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Key Findings

Based on high flow events, high flow spring conditions, available aerial photography,
and historic channel locations, age cohorts of cottonwood stands found on our study
site were primarily recruited in the springs of 1965, and 1974. Limited recruitment
probably occurred in other years but evidence suggests that conditions during these
two years were primarily responsible for significant recent cohorts.

A recruitment box model is calibrated for the Sacramento River based on the two age
cohorts of cottonwood trees at our study site.

Sapling sized trees appear to be limited to approximately 10% of the available,
appropriate gravel bar area over 37 river miles of point bars. Point bar recruitment
appears limited over the last 25 years, despite four large floods in 1983, 1986, 1995,
and 1997.

An analysis of historic stream gage records indicates significant alteration of the flow
regime during the annual period of cottonwood seed release. Abrupt decreases in
flow early in the seed release period, then a ramping up of flow throughout the seed
release period, is in direct conflict with patterns of natural flow regimes that facilitate
cottonwood recruitment.

Flow regulation appears to have limited potential recruitment events at our study site,
which would have resulted from the 1986 and 1997 floods. Bank protection probably
limited a potential recruitment event, which would have resulted from the 1995 flood
event.

A managed flow strategy is formulated which requires only a 6% increase in the
volume of water already passing down the river channel during the period of seed
release during one year. A managed flow would likely only be applied once every 5
to 10 years, which reduces the percentage of water needed over that time period.

A managed flow strategy may produce as much as 680 acres of riparian habitat within
the Inner River Zone of Tehama, Glenn, and Butte counties. Assuming a cost of
$32/ac.ft., a managed flow would cost approximately 5.8 million dollars. This same
dollar amount would purchase and restore 553 acres of riparian habitat, assuming
average acquisition and restoration costs. Therefore, costs of a recruitment flow
restoration strategy are comparable with current cultivated restoration expenditures
towards CALFED ecosystem restoration goals.

Based on data from this study, a managed flow strategy can be formulated which
involves flows contained within the active channel. This flow strategy poses no flood
threat to property owners on the river, and reduces the amount of agriculture land
removed from production for restoration purposes.



Abstract

We collected dendrochronological data, hydrologic data, and topographic survey data at one pilot study site
on the Sacramento to calibrate an ecological model for cottonwood recruitment developed on other rivers.
We also conducted a field reconnaissance of recent cottonwood recruitment and reviewed an analysis of
historic stream gage data to investigate the degree and potential nature of limitations to recruitment on the
Sacramento River. Data from this pilot study suggests that the recruitment box on the Sacramento River
may need to be altered compared to other rivers. Specifically, cottonwoods may recruit at higher elevations
on the Sacramento when compared to other rivers of smaller magnitude. In addition, field reconnaissance
suggests that recruitment is limited on the Sacramento River. We found only 20 acres of stands over 37
river miles, which appeared younger than the youngest trees aged at the pilot site. IHA modeling revealed
current flow characteristics in direct conflict with relationships specified in an ecological model to facilitate
recruitment. Data from this study was used to formulate flow recommendations, which facilitate
recruitment of riparian forest.

INTRODUCTION

Riparian vegetation favorably contributes to critical streamside and in-stream
habitat, water quality, bank stability, and aesthetic and recreational values (Patten 1998).
Riparian cottonwoods (Populus spp.) are a keystone pioneer species that is the foundation
of this forest type, but land use and river regulation have caused a widespread reduction
in the extent and regeneration of this genus (Braatne et al. 1996, Friedman et al. 1998,
Rood and Mahoney 1990). This reduction generated an effort to understand cottonwood
recruitment ecology to provide a basis for future management to retain the societal
benefits of riparian vegetation.

The fundamental hydro-geomorphic processes that facilitate cottonwood seedling
recruitment in wide alluvial valleys are typically quantified by correlating the flow
regime and the time of seedling establishment. Studies typically use
dendrochronological, geomorphic, and stream flow data to correlate the timing of stream
flow and seedling recruitment (Bradley and Smith 1986, Scott et al. 1993, 1996,
Friedman et al. 1996, Rood et al. 1998, Mahoney and Rood 1998). Scott et al. (1993)
describe how seedling germination and establishment of riparian vegetation occur in
response to the character and pattern of stream flow within a given year or growing
season. Mahoney and Rood (1998) provide an ecological model, the recruitment box,
which describes the relationship between seedling recruitment and alluvial settings. The
ecological model specifies a timing and range of elevation above mean low water in
which a recession rate of approximately one inch per day facilitates recruitment on other
rivers studied.

River managers mimick the conditions specified in the box model through flow
regulation in order to facilitate significant recruitment. Our study reach of Sacramento
River is larger than the rivers used to generate the model. Therefore, we sought to
calibrate the model for the Sacramento River and conduct a preliminary investigation into
the nature and extent of limitations to cottonwood recruitment. River regulation is
changed to benefit many species (Poff et al. 1997) where society deems this appropriate
(Schmidt et al. 1998). If society deems this as an appropriate action on the Sacramento
River, the relationships developed through this pilot study can provide the information
necessary to facilitate cottonwood recruitment at this, and likely other, sites in this river
reach.



STUDY APPROACH

The effects of river regulation on riparian recruitment on the Sacramento River
are not fully quantified. However, the Sacramento River experienced 4 large floods in
1983, 1986, 1995, and 1997. These floods represent a 50-70 year, 5-10, 5-10, and a 10-
20 year return interval event at the Butte City gage (United States Army Corps of
Engineers, 1998). Return intervals of spring runoff events resulting in seedling
recruitment on other rivers often are in the range of a 2-10-year event (Mahoney and
Rood 1998), assuming other hydrologic characteristics described above are also present.
Therefore we assumed that significant recruitment should have resulted from at least one
of these four large floods. Yet, based on field observation, the evidence of stands
including sapling size trees appears absent (S. Rood personal observation, 1999).

We selected one representative site to investigate the hypothesis that recruitment is
limited and that flow regulation is the partial cause of the limitation. We collected
dendrochronological data, hydrologic data, and topographic survey data at one pilot study
site on the Sacramento to calibrate the recruitment box model. We conducted a field
reconnaissance of recent cottonwood recruitment to investigate the degree and potential
nature of limitations to recruitment on the Sacramento River. We also reviewed an
analysis of historic stream gage data (Pike, 2000) with respect to the potential nature of
limitations to recruitment. Pike used the Indicators of Hydrologic Alteration (IHA)
software (Richter et. al. 1996) to identify changes in 33 aspects of pre and post regulation
hydrology.

Study area.

The Sacramento River flows south along the boundary between the Klamath
Mountains and the Cascade Range into the Sacramento Valley of California. The valley
is approximately 400 miles long and from 30 to 60 miles wide and is bordered by the
Sierra Nevada and Cascade Range on the east, the California Coast Range on the west,
and the Klamath Mountains on the north. The Sacramento River is California’s largest
river draining an area of 26,000 square miles with a mean annual discharge of 22 million
acre feet. Hydrology is driven both by winter storms and spring snowmelt runoff. For a
detailed description of Sacramento River hydrology see ‘Flow Regime Requirements for
Habitat restoration along the Sacramento River between Red Bluff and Colusa’
(Integrated Storage Investigation, 2000). The section of river between Red Bluff and
Colusa is referred to as reaches 2 & 3 in the ‘Sacramento River Conservation Area
Handbook’ and our study site is within reach 3 (Sacramento River Advisory Council,
1998).

The Sacramento River captures a rich mosaic of aquatic habitat, oxbow lakes,
sloughs, seasonal wetlands, riparian forests, and valley oak woodlands in what amounts
to one of the most biologically productive ecosystems in the state (Golet et.al., this issue).
However, the Sacramento River is in a degraded condition due to land use changes, flow
diversion, and river regulation. Only 18% of the original riparian vegetation, historically
occupying a conservation area defined by the Sacramento River Advisory Council,
remains (Golet et.al., this issue). Refer to the Sacramento River Advisory Council
handbook for a more detailed description of the flora, fauna, geomorphic, and hydrologic
characteristics of the study reach.



METHODS

Our study site is located at river mile 192.5, which is within the meandering reach
from Red Bluff to Colusa, California (Figure #1). Within this reach, the channel flows
through recent alluvium (Buer, 1994). The site was selected as representative of a
meandering bend of the river channel including the point bar and cutbank complex
described in the literature to facilitate riparian recruitment. The location is one of the
more actively meandering banks on the river with meander rates as high as 67 feet/year,
and the banks consist of sandy gravel overlain by sandy silt (Buer, 1994). Based on field
observation of height and stem diameter, the site was also chosen for the presence of
what appeared to be at least two significant and distinct age cohorts of cottonwood trees
(Figure #1). Age cohorts appeared to exhibit a typical arcuate banding pattern described
in the literature. Researchers have found this pattern produced by successive age cohorts,
which recruit as the channel migrates laterally. The site also has a stable stream gauging
location in the vicinity of an area with active lateral channel migration, and geomorphic
surfaces which appeared appropriate for recruitment (S. B. Rood personal observation,
1999).

Calibration of the Recruitment Box Model.

We surveyed three cross sections at the pilot site, which were perpendicular to
flow and bisected both of the cottonwood bands occurring on the point bar. In-channel
portions of the cross sections were developed by the Department of Water Resources
(DWR), Northern District office and with a survey-grade Global Positioning System
(GPS). Other cross section topographic data was collected with a total station.
Benchmark elevations were established with a survey-grade GPS using UTM Zone 10
coordinates, and Nad 27 datum.

We excavated 28 cottonwood trees to the depth of the root crown to determine the
elevation of establishment. Individual stems were selected, in the vicinity of surveyed
cross sections, as representative of the average height and stem diameter of two perceived
age cohorts. Trees were sampled in four groups with groups 1 and 3 located in the older
age cohort, located farther from the river channel. Groups 2 and 4 were located in the
younger cohort, closer to the river channel. In total, 13 stems were excavated in the older
cohort and 15 stems were excavated in the younger cohort. Elevation of the root crowns
was established with a total station.

We collected 40 tree cores with an increment borer, from the excavated root
crowns, to determine the year of establishment. If quality of the tree core for dating
appeared low in the field, a second core was collected. Cores were sent to the Laboratory
of Tree-Ring Research in Tucson, AZ for processing, mounting, and aging. When tree
cores did not possess pith material, age was estimated with a simple pith locator for use
with off-center increment cores (Applequist, 1958).

We installed a continuous read stage recorder to develop a stage discharge
relationship at the pilot site. A Campbell Scientific, Inc. SR50 Sonic Ranging Sensor
measured distance to the water surface. The instrument elevation was surveyed and
related to the topographic data coordinate system. We used discharge data from the
Hamilton City Gage (# 11383800) approximately 5 river miles up stream to generate a
stage discharge relationship at our site. We used the stage discharge curve to evaluate
which hydrologic events possessed the characteristics described above that temporally



correlated with age of the stands. We also evaluated available GIS information on
historic channel locations and historic aerial photography of the area supplied by the
DWR northern district office. This information was used to corroborate and increase the
precision of dedrochronological and hydrologic data used to identify temporal
distribution of recruitment events.

We calculated recession rates for spring runoff events, which were likely
responsible for facilitating recruitment. We calculated these rates of recession by
subtracting the high water stage at or near the initiation of the average seed release period
minus the water stage at June 15. River stage is typically lowest by June 15" This
change in water stage was divided by the time period for an average daily recession rate.

Cottonwood seedlings were excavated in the field to determine root growth rates.
Ten seedlings were destructively sampled, in the vicinity of cross section survey data,
each sampling period and the longest root was measured. The root lengths of the ten
seedlings were averaged for that sampling. Root growth rates were calculated as this
average root length divided by the time period from the beginning of sampling.
Sampling began April 11, 2000 shortly after very small seedlings were first noted on the
point bar. We excavated seedlings approximately every ten days until July 11, 2000.

Evaluation of recruitment limitations.

We conducted field reconnaissance over 37 river miles (RM 201-164) to
document the presence or absence of sapling sized cottonwoods. We documented the
occurrence of tree stands found on point bars, which were lower in height and smaller in
stem diameter than those excavated and cored at the pilot site. We looked for stands of
smaller trees, which were within the same range of distance and positioning from the
channel. We assumed that stands with these characteristics would be younger than stands
aged at the pilot site. Although flood training (Everitt, 1968) likely occurs on the
Sacramento River, excavation and aging of all stands fitting these criteria was beyond the
scope of the study. We used a GPS to create a Geographic Information System (GIS)
coverage and calculate acreage for each stand. During previous field observation we
noticed stands of saplings on geomorphic surfaces other than point bars such as within
side channels. We also noted recruitment occurring at the downstream end of point bars.
It is likely that other processes contribute to establishment in these areas as other
researchers have documented. These processes may be more similar to channel
narrowing or abandonment (Scott et.al., 1996). Determination of relative proportions of
recruitment due to all of these potential processes was beyond the scope of this pilot
study. Therefore, we chose to document only that recruitment appearing most similar to
that which occurs according to the box model relationships.

We also referred to an analysis of Sacramento River hydrology (Pike, 2000) with respect
to limitations to riparian recruitment. DWR used the Indicators of Hydrologic Alteration
(IHA) software (Richter et. al., 1996) to evaluate differences in 33 hydrologic variables
between the time periods of 1939 — 1943, 1944 — 1963, and 1964 — 1994. These time
periods represent pre- Shasta Dam, pre-Shasta Dam and post Whiskeytown dam
diversion, and post-Shasta Dam post Whiskeytown dam diversions respectively. The
analysis evaluates differences in hydrologic variables as a function of these system
changes.



We utilized all of the above data to generate the volume of water needed for a
“recruitment flow application”. We generated a number of application strategies by
manipulating the recession rate, the beginning elevation of the recession rate, and the
flow conditions to which the application volume was compared (i.e. an average versus a
high water year). We used 2000 to represent average conditions during the seed release
period and 1995 to represent a high water year during the seed release period. We
generated the necessary flow volume only for the recruitment period of mid-April to mid-
June. Flow conditions during other parts of the year likely detrimentally affect other
species. However, this study only evaluates regulation affects on cottonwood
recruitment.

RESULTS

Calibration of the Recruitment Box Model.

Excavation revealed that cottonwoods at this site recruited at a higher average
elevation then the typical range of establishment elevation on other rivers. The range of
establishment elevation on the Sacramento River was 5.5 to 9 feet above mean low water.
Mahoney and Rood (1998) report an average range of establishment of 2 to 5 feet above
mean low water. Other workers have identified highest elevations of establishment, or
the top of the recruitment box, on other rivers ranging from 8.2 feet (Merigliano, 1996) to
3.3 feet (Stromberg et. al., 1991). The other rivers used to develop the basic relationships
between cottonwood recruitment, hydrology, and geomorphology are smaller than our
study reach of the Sacramento River, when bankfull discharge is used as a surrogate of
river magnitude. Therefore, it appears the recruitment box may have to shift higher in
elevation for a larger river as suggested by Rood et al. (1998).

We plotted the top of the recruitment box elevation and bankfull discharge for the
rivers in a summary table, found in Mahoney and Rood (1998), and others, which
provided these data. We fit a logarithmic curve to the data and used the regression
equation to predict the top of the range of establishment for cottonwoods on the
Sacramento River (Figure #2). The equations yielded a prediction of 9 feet above mean
low water for the bankfull discharge of 75,000 cfs in our study area. The highest root
crown elevation measured was 9.3 feet above mean low water. A key component of any
prescribed recruitment flow is what elevation to initiate recession rates because this
variable greatly affects the amount of water needed. Although more data will likely
improve the predictive capability of the relationship, this graph may serve as a
preliminary planning tool for other river managers who are formulating recruitment
flows.

We compared the difference between using the Hamilton City stage discharge
relationship and a stage discharge specific to our recruitment site for formulating a
recruitment flow. We measured water stage for river discharge at this site between 9000
cfs and 63,000 cfs and generated a stage discharge curve from this data (Figure #3). A
regression analysis of stage change at the Hamilton City gage location versus our study
site revealed a more rapid rate of recession at the study site. Although the two rating
curves were similar, use of the bridge location rating curve to formulate a recruitment



flow may have resulted in too rapid a rate of recession for seedling roots to keep up with.

We used the rating curve to evaluate implementation of a recruitment flow with
respect to potential flood threat posed to local communities. Flows ranging from 36,000
and 53,000 cfs inundate 118 to 123 feet above mean sea level (MSL), which is the range
of most of the establishment elevations determined from excavation. A flow of 45,000
cfs inundates the average establishment elevation of 121.5 feet above MSL at our study
site. This flow magnitude equals a stage of 138.2 feet above MSL at the Hamilton City
gage. This elevation is well below both the flood monitoring stage and flood warning
stages of 142 of 148 feet above MSL, respectively. A recruitment flow can be
formulated to achieve ecosystem restoration goals, which is contained within the active
channel. This highlights the fact that implementation of a recruitment flow does not pose
any flood threat to local communities.

In the absence of cross section data collected during the recruitment periods in
1965 and 1974, we assumed a stable channel geometry over time to determine these
relationships. However, Buer (1994) found channel narrowing and degradation in some
locations, between Red Bluff and Colusa, as a result of river regulation. He compares
channel cross sections between 1980 and 1986 at river mile 197.7, which is 5 river miles
upstream from the study site. This comparison indicates an increase of 2 feet in
maximum depth. Without further investigation, it is difficult to say whether the two foot
increase represents a trend of degradation and whether channel geometry changed
between the period of recruitment and 1980. Channel degradation would suggest that
box model relationships developed on other rivers would apply to the Sacramento and
establishment elevations would not be higher on the Sacramento River. Increase in
establishment elevation could be explained by the degradation.

Conversely, examination of rating curves for the Hamilton City gage does not
indicate degradation. Comparison of the rating curve for the periods of 1965 to 1982 (the
recruitment period) to the rating curve for 1992 to 1998 suggests slight aggradation of the
channel. This comparison supports the hypothesis that cottonwoods establish at slightly
higher elevations on the Sacramento River.

Calibration of the recruitment box for the Sacramento River was based on
recruitment events documented at our study sites. Based on high flow events, high flow
spring conditions, available aerial photography, and historic channel locations, the age
cohorts found on the study site were primarily recruited in the springs of 1965 and 1974.
Limited recruitment probably occurred in other years but evidence suggests that these
two years produced the most spatially extensive stands at the study site. These two years,
among others, were also suggested by the authors of a report evaluating flow regime
conditions necessary for habitat restoration (Integrated Storage Investigation, 2000) as
potential recruitment years. The following is a more extensive discussion of
determination of recruitment years.

Twenty-eight of the forty increment cores collected were used to define at least
two distinct recruitment events and the initiation of age cohorts. The age cohort farthest
from the channel initiated recruitment in the mid 1960’s and the cohort nearest the
channel initiated recruitment in the mid 1970’s. In addition, a number of the cores were
collected on the very outside edge of the younger cohort. These cores reflect a sparsee
and spatially limited recruitment event in the early 1980’s. (Figure #4). Both of the more



substantial events appear to be characterized by additional recruitment spanning
approximately a 5-year period after initial recruitment. This may be representative of an
actual mixed stand age as Merigliano (1998) documented on an island on the Salmon
River. Conversely, the mixed stand age may be an artifact of errors in dating trees using
cores instead of cross sections, which typically yield more accurate age estimates than
cores (Fritts and Sweetnam 1989). Dating errors in increment cores may arise from false
or missing annual rings or simply difficulty in detection of rings because Populus species
have diffuse porous annual rings (Sigafoos 1964). However, collecting full cross sections
requires destructive sampling, which was deemed unnecessary for this pilot study.

Because dendrochronological methods are imperfect, we evaluated flow records
for a 5-year period after the initiation of recruitment to attempt to detect the hydrological
events responsible for recruitment. We evaluated flood magnitude and spring run-off
conditions for their similarity to conditions described in the literature, which facilitate
recruitment. Flood events occurred in the winter of 1964 (144,000 cfs), 1967(92,000 cfs),
1969 (110,000 cfs), and 1971 (94,900 cfs), which temporally correlate to the date range
of the older cohort. According to a Log-Pearson Flood Frequency analysis for the
Hamilton City gage from 1944-1988, these events represent approximately 15 year, 3
year, 4 year, and 3 year return interval (T;) events respectively. These flood events were
also characterized by high spring runoff either immediately prior to the initiation or
during seed release. We used April 15 as an average date for initiation of seed release for
cottonwoods. Spring flows during these years would have inundated elevations of 121.5,
118, 116, and 122 feet above MSL respectively. Other than the 1971 spring flow, these
floods would have inundated the potential elevation range of establishment. Although a
large flood event occurred in the winter of 1970, spring runoff conditions were already at
summer low flows by seed release.

Large flood events and high spring runoff, which temporally correlate to the
younger of the two cohorts, include the years 1974, and 1978. The magnitude of these
events equaled approximate return intervals of 20 and 5 years. Spring runoff would have
inundated elevations of 121 and 119 feet above MSL, which is within the range of
potential establishment.

We also evaluated historic aerial photography and channel locations, developed
by DWR to corroborate and increase the precision of dendrochronological and
hydrological data indicating the years of recruitment. According to the available data, the
locations currently occupied by tree stands were within the active channel depicted in the
1960 and 1964 channel shapefiles. However, the 1969 channel location shows the older
cohort located on a point bar, which was developing as the channel migrated towards the
east. Historic channel locations were mapped using different methods, which makes
quantitative analysis suspect. However, comparison of channel locations shows 90
meters of cutbank migration between 1964 and 1969. Although the distance of migration
calculated based on GIS data may not be exact, this does suggest migration during this
time period. GIS data does not exist yet for channel locations between 1964 and 1969.
However, it is likely that the large flood in the winter of 1964 played a role in channel
migration and the creation of an appropriate seed bed in the area currently occupied by
the older cohort.

We conducted a similar analysis for the younger cohort. This cohort is visible as
a light band of vegetation on the ortho-rectified photography from 1976. Therefore this
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cohort was initiated prior to 1976 and was likely facilitated by favorable hydrologic
conditions in 1974. Comparison of the mapped 1969 channel location and the location of
the edge of the channel on the 1976 photo shows an average of 120 meters of channel
migration, which may have resulted from the 1974 flood. Due to sufficient control in this
case, aerial photography may be accurate to within 20 feet (Adam Henderson personal
communication, 2001). The light band of vegetation on the 1976 photographs is roughly
100 meters from the water’s edge. Assuming a similar channel geometry though time,
the elevation of the current point bar 100 meters from the water’s edge is 119.4 feet
above MSL. This elevation is within the range of establishment elevation documented
with excavation and would have wetted the seedbed. We did not have ortho-rectified
photography that brackets this time period any more precisely.

The planview of this younger band of vegetation resembles the sinuous pattern of
an abandoned channel. This suggests that channel avulsion, channel meander or some
combination of the two processes likely played a role in creating an appropriate seedbed.
Without aerial photography or other historic data, it is conjecture whether a channel
avulsion occurred as a result of the 1974 flood and created favorable recruitment
conditions. However, 6 channel avulsions did occur elsewhere on the river as a result of
the 1974 flood (Buer personal communication, 2001). Grecco (1999) found channel
avulsion to be an important mechanism for riparian recruitment on the Sacramento River.
However, the relative importance of this mechanism compared to lateral migration is not
quantified.

An additional band of sparse recruitment is located on the channel side edge of
the 1974 cohort. This sparse band was cored and dates to the early 1980’s. This cohort is
not discernable from the mid 1970’s cohort in aerial photography from 1997. In addition,
no obvious difference was noticeable in the field, thus resulting in the collection of cores
from the additional cohort. The fact that dates from the perceived mid 1070’s cohort
spanned such a wide time scale, and extended into the early 1980°s in Figure #4, initiated
a re-analysis of increment core data and aerial photography. This early 1980’s cohort is
discernable from the 1974 cohort in 1988 photography. It is likely the flood of 1983
played a role in recruitment of this band. Hydrologic characteristics appeared favorable
with a maximum average daily peak of 152,000 cfs and a high spring flow of 35,000 cfs.
This spring flow would have re-wetted a seedbed at an appropriate elevation of 119 feet
above MSL. This flood was an approximate 20 year event. It is unknown why the
spatial extent of this band is much more limited than the other two documented cohorts.
However, installation of riprap and a levee on the opposite bank prior to 1983 probably
limited the spatial extent of new seed bed or increases the likelihood of scour of
establishing seedlings, consequently limiting the spatial distribution of recruitment.

Seedling root growth rates.

We used the rating curve to determine the rate of recession for the spring runoff
years of 1965, 1971, 1974, and 1978, which appeared to be the most favorable spring
conditions to facilitate recruitment. Rates of recession were 1.3, 1, 1.3, and 1.1 in/day,
respectively. Averaging the rate misrepresents time periods when stage decreases at a
faster rate than the average. However, moisture conditions within the capillary fringe are
critical to riparian establishment. Moist conditions within the capillary fringe may offset
rapid recession rates. Although the height of the capillary fringe at the study site is
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unknown, it often extends 30 — 60 cm on other rivers with similar substrate (Mahoney
and Rood 1998).

Seedling excavation revealed an average rate of growth of 22 mm/day during the
beginning of the excavation period and a maximum rate of 32 mm/day (Figure #5). The
average rate is in general agreement with other recession rates, which generate successful
survival of cottonwoods in lab (Mahoney and Rood 1992) and field (Mahoney and Rood,
1998) conditions. Although, recession rates during recruitment years are higher than the
average, they are very close to the maximum rate measured.

Root growth rate was fastest at the beginning of the excavation period and may
represent the maximum potential growth rate at this study site. Growth rates appeared to
stabilize after the first three weeks of monitoring. Field staff noted that flow regulation
resulted in regular inundation of the seedling excavation area starting at the week 3. The
availability of abundant water in the rooting zone may explain the decrease in root
growth rate because plants no longer had to seek available water. The study design may
also be responsible for the apparent stabilization of growth rate. The rate was measured
as the length of root divided by days from the initiation of the study. However,
evaluating the difference in root growth between sampling periods in this way yields a
minimal growth rate after roots reach a depth of 0.5 meters. No additional length is
added between the sampling periods.

Seedling excavation beyond approximate 0.5 meters is difficult enough in
saturated field conditions with sediments ranging from sand to cobbles, that results are
suspect. A 0.5 meter depth may represent a threshold of excavation beyond which
detection of fine root material is possible. Without further investigation, it is unknown
how successfully the rate measured at the beginning of the study, when roots were well
above the water table and easier to excavate, can be extrapolated to other sites. However,
this data provides a preliminary growth rate for the formulation of recruitment flows.

Evaluation of recruitment limitations.

Field reconnaissance revealed very limited spatial distribution of sapling sized
stems within point bar recruitment zones. The average height of the younger age cohort
found at our study site is 50 feet. The average height of the older cohort is 70 feet. We
used the average height of the younger cohort as a surrogate to identify stands younger
than 25 years. We documented only 20 total acres of sapling stands within the 37 river
miles surveyed. Stands meeting the criteria were found at RM’s 197.5, 183.5, 182.5, 179,
180, 172, and 166. Factors such as flood-training of stems and the lack of actual
increment core data render the use of stem height suspect as an exact indicator of tree
age. However, the approach yields a general indication of the presence of younger stands
in the absence of increment core data over 37 river miles.

Individual trees and smaller groups of trees meeting the height criteria were noted
within this reach however, we assumed these groups were limited enough so as not to
exert a significant influence on the ecology of the riparian forest. These individual
patches generally covered less than 1 or 2 ac” each.

We conducted an analysis to examine the extent of mapped “young” stands
relative to available recruitment area. We calculated the area of the potential recruitment
zone at the study site as the bar area, evident in 1999 aerial photography, within an
elevation range of 5.5 to 9 feet above mean low water. This potential recruitment zone
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equals 11.25 acres, or 23%, of the entire 50 acre bar area at the study site. We assumed
similar bar geometry for all of the point bars within the 37 RM reach and calculated a
rough approximation of total potential recruitment area. This total was 888 acres and we
calculated 23% of the total bar area as 204 acres, or the total potential recruitment area.
Therefore, “young” stands mapped with a GPS occupy only 10% (20 acres of recruitment
divided by 204 acres of available area) of the available recruitment area over 37 miles.
Lack of baseline data characterizing historic spatial extent of young stands makes
comparison difficult. However, 10% may indicate the limited degree of point bar
recruitment over the last 25 years, regardless of the 4 large floods since 1983. Anecdotal
evidence from field reconnaissance suggests that this same limited degree of recruitment
persists downstream to the town of Colusa. GPS mapping of “young” stands was not
conducted downstream to Colusa.

We extended the analysis above to include all of the gravel bar area within the
Inner River Zone of Butte, Glenn, and Tehama counties to determine the approximate
extent of habitat that a recruitment flow might produce. We used this area because
gravel area was mapped in these counties. Again assuming similar bar geometry, 23% of
the gravel bar area over this reach is 580 acres, or the potential area of habitat recruited
with a managed flow application. A significant point is that this recruitment area is
currently available and does not require a large flood to create it. Stand recruitment often
temporally correlates with large floods, which play a role in the creation of new seed-
beds. However, conservation strategies can be formulated for the 580 acres of currently
available seed-bed without having to include a large flood in an initial recruitment flow
prescription.

There are a number of limitations within these analyses. Gravel bar geometry is
undoubtedly different among bars and river reaches, changes in gravel bar area will occur
over time, and the amount of gravel area reflected in GIS data will be a function of river
stage. For example, bars opposite bank protection have a steeper slopes then bars with no
bank protection on the opposite bank (Integrated Storage Investigation, 2000). A steep
angle would reduce the planview extent of recruitment area between the appropriate
elevation range. Bar area is also a function of the length of time since a significant
scouring flood.

Furthermore, we only sought to map recruitment on point bars similar to our study
site for comparability. We did not examine or document young stands in backwater or
side channel features. We considered this recruitment as resulting from different
processes than the box model we sought to calibrate. However, channel avulsion and the
creation of backwater and side-channel refugia, which host recruitment, is an important
mechanism on the Sacramento River (Grecco, 1998). Evaluation of the nature and
frequency of the avulsion process, and its relative importance to recruitment, may shed
important insight into Sacramento River ecology. This information may assist in the
formulation of future conservation strategies.

Despite limitations, the analysis does suggest that a very small percentage of the
area currently available for recruitment is colonized by cottonwoods and a number of
important questions are raised. Although the box model can be preliminarily calibrated
with this pilot study, comparisons of the spatial and temporal aspects of cottonwood stand
recruitment pre and post river regulation can not be fully determined with results from
one site. Without further investigation it is difficult to say whether more than 10% of the
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potential area on point bars would have been colonized over the last 25 years in the
absence of river regulation. Collection of dendrochronologic data at additional study sites
and examination of historic aerial photography would further define the spatial and
temporal age class distribution of the riparian forest. Only after this type of work could
we begin identifying differences between and pre and post Shasta Dam periods and
whether altered hydrology, bank protection, or a combination of the two is the primary
limiting factor to riparian recruitment on the Sacramento River. However, even based on
the results of one pilot study site it seems unlikely that the riparian forest could have
perpetuated through geologic time under natural conditions dependent on the spatial and
temporal distribution documented at RM 192.5.

Evaluation of IHA results.

We evaluated the results of the IHA analysis, for hydrologic alterations related to
limited recruitment. Many of the parameters important to recruitment are altered in both
the post Shasta dam and post Trinity River trans-basin diversion time periods. Plotting
the computed inflow to Shasta reservoir versus outlflow from Keswick Dam sheds
significant insight into hydrologic limitations to recruitment (Figure #6). The period of
seed release is characterized by outflows much smaller in magnitude than the computed
inflows. In addition, these outflows ramp up over the period of seed release and into the
summer months, which is the exact opposite of inflow patterns. Inflow patterns more
closely match the recession limb specified in the box model and typical hydrology of
systems dominated by spring snow-melt runoff.

A non-parametric analysis of flows during the pre-Shasta dam, post Shasta dam,
and post Trinity River trans-basin diversion time periods demonstrate that the flow
regime is most altered during the period of seed release and the summer months (Figure
#7). Box and whisker plots for discharge during the three time periods demonstrate the
same patterns of alteration visible in Figure #6. Flow is less altered during winter months
and is still similar to ranges of natural variability.

Reduced flows during seed release have ramifications for the elevation of seed
germination. Vegetation surveys conducted during topographic data collection and other
field observation revealed that cottonwood seedlings currently recruit at a very low
elevation on point bars (Figure #8). By the time seeds are released, river flow is often
already at the reduced flow described above. As a result, the only moisture available to
dispersed seeds is immediately adjacent to the low flow water stage. This places
cottonwood seedlings well within the scour zone of the following year’s flood. Although
cottonwoods are not expected to successfully recruit every year, the IHA analysis does
indicate that river discharge and stage are typically reduced during seed release. This
pattern of regulation likely poses a limitation to successful recruitment.

Vegetation transects and field observation also revealed the majority of vegetation
successfully recruiting on point bars is sand bar willow (Salix exigua). A distinct pattern
of a band of sand bar willow is characteristic of many point bars from Red Bluff to
Colusa. Although further investigation is needed to quantify recruitment needs of the
species, flow regulation may be responsible for a shift in species distribution towards this
willow and in place of cottonwood. This species successfully recruits from vegetative
mechanisms. Rood and Mahoney (1995) suggest that regulation on other rives may
resulted in a shift from seedling recruitment towards vegetative recruitment mechanisms.
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Altered hydrology alone does not appear to result in a complete halt to
cottonwood recruitment at the study site. Flow conditions facilitating recruitment may
still occur in part due to tributary inputs downstream of Shasta Dam. These tributary
inputs may create “less regulated” conditions. Return intervals of spring runoff events
resulting in seedling recruitment often are in the range of 2 year to 10-yr events
(Mahoney and Rood 1998). Currently, recruitment on the Sacramento River may be
dependent on events such as the 1964 (144,000 cfs) and 1974 (151,000 cfs) events. As
stated previously, these events are on the order of 15 to 20 year events. These return
intervals are based on a flood frequency analysis of post Shasta dam hydrology. Recent
analysis by Steve Grecco shows pre-dam 5-year recurrence interval flows to approximate
the current, post-dam 20 year event. These findings are consistent with findings on other
rivers and suggest the lack of recruitment may be related in part to the fact that these are
now 20-year floods. Although recruitment events still occur, the reduced frequency and
spatial distribution of point bar recruitment, demonstrated at the pilot site over the last 25
years, may not be enough to sustain a functioning, landscape-scale ecosystem.

A significant confounding factor in the evaluation of historic recruitment
conditions in the last 25 years is bank revetment. Evaluating the full effects of bank
revetment, or riprap, is beyond the scope of this report however; some mention is relevant
to this discussion. Since 1963, about 800,000 linear feet, or 152 miles of riprap were
installed under the Sacramento River Bank Protection Project (United States Fish and
Wildlife Service, 2000). An additional 6 miles is under consideration for installation.
Upon completion of this installation, 30% of the bank length between Colusa and Chico
Landing will be project riprap (United States Army Corps of Engineers, 1987). In
addition, these figures do not include significant amounts of riprap installed by private
land-owners. Recent mapping by DWR reflects an additional 8000 feet of private rock
between RM 194 and 144.

Bank protection was installed in 1984, immediately upstream of the study site.
Department of Water Resources’ erosion monitoring at this site documents as much as
174 meters of down-valley migration of the meander bend between 1988 and 2001.
However, the most recent recruitment event on the study site dates to immediately prior
to installation of the upstream riprap. No significant amount of cottonwood recruitment
occurred after riprap installation despite the three large floods, which occurred after
installation.

We assumed cohorts should have resulted from three other large floods in 1986,
1995, and 1997. However, a combination of altered hydrology and bank protection
probably limited successful recruitment. A large flood of 159,000 cfs occurred in 1986.
However, by the seed release period river stage and discharge were already regulated to
summer flows, an elevation too low for successful recruitment as described previously in
the IHA analysis.

The flood peak of 1995 also reached 152,000 cfs. In addition, spring flows were
high enough to re-wet seed beds at 60,000 cfs, however no apparent recruitment resulted.
As hydrologic conditions were apparently met, prior installation of bank protection is a
possible limiting factor. Bank erosion monitoring from 1988 to 2001 shows a westerly
shift in the general bank erosion pattern, or across the point bar (Figure #9). Larsen
(1995) found migration of a meandering channel shifts both downstream and cross-
stream. This development assumes other factors, such as resistant geologic formations,
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are not affecting development of the meander loop. Geologic formations do not appear to
affect the bend at RM 192.5. Bank protection appears to have directed erosion in the
opposite direction, or westerly, instead of the expected easterly direction in the meander
loop at river mile 192.5. This shift in direction, now across the point bar, likely alters
hydraulic characteristics, such as increased shear stress, and sediment transport
characteristics. These changes are hypothesized here to limit recruitment.

The flood peak of 1997 was also a significant flow of 150,000 cfs. Erosion
monitoring revealed significant channel migration, consequently creating additional
seedbed area. However, spring flows were again reduced to summer low flow by the
seeding period, similar to 1986.

In summary a number of large historic floods appear to have appropriate
hydrologic characteristics for recruitment. However, bank protection may have altered
hydraulic characteristics, thereby limiting recruitment at this site. Further investigation
also revealed that although a number of sizable flood years had regulated spring flow
conditions, which precluded establishment of new forest. In the absence of flow
regulation, it is likely that recruitment events would have occurred in both 1986 and
1997. This would place recruitment events on a similar temporal scale as some other
rivers, or roughly one event per decade.

The fact that high spring flows still occur, regardless of regulation of flow by
Shasta Dam, suggests that tributary inputs may be responsible and are important for
recruitment in the future. Tributary input may continue to facilitate a limited degree of
recruitment, similar to the 1983 cohort at the study site, at sites where bank protection is
not a limiting factor.

Calculation of a recruitment flow application.

We utilized all of the above analyses to generate the volume of water needed for a
“recruitment application”. We depicted two extreme strategies, which use the least and
most water to facilitate a recruitment event (Figure #10). A compromise between water
use and cottonwood survival is likely in between these two strategies. However, we
sought to identify the range of potential for a recruitment flow strategy. The most
favorable approach, from a water-use standpoint, is to implement the application during a
high water year when the most water is already available. Characteristics of the least
water-use application include using the maximum recession rate (or root growth rate),
and beginning the recession rate at the lower end of the range of establishment elevation.
Following this approach yields a surprisingly small change of a 6% increase in the
volume of water compared to what is already available during a high-water spring runoff.
This increase is only within the period of spring runoff and is only needed that one year.
In addition, a recruitment application may only be appropriate once per decade. When
this 6% increase in water volume is viewed over this 10-year period, the percentage of
increase is considerably reduced. For example, the total volume needed to meet the
recruitment application described above is roughly 3.1 million ac ft. The additional water
needed, or 181,000 ac.ft., is a minor change in volume when viewed over a ten year
period’s volume. We calculated the 10 year volume as 9 average years of volume plus
one high year of volume. This strategy, which uses the least water, may result in the
lowest cottonwood survival.
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Conversely, we used a similar method to derive the scenario that uses the most
water but may offer the greatest potential for cottonwood survival. A 77% increase in the
volume of available water during the recruitment period is needed when compared to an
average year’s volume. We used the slower recession rate and initiated that rate at the
high range of establishment elevation for this calculation.

This comparative analysis demonstrates that the recession rate and the elevation at
which the recession is initiated exert a strong influence on water use. Additional study
sites are needed to corroborate the pilot study findings because of the importance of water
in California. Further research may yield more promising strategies. For example,
Kalischuk et.al. (2000) identify a recession rate of 1.9 in/day as stressful yet not lethal to
cottonwoods on the Castle River. Using this rate reduces the duration of the managed
recession rate from 60 days down to 35 days. More importantly, it reduces the amount of
water needed for the application. This recruitment strategy requires only 1.9 million
ac.ft. In 1995, 2.06 million ac.ft. passed the Hamilton City gage during the time period
over which managed flows would need to occur. This strategy represents no change in
volume, simply different management criteria.

The strategies described above demonstrate that the change in conditions needed for a
recruitment application is not so much a change in volume as it is a change in how that
water is delivered, or the shape of the hydrograph. This is a significant challenge because
the time of seed release coincides with the period when river flow is increasing, likely for
irrigation and conveyance needs. Any recruitment flow concept will only be acceptable
if it is formulated as consistent with the many human demands on our river resources.
Much work and collaboration is needed to identify and solve challenges of supply,
storage, and conveyance prior to any consideration of streamflow re-regulation.

Despite these challenges, a number of options can supply the additional water
needed for recruitment flows. The Central Valley Project Improvement Act created a
water account of 800,00 ac.ft. for environmental purposes. CALFED has set aside an
environmental water account to meet the ecosystem restoration goals of that program.
Forums such as CALFED’s Integrated Storage Investigation, Off-site Storage
Investigation, and the Environmental Water Program are evaluating large-scale
management of water supply in California..

Potential costs of a managed flow strategy are comparable to current expenditures
towards the ecosystem restoration goals of programs such as CALFED. We used
$32/acft (Department of Water Resources, 1998) to derive estimates of the cost of the
additional water. These costs are 5.8 million and 123.5 million dollars for the “least
water” and “most water” strategies, respectively. These same values could be used to
acquire ($7,000/acre average acquisition cost) and restore ($3,500 average restoration
cost) 553 acres and 11,800 acres of cultivated restoration respectively. Implementing the
“least water” strategy may result in as much as 580 acres of habitat within the Inner River
Zone of Tehama, Glenn, and Butte counties.

Restoration through managed flows and cultivated techniques are complimentary
ecosystem restoration approaches. Cultivated restoration immediately addresses the
ecosystem stressors of habitat fragmentation, provides habitat documented to host species
of concern, provides options for willing sellers, and will remain an appropriate tool in
many cases. Managing flows for recruitment is a complimentary approach, which will
likely produce higher quality habitat, which is more similar to pre-regulation stand and
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age structure. In addition, this habitat would recruit near the channel boarder and
requires no conversion of agricultural land. There are likely other ecosystem restoration
benefits of returning key aspects of the flow regime to their range of natural variability.
Further work is needed to clarify linkages between hydrology and life histories of other
flora and fauna of the riparian zone.

CONCLUSION

This study identifies the parameters, potential results, and costs of the same type
of riparian vegetation recruitment flow, which river managers have successfully
implemented on numerous other rivers. The study provides encouraging results for the
formulation of a process-based restoration approach for the Sacramento River. However,
river managers would not want to manage for one single flow regime. Much work is
needed to evaluate how closely key aspect of the Sacramento River flow regime can be
managed for in order to match their natural ranges of variability. This may provide for
species whos life history linkages to the flow regime are unknown.

A number of critical questions remain. Additional study sites are needed to
further corroborate box model variables for the Sacramento River. Further investigation
is needed to determine how important the different processes of meandering versus
channel avulsion were to historic riparian recruitment ecology on the Sacramento River.
Pre and post-regulation spatial and temporal distribution of stand recruitment needs to be
determined and one pilot study site yields incomplete results. As stressed previously, any
changes to the flow regime would require careful consideration of the many human
demands on the resource.
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