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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 litlle 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 Parle 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 LO 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 LO 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 are 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 (he 
early 19th century, the national park idea has matured into a system of over 354 
National Park Service (NPS) areas 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 Parle Service - the agency charged 
wi th 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 facili tate 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, 

V 
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- Bill Paleck 

Bill Paleck is the 15th Superintendent of Saguaro ~alional Monu~ent and has serve(! 
in that capacity since April 1987. Pal~ck grew up m Tucso~, Anzona. and began his 
career with the National Park Service as a seasonal trail laborer m the Rincon 
Mouruains. 

The Rincon Institute is pleased to help fund the publication and distribution of the 
proceedings of the fi rst Symposium on Research in Saguaro National Monument. 
Widespread dissemination of the findings and results presented at the symposium is 
essential 10 inform not onl y 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 imponant 
asset for promoting research, education, and conservation activities necessary to 
ensure the long-term integrity of SNM. The institute and its afftliated organization -
the Sonoran lnstituLC - were created to address a critical challenge facing those who 
care about the monument, as well as nat.ional parks throughout the country. This 
challenge is to determine what relationships and activities involving park managers, 
conservation advocates, local governments, and the development community, wiU 
protect national park resources and values and ensure that development occurring 
adjacent to national parks adheres to the highest ecological, social, and fin ancial 
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 areas. 



Foreword 

The Rincon Institute was designed to help protect and enhance the resources of 
SNM over the long-tenn, through a succession of home owners over several decades. 
The institute has entered into an innovative agreement with the owners of the Rocking 
K Ranch, a private holding that shares a five-mile boundary with the monumenL This 
agree~ent .funds the institute through a start-up grant and long-term deed restrictions 
that will bmd all future landowners and developers on the Rocking K Ranch. The 
restrictions require that nightly hotel room fees, residential and commercial occupancy 
fees, real estate transfer fees , and monthly homeowner fees be paid to the institute lo 
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 (I) managing natural open space for 
educational, scientific, conservation, and outdoor recreational values; (2) providing 
environmental education and research; 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 comm itments 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 Ibis 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 Ibis volume is one of the Rincon lnstitute's first undertakings, and a 
very appropriate one. The institute is pleased to help publish '.111d di stribute ~he 
proceedings because the integrity of SNM requires local offic1~s. conservation 
advocates, developers, and landowners to make resource proteclion and Ian~ . use 
decisions that are sensitive to tbe 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 Anzona, School of Renewable Natural 
Resources. He has served as director of the U.S. Bureau of Land Management and 
Vice-President of The Conservation Foundation. 
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vlli Foreword 

For more than 50 years, Southwest Parks and Monuments Association (SPMA) has 
worked in pannership with national parks in the western United States, donating more 
than $7 million to their interpretive, educational, and scientific research programs. 
Southwe t Parks and Monuments Association's affiliation with Saguaro National 
Monument (S M) began in 1943 and over the years our support has enabled the 
monument taff 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 
cientific 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 Priehs has been the Executive Director of the Southwest Parks and Monuments 
Association for 10 years. Prior to his position at SPMA, Priehs published the 
interpretive newspaper for Grand Canyon National Parle. 
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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 penna­
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 establishmenL 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 (Camegiea 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 I 96 I, a rectangular area 400 x 1000 ft 

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

3 

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 comers 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 I 979, 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 visiL 
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--------------~Ra~ym~~on~d~M:·2Ti~ur~n~er:_ ____________ _ -
RESULTS 
Rlncon Mountain District Plot 
st T~~I saguaro population of 196 l has declined 

l
ea I Y to the present. Of the 2 IO plants (22 8 

P ants/a) found that · 
1989 (Tabl I ) N year, only 42 (20%) remained in 
. . f e · 0 new plants were seen until the 

VISHS O 1979, 1983, and 1989 when 13 12 and 115 
plants w L ' ' ere ocated. The last value is perhaps 50% 
too low_ because a heavy growth of the grass, Muh­
lenberg1a porteri, has developed beneath the desert-
tree cano · hid. . . pies, mg the new saguaros, which grow 
mainly m these microhabitats. 

Additional information concerning this group of 
plants can be obtained by examining the distribution 
of pl~t heights (Fig. 1). In 1961, few plants <IO ft 
tall exmed and few existed in the classes from 10-18 
ft and in those >30 ft. Height frequencies of the 208 
m~asurable saguaros (strongly leaning plants or !hose 
wi th broken tops are excluded from this table) 
reached maximum values between 18 and 30 ft, cor­
responding roughly ro ages of 60 to I 00 years 
(Steenbergh and Lowe 1983: Tables 2-IO). Thus, lhe 
period between 1860 and 1900 appears to be one of 
robust saguaro establishment, while that from 1900 
to I 96 I, was one of lictle population augmentation. 

Comparison of Che I 962 and 1988 height-class his­
tograms (Figs. 4 and 5) shows the expected loss of 
plants in the taller height classes and a moderate 
recruitment pulse by the relatively large number of 
plants in the I-ft class. Interestingly, mortality among 
the larger plants has not been as great he": as ~t I.he 
RMD plot Mortality differences occurred m spite of 
initially similar numbers of old plants in the two 
plots. The height classes from 14 to 29 ft on the _1962 
histogram (Fig. 4), singled out because of the ~gher 
frequency values they include, represem survivors 
that became established between about I 850 and 
1895 (Steenbcrgh and Lowe 1983: Tables 2-1 I). This 
period of apparent peak establishment is 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 Lime. Although both plots 
have experienced a greatly increased rate of 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. 

At the Lime of the 1989 e:uminaLion, the height 
distribution was strongly skewed toward smal ler 
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 I 983: Tables 2-I 0). additional information 
can be obtained for the Liming of new plant establish­
ments. Acco.rcUngly, 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 I 962 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 (fable 2). 

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 
I 7 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 western (e.g., catastrophic 
freezes, air pollution) should be examined. If the 
~reater m~rtality rate of old saguaros at RMD per­
sists, the disparately large recruitment there may well 
~ nullified ?Y the effects of the greater mortality rate 
m the matunng 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 

https://Interesting.ly
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severe freezes for the 195 I-I 988 period occurred in 
January 1962, January 1971, and December 1978. 
Drought is strongly implicated as the cause for Lhe 
one year decline in estabUshment, 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 Lhe 
plant's range, suggests that some large-scale force 
may be shaping these populations. Because of the 
importance of July-August rainfall to the gennination 
of short-lived saguaro seeds, fluctuations in precipi­
tation for these two months could be a factor in 
detennining 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) 

h as established several pennanent saguaro study 
plots in the monument. The importance of penna­
nently marking these plots and continued monitoring 
at 5-year intervals is clear. The new plots, in addiLion 
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 th.is plan requires a commitment to 
long-term research by the NPS. 

NPS personnel. Challenging indeed is the prospect of 
turning 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 Mount.ain Disuict plot, Saguaro National Monument. 

Population totals by year first observed ~ 

1961 1965 1973 1979 1983 

1961 210 175 126 88 75 
42 

1965 0 0 0 0 
0 

1973 0 0 0 
0 

1979 13 13 10 

1983 12 
II 

1989 115 

Totals 210 175 126 101 100 178 

Table 2_ Survivorship of saguaros at Tucson Mount.ain District plot, Saguaro National Monument. 

Population totals by year first observed -
1962 1965 1973 1980 1983 1989 

1962 205 200 183 172 163 152 

1965 0 0 0 0 0 

1973 2 2 2 2 

1980 2 2 2 

1983 2 2 

1989 13 

Totals 205 200 185 176 169 171 
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Demographic Patterns of Saguaro and Fish-Hook Barrel Cactus 
Populations in the Cactus Forest of 

Saguaro National Monument 

Thomas Helbslng and Nicole Ascher 

ABSTRACT 
Natural populations of saguaro (Carnegiea gigantea) and fish-hook barrel cactus (Ferocactus wis­
lizeni,) were studied in the Cactus Forest (Rincon Mountain Dislrict) 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 m2 and 6.4 individuals/1000 m2• Saguaro densities were 5.7 individuals/1000 ml 
and 5.9 individuals/1000 ml. 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 
excluded. 

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 (Alcorn and 
May 1962; Niering et al. 1963; Tomer 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 
(Alcorn and May 1962; Niering et al. 1963; Hastings 
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and Turner 1965; Turner 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 cast), annual precipitation is fai rly high in the 
Cactus Forestµ= 312 mm/yr) and winter freezes are 
common (Steenbergh and Lowe 1977, 1983). Com­
pared with the Tucson Mountain District ([MD) 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 I 988 and I 990. 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 rwo 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 vit.ality 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 sampUng sites, 52 (plot I) and 64 
(plot m barrel cacti were found, comprising densities 
of 6. 19 individuals/I 000 m2 on plot I and 6.4 individ­
uals/1000 m2 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 
s ize classes were most abundant in plot II: 22 indi­
viduals measured Jess 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 

beneath nurse plants; in 1990, 65.6% were shcltercct 
by nurse plants. 

Saguaro Cactus 
Within plot I, 48 saguaros were found in 1988, anct 

population density was 5 .71 individuals/1000 m2 
Forty-four of 48 plants were younger than 40 years· 
37 individuals being younger than 20 years (Fig. 3)'. 
Thus, 77 .1 % belonged to the youngest age class (0-
20 years). Based on the growth rates that Stccnbcrgh 
and Lowe (1983) observed in the Cactus Forest, lhe 
age of the four saguaros taller than 5 m was more 
than 60 years (Fig. 3). Height distribution of plants 
measuring less than 250 cm is shown in Figure 4: 23 
of 44 juvenile plants were smaller than 20 cm. Only 
a few juvenile plants were taller than 50 cm. In this 
winter-cold habitat, 45 of 48 saguaros were recorded 
beneath nurse plants, mainly mesquite (Prosopls 
julijlora) and foothill paloverde (Cercidium micro­
phyllum). No juvenile saguaros were found in 
exposed microhabitats. Although 32 g iant cacti 
showed no signs of freezing damage, non-lethal 
freezing injuries were apparent on 10 plants. Lethal 
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 11), the dens ity of the saguaro stand was 
5.9 individuals/1000 m2

• 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 cm 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 slructures 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 (Alcorn 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 
temperatu re without any damage. Half of the 
droughted plants, with osmotic potentials ranging 
from -0.92MPa LO -1.lMPa, 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 availabil ity 
(Steenbergh and Lowe 1976, I 977, I 983). Thus, in 
the Cactus Forest winter survival of seedlings is 
restricted LO protected microhabitats created by nurse 
plants. Prior LO 1958, however, the nurse plant cover 
had been reduced marlcedly due to grazing (Nicring 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 seems possible, provided that this area is kept 
under protection. 
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Fig. 5. Age distribution of saguaro cactus (n = 59) by 20-year age classes on a 1.0-ha sampling site (Plot Il) in the Cactus Forest, Rincon Moun­
tain District, Saguaro National Monument. 
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Epidermal Browning of Saguaro Cacti: 
Is It New or Related to Direction? 

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

ABSTRACT 
Browning of the epidennal 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) barlc.ing, (2) areole deterioration, and (3) spine 
loss from mature cacti from 1903 to 1987. Analyses of epidermal characteristics of saguaros at 
Saguaro National Monument were perfonned to determine if epidermal browning was related to 
compass direction. Results showed that both scaling and barking of crests (ridges) and troughs were 
significanlly higher on southern exposures (140-220') than northern exposures (320-40"). Barking 
of troughs was tenfold higher on the southern side than on the northern side of cacti. These differ­
ences also were apparent for arcole scarring and spine loss. The resul ts 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). 
Specificall y, 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 chloropl asts in the 
chlorenchyma, as well as increased browning of 
parenchyma tissues inside the chlorenchyma (Evans 
ct 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). Arc 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 thi s stud y, 

photographs of saguaros from several large collec­
tions 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 irradiancc values 
determined from model predictions to ascertain if 
injury severity is related to solar irradiance. 

METHODS 
Photographic Studies 

23 

So urces of Auth en tic Pho tographs.- Three 
sources of prims and negative of saguaros were used 
for this study: (\) the Homer Shantz collection local­
ed al the hcrbarium at the University of Ari zona; (2) 
the collection archived by R. M. Turner of the U.S. 
Geological Survey at Tum amoc Hill , Tu cson, 
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Arizona; and (3) the colleclion 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 
authenlic 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 (I) 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 cacrus that fi t the above criteri a 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. 

Scaling is the appearance of epicuticu lar wax 
buildup. Barking refers to a larger buildup of epicu­
ticular waxes with a very dark appearance; areoles 
are difficult to observe through the waxes. For each 
crest, the surface was evaluated for scaling and bark­
ing, scored independently. A particular crest could 
exhibit both scaling and barking, one or the other, or 
neither. A score of 1 was given when a condition was 
present and a score of O when absent. For each 
trough, the percentage of area that was apparently 
heal thy, covered by scale, or covered by bark was 
evaluated. 

Observations were also made of areolcs, including 
characteristics of spines and the growing points of 
axillary buds. Areoles were characterized as (I) 
apparently heal thy, (2) having only scar tissues pre­
sent, or (3) missing completely because of excessive 
scaling or barking of the crest epidennis. 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 (]) 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 I 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. 

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 evaluatDr scored the 20 
cacti and the scores were compared. Discussions 
eventually resulted in similar scores. After 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 
rwo 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. 

Studies of Compass Orientation of Injuries 
Sources of Cacti.-The saguaros used for the field 

srudy were sampled from 1 June through 22 August 
1990 at SNM. Cacti were not selected randomly; 
rather, an altempt was made to sample a wide range 
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from young cacti with few epidermal injuries to older 
specimens with brown and black epidennal cover~ 
ings. Excluded from th.is study were saguaros with 
no apparent epidermal problems and those that 
exhibited extensive barking of all crests and Lroughs. 
These two types of cacti wouJd not provide uscf ul 
information to detenninc 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 mun­
bcrs 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 fou r evaluators 
agreed on the criteria and the degree or extent of the 
appearance of a cenain surface characteristic for ran­
dorn ly 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 Lrough were taken 
from 1.5 to 2.0 m above ground level. 

After 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 field data 
were corrected for azimuth difference from magnetic 
to true north and then adjusted to Lhe nearest 20'. 
Some angles had data for two samples while olher 
angles had no data. 

Calculation of /rradiance.-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 Lhe equinox and site lati­
tude. All other inputs were defaul t values, which 
were appropriate for the deserts around Tucson (G. 
Geller, pcrs. comm.). The program was modified so 
that auto rotation 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. 

RfSULTS 
Photographic Studies 

The authentic historical photographs from 1903 to 
1987 included 241 cactj, Initial data analysis includ­
ed all cacti with estimated ages >80 years. Statis­
tically significant (P = 0.05) decreases in age and in 
Lhe 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 21 15 years of age (fable 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 (P 
= 0.034), and all spines missing (P = 0.013) were 
obtained wilh later photographs (Fig. 1; Table 1). 

Compass Orientation 
Trough scaling was highly correlated with com­

pass di rection (Fig. 2). Values above 35% of area 
covered ranged from 100 to 220·. Values on Lhe nonh 
side of cacti (340-20") were below 20%. A similar 
pattern 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 di rectional responses shown above 
were supponed by Lhe database that included cacti 
with both scaling and barking of troughs. Trough 
scaling on soulhem exposures (>30% of area at 80') 
was six times greater than on northern exposures 
(5% of area at 0'; Fig. 4). This strong relationship 
was also supponed 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 (bolh scaling and 
barking) was higher on southern exposures Lhan on 
northern exposures. Additional suppon 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. Areolcs with a whole complement of 
spines were most prevalent on northern exposures 
(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 southern 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 southern Arizona and northern Mexico. 
The widespread nature of the phenomenon suggests 
that the causative agent of epidennal browning is not 
specific to monument areas but is occurring through­
out lhe 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 southern 
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 I .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 
epidennal browning of saguaro cacti over the past 

60-90 years? This question cannot be answered 
presently, but a hypothes is that increased UV-B 
exposure could be the causative agent is consistent 
with circumstances that relate to epid~rmal browning 
of saguaros. These include the followmg: (I) epider­
mal browning has increased as total irradiance 
including UV-B exposure, has increased; (2) totai 
irradiance on southern exposures is four times that of 
northern exposures at the lati tude of SNM, and scal­
ing of troughs on southern exposures of saguaros is 
four to s ix times greater than on north-facing sur­
faces; (3) crest areas, which receive less shading than 
trough areas, show injury symptoms of epidenna1 
browning before trough areas; and (4) epidennat 
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 chi/ensis), exhibits simila r epidermal 
browning characteristics with epidermal browning 
more prevalent on north-facing surfaces than on 
southern exposures. 
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Table 1. Relationship between characteristics of saguaros estimated ~1 15 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. 1. Relationship between characteristics of saguaros estimated ~.115 years of age with date of photograph. 
Y axis is the proportion of cactus characteristics or area of cactus exhibiting injury symptoms. Statistical eval­
ualions of the regression relationships are shown in Table I. 
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Fig. 2. Relationship between trough (pleat) scal ing versus compass direction of the crest (ridge). Data arc 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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saguaros that exhi bited both scaling and barking of troughs. The standard error of lhe mean for all measure­
ments was 0.013. 
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Fig. s. Relationship between scaling Oower line) and baricing (upper line) on crests (ridges) of saguaros versus 
compass direction of I.he crest. Dala arc from saguaros I.hat exhibited both scaling and barking of troughs 
(plealS). The standard error of I.he 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 arc from saguaros that exhibited both scaling and 
barking of troughs (pleats). Tiie standard error of the means for all measuremems for most spines missing and 
whole complement of spines were 0.01 8 and 0.008, respectively. 
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ssoc,ated with Epidermal Browning 
0 aguaro Cacti at Saguaro National Monument 

Lance S. Evans, Vincent A. Cantarella, and Kenneth W. Stolte 

. ABSTRACT 
In Saguaro NaL1onal Monument in Tu · 
undergone a noticeable decline cha . cs~n, Anzo~a, saguaro cacti (Carnegiea giganrea) have 
Green cacti usually show Little or ract~nz~d by ep1dcnn_al browning and premature senescence. 

d 
. l ill no epicuncular wax buildup, numerous spines greater stomata! 

cns1 y, more ax ary buds and 1 ' 
hl h lh 

. . areo es, and greater numbers of chloroplasts per cell in 1he 
c orenc yma, an cacu w1lh epid alb · · · 
to slough off brownin cacti ~nn . rownmg. It IS hypothesized that epicuticular wax ceases 

. g , lhus hrndenng gas exchange. Polyphenols are produced as a response 
to stornatal occlusion, resulting in brown parenchyma and a subsequent browning of stems. 

INTRODUCTION 
At Saguaro National Monument (SNM) in Tucson, 

Arizona, population densi ty and recruitment of 
young saguaro cacli (Carnegiea g iganrea) have 
noticeably declined over lhe past 40-60 years (Hast­
ings and Turner 1980). Saguaros can live 10 be >200 
years old (Hastings and Turner, 1980; Steenberg and 
Lowe 1983). The most obvious correlate wilh prema­
tu re death is the orange to brown to black discol­
oration lhat occurs on lhe surfaces of saguaros that 
arc 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 lhe cause(s) of lhe saguaro decline. Steenberg 
and Lowe ( 1982, 1983) attributed lhe losses to freez­
ing injuries, but no dJrect evidence has been present­
ed to demonstrate lhat epidermal browning is related 
to freezing temperatures. Hastings and Tomer (1980) 
considered Lhe decl ine of sagu aros at the Rincon 
Mount.ain District (RMD) of SNM in lhe context of 
changes in species dynamks throughout lhe Sonoran 
Desert. 1l1ey discussed such issues as the effects of 
cattle (Bos taurus) and olher desen animals, cff ecrs 
of fire suppression, and changes in climate, as possi-

ble causes. 

35 

The present s tudy was conducted to test the 
hypolhesis that stem tissues of green cacti differ from 
stem tissues of browning cacti. To test thJs hypothe­
sis, epidermal characteristics, buildup of cpicuticuJar 
waxes, depth of chlorenchyma, and deplh of tissue 
browning benealh lhe chlorenchyma, were related to 

stem color. 

METHODS 
Observa1ions on, and tissue samples of, 472 

saguaro cacti were collected from March 1988 
lhrough August 1990. Cacti from both lhe RMD and 
lhe Tucson Mountain District (TMD) of SNM were 
sampled. Cacti were not selected randomly. Ralher, 
an attempt was made to sample individual cacti rang­
ing from apparently healthy young plants to older 
cacti wilh thick brown to black epidermal coverings. 
Observations and tissues were taken from 1.5 to 2.0 
rn above ground on southern exposures. Areas repre­
sentative of adjacent tissues were also sampled . 
Scores for the various phenological ob ervations are 
averages for southern exposures between 1.5 and 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 fo rmula: 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 epidennal color was estimated, tissue sam­

ples were taken. Tissue samples (approximately 2 x 2 
cm) were cut from southern 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 exrubiting 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 l arge r 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 southern expo­
sures. Areoles were characterized as (1) intact, (2) 

only scar tissues present, or (3) missing cornplet 
. a1· b rkin eh, because of excessive sc mg or a g of the c J 

epidermis. Spines were characterized as to prese~t 
or absence. If spines were present, they were cha Ce 

terized as havi?g _(I) a full comple~ent of spines,~~­
some spines m1ssmg, or (3) most spmes missing. ) 

The growing points of axillar:,' ?ud~ were charac_ 
terized as fuzzy, not fuzzy, or m1ssmg m appearan 
"Fuzzy" means that epidermal hairs or hair-like : · 
sues were present on the areoles. The fuzzy conctiti s­
was usually coincident with a swelling of the gro~~ 
ing point. The absence of the fuzzy condition wa 
usually associated with a lack of swelling. When th s 
growing point was abse~t, it usually reflected exces~ 
sive scaling and/or barking of the surrounding crest 
epidermis. 

Cutlde Studies 
After fixation, cuticles were washed with water for 

at least 10 minutes, dried with tissue paper and 
affixed to microscope slides with quick-drying (S­
min) epoxy glue. After the cuticles were placed 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 would 
remove epicuticular waxes or damage the cuticles in 
any way. 

Cuticles were viewed with a microscope at lOOx 
magnification. Five randomly selected views (2.54 
mm2 total area per view) of each cuticle were used to 
evaluate cuticular characteristics. Cuticles were 
checked for conditions of epicuticular waxes and 
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, stomata! density was detennined. 

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-unifonn 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. 
s amples that exhibited both Oaking 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 external colors, the number of 
chloroplasts per cell was determined for various 
chlorenchyma depths. Toe depths sampled were (1) 
o.o to 0.9 mm (Tissue A). (2) 0.91 to 1.8 mm (Tissue 
B), (3) 1.81 to 2.70 mm ('lissue C), and (4) 2.71 to 
3.6 mm (Tissue D) from the cuticle. Each cell was 
classed as having .s;.5, 6-10, 11-15, or 2:.16 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 1urn from green to the barking condition. Two 
parameters were used to document the di fferences, 
namely color factor (a measure of the green to brown 
color of the stem surface) and depth of 10. 

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 
10 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 conrrary, statistically 
signi ficant quadratic relationships were obtained for 
all three parameters with JD (fable 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 JD values of2-5 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 JD 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 5 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 or flaking, sheeting of 
waxes covers the stomata. 

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 10. Internal discoloration 
increased with increasing color factor values so that 

Internal discoloration was described in terms of 
the depth of the discoloration. Since the color of ID 
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 2:,5 mm was usually brownish-orange to 
brown. 

https://0.70-0.78
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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 1 OO 
(Fig. 3). In contraSt, crest barking usually occurred at 
lower color factor values. For example, at a color 
factor of 20, crest barlcing values were only O. l ani 
increased to 0.8 for a color factor value of 10 
(Fig. 3). 

Relationships between stomatal density and col~r 
factor and ID are shown in Figure 4. Stomata! densi­
ty decreased with increasing color factor values. 
More than 20 stomata/mm2 were observed at a color 
factor of O but less than 2 stomata/mm2 were see~ at 
a color factor of 70. Likewise, stomatal density 
decreased with increasing ID. At ID values of I mm, 
the stomatal density was abou~ 15/mm

2 
while at 1~ 

values of 9 mm, stomata! de.ns1ty was about 4/mm · 
The results indicate that swmatal density is highly 
correlated with color of saguaro stems as well as ID. 
They support the results above that show that. as 
stems lose green color and tum brown, sheeting 
occurs and in tum stomata are obscured (Fig. 2). 

rred almost simultaneously. These results indj. 
occu th t crest scaling preceded ID, suggesting that 
cate_ a f th crests near the areoles occurred ear1 
~caling o ence of events that leads to epiderrnayl 
in the segue . 

. ""':s sequence of events 1s supponcd b 
bro wrung. ! lU • c·F· y 

h Wl·ng that areole scarnng 1g. 6) began 
data s o . al . (F" 

th Same time as crest sc mg 1g. 5). These 
about e · f · 

e fiollowed by loss o most spines and events wer 
crest barking (Figs. 5 and 6). . . 

Relationships between sheeong, seal.mg, obscuring 
of stomata, and barking of troughs are shown in 
Table 4. Trough sheeting was pr~sent at low color 
factor values. Sheeting of the cuticle preceded sea}. 
. Obscured stomata developed after scaling and 
mg. · . ced d · preceded barking. Cuocle sheeang pre _e scaJmg 
and obscuring of stomata of troughs. Smee these 

ents in the troughs occurred after changes on ev . 
crests, it is assumed that cuticle sheet1~g occurred on 
crests before scaling, and that obscunng of stomata 
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 COuld 
not be accurately observed. 

DISCUSSION 

Qtloroplast density was positively correlated with 
percent cyan in stem color in some tissue cl~ses and 
negatively correlated with percent magenta m some 
tissue classes. St.at.isticaily significant negative rela­
tionships were found for frequency of cells with low 
numbers of chloroplasts per cell versus cyan content 
in stem color (fable 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. 

The results of this study demonstrate the sequence 
of events that lead from green cacti to cacti with epi­
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 epicuticu­
lar waxes. Cacti with a pale green color showed 
some flaking of accumulated epicuticular waxes, and 
this flaking may have resulted in sheeting of Lhe 
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 

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 

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 scal.ing to barking, 
so that by the time barking occurred, little or no gas 
exchange was possible. Lack of gas exchange leads 
to a ~ecrea_se in the number of chloroplasts per cell, 
especially m more internal chlorenchyma. The lack 
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f gas exchange also leads to decreased photosyn­
~ elic activity, probably the m~in causative agent of 
Lhe extensive internal browning that occurs when 
troughs are scaled or barked. Internal brown tissues 
ventually smell decayed when removed from the 

~acli . The extensive internal browning that occurs 
with barked troughs probably makes cacti more sen­
sitive to secondary plant pathogens, insect pests, and 
freezing injuries. 

Kueppers, H. (R. Marcinik, translator). 1982. Color 
atlas: a practical guide for color mixing. Barron's 
Educ. Serv .• Inc., New York, N.Y. 

Steel, R., and J. Torrie. 1960. Principles and proce­
dures of statistics. McGraw-Hill , New York, N.Y. 

LITERATURE CITED 

Stcenbergh, W. F., and C. H. Lowe. 1977. Ecology of 
the saguaro: II. Reproduction, germination, estab­
lishment. growth, and survival of the young planL 
Natl. Park Serv. Sci. Monogr. Ser. 8. 242pp. 

Hastings, J. R. . and R. M. Turner. 1980. The chang­
ing mile: an ecological stu_dy of vegetation change 
with time in the lower mile of an arid and semi­
arid region. Univ. Arizona Press, Tucson. 3 l 7pp. 

Steenbergh, W. F, and C. H. Lowe. 1983. Ecology of 
the saguaro: III. Growth and demography. Natl. 
Park Serv. Sci. Monogr. Ser. 17. 228pp. 

Tobie t. Relalionships between trough surface characteristics with amount of internal discoloration. 

Dependent variable 

Obscured stomata 

Sheeling 

F)alcing 

p 

0.001 

0.025 

0.01 8 

Equation of the line 
(quadratic functions) 

y = 0.551 • 0.149(x) + 0.015(x2
) 

y = 0.678 - 0.1 19(x) + 0.015(x2) 

y = 0.503 + 0.1 I 3(x) - 0.012(x2
) 

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

Stem No. Correlation Equation of the line 

Tissue• color chloroplasts/cell coefficient 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.ll (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. 

https://I.81-2.70
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Table 3 R I ti . . . al discoloration. 
· e a onships between surface characteristics of saguaros with intern -

Correlation c11uatio~n:,.o_f_th_e_lin_e __ _ 
Dependent variable ':'.:!.---~::-:--::-==::.:. __ ~ co~ef~fi~ci:'.cn~l-----~P-----::~311 + o.026(x) 
Crest~ru~g y=a 

0.153 0.002 = 0.208 + 0.026(.x) 
Trough scruing 0_ 164 0.001 Y _ 

0 415 
_ o.098(x) + O.Ol t(x2) 

C y- . 
rest barking >0.0001 _ O 083 + o.o34(X) 

Trough barking 0.224 >0.0001 
y- . 

·t11 color factor. 
. . . ghs of saguaros w1 

Tobie 4. Relallonships between surf ace charactensocs of the rrou . f the line 

Dependent variable 

Sheeting 

Scaling 

Obscured stomata 

Barking 

Correlation 
coefficient 

0.224 

0.348 

0.4-08 

0.336 

p 

0.014 

>0.0001 

>0.0001 

0.0001 

Equauon o . 
(linear regresswn) 

y 0.063 + 0.014(x) 

y == -0.023 + O.OJO(x) 

y == -O. l 36 + 0.011 (x) 

y -0.066 + 0.008(x) 

-
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Fig I. Relationships between depth of internal discoloration (right y axis), trough (pleat) sheeting, and 
obscured stomata versus color factor (left y axis, units are proportion of cactus area exhibiting injury) for 
saguaro cacti at Saguaro National Monument. 
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Fig 2. Relationships between cuticle flaking, cuticle sheeting, and obscured sLOmata (units are proportion of 
cactus area exhibiting injury) versus internal discoloration (mm) for saguaro cacti at Saguaro National Monu­
ment 
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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 4. Relationships between stomata] density and volume of base (1 ml of base tit.rated equals 128mMoles 
H+/m·2) used to titrate stored organic acids versus color factor for saguaro cacti at Saguaro National Monu­
ment. 
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Figs. Relalionships between scaling and barking of troughs (pleats) and crests (ridge ) (y axi is the propor­
tion of cactus surface area exhibiting injury symptoms) vcr..us dcplh of internal discoloration (mm) for saguaro 
cacli 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 

Kate Lajtha and Kristin A. Kolberg 

ABSTRACT 
NuLrient relaci_ons, _gas exchange, and heavy metal chemistry of healthy versus declining saguaro 
cacl.i (Carneg1ea g1ganrea) were examined in six Jong-term moniLOring ploLS in the Rincon Moun­
tain District of Saguaro National Monument Results suggest that decline can first be measured as a 
Joss in ma;<lmum carbon dioxide (CO:z) 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-ex.posed tissues arc physiologically more active in tcnns of CO2 uptake 
and arc 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 conclu ions documenting the biology and physiology of the saguaro decline 
can be made. 

INTRODUCTION 
The saguaro cactus (Carnegiea gigantea) in the 

Rincon Mountain District (RMD) of Saguaro Nation­
al Monument (SNM) has been declining since the 
early J 940s. A symptom commonly observed on 
cacti in affected areas of the RMD is a browning of 
the epidermis that originates at the areoles 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, alLhough 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 arc focusing on 
the possible role of air pollutams in altering ecosys­
tem function (e.g .• cyanobacterial-lichen soil crusLS 
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[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 nocturnal car­
bon dioxide (CO:z) uptake and diurnal water lo s 
panerns, and to correlate physiological parameters 
with visible signs of injury. to detennine if decline 
can first be observed as a physiological decrease 
in CO2 uptake and/or an increase in transpired 
water loss; 

2. Detennine if decline begins first in the physiolog­
ically most active tissues, in part to examine the 
alternate hypothesis that light radiation (such as 
elevated ultraviolet [ UV-8) wavelengths) could 
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have a direct negative cffccl on cactus health; 
3. Det.enninc if heavy metal JX)Uullon 0ead, cadmi­

um) from precipitation-borne smelter emissions is 
a cause of the saguaro decline, by comparing trace 
metal concenLrations in both healthy and deciin­
i ng tissues 10 known levels oftoxicily and injury. 

ca 6:00 pm to 8:00 am the :ollowing day for four 
cacti at one site (Mica), and six at another (plot 2) lo 
monitor the time course of nocturnal C<?2 uptake and 
to determine if a maximum rate was maintained for a 
length of lime tJrnl could be ~c_d for between-plant 
comparative measurements. JmualJ~ only noc1urna1 
co

2 
uptake and the timing of morru~g s1omata1 clo. 

sure was measured, rather than dayumc respiration 
measurements after swmatal c~osure. Once a lime 
interval for maximum CO2 gam was dctennined 
cacti within other plots were measured during th,· ' 

METHODS 
Site Selection 

During August 1990, six intensive study sites were 
chosen in Lhe RMD from those established by 
Duriscoe and Graban (th.is volume). Plots were cho­
sen to span the range of calculated injury indices 
(Table 1). At least seven cacti from within each plol 
that had not already been tngged for Jong-term moni­
toring were marked for physiological studies and tis­
sue nutrient analyses. 

. s 
time frame in order to compare tissues and di fferent 
cacti. At least two measurements were made of each 
rib chosen on each cactus during t11c night's run, and 
were averaged. One conLTOl plant at one site (plant 3 
Mica) was used as a reference plant, and was mca~ 
sured at a predelermined Lime 3!1:r each night's plot 
run 10 be able Lo assess the val1dlly of JX)oling data 
from differenl days. 

For cacti chosen during 1990, ribs were chosen 
from around the col.ire circumference and specific 
locations at breast hcighl were permanently marked 
for gas-exchange analysis. Rib surface azimuth was 
measured with a compass. During 1991, six sample 
locations were selected on each cacrus to reflect I.is­
sues facing true north (345") and true south (I 65°), 
and azimuths at 60° increments in between. 

Gas Exchange Analyses 

Nutrient/ Elemental Analyses 
At the end of the sampling season, tissue samples 

were taken from the north and south sides of selected 
cacti for trace metal chemistry. AU tissues were 
frozen and sent to Boston University for processing 
Tissues were freeze-dried for four days, separated 
from cuticles, and divided into chlorenchyma and 
parenchyma. Tissues were ground in an agate monar. 
Samples and NBS (National Bureau of Standards) 
citrus leaf standards were digested in teflon vessels 
using a nilric acid flux on a hotplate using cleanroom 
techniques, stored in virgin-resin HDPE bottles, and 
analyzed using graphite furnace atomic absorption. 
Ultrapure acids, deionized water, and pyrogen-frcc 
pipelle tips were analyzed for purity against stan­
dards. Concentrations were dctennined using st.an. 
dard additions 10 eliminarc matrix effects. 

Gas exchange measurements were conducted with 
a LI-COR closed-system Infrared Gas Analyzer 
(IR.GA) that had been filled with a custom plexiglass 
chamber lOp that was lined with clear teflon tape. 
Measurements were made during an unusually wet 
summer (] 990) as well as an unusually dry summer 
(1991). Carbon dioxide and hygrometer calibration 
was conducted using srnndard gases by LI-COR, 
Inc., prior to the field season. Seal s between Lhe 
chamber top and the marked surface of each cactus 
were made with double layers of closed cell foam. 
"Brear.h tests" were performed before each Jogged 
run to ensure that a full seal had been obtained 
between chamber and plant as outlined by Ll-COR, 
Inc. 

Calculation of an Injury Index 

Because cacti use the CAM (Crassulacean Acid 
Metabolism) photosynr.hetic par.hway and r.hus open 
srornaca and have acrive CO2 uptake during the 
night, initial measuremenrs during I.he summer of 
1990 were made to determine I.he nocturnal timing of 

gas exchange. Measurements were obtained from 

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 to orange-brown scaling (lhe appearance 
of a red-orange epicuricular wax buildup), with 
chlorcnchyma stiU visible through the cuticle, as well 
as. for_ I.he more severe barking (a Jarger buildup of 
cp1cu1Jcular waxes wir.h a red-brown lo black appear­
ance) of tissues. Tissues were ranked fi rst for percent 
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cover of damaged area, which could include either 
barking or scaling; this percentage was divided by 10 
to t,ccome 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 
d~aged, with 5% barking. 

Statistical Analyses 
srntistical analyses were performed using SAS 

procedures on ~ Boston Universi~ mainframe com­
puter. Compansons between cactJ and correlations 
among variables were perfonned 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 
both by tissue orientation as well as the estimated 
injury index. 

During August of 1990, CO2 uptake rates in 
healthy saguaros became positive at ca 4:00 to 8:00 
pm, and either increased slowly or remained relative­
ly constant at a maximum rate at least two hours on 
each side of midnight (Fig. I). Thus all rates to com­
pare di fferem 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 CO2 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 CO2 uptake max.ima and both injury index 
and rib azimuth. 

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

instantaneous WUE, defined as the ratio of photosyn­
thesis to transpiration. No correlauon was seen 
between WUE and injury index even in plants with a 
wide range of injury indices and CO2 uptake rates 
(Fig. 3). 

During the dry summer of 1991 , CO2 uptake rates 
were clearly limited by the availability of water and 
were significantly lower than 1990, and many plants 
did not show positive CO2 gain at any time during 
the night. For all plants measured during this season, 
daytime respiration losses were greater than night­
time CO2 accumulation. However, CO2 uptake was 
still marginally related to injury inde,c (Fig. 4), 
although this effect was not as pronounced as during 
the summer of 1990, when CO2 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 tissues 
had slightly, although not significantly, higher levels 
of lead and cadmium than green tissues (fable 2). 

DISCUSSION 
Results suggest that saguaro decline can first be 

measured as a loss in maximum CO2 uptake, even 
before spine loss is observed, during seasons of high 
water availability and temperature when natural envi­
ronmental limits on phys iological activity are 
removed. This decrease appears to be due to a gener­
al stomata! 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 epidennal 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 cause of saguaro decline. 
Research results reported here do indeed confirm that 
in healthy saguaros, south-exposed tissues are physi­
ologically more active in tenns of CO2 uptake during 
seasons of high water availability. However, it could 
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not reliably be detennined if water Jos~ _was al~o 

ed · To dcfiruuvely dis-greater on south-expos ussues. 
tinguish between hypotheses, analysis of ?!ants both 
with and without UV-B screens that were m place for 
several years would need to be made. 

Heavy metal concentrations were well be low 
reported toxicity levels. Althoug~ levels we_re 
marginally greater in declining than 10 heal thy us­
sues, this is probably a concentration effect d~e. to 
chlorophyll loss, rather Lban due to metal tox1c'.ty. 
However, the only way to truly assess the respccuve 
roles of potential atmospheric pollutants su~h-as 
heavy metals is to compare levels in these declirung 
populations 10 levels in populations of healthy 
saguaros. Similarly, the only way 10 ~y a~scss the 
role of nitrogen deficiency/satura11on in these 
saguaros is to compare levels to populations far from 
aanospheric 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: 
I. Nutrient analysis (specifically, ti ssue 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 detennine 
if excess sulfur deposition is a cause of premature 
senescence; 

3. Tissue analyses of reference plants (e.g., Larrea tri­
denrara [creosotebushJ, Prosopis velutina [velvet 

mesquite]) to expand the analysis_ of air J)Ollution 
effects to the entire desert commuruty; 

4. Regional analyses over th~ enti re range of the 

Saguaro to assess population s tructure , ti ss . l . . Ue 
browning, and physiolog1ca act1v1ty; 

5_ Physiological analysis (e.g :• CO2 uptake) of 
saguaros protected from ultraviolet ~-B) wave­
lengths (by glass shields) to _d~terrm~c if light, or 
some component of light rad1auon, d1recUy caus . . cs 
premature senescence in saguaro ti ssues, or if 
decline symptoms are simply first observed in lh 
physiologically more active tissues, and is direcu; 
caused by some other, yet unknown agenL 
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'fable 1. Study sites chosen f~~ lho~ established by Duriscoe and Graban (this volume). Plots were chosen 

an the range of calculated mJury indices. 
10 sp 

J-{igh injury index: 

p[ol 15 (39.6) 

Plot 5 (22.1) 

Intennediate 
injury index: 

Plot 2 (12) 

Low injury index: 

Plot 10 (5.2) 

Plot 9 (4.1) 

Mica (no calculated index) 

'fable 2. Com~arisons of l~ad (Pb) and cadmium (Cd) concentrations in ppm (µgig) fo~nd in ~aguaro 
chlorenchyma ussues to published values of other plants from both contaminated and uncontammated sites. 

Pb Cd 
Plant tissue range x range X 

saguaro (green tissues) 0.05-0.30 0.157 0.01-0.03 0.022 

saguaro (browning tissues) 0.12-0.59 0.285 0.Ql-0.04 0.025 

cereal grains, edible 0.10-1.00 0.36 0.01-0.10 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" a<; true south. 
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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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Influence of Livestock Grazing 
on Saguaro Seedling Establishment 

Fareed Abouhaldar 

ABSTRACT 
The r_elati~nshi_P betwee~ livestock grazing and young saguaro (Carnegiea gigantea) plants was 
exam1~ed-m this studY, Field ~~rte was conducted in Saguaro National Monument (Rincon Moun­
tain D1stnct) where _a fence divides a ~omogeneous area into two portions, grazed until 1958 and 
1978. The_ hypoth~si~ tes_ted was that if cattle grazing had no effect, then the number of saguaros 
and/or their age ~ISlnbution would be the same on the two differently grazed areas. Ten belt tran­
sects were established_ o~ e~ch area parallel to the fence. Saguaros were probed for, counted and 
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 m the management of grazing in some desert habitats. 

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 (R.MD) of Saguaro Nation­
al Monument (SNM), where saguaros grow close to 
!heir 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 
!he 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 

study would likely eliminate variables such as polli­
nating bats, rodents, pollution, climate, and soil that 
might mask the long-tenn 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). 

57 

Field work was conducted on the RMD where a 
fence divides an environmentally homogeneous area 
into two port.ions, 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 
a.round it. At the other side, the path was picked up 
by sighting th.rough the tree. 

The surface, within a meter of the twine, was 
closely examined for small saguaros by walking the 
length of tbe transect Where the twine went a.round 
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 th.e 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 IO-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 I). The log­
likelihood ratio test was used to assess goodness-of­
fi t 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 

sample. A plot of saguaro numbers by age cl 
indicated that the major difference between the tss 
populations was in the youngest class (I 1-20 ye~o 
Saguaro numbers in older classes appeared sim·i ). 

1 ar 
(Fig. 1). 

A new set of hypotheses was proposed to test th 
possibility that saguaros ~21 years of age had the 
same age distribution in the two plots. Statistic~ 
analysis indicated that among saguaros in this a 

ge 
class, the grazed sample came from a populatio 
similar in age distribution to the ungrazed sample (~ 
= 0.05). This means that all the significant Variation 
among the two samples w~ caused by the diffe rence 
in the number of saguaros m the youngest age class 
(11-20 years). 

DISCUSSION 
The difference in the saguaro population age struc­

ture between the grazed (east) and ungrazect (west) 
areas seems to point toward cattle grazing or some 
other unknown factor(s). Germination and survival 
of new saguaros was probably largely suppressed 
with grazing. In 1958, the fence was built and catUe 
removed from the west side, providing the area a 
chance to recover for >30 years. With no grazing, 
the habitat improved for saguaros, which genninated 
and survived at a higher rate than previously. Few 
saguaros (three) appeared during the first decade 
(1958-68) while the habitat was still recovering. In 
the following decade (1968-78), a marked increase in 
saguaro gennination and growth occurred, as evi­
denced by the 15 individuals that are now (1988) 11-
20 years old. In the third decade (1978-1988), this 
trend may or may not have continued depending on 
climatic and/or other conditions. Plants genninating 
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 genninate and survive, and a 
large increase will be visible by 2008. At present 
(1988), IO 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 



Influence of Ltvestock GrazJ 
----------------..=::.n:_::g~o~n_:Sagu~::a:i:r~o~S=:eedl~~ln~g~Es~tab~lls~h~m~e:n~t------5~9 

the west side. 1:1ese ~o germinated and grew while 
razing was sull takmg place. Thus, 13 sm 11 g h be"l" · a saguaros may ave en ost to grazing, a signifi-

cant Joss according to the statistical tests. A test 
excluding the youngest age category revealed no dif­
ference between the two populations of older 
saguaros ~21 years). Thus, grazing does not seem 

10 
affect older saguaros. 

· survivorship of saguaros decreases with time. Not 
all 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 
stability over time. It is possible that grazing may 
affect old saguaros, perhaps through erosion or other 
[actors. If so, a 20-year difference in grazing termi­
nation is 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 
boundary of the saguaro's range, where small 
saguaros are dependent on nurse plants for protection 
from freezing temperatures. Also, results apply only 
to 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 
(Arnold 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 eaten by cattle (Niering and Whittaker 
1965). 

MANAGEMENT IMPLICATIONS 
The surest and easiest, but most controversial, way 

of protecting saguaro popuJations 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 

significant sagu . M aro populauons. Saguaro National 
onument has properly taken the conservative 

course by rem · all . . ovmg cattle. Even 1f saguaros were 
totally immune to the effects of grazing cattle do not 
belong in a 1 · ' . m . . ocation where efforts arc bemg made to 
. amtam natural processes unaffected by outside 
mfl~ences. Due to resistance by ranchers, cattle 
~azmg was removed piecemeal, inadvenently allow­
ing for comparisons between adjacent areas. 
m ~ e area_ that was used for this study should be 

onaored m 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 ~~ obvious reason of continuing such studies. 
Exh1b1ts 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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. as removed. Numbers of 
Table 1. Saguaro numbers on the constantly grazed site and the site at which grazing~ size (expected distribu­
s_aguaros on the_ site ungrazed since 1958 were adjusted to give the same tot~ samP ~ since 1958 was 34. 
uon) as on the site grazed until 1978. Actual number of saguaros found on the site ung 

Age category 
(yrs) 

11-20 

2 1-30 

31-40 

41-50 

51-60 

61-70 

>70 

Totals 

Observed No. 
(Site grazed 
until 1978) 

2 

5 

2 

3 

6 

6 

5 

29 

Expected No. (Site with 
grazing removed in 1958) 

>10 years 
>20 years 

12.8 

2.6 
4.3 

2.6 
4.3 

2.6 
4.3 

5.1 
8.5 

1.7 
2.8 

1.7 
2.8 

29.1 27.0 
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Effect of Infrared Reflectance 
on stem Temperatures of Saguaros 

Mark W. Smlth 

-
ABSTRACT 

Toe role_of hi_gh near-infra_red (n_ear-IR) reflectance in the temperature regulation of aguaro cactus 
(Carneg,ea g,gantea) was mvesugated. Two independent methods were used to det.cnnine the effect 
of high ~ca:-~ reflectance on saguaro stem temperatures: (1) measurement of surface temperatures 
of two individual plants 0 ~ compa~blc size and health, one of which was partially shaded by a 
canopy of loose sun-screening _matcnal; and (2) a numerical solution of the time-dependent energy 
balance (or heat transfer equatrnn) for saguaro was determined. High reflectance at near-IR wave­
lengths was _found_ to dec~e the peak surface temperatures reached by saguaros by 3.2 ± l S C 
under the fai rly mild environmental conditions encountered in the Sonoran Desert at 940 m cleva-
1.ion during late September and early October. 

INTRODUCTION 
Toe research described in this paper was conduct­

ed to answer two specific questions related to the 
role of high near-infrared (near-IR) reflectance in the 
temperature regulation of saguaro cactus (Carnegiea 
gigantea): (1) How large, quantitatively, is the effect 
of high refl ectance at near-IR wavelengths (0.7-1.5 µ 
(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 
convecl.ive cooling and reemission of longer wave­
length IR radiant flux? 

Radiant 0ux of wavelengths from 0.4 to 0.7 µ 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 lhe human eye is also sensitive to these wave­
lengths. Infrared radiant flux of wavelengths from 
0.7 10 1.5 µ will be referred to as "near-IR" flux, 
since it is near in wavelength to visible light. Infrared 
radian! flux at still longer wavelengths, from about 5 
10 25 µ, will be referred to as "thermal-IR" flux. 
Thcrmal-lR flux is emitted by all objects, including 

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 simultaneously 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. 
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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 absorptancc times solar irradiancc is plot­
ted in Figure 2 for saguaro and Agave lecheguilla. 
High near-IR reflectance reduces the Lota! amount of 
solar energy absorbed by saguaros by 15-20%. 

In addition to reflection, absorpl.ion and/or reradia­
tion of radiant flux, various other factors influence 
the temperature of saguaros. Convective cooling by 
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Hemispherical solar irradianc~, air tern 

. and out of the stem, and 
the air, heat co~d~ction i:sive fleshy stem are all 
heat storage within ~e lated to energy balance. 
important. All may e re ·res that any difference 
Conservation of energy requ~ and out of a fixed 

fl wing mto 
between the energy O d b an increase or 
body of matter be balance \ the body. The 
decrease in the stored ene_rgy_ on by the product 

red energy 1s give . 
change in the sto rature change. The basic 
of heat capacity and tempe . the equation for ener­
terms important for saguaro m al IR input -

1 ·nput + therm • 
gy balance are: so ar 1 . _ heat capacity x 
thermal-IR output ± convecuon -
temperature change (GateS 1980). 

METHODS 
Field Measurements roxi-

The field measurement site was localed_ app 
mately 50 m east of the National Park Service ~S) 

. Mountain D1stnct air quality station at the Rincon 
(RMD) of Saguaro National Mo?um~nt (SNM) at 
latitude 32' IO' N, longitude 110 44 W at 940 m 
elevation. All data sets were collected between 27 
September 1988 and 2 October 1988, very shortly 

d "ghts were after the autumnal equinox, so days an ru · 
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 to 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 Iocations 
inside the cactus with 36-gauge wire and at 9 loca­
tions on the surface with 30-gauge wire. The thermo­
cou pies were located to pro'>'.ide 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. 

and wind direction data were obtained frorn ~:ature, 
. quality station at RMD. These values we Nl>s 

air al Wi d peed re av . 
able at s-min interv s. ~ s was tneaSur an. 
1 m above ground level with an anemometer I C<l at 

roxlmately 3 m from the cactus chosen fi 
0cateo 

app · led 10 or 5tud 
Toe wind speed was samp at -sec interv ls Y. 
averaged over a JS-min period. Ground surfa~ ilnd 

ratures were measured at IS-min intervals _Lem. 
pc I W1Ut 
36.gauge rype-T thermocoup e covered With a . a 
layer of soil at the surface of the ground, 2 rn w thin 

est or 
the cactus. . . 

An awning to provide partial shade for the sa 
under study was erected from 28 September 19:aro 

30 September 1988. The framework was macte f to 
0.5 in. diameter electrical conduit The shading m rom 
rial was lightweight plastic netting obtained fro;te~ 
local nursery. The framework and the netting were 
painted white so that they would not be unduly h 
ed by the sun. An Eppley model 8-48 radiometer:: 
used to monitor the amount o_f shade provided by the 
awning. Two layers of_ netting produced approxi­
mately a 15% decrease m the amount of direct no . 
mal solar irradiance falling on the plant r 

An Everest 112C pistol grip infrared thermometer 
(IRT) was used to measure temperature variations 
over the surface of a single rib and to make compar. 
isons between the surface temperature of the saguaro 
under study and a reference saguaro. The thennome. 
ter had a 3• field of view. An emissivity setting of 
0.98 was used. The reference saguaro was located 
near the air quality station and was about 4 m in 
height. 

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 to 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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of tri-diagonal matrices. This approach we: we integration to be replaced by the much 
a1JO process of inverting lri-diagonal matrices 
silflP

1t:t al. 1988). Each element of the grid was 
O'fC5 ed w exchange heal energy by conduction with 
aII0 W rest neighbors . Surface elements also 
·1s nen b . 
1 ged energy y convection and radiative 
e;<cba~ wilh lhe environment 

e~cuiatiOOS ~ere ~ -n~ucted on a grid containing 
·callY 36 radial d1vis1ons, 24 angular divisions, 

t~
1 

8 vertical divisions, ~r a total of nearly 7,000 
aD_ Time steps of typically 100 seconds were 
pOints, 'ed . used- Ca]culations were cam out tn double preci-
. 'fhe calculations were started using the mea-

s100. d' 'b · sured 6:oo am temperature 1stn ution_ of the cactus. 
temperature at the 38 measured pomts was inter­

~:ced 10 fill out the calculational grid. Energy flow 
~ ceroperature chang~ were then calculated for the 
oe;<t 2,4 to n hours usmg the measured environmen-

t!l dalll as inputs. 
The f oUowing values were used for the basic phys-

· caJ parameters in the model: saguaro surface emis­
~vity == 0.98 (based on values for eight other cacti 

bJiShed by Idso et al. 1967); net solar absorption 
~cient = 0.70 (average of values published by 
Gares er al. 1965 and Nobel 1978); s~em thermal con­
ductiVity = 0.58 WtmrC; stem densny = 924 kg/m3; 
ar¥f stem heat cap~city = 3,885 J/kgi~. The thermal 
conductivity, density and heat capacity of the stem 
were base-0 on values published for compass barrel 
acrus (Ferocactus acanthodes) and were all set 

~qual to 93% of the corresponding values for water 
at 35• C (Lewis and Nobel 1977). 

111erma.I-IR flux emitted by the sky was calculated 
from air temperature using a published fonnula (Idso 
and Jackson 1969). Thermal-IR flux emitted by the 
ground and ot.her plants was calculated using the 
black.body formula wit.h 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 set 
equal w 1.7 times the surface area of a smooth cylin­

der of the same diamete r as the cactus. 

RESULTS AND DISCUSSION 
Field Measurements 

14~:~~red ground temperatures reached lows of 
near dawn and peaked at 50-55° C within 

one half to one hour after solar noon (time at which 
the sun reach · h. cs its tghest point in the sky). Air tem-
:ratures ranged ~rom_ low~ of 11-22· C near dawn to 

ghs of 32-34.5 C m m1daftemoon. Wind speeds 
follow~ a_ pattern of being nearly zero in the hours 
from midnight to just after dawn, increasing steadily 
after dawn to a high of 2.0-2.5 m/s in midaftemoon 
de · ' . creasmg to near zero again after sunset, and pick-
m? u~ again to 0.5- 1.0 m/s from 9:00 or 10:00 pm to 
midrught or 1 :00 am. The measured hemispherical 
solar irradiance peaked at 920-940 W /m2 at solar 
noon. The calculated value of direct normal solar 
irradiance pe.uc.ed at 1,000-1 ,020 W/m2 at solar noon. 

Surface temperatures of west-facing sections of 
the saguaro with thennocouples implanted were mea­
s_u~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 afternoon 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 
midaftemoon 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 thennal-IR ex­
change are probably very good. The calculated day­
time response, which is dominated by solar input, 
was not as accurate. 

The calculated increase in peak surface tempera. 
ture produced by increasing the solar absorption 
coefficient from 0.70 to 0.85 was 3.2-3.3· C. Since 
the average absorption coefficient at photosyntheti­
cally active wavelengths is 0.85, this 3.2-3.3• c 
change may be interpreted as the temperature reduc­
tion attributable to high reflectance at near-IR wave­
lengths. The estimated uncertainty in this value is ± 
1.5· C based on the measured variation in tempera­
ture over a single rib. The change in peak core tem­
perature was only about 0.9• C. 

Calculated and measured temperatures for selected 
times on 27 September 1988 and 28 September I 988 
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 I 988. 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 ± I _5· C in accor­
dance with the measured variation in temperature 
over the surface of a single rib in late afternoon. The 
standard thennocouple errors of± 0.8· C were used 
for the interior temperatures. 

Calculated Effects of Varying Radiative 
and Convective Properties 

Artificially removing the ribs produced a calculat­
ed 4.0-4.r 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.o· 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 tenns 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. 

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. 

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-
o.r 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 well 
s:CX> pm~acc temperarures had peaked and begun to 
aft~ su Gates reported that the core temperature of 
dccltnc. peaks near midnight (Gates 1988). The time 

sa~a~ peeled 10 be greater for larger stem diame-
1ag 1

~ m Figure 3 we see that over a 24-hour pcri-
1crs, ro pe rature fluc tuations at the su rface were 
od, 1t.rr1c However, temperature fluctuations at the 
25-3 we; only 7. 10· C. 
cor\ temperature is the greatest controlling factor 

A th saguaro's temperature, averaged over a 24-
ror c n·od Toe average air temperature from 6:00 
h ur pe · 0 

27 September to 6:00 am on 28 September 
arn °;3 3• c. Toe average core temperature during 
was ~e period was 33.7" C. Lewis and Nobel 
the sn d that air temperature is the facto r which 
reporte 

the greatest influence on average surface tem-
e,c:res of various species of cacti over a 24-hour 
pe . d (Lewis and Nobel 1977; Nobel 1978). 
pe~~c c,cacr values reported for various tempera-

bOth measured and calculated, arc o f course 
tu~d

s
• nly for the relatively mild conditions encoun­

vah o 
tered during the period of fi; ld ~e~s~ments. How~ 
ever, the conclusions about ealre atlve 1m~rtancebo 
various terms in the energy b ~dee equallonf prod~-

ain valid for a much wt er range o con 1-
bly rem 
tions. 

MANAGEMENf IMPLl0T1ONS . 
N ecific recommendauons are made at this 

o sp . . H 
r. "urther research or morutonng. owever, an time 1or 11 

ex l · P anation of energy balance and plant temperatures 
would m~~ _an intere ting 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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~T ("C) ~T(•C) 

surface core 

Propeny changed 

Ne.t solar absorption 

From To 

(with awning) 
0.70 0.60 

-(1.0 to 2.4) -1.0 

Net solar absorption 0.70 

Net solar absorption 

0.60 
-(2.0 to 2.2) -0.9 

Net solar absorption 

0.70 0.85 
+(3.2 to 3.3) +1.3 

Thermal-IR abso · 

0.70 0.98 
+(5.8 to 6.2) +2.6 

rptlon 0.98 

G eometry 

0.50 
-(0.3 to 0.7) -0.6 

Net solar absorption 

ribbed smooth 
+(4.0 to 4.7) +0.6 

Geometry 
0.70 0.85 

+(8.0 to 8.8) +2.0 

ribbed smooth 



E.ffeCt of Infrared Reflectance on Stem 1 
~ ' emperatures of Saguaros 

0 
3 0.4 0 ~ I , . ..., 06 I I ) 

WAVELENGTH0(.7 0.80.9l.O 

\.-- Ult~v,olet - --'---Vmble 1,1ml 

o.s 
Ill 
() 
z 
4 
t Q.6 
C: 
g 
Cl 
<: 

0.4 

0.2 

I 
1.5 2.0 

I t ,J 

4.010.0-

Infrared -----1 
0 

0.2 

w 
04 ~ 

< ... 
u 
w 
..J 

0.6 tt; 
a: 

0.8 

0 L---;:iioo~.ooooo----;2ss..~000Xl-212o;j_000000~-,~s~.ooo~--:-:, o~.~~--s-._
000 

__ J
0

, .o 
WAVE NUMBER (cm-') 

69 

bSOrptance and reflectance as a function of wave number ~ . C . 
fig- 1·.AA ave americanll, lower surface (-•).and upper surface ~~~~us g,ga_nteus [_Carnegiea gigantea} 
( ___ ). g. '-'11\ Biophysical Ecology by D M Gates (S • ), Opunua laevis (- - -). Reproduced 
bY perauss1on II V • • pnnger-Verlag 1980). 
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Agave /echeguilla (- - -). Reproduced by pcrrmss1on from B1ophys1cal Ecology by D. M. Gates (Springer-Ver-

lag 1980). 
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ABSTRACT 
saguaro (Carnegi_ea giganrea) flowers a.re a nutritional bo . 
age flowers contam e~orm_ous rewards: 115 mg necLar su ~fora diversity of pollinators. Aver-
al Monument, the mam arumals that use saguaro floral g and 266 mg pollen. In Saguaro N tJ. 

· d h bee resources are th . a on­opuntiae ), the importe oney (Apis me//ifera), and to much I e native cacrus bee (Diadasia 
Jarge and small bees, bats, doves, and beetles. Cactus bees Start fo e~er degrees a variety of native 
collect pollen for larval food. They collect nectar more sl l ragmg before Sunrise and rapidly 
tar (mainly for honey production) and pollen, removing~; Y .th~ pollen. Honey bees collect nec­
rise. The nectar and pollen resources of saguaro and card

6 
within the first several hours after sun­

relative of saguaro, were determined and the pollination biol~ (P~~hycereus pri~glel) cacti, a near 
t,ees appear not to adversely affect saguaro cactus pollinati gy the ~o cacu compared. Honey 
Or exclude populations of other native pollinators through on or ~~roduction, but they likely reduce 

compet1t1on. 

INTRODUCTION 
Saguaro cacti (Carnegiea gigantea) bloom during 

the hottest and driest time of year in the Sonoran 
J)eSert. This is a period of intense stress for pollina­
mrs 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 ~f nectar and pollen for 
floral visitors. The goals of th.is study were to deter­
mine the quantity and sugar concentration of nectar 
produced by saguaros and their relative, the card6n 
(Pachycereus pringlet) and to determine how saguaro 
nectar and pollen are utilized by honey and native 
bees. 

METHODS 
ectar from freshly removed saguaro flowers was 

carefully extracted with 100 µl (microliter) calibrated 
micro-capillary tubes (Ki mblc 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 
lhe normal midaftemoon floral closing time, the 
anthers were vibrated with a 256 Hz tuning forte 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 nonhwestem area of the Cactus 



74 Justin o. Schmidt, Stephen L Buchmann, and Steven C. Thoenes

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 Desert LaboraLOry (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). 

Card6n floral nectar and pollen quantities were 
determined as described for saguaro. Card6n 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 

mean of 519 ± 228 (SD) µl based on Jo flo each of the four saguaro sites taken at lh;e� from
peak nectar volume. Nectar volume appe ma e of0 depending upon the year, season, sit a�d val),
unknown factors. On average, saguaro 

e Othnc erClar tains 22.2 ± 3.1 % sugar (range= 15-26%). Co To n.
tar floral reward (weight of sugar per flowe

tr) . l a nee.
51 mg (n 

s = 40), with a maxjmum 1 of 236 rn i IS :t:
on a sample of 130 flowers obtained from th;· 8�C<J vsrudy sites, pollen weight per saguaro flower . anouss 2135 mg, with a maximum of 670 mg. i 66 :f:

As soon as light is sufficient for flight, be s be 
visiting the flowers. A typical standing crop c

eu &in
po rv llen removal by honey bees over time is sh e �f 
Figure 1. On this day sunrise occurred at 5:�;71 in 
he first bee was observed exiting a hive at 5.00 am;

d very few other pollinators were observed . am,
. in By 6:00 am and within 30 min of e sunris lh

0% 
e oof the original pollen standing vercrop had' emoved. One hour later over 75% of the P<>ll b en

moved and the trend continued until 10:00 � e was 

t
an
area
5

re
re
which time very little pollen remaine. . d. E. viden cc ' beven one b ee v1s1t was o b v10us o: the usual srn unifonn tex�r� of the_ cone-shaped ring of an��lh
around the pistil was disrupted. Within a shon ti rsheavily-visited flowers began looking ragged eand � ,
creamy yellow appearance of the anthers impane

ed bthe pollen was lost. Y
Nectar removal by honey bees . beg an soon a f tflltl ·a1 ll Unlik 11 er_po en remov al . e po en, which is readi-y available on top of the flower, nectar is deep in theoral corolla and the bees must struggle through th d of stamens to get to it. Nectar eremoval by h

as 

on es followed a similar pattern shown for po/Y en   F1gure i I . 
Cactus bees exhibited a different saguaro floralsou� removal pattern �an did honey bees (Table). Unlike honey bees, which after an initial remo

y r
 

 
.l
l
fl
be
be
m.
re
1 valof a portion of pollen, removed nectar and pollen in parallel, cactus bees emphasized pollen collection at the partial expense of nectar collection. For example at the cactus bee sites at 8:00 am, only 17% of th� nectar was removed, while 75% of the pollen was removed. At sites predominantly visited by honey bees, both nectar and pollen were about 75% removed by 8:00 am. Th.is trend for the cactus bees continued, with half of the nectar remaining at 9:00 

Saguaro flowers typically open between 9:00 pm 
and 11 :00 pm (Mountain Standard Time) and remain
open throughout the night and into the early 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 rwo 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 one-day floral lifetime. Nectar secre­
tion usually begins shortly after the flower opens and 
nectar volume continues to increase until about 9:00 
am. Aft.er this, the flower begins to resorb the nectar, 
with complete resorption by the time the flower clos­
s. Nectar production at its peak varied over a large 
ange of about 100 to 1,000 µI per flower with a 

 

e
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ost all of the pollen removed. By l :OO pm 
atll af!d alf:Tl the p0Uen was gone, while much nectar 
oeaflY ~ned in the flowers. 

the flowers o 
White and ~n at night when bais arc 

still rern31 u1auon of card6n ca~ti studied was in a 
file pO? and harsher environment than the 

are 1 readily visible to bats . present, arc 
argc and shaped a . on Starlit rughts, and 

become covered . ppropnatcly for bat mU7.2] 
distan With Pollen and th cs to drier ed . 

1110ch card6n oowers open at rught about lhe 

53gu~\ as saguaro flowers, b~t closed much earli­
¢1\c u;d io:00-11 :00 am). Du-~~ the study period, 
er (afO t)eCS were observed v1s1nng card6n flowers 

t flowers. Both s . ereby pollinate 
nectar, Which is essentir1es also Produce abundant 
to maintain a 1 e . to provide sufficient energy 
bats might be ~ pol11~ator such as a bat Although 

1 e most significant 11. 
110 hooe~ere else and, presumably, they were absent 
0r aflywe sites- furthermore, no other bees or pollina­
f:tO'° tll observed, although the observation period 
10rs were we obServed no evidence of floral visita­
was short. card6n flower during night or day. Floral 
uon 10 anY of card6n and saguaro exhibited striking ~:ces (fable 2). Th~ ~ount of pollen produced 
d1ff e two species was s1m1lar, but ca.rd6ns produced 
bY tll wice as much nectar (nectar volumes mea­
a1Jll05t t the 9:00 am peak volume time for saguaro 
sure~t~:OO am for card6n). In addition to yielding 
and ctar card6n Oowers produced a nectar that 
,.,,ore oe , ed . ,., as abOUt 40% more concentrat m sugars. Com-
w_ d these figures reveal that card6n flowers pro­
blile tlu-ee times the nectar sugar of saguaro. 
duce ther difference between card6n and saguaro 

:oresources was observed in the different strate­
n~es of pallen production. Nearly all saguaro Dowers 
~ have ever observed produce pollen. Of the 24 
~ 611 oowers sampled in the two sit.es and from 10 
different individual pl~ts, only six flowers contained 

Uen. supparting evidence of the a~sence of pollen 
!'° tl¥: remaining 18 flowers was provided by the nec-
111 Toe nectar of flowers without pollen was clear :d pollen-free; in contrast, t~e nectar of all six 

lien-producing flowers was slightly to moderately 
~oudy and contained pollen grains. _The information 
·n Table 2 for card6n pollen production was based on 1 
nly the six pallen-producing flowers. If the pollen 

;roduced by all 24 flowers is combined and aver­
aged, then an average flower contains only 64 mg 
pollen, Jess than one-quaner that of s~guaro. Cryptic, 
male sterile flowers may be present m card6n popu-

lations. 

re ated cacti fro po mators or these 
. m an evolution:irv . 

saguaro visitors also 1 - , standpomt, other 
dence is that sa p ay pollination roles. The evi-
lh guaro flowers rem · e afternoon wilh . am open well into 
morning and earl ~ept1ve sti~mas. During the 
pollen arc availabfe for beesrnoon pen~ the nectar and 
Saguaro , other insects and b·,rc1s nectar and 11 . • • 
variety of potential ~ -en are highly an.ractive to a 
ly nutritious (Sc~ mators as well as being high-
1984· Schm·d I t 1984: Schmidt and Johnson 

' 1 t and Buchmann 1986) 
Honey bees are n t . . 

th r O nanvc to the Americas and 
ere1ore played no rol . th 

nation s e 10 e evolution of the polli-

ho 
YSt~ms of eilher saguaro or card6n. Now 

wever, this cosmopolitan . • is rh . , generalist, tramp species 
~ aps the ma.ior pollinator of saguaros in SNM 

an presumably affects lhe pollination of both 
:~~ro and. card6n in other areas where honey bees 
live e ~cu coexist. Honey bees appear to be effec-

pollmators of saguaros (McGregor et al. 1962) 
and are ~robably now the most imponant pollinators 
along with cactus bees. No data are available for 
card6n pollinators. Thus, from the point of view of 
the saguaro, the honey bee is not deleterious. In fact, 
hum3:°5 h~ve 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 diurnal pollinators is difficult to obtain. 
Indirect evidence of competitive exclusion is derived 
from observations (Fig. 1 and Table 1) that within a 

DISCUSSION 
Both saguaro and card6n are columnar cacti that 

are typically considered to be bat-pollinated (McGre­
gor ct al. 1962). Evidence for this assumption is that 

few hours of sunrise and well before floral closure, 
most nectar and pollen have been removed by honey 
bees. Nectar and pollen, therefore, arc 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 card6n cacti is almost 
unknown; although card6ns are bat-pollinated, little 
else is known. In the card6n study areas, insect polli­
nators were scarce, and that situation is likely to exist 
in other extreme card6n habitats. Thus, during the 
evolution of the card6n pollination system, the main 
selective forces were probably those generated by 

Honey bees could, however, have a significa 
impact on native pollinators and other organis nt 
such as some birds_ that us:e sagu'.11'° floral resourc:s 
Although direct evidence 1s lacking, we believe th · 
honey bees reduce the populations of native bees .at 
some situations._ This p~blem m!ght be exaeerbat:l 
in the future with the introduction of Africaniz d 
honey bees (Apis mel/ifera scurel/ara) that are Jeno~ 
to be active earlier in the day than European hone 
bees, to fonn denser feral populations, and to nest i Y 
small cavities such as saguaro boots. These com~ 
bined factors might place added stress on native poJ_ 
lination systems within the monument and Othe 
narural areas. Africanized bees are also a greater 
threat to human visitors and might need to be co/ 
trolled in some natural areas that are panicuJarly bio­
logically sensitive, or are heavily visited by the 
public. 

bats. Evidence for this is the enormous production of ACKNOWLEDGMENTS 
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 card6n are ideally suited for a bat-cactus pollina­
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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. 

Pollen harvest by Apis mel/1/era. Oecoiogie 
69:491-498. 
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Table 1. Rate of nectar and pollen removal from saguaro cacti at s' t . . ted . . . 
or by honey bees. 1 es VLSI pnmarily by native cactus bees 

% removed 

Cactus bee sites Honey bee sites 
rune Nectar Pollen Nectar Pollen 
6:00am 0 0 
7:00am 9.6 34.1 0 28.9 
8:00 am 16.9 74.7 73.6 84.3 
9:00 am 51.4 92.1 88.3 94.6 
1:00pm 76.8 97.7 

Table 2. Comparison of nectar and pollen production by saguaro and card6n cacti. Variance is given as ± SD. 

Ratio: 
floral Production Saguaro Card6n Card6n/Saguaro 

Nectar volume (µl) 519 ± 228 (n = 40) 958 ± 300 (n = 6) 1.85 

Nectar sugar 
concentration (%) 22.2 ± 3.1 (n = 40) 31.3 ± .8 (n = 6) 1.4 1 

Nectar sugar (mg) 115 ± 51 (n = 40) 339 ± 100 (n = 6) 2.95 

Pollen weight (m g) 266 ± 135 (n = 6) 256 ± 49 (n = 6) 0.96 
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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 
'fhe behavior and reproductive traits of the two Drosophila . 

·grospiracula) that use saguaro (Carnegiea gigantea) (pohmace fly) species (D. mettleri and D. 
ni , , th · · · ( as a ost plant a 
'fhe location of e ov1pos1t:1on _egg-laying) substrate is them , re P:esently under study. 

0 Spe
cies but laboratory studies have shown other mark d 0st remarkable difference between the 

tW ' e differenc · beh · • 
. being performed to corroborate laboratory findings. p li . e~ m av1or. ~1eld research 
'\unon of sexes and species in feeding versus non-feed~ mmary data illustrated a differential dis­
~ge of the eggs differs significantly in the females of ~n~areas 0? lhe ca~tus. The developmental 
5 d with specific ecological conditions. A temporal succes:• 

0 
::cies ~d It appears to be correlat­

:ork illustrates the adaptability of behavioral and reprod~~~v~ c~ speet~ _was also observed.1:1is 

d
. ·ons of cactus necroses ractenSt1cs to the ever-changing 

con 10 · 

INTRODUCTION 
The cactus-yeast-Drosophila system is considered 

a model for evolutionary and genetic studies (Barker 
and Stanner 1982). The three components of the sys-

m have been extensively investigated and their 
~~teractions can be briefly described: Drosophila 
~pomace flies) take nutrients from the yeasts and 
from the cactus tissue that is decomposing due ini­
tially to stressful conditions such as lightning strike 
or freezing temperatures (Steenbergh and Lowe 
1983). The yeasts feed on the decaying tissue also 
and are rransponed by the flies to newly formed and 
very 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 species 
of Drosophila and the species of their host cacti 
(Heed and Mangan 1986), Saguaro (Carnegiea 
gigantea) and card6n (Pachycereus pringlel) have 

been identified as the main host plants of D. mettleri 
and D. nigrospiracu/a 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 detennine 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. 
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METHODS 
flies were observed and collected from three dif­

ferent rotting cacti in the vicinity of Tucson, Arizona. 



80 Henar Alonso-Pimentel and William B. Heed 

One rolling saguaro was located on the Sonoran 
Arthropods Studies. Inc. (SASI) land near the Tuscon 
Mountain District (fMD) 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 
morning 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: (I) feeding areas where liquid was 
dripping down the ribs and where fli es were 
observed feeding, and (2) non-feeding areas on exter­
n:illy healthy parts of the cactus where flies were also 
presen1. Flies from both areas were taken to the labo­
ratory and examined under a microscope LO 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 spem1 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. 
m·grospiracufa 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. 

sion of both species is evident. As the necrotic tissue 
became older, the numbe r of D. me1tleri fli c 
inc reased and the number of D . nigrospiracut s 
decreac;ed. The number of flies collected every da a 
was guile similar. therefore, a real change in absolut~ 
numbers of these two species over time exists. 

LABORATORY WORK 
Two main differences in behavior belween D. mez­

tleri and D. nigrospiracula have been found in the 
laboratory: the movement of the wings by the males 
during courtship and the degree of severity of aggres­
sion against females and males of the same species. 
D. metrleri 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 vibrate. 
Th.is display, in which males alternate the extended 
wing, is typical of a number of species (Spieth 1952). 
Toe extended wing is always the one closest to the 
female (Fig. 4b). D . nigrospiracula males "scissor" 
their wings instead of vibrating them. Wing scissor­
ing is a laterally symmetrical, rapid and simultaneous 
opening and closing of both wings (Spieth 1952) 
(Fig. 4a). Both typeS of wing movements in the two 
species produce a high frequency sound, the love 
song, that females receive through their antennae 
(Ewing and Bennet-Oark 1969). The love song is 
known to play an important role during counship 
(Spiess 1987). The marked difference in the pattern 
of wing movements suggests a signHicant differ­
ence in the love songs of D. nigrospiracu/a and D. 
mettferi. 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. 
merrferi and 64 D. nigrospiracula). The majority of D. 
mettleri 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 
e.tist 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-

Male aggression is another distinctive difference 
between these species. D. m ettleri 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. Sa). The motive for the 
fight is unknown; however, combats have been 
observed immediately following copulation in mat­
in~ chambers where a high ratio of males to females 
exists, suggesting a relationship with mate procure­
ment. D. nigrospiracu/a males are not as aggressive 
towards females nor among other males. Markow 
(1989) described D. nigrospiracu/a males commonly 
found in non-feeding areas of s aguaros that a re 
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unifomtly spaced with respect to each other. Males 
waited in their small territories for females to arrive 
in order to coun them. lf other males were encoun­
tered, tbe defending male licked its wings vigorous­
ly, chasing the other males (Markow, 1989; Fig. Sb). 
This behavior has also been observed in the laborato­
ry. Our results on the distribution of the Oies (Fig. 1) 
support Markow's ob ervations. We observed D. 
merrlui males continuously courting feeding 
females. which suggests that the mating behavior of 
the two species determines their unique spatial 
arrangement on the cactus. 

SUMMARY AND MANAGEMENT 
lMPUCATIONS 

This work represents one of the few comparative 
behavioral studies being conducted with several 
species of Drosophila unde r entirely natural condi­
tions. Our preliminary data clearly illus trate how 
observations under natural conditions are vitally nec­
essary for the interpretation of behavioral patterns. 
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. 

DISCUSSlON 
Egg development and female mating behavior are 

coordinated factors according to KambyseUis and 
Cradock (1991). D. mettleri females feeding on rot­
ting cacti without suitable oviposition substrate had 

Cactophilic Drosophila undoubtedly play an 
important role in nutrient cycling in the Sonoran 
Desen. 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. 

immature eggs (Fig. 2). Therefore, mating behavior ACKNOWLEDGME.NfS 
might be greatly affected by the developmental stage 
of the eggs. Lack of data from rotting cactus with 
wet soil prevents us from speculating about bow the 
presence or absence of oviposition substrate affects 
the physiological state of the fli es. 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 to this question can help 
us understand the relationship between physiology 
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Heed and Mangan (1986) suggested that "D. mett­
leri is adapted to feeding in soils that have been par­
tially produced by the activity of D. nlgrospiracula 
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lected in the feeding and non-feeding areas of rotting saguaros. 
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Fig. 2. Developmental stage of eggs. Percentages of D. mettleri and D. nigrospiracula females in three differ­
ent developmental stages of their eggs: no eggs, immature and fully mature. 
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Fig. 3. Temporal succession. Flies collected from a single rotting cactus over a 10-day period. Bars represent 
the percentage of each species collected on the given dates. 
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Fig. 4. Male wing display. PaNuns of wing movement displayed by the males du,ing counship: a. D. nigrospiracula, wing scissoring; b. D. mettleri, wing vibration. 
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Fig. 5. Male aggression. Agonistic displays among males: a. D. mecr/eri males butt head and get into an 
upright position; b. D. nigrospiracula males scare off other males from mall protected areas in the cactu . 
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On the Biogeography of the Herpeto fauna 
at Saguaro National Monument 

Charles H. Lowe 

ABSTRACT . 
The known monumcnl hcrpclofauna of 57 species is brieOy addressed. E planalory ~,ogco,graphy '! 
discu, sed for dcscn crub t3Xa at \o\\Cr elcvaHons. and woodJand and forest rnxa al h1gh~r clcvauo-.n, 
on the monument and beyond. Specific aspects of de!cn ecosystem s1ructurc underlying th ~ p~,;­
encc/abscnce of polenunl Sonoran Dcsen liLard and snake congeners arc d iscusl,cd. Wit.hm this bto­
gcograph.ic frame\\-ork hes the cxplnnnuon for lhe situauon at Sagu:iro :itional M onument where 
the mosl xenc-ad:iptcd taxon m a given species pair is lhc one lhal Is mlsl.mg from the monumc~t 
hcrpctofaunn. Species in the r.mlcrnakc genus Crotalu.s illustralc especially we ll . b1ogl--ogr.iphic 
aspects of the south-north Madrean Archipelago and the ea.st-wcsl Madrcan Lmc m :,outhcastcm 
Aruonn nnd adjacent ew Mexico. The Madrcan Linc divide in lwo I.he mountain I land Madrean 
Archlpclngo bctw·ccn the Sle1111 Madre Occ1dcntal (south) and the Rocky Mountains (north) . Thi 
Soutl,west biogcograptuc line 1s as sharp as the world's mosL ramous one, Wallace's me, which 
d1v1dcs lhe falay ls.lnnd Archipelago m two. 

lNTRODUCTION 
The space 3.llollCd is . or coui~. insufficicnl to dis­

cuss the emirc herpelofaunn at Saguaro National 
Monument (SNM). Hence. my focus will be on fasc1-
natmg biogeographic ston es in which pans of the 
hcrpctofauna of the monument panicipatc. A brief 
summary of the amphibian and rep1ilian taxa thal 
occur on Lhc monument 1s rouo\l,,ed by a look m two 
biogeograph1c p:mems involving (1) the herpctolau­
na of I.he lower elevations, 'which live whoUy or prc­
dom1namly in dcsenscrub nnd desert-grassland 
commuruues, nod (2) lhc hcrpetofaunn o f lhc upper 
clevauons, which lives wholly or predominantly in 
woodland and forest communil1cs 

lliE HERPITOFAUNA 
Four 'wOrld\\1dc groups of vertebrates arc reprc 

scntcd 111 the monument hcrpctofaum1, the anur,ms 
( frog, and toads), the tunics , and lhc ltlards and 

snakes (fable 1 ) . Ecological and d\Mribulionnl infor­
m nu on for these species 1s provided m Lowe 
(1964a) . Black (1982), Lowe and Holm (1986. 
199 1), Lowe e l tu. ( 1986), and S tebbins (1985). Only 
one reptilian species. the blackta1\ed rattlcsn,1k.c 
(Croralus molos~us) , is found throughout the 6,600 [t 
( 1.25 ven lcal m1) elevlltionnl range of the monument 

In tltc di cussion that follow tor the lower monu­
ment, desertscrub i,pcc1cs-pa1rs o l lguan1d \izan\<: uml 
colubrid snakes arc c,rnmlncd a, present-or ab,cnt 
congene rs In the hcrpctofouna A b1ogt·ogr:iphic 
explanation is given for u,e distribution paucm lh.at 
IS Ob!)CNCd 

Si"' rJtUcsnn.kc species occur in the hcrpc1of.1u11.1 
at S1' 1, mos t of which .ire not high mountain 
spe cie:-. l fnblc 2). As nlltcd, only onl' ol the MX, th\; 
black wiled r JUlc~n.ikc, occun, throughoul the ck\ a­
lJo na.1 mngc of both 1.ltsttic t-; ol the monumuu One 
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Of the
m the sidewinder (Crotalus ce~ast~st),(TMDoccurs) 

• M Lain D1smc , 
only in the desert Tucson oun t 

't of the monumen . 
which is ththe w:ste;e ':nzona black rattlesnake (Cro-

One of e s1x, nl · the forested . . . b ) is found o Y m 
talus viridis cer_ er~ ' . . (RMD) where it reaches 
Rincon Mountam D1stnct , . 
. th mmost distribution on the contment. As 
its sou e • f rt ' lar . d below this ratllesnake is o pa icu 
d1scussc • • d · ti fi 
. r"'nce in one of several intcresung an sc1en -
1mpo, .,..., . hi cal patterns 
cally important southwest b1ogeograp 

. 1 the herpetofauna and other vertebrate that mvo ve 
groups at the monument .. . 

Three other species of rattlesnakes ( Mexican 
mountain rattlesnakes") that occur in _other nearby 
mountain ranges in southeastern ~nzona 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 elevation forest and woodland taxa centers on 
the biogeography of the forest and w~odland ra~­
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 ()991). 
The Sonoran Desert communities are primarily cre­
osotebush (Larrea) desenscrub, 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 other ~ 

·a1 th 01ten dis U perenru s at prevail on wide! c max 
• Y alte \1/r,,. tropic grasslands between 3 70() !'Cd naliv "'-IIY 

• anct e d 
and above ca 4,500 ft savann 

1
. ca 5,""" , ry. . , a- tk V\,\J •t A 

formed with oaks of the evergree e ecotonc · t 
n woodlanct "-s arc 

al.\JVc 
Desert Ecosystem Structure · 

When one travels through the desens 
and looks at them comparatively . be of !he w0 .. ' 1l co •1d 
ent that deserts are comprised of thre mes appar. 
features: (I) rockpiles, (2) bajadast e underiyin 
bottom fill (Fig. 1). The three com ' and (3) "al!eyg 
, d ~~~ uguous an more or less subtly conlinuo are con. 
terns of a collective ecosystem unit. us SUbsys. 

Superimposed on these three Prim 
features is (4) a pattern of drainage 1~ry landscaPe 

. ·1 b ines Prod pnman y y water, and (5) sandpi!es th UCC(I 

duced primarily by wind. These five . at are Pro. 
. pnncipaI fi tures are, of course, not peculiar just to d ea. 

are simply more naked, if not more obvi esens. ~ Y 
rh . kl 'f ous, and th pe aps more qwc y I not more accurate! us 

in the world 's deserts and grasslands. Y assessed 

The Substratum 
Both inside and outside of desert ecosystems 

nature of the natu:al substratum or "substrate"~! 
rock, sod, et al.) 1s one of a half-dozen critical ' 
trols that determines the presence or absen corn-
. tiJ' hib' ce o a given rep tan or amp tan species on a pam 1 · Ind ·a11 th · cuar s1
1
te. d esilerts

1
espec1 y'. · e soil texture (rock, gray. 

e , san • s t, c ay, et al.) 1s one of the most importan 
characteristics of the substratum for a large a ; 
diverse array of amphibians and reptiles. 

0 

Resulting primarily from weathering and the ero­
sional forces of water and gravity, there is a down. 
ward gradient in soil particle size distribution that 
extends across the entire ecosystem uniL 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 

1The bajada is the nanking delrital skirt that surrounds the roclcpile (mountain, rocky butte, ctc.) of its source; the fwniliar alluvial fan is• 
portion of a bajada. Earlier in the upland erosional cycle, bajadas are steeper and, parlly ns coalesced fans, are composed of relatively 
deep alluvial soil as in Figs. 2 and 3 representing the study area in basin and range topography. Later in the erosional cycle, bajadas 11C 

less ste.cp and may exhibit relatively shallow soil across outward sloping bedrock from the base of L11e rockpile. The latter bedrock sur• 
fare, with essentially no soil nor vegetation, is also called a pediment, which term (meaning sloping surface) is borrowed from classical 
Grcclc architccrure, where the triangular space fomung the gable of a roof is the pediment Bajadn evolution-from the fanfonn bajada ID 

the pcdif orrn bajada-in the erosional cycle in aridlands is iUustrated in Pu1nam' s Geology (Birkeland and Larson 1978) and elscwhtte. 

.. 
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d for both plants and animal on the fine Lex­
reachC .1 between desert ranges, where the least 
rurcd 

0
' .Iablc soil moisture i due to fine r soil pani­an1-ava1 

pl . Thus it i not unexpected that some of the 
Jc size. . . cd d . r c h. hJY spcc1aliz a aptauons 1or desen living 

(!lo t ,g · d · · ' c)(lrcmcs m san swimming and droughL 
such ascc arc associated wi th fin e textured soils i 1an , 
res d in the valley fill componcnL of desen ecosys-
1oeatc 

ielll · ay be only omewhat le expected, when the 
ll 01 d . 1· rvcr come upon c crt spcc1a 1sts that are 

ob \ d for rock-dwelling. Indeed, in dcsens some of 
adaP• d ·a1· 1. Ost c •trcmc csert spec, 1 ts 1vc at one or the 
thC 11l 

th r of 1wo mo t ex treme substratum types on the 
0 

~ient- rockpilcs and sandpi lcs-at opposite ends 
~ ihc ub tratum particle size distribution. Such 
0 

ucmc spcciali ts arc few in number and spcciacu-
~ Am th ' . Iar in adaptation. ong cir represemauvcs in the 
sonoran Desert arc th~ chuckwall_a (Sauromalus obe­
sus) special ized for ~•fe on and m dcsen rockpilcs, 
and the fringe-toed lizard (Uma notata) specialized 
for life on and in shlfting sandpiles. 

~lost reptilian and amphibian desen taxa, howev­
er, arc centered adaptively at varying ecological 
po ,uons away from these extreme subscrarum con­
ditions of continually moving sand, and solidly posi­
tioned pilcrock. Therefore, not surprisingly, we find 
that mo, I of the amphibian and reptilian desert taxa 
of the world arc adapted to relatively less extreme 
sul)strala that usually characterize the bajada-valley 
fill gradient. 

Sonoran Desert Blogeography In Arizona 
A simple diagramatic profile of SNM as shown in 

Figure 3, illustrates that the monument area contains 
a auncated desert ecosystem lacking one of the three 
principal ecological subsystems. The missing sub ys­
tem ,s valley bouom fill , which suppons desenscrub 
biotic communities dominated by creosotebush-whitc 
bursagc (Ambrosia dumosa) and their few associates 
on primarily natland fine-textured soils (Figs. 1 and 
2). An examination of species-pairs that are prcscni­
or-abscnt congeners, shows that the Sonoran Desert 
reptilian taxa absent ("missing') from SNM arc tho. c 
species and genera requiring desert microenviron­
ments peculiar to the missing subsystem. 

All of these taxa absent from SNM are present, for 
example, in Lhc hcrpetofauna at Organ Pipe Caclus 

N' at,onal Monument (ORPI) . 
dcsen ecosystem . . , which area contains 

uruts w,th au · · 
subsystems represented (Fi pnnc,paJ ecological 
Cactus National Mon ,g_s. 1 and 2). Organ Pipe 
lion in southwestern ;~~t ,s a1 a lowe~ base elcva­
basc elevation in so lh na and ~NM ,s a1 a h.ighcr 
where . . u eastern Anzona. In lhc cases 
herpct:f::~spec,es ~ombinations are examined in 

(Tobi 3) comp~nsons for the two monuments 
c , the result 1s as rect· ed 

adapted s · ~ •ct : the most xcric-
miss· fpec1es of the species pair is the one lhat is 

mg rom thc herpc1ofauna at SNM 
m~~ taxa a~cnt from SNM occur in. nauand com-

1ues dominated by creosotcbush-w"'1te b at ORPI ,1 ursage 
' more or less throughout Shreve 's (I 951) 

Lower Colorado Valley subdivision of the Sonoran 
~n ~at extends eastward into the Avra Valley and 
to within a short distance of SNM (Fig. 3). Thus, in 
fact, all the listed de.sen elements of the herpetofauna 
absent from SNM reach to the western doorstep of, 
but do not enter, the monument. 

Saguaro National Monument could have included 
a ':presentative portion of the historically and bio­
lo~call~ significant Avra Valley within its bound­
ancs with relative ease 50-60 years ago, perhaps 
even. 30-40 years ago. The then essentially pristine 
and little known area of Avra Valley tha1 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 (Lo Rincon Peak at 8,482 ft) to be included in 
SNM, which he did amid little 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 Parle Service (NPS), certainly 
for a pan of the Avra Valley area. But such thinking 
today is with the clari ty of hindsighl 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 1960 was political; 
it was too late. 
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THE UPPER ELEVATIONS: 
FOREST AND WOODLAND . 

Toe Soulhwest evergreen woodland in lhe Rincon 
Mountains arc oak (cncinal) and pine-oak woodlands. 
At the lower woodland limit of 4,000-4,5oo ft 

· al · an ever­according to lope exposure, lhe encm is 
green oak woodland of Emory oak (Querct~ emoryi) , 
Mexican blue oak (Q. oblongifo/ia), and Anzo_na _oak 
(Q. arizonica) wilh lhe occasional presence of Juniper 
and pinyon repre entation in the woodland. Wi th 
gradual increase in elevation into the pine-oak w_o~d­
land above, Chihuahua pine (PimlS leiophy/la) JOJOS 
with Mexican pinyon (P. discolor), alligator-bark 
juniper (Juniperus deppeana), and several ever~en 
oaks-principally ilverleaf oak (Q. hypol~uco1~es), 
Arizona oak, Emory oak-and olhers. Mexican p1~e­
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 fi r dominance varying 
according to slope exposure and elevation from 
approximately 7,000 ft to the top near 8,600 ft. Pon­
dcrosa pine (P. ponderosa) is the principal forest 
conifer, providing a pine forest with Gambel oak (Q. 
gambeh), madrono (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 
concowr), and white pine (Pinus strobiformis). These 
lhrec coniferous trees reach thei r greatest stature and 
density on north-facing slopes above 7,800 ft. 

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 di ffer­
ences in base level to weU 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 "arc inappro . 
they arc not surrounded by desen" CLoPnate bcca 
Shreve (I 9 15) fi rst pointed out years We 1964a) USe 
of these mountain islands are either a~o. 1'he bn•.~ 

Pftrna ·1 "-'es 
land, or these ranges are complete/ ' 1 Y grn. 

Y sun: "-'S-
grassland, not desertscrub (Shrev 014nded b 
Nichol 1937; Marshall 1957; Lowe ~

9
1915, 191?, 

and Mehringer 1965; Brown and Lowe 
1
6
9
4b; Mani~ 

sec Gehlbach 1981 and Davis 1991 to 77, 19801. 
r the 1• view. contrary 

The grassland versus desen dist' . 
. ·f b . . inction 

noted, 1s o as1c unponance to species ct· again 
the explanatory biogeography of lhe mo is~rsai and 
archipelago. These lowlands have be un~n island 
from full glaciation to the present Lime ~n involved 

. ,tn ase· ' 
community replacements from forests t nes of 

o Wooct1 to grasslands, and, locally, to desenscrub allds 
rent grassland connectors (grassland se ) The cur. 
the mountain islands in the archipelago has between 
situ approximately 9,000 years (Van a~e been in 
1990a,b and elsewhere). evendcr 

Mexican Mountain Blogeography 
in the Borderlands 

As in the case for certain desert species . 
~ pre~nt ~r absent i~ the herpetofauna at~~ that 
mterestmg b1ogeographic story is associated 'th ' an 

. high . . WI Cer 
tam mountam species that are present-or-abse · 
~ngene~ i~ the monument's fo~sted Rincon Mo~~ 
tams. This 1s the story of the high Sierra M d a rean 
fauna and flora that barely enters the United s 

h . . 1 d' . tates 
w ere 1l vanous y. a Joms southernmost elements of 
the Rocky Mo~tam fauna ~d flora. The rattlesnake 
genus Crota/us 1s exemplary m this story of Mad 
t"M . M . ") b' rean , ex1can ountam 10geography in Arizona 

The Ari_zo~a b_lack r~ttl~snake reaches its south­
ernmost d1stnbut1onal l1m1t on the continent in lh 
Rincon Mountains of SNM, just short of the Ari~ 
zona-Sonora boundary line. The current late 
Holocc~e ~istributi_on of rattlesnake species on high 
mountain islands m southeastern Arizona, and in 
adjacent southwestern New Mexico in the Sierra San 
Luis, Animas Mountains, ct al. is illustrated in Figure 
5. fl is a biogcographic patLem that is repeated in 
many other taxa. 

The raltiesnake genus Crota/us provides a glimpse 
into vicariance biogeography in an island archipela­
go. The pattern involves a dislincLive south-nonh 
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mountain island dcploy~em of principal groups of 
taJ'B (Fig. 5). One group 1~ "southern" In origin with 
mts ecological metropolis m I.he Sierra Madre Occi­
dental of northwestern Mexico (Madrean); I.he other 
is "nortJ1cm" in origin in I.he Rocky Mountains of the 

O
uthwestcm United States (Petran). s . . 
TWO of the most mterestmg early findings for I.he 

berpctofauna and avifauna arc indicated in Figures 

4 and 5. One of these findings is I.he occurrence of a 
sharp biogeographic boundary line that divides in 
iwo the montane i_sland archipelago-I.he Madrcan 
Archipelago-lying between the Sierra Madre 
Occidental proper and I.he Colorado Plateau proper. 
The geographic position of this Madrean Line that 
divides the archipelago in two is approximated by the 
present location of Interstate Highway 10 (l-10) In 
southeastern Arizona and adjacent southwestern New 
Mexico (Fig. 4). This Southwest biogeographic 
t,oundary line-the Madrean Line--is as sharp as the 
world 's most famous one, Wallace 's Line, which 
divides the Malay Island Archipelago in two (Wal­
lace 1859. 1863). Wallace's Line is unarguably I.he 
t,oun.dary line of greatest interest and prominence in 
biogeography. 

Tbe other especially interesting finding illustrated 
in Figures 4 and 5 is for the Sierra Pinalcflo (Graham 
MountainS). the highest mountain range involved in 
the system. The Pinaleflos provide an enigmatic situ­
ation that parallels that of the enigmatic Celebes 
(now Sulawasi) in the Malesian theater of Wallace's 
Une. The Pinalef\o enigma, as illustrated here by rat­
tlesnakes in the genus Crotalus (Fig. 5), results from 
the anomalous presence of Madrcan (southern) 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 Pinalel\os, as Wallace (1876) 
did for the Celebcs. that the Pinalel'los were not earli­
er united by extensive lands (highlands) to either the 
nortllem or the soul.hem ma~if. Ralher, as indicated 
best by the packrat midden data (Van Devender 
t990a,b), fauna) 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 I.hat during 
I.he last dozen-odd glacial and interglacial faunal and 
floral dispersions, the Pinalel'los have witnessed the 

comings and goings-during the last dozen-odd 
glacial and Interglacial faunal and floral disper­
sions-of Madrean taxa and Rocky Mountain taxa 
during the cyclical waxing and waning of I.heir north­
ern and southern distributional limits. 

Thus, certainly 1he anomalous Pinalel'los in the 
Southwcs1. like the anomalous Celcbcs for Wallace 
and those who followed in Malesla, speak clearly to 
the theory first proposed by Wallace ( 1876 and else­
where) that present regional biogcography reflects 
events of the past-the geological floral and faunal 
history of the area. 

These findings for the Madrcan-Rocky Mountain 
momane archipelago system were made in the 1950s 
and 1960s by field zoologists at the University of 
Arizona engaged in detailing the ecological and geo­
graphical distributions of the Sierra Madrcan and 
Rocky Mountain vertebrate faunas in southern Ari­
zona and adjacent Mexico. We conducted a part of 
this field work in the Rincon Mountains of SNM. 
The first and most thorough field-based investigation 
of Madrcan-Petran montane island distributional pat­
terns is Marshall 's (I 957) Birds of the Pine-Oak 
Woodland. The most recent examination is by Davis 
(1991). who is studying I.he 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 see Shreve 1915; Marshall 1957; 
Lowe 1961; Whittaker and Nie ring 1964; Bowers 
and McLaughlin 1987. 

For the Santa Catalina-Rincon Mountains and 
olher ranges north of the Madrcan-Petran boundary 
(Fig. 4), the southern representation of plant taxa is 
relatively weak in terms of the abundance (popula­
tion densiLies) 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 Madrcan Linc reaching 
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Tobie I. The amphibians and reptiles at Saguaro National Monument From Lowe and Holm---------­
::-:--"'.::--:------------------~(1:9086, 1991) 

Phylum Chordata ~ 
Su~hylum Vcnebrata 

Oass Amphibia (8 species in 4 genera) 

Order Anura-Frog and Toads (8) 

Family Bufonidae-Toads (3) 

Family Hylidae-Treefrogs (1) 

Family Pelobatida~p.idefoot Toads (2) 

Family Ranidae-Frogs (2) 

Class Reptilia (49 species in 35 genera) 

Order Tesrudines-Turtlcs (3) 

Family Emydidae-Pond and Box Turtles (I) 

Family Kinostemidae-Mud and Musk Turtles (1) 

Family Tesrudinidae-Tortoises (1) 

Order Squamata (46) 

Suborder Sauria-Lizards (19) 

Family HeJodennatidae-Beaded Liwds (1) 

Family Gekkonidac--Geckos (I) 

Family Iguanidae-Iguanids (12) 

Family Scincidae-Slcinks (l) 

Family Teiidae-Whiptails and Allies (3) 

Family Anguidae-Alligator Lizards and Allies (I) 

Suborder Serpentes--Snakes (27) 

Family Leprotyphlopidae-Blindsnakcs (I) 

Family Colubridao-Colubrids (I 9) 

Family Elapidae---Coralsnakes and Allies()) 

Family Viperidae-Vipcrs and Pit-Vipers (6) 
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ix. rauJesnake species at Saguaro ationaI Monument 

f.ible 2. 'fhe-:--:-=-::::-;:;----~:;::=:;:----------- --- -
~ talllS cerastes Sidewinder 

C. atrOX 

c. ngris 

C. scutulatus 

c. motossus 

C. viridis cerberus 

Western Diamondback Rattlesnake 

Rattlesnake 

Mohave Rattlesnake 

Blackt.ailed RaUlesnakc 

Arizona Black Rattlesnake 

specie -pairs in the Sonoran Desert that are present-or-absent congeners in the herpeLOfauna at 
fllble 

3
· ational Monument (SNM). 1:1~ ~our congeners absent within the boundaries of SNM arc present a 

saguaJ:l ance off site, on the nearly-adJ01rung Avra Valley bouom fill to the west of the monument boundary 
sh 11 dist · o· · (Fi 3) o . the Tucson Mount.am I tnct 1g. . 

rence1n---- - -=- ---- --------------:--- - - ---
-- Organ Pipe Cactus Saguaro 

ational Monument National Monument 

--;hrynosoma solare . 
phrynosoma platyrhinos 

u,osaurus ornams 
u,osaurus graciosus 

Phytlorynchus browni 
Phyllorynchus decurcatus 

Cltilomeniscus cinctus 
Chionactis occipiralis 

Regal Homed Lizard 
Desert Homed Lizard 

TreeUzard 
Longtai.led Brush Lizard 

Saddled Leafnosed Snake 
Spotted Leafnosed Snake 

Banded Burrowing Snake 
Western Shovelnosed Snake 

Phrynosoma solare 
Absent 

Urosaurus ornarus 
Absent 

Phyllorynchus browni 
Absent 

Chilomeniscus cinctus 
Absent 



VALLEY BOTTOM 

FILL 

of desert 1:ind cape stn1cturo--lhc rockpilc, its bajada, and th 
Fig. 1. Three major underlying feature e Valley 
bottom fill, of n desert eco ystem. 

fine-textured 
soils 

Fig. 2. Predominating soil teJtrures are indicated in their relative positions (coarse to fine, not 10 scale) on th 
gradient of soil particle size distribution in the lhrce subsystems of a desert ecosystem unit. e 

https://srructuro--1.he


on the Blogeography of the Herpetofa una at Sam l!llr N 
~ .::. ..... o atfonaJ Monument IOI 

Tucson Mls.. 

Tucson 

Santa Cru-z 

Valley 
Valley 

Fig. 3. Saguaro National Monument and environs in diagrammatic profile, not to scale. Sonoran Descn areas 
within the monumem are indicated by bolder lines between hash marks. A complete three-part desert ecosys­
tem uni t docs not occur with.in the boundaries of Saguaro National MonumenL The monument includes bajada 
(B) and rockpile (RP) subsystems, while falling shy of the basin subsystem of fine-textured valley bottom fill 
(VF). Accordingly, members of several paircd-taxa congeners in the Sonoran Desert hcrpctofauna do not occur 
on the monument (see Tobie 3). 
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.J 
Fig. 4. Part of !he vegetation map at scale I: I ,000,(XX) representing biotic communities in the North Am . 
Southwest (Brown and Lowe 1980). Mountain islands arc shown in Lhe Madrcan-Rocky Mountain archi e~can 
(or Madrcan Archipelago) bolh north and south ~f ~ e Ma~rc~ Line, a major Sou_thwest biogeographk 

1
: 

wilh which today's Interstate Route IO (I-I 0) comc1des; this is the Southwest equivalent of Wallace's Line. 



The Madrean-Petran 
Biogeographic Line in 

Southeastern Arizona (as in Fig. 4) 

' Rocky Mountain 
(Nonhern) 

Sierra Madrean 
(Southern) 

I - 10 

Santa Catalina, Rincon, Galiuro, 
Winchester Mountains, et a l. 

Dos Cabezas, Chiricahua, Huachuca, 
Santa Rita Mountains , e t al. 

C. viridis cerberus Arizona Black 
Rattlesnake 

C. pricei 
C. willardi 
C. lepidus 

Rocky Mountain + S ie rra Madrea n 
(Northern + Southern) 

Pinaleno (Graham) Mountains 

C. viridis cerberus 
C. pricei 

Arirona Black Rattlesnake 
Twinspotted Rattlesnake 

Twinspotred Rattlesnake 
Ridgenosed Rattlesnake 
Rock Rattlesnake 

Fig. S. The distribution of four species of mountain rattlesnakes (genus Crotalus) in southeastern Arizona. A fifth species, the blacktailed rat­
tlesnake (C. molossus), occurs both north and south o f lhc line. The enigmatic Pinalenos lie north of it ( ce Fig. 4). 
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ELEVATION 

Vertical distribution 
at 

tropical la titude 

LATITUDE 

Cold 
limit point 

Vertical distribut ion 
at 

northern \ imit 

Ory 
limit point 

Fig. 6. Conceptual model of the patrem of northward limiting winter-deficient heat and summer-dcficienc rainfall--lhe climatic consuaincs that 
gradually restrict (to extinction) the northward distribution of tropic;u and subtropical f11Xll along the M a.drean Archipelago. as within the other 
four S➔N distribuliooal corridors out ofnorlhem Mexico (see rexr). 



Tt:e l~porta~ce of Xeroriparian Ecosystems 
to the Wintering Avifauna of Saguaro National M onument 

R. Roy Johnson and Lois T. Haight 

ABSTRACT 
A ,:eroriparinn tudy plot for wintering birds consisting of a 30 S0O- b I d r . . ' x m c l transect, an an 
upland control plot O 

_
the ~am.e dimensions, were established near the base of Tanque Verde Ridge 

·1-0 the Rincon Mountain D1slnct or Saguaro NallonaJ MonumenL Co 15 d ~,, th · . . . un con ucl= on c xcron-
parian plot in winter 1990-1991 averaged 19.67 species/census, with 167 individuals. In contrast, 
counts on the upland plot averaged 11 species and 47.5 individuals/census. Thineen or the 27 
species ob erved were recorded on ?nly the xc ro riparian plot, 14 occurred on both, but none 
oecu~ only on the upland plot, thus illu trating the importance ofxeroriparian ecosystems to win­
tering birds. 

tN"fRODUCTION 
Riparian ecosystems have been recognized as 

e of the mos t important and most endangered 
som S th . ecosystems in the desen ou west smce at least the 
t9?0s (JohnSOn and Jones 1977). Ecosystems associ-

ed with dry desert watercourses have also been 
at nsidered important habitat for many species or 
' ~ants and animals, including bi rds , for several 
~ecades (Lowe 1964). These drainageways, formed 
by intermittent and ephemeral treams, and their 

sociated xeroriparian ecosystems (Johnson ct al. 
~84a), provide critical avian habitat in arid and 
semi-arid desert regions. A number of studies begun 
•n the southwestern United States in the late 1960s 
~ early 1970s first established the value of riparian 
lands as avian habitat. These early investigations 
quantified riparian bird population densities and 
species richness in desert lo:,"'land~ ali?ng the Verd~, 
Salt, and Gila rivers and mbULan es m cemral An­
zona (Johnson and Haig.ht, in press). The earliest 
quanti1.ative riparian avian studies were for breeding 
birds in cononwood-wiliow (Populus-Salix) , mixed 
deciduous broad lear (Platanus-Fraxinus-Populus), 
couonwood-mesquite (Prosopis), and associated 

ripari an scrub (Carothers and Johnson 1971; Johnson 
1971; Carothers et a l. 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 ct 
al. 1974). 

Toe value of xeroriparian ecosystems was recog­
nized at Organ Pipe Cactus National Monument 
(ORPI) by the 1950s (Hensley 1954). However, 
attempts lo quantify the importance of these ecosys­
tems lo birds were not undenaken unti l 30 years 
1ater, during the 1980s, more than a decade after 
avian populations along perennial and wetter inter­
mittent streams were fi rst quanti fied, in I 969. Find­
ings for xeroriparian studies have been similar to 
those for more mesic riparian areas, and demonstrate 
the importance of riparian areas as avian habitat in 
comparison to adjacent drier upland areas (Johnson 
and Haight 1985, 1988). 

The earliest xeroriparian studies were conducted 
on both National Park Service (NPS) and non-NPS 
plots in the Sonoran and Chihuahuan desens in the 
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United States and on Sonoran Desert plolS in Mexi­
co. The tud1es reported here arc the first xeroripari• 
an population tudies for wintenng birds on Saguaro 

ational Monument (S 

S1UDY AREA 
The tudy was conducted in the Arizona Upland 

subdivi ion of the Sonoran Desert. The upland plot 
wa e tablishcd in a Sonoran desertscrub/scrub­
gr-.is land (semide crt grassland) ccotone (Brown ct 
al 1979). Dominant Lrees and hrubs were foothill 
paloverde (Cucidium microphyllum), velvet 
me quite (Prosopis velutina), bu h muhly (Muhlen­
bug,a porreri), grama gras es (Boureloua pp.), 
Lhrce-awns (Arisrida spp.). numerous cacti (e.g .. 
aguaro [Carnt:g1ea gigantea]. cane-frui t cholla 

[Opunt1a fulgida]. chri tmas cactus [0. leptocaulis). 
prickJypear [O. phaecanrha]) and numerous other 
hrub • grasses, and ca ti. Vegetation on the upland 

plot was exceptionally lush, especially for an upland 
desen sice. 

The xeroriparian plot was in a lush stand of the 
mixed sh.rub-Prosopis i•elurina association (Brown et 
al. 1979). Dominant tree and shrubs were velvet 
mesquite (Prosopis velutina), catclaw acacia (Acacia 
greggil), nclleaf hackbcrry (Ct:Llis reticula1a), desert 
hackbcrry (C. pamdum), desert broom (Baccharis 
sarothroides), graythom (Ziziphus obtusifolia). chu­
perosa (Anisacanthus thurbui), canyon ragweed 
(Ambrosia ambrosioides), and several other woody 
species, as well as numerous grasses on floodplain 
lerraces. The wash channel was incised, onen bor­
dered by banks 2 to 3 m high. In several places vege­
tation grows on xeronparian islands scparaled by a 
braided streambed, typical for higher order ephemer­
al washes throughout the monumenL 

WASH ORDER 
Wash order is a system for classifying drainage­

ways formed by ephemeral and drier intennittent 
slreams (Johnson el aJ. 1984b). The system was 
adapled from the stream order system originally 
devised for classifying running streams (Ho rton 
1945). A headwater wash is first order until its con­
flu ence with another first orde r wash. then it 
becomes a second order wash (Fig. I). As washes 
progress downslope, order increases each time Lherc 
is a confluence between washes of like ordcr-{wo 

ccond order washes fonn a th ird o rde r wash, etc. 
Lower order washes entering higher washes do not 
re ult in an increase in order; thus a fi rs t o rder 
wash entering a second order wash docs not fonn a 
third order wash, etc. Studies by Johnson c1 al. 
( 1984) and Warren and Anderson (1985) a1 ORPI 
demonstrated a close relationship between wash 
order and plant species occurrence, presumably 
related to varying moisture availability. Higher 
order washes tend 10 support larger trees and 
shrubs and have a wide r xcrorlparian bell on the 
banks of the wash. 

MtrnODS 
Study plots consisted of two belt transects located 

near the base ofTanque Verde rudge, at the southern­
most part of the Cactus Forest Loop Drive in the Rin­
con Mountain District (RMD) of SNM (Tl 4S, R l 6E 
S32). We modified our earlie r census ing methodolo~ 
gy (Johnson and Haight 1985, 1988) to provide a 
maximum amoum of infonnation with the minimal 
resources available. A xeroriparian census plot con­
sis ted of a 30 x 800-m bell transect, wilh actua l 
width in a given area detcnnined 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 lO 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 
arc on breeding territories. 

The upland plot originated 50 m southwest of the 
"Cactus Forest Trail" sign located approxim ately 
0.25 mi northwest of the Javelina Picnic area turn­
off. The plot continued along the crest of the ridge to 
ilS end, then turned 90• to the southeast (directions 
approximate) and cominued to the next ridge, turned 
90° to the northeast. continued across the road and 
then roughly paralclled 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 
downsLrCam lO a couple of hundred meters from the 
point where the Caccus Forest Trail drops from a hill 
into the wash. 



The Importance of Xeroriparian E 
----------------=--..::..:...:c:o:::sy:.s~t:e~ms~t~o~t~he~Wl~n~te~rl~n~g~A~v~lfa~un'.::a:._ ____ 1~0~7 

. . ally, attempts were made to conduct Paired 
oogin · • 

uses on the same mornings m December 1990 
ccns u•"'\/ 1991; however, the combination of late 
and Jan ... ; . d . 

. and cold morrungs ma e ll nearly impossible 
sunnsc . L. I . . . · rnp!ish this. ill e avian act1v1ty occurred 
10 acco . ~ A . • 

fore sunup, which occurr= about 30 mm. earlier 
bC h upland plot than the xeroriparian plot. 
on I C I gth f . roximatclY the same en o tune was spent on 
APP1 plot generally 40 to 60 min. Birds on the 
cac I ' . 

d Plot were comparallvely easy to detect and uplan . 
. entify. However, c_ensusmg the xero~~arian plot 
id required more ume because of add111ona1 effon 
often 

•red 10 count larger numbers of sparrows (Table rcqu1 . 
nd because the denser vegetation resulted in 

l )a · d . d 'd 'fi tcr difficulty m etect:Jon an I entt 1cation of 
g~s The census taker whistled an imitated call of 
bhi fe rruginous pygmy-owl (Glaucidium bra-
t e . al f . . 1. ,,um) at regular mterv s o approxunately 50 m 
SI 1a • . . 
d ing the xeronpanan census to attract certain 
s;ies, e.g., ruby-crowned k.ingle~, hermit thrushes, 

d s ewick's wrens, that otherwise often go unno­
rced (scientific n~es of birds observed are given in 
Table 1). Ideally, 1f censuses are conducted two days 
. a row, reversing the direction traveled on the sec­
innd day increases the probability of observing cer­
o •n birds, especially those near the end of the count 
:at may have short activity periods. If two plots are 
censused on the same day, the order of census for the 
plots should be reverse~ 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. Auempts 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 area 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. Tius necessitat­
ed censusing of the xeroriparian plot first, so we cov­
ered each plot on a different day to standardize both 

the length of r . 
xerori . ime and lime of day for upland and 
attain:t;: cens~sing._ The high degree of accuracy 

0 974 . breed mg. bird studies by Carothers et al 

1
. . ) 10 spot-mappmg breeding birds exceeds the 
1mns of our h d 1 
fi met O o ogy. However, comparative 
igures for upland and · · . xeronpanan species richness 

and populatio~ densities established by our method­
ology are rclauvely reliable. 

RESULTS AND DISCUSSION 
T~ree xeroriparian censuses averaged 19.67 

species/census with 167 individuals, in contrast to 
upland averages of 11 species and 47.5 individuals/ 
census (Table 1). Thus, the xeroriparian plot support­
ed approximately 3.5 times the number of individuals 
and twice the 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, 
with 13 of the 27 species recorded only on the xerori­
parian plot, 14 on upland plots also, but none only on 
the upland plot. The critical imponance of xeroripari­
an ecosystems is clearly illustrated, since all species 
occured at some time in the xeroriparian ecosystem, 
but no species were restricted 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 semidesen 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. Our 
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 area, which 
shows characteristics of both desertscrub and 
semidesert grassland, discussed earlier. 
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di Lributcd 
f drainagcways · 

2 The large number o ·n foothills ma.kc it 
. R" on Mountru 

tl1roughout t11c ,nc L of more man a cou-
br h a 1ranscc .h diflicult lO csta is ·u our cros ing a was . 

P
ie of hundred meters w1 l ro scd several firs! 

Jand plot C • our 800 m Jong up ) d relatively heavily 
order wa hes (see below an 
vegetated swalc · . 1 artx>rcal desert in 

De crt 1s t11c on Y 
3. Toe Sono~ arc extremely important 

orlh Amcnca. Saguaro_ d cveral species of 
• r me pcc1CS an ne I Sl lCS ior so .t' c throughout the 

bird u c saguaro nest cav1 I 

year. 
. 1 generally as territo-

Altllough winter bird arc_ nospcc·1cs arc relatively 
· b' rds certain rial as breeding 1 . • 'al l in winter roosting 

=gular in their habits, cspcc1 y ·ct . cd owl '" ·ct ti ficd m1 -s1z 
and feeding pa11ems. The unithcn ame' cction of tllc 
(Table I) wa found along c . 
wash on eveiJ.l day . The large flock of Brewer s 
s arrow roo·1cd in approximately the sa~e area on 
P . ders ft1ong Ilic wash each mght of the Ooodpl:un mean w 

censu period and left at approxima1cly the amc 
time each morning 10 f ccd in t11c upland gra cs. Pc~­
mancnt residents, e.g .. curve-billed thrashers, car-cil­
nal ' and pyrrhuloxias maintained cmb_lances ~f 

. . •»roughout the year Several winier res1-1emt0ne u l · . 
dents. e.g .• ruby-crowned kinglcts, ?erm1t ~ s~es, 
and Bewick' wrens maintained winier tcmtones. 
Thus, the more often one ccnsu cs an area_ th~ ~ore 
familiar one becomes wi!ll Ille locations of md1v1dual 
birds. This also is t11e rationale for censusing at least 
rwo or !llree days in a row. Toe census taker becomes 
more familiar not only wi!ll Ille 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). Toe importance of riparian habi­
tat w migrating (Stevens et al. 1977) and wintering 
birds (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 

extirpated as surely as when brcectin 
g COnct· · not adequate. 1lions 

National Park Service lands pro . a~ 
. . 

1 
V1dc p 

areas for wmtcnng as we l as brccdin rotcct 
Tu B . ii g anct rn· Cd 

birds The cson asm oorhiUs arc 1graun . . . TapidJy I,._ g 
ing part of tl1c Tucson urban cnv,ronm U1:CQ,.,, . . Cnl (b .. ,. 
al. 1986). Exammat:Jon of aerial photogra uncao ct 
that approximalcly 10% of the basin 1· Phy shows s JCero . 
ecosys tems. Saguaro National Mon npar;an 

l ... 1 d" . Umenl . important natura 1s an m this setting an . is an 
vegetated stream courses arc a domina d Hs wcu 
the natural landscape. Even first order w~~ aspect of 
decidedly lush aspect on the monument . es Show a 

. . in rclati 
t11c surrounding uplands; increasingly hi h 0n to 
washes show an even more marked contr g :r Order 
pari on to upland plant communities. ast in corn. 

MANAGEMENT IMPLICATIONS 
Winter bird stud ies al Saguaro National M 

demonstrated that SNM's avian population ?nh~cnr 
d 

. . IS lgh)y 
dcpcn cnt on xcronpanan ecosystems. Simi) 
ings from extensive studies in ORPI and o11i: ~.nd· 
throughout all three North American desens f lies 
United States and Mexico have demonstrat ~ 1he 
critical importance of xcroriparian habitats e lhe 
pared to upland habitats. A disproportionate ~ co:. 
of species of plants and animals arc componcumrs r . . n of 
xcronpanan ecosystems, areas that constitute cnr· 
h b

. ii . . . . teal 
a ttat or wmtcnng, m1gratmg, and breeding b.rd 

(Johnson and Haight, in press). 
1 

s 
The great diversity of riparian habitats varies fro 

pcrmanenlly moist situations along perennial stream~ 
to bare sand or rock along dry desert washes. 
Although nearly all upland species exist in one or 
more of these diverse riparian habitats, many species 
of riparian plants and animals do not exist in upland 
ecosyslems. Additionally, riparian ecosystems consti­
tute only a small spacial percentage of the total land 
mass for most regions, especially in arid lands. Thus, 
one may find approximately 70-90% of the individu­
als and more than 50% of the avian species of a 
region along riparian corridors constituting less tl1an 
10% of the region's space. 

Non-resilient 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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·on are generally comparatively resi·i1· etatl , . . ent. 
veg vegetation and higher mo1srure assist ripan· 

sher an 
l,U sterns in the recovery process. Thus, damaged 
e.co Jan areas can often be successfully rehabilitated 
nP thefS et al. 1989). 
(CafO arne characteristics that make riparian arc ~= wildlife habitat also make them attractive : 
pn ns for development and recreational purposes 
11urna n1 · d' · . ·an lands commo y receive 1sproportionaLe use 
f<Jpa~ans as well as wildlife (Johnson and Carothers 
bY ;2). Managem~nt strate~ies fo~ park lands need to 
19 

1 
for this d1sproport.1onale importance of ripari-

aceoun . . r an lands by acti~e morut?nng o these areas and by 
·ding for their protecuon from overuse or inappro-

prov1 d d . . 
USe by humans an omest:Ic arumals Addi1.t·on riate . · -

~ development and mamtcnance of facilities, roads 
u-aiJ , and .oth~r management activities should be mini~ 

._,_A in npanan areas. 
f\'l)l,l:'U 
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1.able 1. Continued. 
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Fig. 2. Locarion of rudy plois, Rincon Mounrain District, Saguaro arional Monument 



Unexpected Mammalian n· t .b . . . 1s n ut1ons 
1n the Rincon High Country 

Ronnie Sldner and Russell Davis 

ABSTRACT 
ing and observation of small mammals in the high coun . . r;f10 1988 have yielded several species new to Saguaro Nat" : % the Rfocon Mount.ams from 

1 mal species provide evidence that contcmpo coloni 
1
~ on~menL 'lwo of these small 

me: less suit.able habitat separating mountain is::Zs from :~~:~;;:~g f movethcment of species 
a . h occurred The yellow-nosed con (S' rom source of Lhe 
specie ) as · . on ~ t. igmodon ochrognathus) exemplifies such col-

·zation and suggests movement, someume within the pa<;L 50 ye . . . ont . , . . ars, mto a vacant niche m the 
Rincon high country._ Aben s squirrels (Sc1~rtlS abertl) dispersed across scmidesen grassland from 
the Catalina Mount~ins_ (wh~rc ~ey were. intmduccd in the 1940s) and offer another example of 

Ontemporary colomzation-m this case with a very precise arrival u·me Desert h (N • c . . s rews orwsorex 
crawfordl) p~v,de the _first records of shre':s from the Rincons and were found at record elevation 
and habit.al Eight species arc added to the hst of bats from montane conifer forcsL Suggestions arc 
given for protection of the monument for future cnvironmcmal health and scientific endeavor. 

INTRODUCTION 
'"' Rincon Mountains, one of the isolated moun-• ,.e . 
. ranges in outheastem Anzona, arc examples of 

t:un untain "islands" in a ··sea" of sem idescrt grass­
mod 'Ille island in this case is relatively small; the 
Ian . . I . . f 
. h country portton, at e evattons ranging rom 

hig · f . 1 40 about l,525 to 2,640 m, consists o approximate y 
K 2 of Madrean Evergreen Woodland (mixed oak a: oak associations), and approximately 20 km2 of 
Madrcan Montane Coni_fer Forc~l ~pondcrosa pine 
[PirlllS porulerosa) and pme assoc1auons; Brown and 
Lowe 1983). . . 

Despite proximity to Tucs?n and the Uruver~1ty of 
AriLOnll, Lhe Rincon Mountams 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 
v.ere 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 montanc forest, and we compiled pre­
viously gathered information to compose a more 
thorough list of mammal species diversity and distri­
bution within SNM (Davis ct al. 1986; Doll ct al. 
1989). 

Island biogcographkal theory has been applied to 
mammals on desen mountains. According to this the­
ory, species richness should result from the oppo ing 
forces of colonization and extinction. The rate of col­
onization should decrease as the distance increases 
from Lhe source of distribution of the species, while 
the rate of extinction should increase with a decrease 

115 
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in 1sl.111d !>izc llO\\ ever. biogeographers generally 
ha, e fJvored the idea thal once the, e moun1uln 
1,IJn1L were colonized (.11 some t imc in the past 
when the chm:11c w,15 cooler nnd wetter and whrn the 
mouma,ns were intcrconnc tcd by forest hnbi rnl ). 
c tinction • ince lhcn h~ plnycd lhc only ignificnnl 
role in dctcnnining the un-cm specie..<, pnllcm (Davis 
and Dunford 19 7) l lowcvtr, , c report here two 
C\Jmplc of lhc distribulion of mummnl species tJint 
d1.) not fit tlti · prr lou. ly ncccptcd blogcogr.1phicnt 
c,pl;inntlon. In addition 10 the c unexpected e am­
ple, of gcographicnl distributions, we also report 
two :iscs of un ~ctcd ecological di trlbutions of 
mammal 

METHODS 
We hik.cd Imo S M to ob crvc small mnmmals 

nnd trap lhcm wil.h Ii c traps, pit-fall (CM) Lrnps, und 
mist nets in the fnll of 198 . tJ1c spring of 1985. nnd 
during lhc ummcrs of 1984 through 1988. We spent 
h da) in lhe oak woodl:inds during Apri l. Septem­

ber, and O tobcr. nnd 41 days in the monwnc conifer 
forest during lay, June, nnd August. We also com­
piled infonnn1ion nbout mammal of U1e high roun­
t ry from record at the Univers it y of Ari zona 

t:unmal Co!Jection. I.he Museum of tl1e San Diego 
ociety of atural Hi IOry, and from observation 

record kept by personnel of SNM. Mammll names 
used in tlu report follow tho e of Jones c l al. ( 1986). 

RESULTS AND DISCUSSION 
Yellow-nosed Cotton Rats 

\ itlun fore I habil:lts in Arizona arc patches of 
~ubalpine gr.isslands (Brown and Lowe I 983) suit­
able for gr:!! . -eating, runway-making rodents such ns 
members of lhe vole genus, Microms. In soutJ1crn 
Arizona todJy, however, a specie of tllis genus, the 
long-ta1lcd vole (M . longicaudus), currently occurs 
only in high moumain meadows of one moumain 
range. lhc Pinalel'los (Graham Mountains). Fossil 
dcpo ·11s wil.h Microtus from l:11e Pleistocene ngc, 
includ111g one from the northeastern side of the 
Catalina Moumains, suggest lhe pos ibility 1.ha1 tJli 
genus once occurred on most mounLains of southeast­
ern An10na but became locally cxtincL In I.he Rincon 
MoumJins. small grass-fem meadows can be found at 

clevatiorn, from 2,226 to 2,640 m, surrounded by pon­
dcrosa pmc-oak (P11ms ponderosa-Quercus sp.) and 
pondem!la pine-Douglas-fir (Pse11do1suga menziesi,) 

fon:st t11a1, ould be npproprlo1c for M lcmws, bul none 
c 1st tllcre today. TI1is niche for gmss-cntlng, runway. 
making roden1s is now oc upicd by tl1c yellow-nosed 
couon mt, Slgmodon ochmgnathu.s (Davis and Ward 
1988). 

TI1e presence of these rots in these montane mead­
ows wus firs t verified In August 1984. when we were 
surprised by the capture of five in just 20 1rnp set in 
Ma nni ng Cnrnp meadow at 2,440 m elevation . 
Although t11e Rlncons were wi1hin I.he range of this 
species, yellow-nosed co11on mis hnd not been 
!\!Corded from tJ1cm, and rcla1ivcly few specimens 
hnd been previously 1nkcn In Arlw na (Hoffmeister 
1986) . None hnd been reported above 1,860 m 
(Cockrum 1960) nor above oak woodl and habitat 
(lloffmclster 1986). In August 1985, we found yel­
low-nosed co1ton rats again in Maruling Camp mead­
ow, Spud Rock Cabin Site meadow (2,226 m), on top 
of Spud Rock (2,62 1 m). nnd in Mica Meadow 
(2,561 m). However, during lhe earlier and drier sea­
son of that year, in May and June, we did not 11nd 
nny yellow-nosed cotton rats at these locaJiLics. All 
of the northern records of tltis species have been 
recent; ll1csc rats were not known much north of the 
border mountains until after 1960 (Cockrum 1960; 
Hoffmeister 1986; Davis and Ward 1988). 

II appears tliat yellow-nosed collon rats have colo­
nized northward in tJ1e last 50 years from their origin 
along tllc eastern slopes of lhe Sierra Madre Occi­
dental. To reach I.heir typical habitat in tJ1c rocky, 
grassy slopes of the oak belt in the southeastern 
mountains, l.hcsc rats had lO move through less suit­
able scmidcscrt grassland habitats. Such colonization 
efforts arc striking exceptions 10 tJ1e previous biogeo­
gmphical explanation for ilie distribution of small 
mammals in woodland and forest habitats on lhe 
mountains of southern Arizona. When I.he climate 
became warmer and drier after I.he Pleistocene, leav­
ing woodland and forest habitats isolated on moun-
1ai n1ops, the mammals of lhcse habitnts all were 
thought to have been le ft s1randed on mountains, 
with only I.he possibility of extinction (or speciation) 
10 alter species composition on any mountain (Davi 
and Dunford 1987). TI1e dispersal of yellow-no ed 
rouon rats northward within lhc past 50 years or so 
provides evidence of comcmporary colonization. In 
addit ion, because t11cy arc U1e ecological cquivalcm 
of Microws in ils grass-eating, runway-mnl...ing habi t, 
yellow-nosed couon rnt · have moved in to 1111 lhis 
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·c11e in several southeastern Arizona rnoun­
-.,acant_ 

01

1uding the Rincons (Davis and Dunford 
'"S 1nC tai .. 

1987), 

rt' 5 squirr~ls . . 
f\be 94 1 Abe rt s squ1 rrels (Sciurus aberti) were 

In 1 ' ali M . cd into the Cat na ountams, where they 
int!Od:come common. In 1959, a SNM employee 
ha.,,c d'd having seen one of these squirrels near 
recor e R.i M · · Abe d Rock in the neon ountams. n 's squir-
s~u do not appear LO be common yet in the Rincons, 
re tl " now have been recorded from many forest 
bUl 1C; . 

Ji ·es and we saw lhem several umes at and near 
Joca u ' al 1986) ·ng camp (Davis et . . 
M~t1 

c of the early sight records of Abcrt's squirrels 
i,on f th . 

•on the signi ficance o cir sudden appearance 
menu ·b·1· . lh in tl1e Rincons. The pos~1 1 1ues at might occur to 

One upon fi rst seemg them here are that lhis some 
•e had been present ail along but had been over-

spec1 . d 
ked or that it had been intro uced. It is unlikely 

100 ' . ls that these conspicuous squ1rn: were overlooked for 
, long, and it is highly unlikely that someone ille­

v:~y went to the logistical difficulty of capture, 
~,aintenancc, and backpac~ transport to release them 
. to a mountain range lacking road access or hunting 
in ssibilities. The much more likely explanation is 
:at t11ese squirrels dispersed from the Catalinas 

metime between 1941 and 1959. w ed . . As with the yellow-nos cotton rat, th1s 1s another 
example of what has been termed contemporary col­
onization (Davis ~ d Dunford 1987)-the ongoing 
movement of a species from a source across non-typ­
ical and less suitable habitat to isolated patches of 
suitable habitaL In this case, squirrels moved from 
ponderosa pine forest in the Catalina Mountains, 
across 23 km of woodland and semidcsert grassland 
in Redington Pass, to ponderosa pine forest in the 
Rincons. Several similar movements by Aben 's 
squirrels across less suitable habitat to colonize new 
ierritory in Arizona have been documented by Davis 
and Brown (1989). A similar situation must have 
occurred with Abert's squirrels on the North and 
Soulh Rim of the Grand Canyon. 

Jt 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 squi rrel, a 
subspecies of Abcrt's squirrel, was left on the North 
Rim with rcsult..ing population changes accumulating 
because gene flow with other high elcvational popula­
tions was stopped. We know now, from plant fossil evi­
dence, that Lhis 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, 
lhe 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 desert shrew (Notiosorex crawfordi) 
dead atop a boulder on Spud Rock (2,621 m). but he 
postulated that an owl could have canied 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 ripari an habitats in 
desertscrub up through the oak belt below 1,830 m 
(Cockrum 1960). The absence of the "appropriaLe" 
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 (Epiesicus fuse us) at Manning 
Camp (2,440 m). In June 1932, L. M. Huey collected 
two big brown bats, one southwestern myolis (Myo,is 
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auricul u.s), and one long-legged myotis (M yotis 
volans) at Spud Rock Cabin Site (2,226 m). These 
ecologi ts 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
tu re of bats anywhere because of the possibili ty of 
indiscriminate injury or death of a federally protected 
bat species. l n August 1966, B. Lund collected four 
fringed rnyotis (M yoris i hysanodes) at Manning 
Camp (no field notes arc 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. ln June 1988 we netted over Deer Head Spring 
(2, 195 m) whe re bats were seen fl ying, 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 flyi ng insects. Nets were left open 
from one to approxjmately nj ne 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 (August-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 e t al. 1988). Twelve species of insectiv­
orous bats have now been netted at Manning Camp 
pond (Table 1). Titis 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 Lhe 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 mamm als (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 o f bats have been di scove red 
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 vi sitors discover 
wildlife and their resources on the monument. For 
this reason, public parti cipation 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 al Manning Camp pond. Numbers of each species arc tabu lated by month ~d year. 
Species marked with an asterisk had been captured previously in the Rincon high country. A qucStton mark 
designates two unidentified myotis bats (one escaped, and one was eaten by a raccoon). 

Common name Scientific name 

Vespcrtilionid Bat Family Vespcrtilionidae 
Southwestern Myotis* Myoris auriculus 
California Myotis Myotis californicus 
Western Small-footed Myolis Myotis ciliolabrum 
Fringed Myotis* Myotis thysanodes 
Long-legged Myotis• Myotis volans 
Yuma Myotis Myotis yumanensis 
Myotis? Myotis spp. 
Hoary Bat Lasiurus cinereus 
Silver-haired Bat Lasionycteris noctivagans 
Townsend's Big-eared Bat Plecotus townsendii 
Big Brown Bat* Eptesicus fuse us 
Pallid Bat Antrozous pallidus 

Molossid Bat Family Molossidae 
Brazilian Free-tailed Bat Tadarida brasiliensis 

1985 

Jun Aug 

6 

6 
4 

1 
3 
4 

1 
34 3 

1986 

Jun 

4 
1 
2 
2 
4 

6 
11 

12 

1988 

Jun 

1 
1 

3 
6 

14 
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· N tu ra e ection 1n a a ral Population of th T . e ree Lizard 

Donald B. Mlles 

ABSTRACT 
A Jong-term mark-recapture analysis was initiated in the sprin f 

19 
nificance of body size in a population of Urosaurus ornatZ: (°u-e ~7 t~ ~sess ~-e selective si_g-
(Prosopis juliflora) bosque at Saguaro National MonumenL O 1

e
000

za~ ) inhab,ung a mesquite 
• ver , lizards were c tu d d 

ing the four-year study penod. Average body size of both male and female lizar ~P. re ~r-
nificant decline_ over the four years. This pattern is attributed to a reduction . ~ds exh1b1ted a s1g­
rcsult of low rainfall from 1987 through 1989. Rainfall patterns in the Tu tn ~od resources as a 

· Ni s th o · · cson region showed a cor-relation with El 1fio- ou em scillattons, suggesting a global influence I al 
1
. . . on oc c 1mate The 

decline in lizard body size also affected the patterns of natural selection operatm· bod · . 
· d ill · f . g on y size Overall, recumng an osc atmg patterns o selection likely affected body size Mal d f al · 

b · d·cc 'al . • es an em es 
howcd strong, ut opposite tuerentt s which may be evidence for separate selection pressures 

acting on the sexes. 

tNfR0DUCTION 
The process of natural selection is a major evolu­

tionary force responsible for molding the shape of 
pben01ypic 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 indi rect 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 direct estimate of the magnitude and direc­
tion of selection (Endler 1986; Schluter and Smith 
1986). Even fewer researchers have followed popu­
lations for several years (e.g., Grant and Grant 
1990). 

In this paper, I describe direct estimates of the 
temporal patterns 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. Detennination 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 selcctfon regime operating on an ecto­
thermic vertebrate. 
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Factors Affecting Body Size 
Body size is a critical ecological trai l for many 

species (Peters 1983). lncreased body size may have 
imponant 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 
Ju,cnilcs to aduJts), advantages in avoiding predators 
may occur (Pct~ 1983). Two proximate factors act­
ing to detennine body size of liz.ards arc: {l) levels of 
food availability, and (2) length of the growing season 
{Ballinger 1977; Dunham 1978). Both may act to limit 
growth rate and hence ultimate size a1 aduh stage 
(Ballinger 1977). Food availability may be indirectly 
estimat.cd by rainfall and length of growing season by 
calculnting the number of degree days per year. 

Demographic Profile of Urosaurus omatus 
The Saguaro ational Monument (SNM) popula­

tion of this species has a cohon 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 a1 least five years. The age of first repro­
duCtJon 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 a1 the SNM site include 
the lizards Sceloporus magisttr (desert spiny lizard) 
and S. clarki (Oark's spiny lizard), at least one snake 
(Masricophis flagellum, coachwhip snake), and sev­
eral bird species. 

METHODS 
Study Site 

A study transect was established near the north­
eastern boundary of SNM along the Speedway 
AligrunenL A 2-ha study si1e was delineated in a 
mesquite (Prosbpis julifwra) bosque along the length 
of an arroyo. All trees within the s1udy area were 
uniquc]y numbered and their locations mapped on an 
x.y coordinate grid following the sampling design of 
Dunham (198)). 

Mark-Recapture Analysis 
I ~ployed a cohort (longitudinal) design for csti­

maung the selection statistics. Individuals were 
marted, reJeascd at the site of cap1ure and fo llowed 
over time. 1l1e techruques for conducting a Jong-1crm 

mark-rccaprurc study necessary for investigations of 
natural selection are well established (e.g., Dunham 
ct al . 1988). In this projcc1, which lasted from 198? 
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 the 
months of April (1989), and May ( 1989, 1990). The 
srudy plot was repeaLedly censused each year during 
these periods. Al the start of the field season (April 
May or June) we searched the habi tat every day fo; 
the fi rst 14 days. Thereafter, censuses were conduct­
ed weekly or biweekly. All numbered trees were 
assiduously examined for individuals of U. ornarus. 
Captured lizards were brought to the laboratory for 
subsequent tests and measurements. The SVL of 
each lizard was recorded to the nearest 0.5 mm using 
a metal ruler. Individuals were also weighed to the 
nearest 0.0 1 g on an electronic balance. After the 
measurcmenls were taken, the individuals were 
uniquely marked by toe clipping and a paint symbol 
at the pelvis. Lizards were then returned to the site of 
capture. On subsequent censuses on1y 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 loca~ 
tion in tree for use in our survivorship estimates. 

RaJnfa.11 Data 
Desen habitats are characterized by unpredictable 

rainfall patterns, both in space and time. Because of 
the important association between the amount of 
~nfall and _arthropod abundance, I recorded monthly 
rainfall estimates from the National Oceanic and 
Atmospheric Administration climatic summaries. 1 
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 
p~rpo~es of this paper, I present the results for the 
d1recuona1 selcc1ion coefficient. This is defined as 
the change in the mean value of a trait before and 
after an c~isodc of na1ural selection. The magnitude 
of change 1n a trait is given by: 

i = Xa - xb I (vb)l fl 
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~there/ l. the dire ·1ion ll clc 1lon o,mcl.cn1 , X., Is 
lhC menn of tho troll uft~r s tc Ih)11, Xb Is. the m un of 
,ne 1rnl l b fore . lccllon, nnd (vJ"' Is tho st111 1<.101d 
dcvlo.tlon of lh trnll before · le tlon ~ ndlcr t 986). 
The vnlu I I known ns tho s111ndordlzcd sclc lion 
dlITerenliul (Fu] m·r 1981 

RESULTS 
Ralnfall Patt ms 

cosonnl vnrlotlon in infnll for 1.hc years 1972 
through t 990 I · prescmed in ·1gurc 1. To1ol mlnf ti! 
In the nornn Desert usu, Jly Is npportloned Into 1.wo 
equnl eosons: rous;hly hruJ Ll1e totnl min fall occurs in 
winter u.nd hn.lf In surnmcr (Lowe 1965). However, 
roughly 42% of the ycnr hod substnntlnlly more 
rnlnfall in summer (> 100 mm dllTcrcnce), 16% hod 
more rolnfoll In\ inter ond 44% of the years showed 
no Jlrrcren between seasons. A Lrong correspon­
dcnco wn ob rvcd between occurrence of El Nino­
Southern Oscillutlon (ENSO) event (denoted by 
n terl~k nbovc rnl nfall dntu in Fig. l ) nnd those 
years with high summer ralnfu.11 ( 1972. 1982, 1983, 
1984. and 1988). During the firs t three years of the 
study, rainfall levels were below nonnal. especially 
the wlntcr rainfall for 1989. The period of low rnjn­
fnll wu.s interrupted by nn cxccptlonnlly wet swnmcr 
season in I 990 

Temporal Variation In Body Stz.e 
Yearly nnd monthly trends In average body si7.,c 

are presented in Figures 2 (males) nnd 3 (females) . 
. Botl1 sexes show similar panems. Average body size 
tcndod Lo increase from April to Augu t; mean size 
increments varied from 1-5%. Lnrgc Increases In size 
were evident for males (growth increment = 5.4%) 
between July nnd August 1990. However, mean adult 
body size declined from 1987 10 1990 (Tobie I). 

Patterns In Selection 
The sclcclion differentials, whlch mny be lnlerpret­

ed ns the covnrlol.ion between survivorsnlp and body 
size, arc presented in Figure 4. 1\vo pultems were evi­
dent : (1) the population ex perienced recurring 
episodes of dirccuonal sclccLion. nnd (2) the mngni­
tude of sclectlon oscillated between the sexes. Surviv­
ing individual mlles and females had. on average, a 
smaller body size than tJ1c population as n whole 
before selccIion in the period between winter 1987 
and spring 1988. Interestingly, in the next period 

S\lrvlving ,notes we, · lnr~er und fcmnle11 snittllcr tl rnn 
lhc non 8urvlvon:. 0 ·twec11 1988 1111d 19g9, IJ1c 11clcc-
1lon dl fli rc11Llnls swllchcd: srnollcr nllllcs on uvcnigc 
M1d lnrger fcrnnlcs 011 nvcmuc ~urvlvcd 111 1989, In 
nH y ·nrs, ovldcncc wos olso found for slnl>IJl1l 113 
selection. I.e., n c,opplng or extreme lndlvklunl'i with 
n consequent rcd11ctlon In the v11rlntion before 1111d 
nl\cr rm episode of sclecIlon. 

DISCUSSION 
Studies of popul111ion.'> over u number of ycurs nnd 

through scvernl periods of selection nrc rn.rc (c.lJ., 
Ornm 1986: Schluter nnd Smith 1986; Ornnt nnd 
Gnu,t 1990). Put111ivc ugcnts of selection ore infrc­
qucnlly known In such studies. In cont rosl , this sllldy 
dcmons1rntcd recurring nnd oscllloling patterns of 
nnturu1 selection operat ing on a resident populution 
of U. omaws within SNM. The observed trend of 
declining body size among years con be lndlrcctl.y 
tied LO lowered rnlnfnll levels during the study peri­
od. Previous evidence has shown a strong corrclotlon 
between rainfall and nrtJ1ropod nbundance (e.g. , Dun­
ham 1978, 198 1). 

Of pnniculur inte resl is the lmpucL of 1hc ENSO 
events on the locnl p1mems or minfoll in the 1\Jcson 
Basin. Other s tudies have shown a co r rcl olion 
between ENSO nnd biological phenomena in the 
tropics (e.g. , Grant 1986; Glynn 1988; Grant and 
Grant 1990). PnsL ENSO events have been tied LO 
massive reproductive failures In seabird colonies. 
Other troplcnl populations have been affected as 
well , e.g., Dnrwln's f1nches (Boag and Gram 198 1) 
and l ava lizards of the Oalapugos (M. Snell , pers. 
comm .). Thus, ENSO may net as a major selective 
event through its Influence on local nnd global cli­
matic pallems. 

The correlation between ENSO event and lhe 
summer ralnfnll pattern In tl1e Tucson Dnsin may lllso 
be an Lmportant component affecting Lhc popuJnllon 
dynamics of U. omatus. Recently, weLnnm and 
Betnncoun (1990) found a rcln1lonshlp belwccn Inci­
dence of fi res In the SoutJ1wcsl nnd the ENSO, Thi 
Is the 11rst study to demonstrate such n correlation 
between a Lempcrnte population and ENSO. The link 
between mlnfall and body size Is manifested by the 
large correlation (Spearman rank corrcla1lon = 0.80): 
however, tJ1e sm(tll sample size precludes any probu­
bility level being assigned. Still, tlle decline In aver­
age body size with lowered rainfall and Lhc dramatic 
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increase in body ize after the heavy summer rainfall 
of 1990 suggests a trong 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. 
orruuus at the S M site is polygamous, i.e., one 
male may have two mates or more, the responses of 
each sc to variation in environrnentaJ conditions is 
not unexpected. Previous studies have demonstrated 
recurring incidences of natural selection (e.g. Price ct 
al. I 984) as well as selection favoring small body 
size (Price and Grant 1984). Therefore, within this 
population of U. ornatus, females may be pursuing a 
bet-hedging su-atcgy in which energy apportioned to 
reproduction and growth arc 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 evidenL The data indicate that these patterns are 
a manifestation of abiotic and biotic factors. Most 
imponantly, the trend of body size variation is likely 
to 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 Nino-Southern 
Oscillation. Thus, global weather patterns may have 
a great affect on local conditions, which in tum affect 
local biotic systems and populalion dynamics. 

Boag, P._T. , ~nd P.R. Gr~t. 198 1. Intense natural 
sclcc tJ on in a popu latwn of Darwin's finch 
(Geospizinae) in the Galapagos. Science 214:82.8~

5 

Dunham, A. E. 1978. Food availability as a pro . · 
mate factor influencing individual growth rates ~t­

the iguanid lizard Sce/oporus merriami. EcoJo n 
59:770-778. gy 

Dunham, A. E. 198 1. Populations in a seasonau 
fluctuating environment: the comparative popuJ/ 
tion ecology of Sce/oporus merriami and 
Urosaurus ornatus. Misc. Pub!. Mus. Zool., Univ. 
Michigan 158: 1-62. 

Dunham, A. E. 1982. Demographic and li fe history 
variation among populations of the iguanid lizard 
Urosaurus ornatus. Herpetology 38:208-22 J. 

Dunham, A. E. , and D. B. Miles. 1985. Patterns of 
covariation in life history traits of squamate rep­
tiles: the effects of size and phylogeny reconsid­
ered. Am. Nat. 126:231-255. 

Dunham, A. E., P. J. Morin, and H. M. Wil bur. 1988. 
Methods for the s tudy of reptile populations. 
Pages 331 -386 in C. Gans and R. B. Huey, eds. 
Biology of the Reptilia. 16B. Ecology. Alan Liss 
N~To~NY ' 

Endler, J. A. 1986. Natural selection in the wild. 
Princeton Univ. Press, Princeton, N.J. 337pp. 

Falconer, D. S. 198 I. Introduction to quantitative 
genetics. 2nd ed. Longmans, London, U.K. 

Fleischer, R. C., and R. F. Johnston. 1984. The rela­
tionships between winter climate and selection on 
body size of house sparrows. Can. J. Zool. 62: 
405-410. 

Fox, S. F. 1975. Natural selection on morphological 
phenotypes of the lizard Uta stansburiana. Evolu­
tion 29:95-107. 

Futuyma, D. 1988. Evolution. Sinaur Assoc., Sunder­
land, Mass. 

Glynn, P. W. 1988. El Niflo-Southem Oscillation 
1982- 1983: nearshorc population, community, and 
ecosystem responses. Annu. Rev. Ecol. Syst. 
19:3()()-346. 

Natural resource manage rs at SNM should be 
aware of the influence that global conditions can and 
do have on the processes within the monument. Also, 
every effort shou ld be made to pro tect natu ral 
ecosystem dynamics within SNM. As habitat frag­
mentation within the Tucson Basin and the surround­
ing region increases, SNM may be the only locality 
which provides the luxury of pursuing long-term 
ecological research. 
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The Currency of Competition in Tree Lizards: 
Food, Habitat, or Mates? 

RobertT. M'Ooskey 

ABSTRACT 
A combination of surveys and small-scale · · . . . . . expenmental studies were conducted from 1983 to 1988 at 
~e ~nc_on Mountam Disu:ict, Sagua_ro National. Monument, in order to characterize the density and 
d1stnbuuon of a common lizard species (Iguanidae, Urosaurus o,na ..... tree li d) T li ard high · d ,...,, zar . rce .z num-
bers were er m ry wash than surrounding flaUand desen. Males defended territories that included 
the home ranges 0 ~ females, and the m_ating system was variable, with bachelor, monogamous, and 
pol~gynous males m the same population. Polygyny was habitat dependent and prevailed in wash 
h~b1ta1S. Polygyno~s ~ales ~ere larger than monogamous males, and territory owners could not be 
displaced from temtones by intruders. Territory defense by males was tenacious and mates were the 
objects of defense. This conclusion was substantiated by showing that males aba'ndon their territories 
follow~~ rem~val of the resident_females. In contrast, food resource abundance was not important in 
determmmg lizard numbers, temtory 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 to some questions 
about ecological processes are elusive, it is important 
to select organisms for study that arc 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 habitaL 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 Iguanjdae 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 intcrspeci fie 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 thei r diets. In addition, because 
several species of lizard occupy the same habitat, 
interspeci fic 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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. rd (M'Ooskey and Baia 
between spiny and tree bza 5 ced survivorship 
1987) and we never observed redu ·tories were 

' f lizards whose 1em or growth rates o tree . lizards By 
contained within the territories of ~pm_y ·. h 
virtue of their cosmopoliLan distnbi.u~i"or~o::~r 
density, tree lizards have been the su ~e 
our research at SNM. . · t 

I employed two different approaches to mv~uga e 
patterns of tree lizard distribution and abun ~ce. 
First data from comparative surveys were use to 

.'d information on territorial behavior, the m~t-provi e . . lizard dis 
ing system, the role of food in detellmrung_ . -
tribution, and the pattern of habitat and m1crohab~tat 
use. Second, I have used small-scale, nondesu:uc11ve 
experimental studies (removal ~~ in~ductJon ~~ 
tree lizards) to provide a mecharusnc b3SIS for ~de. 
standing what governs the interactions among ind1-
vidual lizards in their quest for resources. The 
experimental studies have important i~plications for 
the reintroduction of species into habitats they f?r­
merly occupied. Such experimental work can provide 
management guidelines, but is best approa_ched ?Y 
manipulation of common, widespread species pnor 
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. I 987a,b; 
M'Closkey and Baia 1987, 1990; M'Closkey et al. 
I 990a,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 Oizard food) and measured structural attribut.es 
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%. 
l11ercfore, we had nearly complete enumeration of the 

lizards at each study site. Because trcc liza d 
most of their activity time above grounct r ~ Spclld 
uees (Prosopis juliflora), dead saguaro (c•mcsqu·1c 

arne 
gigantea), and dead paloverde (Cercidium mi git() 

Lum) arc focal points for male territories anctc~oph>I 
home ranges. crna1~ 

Mating System 
The cens~s ~~rk pr~vidcd deLailed maps of 

locations of md1v1dual lizards. We used the IC the 
(male) and home range (fem:iie) maps to cla~si;1

~1) 

mating status of males as either bachelor m Y '" 
, onoga 

mous, or polygynous. In addition, we obsc 
. d . f . . rvcd courtship an matJng o many individual 11-. . la~~ 

Male tern tones do not overlap so we could a. 
females to territorial males with litUe error. Fe s 1

1
~' 

al . . m~ ~, did not move among m e temtones. 

Food Resources 
During both dry and wet seasons on each studv 

plot, we _estimated arthropod numbers by placin~ 
construcuon paper cards (15 x 15 cm) at sites onn 
occupied by lizards and nearby vacant sites. c~~ 
were placed both on the ground and in mesquite 111 
and were coated with "Tangle-Trap" adhesive. ~i'": 
feeding by tree lizards occurs above ground but .,. 
observed occasional strikes at prey on the groundi. 
Sample effort varied among sites, but overall 

11
, 

counted more than 100,000 arthropods on 900 card, 

Habitat Assessment 
The census work was conducted primarily in ., 

habitats, flatland desert and dry washes. Four 11 " 

plots and three flatland plots ranged in size from (1 1 
to 1.8 ha and contained from 11 to 67 mesquite tn:,, 
or other sites occupied by lizards (e.g., dead . ai:­
and paloverde). Not all plots were surveyed in ~ , 

year. On each plot we measured tree size anJ 
ing, distance to tbe nearest woodra1 (Nuu rr. , 
albigula) nest, and soil pcnetrance (with a Br,1111. I 
Kilman pocket pcnetromet.er). 

Experimental Studies 
In 1984, to test the hypothesis of mate defer. 

tree lizards, we removed 40 females and 4 I 11 • 

from their territories and home ranges. The rcrr • 
lizards were transported to nearby sites and n:il 1 

in mesquite trees that were not occupied h) 111.~ 
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. ds. In 1985, we conducted 30 trials on male tree 
~zar ds to rest the hypothesis that territories could be 
~•zarded by a nonresident male. Males were captured 
111va .. " . . s· and released in strange . temtones. mce they were 

h evicted by the resident male, we recaptured 
eac d hi th .. 

h l·ntruder and returne m to e ongmal tcrrito-eac 
In 1988, we conducted transplants of 20 female 

l
!J·ards in order to test the hypothesis that females 
IZ f al . I . recognize other em es in se ectmg home range 

siteS. 

RESULTS AND DISCUSSION 
oenslty and Distribution 

The primary seasons of lizard activity are spring, 
summer, and early fall. In April and May, counship 
and mating are obvious and active territory defense 
by males occurs. Two clutches of eggs arc deposited 
by females in late summer and hatchlings emerge by 
late August. During our census work we marked 
>500 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 (l.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 
(fable 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 fem ales. Hence 
polygyny increases with the proportion of trees occu­
pied by two or more females (Table 1). 1n addition, 
closer spacing of trees or si Les perm its males to 
monopolize mating opportunities. The seasonal 

decline in pol (f . ygyny rom dry to wet season) 1s a 
consequence of the general decline in lizard numbers 
and the more even di stribution of females 

F . 
or males, polygyny provides clear advantages 

~~ dry washes appear to afford the greatest opportu­
~lles for multiple mates. Because mating opportu.rti­
ties_ ~epresent a potentiall y limiting resource, I 
parttt1oned the data to determine whether polygynous 
males are somehow different from monogamous or 
b~chelor 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 to 
multiple mates than smaller males. 

Additional evidence for the role of body size in 
determi.rting mating success in males is provided by 
the relationship between body size and survivorship. 
Territory contests are evident in April and May and 
fi ghts 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 fmd mates are significantly larger 
than males not surviving (Table 3). Females neither 
defend space nor compete with ooe 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 pattern of response by 
the resident was to threaten, anack, and evict the 
intruder. Many of the trials were reciprocal. After the 
intruder was evicted we captured it and returned 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 residenl 

Sex-removal experiments (1984) were designed to 
determine iJ 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 conLrol. This simple experiment provided dra­
matic evidence of the differences between the sexes 
in their use of space. Thirteen resident males aban­
doned their territories on the female-removal ploL 
No resident males remained. In contrast, 15 females 
remained resident on their home ranges on the male­
removal ploL 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 ± 
OJJ7 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 tenns 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 anhropod numbers between 
wash and flatland habitat We detected no differences 
in arthropod numbers at lhe 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 habiLats may produce 
variation in arthropod numbers. However, within the 

wash in 1984, trees occupied by lizards and vacan 
treeS did not di O'er in arthropod numbers (Table 5). N 

1 

difference was observed in either dry or wet season. 
0 

On a finer s~c, we invcs~gaL~d whether males 
differing in mat.mg status mamtamed terri tories of 
different food abundance. In both 1984 and 1986, no 
differences were found arnon~ males in the quality of 
their territories (Table 6). This pattern held for both 
dry and wet seasons, but the data are shown only for 
the dry season when active territory defense was 
apparent. Therefore, polygynous males did not 
defend territories containing more food resources. 

The final analysis dealt with the question of 
whether females use arthropod numbers as cues in 
selecting home ranges and oviposition siLes. Home 
ranges in which oviposition occurred were identi fied 
with certainty because of the reproductive condition 
of the resident females and the subsequent appear­
ance of hatchlings. However, home ranges in which 
oviposition occurred were no better (or worse) than 
vacant neighboring sites (Table 7). The arthropod 
sampling detected significant seasonality in both 
1986 and 1987, but no difference in arthropod num­
bers between female home ranges and vacant sites 
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 trees 
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
tle. In 1986 and 1987, woodrat nests were present in 
I 6 of 19 female home ranges. For neighboring 
vacant sites nests were present in only 8 of 30 cases. 
The presence of nests was significantly (G = 22.9, p 
< 0.001) associated with the location of fem ale home 
ranges. 

In addition, soil resistance (to penetration) wa 
significantly less (1.43 ± 0.14 g/cm2) in female home 
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compared with vacant sites (1.81 ± 0. 12 
ran;e2~ p < 0.005, Wilcoxon s igned- ranks test). 
g/c. ~ilion is highly synchronized and may be trig­
ovii: b)' summer precipitation which facilitates dig­g~; in the soil. For example, 16 females oviposited 
gi the afternoon of July 21, 1986, following delayed 
on mer rains. The loose soil beneath woodrat nests 
~urn peciallY conducive to digging in preparation for 
JS CS 
ovipasition. 

E.xpertmental Studies 
oocs the presence of females on home ranges 

affect the choice of those sites by other females? Two 
r more females were frequently observed sharing 

~e same crce or site, with no apparent aggression. 
'fraOSplant 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 O or I female already present) quickly 
abandoned these sites. Only one of 20 transplants 
maintained residence at the transplant site after 70 
days. Toe 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 partem in lizard 
numbers. St.amps (1983) has provided experimental 
evidence of refuge effects in juvenile lizards and 
Howard (1978) bas shown a relationship between 
habitat selection and mortality in bullfrogs (Rana 
causbiana). 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 difTer­
eace in feeding behavior may lead to greater risks of 
predation in flatland habitat and produce the pauem 
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 females arc 
more uniform in distribution. This difference in 
female distribution (Table I) permits some males LO 

monopolize or guard more than one mate. The resull 
is 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 evenrually 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 arc resistant 10 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 auracted to and aggregate at 
resources defended by males, the resulting mating 
system is resource defense polygyny (Emlen and 
Oring 1977). Alternatively, 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 imponant in site choice. Tinkle et 
al. (I 962) also showed a close association between 
the home ranges of another iguanid lizard and tl1e 
presence of woodrat nests. 
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Fi ally transplant experiments with adult female n , . 
uee lizards suggest that female aggregauons are not 
caused by female-female recognition. Titis con°":5ts 
with experimental studies of Stamps (1987): wh1~h 
demonstrate conspecilic cuing in another ,guamd 
lizard. 

SUMMARY AND MANAGEMENT 
IMPLICATIONS 

Toe RMD of SNM contains a variety of habitats 
exploited by a dive.rse l izard 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, 
tenitory 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 imo areas previously inhabited. 1'wo 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 Lime 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 ad ult females failed to establi sh 

residence at trees occupied by other fem ales . 
th h . d . II 

appears at ome range tenacity evelops early . 
life, perhaps in juveniles. This result presents in 

interesting paradox for the implementation of rein~ 
duction experiments. Individuals with high rcproduc­
t i ve value (matu re females prior to thei r first 
reproduction) may prove to be unsuccessful subjects 
for introductions. In contrast, juveniles have Jowe . r 
reproductive value because they face a substantial 
period of mortality prior to reproduction. However 
colonization of vacant habitat, dispersal, and homd 
range and territory choice may only occur in juve. 
niles. Hence, the ages of animals must be examined 
closely in the context of introduction experiments. 
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·ng and the percent of trees or sites with two or more females during wet 
Table 1. Polygyny, tree spac1 , anct dry 

seasons. 
Trees or 
sites with 
~ females 

Habitat No. of males Polygyny (%) (%) 

Wash-dry 78 53-67 24-33 

Wash-wet 18 33 6 

Flatland-dry 50 0-33 3-8 

Flatland-wet 46 7-20 2-9 

Table 2. Polygyny and body size (snout-vent length [SVLJ in mm) in wash habitat. 

Male status 

Monogamous 

Polygynous 

1 1984: t = 7.21, n = 24, P < 0.001. 
bl 985: t = 5.43, n = 26, p < 0.001. 

1984· 

47 ±0.9 

54 ±0.5 

SVL(mm) 
(x± 1 SE) 

Mean 
distance 
between 
trees (m) 

4.4-4.6 

12.2-1 3.6 

51 ± 0.3 

54 ± 0.4 

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

Sex Surviving 

Male 

Female 

•Kolmogorov-Smimov test. 

49± 1.1 

41 ± 1.1 

Not surviving 

46 ± 1.0 

40± 1.2 

v· 
0.45 

0.21 

p 

<0.01 

0.2 
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ble 4. Density of arthropods (i ± 1 SE; N/lOO cm
2
/d) trapped on "Tangle-Trap" cards in wash and flatland 

Ta . d ring dry and wet seasons, 1984. 
habitat u 

seaso~n• ________________ _ _ W;_:.as::::.h:_b _ _________ _:Fl::_a:::ll:.:an::d:b_ 

pry{Apr-Jun) 12.9 ± 2.40 9.2 ± 1.59 

Wet (Jul-Aug) 25.7 ± 2.79 29.0 ± 3.72 

- n F - 43 4, P < 0.001. •seaso • - . 
bHabitat. F = 0.53, p > 0.25. 

Table s. Density of arthropods (i ± l SE; N/100 cm2/ct) trapped on "Tangle-Trap" cards in wash habitat at 
occupied and vacant trees, 1984. 

Trees 

s eason Occupied Vacant n p 

Dry 13± 1.1 13± 1.0 0.02 51 >0.9 

Wet 25 ± 1.5 26 ± 1.7 0.78 51 >0.4 

Table 6. Density of arthropods (i ± I SE; N/100 cm2/d) on "Tangle-Trap" cards in wash habitat among males 
differing in mating status, dry season. 

Male status 

Bachelor 

Monogamous 

Polygynous 

'1984: F = 2.29, P > 0.1. 
bl 986: F = 0.93, P > 0.25. 

1984' 

16.3 ± 3.59 

13.1 ± 1.09 

11.7 ± 0.72 

7.8 ± 0.91 

7.6 ± 0.90 

9.4 ±0.76 
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Tobie 7. Density of arthropods (i ± J SE; N/100 cm2/d) on "Tangle-Trap" cards wiLhin home ranges a 
vacant sites. nd a1 

_Yi::-ear ______________ se_as_o_n ______ H::-o-:m--:c--::ran:--:-::g:-e _ _____ :...:._vacan;=--

19s61 Dry 7.8±0.73 7_7~ 

Wcl 4. 7 ± 0.29 4.6 ± 0.29 

1987b Dry 3.0 ± 0.41 3.9 ± 0,45 
Wet 6.4 ± 0.35 6.6 ± 0.S J 

•Habitat: F = 0.00, P > 0.75; season: F = 14. 76, P < 0.005. 
bHabirat: F = 0.85, P > 0.25; season: F = 51.27, P < 0.001. -

https://4.7�0.29
https://7.8�0.73
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Extirpated Plant Species of the Tucson Mountains 

Renee J. Rondeau, Thomas R. Van Devender Phill 
C. David Bertelsen and Rebecca K. V. ' De P D. Jenklns, 

• an vender 

ABSTRACT 
Toe Tucson Mountains fonn a small range located west of Tucson Pima c ty A - - th 

d bdi · · r th S , oun , nzona, m e 
AriZO~ Uplan su vision ° . e onoran Desert Our compilation of a regional flora for the 
mountam r:uige shows ch:mges m the abundances of certain species during this century. Twenty­
seven species collected P~0: to l95~ have not been taken since, in spite of more collecting effort 
Extirpated_ and extant (ex:isung) species differed significantly as to the fraction of plants that were 
winter/spnng ~uals (man~ have been !~st). A change in climate, competition from introduced 
species, an~ habitat destrucuon are ~ possible explanations for the loss of these species. The annu­
al winter rainfall was above average m the early part of the century followed by a drought of some 
40 years. In_troduced species have !ncreased since the early part of the century. Competition. espe­
cially from introdu~ 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 Jost in the latter 
half of this century. 

tNTRODUOlON 
Toe Tucson Mountains fonn a small range west of 

Tucson, Arizona (Fig. 1), in the Arizona Upland sub­
division of the Sonoran Desert (Shreve 1964; Turner 
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 Parle (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 areas 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 Nonetheless, 27 species that were 
reP<med 

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 Sant.a 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. 

or c~mmon and that are documented Wi as Present 
specimens, have not been reported s· th V0uchn 

. •nee 1950 "r 
of these 27 species is presented in Tab] · A li~t 

M . C ] 
ost extirpated species are ann 

1 
· 

which 85% are obligate spring a ua s (75%), or 
nl . . nnuals (g 

o y 1~ spnng) (Fig. 3). In contrast, the s ~owing 
found m the area consist of 41 01 a ()ecics Still 

. -,o nnua1s of . 
60% are obligate spring annuals. A G-test ' Which 

For each of the 27 extirpated species, case histo­
ries were developed that included geographical and 
elevational range, h abitat preference, life fonn, and 
flowering time. Identifications of all specimens were 
verified. 

Rohlf 1981) showed this difference in pro (So~ai anu 
spring to summer annuals to be highly . ~nions of 
- 6 49 significan - . , 1 df, P = 0.002)· the difference • 1 (G 

' in propo · 
of annuals to perennials is also signifi rtJon 
9.869, 1 df, P = O.Ql 1). icant (G ::: 

DISCUSSION 

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 Tomer 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" (Thomber considered the area around 
Tumamoc Hill as mesas (Thornber 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. Tomer, 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 docwnented at that time. 

It is difficult to argue from negative . 
alth evidence· 

ough these species have not been collected . · 
1950, they may still occur somewhere in the ~nee 
Nevertheless, we have made a diligent search gc. 

· f and in spite o a much greater sampling effort than h 
ded . 1 . t at 

expen previous y (Fig. 2), these species still h 
not been located. Possible explanations for th av~ 
local extirpations include misidentification (by c;i~ 
er researchers or the authors), habitat destructio 
competition from introduced species, and climat: 
change. 

All specimens were checked for proper identifica­
tion; any extii:iiated species with similar morpholog) 
to extant species were marked for special attention in 
field observations. Habitat destruction has resulted 
from urbanization and industrialization since the firsi 
half of the century and might have contributed to the 
loss of some of these species. It is difficult to knov. 
how many may have been lost to habitat destruction. 
since many of the labels from the specimens are 
vague in tenns of location. At least one species was 
likely eliminated due to habitat destruction; Cheilan­
thes parryi was collected from "Picacho de Calero" 
(I\vin Peaks) in 1931, and since then the mountain 
has been removed for its limestone. No one panicu­
lar habitat is common to the extirpated species. For­
mer habitats include rocky slopes, Oats, lov. 
elevation, high elevation, washes, etc. Most habnat 
destruction has been limited to the bajadas on the 
eastern side of the mountains. Therefore, habita1 
destruction is not likely to be the major cause of 

extirpations. 
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. •on from introduced species could play 

compeuut role in extinctions (Groves and Burdon 
an impO:wers and Turner ( 1985) showed an 
1986)· . the number of taxa from 238 to 346 over 
increase ~ the nora of Tumamoc Hill. Many of the 
5 Years 1or . 1 b. . 

7 . . resulted from changes 10 1a 1tat, espcc1aJly 
add101 turbancc associated with construction of 
from 

1
tpc1ines, a clay quarry, and a sanitary land.fill 

roadS, P perty. Forty percent of the 126 taxa added 
on the J: were introduced species, and the majority 
to the 

O 
ly associated with disturbance. In some 

e close . 
ar . troduced species may successfully compete 
cases, in . h . h . alive species w en resources are in s ort 
agatrl ~any introduced spring annuals germinate 
supp ri' wer before the native annuals, and strongly 
and ~e with the natives for water and pollina~rs. 
corope• • · ·-,ft" lhro . likely that decreases 10 Wlnler ra.t1ucw ugh It 1s . 

(Ury (Sellers and Hill 1974) may have caused this cen 
ges of annuals to contract lo the north and 

the ran-n.e annual winter rainfall was above average west 111 

. tb early part of the century followed by a drought 
~ eme 40 year.;. Although both summer and winter 
~all were below avera~~ fo_r the 40-year period, 
lh decline in winter prec1p1tauon was more severe. 
A e mbination of competition from alien species and 
:year drought may explain the high loss of win­

~er annuals. Although species associated with the 
Qlihuahuan. Mohave, and Sonoran Desens 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 (fable 
1). Mohave Desert rainfall occurs predo~inalely in 
winter, and the Mohave region has the h1ghesl 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 aru1uals 
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 Biogeogra~ 

Family/species name Collector and date annual region 

Adiantaceae ----Cheilanthes parryi Humphrey s.n. Feb 1931 No Mohave Dcsen 

Boraginaceae 
Yes 

Plagiobothrys pringlei Toomber 533 March 1903 Sonoran Dcsen 
Toomber 2206 April 1908 

Compositae 
Yes Chaenactis carphoclinia Thomber s.n. March 1906 Mohave Dcscn 

Toomber 5306 April 1905 
Toomber s.n. April 1905 

Hemizonia kel./cJggii Toomber 386 May 1903 Yes Introduced 
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 Desen 

Malacothrix coulteri Thomber 387 April 1903 Yes Mohave Descn 
Thomber4621 April 1905 

Prenanthella exigua Thomber s.n. May 1903 Yes Sonoran; 
Spalding & Thomber s.n. Mohave Desert, 
April 1906 

Stylocline psilocarphoides L. Benson March 1945 Yes Mohave Desert? 

Cuscutaceae 
Cuscura salina Thomber 7516 September 1913 No Saline Soils 

Euphorbiaceae 
Chamaesyce serrula Thomber 47 October 1903 No Sonoran Desert 

Thomber 8948 August 1917 
Gould 2552 September 1944 

Gram.ineae 
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. Thomber 4013 March 1903 Yes Desert-

grassland 
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1 continued. 
table · 

· name Collector and date Spring Biogeographical 
rarni1y/spec1es annual region 
.----:-:osae Legum1n . 

Hinkley s.n. March 193! L,otUS greenet No Chihuahuan/ 
Desert-
grassland 

L,oms salsuginosus Benson 10620 March 1941 
Yes Sonoran/ Benson 10700 March 1941 

Mohave Deserts 
)\1atvaceae . . 

Benson I 0622 March 1941 Eremalche exilis Yes Mohave Desert 
Thornbcr 4884 April 1903 
Thornber 5326 April 1905 

Sphaeralcea hastulata Fulton & Harris 6818, 6824 No Chihuahuan/ 6825 April 1930 
desert-
grassland 

onagraceae . 
Shreve s.n. March 1931 Oenothera caesp1tosa No Montane 

Papaveraceae 
Peebles 6951 May 1930 Argenwne ochroleuca Yes Tropical 

Plantaginaceae 
Darrow s.n. March 1937 Plantago bigelovii var. Yes Widespread 

calif ornica 

Polemoniaceae 
Gilia capitata Thomber s.n. May 1905 Yes Northern 

Thomber s.n. March 1903 

fponwpsis /ongiflora Thornber 44 39 August 1901 No Chihuahuan/ 
Thomber s.n. March 1903 desert-
Thomber 4988 April 1903 grassland 
Thombcr 4987 April 1903 

Linanthus aureus Mrs. Thomber 1903 Yes Sonoran/ 
Mohave Deserts 

Polygonaceae 
Eriogonum remforme Thomber s.n. April 1906 Yes Mohave Desert 

Thornber s.n. April 1908 

Rhamnaceae 
Co11dalia corellii Blumer; March 1911 No Tropical 

Solanaceae 
Lycium macrodon Benson I 0617a March 1941 No Sonoran 
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Fig. 3. Comparison of life fonns belwcen locally exLirpatcd species and locally persistent species (from 

Rondeau 1991). 



pollen Harve5t by ~oney Bees in Saguaro National Monument: 
Potential Effects on Plant Reproduction 

Stephen L.iuchmrnTh, Mary K. O'Rourke, Chartes W. Shipman, 
even . oenes, and Justtn 0. Schmidt 

ABSTRACT 
A research apiary of five h~ney bee (Apis mellifera) colonies was established in the Tucson Moun­
tain Disaict of Saguaro Nauonal Monument during April 1987. The hives were fiued with modified 
Ontario Agricultural College (OAC) pollen traps and monitored weekly from April 1987 until Jan­
uary 1991. Amounts of ~llen trapped ranged from 10.2 to 23.7 kg annually. Daily pollen amounts 
ranged from ? to ?82 g with a mean_of 61.1 ± 9.0 (95% CI) grams/colony/day. Four major periods 
of pollen availability were fo~d, 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 th~ monumen~ ~one~ bees ~e extreme pollen generalists consuming pollen from 
20-30% of all ang10sperms within their foraging area (80-100 km2). This generalist strategy likely 
has significant but unknown elTects on the reproduction of native flora. 

JNfRODUCTION 
True honey bees, the genus Apis, are comprised of 

bout seven species not native to the New World. 
~ne species (Apis mellifera L .), however, is now 
nearly pandemic due to intentional introductions to 
new lands, transport by beekeepers 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. Toe Italian race or subspecies, A. m. /igustica 
is the most popular for beekeeping 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 . m e/Ii/era) 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., polylccty) 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 Lo U1eir perennial Ii fe history strategy. 
Honey bees arc active every day when weather 
allows bee night, and their colonies are nearly 
immortal if successful queen replacement occurs. 

149 
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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 angiospenn groups, many 
gymnosperms, and some fems and a few other sper­
matophyte groups. Honey bees have been observed 
collect.ing such bizarre non-pollen particulates as 
miles, flours, coal dust and sawdust (see references 
in Schmalzel 1980). Animal-pollinated (zoophilous) 
and wind-pollinated (anemophilous) flowers are vis­
ited for pollen. Wmd-pollinaLed plants have no Doral 
nectar but lhis does not deter honey bees from steal­
ing pollen and exploiting these plants (Schmidt and 
Buchmann 1983). Hooey 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 energet.ically 
possible. Apis mellifera can exploit both periodic and 
random (rare) floral pulses of desert nectar and 
pollen due to ics 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 planLs 
wit.bin night range (often 100-200 km 2

) of their 
colonies (Roubik 1989: S. L. Buchmann, unpubl. 
da!a). For bea.er or worse, honey bees have intimate 
reproductive conLaCI with one-fourth of all Dowering 
plant species in natural and human-altered plant 
comm uni Lies. 

All bees, including honey bees, harvest floral 
pollen as proteinaceous food for l.hemselves and their 
larvae. None are "helpful mutualists" purposefully 
delivering pollen LO receptive stigmas as do yucca 
moth (Tegericul.a spp.) adults. Bees are more appro­
priately viewed in an evolulionary context as persis­
tent plant enemies simply taking pollen and nectar 
for their own nulritional uses (Roubik 1989). We do 
not know the relalive pollination efficiency of intro­
duced honey bees versus nalive bees as pollen vec­
to rs of the native flora in Saguaro National 
Monument (SNM) or Olhcr prOICCled habilals 
(Schmidt and Buchmann 1986; Scott el al. 1991). II 
is clear , however, that honey bee visits to native 
flowers can be damagjng, and lhe long-term conse­
quences of s uch exolic pollination and pollen preda­
Lion lO plant community maimenance are unknown 
(Schaffer et al. 1979, I 983). 

1n lhis paper, we report on po11cn 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 heavil y used by Apis 
and thus at greatest risk lo reproduction or lowered 
seed quality. 

METHODS 
Pollen Trapping 

On April 7, 1987, we moved five full-size colonies 
of Ilalian honey bees housed in two deep and two 
shallow Langstrolh "supers," LO the Tucson Mountain 
District ([MD) of SNM. The pollen trap apiary was 
located alongside a wash 200 m west of Sandario 
Road and approximately 1.6 km southwest of Lhc Sus 
Picnic Area (f 13S, RllE, S28). At establishment, 
the colonies contained from 22,000 lo 26,000 adult 
bees. The colonies were given minimal management 
with infrequent inspections only for diseases and 
heaJLhy, laying queens. Each hive was placed upon a 
melal stand wilh 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 fined wilh 
bottom-type wood and screen-modified Ontario 
Agricultural College (OAC) pollen traps (Smilh and 
Adie 1963; Waller 1980) with deep drawers. This 
type of pollen trap is less efficient at removing pollen 
loads from returning foraging bees Lhan most pollen 
trap designs, and can remain in place for several 
years without adverse effects on brood-reari ng 
(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 fi rst few 
months of I.he 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 
I.he approximately 4-year study period. 

Almost every Friday afternoon from April 7, 1987, 
to January 1, 1991, I.he apiary was visited and pollen 
collected. Drawers were em ptied into separate paper 
bags for each colony and returned to the l aboratory 
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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repeating this procedure for all colonies, the 
After lclY samples were placed into one paper bag 
four ~ee rously shaken to thoroughly mix the pollen 

d vigo 1 d h . an this pooled samp e was rawn a omogeneous 
frolll subsample. This procedure was repeated week-
100 g d 11 subsamples were archived (frozen at 
IY ;.~) ;or eventual ~hemical (~itr~gen and crude 
·2 tein) or palynolog1cal determmallons. All weight 
pro esented represent fresh pollen weights as 
data pr 
found in the traps. 

pollen Preparation 
and Palynologica! Methods . 
~ date, no chemical analyses or microscopical 

0
omical determinations of the 1987-1991 frozen taxon . 

Uen samples have been made. The Anzona Upland 
Pobdivision of the Sonoran desenscrub (Turner and 
~ . th 
Brown 1982) ~13:11t ~ommum~ at surrounds the 

•ary is very stmllar m vegetation structure (lloristic 
apt · b d d d' . ) . 1mess including a un ance an 1versity to other 
nc M . d p· •tes in the Tucson ountams an 1ma Canyon 
SI • ) h (Santa Catalina Mountains w ere we have estab-
lished other long-term OAC pollen trap apiaries. We 
(Buchmann and O'~ourke, in press) are beginning to 
·ctentify pollen grams recovered from trap samples 
I • 
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 armual 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 dietary ele­
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 
Lhe 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 collccled at 

Lhe S M apiary between April 1987 and January 
1991. Because time intervals between sampling dates 

were not always 
pollen infl . seven days apan, we report average 

ux mto the apiary / 1 illustrated . F · as grams co ony/day as 

1984). m •gure 1 (see also O'Neal and Waller 

. ~ollen harveSt by the four colonies living in this 
:. faloverde-saguaro (Carnegiea giganrea) upper 

Ja a slope, was characterized by dramatic weekly 
□u_c~ua~ons in amounts of pollen trapped. The vari­
abil'.ty m weekly pollen amounts is diagrammed as 
~enical error bars representing one standard devia­
llOn_ (Fig. 1). Dramatic periodic shifts are the resull 
of llmcs of pollen abundance in the floral communi­
ty, and favorable (sunny, warm and not windy) or 
u~favorable meteorological condi Lions for active 
fli~h_t by worker bees. In general, the histograms are 
stnkingly similar to others we obtained for different 
so~~em Arizona sites. Four periods of pollen avail­
ab1ltty are evident (one or two in the spring months, 
one 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 to lhe onset of summer rainfall. Toe 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% CQ (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 lhe four years. 

The average annual precipitation for this part of 
SNM is 280-300 mm. The precipitation from 1987 to 
1990 was 221 to 413 mm, with a mean of 300 ± 90 
(SD) mm (Table l ). 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 

https://abil'.ty
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harvest pollen from 35-55 species of angiospcnns 
(Buchmann el al. I 990; S . L. Buchm~, unpubl. 
data). At t11e Pima Canyon. Santa Cat.alma Moun­
tains foothills apiary (during 1980- 1989), pollen 
from 55 flowering plant species in 40 genera and 25 
families was used by the honey bees. umcricalJy, 
the dominant poUen types were: Aster (22.7%), 
Prosopis (17.1 %), Liliaceac (9.5%). l.Arrea (6.6%), 
Stmmon.dsia (6.6%), Ambrosia (6.4%), Phoraden­
dron (4.8%) and Cruciferae (1.6%). These laxa con­
tributed 75.3% of the annual pollen diet Pollen from 
35-55 angiospenn pecies, representing abo ut 18-
28% of I.he native flora within flight range, was used 
by bees at this site from 1980-1989. Anemophilous 
plants (e.g., Ambrosia, Ephedra, Simmondsia) were 
heavily used and the overall contribution from wind­
pollinated plants during this time was 5-28%. Sur­
pris ingly, dominant plants such as saguaro and 
foothills palo erde 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 fo r Apis during their 
blooming periods. 

DISCUSSION 
The Ariwna Upland subdivision of the Sonoran 

desenscrub 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 availabili ty 
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 0owers as their 
pasture. A conservative estimate for this region at the 
former International 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 surpris ing, therefore, that the Ari­
zona Sonoran Desert supports the world's richest 

(comparable 10 some Mcdinerranean areas) nati 
f A 

. ~ 
bee auna. pprox:1mately 3,500 desc ribed be 
species are found in the United States, and as mane 
as 1,000 species may be present within 50 km 

0
~ 

Tucson. Nalive plant bee pastures this rich in JX>lle 
an~ nectar-producing plants support competing r>opu~ 
lauons of managed and feral honey bees in additio . n 
to nallve taxa. 

Numerous feral colonies of Apis live in rock cav·. 
ties in lhe Tucson Mounta ins. No surveys have bc:n 
conducted to de termine the average number of 
colonies p resent in any of the 340 km2 area !hat SNM 
protects. One estimate made for a riparian area near 
Cottonwood, Ariwna, suggested a range of 2.9 to 5. J 

feral colonies/km2 (faber 1979). If we assume that 
each of lhe 340,000 ha within SNM produces 10.7 kg 
of pollen each year (based upon the SilverbeU site 
estimate of Simpson 1977), then the entire monu­
ment may produce 36,380,000 kg/yr. The hypotheti­
cal 1,358 colonies at a dens ity of 4 .0/km2 (not 
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 
communi ty (Simpson 1977) indicated that at least 4.4 
kg/ha is available each year. Since honey is 20% 
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 o f 18.5 kg, 
although some colonies collected 47.3 kg. An upper 
bajada site with pollen trap-managed colonjes aver­
aged 83 kg stored honey, with a probable annual har­
vest and consumption rate of 193 kg o f honey each 
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 
( I ,802,000 kg) annual nectar production available to 
all ncctarivores from the monument. 

Nearly four years of OAC pollen trapping data 
indicate overall plant community richness in pollen 
and striking Lemporal variabili ty. Four major periods 
of pollen abundance occur, including two peaks in 
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. g months, a pronounced June/July dearth 
5pnn · , 

uie ed by a recovery after the summer rains, and a 
foll0W

0 
tobcr-November) pulse due to native and 

fall (d cede compositae species (Fig. 1). At this site 
-~U ' 
1n it)' pollen abundance is too low to suppon 
collllll~duction during December and January. The 
beC rep daily pollen availability, indicated by trapped 
averag\as surprisingly stable, at 61 ± 9 g (95% CI). 
pOUen, h .. 
u risingly, lower-t an-average prec1p1Lation in 

S ~ (onlY 221 mm) (Table 1) produced unusually 
1? h Pollen harvests (33.2 kg) by our trap colonies. 
111g · ' th' · have no explanation 1or 1s negative correlation. 
Well n trapping of Apis colonies is labor-intensive Po e . 

11 
d ot the easiest way to acqmre po en diet breadth 

an n 1 · I 1· infonnation. Since co orues are ong- 1ved, much of 
tbe harvested larval-ingest~ pollen bec~mes part of 
hive architecture. Polle~ grams become incorporated 
into propolis (plant resms), old ?ark brood combs, 

d for old protected feral colorues, as a blackened 
:bris midden. These materials_ can be processed to 

veal quantitative floral choices made by entire 
re al u1 · . colonies over annu m u-year penods (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 fidelil)' per foraging bout makes the species a 
good pollinator, more often their effect on natural 
plant communities is negative. Apis foragers, due Lo 

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 
cenain 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 modem times. Conversely, 

any equil"b · 
d .1 num that now exists between native bees 

an exouc A · 
b f . pis probably does not represent native 
ee oragmg • • 
. acL1v1ty levels or floral preferences 

pnor to hone bee • . • • Y mtroducuon or natural migration 
m to the Son De 
W, oran sen several hundred years ago. 
the can never return to prc-Apis conditions and even 

e most remote Sonoran Desen sites have intro­
duced Eurasian immigrant honey bees. 

SUMMARY AND MANAGEMENT 
IMPLICATIONS 

Although commercial and hobbyist beekeeping is 
~ot allowed within monument boundaries, the poten­
nal effects of possibly 1,358 feral Apis colonies on 
floral resource extraction/depletion and angiosperm 
~production are likely great and heretofore unappre­
ciated. Even if we wanted to eliminate all feral and 
managed honey bee colonies from the monument, it 
wo~d be economically and logistically impossible. 
As m almost all other areas of the world, since late in 
this century honey bees have been omnipresent floral 
visitors. Attendant ecological dangers may even exist 
in a 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 western 
Australia many parks do not allow any beekeeping 
within their borders. Through lobbying of beekeep­
er.;, 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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Africanizcd bee population can use muc~ sm:i"cr cav­
irics as nesting siLeS than honey bees. Afncanized bees 
will undoubtedly compete with native birds_for access 
to "boots" and other cavities in saguaro cacn. Many or 
all of the rcsidcnl feral honey bees nesting in rock cav­
ities may be replaced by the invaders, likely creating a 
great.er feral colony dcnsiry within the monumcnL To 
forestall or ameliorate this invasion. it would be best 
1o leave present feral colonies alone, as they provide 
the only potential biological barrier lO Africanized 
bees (D. W. Roubik, pcrs. comm.). 

Once established, at wha1evcr level, Africanized 
honey bees will have an added impact on the floral 
resources and pol lination within lhe monument. 
A fricani zed bees co!Ject more pollen and swarm 
more frequently than European races. Of crucial 
importance, is !heir demonstrated acumen for har­
vesting immense a mo unts of pollen from night­
blooming tropical plants normally pollinated by bats 
(Roubik et al. 1986; Roubik l 989). These bees arc 
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, M exico, will be highly preferred polle n 
planes for Africaniz.ed honey bees, and populations of 
legitimate "adapted" pollinators (soli tary bees and 
bats) may suffer from imense competition for pollen. 
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T 1989_ Management ~f the flora utilised 
wn1s, R. · pean honey bee m Kwongan of the 

bY the Eu5r~ndplain of western Australia. Ph.D. 
... hem a1· no1u• U ·v West. Austr ta. 

Thesis, ru · 

Wills, R. T., M. N. Lyons, and D. T. Bell. 1990. The 
European honey bee in western Australian Kwon­
gan: foraging preferences and some implications for 
managemenL Proc. Ecol. Soc. AusL 16:167-176. 

lts from Ontario Agricultural College (OAC) pollen trapping at Saguaro National Monument, Table 1. Resu 

1987-~1990_ . --- -::==:::-;::---;:=:=--~;::;:=-----;===~ - Precipitation j trapped :X colony grams/colony/day 
n (mm) pollen (kg) harvest (kg) X± 95% Cl (range) Year 

1987 55 234 10.24 14.34 50.6 ± 8.7 (0-104) 

1988 49 333 19.46 27.24 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) 

'Based upon a 60% OAC pollen trap efficiency. 
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Fig. 1. Pollen harvest by honey bee colonies in Saguaro National MonumenL Mean amounts of pollen trapped 
at weekly intervals (rcponed as grams/colony/day) using Ontario Agricultural College (OAC) methodolog; 
from April 1987 to December 1990. Variance between the four colonies is given as vertical error bars repre­
senting one tandard deviation. 
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The Historic Role of Fire in th . 
e Rincon Mountains 

Christopher H. Baisan 

ABSTRACT 
Modem fire records and fire-scarred remnant material coll 
Used 10 reconstruct and analyze fire hi ... ory . th . ected from log , snags, and stumps were ,,. m e mixed co -~ d · 
within the Rincon Mountain Wilderness of Sa . ru er an pine forest above 2,300 m 

nant material allowed dating of fire events 
I 

gutharo at1onal Monument. Cross-dating of the rcm-
o e calendar year Esti f 

WC ... ~ compiled for larger fires It was dcte . ed th · mates o seasonal occurrence '" · m1Jn at the fire · · 
( 200 ha) early-season (May-July) surfa fi regime wac; dominated by large-scale 
> • cc ires. Most fi res were surf b th d"d 1· ti d to the forest canopy in general b t . . ace urns at , tl e am-

age , u some areas pnmanly O rt! d"d · 
atches of intense fire as indicated by clum s of as ~ n n_o 1 aspects, I ~xpcncnce 

p ·n study area for the period 1657-1893: 6 pc . Th~ mean fi re interval over the Mica Moun­
uu . . . as .1 years, with a range of 1-13 years for larger fires. 
The mean fire interval for the mixed conifer forest type (1748 l886) 9 9 • r . . - was . years, with a range o 
3-19 years. Thirty-five maJor fire years between 1700 and 1900 d •th · . were compare w1 a trce-nng 
rcconsuucuon of the Palmer Drought Severity Index The mean July · d r · t . · m ex 1or two years pnor o 
fires was higher (wencr) than average, while mean fire year index was near average. 

tNfRODUCTION 
Wildfires arc serious business in southern Arizona. 

In the summer of 1990, before the monsoon began in 
earnest, the Dude Fire claimed the lives of six fire­
fighters. In early July 1989, lightning ignited the 
Chiva Fire on the northeastern nank of Mica Moun­
tain. This fire burned across more than 9,000 acres in 
a 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 
lo s of life is fonunately rare. controlling wildfires 
requires considerable expense and effort. 

In the not too distant past, wildfires burned across 
the Arizona landscape hindered by li1tlc but wet 
weather. Yet, despite such fires. early European trav­
elers were imprcs cd by the exten ivc forests of pon­
derosa pine (P in us ponderosa) and other coni fc rs 
carpeting the mountain ranges of the Soutllwest. Lt. 

J. Bigelow, while scouring the Rincon Mountains for 
Apaches in 1886, noted an ice cold spring surround­
ed by "fine old pi nes" and looked over Lhe "Limbered 
declivity" stretching out from Mica Mountain 
(Bigelow 1968). 

Lightning-caused fire is an ancient force that has 
been reworking landscapes and plant communities on 
Lhis continent for millions of years. Plant communi­
ties have adapted to, and oficn benefit from, wildfire. 
Although n aming combustion itself is dramatic, 
wildfire is best understood as a component of a con­
tinual proces of fuel accumulation and reduction. 
Fires may involve only a single tree or spread over 
vast areas , and the re ulting changes may persi t 
from a few month to several centuric , depending 
on tl1e intensity of the fire and tile type of plant com­
munity involved. The effects or the hiva Fire on the 

159 



160 Christopher H. Balsan 

grassland, shrub and forest communit ies along 
Tanquc Verde Ridge may be seen dramatically after a 
winter snowfall when Lhe burned area appears bril­
liant white in contrast to Lhe darker shrub and tree 
cover of Lhe unburned area. IL is clear that Lhe signa­
ture of this fire will persist for many years to come, 
affecting Lhe mosaic of plant communities and the 
habitat available for wildlife. The Chiva Fire has 
become pan of Lhe unique history of this site, incor­
porated in the memory of the landscape. 

In Lhc aftermath of such a fire one might ask ques­
tions such as: Were the timing, sire and intensity of 
this event unusual for this area? How oflen did such 
events occur in the past? Were Lhe effects of this fire 
beneficial or harmful? The objective of this study 
was to answer some of Lhcse, and olher 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 I.hat had been scarred by fires over the past sev­
eral centuries (Baisan 1990; Baisan and Swetnam 
1990) were used for this study. Modern records pro-

. vided a context within which to interpret infonnation 
derived from trees. Fire-scarred conifers show a 
unique, detailed record of fire over the life of the 
Lrce. Low-intensity surface fires Lhat pose little threat 
to Lhe tree itself, may igrute flammable resins exuded 
around the scarred area or "cat-face". The heat lcills 
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 LO be categorized (Fig. 1 ). From such detailed 
examination of scarred sections, using den­
drochronological techniques of pattern matching, it 
was possible to determine the year, and in many 
cases to estimate the season of fire occurrence. Once 
the year of occurrence had been established, tree­
ring records were compared wilh historical accounts 
and estimates of past climate. Comparison wilh 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 10 assign a 

calendar date to the formal.ion of each tree ring, even 
when working with samples from dead trees where 
Lhe date of death is unknown. 

RESULTS AND DISCUSSION 
Modern Data 

Locations of over 400 lightning-caused fires that 
occurred in the Rincon Mountains over the past 50 
years are shown in Figure 2. That such fires were 
common in the upper elevations, particularly around 
Mica Mountain, is evident. The relation of fire occur­
rence to elevation is also shown in Figure 3. 
Although more fires begin at the upper elevations 
lightning may also ignite fires in the desert shrub: 
grassland, and pine-oak communities. 

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

Flre Scar Data 
Collection, examination, and analysis of fire­

scarred samples from more than 50 trees, snags, 
stumps, and logs provided infonnation from which a 
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 10 
construct a complete historical record, trees were 
sampled in groups whenever possible. 

The infonnation 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 seen as the vertical alignment of trian­
gles, indicated on the margins with a calendar date. 
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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....,.din 1943 and 1954 were recorded by scarred 
occu1,~ b ln dd .. 

within these urns . a 1tJon, fires in 1s79 
trecd\886 mentioned in the Tucson newspapers and 
an • l . published Journa were recorded. Intervals 
,n a ·ec1 r 3 between large fires van rom to> 10 years, near-

20 in some cases. The mean fire interval for the 
~ica Mountain area was close to six years. Distribu­
. of fire intervals for several locations and a com-
uon M. M . ·te for the 1ca ountain study area are post 

sented in Figure 8. 
pre Where seasonal position of fire scars could be 
identified, 99% were earlywood or dormant season 

""' This indicates that spreading fires, as in the 
SC"-'"' . 

odem period, occurred pnor to the onset of sum-
Ol er rains. Distribution of fire scar position for a 
m mber of fire years is given in Figure 9. Three types 
nu . ed E f bums may be recogruz . arly season or May-
~une fires (e.g., 1748, 1780), mid-season or July fires 
(e.g., 1851, 1879), and those without a clear peak 

(e.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 to carry the 
fire. Wet years suppress fire activity and stimulate 
plant growth, setting the stage for spreading fires 
during subsequent fire seasons. The result of averag­
ing the reconstructed July PDSI (Palmer Drought 
Severity Index) value for 35 fi re 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 burns, 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
tually lead to intense fire. Following the decline in 
fire occurrence at the tum of the century. dense thick­
ets of young trees have become established over 
large portions of the study area. 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 burns 

(e.g., patches of aspen below the North Slope Trail). 
Ho':ever, such areas arc limited in extent and the for­
eSt 10 general shows little evidence of this type of 
severe fire behavior. 

MANAGEMENr IMPLICATIONS 
~aguaro National Monument has an on-going pre­

scnbed burning program, initiated nearly 20 years 
ago. However, limitations in funding and available 
pcrso_nnel have imposed severe constraints. The sup­
press1~n costs of the Chiva Fire exceeded the yearly 
prcscnbed 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
a~ement where the economic benefits of prior plan­
rung 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 
to the ecosystems of the Southwest. Clearly, the 
return to a natural fire regime with today's concerns 
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 tum, may be translated 
into solid public support, 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 difficul t. Concerns about 
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the effects of climate change on fire regimes make 
such information of panicuJar interest Old snags, 
logs, and remnant debris present throughout the 
area represent a unique and irreplaceable resource 
for the records of past conditions and events they 
contain, in addition 10 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 burning. 

2. Collection and analysis of additional fire scar 
samples to incr~se 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 east slope of 
Mica Mountain, and Tanque Verde Ridge could 
provide a much clearer picture of fire behavior 
under condi tions 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 
area. 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. 

4. Establish photo points in all community ly 
in order to catalogue the changes in cornrnup~ 

• • 1 Wh I fi n,. hes over time . en arge ires occur Ph 
• Oto 

points can help Lrack recovery and change in th 
burned area. Photo points within the Chiva Fi e 
as well as an _elevation tr~nsec t along t~ 
Madrona-Mannmg Camp trail (which has n 
burned recently) are possible locations. Couplinot 
of photo points with pennanent vegetation plo~ 
would alJow precise quantification of the exac 
nature and pace of change in these areas. 

1 

5. Study the stand age structure and stand estab. 
lishment patterns within the pine forest and 
mixed conifer forest types. This would provide 
additional data about the interactions of fire and 
climate, and their effecl on forest slructure. Such 
information will also improve our understanding 
of the effects of fire interval on tree establ ish­
ment 
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111 is recommended that blnclc and white photos be used IO document these points. The longevity of blade and white negatives will 
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Fig. 1. Examples of the intra-annual po ition of fire scars and a typical fire-scarred cros section. 
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Fig. 2. Locations of lightning fire ignitions in the Rincon Mountains from 1937 lO 1986. 
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of Saguaro National Monument 
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ABSTRACT 
Studies of u_~anization and the wildlife resources of Saguaro National Monument (SNM) are cur­
rently ~xammmg:_movements ~f desert mule deer (Ococoileus hemionus crookl) and collared pecca­
~ (£?1c~tyles taJ_acu); potenual displacement of native cavity-nesting birds by exotic birds; 
d1stnbu_uon, denstty and mov~me_nts of desert tortoises (Gopherus agassizil); potential impacts of 
domest:Ic dogs and cats; and w1ldlife-related attitudes, perceptions and behaviors of people who live 
within I mi of the monumenL To learn more about SNM wildlife and its human neighbors, 460 
households within 1 mi of its borders were surveyed. At the current low level of development, many 
species of animals use residential areas adjacent to the monument Furthermore, many people 
encourage wildl.ife by providing food and water for various species. Sixty percent of the households 
feed wild birds and 31 % feed other wildlife including deer, collared peccary, and coyotes (Canis 
latrans). As a group, monument neighbors favor low density zoning that will maintain th.e move­
ment of wildlife between residential. and park lands. 

INfRODUCTION 
Urbanization of adjacent lands is a process that is 

affecting many national parks and olher protected 
areas. One survey of National Park Service (NPS) 
superintendents (National Parks and Conservation 
Association 1979) reported lhat 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 addi tion 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 adj acent 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; Soule 1985; Newmark 1987). 

Insularizalion 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 County 
had reached 624,347; growth is expected to continue 
at about 3% per year and reach 940,000 by the year 
2000 (Tucson Trends 1986). Major housing develop­
ments and commercial enterprises are cu rrently pro­
posed or u nder way immedia1el y adjacent to the 
monuroem. 

The po.tential for integrating co~rvation into the 
planning an d development of citi es is rece iving 
increasing attention in Tucson (Shaw el al. 1986) and 
elsewhere (Leedy et al. 1978; Shaw and Mangon 
1984; Stenberg and Shaw 1986). However, only Lim­
ired information is available for assessing the narural 
resource implications of urban growth fo r the res i­
dents of Tucson and for the resources of the monu­
mcnL 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 mj 
of SNM. The general goal of the studies is to build a 
foundation of knowledge chat will enable the NPS 
and the community of Tucson to evaluate alternative 
panems of urban expansion in tenn.s of likely effects 
on lh.e wildlife resources of SNM 

METHODS 
Because o f its diverse and producti ve habitats , 

SNM contains a large variety of wildlife. Seventy­
four species of mammals and 187 species o f 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 
an.cl amphibians that are likely to be presem w ithin 
the monument (Lowe and Holm 1986). Faced with 
this diversity, an initial step in the research process 
was to identify several studies that would prov ide 
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 rusrurbed by human activities; 
4. Dependent on resources outside the park; 
5. Vulnerable Lo predation or displacement by dogs 

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

The following species o r issues were identified t 
. . Or 

detailed invesngauons: 
L Desert mole deer (Odoco! leus hemionus crook!) 

and collared peccary (D1cory les tajacu) move. 
ments across monument boundaries; 

2. E ffects of imr~duced c avity-nesti ng birds on 
native b ird species; 

3. Distribution, density and movements o f desert to _ 
toises (Gopherus agassiziL) at SNM; r 

4. Potential impacts of domestic dogs and cats 0 0 
wildlife at SNM; 

5. Wtldlife-related atti tudes, perceptions and behav. 
iors o f people who reside w ithin I mi of SNM· 

6. Development of a Geographic Info rmation Sys­
tem database fo r SNM. 

The deer, collared peccary, and cavity-nesting bird 
srudies bave been completed and results are present­
ed elsewhere in this volume (Bellantoni and Kraus. 
man; Bibles and Mannan) . An alyses o f the other 
studies are under way and all research will be com­
pleted later this year. Presented below are som e pre­
liminary find ings from the ho usehold 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 mi of 

SNM were randomly selected from P ima County 
property records. Following the mail surve y method­
ology of Dillman (1978), each selected household 
w as mai led a 12 -page q u e s t ion nai re covering 
wildlife-related attitudes, perceptions and behaviors. 
After deducting new arrivals. departures, and nonde­
liverable questio nnaires . the total sample size was 
460. A total of 393 households responded, yielding a 
response rate of 85% (fable 1) . Overall , 1,877 homes 
and rental units are located within a mile of SNM. 
Thus , the 393 respondents in this s tud y comprise 
about 2 1 % of the total population of people who live 
within 1 mi of the monument. Absentee landowners 
were not included in the study. 

A t the c urrent leve l s of deve lopme nt, many 
species of wildlife move freely between SNM and 
nearby private lands. The percentage of households 
within 1 m i of the monume nt that reported seeing 
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•ous species of wildlife on their property is shown 
~~igure 1. While observations o~ some species such 

bobcats (Lynx rufus) are quite unusual, other 
:;ecics, including coyotes (Canis latrans) are seen 

00 a regular basis. . 
Interactions with some kinds of wildlife are 

ncouraged by many residents. As shown in Table 
;, 60% of the respondents L? this que_sti~n feed wild 
birds and 31 % feed other kinds of w1ldltfe. Feeding 
large wild mammals is strongly di scouraged for 
both biological and human safety reasons. However, 
substantial numbers of households feed deer, col­
lared peccary, and coyotes (Table 3). One conse­
quence of feeding large n:iammals 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 LO 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 (fable 4). This pos­
itive relationship between SNM and its neighbors 
applies LO 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 off er this alternative, 
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 o f other 
species are undoubtedly reduced to some extent, but 
it is notable that even intolerant species such as 
desert tortoises and gi la monsters (Heloderma sus­
pectum) are still observed on private property by a 
substantial number of SNM's neighbors. 

Oosc association between people and wiJdJife 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 
are 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 
areas and enhance the living environments of those 
people fortunate to live nearby. The negative impli­
cation is that the effects of human activities 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 knowled ge about relati o n ships 
between urbanization and protected areas. With 
these kinds of data, park managers and city planners 
can evaluate the implications of alternative 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 l mi of Saguaro National 
Monument 

Original Adjusted umber of 
LOcation sample sample• respondents 

sNM (EaSl? 250 241 21 8 

sNM (West)° 250 219 175 

Totals 500 460 393 

=;:-djusted sample original sam~le - undeliverables, departures and recent arrivals. 
bSaguaro National Monument, Rincon Mountain District. 
csaguaro National Monument, Tucson Mountain District. 

Table 2. Numbers of households that feed wild birds and other wildlife. 

LOcation 

SNM (East)" 

sNM (Westl 

Totals 

•saguaro National Monument, Rincon MoW1tain District. 
bSaguaro National Monument, Tucson Mountain District. 

Feed wild 
birds 

134 (61.1%) 

93 (54.7%) 

227 (59.9%) 

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

Location Mule Deer 

SNM (East)• 11 (5.0%) 

SNM (West)b 3 (1.7%) 

Totals 14 (3.6%) 

•saguaro National Monument, Rincon MoW1tain District. 
bSaguaro National Monument, Tucson Mountain District. 

Collared Peccary 

39 (17.9%) 

8 (4.6%) 

47 (12.0%) 

Response 
rate 

90.5% 

79.9% 

85.4% 

Feed other 
wildlife 

71 (34.8%) 

45 (27.1%) 

116 (31.4%) 

Coyote 

24 (1 l.0%) 

19 (10.9%) 

43 (10.9%) 
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Table 4. Importance of being close to Saguaro National Monument in decision of where to live. 

Primary Important 

Location reason reason 

SNM (East)' 60 (28.8%) 98 (47.1%) 

SNM (Wcst)b 33 (19.3%) 75 (43.9%) 

Totals 93 (24.5%) 173 (45.6%) 

•saguaro National Monument. Rincon Mountain DislricL 
bSaguaro National Monument, Tucson Mountain District. 

Slightly 
important 

17 (8.2%) 

16 (9.4%) 

33 (8.7%) 

Not 
important 

33 (1 5.9%) 

47 (27.5%) 

80 (21.1 %) 
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Bobcat 

Desert tortoise 

European starling 

Gila monster 

House sparrow 

Desert mule deer 

Collared peccary 

Coyote 

■ SNM(W) 

□ SNM(E) 

4 

8 

% households 

Fig. 1. Percentage of households within I mi of Saguaro National Monument Lhat observe selected specie on 
their propcny at least once/year. 
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M ult. unit housing 

<1 /2 acre/house 

Light industry 

Commercial property 

1/2 - < 1 acre/house 

Resort hotels 

Golf courses 

Guest lodges 

> 1 acre/house 

■ SNM(W) 

0 SNM(E) 

5 

% considering land use appropriate 

Fig. 2. Percentage of households with.in I mi of Saguaro National Monument lhat consider various land uses 

appropriate in their neighborhood. 



Movemen~ of Desert Mule Deer and Collared Peccary 
in Saguaro National Monument 

Elizabeth S. Bellantoni and Paul R. Krausman 

ABSTRACT 
We stUdied movements of 10 desert muled (Odo · . 

(D. 1 . . . eer cmleus hemwnus crook!) and five groups of col-
lared peccary tcoty es taJacu) m the Rincon Mountain District of Saguaro National Monument 
(S~ from_Februar)'. 1~88 ~ugh December 1989. Movements of desert mule deer were closely 
associated with the diStilbution of free-standing water during the driest seasons of the year. Deer 
responded to losses of ephemeral water sources in SNM by leaving the monument to obtain water. 
F?':11: of five collared peccary herds frequented urban areas and supplemented their natural diet by 
v1s1ting some homes and/or restaura~ts 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 pattern 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 
and the more heavily developed urban areas 3.2 km (2 mi) to the wesL 

JNfRODUCTION 
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 panicularly 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 Se rvice 1986) and served as available 
wildlife habitat. As urbanization encroaches on its 
borders, the am ount 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 ct 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 activ ity. 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 eff ectS of urban development on desert mule 
deer (O~ocoileus hemionus crookt ) and collared pec­
cary (D1cotyl es tajacu) populations in the Southwest 
h~ve not been srudied in detail. Both species attract a 
h igh level of publi c interest and concern among 
sportsmen and wildlif e-oriemcd recreationists. These 
animals range beyond the boundaries of SNM where 
urbanization is causing loss of habitat f~r both 
species. 

Our objectives in this study were to (] ) describe 
movements of desen 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 deer and collared peccary relative to sex, sea­
son, ac tiv ity, water availabili ty, and human distur­
bance; and (3) compare observations of home range 
and habita t use by desert mule deer and collared pec­
cary in an urban environment to similar data reported 
fo r these s pecies in o ther southwestern habitats. 
These 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 (I 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, sou thwes tern, and 
northwestern boundaries of the monumenL 

Tucson has an arid climate with a mean annual 
precipitation of 28 cm ( I I in.) (Sellers and Hill 
1974). The majority of rainfall occurs in late summer 
as geographically isolated thunderswrms and in win­
ter as wid.cspread, regional swrms. Although data for 
1988 did not d iffer signifi cantly from the yearl y 
average, 1989 was the fourth driest year on record 
with 16.5 cm (6.5 in.) of precipitation (J. Mazur, 
Natl. Weather Serv., Tucson, Ariz., pers. comm.). 

all water catchment 
With the exception of a s m . perennial water 

. . ' t r center, . 
located behind the vis• 0 f sNM are limited to 
sources on the dese'.1 floo~do taJ1ks. Most ephemeral 
occasional seeps, spnngs, a late spring. The occur­
water sources disappear by wi·•hin sNM increases 

d. water u• 
rence of fre.e-stan mg . ,. .... ountainS. Outside the 

. . . •he RU1con tn d 
with eJevauon tn u•. · dil available year-roun . 
monument, water is rea y are located on residen­
The majority of water sou~ce~ere intentionally for the 
ciaJ property and are place 
benefit of wildlife. 

METHODS ule deer (5 males and 5 
We ca~tured 10 des~~ fNM during February and 

females) in the RMD aken with a drive net or net­
March 1988. Deer werel ~ 85) and immobilized with 
gu.n (J(rausman et al._d (FfCl) and ketamine HCl 
xylazine hydr?chlon e larly (DeIGuidice e t al. 
administered 1~~ram~~t~ were reversed with tola-
1989). 1rnmobiJ•~•n_g egd 

1
·ntravenously. We fitted 

. HCl administer zohne . . ded radio collars prior to release. 
deer with color-co 

1988 
and January 1989, we cap-

Becween February (1/herd) with a net-gun or 
tured five collared peccary were handled using meth­
box rrap. Collared peccary 

s similar to those used for mule deer. 
od F bruary 1988 and September 1989, we 

Between c . . 
d

. 1 metry and obtained vis ual observa-
used ra 10 te e 
. f h collared animal every 7-10 days . We uons o eac . 

obtained additional telemetry locatrnns every 7-14 
days from fixed-wing aircraft (Cessna 182) between 

S t mber and December 1989. We made observa-
ep e · · ct· 1 h dons from the ground primanly dunng mrna ours, 

generally early morning and evening, when animals 
were most active. Additional data were collected by 
several homeowners, documenting presence and f re­
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% isople th (that represented the area where an 
animal spent 75% of its lime within its home range) 
to identify 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. Only deer located L.9 or more Limes/season were 
used in the analysis. Seasonal categories were based 
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ternper ature and precipita tion patterns as 
0 ·bed by Ordway and Krausman (1986). Becau c 
ctcscn anal . . ct· 

reliminafY data ys1s m 1cated no seasonal dif-
p nces in home-range use, we analyzed collared 
ferc al b . b car/ data on an annu as1s y herd. We present 
~ •rnurn convex polygon estimates (area defined by 
m illl . ded f the outermost locat1ons rccor. , or an animal with-
in its ho.me range) for companson to olher studies. 

for mule deer data, we transfonned the harmonic 
ean and MCP estimates to their natural logarithm 

rn d achieved homogeneity of variances. Analy is of 
~ariance was used to test for differences in these esti­

ates between sexes and among seasons. For MCP 
:uJl'lates, we examine~ differences in home-range 
·z.e arnong seasons usmg Student-Newman-Keuls 

SI (N . 9 (SN1<) rnull.iple range test orus1s 1 88:B-159). We 
tested collared peccary data for differences in home­
range size between years and he_rd classes (i.e . . herds 
sing urban vs. non-urban environments) using the 

~ann-Whimey rest (Norusis 1988:B-177). 

RESULTS 
Desert Mule Deer 

we located desert mule deer 596 times during the 
srudy. Analysis of variance indicated no significant 
difference (P > 0.05) fo r mean home-range s ize 
between sexes and among seasons for the hannonic 
me.an estimates (fable I). A significant difference (P 

< 0.05) was found for MCP estimates among sea­
sons, although the difference between sexes was not 
signillcanL Ooser 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 bolh sexes (M = 2.8 lcm2

, F = 
4.1 1an2). During I.he late summer fawning p eriod, 
females increased the s ize of I.heir home rnngcs. 
Females moved to higher elevations during late sum­
mer, wilh Lhrce females using the same general fawn­
ing area. Fawning sites generally ranged between 
150 and 300 m above lhe desert Door and were locat­
ed close to perennial water. Males also enlarge d their 
home ranges and moved to highe r elevations during 

late summer. 
Indiv idual varia t ion is apparent in deer use of 

areas outside of SNM. AJthough some deer (e.g., no. 
442) used available habitat outside the monument all 

year (Fig. 2), others (e.g., no. 341) did nOL move out 
of the monument until ephe me ral water sources 

began to disappear in late spring (Fig. 3). Other deer 
remained within SNM by day. often bedded in the 
vicinity of Lhc boundary. Because lhe majority of 
deer sightings on residential p roperly occurred 
between dusk and dawn (B. Burkholder, homeowner. 
unpubl. data), it is likely that some radio-collared 
animals 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 lhat 
had never been observed out o f lhe monument previ­
ously were seen wilh females during this period in 
residential areas. Both males returned to the monu­
ment at the end of the breeding season. 

Colla.red Peccary 
We located collared peccary herds 277 times dur­

ing the study. Mean home-range size between herd 
classes (Urban = 1.03 km2, Non-urban = 1.00 lan2

) 

and years for collared peccary was similar (P > 0.05) 
(Table 2). 

All radio-collared urban peccari es weighed 
between 28-30 kg (60-65 lbs) 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 lheir natural diet by visiting some 
homes and/or restaurants on a daily or twice daily 
basis . Food items most often consisted of t able 
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. Th.is 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 area. The radio-col­
lared female, well-known Lo neighborhood residents 
fo r >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 d ispersal movement 
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of any coJJarcd pccca . 
early M arch of 

1989 
J . repon cd m tJ1e literature. In 

dense! ' us adult female moved inlO a 
Y populated area (22nd Street and P d 

Road) over 8 o Ian (5 .) ru ence 
a · m1 west o f tlle SNM bound-frJ~ ~~:ough hshe and an adult male, presumably 
lo t11 same erd, were later captured and returned 
ag . e. monument, tlle radio-coUared animal moved (I;m -~n mid-JuJy. She was relocated over 16 0 km 

m1. soulhwes1 of tlle SNM boundary (I -10 d 
Valencia Road) · . an 

l 
. again m th e company of an adult 

m a c. In this h • b new abaa1 she was repeatedly 
o served at ~ recrcalional vehicle campground where 
she ~as again supplcmenling her diet witll human­
provided foods. 

DISCUSSION 
Desert Mule Deer 

Altllough collared peccary arc capable o! subsis t-
. • · wate r (Minnamon mg for long pcnods wuhou t . 

lO be bchav1orally 
1962), desert mule deer appear d . 

f frec-stan m g water 
dependent on the presence O n I 986. 
(w 0. Herve rt and Krausm a , 

ood et al. 197 , 989) The s izes of 
Rautens trauch and Krausman 1d ·al SNM were 

of mule eer 
seasonal home ranges • cs reported for 

all d home-range s1z sm compare to . . wes tern Arizona 
uJauons 1n -

desert mule deer pop h and Kra usm an 
985. Rau te ns trauc 

(Krausm an 1 • ( 1989) reported h and Krausman 
1989). Rautenstrauc . d rrce-standing water 
,,_ ul deer migrate lO 1

' 
uiat desert m e . f m mer Herve rt and 

. th d · 1 penod o s u · 
dunng e nes t d tha t when denied 

( 1986) demons ua e 
Krausman I deer females searched 

ter desert m u e 
access IO wa • . home ranges. Similar 
r · t ·de their k nown 1or it ou s i rer Joss h ave been 
movements in response to wa 

Clark (!953), H anson and McCulloc h 
reported byt ( I 962) Wood et al. ( 1970), and 
(1955) Jo mson • 

~ ecause females returned Lo tlle desert floor after 
tlleir fawns were weaned o r los t, it is likely tllat 
w~ter av~lability was not tlle primary reason for I.be 
s~ift L~ h ~gher elevalions. Possible explanations for 
tllis shift m habitat use may be predalOr avoidance, 
sexual selection (Wil son 1975; J(jng and S mith 

• al ( 1978) T he same general movement 
Rogers er . · SNM 

·dent among desert mule deer at . pauems arc ev1 . 
I Of desert mule deer are closely assoc1-

Movemen s . 
ated wi th the di stribution of free-s tandin_g w ater dur-

I 980), or I.he result of increased nutritional demands 
brought on by pregnancy (Short 1981 · Bowyer 
]99 Jt I 

. th driest seasons of the year. D unng years of 
mg e . d 
normal p recipitation, these dry pen o s occur m?st 
notably in early summer and, to a lesser exr.ent, win­
ter, during I.he breeding season . De~r _respo~ded to 
losses of ephemeral water sources within their home 
ranges by leaving the monument to search for avail­
a ble wate r. In the maj o r i ty of ins tances, wate r 
sources represen ted a delibera te effort by homeown­
ers to attract wildlife onto their property. 

The larger home-range size associated witll desert 
mule deer males during tllis same period corresponds 
to the s tart of the summer rains. Males tha t had 
moved out of tlle monument in search of water dur­
ing the early summer return lO the park at this time as 
water sources become more abundant (Fig. 3). 

During tlle drought in 1989, deer tended to move 
earlier (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 
c ases, deer returned to the same residential areas 
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 s tudy. 
A ninth animal , although nor o bserved out of the 
monument, was seen on seve ral occasions within 
several hundred meters of the boundary, s uggesting 
that she may have used areas outsiae of the monu­
ment. We do nor know if a tenth animal, which lost 
its collar midway through lhe study, used habitats 
outside of the monument. 

Collared Peccary 
Differences in habital use between urban and non­

urban peccaries illustrate the highly adaptable nature 
of t11ese an im als. The freque ncy w ith which u rban 
herds supplemenled the ir die t w ilh human-p rovided 
foods indicates how readily Lhese animals have habiru­
ated to urban environments. Urban herds all exhibited 
similar behavior pa1tems. During the day, these ani­
mals bedded primarily in washes within the m onu­
menL Although urban peccaries were known to forage 
on naluraJ food sources, Lhey were inclined to travel to 
residential areas during evening hou rs, frequenting 
localions where lhey knew Lhey would be fed. 

Day ( I 985) reported ave rage Ii ve weig hts of adul t 
peccaries on Lhc Three Bar Wildlife Area in south-
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eastern Arizona ranging from 18-27 kg (40-6Q lbs). 
...-h effects of supplemental food sources provid d 
111C • . al C 
bY humatlS on the nutnuon status or reproductive 
.fi01e5S of the_ coll'.11"cd peccary are unknown. Howev-

peccaries in this study were generally heavier than 
e~, se reported elsewhere (Minnamon 1962. 
~;weinsburg 1971; Bigler 1974; Supplee 1981; Da; 

1985), most likely the result of supplemental feeding. 
Supplee (1981) noted that when a collared peccary 

herd was reduced to <4 animals, it decreased the size 
fits bOme range. At SNM, the extremely small 

~orne 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 

10 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 
Ian (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. 

MANAGEMENf 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 
early summer and, to a lesser extent, the winter 
months, homeowners encourage the high numbers of 

deer presently found on the desert floor during these 
seasons. · 

th He~e~ and Krausman (I 986) demonstrated that 
e elimination of free-standing water within the 

home-range core of desert mule deer females caused 
th

~ animals to seek available water in less desirable 
habitalS. By removing water sources from outside 
~NM. or increasing the housing density such that the 
tncreased level of human disturbance precludes deer 
use of private lands, movements of monument deer 
to 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 thei r nutriti onal planes, and 
decrease their reproductive fitness. 

Preserving the remaining available wildlife habitat 
adjacent to the boundaries of SNM will be advanta­
geous to other desert fauna and will also aid in main­
taining the integrity of SNM resources. Habitat 
islands in strategic locations (e.g., a 12.6 ha [31 a) 
travel corridor, currently for sale, located on the 
monument boundary between Old Spanish Trail and 
the southern 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 Lo 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 
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devices and other habitat improvements for wildlife. 
Increased housing den ities accompanied by an asso­
ciated increa e in human numbers will result in a 
degradation of th.i form of recreation for homeown­
er... Increased wildlife depredations on vegetable gar­
dens, flower bed , and ornamental plantings will also 
result. An active coordinated cffon should be made 
by city and county planners, park managers. and 
developer.. to take actions Lhat will enhance the con­
gruence of I.he political and biological boundaries of 
Lhe monument to minimize potential losses on the 
wildlife re ources of SNM. 
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Impacts of Exotic Cavity-Ne f . 

Cavity-Nesting Birds in Sagua: inNg ~•rds on Native 
o at1onal Monument 

Brent D. Bibles and R. w ·II· 
1 1am Mannan 

ABSTRACT 
we surveyed cavity-nesting birds on Saguaro Natio al M 
ship existed between the abundance of native and e n .· on:m1ent to detennine whether a relation-
. (C . . xouc cav1ty-nestin b' d ties in saguaros arneg1ea gigantea) off monument 1 d . g Ir s. We also plugged cavi-

. . b. d an s lo examrne the exotic cav1ty-nestrng ir s to a limited number of . responses of native and 
nest sites Exof c · . . observed on the monument. We also failed to observe : . 1 cavity-nes11ng birds were not 

nesting birds in areas where cavities were limited arti~O-~t1t1on between exotic and native cavity­
and temporal differences in breeding among species lei y. The abundance of cavities for nesting, 

. . , were reasons that competiti , . . 
not occur. Our results md1cate that exotic cavity-nesu·ng b. d . on 1or nest Siles did 

tr s are not likely to co ·th . species; therefore, the presence of exotic cavity-nes11n· g b. d th mpete w1 native 
. . ir s on e monument is la 1 . · issue. The Nallonal Park Service, however mandates that ct· . . rge Yan aeslhellc 

Park lands. To prevent exotic cavity-nesting' birds from rn· 1ds_rupt:J.thve exotJc species be removed from 
va mg e monument ho · d · 

the monument should be limited, and native landscaping should be .red " ' . usmg en~ity near 
requi ,or adjacent housing. 

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: (I) the Euro­
pean starling (Sturnus vulgaris) and house sparrow 
(Passer domesticus) nest in saguaro (Carnegiea 
gigantea) cavities and are common exotic species 
associated with development in the Tucson area 
(Mills et al. 1989); (2) the avaHability of cavities 
often is thought to limit the breeding density of cavi­
ty-nesting birds; and (3) competition for nest sites 
with European starlings has been partly responsible 
for the decline of native species in other regions of 
Lhe United States (Yoakum et al. 1980). 

We had three objectives: (1) evaluate the influence 
of exotic cavity-nesting birds on native cavity-nesting 

birds on SNM, (2) detennine how the influence of 
exotic cavity-nesting birds changes as densities of the 
~xotics increase, and (3) detennine if European star­
li~gs 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 Di trict {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 1'umamoc Hill Desert Laboratory. Transects 
began at the boundary of the monument or laboratory 
~nd extended 500 m into the interior of the propcr­
lle • Tran ects were tablished to ascertain how far 
!nto ~e interior of the monument exotic cavity-ncst­
m~ birds were ne ting, and whether a relationship 
eXJ ted between the abundances of exotic and native 
cavity-ne ting bird . 

\ e also conducted an experiment to detennine 
whether e otic cavity-nesting birds compete with 
native cavity-nesting birds for nest site in an area 
where cavities are limited. Steps in this experiment 
were: ( 1) urvey cavity-nesting birds during I.he I 988 
breeding eason in plots where bot.h native and exotic 
species were nesting, (2) if necessary, reduce the 
availability of cavities after I.he breeding season Lo 
induce a shortage of nest sit.es I.he following year, and 
(3) resurvey the plots in 1989 10 ascertain whet.her 
e otic or native species used I.he available cavities. 

We established six 10-ba plots (316 x 316 m) in 
1988. All plots were positioned 10 contain potential 
nest sites for cavity-nesting birds. Plots selected con­
tained at least 21 saguaros wit.h what appeared lO be 
cavities (range = 21-37 saguaros). Two plots were 
adjacent to Art.hur Pack Golf Course (Art.hur Pack 

ort.h and Art.hur Pack Sout.h plots), and two were at 
I.he 1'umamoc Hill Desert Laboratory (Tumamoc Hill 
Nort.h and 1'umamoc Hill Sout.h plots). Plots not on 
SNM (hereafter called experimental plots) were 
selected because I.hey were adjacent 10 potential for­
aging areas for European starlings and house spar­
rows, and t.hus were likely to support nests of bot.h 
native and exotic cavity-nesting birds. The four 
experimental plots were bordered by housing subdi­
visions on one side. The two plots near Art.hur Pack 
Golf Course also were bordered by I.he golf course. 
The remaining two plots (exclosurc and wash plots) 
were in I.he RMD of SNM, on I.he nort.h end of I.he 
Cactus Forest Loop Drive. These plots served as con­
trols in I.he experiment. 

We estimated the density of cavity-nesting birds 
on all plots wil11 the nest location method (Encmar ct 
al. I 976). We searched each plot until satisfied that 
all nests were located, usually making 4-9 diurnal 

---
vi its, and 2-7 nocturnal visits. Nocturnal visits were 
made to locate nests of elf owls (Micrathene 
whitney,) and screech owls (Otus kennicottit). Visits 
were made between 18 April and 14 July 1988, and 
27 March and 14 July 1989. Tape-recorded calls 
were used 10 elicit territorial responses from elf owls 
and western screech owls on initial nocturnal visits. 
Nest cavicies of t.hcse species were I.hen located dur­
ing mid- ID late June by listening for begging calls of 

ncsuings. . . 
we measured the height and classified I.he size of 

I.he openings (see Goad and Mannan 1987) of all 
cavities on the experimental plots, and of nest cavi­
ties on control plots. We also measured the heights of 
the saguaros that supported cavities. We visually 
inspected all apparem cavit.ics Lo distin_guish real cav­
ities from unfinished holes. An extendible ladder, 7.6 
m in length, was used to climb saguaro cact.i. Cavi­
ties not within reach of I.he ladder were "inspected" 
wit.h a telescoping pole and plummeL 

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 I 988. We plugged cavities in January and 
February 1989 wit.h 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, see 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 I.he differences in 
abundance of nests between years were relatively 
small {Table 1). Of the pos ible changes on experi­
mental plots, 39% involved no change, 46% involved 
a change of ±1 nest, 11 % involved ±2 nests, and 4% 
involved ±>2 nests. On I.he control plots, 20% of 
possible changes involved no change, 60% involved 
a change of ±I nest, and 20% involved ±2 nests. The 
direction of changes that did occur were inconsistent 
wi l11in species among experimental plots. For exam­
ple, five of seven species increased on some plots 
and decreased on others. 
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species . height or height of the nest saguaro. 
est cavity . . ed b E of n . of nest cav1ues us Y uropean star-

opening s1ze aller than that used by northern flickers 
lings was srn uratus) and ash-throated flycatchers 
ccofaptes a ,·nerascens) (Table 2). The size of the 

· rchUS c 
(MY1~ of cavities used by ho~se spa~ws did not 

neSl~ 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 
~bundance of elf owls where they did occur, either 
mcreased or remained the same after potential nest 
holes were plugged. 

opening that used by native, cavity-nesting 
differ from 
species, 

scuss10N 
DI . cavity-nesting birds probably do not, at pre-

E,xonc . . b' d ·nnuence native cavny-nestmg ir s on SNM 
sent, 1 ,wtics are not nesting on SNM. We were 
h,,cause e th infl f . . 
II" 

1 
to evaluate how e uencc o exol.lc cav1ty-

una~ e birds on native cavity-nesting birds changes 
0esung · · b 

th density of the exotics increases, ecause 
as e SNM . cs were not present on . 
ex~ failed to demonstrate measurable competition 

e n exotic and native cavity-nesting birds by 
t,erwee 1. . . ti 

mng nest holes. We be 1eve compettuon or nest 
plugo-· . F' d k . was reduced in two ways. 1rst, woo pee ers 
sites . . the . 

ated at least 12 new cavities on expenmental 
excav f . . be' . 
1 

in 1989. Second, use o cavities was mg paru-
~ otsed temporally by resident and migratory cavity-
uon d' . . b nesting birds, and accor mg to opening size y 

rthem ilickers, ash-throated flycatchers, and Euro-
no d k d . . an starlings. The woo pee ers an exotic species 

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 developmenL 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 suppon 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, asswning 
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). 

re., resident, cavity-nesting birds) generally nested 
from March through May, whereas all but one of the 
native, secondary, cavity-nesting species (i.e., migra­
tory cavity-nesting birds) nested 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 then 
used again by migratory species later in the breeding 
season. Because European starlings and house spar­
rows did not evolve with native species, the "pani­
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. Elf owls 

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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tl fore recommend species from park lands. We, 1cre • d 
that if undisturbed land near S M is devclope ' 

d r0 r European star-sources of food, water, an cover ., . . artic 
lings and house sparrows be minimized. This is P -
ularly important along the boundary neares~ t~e 

b ·1d· p1cruc monument headquarters because tlle ui mgs, 
grounds, human activities, and otllcr dcvelopme~ts 
associated witll tlle headquarters area already provide 
some sources of food, and potentially, nest and rooSt 

sites for exotic species of birds. We propose tlle fol­
lowing guidelines: 

1. Landscape all developments near the monument 
witll native species of plants. It is especially_ impor­
tant to maintain saguaro cacti (as potenual nest 
sites), and avoid planting grass lawns (e.g., golf 
courses) near tlle monument 

2. Avoid creating sources of open water near tlle 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 tllat house sparrows will be present (Stenberg 
1988; Mills Cl al 1989). 

5. If grass lawns, open sources of water, additional 
"horse property," or dense housing are developed 
near S.NM, then house sparrows will likely nest on 
the monument within 50 m of housing develop­
ments, and starlings will nest on the monument 
within I to 2 km of the boundary. These "zones of 
occurrence" were developed on tlle 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 developmem; (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 tlle 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 lhe monum 
. h b. ent 

boundary if a ri_ch foragrng a ttat, such as a &olf 
course, were built next~ the ~und~, and if few 
nest sites were present m the 1mmed1ate vicinity 
around the course. 

Given these predicted "zones of occurrence," we 
recommend that developments lhat provide food 
water, or cover for European starlings and house spar: 
rows be restricted to beyond 2 km_ of ~e boundary of 
sNM. These restrictions are especially important near 
areas frequented by visitors, such as the monument 
headquarters and visitor center. 
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Number of nests of cavity-nesting birds on plots 
fable 1. near Tucson, Arizona, 1988 and 1989. 

----- Species• 

1.,0cauon 
COAU MEUR MlWH MYCI PRSU STVU 

~ll 
PADO 

rurnarnoc 
North 3 5 0 1988 2 

1989 
1 6 2 

2 4 0 1 3 3 1 
south 0 4 1 J988 

0 3 
3 0 1 0 

1989 1 3 0 1 0 

Arthur Pack 
North 

2 4 1988 0 1 1 
2 3 

1 1 
1989 0 0 0 2 1 

south 
1 1 1988 0 0 2 0 8 

1989 1 2 0 1 1 2 1 

Saguaro National Monument 
Exclosure 

1988 I 4 3 3 1 0 0 

1989 0 6 4 2 2 0 0 

Wash 
1988 0 2 4 2 0 0 0 

1989 0 3 6 1 0 0 0 

•COAU = Colaptes auratus, northern 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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Tab~e 2. Characteristics of sa aro ca . . . . . ncslmg birds near Tu A ~ ClJ and cav1tJcs used as nest sites by native and exotic species of caVJty-
cson, nzona, 1988 and 1989. 

Saguaro 
height 

Species• x n 

COAU 7.46 (7) 

MEUR 7.87 (34) 

MJWH 7.96 (25) 

MYCI 7.44 (15) 

PRSU 8.36 (14) 

STVU 7.14 (5) 

j 

5.47 

5.39 

5.50 

6.23 

6.45 

6.28 

Cavity 
height 

n 

(7) 

(35) 

(25) 

(15) 

(14) 

(4) 

Small cavity 
openings 

% 

12.5 

83.3 

76.9 

42.9 

91.7 

1 ()().0 

77.8 

n 

(8) 

(36) 

(26) 

(14) 

(12) 

(6) 

(8) 

8.82 (9) 6.00 (9) 

'C_OAU - Coloptes aurotus, northern flicker; MEUR = Melanerpes aurarus, gila woodpecker, MIWH .­
Mrcrorhene whitneyi, elf owl; MYCI = Mylorchus cinera.scens, ash-throated flycatcher. PRSU = Progne sub1s, 
purple martin; STVU = Sturnus vulgaris, European starling; PADO = Passer domesticus, house sparrow. 

PADO 
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. ABSTRACT 
In this paper, we review a previously published . 

. . . . d . . report with the sam 'tl 
1985). Visitor actlVJlles an v1s1tor satisfaction w·th e t1 e (Shand and Underhill 

h · · f • . 1 monument progr ori<Yin and c aractenst1cs o v1s1tors are demograph· all ams and conditions and the 
o-· . f bo . ic y analyzed The . . . ' 

within 2 m1 o monument undanes, their impacts th · opiruons of neighbors Jiving 
on e monument d . . 

reviewed and analyzed as related to the situation tod . 1 . . an its influence on them, are 
questionnaire surveys conducted between 1 Septem~;·

19
~;d!~on to summarizing results of three 

the information found to current developments at and d" 31 August 1984, we seek to relate 
Recommendations are made for updating information 

O 
a Jacent ~. Saguaro_ Na~onal Monument. 

monument, and their impacts on its resources. n current visitors, their satisfaction with the 

1NfRODUCTION . 
Rapid urban development m Tucson and Pima 

county led Saguaro National Monument (SNM) to 
place the measurement of human impacts _high on the 
priority list. In 1983, funds became available for a 
biological and sociological study of human impacts. 
we reported on the sociological portion of the study 
in 1985 (Shand and Underhill 1985). In that repon, 
we pointed out that the results of the sociological 
study must be "closely tied to the biological study 
since many, perttaps most, measurements of human 
impacts are [involve] biological populations and 
associations." One of the frustrating aspects of the 
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. 

Toe 1985 report covered three questionnaire 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 ~onu'?ent for_ group activities. These surveys 
provided mfonnat1on about where visitor impacts 
occurred, but did not measure past impacts or how 
the monument may or may not have changed as a 
resul~ of visitor activities. The surveys provided a 
baseline for future comparisons and documented who 
th~ visitor was demographically according to season, 
pomt 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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monthly and . . seasonal v1s1lation fi .. 
use surveys conducted ~res. The v1s1tor- (2) detennine the number of households owning 

pets-important because of [he potential impact stray 
dogs and cats may have on wildlife, (3) detenninc if 
public access and use have had any adverse effects 
on the privacy or property of neighbors, and (4) seek 
opinions on how the NPS should ap~roach local 
issues such as commuter traffic along Picture Rocks 
Road al TMD and public access to Madrona Ranger 

fol1owing objectives: as part of lh1s study had the 

I. To identify lhe 
most frequeml ty~e~ of re_creational activities 

2 "' d . Y Part.Jcipated m by visitors· 
. 10 etermme lhe a ' 

lhese acliviti rcas of lhe monument where 
3. To . es occur and the level of use; 

4 
"' esd t1mat~ lhe level of visitor satisfaction-

• 1 0 etennme h ' 
from lho f ow uses b~ local residents differ 

.. se o non-local Anzona residents out-of-
Station at RMD. . 

The survey questionaire for monument neighbors 
state VIS1tors, and visitors from fi . ' . 

5. To identif h . oreign countncs; 
lik Y_ c an~es, if any, lhat visitors would 

ll d after the general visitor-use survey and 
was pa eme • Th" . d of ... e same questions. ,s was 
contame many w 

a e to see J~ NallOnal Park Service (NPS) man­
gement and mterpretive programs· and 

6. To assess differences in visitor u;es in different 

done so that comparisons could be made between 
. . d ·ghbors The survey was conducted v1s1tors an ne1 • . 

using !he procedures prescribed by D11lm~ (1978). 
seasons and betw . . . · een eastern (Rmcon Mountain 
D1stnct-RMD) d 

The Pima County Assessor's Office_suppll~ com-
. touts of all owner-occupied residences 

puLer pnn . . an western (Tuscon Mountain 
D1srncr TMD) d. · within 2 mi of each district (1,910 househol?s). A · rstncts of lhe monurnenL 

Visitor-use, Neighborhood 
and Organizational Surveys 

Beginning in September 1983, an "exil/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 detennine 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 lhe rwo districts (2,518 at RMD and 1,853 
at TMD). This represented l % of the estimated total 
visitation for 1981, lhe 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 visiration fig­
ures provided by monument staff. 

JO% random sample was drawn from each pnnto~c, 
which produced a list of 184 households-ll5 adJa­
cent co RMD, and 69 adjacent to TMD. Seven of the 
191 questionnaires mailed were returned as undeliv­
erable. The overall response rate for this survey was 
81 %. The high response rate is undoubtedly due to 
our being able to follow-up on those who initially 
failed lO respond by mailing out reminder cards and 
additional questionnaires. Copies of these 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 
wilh 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. The survey questionaires were designed in cooper­

ation wilh monument staff, and pallemed after the 
Master Parle Service Visitor Survey Fonn approved 
by the Office of Management and Budget (No. 10-
24-0036). Copies of these questionafres appear in 
Shand and UnderhiU (1985). 

Data Analysis 

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

All statistical analyses were perfonned wilh lhe 
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 
lhan one response were analyzed manually co obtain 
~ponse frequencies. Additionally, Clti-square anal­
ysis was used to determine if significant differences 
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. among respondents based on season of the year 
::; of residence (local vs. non-local visitors). 

... rc:ULTS 
tu--' or,use surv~Y. . . . 
VIslt kdown of v1s1tor acuv1t:1cs participated in at 

A bre:nument district (RMD and TMD) and by 
each rn_ presented in Table 1. At both districts th 
-"~~on JS • • • ( 1) . ' C 
-;

1 
frequent acuv1oes ~e_re. enJo~ the desen, (2) 

(l)Oe scenic drive, (3) v1s1t mfonnauon center, (4) 
~e;wall<, (5) stud~ pl~ts, and (6) ~bserve animals. 
tut I w participauon m ranger-guided walks was 
fbe ~ly due to infrequent scheduling because of 
P~

8
lirnitations. Joggers and bikers were not adc­

s Jy sampled since they usually operated early or 
quatc h fi . . 
late in the day, w en ew quesuonna1res were dis-

tributed. . . . . 
f r most acuv1ues the level of sansfaction was 

. 
0 

The only activity showing a fairly high level of 
tugh~ndent dissatisfaction was viewing animals, resp . . . 

bably because most v1s1tors amve after midmorn-
pro when most mammals are inactive. Only 37 of t&9 respondents (3.6%) had this complaint 
' y-,siror Sarisfacrion.-In order to gain more insight 

. the level of visitor satisfaction, the visitor-use 
into 

rvey asked two open-ended questions. Respon-
w . d. ''h dents were asked to m 1cate. ow monument facili-
·es could be improved to increase access to and 
u "R enjoyment of the monument espondents were also 
sked for "additional opinions you would like to 

~ring to the anention of the park management. Were 
there aspects of your trip that were especially satisfy­
ing or disappointing which managers should be 
aware ofl" The majority of respondents to the survey 
appeared co make no distinction between these two 
questions. Most off e~ed the same c?mment or sug­
gestion when answenng both quesuons. Therefore, 
[he answers to both questions have been combined, 
with duplicate answers from any single respondent 
eliminaced. A total of 2,188 comments was tallied 
(1,381 from RMD and 807 from TMD). Of the total, 
J,213 (55%) were general comments favorable to the 
monument, its faci lities, or the NPS. Fifcy-seven 
(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. 
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Them 
im Ost frequent su . 

Provements to faciU. ~ge lions concern· 
RMo and ~~o Ues or interpretive ing 

' 
1
V1 were: Programs at 

I. More inJonnati 
2. Beller signing ~non plants and animals; 

was the most f o and from the monument (lh" TM requent s • f" 1s 
D resPondents)· pec1 ic comment from 

3. More Pullouts alo ' 
4. Better m.,..L, ng monument roads· 
5 . ."' I\Jng of trails; · 
. Trail maintenance needed· 

6. More visitor drinkin ( .' . . 
7. More hik" . g acihues; 

mg trails; and 
8. Road maintenance needed. 

(The _suggested improvements listed abov 
ment:Joned repeated! i . e were also 
custodian 's mo lh1 y n earlier superintendent's or 

n y reports.) 
Respondents at both the RMD and TMD 

asked whether horses and hikers should be all werdc 
to use the sam L il owe 
be d . e ra s, or whether some trails should 

esignated for hikers only on th 
six (I 076) RMD · e ousand seventy-

' :espondents and 779 TMD res n-:nts answer~ th1s question. Of the 813 responJ::its 
. m _RMD with an opinion, 79% (644) favored des-
1gnatmg som~ trails for hikers only, and 21 % (169) 
fa~ored allowing horses and hikers to use the same 
trails. Of the 546 T~ respondents with an opinion, 
81 % (441) favored designating some trails for hikers 
only and 19% (105) favored allowing horses and hik­
ers to use the same trails. 

So_ci~-Demo~~aphics.-Socio-demographic char­
actens~cs of v1sHors to both dislricts by season are 
shown m Tables 2 and 3. Pany size and group affilia­
tion a~ 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 cenainly 
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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s urveyed were from out 
re. vealed that even th h of state. The survey also 
to oug the monum · an area with >50() 000 em 1s adj acent 
those surveyed were , . . . people, the vast majority of 

Rincon Mo . v,s,ting for the first time 
. untain District v Ti · 

D1strict.- Vi sitors to the lw er~us. ucson Mountain 
ment showed few d ' rr o d1smcts of the monu-
tri. iuerences Rinco M 

Cl attrac ted more . . · n ountain Dis-
and more of th h visitors, about 58% of the total 
versa This . cm ad or would visit TMD than vi~ 

· is probably bee T 
Tue on the A . ause MD is nea r Old 
Tucson, Mount~~o;a-Sonora Desert Museum, and 

a ttraction near RM~k. Co_lossa1 Cave is the only 
tourists One . 

1 
and It does not draw many 

· resu l of the surv · most popuJ . . ey 1s most clear: the 
the d ar v1s110r activities at both districts (enjoy 

esert, take scenic dri · · · 
s tudy I . ve, visll mfonnation center, 

P ants, observe arumals d hik / 
line with trad ' . • an e walk) are in 
10 parks sh ~~o; aJ NPS thinking as to what visitors 
NPS . 0 o. The same cannot be said for all 
NPS uruts. There _i s a real opportunity here for the 

to expand all interpretive programs. 
Area or Vis,·ro O . . :, . ~ ngin.-Area of origin also pro-

~uced some sigruficant dHferences in visitor activi-
lle a d · . n atl1tudes. As has bee n 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 
d ifferences in activities by local res idents as com­
pared with other monument visitors. In tenns of 
activities panicipated in, the survey showed the fol­
lowing differences: 

5. Al though picnick.ing is participated in more ~~­
quenlly by locals (2 I%) than by out-of-state v1s1-
1ors ( 12- 18%), Arizona re~idents (24%), and 

ti . . . (4201. ) participate more frequcm-ore1gn visitors -10 

ly than locals. l' kely to be Ari-
6. Backpackers al .RMD are m~: 1 

local residents 
zona residents (13%)_ ~an ~~ ; ;) 
(9%) or out-of-state visitors ~ ·10 the monument 

7 0 45nt. f I al residents VlSI 
. nly ,o o oc . 62 to 94% of all other 

information centers while 
. . these facilities. 

v1s1tors use b ckcountry trai ls is 
8. Day hiking on monumcnalt ! MD· 43%· TMD· 

ular among Joe s '-"''' . , . 
more pop . ·wrs (13-40%). 
47%) than among other v1s1 

0 
(
28

m) and Arizona residents (29%) arc 
9. Locals w k . f f increase d bac country access more m avor o . 

f tale visitors (7-16%). Nme percent 
than out-o -s . · . f 
of locals had no opinion, while ~ ~verage o 
19% of remaining visitors had no op1ruon. . 

10. Locals (27%) are more in ~a~or o(~ ~~~n)dmg 
monument hours than other v1s1~rs - o . 

11 
Locals (41 %) and Ariwna residents (43%) are 

· · favor of regaining access to Madrona more in . . 
Ranger Station than othe r v1s1tors (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. 

One final note concerning the difference in u se by 
local residents and other monument vi s ito rs. 
A11hough local res idents made up the largest user­
group, over half of all resJX>ndents (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. 

1. Only 29% of local residents photograph or 
sketch during their visits, whereas 55 to 94% of 
o ther monum ent visitors participate in these 
activities. Survey of Monument Neighbors 

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

3. Visiting the monument for driving/sightseeing is 
a popular activity among 88% of out-of-s ta le 
visitors, but only 54% of local visitors come 10 
participate in this activity. 

4. As would be expected, local residents are more 
likely to bicycle (12%) than other monument 
visitors (0-5%). 

A questionnaire was mailed to 191 randomly select­
ed households of the 1,9 IO 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 (8 l %) 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 
hjgher percentage of neighbors favored hike rs and 

horseback riders using the same trails than did visitors 
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~ In fact, TMD neighbon; were fatality on !he latter 1' . 
45o/o vs. of combined use. Answering the 1985 conclusions: · 0 paraphrase bnefly from the 

(ob0°\ 2: 1 in favor the monument affected their prop-
alJP0~ n as to h~W y only four neighbors at RMD 
queS0

~ weir povac ~rted any problems. Ninct)'-six 
ertY : 0 at 'ft,1-D: t they were not adversely affect-
g,pd t nt t,elieved / neighbOrs reponed seeing stray 
perc:_ b()Ut 45% 

0 
t SS% reported having dogs or cats 

d ~ AbOU . . c · or cats• preparing the quesuonna1re, we 
dog~eir oW11• 

1: was little point in asking whether 
of ·ded mat we re allowed to run at large. 
deC1 . pets we . b'k d . 

not tlletr · expected, neighbors I e , Jogged, 
or p.s 11\igllt bC horses on the monument more than 
llil'ed, and ~~lie. fairly high use of the monument 
\ll general P 'ding neighbors was reported. Howev-

e tiorseback-n ample was small and covered the 
bY because ~e 

5 
eason, the level of trips reported 

er, spring s d . . 
ieasant d with caution in etermmmg year-

p ld be use 
~~ . . 
iound use. from monument neighbors, Tucson reSJ-

Responses visitors were compared on certain 
d other . f dents, an . -nine percent of neighbors avored 

ciuestioOS- Thl~ access compared with 28% for Tuc­
lJIOre t,ackCOUtl d 2So/o for others. Among neighbors of 
son residents ~ those who had an opinion favored 
tuJD, 7l % 

0 
at Madrona Ranger Station; 80% of 

regaining a~:~ and 70% of other visitors were also 
1\lcson resid the Picture Rocks Road question, 61 % of 
in favor. O~ hbors favored not widening the road, 
n,iD's neig f both other groups favored leaving the 
while 9?% ~ opinions ofTMD's neighbors concern­
road as \S. to the monument at night ~ntrast~ s~ly 
ing access residents and other v1S1tors. Sixty-rune 
with TuCSO~ neighbors favored maintaining night 
pe!CCilt of. only 31 % of Tucson residents and 4 1 % 

cces.s while .. 
a . •tors held this op1mon. 
of other v1s1 

QNCLUSIONS AND MANAGEMENT 
C oMMENDATIONS 

co The visi~o.r~use survey indicated that back­
d untry fac11lties are mostly used by local resi-

ents, and residential development adjacent to 
monument boundaries will produce an . • . increase 
m equestrian use of backcountry trails. Higher 
levels of use by locals and equestri ans will 
~can accelerated damage to trails and camp­
sites. 

As monument use increases so will the 
demand and need for more interpretation. Over 
~alf of the visitors are first-time visitors, and 
mt~rpretation is especially important to their 
enJoyment and understanding of monument 
resources. 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. Qose Cactus Forest Loop Drive (RMD) to motor 

traffic and install a tram system. This has not been 
implemented. 

2. 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. 

3. Improve the design of Mica View Picnic Area 
(RMD). Status is unknown. 

RE.C: 985 report we drew some conclusions and 
ln the. 

1 
ht recom~endations that are of special 

made eig_ ars later. The survey revealed that 

4. Establish an aggressive trail maintenance pro­
gram. Th.is is currently being done. 

S. Expand present interpretive facilities and pro­
grams. Th.is is being done to the extent possible 
given budget constraints. 

·nterest six ye Tu 1 alf f monument visitors were csonans 
almost h O • Tue 

d redicted that visitation would increase as . -
an p That has happened. Increased conflicts 
son grewb. 'k rs 1·oggers and motorists along Picture 
between 1 e , ' . 

R d and Cactus Forest Loop Dnve were pre-
Rocks oa · 1 d' bike 
d. t d That has also occurred, inc u mg a IC e . 

6. 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. 
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8. The _NPS must take a greater part in community 
affair . Present Superintendent Bill Paleck has 
very definitely done this. 
Most of the predictions that we made six years ago 

were accurate. The recent developments along the 
southern border of SNM deserve mention. Recently, 
the Pima County Board of Supervisors approved a 
development plan for the Rocking K Ranch. The 
plan is a good one as far as SNM is concerned. The 
principal drawback is increased air pollution from 
automobiles. The plan calls for a 300-ft natural 
buffer along the SNM boundary, protection of all 
riparian land along Rincon Creek and its monument 
tributaries, access to Madrona Ranger Station, 
increased visitor access to the monument, and a num­
ber of other environmental actions including a fund­
ed research and interpretive institute (Rincon 
In tirute). 

The only thing more encouraging for the monu­
ment is the recent passage of legislation that will add 

. r tJ,e Rocking K propeny 
the Rincon Creek poruon ° t1 asscd Congress and 

· bill reccn Y P to the RMD. Th1s . dent in June 1991. 
was signed into law by tllc Pre

s
•_up survey of visitors 

Toe Lime is ripe for a folio"'.' •t·,es and satisfaction 
·nc acuv1 . 

and neighbors to exam• cmcnt measure its suc-
levels. Only then can managlop meaningful manage-

. and deve ccsses and frulurcs 
ment objectives. 

LITE.RAlURE CITED Mail and telephone surveys: 
Dillman, D. A. 1978· d Wiley and Sons, New 

the total design melho · 
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Shand, . •• · . recreational use by v1s1tors, 
National Monumcnt._zed groups. Coop. Natl. Park 
neighbors, and or~~ h Rep. 15. Univ. Arizona, 
Resour. Stud. Urut ec . 

for statis-Tu_cson. L 1984. Systat-The system 
Wilkinson, • IU 

tics. Systat, Inc., Evanston, . 



~hie 1. ~ercent visitors participating in activities by season at each district of Saguaro National MonumenL A. complete listing of those activ'I-
ties mentioned by respondents as "other" is given by Shand and Underhill (1985). 

Rincon Mountain District Tucson Mountain District { 
... 

Seasons' Seasons' 0 
z 
~ 

Fall Wtnter Spring Summer Total Fall Wmter Spring Summer Total 
::t 
0 

Activity n=186 n=374 n=441 n=l68 n=1175 n=172 n=277 n=317 n=46 n=812 [ 
:s: 

Photograph/sketch 46 43 49 55 47 50 53 56 63 54 
0 
::, 
C: 

Hike/walk 55 59 54 55 56 60 73 66 61 67 3 

" ::, 

64 64 67 72 66 
~ 

Study plants 51 54 54 58 54 
8 Observe animals 52 47 57 64 54 45 47 52 43 48 
re 

2 2 4 2 3 3 3 2 0 2 :::t 
Ranger-guided walk 0 

53 71 76 81 71 70 73 79 78 75 ~ 
Take scenic drive ri 
Bicycle 10 6 3 8 6 1 0 0 

~ 
Jog/run 4 3 2 4 3 0 1 0 s 

VI 

21 13 18 20 27 26 9 24 ;:; 
15 18 0 Picnic pl 
10 4 5 5 6 3 2 2 2 2 z Backpack/camp 

96 70 t!. 

55 66 69 71 66 67 72 65 OQ 

Visit info. center ::r 

82 88 83 89 87 90 93 89 g 
Enjoy the desert 81 84 iii 

5 7 8 6 8 4 4 4 5 ~ 
Other 6 0. 

0 
•Fall= Sep-Nov, winter= Dec-Feb, spring= Mar-May, summer= Jun-Aug. 

., 
OQ 
~ 
:, 

[ 
Q 
0 
C: 

"O 
VI 

N 
0 
-...I 
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· · th Ri on Mountain District, Saguaro Naliona1 Table 2. Socio-demographic characteristics of v1s1tors to e nc 
Monument 

Season• 

Fall Winter Spring Summer Total 
% % % % % 

b Area of origin (n = 1170) 
43 41 49 45 

Local 55 
4 4 3 Rest of Arizona 4 2 

California 3 7 7 7 6 
5 5 4 I 4 

Northwest 
Southwest 5 7 5 2 5 North Central 5 13 11 7 IO Central 2 3 5 5 4 East of Mississippi 15 19 23 22 20 Foreign country 6 2 4 3 

b Age in years (n = 1158) 

0 5 2 
1-18 3 3 

19-35 42 24 23 42 29 36-50 18 18 21 33 21 >50 37 54 56 21 48 
How arrived (n = 1173) 

0 
Walk 0 
Bicycle 7 5 2 6 4 Car/truck/van 88 91 94 90 91 Motorhome 2 3 2 1 2 Other 3 I 2 3 2 

Group affiliation (n = 1174) 
Came alone 20 12 II 14 13 Family 45 59 52 55 54 Friends 24 20 22 21 21 Co-workers 1 0 2 1 l Family/co-workers 0 0 0 0 0 Friends/co-workers 1 0 0 2 l Family/friends 6 8 10 7 8 Organized group 4 I 3 1 2 Number in party (n = 1145) 

1 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 5 7 6 ~6 7 7 5 8 7 'Fall= Sep-Nov, winter= Dec-Feb, spring= Mar-May, summer= Jun-Aug. 

bChi-square analysis indicates a significant difference among seasons at a 0.95 level of confidence. 
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Socio-demographic characteristics of visitors to the Tu 
fabl~;nL cson Mountain District, Saguaro National 
Mon 

---- Season• 
Fall Winter 
% % 

Spring Summer Total % 
~rigin(n 807) % % 

37 31 1,0cal . 30 
Rest of Anzona 12 6 26 32 3 
California 6 10 7 6 8 
Northwest 2 4 2 8 

5 7 4 
southwest 9 6 

5 

North Central 8 12 4 7 
13 

Central 3 1 20 12 
3 13 East of Mississippi 22 22 22 

3 

foreign country 5 3 
20 22 

8 4 5 
hAge in years (n = 799) 

1 1-18 0 l 
19-35 39 22 

2 1 
27 30 

36-50 22 23 28 
19 37 22 

>50 39 55 53 30 49 
How arrived (n = 808) 

Walk 0 0 0 0 0 0 
Bicycle 1 0 0 
Car/truck/van 97 95 

0 
95 95 96 

Motorhome 3 3 3 4 3 
Other 1 0 1 0 1 

Group affiliation (n = 810) 
Came alone 16 9 10 0 10 
Family 19 23 23 11 22 
Friends 52 54 57 80 56 
Co-workers 3 1 0 0 
Family/co-workers 1 0 1 0 I 
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) 
I 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. 
hCtii-squarc analysis indicates a significant difference among seasons at a 0.95 level of confidence. 
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'" D ivers1ty in N . 

David F. Karnosky, Paul C Be ational 
. rrang, and James P Be 

Parks 
· nnett 

ABSTRACT 
,he past 10 years. we have studied the ozone se ... 

over u• . h . nsmv1ty of tre b . 
ideS) Populanons throug out ~e ~Jn1ted States. Our results su m l_mg_ aspen (Populus tremu-

/o ""h"een mean ozone sens1t1v1ty and ambient ozo ggest a s1gruficant negative c 1 uon u-,•" . . . ne concentrati orre a-
used visible foliar mJury from both chamber and fl ld . ons of these populations w 

have 'd e trials for th • e . ns we also have ev1 ence that ozone can sigru'ficantI e ozone sensitivity deteml° 
nano · • • b Y reduce the growth . •-

. n for ozone-sens1nve ut not for ozone-tolerant ge and biomass accurnu-
1aoo of natural selection is occurring through loss of notypcs. ~~r results suggest that an early 
stage . ozone-sensitive g 

I at
ed ambient ozone concentrations. Thus subtle intras ·ri . enotypes from areas with e ev • pec1 1c diversity h 

ring due to ozone srress. c anges may be occur-

NfRODUCTION . . 
I e is one of the most important regional air 

ozon . (B rd al . Uutants in North Amenca arna et , m press). 
pO been estimated to cause crop loss of about 
It has b'Uion dollars per year in the United States 
wree (~dams et al. 1988). While comparable esti-
aJone · 1 bl f f · · 

are not yet ava1 a e or orest trees, 1t 1s 
mates wn that ozone can reduce growth (Wang et al. 
~~6a,b). increase ~ortality (Kamosky _1980), affect 
reproduction (Benoit et al. 1983), and impact com­

unity structure (Miller 1973). 
m Approximately 10 years ago, we hypothesized that 

e was negatively affecting the gene pool of for­
:~ species in some regions of the United States. 
To test this hypothesis, we initiated a series of studies 
to compare the ozone sensitivity of tree populations 
from National Park Service (NPS) lands across the 
United States, including those from Saguaro National 
Monument. In this paper, we review the results of 
this research, speculate about the implications of our 
findings, and discuss remaining research needs. 

OVERVIEW OF NPS SlUDIE.S 
Multiple Species Studies 

Berrang et al. (1986a) tested the relative ozone tol­
eran~es of randomly selected clones of four tree 
species_ from NP~ areas in the eastern and midwest­
em Uruted 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 rubrwn 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 Mounlains (N.C.-Tenn.) and Acadia (Me.) national parks; Delaware Water Gap National 
Recreation Area (Pa.-NJ.); Saratoga National His1orical Park (N.Y.). Midwestern: Cuy~oga Valley Natio~al Rec~eation Area (Oh.); 
Voyageurs (Minn.) and Isle Royalc (Mich.) national parks; Indiana Dunes (Ind.) and Sleepmg Bear Dunes (Mich.) nallonal lakeshores. 
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d I I Royale national parks. 
tbose from Voyageurs an s e . al p~.-1, 

. daily ozone averages at locali ties 
d maximum ted 

an ulations were collec . 
where the pop d a significant correlation between 

Sh doah Nanon c1-1~, We detecte . . For red maple, trees from enan . d 
Cuyahoga Valley National ~ecreauon :;:•::re 
Great Smokey Mountains Nauonal_Park k. These 

f 
.. ry after ozone fum1gat1on and two 

amount o tnJU · · · d . . • bles (annual prec1p1tatton an mini-

tolerant lhan those from Acadia Nat1onal Par . 
chmauc vanature) on a nationwide basis. However, 
mum tempera . . 
· . h"p between visible ozone mJury and . th atural selecuon 

results support our hypothesis at n . d 
for ozone tolerance is occurring in relauvely pollute 

the relattons 1 -11 · • 
. concentration was st1 significant 

ambient ozone . 
• g out the climauc effects . Thus, this 

parks. after factonn . . 
rted our hypothesis that ambient levels of 

Aspen Studies . 
study suppo . • • 

be eliminatmg ozone-sens1t1ve clones 
ozone may 

Field Tria ls.-Our initial results with _asp~n 
(Berrang et al. 1986b) followed our hypothes1s ':

1th 

regard to air pollution-induced natural select'.on. 
However, results were based on short-tenn fumiga­
tion to induce acute injury, and on a small number of 
populations that were very widely separated geo­
graphically. Therefore, we subsequently _conducted 
additional aspen studies. First. we esta~lts~~ field 
trials to compare growth and visible foliar mJury by 
ozone in two locations (southern New York and 
southern Michigan) where elevated ambient ozone 
occurs. At least fivefold differences in visible foliar 
injury were measured among population means in 
each planting, and the means were negatively corre­
l ated with ozone concentrations for each area 
(Berrang et al. 1989). Toe relative sensitivity rank­
ings among populations and among clones within 
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. 

from natural populations of aspen._ . . 

h Studies.-Very little mformat1on exists 

Nationwide Studies.-Berrang et al. (1991) exam­
ined the relative ozone tolerances of 15 aspen popula­
tions from NPS lands across the United States2

• 

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 

Growt . f .. 
d

. growth compansons o ozone-sensitive 
regar mg . 
and tolerant trees in clean air as compared t? ozone-

dded 
·r Recently. Kamosky and Scholz (m press) a a1. .. 
d the growth of 18 ozone-sens1t1ve and 18 

compare . 
ozone-tolerant aspen clones m season-long exposures 
to 80 ppb ozone for six hours_ per day, three days per 
week. No significant ozone-mduced growth reduc­
tions were detected for the tolerant clones. However, 
ozone-induced reductions of 46%, 34%, and 37% 
were found for stem, retained leaf, and root biomass 

for the sensitive clones. 
In 1977. the 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). 

MANAGEMENr 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 import.ant is that biodiversity may 
be reduced as sensitive genotypes are eliminated. If 
so, remaining populations may have a reduced poten­
tial for adapting to future changes such as global 

2In addition to !hose areas mentioned previously, sites included Saguaro National Monument (Ariz.); Yosemite (Calif.), Sequoia-Kings 
Canyon (Calif.), Rocky Mountain (Colo.), Yellowstone (MonL-Wyo.) and Glacier (Monl.) national parks; Mount Rushmore N ational 
Memorial (S.D.). 
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·ng A second important implication is that 
warm1 • 

Or alleles may be permanenU.y eliminated as 
genes 
ensitive genotypes are lost. If these two phenomena 

5 ccurring, resource managers must be concerned 
are O 

• f d bil" · " 
t the conservaoon o a apta 1ty m ,orest-tree 

abOU 
0 

ulations under oz?ne stress, and strategies to 
~ad!itate this conservauon effort must be developed. 

Studies Needed 
A number of questions remain regarding our 

h pathesis that ozone-induced natural selection is 
Y curring in forest trees. To date, our research is 

oc Th . 
highly correlative in nature. . at 1s, we have correla-
tions of ozone tolerances w1th 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 
srudies 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
lations 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? 
4. 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. 
Variabil ity 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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~--------~-=-------­Air Pollution Threats to Biological n · s i,esources 
in aguaro National Monument 

Kenneth W. Stolte 

ABSTRACT 
Thi paper provides a cursory overview of pollutants of concern . . 
:,.,.,pas cts to vegetation resulting from air pollution stress, and the e;cntsatioofn~ parllks,. some of the 
,,.. N u· al M Th . ...r po uuon on plants 
f und in saguaro a on onument ere 1s also a discussion of th 
o . d th . e current extent of ozone 
problems m the monum~nt ~ e c~ncem lhat air pollution may be a factor in the decline of the 

guaro cactus (Camegiea gigantea) m the monument. Some additional • al' . 
sa t consideration are also mentioned air qu tty research issues 
that warran · 

iNfRODUCTION . 
Saguaro National M?nument (SNM) 1s one_of ~58 

1 I areas in the Urnted States. Federal legislation 
c :dates that resources in class I areas (often wilder­
mess areas) are to receive the highest protection from 
~ pollution. It is reasonable to ask if we really need 

10 be concerned with air quality in all class I areas or 
ven at SNM in particular. However, it is imponant 

;0 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 to 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 nearness of the NPS unit to the 
pollutant source. Point sources, such as smelters, 
power plants, and aluminum reduction facilities, are 
a concern if they are located near NPS units. Point 
sourtes emit primary pollutants such as sulfur oxides 
(SO,), 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 (03). 

Plants are generally more sensitive to air pollution 
than animals (Treshow and Anderson 1989). Plants 
use the power of sunlight during photosynthesis to 
remove catbon dioxide (COi) 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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i
1
;

7
~). When visible foliar injury is severe, other 

uuncs occur such as accele rated ao-ing of the foliage 
reduced · e,• • 

retention of needles in conifers reduced 
growth f ' 0 · roots and shoots, reduced reproduction 
'.11 tered resistance to predators and pathogens, and 
mc~cascd monality (Trcshow and Anderson 1989; 
Smith 1990). Air pollutants can also affect animals 
that feed · · on mJured plants. Sugars and amino acids 
produced in plant leaves may be changed by pollu­
tants, thus altering their nutritional value (Bedford 
1986). 

PI_ants in ecosystem s that are in the process of suc­
cess1onal transition may be more vulnerable to air 
pollution than plants in more stable life stages of the 
same ecosystem (Stolte 1982). For example, a cha­
parral plant community recovering from a fire pro­
duces many seedlings and resprouts with different 
leaf s tructu re than plants in olde r, more decadent 
chaparral stands. Young, rapidly growing plants with 
succulent tissue appear to be more vulnerable to pol­
lution than older plants with more sclerophyJlous 
(tough) tissue. Air pollutants may differentially affect 
species of plants g rowing after a fire and alter the 
natural processes of community regeneration. Since 
fire is a natural component of both the montane an_d 
desert ecosystems of SNM, the potential exisrs for ~ir 

pollutants to alter natural successional processes 10 

the monument. 

BIOLOGICAL EFFECTS 
OF AIR POLLUTANTS 
Ozone 

be geog raphically extensive. 
Ozone damage_ can uoi a and King s Canyon 

Pines in Yosemite, ~ were all surveyed for 0
3 

national parks. and_ 5 
1990). The survey indicated 

injury in 1986 (?uns~oes equoia, 29% o f those in 
that 39 % of pines •~ sNM pines had been injured 
Yosemite, and 1_5'\ ~pasures of 0 3 from 1987-1989 
by 0 3• eumuJ~uvein Sequoia as compared w ith 
were very _highNM much Jower. It is ~ sonable 10 

Yosemite, with 5 
1 u·vely Jow cumula l:lve 0 3 expo-

th t .f the re a th . 
assume a I be ·n to increase. damage to e pines 
surcs at sNM gi ·u also increase . Recent growth 
in the monument W} central and southern Arizona 

"fers JO 
studies of coru panderosa pines and Douglas-firs 
indicate that manY . s,·," in sNM are not growing as 

a ,nenz1e ·1 • • 
(Pseudotsu~ e climate, and previous (pre-mdustri-
weil as thetr ag • ouJd sugges t (Graybill and Rose 
al) growth rares w 

1989). files of cumulative 03 expos ures in 
Season~h~~c~erized by relatively high ~ expo-

SNM are . in spring and early s ummer months 
sures occumng b h b . • re sensitive shru s sue as squaw ush 
that may inJu · · . 

. 1 bata) (Temple 1985). High 03 levels in 
(Rhus trl o "bl fi th ~ · Jul 1990 may have been resp~ms1 e _or c ,0!1ar 
. _Y f nd on squawbush in the air pollution 
JOJUfY OU • 

. ·tor,·ng garden at SNM in August 1990 b1omoni . . 
(Saguaro Natl. Monument. Div. of Sc'.. and Resour. 
Manage., unpubl. data). At SNM, high 03 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 03 (Thompson 

et al. 1984). 

Sulfur Dloxlde 

In the western United States, ponderosa (Pinus 
ponderosa) and Jeffrey (P. Jeffrey ,) pines arc known 
LO be especially sensitive to 0 3 (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 Lree branches and crown thinning that can lead 
to reduced growth or tree death. These symptoms 
have been documented on pondcrosa pines in the 
Rincon Mountains (Duriscoe 1987, l 989). Some 
trees have linle 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 nonna1 compeli­
tive processes of natural selection in this pine forest 
(Scholz el al. 1989). 

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 03. SOx enter plant leaves and 
cause injury to conifers, broadleaf plants , desert 
annuals, and s hrubs (Barrett and Benedict 1979). 
Some plants such as lichens are very sensitive to sul­
fur dioxide (S02) (Nash 1973; Sheridan 1979). Stud­
ies conducted around major point sources such as 
smelters and power plants indicale that the number of 
lichen species decreases as one approaches the point 
source (Mc Cune 1988). Vascular and non-vascular 
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. and animal species diversity (compJe .... .caes ( . 1 x 
~llflt sirs) are reduced ~imp e ecosystems) when but often the 

narc in the s . most serious Problem eeosyste~r pallution streSs 1s severe {Hutchinson and 
cJ!l1'oic aJ976. freedman and Hutchinson 1980). 
\\lllitbY l ' 

aluminum oil. Lowering the Pli f s ~ plants origi­
able for I and other elements an~ sou can mobilize 
a] . p ant Uptake (WeUb make them avail-

en OxJdes 
r,.11trog en oxides are _a major J>?llutant of concern. 

tfr[l'()g nitrogen dioxide (NOi) 1s weakly phytotolt­
AS a gas, or when mixed with 03 or S02• Nitrogen 
. aione . 
ac,·des a.re also i~po~t. contam1~~ts in polluted 
o~ as solid or liquid fertilizers. Feruhzing a Jawn or 
air results in the enhanced plant growth that is 
garden ra1 le . . ·red but in natu ecosys ms similar effects are 
deS

1

1 i:,,neficial because natural balances are upset 
raJC Y .....,. · • d · . 

. ,.,..,gen 1s introduce mto a saguaro (Carnegiea If ruuv all . 
. tea) ecosystem, species may not respond 

g,gon . ·cu1 rl 
e uallY· some species, Pai:'-' a y grasses, may be 
~ 10 use the enhanced rutrogen supply better than 

~th:rs (Tilman 1987). Species that are normally 
. or components of the plant community may be 

roan • be th b)e to increase m num rs, grow rate, and repro-
:ucrive success to the de~ment of _other species. 
cacti species respo?d rapidly and differentially to 
different levels of nitrogen (Nobel 1983, 1988), but 
[he natural structure and functioning of these desen 
species in relationship to nitrogen deposition is not 
well known. Nitrogen deposition has also been 
linked to alterations in winter hardening and to 
dehardening cycles of certain species (Freidland 
1984; Freer-Smith and Mansfield 1987). 

Add RaJn 
Wben NO. and so. mix with moisture, acid rain, 

acid fog, acid mist, or acid snow are produced. Dried 
acidic particles can also be produced in the atmo­
sphere. Mixing air pollutants with nonnal precipita­
tion not only adds sulfur, nitrogen, and other 
chemicals to the precipitation, but the pH of the pre­
cipitation is also lowered (made more acidic) in the 
process. In the Southwest near SNM, some summer 
rain events are acidic, wilh a pH of 3.6, which is 
almost as acidic as vinegar (Blanchard and 
Stromberg 1987). Reports from the National Atmo­
spheric Deposition Program (1987) indicate that Ari­
zona has some of the most acidic rain in the western 
United States. 

um1num and other ~m 1988). Consequenu 
take~ up by plants in e:es1rable -~lements may ~ 
Ca1c1um, magnesium and ss quanttues instead of the 
need. Desirable ele~e ls other nutrients they really 
d~e to soil pH chann e may also be less available 
microbes that are c . _g s: Mycorrhizae and soil 
can al ntJcal tn ecosy I fu 

SO be destroyed d s em nctioning 
Cactus growth rates ' an the Whole system altered 
I I . can change m rkedJ · eve s m the soil dro f a Y when pH 
Nobel 1985; Nobel 19f s/om 6.0 to 5.0 (Berry and 

Fluoride 
fluoride is a waste f 

tion pl.ants and th gas O smelters, aluminum reduc-
' o er fa ·u · and can cause lant . . c1 nes. It is very phytotoxic 

tions . th p Ill.Jury even at very low concentra­
m e Parts per billion (ppb) 

Pack 1970: N · range (freshow and 
rides l'k ' attonal Academy of Science 1971). F1uo­

, I e metals, cause injury to a wide variety of 
phl~ts and are also passed along through the food 
c am accumulating in · al 
1 ' arum s that eat cont.aminated 

p an~. Consequently, animals farther up lhe food chain 
COnlain more fluoride than the plants or animals they 
feed on. If a plant has 10 ppm fluoride, an animal that 
eats the plant may accumulate 100 ppm or more (Carl­
son and Dewey 1972; Gordon 1974). 

Global Climate Change 
Glo_bal climate change is a popular topic of con­

versation today (U.S. Forest Service 1990). To date, 
no consensus among scientists exists as to whether 
the climate is changing on a global scale. One of the 
causes of potential climate change is the anthro­
pogenic (human-caused) increase in CO2 and other 
gases in the atmosphere. These gases trap heat near 
the earth's surface and prevent it from radiating back 
into space. Carbon dioxide levels are definitely ris­
ing, and whether temperatures increase or not, an 
increase in CO2 may favor plants that are able to 
make best use of an increased supply of this impor­
tant compound. Shifts in plant species abundance and 
distribution could also occur as a result of increased 
levels of CO2. 

If rain falling on plants is very acidic, the waxy 
I.issue covering the leaf surface can be eaten away, 

In the Tucson Basin, urbanization induces another 
kind of localized temperature change, with pockets 
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of hol and cold air altering temperature regimes in 
and near S M (Kirby and Sellers 1987). Growth and 
compeuuon of naLive planlS may be changed by 
lhese localized lemperature alterations. 

RESEARCH EMPHASES AT SNM 
Intensive research sponsored by lhc NPS Air Quall­

Ly Division al S 1M 's Rincon Mou main Dislrict 
(RMD) has focused on pines in lhe mountains and 
cacti on lhe desert 0oor. ll is generally agreed lhai 
cacti have been declining in portions of lhc RJ\10-
not just saguaros. but also chain-fruit choUas (OpUlllia 
spp.) and barrel cactus (Ferocacrus spp.). Freezing has 
been uggested as a cause for lhe saguaro decline 
(Steenberg and Lowe 1976, 1977, 1983). However. 
prior to 1930 when saguaros were abundant and vigor­
ous, many more severe freeze occurred than from 
1930 Lo 1970, when many larger saguaros died (Steen­
berg and Lowe 1976). Perhaps freezing and low tem­
peratures arc nol the entire answer. 

Cacti may be stressed by somclhing that makes them 
more susceptible to freezing, droughL, windthrow, and 
pathogens. Researchers are now investigating whelher 
:m poUuuon, past or present, might be allering lhe nat­
ural resistance of cacli. Epidermal browning of 
saguaro was described long ago as a narural degrada­
tion of I.he epidennis of older cacti (Long 1929). Cacti 
arc still dying and the epidermal browning syndrome 
associated with declining saguaros is now under seri­
ous study (SLolte 1988). Epidennal browning is strong­
ly associated wilh spine loss. Spines nonnally fall off 
older cacti, but many young plants are also showing 
browning and spine loss. The root syslems of a few 
brown saguaros that were Loppled by wind have indi­
cated that saguaros wilh epidennal browning may also 
have poorly developed roois. The individuals exam­
ined were 20 to 30 ft (6-9 m) tall and almost without 
support. Wmdthrow will probably claim more of these 
indjviduals wilh time. 

What is unusual in SNM is lhat epidennal browning 
is observed on relatively young as we ll as old 
saguaros, and appears to be a process of prematu re 
aging. The long rustory of afr pollutants withjn and 
around SNM (Wood and ash 1976; Dawson and 
Nash 1980; Oemcnscn 1987; Graybill and Rose 1989) 
and the ~ccelera ted agi ng response frequently 
observed m planrs exposed to toxjc levels of air pollu­
tants (Trcshow and Anderson 1989; Smilh 1990) 

suggest that air pollution should be investigated as a 
causal or corunbuting agent tn the cactus decline A 
system of long-tenn moniLOring plots ~ -been ~ 
ti.shed in both distrias of S iM Lo detennmc lrends . 
epidennal browning, spine 10 • ~ge-class _strucn:: 
and monality of aguaro over ume (Dunseoc all(! 

Graben, lhis volume). 
Paloverde (Cercidium spp.) appear to be dYmg ai 

rugh rates in some of the same areas as saguaros 
Some treeS are fest00ncd with mistletoe (Phor~n~ 
dron calif onicwn), but ~thers are OOL Stems oo tn'.':cs 
wil.h mistletoe are swung_ to tum black.. Again, the 
cause is unkoown. but ce rt.ainl Y warrants fu nher stlldy 

Continued research and moniLoring of ~r quality ~ 
desert and moru.ane ~) ~- of S fM is critical to 
understanding some of the eXlStlng and potential p~ 
terns mentioned in this paper. The urban growth 
around lhis wilderness area makes SNM an unfonu. 
nate, but ideal laboraLory for determining the effects of 
regional and local changes in air quali ty on native 
species. To protect SNM from degradation due to air 
polluLion, we need to undcrsLand the sensitivity of 
SNM organisms and ecosystems to air poUuLants of 
concem This requires initiating and continuing ~n­
and long-tenn air quality research and monitoring pro­
grams. Tbe severity and extent of air qualiry degrada­
tion are not well known. However, effects on valuable 
natural resources at SNM are of serious concem 
because air pollutants are known to cause severe am 
in some cases, irreversible changes in ecosystems. ' 
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An Investigation of the Impact of Inorganic Air Pollutants 
on Saguaro National Monument 

Ernest S. Qadney, Roger W. Ferenbaugh, and Kenneth W. Stolte 

ABSTRACT 
Environmental data evaluating the input of inorganic air pollutants to the Saguaro National Monu­
ment eco~ystem_ have been ~llected over the past four years. These data are summarized in the fol­
lowing dis_cussion. !he enn~hment factor approach is employed to provide a framework for 
simplified mterpretallon of this large collection of data from soil, cactus, lichen, tree-ring, and air 
particulate samples. 

tNTRODUOlON 
s aguaro National Monument (SNM) was created 

by Executive Proclamation in 1933, in response to 
concerns for preserving stands of saguaro cacti 
(Carnegiea gigantea) in the vicinity of Tucson, Ari­
zona. Nearly 45 years passed before settlement of 
boundary disputes and land acquisition resulted in 
the establishment of the final monument boundaries 
(Clemensen 1987). In the meantime, in the early 
J 940s, observations were made that older saguaro 
cacti in the monument were dying and that reestab­
lishment of saguaro seedlings was not occurring. 

Mer 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 ovennatu­
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 (Turner 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 (Turner 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 19Lh century. Although emissions from copper 
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smelters have fluctu ted . 
the Tucson area a with economic conditions, 

represents a contin l · source of urb . . uous y-growmg 
sions from th:° au pollu~on. The combined emis-
containfog me:~ sources mcl_ude particulate mauer 
sulfur dioxide s and o~her inorganic compounds, 
Airer . ' ~d a vanety of organic compounds. 
vicini~l ar:cat:Jon of agricultural chemicals in the 
of ~ cso~ represents another airborne source 

potcnLJally toxic organic compounds. 

METHODS 

In 1987' a preliminary survey of soils and selected 
v~getation was undertaken at SNM under the aus­
pi c~s of an interagency agreement between the 
Nat~onal Park Service (NPS) and the Los Alamos 
National Laboratory (LANL). The purpose of th.is 
~u~ey was to identify chemical profiles that might 
md1cate 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 soi ls and tree cores were collected 
from Walnut Canyon and Chiricahua National Monu­
menis 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 fragmenis. Soils from the Tuc­
son Mountain District (I'MD) of SNM were further 
separated into four size fractions (20, 60, 100 and 
< I 00-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 J 950-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 have 
been detennined 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 Lo summarize Lhis 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 
earth's crust (WedcpohJ 1968). Overall means and 
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ndard devialions of these EFs are presented . 
sta . f 1· tn 
Table J as a funcoon o samp mg site and depth. 
While all clements were_ measured at all sites, cenain 
constituents were consistently below our limits of 
detection and could not be used to calculate EFs 
'[his is shown as "---" if all samples were belo; 
detection limits, and as a mean without a standard 
deviation where only one or two samples yielded 

Efs. 
only preliminary data are presently available on 

elemental concentrations in saguaro cactus tissue. We 
have just completed the disse~tion and freeze-drying 
of the 120 samples taken dunng 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 a.re not so sensitive to the manganese 
concentrations in these samples. Similar problems 
have been encountered in the lichen samples and 
these have aJso 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 [VJ, 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 during the following discussion on interpre­
tation of the data gathered at SNM 

Soil data (Table 1) can be di~ided into roughly 
four groups for the purposes of this presentation: (1) 
eleme~ts that are so often at or below our limits of 
detecuon that no valid conclusions may be drawn; 
(2) elements that show depletions relative to Wede­
pohl 's crustal abundances, with EFs consistently 
below 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 
~e arena to examine for evidence of anthropogenic 
atr pollution input to the SNM ecosystem. The rea­
son we chose the EF range of 0.5-2.5 to represent 
"no 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 a.re 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 [0], 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 seems 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 seem to have been 
effectively leached from the soils studied. The third 
group (within nonnal 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], Sc, silicon [Si], samarium [Sm), strontium [Sr], 



226 

gh and Kenneth W. Stolte 
Ernest S. Gladney, Roger W. ferenbau , 

tantalum [Ta). terbium [Tb), titanium [Ti~- uran;: 
[U) V ytterbium [Yb), and Zn. We have ,scov 
littl~. lf any. evidence that concentrations of these 
elements in SNM soils are being affected by any 
anthropogenic source. . . 

The fourth group, those with EFs consistently m 
excess of 2.5, contained some unusual members. We 
place As, cesium [Cs), hafnium [Hf), In. Sb, S~, th~­
rium [Th], tungsten [W). and zirconium [Zr) lil this 
group for which further scrutiny is required to deter­
mine possible nonnatural sources for elevated Jeve~s 
(relative to Wedepohl 's crustal average) observed m 
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 Hf. 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 natu rally-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 indus try in southern Arizona. 
Throughout the regional samples we examined, these 
elements 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 

. . tau·on The problem is largely due to arsenic 
U1terpre · · 1· · th 
concentrations being near detecuon . ,m~, ~reby 
reducing our ability to make a ~e~ng . regional 

t Of distribution. Arseruc 1s a well known assessmen . . 
air pollutant arising from the metal Wsmelhi~ng mdustry 
(including copper) in the Tacoma, ~ . ngto~, ~a 

d we suspect that it would show a s1n11lar clistnbu-
3:° t Sb were our analytical method more sensi-uon o • . 
tive. To date, we have observed no evidence that any 
· rbome elements are being taken up or accumulated 

at . 
at elevated levels in tree nngs or saguaro cactus 

tissue. 
The preliminary saguaro tissue data provided in 

Figure I and Table 2 have some interesting implica­
tions. Cacti # 51 -53 appeared to be relative! y 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. 

SUMMARY AND MANAGEMENf 
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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. ency agreement and arc being studied by 
ibiS intei;,up within the NPS Air Quality Division. 
art)thef g.h we have used some of the data from this 
6\ldl lhOU ur conclusions should not be interpreted in 
_. ru/Ork, 0 • 
Dt" •. - f visibiliry unpacL 
teflllSe:ly, saguaro ~acti (and ~e~aps o~cr cactus 
~ ) . ,,. undergomg a contmumg decline within 

..nP£1es "'.., . r w·- While our data do not imp 1cate anthropogenic 
S~ uuuon impacts for inorganic elements, atmo­
air ~ emissions related to the Tucson metropolitan 
sphCfl~t yet be disregarded as a potential cause 
area the decline. The complex nature of anthropogenic 
fo~dificauon of the ~rg_anic co~~und burden of 
01 heric aerosols 1s Just begmrung to be under­::.sp Direct impact from the leeward drift of agri-

cultural chem~cals (herau~icide
0
s an

0
thd pestici~es)hfro~ 

. roe spraying ope ons, r er orgaruc c emi-
ai!OO •chrocnt from diffuse urban sources, should be 
cal e:red a high priority for investigating the mech­:s~ underlying the observed decline in the cacrus 

pcpulations. 
unfortunately, organic chemical analyses in natu-

ral materials are far ~ore di~cul~ and expensive to 
conctuct than inorganic determmallons, and the spec­

of compounds runs into the millions. Some pre­
~nary evidence is available from unpublished 
1un1 
, rk conducted by colleagues at LANL that short-

w~• ·ned organic acids readily penetrate the waxy 
Cu,.I • h r 
cuticles of cacti, perhaps havmg a ereto1ore unantic-
i ated ••acid-rain" effect on desert ecosystems 
(~alfiv:y 1988). Evans (1984) ~as also speculated on 
the penneability of waxy cuticles to polar versus 
non-polar compounds. 
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nt Catalina Moun-
T~ble I. .s.ummary of enrichment factors for soils collected al Saguaro National ~ooiffc p.:i,,cuings National 
laJJ1S, Chincahua National Monument Walnut Canyon National Monument, and Gila 
Monument., 1987-1990. ' 

Depth # 
Cl Co 

Site (in.) Samples Ag As Ba Br Ca ~ 
San Manuel Smelter 

0.2 2.0±0.2 

-0.5 km 1.1±0.7 
2_2:t-0.4 0.2 2.2±0.6 

0 4 ! .2±0.2 2.2:t:0.2 1.7±0.2 
o.6±0. I 0.4 

15 4 1.4±0.3 2.o±O.I 1.6±0.2 
-2 km 0 3 1.2±0.1 

o.s±0.1 2.3±0.6 
0.4 

) .1±0.2 
0.5±0.1 0.1 

15 3 1.2±0.1 0.4±0.1 
1.3±0.3 0.2 t.7±0.1 

-5 km 0 3 J.1±0.1 2.o±0.5 1.7 
0.4±0.1 0.4 

15 3 1.2±0.2 J.5 
J.4 0.4 1.8 

-1 mi 0 2 1.4 2.6 
t.4 

6 2 J.2 0.6±0.1 

Saguaro N1u.ional Monument 0.3±0.I 
2.1±0. l 0.7±0.1 

R.MD-1 0 3 J .3±0.1 0.2 
2.o±0.2 0.6±0.1 

15 3 1.3±0.I O.J±O.I 
2.4±0.8 0.1 0.5±0.1 

RMD-2 0 3 J.1±0.2 o.4±0.1 
1.1±0.2 0.2 0.6±0.1 

15 3 J .2±0.1 0.4±0.2 
2.o±0.2 0.2 0.6±0.1 

RMD-3 0 3 J.2±0.2 o.3±0.2 
J.8±0.4 0.5±0.3 1.0±0.2 

15 3 1.1±0.2 0.2±0.I J.4±0-2 0.3±0.1 1.2±0.1 

Exclosure 0 II 1.0±0. I o.2±0.1 1.4±0.2 
0.3±0.1 1.2±-0.2 

1.4±0.2 
6 8 0.8±0.1 o.2±0.1 

2.o±0.5 0.2±0.1 0 .6±0.2 

12 8 0.8±.0.1 0.4±0.2 0.3±0.2 0.7±0.1 

Kiln Trail 0 19 J.2±0.2 0.4±0.3 1.1±0.3 
0.1 0.7±0.1 

6 16 1.0±0.2 o.9±0.4 2.0±0.3 0.5±0.1 

12 4 1.1±0.I 
1.0±0.6 0.4±0.2 1.9±0.3 0.7±0.1 

RMD-CP-5 0 14 105 2.2±0.3 1.2±0.I 
2.2±0.7 0.3±0.1 1.6±0.1 0.5±0.1 

6 14 2.5±0.4 1.0±0.I 
0.9±0.5 0.4±0. l 2.s±0.6 0.6±0.1 

RMD-CP-9 0 18 1.6±0.3 J.2±0.1 
2.6±1.1 0.6±0.5 1.8±0.2 0 .6±0.1 

6 18 2.0±0.5 J.0±0.1 
1.0±0.6 0.5±0.3 1.8±0.2 

0.7±0.1 
RMD-CPIO 0 18 2.5±0.4 J.2±0.4 

5 .6±3.0 0.9±0.8 1.3±0.3 
0.6±0. l 

6 18 3.5±0.4 0.8±0.1 
I .5±0.9 1.2±1.3 1.6±0.2 

0.8±0.1 
RMD-CP15 0 18 2.7±.0.3 1.2±0.2 

4.8±1.6 1.1±1.0 1.3±0.2 

23 3.4±0.5 1.0±0.2 1.7±0.5 0.6±0.1 
6 19 0.8±0.5 0.3±0.1 

18 2.7±0.3 J.0±0.2 1.2±0.3 0.6±0.1 
RMD-CP17 0 3.1±1.2 0.3±0.2 

6 18 3.0±0.6 0.7±0.2 340±130 1.9±1.3 0.9 0.7±0.3 

Limesione 4 I.7±0.8 0.9±0.1 1.2±0. l 0.1 0 .7±0.l 

Slag 3 
1.1±0. l 

0.3±0.1 t .5±0.1 0.3±0.1 0.4±0.2 

TMD-1 0 7 2.3±0.8 1.0±0.2 
0.3±0.1 1.4 0.3±0.1 0.4 

2.0 0.9±0.2 1.3 0.4 0.5±0.1 6 7 0.5 0.3±0.1 1 .5:t-0.3 

TMD-2 0 4 2.6±.0.8 1.2±0.2 
0.3±0.1 1.6:t-0.3 0.4 0.6:t-0.2 

3.2±0.8 J.0±0.1 0.8±0.2 
6 2 0.4±0.1 0.8:t-0.2 0.4±0.2 0.4±0.2 

TSP 0 10 0.8±0.2 
0.4±0.1 0 .8±0.4 0.4±0.5 0.4±0.2 

6 JO 0.8±0.4 
0.8:t-0.2 3±3 

1.0±0.5 0.6.±0.5 
NSP 0 18 0 .9±0.2 0.4±0.2 0.3±0.1 

6 18 0.6±0.1 0.3±0.1 

5 0.4±0.1 0.3±0.1 0.8:t-0. l 0.4 0.2±0.1 
12 

Regional Background 
3 1.0±0.6 0.6±0.6 0 .5±0.3 2 .0 1.3 

CATAL 0 
6 3 0.5±0.2 0.3±0.1 0.3±0. l 0.3 0 .2±0.1 

12 3 0.5±0.2 0.2±0.1 0 .3±0.1 0 .2±0.2 0.2 

CHIR 0 15 0.8±0.4 0.4±0.3 1.4±0.3 0 .4±0.2 0.3±0.2 

6 15 0.6±0.2 0.2±0. l l.7±0.4 0 .4±0.2 0.3±0.1 

WACA 0 6 1.3±0.2 0.8±0.l 1.2±0.1 0.4±0.2 2.3±0.4 

6 6 1.0±0.1 0.4±0.1 1.1±0.1 0.2±0.1 2 .0±0.2 

GILA 0 6 1.0±0.2 0.4±0.2 1.4±0.2 0 .6±0.2 0.7±0.l 
6 6 1.2±0.2 0 .4±0.2 1.5±0.3 0.2±0.1 0 .6±0.1 
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'fable · --- Depth H 

(in.) Samples Cr Cs Dy Eu Fe F Ga Site Hf I ~melter 
0 4 1.5±0.2 4.2±0.3 2.6±0.4 1.8±0. l san .5 Jan 

5.3±0.8 .o 15 4 1.6±0.2 4.9±0.2 3.0±0.4 l.9±0.4 6.7±1.6 
9.8±0.8 

0 3 1.1±0.1 4.3±0.l 2.0 1.7±0.1 3.8±0.2 
12±3 .2 Jcrn 15 3 0.9±0.1 4.5±0.3 2.5±0.6 1.7±0.1 3.5±0.4 
13±1 

0 3 0.9±0.4 3.6±0.4 13±0.4 11±3 1.5±0.3 2.3±1.0 -5 km 15 3 1.2±0.1 4.3±0.2 1.9±0.4 1.6±0.l 6±2 
3.2±0.4 

8.5±0.3 0 2 1.0 3.6 1.6 1.4 .1 nii 2.6 7.6 6 2 1.0 3.7 2.2 1.5 2.5 4.5 7.8 
Nation.al Monument 

0.7±0.2 2.7±0.1 Sa~1 0 3 3.4±0.6 1.6±0.l 1.3±0.3 8.3±1.5 15 3 0.7±0. l 33±0.2 2.7±0.2 13±0.1 1.2±0.1 6.3±0.2 
RMD-2 0 3 0.6±0.2 2.4±0.2 2.7±1.3 1.7±0.5 1.2±0.8 3.6 15 3 0.5±0.l 3.1±0.2 2.0±0.7 1.3±0.1 0.9±0.t 3.7±0.6 
RMD-3 0 3 0.5±0.1 2.8±0.3 2.0 1.6±0.2 1.0±0.1 5.2±1.1 15 3 0.5±0.1 3.4±0.7 1.7±0.4 1.4±0.4 0.9±0.1 3.9±0.5 
Exclosure 0 11 0.8±0. l 8.3±1.3 1.2±0.1 1.0±0.1 1.0±0.2 0.6 2.9±0.5 6 8 0.7±0.1 9.6±0.9 1.2±0.2 1.1±0.1 1.0±0.l 0.9 2.2±0.4 12 8 0.7±0.1 9.3±1.4 1.2±0.3 1.0±0.1 1.0±0.1 0.4 2.0±0.3 
Kiln Trail 0 19 0.6±0.1 5±5 2.1±0.6 1.4±0.3 0.8±0.2 0.5±0.2 5.2±1.6 

6 16 0.6±0.l 8±9 1.7±0.4 1.3±0.2 0.8±0.1 0.6±0.1 3.4±0.8 
12 4 0.6±0.l 7±3 1.8±0.1 1.4±0.1 0.8±0.1 0.6 3.5±0.3 

TMD-CP-5 0 14 0.5±0.1 2.4±0.3 2.8±0.4 1.3±0.2 1.0±0.2 1.0 6.4±1.4 
6 14 0.7±0.1 2.9±0.4 2.1±0.2 1.2±0.1 0.9±0.1 1.0±0.2 4.4±0.6 

TMJ)-CP-9 0 18 0.4±0.1 1.9±1.0 3.0±0.8 1.7±0.3 0.9±0.2 1.1±0.1 6.3±1.8 
6 18 0.6±0.1 2.4±1.2 2.1±0.3 1.4±0.2 0.9±0.1 1.1±0.3 3.7±0.6 36 

RMD-CP-10 0 18 0.6±0.1 2.5±0.3 2.6±0.5 1.3±0.2 1.1±0.2 1.1±0.2 5.9±1.2 
6 18 0.6±0.l 2.9±0.3 1.6±0.4 1.1±0.2 0.9±0.1 1.0±0.2 3.3±1.0 25±14 

RMD-CP-15 0 18 0.6±0.1 3.2±0.6 1.9±0.4 1.2±0.2 1.1±0.2 1.0±0.2 5.0±1.0 
6 19 0.6±0.1 3.5±0.8 1.5±0.2 1.1±0.1 1.0±0.1 1.0±0.3 3.4±0.9 23±9 

RMD..cP-17 0 18 0.5±0.1 6.8±4.9 2.0±0.6 1.3±0.3 1.0±0.2 1.0±0.2 5.5±2.0 
6 18 0.6±0.2 7.1±5.6 1 .5±0.4 1.0±0.2 0.8±0.2 1.1±0.2 2.6±0.7 26±12 

4 5±3 1.4±0.9 1.7±1.1 1.1±0.9 3.0 4.1±1.3 Limestone 
3 0.6±0.1 4.6±0.3 1.2 1.1±0.1 0.8±0.1 0.1 2.6±0.2 Slag 

0 7 0.3±0.2 2.3±0.3 0.7±0.3 0.7±0.2 0.6±0.2 1.1 3.4±2.0 TMD-1 
6 7 0.3 2.3 0.9±0.3 0.8±0.2 0.6 1.2 3.7 

TMD-2 0 4 0.4±0.2 2.0±0.2 0.8±0.3 0.8±0.1 1.1±0.4 1.2±0.5 3.5±1.5 
6 4 0.5±0.2 2.3±0.2 0.9±0.3 0.8±0.2 1.3±0.6 1.0±0.2 3.8±2.1 

TSP 0 10 2.3±2.0 1.9±0.6 1.0±0.4 0.6±0.1 0.5±0.2 0.5 1.8±0.6 
6 10 0.4±0.2 1.8±0.6 1.9±0.8 0.6±0.2 0.5±0.2 0.4 2.0±0.8 

NSP 0 18 2.9±1.7 2.4±1.0 1.2±0.2 0.6±0.2 0.6±0.2 0.8 3.6±2.3 
6 18 0.3±0.1 1.5±0.4 1.5±0.5 0.6±0.1 0.4±0.1 0.8±0.6 1.9±0.5 

12 5 0.2±0.1 1.0±0.l 1.0±0.3 0.5±0.1 0.4±0.1 1.5±0.3 

Regional Background 
CATAL 0 3 2.2±1.9 1.6±0.8 0.4 0.3±0.1 0.5±0.2 0.7 1.3±0.7 

6 3 0.2±0.1 0.8±0.2 0.4±0.2 0.2±0.1 0.3±0.1 0.7 0.8±0.1 

12 3 0.2±0.1 0.8±0.2 0.7 0.2±0.1 0.3±0.1 0.9 0.7±0.1 
0.6±0.1 0.3 4.6±1.1 15 0.7±0.6 3.0±0.6 1.2±0. 1 0.5±0.2 CHIR 0 
0.6±0.1 0.6 6.6 4.7±0.6 6 15 0.3±0.1 3.1±0.4 1.5±0.5 0.4±0.1 

2.1±0.3 2.7±0.2 0.9±0.2 1.3±0.2 1.5±0.l 0.6 4.4±0.6 WACA 0 6 
4.1 3.5±0.8 3.1±0.3 0.8±0.1 1.2±0.1 1.4±0.1 0.6 6 6 1.7±0.3 

4.0±0.5 1.6±0.3 1.9±0.4 0.8±0.1 0.8±0.1 0.4 GrLA 0 6 0.7±0.2 
3.6 4.2±0.4 1.7±0.1 2.3±0.9 0.8±0.1 0.8±0.1 0.6 6 6 0.7±0.1 
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Table I. Continued. 

Site 
Depth # 
(in.) Samples In K La Lu Mg .Mn 

Na 

San Manuel Smelter 
-0.5 km 0 4 13±8 

0.7±0,2 
1.3±0.2 0.7 4.6±1,4 

-2km 
15 4 1.2±0.2 0.7 5.6±1.1 

0 .7±0,1 

0 3 6.0 1.3±0.1 
0.6 3.3±0.4 0.8±0.1 

-5 km 
15 3 1.1±0.1 

0.4 3.7±0.4 
0 .7±0,l 

0 3 6.2 1.3±0.1 
0.4 2.4 0.7±0,1 

15 3 1.2±0.l 
0.5 2.s:t0.4 o.6±0.1 

- 1 mi 0 2 9.3 
2.2 0.6 

1.2 
0.8 

6 2 1.1 
0.9 2.0 0.5 

Saguaro National Monument 
RMD-1 o 3 J.3±0.1 

1.6±0.2 0.7±0, l 

15 3 1.1±0.1 
0.4 1.1±0.2 0.5±0.1 

RMD-2 0 3 1.2±0.2 
0.4 1.3±0.6 o.s±0.1 

15 3 1.0±0.l 
0.4 J.0±0.2 0 .7±0,2 

RMD-3 0 3 1.2±0.l 
0.4 1.2±0.2 0.7±0.1 

15 3 0.9±0. 1 
0.4±0.1 1.1±0.3 o.s±0.2 

Exclosure 0 11 1.1±0.1 
0.4±0.I 0.9±0,l 0.4±0,1 

6 8 1.9 0.9±-0.1 
0.5±0,1 o.9±0.1 0 .3±0.1 

12 8 0.9±0.1 
0.5±0.I 0.9±0.1 0.3±0.1 

Kiln Trail JO 19 1.1±0.l 
0.4±0.l 1.1±0.2 0 .8±0,2 

6 16 1.6 1.0±0.l 
0.5±0. l 0.9±0.2 o.s±0.2 

12 4 1.1±0. l 
o.6±0.1 1.0±0. l 0.6±0.l 

RMD-CP-5 0 14 1.3±0.1 1.6±0.2 3.5±0.7 0.3±0.l 1.5±0.2 0.7±0.1 

6 14 1.1 J.1±0.1 1.3±0.1 2.6±0.3 0.3±0.1 1.1±0. l o .6±0.1 

RMD-CP-9 0 18 1.2±0.l 2.1±0.4 3.1±0.8 0.3±0.1 1.2±0.2 0.8±0.1 

6 18 1.0±0.l 1.5±0.2 2.0±0.4 0.3±0.1 1.0±0.l 0.6±0.1 

RMD-CP-10 0 18 1.7 1.2±0.1 1.5±0.2 3.2±0.8 0.4±0.1 1.4±0.2 0.6±0. 1 

6 18 1.6 0.9±0.1 1.2±0.2 1.8±0.5 0.4±0.l 0.8±0.2 0.4±0.1 

RMD-CP-15 0 18 1.1±0.1 1.3±0.2 2.1±0.6 0.5±0.2 1.2±0.2 0.6±0.1 

6 19 1.6 1.0±0. l 1.1±0. I t.6±0.3 0.4±0.1 0.9±0.1 0.5±0.1 

RMD-CP-17 0 18 1.2±0.1 1.4±0.5 2.3±0.6 0.3±0.1 1.6±0.3 0.8±0.1 

6 18 1.4 1.0±0.2 1.0±0.3 1.7±0.6 0.3±0. 1 1.3±0.5 0.6±0.1 

Limestone 4 
5.4±2.2 4.8±0. l 0.1 

Slag 3 1.2±0.2 
0.8±0.1 1.0±0.l 0.6±0.1 

TMD-1 0 7 1.0±0. l 1.4±0.l 0 .8±0.3 0.3±0.1 0.5±0.1 1. 1±0.4 

6 7 J.0±0.1 1.3 0.8 0.3±0.1 0.6±0.2 1.1±0.2 

TMD-2 0 4 1.2±0.l 1.5±0.2 0.9±0.2 0.3 0.6±0.2 1.1±0.2 

6 4 1.1±0.1 1.6±0.3 1.0±0.3 0.3±0.1 0.7±0.2 0.9±0.2 

TSP 0 10 1.0±0.3 0.6 1.9±0.3 0.9±0.2 

6 10 0.8±0.2 0.6 2.4±1.l 0.9±0.3 

NSP 0 18 5.7 1.2±0.2 0.4 2.1±1.l 0.7±0.2 

6 18 0.9±0.1 0.2±0.1 1.2±0.3 0.9±0.1 

12 5 0.9±0. 1 1.0±0.4 0 .9±0. l 

Regional Background 
CATAL 0 3 0.9±0.2 3 .0 

6 3 0.8±0.1 

1.0±0.2 

12 3 0.8±0.1 

1.6±0.8 1.2±0.l 

CHlR 0 15 1.4±0.2 

2 .0±0.2 1.2±0.1 

6 15 3.2 1.4±0.2 

3.3±2.1 0.9±0.2 
0.4±0.1 1.1±0.3 0 .9±0.2 

WACA 0 6 0.8±0.1 
6 6 0.6±0.1 

1.1±0.2 1.4±0.l 0 .3±0. l 
0.9±0.2 1.0±0.1 0.2±0.1 

GILA 0 6 I .3±0.1 
6 6 1.4±0.1 

0 .6±0.1 1.4±0.2 0 .8±0. l 
0.6±0.1 1.3±0.2 0.8±0.1 

Nd 

1.1±0.l 

2.6±0.6 
2 .2±0.2 
3 .1±0.9 
2 .2±0.6 
2.2±0.5 
1.6±0.4 
2.0±0.5 
1.8±0.5 
2.2±0.7 
1.5±0.6 

1.4±0.2 
1.6 

1.7±0.5 
1.9±0.6 

Rb 

2.2±0.3 
1.9±0.1 
2.1±0.2 
1.7±0.2 
2.0±0.3 
1.6±0.1 

1.4 
1.2 

1.7±0.1 
1.3±0.1 
1.5±0.2 
1.1±0.1 
1.4±0.1 

1.6±0.2 
1.4±0.2 
1.4±0.2 
1.2±0.2 
1.2±0.1 
1.2±0.2 
13±0.1 
1.3±0.1 
1.2±0.1 
1.1±0.1 
1.3±0.1 
1.1±0.1 
1.3±0.1 
1.2±0.2 
1.9±0.6 
1.7±0.7 
1.1±0.5 
1.2±0.1 
1.4±0. l 

1.3 
1.3±0.2 
1.3±0. l 
1.5±0.3 
1.2±0.3 
1.7±0.2 
1.4±0.2 
1.3±0.2 

1.7±0.4 
l.4±0.1 
1.4±0.1 
2 .8±0.6 
3 .4±0.5 
1.0±0.1 
0 .8±0.2 
1.6±0.3 
1.5±0.2 
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fable • 
II :------- [)cplh 

(in.) Samples Sb Sc Sc Si Sm Sr Ta Th Th Site 
~melt.er 

0 4 34±14 1.8±0.2 1.2±0.1 2.4±0.1 1.8±0.4 3.2±0.6 Sall \a!1 
15 4 14±4 23±0.5 1.2±0.2 3.0±0.7 2.8±0.9 

.o.5 
4.4±2.2 0 3 22±4 1.6±0.1 1.2±0.l 2.1±0.1 1.7±0.2 3.7±1.6 .2 ian 15 3 10.5±03 1.6±0.2 1.2±0.1 2.4±0.3 1.7±0.2 3.0±0.l 0 3 20±7 1.1±0.3 13±0.l 1.6±0.4 1.1±0.3 2.2±1.5 -5 kJt1 15 3 13.9±1.3 1.4±0.l 1.2±0.1 2.0±0.2 13±0.4 2.1±0.5 0 2 36 1.2 1.2 1.3 0.9 1.0 2.2 -1 rn.i . 6 2 13 1.0 1.1 2.2 1.0 1.6 1.8 

N . nal Monument 
0.7±0.1 aro auo 

3 9.5±0.4 1.4±0.1 2.4±0.4 0.5±0.2 2.9±0.2 
sagu D 1 O 

RM - 15 3 8.0±1.7 0.8±0.1 1.1±0.l 1.9±0.3 1.3±1.3 2.4±1.3 0 3 6.3±1.1 0.8±0.l 1.2±0.l 2.0±0.7 1.0 0.4±0.1 2.8±1.0 RMD-2 15 3 7.4±1.9 0.7±0.1 1.1±0.1 1.8±0.3 0.4 2.0±0.3 0 3 4.9±1 .7 0.7±0.l 1.2±0.1 23±0.2 0.4±0.l 2.4±0.4 iu,,ID-3 
15 3 4.3±13 0.7±0.1 0.9±0.1 2.1±0.3 0.4±0.l 2.0±0.3 
0 11 8.0±1.l 0.8±0.l 0.9±0.1 1.2±0.2 0.4±0.1 0.7±0.l 1.6±0.2 ExcJosure 
6 8 6.3±1.2 0.8±0.l 0.8±0.1 13±0.2 0.4±0.1 0.7±0.1 1.5±0.2 12 8 5.8±1.2 0.8±0.1 0.7±0. l 1.2±0.2 03±0.J 0.7±0.2 1.4±0.2 

Kiln Trail 0 19 7.7±2.9 0.7±0.1 1.1±0.1 1.9±0.5 2.1 0.4±0.l 1.4±0.5 2.3±0.7 
6 16 6.7±1.8 0.8±0.1 0.9±0.2 1.6±0.2 03±0.J 1.2±0.2 1.9±0.2 

12 4 7.0±1.8 0.8±0.1 1.0±0.1 1.8±0.3 03±0.1 1.2±0.1 1.9±0.l 
RMD.CP-5 0 14 7.5±0.7 0.6±0.1 9.8 2.1±0.3 0.4±0.1 1.6±0.2 2.4±0.4 

6 14 6.0±0.7 0.7±0.1 7.7 1.6±0.1 0.4±0.1 1.4±0.1 2.0±0.2 
RMD.CP-9 0 18 4.1±2.0 0.7±0.1 2.7±0.6 0.9 0.4±0.1 2.0±0.5 3.0±0.8 

6 18 4.3±2.1 0.7±0.1 1.9±0.3 1.0 0.3±0.1 1.4±0.2 2.1±0.3 
RMD.CP-10 0 18 6.9±0.7 0.7±0.1 1.9±0.2 1.4 0.5±0.1 1.6±0.3 2.3±0.3 

6 18 5.9±1.0 0.7±0.1 1.4±0.3 0.3±0.1 1.1±0.2 1.7±0.3 
RMD-CP-15 0 18 7.8±1.0 0.7±0.1 1.6±0.2 1.8±1.0 0.5±0.1 1.2±0.2 1.9±0.3 

6 19 6.8±1.2 0.7±0. l 1.4±0.2 1.0±0.3 0.4±0.l 1.0±0.2 1.7±0.2 
RMO.CP-17 0 18 5.8±0.9 0.7±0.1 8.8 1.8±0.6 0.8±0.3 1.3±0.4 2.1±0.7 

6 18 4.7±1.6 0.7±0.1 1.4±0.4 0.6±0.3 0.9±0.2 1.5±0.4 
4 40±40 0.6±0.2 1.7±1.0 4.1±1.8 33±5 0.6±0.2 1.7±0.7 0.8±0.2 Limestone 
3 7.3±0.9 0.7±0. l 1.0±0.1 1.2±0.1 0.3±0.l 0.9±0.2 1.4±0.1 Slag 

0 7 5.8±2.4 0.4±0.2 7.3 1.0±0.2 1.3±0.3 0.6±0.1 0.5±0.2 2.9±1.4 TMD-1 
6 7 5.6 0.4 0.9 1.1±0.2 0.6 0.4 3.0 
0 4 6.6±2.5 0.4±0.2 200 1.1±0.3 0.7 0.6±0.1 0.6±0.2 3.4±2.3 TMD-2 

4 6.7±1.9 0.4±0.2 280 1.1±0.4 0.6±0.2 0.6±0.2 3.6±1.8 6 
0 10 6.8±2.7 0.6±0.2 1 .0±0.1 1.2±0.5 1.0±0.7 1.1±0.5 1.1±0.4 TSP 

JO 2.4±0.7 0.6±0.2 0.9±0.2 1.1±0.5 0.5±0.1 1.1±0.4 1.0±0.5 6 
NSP 0 18 12±10 0.6±0.1 1.1±0.3 0.8±0.2 1.3±0.8 1.1±0.3 

6 18 2.6±0.9 0.7±0.1 0.8±0.1 0.8±0.2 0.4±0.2 1.3±0.3 
12 5 2.4±1.0 0.7±0. J 0.7±0.1 0.8±0.2 0.5±0.2 1.2±0.2 

Regional Background 
3 9±5 0.4±0.2 CATAL 0 1.0±0.1 0.7±0.4 0.9±0.5 0.6±0.3 

6 3 2.5±0.4 0.3±0.1 0.9±0.1 0.4±0.1 0.5±0.1 0.4±0.J 
12 3 1.8±0.6 0.3±0.l 0.9±0.1 0.4±0.J 0.5±0.J 0.5±0.1 

CHIR 0 15 8±4 0.4±0.1 1.2±0.2 1.5±0.4 1.0±0.2 2.4±0.6 
6 15 4.7±1.8 0.3±0.1 1.3±0.2 1.2±0.4 1.1±0.2 3.0±0.4 

WACA 0 6 9±3 1.2±0.1 1.3±0.2 1.2±0.1 1.8 0.5±0. J 1.1±0.1 
6 6 5.5±1.3 1.2±0.1 1.0±0.1 1.2±0. I 0.5±0.1 1.0±0.1 

GILA 0 6 5.0±1.3 0.4±0.1 1.0±0.1 1.9±0.2 0.5±0. l 1.6±0.2 
6 6 4.2±1.l 0.5±0.1 1.1±0.1 1.7±0.2 1.7 0.5±0.l 1.8±0.1 
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Table 1. Continued. 

Depth ii 
V w Yb Zn Site (in.) Samples Ti u Zr 

San Manuel Smelter 
3.2±0.6 6.3±2.7 -0.5 km 0 4 5 .2±1 .6 1.7±-0.1 4.6±1.l 

15 4 6.1±1.6 2.5±-0.4 5.8±1.4 4 .0±0.8 4 .1±1.l 

-2 km 0 3 3.7±0.6 1.7±-0.1 33±-0.2 3.0±0.2 4.1±0.3 

15 3 3 .7±0.3 Jj±0.2 2.8±-0.2 2 .9±0.6 2 .4±0.2 

-5 km 0 3 3 .4±1.0 13±-0.3 2.2±1.0 1.8±0.6 2.2±0.6 

15 3 4.0±0.5 13±-0.2 2.7±-0.3 2.0±0.1 2 .4±0.4 

-1 mi 0 2 2.8 1.3 2.0 2.0 5 .2 

6 2 2.8 1.4 2.2 1.8 2.6 

Saguaro National Monument 
4.8±1.0 RMD-1 0 3 1.2±0.2 1.6±0.2 0.9±0.1 1.4±0. l 

15 3 1.1±0.1 1.2±0.2 0.7±0. l 3 .4±0.2 1.4±0. l 

RMD-2 0 3 1.0±0.5 1.2±0.3 0.7±-0.3 2.0 1.3±0.2 

15 3 0.8±0.1 0.9±0.l 0.6±-0. l 2.0±0.7 1.3±0.l 

RMD-3 0 3 0.9±0. l 13±0.2 0.7±0.1 2.5±0.1 1.3±0.1 

15 3 0.8±0.2 0.9±0.1 0.7±0.l 1.9±0.4 1.5±0.1 

Exclosure 0 11 0.8±0.1 1.2±0.1 0.7±0.1 1.3±0.2 1.6±0.5 

6 8 0.7±0.1 1.1±0.2 0.7±0.1 1.2±0.2 1.4±0.l 

12 8 0.6±0.1 1.0±0.1 0.6±0.l 1.2±0.2 1.4±0.2 

Kiln Trail 0 19 0.8±0.2 1.4±0.3 0.6±0.1 2.2±0.7 1.4±0.2 

6 16 0.7±0.1 1.1±0.2 0.6±0.1 1.8±0.4 1.3±0.2 

12 4 0.8±0.1 1.2±0.2 0.6±0.1 1.6±0.1 1.2±0.1 
RMD-CP-5 0 14 1.0±0.1 1.4±0.2 0.7±0.1 2.4±0.7 4 .6±0.7 1.0±0.2 3.8±0.8 

6 14 0.8±0.1 1.0±0.l 0.6±0.1 2.1±0.3 3.2±0.4 1.1±0.1 4 .9±0.9 
RMD..CP-9 0 18 0.9±0.2 1.4±0.4 0.6±0.1 2.1±0.9 4 .0±1.1 1.0±0.l 4 .5±1.4 

6 18 0.7±0.1 1.0±0.1 0.6±0.1 2.0±0.5 2.7±0.6 1.1±0.1 3 .0±0.8 
RMD..CPl0 0 18 1.0±0.1 1.3±0.2 0.7±0.1 2.2±0.2 4.1±1.0 1.2±0.2 4 .1±1.0 

6 18 0.7±0.1 0.9±0.2 0.7±0.l 2.1±0.4 2.4±0.7 1.1±0.1 2.6±1.1 
RMD..CP15 0 18 1.0±0.1 1.2±0.1 0.7±0.l 2.4±0.4 2.8±0.7 1.2±0.2 3.6±0.9 

6 19 0.8±0.1 1.0±0.1 0.7±0.1 2.3±0.4 2.1±0.3 1.1±0.l 3.1±1.2 
RMD..CP17 0 18 0.9±0.2 1.4±0.2 0.6±0.2 2.8±1.1 2.9±0.8 1.1±0.1 5.2±2.0 

6 18 0.6±0.1 1.0±0.3 0.6±0.1 2.8±1.3 2 .2±0.8 1.0±0.2 1.7±0.6 
TMD-1 0 7 0.6±0.3 1.9±0.8 0.5±0.2 3.0±0.8 0.8±0.4 3.3±0.4 

6 7 0.6±0.2 2.7±0.4 0.7±0.4 3.2 0.8 3.8 
TMD-2 0 4 0.6±0.2 2.7±0.6 0.7±0.3 3.0±0.5 0.8±0.2 3.1±2.2 

6 4 0.7±0.2 2.8±0.7 0.8±0.4 3.0±0.8 0.8±0.2 2.9±1.4 
TSP 0 10 0.5±0.2 1.2±0.4 0.4±0.2 2 .2±0.6 1.6±0.5 

6 10 0.4±0.2 1.2±0.7 0.4±0.2 2.9±1.2 0.8±0.2 
NSP 0 18 0.6±0.2 1.0±0.2 0.4±0.2 1.7±0.5 3.1±0.4 

6 18 0.4±0.1 1.2±0.4 0.3±0. l 23±0.4 1.2±0.3 
12 5 03±0.1 0 .9±0.1 0.2±0.1 2.6±0.9 1.7±0.2 

Regional Background 
CATAL 0 3 0.4±0.2 0.7±0.2 03±0.2 0.8±0.2 2.8±2.l 

6 3 0.4 0 .6±0.1 0.1±0.1 0 .6±0.2 0.8±0.l 
12 3 0.2 0.6±0.1 0.1 0 .9±0.2 0.8±0.2 

CHIR 0 15 0.7±0.2 2.0±0.4 0.4±0.1 1.5±0.3 2.2±0.8 
6 15 0.6±0.2 23±0.3 03±0.1 1.7±0.3 1.6±0.2 

WACA 0 6 1.5±0.2 0.9±0.1 1.3±0.1 1.1±0.2 2.6±1.0 
6 6 1.2±0.1 0.8±0.1 1.3±0.1 0.9±0.1 1.6±0.2 

GILA 0 6 0.9±0.2 1.1±0.2 0.6±0.1 1.8±0.3 1.8±0.2 
6 6 1.0±0.1 1.2±0.1 0.7±0.1 1.8±0.4 1.5±0.2 
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Table 1. Continued. 

p.g-siJV~ 
Al -al~um 
As. arseruc 

Ba-bari~ 
Br . bro(Tlllle 
Ca. calcium 
Ce.cerium 
Cl • chlorine 
Co. cobalt 
Cr. chromium 
Cs. cesium 
CU . copper . 
Dy • dyspr~s1wn 
Eu. europium 
F. aourinc 
Fe . iron 

Ga• gnllum 
Hf· hafnium 
I - iodine 
In - indium 
K • potassium 
La - lanlhanium 
Lu - lutetium 
Mg - magnesium 
Mn - manganese 
Na- sodium 
Nd - neodymium 
Pb- lead 
Rb - rubidium 
S • sulfur 
Sb - antimony 
Sc - scandium 

Se - selenium 
Si - silicon 
Sm - samarium 
Sr - strontium 
Ta - tantalum 
Tb • terbium 
Th - thorium 
Ti . titanium 
U - uranium 
V -vanadium 
W . nmgsten 
Yb - yuerbium 
Zn• zinc 
Zr - zirconium 

Table 2. Whole cactus mean elemental concentration in saguaro tissue (µg/g unless otherwise stated). 

Al Ba Br Ca Cl Cu In Mg Mn Na s Sr V 
(%) (ng/g) (%) (%) (ng/g) 

cuticle 
127 219 47 4.3 1650 8.7 272 168 CactuS # 51 26 0.68 260 187 0.42 

CactuS # 52 76 184 16 4.7 980 6.6 27 0.65 239 179 0.44 216 81 
Cacrus # 53 103 256 31 5.7 1090 9.8 24 1.03 360 209 0.66 510 143 

CactuS # 54 114 322 47 3.6 1270 16 35 1.14 920 250 0.68 350 200 

Ch)orenchyma 
Cacrus # 51 47 164 77 8.6 3330 11 47 1.59 131 800 1.22 490 88 
CactuS # 52 62 125 100 7.1 8100 12 51 0.99 67 770 1.20 240 79 
CactuS II 53 126 186 31 10.9 2160 8.4 22 1.32 88 360 0.59 980 106 
CactuS Ii 54 205 209 154 7.4 6400 13 50 2.02 257 650 1.20 560 160 

Parcnchyma 
Cactus# 51 97 153 45 5.4 1900 11 so 3.1 125 1000 1.07 370 96 
Cactus# 52 75 130 86 4.4 7900 12 40 1.9 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 8.3 5300 13 54 2.7 203 1850 1.05 606 108 

Al • alwninum Cu• copper Na- sodium 

Ba - barium In. indium S • sulfur 

Br - bromine Mg• magnesium Sr • strontium 

Ca • calcium Mn - manganese V -vanadium 

a. chlorine 
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Fig. I. 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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Epidermal Brown_ing and Population Dynamics of Giant 
Saguaros 1n Long-Term Monitoring Plots 

Dan M. Durtscoe and Sandra L. Graban 

ABSTRACT 
forry-fiv~ peITDanent vegeta~on plots each comprising an area of 4 ha were established throughout 
t,oth distncts of ~aguaro ~auonal Monum~nL The purpose was to identify the extent and severity of 
epidermal browm~g on giant saguaro cacti_ (C~rnegiea giganrea) and to initiate long-term studies of 
vegetation dynanucs: Results of the study_ ~dicatcd that epidermal browning is a widespread condi­
tion. Little geographic pattern to t!1e condition ~as f?~d, although several plots in the western por­
tion of the Cactus Forest area ~con Mountam D1strtct) exhibit severe browning. Browning was 
rouch more severe on the south side of plants than the north side, was positively correlated with 
height (and presumably ~ge), and was negatively correlated with spine retention. An increase in 
young saguaros (<0.5 m) m the Cactus Forest population over the past 10-20 yea.rs was documented 

1NfRODUCTION 
ln November 1987, the National Park Service 

(NPS) Air Quality Divi~ion filed a repo~ on obse1;a­
uons of the decline of giant sagu_aro ~ac~ (Carneg,ea 
giganrea) in the Rincon Mount.am D1strtct {RMD) of 
Saguaro National ~onument (SNM). ~ev~re bro~­
ing of the epiderrms was reported comc1dent 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 sLands in areas adja­
cent to the RMD, particularly the San Pedro Valley, 
Jed to the conclusion that the severe browning and 
decline of the Cactus Forest may be a localized phe­
nomenon, possibly related to airborne contaminants 
(Stolte 1988). The NPS Air Quality Division sought 
10 establish a systematic network of plots for long­
lellll monitoring of cactus throughout both the RMD 
(SNM-East) and the Tuscon Mountain District 

(TMD; SNM-West) of SNM. According to Stolte 
( 1988): 

The sprawling urban development of the Tucson 
area threatens to degrade both these units. Establish­
ment of long-term plots will enable the National Parle 
Service to monitor the stability of this species rele­
vant to increasing levels of urban pollutants. 

OBJEOlVES 
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 epidennal browning symptom and the relation­
ship of that symptom to susceptibility of the cacti Lo 
freeze injury (National Park Service 1988). We 
believed that the cacti selected within plots should 
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• population represent an unbiased sample of the enare 
. f the monument of saguaros within the boundanes o 

METHODS 
Sampling Design . . bound-

The study area was defined by the polincal . th 
aries of the monument. Within these boundan~~• tie 
extent of a target population of saguaros was t en -
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 to 

devise a sampling design that would gi~e g~ g~­
grapruc coverage of the sample area wrule mai~~­
ing independence of sample points and remammg 
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 (east­
west) and vertical (nonh-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 km2 of cac­
tus type. Thus, 25 subpopulations were defined 
throughout the monument (Fig. 1). This approach was 
taken to 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 I -ha areas. In each of 
the 25 units, a grid cell was selected at random. We 
then auempted to establish a plot at each of these ran­
doml y 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 easy 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 

for saguaros ~2 m in height at 30 per plot, and 
projected that the use of 4 ha would insure findin We 
in all areas mapped as saguaro type. 8 30 

Every saguaro of a height ~10 cm was tallied in 
each plot. Plants ~2 m were then selected f 

. d l or detailed measureme~t ~ ong-term monitonn 
Thirty such plants w1thm each plot were randornf; 
picked from all those found. These 30 saguaros Were 
considered to represent the 4-ha plot, and the sub­
population in which the plot was located. The total 
number of cacti ~ m found in each plot ranged from 
32 to 400 (fable 1). 

Within each plot, a much smaller "ecological plot" 
of 100 m2 (10 x 10 m) was established for the pu _ 
pose of monitoring small perennial plant specie~, 
including grasses. The methods used for these plots 
followed those applied by researchers at Tumamoc 
Hill in Tucson (Goldberg and Turner 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). 

Data Collection 
The location of each plot was mapped on 7.5 

minute topographic maps to within 30 m of the actu­
al location. The 4-ha area was surveyed as a square 
200 m on each side, accurate to 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 anns 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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and estimated total length of arms to 
oUJJlber 

J 'fhC oearcst meter. 
· iJJe ... jcrositc charact:ristics asilonb~l?f six classes 

5_ '{'hC "-'rt1ication of m0tsture ava a 1 1ty; 
llS art t f squares on a 225-square grid (made of 

6- A ~unt O rdware cloth in a wooden frame) that 
o.5 1~-: areas of epidennal browning, scarring, 
c0n~:unnged tissue (the grid was placed 1.3 m 
3J1d <Yfflund level on both the north and south 

t,0\'C o·-
3_ of I.he plant); 
51de5 resence or a~ce of s_ca~ from _mechanical 

7. 1l1C P nesting btrds, freezing. and discoloration 
(i31]1;:·by the presence of ~etacyanin. Percent 
c~u :i.l estimates were made m classes following 
\flSU ttoisfaU-Barrell system o~ plant disease mca­
tbC ent (Horsfall and Cowhng 1978). Associat­
su~ s shrubs, and succulent species in the 
ed uee . 
i[tlllledinte vicinity of each cactus were recorded. 

of ecological plots were digitized and a 
Ma~ total canopy area for each species in each 

count :ere obt.ained using a customized computer pro­
ptot.,,. The total area covered by perennial grass 
g~~ in each plot was estimated in the field as a 
spe0 ge of the plot area and noted on each map; 
~al grass plants were not mapped. 

Rf.SULTS AND Dl~CUSSION 
E tdermal Browning 
p~ obvious patterns emerged from the epidennal 
ro~g data: (1) taller cacti are browner and (2) 
~ south sides of plants ~re .b~wner than_ the. north 
sides. The first relationship 1s illustrated m F1guresf 

43
.b. figure 4a is a plot of the mean percentage o 

w!tich the browning foll 
Figure 4b appears to s~ws a steeper linear model. 
model by revea1· . ppon the power function 
points are plotted mg i3 hn~ar i:ctationship when Lhc 

When results r~n ~g~~ieally-scaled axes. 
separately, dcpartu:s i~1v1dual plots are considered 
population ma . om the model for the entire 
severity of th/ .. ~~s~ntc~'.eted ~s representing the 
illustrates this id ~e tn a gwen area. Figure 5 
41 Plot 9 . ea with data from two plots, 9 and 
as .eviden contained a large _proportion of green cacti, 

. ced by the clustenng of points along the x 
axis until abo t lh 7 . -u e m height level, beyond which a 
steep upward trend is defined by three points By 
contrast, data from plot 41 define a threshold of 
about 4-~ ":'• beyond which the scauer of points indi­
cates a similar steep upward trend. 

At _first glance, the data may infer that plot 41 
e~penenced a more severe attack of the browning 
disease. However, it is reasonable to conclude that 
th~ severity of browning is not so much a function of 
height 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 shon 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, fiat 
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. 

e~dennal browning on thehs?ghuth _stem as the dthepcn­
deJJl variable (y-axis) 3:11-d . ~1 t m mete~ on e x­
axis. The heights of md1v1dual plants have been 
4jnned" into 0.25 m classes up to 7.5 m: and 0.5 m 
)asses between 7.5 and 10 m; the rclauvely small 

~umber 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 
the south stem were plotted at the center point of 

each "bin". The plotted points describe a curve that 
may be int.crprctcd either as a power function p~sing 

through !he origin, or as two linear functions with an 
inflection point of about 4 m in height. The inOection 
point may be called a "threshold height" above 

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 fallowing formula: 

visual estimate of 

browning Index= browning on south stem(%) 

height (m) 
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Since we sampled cacti 2'..2 m in height. the maxi­
mum index value in our sample would be 50 
(100%/2 m) and the minimum 0 (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. IL is, however, 
much preferred Lo 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 l : 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 panem 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 ail 45 plots (Fig. 7). Further statis­
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 plols (15, 16, and 18) with 

extreme values. Plots in the RMD appear to exlfb· . 
. . d" th , It a 

wider range of browrung m ices an TMD plots 
0 

particular interest are plots 8, 9, 11, and 18, w~ci 
have mean index values below 0.7 and narrow Confi_ 
ctence intei:vals indicating ~e majority of sampled 
cacti have little or no brownmg. Plots 8, 9, and 18 arc 
all near major washes. Plots 15 and 16 had the hi h­
est browning indices (4.99 and 4.06) of all plots. g 

The severity of_ brow~ing was greater on the soulh 
side of ail plants mvesugated than on the north sid 

. ~ 
This phenomenon 1s apparent to even the casual 
observer. Numerical results (Table ~) imply that light 
and/or heat from the sun has a dcfirute role in the for­
mation of epi~ennal b_rowning (s_outh sides averaged 
13.4% bro~mng, w~1le nort11 sides exhibited only 
3.0%). Yet m many instances, severely brown cacti 
were seen growing next to green, healthy cacti of the 
same height, suggesting some sort of plant-specific 
process. 

The effects _of micro~abita~ on the severity of epi­
dermal browrung were mvesugated by describing site 
factors at each cactus as one of six classes: (l) flat 
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 il 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 bigelovil), ocotillo (Foiuzuieria 
splendens), and brittlebush (Encelia farinosa). The 
means for each group were compared by an indepen­
dent sample t-test (Table 3). Cacti associated with 
mesquite yielded U1c 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 (I.60), as well as a 
higher index than the mesquite-associated cacti. This 
di fference may be a reflection of the different soil 



Epidermal Browning and Population D 

,,,-------...c..-----...:c-....:..:::::::::~~yn~am~lcs~of~Gl~an~t~Sa~gu~ar'.'.o~s-----:'.24~1 

gu:nes where the trees often grow; mesquite 
(lloistllft re occurs along washes and paloverde above 
c0JlllllonlY d on drier bajadas (Larson and Larson 

hes an f. d . "'as•• A comparison o m ex averages with the aver-
19'(1)- all cacti sampled (2.07) suggests that cacti 
3ge f?r ed with mesquite are greener than average and 
~oeiat . associated with foothill paloverde are 

cacti Tw th d t11at thaD average. o o er ry-environment 
brD~er ocotillo and brittlebush, also appear to be 
5pec1~~ with browner cacti (Table 3). A comparison 
as,sociat browning index of saguaros growing in the 
of roe: and a~ence of t~dy-~ar cholla revealed no 
p_resgru~cant differences. This ~csl1es grows primarily in 
st al belt of the mountam opes. 
we t11_enn retention was negatively correlated with the 

Spi~e of browning. Plot-level means of percent 
seventy · · ed th . ual estimates of spines retam on e south stem 
vis red with mean percent brown grid squares 
comP~ on the south stem are shown in Figure 8. A 
~unt ood linear relationship is evident, with a cor­
flllrl~ gn coefficient of -0. 85 and a slope near -1 
relaUO . lf . t h . 90)- This, in 1tse , 1s no enoug to unply cause 
(-Od effect Spine retention and browning both vary 
~tll height. which is related to age. Decreased spine 
WI tion may be a normal part of the aging process. 
iet: correlation matrix of many of the variables mea­
sured, summarized to th

5
e tot level ?Y av)eraging, is 

~ven in Table 4 (n = 4all o~-co~bpa:ons . Many of 
tb e data are not norm Y 1stn ut , so the matrix 
:uld be used only as a guide for further investiga­
. 

0 
of processes that may be involved, not as a 

~~finitive analysis of_ such proces_ses. Noticeably 
nsent is any distinct hnear correlation between any 

~ariable and elevation except average cactus height 
(r _ -0.57). This indicates that plots located on steep, 
rocky slopes (which, in this area, occur almost exclu­
sively in the higher elevations) contain a smaller pro­
portion of tall cacti than plots on the bajadas. 

Population Density and Structure 
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 his­
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 

the h · eight range 2-13 m 
random sample of 30 th were extrapolated from the 
the Precision at which ;t were measured. No test of 
values was made f ese values represent the true 

It . . or any of the plots 
is eV1dent from Fi res . 

population structure ef / and_ 10 that a different 
mountain slope ar ists . o~ ba_iada areas than for 
studies of Steenbe eas. This is consistent with the 
generally posses? and Lowe (1983). Rocky slopes 
with man a so-called "stable" population 
bajada ar/ more _smaller cacti than tall ones. Tbe 
Ridge in th~• particuI~rly no~east of Tanque Verde 
saguaro d" tri~ (Fig. 9) display a distinct peak in 
c . is ~t!On at about 6 or 7 m. The densi of 
act1 of all heights is also much lower in batyJ.ada 

areas. In TMD (F" 1 0) . . ig. • many plants m the 0.1-1 .0 
m height class are seen in the high mountain plots 
At plot 45 1 · · ~ '. e evat1on 4,200 ft, density reaches 128 
p ants".ha, highest of any in our sample. Of interest in 
the baJada plots of both districts is the existence of a 
sharp ak · th pe m e 0.1-1.0 m class, consistent with the 
wor~ of Turner (this volume) in that it documents 
possible recovery of the Cactus Forest population in 
years to come. Potential recovery is not evident in 
eve1?' _Plot, however. Plots 1, 2, 8, 9, and IO do not 
exhibit an increase in recruitment over the past 
decade or ~o. ?u_r data indicate that the population 
of saguaros 1s still m decline in these areas. 

CONCLUSIONS 
Epidermal browning of saguaro cacti is a 

widespread condition; no area within the monument 
ma~ ~e said to be free of it. Browning appears to 
begm m the presence of sunlight, but very green cacti 
up to 8 m tall (at least 70 years old) with good spine 
retention and many anns 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 
a nonnal 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 epidennal 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. 
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In the bajadas, a large anomaly in the population 
structure exists in thal a peak in density of cacti at 6 
Lo 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 recruinnenl has 
taken place after many decades of steady population 
decline. Recruilment 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 moniloring of the individu­
als studied. Long-term monitoring will provide 
greater insight into the cause of epidermal browning 
and document the ever-changing distribulion of 
plants in this area of the Sonoran Desert 
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Table 1. Means of selected variables by monument district and by p\oL 

No. of plants by height cl ass (m) 

Plot Height Percent Percent Browning 'Topographic 
No. (m) brown spines ind.ex .1-.5 .S-1 1-1.5 1.5-2 >2.0 TOTAL Elevation Aspect position 

Entire population 

5.02 13.43 68.43 2.08 58 38 24 14 142 276 911 243 ..,, 
'"O 

Rincon Mountain District a:. 
~ 

All 4.79 11.25 70.03 1.86 31 35 25 15 123 228 969 261 3 
e!. 
~ 

1 S.09 20.67 59.07 3.37 4 0 1 3 32 40 904 310 Bajada -, 
0 

2 5.98 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 

::, 
s-4 3.69 13.03 66.33 2.89 13 15 20 13 60 121 1000 300 Foothills (IQ 

5 6.00 25.00 41.83 3.53 28 24 29 15 57 153 867 350 Bajada 0, 
:, 

6 4.42 8.23 74.07 1.27 19 22 28 17 109 195 975 290 Foothills 0. 
7 4.23 12.50 64.27 1.96 30 55 42 27 167 321 1000 250 Foothills ~ 

0 
8 6.91 4.70 56.73 .64 6 1 0 2 56 65 818 0 Bajada 'O 

C 9 5.72 5.20 69.45 .67 5 2 3 2 43 55 890 350 Bajada iii" 
10 5.75 5.83 69.53 .84 1 4 1 3 75 84 872 999 Bajada :::l: 

0 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 f 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 

0, 

3 15 6.62 38.07 32.80 4.99 30 41 36 7 94 208 844 30 Bajada if 
16 3.96 19.00 62.43 4.06 58 58 41 22 196 375 1024 210 Slopes 0 17 5.11 6.27 70.07 1.04 40 23 7 3 95 168 843 340 Bajada -n 

18 4.63 1.27 93.77 .28 8 17 16 7 63 111 920 180 Bajada {J 
0, 19 4.43 5.13 84.53 .76 59 49 35 12 127 282 844 290 Bajada :, ..... 20 4.34 5.03 91.40 .99 27 21 13 9 113 183 1042 90 Foothills ~ 21 5.20 13.23 77.50 1.90 35 54 28 17 220 354 1128 200 Slopes Oq 

22 3.81 6.37 88.59 1.39 17 35 18 19 200 289 1067 190 Slopes C 
~ 23 4.46 6.20 88.30 .80 12 5 3 0 68 88 1231 80 Slopes 0 

24 3.63 10.37 83.87 1.87 75 83 64 37 207 466 1052 200 Slopes "' 
25 3.84 11.63 71.60 2.44 183 239 159 99 409 1089 1119 170 Slopes 



Table 1. Continued. 
N 

t 
No. of plants by height class (m) 

Plot Height Percent Percent Browning Topographic 
No. (m) brown spines index .1-.5 .5-1 1-1.5 1.5-2 >2.0 TOTAL Elevation Aspect position 

Tucson Mountain District 

All 5.29 16.15 66.44 2.36 93 43 22 13 165 336 839 220 

26 5.93 29.37 49.00 3.95 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 0 
31 5.38 11.63 55.60 1.60 49 26 5 5 98 183 732 330 Bajada ~ 
32 4.86 7.20 74.07 1.33 7 5 3 3 77 95 777 350 Bajada ~ 
33 4.93 7.83 79.53 1.02 28 7 10 7 57 109 686 310 Bajada 0 
34 5.33 14.30 68.43 2.45 24 26 11 8 133 202 899 80 Slopes C 

35 5.74 13.93 71.87 2.02 100 22 4 4 64 194 680 280 Bajada 
::I. 

36 4.66 21.70 70.40 3.71 306 122 48 14 156 646 1061 200 Slopes § 
37 6.15 14.13 68.43 1.79 149 89 45 15 227 525 786 170 Foothills 

~ 38 4.79 20.93 61.67 3.45 176 75 50 44 400 745 823 160 Foothills 

39 4.57 8.60 80.00 1.35 91 38 27 11 250 417 780 330 Foothills 0. 
Vl 

4 0 6.54 25.27 43.13 3.06 51 13 9 7 344 424 738 270 Bajada ~ 
::, 

41 5.19 28.53 52.17 4.00 196 86 41 22 178 523 1091 24-0 Slopes 0. 

42 4.97 14.77 67.07 2.31 37 26 24 25 144 256 792 80 Slopes @ 

43 4.36 13.87 77.03 2.37 120 33 20 12 81 266 960 180 Foothills r 
44 5.69 20.17 59.77 3.11 22 11 3 8 89 133 747 330 Bajada C) 

45 4.20 10.27 80.50 1.94 362 151 57 26 176 772 1280 190 Slopes ~ 
~ 
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2 comparison of the appearance of north and south sides of cactu 

fable • s stems. 

----;;:ce:i:_ __________ x ______ "";:::;:=::-::-~so~---------.....'.:~= 
~ ~ru _____ .,:E.:,:·~=~~~~~~~- ----n--i: pi al browning on main stem 

south 

North 

south 

North 

13.431 

2.999 

23.581 

5.251 

20.480 

6.754 

Epidermal browning on grid 

36.586 

15.441 

1350 

1347 

1334 

1339 

bl 3 Comparison of means for selected factors among groups of saguaro cacti . . th 
'fa e · f ·ous other plant species. growing m e presence or ab.Sencc o van 

species: 
Present Absent Independent t-tesl 

x n x n p factor 

p,osopis veluiina: 
8.32 336 % Browning south sti:m 15.12 1014 5.32 <0.001 % Browning south gnd 15.46 331 26.25 1003 4.69 <0.001 

Browning index 1.31 332 2.32 1003 5.40 <0.001 
% Spines south stem 71.85 335 67.31 1012 -1.98 0.047 
Height (m) 5.12 332 4.97 1003 -1.15 0.249 

Cucidium ,njcrophyllum: 
15.71 836 % Browning south stem 9.73 514 -5.26 <0.001 

% Browning south grid 27.29 827 17.51 507 -4.77 <0.001 
Browning index 2.36 827 1.60 508 -4.57 <0.001 
% Spines south stem 65.39 834 73.39 513 3.94 <0.001 
Height (m) 5.12 827 4.82 508 -2.67 0.008 

Optu11ia bigelovii: 
13.40 72 'I:, Browning south stem 13.43 1278 0.01 0.990 

% Browning south grid 25.73 72 23.45 1262 -0.51 0.608 
Browning index 2.31 72 2.05 1263 -0.71 0.479 
% Spines south stem 65.38 72 68.61 1275 0.73 0.463 
He.ight (m) 4.59 72 5.03 1263 1.83 0.067 

Fouquieria sp/endens: 
14.70 457 % Browning south stem 12.78 893 -1.63 0.104 

% Browning south grid 25.09 451 22.81 883 -1.08 0.281 
Browning index 2.44 453 1.88 882 -3.32 0.001 
% Spines south stem 69.37 456 67.96 891 -0.68 0.498 
Height (m) 4.65 453 5.19 882 4.79 <0.001 

Encelia f arinosa: 
% Browning south stem 15.92 316 12.67 1034 -2.47 0.014 
% Browning south grid 28.47 313 22.08 1021 -2.71 0.007 
Browning index 2.71 313 1.87 1022 -4.41 <0.001 
% Spines south stem 66.71 316 68.97 1031 0.97 0.335 
Height (m) 4.61 313 5.13 1022 4.03 <0.001 

Entire popula1ion 

% 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. 

Pearson's r 
Percent brown Pcrce:n t brown Percent spines 

(N) 
visual estimate grid count visual estimate 

2-tailcd prob. 
Browning 

North S stem Nstcm Height index S stem N stcm South Elevation 

1.0000 .20 10 .4405 .477 1 .4302 .3675 -.6547 -.5617 -.5657 
Height (45) (45) (45) (45) (45) (45) (45) (45) (45) 

P =.2010 P= .186 P = .001 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 .7710 -. l193 
South (45) (45) (45) (45) (45) (45) (45) (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 
COtml 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 P = .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) (45) (45) (45) (45) (45) (45) (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 = .374 P = .376 P= .049 P= .215 P = .000 
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. f saguaro cacti oun m p ots m I-meter size clas 
5 pens1t-Y O ses and total density. 

,rnble • De · · 
nsny m plants/ha by height class 

~ 2-3· 3-4• 4-5· 5-6· 6-7· 7-8· 8-9' Total .1-1 
1-2 9-10• I0-11• ll-12• 12.13• 13-14· 1.00 0.80 1.60 2.40 133 0.80 0.00 0.27 density 

1.00 0.88 3.50 1.75 4.38 11.37 0.S3 0.27 0.00 0.00 0.00 o.so 1.75 1.7S 0.88 10.00 I 1.00 6.69 4.26 1.22 3.65 0.61 0.00 0.00 0.00 0.00 5.00 1.22 0.61 o.oo 27.75 2 10.00 6.00 2.00 2.50 o.so 0.00 0.00 0.00 8.25 4.00 0.00 0.00 0.00 0.00 33.25 3 1.00 0.47 2.37 2.37 2.37 1.90 1.90 0.00 0.00 0.00 0.00 30.25 11.00 l.90 4 13.00 7.27 3.63 8.18 4.54 0.91 0.9S 0.00 0.00 0.00 0.00 38.25 11.25 0.00 2.73 0.00 5 10.25 13.92 6.96 4.17 9.74 5.57 0.00 0.00 0.00 0.00 48.75 6 21.25 17.25 1.39 0.00 0.00 0.00 0.00 0.50 0.00 0.47 0.93 0.93 4.67 4.67 0.00 0.00 80.25 7 1.75 1.40 0.93 o.oo 0.00 0.00 1.07 0.72 1.43 2.51 3.94 o.oo 0.00 16.25 8 1.75 1.25 036 036 0.36 0.00 0.63 1.25 3.13 4.38 6.25 1.88 0.00 0.00 13.7S 9 t.25 1.00 0.63 0.63 0.00 0.00 0.00 4.17 5.00 10.00 4.17 0.83 0.00 0.00 21.00 10 4.25 0.00 0.83 6.50 
12.53 9.40 9.40 1.57 4.70 0.00 0.00 0.00 0.00 3S.7S ti 

26.50 J5.25 7.83 1.57 0.00 0.00 0.00 0.00 0.00 5.87 14.67 10.27 2.93 5.87 2.93 88.75 12 
12.50 7.75 0.00 0.00 1.47 0.00 0.00 0.00 64.25 13 2.75 0.93 4.01 1.23 1.8S 0.93 0.31 0.00 0.00 3.00 0.00 0.00 0.00 0.00 15.00 14 3.13 3.13 1.57 4.70 3.92 2.35 11.15 8.25 1.57 0.78 0.78 0.00 1.57 0.00 52.00 16.33 9.80 8.1 7 9.80 3.27 15 29.00 15.7S l.63 0.00 0.00 0.00 0.00 0.00 0.00 93.75 237 237 3.17 8.71 5.54 16 
15.75 2.50 1.58 0.00 0.00 0.00 0.00 0.00 0.00 42.00 17 2.10 2.62 5.25 2.10 2.62 I.OS 6.25 5.15 0.00 0.00 0.00 0.00 0.00 0.00 27.75 18 7.41 7.41 5.29 5.29 4.23 0.00 21.00 1 I.75 1.06 1.06 0.00 0.00 0.00 0.00 70.50 19 
12.00 5.50 5.65 7.53 7.53 3.77 0.94 2.83 0.00 0.00 0.00 0.00 0.00 0.00 45.7S 20 
22.25 11.25 3.67 12.83 12.83 7.33 12.83 1.83 0.00 0.00 3.67 0.00 0.00 0.00 88.SO 21 
13.00 9.25 11.67 16.67 16.67 3.33 1.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 72.25 22 
4.25 0.7S 4.53 2.27 5.10 3.40 0.57 0.57 0.00 0.00 0.00 0.00 0.00 0.57 22.00 23 

39.50 25.25 24.15 12.07 5.17 3.45 3.4S 1.73 1.73 0.00 0.00 0.00 0.00 0.00 116.SO 24 
105.50 64.50 34.08 34.08 10.22 10.22 10.22 0.00 3.41 0.00 0.00 0.00 0.00 0.00 272.25 25 

18.25 13.50 9.79 9.79 3.92 3.92 9.79 1.96 11.75 5.87 1.96 0.00 0.00 0.00 90.50 26 
12.75 4.00 2.17 2.60 2.17 1.73 1.73 1.73 0.43 0.43 0.00 0.00 0.00 0.00 29.75 27 
19.50 8.25 4.70 7.05 23.50 7.05 9.40 11.75 4.70 0.00 235 0.00 0.00 0.00 98.25 28 

1.25 2.20 3.85 2.75 1.10 3.30 1.65 1.10 0.55 0.00 0.00 0.00 0.00 21.25 3.50 29 
5.15 0.00 3.23 8.08 8.08 4.85 6.47 8.08 6.47 3.23 0.00 0.00 0.00 66.75 12.50 30 
2.50 4.08 3.27 3.27 6.53 1.63 2.45 0.82 0.82 0.82 0.82 0.00 0.00 45.75 18.75 31 
I.50 0.64 5.13 5.13 5.13 1.93 0.00 1.28 0.00 0.00 0.00 0.00 0.00 23.75 3.00 32 
4.25 1.90 3.80 2.37 2.37 0.95 0.95 1.43 0.47 0.00 0.00 0.00 0.00 27.25 8.75 33 
4.75 3.33 5.54 4.43 333 12.19 3.33 0.00 1.11 0.00 0.00 0.00 0.00 50.50 12.50 34 
2.00 2.13 1.07 2.67 1.60 5.87 1.07 0.00 0.00 1.07 0.53 0.00 0.00 48.50 35 30.50 

36 101.00 15.50 7.80 7.80 9.10 5.20 6.50 1.30 1.30 0.00 0.00 0.00 0.00 0.00 161.50 
37 59.50 15.00 7.57 5.67 5.67 7.57 3.78 15.13 3.78 3.78 3.78 0.00 0.00 0.00 131.25 
38 62.75 23.50 16.67 13.33 3333 1333 6.67 10.00 3.33 3.33 0.00 0.00 0.00 0.00 186.25 
39 32.25 9.50 833 22.92 6.25 12.50 4.17 2.08 4.17 2.08 0.00 0.00 0.00 0.00 104.25 
40 16.00 4.00 2.87 11.47 8.60 11.47 14.33 20.07 8.60 2.87 2.87 0.00 2.87 0.00 106.00 
41 70.50 15.75 8.90 4.45 1038 4.45 8.90 4.45 1.48 0.00 1.48 0.00 0.00 0.00 130.75 
42 15.75 12.25 7.20 6.00 6.00 6.00 1.20 4.80 4.80 0.00 0.00 0.00 0.00 0.00 64.00 
43 38.25 8.00 7.42 2.70 3.38 2.02 2.03 2.03 0.00 0.68 0.00 0.00 0.00 0.00 66.50 
44 8.25 2.75 2.23 0.00 4.45 5.19 5.19 4.45 0.74 0.00 0.00 0.00 0.00 0.00 33.25 
45 128.25 20.75 8.80 11.73 13.20 4.40 1.47 4.40 0.00 0.00 0.00 0.00 0.00 0.00 193.00 

'Density values for these height classes were extrapolated from a random sample of 30 cacti with heights ~2 m wilhin the 4-ha plot. 
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Fig. 2. Maps of (a) the Rincon Mountain District, and (b) the Tucson Mountain District showing plot locations. 
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Characteristics of Cyanobacterial-Lichen . 
in Long-Term Saguaro Moni·t . Soil Crusts 

-
onng Plots 

Jayne Belnap 

ABSTRACT 
Cyanobac1cri al-lichcn soil crusts were surveyed in plots esL bl' h 

· (C a 1s cd for mo ·t · browning of saguaro cacti arnegiea gigantea) Percent co . . ni onng epidenna1 . . . . · vcr, composuJon h1 
Phytin a ra11os and mtrogena e acLJv1ty were measured No co 1 . • c orophyll a/phaco-

. . . · rre atron was fo d be 
amount of soil crusts present or us composnion and sagu"~o cacc d un tween the 

• "' ' us arnage Sigru·fi . 
were found between increased chlorophyll a/phaeophytin a raLJ· ·. ream correJauons 

·d al b · · os and nrtrogenasc a · · saguaro cacru ep1 enn rownmg. Il 1s suggested that non-nitrogenous ·ct· . ctivtty and 
explain the observed phenomena. ' aci re au pollu1anLS could 

tNTRODUCTlON 
Cyanobaccerial-lichen soil crusts, an imponant 

component of many ecosystems, arc found in arid 
and semi-arid regions throughout the world. These 
crusts play a viLaJ role in reducing soil loss from 
wind and wa1cr erosion by binding soil particles 
together. They contribute nitrogen and organic mailer 
to systems that often have low levels of both. They 
also increase availabiLity of other nutrients for nearby 
vascular plants (Harper and Marble I 990; Belnap 
and Harper, unpubl. data). In addition, many air pol­
lutants significantly affect the physiological funcLion­
ing of these crusts, making them user ul as indicaLOrs 
of Lhe presence of pollutants (Belnap 1990). 

The major constituents of cyanobaccerial-lichen 
soil cruses arc several species of filamentous 
cyanobacccria. Although very resilient when wet, fil­
aments arc extremely suscepti ble to compressional 
damage such as 1rampling by livestock when dry. 
Since crusts arc metabolicaJly active only when wet, 
dry filaments that are crushed arc easily blown away. 
When large areas are destabilized, edimcnt that 
blows or washes in can bury the crusts, often result­
ing in death of portions or aJl of it. 

A significant decline has occurred in the sa 
cactus (Carnegiea gigamea) popuJation found ~~o 
the boundaries of Saguaro National M wi n 
(S • onumem 

NM)._ Smee the monument has been subjected to 
h~avy llv~stock grazing in the pasc, as wcU as heavy 
air polluLJon al present, adverse impacts to the soil 
crus~ would be anticipated. Crust damage or loss 
may m rum 31!ecc cactus health and/or survival. This 
study was designed to ascertain possible correlations 
between Lhe present scacus of lhc cyanobaccerial­
Jichen cruses in SNM and lhc observed cac ius 
decline. 

METHODS 
All sampling was conducLed in long-lcrm monitor­

ing plots established as pan of the ongoing study of 
the saguaro cac1us decline. All saguaro cacti in each 
plot were examined for external signs of injury (epi­
dcnnal 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 10 arrive at an injury index for each 
plot (Duriscoe and Graben, this volume). 
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Within each pl t 
estirnat o , transects were established to 

e cover values for pl DISCUSSION 
bare ground and ii ams, roc_k, gravel, litter, 
of the c so crusts. The relative composition 

Increased chlorophyU a/phaeophytin a ratios have 
been found in crusts on four substrates (gypsum-, 
li mestone-, quartz monzoni te- , and sands tone­
derived soils) exposed to simulated acid precipita­
tion. Crusts on sandstone-derived soils showed the 
same effect where exposed to eflluents from a coal­
fired power plant containing large amoums of sulfur 
dioxide and nitrogen oxides (NOx) (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 eITTuents (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 s ignificantly 
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 crusL 

al rusis (cyanobacteria, lichens and moss) was 
so measured s 1 

Phyll co · . amp es were collected for chloro-
ncentral!on and nitro . . 

For hi genase acuv1ty analyses 
· ~ orophyU analyses, samples were extracted 
t~mediately with dimethylsulfoxide (DMSO) Sam­
p cs we": analyzed with a Beckman spectmph~tome­
~ r a t Opllcal densities of 398 and 362 nm, following 
le~ rnethods of Ronen and GaJun (1984). The wave-

gths used had been previously determined to rep-
resent chlorophyll d . . b a an phaeophyun a m the crusts 
Y spec_~photometric scans of extracts before and 

aft~r acidification with 1 N HCI (hydrochloric acid). 
?sing these two values, the ratio of chlorophyll a to 
ns _degradation 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 
renax was measured with the acetylene-reduction 
t~chnique. Circular samples of the lichen, 3 cm in 
diameter, were collected when dry. The entire surface 
was then mois tened with 1.5 ml water and placed in 

gas-tight, translucent tubes. Sufficient acetylene was 
injected into the rubes 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 m ade 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 
niLrogenase activity with the saguaro damage index 
were analyzed with regression models. 

RESULTS 
Statistically signrncant correlations were found 

between increased chlorophyll a/phaeophytin a ratios 
and the saguaro injury index (Fig. J) , as well as 
between increased nitrogen ase activ ity and the 
saguaro injury index (Fig. 2). No sigruficant correla­
tions were found between the amount of soil crust 
present and cover values for vascular plants , bare 
ground, liuer, rock or g ravel. No signiflcant correla­
tion existed between the saguaro damage index and 
the total amounl of crus t present, or the amount of 
cyanobacteria, lichen or moss present. 

In light of the above evidence, it is possible that 
the increased chlorophyll a/phaeophytin a ratio seen 
in plo ts with higher saguaro cactus injury indices 
may indicate that the crusts are receiving greater 
input of some fertilizing, buffered compound when 
compared LO crusts found in plots with less damage. 
These compounds are probably different than those 
most commonly found in ai r 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 o rganisms, thus enhanc­
ing the fertil izing effect 

As with chlorophyll a/phaeophylin 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 o r near pH 7.0 (SLewart 1969; GranhaU 1970). 
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h te molybdenum, iron, and sulfur can be lim­
'.~o5P5: additions of these may stimulate nitrogenase 
,un_g._ (Henriksson and Pearson 1981; Gallon and ~;in l987). Decreased nitrogenase activity with 

a ddition of nitrogen-based compounds (ammoni­
!hC a nitrate, or nitrite) has been reported in both the 
UJtl, tory and the field (Gallon and Chaplin 1987) 
JabOra . 
Effluents from a _coal-fired power plant, with high 

0 concentrauons, have also been shown to 
N :ease niuogenase activity (Belnap 1990). 
dcC . • ld 

several possible sce~~n~s wou explain the 
. reased nitrogenase acuv1ty m plots at SNM. First, 
,nc ·ct· d d osition of any ac1 1c compoun s would tend to 

1i~er the pH of the soil _s~rface, thereby possibly 
increasing nitrogenase acuv~ty due to the pH effect. 
secondly, addition of any aqds would make positive­
\ -charged nutrients more available to organisms, !ct 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. 

Toe 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/phaeophytin 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 

research 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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oendrometer, Dendrograph, and Phytogram Measurements 
on Dougla_s-fir and Southwestern White Pine 

in the Rincon Mountains 

William Gensler 

ABSTRACT 
Main stem diameters and respiration of the main stem cambial region were simultaneously mea­
sured for a stand of Douglas-fir (Pseudotsuga menziesil) and southwestern white pine (Pinus strobi­
formis) on the _north slope of the Rinco~ Mountains. The immediate objective of the study was to 
establish baseline values of stem expansion and contraction and concomitant stem respiration. The 
long-range objective is to use this sensor complex to determine the influence of natural and anthro­
pogenic streSses. Results indicate th~t stem diameter change is dominated by expansion and con­
traction due to water status. Contracllon 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 
10 biomass production. Short- and long-term weather patterns cause simultaneous changes in stem 
diameters and respiration. Age of the plant and water status are strong influences in the magnitude 
of responses to weather patterns. 

JNfRODUCTION 
1n recent years a substantial decline has occurred 

in (be forests of western Europe and North America. 
Toe 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
ruque is based on the use of invasive electrochemical 
sensors placed in the tree tissue for indefirute 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-fi r (Psuedotsuga menziesii) and 21 
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soulhweslem white pine (Pinus scrobiformis). In 
addition, 12 automatic dendrographs were installed 
on each pecies, pennitLing the simullaneous _mea­
surement of the two species by three techmq~es 
under the same ecological conditions. Tree selec~on 
for ampling was guided by an anempl to obtain a 
wide variety of ages from each pecic.s. 

ClrcurnferentlaJ Dendrorneters 
and Dendrographs 

Each of the 44 manual dendrometers consisted of a 
3.17 mm wide, 0.051 mm thick band made of Hastal­
loy C276, and wrapped around the main stem at 
brea t height. The rwo ends of each band were 
anachcd to a well-rype readout The well depth read 
with a digital micromeler was accu.rale to within± 6 
µm (micrometers). 

The 24 automatic dendrographs employed linear 
variable differential transfonners (LVDT) as dis­
placement sensors. An invar band was attached to the 
core of the LVDT and served lo convert the stem 
diameter changes to changes in core position. Reso­
lution of the sensor was 4 µm with an unadjusted 
range of 16,000 µm and a total adjusted range of 
45,000 µm . 

PHYfOGRAMS 
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
drograpbs 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 years) 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 µm over 76 days (3.65 µm/day), 

and for the young tree the contraction was 378 
over 76 da~ (4.2 µm/~ay) .. The ch~ge in radi~ 
similar in p1te of the wide d1fTerence m age. 

A comparison of the response of a young (31 
years) versus an old ~22~ years) tree to individual 
weather disturbances, md1ca1es that the younger tree 
is much more volatile. Both trees responded lo 
weather ilisturbances on days 292 and 322. Howeve 
the younger tree initially contracted, then ex1>and~ 
back to the pre-disturbance radius and overshot the 
steady state level. The older tree made a very slow 
and muted expression in the period following day 
331, whereas the younger tree showed a very strong 
contraction and then a recovery to a level well below 
the day 331 level. The same response was observed 
for several of the young trees (e.g., tree 7.2, 21 Years 
old and tree 42, 42 years old) during this time inter­
val. In like manner, a second old Douglas-fir (tree 84 
199 years old) manifested the same behavior as lh; 
224-year-old tree. The generalization suggested is 
that older trees are better able to withstand shon-tenn 
adverse disturbances. 

The comparative radius response beginning on day 
292, 1989, is illustrated in Figure 3. Both radii fol­
lowed the same pattern until an erratic temperature 
change on day 293 and a generally lower temperature 
caused a strong difference in response. The younger 
tree expanded with the lower temperature, while lhe 
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-tenn 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 re sponses are definitely 
similar. 

CONCLUSIONS 
A number o f 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 deterrnina­
ti on of the biomass increment during the time 
interval under analysis. The contraction due to water 
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. uie fall of 1989 was not compensated for by 

JoSS Ill ell In the spring of I 990. The pan or the 
we sno~ydration cycle observed in this data set, 
season nl had amplitudes in the order or 300 to 400 
cOJlllll~ ;chcd as high as 1, l 00 µm. 
µJll an d the responses of lree radius to daily 

sccon . . I all . cycles are rclauve y sm compared wilh 
11ydr.1uon nse to individual wealher disturbances over 
Ille respOal cycle. Daily peak to peak amplitudes in 
a seas;r of 10 rn 20 µm in radius were observed, 
we O arcd to a seasonal amplitude of 225 µm. Weath­
comp turbanCCS have such a major influence on tree 

er ~-IS(hal lhe reading of the manual dendrometcr on a 
flldu·cular day must take inlo account lhe weather 
partl ra1 days before lhat day. It appears thal wealher 
sevc ..i.,,nCCS can cause changes in tree radius as high 
diSUll ..,.... 

as~:~ery little pattern in change in radius was 
:nu I 'as measured wilh lhe manual dendrometers. 

evi~cn ans lhal the trees must be analyzed on an 
1111_

5 .:eal basis until a pattern is determined that can 
lnd1"

1 ~ generalization about age-specific responses. 
tead lO d/ . . . . . •le variations an or 10tnns1c genetic vana­
t,,1icros1 
. are likely quite strong. 

uons Iucion of circumference at the 4 µm level in 
Res<> d' lh . d d phS is necessary to 1scem e magmtu e 

den t~of the diurnal radius cycle. The range of the 
and O 

tic dendrographs at this resolution is 2,500 
auloma al d. al di I . . . radius. 1f lhe season ,um ra us eye e 1s m 
urn in . ·u be ~; order of 1,000 µm or more, 1t wt necessary to 
th 

, h ,nitial value of the dendrograph with some set u,e u• 
This bas already been found to be true. 

~ he question of species dif~erences was only 
. n examined. A computation or the average 

bne Y . 
PG! 1 ·ncte.x of the Douglas-fir had a relauvely sLCady 

I 
I r 400 The southwestern white pine had a 

)eve o · . b 'al . PG 11 magnitude or 285, with a su stanti increase 
. gn·1rude between day 69 to 75. Because Dou-
in ma . 

as-fir were generally older lhan southwestern while 
~· ·t is probably premature to place too much 
pine, I • • d H h basis on the difference in m ex. owever, L e 
ernp . d . . 
fact thal 14 of 17 trees ~xpenc~ce ~ pos1tt_ve 
• ase in radius in the spnng, dunng a ume penod 
mere . . . 
that corresponded LO this index computauon, s~g-

ts a sigru'ficanl difference between the two species 
ges 1 . f may exist. The higher index va ues are a sign o 
more vigorous trees. Douglas- fi r may have been able 

Stain the rigors of the north slope climate better 
tOSU • . d . t . 
than 1bc southwestern while pine unng l te lime 

interval under consideration. However, this is not in 
keeping wi th the common observation that south­
western while pines are able to grow in drier climates 
than Douglas-fir. 

The polCntial-radius plots indicate a very definite 
correlation between changes in the radius and 
changes in lhe potential. Potential and radius respond 
almost simultaneously. In other words, the correla­
tion wilh regard to the question of "when" is excel­
lent. This coincidence was also found in 1982, in 
couon (Gossypium hirsutum L.), a woody perennial 
(Gensler and Dias-Munoz 1983). The sudden drop in 
potential was accompanied by an increase in the 
radius of lhe 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 
uee population were observed wherein the potential 
rose in the morning and fell in lhe afternoon. This 
has been shown for various species in numerous data 
sets and in various parts of the continent, to be con­
comitant with heallhy, well-watered trees. By con­
trast, in this project, potential fell in lhc morning and 
rose in lhe afternoon for some trees. This indicates 
relatively extreme drought stress. In other words, 
conditions of the trees at the site do not appear to be 
uniform. 

MANAGEMEN T IMPLICATIONS 
Two definite management implications follow 

from lhese results. Drought effects appear to carry 
over from year to year so that any testing or research 
effon during a particular year must take into account 
lhe extended precondition of the forest. The influ­
ence of suspected pollutants must be examined with 
great caution, since natural environmental distur­
bances have great magnitude and extended duration. 
This necessitates a very complete and extended data 
set on forest performance bcron:: conclusions about 
anthropogenic iniluence 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.l = 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 (3 1 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 

10 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 to be a nor­
mally occurring temperature drop in the afternoon. The only di fference in this temperature drop compared to 
others which provoked very little response was t11e temperature level. The temperature level tl1is 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 diurnal 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 10 the 
cale. T he actual temperature value can be obtained from the formula given. 



Monitoring the Ecosystem and 1 Reproduction: A Yalu bl ts Impact on Honey Bee 
a e Tool for National Parks 

Steven C. Thoenes, Stephen L 
· Buchmann, and Justin 0. Schmidt 

. . ABSTRACT 
Two systems of morutonng an ecosystem with hone bees . . 
involves honey bee colonies equipped with pollen r:a s th (Apis mel/ifera) are pre~ented. The first 
This system yields data on pollen and nectar . P at are placed on scales m natural areas. 

quantity collected by bees thr h th 
anal~sis. of the pollen samples yields quality estimates and species dive~~; ~~ice:. Y~ ::e; 
morutonng system uses swarm traps to monitor periods f . 'd . . o swarm movement and numbers of 
sw~: This provi es a da~base 11:1 which changes in the bee population (such as an invasion by 
Africamzed honey bees [Ap1s mellifera scutellata]) can be recognized and investigated. Overall, 
natu~ ai:ea5 can benefit by the ~any ways honey bees can be used as biomonitors to aid in under­
standing 1D1portant aspects of particular ecosystems. 

tNfRODUCTION 
The Tucson Basin is a highly varied and complex 

ecosystem, including areas of vast urbanization with 
liule 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 (O'Neal and Waller 1984). This informa­
tion when combined with climatological data can be 
used to monitor quaUty (protein content) and quanti­
ty (amount available) aspects of pollen in ecosys-
tems. 

The Africanized honey bee or so called "killer" 
bee (Apis mellifera scute/lata) 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 
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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) pol1en traps 
(Waller 1980) placed on standard honey bee colonies 
were used to collect pol1en samples, usually on a 
weekly basis. Quantity of pollen collected was 
obtained by weighing each sample. Subsamples were 

https://natu1'.11
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. . ity with a micro-
analyzed for plant species divers d ~ percent 
scope. A subsample was also analyz<: or d was 

. • K. tdahl digesttons, an rutrogen using micro- JC . (M· tton 
' d nl protein 1 

subsequently converte lo perce . laced 
and Dintzis 1981). Selected bee colonies were p . 

. l s to monitor on ei ther platfonn or eleclrontc sea e d 
weight changes (Moffett el al. 1981; Buc~ann an_ 
Thoencs 1990). Data compiled by University of:: 
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 lo various private and gov­
ernment 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 swanning patterns were developed from lit­
erature references for each state (mainly Jones 1918) 
and fine-tuned with the few swarm patterns available 
for pecific 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 (x = 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 LO 25% of the flora within flight range, and 
10 to 24% of this was pollen from exotic flora such 
as ornamentals. Percent protein calculations (crude 
nitrogen x 5.6) yielded a range of 12.6 LO 28.5% (.x = 
21.5%). Weights of colorties 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 swanns was recorded. Swarms 
occurred from late January to mid-November, but the 
majority of swanns occurred from March through 

May. Captures of swanns with swann traps 
1 

mimicked the corresponding yearly pattern of c oscJy 
ed swarm occurrence. Variation in swarm occ rcpon_ 

. . urrcnce 
was somewhat correlated with climatic facto 

. rs such 
as temperature and rainfall, but was highly correi 
with various plant bloom factors, such as peak a~ed 

. . • . 11 ~nng 
pollen quanuty, spnng nse m po en quality ('½ 
tein), and negatively related LO nectar flows. 

0 
pro. 

DISCUSSION 
The National Park Service has many Parks m 

ments, and historic areas, which include u~iqu:nu. 
significant undisturbed ecosystems. Results of th~; 
study show that honey bees c~ ~ used as a wor1c 
force of data collectors, and this information can be 
used to quantify important bee/plant/climate interac­
tions to build databases in natural areas. The entir 
data-collecting device includes a single colony 

0
~ 

honey bees equipped with a pollen trap and placed 
on a scale (preferably an electronic scale interfaced 
to a portable data-collecting device). Data collection 
by park or other personnel re~uires only weekly 
records of pollen and colony weight. This system is 
already in ~lace and functioning well in Organ Pipe 
Cactus Nattonal Monument. Trend analysis of the 
weekly colony weights and a more in-depth analysis 
of the pollen can be accomplished through a coopera­
tive program with research personnel from the Carl 
Hayden Bee Research Center in Tucson. 

Schmidt/fhoenes swann traps provide artificial 
cavities for swarms of honey bees to set up new 
colonies. The tremendous advantage of these Lraps 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 most 
advantageous for survival. Successful captures in 
swarm traps can be noted by park personnel and 
baseline 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 area. National swarming patterns yield basic 
knowledge as lo when swarms should be moving in a 
particular area of the country. This broad spectrum 
view can be used to detennine the best periodicity of 
trap inspection (i.e., once or twice a week during the 
peak and monthly otherwise). 
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. amering data to reveal si~ficant aspects 
13es1de5 g reproduction, swann trap information is 

of honcY t,ee t in what it reveals about honey bee 
·JJJportafl Thi "nf . vef'f 1 . and movement s 1 ormatton has an 

p0Pu1anons ·mportant application in detecting the 

time spent by park personnel in monitoring. Without 
prope~ data, invasions by Africanized bees can go 
:~oticed until a serious stinging event occurs. 

amtenance of swann trap monitoring programs 
rn~y also provide future control for honey bee popu­
lat1?ns, but this particular aspect is still under investi­
gation by the authors. 

JJJelY I • " • th be e~tre of "Africanization. m _e. e population. 
pro~\,ed t,ees are of tropic~ ongm and have high 
Afr!~ reproductive swanning and swarm move­
rates O gnout the year. Thus, the pattern of swarm 
roent thfOU. 11 be dramatically different than that of 

Pture WI 1· ca t,ees adapted to temperate c 1mates. Many nat-
honeY across the country are already viewed as 
ral areas . f . 

II . ries" of a vanety o exotic, or unwanted 
"repos1to f th . . . but few if any o ese species are v1ewed as 
sr:%atening. The public outcry _against "killer'' 
1tfe . natural areas could be potentially devastating 
\)eeS ~lie perceptions and use of parks. We believe 
to pu well designed series of swann trap "lines" can 
mat a · ·n ·th d Afri · . ld information that w1 e1 er etect caruz.a-
y1e · h . f local honey bees as 1t occurs, or s ow that 
uon o . 
Af 

• anization has not yet occurred. A basts for pos-
nc · · f h b "bl control and elimmation o oney ee popula-

~o~ through swarm control may also be provided. 

sUMMARY AND MANAGEMENT 
IMPLICATIONS 

Honey bees can be used as biomonitoring devices 
to 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 swann traps as monitors 
can yield the needed information. Databases showing 
national swanning patterns can aid in minimizing 
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