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ABSTRACT 

Setting instream flows to protect aquatic resources is required by California state law, but this task is not 
straightforward for an intermittent river that is naturally dry six or more months of every year. The Santa Maria 
River, 200 km northwest of the Los Angeles metropolitan area, lies within the northern range of the federally 
endangered southern California steelhead (Oncorhynchus mykiss) and is a logical candidate for instream flow 
protection: the watershed historically supported the anadromous life history of this species, but fish must navigate 
the lowermost 39 km of the commonly dry mainstem river to move between the ocean and freshwater habitats in the 
upper watershed. Mainstem flows are partly controlled by Twitchell Dam, constructed across one of the Santa Maria 
River’s two main tributaries in 1962. The dam is operated to maximize groundwater recharge through the bed of the 
mainstem Santa Maria River, thus minimizing discharge to the Pacific Ocean and so reducing already limited 
steelhead passage opportunities. Conventional criteria for determining suitable instream flows for steelhead passage 
are ill-suited to intermittent, Mediterranean-type rivers because they ignore the dynamic channel morphology and 
critical importance of headwater flows in providing cues that once presaged passage-adequate mainstem discharges 
but no longer do so. Hydrologic analysis of pre-dam flows, coupled with established criteria for successful O. mykiss 
migration, provide an objective basis for evaluating alternative dam-management scenarios for enhancing steelhead 
passage, although their implementation would redirect some water that for the past half-century has exclusively 
supported irrigated agriculture and municipal water supplies. Copyright © 2013 John Wiley & Sons, Ltd. 
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INTRODUCTION 
Throughout southern California, a wide range of 
impacts to river flow has resulted from expansion of 
agriculture and human populations over the past 
century. Rivers within this Mediterranean climate are 
naturally intermittent, with long periods of low or no 
flow to which native species have adapted (Gasith and 
Resh, 1999; Grantham et al., 2012). Even within this 
context of high natural flow variability, however, the 
abstraction of water for human use can be significant 
(Grantham et al., 2010; Kondolf et al., 2012) and has 
severely impacted instream biota. In particular, 

populations of federally endangered Oncorhynchus 
mykiss (steelhead trout) in the northern portion of the 
Southern California Steelhead Distinct Population 
Segment (DPS; formerly referred to as Evolutionarily 
Significant Unit [ESU]) (62 FR 43937) have 
experienced historical declines in run sizes of 90% or 
more (NOAA National Marine Fisheries Service, 
2012). Reestablishing access to upper watersheds by 
restoring natural hydrologic patterns to facilitate fish 
migration has been identified by NOAA Fisheries 
(2012) as one of the highest priorities for the recovery 
of the Southern California Steelhead DPS. 
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Despite the urgency of these recommendations and the 
rich scientific literature that has been developed around 
the magnitude, frequency, and timing of natural flows 
in rivers in support of ecological conditions (e.g., Poff 
and Zimmerman, 2010; Poff et al., 2010), methods for 
identifying and quantifying impaired hydrologic 
patterns in intermittent, Mediterranean-type rivers are 
sparse. Existing methods, commonly implemented in 
the execution of such “instream flow studies,” have 
been developed primarily on perennial single-thread 
channels (e.g., Hatfield and Bruce, 2000) where the 
greatest limitations to fish passage are primarily 
hydraulic—in other words, locations where water depth 
and/or width is insufficient at a given discharge to 
allow up- or downstream fish movement during critical 
life stages. In intermittent rivers, however, the problem 
is typically much more fundamental—is there any 
water at all? Although having a “sufficient” quantity of 
water is still as necessary in intermittent systems as in 
perennial ones, this is a secondary consideration. As a 
further complication, the commonly applied analytical 
methods of many instream flow studies presume a 
static channel geometry in which water levels rise and 
fall predictably with changing discharge (e.g., physical 
habitat simulation [PHABSIM] models; Stalnaker et 
al., 1995; Annear et al., 2004). Most intermittent rivers 
of the semi-arid southwestern USA, however, have 
highly mobile sand beds in their alluvial reaches that 
violate this fundamental assumption, with substantial 
channel modifications occurring with almost every 
fish-passable and sediment-transporting flow. 
 
The goal of this study is therefore to develop an 
approach to evaluating human-induced changes in the 
frequency, duration, and timing of fish passage in an 
intermittent mainstem river. This requires determining 
(1) the magnitude of fish-passable flows through an 
easily erodible channel, (2) the pattern of pre-dam 
flows as a baseline target for evaluating subsequent 
flow modifications, and (3) a set of dam operation 
“rules” that could contribute to the recovery of 
historical migration in a river of regional importance to 
both species conservation and human occupation of the 
landscape. 
 

STUDY AREA 
The Santa Maria River is one of the largest coastal 
southern California rivers within the Southern 
California Steelhead DPS (Figure 1). Its 4820 km2 
watershed supports a self-sustaining population of 
rainbow trout (the resident life-history form of O. 
mykiss) in the upper part of one of its two major 
tributaries, the Sisquoc River watershed (Shapovalov, 

1944; Cardenas, 1996; Boughton and Fish, 2003; 
Stoecker, 2005). It has also supported spawning of 
anadromous steelhead (the ocean-going life-history 
form of O. mykiss) during some wet years 
(Shapovalov, 1944, 1945; Stoecker, 2005; Titus et al., 
2010) in historical time. The California Department of 
Fish and Wildlife (CDFW, previously the California 
Department of Fish and Game) is obligated to identify 
and list “those streams and watercourses throughout the 
state for which minimum flow levels need to be 
established in order to assure the continued viability of 
stream-related fish and wildlife resources” (California 
Public Resources Code §10001). In 2008, CDFW 
identified the Santa Maria River on a list of twenty-two 
priority streams that require instream flow analysis in 
order to provide the scientific basis for flow 
recommendations to support anadromous fish passage. 
 
The Santa Maria River watershed lies in a 
Mediterranean climatic zone, with a long dry season 
and episodic wet-season storms. Most precipitation 
occurs between November and March, with 
precipitation varying significantly throughout the 
watershed and most strongly influenced by elevation 
and distance from the Pacific Ocean. Year-to-year 
rainfall is also strongly influenced by the El Niño-
Southern Oscillation (ENSO) and the Pacific Decadal 
Oscillation (PDO) (NWS CPC, 2010). In southern 
California, El Niño years are generally accompanied by 
relatively high rainfall intensities, with rivers and 
streams (such as those in the Santa Maria River 
watershed) exhibiting higher annual peak flow 
magnitudes than they do in non-El Niño (i.e., “La 
Niña”) years. 
Although the sheer aggregate number of passable days 
is one plausible metric of hydrologic alteration, the 
sequence and the duration of such flows is also 
important, both to evaluate whether a given year will 
present at least one passage event (see Figure 4—many 
years do not, even pre-dam) and whether adult 
steelhead will be provided with the multi-day flows 
needed to traverse the lower river (Table 3). For 
downstream juvenile passage post-dam, the number of 
years with at least one passage opportunity has 
decreased slightly, with the reduction in passage most 
prominent for the longest multi-day events (by more 
than one-third, from 19% to 12% of years). For 
upstream adult passage post-dam, the number of years 
with at least one passage event has actually increased, 
but entirely as a result of the shortest-duration events; 
as with downstream passage the frequency of long-
duration events has substantially decreased (again, by 
more than one-third). 
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Figure 1. Santa Maria River watershed and location (inset map). Eight-digit numbers reference USGS gaging stations (see Table 

1); yellow-shaded reach of the Santa Maria River upstream of gage 11141000 is the “critical passage reach” 
referenced in the text. 

 
 
The mainstem Santa Maria River is approximately 39 
km long and is formed by the joining of its two major 
tributaries, the Cuyama and Sisquoc Rivers. Surface 
flows throughout the Santa Maria River watershed 
have been characterized by numerous U.S. Geological 
Survey (USGS) gages, some of which have been 
maintained for more than 80 years (Table 1). All 
records are expressed as mean daily discharge; as with 
most such gaging, finer temporal resolution is simply 
unavailable. The 93-km-long Sisquoc River drains the 
marine face of the Sierra Madre Mountains and 
receives an annual average of 50–80 cm of 
precipitation (almost all as rainfall). It has no major 
dams or water diversions; the upper reaches of this 
tributary have always been the dominant source and/or 
destination of anadromous O. mykiss, owing to its 
greater persistence of flows and the high quality of its 
instream habitat (Boughton and Fish, 2003). Its 
primary gage, Sisquoc River at Garey (USGS 
11140000), is located 1.3 km upstream of the 
confluence with the Cuyama River and reflects the 
hydrologic condition of the Sisquoc River as it enters 
the mainstem. At this location from 1941 to the 
present, the channel has been dry (i.e., <0.03 m3/s [1 
cfs] average daily flow) on average more than nine 
months of the year. 
 
In contrast, the 170-km-long Cuyama River drains the 
“back” side of the Sierra Madre Mountains and the 

lower, drier hills and mountains farther inland, with an 
average annual precipitation about half that of the 
Sisquoc River watershed (and thus about one-third of 
the total precipitation over the entire Santa Maria River 
watershed). It is fully impounded near its confluence 
with the Sisquoc River by Twitchell Dam, which was 
first put into operation in 1962 (TMA and MNS, 2010). 
Stream gages have operated along its lower reaches 
continuously since 1929, both immediately upstream 
and immediately downstream of Twitchell Reservoir. 
The reservoir has a nominal capacity of 277 x 106 m3 
(224,300 ac-ft), most of which is used to store water 
during winter storms and then released at a rate to 
maximize percolation into the downstream bed of the 
mainstem Santa Maria River, thus recharging the 
underlying groundwater basin (Worts, 1951). During 
the first 49 years of its operation, from 1962 to 2011, 
about 2.5 × 109 m3 (2 × 106 ac-ft) of water from the 
Cuyama River have been held behind the dam for 
periods ranging from a few weeks to more than a year 
(i.e., over 5 × 107 m3 of average annual storage). This 
record also includes several multi-year periods of low 
rainfall, however, when no water was stored at all. 
Limited historical records of O. mykiss presence and 
reports of arid conditions suggest insignificant 
anadromous fish use of the upper Cuyama River 
watershed, either pre- or post-dam. 
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Table 1. Major flow-gaging sites in the Santa Maria River watershed (see Figure 1 for locations). 

USGS 
Gage No. 

Gage location 
Period of record 

1920–
30s 

1940s 1950s 1960s 
1970–

80s 
1990–

present 

11141000 
Santa Maria River near 

Guadalupe 
 

Start: 
10/1940 

  
End: 

9/1987 
 

11140585 Santa Maria River at Suey      
4/1999–
present 

11136800 
Cuyama River below 

Buckhorn 
  

Start: 
10/1959 

  present 

11137000 
Cuyama River near Santa 

Maria 
Start: 

10/1929 
  

End: 
9/1962 

  

11138100 
Cuyama River below 

Twitchell Dam 
  

Start: 
10/1958 

 
End: 

9/1983 
 

11140000 Sisquoc River near Garey  
Start: 

2/1941 
   present 

SMVWCDa Twitchell Dam outflow    
Start: 

2/1962 
 present 

a Data recorded by Santa Maria Valley Water Conservation District (www. smvwcd.org/) 
 
 

The mainstem Santa Maria River below the confluence 
of the Cuyama and the Sisquoc Rivers is a braided, 
sand-bedded channel that is dry, on average, more than 
90% of the time; the Guadalupe gage (USGS 
11141000) record from 1941–1987 reported periods 
every year of continuous zero discharge, with some 
lasting up to three years in duration. When the river 
does flow, the transported sediment is highly mobile 
and channels are rapidly eroded into the channel-bed 
and floodplain surfaces. Human disturbance is also 
common, which includes both authorized activities to 
improve flood conveyance (e.g., levees and the 
excavation of low-flow channels) and unauthorized 
off-road vehicle access. All of these conditions 
combine to render the topography of the channel a 
transient and rapidly changeable attribute of the river. 
 
For the first 25 km of the mainstem Santa Maria River 
below the Sisquoc–Cuyama confluence, groundwater 
lies well below the channel bed (CDWR, 2004) and so 
any surface water consistently infiltrates downward 
through the unsaturated zone to the groundwater table 
(i.e., a losing reach). Within this zone of the mainstem 
river, the downstream-most 8 km have been long-
recognized by direct observation and multiple 
anecdotal reports by residents, dam operators, and 
county staff as the length of river most prone to drying 
and so most limiting to steelhead passage (hereafter 
termed the “critical passage reach”; see Figure 1). This 
reach includes all locations during the winter of 
2010/2011 where receding surface flows were 
observed to first disappear completely into the 
subsurface (although the specific location varies within 
the critical passage reach by flow event).  

 
In the 14 km downstream of the critical passage reach 
to the Pacific Ocean, confining clay lenses just beneath 
the river bed raise groundwater levels in the upper (and 
perched) aquifer system, and surface flows generally 
increase. However, the river is intermittently isolated 
from the Pacific Ocean by a sandbar at the mouth of its 
estuary, although this potential obstruction to O. mykiss 
migration breaches rapidly under even minimal fish-
passable mainstem flows due to the limited volume of 
the impounded estuary (Elwany, 2011; Jacobs et al., 
2011; Stillwater Sciences, 2012). 
 

METHODS 
Determining the magnitude of steelhead-passable 
flows 
Thresholds of flow depth, width, and velocity judged 
adequate for steelhead passage (herein termed 
“hydraulic passage criteria”), both for adult upstream 
migration and juvenile downstream migration, were 
identified for this study based on literature values and 
local practice (e.g., SYTRAC, 1999). A minimum 
depth of 0.21 m (0.7 ft) for upstream adult steelhead 
migration was selected to account for the body size of 
the largest adult steelhead expected to pass, with 
additional buffer to avoid abrasion (Thompson, 1972; 
Webb, 1975; Dryden and Stein, 1975, both as cited in 
Powers and Orsborn, 1985; Bell, 1986). For 
downstream juvenile migration, the depth criterion was 
reduced to 0.15 m (0.5 ft) to match existing California 
Department of Fish and Wildlife criteria. A minimum 
contiguous width (3 m [10 ft]) was selected over which 
the depth criterion must be met, for both adult and 
juveniles, based on the same literature and with the 
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added recommendation from resource agencies to 
include a minimum buffering width to reduce potential 
for predation from terrestrial predators. A maximum 
velocity of 2 m/sec was identified from literature 
values (e.g., Bjornn and Reiser, 1991; Spence et al., 
1996) but found to be an irrelevant constraint 
throughout the range of low to moderate discharges 
affected by operation of Twitchell Dam.  
 
Translating these hydraulic passage criteria into 
minimum river discharges was approached in two 
ways. First, a topographic survey of the entire river 
channel and surrounding floodplain, conducted via 
airborne Light Detection and Ranging (LiDAR) in 
September 2010, provided a snapshot view of the river 
topography. It was conducted five months after the last 
prior flows (in April 2010), a period in which 
indeterminate human and natural alterations to the 
channel occurred. Twenty-six evenly spaced cross 
sections were evaluated from the LiDAR data through 
the critical passage reach. Functional relationships 
between discharge, flow depth, and flow width were 
determined for each of the 26 LiDAR cross sections. 
 
Water discharge was calculated at each cross section 
with the one-dimensional Manning’s equation to obtain 
predicted relationships between the width criteria and 
discharge: 
 

2/13/21
SRA

n
Q hww      (1) 

 
   where Qw denotes water discharge (m3/s), n denotes 
Manning’s n, Aw is wetted cross-sectional area (m2), Rh 
is hydraulic radius (m), and S is channel gradient 
(m/m). This simplistic approach is imprecise for 
complex flow paths and shallow depths (Brown and 
Pasternack, 2009; Grantham, 2013), but an even 
greater limitation of this method results from the 
channel-bed erosion induced by most discharges in this 
primarily sand-bedded channel. This erosion creates a 
deeper section in the river, concentrating water and 
producing a deeper flow than calculated based on a 
presumed static channel cross section (Kondolf et al., 
2000). Because these deepened channels are not fully 
preserved as the flood recedes and so are not 
necessarily captured in the subsequent LiDAR survey, 
the results of this analysis likely overestimate the 
minimum flow needed to meet hydraulic passage 
criteria.  
 
Our second approach for identifying the minimum 
discharge needed to meet the hydraulic passage criteria 
was based on field-collected cross sections, measured 
in the critical passage reach during a range of low to 

moderate flow events on seven separate dates between 
January and April 2011. At each time and location, 
four to five transects were executed using a rod, transit, 
and flow meter to measure water depth and velocity at 
25–30 stations along each transect according to general 
guidelines for measuring discharge (e.g., Harrelson et 
al., 1994). Transects were selected either to provide the 
most accurate measurement of discharge (e.g., 
relatively narrow channel without mid-channel bars or 
debris), or to represent conditions and locations under 
which fish passage was most likely to be limited first 
during the receding hydrograph (e.g., a wide, braided 
channel). Under conditions of rapidly changing flow or 
where very high discharge precluded safe surveying, 
more qualitative estimates (+/- 20%) of discharge and 
maximum flow depth were made without a full cross-
sectional survey at multiple times and locations within 
relatively limited time windows. 
 
Hydrologic analysis of pre- and post-dam periods 
Meeting a minimum discharge is necessary, but not 
sufficient, to assure fish passage. The magnitude, 
duration, and sequence of daily flows must provide the 
hydrologic attraction cues to initiate both the upstream 
migration of adult steelhead and the downstream 
movement of smolts into and out of the Santa Maria 
River, but we found no definitive guidelines for these 
key parameters in either the published literature or 
local practice. For purposes of this study, hydrologic 
metrics derived from the “natural” (i.e., pre- dam) gage 
record of the mainstem Santa Maria River were 
assumed to be the most reliable indicator of the 
hydrologic conditions suitable for migration (herein 
termed “hydrologic passage criteria”). Given the long 
history of diversions, levees, bridges, and groundwater 
extraction in the region, the pre-dam hydrograph 
cannot be considered fully natural, but the multiple 
reports of anadromous steelhead migration during the 
pre-dam period suggest that this historical record 
provides an adequate, if not optimal, flow regime for 
migration. 
 
The minimum duration of flows required for upstream 
and downstream migration was based on review of the 
available literature for swimming speeds of steelhead 
and other anadromous salmonids. A three-day period 
was determined from literature values to be a 
reasonable minimum time needed for adult steelhead to 
migrate the 39 km from the Pacific Ocean to the 
confluence of the Sisquoc and Cuyama rivers. Adult 
steelhead have been reported to migrate upstream over 
50 km/day, although they tend to average less than 35 
km/day in streams with perennial passage (Greene, 
1911; Lough, 1981; Bjornn et al., 2003). Bell (1986) 
reports cruising speeds (typically used for steelhead 
upstream migration) up to 1.4 m/s, nearly three times 
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the average speed needed to traverse this reach. 
Although possibly conservative, the temporal criteria 
for upstream migration also allows time for the estuary 
to fill and its confining sandbar to breach, and for 
steelhead in the ocean to detect the migration 
opportunity and begin active migration. 
Only one day was assumed to be needed for juvenile 
steelhead to migrate from the Sisquoc– Cuyama 
confluence downstream to the Pacific Ocean. This is 
equivalent to an average outmigration rate of 
approximately 0.5 m/s. Presuming smolt out-migration 
rates in the Santa Maria River are largely passive and 
approach stream velocities during migration periods, 
travel rates would generally be double this rate or 
more.  
 
The raw gage data (Table 1) available for the 
hydrologic analysis are abundant but of relatively low 
quality. Based on the annual station notes, USGS 
personnel typically visited these sites between 8 and 16 
times each year. They repositioned gages and/or dug 
channels to provide flow–gage communication, they 
measured the flow and adjusted the rating curve as 
needed, and they adjusted the final record of flow since 
the previous measurement as deemed appropriate by 
referring to other flow and rainfall gages in the 
watershed. The quality of the flow records were 
generally characterized as poor (i.e., measured values 
differ >15% from “true” values) to fair (10–15% error), 
owing to the ever-shifting channel geomorphology and 
extreme variability of discharge. In total, the gaged 
flow record is likely least accurate during the largest 
annual or multi-year discharges (by virtue of rapidly 
changing channel conditions during high flow events) 
and below about 0.1 m3/s (for lack of flow–gage 
communication). Neither condition, however, is judged 
critical to the present study, because inaccuracies in 
gaging at either extreme of the range of discharges do 
not alter the reconstruction of the frequency or duration 
of the range of marginally fish-passable flows.  
 
The gage of greatest relevance to the present study, that 
at Guadalupe (USGS 11141000) near the lower end of 
the critical passage reach at the Highway 1 road 
crossing, was maintained for 46 years (1941–1987) and 
so provides more than two decades of mainstem flow 
data in both the pre-dam and post-dam periods. The 
lower Sisquoc River has been gaged (USGS 11140000) 
from 1941 to the present. On the lower Cuyama River, 
two sources of flow data are available: the Cuyama 
below Twitchell gage (USGS 11138100) was 
operational during the period 1962–1983, while just 
upstream the daily operation of Twitchell Dam was 
recorded on hand-written sheets from 1964 through 
2003, and on electronic forms thereafter to the present 
day. Thus, these two records were measured 

independently within just a few km of each other for 21 
years, permitting multiple opportunities to evaluate the 
quality of the data from dam operations. 
  
Using these records, we applied a variety of methods to 
reconstruct a picture of daily discharges in the Santa 
Maria, Cuyama, and Sisquoc Rivers, beginning in 
Water Year 1941 with the installation of the one 
mainstem gage and continuing through August 2011. 
These gage records, in turn, were divided into three 
periods (by water year from October 1 of the preceding 
calendar year to September 30 of the named year) 
corresponding to the pre-dam (1941–1962), post-dam 
(1962–1987), and post-dam ungaged (i.e., post-USGS 
11141000; 1987–2011) conditions. A variety of 
hydrologic metrics characterizing the frequency, 
timing, and duration of fish-passable flows through the 
critical passage reach of the mainstem Santa Maria 
River was compared for each period, under the guiding 
assumption that the pre-dam period reflected a time 
when the flow regime of the Santa Maria River, 
although likely impaired by several prior decades of 
groundwater pumping to support nearby agriculture, 
was nonetheless sufficient to maintain an apparently 
self-sustaining population of anadromous steelhead.  
 
We relied solely on measured flow data (uniformly 
recorded and expressed as average daily values) to 
assess discharges across the channel network. We 
applied simple assumptions for typical infiltration 
losses along the mainstem river based on the 46 years 
of gaged flows above and below the critical passage 
reach. All discharges were expressed in cfs for 
consistency with the raw USGS and Twitchell Dam 
records (these were later converted to m3/s) and 
organized and analyzed in Excel spreadsheets across 
the 25,766 days of the study period (2/1/1941, the first 
day of operation of the Sisquoc River at Garey gage, 
through 8/18/2011, the last day of this study record). 
Although hydrologic modeling would have permitted 
the exploration of a broader range of management 
scenarios (such as the representation of spatially 
complex surface water–groundwater interactions, or 
past and future climate-change scenarios), the timely 
development and calibration of a hydrologic model was 
infeasible (as is the case with many such applications). 
Our approach is therefore likely to be more broadly 
applicable to management applications than more time- 
and computationally-intensive efforts heretofore 
published (e.g., Fleckenstein et al., 2006; Grantham et 
al., 2013). 
 
Alternative flow-release scenarios from Twitchell 
Dam 
The historical flow record, both pre- and post-dam, 
provides an unusual opportunity to explore alternative 
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rules for dam operation with the joint objectives of 
reproducing the pre-dam frequency, timing, and 
duration of fish-passable flows, while minimizing the 
reduction in groundwater recharge utilizing the water 
stored in (and subsequently released from) Twitchell 
Reservoir. This analysis focused on the 1962–1987 
period, when operation of the mainstem Guadalupe 
gage (USGS 11141000) was directly measuring flow 
data through the critical passage reach. For all 
alternative scenarios, the rate of infiltration below the 
Sisquoc–Cuyama confluence was assumed uniform and 
equal to the actual median value determined throughout 
the period when gages on both tributaries and the 
mainstem were operational (1941–1987). The average 
annual reduction in groundwater recharge, which 
represents the primary “cost” of alternative flow-
release scenarios, was calculated as the product of the 
minimum passage flow and the increased number of 
days for which it would have been achieved at the 
Guadalupe gage (i.e., the volume of water discharged 
to the estuary as surface flow instead of recharged to 
groundwater). A variety of alternative “rules,” 
triggered by a specified minimum daily flow in the 
gage record of the Sisquoc River, were applied to 
simulate presumptive releases from Twitchell 
Reservoir in support of mainstem fish passage. For 
each set of rules, daily flows in the mainstem Santa 

Maria River through the critical passage reach were 
calculated as the simulated reservoir release plus the 
actual (unregulated) discharge of the Sisquoc River at 
Garey gage (USGS 11140000), minus the median 
infiltration loss between the Garey and Guadalupe 
gages. 
 

RESULTS 
Hydraulic passage criteria 
The critical discharge (Qcrit) necessary to meet the 
hydraulic criteria of minimum flow depth and width 
varies by location along the critical passage reach. It 
was first determined at each of the 26 cross sections 
derived from the LiDAR survey using Eq. 1. The 
calculation returns a critical discharge at each cross 
section, for which the largest (9.9 m3/s for upstream 
adult migration and 4.2 m3/s for downstream juvenile 
migration) was assumed to be the limiting value for the 
reach as a whole, because passage would be achieved 
at every other cross section once this discharge had 
been achieved. These results, however, are dependent 
on the assumption of a stable cross section that 
corresponds to the (dry) channel topography of 
September 2010, an assumption that is demonstrably 
not met (Figure 2). 
 
 

 

 
 
Figure 2. Comparison of field-surveyed cross sections during a moderate flow event (March 26-28, 2011) with the 

broader and more subdued LiDAR-derived cross sections surveyed under dry conditions at the same 
location. 

 
Qcrit was also determined by direct observation of 
actual flow events on the river (Table 2). Based on the 
presumed greater reliability of these results, given their 
direct measurement and self-consistency, a discharge 

of 7.1 m3/s (250 cfs) was used as the minimum 
threshold value for successful upstream adult steelhead 
passage through the critical passage reach in all 
subsequent hydrologic analyses. In contrast, the 
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number of observations was so limited in the range of 
presumptive juvenile passage (i.e., ~4.2 m3/s from Eq. 
1 and the LiDAR cross sections) that we continued to 
use this value without modification. Interestingly, these 

results are remarkably similar to those predicted and 
observed by Mosley (1982, his Figure 5) on braided 
New Zealand rivers of similar dimensions using 
equivalent minimum depths. 

 
 
Table 2. All field-measured discharges and evaluation of fish passage (red = none, green = yes) made in the winter and 
spring of 2011, sorted by discharge at the time of measurement. Based on these data, a discharge of 7.1 m3/s in the 
critical passage reach of the Santa Maria River (gray shaded) appears to provide adult passage under essentially all 
observed combinations of channel geometry and flow. 

Location within critical passage reach Date Flow (m3/s)
Width at minimum passible 

depth 
Highway 1 vicinity 4/5/2011 0.03 none 
Highway 1 vicinity 4/5/2011 0.06 none 
Suey vicinity (above critical passage reach) 1/12/2011 0.14 <3 m 
Bonita School Rd to Highway 101 4/5/2011 0.20 none 
Highway 1 to Bonita School Rd 4/5/2011 0.20 <3 m 
Bonita School Rd to Highway 101 4/5/2011 0.28 none 
Highway 1 vicinity 1/4/2011 0.28 <3 m 
Bonita School Rd vicinity 1/4/2011 0.31 none 
Bonita School Rd vicinity 2/27/2011 0.71 none 
Suey vicinity (above critical passage reach) 1/4/2011 4.30 >10 m 
Bonita School Rd to Highway 101 3/28/2011 5.47 >6 m 
Bonita School Rd to Highway 101 3/28/2011 7.11 >6 m 
Highway 1 to Bonita School Rd 3/28/2011 7.11 3 m 
Highway 1 to Bonita School Rd 3/28/2011 7.70 >13 m 
Highway 1 vicinity 3/27/2011 8.52 >10 m 
Highway 1 to Bonita School Rd 3/27/2011 8.86 >20 m 
Highway 1 vicinity 3/26/2011 9.03 >13 m 
Bonita School Rd to Highway 101 3/27/2011 9.54 >10 m 
Highway 1 vicinity 3/27/2011 10.56 >13 m 
Highway 1 vicinity 3/26/2011 10.79 >15 m 
Highway 1 vicinity 3/26/2011 10.90 >15 m 
Highway 1 vicinity 3/26/2011 10.99 >13 m 
 

 
Evaluating the quality of the gage data 
Given the concerns raised in USGS station notes of 
gage data quality, we sought multiple avenues to 
evaluate the consequences of potential inaccuracies in 
the hydrologic data. Simultaneously recorded daily 
average flows throughout the lower watershed provide 
several such opportunities. For the mainstem river, 
comparing same-day flows at the Guadalupe gage with 
the sum of the two major tributaries (Sisquoc and 
Cuyama) displays the challenges of accurately 
measuring very high discharges, but it also suggests 

that the record of flows in the range of potential fish 
passage (i.e., ~3–30 m3/s) is relatively robust (Figure 
3), with a wide scatter to the data but one that follows 
the expected pattern of downstream infiltration. These 
data also allow us to determine the magnitude of 
surface-water loss to groundwater through the bed of 
the mainstem Santa Maria River upstream of the 
Guadalupe gage (and near the bottom of the critical 
passage reach), with a median value of 9.9 m3/s. 
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Figure 3. Comparison of same-day flows for 1941–1987 (i.e., the period of record of the Guadalupe gage). Flows 

above the red-dotted 1:1 line imply accretion of water downstream of the confluence of the Cuyama 
and Sisquoc rivers; those below the line imply loss (the geologically more likely condition). At 
discharges above a few hundred m3/s (emphasized in left panel), the scatter is nearly symmetrical 
about the 1:1 line and likely results from measurement errors of as much as ~30%. For flows less 
than 30 m3/s (right panel, note change of scale), the historic data show a median infiltration loss from 
surface flow between the confluence and the Guadalupe gage of 9.9 m3/s.  

 
 

The quality of the reconstructed Twitchell release data 
was independently assessed for the period 1962–1983 
when both the Santa Maria Valley Water Conservation 
District’s records and those of the Cuyama below 
Twitchell gage (USGS 11138100) coincide. The same-
day data show very good correspondence with a few 
dominant patterns: 

1. Overall, the two records align with no 
systematic under- or over-prediction. A 1:1 line 
lies within 2% of the best-fit linear trend, and it 
expresses strong correlation (r2 = 0.97, p<0.001) 
between the two data sets. 

2. The very largest recorded flows from Twitchell 
(>60 m3/s) tend to systematically exceed the 
corresponding USGS gage data, suggesting that 
the former were either estimated or not full-day 
releases at that level. Every such flow occurred 
between February 25 and March 10, 1969, a 
period of particularly challenging flow-gaging 
conditions throughout southern California. 

3. The zero-recorded Twitchell discharges 
corresponding to non-zero USGS flows likely 

reflect a combination of downstream accretion 
and blank entries on the Twitchell Dam data 
form being (mis)construed as zero discharges, 
particularly for those with USGS flows above 
about 1.4 m3/s (50 cfs). These comprise only 24 
of the 5386 (0.4%) of the dual records, 
however, and so are not judged consequential 
for subsequent analyses. 
 

General attributes of the flow regime of the Santa 
Maria River 
The general patterns of flow in the Santa Maria River 
over a multi-decadal period are best described by the 
Guadalupe gage (USGS 11141000). This gage was 
operated by the USGS from February 1, 1941 through 
September 30, 1987. It therefore includes 20 years of 
record prior to the closure of Twitchell Dam and more 
than 26 years after closure. The first two decades of 
gaging show a highly episodic river (Figure 4) that was 
dry over 93% of the time (an average of 341 
days/year). The longest dry period was nearly three and 
a half years long, ending on February 9, 1962.  
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Figure 4. Discharge of the Santa Maria River at the Guadalupe gage (USGS 11141000) for the full period of the pre-

Twitchell Dam record. Dates of the largest daily discharges labeled.  

 
 

Twitchell Dam began holding back flows on February 
16, 1962, one week after the 1959–1962 drought 
ended. Post-dam, the overall hydrograph suggests little 
overall change, at least to the moderate and high flows 
that are readily visible in such a flow record. True zero 
discharges (i.e., excluding non-zero values below 0.03 
m3/s) occurred almost precisely as frequently during 
this period as pre-dam (average of 340 days/year, 
compared to a pre-dam average of 341 days/year). 
Multi-year periods of no flow also occurred during this 
period, particularly 1962–1965 and throughout the 
1970’s.  
 
Given the infrequency of flow in the Santa Maria 
River, conditions suitable for fish passage are 
uncommon, episodic, and confined to a well-defined 
period of the year. Indeed, the Santa Maria River is 
virtually always dry for more than seven months of the 

year, a condition that has not materially changed with 
operation of Twitchell Dam (Figure 5). 
 
Post-dam changes to the flow regime  
Fish passage during extreme events (both low and 
high) has been little affected by the post-dam flow 
regime: very low flows do not provide passage 
regardless of their frequency, and large floods are 
beyond the capacity of the dam to influence under 
normal operations. In contrast, the intermediate flows 
that meet minimum criteria for fish passage (i.e., in the 
range of about 3–30 m3/s) have been reduced in 
frequency by about 2 days/year (Figure 6), a result that 
is independent of the precise value identified for the 
“critical passage flow.” This range of discharges also 
corresponds to conditions when gaging quality is likely 
highest, overcoming the recognized problems of “no 
communication” common to very low flows and a 
rapidly shifting rating curve at very high flows.  
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Figure 5. All recorded flows at the Guadalupe gage (USGS 11141000), plotted by Julian day and discriminated by pre- 

and post-dam periods (round and square markers, respectively). Only flows <30 m3/s are shown, to 
emphasize the range of discharges over which the conditions of fish passage are most critical. 
Passable conditions ended in nearly every year by early May; they restart no sooner than mid-
December. 

 
 

Although the sheer aggregate number of passable days 
is one plausible metric of hydrologic alteration, the 
sequence and the duration of such flows is also 
important, both to evaluate whether a given year will 
present at least one passage event (see Figure 4—many 
years do not, even pre-dam) and whether adult 
steelhead will be provided with the multi-day flows 
needed to traverse the lower river (Table 3). For 
downstream juvenile passage post-dam, the number of 
years with at least one passage opportunity has 
decreased slightly, with the reduction in passage most 
prominent for the longest multi-day events (by more 
than one-third, from 19% to 12% of years). For 
upstream adult passage post-dam, the number of years 
with at least one passage event has actually increased, 
but entirely as a result of the shortest-duration events; 
as with downstream passage the frequency of long-
duration events has substantially decreased (again, by 
more than one-third). 
 

Although the aggregate behavior of flows in the Santa 
Maria River suggests only modest alteration to the flow 
regime imposed by Twitchell Dam operations, 
substantial changes are apparent when considering the 
interaction of daily flows on the two major tributaries. 
Pre-dam, the relationship between simultaneous daily 
discharges from the Sisquoc and Cuyama Rivers is 
quite regular (Figure 7a), and the correlation between 
discharge at the lowermost gage on the Sisquoc River 
(USGS 1114000) and the same-day discharge at the 
lowermost Cuyama River gage (USGS 11137000) is 
high (r2 = 0.81). Post-dam, however, tributary flows are 
no longer correlated between the two tributaries 
(Figure 7b); indeed, their lack of correlation, 
particularly during high-flow events on the Sisquoc 
River while Twitchell Reservoir is presumably 
capturing all flow from the Cuyama River, is the 
explicit intention of dam operations. These flows are 
subsequently released during periods of low or no flow 
in the Sisquoc River (i.e., the mass of points when the 
Sisquoc River is <7.1 m3/s and the Cuyama River 
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discharges are up to twice as great) to achieve a more 
uniform discharge down the mainstem Santa Maria 
River, promoting infiltration in the Santa Maria River 

valley but with little or no surface flow released to the 
estuary. 

 

 
Figure 6. Flow-duration curve for daily discharges of the Santa Maria River at the Guadalupe gage (USGS 11141000), 

with the fraction of daily discharges above the specified discharge expressed as the average number 
of days per year (e.g., 4 days ≈ 11% of the time). The curves for the pre-dam (blue dashed line; 
February 1, 1941—February 15, 1962) and post-dam (orange solid line; February 16, 1962—
September 1987) converge above about 100 m3/s; at all flows below about 30 m3/s, which includes 
the range of effective steelhead-passable flows (see below), durations are reduced on average by 1.5 
to 2.5 days per year. Note that the precise choice of a “critical passage discharge” does not materially 
affect these results. 

 
 
 
Table 3. Tally of the percent of years in the gage record (total of 20 years, pre-dam; 26 years, post-dam) with at least 
one event that meets the discharge criteria for steelhead passage (≥4.2 m3/s for juveniles, ≥7.1 m3/s for adults). Passable 
flows (i.e., above the appropriate discharge threshold) are stratified into categories of duration; note that for adult 
passage, 3 days is the minimum passable condition. 
 
  Downstream juvenile passage Upstream adult passage 

 
No 

passage 
1‐3 
days 

4‐12 
days 

>12 
days 

No passage 
(includes 1‐ & 
2‐day events)  3 days 

4‐12 
days 

>12 
days 

Pre‐dam  48%  19%  14% 19% 81% 0% 5%  14%
Post‐dam  50%  15%  23 % 12% 69% 15% 8%  8%
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Figure 7. Correlation of pre-dam (left) and post-dam (right) daily average flows for the Sisquoc River at Garey gage 

(USGS 11140000) and the Cuyama River near Santa Maria gage (USGS 11137000) for the same 
date. Trend line for the pre-dam period is calculated on the full range of data (maximum Sisquoc 
value is 165 m3/s; maximum Cuyama value is 85 m3/s), but only those below 60 m3/s are displayed 
here. The post-dam period shows essentially no correlation between flows from the two tributaries. 

 
 

Thus, dam operation has had the following 
consequences for the flow regime in the Santa Maria 
River: 

1. By aggregate metrics (e.g., average number of 
days of passage), reduction in the availability of 
steelhead-passable conditions are on the order 
of 2 days per year.  

2. The frequency of steelhead-passable events has 
changed little, but for both adult and juvenile 
passage these events are now of generally 
shorter duration. 

3. Sisquoc River and Cuyama River flows are no 
longer correlated, because dam operations tends 
to “smooth” out the resulting discharge in the 
Santa Maria River with an intentional bias 
towards achieving flows that are insufficient to 
maintain a surface-water connection to the 
estuary. 

 
Flow cues for migration through the Santa Maria 
River system  
For adult steelhead, upstream migration from the ocean 
is presumably triggered by flows emerging from the 
estuary. Comparison of the pre- and post-dam record 
shows not only the previously calculated reduction in 
total passable days (about 2 per year; see also Figure 6) 
but also the increase likelihood of an adult steelhead 
beginning its passage under favorable flow conditions 
at the estuary but encountering the receding limb of a 
hydrograph that blocks further upstream passage prior 

to reaching the confluence of the Sisquoc and Cuyama 
Rivers (Table 4; “failed passage”). 
 
Another potential impediment to achieving successful 
adult passage, namely the attainment of steelhead-
passable conditions in the mainstem Santa Maria River 
(i.e., 3 days of flow ≥7.1 m3/s) but insufficient 
discharge for continued upstream passage through the 
(unregulated) lower Sisquoc River, is a rare occurrence 
in either the pre- or post-dam periods. For the period 
1941–1961, this occurred in 6 of 110 (mainstem) 
passage days (5.4%); for 1962–1987, 3 of 83 such days 
(3.6%). We therefore did not further consider this 
factor in characterizing the alteration in fish-passage 
opportunities. 
 
For downstream juvenile passage, the criteria for 
mainstem passage are less complex (1 day of mainstem 
flow ≥4.2 m3/s) but the only cue for downstream 
migration available for juvenile steelhead is the flow in 
the Sisquoc River. Pre-dam, this flow was strongly 
correlated with the contribution from the Cuyama 
River (Figure 7a) and thus in the mainstem Santa Maria 
River as well; but post-dam, this correlation has been 
nearly obliterated (Figure 7b). In other words, juvenile 
steelhead in the upper Sisquoc River experience flows 
that once signaled free-flowing conditions all the way 
to the open ocean, but operation of Twitchell Dam now 
results more frequently in an impassable mainstem for 
their final day of presumptive downstream passage 
through the mainstem. 
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In the pre-dam period, flows in the Sisquoc River (as 
measured, for example, at the Garey gage) are a 
relatively good predictor of downstream-passable flows 
in the mainstem Santa Maria River (as measured at the 
Guadalupe gage) (Figure 8a). With Sisquoc River 
flows in the range of 10–12 m3/s, downstream passage 
through mainstem Santa Maria River has about a 50/50 
chance of success. Once the daily average flow exceeds 
12 m3/s in the Sisquoc River, full downstream passage 
occurred 80% of the time; and above 14 m3/s, both 
upstream and downstream passage was all-but-assured. 
This occurs despite the median 9.9 m3/s loss of surface 
water to groundwater in the mainstem downstream of 
the confluence, because a reliable flow contribution of 
this approximate magnitude from the Cuyama River 
provided sufficient total flow to maintain flows >4.2 
m3/s throughout the critical passage reach. 

 
In the post-dam period, however, the flow cues in the 
Sisquoc River that promised near-certain passage 
downstream in the mainstem Santa Maria River no 
longer provide the same guidance (Figure 8b). During 
the 1962–1987 period, Sisquoc River flows of 10–12 
m3/s provided virtually no opportunity for successful 
passage in either direction (because most or all of this 
water is subsequently infiltrated to groundwater while 
contributions from the Cuyama River are being 
intercepted by Twitchell Reservoir); and those of >14 
m3/s will still fail to support passage almost one-half of 
the time. There are no records of smolt outmigration to 
guide our expectation of the specific discharge that 
provides the cue for downstream migration, but over a 
relatively wide range of such flows the potential for 
downstream stranding is now quite high. 

 

 
Figure 8. Predicting steelhead passage through the mainstem Santa Maria River (colored bars) based on same-day 

flows in the Sisquoc River at the Garey gage (USGS 11140000; x-axis). Each graph “bins” the 
flows at Garey, displaying the relative fraction of mainstem flows for the same day (at the 
Guadalupe gage; USGS 11141000) in each of three flow categories. The dark bars indicate 
successful adult passage conditions in the mainstem Santa Maria River, with the lighter bars 
including successful juvenile passage. Left panel (a), pre-dam conditions; right panel (b), post-dam 
conditions 1962–1987. 

 
Results of alternative flow-release scenarios  
The fundamental change to the post-dam flow regime 
of the Santa Maria River, namely the asynchroneity of 
peak flows from the Sisquoc and Cuyama rivers 
(Figure 7b), also points to the strategy with the greatest 
likelihood of enhancing steelhead migration 
opportunities: changing the operational rules for 
Twitchell Dam to augment flow in the Cuyama River 
when the Sisquoc River is flowing at a rate that, 
historically, would have resulted in potentially suitable 
steelhead-passage conditions in the mainstem Santa 
Maria River.  
 
A first, “naïve” set of flow-augmentation rules were 
thus applied as follows: 

1) Flow augmentation from releases at Twitchell 
Dam should be made whenever discharge in the 
lower Sisquoc River (at the Garey gage) falls 
between 9.9 and 15.6 m3/s (350–550 cfs), 
reflecting the range of flows when steelhead 
passage in the mainstem would have likely been 
possible at least half of the time, pre-dam. For 
purposes of testing the efficacy of this rule, a 
combined tributary flow of 17 m3/s is presumed 
to assure upstream adult passage throughout the 
critical passage reach (to retain 7.1 m3/s in 
through the critical passage reach after 
subtracting transmission losses of 9.9 m3/s). Of 
course, this presumptive augmentation could only 
occur if water was present behind the dam. 
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2) Flow augmentation should only occur during the 
period of historical steelhead passage 
(December–April). 

3) When an average daily discharge of 7.1 m3/s (250 
cfs) in the critical passage reach has been 
achieved, sufficient flows should be released if/as 
needed to ensure that this condition is maintained 
for at least two additional days, but only if and 
for as long as passage is feasible through the 
lower Sisquoc River (as indicated by the recorded 
discharge at USGS 1114000).  
 

Initial testing of these three rules against the 1962–
1987 flow did not yield unequivocally positive results 
for predicted fish passage. This is primarily because a 
single day of Sisquoc River flow in the triggering range 
of 9.9 and 15.6 m3/s is not always followed by more 
such days. When it is not, the effect of these naïve 
augmentation rules is to increase the number of single-
day upstream passable flows but not the number of 
“true” (i.e., continuous 3-day) passage events. These 
rules also fail to take advantage of one-day lulls in flow 
between two large storms that could be linked by a 
single day’s supplemental release to create a single 
period of passage that lasts for many days or a week or 
more. This second opportunity for improved operations 
arose on five days in the 1962–1987 period (once each 
in 1967, 1969, 1978, 1983, and 1986); the availability 
of multi-day weather forecasting tools (e.g., 
http://www.cnrfc.noaa.gov/) suggest that such 
conditions could be recognized under a modified set of 
operational rules.  
 
The naïve rules were also reconsidered on the 
assumption that extending the duration of fish passage 
can reach a point of diminishing returns during wet 
hydrologic years when passage opportunities are so 
plentiful that flow augmentation using stored water 
may be unnecessary. This occurred four times in the 
1962–1987 period (and in particular during water years 
1969 and 1983). For purposes of the simulation, the 
rule modification was to terminate all artificial releases 
from Twitchell Reservoir for a given water year once a 
continuous 12-day passage window had been achieved 
in that water year. Other maximum-duration periods as 
short as 6 days were tested against the flow record with 
virtually no change to the magnitude of released water, 
because these long-duration flow events generally 
continued for much more than a week. 
 
When these modifications to the flow-augmentation 
rules are applied and evaluated against the criteria for 
passage established by the pre-dam flow record, the 
effects of compare very well (Figure 9). Opportunities 
for fish passage exceed actual post-dam events by 
nearly three days per year, a somewhat more successful 

outcome than the 2-days’ reduction seen in actual pre- 
vs. post-dam passage conditions (Figure 6). Both 
upstream and downstream migration opportunities 
occur slightly more frequently than in the pre-dam 
record. They also show other improvements, 
particularly for reducing the frequency of false 
positives (i.e., discharges in the Sisquoc River that 
historically correlated with downstream or upstream-
passable conditions to or from the estuary, but which 
no longer do) for juveniles in Sisquoc River tributaries 
who must anticipate the likelihood of passable 
conditions all the way to the estuary only on the basis 
of local flows in the Sisquoc River.  
 
Although the flow regime based on the modified flow-
augmentation rules exceeds the overarching goal of 
returning the post-dam flow regime to pre-dam levels 
with respect to fish passage, alternative operational 
rules using less water from Twitchell Reservoir were 
explored but were ineffective at meeting this 
fundamental goal. Thus, we determined that recovering 
the frequency of pre-dam passage opportunities 
requires the average annual release of about 1.9 × 106 

m3 (1500 ac-ft) of water from Twitchell Reservoir over 
the 26-year period 1962–1987, about 3% of the average 
annual volume of water stored behind the dam. 
 

DISCUSSION 
Dryland rivers are fundamentally different from their 
perennial counterparts (Bull and Kirkby, 2002), and 
their successful management requires analytical 
approaches and evaluation criteria that are tailored to 
their intermittent nature (Kennard et al. 2009). 
Successful fish passage in such systems is not simply a 
matter of meeting a threshold discharge, because 
(much) more often than not such a discharge was never 
achieved in the watershed’s natural state, and its 
attainment would be neither feasible nor desirable.   
Passage is also not achieved just by ensuring that such 
discharges persist at a critical point for a minimum 
number of days in sequence or at the right time of year, 
criteria that are often applied as part of a seemingly 
comprehensive analysis of flow alteration and 
mitigation perennial and intermittent rivers alike (for 
examples of the latter, see Principato and Viggiani 
2009; Bond et al. 2010; Belmar et al. 2013). In a 
channel network, however, anadromous fish can only 
evaluate the prospects for successful passage, from 
both marine to freshwater and freshwater to marine, on 
the basis of the flow occurring at a single point in time 
and space (i.e., where the fish is located). Thus, any 
changes in the correlation between that local flow and 
conditions elsewhere along the migratory path can have 
potentially significant consequences for the success of 
the migration, and ultimately for successful 
reproduction. Determination of true fish-passable 
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events thus requires evaluation of the combined flow 
record along the entire channel network, recognizing 
that adequate flow at one point in the network does not 
guarantee continuous passage between the ocean and 
the headwaters in a highly regulated system. Such 
changes are not captured by generalized or typically 

evaluated hydrologic flow metrics (e.g., Richter and 
Thomas 2007; Vogel et al. 2007; Gao et al. 2009; Poff 
et al. 2010), despite their likely critical importance for 
fish passage in an intermittent Mediterranean-type 
river. 
 

 

 
Figure 9. Opportunities for successful passage are returned to slightly better than pre-dam levels through operational 

modifications at Twitchell Dam (dark green bars) through the modified rule combination. Note that 
flow augmentation designed to meet only a single-day discharge target (light green bars; “naïve”) 
without consideration of multi-day patterns increases both successful and failed passage conditions 
almost equally. 

 
 

Even the spatial distribution of passable flows, 
however, cannot fully identify the key hydrologic 
parameter(s) of greatest importance to the migration of 
steelhead. During a wet hydrologic year, for example, 
do these fish benefit from fewer but longer passage 
windows, or more frequent but shorter ones? Or, is the 
population as a whole best supported by maximizing 
the number of separate years in which such an event 
happens at least once? The existing literature on O. 
mykiss does not answer these questions (NOAA, 2012), 
which has therefore required a more inferential 
approach to their resolution in this study by appeal to 
the historical pre-dam record. We used various metrics 
to evaluate post-dam impairment and hypothetical 

flow-augmentation benefits—aggregate number of 
passage days, number of successful passage events, and 
number of false positives—but we acknowledge the 
present inability to identify the critical parameter(s) of 
greatest importance to steelhead migratory success 
with any certainty. 
 
Despite this ambiguity in the choice of parameters, 
operation of Twitchell Dam has almost certainly 
reduced the number of successful opportunities for 
both upstream and downstream steelhead migration 
along the Santa Maria River. Based on the magnitude 
of documented changes and the migration behavior of 
steelhead, the following alterations to the flow regime 
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as a results of historic dam operation have likely 
imposed the greatest impacts to successful upstream 
and downstream migration, alterations that are likely 
common to all partially regulated river systems 
designed to minimize flow variability or to maximize 
downstream groundwater recharge: 

1. Increased frequency of false positives in the flow 
of the Sisquoc River, cuing downstream smolt 
migration without sufficient discharge in the 
mainstem river downstream to support successful 

passage to the ocean (compare Figures 8a and 
8b). 

2. Reduced overall frequency of downstream 
steelhead-passable conditions (Table 3). 

3. Increased number of days with upstream 
steelhead-passable flows that are not followed by 
at least two additional steelhead-passable flow 
days (Table 4), creating impassable conditions for 
migrating adults. 

 
 
 
Table 4. Comparison of pre-dam and post-dam flow regimes relative to upstream adult passage. Once a fish-passable 
flow has been achieved at the mouth of the river in the post-dam state, the opportunities for a successful conclusion to 
upstream migration (i.e., two more days of flow ≥7.1 m3/s) have been reduced by almost 40% relative to the pre-dam 
state. “Failed” passage attempts now represent almost 40% of all triggered passage events. 
 
 

Pre‐dam
(1941–1961) 

Post‐dam 
(1962–1987) 

# days ≥7.1 m3/s: 7.4 5.2 

# days ≥7.1 m3/s with two more following (successful 
passage):

5.2  3.2 

# days ≥7.1 m3/s WITHOUT two days  
 following (failed passage): 

2.2  2.0 

 
 
 

Any operational changes to an impoundment that 
materially affects the spatial and temporal pattern of 
discharge and infiltration in a dryland river should 
therefore emphasize the avoidance of such conditions. 
We therefore suggest a more generalized set of 
operational goals to support anadromous fish 
populations in such systems:  

G1. Avoid the spatial de-correlation of tributary 
flows in the range of discharges most likely 
to trigger migration. 

G2. Increase the overall frequency of passable 
conditions, commensurate with the changes 
imposed by prior flow regulation; for large 
systems, ensure adequate multi-day passage 
windows. 

G3. Manage flow releases to support a minimum 
continuing duration of fish-passable flows 
once a threshold discharge likely to trigger 
passage has been achieved. 

 
CONCLUSIONS 

Conventional approaches to setting instream flows are 
ill-suited to characterizing or mitigating the impairment 
from certain types of flow regulation on dryland rivers, 
because these approaches do not address whether the 
identified instream flow is reasonable or appropriate 
given the naturally intermittent flow regime, they are 
based on channel geometry assumptions that are 
typically not met in sand-bedded alluvial channels, and 

they do not evaluate passage throughout the critical 
extent of the river network. On the Santa Maria River, 
fortuitous operation of a mainstem gage for two 
decades both before and after closure of a tributary 
dam has permitted the characterization of pre-dam 
flows with respect to both upstream and downstream 
migration of anadromous southern California 
steelhead, and the identification of likely attributes of 
the post-dam flow regime that most critically impede 
successful passage relative to pre-dam levels. Dam 
operations that maximize groundwater recharge and 
minimize through-going flows to the Pacific Ocean 
have modestly reduced the average number of days of 
potential upstream fish passage per year, and they have 
greatly altered the degree to which upstream tributary 
flows provide a reliable indicator of successful 
downstream migration. Metrics of flow magnitude 
alone do not reveal these changes; even ecologically 
based indicators of flow frequency and duration 
previously applied to evaluation of intermittent rivers 
have limited utility in such a setting and do not reveal 
the likely magnitude of impacts. With adequate 
assessment tools and a sufficiently complete record, 
however, a credible strategy based on changes to dam 
operations can be identified to largely recover 
historical passage opportunities without severely 
compromising other management objectives in this 
managed river. 

 



 
- 18- 

 

ACKNOWLEDGEMENTS 
Funding for this work was provided by the California 
Ocean Protection Council under Contract No. 09-079. 
Our thanks to Robert Holmes and Mary Larson 
(California Department of Fish and Wildlife) and Lee 
Harrison and Mark Capelli (National Marine Fisheries 
Service) for their participation on the study’s technical 
coordination team and their important input to the 
study. We also thank Stephnie Wald (Central Coast 
Salmon Enhancement) and Tom Fayram (Santa 
Barbara County Flood Protection District) for their 
engagement in the work, and a special thanks to the 
staff and Board of the Santa Maria Valley Water 
Conservation District for providing full access to their 
operational records in support of the study. 
 

REFERENCES 
Annear T, Chisholm I, Beecher H, Locke A., et al. 2004. Instream 

flows for riverine resource stewardship. Revised edition. Instream 
Flow Council, Cheyenne, Wyoming. 

Bell MC, editor. 1986. Fisheries handbook of engineering 
requirements and biological criteria. Report No. NTIS AD/A167-
877. Fish Passage Development and Evaluation Program, U.S. 
Army Corps of Engineers, North Pacific Division, Portland, 
Oregon. 

Belmar O, Bruno D, Martínez-Capel F, Barquín J, Velasco J. 2013. 
Effects of flow regime alteration on fluvial habitats and riparian 
quality in a semiarid Mediterranean basin. Ecological Indicators 
30: 52-64.  

Bjornn TC, Reiser DW. 1991. Habitat requirements of salmonids in 
streams. Pages 83–138 in WR Meehan, editor. Influences of forest 
and rangeland management on salmonid fishes and their habitats. 
Special Publication No. 19. American Fisheries Society, Bethesda, 
Maryland.  

Bjornn TC, Keniry PJ, Tolotti KR, Hunt JP, Ringe RR, Boggs CT, 
Horton TB, Peery CA. 2003. Migration of adult steelhead past 
dams and through reservoirs in the lower Snake River and into the 
tributaries, 1991–1995. 

Bond N, McMaster D, Reich P, Thomson JR, Lake PS. 2010. 
Modelling the impacts of flow regulation on fish distributions in 
naturally intermittent lowland streams: an approach for predicting 
restoration responses. Freshwater Biology 55: 1997-2010. 

Boughton D, Fish H. 2003. New data on steelhead distribution in 
southern and south-central California. National Marine Fisheries 
Service, Santa Cruz, California. 

Brown RA, Pasternack GB. 2009. Comparison of methods for 
analysing salmon habitat rehabilitation designs for regulated 
rivers. River Research and Applications 25: 745-772. 

Bull LJ, Kirby MJ. 2002. Dryland rivers: hydrology and 
geomorphology of semi-arid channels. John Wiley and Sons Ltd., 
West Sussex, England. 

Cardenas M. 1996. Upper Sisquoc River survey. California 
Department of Fish and Game. 

CDWR (California Department of Water Resources). 2004. Santa 
Maria River Valley groundwater basin. California's Groundwater 
Bulletin 118. California Department of Water Resources, 
Sacramento, California. 
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindes
criptions/3-12.pdf [Accessed 30 November 2011]. 

Dryden RL, Stein JM. 1975. Guidelines for the protection of the fish 
resources of the Northwest Territories during highway 
construction and operation. Technical Report No. CEN/T-75-1. 
Department of the Environment, Fish and Marine Service. 

Elwany MHS. 2011. Characteristics, restoration, enhancement of 
southern California lagoons. Journal of Coastal Research (Spec. 
Issue 59): 246-255. 

Fleckenstein JH, Krause S, Hannah DM, Boano F. 2010. 
Groundwater-surface water interactions: New methods and 
models to improve understanding of processes and dynamics. 
Advances in Water Resources 33: 1291-1295.  

Gao Y, Vogel RM, Krol, CN, Poff NL, Olden JD. 2009. 
Development of representative indicators of hydrologic alteration. 
Journal of Hydrology 374: 136-147. 

Gasith A, Resh VH. 1999. Streams in Mediterranean climate regions: 
Abiotic influences and biotic responses to predictable seasonal 
events. Annual Review of Ecology and Systematics 30: 51-81.  

Grantham TE. 2013. Use of hydraulic modelling to assess passage 
flow connectivity for salmon in streams. River Research and 
Applications 29: 250-267.  

Grantham TE, Merenlender AM, Resh VH. 2010. Climatic 
influences and anthropogenic stressors: An integrated framework 
for streamflow management in Mediterranean-climate California, 
U.S.A. Freshwater Biology 55 (SUPPL. 1): 188-204.  

Grantham TE, Mezzatesta M, Newburn DA, Merenlender AM. 2013. 
Evaluating tradeoffs between environmental flow protections and 
agricultural water security. River Research and Applications 
(Article in Press).  

Grantham TE, Newburn DA, McCarthy MA, Merenlender AM. 
2012. The role of streamflow and land use in limiting oversummer 
survival of juvenile steelhead in California streams. Transactions 
of the American Fisheries Society 141: 585-598.  

Greene CW. 1911. The migration of salmon in the Columbia River. 
Pages 131–147 in Bulletin of the Bureau of Fisheries. Volume 
1909. Department of Commerce and Labor, Washington, D.C. 

Harrelson CC; Rawlins CL; Potyondy JP. 1994. Stream channel 
reference sites: an illustrated guide to field technique. Gen. Tech. 
Rep. RM-245. Fort Collins, CO: U.S. Department of Agriculture, 
Forest Service, Rocky Mountain Forest and Range Experiment 
Station. 61 pp. 

Hatfield T, Bruce J. 2000. Predicting salmonid habitat-flow 
relationships for streams from western North America. North 
American Journal of Fisheries Management 20: 1005-1015. 

Jacobs, D. K., E. D. Stein, T. Longcore. 2011. Classification of 
California estuaries based on natural closure patterns: templates 
for restoration and management. Southern California Coastal 
Water Research Project, Technical Report 619a. 

Kennard MK, Pusey BJ, Olden JD, Mackay SJ, Stein JL, March N. 
2009. Classification of natural flow regimes in Australia to 
support environmental flow management. Freshwater Biology 
55(1): 171-193. 

Kondolf GM, Larsen EW, Williams JG. 2000. Measuring and 
modeling the hydraulic environment for assessing instream flows. 
North American Journal of Fisheries Management, 20 (4), pp. 
1016-1028. 

Kondolf GM, Podolak K, Grantham TE. 2012. Restoring 
mediterranean-climate rivers. Hydrobiologia: 1-19. Article in 
Press.  

Lough MJ. 1981. Commercial interceptions of steelhead trout in the 
Skeena River—radio telemetry studies of stock identification and 
rates of migration. Skeena Fisheries Report #80-01. British 
Columbia Fish and Wildlife Branch, Smithers, B.C. 

Mosley MP. 1982. Critical depths for passage in braided rivers, 
Canterbury, New Zealand. New Zealand Journal of Marine 
Freshwater Research 16: 351–357. 

NOAA Fisheries (NOAA National Marine Fisheries Service). 2012. 
Southern California steelhead recovery plan. Prepared by the 
Southwest Regional Office, Protected Resources Division, 
National Marine Fisheries Service, Long Beach, California. 



 
- 19- 

 

NWS CPC (National Weather Service Climate Prediction Center). 
2010. Cold and warm episodes by season. 
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso
stuff/ensoyears.shtml 

Poff NL, Richter BD, Arthington AH, Bunn SE, Naiman RJ, Kendy 
E, Acreman M, Apse C, Bledsoe BP, Freeman MC, Henriksen J, 
Jacobson RB, Kennen JG, Merritt DM, O'Keeffe JH, Olden JD, 
Rogers K, Tharme RE, Warner A. 2010. The ecological limits of 
hydrologic alteration (ELOHA): A new framework for developing 
regional environmental flow standards. Freshwater Biology 55: 
147-170. 

Poff NL, Zimmerman JKH. 2010. Ecological responses to altered 
flow regimes: A literature review to inform the science and 
management of environmental flows. Freshwater Biology 55: 
194-205.  

Powers PD, Orsborn JF. 1985. Analysis of barriers to upstream fish 
migration: an investigation of the physical and biological 
conditions affecting fish passage success at culverts and 
waterfalls. Contract DE-A179-82BP36523, Project No. 82-14. 
Prepared by Albrook Hydraulics Laboratory, Department of Civil 
and Environmental Engineering, Washington State University, 
Pullman for Bonneville Power Administration, Portland, Oregon. 

Principato G, Viggiani G. 2009. Hydrologic alteration assessment in 
Mediterranean rivers: Perspective from a South Italy case study. 
International Journal of River Basin Management 7: 365-377.  

Richter BD, Thomas, GA. 2007. Restoring environmental flows by 
modifying dam operations. Ecology and Society 12: 12. [online] 
URL: http://www.ecologyandsociety.org/vol12/iss1/art12/ 

Shapovalov L. 1944. Preliminary report on the fisheries of the Santa 
Maria River system, Santa Barbara, San Luis Obispo, Ventura 
Counties, California. Bureau of Fish Conservation, California 
Division of Fish and Game. 

Shapovalov L. 1945. Report on relation to maintenance of fish 
resources of proposed dams and diversions in Santa Barbara 
County, California. Bureau of Fish Conservation, California 
Division of Fish and Game. 

Spence BC, Lomnicky GA, Hughes RM, Novitzki RP. 1996. An 
ecosystem approach to salmonid conservation. Draft Report No. 
TR-4501-96-6057. ManTech Environmental Research Services 
Corporation, Corvallis, Oregon. 

Stalnaker C, Lamb BL, Henrikson J, Bovee K, Bartholow J. 1995. 
The instream flow incremental methodology: a primer for IFIM. 
Biological Report 29, March 1995. US Department of the Interior, 
National Biological Service, Washington, D.C. 

Stillwater Sciences. 2012. Santa Maria River Instream Flow Study: 
flow recommendations for steelhead passage. Prepared for 
California Ocean Protection Council, Oakland, California and 
California Department of Fish and Game, Sacramento, California. 
Available at http://www.opc.ca.gov/2009/05/instream-flow-
analysis-santa-maria-river/. 

Stoecker M. 2005. Sisquoc River steelhead trout population survey, 
Fall 2005. Prepared by Stoecker Ecological for Community 
Environmental Council and California Department of Fish and 
Game. 

SYTRAC (Santa Ynez River Technical Advisory Committee). 1999. 
Adult steelhead passage flow analysis for the Santa Ynez River. 
Prepared by SYTRAC, Santa Barbara, California for the Santa 
Ynez River Consensus Committee, Santa Barbara, California. 

Thompson K. 1972. Determining stream flows for fish life. Pages 
31–50 in Proceedings of the instream flow requirement workshop. 
Pacific Northwest River Basin Commission, Vancouver, 
Washington. 

Titus R, Erman D, Snider W. 2010. History and status of steelhead in 
California coastal drainages south of San Francisco Bay. In draft 
for publication in Fish Bulletin. California Department of Fish and 
Game. 

TMA and MNS (Twitchell Management Authority and MNS 
Engineers, Inc.). 2010. Twitchell Project Manual, 23 April 2010. 
Prepared in cooperation with the Santa Maria Valley Water 
Conservation District, Santa Maria, California. 

Vogel RM, Sieber J, Archfield SA, Smith MP, Apse CD, Huber-Lee 
A. 2007. Relations among storage, yield, and instream flow. 
Water Resources Research 43: art. no. W05403. 

Webb PW. 1975. Hydrodynamics and energetics of fish propulsion. 
Bulletin of the Fisheries Research Board of Canada 190: 159. 

Worts GF Jr. 1951. Geology and ground-water resources of the Santa 
Maria Valley Area, California. US Geological Survey Water-
Supply Paper 1000. 




