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ABSTRACT

RESUMEN

Fire plays a central role in determining
structure, composition, and recruitment
in many forest types. In coast redwood
IRUHVWVWKHUROHRI¿UHLVQRWZHOOXQGHUstood and scant literature exists on post¿UH UHVSRQVH SDUWLFXODUO\ LQ WKH VRXWKern part of the range. In order to better
understand patterns of survival and reFUXLWPHQW IROORZLQJ ¿UH IRU FRDVW UHGwood (Sequoia sempervirens [lamb. ex
D. Don] Endl.) and associated tree species, three sites in the Santa Cruz Mountains, California, USA, were sampled
IROORZLQJ ZLOG¿UH  5DQGRPO\ VHOHFWHG
10 m diameter plots were used to colOHFW GDWD RQ VXUYLYRUVKLS DQG SRVW ¿UH
regeneration in order to analyze shortterm responses including mortality,
crown retention, basal sprouting, canopy regeneration, and seedling producWLRQ  5HVXOWV LQGLFDWHG WKDW FRDVW UHGwood had the lowest percent mortality
(11.98 %) and highest mean canopy retention (43.10 %) of all species sampled,
IROORZHG E\ 'RXJODV¿U Pseudotsuga
menziesii [Mirb.] Franco) (25.54 %),
tanoak (1RWKROLWKRFDUSXV GHQVLÀRUXV
[Hook. & Arn.] Manos) (23.27 %), combined oak species (Quercus sp.)
 DQG3DFL¿FPDGURQH Arbutus
menziesii Pursh) (4.13 %). In addition,
associated species experienced higher
survival rates when proximate to coast

El fuego desempeña un papel central en la determinación de la estructura, composición y
reclutamiento en diversos tipos de bosque.
En los bosques costeros de secoyas, el papel
del fuego no se entiende bien y existe escasa
literatura sobre las respuestas post-incendios,
particularmente en la parte sur de la cordillera. Para entender mejor los patrones de sobrevivencia y reclutamiento de la secoya costera (Sequoia sempervirens [lamb. ex D. Don]
Endl.) y especies arbóreas asociadas después
del fuego, se muestrearon tres sitios en las
Montañas de Santa Cruz, California, EUA
después de un incendio. Se establecieron parcelas de 10 m de diámetro, seleccionadas
aleatoriamente, para colectar datos de sobrevivencia y regeneración post-incendio con el
¿QGHDQDOL]DUODVUHVSXHVWDVDFRUWRSOD]RLQcluyendo mortalidad, retención de copa, rebrotes basales, regeneración de dosel y producción de plántulas. Los resultados indicaron que la secoya costera presentó el porcentaje más bajo de mortalidad (11.98 %) y la
más alta retención de copa (43.10 %) de todas
las especies muestreadas, seguida por el abeto
Douglas (Pseudotsuga menziesii [Mirb.] Franco) (25.54 %), tanoak (Notholithocarpus denVLÀRUXV [Hook. & Arn.] Manos) (23.27 %),
encinos (Quercus sp.) (6.67 %) y madroño del
3DFt¿FR Arbutus menziesii Pursh) (4.13 %).
Además, las especies asociadas experimentaron tasas de sobrevivencia más altas cuando
estaban cercanas a las secoyas. Los árboles
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redwoods. Coast redwood trees also exhibited the highest canopy regeneration
(53 %), the highest average density of
basal sprouts (3.54 u 104 ha), and the
greatest average number of seedlings,
ranging from zero to 2.09 u 105 seedlings ha-1. Overall, coast redwood apSHDUHGWRKDYHDEDODQFHRI¿UHDGDSWLYH
features, exceeding all associated species, which allow individual trees to
ZLWKVWDQG ¿UH ZKLOH DW WKH VDPH WLPH
SURPRWLQJUHFUXLWPHQWIROORZLQJ¿UH

de secoya costera también presentaron la regeneración de dosel más alta (53 %), la densidad de rebrotes basales promedio más alta
(3.54 u 104 ha) y el mayor promedio de número de plántulas, desde cero hasta 2.09 u 105
plántulas ha-1. En general, la secoya costera
presentó un equilibrio de características de
adaptación al fuego, superior al de las especies asociadas, lo que permite a los árboles
individuales tolerar el fuego, promoviendo al
mismo tiempo el reclutamiento después del
fuego.

Keywords: canopy retention, regeneration, Santa Cruz Mountains, Sequoia sempervirens, sprouting
Citation:/D]]HUL$HUWV5DQG:5XVVHOO6XUYLYDODQGUHFRYHU\IROORZLQJZLOG¿UHLQ
the southern range of the coast redwood forest. Fire Ecology 10(1): 43–55. doi: 10.4996/
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INTRODUCTION
Disturbance events are important in determining the composition and structure of biotic
communities. Coast redwood (coast redwood
[Lamb. ex D. Don] Endl.) forests are generally
considered not to be disturbance dependent
(Olson Jr. et al. 1990, Arno and Allison-Bunnell 2002). Gap phase succession, as a result
of individual tree mortality, is considered the
primary successional driver, rather than largeVFDOHGLVWXUEDQFHFDXVHGE\¿UHRUÀRRG %XVing and Fujimori 2002). Large stand-replacing
events are exceedingly rare in this forest type
due to a suite of adaptive features that allow
coast redwood to survive and regenerate proOL¿FDOO\IROORZLQJ¿UHHYHQWV)LUHGRHVKRZever, play an important role in shaping the
coast redwood community by increasing the
relative dominance of coast redwood over othHUOHVV¿UHDGDSWHGVSHFLHV
A variety of species interface with coast
redwood within the coastal mixed evergreen
forest mosaic in the Santa Cruz Mountains, located in coastal central California, USA.
'RXJODV¿U Pseudotsuga menziesii [Mirb.]
Franco) is a common co-dominant and exhib-

LWVVLPLODU¿UHUHVLVWDQWSURSHUWLHVDVFRDVWUHGwood, including thick insulating bark and high
crown (Hermann and Lavender 1990). HowHYHU 'RXJODV¿U KDV QR DELOLW\ IRU EDVDO RU
epicormic sprouting, so that complete loss of
foliage for an individual results in mortality
without exception. The same is true for ponderosa pine (Pinus ponderosa Lawson & C.
Lawson) and knobcone pine (Pinus attenuata
Lemmon). However, both pine species seed
SUROL¿FDOO\ IROORZLQJ ¿UH SDUWLFXODUO\ NQREFRQHSLQH²DWUXH¿UHGHSHQGHQWVSHFLHVZLWK
serotinous cones (Lanner 1999, Barbour 2007).
Several hardwood species are associated with
coast redwood forests in the southern range,
LQFOXGLQJ 3DFL¿F PDGURQH Arbutus menziesii
Pursh); a variety of oak species, including California live oak (Quercus agrifolia Née), canyon live oak (Q. chrysolepis Liebm.), and interior live oak (Q. wislizeni A. DC.); tanoak
(1RWKROLWKRFDUSXV GHQVLÀRUXV Hook.); and
California bay (Umbellularia californica
[Hook & Arn.] Nutt.). These species present
OLWWOH DERYHJURXQG ¿UH UHVLVWDQFH ZLWK UHODtively thin bark, but exhibit substantial post¿UH VSURXWLQJ DELOLW\  2WKHU WKDQ FRDVW UHGwood, California nutmeg (Torreya californica
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Torr.) is the only other sprouting conifer associated with the southern range of coast redwood forests. California nutmeg is a minor
component of the forest mix, however, and has
only modest sprouting ability.
1DWXUDOO\LJQLWHG¿UHVDUHUDUHLQWKHFRDVWal forests where coast redwood thrives due to
high atmospheric moisture content along the
coast (summer fog) and the rarity of lightning
strikes in the dry season (Brown et al. 1999,
%URZQDQG%D[WHU :KHQ¿UHGRHVRFcur, intensity tends to be relatively low, resultLQJ LQ ORZ PRUWDOLW\ DOWKRXJK ÀDPH OHQJWKV
FDQ YDU\ VLJQL¿FDQWO\  %DUN WKLFNQHVV DQG
height to live crown both increase with age
and maturity, increasing the ability of older
FRDVWUHGZRRGWUHHVWRVXUYLYH¿UHV 2OVRQ-U.
et al. 1990). Agee (1993) and Scanlon (2007)
observed that size and age of trees, as well as
¿UH LQWHQVLW\ SOD\ D UROH LQ FRDVW UHGZRRG¶V
DELOLW\ WR VXUYLYH ¿UH  7KHLU REVHUYDWLRQV LQ
addition to quantitative data from Finney and
0DUWLQ  DQG5DPDJHet al. (2010), suggest that larger, mature coast redwoods are
DEOHWRVXUYLYHPRGHUDWHWRKLJKLQWHQVLW\¿UH
events, while smaller immature trees can be
NLOOHGE\UHODWLYHO\ORZLQWHQVLW\¿UHHYHQWV
)ROORZLQJ¿UHFRDVWUHGZRRGWUHHVUHJHQerate vigorously from both basal sprouts and
seed (Agee 1993, Scanlon 2007), although
seeds often have a short viability period and
are typically less numerous than sprouts (Olson Jr. et al. 1990). As a result, 40 % to 81 %
of coast redwood trees originate as sprouts
(Douhovnikoff et al. 2004). Additionally, epicormic sprouts can regenerate quickly from
stem and branch tissue to replace the crowns
of damaged trees (Olson Jr. et al. 1990).
Finney and Martin (1993) found that only a
few trees smaller than 15 cm diameter at breast
height (dbh) did not regenerate either through
epicormic or basal sprouts following preVFULEHG¿UHVXJJHVWLQJWKDWODUJHUPDWXUHWUHHV
also resprout better than smaller immature
trees.

Much of the previous research in the coast
UHGZRRGUHJLRQKDVIRFXVHGRQ¿UHKLVWRU\DQG
¿UHIUHTXHQF\DQGDPDMRULW\RIWKLVUHVHDUFK
has focused on the periods of Native American
and Spanish occupation. During these time
SHULRGV¿UHUHWXUQLQWHUYDOVZHUHHVWLPDWHGWR
be between 6 years and 135 years (Finney and
Martin 1989, Greenlee and Langenheim 1990,
Finney and Martin 1992, Brown and Swetnam
1994, Brown et al. 1999, Brown and Baxter
2003, Stephens and Fry 2005). Due to the loss
of Native American ignitions and the beginQLQJ RI DFWLYH ¿UH VXSSUHVVLRQ LQ WKH HDUO\
WZHQWLHWKFHQWXU\¿UHIUHTXHQF\ZDVPDUNHGO\
reduced (Brown and Baxter 2003, Stephens
and Fry 2005).
Lorimer et al. (2009) state that there is a
lack of research on the response of coast redZRRGVDQGDVVRFLDWHGVSHFLHVWR¿UHZLWKVSHFL¿FUHJDUGWRVSURXWLQJDQGVHHGOLQJHVWDEOLVKment. Additionally, the bulk of previous research has been conducted in the northern and
central regions, which differ from the southern
coast redwood region in terms of climate,
growing conditions, and forest composition.
Compared to coast redwood forests in the
northern part of the range, stands in the southern extent are smaller and less continuous, receive less annual precipitation, and vary from
northern coast redwoods in genetics, forest
composition, and forest ecology (Noss 2000).
Limited understanding of how coast redwoods
DQG WKHLU IRUHVW DVVRFLDWHV UHVSRQG WR ¿UH FDQ
OLPLW¿UHPDQDJHPHQWFRQVHUYDWLRQDQGUHVWRration efforts. The objectives of this research
ZHUH WR    TXDQWLI\ SRVW¿UH PRUWDOLW\ DQG
crown retention for coast redwoods and associDWHG VSHFLHV IROORZLQJ ¿UH DQG   TXDQWLI\
SRVW¿UHUHJHQHUDWLRQDQGUHFUXLWPHQWRIFRDVW
redwoods and associated species. Based on
previous research, we predicted that coast redwood would exhibit the lowest levels of mortality, and the highest levels of canopy retention, regeneration, and recruitment.
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METHODS
Study Sites

We collected data at three sites that experiHQFHG ZLOG¿UH ZLWKLQ WZR \HDUV SULRU WR VDPpling. Fire severity varied within and between
VLWHVZLWKSRFNHWVRIFURZQ¿UHSUHVHQWRQDOO
sites. Study sites were located in Santa Clara

and Santa Cruz counties of California, USA,
in the southern range of the coast redwood
(Figure 1, Table 1). Elevation within the Santa
Cruz Mountains ranges from sea level to about
1000 m, and climate is considered temperate
WR KRW ZLWK D KHDY\ PDULQH LQÀXHQFH LQ WKH
form of summer fog. Winter precipitation
ranges from 40 cm to 152 cm, and falls predominately as rain. Past land management in-

Figure 1.6LWHORFDWLRQVRIWKUHH¿UHVLQWKH6DQWD&UX]0RXQWDLQV&DOLIRUQLD86$
Table 1.6LWHGHVFULSWLRQVDQGORFDWLRQVRIWKUHH¿UHVLQWKH6DQWD&UX]0RXQWDLQV&DOLIRUQLD86$

Fire
Martin

Location
(latitude; longitude)
N 37q¶´:q¶´

Whitehurst N 36q¶´:q¶´
Lockheed

N 37q¶´:q¶´

Distance from Elevation
coast (km)
(m)

Fire dates

Area
burned

5.75

365 to 518

11 to 15 Jun 2008

210 ha

16.25

195 to 490

21 to 26 Jun 2008

103 ha

2.53

61 to 335

12 to 23 Aug 2009 3163 ha
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cludes pre-European burning, extensive logging, and ranching (Noss 2000, Barbour et al.
2001, Anderson 2005, Diekmann et al. 2007).
3ULRU WR WKH LQVWLWXWLRQ RI ¿UH VXSSUHVVLRQ LQ
the early part of the twentieth century, there
ZHUH IUHTXHQW ¿UHV IURP PLOOV UDLOURDGV DQG
other human activity (Stephens and Fry 2005,
Stephens et al. 2007). Today, large human
populations create a growing wildland-urban
LQWHUIDFHQHFHVVLWDWLQJJUHDWHU¿UHFRQWURO $Oexander and Sawyer 1997), and while there
KDYH EHHQ VHYHUDO ODUJH ZLOG¿UHV LQ WKH WZR
counties over the past century, none of the
study sites had burned within the past 50
years.
The Martin Fire Site

The Martin Fire occurred 11 to 15 June
 LQ WKH %RQQ\ 'RRQ (FRORJLFDO 5HVHUYH
(Figure 1). It burned 210 ha, 17.4 ha of which
consisted of coast redwood forest, ranging in
elevation from 365 m to 518 m. Sample plots
ranged from 418 m to 514 m. National Oceanic and Atmospheric Administration (NOAA)
stations in Felton and Santa Cruz, California,
provided temperature and precipitation data.
7HPSHUDWXUHV RQ WKH GD\ WKH ¿UH VWDUWHG ZHUH
33.9 °C in Felton and 32.8 °C in Santa Cruz.
Over the next four days, daytime temperatures
ranged from 25 °C to 33.3 °C in Felton and
18.3 °C to 20.6 °C in Santa Cruz. There was
no recorded precipitation at either weather station for the month of June, and the area had
experienced drought conditions for the previRXV WZR \HDUV  :KLOH XQFRQ¿UPHG WKH ¿UH
was suspected to be human caused. Once
started, a northerly wind quickly pushed the
¿UH VRXWK WKURXJK PXFK RI WKH UHVHUYH &$/
),5( 7KHUHVHUYHZKLFKOLHVNP
from the ocean, is the largest unfragmented
area of Santa Cruz sandhills (McGraw and
Levin 1998). Due to this geological diversity,
the Martin Fire site was the most diverse in
terms of vegetation types and included coast
redwood, closed cone pine, ponderosa pine,

oak, and Santa Cruz cypress communities.
7KH LPSDFW RI WKH ¿UH YDULHG GUDPDWLFDOO\
across the site, with the highest severity standUHSODFLQJ¿UHRFFXUULQJLQWKHFORVHGFRQHSLQH
FRPPXQLW\DQGWKHORZHVWVHYHULW\¿UHRFFXUring in the coast redwood-dominated stands.
The Whitehurst Fire Site

The Whitehurst Fire burned in Mt. Madonna County Park (Figure 1) from 21 to 26 June
2008. The park is 14 km from the ocean, and
burned within an elevation range from 195 m
to about 490 m above sea level. Sample plots
ranged from 424 m to 487 m. The two closest
NOAA weather stations are in Gilroy and Watsonville, California, which recorded temperatures of 41.7 °C and 40 °C, respectively, on the
¿UVW GD\ RI WKH ¿UH  'D\WLPH WHPSHUDWXUHV
ranged from 22.2 °C to 39.4 °C in Gilroy and
16.7 °C to 35.6 °C in Watsonville for the duraWLRQRIWKH¿UH*LOUR\UHFHLYHGWUDFHDPRXQWV
of precipitation on 22 June and Watsonville received none for the month of June. This area
had also been experiencing drought conditions.
7KHOLJKWQLQJLJQLWHG¿UHEXUQHGKDQHDUly all of which were coast redwood or mixed
evergreen forests. While large-scale stand replacement did not occur on the Whithurst Fire
site, occasional crowning activity did occur in
DUHDVDORQJWKHZHVWHUQÀDQNZKHUH&$/),5(
personnel performed a back burn. There was
little wind, so the heat from the back burn went
up into the canopy (personal communication,
%DWWDOLRQ&KLHI'0F/HDQ&$/),5(6DQWD
Clara, California, USA, 2010).
The Lockheed Fire Site

From 12 to 23 August 2009, the Lockheed
Fire burned 3163 ha in the Swanton area north
of Santa Cruz, California. An unattended
FDPS¿UH ZDV GHWHUPLQHG WR EH WKH VRXUFH RI
WKH ¿UH  12$$ UHFRUGHG D WHPSHUDWXUH RI
& LQ 6DQWD &UX] WKH GD\ WKH ¿UH VWDUWHG
and ranged from 20 °C to 27.2 qC for the dura-
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WLRQRIWKH¿UH'URXJKWFRQGLWLRQVFRQWLQXHG
from 2007 and 2008, and the only precipitation
recorded was 0.051 cm on 2 August 2009. Additionally, the marine fog layer was absent durLQJWKH¿UVWWZRGD\VRIWKH¿UHDQGWKHUHZHUH
QRUWKHUO\ZLQGVSUHVHQWZKLFKDOORZHGWKH¿UH
WRVSUHDGTXLFNO\ &$/),5(a). Elevations ranged from 61 m to 335 m above sea
level, and sampling occurred between the elevations of 115 m and 276 m . Data collection
took place in the Little Creek Management
8QLW RI 6ZDQWRQ 3DFL¿F 5DQFK )LJXUH  
which is actively managed for timber and is
dominated by young second growth forests,
including some recently harvested stands
6ZDQWRQ3DFL¿F5DQFK1RQLQGXVWULDO7LPEHU
Management Plan, http://www.spranch.org/
forest_management.ldml).
Coast redwood
GRPLQDWHGPXFKRIWKH¿UHDUHDZLWKDVVRFLDWHG'RXJODV¿UWDQRDNDQG3DFL¿FPDGURQH
common on ridge tops. Fire behavior was
highly variable across the site, ranging from
VPDOODUHDVRIORZVHYHULW\VXUIDFH¿UHWRODUJH
DUHDVRIPRGHUDWHLQWHQVLW\¿UHDQGSRFNHWVRI
KLJKHU LQWHQVLW\ FURZQ ¿UH  &$/ ),5(
(2009b) estimated the burn severities for the
entire Lockheed Fire at: 14 % very high severity, 37 % high severity, 43 % moderate severity,
and 6 % low severity.
Plot Design and Measurements

We collected data between January 2009
and September 2010. At each site, we used 30
randomly selected circular plots with a 10 m
diameter for a total of 90 plots. At the center
of each plot, we measured aspect and slope
with a handheld clinometer to determine if
SRVW¿UHFRQGLWLRQVZHUHFRUUHODWHGWRSK\VLFDO
parameters. Canopy retention (foliage retained
WKURXJK¿UH DQGUHJHQHUDWHGFDQRS\ QHZIROLDJH SURGXFHG DIWHU ¿UH IURP HSLFRUPLF
sprouts) for each species were also measured
at plot center using a convex spherical densiometer and ocular assessment based on foliage
color. In most cases, the distinction between

retained and regenerated canopy was quite apparent, as new foliage was noticeably lighter
in hue.
The following assessments were made for
each individual tree:
•
•
•
•
•
•
•

tree species (Quercus species were
combined as those without foliage were
GLI¿FXOWWRGLVWLQJXLVK 
dbh (diameter at breast height);
tree height, measured with a hand held
clinometer;
PRUWDOLW\ GH¿QHGDVWKHODFNRIUHVLGXal or sprouted green tissue on base,
bole, or branch);
bole char height, measured with a clinometer;
presence or absence of retained canopy
GH¿QHG DV IROLDJH UHWDLQHG WKURXJK
¿UH 
and presence or absence of regenerated
FDQRS\ GH¿QHGDVHSLFRUPLFVSURXWLQJ
WKDWRFFXUUHGIROORZLQJWKH¿UHHYHQW 

3RVW¿UHUHJHQHUDWLRQZDVDVVHVVHGRQHDFK
10 m diameter plot by counting the number of
seedlings of each species and the number of
basal sprouts for all sprouting trees (coast redZRRG WDQRDN RDN DQG 3DFL¿F PDGURQH  LQ
three height classes (small: 0.0 m to 0.5 m;
medium: 0.5 m to 1.0 m; large: >1.0 m).
Analysis

One-way ANOVAs (analysis of variance),
two sample t-tests, and linear regression analyses were conducted on a Systat 13 platform
(Systat Software Inc., Chicago, Illinois, USA)
with an alpha level of 0.05. The ANOVA was
used to conduct comparisons between species
for several independent variables, including
mortality, canopy retention, and the number of
basal sprouts. Data were tested for homogeneLW\XVLQJWKH%DUWOHWW¶VFKLVTXDUHVWDWLVWLFDQG
post-hoc analyses were conducted using the
Bonferroni test for pair-wise differences be-
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tween groups. Two sample t-tests were used
to compare differences in tree size (dbh and
height) between trees that exhibited canopy retention versus those that did not, and for trees
that exhibited canopy regeneration versus
those that did not. Linear regression analysis
was used to analyze correlations between bole
char height versus canopy retention, and overall mortality versus the density of coast redwood stems.
RESULTS
Fire severity varied from plot to plot, with
bole char heights ranging from 0 m to >50 m.
The highest average bole char heights occurred
RQ3DFL¿FPDGURQH'RXJODV¿UDQGFRPELQHG
oak species (10.92 m r 1.53 m SE; 10.32 r
1.72 m SE; 9.24 m r 1.32 m SE), followed by
coast redwood and tanoak (7.95 m r 0.49 m
SE and 2.00 m r 0.25 m SE, respectively).
However, seven of the eight highest bole char
heights occurred on coast redwood, with the
maximum height at 52.78 m. The next highest
maximum bole char heights were found for
'RXJODV¿U  P  DQG SRQGHURVD SLQH
(32.41 m). Bole char height varied substantially from site to site, with the highest levels
found on the Lockheed Fire site and the lowest
on the Whithurst Fire site (Figure 2).

Figure 2. Bole char height (mean r 6(  RI ¿YH
PRVWFRPPRQVSHFLHVDFURVVWKUHHZLOG¿UHVLWHVLQ
the Santa Cruz Mountains, California, USA.

Post-Fire Survival

Coast redwood trees exhibited the lowest
mortality across all sites (F4 = 13.889, P <
  IROORZHG E\ 3DFL¿F PDGURQH RDN
WDQRDN DQG 'RXJODV¿U 7DEOH    9DULDWLRQ
occurred between sites, with the highest mortality for all species found on the Lockheed
Fire site and the lowest found on the Whitehurst Fire site (Figure 3). Coast redwood trees
also had the highest mean canopy retention
across all three sites (43.10 %) (F4 = 7.234, P <
  IROORZHG E\ 'RXJODV¿U  
tanoak (23.27 %), combined oak species
 DQG3DFL¿FPDGURQH  
Table 2. $YHUDJHPRUWDOLW\RI¿YHPRVWFRPPRQ
tree species across three sites in the Santa Cruz
Mountains, California, USA.
Species

% mortality r SE

Coast redwood

11.98 r 3.29

3DFL¿FPDGURQH

24.67 r 10.64

Oak species

27.02 r7.3

Tanoak

29.90 r 5.5

'RXJODV¿U

74.46 r 8.77

Figure 3. 3RVW¿UH PRUWDOLW\ PHDQ  r SE) of
¿YHPRVWFRPPRQWUHHVSHFLHVDFURVVWKUHHVLWHVLQ
the Santa Cruz Mountains, California, USA.

The size of individual trees (height and diDPHWHU ZDVDVVRFLDWHGZLWKSRVW¿UHWUHHVXUvival, with coast redwood exhibiting 100 %
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survival for all individual trees greater than 7.5
cm dbh. Coast redwood, tanoak, and comELQHGRDNVSHFLHVHDFKH[KLELWHGVLJQL¿FDQWO\
larger mean dbh for trees that retained residual
canopy than for trees that did not (Table 3).
7UHHVWKDWUHWDLQHGFDQRS\IROORZLQJ¿UHZHUH
VLJQL¿FDQWO\WDOOHUWKDQWKRVHWKDWGLGQRW,Q
addition, regression analysis indicated a sigQL¿FDQW QHJDWLYH FRUUHODWLRQ EHWZHHQ UHVLGXDO
canopy retention and bole char height for all
species combined (P   52 = 0.466).
This relationship was not as clear for coast
redwood, which experienced the highest maxi-

mum bole char heights, as well as the greatest
survivorship. The bark of coast redwood is
less compact than associated species such as
'RXJODV¿UKRZHYHUDQGPD\IDFLOLWDWHJUHDWHUÀDPHOHQJWKVXSWKHEROHRIWKHWUHH
In an unexpected result, the presence of
coast redwood appeared to afford associated
trees a better chance of survival. Linear reJUHVVLRQLQGLFDWHGDVLJQL¿FDQWQHJDWLYHFRUUHlation between mortality across all species and
the density (stems ha-1) of coast redwood trees
on individual plots (P 52 = 0.206).

Table 3. Paired t-test comparisons of height and diameter of trees with and without canopy retention, and
KHLJKWDQGGLDPHWHURIWUHHVZLWKDQGZLWKRXWUHJHQHUDWHGFDQRS\IROORZLQJWKUHHZLOG¿UHVLQWKH6DQWD
Cruz Mountains, California, USA.
Mean height with canopy Mean height without canopy
retention r SE (m)
retention r SE (m)
33.3 r 1.3
9.1 r 0.8
21.3 r 1.4
6.0 r 0.6
26.1 r 5.2
16.7 r 3.6
11.9 r 1.1
7.6 r 1.2
17.8 r 3.0
3.9 r 0.6
Mean dbh with canopy
Mean dbh without canopy
Species
retention r SE (cm)
retention rSE (cm)
Coast redwood
66.5 r 3.1
16.8 r 1.6
Tanoak
42.7 r 3.3
10.9 r 1.3
'RXJODV¿U
50.3 r 12.0
46.1 r 8.5
3DFL¿FPDGURQH
26.8 r 5.6
21.3 r 3.4
Oak
52.0 r 15.2
12.7 r 1.7
Mean height with regenerated
Mean height without
Species
canopy r SE (m)
regenerated canopy r SE (m)
Coast redwood
30.6 r 1.3
6.7 r 0.6
Tanoak
15.9 r 1.4
6.0 r 0.7
'RXJODV¿U
24.3 r 5.4
17.8 r 3.6
3DFL¿FPDGURQH
8.8 r 2.0
8.1 r 1.3
Oak
13.2 r 1.9
3.1 r 0.6
Mean dbh with regenerated Mean dbh without regenerated
Species
canopy r SE (cm)
canopy rSE (cm)
Coast redwood
31.0 r 2.9
6.7 r 1.2
Tanoak
17.3 r 3.1
6.5 r 1.4
'RXJODV¿U
24.3 r 12.4
21.2 r 8.3
3DFL¿FPDGURQH
27.4 r 5.9
11.8 r 2.9
Oak
28.8 r 3.1
7.1 r 2.4
Species
Coast redwood
Tanoak
'RXJODV¿U
3DFL¿FPDGURQH
Oak

t-statistic
15.658
9.951
1.470
2.657
4.524

P-value
<0.001
<0.001
0.158
0.027
0.017

t-statistic
14.235
8.989
0.267
0.491
4.848

P-value
<0.001
<0.001
0.791
0.627
<0.001

t-statistic
17.035
6.188
0.982
0.299
4.990

P-value
<0.001
<0.001
0.340
0.772
0.001

t-statistic
17.981
6.504
0.491
3.419
6.833

P-value
<0.001
<0.001
0.626
0.003
<0.001
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Post-Fire Regeneration

Coast redwood had the highest average
percentage of regenerated canopy of surviving
trees (52.91 % ± 3.8 % SE), followed by Pacific madrone (44.12 % r 2.3 % SE), combined
oak species (46.05 % r 2.7 % SE), and tanoak
(41.79 % r 4.2 % SE). In addition, coast redwood, tanoak, and combined oak species trees
with regenerated canopy tended to be taller
and have greater diameters than those that did
not (Table 3).
Overall, coast redwood trees had higher (F3
= 5.774, P = 0.001) basal sprout density than
DQ\RWKHUVSHFLHVZLWKWKHH[FHSWLRQRI3DFL¿F
madrone, which was statistically equivalent (P
= 0.145). In the smallest height class (0.0 m to
0.5 m), there was no difference in sprout production among the four species capable of basal sprouting. In both the medium (0.5 m to 1.0
m) and large (>1.0 m) size classes, coast redwood had higher mean numbers of basal
sprouts per tree than other species (Figure 4).
Coast redwood also exhibited the highest
overall regeneration through seed (Table 4),
although seedling density was highly variable
DQGVLWHVSHFL¿F$WWKH/RFNKHHG)LUHVLWHD
mean of 450 ± 175 SE coast redwood seedlings ha-1 were found, with a mean of 4.18 u
104 r 748.7 SE coast redwood seedlings ha-1 at
the Whitehurst Fire site. In contrast, no coast
redwood seedlings were found at the Martin
Fire site. Seedling density was variable between plots as well, with a maximum of 2.09 u
105 seedlings ha-1 found on a single plot at the
Whitehurst Fire site, while many plots contained no coast redwood seedlings at all. There

Figure 4. Number of basal sprouts per tree (mean
r SE) in three height classes (small: 0 to 0.5 m;
medium: 0.5 m to 1.0 m; large: >1.0 m) on three
ZLOG¿UHVLWHVLQWKH6DQWD&UX]0RXQWDLQV&DOLIRUnia, USA.

was no correlation found between seedling
numbers and slope, aspect, or canopy cover,
DQG WKH VHDVRQDOLW\ RI WKH ¿UHV ZDV QHDUO\
equivalent for the site with the greatest number
of seedlings and the site with the least number
of seedlings.
DISCUSSION
As predicted, the results of this study indicated that coast redwood in the southern range
ZDV XQXVXDOO\ ZHOO DGDSWHG WR ¿UH ERWK LQ
terms of survival and recovery. Coast redwood
H[KLELWHGWKHORZHVWOHYHOVRISRVW¿UHPRUWDOity and canopy loss, in addition to the highest
OHYHOVRISRVW¿UHUHJHQHUDWLRQDQGUHFUXLWPHQW
of all tree species sampled. In addition, larger
trees appeared to be better able to withstand
¿UHWKDQVPDOOHUWUHHV7KHVHUHVXOWVDUHFRQVLVWHQW ZLWK WKH ¿QGLQJV RI UHVHDUFK LQ WKH

Table 4. Mean number of seedlings per ha r6(RQWKUHHVLWHVIROORZLQJZLOG¿UHLQWKH Santa Cruz Mountains,
California, USA.
Fire

Coast redwood

Tanoak

'RXJODV¿U

3DFL¿FPDGURQH

Oak

0

302 r 149

125 r 75

25 r 11

198 r 95

Whitehurst

4.12 x 105 r 1.87 x 105

97 r 25

0

275 r 275

495 r 251

Lockheed

450 r 175

25 r 25

150 r 75

0

50 r 25

Martin
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QRUWKHUQUDQJH $JHH6FDQORQ5Dmage et al. 2010).
Coast redwood, as well as all associated
species, experienced the highest average mortality on the Lockheed Fire site, as compared
WRWKHRWKHUWZR¿UHVLWHV7KH/RFNKHHG)LUH
site also exhibited the highest average bole
FKDU KHLJKW VXJJHVWLQJ WKDW ¿UH VHYHULW\ PD\
have been higher on that site compared to the
other two. However, the Martin Fire site had
very similar bole char heights with much lower
mortality, suggesting that bole char height was
not a very good predictor of mortality. These
results may have been confounded to some degree by differences in management history between sites. While all sites had been logged in
the late 1800s and early 1900s, the Lockheed
Fire site had experienced more recent logging
activity, with the evidence of selective harvest
apparent on some of the plots.
,QWHUHVWLQJO\3DFL¿FPDGURQHKDGWKHVHFond lowest average level of mortality after
coast redwood, even though the majority
(86 %) of plots containing madrone experienced no crown retention. Thin bark and relatively low crown heights make madrone susceptible to above-ground damage (McDonald
and Tappeiner 1990); however, its ability to regenerate vigorously through basal sprouting
lowered the rate of mortality even for trees
with complete canopy loss.
Coast redwood also had an apparent mitigating effect on the mortality of nearby associated tree species. This result was somewhat
FRXQWHULQWXLWLYHDV¿UHVHYHULW\ HVWLPDWHGXVing bole char height) reached maximum
heights on coast redwood trees, and although
coast redwoods are adapted to withstand exWUHPH ÀDPH OHQJWKV PDQ\ DVVRFLDWHG VSHFLHV
DUH QRW  ,W PD\ EH WKDW WKH HOHYDWHG ÀDPH
lengths associated with coast redwood were
the result of highly concentrated duff (Nives
1989), or dense sprout thickets at the base of
coast redwoods, and did not spread to other
nearby trees. It should also be noted that,
while coast redwood exhibited the highest

maximum bole char height, the average bole
char height for the species was modest.
The prodigious germination of coast redZRRGVHHGOLQJVRQWZRRIWKH¿UHVLWHV :KLWHhurst and Lockheed) was also unexpected.
While recruitment of coast redwoods is
known to occur through both the production
of seed and basal sprouts, basal sprouts are
generally considered the dominant method
(Douhovnikoff et al. 2004). And although
basal sprouting was quite common, seedling
populations outnumbered sprouts on many of
the Whitehurst Fire and Lockheed Fire sample plots, while there was a total lack of coast
redwood seedlings measured on the Martin
Fire site. No correlation was found between
seedling recruitment and any of the other
sampled variables, leaving the question of the
cause of this variation unanswered. However,
at the time of sampling, many of the seedlings
were lacking vigor in comparison to nearby
basal sprouts, suggesting that the long-term
viability of the seedlings is doubtful.
Management Implications

The ability of coast redwood to survive
¿UHHYHQZKHQDOOIROLDJHKDVEHHQORVWVXJJHVWV WKDW SRVW¿UH PDQDJHPHQW WHFKQLTXHV
such as salvage logging are not recommended,
HVSHFLDOO\ LI FRQGXFWHG WR VDOYDJH ¿UHNLOOHG
WUHHV  :KLOH FURZQ ¿UHV LQ PRVW FRQLIHURXV
forests result in stand replacement (Agee 1993,
Sugihara et al. 2006), coast redwoods rapidly
produce sprouts from scorched bole and branch
regenerating foliar tissue so that the original
stand is retained. Additionally, residual and
regenerated canopies provide interception surfaces for precipitation (Dawson 1998, Burgess
and Dawson 2004), which reduces soil erosion
(Biswell 1989). Presence of a canopy also
SURYLGHVVKDGHWRWKHIRUHVWÀRRUDQGSUHYHQWV
GU\LQJRIWKH¿QHVXUIDFHIXHOV,QFRQWUDVWUHmoving these trees through salvage logging
can increase the potential for soil erosion in
the short term (Kattelmann 1996; Karr et al.
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2004), as well as increase the recruitment of
ladder fuels over time. Thinning coast redZRRG VWDQGV DV D SURDFWLYH ¿UH KD]DUG UHGXFtion measure is counter indicated. If done,
thinning should concentrate on species other
than coast redwood and be followed by slash
WUHDWPHQW  :KLOH VWDQG WKLQQLQJ UHGXFHV ¿UH
hazard initially, it tends to increase the density

of small stems through the production of basal
sprouts over time, which can help carry a poWHQWLDO¿UHWRZDUGWKHFURZQRIDGMDFHQWWUHHV
3ODQWLQJFRDVWUHGZRRGIROORZLQJ¿UHLVHTXDOly unnecessary, as natural processes of regeneration from sprout and seed are more than adequate for the replacement of any lost trees.
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