TMD is greater than the mean for RMD
(2.36 vs. 2.08). Mean index data by plot are shown in
Figures 6a-b. No apparent pattern is evident for
TMD, while RMD reveals some zones of similar
browning severity. An area of relatively green cacti
appears to occur in a general northeast-southwest
line in the center of the bajada area north of Tanque
Verde Ridge, defined by six plots with relatively low
browning indices. Three plots near the western
boundary of the RMD indicate an area of greater
browning, while plots in the foothills and on the
slopes of Tanque Verde Ridge are generally interme-
diate in severity.

The statistical significance of the apparent differ-
ences among plot means may be estimated by com-
paring the means and 95% confidence intervals for
browning index of all 45 plots (Fig. 7). Further siatis-
tical testing was not conducted because of severe
departures from normality and non-homogeneity of
variance observed in the data. The within-plot vari-
ability increased with increasing values for the mean,
as revealed by wider 95% confidence intervals. We
conclude that plots with means of 3.0 or greater are
significantly different from plots with means of 1.0
or less, and that plots lying between these values are
different from only a few plots (15, 16, and 18) with

———

extreme values. Plots in the RMD appear 1o exhibjt
wider range of browning indices than TMD plots 0a
particular interest are plots 8, 9, 11, and 18, Wﬁic}f
have mean index values below 0.7 and narroy confy
dence intervals indicating the majority of Sample(;
cacti have little or no browning. Plots 8, 9, ang 18 ap
all near major washes. Plots 15 and 16 had the highe
est browning indices (4.99 and 4.06) of all plogs.

The severity of browning was greater on the south
side of all plants investigated than on the non, side
This phenomenon is apparent to even the Casuai
observer. Numerical results (Table 2) imply that Jj ght
and/or heat from the sun has a definite role in the for-
mation of epidermal browning (south sides average(
13.4% browning, while north sides exhibited only
3.0%). Yet in many instances, severely brown cacti
were seen growing next to green, healthy cacti of (e
same height, suggesting some sort of plant-specific
process.

The effects of microhabitats on the severity of epi-
dermal browning were investigated by describing site
factors at each cactus as one of six classes: (1) fla
rock, (2) sloping rock, (3) flat soil, (4) sloping soil,
(5) ridge, and (6) basin. Comparisons of the mean
browning index for each of these six groups indicat-
ed no statistical significance between sites and no
definite trends.

The microhabitat in which a particular cactus grows
may also be characterized by plant species associated
with it. We looked for differences in mean values of
browning index, percent browning on the south stem,
and height among groups of cacti associated with
selected individual species and groups in which these
species were not present. The following associated
species were investigated: mesquite (Prosopis
velutina), paloverde (Cercidium microphyllum), teddy-
bear cholla (Opuntia bigelovii), ocotillo (Fouguieria
splendens), and brittlebush (Encelia farinosa). The
means for cach group were compared by an indepen-
dent sample t-test (Table 3). Cacti associated with
mesquite yielded the lowest mean browning index
(1.31), which was significantly lower than cacti which
are not associated with mesquite (2.32). Saguaros
growing in association with foothill paloverde had a
significantly higher browning index (2.36) than those
not in association with paloverde (1.60), as well as a
higher index than the mesquite-associated cacti. This
difference may be a reflection of the different soil
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.mes where the trees oflen grow; mesquite
moisl““” re along washes and paloverde above
y* om0 Y 4 on drier bajadas (Larson and Larson
ashes arison of index averages with the aver-
o77)- A cacti sampled (2.07) suggests that cacti
g0 f?red with mesquite are greener than average and
gss0C i associated with foothill paloverde are
{ cac an average. Two other dry-environment
brO"’,“c ocotillo and brittlebush, also appear to be
" pcm?s'ed with browner cacti (Table 3). A comparison
gssociat browning index of saguaros growing in the
of mean ond absence of teddy-bear cholla revealed no
Presx':(l‘lil differences. This species grows primarily in
signific 4l belt of the mountain slopes.
he memmwnﬁon was negatively correlated with the
Spine of browning. Plot-level means of percent
sevent;’sﬁmaws of spines retained on the south stem
visual red with mean percent brown grid squares
on the south stem are shown in Figure 8. A
'+ good linear relationship is evident, with a cor-
fairly Sn coefficient of -0.85 and a slope near -1
relzg;}‘)’ This, in itself, is not enough to imply cause
Ila 3ffech Spine retention and browning both vary
af!m height, which is related to age. Decreased spine
wi jon may be 2 normal part of the aging process.
mt;ﬂwm]aﬁ on matrix of many of the variables mea-
o’ cummarized to the plot level by averaging, is
E en'iﬂ Table 4 (n = 45 for comparisons). Many of
: data are not normally distributed, so the matrix
mCS:Id be used only as a guide for further investiga-
:ilz)on of processes that may be involved, i
sefinitive analysis of such processes. Noticeably
Jhent is any distinct linear correlation between any
yariable and elevation except average cactus height
(r=-057). This indicates that plots located on steep,
ocky slopes (which, in this area, occur almost exclu-
svely in the higher elevations) contain a smaller pro-
porion of tall cacti than plots on the bajadas.

Population Density and Structure N
The data collected allow a plot to plot comparision
of numbers of saguaros of various height classes and
the total number of cacti. Density values (plants/ha)
may be obtained by dividing plot numbers by 4, for
comparison with previous work (Table 5). A hls:,-
togram of saguaro height structure for each plot is
shown at respective plot locations in Figures 9 and
10. Since all cacti >2 m were not measured, data for

amics of Gia

——————— > % Ulant Sagyaros

areas. In TMD

m height class are seen in the high i
m
At plot 45, ¢le B

vation 4,200 ft, density reache
plants/ha, highest of any in our sample?rOf imcrsesltzig
the bajada plots of both districts is the existence of a
sharp peak in the 0.1-1.0 m class, consistent with the
work of Turner (this volume) in that it documents
Possible recovery of the Cactus Forest population in
years lo come. Potential recovery is not evident in
every plot, however. Plots 1, 2, 8, 9, and 10 do not
exhibit an increase in recruitment over the past

decade or two. Our data indicate that the population
of saguaros is still in decline in these areas.

CONCLUSIONS

Epidermal browning of saguaro cacti is a
widespread condition; no area within the monument
may be said to be free of it. Browning appears to
begin in the presence of sunlight, but very green cacti
up 10 8 m tall (at least 70 years old) with good spine
retention and many arms may be found without a
trace of it. Therefore, some plant-specific factor must
be involved in the process. Browning appears to be
well correlated with age, suggesting it may be part of
anormal aging process. However, in some plants this
appears to be accelerated. The reasons for this are
presently unknown. A decrease in spine retention is
correlated with increased epidermal browning. Since
the browning often begins at the areoles of the cacti,
this result may indicate a cause and effect relation-
ship between the incidence of browning and spine
loss at a given areole; this bears investigating.

The saguaro population appears to be stable in
most foothill and mountain environments sampled.



242

Dan M. Duriscoe and S

andra L. Graban

et

In the bajadas, a large anomaly in the population
Structure exists in that a peak in density of cacti at 6
to 8 m in height occurs. A number of young plants in
the 0.1-1.0 m height class were observed in many of
the bajada plots, indicating some recruitment has
taken place after many decades of steady population
decline. Recruitment was not seen in all plots, how-
ever, and cactus numbers in some areas are still
declining.

The data set amassed in this research project will
Serve as a base for future monitoring of the individu-
als studied. Long-term monitoring will provide
greater insight into the cause of epidermal browning
and document the ever-changing distribution of
Plants in this area of the Sonoran Desert.
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Table 1. Means of selected variables by monument district and by plot.

No. of plants by height class (m)

Plot Height Percent Percent  Browning Topographic
No. (m) brown spines index  .1-5 5.1 1:15 152 >2.0 TOTAL Elevation  Aspect position
Entire population
5.02 13.43 68.43 2.08 58 38 24 14 142 276 911 243
Rincon Mountain District
All 4.79 11.25 70.03 1.86 3 35 25 15 123 228 969 261
1 5.09 20.67 59.07 337 4 0 1 3 32 40 904 310 Bajada
2 598 14.00 50.40 1.99 4 0 0 2 105 111 875 340 Bajada
3 4.19 12.10 69.67 2.30 15 25 16 4 73 133 975 280 Foothills
4 3.69 13.03 66.33 2.89 13 15 20 13 60 121 1000 300 Foothills
5 6.00 25.00 41.83 3.53 28 24 29 15 57 153 867 350 Bajada
6 442 8.23 74.07 127 19 22 28 17 109 195 975 290 Foothills
7 4.23 12.50 64.27 1.96 30 55 42 27 167 321 1000 250 Foothills
8 6.91 4.70 56.73 .64 6 1 0 2 56 65 818 0 Bajada
9 5.72 5.20 69.45 67 5 2 3 2 43 55 890 350 Bajada
10 73 5.83 69.53 84 1 4 1 3 75 84 872 999 Bajada
11 4.40 2.40 84.03 42 13 13 11 6 100 143 860 330 Bajada
12 4.62 18.43 50.83 3.35 56 50 36 25 188 355 1113 190 Slopes
13 4.55 9.90 70.27 1.50 28 22 19 12 176 257 902 260 Foothills
14 4.29 6.80 79.30 1.22 4 8 7 4 37 60 1052 300 Foothills
15 6.62 38.07 32.80 4.99 30 41 36 7 94 208 844 30 Bajada
16 3.96 19.00 62.43 4.06 58 58 41 22 196 375 1024 210 Slopes
17 511 6.27 70.07 1.04 40 23 ) 3 95 168 843 340 Bajada
18 4.63 1.27 93.77 28 8 17 16 7 63 111 920 180 Bajada
19 4.43 5.13 84.53 .76 39 49 35 12 127 282 844 290 Bajada
20 434 5.03 91.40 99 27 21 13 9 113 183 1042 90 Foothills
21 5.20 13.23 71.50 1.90 35 54 28 17 220 354 1128 200 Slopes
22 3.81 6.37 88.59 1.39 17 35 18 19 200 289 1067 190 Slopes
23 4.46 6.20 88.30 .80 12 5 3 0 68 88 1231 80 Slopes
24 3.63 10.37 83.87 1.87 75 83 64 a7 207 466 1052 200 Slopes
25 3.84 11.63 71.60 244 183 239 159 99 409 1089 1119 170 Slopes
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Table 1. Continued.

e

No. of plants by height class (m)

]I:Jlot Height  Percent Pct.'cem Brlowning Topographic
o (m) brown  spines index .15 5-1 1-15 152  >20  TOTAL Elevation  Aspect position
Tucson Mountain District

All 5.29 16.15 66.44 236 93 43 2 13 165 336 839 220

26 5.93 2937 49.00 395 37 36 26 28 235 362 747 30 Foothills
27 5.02 6.13 76.67 97 30 21 10 6 52 119 847 0 Bajada

28 5.56 13.80 71.60 2.06 49 29 25 8 282 393 805 250 Foothills
29 5.19 15.67 70.97 1.70 8 6 4 1 66 85 689 280 Bajada
30 6.83 24.93 50.97 3.00 19 31 18 5 194 267 869 340 Foothills
31 538 11.63 55.60 160 49 26 5 5 98 183 732 330 Bajada
32 4.86 720 7407 133 7 5 3 3 77 95 777 350 Bajeda
33 4.93 7.83 79.53 1.02 28 1 10 7 57 109 686 310 Bajada
34 533 1430 68.43 245 24 26 11 8 133 202 899 80 Slopes
35 5.74 13.93 71.87 202 100 22 4 4 64 194 680 280 Bajada
36 4.66 21.70 70.40 371 306 122 48 14 156 646 1061 200 Slopes
37 6.15 14.13 68.43 179 149 89 45 15 227 525 786 170 Foothills
38 4.79 2093 61.67 345 176 75 50 44 400 745 823 160 Foothills
39 457 8.60 80.00 135 91 38 27 11 250 417 780 330 Foothills
40 6.54 25.27 43.13 3.06 51 13 9 7 344 424 738 270 Bajada
41 5.19 28.53 52.17 400 196 86 41 2 178 523 1091 240 Slopes
42 497 14.77 67.07 231 37 26 24 25 144 256 792 80 Slopes
43 436 13.87 77.03 237 120 33 20 12 81 266 960 180 Foothills
44 5.69 20.17 59.77 3.11 22 11 3 8 89 133 747 330 Bajada
45 4.20 1027 80.50 194 362 151 57 26 176 772 1280 190 Slopes
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5, Comparison of the appearance of north and south sides of cactus stems

Table
>
Epidermal browning on main stem
13.431
South o 20.430 1350
North ' 6.754 1347
Epidermal browning on grid
23.581
south 36.586 1334
5.251
North 15.441 1339
—
ison of means for selected fac : s
T”""ci'o?‘i';‘r‘a’&ﬂ's other plant specics. 101S among groups of saguaro cacti growing in the presence or
absc
—
Species: ~ Present Absent Independent t-test
Factor 2 A x n t P
prasops veluina:
% Browning ”“‘3,‘ e lg»}‘g gg6 1512 1014 532 <0.001
% Browning south gri T 1 26.25 1003 4.69 <0.001
Browning index rrar 332 2.32 1003 5.40 <0.001
g, Spines south stem i 335 6731 1012 -1.98 0.047
Height (m) 5.12 332 4.97 1003 -1.15 0.249
Cercidium microphyllum:
% Browning south stem 15.71 836 9.73 514 5.26 <0.001
g, Browning south grid 2729 827 17.51 507 4.77 <0.001
Browning index 236 827 1.60 508 -4.57 <0.001
g, Spines south stem 6539 834 73.39 513 394 <0.001
Height (m) 5.12 827 4.82 508 -2.67 0.008
Opuntia bigelovii:
% Bmwm:ng south stem 13.40 72 13.43 1278 0.01 0.990
% Browning south grid 25.73 72 23.45 1262 -0.51 0.608
Browning index 231 72 2.05 1263 -0.71 0479
% Spines south stem 6538 72 68.61 1275 0.73 0.463
Height (m) 459 72 5.0 1263 1.83 0.067
Fouquieria splendens:
% Browning south stem 14.70 457 12.78 893 -1.63 0.104
% Browning south grid 25.09 451 2381 883 -1.08 0281
Browning index 244 453 1.88 882 332 0.001
% Spines south stem 6937 456 67.96 891 0.68 0.498
Height (m) 4.65 453 5.19 882 4.79 <0.001
Encelia farinosa:
% Browning south stem 15.92 316 12.67 1034 -2.47 0.014
% Browning south grid 2847 313 22.08 1021 27 0.007
Browning index 271 313 1.87 1022 4.41 <0.001
% Spines south stem 66.71 316 68.97 1031 0.97 0335
Height (m) 4.61 313 513 102 4.03 <0.001
Entire population
% Browning south stem 13.43 1350
% Browning south grid 23.58 1334
Browning index 2.07 1335
% Spines south stem 68.44 1347

Height (m) 5.01 1335




Table 4. Correlation matrix of selected variables using plot-level means.

Pca.r(s;l))n's r Percent brown Percent brown Percent spines
3.tatled vroh visual estimate gnd count visual estimate
B Browning
Height index S stem N stem South North S stem N stem Elevation
1.0000 2010 4405 4771 4302 3675 -.6547 -.5617 -5657
Height (45) (45) (45) (45) (45) (45) (45) (45) (45)
P=.2010 P =186 P =.002 P=.001 P =.003 P=013 P =.000 P =.000 P = 000
Browning 2010 1.0000 9431 7385 9141 6922 - 7298 - 7886 0485
index (45) (45) (45) (45) (45) (45) (45) (45) (45)
P =186 P =000 P =000 P=.000 P =.000 P =.000 P =.000 P = .000 P=.752
4405 9431 1.000 8448 9629 7710 9629 710 -.1193
South (45) (45) (45) (45) (45) (45) (43) (45) 45)
Percent stem P=.002 P =.000 P =.000 P =.000 P = .000 P =000 P =.000 P =.000 P = 435
brown
visual 4771 7385 .8448 1.0000 7825 .8094 -.6762 - 7071 -.1941
estimate North (45) (45) 45) (45) (45) (45) (45) (45) (45)
stem P=.001 P =.000 P =.000 P =000 P =000 P =.000 P =.000 P =.000 P=201
4302 9141 9629 7825 1.0000 7628 -.8513 -.8855 -.1357
South (45) (45) (45) (45) (45) (45) (45) (45) (45)
Percent P=.003 P=.000 P =.000 P =.000 P =.000 P =.000 P =.000 P =.000 P=374
brown
grid 3675 6922 7710 .8094 7628 1.0000 -.6158 - 7004 -.1351
count North (45) (54) (45) (45) (45) (45) (45) (45) (45)
P=.013 P =.000 P =.000 P=.000 P =.000 P=.000 P=.000 P =000 P=376
-.6547 -.7298 -.8124 -.6762 -.8513 -.6158 1.0000 9506 2950
South 45) (45) (45) (45) (45) (45) (45) (45) (45)
Percent stem P =.000 P =.000 £ =.000 P=.000 P =.000 P = .000 P =.000 P =.000 P =049
spines
visual -5617 -.7886 -.8568 -7071 -.8855 -.7004 9506 1.0000 1885
estimate North (45) (5) @5) (45) (45) (45) @5) (45) (45)
stem P =.000 P =.000 P =.000 P =.000 P =000 P =.000 P=.000 P=.000 P=215
-.5457 .0485 -.1193 -.1941 -.1357 -.1351 2950 1885 1.0000
Elevation (45) (45) (45) (45) (45) (45) (45) (45) (45)
P=.000 P=.752 P =435 P =201 P=2374 P=.376 P=.049 P=215 P =.000
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12.50 275 093 401 123 185 093 031 g5 00 000 000 000 000 1500
w W T 313 313 157 470 3g 235 157 078 078 000 157 o000 52.00
5 17 1575 1633 980 817 980 327 163 g0 oo 000 000 000 000 9375
6 B0 % 237 237 317 8M ssa L38 000 000 000 000 000 000 4200
7 1875 575 210 262 525 210 26 105 g0

oo

000 000 000 o000 0.00 2775
'00 1175 741 741 529 529 423 00 1.06
27 7

106 000 000 000 o000 70.50
00 550 565 753 153 377 094 283 0.00 000 0.00
12 2

pr=3

. 000 000 000 4575
Bogrs 125 367 1283 1283 133 1283 18 000 000 367 000 oo 000 8850
o1 BB 05 167 1667 1667 33 161 000 oo 000 000 000 000 000 7225
p B8 v oum ;0 530 340 0% gay 000 000 000 000 000 057 2200
B A% 0525 2415 1201 517 345 345 173 1o 000 000 000 000 000 11650
24 33;3 6450 3408 3408 1022 102 102 000 341 000 00 000 000 000 27225
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>
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B BB Lo 97 260 247 1m 1w 173 043 043 000 000 000 000 2975

BB s AT 705 W50 105 o4 1175 470 000 235 000 000 000 9825
3 ‘ggg 125 220 385 275 110 330 16 110 055 000 000 000 000
X '

21.25

575 000 323 808 8.08 485 647 8.08 647 323 000 0.00 0.00 66.75

30 12’;2 2:50 408 327 327 653 1.63 245 082 082 082 082 000 000 45 5
31 18

150 064 513 513 513 193 000 128 000 000 000 000 000 2375
230 43 190 380 237 237 095 095 047 000 000 000 000 2725
8 S & .58 58 48 % m 33 on LI1 000 000 000 000 5050
A TP 20 8 107 267 1@ S& 18 oo 000 107 053 000 000 4350
35 3050 O 780 780 910 520 650 130 130 000 000 000 000 000 161.50
¥ WA T i S SO 4w o 1513 378 378 378 000 000 000 13125
T TR na M BY B3 DR s o 333333 000 000 000 000 18625
¥ e 23'50 833 2292 625 1250 417 208 417 208 000 000 000 0o 104.25
N W 2 AT 86 U7 WE BT 287 287 000 287 000 10600
8 %8 1575 (590 445 1038 445 - B9 445 148 000 148 000 000 000 13075
§ bm 05070 600 600 60T 1M A 480 000 G 000 000 000 6400
S % Emite 2m 38 4. 4B o 000 068 000 000 000 000 6650
S K heais 0 Ao S wes homiadl 0 s 000 3325
. pom s LA i MO Ak 14T 4 G0 000 000 000 000 000 193.00

‘Density values for these height classes were extrapolated from a random sample of 30 cacti with heights >2 m within the 4-ha plot.
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Fig. 1. Map of the Rincon Mountain District showing the sampling design.
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Fig. 3. Ecological plot map for plot 42 in the Tucson Mountain District.

COLOR _(ABEL SPECIES COUNT _AREA (sq m)
 ACCO  Acaocw constricta 3 S B86
W AMDE  Ambrosia deliocidea 7 1 333
N ATCO  Ayeria compactn % 2.637
WmmN CAER  Caolhondra eriophylia a 7. 064
N CAG Carnegiea gigontea Fd 0.573
m CEMi Cercidium microphylium 7 10 973
EEEE ENFA  Encelia fannosa 3 1 246
W EPHNE  Ephedra nevodensis 10 3.928
W [(RLA  Encomena loncifolio 1 0.228
_— JAGR Janusio grocilis 29 4 720
W KRGR  Kramerio groyi 1 0.794
E— LYBE  Lycwm beriondier L] 1.608
WML Mammillona microcarpa 1 0.003
N OPAC  Opunlia ocanthocarpe 10 1 636
m POGR Porophyllum gracile 1 Q0 163
- SO Siphonoglossa longiflora 1 0.130
R SPSP Sphoerolcea sp 3 0176

GRASSES X COVER
Aristida purpureg <1 %
Hiloria balongen 2%

ECOLOGICAL PLOT MAP
PLOT 42
SAGUARO NATIONAL MONUMENT, ARIZONA

February 16, 1990
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Characteristics of Cyanobacteria]-
in Long-Term Saguaro Mon

!.ichen Soil Cruysts
itoring Plots

Jayne Belnap

explain the observed phenomena.

ABSTRACT

cyanobactcrial-lichcn soil crusts were surveyed in plots establish itord

browning ol'_saguaro cacti (Carnegie:a gigantea). Percent cover, co}nsgsi':; monitoring epidermaj

phytin a ratios and nitrogenase activity were measured. No correl 0 chlorophyll a/phaco-

amount of soil crusts present or its composition and saguaro cactus d ieni

. an] i

were found bctw_cen increased -Chlorctphyll a/phacophytin a ratios an;:igcr;ifsogn;ﬁcam Cof'n?lauons

saguaro cactus epidermal browning. It is suggested that non-nitrogenous acidicgaiI:a::uzf;,v;ly m;d
’ could

\

ation was found between the

INTRODUCTION

Cyanobacterial-lichen soil crusts, an important
component of many ecosystems, are found in arid
and semi-arid regions throughout the world. These
crusts play a vital role in reducing soil loss from
wind and water erosion by binding soil particles
together. They contribute nitrogen and organic matter
to systems that often have low levels of both. They
also increase availability of other nutrients for nearby
vascular plants (Harper and Marble 1990; Belnap
and Harper, unpubl. data). In addition, many air pol-
Jutants significantly affect the physiological function-
ing of these crusts, making them useful as indicators
of the presence of pollutants (Belnap 1990).

The major constituents of cyanobacterial-lichen
soil crusts are several species of filamentous
cyanobacteria. Although very resilient when wet, fil-
aments are extremely susceptible to compressional
damage such as trampling by livestock when dry.
Since crusts are metabolically active only when wet,
dry filaments that are crushed are easily blown away.
When large areas are destabilized, sediment that
blows or washes in can bury the crusts, often result-

ing in death of portions or all of iL.

A significant decline has occurred in the sg
cactus (Carnegiea gigantea) population found \iuﬂtrg
the boundaries of Saguaro National Monument
(SNM). Since the monument has been subjected 1o
h.cavy livestock grazing in the past, as well as heay
air pollution at present, adverse impacts 1o the sm);
crusts would be anticipated. Crust damage or loss
may in tum affect cactus health and/or survival This
study was designed to ascertain possible correlations
between the present status of the cyanobacterial-
lichen crusts in SNM and the observed cactus

decline.

METHODS

All sampling was conducted in long-term monitor-
ing plots established as part of the ongoing study of
the saguaro cactus decline. All saguaro cacti in each
plot were examined for external signs of injury (epi-
dermal browning); the number of lesions present on
each cactus was used to construct a relative injury
value. Injury values for each cactus were then pooled
and averaged to arrive at an injury index for each
plot (Duriscoe and Graben, this volume).
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also
phyu“‘;:;i;e;i;ﬁsmmes’were coilccu.:d. for chloro-

For chls On and nitrogenase actvity analyses.

Pk I“’P’}Y“ analyses, samples were extracted
: alely with dimethylsulfoxide (DMSO). Sam-
pPics were analyzed with a Beckman spectroph
ler at optical densit; g otorpc-
= s nsites of 398 and 362 nm, following
e I:lh(;l ods of Ronen and Galun (1984). The wave-
n:sfn[ ;.ltlsed had been previously determined to rep-
4 chlorophyll @ and phaeophytin a in the crusts
y smc_mphowmemc scans of extracts before and
afyer acidification with 1IN HCI (hydrochloric acid).
'Usmg these two values, the ratio of chlorophyll a to
its _dcgr:.adation product, phaeophytin a, was obtained.
This ratio is an indication of the status of chlorophyll
concentrations in the crusts.

Nitrogenase activity in the soil lichen Collema
tena.x. was measured with the acetylene-reduction
lc?chmquc. Circular samples of the lichen, 3 cm in
diameter, were collected when dry. The entire surface
was then moistencd with 1.5 ml water and placed in
.g:.‘x's-Ught, translucent tubes. Sufficient acetylene was
injected into the tubes to make a 10% acetylene atmo-
sphere. Tubes were then incubated for four hours in a
growth chamber illuminated with full spectrum lights.
Measurements were made on a flame ionization
detection gas chromatograph, using an 8-ft, 8% NaCl
(sodium chloride) on alumina column.

Results for the transects were analyzed with analy-
sis of variance and multiple range tests. Results com-
paring the presence of crust, chlorophyll ratios and
nitrogenase activity with the saguaro damage index
were analyzed with regression models.

RESULTS
Statistically significant correlations were found

between increased chlorophyll a/phacophytin a ratios
and the saguaro injury index (Fig. 1), as well as
between increased nitrogenase activity and the
saguaro injury index (Fig. 2). No significant correla-
tions were found between the amount of soil crust
present and cover values for vascular plants, bare
ground, litter, rock or gravel. No significant correla-
tion existed between the saguaro damage index and
the total amount of crust present, or the amount of
cyanobacteria, lichen or moss present.

DISCUSSION

Increased chlorophyll a/phaeophytin a ratios have
been found in crusts on four substrates (gypsum-,
limestone-, quartz monzonite-, and sandstone-
derived soils) exposed to simulated acid precipita-
tion. Crusts on sandstone-derived soils showed the
same effect where exposed to effluents from a coal-
fired power plant containing large amounts of sulfur
dioxide and nitrogen oxides (NO,) (Belnap 1990).
Decreased ratios have also been found in crusts and
rock lichens exposed to urban pollutants (Belnap
1990; Garty et al. 1985) and rock lichens exposed to
coal-fired power plant effluents (Belnap and Harper
1990). It is postulated that substrate buffering might
account for different responses to the power plant
effluents: cyanobacteria embedded in highly alkaline
substrates probably receive a much greater amount of
buffering from acidic compounds than rock lichens
that are only attached to the surface of the substrate.
If protected from acidic effects, the cyanobacteria
would be able to take advantage of the incoming
buffered nitrates and sulfates as fertilizers. Urban
pollutants from the Los Angeles, California Basin
(dominated by automobile exhaust), however, had
the opposite effect on crusts from these same sub-
strates. Chlorophyll degradation was significantly
higher in crusts exposed to those pollutants than
those in clean air (Belnap 1990). This would indicate
that at least some compounds in urban pollutants
cannot be buffered to prevent injury to chlorophyll in
the crust.

In light of the above evidence, it is possible that
the increased chlorophyll a/phaeophytin a ratio seen
in plots with higher saguaro cactus injury indices
may indicate that the crusts are receiving greater
input of some fertilizing, buffered compound when
compared (o crusts found in plots with less damage.
These compounds are probably different than those
most commonly found in air pollutants dominated by
automobile exhaust, since those have been found to
degrade chlorophyll a. Addition of acidic compounds
to the alkaline soils would make positively-charged
nutrients more available to organisms, thus enhanc-
ing the fertilizing effect.

As with chlorophyll a/phacophytin a ratios, nitro-
genase activity increased in plots with greater saguaro
cactus injury indices. Maximum rates of nitrogenase
activity in soil-dwelling cyanobacteria usually occur
at or near pH 7.0 (Stewart 1969; Granhall 1970).
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osphate: molybdenum, iron, anc_i sulfur can be lim-
?, 5o additions of these may stimulate nitrogenase
‘”".g'w (Henriksson and Pearson 1981; Gallon ang
actla\’ lin 1987) Decreased nitrogenase activity with
f{;}; gddilion of nitrogen-based compounds (ammonj-

nitrate, of nitrite) has been reported in both the
1ab<'3r3mr3’ and the ficld (Gallon and Chaplin 1987),
gffluents from a coal-fired power plant, with high
NO, concentrations, ‘h'fwc also been shown to
decrease nitrogenase activity (Belnap 1990),

geveral possible sce_nz_lriqs would explain the
increased NIlrogenase actvity in plots at SNM. First,
deposition of any acndu:. compounds would tend to
jower the pH of the soil ‘sgrface. thereby possibly
increasing nitrogenase activity due to the pH effect.
secondly, addition of any acids would make positive-
1y_chargcd nutrients more available to organisms,
and could act as a fertilizer. Thirdly, addition of com-
pounds such as sulfur or phosphates, excluding those
that are nitrogen-based, could act as fertilizers and
stimulate nitrogenase activity.

The combined evidence makes it plausible to sug-
gest that some non-nitrogenous, acidic compounds in
the air may be responsible for increasing both nitro-
genase activity and chlorophyll a/phacophytin a
ratios of the cyanobacterial-lichen soil crusts. These
compounds may also be affecting the cactus. Non-
nitrogenous compounds, buffered by surface soils,
could increase nitrogenase activity by reducing the
pH of the surface soil and either adding nutrients
and/or releasing nutrients to act as fertilizers. This
would also stimulate chlorophyll production and/or
reduce chlorophyll degradation. Sulfur dioxide is the
most common pollutant to fit this description,
although many others would fit as well.

SUMMARY AND MANAGEMENT
IMPLICATIONS

Further work needs to be done on the relationships
between air pollutants present in SNM, saguaro cac-
tus, and the cyanobacterial-lichen soil crusts. The
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.rcsearch summarized here gives direction to future
Investigations, Acidic air pollutants found in SNM
should be identified. Laboratory and field tests
should then be conducted with these compounds to
elucidate their effects on saguaros and soil crusts.
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of responses to weather pattemns.

ABSTRACT
Main stem diameters and respiration of the main stem cambial region were simultaneously mea-
qured for a stand of Douglas-fir (PSe?udorsuga menziesii) and southwestern white pine (Pinus strobi-
formis) on lhe.north slope of the Rincon Mountains. The immediate objective of the study was to
establish baseline values of stem expansion and contraction and concomitant stem respiration. The
Jong-range objective is to use this sensor complex to determine the influence of natural and anthro-
pogenic Stresses. Results indicate that stem diameter change is dominated by expansion and con-
traction due to water status. Contraction caused by drought occurs over time scales of many months
and appears to carry over from season to season. Water status changes supercede any change related
to biomass production. Short- and long-term weather patierns cause simultaneous changes in stem
diameters and respiration. Age of the plant and water status are strong influences in the magnitude

INTRODUCTION

In recent years a substantial decline has occurred
in the forests of western Europe and North America.
The problem is very complex and involves the inter-
action of chemical, physical and biological factors in
the soil-atmosphere continuum. Anthropogenic
impacts are believed to be the cause of this forest
decline and changes in the health of trees visibly
change in response to such impacts. One technique
widely employed in forest science to detect change is
the measurement of tree circumference by manual
means with dendrometers, or automatically with den-
drographs. Circumference measurements are
employed because they provide an integrated mea-
surement of the change in the radius of the tree main
stem without the necessity of extrapolating from a
measurement at a single point on the perimeter.

In a previous study, the PHYTOGRAM technique
was tested to determine whether it can be used as a

quantitative scale of health (Gensler 1990). The tech-
nique is based on the use of invasive electrochemical
sensors placed in the tree tissue for indefinite peri-
ods. The potential patterns derived from these sens-
ing electrodes, termed PHYTOGRAMS, are a
measure of respiration of the tissue (Gensler 1980,
1990). The objective of this project was to determine
the correlation between the PHYTOGRAM respira-
tion patterns and main stem circumference patterns
on daily, seasonal, and annual time scales.

METHODS

The study site, shown schematically in Figure 1, is
divided into four quadrants with data acquisition
PODs (Potential Observing Device) at the center of
the diagram. The basic approach was to install manu-
al dendrometers and PHYTOGRAM electrodes on
21 Douglas-fir (Psuedotsuga menziesii) and 21
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southwestern white pine (Pinus srrobifor_mis)- In
addition, 12 automatic dendrographs were installed
on each species, permitting the simultancous 'mca-
surement of the two species by three lcchmqt_xes
under the same ecological conditions. Tree selection
for sampling was guided by an attempt 10 obtain a
wide variety of ages from each species.

Circumferential Dendrometers
and Dendrographs

Each of the 44 manual dendrometers consisted of 2
3.17 mm wide, 0.051 mm thick band made of Hastal-
loy C276, and wrapped around the main stem at
breast height. The two ends of each band were
attached to a well-type readout. The well depth read
with a digital micrometer was accurate to within £ 6
pm (micrometers).

The 24 automatic dendrographs employed linear
variable differential transformers (LVDT) as dis-
placement sensors. An invar band was attached to the
core of the LVDT and served to convert the stem
diameter changes to changes in core position. Reso-
lution of the sensor was 4 pm with an unadjusted
range of 16,000 um and a total adjusted range of
45,000 pm.

PHYTOGRAMS

Each of the 44 electrodes was placed in the region
of the cambium, following bark removal. Tar was
used to seal the entry points and at the same time
insulate the electrodes. A reference electrode buried
in the ground, completed the electrochemical circuit.
The potential was measured between the electrode in
the tree and the reference electrode. Automatic den-
drographs and the electrodes were measured every
15 minutes, with data stored as one hour averages.

RESULTS
Long- and Short-term Radius Changes

The change in stem radius for the period October
1989 to June 1990 is shown in Figure 2. Overall,
only four of the 40 trees, all of them young, had a
positive change in radius. Fourteen of the 17 trees
showing a positive increase in stem diameter from
February to June 1990 were Douglas-fir.

A comparison of young (31 ycars) versus old (224
years) Douglas-fir showed similar overall contrac-
tions from day 285 to day 365. For the old tree, the
contraction was 278 pum over 76 days (3.65 pm/day),

and for the young tree the contraction was 37g
over 76 days (4.2 um/day). The change in radius
similar in spite of the wide difference in age. S

A comparison of the response of a young (3
years) versus an old (224 years) tree to individyg)
weather disturbances, indicates that the younger e
is much more volatile. Both trees respondeq to
weather disturbances on days 292 and 322, Howeyer
the younger tree initially contracted, then expanded'
back to the pre-disturbance radius and overshgy the
steady state level. The older tree made a very gq,,
and muted expression in the period following day
331, whereas the younger tree showed a very strong
contraction and then a recovery 10 a level well bejgy,
the day 331 level. The same response was obseryeq
for several of the young trees (e.g., tree 7.2, 21 vears
old and tree 42, 42 years old) during this time inge.
val. In like manner, a second old Douglas-fir (tree 84
199 years old) manifested the same behavior as (he
224-year-old tree. The generalization suggested s
that older trees are better able to withstand short-tem
adverse disturbances.

The comparative radius response beginning on day
292, 1989, is illustrated in Figure 3. Both radii fo].
lowed the same pattern until an erratic temperatyre
change on day 293 and a generally lower temperatyre
caused a strong difference in response. The younger
tree expanded with the lower temperature, while the
older tree contracted.

Correlation Between Electrical Potential
and Radius Change

The response of the electrode and the automatic
dendrograph on the same tree to a short-term cold
front is presented in Figure 4. The radius before and
after the response is in a relatively straight line, This
suggests that the response was in a sense superim-
posed on a steady increase in the radius. The electro-
chemical and physical responses are definitely
similar.

CONCLUSIONS

A number of definite conclusions can be drawn
from the analysis of data from the three types of sen-
sors. First, the manual dendrometers indicated quite
clearly that the magnitude of the hydration/dehydra-
tion cycle is great enough to obscure the determina-
tion of the biomass increment during the time
interval under analysis. The contraction due to water
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e fall of 1989 was not compensated for by
oS mo“me" in the spring of 1990..Thc part of the
s pydration cycle observed in this data set,
season oy kad amplitudes in the order of 300 10 400
commo eached as high as 1,100 pm.
ond, the responses of tree radius to daily

SE% n cycles arc relatively small compared with
pydrad® nse to individual weather disturbances over
the © nal cycle. Daily peak 1o peak amplitudes in
a “asrgc; of 10 to 20 pm in radius were observed,
o 0 a seasonal amplitude of 225 um. Weath-

ces have such a major influence on tree
the reading of the manual dendrometer on a

:cular day must take into account the weather
P al days pefore that day. It appears that weather
;c.v; pances Can cause changes in tree radius as high
is
asﬁrﬂew Jittle pattern in change in radius was

: t'as measured with the manual dendrometers.
eviden cans that the trees must be analyzed on an
This mu 1 basis until a patiem is determined that can

q10a gcncralizatiou about age-specific responses.
= rosite variations and/or intrinsic genetic varia-
1\’1;;5 are likely quite strong. )
io esolution of circumference at the 4 pum level in

Rdrogmphs is necessary to discem the magnitude
o0 form of the diumal radius cycle. The range of the
and ;adc dendrographs at this resolution is 2,500
e radius. If the seasonal diumal radius cycle is in
e (l;nrder of 1,000 pm or more, it will be necessary to

¢ the initial value of the dendrograph with some
Zcm This has already been foun.d to be true.

T}ic question of species differences was only
briefly examined. A computation of t_hc average
pG11 index of the Douglas-fir had a relatively steady
level of 400. The southwestern white pine had a
pG11 magnitude of 285, with a substantial increase
in magnitude between day 69 to 75. Because Dou-
glas-fir were generally older than southwestern white
pine, it is probably premature 10 place too much
emphasis on the difference in m_dcx. Howcvcn:. .l.hc
fact that 14 of 17 trees r:xpcncflccd a pos:u_vc
increase in radius in the spring, during a ime period
that corresponded 1o this index computation, sug-
gests a significant difference between the two species
may exist. The higher index values are a sign of
more vigorous trees. Douglas-fir may have been able
(o sustain the rigors of the north slope c}lmalc better
than the southwestern white pine during the time

indl\'id

interval under consideration. However, this is not in
keeping with the common observation that south-
western while pines are able to grow in drier climates
than Douglas-fir.

The potential-radius plots indicate a very definite
correlation between changes in the radius and
changes in the potential. Potential and radius respond
almost simultaneously. In other words, the correla-
tion with regard to the question of “when™ is excel-
lent. This coincidence was also found in 1982, in
cotton (Gossypiwn hirsumum L.), a woody perennial
(Gensler and Dias-Munoz 1983). The sudden drop in
potential was accompanied by an increase in the
radius of the main stem.

The correlation with regard to “how much™ and
“in what direction” in the case of the trees in this
project must be further investigated. Examples in the
tree population were observed wherein the potential
rose in the moming and fell in the aftemoon. This
has been shown for various species in numerous data
sets and in various parts of the continent, to be con-
comitant with healthy, well-watered trees. By con-
trast, in this project, potential fell in the moming and
rose in the afternoon for some trees. This indicates
relatively extreme drought stress. In other words,

conditions of the trees at the site do not appear (o be
uniform.

MANAGEMENT IMPLICATIONS

Two definite management implications follow
from these results. Drought effects appear to carry
over from year to year so that any testing or research
cffort during a particular year must take into account
the extended precondition of the forest. The influ-
ence of suspected pollutants must be examined with
great caution, since natural environmental distur-
bances have greal magnitude and extended duration.
This necessitates a very complete and extended data
set on forest performance before conclusions about
anthropogenic influence can be assessed.
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Fig. 1. Schematic layout of the site. The dendrograph and PHYTOGRAM PODs (Potential Observing
Devices) are located at the center of the diagram. The slope of the hill is from the south to the north. A shallow
wash is located just east of the POD. The scale of distance is approximately 40 m from the PODs to the outer-
most tree. Asterisks represent Douglas-fir; open circles represent southwestern white pine. (Example of code:
61.1 = tree number, 33 = electrode wire number, 12 = LVDT channel number, 36 = LVDT wire number.)
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Fig. 2. Radius change (mm) versus age between October 1989 and June 1990. Between October 1989 and
February 1990, every tree in the sample contracted. Between February 1990 and June 1990, 17 of the trees
expanded. This curve gives the overall result for the complete time period. Fourteen of the 17 trees which
expanded between February and June were Douglas-fir.
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Fig. 3. Comparative radius response between a young (31 years old) and an old tree (244 years old). The
response of both trees appeared to be caused by the erratic temperature cycle on day 293. The temperature at
0200 hours on day 293 began to rise. This rise lasted until about 0730 hours whereupon the temperature began
to fall until 1400 hours. At this time the temperature began to rise again. At 0200 hours on day 293 the radii
responded in the same manner. Both reversed their contraction and began to expand. The expansion lasted until
0800 hours when the temperature decline was already underway. The two trees responded with even greater
magnitude this time until 1500 hours when they once again both began to rise. The expansion of the old tree
was substantially different insofar as it did not rise past its pre-disturbance level. By contrast, the younger tree
expanded well past its pre-disturbance level. Both trees responded very strongly to what appears (o be a nor-
mally occurring temperature drop in the aftemnoon. The only difference in this temperature drop compared to
others which provoked very little response was the temperature level. The temperature level this time was sub-
stantially lower than before. The radius scale is arbitrary on this graph, but the change in radius is absolute.

The temperature scale is absolute.
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Fig. 4. Example of the potential-radius correlation, tree 2.1, 45 years old. The diumnal cycle of the radius is
almost indiscernible. The diurnal cycle of the potential has a peak at 0800 hours and a minimum at 1400 hours.
Both the potential and radius responded sharply at 0900 hours on day 114. The low temperature on day 112
was about 5.3°C and the high was 14.6°C. The radius and potential drop began when the temperature was
above freezing. Potential scale is valid but the radius scale is arbitrary. Changes in radius are according to the
scale. The actual temperature value can be obtained from the formula given.
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Monitoring the Ecosystem

a
Reproduction: A Valya nd Its Impact on Honey Bee

ble Tool for National Parks
Steven C. Thoenes, Stephen L, Buchmann, and Justin O. Schmidt

Two systems of monitoring an AL T

0 sy ccosystem wi ; ;

involves honey bee colonies equipp)::d with lptgl?:: ir):ag:et;:ffz:; ;f;gz’;r;)l asl::(;lpm'semw K i
This system yields data on pollen and nectar Quantity collected by bees throu hoﬁi $ namra;:arrtc:s.
ana]ySlS.Of the pollen samples yields quality estimates and species divcrsit% indicez y’?‘lil; 5 c;
monitonng'SYS“’-"f USCS Swarm (raps to monitor periods of swarm movement and numI::(r::r:)f
swarms. This provides a database in which changes in the bee population (such as an invasion b
Africanized honey bees [Apis mellifera scutellata)) can be recognized and investigated Overally
natural areas can benefit by the many ways honey bees can be used as biomonitors to aid'in undcr:
standing important aspects of particular ecosystems.

INTRODUCTION
The Tucson Basin is a highly varied and complex

ecosystem, including areas of vast urbanization with
litle native flora, rural areas of low human habitation
with much of the native flora intact, and natural areas
including national and state parks, monuments, and
forests. Honey bees (Apis mellifera) can be used as a
work force to monitor blooming periodicity for the
majority of plant species in these areas, both native
and exotic (0’Neal and Waller 1984). This informa-
tion when combined with climatological data can be
used to monitor quality (protein content) and quanti-
ty (amount available) aspects of pollen in ecosys-
tems.

The Africanized honey bee or so called “killer”
bee (Apis mellifera scutellata) is now present in the
United States. This bee is characterized by highly
defensive behavior, high reproductive rates, and
long distance swarm movements. The various agen-
cies dealing with natural areas, especially those
located near urban centers, are faced with possible
invasions by these bees posing human health and

public relations problems. Understanding the current
relationships among bees, plants, and climate within
the ecosystem would provide baseline data to allow
significant changes in honey bee populations (such
as an invasion by Africanized bees) to be detected,
characterized, and handled in an appropriate manner.
In this paper, we explain how honey bees can be used
as effective monitors of ecosystems, how the ecosys-
tem affects honey bee reproduction, and how honey
bee swarms can be monitored with traps, leading to
possible future control methods.

METHODS

Honey bee colonies were placed in various loca-
tions across the Tucson Basin, including both units of
Saguaro National Monument (SNM). Modified
Ontario Agricultural College (OAC) pollen traps
(Waller 1980) placed on standard honey bee colonies
were used to collect pollen samples, usually on a
weekly basis. Quantity of pollen collected was
obtained by weighing each sample. Subsamples were
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diversity with 2 micro-
1so analyzed for percent
ahl digestions, and.was
nt protein (Milton

analyzed for plant species
scope. A subsample was a
nitrogen, using micro-Kjeld
subsequently converted to perce
and D(i]mzis {981). Selected bee colonies Were pla_CC‘:
on either platform or electronic scales to momlod
weight changes (Moffett et al. 1981; Buchmann atn
Thoenes 1990). Data compiled by University of Arl-
zona weather stations were used for temperature ¢
culations and rainfall data were obtained from the
Pima County Department of Transportation and
Flood Control District. Timing and locations of
honey bee swarms were obtained mainly from
records of telephone calls to various private and gov-
emnment agencies when a swarm landed in a person’s
yard, tree, or house. Swarm traps were placed across
the Tucson Basin as extra monitors of swarm move-
ment (Schmidt and Thoenes 1987, 1989, 1990).
National swarming patterns were developed from lit-
erature references for each state (mainly Jones 1918)
and fine-tuned with the few swarm patterns available
for specific cities.

RESULTS

Pollen trap records from any one site showed high
variability on both a weekly and yearly basis. Weekly
collections for urban areas ranged from 0.0 to
2,317.0 g (z = 846.0 g) and yearly values ranged
from 13.5 to 37.9 kg (X = 26.5 kg). Natural areas
yielded weekly values of 0.0 to 1,974.0 g (x = 427.7
g) and yearly values of 19.5 to 23.7 kg (x = 22.7 kg).
Species diversity in the pollen samples revealed that
honey bees collected pollen mainly from species of
zoophilous (animal-pollinated) plants, but also from
species of anemophilous (wind-pollinated) plants (5-
28% of diet per year). Honey bees collected pollen
from 20 to 25% of the flora within flight range, and
10 10 24% of this was pollen from exotic flora such
as omamentals. Percent protein calculations (crude
nitrogen x 5.6) yielded a range of 12.6 to 28.5% (X =
21.5%). Weights of colonies showed the largest gains
in colony mass during April and May, peaking in late
May. Modest gains were also recorded in mid-
August.

A total of 3,069 swarms was recorded. Swarms
occurred from late January to mid-November, but the
majority of swarms occurred from March through

—

May. Captures of swarms with swarm traps |

mimicked the corresponding yearly pattern of reoscly
ed swarm occurrence. Variation in swarm occurm, n-
was somewhat correlated with climatic factors sncc
as temperature and rainfall, but was highly iy uch
with various plant bloom factors, such as pegy Spi:iled
pollen quantity, spring rise in pollen quality (g, ng
tein), and negatively related to nectar flows pro-

DISCUSSION

The National Park Service has many parks, Mony
ments, and historic areas, which include unique 0;
significant undisturbed ecosystems. Results of thig
study show that honey bees can be used as Work
force of data collectors, and this information can be
used to quantify important bee/plant/climate inter,_
tions to build databases in natural areas. The entire
data-collecting device includes a single colony of
honey bees equipped with a pollen trap and placeq
on a scale (preferably an electronic scale interfaceq
to a portable data-collecting device). Data collection
by park or other personnel requires only weekly
records of pollen and colony weight. This System is
already in place and functioning well in Organ Pipe
Cactus National Monument. Trend analysis of the
weekly colony weights and a more in-depth analysi
of the pollen can be accomplished through a coopera-
tive program with research personnel from the Cay
Hayden Bee Research Center in Tucson,

Schmidt/Thoenes swarm traps provide artificial
cavities for swarms of honey bees to set up new
colonies. The tremendous advantage of these traps is
that they can be easily deployed in any ecosystem of
interest. Usually, only the “most fit” colonies repro-
duce by swarming, and do so at the time of year mogt
advantageous for survival. Successful captures in
swarm traps can be noted by park personnel and
bascline data gathered that give information on the
floral health of the ecosystem, population density of
honey bees and periods of normal swarm movement
for that arca. National swarming patterns yield basic
knowledge as to when swarms should be moving in a
particular arca of the country. This broad spectrum
view can be used to determine the best periodicity of
trap inspection (i.e., once or twice a week during the
peak and monthly otherwise).
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.« gathering data to reveal significant aspects
Besldcs g roduction, swarm trap information ig
of ho[‘lcy qant in what it reve'als. about l}oney bee
gery im0 and movement. This information has an
“1““°“Smporlam application in detecting the
A yremely ¥ Africanization” in the bee population,
s 0 4 bees are of tropical origin and have high
AfricaniZe roductive swarming and swarm move-
out the year. Thus, the pattemn of swarm
¢ will b dramatically diffgmnt than that of
pees adapted 10 temperate climates. Many nat-
reas 4CTOSS the country are already viewed as
3l - ories” of a variety of exotic, or unwanted
“repoS! put few if any of these species are viewed as
a5 stening. The public outcry against “killer”
m'ﬂ-l:natu ral areas could be potentially devastating
ulblic perceptions and use of parks. We believe
0P well designed series of swarm trap “lines” can
u?tda information that will either detect Africaniza-
‘el of local honey bees as it occurs, or show that
‘ggcmﬁzaﬁon has not yet occurred. A basis for pos-
sible control and elimination of honey bee Popula-
tions through swarm control may also be provided.

5 Y AND MANAGEMENT
IMPLICATIONS ey vy

Honey bees can be used as bmmongtonng d_ev:ces
1o more completely understand the unique or signifi-
cant ecosystems of many natural areas. Important
information such as floral bloom phenologies, pres-
ence or absence of particular flora, and honey bee
diet preferences can be easily collected. Such efforts
would take little time and could easily be integrated
into existing bee research programs. Valuable
insights about overall interrelationships of bees,
plants and climate would be obtained.

Baseline data showing periodicity and quantity of
honey bee swarm movement in natural areas is
essential. Programs using swarm traps as monitors
can yield the needed information. Databases showing
national swarming patterns can aid in minimizing

time spent by park personnel in monitoring. Without
proper data, invasions by Africanized bees can go
Unn.ouced until a serious stinging event occurs.
Maintenance of swarm trap monitoring programs
may also provide future control for honey bee popu-

1aﬁ9n8, but this particular aspect is still under investi-
gation by the authors.
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