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and 1894 (International Boundary Commission 1898). Both
repeat ground photography of the markers and repeat aerial

and space imagery have helped in accurately evaluating
changes and spatial contrasts in the vegetation for more
than 100 years. In nearly every case, aerial and space imagery show differences in cover, structure, and, in some
cases, composition of the major vegetation types shared by
Mexico and the United States. These cross -border contrasts
are primarily the result of differing approaches to land tenure, fire management, livestock grazing, and woodcutting
(Bahre and Bradbury 1978; Minnich and Bahre 1995; Bahre
and Hutchinson 2001).
To date, cross -border differences in all of the major vegetation types shared in the desert borderlands have been identified, with the exception of the Madrean oak woodland or

encinal, the subject of this investigation. Previous studies
contrasting historic vegetation changes across the bound-

ary west of the Rio Grande are reviewed by Bahre and
Hutchinson (2001). The most recent examination of the
Introduction

variations in shared vegetation types in La Frontera can be
found in Webster and Bahre (2001).

The United States/Mexico boundary (La Frontera) west of
the Rio Grande offers an unequalled natural laboratory for

Study Area
ässessing the effects of land use on plant communities The study area is a series of narrow belts of Madrean oak
shared across the boundary fence. Because of their close woodland extending 1 km on each side of the Arizona/
proximity these communities are not likely to have been Sonora boundary between the Huachuca Mountains and the
affected differently by climatic variations or change. To Pajarito Mountains (figure 1). From east to west, Madrean
study historical and spatial changes in Madrean oak woodlands along the boundary, we used repeat aerial photography flown between 1935 and 1992. Five study sites adjacent to and spanning the Arizona /Sonora boundary were
examined for cross -border changes and differences in oaks.

About 80 km of the international boundary west of the Rio
Grande cross the woodlands at elevations above 1,200 m
between the San Luis Mountains in New Mexico /Chihuahua and the westernmost slopes of Pajarito Mountains near
the border town of Sasabe, Arizona/Sonora (Brown and
Lowe 1980) (figure 1). In addition, a few small stands of
Madrean oaks are scattered across the boundary in the Pozo
Verde Mountains west of Sasabe.

Sections of the international boundary fence between the
Rio Grande and the Pacific coast were completed more than

100 years ago, but the present continuous fence was not
completed until 1951 (U.S. Boundary Commission, letter
to the senior author July 1995). Divergent land management regimes on each side of the border have been fully
developed for more than 50 years. In studying sites straddling the boundary, it is possible to hold environmental
variables constant and, thus, to assess the effects on vegetation of different land -use histories in Mexico and the
United States.

Panoramic photographs were taken of all 258 boundary
markers from El Paso to the Pacific coast between 1892

oak woodland crosses the boundary at the southern end of
the Huachuca Mountains, the eastern and western fringes
of the San Rafael Valley or Valle de San Rafael, the southern flanks of the Patagonia Mountains, and the Pajarito
Mountains just west of Ambos Nogales. The study area is
in the Sonoran Basin and Range Physiographic Province,
has bimodal winter and summer rainfall maximums with
mean annual precipitation varying from 40 to 60 cm, and
encompasses approximately 100 km2 of oak woodland.

The boundary fence in the study area was continuous by
1903 (Sonnischen 1974). Land use across this boundary,
however, has not been as disparate as it has been elsewhere
on the boundary because until recent times the Greene fam-

ily controlled ranching on both sides of the border. William " Cananea" Greene, developer of the rich copper mines
at Cananea, Sonora, established two large cattle ranches in
1901: the Greene Cattle Company, created on April 21,
1901, and the Cananea Cattle Company, created on May
10, 1901. Both ranches straddled the international boundary until 1958, when the Cananea Cattle Company, which
owned all of the land in the study area on the boundary's
Mexican side east of Nogales, was expropriated by the
Mexican government for ranching ejidos. The Greene Cattle

Company, before the Nature Conservancy purchased it in
1998, held nearly all of the private land abutting the boundary on the U.S. side (ca 10 percent) (Sonnischen 1974).
Most of the public land is Coronado National Forest. The
Greene Cattle Company held large areas of patent land (the
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Figure 1. Map of study sites: Site 1 - Mariposa Canyon, Site 2 - Line Boy Mine, Site 3 - Sunnyside Canyon, Site 4
- 103 Mesa, and Site 5 - Yaqui Spring.
former Mexican land grants of San Rafael del Valle and
San Rafael de la Zanja) on the U.S. side, and the Cananea
Cattle Company owned all of the land on the Mexican side
between Naco and Nogales, a distance of 110 km. Before
the Cananea Cattle Company was expropriated, it encompassed 300,000 ha of the best grazing land in northern
Mexico (Sonnischen 1974: 233 -239).
Since 1906 when the first forest reserves were established
on the U.S. side of the boundary and 1958 when most of
the Mexican side was transformed into ranching ejidos, a
major disparity in grazing pressure has occurred across the
border. This disparity, which has resulted in less grass cover
on the Mexican side of the boundary, is clear in aerial and
space imagery of the boundary (Bahre and Bradbury 1978).
Livestock management on the U.S. side is dictated largely
by federal and state agencies. Consequently, livestock numbers are controlled and grazing practices are geared toward
sustained yields. However, there can still be dramatic differences in vegetation condition between land management
agencies, and between them and private owners. In Mexico,

maintaining maximum -stocking rates is emphasized on
both ranching ejidos and private land, leading inevitably
to heavy grazing (Bahre and Hutchinson 2001).

The oaks in certain parts of the study area were heavily
harvested for domestic and mining fuel in the late 19th cen-

tury, especially in the Patagonia Mountains, the southern
end of the Huachuca Mountains, and around Ambos Nogales

(Bahre 1991; Hadley and Sheridan 1995). It is unlikely,
however, that woodcutting, especially pollarding, would
have killed many oaks, although roots were sometimes removed for fuel near settlements. Fuel wood is still important for domestic heating and cooking in northeastern
Sonora.

Madrean Oak Ecology
The mild winter /wet summer Madrean oak woodlands of
North America are centered in the northern Sierra Madre
Occidental of Mexico; from there they extend north into
Tran -Pecos Texas, southwestern New Mexico, and southeastern Arizona (Brown and Lowe 1980; Borelli et al. 1994;
McClaran and McPherson 1999). In southeastern Arizona
and northeastern Sonora, Madrean oak woodlands generally occur at elevations between 1,200 and 2,200 m. The
highest elevation on the international boundary is 2,048 m
in the San Luis Mountains.

Emory oak (Quercus emoryi), Arizona white oak (Q.
arizonica), and Mexican blue oak (Q. oblongifolia) domi-
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nate the study area. Commonly referred to as evergreen
oaks, they are drought- deciduous and not truly evergreen.
The Madrean oak woodland is typically open with a grass
understory at its lowest elevations and on ridge tops and
south -facing slopes; on north- facing slopes at its highest
elevations, it is dense, often with closed canopies. Mexican
blue oaks are most common in the lowest elevations of the

oak woodland. Juniper (Juniperus spp.), pinyon (Pinus
cembroides), and mesquite (Prosopis spp.) are frequently
scattered among the oaks. In general, the oaks range from
6 to 17 m in height, but are shrub -like in areas formerly
harvested by woodcutters (Bahre and Hutchinson 1985;
Sharman and Ffolliott 1992).
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Caprio and Zwolinski (1992) studied fire effects on Emory
and Mexican blue oaks in burned plots in Molino Basin in
the Catalina Mountains northeast of Tucson. They found
that oak mortality was low (11 to 15 percent for both spe-

cies), 94 percent of the living trees of both species produced sprouts, and of the oaks > 30 cm dbh, fewer Mexican blue oaks died or were top killed than Emory oaks. In
addition, Emory oaks produced five times as many sprouts
per tree as did Mexican blue oaks. Arizona white oak, a
species closely related to the Mexican blue oak, also does
not sprout as prodigiously as does Emory oak (Babb 1992).

Bahre (1984), studying the effects of woodcutting on oak

woodlands further north and south of the international
Oak regeneration consists mainly of stump sprouts or coppices (Borelli et al. 1994). In general, the acorn crop and
germination depend on wet years. Droughts are hard on
oak germination, and even under natural conditions, seedling survival is low (ca 1 percent) (Bennett 1990; Nyandiga
and McPherson 1992; Germaine and McPherson 1998).
Emory oaks produce acorns when they are 40 years old;
Arizona white oaks and Mexican blue oaks produce acorns
at 80 years (Sanchini 1981). Emory oaks and Mexican blue
oaks may live for 200 years or more. Arizona white oaks
are known to live longer - 250 years or more (McPherson
1992). The absence of seed dormancy in Emory oak and
Arizona white oak plus their tendency to mature in periods
of relatively high precipitation suggest that they either use
soil moisture to germinate immediately upon acorn drop or
they do not germinate at all (McPherson 1992; Germaine
and McPherson 1998). Poor oak recruitment in Arizona
has been attributed to droughts and livestock grazing (Pase
1969). According to Pase (1969), favorable conditions for

Q. emoryi establishment in southeastern Arizona occur
about once every 10 years.

boundary, found that oaks in Mexico had more stems than
oaks in the United States largely because they had been
exploited for fuel longer in Mexico. Bahre and Hutchinson
(1985) and Bahre (1991, 1998) have noted that fuelwood
consumption in southeastern Arizona in the late 19th and
early 20th centuries often outstripped supplies. They found
that 43 percent of the oaks within a 40 -km radius of the
historic silver mining town of Tombstone, which is 44 km
northeast of the study site, still exhibited signs of cutting

in 1984. This is a significant finding when one realizes
that since the Tombstone Silver Bonanza (1879- 1886), most

cut oak stems had disintegrated and/or the cambium had
grown over old axe scars. Because Mexican blue oaks were
preferred for fuel, their paucity on the Sonoran side of the
boundary, especially near old mining areas, is sometimes

attributed to woodcutting (Bahre and Hutchinson 1985).
Woodcutting, especially pollarding, results in oaks that have

more stems, a more shrub -like form, and lower canopies
with less foliage (Bahre and Hutchinson 1985; Sharman
and Ffolliott 1992). The average number of stems per oak
is usually lowest in undisturbed areas and highest for recently harvested areas.

Most oaks resprout after top- removal by fire or harvesting

(Johnson et al. 1962; Pase 1969; Bahre and Hutchinson
1985; Touchan 1986; Meyer 1988; McPherson 1992). Because Mexican blue oaks are often single- stemmed, they
suffer higher mortality following cutting than do the other
two species, according to Mexican woodcutters. Mature oaks
are not usually susceptible to fire, unless they are drought
stressed or victims of high intensity fires, whereas oak seedlings and small saplings are usually killed by fire (Ffolliott
and Bennett 1996; McPherson 1997).

Livestock grazing, land fragmentation, and fire suppression have contributed to fewer fires in Arizona's oak wood-

lands (Bahre 1991). In general, statements about fire history in the Madrean oak woodlands are speculative because
most of the Madrean evergreen woodland tree species have
not proven to be useful for accurate tree -ring analysis
(Swetnam and Baisan 1996). Oak growth rings, particularly, are indistinct; in some cases they are not recorded as
rings annually and fire scars are missing.

Sharman and Ffoliott (1992) found that oaks require decades to return to precut conditions, especially to precut
heights; both sprout competition and the long biological
rotational age of oaks, they concluded, suppress height response. Even after 20 years, the resulting structural character of previously harvested oak woodland differs from
that of a non -harvested woodland (Sharman and Ffolliott
1992).

Livestock browsing alters the structure of oak stands
(Sanchini 1981). Browse lines are common on oaks in
heavily grazed areas, particularly on Mexican blue oaks,
the leaves of which are highly favored by domestic livestock. Grazing may also adversely affect oak seedling recruitment and seedling emergence (McPherson 1992).
Methodology
To compare the Madrean oak woodlands spanning the Arizona/Sonora boundary, we scale- matched similar plots in
repeat aerial photographs taken in 1935 and 1936 with
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aerial photographs taken in 1992 at four sites: Site 1- Mariposa Canyon (west of Ambos Nogales), Site 2 - Line Boy
Mine (on the east -facing side of the Patagonia Mountains),

Site 3 - Sunnyside Canyon, and Site 4 - 103 Mesa (eastern fringe of the San Rafael Valley) (figures 1 and 2). For
Site 5 - Yaqui Spring (southwest of the Coronado National
Monument and Montezuma Pass at the southern end of the
Huachuca Mountains) - we used aerial photographs taken
in 1935 and 1982. We also used point -quarter transects
(Cottam and Curtis 1956) to sample sites on both sides of
the boundary, except at Sunnyside Canyon where we were
not able to obtain permission to cross private land to reach
the photographic plots. Repeat photography of the boundary markers in oak woodlands (markers 103, 112, 113 and
124) was critiqued to evaluate historic changes (Bahre and
Bradbury 1978; Humphrey 1987).
For the aerial photographic analysis (figure 2), we obtained
1935 and 1936 vertical aerial photographs of the sites (1:
31,680 scale B &W prints flown for the Soil Conservation
Service [Record Group 114 - Gila Indian Reservation and
Pima -Papago Indian Reservation]) from the Cartographic

and Architectural Branch of the National Archives and
Records Administration in Washington, D.C. Although the
Mexican side of the boundary was "blacked out," the blacked
out area was mistakenly placed a kilometer or less south of
the actual boundary, allowing us to examine oak woodland
adjacent to the boundary on both sides of the fence in 1935
and 1936.

2001

graphs was closer than 1 km from the boundary. The total
area of our sampling plots in our scale- matched aerial photographs amounted to 865 ha. At each plot, we compared
the number of trees in the 1935 -1936 images with the number in the 1992 images. New trees were counted as recruits;
dead or missing trees were counted as mortalities. We also
measured changes in oak cover from 1935 -1936 to 1992 by
transparent grid and searched for changes in oak distribution in oak woodland/ grassland ecotones.
We conducted sampling transects on opposites sides of the
boundary at sites 1, 2, 4, and 5. We placed transects wherever oak woodlands spanned the border and were accessible by four -wheel drive vehicles and/or short hikes from
the U.S. side of the boundary. We used the point - quarter
method (Cottam and Curtis 1956) to sample each site. We
laid out 200 -m transects (each point 20 m apart) on each
side of the boundary perpendicular to the fence. Transects
were initiated by a blind rock toss and placed at least 50 m
from the fence to minimize edge effects. Along each point quarter transect we collected information on oak species,
density, diameters (measured on the largest stem); number
of stems per oak, and number of saplings ( <5 cm in diameter) within a 10 -m radius of each point- centered quarter.

Results
Table 1 shows the general characteristics of the five study
sites. The sites, ranging in elevation from 1,200 to 1,700m,
occupy topography varying from alluvial fans to badlands.
The substrate consists mainly of Miocene to Holocene coarse

The most recent aerial photographs were NAPP (National
Aerial Photography Program) images flown in 1992 (1:
40,000 scale B &W prints) obtained from the Agricultural
Stabilization Service in Denver, Colorado. NAPP coverage
extends several kilometers south of the international boundary. Also used was a U.S. Custom Service natural color
photoimage map (flown in 1982 by the Dirección General
de Geografia del Territorial Nacional [DGGTN], México
D.F., México) of the boundary for the Yaqui Spring site.
This 1:25,000 -scale orthophotomap, which has the same
planimetric reliability as a U.S.G.S. 7 1 /2' topographic map,
shows the vegetation within 5 km of the boundary. U.S.
Geological Survey and Mexican DETENAL (INEGI) large scale topographic maps were used to plot access to our five

gravel, sand, and conglomerates. Oaks are generally found
throughout the sites, but at sites 3 and 4 they are restricted
mainly to canyons and north- facing slopes.

sites.

photographic plots because several transects were on north facing slopes, which usually have greater oak densities than

A Bausch and Lomb Stereo Zoom Transfer Scope (ZTS)
was used to scale -match (register) the repeat aerial photo-

do south -facing slopes. North- facing slopes in the aerial
photographs, however, were obscured by shadows caused
by low -sun angles and rugged topography. Nearly all of the
plots at our sites on the U.S. side are in National Forest,
while all of those on the Mexican side, except for Mariposa
Canyon, which is private land, are on ranching ejidos established since 1958. A site -by -site analysis follows.

graphs. With the ZTS, we superimposed to exact scale simi-

lar sample plots in the repeat photographs in such a way
that the oak configurations matched up precisely (figure
2). We scale- matched 100 plots selected randomly on south -

facing exposures (10 on each side of the border at the five
sites, each plot within approximately 1 km of the boundary
fence. We sometimes had a little less area to work with in
Mexico in the 1935 -1936 images because the blackout on
the Mexican side of the border on some of the aerial photo-

Repeat aerial photographs of the Arizona/Sonora boundary indicate that Madrean oaks are long -lived. Little change
occurred in their density and cover between 1935 and 1992
(table 2). On average 90 to 95 percent of the oaks pictured

in the earliest aerial photographs are found in the 1992
photographs. Nevertheless, oak density and cover appear
slightly lower overall on the Mexican side than on the
American side and many more oak saplings occur on the
U.S. side (table 3). Oak stand densities are statistically
greater in the ground transects than in our repeat aerial

Mariposa Canyon
Mariposa Canyon's highly dissected terrain contains oak
cover on south -facing slopes that is thinner than on those

Bahre
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Figure 2. Matching SCS 1935 and NAPP aerial photographs of Madrean oak woodland near Line boy Mine. The
international boundary can be easily discerned in the lower part of the 1935 image, but is less distinguishable in the 1992
image. The scale is approximately l: 8,000.
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facing north. Our repeat aerial photographic analysis of
plots indicates that between 1936 and 1992 oak density
increased slightly on the U.S. side (table 2). Oak recruitment was also much higher in the U.S. than in Mexico.

average number of stems per oak was about the same on
both sides.

Recruitment was greatest on steep southern exposures. Oak
mortality was low in both countries; 90 percent of the 1936
trees survived in 1992. Population turnover, however, was
higher on the U.S. side because of greater recruitment there;

was probably due to a longer history of heavy livestock use

population rotation period was an estimated 115 years.
About 21 percent of the oaks on the U.S. side were recruits
since 1935, versus only 6 percent on the Mexican side. The
lower oak densities on the Mexican side are symptomatic
of low recruitment rates expected with heavy grazing. Oak
cover increased slightly on both sides; population turnover
time was an estimated 331 years.
Our ground transects indicate major differences in the num-

ber of oak saplings across the boundary (no oak saplings
on the Mexican side and 387 oak saplings ha-1 on the U.S.
side) (table 3). This disparity is apparently the result of heavy

livestock grazing in Mexico and little or no livestock grazing in the U.S. The American rancher removed his cattle
from the border pastures in 1975 due to problems with rustling and cattle trespass. In general, oaks averaged the same
number of stems per tree on both sides of the boundary.

The slight decrease in oak density in the Mexican plots
on the Mexican side, especially after the Cananea Cattle
Company was expropriated in 1958 and made into a ranching ejido (Sonnichsen 1974: 246). The Mexican side showed
widespread evidence of overstocking and the blue oaks had
browse lines.

The 1893 photograph of monument marker 113 by D.R.
Payne, the photographer for the Boundary Commission
(1892- 1894), shows overgrazing and a few scattered oaks
with browse lines on both sides of an unfenced boundary
(figure 3). The 1893 photograph, however, was taken near
the end of the worst drought in recent Southwest history.
Since then, grasses and oaks on both sides of the border
have increased substantially. We estimated twice as many
grasses ha-' on the U.S. side as on the Mexican side, especially near the boundary marker. Before the 1920s, the U.S.
side was heavily stocked with cattle from the nearby settlements of Lochiel, Duquense, and Washington Camp (Hadley
and Sheridan 1995:118).

Evidence (dead stumps and sawed or axed coppice growths)
We estimated twice as many grasses ha-' on the U.S. side was abundant of past woodcutting on both sides of the
(mostly Lehmann's lovegrass) as on the Mexican side. Our boundary. Most dead stumps were Mexican blue oaks that
observation on grass cover is consistent with that of Bahre had been "topped" rather than pollarded. Rotting oak
and Bradbury (1978), who examined cross -border vegeta- stumps indicated recent cutting.
tion in Mariposa Canyon in 1976. The plots on the U.S.
side were mostly in the Coronado National Forest or on the Bahre and Bradbury (1978) noted that grass cover on the
deeded lands of the American Mariposa Ranch. The transect U.S. side was twice that on the Mexican side and that large
and all photographic plots on the Mexican side were on numbers of oaks on both sides of the border showed evil
private land - the only Mexican study site that was not a dence of cutting. During the mid- to late- 19th century, the
ranching ejido. Mesquite was more abundant at this site eastern slopes of the Patagonia Mountains were heavily
than at any of our other sites and our difficulty in differen- harvested for fuel wood for the nearby mining camps of
tiating between mesquite and oaks in our aerial photographs Mowry, Duquesne, Harshaw, and Washington Camp. Mamay have slightly skewed the results. The Mariposa Ranch jor woodcutting, however, seems to have ended after the
was heavily harvested for fuel wood until the early 1980s Cananea Cattle Company and the Greene Cattle Company
by Mexicans from Nogales, who paid for rights to cut wood, forbade woodcutting on their lands in 1905 (Sonnischen
according to Harriett Wilson of the Mariposa Ranch (pers. 1974: 239; Hadley and Sheridan 1995:129); and the
com. July 2000).
Patagonia Mountains became part of the National Forest
Reserve system in 1906 (Baker et al. 1988). Some woodLine Boy Mine
cutting mostly for domestic fuel has occurred since 1906,
The Line Boy Mine site is on the east -southeast facing flanks but not at 19th century levels (King 1915: 26; Hadley and
of the Patagonia Mountains near boundary monument Sheridan 1995: 199). Woodcutting for domestic fuel conmarker 113. The matched aerial photographs of the site tinues in Sonora, despite a prohibition of the cutting of
show a 20 percent increase in oak density on the U.S. side green wood imposed by the Mexican government since 1950
and a 4 percent decrease in oak density on the Mexican (Officials of the Secretaría de Agricultura y Recursos
side between 1935 and 1992. During the same period, oak Hidráulicos, Nogales, Sonora pers. com. July 1977). The
cover increased slightly on the U.S. side and decreased impact of woodcutting on the Mexican side could have been
slightly on the Mexican side (table 2). Oak mortality, how- greater, had the Cananea Cattle Company not owned the
ever, was two times greater in Mexico than in the U.S. and land and prohibited woodcutting between 1905 and 1958.
oak recruitment was seven times greater in the U.S. than
in Mexico. Our transects indicated that oak saplings on the Sunnyside Canyon
U.S. side were nearly twice that of the Mexican side; the Located near the lower limit of Madrean oak woodland,

d

b

by C.J. Bahre; and 2000 [d] photograph by C.F. Hutchinson. Oak woodland near Line Boy Mine, elevation 1,606 m.

Figure 3. Monument marker 113 (from left to right) 1893 [a] photograph by D.R. Payne; 1969 [b] photograph by C.R. Ames; 1976 [c] photograph

C
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this was the only site where oaks on both sides of the bound-

ary grew in discrete clusters separated by grassland. The
aerial photographic plots were on gentle south -southwest
sloping alluvial fans. We were unable to ground -truth this
site because we could not obtain access to the plots through

private land. The matched photographic plots indicated
slight decreases in oak densities on either side of the bound-

ary between 1935 and 1992. Ninety -three percent of the
oaks in the 1935 plots survived in 1992 on both sides of the
boundary and only 2 percent of the oaks in the 1992 plots
were recruits since 1935. There was little oak recruitment

2001

In 1976 Bahre and Bradbury (1978) found that since 1893
grass and oak had increased substantially on both sides of
the boundary near monument marker 103.

Yaqui Spring
Aerial photographic plots at this site were on nearly flat
south -to- southwest sloping surfaces. Except for five plots
on the U.S. side, heavily harvested sometime before 1982,
stand density and cover were higher at Yaqui Spring than
at any other sites we studied. Although our latest imagery

on either side and rates of oak mortality were slightly higher

was taken in 1982, in 1984 and 1985, 50 percent of the
oaks were harvested on both sides of an unimproved road

than rates of oak recruitment. With such limited recruit-

that runs south to the site from the Montezuma Pass -Lochiel

ment and mortality, the population rotation period was 600
years on the U.S. side and 750 years on the Mexican side.
Oak density was 46 percent higher on the U.S. side than on
the Mexican side.

road near our transect location. In addition, in June 1988,
most of Yaqui Canyon burned in the "Peak Fire," which
spread north from Mexico through the Coronado National
Monument and into Ash Canyon in the Huachuca Mountains, burning 4,860 ha of desert scrub, grass, and oak wood-

103 Mesa
Aerial photographic plots at 103 Mesa, near monument
marker 103 and similar to our plots in Sunnyside Canyon,
were on gentle south -southwest sloping alluvial fans. Between 1935 and 1992 oak density increased slightly on both
sides. Ninety -five percent of the trees in the 1935 image
survived in 1992. Oak density on the U.S. side was twice
that of the Mexican side. Oak population rotation was estimated to be 316 years on the U.S. side and 686 years on the
Mexican side.
Transect data indicate twice as many oak saplings ha-1 on
the U.S. side as on the Mexican side. Heavy harvesting of
oaks has occurred on both sides since 1976 when Bahre
and Bradbury (1978) visited the site and saw on the Mexican side signs of heavy grazing and woodcutting. The U.S.
side is in the Coronado National Forest's Lone Mountain
Grazing Allotment. Records indicate that the allotment,
heavily grazed since the turn of the 20th century, once had

the poorest range conditions along the border in the
Coronado National Forest (Grazing Records of the Lone
Mountain Allotment, Coronado National Forest District

lands (Ffolliott and Bennett 1996). The fire did not kill
many (if any) mature oaks, although Ffolliott and Bennett
recorded some oak mortality, especially in the more intensely burned parts of the Coronado National Monument
east of the site. In our aerial photographic analysis- 10
plots on the U.S. side (5 in recently harvested areas) and
10 plots on the Mexican side (2 appear to have been harvested), oak density on the U.S. side decreased substantially between 1935 and 1982 largely because of Forest Service harvesting, while oak density on the Mexican side remained fairly constant.

Except where plots were harvested on the U.S. side, oak
density between 1935 and 1982 was about 12 percent higher

in the U.S. than in Mexico, even though oak density on
both sides decreased slightly between 1935 and 1982. In
the U.S. harvested plots, oak densities in 1982 were roughly
50 percent of what they were in 1935. Cover was about the
same across the border, except in the harvested areas, where
cover was much lower. The population rotation period was
estimated to be 98 years in the harvested plots on the U.S.

Headquarters in Sierra Vista, Arizona) (Hadley and

side, while the rotation period for the "uncut" plots was
estimated to be 580 years in Mexico and 712 years in the

Sheridan 1995:119, 121).

U.S.

According to maps at the Sierra Vista Ranger District and
in Ffolliott and Bennett (1996), large areas of oak woodland on 103 Mesa in Townships 23 and 24 S, Range 20 E
were cleared and/or harvested for Forest Service experiments at various times between 1972 and 1985. The maps

Ground -truthing near the transects indicated more large

indicate that our ground transect on the U.S. side, near
monument marker 103, was 2 km south of several large
areas cleared of oaks for range improvement projects in
1972 -1975 and 1980 -1981, and less than 300 m east of an
area harvested for oaks in a fuelwood experiment in 19841985. According to Bennett (cited in Sharman and Ffolliott
1992: 133), other nearby areas on the U.S. side were cleared
in 1972 and 1977. Cutting intensities in all of the harvested
plots were 50 or 80 percent.

dead oak stumps on the Mexican side than on the U.S. side.
More oak stumps were encountered at this site than at any
other site. Ground transects detected about four times the
number of oak saplings ha -' on the U.S. side as on the Mexi-

can side. At no other site were so many oak saplings encountered. In spite of evidence of widespread heavy grazing on the Mexican side, oak saplings were abundant there,
too. Coppice growths were abundant in the harvested areas
on the U.S. side. We estimated that grass cover was three
times greater on the U.S. side than on the Mexican side.
Discussion and Conclusion
We found the following changes since 1935 in the Madrean

Bahre
oak woodlands spanning the Arizona/Sonora boundary.
1) Oak densities on both sides of the border changed little
between 1935 and 1992, except in recently harvested plots
near Yaqui Spring.
2) There has been more oak recruitment on the U.S. side
than on the Mexican side and more oak mortality on the
Mexican side than on the U.S. side.
3) Far more oak saplings are found on the U.S. side than
on the Mexican side.
4) Oak density change between 1935 and 1992 was slightly
lower on the Mexican side than on the American side.
5) Oak distributions have not changed since 1935.
6) Livestock grazing may be suppressing oak recruitment
more on the Mexican side.
7) Woodcutting does not appear to have killed many oaks
since 1935, although it has undoubtedly increased the number of stems per oak and reduced oak canopies.

As pointed out earlier, we had a slightly smaller area to
sample on the Mexican side than on the U.S. side. Consequently, our cross -border comparisons may be biased. To
match our sample sizes on the U.S. side we had to sample
more open stands on the Mexican side. That notwithstand-

ing, our transects indicate that oak saplings on the U.S.
side of the boundary far outnumber those on the Mexican
side, and our scale- matched plots in the repeat aerial photography indicate that oak recruitment was lower in Mexico
than in the United States between 1935 and 1992.

Most likely oak recruitment between 1935 and 1992 was
greater on the U.S. side than on the Mexican side because
of Mexico's longer history of intensive livestock grazing.
A qualitative assessment of changes in oak density since
1893 in repeat photographs of the boundary monument
markers in the study area show that, with only one exception, oaks have increased since the 1891 -1893 drought (figure 3). Alternately, high oak recruitment has not led to rapid

increases in the density of mature trees. It is possible that
most recruits died from selection processes other than grazing such as drought or fire.
Woodcutting seems not to have created major differences
in the oak woodlands adjacent to and across the boundary
in the study area. This could be because the Forest Service
and/or the Greene Cattle Company have controlled woodcutting on the U.S. side since 1905, and, except for the
Mariposa site, all of the Mexican study sites were owned
until 1958 by the Cananea Cattle Company, which prohibited woodcutting between 1905 and 1958. We cannot determine in our aerial photographs whether trees had been
pollarded, nor can we identify coppice growths from trees
that had been recently topped. Consequently, because pollarding and topping eliminate oak canopy but do not necessarily kill trees, our figures for oak mortality could be
erroneously high in recently harvested areas.
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It is unlikely that woodcutting in the study area was restricted to one side of the boundary in the 19th century, when

there was no boundary fence and few rangers to control
woodcutting on the U.S. side. Generally we found greater
differences in our repeat aerial photography from woodcutting between plots on the U. S. side than across the
boundary because several U.S. plots had been subjected to
recent U.S. Forest Service clearing and fuel wood harvesting experiments.
No doubt there have been, and will continue to be, differences in livestock stocking rates and management across
the border. Many of the cross -border differences in vegetation cover and structure in our study sites were apparent
because nearly all plots and transects on the U.S. side are
in National Forest where livestock numbers have been controlled for 70 years. In contrast, all plots and transects on
the Mexican side, with the exception of the Mariposa site,
are on ranching ejidos that have been consistently overstocked since 1958 (Bradbury and Bahre 1978; Bahre and
Hutchinson 2001).
One might question why oak density was slightly lower in
the Mexican plots than in the U.S. plots since the Greene
Ranch grazed cattle on both sides of the boundary from
1901 to 1958 and (since 1958) on the U.S. side. The difference may be explained by the fact that the Green Ranch
owned less than 10 percent of the land in the study area on
the U.S. side adjacent to the boundary and only two of our
50 aerial photographic plots in the U.S. were on its land.
Most plots were in National Forest or on a few small parcels of private land owned by other ranches.

In 1976 Bahre and Bradbury (1978) found that oak numbers had remained the same or increased in all but one of
their repeat ground photographs of the monument markers
in the study area. Robert Humphrey (1987), who studied
vegetation change in repeat ground photographs of the
boundary monument markers from El Paso to the Colorado River, also concluded that oak numbers have remained
the same or increased since 1893 in our study area.

According to Bahre and Bradbury, many ranchers in the
San Rafael Valley in the early 1970s believed that oak increases threatened forage production. The Forest Service,
apparently taking the ranchers' allegations seriously, unsuccessfully attempted to clear large sections of oak woodland on 103 Mesa and in other nearby areas under the guise
of range improvement.

Probably our most important finding is that the oak woodlands adjacent to and spanning the Arizona /Sonora bound-

ary have changed little since 1935. The low numbers of
oak saplings and the higher incidence of oak mortality in
our Mexican transects are symptomatic of poor oak recruitment and possibly of changes to come in an ecosystem that,
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at least from the perspective of matched aerial photographs,
has been surprisingly stable during the past 65 years.
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Table 1. General Site Characteristics
Elevation

Dominant
Slope Aspect

Substrate

Comments

5 -30 ° N

Miocene to Holocene
gravel, sand, and
conglomerates

Oaks throughout but
most abundant on
northern exposures

Dissected hill
slopes in west;
plains in east

5 -20° ESE

Miocene to Holocene
gravel, sand, and
conglomerates in east;
some volcanic and
sedimentary rocks in
west

Oaks throughout
except along eastern
margins

1500 -1600

Rolling,
moderately
dissected hill
slopes; NE -SW
stream courses

5 -15° SSW

Miocene to Holocene
gravel, sand, and
conglomerates

Oaks on steepest
slopes of all
exposures; no oaks
outside of canyons

1580 -1600

Rolling, slightly
dissected hill

5 -10° SSW

Miocene to Holocene
gravel, sand, and
conglomerates

Oaks on steepest
slopes of all
exposures; grassland
on flats

3 -5° SSW

Miocene to Holocene
gravel, sand, and
conglomerates

Oaks throughout

Site Name

(m)

Topography

Mariposa

1200 -1280

Highly dissected
badlands; NE -SW
stream courses

Line Boy

1500 -1650

Sunnyside Canyon

103 Mesa

slopes; N -S

stream courses

Yaqui Spring

1650 -1700

Alluvial fans
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Table 2. Madrean Oak Woodland Population Frequencies (ha -1) from Repeat Aerial Photographs of Five Sites Spanning the Arizona /Sonora
Boundary
SITE NAME

1935 -36

MORT -

TREE
DENSITY

ALITY

SURVIVORSHIP

RECRUITMENT

( %)

1992

1935 -36

RECRUIT-

TREE
DENSITY

/1992
( %)

MENT 1992

TURNOVER
RATE( %)'

ROTATION
PERIOD

1935 -36

1992

COVER

COVER

/1992

(YR)2

( %)

( %)

COVER

( %)

1935 -36

( %)

MARIPOSA - MEX.

MARIPOSA- U.S.

LINE BOY - MEX.
LINE BOY - U.S.

SUNNYSIDE CANYON - U.S.

SUNNYSIDE CANYON - MEX.

103 MESA - MEX.
103 MESA - U.S.

YAQUI SPRING' - MEX.

YAQUI SPRING - U.S. (CUT)

YAQUI SPRING - U.S. (UNCUT)

93.5

6.2

90.7

7.1

95.2

±55.5

12.4

16.3

±6.9

160.3

89.3

8.5

113.9

1 3.7

89.8
1 5.1

34.1

122.7

148.2

± 52.0

160.4

13.9

90.1

6.9

153.4

± 52.5

18.7

17.4

17.4

161.8

183.1

6.9

95.9

43.7

220.0

165.2

±8.0

13.9

146.5

±70.0

83.0
± 24.8

5.6

93.0

2.2

79.5

1 3.9

1 4.9

1 1.8

1 24.7

57.3

3.7

54.6

1 2.2

93.6
1 2.2

1.0

± 19.8

± 1.4

1 19.3

60.0

1.7

96.5

2.7

61.0

±29.1

11.1

12.4

±2.8

±30.1

133.0

7.5

94.1

13.4

138.7

±30.8

17.7

16.7

± 10.1

128.1

1673
±29A

9.8

93.9

3.1

160.6

13.8

12.8

12.5

129.7

156.6

75.8

53.4

1.4

82.2

±47.2

132.9

±8.8

12.3

118.7

199.6

10.8

192.2

1 5.1

95.0
± 1.9

3.4

± 31.6

1 2.5

1 28.9

101.8
127.5

95.6
120.1

95.7
95.2

101.7
104.2

96.0
52.4
96.2

17.2

16.1

21.4
1 22.1

49.4
± 54.9

115

3.8

13.7

416

13.4

±5.1

18.5

33.5

± 17.6

133.4

2.4
± 2.1

± 4.0
7.6

± 2.6
8.3

10.2

18.0

18.6

± 12.9

25.3
± 7.5

19.3

31.4
± 8.2

16.7

24.7

8.1

±3.2

2.0

48.2

13.3

±6.9

1.7

6.6
1 2.5

35.3

91.6
112.4

94.7

19.6

19.0

96.9

1 4.6

1 4.2

750

686

18.0

18.1

±8.7

18.3

316

26.3

26.1

15.5

15.5

41.1

38.6

±4.1

±3.9

34.8

14.8

16.8

11.5

42.6
± 2.9

41.2
1 3.2

98

712

23.2

23.4
± 7.0

580

1.9

1 1.7

1 1.1

109.3

1 6.7

1.4

15.1

23.6

17.5

600

1 2.0
4.2

21.6
± 5.0

22.3

170

9.5

14.7

22.6
± 10.0

1013

±9.4

331

6.1

14.7

100.5

99.2

93.9
38.9

96.7

1. Turnover rate = mortality plus recruitment divided by 1935 tree density.
2. Rotation period = 1935 tree density divided by the turnover rate multiplied by 57 years.
3. Turnover rate = 1935 tree density divided by the turnover rate multiplied by 47 years because the dates of the repeat photographs of the Yaqui Spring site were 1935 and 1982.

Table 3. Stand Characteristics of Madrean Oak Woodland at Four Sites Spanning the Arizona /Sonora Boundary '
Site
Name

Oak Cover ( %)

Oak Density (ha -I)

TOTAL

QEM

2

52

215

18

6

0

0

48

294

8

37

13

3

53

190

Line Boy - U.S.

48

0

3

51

103 Mesa - Mex.

23

0

17

103 Mesa - U.S.

52

0

Yaqui Spring - Mex.

48

Yaqui Spring - U.S.

39

QEM

QOB

QAZ

Mariposa -Mex.

46

4

Mariposa - U.S.

48

Line Boy - Mex.

QAZ

TOTAL

Oak Saplings

Average

Average

< 5 cm in dia.
(ha -I)

Oak dia.
(cm)

No. of Stems

per Oak

QEM

QOB

QAZ

239

0

0

0

0

19.3 +6.6

3.1 +1.4

16

318

255

96

36

387

16.3 +5.8

3.0 +1.5

37

18

245

127

0

32

159

22.6 +11.2

1.7 +0.9

191

22

5

218

223

0

32

255

21.3 +9.7

1.4 +1.0

40

97

0

33

130

1,083

0

32

1,115

21.3 +11.9

2.0+0.9

2

54

205

0

5

210

2,038

0

223

2,261

23.6 +9.1

1.8 +0.9

0

0

48

225

0

0

225

1,847

0

0

1,847

21.3 +7.6

2.0 +1.4

0

0

39

111

0

0

111

7,485

0

32

7,517

17.8 +10.

3.0 ±2.2

QOB

QEM (Quercus emoryi), QOB (Quercus oblongifolia), and QAZ (Quercus arizonica).

TOTAL

