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EXECUTIVE SUMMARY
This annual report summarizes the monitoring of aquatic Management Indicator Species (MIS)
on the national forests of the Sierra Nevada Province (Eldorado, Inyo, Lassen, Modoc, Plumas,
Sequoia, Sierra, Stanislaus, and Tahoe national forests and the Lake Tahoe Basin Management
Unit). Aquatic macroinvertebrates have been designated as the aquatic MIS for both lotic (stream
and river) and lentic (lake) habitats of the Sierra Nevada region because they are known to be
sensitive to natural disturbances and land management activities that may impact water quality.
Samples of stream and lake aquatic macroinvertebrates were collected from randomly selected
sites throughout the Sierra Nevada Province national forests from 2009-2012. Thus far 50
samples have been collected from streams and rivers, and an additional 10 have been collected
from lakes. At least 290 distinct macroinvertebrate species have been identified from flowing
water samples and 114 from lake samples. Collections of periphyton algae, both diatoms and
soft-bodied, were made in 2009-10 and 220 algal taxa have been recognized.
Stream MIS biological data were available from 21 sites collected from 2009-10 and evaluated
using two models: RIVPACS Observed-to-Expected ratio and western Sierra hydropower Index
of Biotic Integrity (IBI). An additional aquatic macroinvertebrate data set was available from
the State’s Perennial Stream Assessment (PSA) program, which allowed for a more robust
analysis with a larger sample size. Both programs have used the same probabilistic sampling
design, which allowed for a pooling of the data from both programs. The State Perennial Stream
Assessment (PSA) program provided 53 samples from all 10 national forests based on a random
site selection process from 2000-2010.
For the combined MIS-PSA data set of 74 samples, 78 percent of the perennial stream miles
in the Sierra Nevada forests scored in the excellent-to-good category, meaning they were in
reference condition, comparable to the least disturbed streams in the region. A majority of 54
percent of all perennial stream miles assessed were considered to be in excellent condition. This
compares to an estimate of 65 percent of stream distance in reference condition for the Sierra
Ecoregion from the latest report from the State’s Perennial Stream Assessment (PSA) program
(Ode et al. 2011).

Introduction
The Clean Water Act mandates the maintenance and restoration of the physical, chemical and
biological integrity of the nation’s waters. Historically, physical and chemical standards have
been emphasized at the expense of biological standards because they are less complicated to
measure and interpret than a biological standard, which may involve evaluation of the relative
abundance of dozens of species. Under the auspices of the EPA’s Environmental Monitoring
and Assessment Program (EMAP), biological standards have been established in some states
and regions for both aquatic macroinvertebrates, which include aquatic insects, snails and other
aquatic invertebrates, and freshwater algae, both diatoms and soft-bodied forms like blue-green
algae. The process of collecting macroinvertebrates and determining water quality conditions is
referred to as bioassessment. In California, the tools necessary to analyze bioassessment data
are now well developed for aquatic macroinvertebrates (Ode and Schiff 2009), but techniques
to evaluate algal data from stream surveys are still under development (Fetscher et al. 2009).
Therefore, this section will emphasize interpretation of data for macroinvertebrates and not
algae, which will only be discussed in general terms.
Benthic or bottom-dwelling macroinvertebrates have been utilized to monitor water quality
in California and the entire country for many years (Resh 1979, Karr 1991, Resh and Jackson
1993, Ode et al. 2011, Rehn 2009, EPA 2006, 2009, 2011). Bioassessment is typically based
upon variable sensitivities and abundances of dozens of species, and condition is determined by
comparison to a reference condition standard (Ode and Schiff 2009). The standard for evaluation
is the degree to which the benthic community deviates from what would be expected in
undegraded, reference streams of the same type. Stream types (e.g. hot, dry, flashy vs. cold, wet,
snowmelt-dependent flows) are determined by local climate, primarily measured as prevailing
temperature, precipitation and flow dynamics.
Benthic macroinvertebrates are comprised of a great variety of aquatic insects, mollusks,
and crustacean (shrimps, crayfish, etc.) and a typical stream invertebrate community may be
comprised of hundreds of species. They are appropriate as aquatic indicator species because they
are sensitive to changes in water quality and habitat (Hawkins et al. 2000, Ode et al. 2005, Rehn
2009, EPA 2009). Aquatic factors of particular importance that determine the composition of
aquatic communities are magnitude and timing of flow, substrate size and composition, water
chemistry and temperature, bank stability, and riparian conditions (Karr et al. 1986, Karr 1991,
Poff et al. 1997, 2002).

Methods
To assess the biological water quality of streams, rivers and lakes in the Sierra Nevada national
forests, and reach statistically valid conclusions about the overall quality of biological water
resources on these forests requires considerable sampling effort because of the sheer size (more
than 4 million hectares or 10 million acres) and highly variable topography. This broad-scale
assessment is possible by application of a design based on probabilistic sampling (Stevens and
Olsen 2003, 2004, Olsen 2008a, b), which is basis for monitoring in the Sierra Nevada national
forests. Examples of such probabilistic monitoring plans are provided by State of California’s
Perennial Stream Assessment (PSA) program (Ode et al. 2011) and Clean Water Act 305(b)
Report (SWAMP 2006) assessing the state of the States waters. EPA EMAP’s stream and lake
monitoring program, currently known as the National Aquatic Resources Survey (NARS), has
also been applied across the entire contiguous United States (EPA 2006, 2009).
Since the State’s PSA and the Forest Service’s Management Indicator Species (MIS) monitoring
programs both utilize a probabilistic sampling with common design features, it was possible to
combine the data from both programs to form a more robust evaluation. Stream and river sites
were chosen from the National Hydrography Database (NHD) for 2nd through 4th- Stahler
order perennial streams. Since the length of lower order streams far exceeds that of higher
order streams, a random sample would select far more small streams compared to large ones. To
compensate for this unequal representation resulting from a random sample and make sure that
larger, 4th-order streams were adequately sampled, an equal number of sites from each of the
three stream orders were targeted for sampling (Olsen 2008a).
Prior to deciding to sample a site, a map reconnaissance was conducted to assure access and
appropriateness of the site for sampling. If a site was judged inaccessible due to extreme distance (>
7 miles from the trailhead), treacherous or unsafe terrain, or inappropriate for sampling because of
significant activities not representative of national forest management like major water diversions,
extensive private land in close proximity or flow manipulations not under the jurisdiction of the Forest
Service, it was removed and another randomly selected site was substituted for it. The sample size was
not large enough to evaluate trends in condition over the period of collection from 2000-10. In cases
where multiple samples had been taken at a site using different collection methods (e.g. reach-wide vs.
targeted riffle) or over two consecutive years, the average of the scores was used to represent the site.
Site condition scores were calculated using two models. The first utilized a multivariate RIVPACS
(RiverInVertebratePredictionAndClassificationSystem) model developed under several contracts
with the USFS Regional Office (Hawkins et al. 2000, Ode and Schiff 2009, Ode et al. 2011). The
second model was the multimetric Index of Biotic Integrity (IBI) model developed for hydropower
related impacts for the western Sierra Nevada region (Rehn 2009). The metrics developed to
determine hydropower effects are robust and sensitive to a variety of impacts, so they are appropriate
for evaluating impacts from a variety of stressors associated with land management activities.
To calculate a final site condition score, the average of the RIVPACS Observed-to-Expected
(O/E) and IBI score for each site was calculated. IBI scores, which may range from 0-100% were
standardized to unity by dividing each score by the mean score (i.e. 74) for reference sites in the
entire State-wide PSA data set. It is believed that the average of these two models provides a
more reliable assessment of stream conditions than either one individually.

According to the probabilistic sampling design, each site sampled represents a specific and
variable perennial stream length (from 7 to 322 kms for this data set). Therefore, it was necessary
to weigh the contribution of each sample site to the entire assessment by summing the stream
lengths for all sites falling into each condition category. Since two probabilistic designs (i.e. PSA
and MIS) were united, it was necessary to recalculate and assign new stream lengths based upon
the new combination of 74 sites. Once the weights had been recalculated, the sum of weights for
all sites in each condition category was determined. The result was an estimate of the total length
of perennial stream in each of four condition categories: sites with scores greater than 0.85 were
considered to be in excellent condition, sites scoring between 0.70-0.85 were good, sites scoring
between 0.55-0.70 were poor, and sites scoring less than 0.55 were very poor. Sites scoring in the
excellent-good categories were considered comparable to reference or undegraded conditions;
sites scoring as poor to very poor (less than 0.70) were considered degraded.
The ecological interpretation is that the threshold for biological water quality degradation is 0.70.
A score less than 0.70 means that less than 70% of the biological community expected to occur
there in the absence of degrading impacts were actually observed; the habitat is not of sufficient
quality to support the 30 percent of taxa that are missing.

Accounting for Global Climate Change
The prospect of global climate change influencing aquatic habitats and in turn the composition of
stream communities is challenging (Poff et al. 2002, Herbst and Cooper 2010). If global climate
change does result in a gradual increase in disturbance-tolerant and warmer-water adapted
species at the expense of disturbance-intolerant and cooler-water adapted species, as predicted, it
would degrade the standard for reference conditions. It could also prevent clear interpretations of
whether biological impacts are attributable to landscape stressors or impacts from global climate
change, which are beyond the scope of land management activities. To account for possible
impacts from global climate change to stream dynamics and aquatic MIS, a Joint Venture
Agreement (USDA FS# 08-JV-11052007-233) was arranged with Dr. David Herbst of UC Santa
Barbara. To maintain consistency with bioassessment data were collected using the Surface Water
Ambient Monitoring Program, (SWAMP) (Ode 2007, Herbst 2012, attached as Appendix A).
Least-disturbed reference sites, with for example, less than 2 km/km2 road density were identified
using GIS analysis of all 3rd-order size (HUC-12) watersheds of the Sierra Nevada above 1000-m
elevation, excluding any containing regulated dams or impoundments (Herbst 2012). These were
further parsed to eliminate sites with difficult access, resulting in a candidate pool of 163 catchments.
The final 163 reference watersheds were further evaluated with respect to risk and vulnerability by
application of the Variable Infiltration Capacity (VIC) model (Herbst 2012). Levels of risk were
estimated as the extent of change compared to back-cast historic conditions for the area-weighted
model grids covering the reference candidate watersheds using VIC model forecasts provided with
the cooperation Dr. Dan Cayan of the USGS Scripps Institution. The near-future 2041-2060 period
was compared to the historic 1950-1999 period in terms of mean loss of snow-water equivalents
volume, spring runoff, and spring base flow model components. The percent change of catchments
were ranked and combined, and to cover extremes of low and high climate risk, catchments were
selected from the lowest and highest quartiles of snow/flow losses (about 40 each).

In addition to risk exposure related to the geography of climate change alteration of snow and
streamflow, there are natural gradients of environmental vulnerabilities to the effects of these
changes, conferring greater or lesser resistance to warming and loss of snow cover including
northern aspects holding snow/cold longer than southern aspects, volcanic geology holding more
groundwater for recharge than granitic geology, and meadows and riparian forests storing, then
slowly releasing water and providing cooler temperatures.
Within each of the low- and high-risk groups selected above, GIS was used to identify the
catchments with the most northern and southern aspects, representing the least and greatest
vulnerabilities to climate effects. These analyses resulted in the designation of 12 sentinel
watersheds with three in each risk-vulnerability class (Figure 1).
Figure 1. Distribution of
sentinel watersheds in the
Sierra Nevada Province and
their relative risks and vulnerabilities. Each sentinel
watershed has two sites,
one in the mainstem and the
other in the headwaters; 17
sites are within national forests and 7 sites are located
within national parks (i.e.
Sequoia-Kings Canyon and
Yosemite). These sentinel
watersheds range in size
from 25-173 km2 (6,200 to
42,800 acres). An example
from the low risk, low
vulnerability group is Upper
Bubbs Creek in Kings Canyon National Park, where
less than 5% of precipitation runoff and base flow
are projected to be lost,
compared to the high riskhigh vulnerability Middle
Fork Cosumnes River
watershed on the Eldorado
National Forest, where the
VIC model predicts 62% of
runoff and 31% of base flow
will be lost.

Results
Forest Service Management Indicator Species (MIS) Program
Approximately 290 invertebrate taxa were identified in collections from the 21 MIS stream
and river sites, four of which were revisited. More than 15,000 specimens were identified; nonbiting chironomid midges were the most abundant taxon with about 27% of the total. Mean taxa
richness per site, a sensitive indicator metric, was 40, but varied widely from 9 for Greenhorn
Creek, Tahoe National Forest in 2009 to 72 (86 if chironomid midges were identified to genera
rather than just subfamily) from Jawbone Creek, Stanislaus National Forest in 2010. EPT
(mayfly, stonefly and caddisfly) taxa richness averaged 23, with a range of 4-37 at Greenhorn and
Jawbone creeks, respectively. The most diverse aquatic invertebrate Order was Diptera or true
flies with 81 species, 50 of which were chironomid midges.
The best sites were those with ample riparian vegetation to shade the stream and well developed
channel structure, with a variety of habitat types and stable banks (Figure 2). Poor sites lacked
channel complexity and had poorly sorted substrates. Greenhorn Creek flows through poorly
sorted mine tailings and is channelized, with no riparian vegetation to provide shade or structure.
State Perennial Stream Assessment (PSA)
The State’s Perennial Stream Assessment monitoring provided data from unique 53 sites. Thirtynine of these sites had multiple scores because samples were collected by alternative protocols
(e.g. targeted riffle vs. reach-wide; Rehn et al. 2007, Ode et al. 2011), so that the results from
both collection methods could be compared for the State’s program development. For sites with
multiple samples, the average site condition score was used in this analysis.
Results of Combined Data from the USFS MIS and State PSA Programs
The data from the 21 MIS sites collected from 2009-2010 and 53 PSA sites collected from 20002010 were combined to create a sample size of 74 randomly selected sites scattered across the 10
national forests in the Sierra Nevada bioprovince (Figure 3). Overall, 35 sites (46 percent) were
in excellent condition, 15 (19 percent) were good, 13 (20 percent) were poor and 11 (15 percent)
were very poor. This means that 65 percent of streams were in reference (excellent-good) or
undegraded condition and 35 percent were degraded (poor-very poor).
When the sums of weights associated with the sites were calculated, 5,692 km or 78 percent of
the 7,300 km of total stream length assessed was in excellent-good condition, and 1,608 km or 22
percent was in poor-very poor condition (Figure 4). The total length of 2nd through 4th- Stahler
order perennial streams on the Sierra Nevada national forests is 11,185 km or 6,950 mi (Olsen
2008a). Therefore, the 74 sites sampled represent 63.3 percent of the entire perennial stream
length (7,300/11,185 km) (Figure 5). A majority of the sites (54 percent) fell in the excellent
condition category. The scores for sites collected by the Forest Service’s MIS program were
better than those collected by the State PSA program. The estimate of percent of stream miles in
reference condition was 86.3 for 21 MIS sites, but only 73.7 percent for the 53 PSA sites.

Figure 2. Photographs from selected aquatic MIS sites: A) Willow Creek, Plumas National Forest- Score of 0.26; B)
Greenhorn Creek, Tahoe National Forest- Score of 0.47; C) North Fork Tuolumne River, Stanislaus National
Forest- Score of 0.90; and D) Jawbone Creek, Stanislaus National Forest- Score of 0.98. Sites A and B were in the
very poor or degraded category. Note the poor development of riparian vegetation and uniform channel type without
pool development. Sites C and D were in the excellent category. Note the variety of channel types, substrate sizes
and well developed riparian vegetation. Coarse woody debris, which provides cover and channel stability, is also
prominent at Jawbone Creek.

Lake Aquatic MIS
A total of 114 aquatic invertebrate taxa were identified from collections at the 10 lake sites
surveyed during 2009-2010; six of which were collected both years. Mean taxa richness was
17 and varied from a low of only 3 at Gilmore Lake on the Tahoe National Forest to 53 at Clear
Lake on the Modoc National Forest, both in 2010. Estimated mean density of macroinvertebrates
was 445 per m2 (range from 7 at Miller Lake in 2010 to 2,133 at Clear Lake in 2009). At present

Figure 3. Distribution and condition of 74 probabilistic bioassessment sites, 21 from the Forest Service Management
Indicator Species (MIS) program and 53 from the State’s Perennial Stream Assessment (PSA) program. Site
conditions were determined by averaging RIVPACS O/E and hydropower IBI scores.

Figure 4. Percentages of perennial stream miles scoring in different condition categories. Overall, about 78 percent
of all perennial stream miles were in reference (i.e. excellent to good) condition and 22 percent were degraded (poor
to very poor) condition.

Figure 5. Percentage of stream miles in each bioassessment condition class. The total distance of 2nd through 4thStrahler order perennial streams on the Sierra Nevada national forests is 11,185 km or 6,950 mi. The 74 PSA and
MIS sites represent a sample of about 65 percent of the total perennial stream distance in the Sierra Nevada Bioprovince. Overall, 47.8 percent of the all perennial stream miles in the Sierra Nevada Province and 78 percent of all
stream miles surveyed were in reference (excellent-good) condition. About 17.5 percent of all perennial stream miles
or 22 percent of surveyed stream miles were degraded (poor-very poor condition). Unevaluated sites were those
not sampled because of extreme distance, treacherous and unsafe terrain, or presence of significant activities not
representative of national forest management like major water diversions, extensive private land in close proximity
or flow manipulations not under the jurisdiction of the Forest Service.

There are no accepted methods for evaluating lake condition based upon benthic
macroinvertebrates alone so further conclusions are not yet possible.
It is noteworthy that Clear Lake on the Modoc National Forest had the highest species richness
(53 invertebrate taxa) because it is the headwaters for the Lost River. Clear Lake and the Lost
River are occupied by a genetically distinct population of Sacramento perch that was introduced
by CDFG during the 1960s (Moyle 2002). The Sacramento perch Archoplites interruptus is the
only native member of the family Centrarchidae west of the Rocky Mountains and has been
almost entirely displaced from its native range in the Central Valley by centrarchids introduced
from the eastern United States. Moyle et al. (2011) consider this species to be in danger of
extinction in the near future if present trends continue.
Algae
Diatoms and soft-bodied algae were collected at all stream sites during 2009-10 according to the
standard SWAMP protocol (Fetscher et al. 2009). A total of 600 diatom valves were counted for
each sample. Currently there is no formally established lab taxonomic standard protocol or data
format to store the data collected.
The current SWAMP protocol for sampling stream algae includes methods for both diatoms and
soft-bodied algae. Both algal types were collected during 2009. However, only diatom samples
were collected during 2010 because of unreconciled issues over replicability of the soft-bodied
algae protocol, and concerns about safety in the field regarding the handling of gluteraldehyde,
which is a highly toxic preservative. Thus far about 220 algae taxa have been recognized. Some
diatom taxa appear to be ubiquitous and have occurred at every site (i.e. Encyonema silesiacum,
Synedra ulna and pennate diatoms). Algae are proving to be sensitive indicators of water quality,
especially water chemistry attributes such as nitrate concentrations, which are associated with
eutrophication (Blinn and Herbst 2003, 2007).
Climate Change Sentinel Watersheds
Dr. Herbst successfully collected samples from all 24 sites associated with the climate change
sentinel watersheds during both 2009 and 2010 (Herbst 2012). The data loggers were reinserted
and site collections are ongoing during the 2012 field season. At each site, a suite of physical
habitat and water chemistry measurements were made according to the State SWAMP protocol
(Table 2 in Herbst 2012, Ode 2007). Thermograph and hydrograph data were measured with
40-minute interval temperature probes and pressure transducers. Since two pressure transducers
were necessary to instrument each site, one to place in the water and the other in the air to
account and correct for changes in barometric pressure, the downstream station of each sentinel
watershed was fully instrumented and only temperature was measured at the headwater sites.
Based upon the sentinel watershed samples collected thus far from 2009-10, all treatment
group watersheds had high EPT (mayfly, stonefly and caddisfly orders Ephemeroptera,
Plecoptera and Trichoptera) taxa richness (>25 taxa), 79% of these taxa are cold-water adapted,
67% prefer fast-flowing water and 89% are long-lived (life cycles longer than 1 year). These
conditions provide a starting point of statistical equivalence between sites and broad scope for
response to disturbance.

Conclusions
In summary this is a preliminary compilation for biodiversity and bioassessment of aquatic
resources of the Sierra Nevada Province. Overall, the percentage of stream sites meeting the
objectives of the Clean Water act (i.e. reference condition, meaning they were judged to be
in good to excellent condition) was estimated to be about 78% according to the combined
multivariate RIVPACS and hydropower IBI models.
The estimate of about 78 percent of perennial stream miles in reference condition is fairly
consistent with previous such estimates. The California State Clean Water Act 305(b) report
(SWAMP 2006) concluded that about 67% of perennial stream miles in California were in
reference or non-impaired condition. Ode et al. (2011) estimated that across the entire State,
which included forested, urban and agricultural land use, only about 50% of perennial streams
were considered to be in reference or unimpaired condition. For the Sierra Ecoregion, they
calculated that about 65 percent of the perennial stream miles were in reference condition, which
is somewhat lower than the combined MIS-PSA data set for the Sierran national forests.
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Project Summary
Mountain headwater regions are the source and storage for water supplies but these remote
areas are poorly understood in terms of how changing climate affects flow, water quality, and the
vitality of inhabitant aquatic life. The influence of climate change in these areas is expected to
produce rapid and extensive shifts to earlier runoff timing, erratic flows and drying, warming, and
flooding. How climate change will affect not only water supply but biodiversity and ecosystem
function and sustainability of aquatic habitats is important for planning resource protection. This
research is a cornerstone for management of streams systems in the Sierra Nevada that is founded
on experimental design and risk analysis of climate change and would continue an existing
program of data collection from a geographically distributed network of streams. Monitoring
sites have been established based on climate-driven model forecasts of hydrologic disturbance,
contrasting streams with high and low risk of climate change impact against a natural background
of varied environmental resistance to change. Data-gathering integrates across disciplines including
recordings from in-stream flow level and temperature loggers, water chemistry testing, geomorphic
channel profiles, and biological resource inventory of aquatic invertebrate communities, benthic
algae, organic matter, and riparian vegetation. Benthic macroinvertebrates and algae of these
reference streams are used here as management indicator species for US Forest Service planning.
This provides an ongoing assessment of responses of biodiversity, ecological integrity, food web
structure, and the functional traits that permit adaptation to mountain environments.
Linking climate change to ecological changes that may come about through disturbances
to the hydrological regime, water temperature and chemistry, and physical processes in mountain
stream environments is crucial to understanding how ecosystems at the forefront of exposure
are changing with global warming. Actual data gathering is essential to building and testing
predictive models and this project already has a proven foundation for generating a rich legacy of
information contributing to an inadequate knowledge base. Integrating and testing the theory of
hydrologic regime as an ecological template for shaping the structure and function of biological
communities will also be possible through the comparative ecology approach used here. Based
on stability in community taxonomic and trait structure with interannual variations in the flow
regime, this research will enable predicting how stream ecosystems respond to the risks posed by
the shifting state of climate pattern. Differences between sites may further be used to distinguish
the degree of protection from climate change effects afforded by natural resistance features of
different headwater environments (e.g., solar aspect, groundwater inputs, riparian forest and
meadow cover, microclimates, chemical buffering).
Taking the long view of the value of monitoring data recognizes that this set of
measurements represents a baseline legacy serving as a benchmark for gauging future change
and setting management targets and priorities. Water resource agencies will find the data useful
as a source of flow and temperature gauging for water supply engineers, and for use in climate
and hydrology model development and validation. An increased public awareness of the threats
posed by climate warming on stream flow, water supply and quality, and wildlife resources
will be aided by this project through workshops with community watershed groups, regulatory
agency staff, and a website dedicated to display and interpretation of results, and information
access. Sharing of data will enable broader connections and interdisciplinary collaborations
among climate scientists.

Project Description
Projected changes in hydrological regime threaten mountain stream ecosystems
Historical weather records, stream flow data, and modeling of atmospheric circulation
patterns have shown clear indications that climate warming and drought in California and
western North America are underway and becoming more severe (Barnett et al. 2008, Kalra et
al., 2008; Meehl et al. 2009). Anticipating that changing climate in California will substantially
affect water resources, assessing the impacts of altered stream flows need to be developed not
only for urban and agricultural uses, but for how the biodiversity of natural aquatic ecosystems
may become imperiled. Changes in the Sierra Nevada snowpack, the primary storage of water
in the state, are of particular concern. Warming has produced a shift toward more precipitation
falling as rain than snow, and this reduces snowpack volumes, causes earlier runoff, increases
the frequency of catastrophic floods through rain-on-snow events, and diminishes late
season flows and the stability of headwater habitats that are crucial to maintaining watershed
hydrological and ecological function (Figure 1; Stewart et al. 2005, Mote et al. 2005, Knowles
et al. 2006, McCabe et al. 2007). Stream temperatures are rising across the United States too
(Kaushal et al. 2010). Extremes in variability are also a hallmark of changing climate, reducing
the predictability of runoff volume and timing (Pagano and Garen 2005). Not only will this
change the budgeting of water in the state, but the ecological integrity of stream ecosystems
(Viers and Rheinheimer 2011). The goal of this project is to document how Sierra stream
ecosystems respond to altered flow regimes, changing physicochemical conditions and warming
temperatures, and set a baseline for contrast to an uncertain future. This would be enabled
through the continuation of data collection from an established stream network in the Sierra
Nevada of California. This network integrates physical and biological information in order to
detect how hydroclimatic shifts are linked to ecosystem structure and function and the flow and
temperature regime of vulnerable headwater streams where sustaining water resources originate.
There has been considerable effort to predict the effects of climate change from “downscaled” models for how global circulation patterns will alter regional or local-level climates
(Hayhoe et al. 2004, Vicuna et al. 2007, Maurer et al. 2010). Of special concern in California has
been alteration of the Sierra snowpack volume and timing of melt as this constitutes the natural
storage system for much of the water supply that sustains agricultural and urban needs across the
State. Forecasts generated for the next century suggest snow depletion will be most severe over
the western and northern portions of the range and at lower elevations, but there is considerable
variation across complex mountainous terrain (Knowles and Cayan 2004, Lundquist et al. 2008,
Daly et al. 2009, Null et al. 2010). What is missing is our knowledge of consequences - the
models are no substitute for real data, and there is an urgent need to ground-truth how streams
and their biota are responding to these changes (Jackson et al. 2009). The Sierra stream ecology
monitoring network is based on regional risk assessment of hydrologic alteration to establish
an early warning system for detecting the ecological impacts of climate change, and a means
for developing management planning that sustains the biological integrity of Sierra Nevada

mountain stream habitats.
Figure 1. Conceptualization of the climate-driven changes (black line) to the natural hydrograph (blue) of a Sierran
mountain stream.

Biological diversity of streams and a sliding baseline for assessment of water quality
The native aquatic life in streams of relatively undisturbed watersheds has been used to
develop regulatory standards or reference conditions for biological measures of water quality
and ecosystem health. In California, and elsewhere, biological criteria for water quality and
the detection of pollution have been based mainly on the variety and type of insects and other
invertebrates present in streams (Ode et al. 2005, Herbst and Silldorff 2006). Hundreds of aquatic
invertebrate species exist in the Sierra Nevada, many of them endemic and adapted to montane
environments, serving integral roles in food chains and ecological function of streams. Among
the values provided by healthy stream invertebrate communities are the services they perform
in maintaining clean water, consuming organic matter, and providing food resources supporting
fish and riparian wildlife. They have also been adopted by many government agency programs
as indicators of the integrity of ecosystems we endeavor to manage and protect (as in National
Parks and Forests, and Wilderness lands). Owing to their varied sensitivity to temperature and
hydrological disturbance, these organisms may also be used as sentinels to detect the expected
impacts of climate change in mountain regions. The inhabitants of reference streams, where little
or no human influence has altered natural conditions, provide a baseline for gauging the impacts
of land use development and pollution, and are the foundation for how State and Federal agencies
measure and manage the impairment of biodiversity and functionality of aquatic ecosystems.
Biodiversity of aquatic invertebrates in mountain streams may be limited by the habitat
compression of reduced summer flows from above and warming from below, flood disturbance,
and altered timing to predictable phenological pattern (Figure 2). Against a background of

climate-driven alteration to the ecology of streams across the State, but especially in the Sierra
Nevada, it will be necessary to account for “drift” or deterioration of stream reference conditions
in order to adjust standards and maintain the frame of reference for what defines health.
Protection of native biodiversity will also hinge on a strategy for detecting where and how
sensitive species are at risk. The basic problem is that even though all streams and lakes are
affected by climate change, the reference habitats may be expected to have more to lose than
those disturbed streams that already have been biologically depleted to varying extents due to
other more localized sources of pollution and degradation. If reference streams lose more aquatic
life by proportion due to warming and hydrologic disruption, then the “signal” or difference
relative to disturbed test sites is decreased. The reference condition for streams is typically
developed based on many sites sampled over many years, so if these streams are slowly degraded
over time, this also increases the range of variability or “noise” in the cumulative reference
condition. The net effect of decreased signal-to-noise ratio is that sensitivity for detection of
impairment by a drifting reference condition is diminished (Hamilton et al. 2010). Poor streams
thereby appear less impaired than they would have otherwise been assessed. Quantification of this
climate-induced drift is therefore a necessary component of the reference condition monitoring
plan for the Sierra Nevada. Assessment of the true status of stream health will require that we
have measures of both the historic state of streams before the onset of further major climate shifts,
and continued monitoring of reference streams so that regular re-calibration can be performed to
update contemporary standards within the context of altered climate and hydrologic conditions.

Benthic macroinvertebrate inhabitants of streams have been adopted as management
indicator species (MIS) for monitoring of status, trend, and health of streams in Sierra Nevada
National Forests. As with bioassessment standards altered under the influence of climate change,
management indicator species are also at risk. Understanding how aquatic MIS are affected by
hydro-climatic change provides a means of gauging the health of National Forest watersheds in
different regions and ecological settings. Implementing management practices intended to build
resistance to climate change is a regulatory agency priority, and MIS are well-suited to gauging
both the extent of the problem and the success of different conservation strategies.

Data from the monitoring network also sets baseline information for an uncertain future. As
with the pioneering studies of biologist Joseph Grinnell, who conducted wildlife transects across
the Sierra in the early 20th century, the proposed studies could provide a standard and objective for
recovery of lost values that may be most useful as a historical legacy. Repetition of the Grinnell
surveys has revealed range contraction and movement into higher elevations among half the small
mammals studied, consistent with forcing by low elevation warming (Moritz et al. 2008).
Alterations in hydrograph pattern are thought to be important drivers of community
structure in stream ecosystems, with predictable patterns setting a habitat template for population
phenologies and the relative influence of abiotic and biotic forces in shaping the composition and
type of species present (Poff and Ward 1989, Gasith and Resh 1999, Yarnell et al. 2010). Streams
supporting high proportions of temperature- and flow-sensitive species will be most at risk of
depletion of biodiversity under predicted climate change scenarios (Poff et al. 2010). Extreme
flow alteration in the form of winter flooding showed more pronounced effects in disturbed than
in pristine headwater streams in the Sierra, favoring increases in small opportunistic taxa (Herbst
and Cooper 2010). Comparative data from field observations of ecological responses within
shifting hydrologic regimes will help illuminate the impacts of climate warming.
Project Design
The intent of an early warning system is to reduce risk, so the data gathered at sites in the
network are devised to identify risk related to susceptibility to environmental change (features
that moderate or intensify the influence of climate change) and the richness and sensitivity of
biodiversity present. In designing this monitoring network, it was essential to set up a natural
experiment where the subjects (stream catchments) have different degrees of risk exposure
and resistance to the disturbance of interest – the effects of climate change on hydrology,
temperature, chemistry, habitat, and stream biota.
Stepwise procedure of site selection for monitoring network (Figure 3)
1) Least-disturbed reference sites (reference) with less than 2 km/km2 road density were
identified using GIS analysis of all 3rd-order size (HUC-12) catchments of the Sierra above
1000-m elevation, excluding any containing regulated dams or impoundments. These were
further parsed to eliminate sites with difficult access or that were at extremes of small or large
cover area. This resulted in a candidate pool of 163 catchments.
2) Down-scaled climate models of regional warming effects on the Sierra Nevada predict distinct
gradients of hydrological changes related to loss of snowpack. The volume of snow lost, and related
shift to earlier snow melt runoff and reduced late season flows have been modeled by the USGS
climate laboratory using the variable infiltration capacity model (VIC; Liang et al. 1994, assuming
GFDL-BCSD, A2 emissions; Wenger et al. 2010 show VIC is a useful habitat prediction tool). Using
model forecasts provided with the cooperation of the USGS Scripps Institution (Dan Cayan), levels
of risk were estimated as the extent of change compared to back-cast historic conditions for the areaweighted model grids covering the reference candidate catchments. The near-future 2041-2060 period
was compared to the historic 1950-1999 period in terms of mean loss of snow-water equivalents
volume, spring runoff, and spring baseflow model components. The percent change of catchments
(nearly all declining) were ranked and combined, and to cover extremes of low and high climate risk,
catchments were selected from the lowest and highest quartiles of snow/flow losses (about 40 each).

3) In addition to risk exposure related to the geography of climate change alteration of snow and
streamflow, there are natural gradients of environmental vulnerabilities to the effects of these
changes, conferring greater or lesser resistance to warming and loss of snow cover including
northern aspects holding snow/cold longer than southern aspects, volcanic geology holding more
groundwater for recharge than granitic geology, and meadows and riparian forests storing water
and providing cooler temperatures. These represent settings within which management actions
may have more or less potential to succeed, allowing decisions about priorities for protection
where restoration may be most effective. Within each of the low- and high-risk groups selected
above, we used GIS to identify the catchments with the most northern and southern aspects,
representing the least and greatest vulnerabilities to climate effects. Separate GIS analysis of
geologic formation, riparian and meadows coverages, and cool air pooling zones are also being
conducted to account for the influence of these potential resistance factors.
4) After ground-truthing field visits to candidate sites (to eliminate sites with local land use
disturbance), three sentinel catchments with a nested tributary in each, in four combinations
of risk and resistance, were established to represent high and low risk for climate-induced
loss of snow cover and hydrologic stability, along with high and low vulnerability to climate
change (Table 1). A nested first-order tributary for each catchment was included to account
for within-basin differences in stream size and elevation where biological responses to change
may vary. This monitoring design provides an optimal array for observing changes within an
environmental risk analysis framework. This also sets up a natural experiment within which
differing hypothesized risks based on forecast climate impact and environmental resistance can
be contrasted.
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Figure 3. Selection flow chart. (1) reference screening of possible study sites, (2) climate risk filter applied to rank
level of exposure to changing snow and hydrologic conditions, and (3) natural vulnerabilities ranked as potential
resistance to climate change effects.

Table 1. Stream reach catchments and tributaries selected for monitoring. The first 6 catchments are in the southern
Sierra region, the next six are in the northern Sierra.
Sentinel Stream Climate Change Monitoring Network for the Sierra Nevada
Stream Name

Latitude

Longitude

Climate Risk &
Natural Vulnerability

Land Management Jurisdiction

catchment

Deer Creek

37.00682

-119.06392

High-High

Sierra National Forest

tributary

Snow Corral Creek

37.02074

-119.07776

High-High

Sierra National Forest

catchment

Pitman Creek

37.19488

-119.20907

High-Low

Sierra National Forest

tributary

South Fork Tamarack

37.14944

-119.19309

High-Low

Sierra National Forest

catchment

Cathedral Creek

37.77925

-119.42219

Low-High

Yosemite National Park

tributary

Upper Cathedral Creek

37.81262

-119.40898

Low-High

Yosemite National Park

catchment

Upper Bubbs Creek

36.73387

-118.37608

Low-Low

Sequoia-Kings Cyn National Park

tributary

Forester Creek

36.71307

-118.37037

Low-Low

Sequoia-Kings Cyn National Park

catchment

Tyndall Creek

36.62743

-118.39237

Low-High

Sequoia-Kings Cyn National Park

tributary

Upper Tyndall Creek

36.66950

-118.37885

Low-High

Sequoia-Kings Cyn National Park

catchment

Robinson Creek

38.14641

-119.38846

Low-Low

Toiyabe National Forest

tributary

Crown Creek

38.10845

-119.44875

Low-Low

Toiyabe National Forest

catchment

McCloud River

41.25541

-121.88030

High-Low

Shasta National Forest

tributary

East Fork Moosehead Creek

41.19292

-121.79250

High-Low

Shasta National Forest

catchment

Butte Creek

40.10814

-121.48823

High-High

Lassen National Forest

tributary

Willow Creek

40.11911

-121.47345

High-High

Lassen National Forest

catchment

Sagehen Creek

39.43328

-120.25995

Low-Low

Tahoe National Forest

tributary

Upper Sagehen Creek

39.43273

-120.20270

Low-Low

Tahoe National Forest

catchment

Warner Creek

40.36430

-121.30668

Low-High

Lassen National Forest

tributary

Grassy Swale Creek

40.46963

-121.39899

Low-High

Lassen Volcanic National Park

catchment

Nelson Creek

39.81098

-120.81943

High-Low

Plumas National Forest

tributary

East Fork Nelson Creek

39.76710

-120.75372

High-Low

Plumas National Forest

catchment

Middle Fork Cosumnes River

38.56689

-120.43782

High-High

El Dorado National Forest

tributary

Cat Creek

38.59942

-120.31039

High-High

El Dorado National Forest

Data Collection
To maintain consistency with bioassessment data being collected by stream monitoring
programs of the State of California (Surface Water Ambient Monitoring Program, SWAMP),
EPA, and US Forest Service, we adopted the same protocols (Table 2, list of data collected).
These combine physicochemical methods with biological methods for describing stream
ecosystems. Each site has been instrumented with data loggers to collect water and air
temperature, and stage height water level from a pressure transducer. Complete geomorphic
channel and riparian cover surveys are conducted at each site including depth-width and bankfull
profiles, slopes, substratum composition, cobble embeddedness, riffle-pool area, current velocity,
riparian shade cover, bank angle and vegetation cover, along with the water quality measures of
specific conductance, pH, alkalinity, and silicate. The ecosystem food web resources available
are quantified as fine and coarse fractions of riparian-derived organic matter (leaf and wood
inputs), and algae periphyton growth on rock substrates (chlorophyll and species composition).

Benthic invertebrates are collected using two standard procedures (500 μm mesh) - one restricted
to riffle habitat (8 combined samples from riffle habitat units), and another that covers all
habitats in the reach (11 combined samples from regular reach intervals alternating across the
channel profile).
With the forecast effects on hydrology and thermal regime, there are uncertain influences
on stream ecosystems, but this array of study sites is now set up and gathering data on the aquatic
invertebrate communities and environmental conditions (since summer 2010) on 24 stream
reaches – an ecological observatory network to detect alterations attributable to hydro-climatic
change. This is a novel approach in that no other networks of this kind have been established
anywhere using this design to collect, interpret and integrate how climate change influences
mountain stream ecosystems. The sites selected are broadly representative of Sierra Nevada
streams across a range of elevations (4,000-12,000 ft), 5 degrees of latitude, and varied geologic
formations and forest ecoregions. Located on 7 National Forests, and 3 National Parks, data will
be widely available and shared across agency management units of the Sierra. Other programs to
detect hydrological responses to climate change in the Sierra include several intensive instrument
clusters in the southern Sierra (see Bales et al. 2006). The 24 streams of the proposed project
would provide complementary data to these stations, especially for low-order high elevation
watersheds. The Global Observation Research Initiative in Alpine Environments (GLORIA,
http://www.gloria.ac.at) is a global-scale program with sites in the Sierra that tracks changes in
high elevation plant communities in response to changing climate.
Implementation of the SN stream ecology monitoring network has been supported for 2
years (2009-10, 2010-11) under a grant from the US Forest Service (Region 5) that expires in
June 2012. This proposal seeks to build on this grant to establish the long-term data-gathering
program that will be required for this information to be used as a climate change monitoring tool,
and to be an example for other temperate mountainous regions.

Table 2. Listing of stream reach habitat and biological features surveyed each year (southern sites visited in July,
northern sites August and September). All protocols use the California SWAMP standard methods except algae
(restricted to rock substrates).
Channel Physical Habitat (150-m reaches)

Water Chemistry

Width (wetted)- 20 transects

Specific conductance (meter)

Bankfull depth profiles (5 cross-sections)

pH (meter)

Cobble-substrate embeddedness (%)

Alkalinity (titration)

Riffle-Pool length delineation

Silicate (colorimetric)

Each Transect:
5-points: Depth
Substratum size
Current Velocity

Photo-points at 0, 50, 100, 150 m

Biological Features:
Banks angles

Benthic Macroinvertebrates

Bank vegetation cover/type

Riffle-Targeted (8 combined samples)

Bank erosion status

Reach-Wide (11 combined samples)

Riparian shade (densiometer counts)

+[adult collection from riparian]

Compass heading (sinuosity)

Benthic Algae (3 riffle-rock replicates)

Slopes (10 at 15-m intervals)

Chlorophyll a /m2, Taxa composition

Riparian canopy score

Particulate Organic Matter

Large wood debris inventory

Coarse fraction (wet weight, field)

Human disturbance score

Fine fraction (AFDM, lab)

Instrument Loggers (recording at 40-minute intervals)
Water

Air

Onset® stage-level pressure transducer and temperature probe
submerged at fixed point and depth in each catchment site

Onset® pressure transducer and temperature probe attached
to tree for barometric correction and air temperature data at
each catchment site

Onset® temperature probe anchored at fixed position in each
tributary site

Accomplishments and results from two years monitoring (2010-2011)
In the first year of monitoring (2010) there were nearly 300 aquatic invertebrate taxa
cataloged across the network of sites, including the diverse aquatic mites and midge flies
(chironomidae). This year happened to correspond to the historic average of flow volume and
timing, so sets a useful baseline. Sites in the granitic southern Sierra, where flows are more
variable and have lower summer minima, were in general lower in diversity than sites in the
northern Sierra region where volcanic groundwater often sustains higher and more constant
summer flows. The composition of communities also partitions into southern and northern
groups, with one tributary stream forming an outlier (Figure 4). This tributary had the shortest
upstream length of any site and so is most likely to be intermittent in at least some years. This
periodic drying may be one of the most important ecological limitations that could be induced
by climate change, and this site showed the lowest diversity and the most distinctively different
community. Small streams of the southern Sierra may have little groundwater recharge, limited
mostly to surface runoff and snowmelt, and so have low levels of dissolved minerals including
silicate. The longer the upstream length of these streams, the less prone they are to drying, and

the more diversity they hold (Figure 5, filled symbols). In contrast, small streams of the northern
Sierra, where volcanic groundwater often sustain flows and cool temperatures, do not show the
same depletion of diversity despite short upstream lengths (Figure 5, open symbols). Higher
silicate content of these streams shows volcanic geology groundwater inputs (more soluble
rock type), so even when snowmelt is exhausted, these small streams retain flow and harbor
diverse communities. This result suggests that snowmelt-driven streams, as suspected, are more
susceptible to low flows and drying, and support less biological diversity.

Figure 4. Cluster diagram of community similarity groupings from 2010.

Figure 5. Limitations on richness imposed by short upstream channels at risk of intermittent flow conditions in low
silicate snowmelt-type streams.

While 2010 was an average year in terms of snowpack and runoff amount and timing,
the 2010-2011 winter/spring brought near-record amounts of snow and runoff, with a delay in
peak runoff by 3-4 weeks in many locations. This extreme condition opposes the general trend
expected with climate warming but manifests the variability also associated with changing regime
(Groisman et al. 2001; O’Gorman and Schneider 2009). The most pronounced physico-chemical
change observed from 2010 to 2011 was a decrease in pH across nearly all sites. On average, pH
declined by 0.75 units, with 22 of 24 streams showing this decrease (p<0.001, Wilcoxon paired
signed-rank test), from a mean of 7.22 to 6.47. The high volume and sustained runoff of spring
melt resulted in dilution of acid-neutralizing capacity of stream water, and the pH depression was
more pronounced in streams with lower buffering capacity (lower alkalinity). This acidification
may have substantial biological consequences in that the combined 2010 surveys showed that both
EPT taxa diversity and invertebrate abundance decreased with lowering of pH (Figure 6). This
reveals an unexpected stress related to extreme years of high flow, mediated by loss of geochemical
buffering. Again, snowmelt-dominated granite drainages are most vulnerable to this problem.
The 2010-11 hydrographs across study sites sort into different flow regime types
according to the classifications of Poff and others (Poff et al. 1997). These differences can be
used to evaluate whether there are distinctive sortings of associated invertebrate communities by
taxonomic structure or trait-based associations. Regime types found correspond to (i) snowmelt,
(ii) rain + snow, (iii) stable groundwater, and (iv) intermittent flashy. Example hydrographs and
thermographs of (i) and (ii) are shown in Figure 7. Data analysis will examine the concordance
of trait states, community and group richness measures, abundance-biomass frequency
distributions, dominance-diversity curves, and community similarity within and between sites
and catchments for relationship to the flow and thermal regimes of streams.

Figure 6. Relation of low pH to depleted richness and abundance of invertebrates. Data from 2010 sampling across
24 streams of the Sierra climate monitoring stream network.

Figure 7. Contrast examples of hydrographic regimes of the snow+rain type on upper left and snowmelt type on
lower left. Upper and lower right panels compare thermographs of same. The snow+rain type has winter rain and
snow, instable ice cover, rising flows through winter and spring and warmer summer temperatures. Snowmelt type
has stable winter flows and temperatures during ice cover (though some rain on snow floods may occur), rapid
spring snowmelt and summer recession with prolonged cool temperatures.

Streamflow alterations have been shown to degrade stream biodiversity. Bioassessments
of streams across the country have shown that among mixed chemical and physical variables,
diminished flow magnitudes were the primary predictors for loss of biological integrity among
fish and macroinvertebrate communities (Carlisle et al 2010). Trait states also shifted to pooldwelling taxa tolerant of sediments and slow currents. Minimum and maximum flow reductions
from 1980-2007 were especially severe in the Sierra Nevada, with low gradient streams exposed
to low flows showing the most impaired biological integrity. The diversity levels and high
proportions of sensitive traits found in the reference streams selected for the sentinel network
show that there is a large scope for response across the treatment groups (Figure 8). Means of
all groups exceed the index maximum of 23 EPT set for eastern Sierra streams (Herbst and
Silldorff 2009). Trait analysis shows that the collective community is comprised of sensitive
montane-adapted organisms, with taxa comprised of 79% coldwater-requiring, 67% preferring
fast currents of riffle habitat, and 89% have life cycles that are one year or longer (long-lived as
opposed to rapid developing multivoltine types). The group with highest risk and vulnerability
levels also has the most scope for response – all this indicating that the network has high
potential for showing impacts.

Figure 8. Statistical equivalence among treatment groups of climate risk and environmental vulnerability, with all
means above Sierra reference maximum for EPT richness of 23 (blue line).

Data Analysis (for continued trend analysis)
This study is designed both as a natural experiment and as conventional impact
monitoring, but with graded levels of potential disturbance. Restriction to reference-screened
streams provides some measure of control or independence from the effects of human
disturbance. Multiple covariates of environmental change are being measured concurrently
in all study sites so factors other than climate change can be accounted for in the analysis.
Time series analysis of changes between years within sites or groups will be used in the form
of repeated measures ANOVA and autoregressive integrated moving average (ARIMA).
Alternatively, groups can be ignored and experimental regression analysis used on sites as

continuous variables of change in multiple factors such as hydrograph form, temperature,
and physicochemical features. An advantage of this approach is that it permits development
of multiple regression models for biological response variables. Exploratory data analysis for
patterns in community similarity will also be conducted using ordination techniques such as
nonmetric multidimensional scaling (NMS, McCune and Grace 2002). Finally, to develop an
understanding of causal relationships and the strengths of multiple pathways by which climate
change may alter stream ecosystems, structural equation modeling (SEM) will be used to model
complex interrelationships (Grace 2006).
Cooperative and complementary associations of the research project
•

The USGS climate lab at Scripps Institution of Oceanography (Dan Cayan), of UC San
Diego, provided the VIC model outputs for site selection. The helps them show the value of
multiple applications of models, and in sharing stage level and temperature records, enables
further model refinement and calibration.

•

The University of California Sagehen Creek Field Station sponsors a project to examine forest
management practices, and the stream data gathered by the proposed project would provide
added value in monitoring before/after treatments. Sagehen is also a part of the Hydrology
Benchmark Network (since 1953) and hosts extensive research on groundwater hydrology.

•

California SWAMP – State water quality programs will acquire data for use in biological
reference calibration; and for assessing interannual variability

•

US Forest Service – data serves use as management indicator species, in forest restoration
planning, and climate change resilience-building. Each National Forest (7 in the Sierra)
where study sites are located will receive a report on the status of stream conditions within
their jurisdiction as an aid to management.

•

National Park Service – data provides a supplement to vital signs monitoring program, and
for natural resource inventory (Yosemite, Sequoia-Kings Canyon and Lassen Volcanic)

•

State Water Engineers, Dept Water Resources may employ gauging data for tracking water
supply and quality in headwater streams

•

UC Merced - complement to Sierra Nevada Hydrological Observatory sites

•

UC Davis - complement to research on ecology of regulated stream hydrographs

•

Friends of the Inyo WaterWatchers, and Truckee River Watershed Management Council
- bring community awareness of climate change to local conservation groups and citizenscience monitoring programs
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