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ABSTRACT

Alteration of natural flow regimes is generally acknowledged to have negative effects on native biota; however, methods for
defining ecologically appropriate flow regimes in managed river systems are only beginning to be developed. Understanding
how past and present water management has affected rivers is an important part of developing such tools. In this paper, we
evaluate how existing hydrologic infrastructure and management affect streamflow characteristics of rivers in the Central Valley,
California and discuss those characteristics in the context of habitat requirements of native and alien fishes. We evaluated the
effects of water management by comparing observed discharges with estimated discharges assuming no water management
(‘full natural runoff’). Rivers in the Sacramento River drainage were characterized by reduced winter–spring discharges and
augmented discharges in other months. Rivers in the San Joaquin River drainage were characterized by reduced discharges in all
months but particularly in winter and spring. Two largely unaltered streams had hydrographs similar to those based on full
natural runoff of the regulated rivers. The reduced discharges in the San Joaquin River drainage streams are favourable for
spawning of many alien species, which is consistent with observed patterns of fish distribution and abundance in the Central
Valley. However, other factors, such as water temperature, are also important to the relative success of native and alien resident
fishes. As water management changes in response to climate change and societal demands, interdisciplinary programs of
research and monitoring will be essential for anticipating effects on fishes and to avoid unanticipated ecological outcomes.
Published in 2009 by John Wiley & Sons, Ltd.
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INTRODUCTION

There is wide consensus among aquatic ecologists that alteration of natural flow regimes often results in negative

effects on native biota (e.g. Williams et al., 1993; Webb et al., 1999; Pringle et al., 2000; Moyle and Mount, 2007).

Studies around the world have clearly shown the importance of natural flow regimes in maintaining the condition of

rivers, floodplains and estuaries (Arthington et al., 1992; Sparks, 1995; Walker et al., 1995; Poff et al., 1997; Bunn

and Arthington, 2002; Poff et al., 2007). In addition, it has been well established that degradation of river

ecosystems can have negative effects on the ecosystem services that humans expect to derive from rivers, including

commercial, recreational and subsistence fisheries, water purification, flood storage, recreation and aesthetic values

(Postel and Richter, 2003; Richter et al., 2003; Annear et al., 2004). Despite the acceptance of the ‘natural flow-

regime paradigm’ (Richter et al., 1996; Poff et al., 1997; Lytle and Poff, 2004; Poff et al., 2006a), tools for defining

and implementing ecologically appropriate flow regimes in managed river systems are only now being developed

(Arthington et al., 2006; Kondolf et al., 2007; Mathews and Richter, 2007; Richter and Thomas, 2007). This

interface between water management and maintenance of aquatic resources represents a difficult challenge to

resource managers (Postel, 1996, 2000; Jackson et al., 2001).

An integral part of the strategy for meeting this challenge is to understand how past and present water

management has affected the flow regime of river ecosystems and how the resulting flow regimes have affected

aquatic biota (e.g. Poff et al., 2007). The Central Valley of California (Figure 1) provides an excellent opportunity
*Correspondence to: Larry R. Brown, U.S. Geological Survey, Placer Hall, 6000 J Street, Sacramento, CA 95819-6129, USA.
E-mail: lrbrown@usgs.gov
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Figure 1. Study basins in the (A) Sacramento River drainage system, including the Cosumnes River, and (B) San Joaquin drainage system
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STREAMFLOW CHARACTERISTICS OF CENTRAL VALLEY RIVERS
to evaluate the effects of water management on flow regime. The Central Valley encompasses two large river

drainages, the Sacramento River drainage to the north and the San Joaquin River drainage to the south. These

drainages include about 40% of surface area of California but collect about 50% of the surface runoff. An extensive

system of hydrologic infrastructure, including dams, reservoirs, diversions and aqueducts, not only supports

extensive agricultural and municipal uses within the Central Valley but provides drinking water to many areas of

densely populated California (Mount, 1995; CALFED, 2007; Lund et al., 2007). In total, the system provides water

to about 25 million Californians and supports a multi-billion dollar agricultural economy.

Water development in the Central Valley has had widespread effects on aquatic resources of which fish

populations are the best studied. Dam construction has isolated anadromous fish populations from large portions of

their historical spawning habitat (Yoshiyama et al., 2001) with negative effects on population structure (Schick and

Lindley, 2007). Hydrologic infrastructure, used as a surrogate for water management, has been associated with the

success of introduced fishes, which compete with and prey on native fishes (Light and Marchetti, 2007). Restoration

of flows has been associated with recovery of native fishes (Marchetti and Moyle, 2001). May and Brown (2002)

suggested that different strategies of water management in the Sacramento and San Joaquin drainages had different

outcomes for native species. The rivers in the San Joaquin River drainage are generally managed for water

diversions into canal systems, which seem to favour introduced fishes (Brown, 2000; Brown and Ford, 2002). The

rivers in the Sacramento River system are generally managed for in-channel water delivery to large diversion

pumps in the Sacramento-San Joaquin Delta. These operations seem to aid in maintenance of native fish

populations in the freshwater river channels (May and Brown, 2002); however, there is evidence for some negative

effects in the Delta (Sommer et al., 2007). Thus, it is clear that flow regime is important to California fish

communities but the discussion of this relationship has remained general. The main reason for lack of detail is that

no comprehensive assessment of the ecological implications of flow regime exists for California river systems.

The purpose of this paper is to provide an ecologically-oriented assessment of the streamflow characteristics of

selected Central Valley rivers. We include four major rivers in the Sacramento River system (American, Yuba,

Feather and Sacramento), three major rivers in the San Joaquin River system (San Joaquin, Tuolumne and

Stanislaus) and two of the largest remaining undammed streams in the Central Valley (Deer Creek and Cosumnes

River) (Figure 1). We use the Indicators of Hydrologic Alteration (IHA) software (TNC, 2007) to address our

primary question: How does the existing hydrologic infrastructure and management affect the streamflow

characteristics of each river compared to natural flows? We also interpret these results in the context of existing

knowledge of how native and alien fishes respond to streamflow characteristics.
METHODS

Our basic approach was to compare estimates of ‘full natural runoff’ (FNR) with measured streamflow (observed;

OBS) for the time period after completion of the most recent major unpassable downstream dam (Table I). We

chose this comparison to avoid potential problems with before–after dam construction comparisons, such as

variability associated with climate oscillations like the Pacific Decadal Oscillation or ongoing climate change

(Barnett et al., 2008). We obtained estimates of FNR for the rivers of interest through the late 1990s from a data set

prepared by the National Weather Service for a comprehensive study of river infrastructure conducted by the U.S.

Army Corps of Engineers (2002). Data through 2006 were obtained from the California Data Exchange Center

(CDEC; http://cdec.water.ca.gov/). Observed flow data were generally obtained from USGS gauges (Table I).

Estimates of FNR are calculated based on a number of measurements from the upper watershed, including

precipitation, gauge records and reservoir levels. Basically, inflows from precipitation are adjusted for water

storage, water diversions and reservoir releases to estimate flows in the absence of such manipulation (CDEC;

http://cdec.water.ca.gov/). These estimates should not be interpreted as ‘true’ unimpaired historical streamflows

because the reconstructions do not account for changes in the historic channel configuration (e.g. loss of side

channels) or changes in land use (e.g. deforestation, agriculture).

On the Feather River, we incorporated OBS data from the California Department of Water Resources, which we

obtained from CDEC for water years 1999 to the present (a water year starts on 1 October of the previous year and

ends on 30 September) because the USGS gauge was discontinued. We calculated a regression for a period of
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Table II. Selected flow variables and definitions (see TNC, 2007 for details) used in this paper. Criteria for flow events (floods,
pulses and extreme low flows) are based on values derived from the full natural runoff (FNR) data record

Variable Definition

Annual mean daily discharge� Mean of daily discharge.
Flow predictability� Ranges from 0 (low predictability) to 1 (high predictability). The sum of

constancy (C), a measure of temporal invariance and contingency (M),
a measure of periodicity. See Colwell (1974) for details.

Constancy/predictability� C/(CþM), the proportion of predictability due to constancy.
Flood free season� Number of days in the longest period common to all water years when

flows are at or below the 75th percentile of the FNR data record in
every year.

30-day minimum flow (m3 s�1)y Minimum of 30-day running average of daily flows.
30-day maximum flow (m3 s�1)y Maximum of 30-day running average of daily flows.
Baseflowy Minimum 7-day running average of daily flows/annual mean flow for year.
High pulse frequencyy Frequency of flow events with flows greater than the 75th percentile of the

FNR data record.
High pulse duration (d)y Duration in days of high flow pulses.
Low pulse frequencyy Frequency of flow events with flows less than the 25th percentile of the FNR

data record.
Low pulse duration (d)y Duration in days of low flow pulses.

�These values are calculated for the entire period of record.
yThese values are calculated for each water year.

STREAMFLOW CHARACTERISTICS OF CENTRAL VALLEY RIVERS
overlap between 1 January 1993 and 30 September 1998. The state gauge gave slightly lower readings (State

gauge¼ 0.92�USGS gauge, r2¼ 0.98). We did not correct the state readings for this analysis but keep the

discrepancy in mind when interpreting results.

We analysed flow records using the IHA software. These analyses were conducted using the default

nonparametric option analyses built into the software. We concentrated our analyses on variables at time scales of

monthly or longer (Table II), because estimates of FNR can vary somewhat from day to day, especially during low

flow periods when measurement error can be large relative to estimated values. During the summer low flow period,

FNR is sometimes estimated as a small negative number due to errors in measurements such as reservoir volumes.

All such values were converted to zeros for analyses. We compared values of our selected flow variables between

the FNR and OBS time periods using the nonparametric Mann–Whitney U test.

We selected a number of fish species as representative of native anadromous, native resident and alien resident

fishes commonly occurring in the rivers analysed in this study (Table III) (Brown, 2000; Marchetti and Moyle,

2001; Brown and Ford, 2002; May and Brown, 2002; Moyle, 2002). Although the environmental tolerances and

habitat utilization of the adults of these species often broadly overlap (Brown and Moyle, 1993, 2005; Moyle,

2002), the spawning requirements of the species are fairly specialized and it has been hypothesized that relative

spawning success is a major factor determining the relative population sizes of native and alien species (Marchetti

and Moyle, 2000; Brown and Ford, 2002). Therefore, we compiled information on spawning characteristics of each

species and discuss observed hydrologic changes in the context of species spawning success.

RESULTS

The rivers we examined varied widely in drainage area and reservoir storage capacity (Table I). Except for the Yuba

River and the San Joaquin River, the downstream dam of interest in this study added significant storage capacity to

the system (Table I). Differences in water management in the Sacramento and San Joaquin drainages are clearly

shown by differences in annual mean daily discharge (Table IV). In the Sacramento drainage, annual mean daily

discharge for the OBS data was within 20% of the FNR value for all the rivers. In the San Joaquin River drainage,

annual mean daily discharge for the OBS data was 33–52% of the FNR data.

Flow predictability (constancyþ periodicity) did not exhibit large differences between the FNR and OBS data;

however, there were larger differences in the constancy/predictability ratio between the FNR and OBS data. The
Published in 2009 by John Wiley & Sons, Ltd. River. Res. Applic. (2009)
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Table IV. Values for selected hydrologic parameters calculated for estimated full natural runoff (FNR) and observed (OBS)
flows

Flow record Annual mean
daily discharge

(m3 s�1)

Flow
predictability

Constancy/
predictability

Flood-free
season (d)

FNR OBS FNR OBS FNR OBS FNR OBS

Sacramento River drainage
Sacramento River above Bend
Bridge near Red Bluff

1945–2006 351 352 0.53 0.61 0.76 0.85 70 23

Feather River near Gridley 1968–2006 167 135 0.35 4.42 0.48 0.80 99 39
Yuba River near Marysville 1944–2006 79 69 0.36 0.30 0.43 0.60 17 66
American River at Fair Oaks 1957–2006 108 106 0.35 0.44 0.39 0.82 35 23
Deer Creek near Vina 1921–2006 na 9 na 0.44 na 0.71 na 86

San Joaquin River drainage
Stanislaus River below Goodwin
Dam near Knights Ferry

1979–2006 48 23 0.36 0.39 0.47 0.74 19 85

Tuolumne River below LaGrange
Dam near La Grange

1972–2006 75 28 0.36 0.28 0.39 0.53 22 49

San Joaquin River below Friant 1944–2006 70 23 0.38 0.35 0.43 0.67 26 111
Mokelumne River drainage

Cosumnes River at Michigan Bar 1908–2006 na 14 na 0.35 na 0.33 na 94

STREAMFLOW CHARACTERISTICS OF CENTRAL VALLEY RIVERS
greater values for the OBS data indicate that a greater portion of predictability is due to constancy of flow. The

flood-free season was generally shorter for the OBS data in the Sacramento River drainage rivers, except for

the Yuba River, and was longer for the OBS data in the San Joaquin River drainage.

Patterns in monthly flow were very different between the FNR and OBS data for all streams in the Sacramento

River drainage (Figure 2). In general the hydrograph was flattened. Winter–spring high discharges, generally March
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Figure 2. Median monthly discharge for estimated full natural runoff (open bars) and observed flow (filled bars) for rivers in the Sacramento
River drainage. Statistically significant differences are indicated by asterisks (�, p< 0.05, ��, p< 0.01). Key to boxplots: median, horizontal line;

box, 25th and 75th percentiles; whiskers, range
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through May, were reduced by dam operations. Discharges in the remaining months were augmented or unchanged.

In the Feather River, significant declines also occurred in January and February (Figure 2).

Patterns in monthly discharge were also very different between FNR and OBS data for all streams in the San

Joaquin River drainage (Figure 3). In contrast to the rivers in the Sacramento River drainage, the OBS data were

characterized by water withdrawal from the system. Median monthly OBS flows were similar to or less than FNR
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Figure 3. Median monthly discharge for estimated full natural runoff (open bars) and observed flow (filled bars) for rivers in the San Joaquin
River drainage. Statistically significant differences are indicated by asterisks (�, p< 0.05, ��, p< 0.01). Key to boxplots: median, horizontal line;

box, 25th and 75th percentiles; whiskers, range
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STREAMFLOW CHARACTERISTICS OF CENTRAL VALLEY RIVERS
flows in almost every comparison. There was a slight but statistically significant augmentation in October in the

Tuolumne River. The largest differences in median discharge occurred in April, May and June.

Patterns for monthly flow for the two undammed streams (Figure 4) are most similar to the FNR data for the

Sacramento and Feather Rivers (Figure 2). Highest flows occurred in February, March and April for these rivers

with high flows extending through May. The other rivers tended to have their highest flows several months later in

April, May or June. Low flows in Deer Creek approached zero and surface water flow ceased in the Cosumnes River

in some years.

Values for the selected IHA statistics differed between FNR and OBS data in almost all cases (Table V). The 30-

day minimum flow was always greater for the OBS data than for the FNR data in the Sacramento River drainage

rivers. This variable was lower or unchanged for OBS data compared to FNR data in the San Joaquin River drainage

rivers. The 30-day maximum flow was typically lower for the OBS data than for the FNR data in the Sacramento

River drainage, although the changes were not always statistically significant (Table V). Differences were much

greater in the San Joaquin River drainage with OBS values of 28% or less of FNR values.

The augmentation of low flows during the natural low flow period of the late fall and early winter resulted in an

elevated baseflow index for all the rivers analysed (Table V). This difference is obvious in the monthly median flows

for Sacramento River drainage rivers (Figure 2). In the San Joaquin River drainage rivers, the difference is due to

required minimum flows during periods when FNR data have minimal or zero flow. The median number of low flow

pulses (flows< 25th percentile) and high flow pulses (flows> 75th percentile) were less in the OBS data compared

to the FNR data for all rivers. The median duration of low flow pulses was greater in all rivers in the OBS data

compared to the FNR data. The median duration of high flow pulses was also greater in the OBS data compared to

the FNR data in the San Joaquin River drainage rivers and in the Feather and American Rivers in the Sacramento

River drainage. There was no statistically significant difference between FNR and OBS data in high flow pulse

duration in the Sacramento River or Yuba River (Table V).
DISCUSSION

Although the magnitude of median monthly flows varied tremendously among the different rivers, FNR

hydrographs were very similar in form. Late summer to early winter flows were uniformly low, increased later in the

winter and peaked during snow melt in April or May. Flows declined rapidly from the peak through June and July.
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STREAMFLOW CHARACTERISTICS OF CENTRAL VALLEY RIVERS
The effects of water management on this natural hydrograph varied from river to river but the general results were

very different in the Sacramento and San Joaquin River drainages.

In the Sacramento River drainage, where in-channel water deliveries to the Sacramento San Joaquin Delta are the

primary water management activity, rivers were characterized by a flattened hydrograph in the OBS data. Spring

discharges were lower for OBS data compared to the FNR data. Conversely, late summer and fall discharges were

augmented in the OBS data. Despite the changes in timing of discharge, annual mean discharge did not change

appreciably. From the standpoint of the life history characteristics of the fish species of interest, the augmented

summer flows in the Sacramento River drainage would be a disadvantage to the alien resident species that prefer

spawning habitat with little or no flow (Table III). Presumably, the high summer discharges would minimize the

availability of low velocity habitat, and the range of summer variability suggests that the availability of such habitat

would vary from year to year. For native species, the reduced spring discharges likely limit the availability of riffle

spawning habitat in relation to historical conditions and reduce any spawning cues from rising or falling

hydrographs, but the flattened hydrograph probably maintains the existing spawning habitat for longer into the

summer. However, the utilization of such spawning habitat would also depend on temperature conditions

(Table III). The major exception to the pattern is the Yuba River, which has minimal storage capacity compared to

the other dammed rivers. The Yuba River hydrograph was very similar to the undammed Deer Creek hydrograph.

In the San Joaquin River drainage, rivers were characterized by water diversions into canal systems. River

discharges were much lower in the OBS data compared to the FNR data, particularly during months of spring

snowmelt. However, in contrast to the Sacramento River drainage, summer discharges were not augmented. The

dominance of low discharge through much of the year likely provides better environmental conditions for alien

species compared to the Sacramento River drainage. For example, the large reductions in spring discharge would

limit the availability of the moving water habitats favoured for spawning by native species. The low flows for much

of the spring, summer and fall occur during a period of high air temperatures and likely promote warmer water

temperatures, which would favour the alien species.

These inferences regarding fish responses to altered hydrographs are consistent with previous work resulting

from studies addressing particular rivers (e.g. Marchetti and Moyle, 2001; Brown and Ford, 2002) or studies of

more than one river (Brown, 2000; May and Brown, 2002) over relatively short timescales (1–3 years). These

studies basically show that native resident species make up a larger proportion of the stream fish assemblage

compared to alien resident species during years of higher flow. Marchetti and Moyle (2001) documented increased

populations of native fishes at downstream sites in Putah Creek, a Sacramento River drainage stream, after changes

in water management provided increased flows, especially during spring. Brown (2000) documented dominance of

resident alien species in rivers of the San Joaquin River drainage at the end of a 5-year drought but recent surveys on

the Merced River suggest that native resident species have increased since the drought ended (Stillwater Sciences,

2008). Similarly, Brown and Ford (2002) documented the decline of resident native fishes in the Tuolumne River,

during the drought and their recovery when the drought ended.

Although results from previous studies have been useful in developing a conceptual understanding of the

responses of native and alien resident fishes to flow (Brown and Moyle, 2005), there are no comprehensive, state-

wide long-term monitoring programs for resident fishes in California, making it difficult to determine if such

patterns are stable over time and space either within a single river or among rivers. There is also a lack of process-

oriented studies to establish the mechanisms associated with fluctuations in fish assemblage composition. Although

we believe we make a strong argument for the importance of differential spawning success, it is likely that other

ecological interactions are also important. Differences in flow regime affect availability of habitat for juvenile and

adult fishes. Competition and predation may also be important. Predation of alien species on native species is

commonly inferred to be important in California streams (Moyle, 2002; Brown and Moyle, 2005) with some

support from focused research (e.g. Brown and Moyle, 1991; Brown and Brasher, 1995; Gard, 2004). Developing

useful management strategies and documenting the results of such strategies will require long-term research and

monitoring conducted in a framework of adaptive management (Richter and Thomas, 2007; Souchon et al., 2008).

While analyses of flow regimes are critical to developing our understanding of the effects of water management

on biotic resources, other factors are also important. We know that temperature is important, especially for

anadromous salmonids (Moyle, 2002). The resident native and alien species also have different temperature

requirements (Table III) that likely influence their relative success (Brown and Ford, 2002). For example, a reach of
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the Feather River with a relatively low, steady discharge of cold water is able to maintain populations of native

fishes, including salmonids, while downstream reaches with augmented flow but warmer water temperatures

support a mix of native and alien fishes (Seesholtz et al., 2004). In unaltered California rivers, flow and temperature

covary seasonally, but the installation of temperature control devices that release water from selected depths in a

reservoir or other infrastructure have disconnected temperature and flow. Water temperature management through

controlled release of water of different temperatures from different depths in a reservoir has become a key feature of

managing anadromous salmonids in the Sacramento River drainage. Such temperature management may help or

hinder resident native fishes. For example, the Sacramento River downstream of Shasta Reservoir is managed to

provide cold water to winter-run Chinook salmon throughout the summer. This management strategy likely favours

native residents that can spawn at cooler temperatures. The interactions among flow, land use and geomorphology

to provide different habitat features is also likely important (Poff et al., 2006b), but this is largely unstudied in

regulated California rivers except in relation to Chinook salmon. Such interactions will affect the availability of low

flow habitats favoured by most alien species presently occurring in Central Valley rivers.

The ‘natural flow-regime paradigm’ (Richter et al., 1996; Poff et al., 1997; Lytle and Poff, 2004; Poff et al.,

2006a), has generally been considered as appropriate for California streams. Deer Creek, a tributary to the

Sacramento River without a major dam, has largely maintained a native fish community (Baltz and Moyle, 1993).

Baltz and Moyle (1993) suggest that the natural flow regime and associated environmental conditions are more

favourable for native species than for alien species. However, there is increased recognition that this view may be

too simplistic. Propst et al. (2008) studied the Gila River, a relatively unaltered arid southwest US stream and found

that natural low flows promoted expansion of alien species, which compromised persistence of native fish

assemblages. They concluded that natural flow regimes were important for the conservation on native fish

assemblages but only if alien predators and competitors are actively removed or excluded. A recent study in the

Cosumnes River, the largest undammed river in the Central Valley, found the system to be highly invaded by redeye

bass Micropterus coosae (Moyle et al., 2003). Stream reaches with large numbers of redeye bass had few native

fishes, suggesting that absence of large dams alone is not sufficient to guarantee persistence of native species. Given

that restoring a natural flow regime may not benefit native fishes when alien fishes are present, it may be possible to

target specific hydrologic conditions to favour native species, irrespective of whether those conditions are natural.

Richter and Thomas (2007) suggest that substantial ecological benefits can be derived by modifying dam operations

to mimic key aspects of the natural flow regime in situations where the full natural flow regime cannot be restored.

In California and elsewhere, a major impediment to developing river management strategies is the paucity of data

on the linkages between hydrologic modification and biological responses (Pringle et al., 2000; Arthington et al.,

2006; Murchie et al., 2008). Previous studies of the hydrology of Central Valley rivers have not generally focused

on biotic effects of hydrologic changes. Previous work has focused instead on geomorphic effects, particularly

sediment transport, or changes in amount and timing of runoff and potential downstream effects of that runoff, often

in relation to climate change (Mount, 1995; Dettinger and Cayan, 2003; Knowles and Cayan, 2004; Knowles et al.,

2006; Singer, 2007). Useful biological metrics and modelling approaches are being developed (Kennen et al., 2008;

Konrad et al., 2008; Murchie et al., 2008); however, local and regional monitoring data are needed to calculate the

metrics or apply approaches to understand the responses of local systems to hydrologic modification (Arthington

et al., 2006) and develop appropriate management strategies.

In recent years, numerous studies have addressed impending changes in water supply and water management in

relation to climate change and growing human demand (e.g. Gordon et al., 2008; Palmer et al., 2008). In turn,

hydrologic alterations will occur that will likely have major effects on biodiversity of native aquatic species.

Barnett et al. (2008) indicate that climate change has already had major effects on the hydrological cycle in the

western United States, including California. California governmental agencies are beginning to consider effects on

water supply and water management. The present challenge is to not only assess how climate change might affect

timing and quantity of runoff but to understand how those changes will affect water management (e.g. reservoir

operations) and how the resulting hydrology and associated environmental conditions will affect populations of

organisms and their habitats.

It would seem prudent to invest similar effort in understanding biological responses to a variety of factors

resulting from climate change, including water management driven changes in hydrologic regime, water

temperature and geomorphic habitat changes. We stress that such considerations should be holistic. Water
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management in the Central Valley is complex, with water delivered from Sacramento River reservoirs to diversion

pumps in the Sacramento–San Joaquin Delta at the confluence of the Sacramento and San Joaquin Rivers. Thus,

changes in water management can affect hundreds of kilometres of river habitat. The effects of such changes should

be evaluated for the entire ecosystem rather than selected species of management interest (e.g. Chinook salmon). In

California, and elsewhere in the world, integrated, interdisciplinary programs of monitoring, research, and

monitoring will be essential to avoiding unanticipated ecological outcomes as water is managed for human needs

(Arthington et al., 2006; Poff et al., 2007; Murchie et al., 2008).
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