-1 0
Log(P)
FiG. 3. Relationship between log,, searching efficiency (4)

and log,, parasitoid abundance (P): Y = —0.1620 — 0.5647-
X, r»=.16, P < .07.
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3). Hassell (1985) has already pointed out that such
declines in parasitoid searching efficiencies can be sta-
bilizing. It remains to be seen how common these sorts
of patterns are, and what behavioral mechanisms un-
derlie reduced parasitoid efficiency with increasing
numbers of parasitoids per host.
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tree rings reveals that the occurrence of fire has been
greatly reduced throughout the region in the past cen-
tury (Swetnam, in press). Many authors have argued
that this decline was caused by dramatic land-use
changes associated with European settlement in the last
two decades of the 19th century (Weaver 1951, Cooper
1960, Biswell et al. 1973, Dieterich 1980a, Madany
1981). Herd numbers of domestic grazing animals, par-
ticularly sheep, rose steeply in the Southwest at that
time (Bailey and Bailey 1986). Intense grazing removed
the grass that had fueled light, episodic surface fires.
After grazing herds dwindled in the 20th century, active
fire-suppression policy maintained low fire frequency.

A second thesis, that reduced fire frequency at the
turn of the century is responsible for major structural
changes in ponderosa pine communities, has been pos-
tulated by a long lineage of studies (Arnold 1950,
Weaver 1951, Cooper 1960, Biswell etal. 1973, Wright
1978, Allen 1989). In the early decades of the 20th

s




TaBLE 1. Fire chronologies from Pinus ponderosa forests in the United States Southwest. Mean fire intervals (MFIs) are the
mean of periods between fires that scarred =10% of the sample trees. MFTIs are generally calculated for one to two centuries

prior to a decline in fire frequency.

Date of Tree sample Mean fire Date of
Author publication Location size interval, yr decline
Dieterich 1980a Fort Valley Exp. Forest, 7 2.5 1876
north central Arizona
Dieterich 19806 Long Valley Exp. Forest, 10 2.9 1898
north central Arizona
Swetnam and 1985 Gila Wilderness, 18 5.1 1892
Dieterich southwestern New Mexico
Dieterich and In press Prescott National Forest 6 1.9 1874
Hibbard northern Arizona
Allen 1989 Jemez Mountains, 12 6.4 1893
central New Mexico
Savage and This paper Chuska Mountains, 16 4.2 1829
Swetnam northeastern Arizona

century, significant increases in establishment and sur-
vival of ponderosa pine in the region caused a shift
from an open forest to an increasingly young, dense,
and even-aged forest. Explanations for this regenera-
tion pulse cite anthropogenic causes, in particular,
elimination of frequent fires by livestock grazing, and
subsequent fire-suppression activities. Low-intensity
fires thin ponderosa stands by killing seedlings and
saplings in a patchy manner (Cooper 1960). In addi-
tion, grazing may favor pine recruitment by reducing
competition from grass and exposing a mineral seed-
bed (Wright 1978).

Severe grazing pressure may also suppress regener-
ation of trees by trampling and browsing seedlings.
Considerable concern was expressed early in the cen-
tury over the paucity of regeneration in southwestern
pine forests due to this effect (Pearson 1923). The sharp
reduction of livestock numbers in the 1920s and 1930s
has been suggested as a mechanism for a regenerational
release at that time (Pearson 1950).

Climate variation also plays an important role in the
development of ponderosa pine forest structure. The
coordination of a good seed-production year with ad-
equate and timely precipitation is required for ger-
mination and establishment (Schubert 1970).

The objective of this study is the documentation and
interpretation of an unusual fire history in a Southwest
ponderosa pine community. The fire-scar record from
the Chuska Mountains shows an abrupt and persistent
reduction in fire frequency at least four decades earlier
than in other parts of the Southwest (Table 1). Yet
dense, even-aged cohorts were established in the Chus-
kas at the same time as others in the Southwest, in the
1910s, 1920s, and early 1930s (Savage 1989). The dif-
ference in land-use history offers an opportunity (1) to
assess the strength of the hypothesis that grazing im-
pacts caused fire-frequency decline in the Southwest,

and (2) to assess the relationship between fire decline
and shifts in forest structure that occurred soon after.

Methods

Data were collected in a ponderosa pine forest at
2700 m elevation on a gently rolling plateau on the
Arizona-New Mexico border at =36° N and 108° W.
Ponderosa pine occurs in nearly pure stands on the
relatively homogeneous and mesic habitat of the pla-
teau top.

Fire history was documented from partial cross sec-
tions taken 20-30 cm above the ground from scarred
stumps of 16 ponderosa pine in an area of 6500 ha.
Sampling procedure followed Kilgore and Taylor’s
(1979) technique of collecting small clusters of stumps,
which, because of the patchiness of these fires and the
variability of fire scarring among trees, provides a more
complete record than isolated stumps. Six clusters of
2-3 stumps and two isolated stumps were analyzed.

Specimens were surfaced and crossdated and fire scars
identified. Crossdating the scars allowed accurate as-
signment of scars to a calendar date (Dieterich and
Swetnam 1984). In 15 cases it was unclear in which of
two years a fire occurred, and the fire was assigned to
the later date for computational purposes. Fire scars
were identified on the basis of three criteria: (1) the
presence of a gap within a ring or along a ring boundary,
(2) charred wood within the gap, and (3) subsequent
overlapping growth over the gap (Dieterich and Swet-
nam 1984).

Results

A total of 174 fire scars were recorded on 16 stumps
(Fig. 1). Fires were recorded in 95 yr over a period of
594 yr. Mean fire intervals (MFIs), or the mean of the
number of years between fires, were calculated for the
entire record and for three historical periods. The MFI
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from the date when all sample trees were established,
1660, to 1986, is 3.7 yr (sD = 3.9 yr, Range [R] = 1-
22 yr, number of fire years = 80), comparable to the
fire frequency in similar habitats of the Southwest (Ta-
ble 1).

Fires were frequent in the Chuskas until =~1830.
Based on Navajo pastoral history and a subjective as-
sessment of fire frequency, the record can be divided
into three periods, an early period when sheep herds
were building, a pastoral period when sheep numbers
were erratic but usually high, and a modern period,
when fire supression was active. The MFI for the Nav-
ajo forest from 1660 to 1830 is 2.8 yr (sp = 2.7 yr, R
= 1-18 yr, fire years = 61). From 1830 to 1930 the
MFI was 6.1 yr (SD = 5.5 yr, R = 1-22 yr, fire years
= 17), and for the period 1930, when effective fire
suppression was instituted, to 1986, the MFI was 13
yr (SD = 0.7 yr, R = 12-13 yr, fire years = 2).

In fact, the decline after 1830 was more pronounced
than these figures imply. For the period from 1830 until
1930, 62% of the fires were recorded on 2 of the 16
trees, both of which were located next to a large lake
and may have received scars from small fires associated
with camps and dwellings. Moreover, only three fires
were recorded after 1930, and they were bunched in
time, resulting in a low MFI estimate. To eliminate

such exceptional coincidence, MFI may be calculated
based only on fire scarring of =10% of trees. Using
this criterion, the MFI for the period 1700-1830 in the
Chuskas is 4.2 yr. After 1830, fire scars were recorded
in >10% of the sampled trees in only two years, 1846
and 1870.

Discussion

The coincidence of fire decline and early sheep herd-
ing on the Navajo Reservation, 45-70 yr before the
same association in the rest of the region, lends strong
support to the hypothesis that heavy livestock grazing
played a significant role in reducing fire frequency in
ponderosa pine forests.

In the great river basins of New Mexico a thriving
livestock trade had developed in the early 1700s (De-
nevan 1967). Navajos became adept at raiding His-
panic settlements for sheep and goats, and favored the
Chuskas as a refuge and summer pasture for their grow-
ing herds from as early as 1740 (Kemrer and Lord
1984). Huge flocks of sheep in New Mexico, estimated
to total 3 000 000 animals by 1820, allowed the Navajo
to accumulate herds, slowly at first, but at an accel-
erating pace as both Navajo and livestock populations
grew. This trend intensified after 1800, when raiding
of Hispanic flocks increased. Bailey (1980) estimates
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Navajo population in 1700 at &~1000, and cites a His-
panic observer reporting in 1743 only “few small
flocks.” By 1850 the Navajo population probably ex-
ceeded 10 000, and written descriptions of the area by
travellers and United States military expeditions re-
corded huge sheep herds and signs of severe grazing
impacts in the 1840s (Bailey and Bailey 1986).

Fire became rare in the Chuskas around 1830. The
impact of grazing by ever-greater herd numbers was
compounded at this time by climate conditions. An
extremely wet episode in the 1830s and early 1840s,
reflected in tree-ring widths of the region (Schulman
1956, Dean and Robinson 1977), probably enhanced
the abruptness of the fire decline as well as supporting
larger sheep herds.

The Anglo and Hispanic settler livestock industry in
the Southwest was delayed until the end of the 19th
century by Indian presence and lack of railroad trans-
portation to a market. For most southwestern pon-
derosa pine forests, the decline in fire frequency oc-
curred in the last decades of the century, coinciding
with the steep rise of grazing herds, but preceding or-
ganized fire suppression efforts by at least one to two
decades. These observations, together with the asso-
ciation of grazing and early fire decline in the Chuska
Mountains, suggest that grazing may have been the
most important factor in the ending of episodic fire
regimes in ponderosa pine forests.

The unusual fire history in the Chuskas, however,
does not support the thesis that reduced fire occurrence
by itself, or even a combination of grazing and fire
decline, can fully account for dramatic structural shifts
in the ponderosa forest. If so, a similar response should
have followed grazing and fire decline in the Chuskas
before the mid-19th century. Instead, the regeneration
pulse in the Chuskas was synchronous with that of
other ponderosa pine forests in the Southwest, for the
forest today exhibits dense, even-aged cohorts that es-
tablished in the early decades of the 1900s (Savage
1989).

It is difficult to interpret the effect that fluctuating
levels of grazing in the 1900s may have had on pine
regeneration. Whereas the non-Indian livestock in-
dustry in the Southwest depended on Eastern markets,
and declined rapidly after World War I, remaining de-
pressed through the 1920s, Navajo sheep herds were
never kept primarily for commercial reasons, except
for rug wool. Livestock numbers generally remained
high from 1880 until 1930, when federal government
policies reduced herd numbers by force for conserva-
tion reasons (Bailey and Bailey 1986). By then much
of the pine regeneration pulse in the Chuskas was past
(Savage 1989). A respite from severe grazing pressure,
then, could not have been an important factor in forest
structure shifts in the Chuskas.

The complex history of forest development in the
Chuskas over several centuries suggests that anthro-
pogenic impacts on fire and grazing regimes were not
sufficient by themselves to cause a major regeneration
pulse in pine. On the other hand, climatic factors ap-
pear to be quite important in controlling ponderosa
regeneration. Schubert (1970) documents the impor-
tance of coordination of a good seed supply with timely
temperature and precipitation patterns. Specifically,
ponderosa seeds appear to need continually moist con-
ditions for at least 7 d at temperatures > 13° C to ger-
minate. Apparently, such conditions were unusually
common during the 1910s, 1920s, and early 1930s in
the Chuskas. Exceptionally favorable climate condi-
tions, that is, anomalously warm and wet, are docu-
mented in the Southwest for many years in the early
decades of this century (Sellers 1960, Dean and Rob-
inson 1977, Bradley et al. 1982).

The Chuska forest history suggests that insufficient
attention has been given to the role of climate variation
in the interpretation of southwestern pine-forest shifts
in this century. The influence of favorable climate con-
ditions on regeneration of forest species appears to
have been masked by dramatic land-use changes oc-
curring about the same time. The Chuska fire history
suggests that major structural alteration of the forest
landscape in this century must have been produced by
anthropogenic disturbance coupled with a period of
highly favorable climate conditions.
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