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Abstract: Fi re suppression has significantl y increased canopy cover, litter depth , and stem density in many 
western forests, altering microsite conditions that affect tree seedling establi shment. We conducted studies in a 
mixed-conifer forest in the Sierra Nevada , California, to determine rel ationships between estab li shed understory 
trees and micros ite quality , and to examine the effec t of fire intensity and shrub cover on seedling establi shment. 
Most of the conifer spec ies were fo und on microsites with relati vely hi gh soil moisture and relat ively low direct 
solar radiation. All spec ies had greater freq uency under shadi er condi tions except fo r Jeffrey pine. which was 
fo und on drier. more open microsites. Although seedli ngs were more abundant on mineral soi l than expected, 
intact litter and forest ll oor was not a barrier to establi shment. Mortality of planted seedli ngs was hi gh, 
particu larly in exposed areas. Although shrub cover may initi ally aid survival , few conifer saplings were present 
in shrub-domi nated pa tches, possi bl y becauso shrubs ca n be aggressive competi tors fo r so il mo isture. The 
lac k of regenera tio n, logs , or snags in many openings suggest that large gaps arc hostil e environments for 
tree seedlings. Resu lts suggest that reductions in shru b cover may benefit tree establi shment, but increasing 
understory ligl1t and decreas ing surface soil moistu re thro ugh canopy cover reducti ons may not. FoR. Sc i. 
5 1(3): 198 - 210 . 
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0 VER THE LAST CEN·r uRY , fire suppression has dra
matically changed forest composition and structure 
in many forest types throughout the western United 

States (Cooper 1960, Kilgore 1973, Agee 1993). Within the 
Sierra Nevada's most common fores t type, mixed conifer 
(Helms 1 995), forests had less tree canopy cover during 
presettlement disturbance regimes, with greater dominance 
by large open-grown pines (Parsons and DeBenedetti 1979, 
Helms and Tappeiner 1996) . Fire suppression and the har
vest of large pi nes is believed to have changed tree species 
composition and forest struc ture, with increased abundance 
of under-story and mid-story shade- tolerant firs and incense 
cedars, increased canopy cover, and reduced gap size and 
abundance (Kilgore 1973 , Parsons and DeBenedetti 1979, 
Wea therspoon et al. 1992, Ansley and Battles 1998). The 
inc rea~ed density and layering of these forests makes them 
more susceptible to hi gh-intensity crown fires that were 
probably less common during the presettlement fire regime 
(Kilgore 1973, McKelvey et al. 1996) . In recent decades, 
po licy on National Forests in the Sierra Nevada has at
tempted to shift from fi re suppression to apply ing an un
derstanding of presettlement fi re regimes using a combina-

ti on of prescribed burning and thinning treatments (SNEP 
1996). 

The future composition, structure, and function of Sier
ran mi xed-conifer forest will be hi ghly dependent on the 
response of tree regenerati on to management practices . De
spite the importance of regeneration, it is not clear how 
within-stand structural and environ mental conditions, along 
with inter- and intra-specifi c competition, control tree es
tabli shment and growth in these fo rests. Thinning and burn
ing treatments reduce overstory canopy cover and tree den
sity, changing li ght, soil moisture, and nu tr ient levels in the 
understory . Past studies of mi xed-co ni fe r regenerati on have 
provided valuable inform ation about stand-level response to 
di fferent silvicultural treatments (e.g., Fowells and Stark 
1965, Stark 1965, Lili eholm et al. 1990, Oliver and Dolph 
1992) , or the detail ed response of a few species (e .g., 
Tappeiner and Helms 197 1, Radosev ich 1984). Better in
formation on the comparat ive behavior of diffe rent species 
to spec ific within-stand mi crosite conditi ons should aid 
managers when planning sil vicul tural or fu el-reduction 
prescriptions. 

Seedl ing establi shment is a criti cal life hi story stage 
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when tree survival and growth is most sensiti ve to the 
microsite environment and the resources avai lable. L ight 
competition is ofte n co nsidered the primary limiting re
sou rce for tree regenerati on and growth in the Sierra (e .g., 
McDonald 1976, Van Pelt and Franklin 2000) , but belo w
ground resources, particul a rly soil moisture, are important 
as well (Fowells and Stark 1965 , Tappeiner and lielms 
1971 , Royce and Barbour 200 1) . In the Mediterranean cli 
mate of the southern Sierra Nevada, almost all so il moi sture 
is deri ved from the winter snow pack (Maj or 1990). So il 
moisture levels decline rapi dly duri ng the summer drought. 
leading to soil moisture deficits even a t high elevations 
(Parker 1994) . Soil depth may influence tree establishment 
by determining the volume o f so il avail able for water stor
age fro m melting snow, but substrate may also be important. 
Although an organic litte r layer is o ften a ban·ier to see'dl ing 
es tabli shment, coarse woody debris can be an important 
substrate for tree regenerati on in so me forest types (Harmon 
and Franklin 1989, Gray and Sp ies 1997) and well -decayed 
logs can ac t as moi sture reservo irs durin g summer droughts 
(Maser and Trappe 1984) . Within the shall ow so il layer 
used by small seedli ngs, mi xed-conife r tree species are able 
to deple te mo isture to di ffere nt minim a, but can be less 
effec ti ve at extracting water from dry soil profi les than 
shru bs (Royce and Barbo ur 200 I) . 

Shrubs have generally been considered a problem for 
tree es tablishment in the S ierra, particularl y in response to 
s ilvicultural treatments, by depleting soil moisture and re
du cing light levels (Fowells and S tark 1965, Radosevich 
1984, Ta ppciner and McDonald 1996). Shrub density can 
increase dramati cally th rough sproutin g or seedling estab
li sh ment in response to reductions in overstory canopy 
cover and fire in tensity (Tyler 1995). H owever, several 
authors have suggested that shrubs may be able to enhance 
seedling survival by ameliorating temperature extremes, 
shari ng of ectomycorrhi zal fungi. or enriching avail able soil 
nitrogen (Tappeiner and Helms 1971 , Sparling 1994, Dunne 
and Parker 1999, Horton eta!. 1999, Oakley eta!. 2003). 
Although regeneration dynami cs will significantly affect 
mi xed~conifer restoration e fforts, we still have only a lim
ited understanding of the importance of edaphic conditions, 
substrate quali ty, and shrub competit ion on seedling estab
li shment and growth. 

T he objectives of thi s a rti c le were to: ( I ) detennine the 
relationships between diffe re nt spec ies of naturally-es tab
lished tree seed lings and lig ht, so il moisture, canopy cover, 
shrub co ver, and forest substra te co nditi ons, and (2) ex per
imentall y examine the e ffec ts of fire in tensity, shrub com
position and cover, and mi croenviro nment (so il moi sture. 
soil and air temperature) on seed lin g growth and survival. 
We conducted our research in a mixed-con ifer fores t, 
whi ch, simil ar to much of the Sierra Nevada , had not 
experienced fire in over a century (Fiege ner 2002). We 
worked in an old-growth fo rest to avo id co mplicati ons fro m 
effects of p rior management and to concentrate on the 
relationships between variable mixed-coni fer conditi ons 
and regeneration. Burn ing and thinning treatments were 
compl eted in o ur micros ite regeneration study area in 200 I 

and we will follow the effects of these widely-used resto
ration methods in future research. 

Methods 
Site Description 

The study was conducted in S ierran mi xed-conifer fores t 
at th e Teakettle Experimental Forest (36°58' N , 119°02 ' 
W), 80 km East o f Fres no in the Kings Ri ver Ranger District 
of the Sierra National Forest, Cal iforn ia (North et al. 2002). 
E levati on ran ges from I ,900 to 2,600 m and slopes range 
from 15 to 60%. Soils are domin ated by Dystric and Lithi c 
Xeropsamments of loam y sand to sandy loam textures 
(USD A Forest Service and Soil Co nservation Service 1993) 
deri ved fro m granitic rock, with exposed weathered and 
unweathered rock common throughout the study area. T he 
climatic regime is Mediterranean, with the annual precipi
tation of 125 em fallin g almost entire ly as snow between 
Nov . and Apr. The mi xed-coni fe r forest was dom inated by 
white fir (Abies concolor [Gore!. & Glend .] Lindl. ex 
H ildebr. ) and incense-cedar (Calocedrus decurrens (Torr. ) 
Florin ). However, the larges t trees were sugar pine (Pinus 
/ambertiana Dougl. ) and Jeffrey pine (Pinus jeffreyi Grev . 
& Bait} Red fir (Abies magnifica A. M utor. ), Californ ia 
bl ack oak (Quercus kelloggi Newberry), and bitter cherry 
(Prunus emarginata [Doug!. ex Hook.] D. Dietr.) were also 
present in small quantities in the overstory (i.e. , trees at least 
5 em clbh) . 

Regeneration. Microsites 

Seedling compos ition and ab undance. and associated en
vironmental and fores t structure data, were collected on 18 
replicated 4-ha plots du ring the summers of 1998, 1999, and 
2000. Replicates were selected for similarity in overstory 
co mpos ition and structure, based on cluster and semivario
gram analyses of sampl e plots across the Experimental 
Forest (North eta!. 2002). In six o f the plots, 49 grid points 
were es tablished on a 25 X 25-m spacing, whereas in the 
re maining 12 plots, 9 grid po.ints were establ ished on a 50 X 

50-m spacing. These system aticall y-p laced poi nts sampl ed 
a wide range of conditions, from ridgetops and mid-slopes 
to ri parian areas. 

A ll trees < 5 em dbh were ta lli ed on 3.5-m radius (38.5 
m2

) plots centered on each gri d point (11 = 402 ), fo r a tota l 
sa mple area of 1.55 ha. Seedlin g plo ts were div ided into 
qu adrants and indi viduals of each species were counted by 
s ize class. The size c lasses were: 5- 50 em in height (termed 
"seedlings"), 50 - 137 em. and > 137-cm tal l and les s than 5 
em dbh (the latter two classes are tem1ed "sapli ngs") . The 
tallest seedling or sapling of eac h species in each quadrant 
was measured and th e substrate it was rooted in was clas
sified as e ither litter, forest floor, woody debris, mineral 
soil , o r rock. 

All trees 2:5 em dbh within each repli cate plot were 
mapped with a surveyor's total station. Grid point coord i
nates were used to ide nti fy trees within 12.6-m radius (500 
m2

) to calculate basal area and tree density for each point. 
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The solar radiation environment above each point was es
timated using digital photographs taken with a Nikon Cool 
Pix 950 camera with a Nikkor FC-E8 0.21X fisheye con
verter. Images were taken in black and white at dawn or 
dusk with uniformly cloudless sky conditions . Digital im
ages were analyzed using SCANOPY software (Regent 
instruments Inc., Quebec, Quebec, Canada). Estimated ra
diation variables were indirect si te factor (lSF) and direct 
site factor (DSF), or the estimated proportion of indirect and 
direct radiation compared to an open site at the same lati
tude, respecti vely. Images were processed before the radial 
distortion of the fisheye lens was described (Frazer et al. 
200 I), but the re latively small errors are not expected to 
affect our within-stand comparisons greatly. Volumetric 
so il water content in the top 15 em of soil in mid-Oct. 1998 
and mid-May 1999 was estimated once for each time period 
at each point using time domain reflectometry (TDR, model 
l502C, Tektronix Inc., Beaverton, OR) with permanently
installed 30-cm probes inserted at an angle (Gray and Spies 
1995). Additional mid-summer measurements taken with a 
different TDR machine proved unusable. Nevertheless. the 
May sample captured so il moi sture conditions at the begin
ning of the growing season, and the Oct. sample captured 
conditions of high drought stress at the end of the growing 
seaso n. Cover of shrubs and herbs by species , coarse woody 
debris by decay class, mineral so il , and rock was estimated, 
and litter depth at five random locations was measured, in 
1.78-m-radius (!0 m2

) plots around each grid point. 

Fire and Shrub Effects 

Experimental plots were established to in vestigate the 
effects of fire intensity and shrub cover on tree regeneration. 
Nine !0 X 10-m plots were established, three each with no 
burn (control) treatment, light burn (no added fuels, some 
foliage burned), or hot burn (fuels added before burn , re
su lting in nearly complete foliage burned off and some 
stems charred) . Each plot had little or no overstory tree 
canopy cover, and encompassed one patch each of similarly 
dense whitethorn cea nothus ( Ceanothus cordulatus 

Kellogg) and greenleaf manzan ita (Arctostaphylos patula 
Greene), with the remaining area being bare ground. Shrub 
patches measured 4-10m2 before being burned. Plots were 
burned in Oct. 1999. 

White fir an.d sugar pine seedlings obtai ned from the 
USFS nursery at Placerville, CA (l year old , bare root) were 
planted in each of the three patch types-open, ceanothus, 
and manzanita, 15 seedlings per patch, at ~30-cm spacing, 
in May 2000 and watered daily for I week to promote 
es tabli shment. Because of hi gh seedling mortality during 
the summer 2000 growing season, the experiment was re
started by planting new seedlings in Oct. 2000. This timin g 
was chosen because it was after fal l rains had saturated the 
soi l and allowed seedling establishment at a time of little 
evaporative demand. Each seed ling was mapped and mea
sured to follow individual growth and survivorship. 

Volumetric soil water content was monitored at each 
burn by patch treatment location (n = 27) at biweekly 
intervals throughout May-Sept. 200 I and 2002 with perma
nent probes sampling two depths (0 - 15 and 0-45 em) using 
TDR. Soil temperature 1 0 em below the surface and air 
temperature 30 em above the surface were monitored con
tinuously in each of the 27 treatment combinations and 
replicates using HOBO H8 temperature/external tempera
ture data loggers (Onset Computer Corporation, Pocasset, 
MA). 

Analysis 

Separate multiple regress ion models were developed to 
evaluate the importance of environmental, substrate, and 
shrub cover variables (Table l) on the distribution of each 
species of understory tree. Because seedling density is af
fected by many factors in addition to site suitability (e .g., 
seed production and predation), the independent variable 
used was the odds ratio of tree frequency (hereafter referred 
to as "frequency"), expressed as the number of quadrants 
occupied by a species over the number of quadrants per grid 
point (four). Logistic regression was applied using a nom
inal model, where the response funct ion was the logits of the 

Table I. Envi ronmental variables used in the analysis of regeneration microsites at systematic grid points, and their means and standard deviations 
(11 = 402). 

Variable 
code Mean (SD) Definition 

----------· - ---··------------
DSF 
ISF 
GSF 
OCT98 
MAY99 
SOILH20 
UTTDPTH 
LITTER 
CWO 
SOIL 
SHRUB 
RIRO 
BAHA 
TPH 
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0.297 (0 168) 
0.292 (0 .1 08) 
0.297 (0.157) 

8.64 (3.79) 
16.5 (5 .35) 
12.6 (4 .28) 
4.47 (4.59) 
72.1 (27.7) 
8.40 ( 16.6) 
4.61 ( 15.6) 
14.0 (25 .8) 
0.36 (2.68) 
62.5 (54 .4) 
431 (337) 

Direct site factor (proportion) 
Indirect site factor (proportion) 
Global site factor( = 0.5 * JSF + 0.5 * DSF) 
Volumetric soil moisture from sample in mid-Ocr. 1998 (%) 
Volumetric soil moisture from sample in mid-May 1999 (%) 
Mean of OCT98 and MA Y99 (%, In-transformed) 
Depth of litter and/or forest floor (em) 
Cover of litter and forest floor (%) 
Cover of coarse woody debri s ~ I 0 em diameter (%) 
Cover of mineral soi l ( ':il' ) 
Cover of all shrubs except RfRO (%) 
Cover of Sierra gooseberry (Ribes roez/ii) (%) 
Basal area of trees 2: 5 em dbh (m2/ha) 
Density of trees 2: 5 ern dbh (n/ha) 



gridpo int frequencies , and the probability distribution was 
binomial (GENMOD procedure, SAS Institute, 1999). 
Models were built by running regressions for each species 
on all independent variables individually, starting with the 
most significant variable (evaluated with the likelihood ratio 
Type III F-test value), and adding additional significant 
(P < 0.05) variables. Multicollinearity could introduce er
rors into the assessment of important independent variables, 
and was minimized by avoiding large changes in the esti
mated regression coefficients when an independent variable 
was added. This was done by using a conservative cutoff 
level of correlation between new variables and those already 
in the model of r > 0.25, and looki ng for wide confidence 
intervals (calculated with Wald tests) for the regression 
coefficients representing important explanatory variables. 
Although a coefficient of determination cannot be c'alcu
lated in logistic regression, a somewhat comparable statis
tic, proportional reduction in deviance (PRD) was calcu
la ted using the deviance of the fitted model and the deviance 
of a null model with only an intercept fitted. The effect of 
the variables in the models on the estimated frequency 
provides a better assessment of their importance. This effect 
was assessed by setti ng values of all variables other than the 
one of interest to the average of the data set. and varying the 
values of the variable of interest to assess the amount of 
difference required to double the measure of frequency (as 
back-calculated from the log its) . 

Ordination with nonmetric multidimensional scaling 
(NMS) (Kruskal 1964, McCune and Grace 2002) was ap
plied as a complementary method to evaluate patterns of 
spec ies composition and the importance of environmental 
variables on those community patterns within a single anal
ysis. NMS is a robust method of multivariate data reduction 
where no assumptions are required about normality of data 
or linearity of relationships. Based on ranked distances, 
NMS tends to linearize the relation between environmental 
gradients and community composition. Euclidean distance 
measures were used among tree species in 11-dimensional 
ordination space. A random starti ng configuration was used 
for the, iterations of the ordination, with 15 runs conducted 
with real data, and 30 with randomized data. Dimensionality 
of the data set was assessed by including additional dimen
sions that reduced the final stress by 5 or more (on a 0 - 100 
scale). Two dimensions were used in the final sol uti on. A 
Monte Carlo test using 14 1 iterations for the final sol ution 
indicated that the ordination was significantl y different from 
random (P = 0.0323). The so lution was stable, because 
stress declined rapidly with add itional iterations and even
tually settled at a stable low stress level (McCune and Grace 
2002). Environmental variables with an r2 ;=:: 0.05 with 
either axis were included in the joi nt plot. 

TOR trace data were converted to volumetric soil content 
using an equation for low carbon-content soils (Gray and 
Spies 1995), which is very simil ar to the polynomial eq ua
tion by Topp et a!. ( 1980) used in most automated TDR soil 
moisture devices. Both so il moisture dates were similarly 
important for most of the logistic regression model s, so 
moisture values were averaged over the two time periods 

(Oct. 1998 and May 1999) and log-transformed to avoid ex
cessive inJluence of outlier observations on the logistic model 
deviance. A global site factor was calculated from ISF and 
DSF by assuming a 50:50% contribution of direct and indirect 
radiation to total radiation, which is a commonly used empir
.ical average based on seasonal changes in solar declination, 
cloudiness, and atmospheric transm issivity (e.g. , Canham eta!. 
1990). Summed shrub variables excluded Sierra goosebeJTY 
(Ribes roezlii Regel) , which occurs on very different sites from 
the other shrub species (North et al. in press). The influence of 
shrub cover at each gridpoint was further examined by classi
fying cover levels as none, moderate, or high (0, 1- 49, and 
50-100% cover, respectively), and testing for differences in 
seedling frequency and environmental measurements with 
least-square means tests within logistic regression and analysis 
of variance (ANOV A), respectively. 

Seedling survival, soil moi sture , and temperature data 
from the fire and shrub effects ex periment were analyzed 
with a repeated-measures split-plot ANOV A (GLM proce
dure, SAS Institute 1999). The arcsi n- square-root transfor
mation was applied to surv.ival proportions before analysis. 
Least-sq uare means tests on signifi cant effects were applied 
to assess significant differences among means, keeping ex
periment-wise error rates to P < 0.05 in a procedure anal
ogous to Fisher's protected LSD. Because of missing tem
perature data resulting from intermittent data-logger failure, 
onl y two replicates were used for the an alyses of tempera
ture response, instead of three. Hypotheses tested in these 
analyses included: (l) There is no sign ificant difference in 
seedl ing survival, soil moisture, or air and soil temperature 
by burn intensity, shrub patch, or their combination across 
all dates sa mpled ; and (2) There is no significant difference 
between species ' seedli ng SUJ:vival by burn intensity, shrub 
patch, or their combination across all elates sampled. 

Results 
Regeneration Microsites 

White fir was the most abundant understory tree species. 
followed in descending order by incense cedar, red fir , bitter 
cherry, sugar pine, California black oak, and Jeffrey pine 
(Table 2). Examining just the conifers (because the hard
woods rarely attained overstory tree size), relati ve densiti es 
o f species in the understo ry were often different from rela
tive densities (expressed as either basal area or trees per 
hectare) in the overstory (Figure I). Relative density of 
incense cedar in particular was much greater in the under
sto ry than in the overstory. Red fi1· regeneration was abun
dant, but primarily in the seedling size class . Relative den
sity o f saplings was similar to the relative density in the 
overstory. White fir relative densities were comparable in 
the overstory and understory . Relative densities of under
story pines were substantially lower than relative densities 
in the overstory, particularly for Jeffrey pine. For all over
story species on the 72 ha of sa mple plots, density was 
403.7 trees/ha, and basal area was 57.2 m2/ha. 

Frequency of understory trees (seedlings and saplings 
combined) was most strongly associated with microclimate 
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Table 2. Number of gridpoints (out of 402) where understory trees were found , density for seedlings (>5 and <50 em tall) and saplings (;;,;5() em 
tall and < 5 nn db h), and for saplings alone, at Teakettle Experimental Forest. 

Grid points 
Species Code present (n) 

Abies concolor ABCO 172 
Abies nwgnijica ABMA 22 
Calocedrus decurre!ls CADE 106 
Pinus jeffreyi PIJE 10 
Pinus lambertiana PI LA 51 
Pmnus emargina/a PREM 19 
Quercus kelloggii QUKE 18 

Total 

variables (Table 3) . although the amount of the deviance 
explained by these models (PRD) varied among spycics. 
The amount of each variable required to double the esti
mated frequency is a more meaningful assessment of the 
importance of the variables in the model than PRD . For 
example, an increase in soil moisture (SOILH20) of 4.5% is 
expected to double the frequency of red fir, but an increase 
of l 2% would be needed to have the same effect on white 
fir, which is unlikely because that amount is more than 
twice the standard deviation for that variable (Table J ). 
Frequencies of all species except Jeffrey pine and bitter 
cherry were positively associated with increasing soil mois
ture levels. Responses to both sample dates were similar for 
most species, so average moisture was used in the final 
models shown. Both fir species were negatively associated 
with direct solar radiation, DSF, whereas Jeffrey pine was 

Seedlings + saplings Sap lings only 

(n/ha) (%) (n/ha) (%) 

1202 53.5 179 41.8 
281 12.5 9 2.1 
568 25.3 Ill 25.8 

10 0.4 4 0.9 
54 2.4 17 3.9 

100 4.4 88 20.5 
32 1.4 21 4.8 

2247 100 428 100 

positively associated with indirect radiation, ISF Substrate 
cover entered into several of the models, with cover of litter 
and forest floor positively associated with frequencies of white 
fir, red fir, sugar pine, and black oak, whereas cover of mineral 
soil was negatively associated with bitter cherry. Total shrub 
cover was negatively associated with frequency of incense-ce
dar and sugar pine, but positively associated with frequency of 
che1Ty. Some vmiablcs were relatively highly correlated with 
each other, suggesting potential alternate variables of impor
tance, e.g., ISF and DSF (r = 0.78), ISF and shrub cover (r = 

0.32), and ISF and litter cover (r = -0.32). 
The importance of environmental variables differed 

among size classes of the same species . Direct radiation was 
negatively associated with frequency of white fir and in
cense-cedar in the seedling size class, but was not as im
portant as litter cover or shrub cover for the same species in 

70~--~--------------------------~--------------~~ 

ABMA CADE 

Species 

- Overstory basal area 
c::::J Overstory density 
' ""'" I Understory density 
c::::J Sapling density 

PIJE PILA 

Figure 1. Comparison of proportional abundance of different conifer species for overstory trees (;;,;5 em dbh), 
all understory trees (~5 em tall and <5 em dbb), and for saplings only (;;,;5() em tall and <5 em dbh). For each 
variable, e.g., overstory basal area, the proportion of the total in a plot made up by each species was calculated. 
Means and standard errors across plots (weighted by the diffen·nt numbers of grid points per plot for understory 
trees) are shown (n = 18). See Table 2 for species codes. 
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Table 3. Important environmental variables associated with the frequency of seedlings aud saplings identified by logistic regressions for each 
species, the proportional reduction in deviance of each model. and the amount of change in the variable value that results in a positive doubling of 
the estimated frequency . 

I ndepcndent Parameter 
Species variables* estimates 

Abies concolor DSF -2.85 
PRD = 0.14 UTTER 0.0167 

SOILH20 1.21 
Abies magnifica SOU-H20 1.91 

PRD 0.11 DSF -- 4.31 
LITTER 0.0159 

Calocedrus decurrens SOILH20 2.21 
PRD = O. ll SHRUB -(J.0125 

Pinus j1dfi-eyi !SF 9.38 
PRD = 0.14 

Pinus /ambertiana LITTER 0.0242 
PRD = 0. 10 SHRUB - 0.0228 

SOlLH20 l.l4 
Prunus emarginara SOIL - 0.296 

PRD = 0.06 SHRUB 0.0113 
Quercus ke/loggii UTTER 0.0206 

PRD = 0.05 SOIL H2 0 1.22 

* See T<lble 1 for abbreviations. 

the sapling size class (Table 4). Soil moisture, however, was 
important for both size classes. 

The NMS ordination (Figure 2) represented 96% of the 
variation in the data set, with axis I accounting for 70% and 
axis 2 for 26%. The first axis was related to DSF and litter 
cover, whereas the second axis was related to soil moisture. 
Red fir tended to be found in the shadiest areas of the forest. 
White fir, sugar pine, and incense-cedar were similarly 
found in areas that were more open than where red fir was 
found, with incense-cedar frequency greatest on the wettest 
s ites. Bitter cherry and Jeffrey pine were found in drier and 
more open locations, with Jeffrey pine found at the highest 
light levels. Plots with no understory trees tended to be the 
driest and most exposed. Black oak seemed to occur in 
intermediate locations compared to the other species . The 
environmental variables with the strongest correlations with 

Odds 
F value P>F doubling 

23 .3 <0.0001 - 0.25 
20.1 <0.0001 42 
13.2 0.0003 12 
20.7 <0.0001 4.5 
19.3 < 0.0001 -- 0.16 
7.0 0.0087 44 

42.1 <0.0001 4.3 
7.3 0.0074 - 60 

59.6 < 0.0001 0.075 

24.5 <0.0001 29 
17.3 <0.000 1 - 30 
9.7 0.0020 9 

14.0 0.0002 -2.4 
7.0 0.0083 62 

12.5 0.0005 34 
8.2 0.0045 7.8 

the ordination axes were the soil moisture variables, with 
the Oct. sample and average of both dates having a greater 
correlation than the May sample. 

The logistic analysi s of unclerstory tree frequencies in 
relation to grouped shrub cover levels (0, 1- 49, > 50%) 
confirmed the negative association for incense-cedar and 
sugar pine, and the positive association for bitter cherry with 
increasing shrub levels shown in Table 3 . The analysis and 
separation of means tests also detected a positive associa
tion between Jeffrey pine and high shrub cover levels (F2.399 

= 10.4, P < 0.0001), and an association between black oak 
and moderate shrub cover levels (F2.399 = I 0.9, P < 
0.0001). Both direct and indirect light levels increased with 
grouped shrub covers (F2.3 97 = 12.8, P < 0.0001 and F:.397 

= 19.2, P < 0.0001, respectively) in the ANOVA and 
separation of means analyses . Soil moisture levels in Oct. 

Table 4. Separate analyses for seedlings and saplings of species with sufficient sample size of important environmental variables associated with 
frequency, the proporti~nal reduction in deviance of each model, and the amount of change in the variable value that results in a positive doubling 
of the estimated frequency. 

Independent Parameter Odds 
Species variables* estimates F value P>F doubling 

Seedlings 
Abies concolor DSF - 4.20 35.7 < 0.0001 - 0.17 

PRD = 0.14 SOIL H20 1. 36 14.1 0.0002 8.4 
UTTER 0.0132 10.1 0.0016 53 

Calocedrus decurrens SOIL H2 0 2.10 35 .8 <0.000 1 4.6 
PRD - O.ll DSF -1.77 6 .6 0.0109 - 0.42 

Pinus lamberliana SOIL H20 1.61 20 .5 < 0.0001 SA 
PRD = 0.10 LITTER 0.0227 18.7 < 0.0001 31 

Saplings 
Abies concolor LITTER 0.0205 26.1 < 0.0001 34 

PRD = 0.07 SOILH"O 0.808 5 .6 0.0186 18 
Calucedrus decurrens SOTLH20 2.51 63.0 <0.0001 3.4 

PRD = 0.1.6 SHRUB - 0.0158 9.1 0.0027 - 45 
Pinus lamberriana !SF --6.58 24.3 < 0.0001 - O.ll 

PRD = 0.06 

*Sec Table I for abbreviations. 
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Figure 2. Segregation among tree species in ordination space and joint 
plot of significant environmental variables from Nonmetric Multidi
mensional Scaling analysis of species frequency. Species are designated 
with codes and symbols, environmental variables with lines and italics. 
See Table 2 for species wdes and Table I for other abbreviations. 

did not differ among shrub groups (F2_393 = 1.2, P < CJ.30), 
but were significantly higher in points without shrubs than 
in the two groups with shrubs in May (F2 _384 = 8.04, P < 
0.0004) . Litter and forest tloor was not as thick in the points 
with shrubs than in the group without (F2,399 = 3.36, P < 
0 .036) . 

Most of the measured seedlings and saplings (65 % for all 
species taken together) were found growing on intact forest 
floor (Figure 3). Approximately equal numbers of under-

story trees were found growing on loose litter or mineral 
soil (16% each), whereas very few were found growing on 
decayed wood or rock ( 1% each) . These proportions of 
substrates occupied by understory trees were significantly 
different from the proportional cover of available substrates 
recorded on the grid points (x~r 3 = 39 .2, P < 0.00 I). 
Although the proportional abundance of litter and forest 
floor was very similar to their use as rooting substrates, the 
proportional abundance of mineral soil was much lower 
(5% ), and the abundance of decayed wood and rock higher 
(8 and 6%, respectively), than their usc as rooting sub
strates. Di ffercnccs among species in use of rooting sub
strates was not great. although bitter cherry and black oak 
tended to be rooted in litter more than the other species, and 
red fir was rooted in mineral soil more than the rest. 

Fire and Shrub Effects 

Mortality of seedlings planted in the shrub patch and 
burn treatments was high and began early in the first grow
ing season, with a survival rate of only 2.2% overall at the 
end of the second growing season. Species survival rates of 
0.6(/(, for white fir and 3.8% for sugar pine were signifi

cantly different (Fuo = 5.79, P = 0.0225) (Figure 4). The 
burn *elate interaction was significant (F6 _108 = 16.3, P < 
0.0001 ), with survival in the bare, exposed hot burns sig
nificantly lower than survival in the other treatments early 
in the first growing season (spring 200 I) , but not at the end 

of the second growing season. The patch * species * elate 
interaction was also significant (F6 , 108 2.66, P = 0.0191 ), 
again primarily caused by differences early in the first 
growing season, and no difference at the end of the second 
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Figure 4. Trends in mean survivorship (with standard errors) for white fir (left side) and sugar pine (right side) 
by burn treatment (top to bottom) and shrub cover (11 = 3). 

growing season. Separation of means indicated that survival 
of sugar pine was greater than survival of white fir in 
ceanothus and manzanita patches, but not in open patches, 
and that survival of both species was greater in the shrub 
patches than in the open patches. The low numbers of 
surviving seedlings (particularly of white fir), and their 
uneven distribution across treatment combinations, pre
cluded statistical analyses of seedling growth. Results may 
indicate important trends, however, with diameter growth of 
sugar pine seedlings greatest in the hot-burn treatments, 
whereas the greatest height growth was in the no-burn 
treatment, fo!Iowcd by hot and light burn (Table 5) . 

Soil moisture trends and statistical results were similar 
for both depths, so only the resul ts for the 0 - 45-cm depth 
are presented. A rapid seasonal drawdown of soil moisture 
was evident, with volumetric moisture levels reaching 
8 - 9% by early July and remaining low (Figure SA). Soil 
moisture differed significantly among burn treatments by 
date (F32.286 = 1.92, P = 0.0030), caused by higher soil 
moisture in unburned plots than in burned plots early in both 

growing seasons, and no differences among treatments in 
mid to late summer. A separate analys is on the change in 
soil moistu re between the earliest and latest sample of each 
growing season indicated that the greater change in so il 
moisture in the unburned plots was not significant (F2, 12 = 

4.35, P = 0.0680). Soil moisture during late summer in the 
unburned plots tended to be higher in the open patches than 
under the shrubs (e.g., means and standard errors of 8.55 
[0.49]. 7.94 [0.24], and 7.78 [0 .27], for open, manzanita, 
and ceanothus patches in Aug. 200 I, respectively) , but the 
shrub terms were not significant in the repeated measures 
ANOVA. 

Soil temperature was not significantly different among 
treatments. Because seasonal trends are similar to those of 
air temperature, soil temperature results are not shown . The 
seasonal trends for air temperature were similar among 
years. although mean monthly air temperatures increased 
dramatically from Apr. to May in 200 1, compared to 2002 
(Figure 5, B and C) . The burn * date and patch * date 
interactions were significant (F48 , 177 = 3.36, P < 0.000 I 
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Table 5. Mean change in diameter from Sept. 200 I to Sept. 2002 and 
height from May 2001 to Sept. 2002 of sugar pine seedlings in the fire 
and shrub effects experiment. 

Treatment 

No burn 
Light burn 
Hot burn 

Diameter change 
(mm) 

0. 7 (0.49)* 
0.6 (0.11) 
0.9 (0.13) 

" Standard errors in parentheses. 

Height change 
(ern) 

5.8 (1.9)* 
1.4 (0.4) 
3.0 (0.7) 

and F4 3, 177 = 2.57 , P < ().0001 , respectively). Separation of 
means indicated that air temperatures in the light-bum treat
ments were significantly higher than in the hot-burn and 
unburned treatments during mid-summer, but not during 

winter. Similarly, air temperatures were significantly differ
ent in mid-summer among all patch types, with open > 
manzanita > ccanothus, but not during winter. 

Discussion 

The high density of the shade-tolerant and fire-intolerant 
white fir and incense-cedar in the mixed-conifer forest 
understory, in contrast to the density of fire-resistant sugar 
pine and .Jeffrey pine, was consistent with findings in other 
fire-suppressed forests in the Sierra and the west in general 
(Cooper 1960, Kilgore 1973, Helms and Tappcincr 1996). 
The abundance of California black oak was fairly typical of 
mixed-conifer forest , but few studies report the abundance 

18~-r===========~-------------------------------. 
A -o- No Burn 

16 -D- Light Burn 

-A- HotBum 

12 .......... .. .. .. ..... . ... .... .... .. ... . .. .. ... . .... ... .. .. .. ... .. .. ... .... ..... .. ... ..................... . 

'Ci 10 
C/l 

8 

20 

E 
~ 15 
:l 
<;> 
i3 
0. 

10 E 
~ .... 
~ 

5 

0 

20 

-o- NoBum 

-D- Light Burn 

Hot Burn 

c -o- Open 

-D- Manzanita 

Ceanothus 

6 7 8 9 10 I I 12 I 2 

2000 

3 4 5 6 7 8 9 10 II 12 I 2 3 4 5 6 7 8 9 

2001 2002 
Month and Year 

Figure 5. 'I'rends of monthly means and standard errors in: (A) soil moisture from 0-45 em depth by burn 
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or distribution of bitter cherry. Density of red fir in the 
understory was high, but only in the seedling size class, and 
its distribution was localized on a small number of plots. 
Sugar pine is apparently able to persist in the understory of 
fire-suppressed forests (Parsons and DcBenedetti 1979, 
Ansley and Battles 1998). Although density of understory 
sugar pine was not high, it was relatively well distributed 
across the sample plots in this study. Density of Jeffrey pine 
in the understory was quite low and localized in relation to 
the overstory. The lower relative density of pines in the 
understory compared to the ovcrstory- given comparable 
species mortality rates-suggests potential long-term de
cline of pines in undisturbed forests, as was found in one 
long-term study (Ansley and Battles 1998). 

The environmental conditions recorded at microsites 
where established seedlings and saplings are found db not 
necessarily reflect the conditions present when those trees 
became established, or the conditions during critical periods 
affecting tree survival. No exogenous disturbances have 
occurred at Teakettle Experimental Forest for at least sev
eral decades (North ct al. 2002). However, light, moisture, 
and substrate conditions can be expected to change gradu
ally over time in response to ovcrstory tree growth. and 
more dramatically in localized areas in response to tree 
mortality. The conifer understory tree populations we stud
ied were dominated by trees in the 5- 50-cm height class, so 
conditions on the majority of grid points are not expected to 
have changed much since establishment. This is less certain 
for the larger sapling size classes . Although differences 
found in environmental associations between seedlings and 
saplings may be the result of differences in optima for 
establishment compared to growth, they may also be the 
result of changes in sapling environments since establish
ment. Many factors besides environment affect seedling and 
sapling distributions, including seed dispersal, seed preda
tion, herbivory, and disease. Thus, grid points without seed
lings could have been empty for a great variety of reasons, 
whereas the occupied grid points presumably were within 
some range of environmental tolerances when the trees 
becarnp established. The unoccupied grid points did differ
entiate from those where species were found in the ordina
tion, which suggests some association with environment. 

The rooting substrates on which understory trees were 
found in this study differed from their availability . There 
was an apparent preference for mineral soil as a substrate, 
but the abundance of seedlings on the forest tloor, and the 
positive association between litter and white fir, sugar pine, 
and black oak, was surprising. Forest floor materials can be 
a barrier for establishment, dry out quite rapidly, and reach 
very high temperatures under direct solar radiation (Haig ct 
al. 1941, Isaac 1943, Gray and Spies 1997). In a study of 
mixed-conifer species regeneration response to logging, 
Stark ( 1965) found lower survival on mineral soil than on 
forest 11oor, and attributed the cause to variation in com
paction and composition of the bare-soil category. Very few 
understory trees in this study were 'found rooted on coarse 
woody debris. In contrast, decayed wood can be important 
for regeneration in the Pacific Northwest, apparently by 

providing abundant moisture and locations raised above the 
surrounding understory vegetation (Harmon and Franklin 
1989, Gray and Spies 1997). It is possible that only partic
ular species are able to exploit this resource. The genera 
most commonly associated with "nurse log" regeneration in 
North America, Tmga, Picea, and Betula (Harmon ct al. 
1986), arc not found in Sierran mixed-conifer forests. Al
ternatively, decayed wood in mixed-conifer forests may not 
retain much moisture through the long summer drought. 
Preliminary analyses indicated that volumetric water con
tent of decayed wood in the forests used in this study were 
usually the same as the soil water content by the end of the 
summer (Dr. Jim Marra, University of Washington, Apr. 7, 
2003) . 

Soil moisture and solar radiation were important envi
ronmental variables associated with frequency of understory 
tree species . The positive association between soil moisture 
and frequency of most species and the correlation of soil 
moisture with the species ordination suggests that lack of 
moisture may be an important limiting factor for regenera
tion in mixed-conifer forests. Our study found incense-ce
dar associated with high-moisture micrositcs, Jeffrey pine 
with low-moisture micrositcs, and the other conifers in areas 
of intermediate moisture availability . Studies in drier Pon
derosa pine (Pinus ponderosa P.& C. Lawson) forest types 
attribute successful regeneration to infrequent years with 
relatively abundant summer precipitation (e.g., Cooper 
1960, White 1985), but studies of regeneration in mixed
conifer forests have generally focused on regeneration suc
cess in relation to overstory shade (e.g., Fowells and Stark 
1965, McDonald 1976). Nevertheless, Sierran mixed-coni
fer forests are known to transpire a large portion of the 
annual precipitation, and deplete soil moisture to depths of 
several meters (Arkley 1981), so it is likely that within
stand microsites with relatively abundant moisture arc im
portant for regeneration. 

Soil moisture at seedling rooting depth was higher in 
unburned plots than in burned plots, but the difference was 
short-lived, because soil mois ture in the seedling rooting 
zone became uniformly low by mid-July. Soil moisture was 
significantly higher at gridpoints without shrubs than those 
with shrubs. Similarly, by late summer the soil moisture 
levels in the bum experiment tended to be higher in the open 
patches of bare ground than within the ccanothus or man
zanita patches. In this Mediterranean climate, with most of 
the precipitation delivered as snow, soil moisture availabil
ity to tree seedlings is dependent on the water-holding 
capacity of the soil and competition from other vegetation. 
In early postfire years before accumulation of forest floor 
and litter, seedlings germinating in exposed burned areas 
may have the advantage of release from competition, but 
apparently an even greater disadvantage of low soil mois
ture and increased air temperatures. Seedlings germinating 
in the shade of ceanothus or manzanita shrubs must compete 
for soil moisture, especially later in the summer, but, at least 
initially, may have the advantage of shading and potentially 
higher survivorship of young seedlings, as suggested by 
sugar pine in the unburned manzanita patches. 
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The negative association between direct solar radiation 
and the frequency of red fir. white fir, and incense-cedar 
seed lings, and the frequency of sugar pine in similar envi
ronments, suggests the importance of desiccation in under
story mortality. Direct radiation on dry surfaces leads to 
high temperatures and high vapor pressure deficits, to a 
much greater extent than from indirect radiation alone. 
Mortality of planted seedlings was higher in the exposed 
areas (burned treatments and open patches in the unburned 
treatments) early in the first growing season in the fire 
effects study. which coincided with the early onset of high 
air temperatures. Seedlings are high ly susceptible to des ic
cation. and must establish sufficient root depth in time to 
acquire soil moisture as surface layers dry out (Haig et al. 
1941) . Snow tended to melt earlier in exposed areas in th is 
study than in closed-canopy areas. The greater abundarlce of 
l itter and forest floor in closed-canopy areas may have also 
acted as a barrier to heating and evaporation in the upper 
so il layers. A ltl10ugh shade is usually viewed as necessary 
for successful regeneration of Sierran mixed-conifer forests, 
growth of established seedlings usually benefits from light 
levels that may be lethal to initial es tablishment (Fowclls 
and Stark I 965, McDonald 1976. Tappciner and McDona ld 
1996). Sugar pine, Jeffrey pine, and Californ ia black oak 
tend to be less shade-tolerant as they mature (M inore 1979, 
Stuart and Sawyer 200 I ) and probably would require rela
tively high light levels to attain overstory status . 

Shrubs arc a potential source of shade that may aid tree 
seed ling estab lishment when ovcrstory tree canopy cover is 
low (Tappeiner and Helms 1971 ). However, shrubs often 
suppress tree regeneration and growth in managed forests 
(Lan ini and Radosevich I 986, Tappeiner and McDonald 
1996). Shrub cover was not as important as other microsite 
variables in explaining understory tree frequency, but was 
negatively associated with frequency of incense-cedar and 
posit ively associated with frequency of bitter cherry, and to 
a lesser degree, with Jeffrey pine and Californ ia black oak. 
Most of the shrub cover cons isted of whitethorn ceanothus , 
a shrub that grows symbiotica ll y with N-fixing Frankia 
bacter\a, and tended to occu r in discrete patches in areas 
with relatively low tree canopy cover and low soil moisture. 
Bitter cherry, which was often found in the middle of dense 
ceanothus patches, tends to be an early-successional species 
(Oakley and Franklin 1998) that may require relatively high 
levels of N to establ ish. Although overall survival in the 
shrub and fire effects experiment was low, there was a 
tendency for greater initial survi va l of planted seedlings in 
sh rub patches than in open areas. Nevertheless, whitethorn 
ceanothus and greenleaf manzanita have been found to 
dep lete soi l moisture more rapidly , and to a greater extent 
for the latter, than associated Sierran tree species (Royce 
and Barbour 200 I ) . Tree seedlin g water potential in mid
summer has been shown to decline with increasing shrub 
volume in stands with many of the same species (Lanin i and 
Radosevich 1986). 

The role of shrubs in relation to tree regeneration in the 
mi xed-conifer stands we studied is st ill inconclusive. in part 
because it is not yet clear whether shrubs tended to occupy 
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inherently drier, more-exposed sites than most seedlings 
did, or whether the shrubs created those conditions that were 
detrimental to seedling establi shment. There was an abun 
dance of large (>0.2 ha) openings in these stands that were 
not occupied by either shrubs or trees. Although hydraul ic 
redistribution of soil water is a potential mechanism for 
maintaining relatively high so il moisture levels in closed
canopy areas (Brooks et al. 2002), analyses of overs tory and 
understory tree water isotope ratios indicate that is not 
occurring at our site (Agneta Plamboeck, Univers ity of 
California- Berkeley. Jan. 23. 2003). It is possible that large 
openings, either dominated by shrubs or bare mineral so il , 
or gaps created by recent fire with their relatively high 
levels of direct solar radiation and low levels of soil mois
ture, may persist as areas that are hostile to tree 
regeneration. 

Patchy canopies, forest patches containing shade-tolerant 
and -intolerant species, and open forest gaps (bare ground 
and shrub-dom inated sites > 0.2 ha) suggest that mixed-co
nifer forests in the Southern Sierra Nevada are not "gap
phase" systems (Van Pelt and Franklin 2000, North et al. 
2004). It is not clear whether stand-scale di sturbances in
crease belowground resource abundance and subsequent 
regeneration, or whether tree regeneration in apparently 
unsuitable patches on ly occu rs during infrequent wet sum
mers (Cooper 1960). These forests may st i11 be responding 
to the lack of fire as a disturbance. F requen t fire may have 
limited stem density and reduced the importance of soil 
moisture as a limiting factor. With increased tree densities 
after more than a century of fire suppression, and increases 
in tree size, moisture may have become very limited and led 
to mortality in inherently drier sites that are currently main
tained as openings . Nevertheless, there is li ttle evidence of 
snags and logs from prior trees in the openings . We do not 
know what created or maintained these large, persistent 
gaps, but suc h large open ings arc unusual in productive 
old-growth forests elsew here. In coastal Pac ific Northwest 
old-growth forests, for example, gaps > 0.05 ha are rare 
(Van Pelt and Nadkarni 2004), it is the relatively small gaps 
( -·~ 0.01 ha) that appear to be stab le (Sp ies ct al. 1990), and 
light levels rarely exceed 0.2 of that in the open (Gray et al. 
2002), whereas the mean for those measures in this study 
was 0.3 . 

Bas ic information on comparative regeneration behavior 
of mixed-conifer tree species may help managers predict 
how sites will respo nd to prescribed fire and thinning, and 
possibly identify sites that do nor require treatment. Al
though it is not clear to what extent sugar pine and Jeffrey 
pine dominated the overstory of Sierran mixed-conifer for
ests prior to fire suppression, this study suggests that regen 
eratio n is low relative to current overstory composition. The 
low survival rates and low frequency of seedlings in high
light openings, coupled with the relative shade tolerance of 
sugar pi ne, suggests that relative ly low levels of canopy 
di sturbance may be sufficient to maintain or increase the 
abundance of this spec ies in mi xed con ifer. Increasing the 
abundance of Jeffrey pine, which was found in more ex
posed microsites, may be complicated by shrubs that arc 



aggressive competitors for limited soil moisture. Prescribed 
fire might be one option for reducing shrub cover and 
facilitating regeneration of Jeffr·ey pine. 
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