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Abstract

Question: What are the shape, abundance, size, and structural
characteristics of sapling patches in an old-growth Pinus
Jeffreyi-mixed conifer forest with a relatively intact distur-
bance regime?

Location: Sierra San Pedro Martir, Baja California, Mexico.
Methods: Regeneration was quantified by sampling sapling
patches on seven 1200 m permanently marked line transects.
For all patches intersected, tree size, species, age, and patch
canopy cover were recorded. Patch structural characteristics
were statistically compared to data from unbiased forest in-
ventory plots. The minimum regeneration patch was defined
as three saplings in a 49-m? area.

Results: We sampled 54 sapling regeneration patches. Patch
size varied from 6.6 to 674.8 m2. A small portion of the forest
was in patches (patch fraction = 3.8%, patch abundance = 8.5
per ha). The majority of the patches were small; 64.8% were
less than the mean patch area of 100.1 m?2. Patches were
shaped as a rhombus. For all forest characteristics, mean
values inside patches were significantly different than those
from the unbiased forest inventory plots.

Conclusions: These forests have a fine-grained pattern of
regeneration patches. Our largest patch size of 674.8 m? is the
smallest reported in Pinus jeffreyi, P. ponderosa, and mixed
conifer forests; other studies have probably had more diffi-
culty delineating regeneration patches because of forest in-
growth from fire exclusion. Frequent fire, irregular seed crops,
and seed dispersal by small mammals and birds could create
this regeneration patch regime. High variation in nutrient
availability after fire could also contribute to increased stand
patchiness.

Keywords: Disturbance; Fire; Forest restoration; Pinus
ponderosa; Reference condition.

Nomenclature: Hickman (1993) for vascular plants; Kays &
Wilson (2002) for mammals.

Abbreviation: Pj-mc = Pinus jeffreyi-mixed conifer; SSPM
= Sierra San Pedro Martir.

Introduction

Watt (1947) viewed an apparently stable forest com-
munity as the mosaic of patches differentiated by floris-
tic composition and age of the dominant trees. This
‘patch’ model has repeatedly been applied to Pinus
ponderosa and mixed conifer forests in the western
United States (US) (Cooper 1960, 1961; Biswell 1961;
West 1969; Bonnicksen & Stone 1981; White 1985;
Moore et al. 1993; Fulé et al. 2002). This model (Watt
1947) suggests that even-aged patches of shade-intoler-
ant seedlings originate in small forest openings after a
surface fire has prepared a suitable seed bed. Wind
dispersal of seeds from adjacent mature trees may be
sufficient to regenerate the patches but other dispersal
mechanisms such as seed caching by small mammals
(Vander Wall 1992) and birds (Burns & Honkala 1990)
may also be important.

Periodicity of P. ponderosa seed crops is a major
limitation to successful regeneration in the southwest-
ern US (Pearson 1950; Schubert 1974). In general,
sufficient seed is available for a new generation of P.
ponderosa in the southwestern US only once or perhaps
twice a decade (Savage & Swetnam 1990; Allen et al.
2002; Bailey & Covington 2002). After establishment,
seedlings contribute little flammable organic matter to
the forest floor for several years, and surface fires that
pass through surrounding stands ordinarily do not spread
into the young seedling clumps (Biswell 1989). Separa-
tion of the seedling clumps from the litter fall of mature
trees also reduces local fuel loads within the seedling
patches.

Information on the size, shape, frequency, and struc-
tural characteristics of regeneration patches in P.
ponderosa and mixed conifer forests is limited (Agee
1998). Most patch characteristic investigations have
occurred in P. ponderosa forests in north-central Ari-
zona (Cooper 1960, 1961; White 1985; Moore et al.
1993; Biondi 1998) and east-central Oregon (West 1969;
Morrow 1985) (Table 1). All of these studies on patch
size were done in remnant, old-growth forests that had
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been subjected to decades of fire exclusion with the
exception of one of the stands studied by Cooper
(1960). No information on patch characteristics of
Pinus jeffreyi has been reported. The rarity of informa-
tion has occurred because there are few large, conifer-
ous forests in western North America that have not
been affected by fire exclusion, particularly those that
once experienced frequent, low-moderate severity fire
regimes.

One large forested ecosystem exists in northwestern
Mexico where harvesting has never occurred and a
policy of large-scale fire suppression was never initi-
ated, the Sierra San Pedro Martir (SSPM), Baja Cali-
fornia, Mexico (Minnich et al. 1997; Stephens et al.
2003). The forests in the SSPM are unique within the
California floristic province in that they were influ-
enced by lightning ignited fires until the late 1960s
(Stephens et al. 2003). Median fire return intervals in
Pinus jeffreyi-mixed conifer (Pj-mc) forests in the
SSPM are shorter than 15 years (Stephens et al. 2003),
and this is comparable to past fire frequency in similar
forests in California (Skinner & Chang 1996; Stephens
2001; Taylor 2004). Though there are no P. ponderosa
in the SSPM, the relationship of P. jeffreyi to fire is
considered similar to ponderosa pine (Habeck 1992);
however, there is more variability in P. jeffreyi fire
regimes in regions where the two species overlap (Skin-
ner & Chang 1996).

The seasonality of past fires in the SSPM differs
from that in California with the majority of fires re-
corded in the early-wood portion of the annual ring,
while most fires in Californian forests are recorded in
the late-wood or dormant periods (Stephens et al. 2003;
Stephens & Collins 2004). The SSPM has experienced
livestock grazing at varying intensities over the last
200 years (Minnich et al. 1997; Minnich & Franco
1998).

The objectives of this study are to determine the
shape, abundance, size, and structural characteristics
of sapling patches in an old-growth Pj-mc forest with a
relatively intact disturbance regime to (1) increase our
understanding of old-growth forests, and (2) assist in
the development of restoration objectives for similar
forests in the western US. The absence of systematic
fire suppression and harvesting suggests these forests
may provide information useful for developing de-
scriptions of reference conditions (Franklin et al. 2002;
Lindenmayer & Franklin 2002; Bennett & Adams 2004;
Stephens & Fule 2005) for similar forests in the west-
ern US.

Study area

The study was conducted in the SSPM National Park
(31°37'" N, 115°59'" W) located ca. 120 km SE of
Ensenada, Mexico. The SSPM is the southern terminus
of the Peninsular Mountain Range that begins at the
boundary between the San Jacinto and San Bernardino
Mountains in California; ca. 350 km separates the SSPM
from the San Bernardino Mountains.

Forests in the SSPM are composed of Pinus jeffreyi,
Abies concolor, P.lambertiana, P. contorta var. murray-
ana and limited amounts of Calocedrus decurrens and
Populus tremuloides. The most common forest types
are Pinus jeffreyi, Pinus jeffreyi-mixed conifer, and
mixed Abies concolor forests (Minnich & Franco 1998).
Floristically, forests in the SSPM are very similar to
portions of the eastern Sierra Nevada and southern
California mountains (Minnich et al. 1995; Stephens
2001; Taylor 2004).

The soils of the SSPM are unclassified but those in
the study area are Entisols (Stephens & Gill 2005). Soils
are shallow, well to excessively drained, and relatively
acidic. The most common soil texture is loamy sand.
Parent material is diorite. Soil chemistry and texture
from the study area are typical of granite-derived soils in
similar forests in California (Potter 1998).

The SSPM is located in the southern margin of the
North American Mediterranean climate zone (Pyke
1972; Markham 1972; Minnich et al. 2000); however,
weather data from this area are limited. A group of
temporary weather stations was installed in this range
from 1989-1992 and mean annual precipitation in the
upper plateau (Vallecitos Meadow) was 550 mm
(Minnich et al. 2000). The Mediterranean climate in
the SSPM possibly includes higher amounts of sum-
mer precipitation than most areas of California
(Stephens et al. 2003).

Forest structure has been inventoried in Pj-mc for-
ests in the SSPM using a systematic grid of plots from an
area of ca. 144 ha (Stephens 2004; Stephens & Gill
2005). In this area, mean tree DBH was 32.6 cm (range
2.5 - 112 cm), mean tree density was 145.3 stems ha™!
(range 30 - 320 stems ha™'), and mean basal area is 19.9
m? ha~! (range 5.7 - 50.7 m? ha!). The forest is relatively
open with an mean canopy cover of 25.3% (range 14 -
49.5%).

Topographic maps were used to select a sample area
with uniform aspects (west, northwest), slopes (0-25%),
soil parent material, and forest type (Pj-mc) to reduce
variability in sapling patches that could be caused by
these factors. Elevation in the sampled area varied be-
tween 2400 - 2500 m and it is ca. 1.2 km west of the
northern portion of Vallecitos Meadow.
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Methods

Regeneration patch definition and sampling

Regeneration patches were defined as areas within
which regeneration is likely to persist; this is a subjec-
tive definition but one that helps define an ecologically
significant and recognizable shift in forest structure
(Agee 1998).

We focused on sapling sized trees because the re-
peated measurement of a completely inventoried 4 ha
stem map in Pj-mc forests in the SSPM (S. Stephens,
unpubl.) indicated that sapling mortality was low, and
therefore, these trees should persist and affect forest
structure. Analysis of the 4 ha stem map also indicated
that the smallest sapling regeneration patch had a di-
mension of approximately 7 m X 7 m and contained
three saplings. Cooper (1960) also defined a relatively
small minimum patch size when measuring southwest-
ern P. ponderosa forests that is equivalent to 6.3 m on a
side (6.3 m X 6.3 m).

The smallest sapling regeneration patch was there-
fore defined as a group of three trees with diameters at
breast height (DBH) between 2.5 - 15 cm within a 7 m X
7 m (49 m?) area. A regeneration patch increased in size
only when one of more of the areas adjacent (the four
squares that share an edge with the original square) to a
previously delineated 49-m?area contained at least three
trees with a DBH between 2.5 - 15 ¢cm in a new 49-m?
area. This process was continued until no adjacent 49-
m? areas met the minimum patch definition. White
(1985) also identified a minimum sized group of trees to
include three individuals and this corresponded to an
area of approximately 0.02-ha for post-fire exclusion
trees (defined as trees > 106 years old).

Patches were sampled by superimposing seven par-
allel line transects (Battles et al. 1996) on a systematic
grid of plots (7 m X 7 m grid) used previously to survey
trees, snags, fuels, and soils (Stephens 2004; Stephens
& Gill 2005) (Fig. 1). The starting point of the grid was
chosen randomly. Line transects were 200 m apart and
each 1200 m in length.

For all sapling patches intersected, stem size (DBH),
species, age, and patch canopy cover was recorded.
Seedlings (DBH < 2.5 ¢cm) occurring within patches
were tallied by species. A random sample of trees within
the patch were cored to determine age (cores taken ca.
10 cm above ground; ca. 10% of patch trees cored). Tree
age was determined by cross-dating tree rings using
standard dendrochronological techniques (Stokes &
Smiley 1977; Swetnam et al. 1985). Most specimens
were cross-dated by visually comparing them with a
nearby chronology obtained from the International Tree-
ring Data Bank (Grissino-Mayer & Fritts 1998).

Canopy cover was estimated using a systematic sam-
pling grid placed in each sapling patch; the distance
between grid points depended on patch size with most
patches containing 15 grid points. A canopy sight tube
was used to determine if a tree crown was directly
overhead on each grid point; the species of the tree was
recorded if the grid point was under canopy. Patch
canopy cover was estimated by the total number of
points under canopy divided by the total number of grid
points in each patch.

In each patch the longest axis (A,,,,) and the
maximum axis perpendicular to the longest axis (A, ;,..)
were measured (m) (Battles et al. 1995). The end of each
axis was located on the outside canopy drip line of patch
perimeter trees. Patch metrics (i.e. area and perimeter)
were estimated as a function of the major and minor
axes. Since the patches were irregular in shape, we
compared equations for area and perimeter for patches
assuming they were shaped as an ellipse, a rhombus, and
equations developed from linear regression. These equa-
tions were generated from a subsample of patches (de-
tailed patches that included one-third of the total number
of patches).

Detailed patches were measured by recording the
distance (m) of multiple radii (every 45 degrees) from
patch centre to patch edge (outside canopy drip line of
perimeter trees) and then summing the areas of the
resulting triangles (Spies et al. 1990; Lertzman & Krebs
1991; Runkle 1992). The equation for the area of an
ellipse and rhombus include the product of the major
and minor axes (App. 1). This product for the detailed
patches was used as the independent variable in the
linear regression model and the area of the detailed
patches was included as the dependent variable. The
regression coefficient was then used to estimate area of

Patch Sampling /- , 4 1 1
Line Transects

0.1 ha inventory
plots (49 total) +

N

_ # 2 2 4
I

400 0 400

800 Meters

Fig. 1. Patch sampling design in an old-growth Pinus jeffreyi-
mixed conifer forest in the Sierra San Pedro Martir, Mexico.
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all the patches (regression coefficient+[A .. *A ;... 1)
The equation that gave the lowest error compared to the
detailed patches was used to estimate patch dimensions.
For patch perimeter, we used
(Ar + Anir)

as the independent variable in the linear regression
model since it appears in the formula for the perimeter
of a rhombus and ellipse (App. 1). The equation that
produced the lowest difference compared to the detailed

patches was used to estimate patch perimeter.

Characterization of the spatial distribution of sapling
patches

A number of attributes were used to quantify the
spatial distribution of sapling patches. The equation
used to calculate the fraction of the forest in a sapling
patch (patch fraction) is:

. 1< A

patch fraction 3 12:1' 4, s (D
(De Vries 1986; Battles et al. 1995) where L is the length
of the transect, A, is the area of the j regeneration patch,
and d; is the effective diameter of the j™ regeneration
patch. The effective diameter is the mean breadth of an
object when measured over every possible orientation.
For a convex shaped object, a line transect will cross its
perimeter at exactly two points. The probability of a line
transect intersecting the object is half the probability of
intersecting a line segment of the same length as its
perimeter. The effective diameter (d) for a convex shape
is

_(1)2e
d—(z)” @)

where p is the object perimeter; the equation reduces to
p/m for a convex shape. However, for a non-convex
shape, the effective diameter cannot be calculated be-
cause there is the probability of a line transect intersect-
ing the object perimeter in more than two places. There-
fore, we calculated the perimeter for the smallest con-
vex shape for each of the detailed sapling patches (Bat-
tles et al. 1995). The probability of a transect passing
through a non-convex shape is the same as the probabil-
ity of a line passing through the smallest convex cover
of that shape. However, the perimeter of the smallest
convex shape will be smaller than the perimeter of the
actual non-convex shape (Battles et al. 1995).

The abundance of sapling patches was expressed as
the number of patches per ha of forest and was calcu-
lated from

sapling patch abundance= %Zi 3)

j=1dj

(De Vries 1986; Battles et al. 1995) where L is the
length of the transect and d, is the effective diameter of
the jth patch.

Inherent to both the patch fraction and abundance
equations is a correction for the bias associated with
using line transect sampling. The bias is produced be-
cause a line transect is more likely to intersect a large
patch than a small one (De Vries 1986). This is cor-
rected by using the effective diameter of the patch which
gives the probability that the transect will intersect the
patch. Therefore, in describing size frequency distribu-
tions of the patches, the bias needs to be corrected. For
patch area and perimeter size distributions, each sapling
patch was discounted based on its size using:

ii “)
md

where dj is the effective diameter of the j patch.

Comparisons of mean forest characteristics (DBH,

density of trees > 2.5 cm DBH, seedling density) be-
tween the sapling regeneration patches and the values
obtained from the 49-plot systematic grid (Stephens &
Gill 2005) were done by two-sample #-tests. Frequency
distributions for all variables from the 49 plot grid were
right-skewed, and therefore, were log transformed to
meet assumptions of parametric statistical tests (Zar
1999). The relationship between sapling patch perim-
eter and area was determined using least squares non-
linear regression.

Table 1. Regeneration patch size characteristics of western
North American forests with low-moderate severity fire re-
gimes. - not available.

Location Forest type Patch size (ha) Source

Average  Range

‘White Mts, Pinus 0.08 0.06-0.13  Cooper (1960)
Arizona ponderosa Cooper (1961)
Flagstaff, Pinus

Arizona ponderosa 0.07 - Biondi (1998)
Flagstaff, Pinus

Arizona ponderosa 0.10 0.02-0.29  White (1985)
Flagstaff, Pinus Moore

Arizona ponderosa 0.16 0.08-0.64 etal.(1993)
Warm Springs

Reservation, Pinus

Oregon ponderosa 0.26 - West (1969)
Pringle Falls, Pinus

Oregon ponderosa - 0.025-0.35 Morrow (1985)
Sequoia Nat. Mixed Bonnicksen
Park, California  conifer - 0.03-0.16 & Stone (1981)
SSPM, Baja Pinus

California, Jeffreyi-

Mexico mixed conifer 0.01  0.001-0.07 This work
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Results

In total 8.4 km were surveyed in line transects for
sapling regeneration patches (Fig. 1); 54 such patches
were intersected and measured; patch size varied from
6.6 - 674.8 m?(Table 2). A small part of the forest was in
patches as indicated by the estimates of patch fraction
(3.8%) and patch abundance (8.5 stems ha-!) (Table 2).
Mean canopy cover inside regeneration patches was
6.2% (SE 1.8, range 2-37.1%). The 18 patches meas-
ured in detail were irregular in shape and 14 were non-
convex. Mean axis ratio (A, .. /A, for detailed
patches was 2.15 against 2.23 for the other 36 patches.

Assuming sapling patches were shaped as ellipses
overestimated patch area by a mean of 34.1% compared
to the area calculated from the detailed patches. Assum-
ing the patches were shaped as a rhombus gave
a lower error. The equation for the area of a rhombus
underestimated patch area by 1.1% on average. Our
regression equation showed a significant relationship
(R?=0.942,p <0.0001), while the intercept was signifi-
cantly different from zero. Furthermore, the few large
patches that were measured in detail strongly influenced
the regression relationship and the regression residuals
showed a non-random pattern. Using the regression
coefficient underestimated patch area by an average of
41.5%. Based on these comparisons, the sapling regen-
eration patches in this forest were most accurately esti-
mated assuming patches were shaped like a rhombus.

Most sapling patches were small (Fig. 2); 64.8%
were less than the estimated mean patch area of 100.1 m?
(Table 2). The perimeter of the smallest detailed patch
was 6.4 m and the largest was 158.7 m (Fig. 3). The
mean perimeter of the smallest convex cover for the
detailed patches was 37.1 m, 0.8% less than the esti-

Table 2. Sapling regeneration patch characteristics of an old-
growth Pinus jeffreyi-mixed conifer forest in the Sierra San
Pedro Martir, Mexico. Values in parentheses represent one
standard error of the mean.

Patch fraction (%) 3.8(03)

Patch abundance (#/ha) 8.5 (4.6)

Mean area (m2) [range] 100.1 (19.3) [6.6 — 674 8]
Mean perimeter (m) [range] 36.9 (3.8) [6.3-153]
Mean number of trees [range] 169 (2.7) [3-111]

Mean number of seedlings [range] 9.5(1.8) [0-71]
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Fig. 2. Frequency distribution of sapling patch size (ha) in

Pinus jeffreyi-mixed conifer forests in the Sierra San Pedro

Martir, Mexico. Values were corrected for the patch size bias

associated with line intersect sampling (Eq. 4).

mated actual mean perimeter.

The regression coefficient generated by the linear
regression model for patch perimeter was similar to the
coefficient in the perimeter equation for a rhombus
(2.04 and 2, respectively). The regression coefficient
generated from the linear regression model using the
smallest convex perimeter as the dependent variable
was also 2.0. Therefore, perimeters of the patches were
assumed to be shaped like a rhombus. This agrees with
the comparisons for the equation for patch area. Using
the regression coefficient to estimate patch perimeter
overestimated the perimeter by 10% compared to the
perimeter estimated from the detailed patches.

The majority of the sapling patches (66.7%) had less
than the estimated mean perimeter of 37.6 m (Fig. 3).
The average of the perimeter to area ratio for the sapling
patches was 1.21. The relationship between patch pe-
rimeter and area exhibited a curvilinear relationship
(Fig. 5). Using non-linear regression (p < 0.0001) the
equation describing the relationship was:

Perimeter = 11varea +2.5 (5)

where perimeter is in m and area in m2.

For all forest characteristics compared, mean values
inside the sapling patches were significantly different
from the 49-plot grid (p < 0.01 for all tests, Table 3).

Table 3. Comparison of forest characteristics inside sapling regeneration patches and from a systematic inventory (Stephens & Gill
2005) in an old-growth Pinus jeffreyi-mixed conifer forest in the Sierra San Pedro Martir, Mexico. * indicates significant difference

(p <0.05) using a 2-sample z-test.

Location Inside regeneration patches General forest

Average (1 SE) Range Average (1 SE) Range
DBH (cm)* 13.2(0.3) 2.5-445 32.6(0.9) 25-1120
Tree (> 2.5 cm DBH) density ha='* 4843.4 (1091.0) 387.6 - 45454 .5 1453 (10.4) 30 - 320
Seedling density ha=1* 1704.2 (329.1) 0-11724.1 124.7 (15.7) 0-470




698 Stephens, S.L. & Fry, D.L.

0.6 = = !
0.4{ 1
=
[S]
c
5 o
3
(=2
E
L
0.2} 1
0.0 | H L1 =
0 40 80 120 160

Perimeter (m)

Fig. 3. Frequency distribution of sapling patch perimeter (m)
in Pinus jeffreyi-mixed conifer forests in the Sierra San Pedro
Martir, Mexico. Values were corrected for the patch size bias
associated with line intersect sampling (Eq. 4).

Mean DBH was 60% smaller inside the sapling patches
compared to the grid plots.

Pinus jeffreyi was the dominant species both inside
the sapling regeneration patches and in the 49-plot grid
(Table 4). The next most abundant species was Abies
concolor; both P. lambertiana and P. contorta var.
murrayana were relatively uncommon.

Fifty-six trees inside the sapling regeneration patches
were cored (Fig. 4) and mean age was 72.1 years (SE =
3.7). Mean age for P. jeffreyi (n = 41) was slightly less
than the overall mean (mean of 70.9 years, SE = 4.5
years) while Abies concolor was higher (mean of 77
years, SE =7.7).

Table 4. Percent species composition by size inside sapling
regeneration patches and from a systematic inventory (Stephens
& Gill 2005) in an old-growth Pinus jeffreyi-mixed conifer
forest in the Sierra San Pedro Martir, Mexico.

Trees Seedlings

Species Inside  General Inside General
patches  forest patches  forest

Pinus jeffreyi 86.8 74.1 78.6 81.2
Abies concolor 10.6 17.7 11.7 10.8
Pinus lambertiana 14 59 92 7.7
Pinus contorta var. murrayana 1.2 2.3 0.6 0.3
N 910 730 513 611

16 } } }
12+ —
O
a6
0 [ ]
0 50 100 150 200

Age (yr)

Fig. 4. Frequency distribution of tree ages inside sapling
patches in Pinus jeffreyi-mixed conifer forests in the Sierra
San Pedro Martir, Mexico.

Discussion

The smallest sapling regeneration patch was defined
in this work as at least three saplings with a DBH
between 2.5 - 15 cmin a7 m X 7 m area. Only one other
patch study (Cooper 1960) has explicitly defined the
lower patch size (6.3 m x 6.3 m). Our largest patch size
of 674.8 m? is the smallest reported in similar forests
(Table 1); Cooper (1960) and Bonnicksen & Stone
(1981) reported a maximum patch size that is approxi-
mately two times larger than this work. Other maximum
patch size estimates are four to nine times larger (Table
1) but it should be noted that patch definitions varied
among studies. Larger regeneration patches were found
in mixed conifer forests in the Southern Cascades of
northeastern California where fire regimes were strongly

200
1501 °
E
2 100 &
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Fig. 5. Perimeter-to-area ratio patterns inside sapling patches
in Pinus jeffreyi-mixed conifer forests in the Sierra San Pedro
Martir, Mexico.
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affected by slope position and topography (Bekker &
Taylor 2001; Beaty & Taylor 2001).

Age structure data from this study and White (1985)
illustrate the variation of successful establishment in Pj-
mc and P. ponderosa forests in northwestern Mexico
and the southwestern US, respectively. Part of the vari-
ation is likely due to erratic seed production in pre-
settlement years that was probably similar to the erratic
seed production reported for this century (Larson &
Schubert 1970). Some regeneration patches (24%) in the
SSPM included moderate sized trees (DBH > 30 cm) and
this was also found in southwestern P. ponderosa forests.
Cooper (1961) found that 2 - 8.2% of the quadrats (6.3 m
X 6.3 m) examined in largely intact, old-growth P.
ponderosa forests contained young and mature trees in
the same quadrat. Since only a subset of patch trees were
cored in this work, the temporal dynamics of the SSPM
sapling patches have not been fully characterized.

In contrast to the pattern observed by Cooper (1960,
1961) in the White Mountains of Arizona, within group
age data in this study and those of White (1985) indicate
a wider range of ages within each patch. A possible
explanation is that rather than the whole patch of trees
regenerating simultaneously, a few trees regenerate early
followed by additional trees for the next few decades.
This could also occur if a fire killed a group of trees
resulting in a patch of seedlings, but as dead wood
accumulated on the ground (from the snags), subse-
quent fires would kill some seedlings and open space for
further recruitment.

The concept of P. ponderosa and Pj-mc forests as a
mosaic of groups (Schubert 1974) is upheld by the study
of stem spatial distribution, but age data indicate that
many groups are not even-aged. That only 25.3% of the
SSPM study area was covered by trees (Stephens & Gill
2005) supports the idea that only limited ‘safe sites’
were available for regeneration (White 1985). This is
reinforced by the lack of evidence that earlier groups of
trees occupied much of the area between current groups in
P. ponderosa forest in the southwestern US (White 1985)
and Pj-mc forests in the SSPM (S. Stephens pers. obs.).

The majority of regeneration studies done in P.
ponderosa and mixed conifer forests have quantified
regeneration dynamics by sampling older trees (> 100
years) or stumps to remove the effects of US fire exclu-
sion policies. Sampling these older materials does not
allow for a direct reconstruction of sapling sized patches.
This may be one reason why the patch characteristics in
this work are different from those previously reported
(Table 1).

Before Euro-American settlement in the US, fire
enhanced stand patchiness by thinning trees that peri-
odically became established. By letting only a few trees
per group survive and reach maturity, fire perpetuated

patchiness because isolated point source of seeds were
left across the landscape (Cooper 1960; Biondi 1998;
Taylor 2004). Spatial variation in fuel loads and result-
ant fire behaviour and effects could also contribute to
stand patchiness. The SSPM currently has high variabil-
ity in forest fuel loads and this is probably the result of
the relatively intact frequent surface fire regime and
because no harvesting has occurred in this forest
(Stephens 2004). The high variability in surface fuel
loads would produce equally diverse fire behaviour and
effects, and this would maintain high spatial heteroge-
neity if the forest continued to burn under a low-moder-
ate severity fire regime (Stephens 2004).

Many Pj-mc forests in the eastern Sierra Nevada are
largely even-aged because they were almost completely
harvested 120 years ago to support the gold and silver
mining industries (Elliott-Fisk et al. 1997; Taylor 2004).
Most of these forests lack the fine-grained pattern of
regeneration patches that occur in the SSPM (Taylor
2004) and many have high fire hazards (Stephens
2005). In addition to the need to manage to reduce fire
hazards and promote old trees, small patches of re-
generation should also be encouraged. The use of pre-
scribed fire alone or in combination with group selection
silviculture could be used to create fine-grained patterns
of regeneration. The size of the group selection open-
ings would need to be small in comparison to common
group selection practices in California that use openings
of 0.1-1.0 ha (Stephens et al. 1999; York et al. 2004).

The creation of small sapling patches of Pj-mc re-
generation in the SSPM could have been influenced by
seed dispersal from small mammals and birds. In a study
in P. jeffreyiforests in western Nevada, Tamias amoenus
(yellow pine chipmunks) repeatedly moved Pinus jeffreyi
seeds from primary to secondary caches (Vander Wall
& Joyner 1998). Rodents ate some of the seeds that they
took from the primary caches (7.1%), and some seeds
disappeared (17.2%), but most of the seeds (74.7%)
served as the source for 722 new caches made by the
rodents (Vander Wall & Joyner 1998). The repeated
caching of P. jeffreyi seeds resulted in seedlings that
were spatially clumped.

Small mammal inventories of the SSPM are incom-
plete but include Eutamias obscurus (Merriam chip-
muck), Tamiasciurus mearnsii (a SSPM chickaree), and
three species of mice, Peromyscus boylii, P. mani-
culatus, P. truie (Minnich et al. 1997). Caching behav-
iours of small mammals in the SSPM are unknown but
the senior author has observed multiple Pinus jeffreyi
seedlings emerging from single points inferring that
seeds have been cached by small mammals or birds.

Frequent fires can increase spatial variability in nu-
trient availability, depending on the distribution of or-
ganic matter and, ultimately, the spatial distribution of
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net primary production (Adams et al. 2003). The high
variation in SSPM litter and surface fuel loads (Stephens
2004) would produce high variability in nutrient avail-
ability when the forest burns. This high variation in
nutrient availability after fire could also contribute to
increased stand patchiness because of differential net
primary production.

In this work, the density of Abies concolor seedlings
inside the sapling patches was similar to that recorded
from the systematic plot inventory representing the en-
tire forest (Table 4). This indicates that the number of
shade tolerant Abies concolor seedlings (Burns &
Honkala 1990) becoming established is almost equal in
areas with very different canopy covers (canopy cover
of forest =25.3%; canopy cover of sapling regeneration
patches = 6.2%). Forest canopy cover in the SSPM is
relatively low and this probably results in high amounts
of solar radiation throughout this mountain range which
may minimize differences in the location of Abies
concolor establishment. Root competition for moisture
is probably a more significant competition factor in
these xeric forests (Cooper 1961).

Old-growth forests with relatively intact disturbance
regimes are extremely rare in western North America
because of the management practices of fire suppres-
sion, livestock grazing, and forest harvesting (Stephens
& Fule 2005; Stephens & Ruth 2005). As a result, there
are few forests that could serve as models or ‘refer-
ences’ for forests functioning under the continuing in-
fluence of climate variation, insects, diseases, and fre-
quent fires. Conservation of the forests in the SSPM is
therefore critical because they can assist in the develop-
ment of desired conditions in similar US forests and will
allow scientists to understand how relatively intact for-
ests will respond to future conditions.
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App. 1. Area and perimeter equations.

Area of an ellipse

*
Area =7 Amajor 4 Aminor (Al)

Area of a rhombus

A major ¥ A minor
2

Area = (A2)
Perimeter of an ellipse
(A3)
i =% *
Perimeter = 2 Amajor K (k)
where
Ani— A,
k — major minor (A4)
Amajor
and

/2

K(k)= '[ VI=k2%sin2w dw (A5)
0

Perimeter of a rhombus

Perimeter = 2 * Azmajor + Arzninor (A6)



