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Abstract
Methods of dendrochronology by means of incremental coring
have been refined in this study for specific use in northern
California riparian floodplains. Little information is available on
riparian dendrochronology because of the challenges of
analyzing riparian tree species. Three dominant tree species
(Alnus rubra, Umbellularia californica, Acer macrophyllum) in the
floodplain of Redwood Creek were evaluated for the relationship
between age and diameter at breast height (DBH) using a least
squares linear regression analysis. Through this study,
complications with analysis for the riparian tree species led to a
more thorough investigation as to enhancing core quality and
annual growth ring visibility. As methods of coring and ring
enhancement were refined, core quality and analysis improved.
The correlation of determination for both red alder and California
bay laurel were strong (R2= 0.957; R2= 0.982, respectively).
Strong R2 values suggest DBH can be determined for red alder
and California bay laurel using the specific linear regression
equations for each species. Linear regression model of Bigleaf
maple had a lower correlation determination value (R2=0.452).
Big leaf maple regression models may increase in R2 value with
more sampling. Linear regression equations for these red alder
and California bay laurel are suitable across the watershed to
simplify dendrochronology by requiring only measured diameter
of trees. Regression equations from this study informed
restoration planning of the age floodplains in the lower reaches
of the Redwood Creek watershed, obviating other more
destructive and expensive means of dating habitat. Future
restoration projects in this watershed may apply this refined
method for these species to gather pertinent historical
information of environmental conditions. The equations may also
be applicable to red alder and California bay laurel in other
watersheds with similar environmental conditions, requiring only
a few tree core samples to determine applicability. The refined
dendrochronology method may also improve tree coring of other
tree species with similar wood anatomy.
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Introduction
Dendrochronology is a field of study becoming widely used in
restoration ecology as historical evidence to make predictions of possible
changes in the future. As associated disciplines of restoration ecology are
more thoroughly investigated, comprehensive techniques and approaches
enhance data quality and accuracy (Hall et al. 2011). Dendrochronology is
the study of the age of trees by means of examining tree rings. There have
attempts to use tree-ring analysis for ecological prognosis to solve largescale watershed problems (Cook and Kairiukstis 1990). Tree rings are a
valuable source of information about the ecosystem in which it grows. They
can indicate not only the age of an ecosystem but also climate change (Fritts
and Dean 1992). Large-scale watershed evaluations may also help address
problems such as flooding and erosion in response to land use changes.
Restoration projects addressing issues of flooding, erosion, and climate
change may benefit from the ecosystem information tree rings can provide.
As new methods and applications of dendrochronological analysis are
discovered and current approaches refined, enhanced tree ring data
reliability could provide a more accurate historical evaluation to assist in
restoration planning taking into account potential environmental changes in
the future.
Historical referencing is an important aspect of restoration ecology.
Ecologists compile historical data from many sources in order to more
accurately determine ecosystem responses to change and potential for
restoration. Examining the ecosystem responses to environmental change
can aid the prevention of future disturbances. Dendrochronological dating
has become more frequently used in geomorphic studies (Malik et al. 2013).
There are several types of dendrochronological evidence providing a wide
range of historical information regarding ecosystem growth, development,
and alteration (Gottesfeld and Johnson, 1990). Tree-coring, the process of
5

extracting a sample without felling the tree, is one of the most efficient and
widely used methods of dendrochronology. When obtained, analyzed, and
stored correctly and carefully, cores can be used to determine the age of
trees and are important resources for future analyses (Harris 2009). The
standard methods for sampling and preparation of cores consists of using an
incremental borer to sample tree cores and fine sanding to analyze cores.
However, cores from some tree species are not as easy to analyze as others.
Ring differentiation can be difficult or impossible. Hardwoods, such as pines
and firs, have been the common trees analyzed using dendrochronological
approaches (Laing and Stockton, 1976). Although tree ring analyses have
rarely been conducted in riparian ecosystems, the potential for their use in
restoration of these ecosystems is promising.
Riparian ecosystems are areas of land adjacent to rivers, creeks, and
streams. These areas and their associated habitats are dynamic, responding
to varying degrees of material flowing into the open system. Riparian
floodplains, located on the banks of rivers, creeks and streams, act as a
buffer to bank-full flow, capturing sediment and other debris (Bren 1993).
The size of the floodplain influences channel migration, allowing for the
natural geomorphic processes responding to varying flow conditions (Bolton
and Shellberg 2011). The relationship between streams and their associated
habitat is critical for maintaining ecological health of the ecosystem (Bren
1993). Riparian vegetation slows flood waters and provides time for
sediment and nutrient-filled water to soak into the ground, creating fertile
soil and reducing flooding downstream. However, an increase in the
frequency and intensity of flooding may overwhelm the system. Human
activities may influence in amount of flooding and disturb these dynamic
riparian areas.
In Redwood Creek watershed, historical human disturbances of the
creek channel has resulted in an unnatural and degrading channel system
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(Stillwater Science 2010). The floodplain has minimal connection to the
creek, destabilizing banks and increasing flooding downstream, ultimately
reducing and degrading salmonid habitat (Phil Williams & Associates 2013).
Results from dendrochronology studies of riparian trees in the lower reaches
of the watershed determined the ages of the floodplains. Dating floodplains
allowed restoration ecologists to determine when the habitats were
established. Corresponding establishment years with development in the
area helped restoration planners determine where the creek shifted and
when. Further investigation using dendrochronology may prove useful for
informing restoration ecologists in other reaches of the Redwood Creek
watershed.
Red alder (Alnus rubra), California bay laurel (Umbellularia californica),
and big leaf maple (Acer macrophyllum) are dominant tree species found
along rivers in coastal Northern California. Red alder is the pioneer tree
species that responds to disturbance, making it an important indicator of
environmental change (Harrington 2006). It could be a useful tool in
restoration ecology to understand immediate ecosystem response to human
disturbances. California bay laurel and big leaf maple are climax dominant
tree species, also providing useful chronological information. Alder and
maple have been studied in other parts of North America (Ciszewski and
Malik 2005; Kenefic and Nyland 1999) but little dendrochronological
information exists for these species. Measuring tree rings of these three
species has proven difficult (Burkie 1950) and could explain the lack of
dendrochronological information. All three hardwood species produce diffuse
porous rings, making them difficult to identify. Growth rings are
distinguished by cell wall thickness and diameter between the earlywood
spring growth and latewood summer growth. Softwood tree species are not
porous, making core quality and ring visibility greater than porous
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hardwoods. Certain techniques have been developed to enhance ring
visibility and minimize false ring count in hardwoods (DeBell et al. 1978).
The main goal of this study was to refine dendrochronology methods
for three dominant riparian tree species to evaluate age-DBH relationship.
Ages of red alder, California bay laurel and big leaf maple along Redwood
Creek, Marin County, California were estimated using refined
dendrochronology techniques. Restoration ecologists can then use these
regression equations to estimate age of other individuals of these species
along streams for the purpose of restoration of riparian ecosystems in other
parts of the watershed. Also, these dendrochronology methods I developed
could be useful for determining floodplain ages in riparian restoration
projects throughout California.

Methods
Site Description
My study areas are located within the lower reach of Redwood Creek,
between 37.86⁰ N, 122.58⁰W and 37.53⁰ N, 122.34⁰ W, within the Muir
Woods National Park and Mount Tamalpais State Park (Figure 1). I sampled
riparian trees at three locations, along floodplains starting near the Muir
Woods Visitor’s Center downstream to Santos Meadows and on the Banducci
Meadows in Golden Gate National Recreation Area. Within the three study
locations, I sampled the dominant trees: red alder, California bay laurel, and
big leaf maple. I selected individual trees within my target diameter that
were solitary and the most erect with the least superficial damage. The
target diameters were selected as representatives of all size classes of red
alder found in the area, ranging from 6 cm to 13 cm at the Banducci
location, 30 cm to 60 cm at the Visitors Center, and 20 cm to 25 cm at
Santos Meadows.
8

Figure 1. Lower reach of Redwood Creek watershed identifying three
sampling locations
Sampling
I sampled from September 2013 to April 2014. I took samples using
an 18-inch Hagloff incremental borer. I measured DBH at 1.4 m in height
from the soil surface using DBH measuring tape. Dendrochronological
techniques varied between sampling times as I was determining the most
effective method for coring riparian trees. In September 2013, only trees
that were uniform in shape, lacking a buttressed or split trunk, and between
40 and 60 cm in diameter, were cored for all three species. In February
2014, only red alder and California bay laurel that were most uniform in
shape and between 20 and 40 cm DBH were cored. In March I sampled only
red alder at Banducci Meadows, of DBH between 6 and 14 cm. In April I
instructed an undergraduate working with the lab to use my sampling
9

protocol to sample red alder and California bay laurel, aiming for DBHs that
had yet been collected or second samples of poor cores.
In September 2013, we collected 5 cores from big-leaf maple, 7 cores
from California bay laurel, and 5 cores from red alder, totaling 16 samples.
Each sampling time, I extracted cores perpendicular to soil surface, avoiding
imperfections in the trunk. Once extracted, I placed each core in a plastic
straw labeled with the tree species, DBH, and sample number, and date.
Samples I took on 9/5/13 and 9/9/13 were frozen until they could be
analyzed. Once frozen, I placed cores in a drying oven set at 37 ⁰C for 3
hours. Samples I collected on 9/24/13 were not frozen or dried in the oven;
they were removed from the straw and left to air dry overnight. After
evaluating core quality between the two drying methods.
Once the cores were dry, I sanded with progressively finer grit
sandpaper, starting with 180 grain to remove major blemishes and then
finishing with 400 grain to even the viewing surface. Broken cores were
glued onto a piece of cardboard and broken pieces fitted together to
maintain their original orientation in the tree. I visually counted growth rings
using a dissecting microscope. Only four cores of big leaf maple and red
alder were of usable quality due to breaks other cores. All five cores of
California bay laurel were high enough in quality to be used in the analysis.
In February, I collected tree cores again in the floodplains along
Redwood Creek adjacent to the Muir Woods Visitor Center to add to my
sample size and gain samples from smaller and larger diameter trees to
improve regression analyses. I sharpened the 18-inch Hagloff incremental
borer and cored four red alders between 30- 40 cm in diameter. Four
California bay laurel trees were chosen to enhance the sample size from my
previous data collection in September, employing the same sampling
methods as before. I immediately air dried all core samples following
collection. The enhanced quality of cores from sharpening obviated sanding
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for red alder because the rings were clearly visible. I applied petroleum jelly
to the red alder cores to enhance growth ring distinguishability (Debell et al.
1978). Sanding for California bay laurel was still necessary due to
blemishes. I applied petroleum jelly to one laurel sample and noticed that it
diminished growth ring visibility and therefore did not apply it to the
remaining cores. I performed visual counts without the dissecting scope, in
direct sunlight, which was easier on the eyes and more consistent. One of
the four bay laurel samples was too degraded to count growth rings. Ring
counts and DBHs of the samples were added to the previous linear
regression analysis to improve the coefficient of determination and extend
the regression equation into a wider range of age classes.
My first collection in March was in the floodplain at the Banducci
restoration site. I employed the same techniques as in my February
collection but targeted a younger age class. Here, I collected eight red alder
samples above 6 cm and below 14 cm DBH. The smaller diameter cores
were severely fragmented and had to be glued to cardboard before counted.
No sanding was done on the core due to their fragile condition. I included
these 8 red alder samples in the previous linear regression analysis to
further improve red alder coefficient of determination and further extend the
regression equation line into a smaller diameter age class.
My collection in March was performed immediately upstream of the
Visitor Center. Here I sampled five red alder between 20- 30 cm and one at
45 cm DBH as well as five California bay laurel individuals. During this
sampling period, I used WD-40 as a lubricant. Also, I kept the extractor
spoon out of the incremental borer during boring, to determine if it was the
cause of core twisting and fragmentation. Tree cores came out fully in-tact
and untwisted. As a result of high quality cores I was able to visually count
red alder growth rings prior to drying for preservation. California bay laurel
had to be air dried and sanded for counting. I added final ring counts to the
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data set for linear regression analyses and removed two samples from the
September sample set with poor core quality and low reliability of counts.
The final sampling, performed by the undergraduate intern in USF’s
Ecosystem Restoration lab, following the sampling protocol, collected seven
more California bay laurel between DBH 15 and 22 cm. The intern performed
tree coring using wood oil as a lubricant, rather than WD-40. The
undergraduate intern sampled laurel located immediately upstream of the
Visitor Center the last week of April 2014.

Statistical Analysis
I determined the strength of influence, or degree and direction of the
linear relationship, between age and DBH by calculating a Pearson
correlation coefficient (r). The closer to 1 the r value is the more linear the
relationship between the two variables. I performed linear regression
analyses to evaluate the relation between age and DBH for each species
(Ishikawa and Ito 1989; Lewis 1995). The analysis provided me an equation
to calculate age from DBH, as well as a coefficient of determination. The
coefficient of determination (R2) is the square of the correlation coefficient,
measuring the fraction of variation shared between the two variables.

The

closer to 1 the R2 is, the less the variation between the two variables. I
considered DBH to be the explanatory variable of the age because I aim to
use DBH to determine age from the linear regression equation. Ring number
is in exact correspondence of age because annual growth rings produce a
single ring for each year (Stokes and Smiley 1968).

Results
September 2013 (Pre-sharpened) collection analysis results
Linear regression equations for trees analyzed between 30 and 60 cm
DBH were calculated. I found a very strong correlation between the number
12

rings counted and DBH for California bay laurel core samples, with a R2
value of 0.9635 (Figure 2). The regression equation for California bay laurel
is y=1.5519x – 29.819. The relationship between the number of rings
counted and DBH for big leaf maple was not as strong (Figure 3), with an R2
value of 0.4523. The regression equation for big leaf maple was calculated to
be y = 0.6568x + 3.106. The regression equation for red alder (y = 0.7032x
+ 6.7396) had a very low R2 value of 0.1658, indicating a weak relationship
(Figure 4).
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Figure 2. California bay laurel relationship between diameter breast height
(cm) and age (number of growth rings).
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Figure 3. Big-leaf maple relationship between diameter breast height (cm)
and age (number of growth rings).
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Figure 4. Red alder relationship between age (number of growth rings) and
diameter at breast height (cm).

February 2014 (Sharpened) collection analysis results
Linear regression equations for the September data and the February
2014 data included 8 red alder cores between 30 and 60 cm and 8 California
bay laurel cores between 25 and 60 cm DBH. I found a higher coefficient of
determination value of R2 = 0.3994 for the number of ring counted on red
alder and measured DBH (Figure 5). The regression equation for the 8 red
alder samples was y = 0.0732x + 6.7396. I found a slightly weaker
correlation of determination value (R2 = 0.8987) for the number of rings
counted on California bay laurel and the measured DBH (Figure 6). The
regression equation for the 8 California bay laurel was y = 1.1837x –
11.223.
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Figure 5. February red alder relationship between diameter breast height
(cm) and age (number of growth rings).
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Figure 6. February California bay laurel relationship between age (number
of growth rings) and diameter breast height (cm).
March 2014 collection analysis results
Linear regressions for 15 red alder counts included all incremental
cores from September 2013 to March 2014. I found a strong correlation of
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determination value (R2 = 0.8788) for the number of rings counted on red
alder cores and its associated DBH (Figure 7). The regression equation for
the 15 red alder samples between the 6 - 60 cm DBH was y = 0.8759x –
0.9729.
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Figure 7. March red alder relationship between diameter breast height (cm)
and age (number of growth rings).
April 2014 collection analysis results
Red alder linear regression analysis includes the range of age classes
from 8 cm - 51 cm DBH using only the highest quality cores. The correlation
of determination strengthened (R2= 0.957), resulting in a linear regression
equation of y = 0.8439x – 0.5707 (Figure 8). When I conducted a Pearson
correlation analysis, the correlation coefficient indicated a strong relationship
for red alder and California bay laurel (r=0.987, r = 0.975) between age and
DBH, respectively. California bay laurel linear regression analysis included 13
high quality cores with DBH ranging between 12- 61 cm. The equation y =
1.04444x-4.3329 had a high coefficient of determination R2 = 0.9526
(Figure 9) for California bay laurel.
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Figure 8. April red alder relationship between age (number of growth rings)
and diameter breast height (cm).
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Figure 9. April California bay laurel relationship between age (number of
growth rings) and diameter breast height (cm).

Final April sampling, undergraduate intern following protocol
California bay laurel linear regression analysis included 20 high quality
cores with DBH ranging between 12- 61 cm. The equation y = 1.0146x –
17

1.9497 had a high coefficient of determination R2 = 0.9824 (Figure 10) for
California bay laurel.
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Figure 10. April (Sampling Protocol) California bay laurel relationship
between age (number of growth rings) and diameter breast height (cm).

Discussion
Results confirmed my hypothesis for two of the three riparian tree
species sampled. Both red alder and California bay laurel tree species could
be dendrochronology methods I developed to evaluate age of floodplain in
the Redwood Creek watershed. The linear regression equation computed for
red alder and California bay laurel provides an accurate age of trees in this
watershed and likely for this species in similar watersheds. Bigleaf maple
would require a larger sample pool of all size classes to confidently state the
computed regression equation is representative for all individuals in the
watershed.
Sampling and Analysis Methods
California bay laurel trees were the most physically difficult riparian
tree to core. Noticeable fragmentation resulted from the high degree of
18

coring difficulty. When two people instead on one rotated the auger, cores
came out straighter. Once sanded, growth rings on were more
distinguishable on laurel than the other two species. Dabbing water from a
Q-tip on the cores was helpful, enhancing ring visibility momentarily.
Red alder was the easiest riparian tree to physically sample cores.
However, cores came out highly fragmented and twisted with many
blemishes that masked growth rings. The cores crumbled and required
gluing to cardboard to prevent further damage. Sanding was not necessary
to visualize the red alder growth rings. Applying petroleum jelly helped
distinguish growth rings from false rings in only red alder, but did not
enhance the visibility of big leaf maple and California bay laurel.
Big leaf maple, was the least common species in the study area. The
few cores attained were in good condition and the rings were highly visible
but the number of samples collected limited further linear regression
analyses.
The best technique for extraction of cores from all three species was
similar (See Sampling Protocol). The core quality is best when the extractor
spoon is inserted into shaft after coring. A lubricant such as WD-40 assists in
extracting high quality cores but only for red alder. California bay laurel
growth rings were discolored by the WD-40 lubricant. Wood oil did not
discolor laurel growth rings and enhanced core quality. Cores of poor quality
due to twisting, fragmentation, or discoloration were not included in the
linear regression analyses.

Why sampling required refining methods
The wood anatomy of hardwood species differs from softwoods,
making techniques of tree coring differ (Maeglin 1979). The most common
sampling technique for collection and processing of tree cores was created
by Stokes and Smiley (1968) for softwoods. Softwoods are primarily
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gymnosperm conifers that produce simpler wood structure than hardwoods
(Speer 2010). Their wood structure is not necessarily softer than hardwoods
but they have different structural characteristics that make
dendrochronological analysis easier and more accurate than hardwoods
(Grissino-Mayer 2003).
Hardwoods have pores, or vessels, that conduct large volumes of
water from the roots to the top of the tree. These pores which create air
pockets in the sap wood and heart wood make the cores spongy and
susceptible to breakage when cored (Grissino-Mayer 2003). Porous tree
species are further differentiated depending on pore characteristics in the
wood. Ring porous species, such as oak and ash, are the most distinct and
less obstructive of growth rings (Speer 2010). Diffuse porous species, such
as red alder, California bay laurel, and bigleaf maple, have small pores
distributed throughout the ring, obscuring ring boundaries, making
identification of rings particularly difficult (Speer 2010).
Softwood does not have pores and growth rings are distinct and simple
to identify (Harris et al. 2009). Furthermore, number and configuration of
pores within wood can create false rings (Rozas 2003). Red alder wood has
simple, distinguishable pores that do not obscure growth rings. A study
determining the occurrence of false rings in red alder concluded that false
rings are not characteristics of tree cores (Debell et at 1978). California bay
laurel, however, has combinations of pores and may explain why, in this
study, sanding was required for this species. No information regarding false
rings of California bay laurel was available. Sanding the surface layer of
cores may remove what can be mistaken as false rings, improving accuracy
of counts. Refining the methods for these hardwoods was imperative for
enhancing not only core quality but also ring visibility to perform an accurate
dendrochronological analysis.
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Refined aspects of analysis
Throughout the study, various methods were applied to each aspect of
dendrochronological analysis and each sampling period revealed the
challenges of using these species. I tackled these challenges by applying a
different technique while continuing sample collection. Coring, drying, and
preserving all where important components of dendrochronological analysis
that influenced the quality of the core. By trying new techniques and
approaches each time, the correlation coefficients strengthened as the
overall method was refined.
Drying method
Two drying techniques were tested: freezing and oven drying versus
air drying. Air drying is the preferred technique among dendrochronologists
(Ferguson 1970; Grissino-Mayer 2003; Stokes and Smiley 1968). A delay in
sample preparation for analysis was the initial purpose of freezing cores, as
a means of avoiding decay. Figure 11 displays the difference in core quality
for different drying methods. The bottom red alder core sample was frozen
immediately after extraction. Cores became pale in color and rings were less
distinguishable when frozen. The top two red alder cores, which are from the
same tree species and the bottom core, were air dried and growth rings are
distinct. Air drying resulted in better visibility of growth rings.
I observed red alder growth rings to be most distinct before drying.
Immediately after extraction, growth rings on red alder cores were a dark
red and the latewood was beige white. Other studies looking at red alder
growth rings also observed stark contrast of color between earlywood and
latewood of cores immediately after coring recommending enumeration
before drying (Debell et al. 1978). California bay laurel, on the other hand,
required drying before enumeration of annual growth rings.
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Sharp incremental borer
Using a sharpened incremental borer was essential for collection of
high quality core samples. The first dataset from the September 2013
sampling period consisted of five cores of each species. September coring
was performed with a dull incremental borer. Four out of the five red alder
tree cores were of quality that could be reliably counted. California bay laurel
had the best quality cores and growth ring visibility and all five cores were
analyzed. But the laurel core was still twisted and fragmented and quality
could be improved. Big-leaf maple cores were also fragmented, and only
four of the five species could be analyzed for linear regression. California bay
laurel had the best correlation of determination (R2) fit to the linear
regression equation. Further sampling methods for these species improved
the R2 value and expanded the equation to a greater range of size classes.
Sharpening the borer was crucial to extracting better quality tree
cores. Sampling protocol developed for other ecosystems and other trees
also suggest sharpening borer prior to core extraction to avoid
fragmentation (Grissino-Mayer 2003). The February red alder samples
extracted with the newly sharpened tree core came out with less
fragmentation and fewer blemishes (Figure 11). As seen in Figure 11, the
bottom two cores were taken prior to sharpening of borer. The quality of
bottom cores is poorer compared to the top core which was extracted after
sharpening of borer. This twisting of the cores caused breakage when being
handled during counting. The following round of sampling aimed at figuring a
means of preventing twisting. Including more samples improved the R2 value
for red alder from 0.166 to 0.399. Prior to sharpening, the incremental borer
had been used for sixty cores. Investigations into the frequency of
sharpening borers came up with nothing. The Hagloff incremental borer used
in this study was dull after 30 trees cored, influencing breakage and
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fragmentation of samples. I recommend sharpening the borer every twenty
cores to ensure better quality samples.

Figure 11. Comparison of red alder core quality: bottom two cores
extracted prior to sharpening of borer, top core extracted after sharpening of
borer. Bottom core frozen and oven dried, top two cores air dried.
Extracting the core
These particular hardwoods required great care that differed the
standard method of extracting the core in softwood sampling protocols
(Grissino-Mayer 2003; Ferguson 1970; Stokes and Smiley 1968). The
extractor spoon of the incremental borer would twist as the auger rotated
the shaft into the tree. I hypothesized the extractor spoon was causing the
twist. In March, when collecting more California bay laurel I experimented
with different approaches of extracting the spoon. I removed the extractor
spoon from the borer prior to coring the tree. After I had bored past the pith
of the tree I would rotate the auger one full rotation counter clockwise to
detach the core from the tree. I then insert the spoon into the shaft, feeling
for the core. I took great care as not to jam the core but the spoon caught
onto residual wood fragments and dirt from previous cores. The cores came
out without any twisting or fragmentation of the cores, but knicks and
scrapes on the core still diminished the quality and visibility. Changing
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methods for removing the core improved core quality well enough to
enumerate growth rings.
Use of lubricant
Further improvement of core quality required figuring how to prevent
blemishes obscuring growth rings. I observed that wood particles would get
stuck in the bore shaft. Few dendrochronological studies address this
problem of blemishes and even fewer have make suggestions of improving
core quality. Available information suggest using a light lubricant (GrissinoMayer 2003) when having difficulty coring hardwoods. I hypothesized that
use of a lubricant would clear the bore shaft of wood particles and result in
unblemished cores.
Wood characteristics play a crucial role in determining the appropriate
lubricant to use during core extraction. Red alder growth rings are distinct
and easily counted when WD-40 was used as a lubricant. California bay
laurel trees, on the other hand, were indistinct when WD-40 was used to
lubricate the bore shaft and extractor spoon. Red alder core wood is white
after extraction and reddens as it air dries. Growth rings are therefore most
distinct before drying because the growth rings are reddish colored.
California bay laurel rings are also distinct with darker denser latewood.
However, when WD-40 is used to extract laurel, the growth rings are difficult
to distinguish. The pores in the growth rings are both diffuse porous but
California bay laurel may have two or more pores grouped together,
encircled by a white sheath. I hypothesize that the WD-40 is absorbed the
pores, making them look like growth rings. Sanding did not entirely removed
the WD-40 in the surface of the wood and is recommended against using for
laurel. When WD-40 is not applied to the laurel, pores are visible and growth
rings are distinct but cores are twisted and fragmented. Information
regarding this issue in literature was unavailable. I applied wood oil to the
boring shaft when coring bay laurel. Cores came out whole and
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unblemished, with growth rings clearly visible. I recommend using a WD-40
when coring red alder and wood oil when coring California bay laurel.
Sampling conclusions
My final sampling included all methods that I had determined
improved core quality. Removing bark from the tree helped prevent wood
fragments and particles from getting caught in the shaft. Also, using a
lubricant helped remove any residual particles as well as made for inserting
the extractor spoon easier. I took great care and ease to insert the borer
into the tree after ringing the shaft with lubricant. I inserted the extractor
spoon, felt for the core, as used the teeth of the extractor spoon to catch the
inner end of the core. Cores came out cleanly and with little damage,
allowing for more accurate growth ring enumeration.
Other methods of dating riparian habitat
Other methods of riparian dating are less precise or require more
resources such as time and money to utilize. Radiocarbon
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C, for example,

is limited by the oscillating of the relationship curve and cannot be reliable
for all ages (Friedman et al. 2005). Measuring
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Ce, can be inaccurate, only

approximating age within 50 years (Friedman et al. 2005). Optically
stimulated luminescence (OSL) involves complicated procedures that may
render inaccurate results if not appropriately performed (Friedman et al.
2005). Flow records for areas, such as Redwood Creek watershed, are either
not available or not thorough enough to accurately date the floodplains.
Aerial photographs are also not always available and only recent satellite
imaging has produced images of suitable quality. Disk removals of trees are
highly destructive and can be expensive and time consuming (Rozas 2003).
Tree coring is the most precise of all methods to date tree species in
floodplains and is also relatively inexpensive and fairly non-destructive
(Friedman et al. 2005). Calculating linear regression equations for the three
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species simplifies chronological investigations by avoiding further dating
analysis.

Recommendations
Dendrochronology
Dendrochronology is becoming a more creditable scientific field as its
applications broaden and methods increase in accuracy and reliability. It is
considered to be a rapid and inexpensive approach to assessing historical
conditions, relative to other chronological methods (Friedman et al.
2005).The most commonly used application of the science is in forest
management to determine growth rates based on size and number of growth
rings. Common methods of dendrochronology, such as tree-coring, are most
suitable for long-lived softwoods such as pines and firs (Harris et al. 2009).
However, other classes of tree species, such as hardwoods, can also provide
valuable historical information of ecosystems. Dendrochronological studies
should focus on using hardwoods wherever present to enhance our
understanding of these species (Grissino-Mayer 2003). Gathering
information from other classes of tree species requires refining suitable
techniques.
As the applications of dendrochronology become recognized as a
valuable source of information methods are refined to suit different fields of
interest. Riparian dendrochronology, for instance, is not a well understood
field of study. The difficulty of coring these species and the relatively short
life span of riparian tree species are likely reasons that there have been few
studies. The potential for a refined method to investigate chronological
evidence in these habitats, however, may prove to be highly useful in many
field of interest. Restoration ecology considers historical information to
better understand ecosystem dynamics and make projections into the
future.
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The techniques of riparian dendrochronology that I refined is a reliable
method for determine age from tree cores. Core quality varied among
species and general tree coring techniques were ineffective for accurate
analysis. Following the Sampling Protocol I developed for these core quality
for red alder and California bay laurel, improving accuracy of ring analysis. I
recommend using a newly sharpened incremental borer to extract hardwood
cores in riparian floodplains. Most hardwoods tend to require more physical
effort to core and therefore are more likely to produce lower quality cores
(Grissino-Mayer 2003). Also, hardwoods such as red alder and California bay
laurel vary in characteristics such as ring porosity and therefore techniques
of tree coring vary within tree class.
A lubricant is also recommended when coring to prevent damaging the
core during extraction. The lubricant recommended varies by species. Red
alder was extracted with the greatest ease and best quality when WD-40
was applied to the borer and extractor spoon. The WD-40 reduced
blemishing of the core and growth rings were more easily identifiable.
Growth rings on California bay laurel, on the other hand, were discolored
throughout the core. Sanding the surface of the laurel core improved
visibility but required more effort to count than the cores extracted without
WD-40. Wood oil is a more suitable lubricant for California bay laurel to
ensure good quality cores with visible growth rings.
Other methods of tree coring (Cook 1990; Ferguson 1970; Stokes and
Smiley 1968) are generally applied to softwood tree species and do not
address the complications of coring hardwoods. Investigating studies
describing techniques specialized for hardwoods with similar complications
was inconclusive. Lewis (1995) cored red alder, however the study only
examined two cores less than 12cm DBH. The study did not mention the
difficulty of coring the two individual red alder nor explain why stem disks
were the preferred method. Stem disks are the whole cuttings of the bole of
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the tree that allow for the entirety of the radial growth rings to be seen
(Stokes and Smiley 1968). It is highly destructive it that it requires felling of
the trees. I speculate tree coring was complicated and the felling of the trees
was permissible where Lewis (1995) performed the study. In the Redwood
Creek watershed, the trees are under both State and Federal protection and
therefore could not be cut down for this study. This refined method allows
for age of these specific tree species to be determined without destruction. It
also provides a rapid and inexpensive method that renders high quality cores
for analysis of red alder and California bay laurel.
These refined methods may also be useful in analyzing growth rings of
other tree species. The anatomy of these hardwood riparian tree species
differs from the commonly cored softwood. The porosity, for instance,
drastically alters the core quality using common techniques. Other
hardwoods that have yet to be assessed due to coring difficult may now
render higher quality cores for analysis. More specifically, other species
found along the floodplain of Redwood Creek in the watershed, black
cottonwood (Populus trichocarpa) may be attempted to be cored. Methods
for these other riparian diffuse porous tree species may be applicable, such
as cottonwoods and willows. Difficult in coring may be made uncomplicated
by recognizing that methods should be ring porosity specific.

Application of Linear Regression Equations
Age of trees in riparian habitats in other watersheds may also be
evaluated based on the linear regression equations determined by this
study. Linear regression models, however, are both species specific and
watershed specific due to species response of environmental conditions
(Personal communication, Hibbs 2014). Variation in climate and
geomorphology environmental factors may change growth rates of tree
species (Fritts and Dean 1992; Rohner et al. 2013). Although in different
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locations, watersheds with similar environmental conditions may be
evaluated using this study’s linear repression equations. Northern California
riparian ecosystems vary based on environmental factors: topography,
geomorphology, and climate. If applying these equations to a watershed
other than Redwood Creek, taking a few cores as comparison will help
determine the applicability and accuracy of these regression models.

Contribution to Restoration Ecology
Historical information provides a greater understanding of ecosystem
dynamics through time and how they could potentially respond to change
(Meko et al. 2012; Schweingruber 1996; Swetnam et al. 1999). Some forms
of historical information are either be too complicated to acquire or
imprecise. Dendrochronology is a rapid and inexpensively way to accurately
evaluate ecosystem change. Restoration ecologists could use
dendrochronology to better understand historical conditions to make sounds
projections into the future. Investigations into the use of riparian
dendrochronology in restoration ecology, however, is scarce. The only
application of riparian dendrochronology to restoration ecology known is in
the Redwood creek watershed. In the Redwood Creek watershed, restoration
ecologists have used results from this study to ascertain changes in riparian
ecosystems through time.
In the Redwood Creek watershed, there is a need to determine historic
and potential future changes in riparian habitat to inform restoration actions
as well as provide useful information for future restoration plans (Phil
Williams & Associates 2013). A National Park Service (NPS) study conducted
in fall 2013 sought to better understand changes in floodplains in the lower
reaches of the Redwood Creek watershed. A dendrochronological survey
along Redwood Creek was conducted by USF ecologists in September 2013
(Phil Williams & Associates 2013). The survey provided the NPS restoration
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team age of trees on floodplain terraces in the lower reaches of the creek in
order (1) to evaluate how the lower reach evolved and migrated, and (2) to
better understand how it is expected to change in the future.
Dendrochronology results provided the age of trees growing on the seven
floodplains (Phil Williams & Associates 2013). The age of the oldest trees on
the floodplain explained when the floodplain was activated. The floodplain
study concluded, based on dendrochronological information, the lower reach
of the Redwood Creek incurred two erosion events causing lateral widening
and vertical incising in the last 150 years (Phil Williams & Associates 2013).
Restoration planners used this information to determine appropriate action
of reestablishing natural channel migration by relocating structures that had
been built along Redwood Creek.
Linear regression models from this study may be applied to other
restoration research in Redwood Creek. Restoration in the watershed is
ongoing and this study will contribute valuable information for further
evaluation. For instance, the National Park Service (NPS) restoration team
would like to determine the age of large woody debris in the change within
the lower reach of the watershed (Phil Williams & Associates 2013). Large
woody debris naturally accumulating in the channel creates deep pools, vital
habitat for salmonid rearing (Phil Williams & Associates 2013). Knowing the
ages of the debris accumulating informs restoration planners as to when
erosive events ripped up the trees and at what flow force they were brought
down stream. Also, the age of the woody debris could indicate evidence as
to what part of the watershed it emanated if that section of the watershed
has been dated (Rybnicek et al 2001). Another suggested application would
be to upland riparian habitats. Mount Tamalpais State Park would like to
determine the age of trees in the upper reach of the watershed (Personal
communication, Baxter 2014). By comparing the ages of trees in the upper
reaches to the trees in the lower reaches, State Parks can more effectively
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propose restoration plans that allow for natural establishment to occur. This
would save the State Parks time and funding to avoid unnecessarily planting
riparian trees that would naturally establish over time (Personal
communication, Baxter 2014). Restoration in Redwood Creek watershed can
use the methods and linear regression models to further evaluate ecosystem
dynamics and make better informed decisions.
Novel techniques presented in this dendrochronology study may be
expanded to other fields of interest within restoration ecology such as
climate change. Restoration planners are faced with the challenge of climate
change and adapting projects to account for this. Any information regarding
environmental conditions and ecosystem responses can be useful in making
sound restoration decisions that would account for potential changes. As the
climate changes, restoration planners can use dendrochronology to
investigate how the ecosystem may respond.
Historical reconstructions of climatic conditions can be represented in
growth rings. A few dendrochronological studies have looked at climate
change by analysis of growth rings (Jacoby et al. 1995, Cook and Peters
1997). The width and density of tree rings change in response to climate,
providing distinct information useful for making prediction of vegetation
response (Jacoby et al. 1995). Ecologists investigating climate change may
analyze the growth rings from cores already sampled in this study to provide
insight as to how Redwood Creek watershed may respond.
The lower reach of Redwood Creek has been chronologically evaluated
but other riparian habitats in this watershed have yet to be evaluated,
leaving great potential and vast applications for restoration planners. This
refined method may also be applicable to other riparian tree species located
in the Redwood Creek watershed. Furthermore, other watersheds with red
alder and California bay laurel may also be dated using these linear
regression equations if environmental conditions are similar. The method is a
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critical contribution to restoration ecology as it increases precision while
providing a simple and inexpensive approach of dating riparian habitats.

Background
Dendrochronology
Dendrochronological Applications
Dendrochronological studies are diverse in scope but aim to answer
question about local, regional or global climatic changes, changes in the
composition of atmospheric environmental isotopes, local or regional
ecological history and geomorphology (Harris et al. 2009). The most
common approach to evaluating tree rings is incremental coring. This
involves extracting a rod of wood that displays the annual growth rings from
the pith to the bark. Ring enumeration determines age of the trees because
they grow one ring each year (Stokes and Smiley 1968). Another method is
the felling trees to attain a cross sections (Metsaranta 2009). This is much
more destructive and laborious but provides much more accurate
information (Mbow et al. 2013; Stokes and Smiley 1968). A recent method
that has been developed in radiocarbon dating. This is extremely expensive
due to the high cost of analysis but is of the most accurate approach
(Kuniholm 2001). Radiocarbon dating for dendrochronological analysis,
however, is only applicable for long lived trees and thus does not provide
useful information for young trees in frequently disturbed areas like
floodplains.

Dendrochronological limitations
Tree ring dating is deceptively simple. Dendrochronological studies
require obtaining one or more samples of wood from a tree. If the process is
poor or inconsistent, the health and well-being of the trees may be
compromised (Harris et al. 2009). Methods of tree core extraction must be
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careful as to not cross contaminate potential diseases but also not damage
the tree beyond repair. A review of dendrochronological studies conducted
by Grissino- Mayer (2003) found that coniferous trees suffered little injury in
the way of discoloration of fungal infection, while hardwoods can be
considerable affected by coring. In this study, extra care was taken to
prevent infection in the sampled hardwoods.

Tree biology
Tree Growth
Knowledge of tree growth enables dendrochronologists to understand
why there is variation of wood characteristics among tree species. Trees
grow upward and outward in a layered pattern of woody tissue, forming
sheaths. Extent of tissue growth is determined by available resources that
control the ability for cells to divide and expand (Schweingruber 1996).
Tissue grows both longitudinally and radially. Radial growth is termed
“secondary growth”. This secondary growth is initiated by the cambium.
The cambium is the zone in which cells are generated, encompassing the
xylem or ‘wood’ and the phloem or ‘bark’. The cambium modifies cell division
in response to stresses, such as resource limitation (Coder 1999). Woody
tissue growth occurs annually, during each growing season. Cutting a trunk
cross section would display the woody tissues, present in a series of growth
increments as rings. A tree ring is a layer of wood produced during one
growing season. Rings grow concentrically around the pith, the core of the
tree. Each growth increment is xylem tissue developed over one growth time
and separated by the non-growing dormant time, making a growth ring.
Most trees, such as gymnosperms (coniferous) produce a two tone ring per
year, a lighter grow season portion and a darker dormant season portion
easily seen by the naked eye (Lazarescu et al. 2013). Other trees, such as
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angiosperms (broad-leaf, hardwood species) have different wood anatomy
that diminishes the differentiation of tree rings.
Hardwood anatomy varies in ring porosity, rendering growth rings
difficult to distinguish. Ring-Porous wood species have much larger pores
formed at the beginning of the growing season (earlywood) have an abrupt
transition to the dormant latewood (Coder 1999). Diffuse-porous ring wood,
such as the species in this study and the majority of hardwoods, exhibit little
to no variation in pore size between the earlywood and latewood. The
minimal variation render differentiation difficult.

Red Alder biology and ecology
Red alder, Alnus rubra, is a deciduous broadleaf tree native to western
North America. It is one of the most common hardwoods in the Pacific
Northwest with a range stretching from coastal southeast Alaska to southern
California (Deal and Harrington 2000). It is only found at lower elevations
below 1000 meter in lowlands where slopes flatten out. It is the largest alder
in North America, reaching heights of 20 -30 meters. Colloquially known as
red alder it is also called Oregon alder, western alder, and Pacific coast
alder. It is an angiosperm, displaying reddish male catkins in the early
spring, and female catkin which develop into small, woody, oval fruit. The
bark of red alder is smooth, light grey and whitens with age, making it easily
distinguished in a hardwood forest.
Red alder are considered pioneer species due to their rapid juvenile
growth. Malik (2004) observed alders are the first trees to colonize
floodplain levels, often appearing 3 years after those levels have formed.
Because of its rapid juvenile growth rates, it is favored by disturbance and
often increases in abundance after an event that exposes mineral soils and
high light levels (Gottesfeld and Johnson 1990). Height growth of seedlings
is generally rapid, approximately 1.3 m by its second year (Harrington and
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Curtis 1986). They also are well adapted to growth in anaerobic condition,
tolerating poorly drained area. Due to its tolerance of wet soil conditions,
alder is common in riparian areas that experience frequent flooding.
As a highly responsive and tolerant flood species, red alder can be
utilized to stabilize habitat but also makes for a useful species to evaluate
changes in watershed dynamics. In some cases, red alder is planted to help
prevent adverse effect of flows by capturing debris transported during storm
events (Malik et al. 2013). Debris striking alder scars the bark, making the
bark scars a surrogate estimate flood occurrence. Although they are fast
growers they are short lived and therefore limited their usefulness for flood
record reconstruction over periods more than 100 years (Malik and
Ciszewski 2004). Tree rings of alders, however, when cross dating with other
pertinent archaeological information can prove to be very informative. A
study of counting growth rings in A. rubra showed that with care and
appropriate procedure ring counts could be made with acceptable accuracy.
This makes red alder a useful tool in dendrochronology.
Red alder is an important tree species in ecological restoration and
management. It possesses traits that are both valuable and uncommon. As
a fast growing pioneer species it plays a major role in species succession,
facilitating species development. Red alder’s ability to fix soil nitrogen
stimulates suitable conditions for shade tolerant species such as big leaf
maple. Around the age of 80- 120 years, red alder begins to die and stands
self-thin, allowing the slower growing species to proliferate. The presence of
alder also informs ecological studies involving estimations of tree age (Debell
et al. 1978). Areas dominated by red alder can be a chronological reference
to disturbance. Disturbances happen frequently enough in riparian habitats
where fire or flooding scours landscape, allowing for these pioneer species to
propagate. The age of trees can aid restoration ecologists and managers as

35

to when landscape scour occurred and reference it to potentially unfavorable
anthropogenic impacts.

California bay laurel biology and ecology
California bay laurel (Umbellularia californica) is a large evergreen
hardwood tree native to coastal forests of California, endemic to just this
area. Colloquially known as California bay laurel, it is also referred to as
myrtlewood or peppernut (Niemiec et al. 1995). Within California, it inhabits
Redwood forests, mixed woods, Yellow Pine Forest, and oak woodlands,
where there is sufficient moisture. In elevation, it ranges from seal level to
4000 feet on soils derived from alluvial or sedimentary material (Niemiec et
al. 1995). Areas most suitable for growth are where soils are deep and wellwatered and well-drained, typically valley bottoms and coastal slopes. Young
tees have smooth bark, but as they age the bark becomes scaly. Its
distinguishing characteristic is its aroma. California bay laurel can be easily
distinguished from other tree species by it peppery smell, hence its
uncommon name “pepperwood’.
California bay laurels play an ecological role in managed forest.
Because it grows well along waterways it has been used to restore stream
channels and prevent flooding. Initial growth of California laurel sprouts are
rapid in moist condition, but further development is slow, less than 2 feet
per year, slower than its associated red alder. Rapid sprouting allows and
slower growth to maturity allow for roots to establish, stabilizing soil. Its
sturdy structure also aids in the prevention of flooding by stabilizing stream
banks (Goldner 1984). Typically they grow 40 to 80 feet tall and 18 to 30
inches in diameter. It is intermediate in tolerance of shade, compared to
associated vegetation such as red alder that is a shade intolerant species.
Seedlings establish and grow at low light levels. California bay laurel can be
considered a climax species. It is long lived and reproduced well in the
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understory of faster growing vegetation. California bay laurel wood is even
textured and fine grained but also low bendability, making it a less useful
wood. It is diffuse porous, like red alder, but the growth rings are more
distinct that other diffuse porous woods (Goldner 1984). It is useful in
dendrochronology because of its distinct rings that are most noticeable when
the wood has been moistened.

Bigleaf maple biology and ecology
Bigleaf maple (Acer macrophyllum) is the second most abundant
native hardwood species in the Pacific Northwest next to red alder. It is the
largest commercial size maple although it uses are limited compared to
other maples. Its geographic range stretches from southern California to
northern British Columbia. It typically grows along the coast and elevations
up to 3000 feet, growing best on deep, well drained moist soils. It occurs
most commonly on river terraces and floodplains, making it a useful tree
species in understanding channel floodplain dynamics.
Big leaf maple is a highly informative species in ecological studies. It
increases in abundance during intermediate to late stages of succession. It
associated vegetation, red alder, in the lower reaches of Redwood Creek is
the pioneer species can creates suitable conditions for maple growth. Its
presence along the redwood creek informs restoration ecologists and
managers as to the successional state of the riparian floodplains.

Redwood Creek watershed
Watershed description
Redwood creek is a coastal stream in Redwood Creek watershed
located in Marin County, California. The extent is determined by topography
and climate. The watershed encompasses 8.9 mi2, on the southwest slope of
Mt. Tamalpais at 2,571 feet elevation. It extends through Muir Woods and
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drains into the Pacific Ocean at Muir Beach, Redwood creek has many
tributaries, the larger mainstream including Bootjack, Rattlesnake, Spike
Buck, Kent Canyon, Fern Creek and Green Gulch Creek. At a regional scale,
climate is characterized as Mediterranean, with cool wet winters and a mildly
warm dry summer. Unlike the typical Mediterranean climate characteristic of
the California, Redwood canyon has a microclimate that is wetter and cooler
due to its proximity to the Pacific Ocean, its north-eastern facing orientation,
and its narrator deep topography. Heavy fog rolls in from the Pacific Ocean
providing additional moisture that create humid cool temperatures that
compensates for the relatively low precipitation summer month. Fog drip can
add 10-20 inches of water to vegetation per year. Average annual rainfall in
the watershed is 37.5 inches, with the wet season being from November to
April. Stream flow in the creek is perennial as is determined by precipitation.
Flow is low in the summer and early warm, fall and rapidly increases in
response to rainfall event. Average daily temperatures range from 40- 70
Fahrenheit (4- 21 Celsius) throughout the year, rarely every reaching
freezing temperatures.

Redwood Creek watershed
Average annual temperatures have increased 1.5 Fahrenheit in the
last 50 years with projections estimating 3F to 6F increases by 2080
(Stillwater Sciences 2010). The greatest increases in temperature are
projected to occur from July through September, with smaller changes
occurring during mid-winter. Model projections also suggest that increased
temperatures will be accompanied by increased frequency and severity of
extreme events such as heat waves, flooding, and wildfires. This could
subsequently result in an increase in the frequency of scouring floods and
prolonged droughts. The cumulative projection of the effects of climate
change on precipitation and fog along north coastal California, average an
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approximately 5 percent decrease in precipitation for the low, moderate and
high carbon dioxide scenarios (Stillwater Sciences 2009). Since climate
change models indicate an increase in temperature, onshore flows induced
by inland low pressure could increase and thus increase movement of moist
air towards the coast where it can form fog. These changes are not well
understood but evidence suggest coast fog supply will decrease in the
future, influencing management to mitigate the impacts of climate change.
Mean sea level along the California coast is projected to rise from 4 to
28 inches in the next century (Stillwater Sciences 2010). Combined with the
increase in extreme weather events, the mean sea level rise will likely cause
an increase in the frequency of coastal storm surges and coastal flooding
events. Mean sea level rise will also result in the landward migration of the
shoreline, along with inland increases in salinity gradients, and changes in
the size and extent of estuaries and coastal lagoons (National Park Service,
2002).

Watershed Hydrology
Available stream flow records for Redwood Creek watershed are
discontinuous, with a large gaps in the early 1970s and then in the 1980s
(Stillwater Sciences 2010). Recent addition of flow measurements have been
too sporadic to develop reliable long-term flow-duration curve for peak
floods. Extrapolation of hydrologic data from neighboring watershed were
combined with known data to compensate for this limitation. Extrapolative
methods were not very precise and magnitudes are considered to be high.
Anecdotal evidence of conditions observed at the gauge at Highway 1 Bridge
indicate substantial changes in channel conditions and flow dynamics. In
1998, the concrete bottom of the box culvert at the bridge was visible. By
2005, it was covered in 1 foot of sediment (Stillwater Sciences 2010). There
are two plausible explanations for this: 1) effects of natural variability in
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channel geometry and flow dynamics, and 2) effects of modifications in the
channel downstream of the gauge.
Channel slope and morphology change substantially, indicating that
the area may be naturally prone to episodic scour and deposition of
sediment during rising and falling flood stage (Stillwater Sciences 2010).
Progressive aggradation may be explained as a natural response to
continuous delivery of sediment from the upper watershed. In 2005, storm
flows lifted a large piece of wood to migrate downstream toward the bridge
cause noticeable changes in flow dynamic at the gauge.
Channel and floodplain in the reach below Highway 1 Bridge have
experience channel hydraulic and sediment transport capacity alterations.
Modifications made by the Banducci family also reduced floodplain area
downstream of the Pacific Way Bridge. Combined with the delivery of
sediment from large storm events several large log jams downstream of the
pacific Way Bride have promoted sediment buildup in the channel.
Downstream aggradation of sediment affected flow and sediment transport
dynamics further upstream, at the gauge. This may have contributed to the
aggradation at the Highway 1 Bridge, as previously stated.
In response to increased flooding at pacific Way and the increased
potential for avulsion to adjacent inactive floodplain, the National Park
Service and Marin County Department of Public Works implemented flood
reduction measures in 2002. Measures include removal of woody debris jams
from the creek and excavation of sediment near Pacific Way. Remedial
efforts in early 2002 failed to remove a log jam that was preventing the
creek from occupying the large of its two channels downstream of Pacific
way. This is believed to have contributed to the continued aggradation at the
bridge. The National park Service responded to the observed aggradation by
removing the wood jams that were blocking the larger of the two channels
and by excavating fine sediment from another part of the channel. During
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the first storm after the 2004 dredging and wood removal, both channels
were occupied, allowing moderate flows to recede more quickly. This,
however, did not prevent more aggradation from occurring at the bridge. In
late 2005, a 40 foot long log jam adjacent to the flow-flow channel near the
Muir beach parking low was removed as well as most of the fill pad that
served as a visitor picnic area. This added substantially to the creek’s
floodplain width at that point (Stillwater Sciences 2010).
Redwood creek flow varies seasonally with precipitation. Flow is low in
the summer and fall (0-1 cfs) at the Highway 1 Bridge. Winter baseflow,
between storm events, is between 1 and 10 cfs, with short-duration, peak
flows of 100 to 1,000 cfs during winter storms. Recent peak flood are
uncertain but speculated to be high.

Watershed Geology and Geomorphic Processes
Most of the Redwood Creek watershed is underlain by rocks of the
Franciscan accretionary assemblage, a mixture of sedimentary, metamorphic
and igneous rocks of late Jurassic and Cretaceous marine origin. Incoherent
shale and sandstone dominate, with slope that are highly susceptible to land
sliding and debris flows. Occasional blocks of bedded limestone and chert
occur in the watershed, as do coherent blocks of greywacke, a type of
sandstone and serpentine.
Bedrock in the headwaters of Redwood Creek watershed weathers to a
thin gravelly loam directly overlying bedrock. Lower in the watershed,
surface soils are clay loams far above clay that overlays bedrock. Alluvial
deposits occur in the lower part of the Green Gulch Creek, upstream of the
Big Lagoon area. Exposures show that the floodplain deposits are dominated
by fine loam, which is interspersed with layers of fine gravel that increase in
frequency and gran size with depth. Muir Beach is a Holocene beach and
sand deposit at the mouth of Redwood Creek.
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Geomorphic processes in coast range watershed are mainly induced by
natural processes or by human disturbances. Sediment in the upper
watershed is produced by weathering, where bedrock is converted to soil.
Sediment transport on slopes of Redwood Creek watershed primarily occurs
in mass movements due to landslides and debris flows. In January 1982, El
Nino storms triggered 20 debris flows in the watershed, with a majority
occurring in the Green Gulch sub watershed, a tributary canyon upstream of
the Banducci property. In January 1997, heavy rainfall from El Nino again
triggered a large landslide and also destabilized of the slope behind the Muir
Woods concession building, which made sizeable contributions of sediment
to Redwood Creek.

Land-use history
Native Americans, the Coast Miwok tribes, lived throughout this
watershed for an estimated 7,000 years prior to European colonization.
Archeological sites, along the perimeter of the form Big Lagoon at Muir
Beach, attest to their heritage here. The Coast Miwoks used fired to manage
the land, burning area for hunting game animals, and creating suitable
grazing vegetation for other desirable species. Their management practices
shaped the distribution and species composition of native plant communities
in the area. Studies and anecdotal evidence suggest that hillsides in this
area were dominated by native perennial bunch grasses, with trees and
woody vegetation occurring mainly in ravines and canyons (Stillwater
Science 2010). The tribal communities of the Coast Miwok were supplanted
by the Spanish communities in the late 1700s. Parts of the Redwood Creek
watershed were grazed by cattle and also harvested for Redwood timber
with the building of Mission San Rafael Arcangel (Stillwater Science 2010).
By the end of the 1800s, efforts began to preserve the area’s natural
and scenic resources from further development. Completion of the Golden
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Gate Bridge increased visitation to Muir Woods drastically. The watershed
was defended by local conservation-minded groups including the Sierra Club
and the California Club. President Theodore Roosevelt invoke the Antiquities
Act in 1907, designating Redwood Canyon a national monument, with the
name “Muir Woods”, in hour of the famous conservationist and writer, John
Muir. Muir Wood National Monument was established soon thereafter,
making it the first in a series of notable conservation actions in the
watershed. Establishing Mt. Tamalpais State Park was then the next step in
conserving the watershed’s remaining pristine habitat. The National Park
Service began purchasing existing and defunct farms and incorporating them
into the Golden Gate National Recreation Area.
Almost the entire Redwood Creek watershed is owned by the public
(Figure 12). It is mostly undeveloped and partially protected as part of state
and federal parkland. The watershed is managed by many agencies: Marin
Municipal Water District, California Department of Parks and Recreation (Mt.
Tamalpais State Park), and the National Park Service (Golden Gate National
Recreation Area and Muir Woods National Monument). There are three
private communities located in various parts of the watershed – Muir Woods
Park, Muir Beach, and Green Gulch Farm. Historically, the watershed was
primarily agricultural land. As a result, Redwood creek channels were
straightened and leveed causing a dramatic loss of in-channel complexity
and riparian vegetation. Under current public ownership land use is mainly
recreational.
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Figure 12. Redwood Creek watershed ownership boundaries, Marin County
Department of Public Works.
In the highest elevation of the watershed, at Mt. Tamalpais, the area is
ran by the Water District. Middle elevation of the watershed, is managed by
State park. The lower Redwood Creek watershed is managed by National
Park (Figure 12). Within the lower reach (500-2800 feet) of Redwood Creek,
altered hydrologic and geomorphic processes have caused sediment
deposition in the creek channel. As a result, the creek floods frequently,
even during moderate rain events. The frequency of flooding also had the
potential to cause an avulsion between the channel and floodplain, impairing
passage of salmon and trout.
Redwood creek watershed is a biodiversity hot spot, targeted by
conservationists as a key location to preserving relatively pristine
ecosystems. Old growth coast redwoods are found here, although in a small
extent of area and abundance, it is critical habitat for many associated
species. The creek and its watershed are home to some of the west coast’s
most imperiled special status species. The watershed is home to native Coho
salmon and steelhead, the California red-legged frog, spotted owls to name
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a few. Redwood creek watershed provide the very specific habitat features
such as side channels, backwater, and large woody debris that provides the
resources for these threatened species. Also, Redwood Creek watershed is
the furthest southern extent of Coho salmon runs.
Within the lower part of the watershed, land use has recently been
mainly trail hiking within the parks. More than a million people visit the
watershed each year to explore the trails. Prior to this, within the lower
reach, flower and hay were produced on a 170-acre parcel of land adjacent
to the creek. It comprised of the lowland areas along the creek bound by
Mount Tamalpais State Park in the north and to the south by Highway 1 and
to the east by Muir Woods Road. This area, Banducci, was named for its
former owners that managed the farm. Through the 20th century during their
production time, they made several landscape changes to protect their
agriculture. This included constructing levees along the stream, level the
floodplain to homogenize the landscape for planting, rerouting drainages into
ditches, pumping water from the creek to irrigate agriculture, and clearing
woody debris from the creek. Historical maps show that this area was once
supported woodland vegetation, comprising of willow, red alder, California
bay laurel, and big-leaf maple.
The National Park service purchased the Banducci land in 1980 but
farming continued until 1995. An environmental assessment performed by
Stillwater Sciences (2010) concluded that most of the area is no longer
wooded, as does not function as an active floodplain due to the presence of
berms as well as the effects of channel incision.
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Sampling Protocol
Field sampling in riparian floodplains for non-destructive tree-ring
studies involves increment cores from living trees. Cross sections may be
taken from trees but this is becoming obviated by the refined techniques and
analyses in dendrochronology.

Materials
Incremental borer
Diameter measuring tape
Straws (Paper preferably) of appropriate diameter of core (see borer
diameter)
Clay
Knife
Permanent marker
Lubricant (WD-40 or wood oil)
Disinfectant spray (Lysol)

Choosing a suitable borer
Increment cores are sampled with increment borers. Current
manufacturers of increment borers include Suunto (made in Finland), Haglof
(Sweden), Mattson (United Kingdom), and Timberline (China). Increment
borers come in various lengths from 100 mm (4 in.) to 700 mm (28 in.) in
increments of 50 mm (2 in.) although lengths up to 1,000 mm (39 in.) can
be specially ordered (Grissino-Mayer 2003). Selecting the appropriate size
incremental borers depends on the particular study. Purchase a borer that at
least 50 mm (2 in.) longer than the diameter of the trees of interest.
Increment borers also come in two thread sizes, a 2-thread design or a
3-thread design. Choosing the appropriate thread size is contingent upon the
type of wood to be sampled. For riparian floodplains, where hardwoods
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dominate, a two-thread design is most suitable. Two-thread corers turn
slower per revolution and therefore bore more smoothly into the core of the
tree. Three-three designs are more suitable for softwoods that bore easily
without causing many imperfections in the core.
Increment borers also vary in diameter that determine the width of the
core. The two most common diameters are 4.35 mm (0.169 in.) and 5.15
mm (0.20 in.). The larger the diameter borer the mechanically stronger the
ability, making them more durable and last longer. Also, the larger diameter
core the easier larger the viewing surface is on the core. The setback to the
larger borer, however, is the difficulty in turning the auger. More physical
effort is required and the sampler should be physically able to turn the borer
with ease to ensure smooth cores.
Caring for the borer
Coring riparian species can deteriorate borer conditions. Borers should
be kept clean and sharp to obtain straight, unbroken cores. To maintain the
borer, keep it out of the dirt and protect it from hard object like rock,
asphalt of other metal object. In riparian floodplains where sand is the
dominate soil texture, keeping it off the ground is critical to preventing the
threading from becoming dull. Getting dirt or small rocks in the borer handle
can also make nicks when the borer is slipped back in. Between each core,
use WD-40 (for red alder) or wood oil (for bay laurel) to lubricate, and glide
the borer with greater ease. The extractor spoon must also be greatly cared
for. These are thin and bend easily. Do not set it down while coring. Always
sample with a partner to hold fragile equipment such as this.
Sampling Method
Choosing which trees to sample in the study area is contingent upon
the focus of the study. In riparian floodplain, trees may be of similar width
but vary in quality. The more uniform and erect the tree the greater of
quality core. Tilting trees or those with blemishes may pose a challenge in
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coring and subsequent viewing of tree-rings. Also, buttressed or doubleboled tree will pose troubling to core.
Measure diameter breast height at 1.4 m height from the soil surface
using diameter measuring tape. Mark this this height on the bark, deep
enough to see and not misplace. A small knife or pick would suffice to make
this mark. Also, remove the bark before taking a core sample using the
knife, for the bark often can jam in shaft and cause the core to twist. To
limit borer use as to maintain integrity divide the diameter breast height by
two to get estimate length to pith. Measure the length on the extractor and
use tape or clay to mark the location. Before beginning the boring, label a
collection straw with the sample, species, DBH, date and any other pertinent
identification. If using plastic straws, poke holes to allow air circulation
during the drying phase. Lubricate the bore shaft using WD-40 for red alder
and wood oil for California bay laurel and bigleaf maple. Wipe excess
lubricant with a cloth as to remove any particulates caught in the shaft. Bore
the extractor just past this mark as to collect the full radius of core. Again,
this is optional and depends on the study target. Keep the extractor spoon
out of the borer for boring. To start the borer, use the palm of one hand,
either your own or a partner’s, to push and turn from the center while
holding the borer shaft in place. Try to keep the shaft as straight as possible
when beginning to catch the thread in the tree as to avoid causing fractures
in the core. Once the borer thread have caught rotate the auger using both
hands. Pull one side and push the other side in a clockwise motion
simultaneously. The more controlled the rotations the straighter and in-tact
the core will be. Avoid straining your back and pull and push using your
knees and keeping your back straight. Once you have reached the center or
desired length, slip the extractor spoon down the shaft until it jams against
the core at the end length of the borer. Avoid pushing hard, the extractor
spoon bends easily and with fracture the core if bent even slightly. If the
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spoon experiences resistance or jams, slightly twist it to un-catch or un-jam
where it may be stuck. Twist the borer a full rotation counter-clockwise to
unlock it from the tree. Pull the extractor spoon out slowly, feeling the teeth
at the tip of the spoon catch the core. Place the core the labeled straw. If
the borer is in good condition and the proper technique was used, the
sample should come out as a straight, solid core. If the core broke, slip the
extractor spoon back into the borer and collect the remnants to place into
the straw. In between each sample, wipe clean the shaft with lubricant.
Transporting samples back to the lab can be tricky due to the fragility
of the cores. Once all the cores have been collected and stored in straws,
keep cores where they will not incur bending or compaction. Keep the cores
in the paper straws for at least 24 hours to allow them to dry.

Sample preparation
These northern California riparian floodplain species (Alnus rubra and
Umbellularia californica) sampling preparation is slightly different that other
common techniques. Red alder growth rings are easier to identify before the
core has dried. California bay laurel requires drying before the necessary
sanding for analysis. Once dry, take note of the condition of each core
during evaluation. Note particular apparent blemishes or discontinuities in
the core. Identify the pith and measure it from the outer part of the core
towards the bark. Depending upon the quality, extensive care will be needed
to properly analyze the core. For instance, A. rubra as large pores in the
wood, making it almost spongy. The core will crumble if not handled with
great care. As stated before, if the borer is sharp the technique is
methodical, the core should be in good condition. Alnus rubra is particularly
difficult and should be glued to a mount immediately after drying as to avoid
any complication. Also, the annual growth rings are difficult to distinguish in
all three tree species. These particular species of tree have diffuse-porous
wood making the ‘earlywood’ spring growth indistinguishable from the fall
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‘latewood’. Take a cursory visual count on possible annual growth rings, then
prepare the core for further evaluation. To enhance visual quality of the
core, once the core has dried on the glue and the primary cursory count had
been done, slightly sand any irregularities in the wood. Avoid removing any
layer of wood in the core. Dirt or other marks covering possible growth ring
should be buffered out using a fine grain sand paper, preferably 400 grit.
Sanding of these species open the pores larger, rendering visual counting
much more tedious. Use a brush or a kimwipe to remove sawdust from the
core. Do another visual count of the annual growth rings for each species.
Finally, apply a small coat to the core and do another visual count. The
petroleum jelly will soak into the pores of the core, making the growth rings
of greater enhancement.
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