A SENTINEL MONITORING NETWORK FOR DETECTING
THE HYDROLOGIC EFFECTS OF CLIMATE CHANGE ON
SIERRA NEVADA HEADWATER STREAM
ECOSYSTEMS AND BIOLOGICAL INDICATORS
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Motivations for study:

Forest Service mandate: advance and share knowledge
about water and climate change

Integrate climate change in planning & assessment of
forest management practices using BMls for USFS R5

Assist “Vital Signs” and “Inventory & Monitoring”
programs of National Park Service

Monitor reference condition drift in Sierra Nevada region

Outline Overview:

Anticipated climate change effects on mountain stream
hydrology

Selection process / screening for study sites
Study design and monitoring protocols used
Analysis and applications of data



Background

Modeling has provided some important insights and
testable hypotheses on how climate change may alter
the thermal and hydrologic regime of streams, but these
are no substitute for real data

Stream flow and water temperature data confirm that the
predicted pattern changes are already underway

Mountain ecosystems with pronounced elevation
gradients may be in especially vulnerable rain/snow
zones, with habitat compression in headwater areas, and
altered flow timing, all creating ecological challenges

Networks for monitoring changes in montane plant
communities have been established (GLORIA =global
observation research initiative in alpine environments), but stream
biota need to have similar monitoring plans

Design of a monitoring network for detecting climate
change effects on mountain streams requires use of
models and landscape features to anticipate where and
how hydroclimatic conditions will shift



A Changing Hydrograph: 3
Shift in the mountain snowmelt flow regime

Developing and anticipated Biological responses of native
changes with climate warming HH temp benthic invertebrates to warming
and altered flow regime:
rain-on-snow floods -Life cycle timing: favors short

generation times, loss of long-lived
*Migration: A distribution range
(higher elevation & latitude) into
\ headwater refugia
_ *Growth/Production rates increase
earlier snowmelt for tolerant organisms
PN ) : e
4 B *Physiological stress inhibits growth
ear| & development of sensitive species
low| *Emigration escape, or reduced
populations under stress, or local
extirpation of vulnerable species

wetter & more erratic
winter flows
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periodic drying of

perennial streams
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Project Inception:
Down-scaled climate models
predicting decreased snowpack
and geographic variability in
distribution of changes over the
Sierra Nevada

(Knowles and Cayan 2004)

How will these changes and variation
in snowpack alter hydrologic pattern?
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How can predictions be used to design
a natural experiment to test the effects
of climate change on stream ecology?

How can natural resistance/resilience
to climate change impacts be
incorporated into the study design?

April 1 snow water equivalents (SWE)
for 2050-2069 relative to 1995-2005



Review of steps in study site selection process:

 select reference sites where climate effects can
be isolated from local land use disturbances

* rank climate risk (using VIC hydrologic model)
* rank environmental resistance (using GIS)

« combine ranks and identify best candidates

« ground-truth candidates (access? flow?)

* natural experiment design > testable predictions
for the different combinations of risk-resistance




Selected Candidates for
Climate Change
Monitoring Network (n=163)
-parsed by watershed size
= (20 — 150 sgkm)
and practical logistics




3rd-order size watersheds 7

of Sierra Nevada
‘ - Natural Resistance Filters: rank low to high
' “Northness Aspect (snowmelt timing, temp, vegetation) i

i i i *Groundwater contributions (geology/springs)
 (GIS of roadedness, land use,  *Riparian cover and meadow area (water storage)
| no reservoirs, above 1000 m) !

RS | | Smmm— .

Reference selection filter

Reference field reconnaissance
3rd-order watersheds of best candidate sites
(local impacts removed / \
or minimized) i _ _
Low Risk High Risk
e l _____________ , High Resistance | |High Resistance

. Climate forecast filter:
VIC-hydrological model
prediction of snowpack
and stream flow

l 3 watersheds each category
Ranked list of watersheds with differing exposures
by quartiles of lowest — and expectations for the
and highest climate risk influence of climate change

» Designed as a natural experiment



Climate Risk:
Hydrologic changes

VIC modeling output

from USGS climate

group at Scripps

(Dan Cayan, Mary Tyree):
Daily time steps for12-km
grids from 1950 to 2099.

Main outputs of interest:
*SWE cover

*Surface runoff R
-Baseflow B

Contrast historic
period 1950 to 2000
with near-future

of 2041-2060

Construct averaged
hydrographs to examine
changes in flow timing
and variability

Variable Infiltration Capacity (VIC)
Macroscale Hydrologic Model

Grid Celtf Vegetation Coverage

Celf Energy and Moisture Fiuxes
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12 catchments
24 sites total
(tributary site
nested in each
catchment)

[ N NOX

Modeled Climate Cnge
Risk and Vulnerability

High Risk - High Vulnerability |
High Risk - Low Vulnerability
Low Risk - High Vulnerability
Low Risk - Low Vulnerability

Sentinel Monitoring Network
for Sierra Nevada

Selections based on summed
Climate-Risk factors from VIC:
*Reduction in April 1 SWE
*Change in total AMJ run-off
*Change in total AMJ base-flow

upper quartile of change =high risk
lower quartile of change =low risk

Natural Resistance:

upper / lower quartiles for
North-facing = low vulnerability
South-facing = high vulnerability
Plus, resistance conferred by deep
groundwater-recharge potential
from basalt / andesite geology area
(Tague and others 2008)

7 sites in national parks
17 in national forests



Table of Sentinel Stream Catchments: 10

Percent Change in

. 2
Risk  Vuln | Area (km®) ElevRange (m) Northness|————= o o swE

Southern Sierra

Deer Creek High  High 35.59 2055 - 3114 -0.41 -47 .41 -6.98 -51.59
Pitman Creek High  Low 58.36 2168 - 3005 0.08 -76.49 -43.26 -76.18
Tyndall Creek Low High 26.57 3224 - 4215 -0.37 -2.55 -2.66 -6.97

Upper Bubbs Creek Low Low 22.12 3190 - 4243 0.43 -1.66 -3.85 -8.04

Central Sierra

MF Cosumnes River | High  High 110.87 v 1176-23%4 -0.41 -74.19 -35.14 -89.82
Nelson Creek High  Low 5485 v 1348 - 2287 0.04 -55.77 -21.58 -53.37

Cathedral Creek Low High 20.89 2559 - 3387 -0.16 -10.33 -6.30 -21.05
Robinson Creek Low Low 34.49 2180 - 3597 0.20 -9.52 -2.50 -11.96
Northern Sierra
Butte Creek High  High 7757 vV 1483 -2187 -0.11 -45.21 -21.00 -48.95
McCloud River High Low 9997 VvV 11589-189%4 0.23 -66.66 -27.81 -71.90
Warner Creek Low High 11206 V 1520 - 2829 -0.08 -21.78 -8.81 -34.65
Sagehen Creek Low Low 37.35 V 1866 - 2655 0.09 +44.46 +9.97 -23.43

V=volcanic rock at least

20% of geologic cover +1 Northness = more north facing
-1 Northness = more south facing

(cumulative average of 30 m grids over terrain of catchment)



North Fork
Stanislaus
River
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Winter flows more variable

. With extreme flow events Surface flow lower
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] Ground snow cover less
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What our site selection does not yet account for:
changes in timing

 New VIC model output at the 1-km grid scale™ will
be used to simulate hydrographs that will improve
resolution over the 12-km grid model

 From these hydrographs, we will calculate
changes in timing of seasonal flows:

Date of snow cover disappearance

Advance in date when surface runoff disappears
Advance in date of centroid of flow (#days earlier)
Reduction in mean baseflow late summer-early fall

s wnh =

*270-m grid resolution from another USGS hydrologic model
will also be available soon for the Sierra Nevada



Nested Tributaries

12 catchments + tributary in each:
24 stream reaches total network

Tributary
Reach
1° or 2°

Catchment
Reach 3°
20-100 km?
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Monitoring
Protocols

Survey Monitoring data collected:

*150-m reach length

*channel geomorphology (SWAMP)
including bankfull cross-sections
(substrate-depth-current profiles,
embeddedness, slopes, bank and
riparian cover, sinuosity, human
disturbance scoring)

~conductivity, alkalinity, SiO,, pH
slarge woody debris inventory
«cobble periphyton (Chl a, taxa IDs)
CPOM & FPOM
*macroinvertebrates (RWB & TRC)
«adult aquatic insect collections
*photo-points
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Tyndall

Upper Bubbs

N

A

@ Monitoring Site
- Upper Bubbs Creek

|:| Forester Creek

E Upper Tyndall Creek

B T1yndall Creek
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Instrumentation set up at

monitoring stations:

N/

Stage-level pressure transducers

and Temperature probes at
catchment reaches (water and air)

40 min recording intervals

Temperature probes
at tributary reaches

GIS Coverages:
land use, roads, geology,
riparian, meadow & forest cover
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 Distinguish environmental resistance or
vulnerability from biological vulnerability or
tolerance — study sites were selected
based on environmental features that
should confer, but what about the resident
BMI communities — traits permitting
adaptation to temperature-flow regime?



SENTINEL TAXA: Potential indicators of thermal sensitivity and

tolerance from Sierra Nevada stream surveys —biotic vulnerability
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y Occurences | Temperature  Weighted-average abundance
Thermal-Sensitive Taxa (of 134) Weighted-Avg . .
: under varied field temperature
Arctopsyche.grandis 32 10.6 d t RA*t
Atherix.pachypus 20 10.6 conaitions (Z emp)
‘g o
Drunella.doddsi 58 113 « Sensitive w/ WA £13 °C
Rhithrogena 66 11.6 e Tolerant w/ WA =17 °C
Attenella.delantala 45 11.6 Prelimi | is f 134 sit
Rhyacophila.sibirica 41 11.8 re lmlnary ana YSIS or n= Sites.
, To be repeated for n=500 surveys to
Cinygmula 86 11.9 d . i .
Sericoma 28 20 atfa (a!c_ldu?g s:edlment & hydrologic
Rhyacophila.arnaudi 32 121 Varlablllty |nd|cators)
Sweltsa 80 122 Occurences Temperature
Drunella.spinifera 34 124 Thermal-Tolerant Taxa (of 134) Weighted-Avg
Stempellinella 37 12.5 Simulium 109 17.0
Doroneuria.baumanni 48 12.6 Phaenopsectra 22 17.3
Eukiefferiella.devonica 30 12.7 Hygrobates 19 17.3
Testudacarus 49 12.8 Hydropsyche 18 17.3
Rhyacophila.acropedes 49 12.8 Synorthocladius 27 18.2
Yoraperla 29 12.8 Wormaldia 21 18.8
Micropsectra 96 12.9 Apedilum 18 19.2
Caudatella.hystrix 34 12.9 Pentaneura 34 19.4
Serratella 96 13.0 Pseudochironomus 20 20.5
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How will the community monitoring data

be used and analyzed?

First-year data collected in a cool-year of above average
flows - a late spring with sustained summer flows

Use initial community structure and traits-based analysis of
resident invertebrates to quantify the innate vulnerability of
taxa to thermal and hydrologic change

Compare across the gradient of observed hydrologic and
thermal conditions among and within catchments

Next water year anticipated to be drier, with less snow
cover and lower flows (La Nifia), providing contrast to the
initial year of data collected (El Nino)

Where are habitats and taxa changing most and do these
correspond to model predictions of climate change effects
on hydrologic and thermal regime?

Set long-term baseline legacy dataset for future re-survey
(as in the example of Joseph Grinnell Yosemite transect)



A few more slides for further discussion? > >
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Environmental Resilience Factors

Groundwater sources and recharge rates / springs
Volcanic geology deep water storage (Tague et al 2008)
Northness (later runoff timing, cooler temps, plant types)
Meadows (“sponges” for shallow/storage-release)
Forest and riparian cover (Seavy et al. 2009)
Longitudinal connectivity of flow paths

Cold-air pooling microclimates (Lundquist et al. 2008)
Topographic features (Daly et al. 2009)

Intact land surface for recharge and protection from
erosion (drainage density, and erosion models)

Stable/predictable flow regimes (Colwell's P)
Gaining/losing reaches for groundwater flux (spatial)
Basin morphometry (shape and hydrograph)
Glaciers and rock-glaciers (GIS coverage)
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Colwell's Predictability
Sierra Nevada monthly stream discharge
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What evidence is there for recent changes in stream temperatures?
In general, gaging station data is sparse, incomplete, short records

MARTIS CREEK — about 2°C rise in summer minimum
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SAGEHEN CREEK — max-min records
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| 1970-1974

25

2001-2008
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Much higher density of springs, groundwater inputs in Sagehen
compared to Martis. Below the JJA mean minimum temps.

degrees centigrade
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Sagehen Creek - note much cooler mimimum
temps from groundwater influence in this
drainage: no warming trend evident
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Regulatory Application

Biological water quality assessment programs:

Depend on reference streams to serve as standards for
assessing impaired biological integrity

Reference streams are “least-disturbed” conditions as
defined by exposure to land use disturbance or pollution

Ambient condition of water bodies are assessed through
a random sampling approach that compares test sites
(those that are exposed to disturbance and pollution) to
the reference condition

But what if reference stream conditions are not stable
and change beyond natural levels of variation in location
and time? Assessment becomes a moving target.

Climate change may result in reference drift = degraded
condition of streams used as the biological standard
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Problem: accounting for climate-induced “drift” of reference condition

100 - mean R/T |
It | =less signal

90 -

Reference sites
have more to

v | lose - test sites

“‘de-sensitized”

with less scope
for response

80 -
70 -

60 -
50 -
40 -

IBl or O/E scores

30 - —1+—reference - natural range _
20 ---m - - reference - w/ climate drift More noise:

—n——test - naturalrange greater range
---A---test-w/climate drift Of Variation in
Rs over time

10 -

0 I I I I I I I I I I I

>> | oss of
discrimination

« Solution: Regular monitoring of fixed reference stations at streams
with minimal land use disturbance (to isolate effects of climate
change) so that assessments can be calibrated to both the
contemporary and historic conditions
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Conservation Applications

Although there are many endemic and montane-adapted native
species of aquatic inverts in the Sierra Nevada, their
distributions are incompletely known especially in headwater
streams (so surveys serve need for biodiversity inventories)

|dentify habitats and taxa changing most and how these might
be protected from climate change effects on hydrologic and
thermal regime? l|dentify refugia®?

Use VIC model predictions & GIS of natural features conferring
resistance to assess climate risk and physical vulnerability, and
environmental tolerances of biota to assess biotic vulnerability

Do the data show what kind of habitat management practices
could contribute to increasing resilience to effects of climate
change? (riparian and meadow restoration, protect
groundwater infiltration paths, reduce soil loss/debris flows by
managing grazing-logging & recreation uses)

USFS planning for watershed stewardship and climate change
Stage-level and temperature for headwater streams
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