Wet Meadows and Fens
Northern California Climate Change Vulnerability Assessment Synthesis
An Important Note About this Document: This document represents an initial evaluation of vulnerability
for wet meadows and fens in northern California based on expert input and existing information.
Specifically, the information presented below comprises vulnerability factors selected and scored by
regional experts, relevant references from the scientific literature, and peer-review comments and
revisions (see end of document for a glossary of terms and brief overview of study methods). The aim of
this document is to expand understanding of habitat vulnerability to changing climate conditions, and to
provide a foundation for developing appropriate adaptation responses.
Peer reviewers for this document included Nina Hemphill (U.S. Forest Service), Julie Nelson (U.S. Forest
Service), and Karen Pope (U.S. Forest Service). Vulnerability scores were provided by Redding workshop
participants. Upper Lake workshop participants provided additional comments on the climate change
vulnerability of this habitat.
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Habitat Description
Wet meadows and fens comprise a diverse group of groundwater-dependent ecosystems, with
wet meadows dominated primarily by herbaceous plant communities that grow on finely
textured soils (Fites-Kaufmann et al. 2007; Weixelman et al. 2011; Viers et al. 2013) and fens
characterized by a thick peat substrate that supports many distinctive plant species (Chimner &
Cooper 2003; Sikes et al. 2012, 2013). In northern California, wet meadows and fens typically
occur at 1,200–2,396 m [3,940–7,861 ft] in the southern Cascades (Weixelman et al. 2011; Sikes
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et al. 2013; Cole & North 2014), and from 1,400–1,950 m (4,600–6,400 ft) in the Klamath
Mountains (Sikes et al. 2013). However, they can also occur in lower-elevation montane valleys
and depressions in the Klamath Mountains and North Coast Range (Sikes et al. 2012, 2013; Wolf
& Cooper 2015). The coastal Inglenook Fen is believed to be the only sea level fen in California
(Erman et al. 1977).
Wet meadows are located in areas that confine or slow the release of groundwater over the
landscape (Weixelman et al. 2011; Viers et al. 2013). Wet meadows can range from open,
herbaceous-dominated areas to densely packed riparian shrubfields, with no two meadows
identical in plant composition or hydrologic regime (Viers et al. 2013). Hydrologic factors that
determine wet meadow plant composition and function include the presence or absence of
surface water, whether water is flowing or standing, and the duration of inundation (Allen-Diaz
1991; Darrouzet-Nardi et al. 2006). A persistently high water table often limits the presence of
tree and shrub species in wet meadows, instead favoring hydric herbaceous species (Viers et al.
2013). Wet meadow vegetation usually comprises a mixture of sedges (Eleocharis spp., Carex
spp.), rushes (Juncus spp.), and hydric meadow grasses (e.g., tufted hairgrass [Deschampsia
cespitosa]; Chambers & Miller 2011; Weixelman et al. 2011; Cole & North 2014). Riparian
thickets may form alongside flowing water in meadows (Viers et al. 2013), often including
willows (Salix spp.) and alders (Alnus spp.; Chambers & Miller 2011; Weixelman et al. 2011;
Cole & North 2014). Dogwoods (Cornus spp.) are also important in shrubby areas as are heather
(Ericaceous spp.) and Spiraea species (Vuln. Assessment Reviewer, pers. comm., 2018).
Fens, which may occur within wet meadows or adjacent to lakes or ponds, are usually small
(less than 1 ha [2.5 ac] in size in California) and contain surface water for a significant portion of
the year (Sikes et al. 2012, 2013). By definition, fens in California must contain a layer of peat at
least 40 cm (15.7 in) thick, which can take up to 2,000 years to develop because plant matter
decomposes very slowly in a standing water, oxygen-poor environment (Sikes et al. 2012,
2013). Fens support mosses, herbaceous vascular species, and woody vegetation, with plants
deriving most or all of their water and nutrients from the peat layer rather than from
underlying mineral soils (Chimner & Cooper 2003; Sikes et al. 2012, 2013). In the Klamath and
North Coast Ranges, Ptychostomum pacificum is a characteristic moss of fens in coniferous
forests (Spence & Shevock 2012). Within serpentine and other nutrient-poor landscapes, fens
fed by cool water are dominated by the insectivorous California pitcher plant (Darlingtonia
californica), which is restricted to northern California and southwestern Oregon (Sikes et al.
2013; CNPS 2019). The distinct vegetation of Darlingtonia fens is composed mainly of
perennials, which may include California bog asphodel (Narthecium californicum), great burnet
(Sanguisorba officinalis), California cornflower (Rudbeckia californica), and other herbaceous
plants (CNPS 2019). Several trees and shrubs also grow in Darlingtonia fens, including PortOrford-cedar (Chamaecyparis lawsoniana), western azalea (Rhododendron occidentale), and
Labrador tea (Rhododendron columbianum; CNPS 2019).
Wet meadows and fens are highly valued by northern California tribes, providing food, fiber,
medicines, and fresh water (Anderson 2005; Norgaard et al. 2016; Karuk Tribe 2019). These
habitats harbor culturally-valued plant species such as trailing blackberry (Rubus ursinus),
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Mariposa lily (Calochortus spp.), panther lily (Lilium pardalinum), wild turnip (Brassica rapa),
and multiple species of Indian potatoes (e.g., Brodiaea coronaria; Kimmerer & Lake 2001;
Norgaard et al. 2016). Additionally, the rare leopard lily (Lilium pardalinum wigginsii), found in
high-elevation serpentine wet meadows, is among the most valued bulbs in the Karuk diet
(Schenck & Gifford 1952; Norgaard et al. 2016; Karuk Tribe 2019). Wet meadows and fens are
also utilized by many wildlife species, including black bear (Urus americanus), Roosevelt elk
(Cervus canadensis roosevelti), and black-tailed deer (Odocoileus hemionus; Norgaard et al.
2016; Karuk Tribe 2019).

Executive Summary

Sensitivity &
Exposure Summary

The relative vulnerability of wet
meadows and fens in northern
California was evaluated as
moderate-high by regional experts
due to moderate-high sensitivity to
climate and non-climate stressors,
moderate-high exposure to projected
future climate changes, and
moderate adaptive capacity.

Wet Meadows
and Fens

Rank

Confidence

Sensitivity

Moderate-High

High

Future Exposure

Moderate-High

Moderate

Adaptive Capacity

Moderate

High

Vulnerability

Moderate-High

High

Climate and climate-driven factors:
• Snowpack amount, timing of snowmelt and runoff, drought, precipitation amount and
timing, soil moisture, streamflow, water temperature, storms
Disturbance regimes:
• Flooding, wildfire
Non-climate stressors:
• Agriculture, dams and water diversions, fire suppression, roads and trails, recreation,
mining, livestock grazing, invasive and other problematic species

Wet meadows and fens are primarily sensitive to climate stressors that alter the hydrologic
regime, including snowpack amount, timing of snowmelt and runoff, precipitation amount and
timing, streamflow, and drought. Changes in these factors may result in a lowered groundwater
table and reduced water retention, causing plant mortality and reduced habitat extent. This is
particularly true for systems that have already been impacted by anthropogenic stressors that
alter wetland structure and hydrology (e.g., dams, livestock grazing, roads/trails, and others).
Degraded wet meadows and fens also exhibit reduced resistance to disturbance events such as
flooding and wildfire, which may further exacerbate structural changes and drying. Fire
suppression, coupled with disturbances that dewater meadows, can promote shade tree
encroachment, lower water tables, and increase the risk of high-severity fire in wet meadow
and fen habitat. Degraded and/or disturbed wet meadows and fens may experience draining
and lowering of the groundwater table following structural changes (e.g., channelization and
bank erosion), potentially initiating a transition to upland habitat types.
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Adaptive Capacity Summary

Factors that enhance adaptive capacity:
+ Located in diverse habitat niches across a wide elevational range
+ High cultural and recreational interest in montane and subalpine wet meadows
+ Generally responsive to management efforts focused on restoring hydrology in degraded
systems
+ Federal Clean Water Act supports protection and restoration initiatives
Factors that undermine adaptive capacity:
− Small areal extent of fens and wet meadows based on limiting physical, chemical, and
biological characteristics
− Further reductions in areal extent and distribution have occurred, largely due to
anthropogenic stressors
− Little or no capacity for system migration given specific hydrologic requirements

Wet meadows and fens are widely distributed in northwestern California, although they
comprise a very small areal extent of the landscape and have been significantly reduced from
their historical extent by anthropogenic stressors. These wetlands are rich in biodiversity,
reflecting the variable topography, hydrology, and water and soil chemistry of the region.
Component plant species in wet meadows and fens range from widely-distributed species to
narrow endemics, and generally high dispersal ability in many of these adds to the capacity of
this habitat to accommodate and recover from disturbances. However, migration opportunities
in the face of climate change are limited because these habitats require specific hydrological
and landscape conditions to exist (e.g., high groundwater tables, sediment deposition, peat
formation). The scientific literature suggests multiple management actions that may build
adaptive capacity in wet meadows and fens by maintaining or restoring structural and
hydrologic integrity. These include prescribed fire to reduce woody species incursion, beaver
(Castor canadensis) reintroduction to raise water table levels, improved grazing management,
selective removal of invasive species, removal of constrictions to flow patterns, and restoration
of eroded areas. Building adaptive capacity in wet meadows and fens is especially important as
these habitats support groundwater storage and release, contribute to surface water
availability, and support many culturally and ecologically important species.

Sensitivity and Exposure
Wet meadows and fens were evaluated by regional experts as having moderate-high overall
sensitivity (high confidence in evaluation) and moderate-high overall future exposure
(moderate confidence) to climate and climate-driven factors, changes in disturbance regimes,
and non-climate stressors.
Climate change is projected to reduce the extent of wet meadows and fens, primarily due to
increased air and water temperatures, reduced snowpack, earlier timing of spring runoff, and
increased drought (Crimmins et al. 2011; Sikes et al. 2013; Ryan et al. 2014; Karran et al. 2017).
In general, wet meadows and fens are restricted by hydro-geomorphic characteristics rather
than climatic conditions, so climate modeling efforts designed to demonstrate potential shifts
in vegetation are largely unsuited to this habitat type (Vuln. Assessment Reviewer, pers. comm.,
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2019). For instance, climate conditions may result in altered climate suitability for wet meadow
and fen vegetation (Thorne et al. 2016). However, the formation of new systems would also
require appropriate hydrologic conditions (e.g., localized groundwater-confining topography),
which may not occur in all areas that are otherwise suitable for vegetation (Crimmins et al.
2011).
Sensitivity and future exposure to climate and climate-driven factors
Regional experts evaluated wet meadows and fens as having high sensitivity to climate and
climate-driven factors (high confidence in evaluation), with an overall moderate-high future
exposure to these factors within the study region (low confidence). Key climatic factors that
affect wet meadows and fens include snowpack amount, timing of snowmelt and runoff,
drought, precipitation amount and timing, soil moisture, streamflow, water temperature, and
storms.1
Snowpack amount and timing of snowmelt and runoff
In northern California, montane wet meadows receive their primary water supply from melting
snowpack that provides surface water and recharges groundwater, elevating soil moisture and
increasing stream baseflow during the growing season (Sikes et al. 2013; Viers et al. 2013).
Gradual melting of the snowpack maintains a consistently high groundwater table (typically <1
m [3.3 ft] below the land surface; Loheide & Gorelick 2007), which is necessary to sustain wet
meadow vegetation (Chambers & Miller 2011; Viers et al. 2013). Reduced snowpack decreases
groundwater recharge and surface water inflow to wet meadows and fens (Chambers & Miller
2011; Viers et al. 2013; Hunt et al. 2018), potentially leading to habitat contraction or loss
(Chambers & Miller 2011; Viers et al. 2013). Additionally, a greater proportion of winter
precipitation falling as rain rather than snow (Knowles et al. 2006) would likely result in more
immediate runoff and less water stored for gradual release during drier months (Viers et al.
2013; Long & Pope 2014). Large increases in precipitation, particularly winter rainfall, could also
negatively impact wet meadows and fens due to stream scour and flooding (Viers et al. 2013;
Long & Pope 2014).
Site-specific hydrologic factors may limit loss of these wetland types in response to changing
snowpack regimes (Sikes et al. 2013; Drexler et al. 2013). A study found that fens in the
southern Cascades were less affected by periods of high temperatures and low snowpack
compared to those in the Sierra Nevada, which decreased in extent by 10–16% (Drexler et al.
2013). However, it is unknown whether the southern Cascade fens experienced less extreme
changes in conditions or whether local hydrological conditions had a buffering effect (Drexler et
al. 2013). In general, smaller wet meadows and fens and those that are ditched or highly
eroded are likely to be more affected by decreased snowpack (Sikes et al. 2013; Drexler et al.
2013).

1

All climate and climate-driven factors presented were ranked as having a moderate or higher impact on this
habitat type.
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Regional Snowpack & Snowmelt Trends2
Historical & current trends:
• 15–39% decrease in April 1 snow water
equivalent (SWE) between 1951 and 2010 for
the Northwestern California and Southern
Cascade ecoregions (Flint et al. 2013)
• 15–40-day shift towards earlier date of 90%
snowmelt across the western U.S. since 1915
(Hamlet et al. 2005)
• 10–30-day shift towards earlier timing of
snowmelt-driven runoff across the western
U.S. since 1948 (Stewart et al. 2005)

Projected future trends:
• Decreases in April 1 SWE by 2100 (compared
to 1951–1980; Flint et al. 2013; Flint & Flint
2014):
o 86–99% decrease on the North Coast
o 82–99% decrease in the Northern Coast
Range
o 99–100% decrease in the Northern Interior
Coast Range
o 72–94% decrease in the Klamath Mountains
o 61–89% decrease in the Southern Cascades
• Likely 5–15-day shift towards earlier timing of
snowmelt-driven runoff in northern California
by 2100 (up to 60-day shift across the western
U.S.; Stewart et al. 2004; Rauscher et al. 2008)

Summary of Potential Impacts on Habitat (see text for citations)
• Reduced groundwater recharge and growing season soil moisture availability could hinder survival
and growth of plant species dependent on a high water table
• Possible reduction in wet meadow and fen extent due to reduced surface water and groundwater
• Degradation of springs due to loss of groundwater recharge from declining snowpack

Drought
In northern California, higher temperatures, reduced snowpack, and decreased summer
precipitation are likely to lead to more severe summer drought conditions for wet meadows
and fens (Cayan et al. 2008; Diffenbaugh et al. 2015; Thorne et al. 2015). Wet meadow plants
stressed by drought may go dormant or die, causing a degradation of the network of fibrous
root systems that prevent bank erosion and channel incision (Purdy & Moyle 2006; Patterson &
Cooper 2007; Viers et al. 2013). In drought-stressed or otherwise degraded meadows, channel
incision allows water to drain away from the meadow more quickly (Patterson & Cooper 2007;
Viers et al. 2013). This process reduces water residence time within the meadow, decreasing
groundwater recharge and, in turn, causing further drying (Null et al. 2010; Sikes et al. 2013;
Viers et al. 2013) and potentially allowing the establishment of upland plants (Purdy & Moyle
2006; Patterson & Cooper 2007; Viers et al. 2013). In this way, drought can alter the
morphology of wet meadows, decreasing water storage capacity and potentially leading to
reduced habitat extent or conversion to drier habitat types following tree and shrub
encroachment (Null et al. 2010; Sikes et al. 2013; Viers et al. 2013; Vuln. Assessment Workshop,
2

Trends in climate factors and natural disturbance regimes presented in this and subsequent summary tables are
not habitat-specific; rather, they represent broad trends and future projections for the study region. The
precipitation, temperature, climatic water deficit, and snowpack projections for this project are derived from the
Basin Characterization Model, which uses modified Jepson ecoregions (Flint et al. 2013; Flint & Flint 2014).
Projections for all other factors are based on a review of relevant studies in the scientific literature. For this
project, exposure was evaluated by calculating the magnitude and direction of projected change within the
modified Jepson ecoregions that include habitat distribution within the study geography.
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pers. comm., 2017). In fens, the drying and oxidizing of peat under extreme drought can
similarly increase vulnerability to erosion (Fites-Kaufmann et al. 2007) or compromise
ecosystem functioning (Ryan et al. 2014).
Some wet meadow and fen plants have characteristics that allow them to tolerate periods of
drought, including roots that reach deep into the groundwater table and/or the capacity to
reproduce by rhizomes rather than seeds (Fites-Kaufmann et al. 2007). In the Sierra Nevada,
drought-tolerant characteristics allowed sedge and rush species in a subalpine wet meadow to
maintain community dominance during an 8-year period of drought, as well as to quickly
recover their pre-drought biomass with the return of precipitation (Rejmánková et al. 1999).
However, very severe drought conditions can push wetland plants beyond their physiological
limits, potentially initiating transformative hydrologic change in the system (Stillwater Sciences
2012; Sikes et al. 2013; Viers et al. 2013).
Regional Drought Trends
Historical & current trends:
• Drought years have occurred twice as often
over the last two decades compared to the
previous century (Diffenbaugh et al. 2015)
• 2012–2014 drought set records for lowest
precipitation, highest temperatures, and most
extreme drought indicators on record (Griffin
& Anchukaitis 2014; Diffenbaugh et al. 2015)

Projected future trends:
• Drought years are twice as likely to occur over
the next several decades due to increased cooccurrence of dry years with very warm years
(Cook et al. 2015)
• 80% chance of multi-decadal drought by 2100
under a high-emissions scenario (Cook et al.
2015)
• Severe droughts that now occur once every 20
years will occur once every 10 years by 2100
and once-in-a-century drought will occur once
every 20 years (Pierce et al. 2018)

Summary of Potential Impacts on Habitat (see text for citations)
• Possible dormancy or death of wet meadow plants, causing degradation of the fibrous root system
that supports streambanks, leading to channel incision and erosion
• Tree and shrub encroachment during prolonged periods of drought
• Compromised ecosystem functioning and/or possible loss of fens following drying and oxidizing of
peat

Precipitation amount and timing and soil moisture
Precipitation in the form of rain provides direct water inputs for wet meadows and fens and
also feeds surface runoff that provides additional water supply (Weixelman et al. 2011; Viers et
al. 2013). Decreased summer precipitation, in combination with reduced snowpack and
increased evapotranspiration, are likely to cause declines in soil moisture and lower
groundwater tables, leading to shorter hydroperiods and corresponding increases in water
stress (Tague et al. 2009; Perry et al. 2012). Reduced water availability is likely to increase
erosion as densely rooted wet meadow plants die or go dormant and are replaced by upland
species whose root systems have less capacity to stabilize soils and streambanks during periods
Climate change vulnerability assessment for the Northern California Climate Adaptation Project
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of high streamflow (Purdy & Moyle 2006; Patterson & Cooper 2007; Viers et al. 2013). Reduced
precipitation may also lead to the desiccation of peat deposits in fens, leaving them vulnerable
to erosion from overland and stream flows and potentially reducing their areal extent (Sikes et
al. 2013).
Reduced water availability is likely to impact wet meadow and fen flora and fauna. For example,
willows would likely decrease in wet meadow riparian areas (Perry et al. 2012) and conifer and
grass encroachment may occur, depending on the amount of time that wet meadows and fens
are impacted by acute water stress (Tague et al. 2009; Jules et al. 2011; Weixelman et al. 2011;
Cooper et al. 2012; Perry et al. 2012). Reduced precipitation is also likely to contribute to
decreases in the extent of standing water within montane and subalpine wet meadows,
potentially degrading or eliminating critical habitat for amphibians (McMenamin et al. 2008;
Ryan et al. 2014).
Increases in precipitation could benefit hydric plant species by increasing soil moisture and
reducing water stress, potentially allowing the development of hydrological conditions that
could support groundwater-dependent vegetation at lower elevations in the Klamath
Mountains and southern Cascades (Crimmins et al. 2011). However, new habitat creation
would be dependent on the limiting characteristics of individual plant species. For example,
boreal fen species would likely not establish at lower levels under increased precipitation if air
temperature also increased (Chadde et al. 1998; Sikes et al. 2013).
Regional Precipitation & Soil Moisture Trends
Historical & current trends:
• 7.2–9.4 cm (2.8–3.7 in) increase in mean
annual precipitation between 1900 and 2009
for the Northwestern California and Southern
Cascade ecoregions (Rapacciuolo et al. 2014)
• No trends available for soil moisture

Projected future trends:
• 20% decrease to 34% increase in mean annual
precipitation by 2100 (compared to 1951–
1980) for the North Coast, Northern Coast
Range, Northern Interior Coast Range, Klamath
Mountain, and Southern Cascade ecoregions
(Flint et al. 2013; Flint & Flint 2014)3
• Seasonal changes are projected to be more
significant as the wet season becomes wetter
and shorter (i.e., later onset of fall rains and
earlier onset of summer drought) and the dry
season becomes drier and longer (Pierce et al.
2018; Swain et al. 2018)
• Overall, interannual variability is expected to
increase (Pierce et al. 2018; Swain et al. 2018)
• Decreased top-level soil moisture is likely even
if precipitation increases due to temperaturerelated changes in evaporative demand (Pierce
et al. 2018)

3

Projections for changes in annual and seasonal precipitation by ecoregion can be found in the full climate impacts
table (https://bit.ly/2LHgZaG).
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Regional Precipitation & Soil Moisture Trends
Summary of Potential Impacts on Habitat (see text for citations)
• Decreased soil moisture and lowered groundwater tables where precipitation decreases, resulting
in shorter hydroperiods and increased water stress
o Possible encroachment of xeric upland plant species
o Peat desiccation and subsequent increases in erosion
o Reduction of amphibian breeding habitat
• Possible increase in habitat in lower elevations in the southern Klamath and Cascade Ranges where
groundwater regimes become able to support wet meadow and fen vegetation

Streamflow
Snowpack amount and the timing of spring runoff are primary drivers of streamflow regimes,
along with geology, elevation, and stream size (Chambers & Miller 2011; Grantham et al. 2018).
Higher peak flows may increase wet meadow erosion (Stewart et al. 2005; Chambers & Miller
2011; Mayer & Naman 2011; Weixelman et al. 2011), while lower summer flows associated
with reduced snowpack are likely to increase drying in wet meadows and fens (Chambers &
Miller 2011). As these habitats dry, bank erosion may cause further loss of riparian vegetation
and a widening of the stream channel (Chambers & Miller 2011; Viers et al. 2013). Over time,
the channel area can become too eroded for flows to overtop the banks during periods of peak
runoff, decreasing water inputs and contributing to further drying (Viers et al. 2013). Erosion
during periods of high flows can also cut into the relatively soft meadow substrate, deepening
the channel and eventually lowering the water table (Viers et al. 2013). This initiates shifts in
species composition from herbaceous perennials to upland vegetation, at which point most of
the critical water-retaining properties of the meadow are lost and the system may convert to a
drier wetland type or experience tree encroachment (Weixelman et al. 2011; Viers et al. 2013).
Regional Streamflow Trends
Historical & current trends:
• Shift towards earlier spring peak flows in
snowmelt-dominated basins (Stewart et al.
2005; Pierce et al. 2018)
• In rain-dominated coastal rivers in northern
California, minimum annual flows have
decreased and late summer recession rates
have increased over the past 40-80 years
(Sawaske & Freyberg 2014; Asarian & Walker
2016; Klein et al. 2017)
• September streamflow declined at 73% of
undammed sites in northern California and
southwest Oregon (Asarian & Walker 2016)

Projected future trends:
• Generally, wet season flows are projected to
increase and dry season flows are projected to
decrease (Leng et al. 2016; Grantham et al.
2018)
• Overall increase in flow variability and earlier
timing of spring peak flows (by up to 30 days;
Stewart et al. 2005)
• As a result of more extreme dry conditions, the
lowest streamflow per decade is projected to
be 30–40% lower by 2100 (Pierce et al. 2018)

Summary of Potential Impacts on Habitat (see text for citations)
• Increased drying where summer flows decline, particularly if surface water inputs are not
compensated by groundwater sources
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Regional Streamflow Trends
• Increased erosion due to higher spring peak flows, potentially leading to a lowered groundwater
table and/or conversion to upland vegetation

Water temperature
Earlier timing of runoff and longer duration of low flows may result in more days with high
water temperatures, which can be detrimental to aquatic fauna associated with wet meadows
and fens (Kupferberg et al. 2009; Viers et al. 2013). For example, warmer water temperatures
could impact macroinvertebrate emergence (Harper & Peckarsky 2006; Viers et al. 2013) and
fish and macroinvertebrate community composition (Marchetti & Moyle 2001; Viers et al.
2013). Warmer water temperatures may also affect amphibian survival, recruitment and
growth; for instance, warmer water temperatures may lengthen the growth period in tadpoles
even as adults experience more days when they are exposed to thermal stress (Kupferberg
1996; Viers et al. 2013). Increased thermal stress, in combination with decreased water
availability, may contribute to further population declines in the endemic foothill yellow-legged
frog (Rana boylii; Kupferberg 1996; Viers et al. 2013).
Regional Water Temperature Trends
Historical & current trends:
• ~0.1°C (0.2°F) per decade increase in mean
August stream temperatures in northwestern
California from 1976–2015 (Isaak et al. 2017)
o Corresponds to a 0.4°C (0.7°F) increase in
air temperature and 5.3% decrease in
discharge per decade

Projected future trends:
• 0.4–0.8°C (0.7–1.4°F) per decade increase in
mean August stream temperatures in
northwestern California by the 2080s (Isaak et
al. 2017)
o Corresponds to a 3.6°C (6.5°F) increase in
air temperature and 1.2% decrease in
stream discharge

Summary of Potential Impacts on Habitat (see text for citations)
• Changes in the distribution, abundance, and health of aquatic organisms
• Mixed impacts on amphibians (e.g., may lengthen growth period of tadpoles but may increase
thermal stress on adults and reduce suitable habitat)

Storms
More frequent and/or intense storm events are likely to lead to increased erosion and flooding
in montane wet meadows, fens, and associated riparian areas, particularly when combined with
higher and flashier winter and spring runoff events (Butz et al. 2015). Runoff associated with
extreme precipitation can degrade wet meadows and fens through channel incision,
downcutting, and erosion of moist peat and topsoil, leading to drying if enough water drains
out of the habitat and is not replaced (Micheli & Kirchner 2002; Weixelman et al. 2011; Viers et
al. 2013; Long & Pope 2014). Increased erosion and downcutting of streambanks could incite a
transition to drier upland vegetation (Viers et al. 2013; Long & Pope 2014). However, more
frequent storms could also have some benefits for wet meadows and fens by increasing water
availability (Vuln. Assessment Workshop, pers. comm., 2017).
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Regional Storm Trends
Historical & current trends:
• Decline in the frequency of extreme two-day
precipitation events between 1950 and 2009,
with a slight decrease in the amount of
precipitation received during extreme two-day
events (Mass et al. 2010)

Projected future trends:
• Increase in storm intensity and duration,
resulting in greater maximum precipitation
rates and volume (Dettinger 2011; Shields &
Kiehl 2016; Prein et al. 2017)
• Slight to moderate increase in storm frequency
(up to 30% increase in atmospheric river days,
or ~2.5 days per year; Dettinger 2011)
• Projected statewide increases in daily extreme
precipitation values of 5–20% by 2100 (Pierce
et al. 2018)

Summary of Potential Impacts on Habitat (see text for citations)
• Increased flooding, particularly when combined with higher and flashier winter/spring runoff
• Increased erosion and possible channel incision, resulting in habitat degradation or loss

Sensitivity and future exposure to changes in disturbance regimes
Regional experts evaluated wet meadows and fens as having moderate-high sensitivity to
changes in disturbance regimes (high confidence in evaluation), with an overall moderate-high
future exposure to these stressors within the study region (moderate confidence). Key
disturbance regimes that affect wet meadows and fens include flooding and wildfire.4
Flooding
Periodic flooding in wet meadows and fens is necessary to maintain healthy hydrologic system
functioning (Hammersmark et al. 2008, 2010; Sikes et al. 2013). The movement of water
through wet meadows is supported by a well-developed network of fibrous plant roots that
build bank stability (Loheide & Gorelick 2007; Viers et al. 2013). Stable stream banks allow
water to overtop banks during moderate flooding events while providing a barrier to the rapid
outflow of water, supporting groundwater recharge and surface water retention that maintains
meadow vegetation (Loheide & Gorelick 2007; Viers et al. 2013). Stable streambanks limit more
extreme flooding that damage vegetation and erode soil or peat (Micheli & Kirchner 2002;
Purdy & Moyle 2006; Patterson & Cooper 2007; Viers et al. 2013).
Changes outside of the historical range of variability for snowmelt timing and
precipitation/runoff volume may increase flooding impacts in wet meadows and fens beyond
the level at which these systems can maintain sound hydrologic regimes (Fites-Kaufmann et al.
2007; Weixelman et al. 2011; Viers et al. 2013). Rain-on-snow precipitation can result in
extreme floods that wash out or degrade meadows and fens and exacerbate stream incision
and downcutting (Micheli & Kirchner 2002; Weixelman et al. 2011; Viers et al. 2013; Karran et
al. 2017). Flash floods carrying heavy sediment loads and debris further erode degraded stream
4
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channels within wet meadows, drastically increasing channel incision during single events; this
can result in a positive feedback loop that decreases the ecological integrity of the meadow and
may decrease habitat extent (Herbst & Cooper 2010; Weixelman et al. 2011; Sikes et al. 2013).
Where increased flooding occurs, willows may expand from riparian areas on stream edges
farther into wet meadows, potentially limiting light availability to herbaceous vegetation and
increasing shrub dominance (Weixelman et al. 2011).
Regional Flooding Trends
Historical & current trends:
• No trends available for flooding

Projected future trends:
• More frequent/severe winter flooding due to
an increase in extreme precipitation events
(Dettinger 2011; AghaKouchak et al. 2018;
Swain et al. 2018; Grantham et al. 2018)
• State-wide, 200-year floods are expected to
increase in frequency by 300–400%, becoming
50-year floods (Swain et al. 2018)

Summary of Potential Impacts on Habitat (see text for citations)
•
•
•
•

Increased erosion, stream incision, and downcutting, draining water away from habitat
Habitat degradation following increased sediment deposition from flooding and debris flows
Possible increases in willow recruitment, increasing shrub cover in wet meadows
Partial or total loss of habitat depending on extent of alteration of hydrologic regime and habitat
integrity

Wildfire
Wetlands and riparian areas are generally characterized by cooler air temperatures and higher
relative humidity compared to adjacent uplands (Dwire & Kauffman 2003). These conditions
generally limit fire intensity and severity due to higher fuel and soil moisture content (Dwire &
Kauffman 2003). Additionally, wind speeds in montane riparian areas are often lower than in
surrounding uplands and along ridgelines, which results in less extreme fire behavior, including
decreased intensity and rate of spread (Dwire & Kauffman 2003). Wet meadows, fens, and
associated riparian areas may serve as fire breaks in upland forests until late in the fire season
(Dwire & Kauffman 2003). Overall, subalpine wet meadows and fens have a shorter fire season
than lower-elevation habitats due to the presence of snowpack late into the season (Skinner
2003; Skinner et al. 2006; Fites-Kaufmann et al. 2007; Gergel et al. 2017).
Fires in northern California wet meadows and fens have historically been a result of both
human and natural ignitions (Dwire & Kauffman 2003; Turner et al. 2011; Lake & Long 2014;
Norgaard et al. 2016; Karuk Tribe 2019). Relatively frequent low- to moderate-intensity fire kills
encroaching conifer seedlings and small trees that would otherwise lower water tables and lead
to overall drying (Lake 2007; Norgaard et al. 2016). Fire at the meadow/forest interface can
sometimes result in wet meadow expansion into burned areas formerly occupied by forest
(Ratliff 1985). Cultural and prescribed burning can also maintain populations of tribally-valued
plants such as leopard lily and Indian potatoes, and can improve forage for black-tailed deer
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and other native ungulates (Lake 2007; Norgaard et al. 2016). Wet meadows and fens are more
sensitive to the negative impacts of high-intensity fires (Norgaard et al. 2016; Long & Davis
2016), particularly if they occur in adjacent riparian areas and/or burn a large proportion of the
catchment area (Minshall 2003). The most significant concern is generally changes in soil
structure and the loss of upland and riparian vegetation within the watershed that contribute
to erosion, debris flows, and associated channel incision (Shakesby & Doerr 2006; Cannon &
DeGraff 2009; Long & Davis 2016). High-intensity fires that spread into wet meadows and fens
from surrounding forests can cause high rates of plant mortality (Norgaard et al. 2016), though
this can also include the removal of larger encroaching conifers (Vuln. Assessment Reviewer,
pers. comm., 2019).
Wet meadows and fens are generally able to recover relatively rapidly from fire (Carothers &
Frost 2006; Jules et al. 2011). For example, in several fens within the Six Rivers National Forest,
there was no significant difference in the percent cover of herbaceous and graminoid species
three years after a major fire that affected several fens (Carothers & Frost 2006), and only
minor, temporary impacts on plant community composition (Jules et al. 2011). Moss layers in
burned fens have also demonstrated recovery within a decade (Norgaard et al. 2016).
Darlingtonia fens in the Klamath Range have fire-protective characteristics that can diminish
the direct impact of burning on vegetation, including high soil moisture and the well-developed
underground rhizome systems of many of its component species (Carothers & Frost 2006; Jules
et al. 2011; Kettridge et al. 2015).
Regional Wildfire Trends
Historical & current trends:
• 85% of U.S. Forest Service lands in northern
California are burning less frequently
compared to pre-1850 fire return intervals,
largely due to fire suppression (Safford & Van
de Water 2014)
• Fire size and total area burned increased on
U.S. Forest Service lands in northwestern
California between 1910-2008, with the
highest values occurring after 2000 (Miller et
al. 2012)
• Changes in large fires (over 400 ha) in the
inland northern California/Sierra Nevada
region since the 1970s (Westerling 2016):
o 184–274% increase in frequency
o 270–492% increase in total area burned
o 215% increase in length of the fire season
• Changes in fire size, area burned, and fire
frequency over the past several decades
remain well below historical tribally-influenced
frequency and extent of burning in California
(Stephens et al. 2007)

Projected future trends:
• State-wide, up to 77% increase in mean annual
area burned and 50% increase in the frequency
of extremely large fires (>10,000 ha) by 2100
(Westerling 2018)
o Greatest increases in burned area (up to
400%) occur in montane forested areas in
northern California (Westerling et al. 2011;
Westerling 2018)
o Less significant increases or possible
decrease along the North Coast (Westerling
et al. 2011)
• Little projected change in fire severity in
northwestern California by 2050 in models
based solely on historical fire-climate
relationships (Parks et al. 2016)
o However, human activity and fuel buildup
from decades of fire suppression have
altered historical fire-climate relationships
(Taylor et al. 2016; Syphard et al. 2017;
Wahl et al. 2019), and projections that
incorporate these factors suggest that more
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Regional Wildfire Trends
• No significant trends in the average areal
proportion of high-severity fire were
documented in northwestern CA from 1984–
2008 (Miller et al. 2012; Parks et al. 2015; Law
& Waring 2015; Keyser & Westerling 2017)
o The relatively short period of record for fire
severity data may obscure long-term trends
o To date, there are no peer-reviewed studies
on trends in northern California fire severity
that include data from the last ten years

significant increases in fire severity and size
may occur (Mann et al. 2016; Wahl et al.
2019)
• The majority of impacts to natural and human
ecosystems come from extreme fire events
(i.e., fires that have a low probability of
occurring in any given place and time), which
are likely to increase over the coming century
(Westerling 2018)
o Generally, these patterns are not wellrepresented in studies that evaluate indices
of mean fire size, intensity/severity, etc.

Summary of Potential Impacts on Habitat (see text for citations)
• Immediate:
o Removal of encroaching trees and shrubs and reduced fuel loading
o High rates of plant mortality during severe fires that spread from surrounding forests
o Erosion and debris flows following high-severity fire due to loss of vegetation and changes in soil
structure
• Short-term (~2-year):
o Increased abundance and productivity of culturally-valued plants and improved forage for
native ungulates following low- to moderate-intensity fire
o Potential expansion at meadow edges into areas previously occupied by forest
• Long-term:
o Maintenance of open meadows with a high water table
o Continued presence and high levels of productivity in culturally-valued species

Sensitivity and current exposure to non-climate stressors
Regional experts evaluated wet meadows and fens as having high sensitivity to non-climate
stressors (high confidence in evaluation), with an overall moderate-high current exposure to
these stressors within the study region (high confidence). Key non-climate stressors that affect
wet meadows and fens include agriculture, dams and water diversions, fire suppression, roads
and trails, recreation, mining, livestock grazing, and invasive and other problematic species.5
Agriculture and dams/water diversions
Agricultural activities, water diversions, and dams (designed for irrigation and/or hydroelectric
power generation) negatively affect wet meadows, fens, and associated riparian areas by
decreasing water quantity and quality (Sikes et al. 2013; Viers et al. 2013). Flow alterations as a
result of dams and water diversions is a fundamental cause of channel and vegetation change
throughout montane riparian areas (Cooper et al. 1998; Patterson & Cooper 2007; Long & Pope
5
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additional non-climate stressors that may influence the habitat to a lesser degree include residential/commercial
development.
Climate change vulnerability assessment for the Northern California Climate Adaptation Project
Copyright EcoAdapt 2019

14

2014; Asarian & Walker 2016), particularly where infrastructure is degraded (Vuln. Assessment
Workshop, pers. comm., 2017). For instance, water diversions introduce channels that allow
water to drain away from wet meadows and fens and raise stream temperature by lowering
flow volume (Chambers et al. 2004; Patterson & Cooper 2007; Bury 2008). Ditches and water
diversions can also pose a major threat to fen integrity by incising the peat body, triggering
erosion and organic matter decomposition that may lower the water table below the 20 cm
(7.9 in) generally required to maintain peat accumulation within the region (Chimner & Cooper
2003; Cooper et al. 2012; Sikes et al. 2013). Where large water withdrawals occur, fens may be
unable to persist (Patterson & Cooper 2007). Overall, dewatering as a result of dams and water
diversions can transition systems toward more xeric species and increase vulnerability to fire
(Chambers et al. 2004; Patterson & Cooper 2007). Flow alterations and associated increases in
water temperature also negatively affect amphibians (Kupferberg et al. 2012; Ryan et al. 2014)
and other aquatic organisms.
In northwestern California, cannabis (Cannabis sativa, C. indica) production has a variety of
negative impacts on aquatic habitats throughout forested watersheds, particularly in
Humboldt, Trinity, and Mendocino Counties (Bauer et al. 2015; Carah et al. 2015; Butsic &
Brenner 2016; Butsic et al. 2017). In some smaller headwater tributaries, flow diversions for
cannabis cultivation may completely dewater streams and degrade springs (Bauer et al. 2015;
Vuln. Assessment Reviewer, pers. comm., 2018). In larger fish-bearing streams, flow diversions
result in lower and/or intermittent summer flows and resulting increases in water temperatures
(Bauer et al. 2015). These water diversions in rivers and streams may increase water
temperature or direct water away from wet meadows and fens (Chambers et al. 2004;
Patterson & Cooper 2007; Bury 2008). Other impacts of cannabis production that may affect
wet meadows include grading and burying of streams; runoff of sediment, nutrients, petroleum
products, and pesticides; and illegal land clearing (Mills 2012; Bauer et al. 2015; Carah et al.
2015; Butsic & Brenner 2016).
Fire suppression
In the absence of fire, trees and woody shrubs encroach into wet meadows, lowering water
tables and further accelerating shifts toward upland vegetation (see Table 1; Ratliff 1985;
Norgaard et al. 2016). Populations of leopard lily, a culturally important, perennial meadow
species that produces edible bulbs, have been observed to collapse as a result of overly-shaded
meadow conditions in meadows affected by fire suppression (Anderson 2005).
Increased tree density and lack of periodic wildfire have increased fuel loads, increasing the risk
of high-intensity fires that may spread into wet meadows and fens or contribute to erosion and
debris flows in systems downstream of burned areas (Dwire & Kauffman 2003; Norgaard et al.
2016). Wet meadows and fens can also be adversely affected by fire suppression activities,
including disturbance from bulldozer lines, impacts from fire retardants, and the introduction of
invasive species via vehicles, equipment, and gear (Norgaard et al. 2016; Vuln. Assessment
Reviewer, pers. comm., 2018). Additionally, post-fire repairs designed to prevent erosion may
prevent recovery of culturally-valued plants such as the leopard lily (Norgaard et al. 2016).
However, Resource Advisors are generally brought on to guide fire suppression activities away
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from and/or minimize damage in sensitive areas (Vuln. Assessment Reviewer, pers. comm.,
2019).
Table 1. Impacts of fire suppression on the resilience of wet meadows and fens to climate stressors and
climate-driven changes in fire regimes (table adapted from Norgaard et al. 2016).
Prior to Fire

During Fire

After Fire

• Conifer encroachment and
subsequent drying in wet
meadows and fens
• Loss of plant diversity and
certain meadow species such
as the culturally-valued
leopard lily
• Increased risk of
uncharacteristically severe
fire as a result of high fuel
loads, which may spread into
wet meadows and fens or
impact downstream
meadows through erosion
and debris flows

• Possible damage to wet
meadow and fen vegetation
during fire suppression and
firefighting activity (e.g.,
fireline construction)

• Reduced recovery of
meadow species impacted by
post-fire repairs to prevent
erosion

Source(s): Dwire & Kauffman 2003; Norgaard et al. 2016

Roads, trails, and recreation
Roads, trails, and recreation are common stressors in wet meadows and fens, where they alter
water flow and erosion/sedimentation processes, fragment habitats, and introduce pollutants
and/or invasive species (Panno et al. 1999; Patterson & Cooper 2007; Cooper et al. 2012). For
example, where roads permit direct vehicle access onto wet meadows and fens, tire tracks may
create depressions that lead to gully formation, resulting in water draining away from the
wetland (Cooper et al. 2012; Sikes et al. 2013). Beaver trapping, facilitated by road and trail
access, can diminish the areal extent of riparian and wet meadow (Naiman et al. 1988; Cooper
et al. 2012; Pollock et al. 2015). Road construction may result in stream flow changes that can
restrict water inputs to wet meadows and fens (Burns 1972; Patterson & Cooper 2007), and
poor culvert placement can cause channel erosion and ditching (Cooper et al. 2012). Soil and
other organic materials become less stable on hillsides that have been excavated for road
construction, resulting in large amounts of sediment and debris entering wet meadows and
fens during heavy rain events or other disturbances (Snyder 2000); this sediment can disrupt
peat accumulation in fens (Jones et al. 2000; Cooper et al. 2012).
Recreational hikers using wetland trails or participating in off-trail hiking can increase localized
erosion and soil compaction in wet meadows and fens (Ratliff 1985). Recreational activities
(e.g., hiking, off-road vehicles) can also introduce non-native species and disease (Anderson et
al. 2015). For example, the movement of soil containing spores of the introduced pathogen
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Phytophthora lateralis can spread the disease over long distances (Jules et al. 2002), which has
resulted in high rates of Port-Orford-cedar mortality in riparian areas (Hansen et al. 2000).
Roads also introduce pollutants from vehicles and the road surface via stormwater runoff
(Coffin 2007). For instance, de-icing agents (e.g., magnesium chloride) applied to roads can
decrease plant diversity in fens by encouraging the growth of more salt-tolerant species (Panno
et al. 1999).
Mining
Fens in the Klamath Mountains are still impacted by the legacy effects of gold mining, which
occurred at both large and small scales (Alpers et al. 2005). Tailing piles that remain in
previously mined areas can physically cover peat, disrupt surface and groundwater flow, and
alter chemical and mineral sediment influx to fens (Cooper et al. 2012). Fens become severely
degraded when the peat itself has been mined for horticultural uses or to remove bog iron,
leaving little or no vegetation (Cooper & MacDonald 2000; Chimner et al. 2010). Many mined
fens have remained bare for decades and require active restoration (Cooper & MacDonald
2000; Chimner et al. 2010). Hard rock mining is also common in the Klamath Ranges, with
indirect impacts on wet meadows and fens through contaminated runoff and road access (Vuln
Assessment Reviewer, pers. comm., 2018).
Suction dredge mining, a common method of small-scale gold mining that occurred in northern
California, uses a gasoline-powered vacuum to suck up river and stream bottoms, extract gold,
and then release dredged materials back into the channel (Harvey & Lisle 1998; Horizon Water
and Environment 2009). The practice was outlawed in January 1, 2016 (California Department
of Fish and Wildlife Code §§ 5653, 5653.1, 12000, subd. [a]). However, suction dredge mining
has left mercury and other toxic metals in streambed sediments that can be mobilized into
aquatic systems when the streambeds are disturbed (Harvey & Lisle 1998; Horizon Water and
Environment 2009), harming or killing aquatic larvae, macroinvertebrates, and fish (Griffith &
Andrews 1981; Harvey & Lisle 1998).
Livestock grazing
Livestock grazing can affect wet meadow and fen function through direct physical damage,
changes to watershed inputs, and impacts on vegetation growth (Sikes et al. 2013). Livestock
physically disturb wet meadows and fens by walking across water-saturated ground, which
creates depressions in the substrate, increases the occurrence of bare patches, and hinders
peat accumulation by exposing it to oxygen (Sikes et al. 2013; Wolf & Cooper 2015). Livestock
grazing can also increase erosion in wet meadows and fens by trampling peat and vegetation or
creating trails that function as ditches (Wolf & Cooper 2015). Channel incision, gullying, or other
hydrological modification from livestock can alter groundwater flow patterns and increase the
rate of water transport away from wet meadows (Patterson & Cooper 2007; Loheide et al.
2009). Water availability in these habitats may be further reduced if groundwater is pumped to
provide water for livestock (Sikes et al. 2013).
Livestock grazing can have a variety of negative impacts on wet meadow and fen vegetation.
For example, grazing removes plant biomass, increases plant trampling, and can hinder plant
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growth through the deposition of urine and feces (Sikes et al. 2013). Grazing also significantly
impacts plant species composition due to selective foraging and varying responses of plant
species to herbivory and competitive interactions (Ratliff 1985; Augustine & McNaughton 1998;
Sikes et al. 2013; Merriam et al. 2018). For instance, more palatable herbs and grasses may be
lost (Sikes et al. 2013), and tall plants are often replaced by lower-stature species (Ratliff 1985).
Grazing also tends to reduce nonvascular plants (e.g., mosses) and willow, and increase
sagebrush/wormwood (Artemisia spp.), Rosaceae species, and Baltic rush (Juncus balticus;
Fites-Kaufmann et al. 2007; Cole & North 2014). However, grazing exclusion does not
necessarily restore former species composition, likely due in part to changes in hydrology and
nutrient availability that favor the dominance of disturbance-adapted upland species after the
removal of grazing pressure (Merriam et al. 2018).
Finally, livestock grazing increases sedimentation and can, over time, eliminate pools important
for amphibian breeding and larval survival in wet meadows and fens (Vuln. Assessment
Workshop, pers. comm., 2017). In combination with increasing temperatures and drought,
livestock grazing is likely to reduce the amount of future habitat available to amphibians in the
Klamath Mountains (Cole & North 2014; Ryan et al. 2014).
Invasive and other problematic species
Invasive plant species can alter hydrology, productivity, and nutrient availability in northern
California wet meadows (Stillwater Sciences 2012). Exotic plant invasions tend to occur
following erosion events, and their spread is promoted by livestock as well as vehicle and foot
traffic along road and trail networks (Millar & Rundel 2016). Many invasive species have
shallow root systems and are poor at stabilizing soils and preventing further erosion (Millar &
Rundel 2016). Regional wet meadow and fen exposure to exotic vegetation is variable, but
abundance tends to decline with increasing elevation in this region (Alexander et al. 2011;
Rundel & Keeley 2016). Invasive species appear to be mostly absent from Darlingtonia fens in
California (Carothers & Frost 2006; Tolman 2007). Canada thistle (Cirsium arvense) is widely
present as a wetland invader at low- to mid- elevations (Vuln. Assessment Reviewer, pers.
comm., 2018).
Other problematic species that impact northern California montane and subalpine wetlands
include non-native predatory trout (e.g., Oncorhynchus spp., Salmo spp., Salvelinus spp.), which
have been introduced over the last century (Knapp 2005; Welsh et al. 2006; Cole & North 2014;
Ryan et al. 2014). Surveys of wet meadows, ponds, and lakes in the Klamath Range showed
amphibians were generally absent in locations where predatory non-native trout are found
(Knapp 2005; Welsh et al. 2006). These now occupy 95% of large mountain lakes, and have
limited the habitat distributions of native frogs, salamanders, and wetland invertebrates to
smaller, more ephemeral pools where trout cannot survive (Ryan et al. 2014). However, these
shallower pools are at greater risk for biodiversity loss due to drying and increasing
temperatures (Ryan et al. 2014). In addition, the range of the American bullfrog (Rana
catesbeiana), an introduced species that is common in California (Elliott et al. 2009), can
increase competition or predation risk for amphibians in wet meadow and other wetland
habitats (Fuller 2008). American bullfrogs can also be a vector that spreads the fungal disease
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chytridiomycosis (caused by Batrachochytrium dendrobatidis) to salamanders and frogs (Huss
et al. 2013; Sette et al. 2015).

Adaptive Capacity
Wet meadows and fens were evaluated by regional experts as having moderate overall
adaptive capacity (high confidence in evaluation).
Habitat extent, integrity, continuity, and permeability
Regional experts evaluated wet meadows and fens as having a low-moderate geographic extent
(high confidence in evaluation), moderate structural and functional integrity (high confidence),
and low continuity (high confidence). Landscape permeability for wet meadows and fens was
evaluated as low (high confidence). Land-use conversion, roads, dams and water diversions,
geologic features, and invasive species were identified as the primary barriers to habitat
continuity and dispersal across the study region.6
Wet meadows and fens occur in multiple locations across the state and are not restricted to a
narrow elevation range (Cooper et al. 2012; Sikes et al. 2013). In the Klamath Mountains,
Southern Cascades, and North Coast Range, most wet meadows and fens occur in subalpine
and montane riparian terraces or seeps where the groundwater table is close to or at the
ground surface (Sikes et al. 2012; Thorne et al. 2016). Wet meadows and fens are also present
at lower elevations in the Klamath Mountains and North Coast Range because the greater
precipitation in these ranges allows for groundwater flow sufficient to support these habitats at
lower levels in the watersheds (Sikes et al. 2012, 2013; Wolf & Cooper 2015). Darlingtonia fen
habitat is associated with high-elevation serpentine areas in the Klamath and Trinity Mountains
as well as more coastal areas with serpentine and nutrient-poor substrates (Sikes et al. 2012;
Vuln. Assessment Reviewer, pers. comm., 2018).
Wet meadows and fens provide valuable species refugia and habitat connectivity functions in
mountain ecosystems (Moritz et al. 2013; Morelli et al. 2016; Norgaard et al. 2016). By slowing
and storing water, wet meadows and fens act as an important connector between highelevation areas with seasonal snowpack and lower elevations, replenishing lower elevation
aquatic habitats and alleviating drought conditions throughout watersheds (Wolf & Cooper
2015; Morelli et al. 2016; Norgaard et al. 2016). Wet meadows can also contain permanent and
temporary ponds that enhance landscape connectivity and provide refugia for amphibians
(Semlitsch 2000).
Many wet meadow and fen areas have been degraded or lost to development, roads, grazing,
hydrologic alteration, and/or conifer and fir encroachment associated with fire suppression
(Naiman et al. 1988; Patterson & Cooper 2007; Loheide et al. 2009; Sikes et al. 2013; Norgaard
et al. 2016). The elimination of beaver across the western United States during the past two
centuries likely reduced wet meadow area and decreased saturation in associated riparian
6
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zones, altering plant cover and species composition (Naiman et al. 1988). Degraded conditions
make wet meadows and fens more vulnerable to future climatic changes; for example, drought
disrupts wet hydrological functioning and reduces groundwater storage, particularly in systems
that are already degraded (Patterson & Cooper 2007; Halpern et al. 2010; Sikes et al. 2013;
Viers et al. 2013; Ryan et al. 2014).
Given their dependence on groundwater-confining topography, there is limited ability for wet
meadows and fens to shift their distribution in response to climate change (Cooper et al. 2012;
Sikes et al. 2013). If precipitation increases significantly in the region, more areas at lower
elevations may support wet meadows or fens as groundwater regimes change (Crimmins et al.
2011; Dettinger 2011; Sikes et al. 2013; Wolf & Cooper 2015). Wet meadow and fen plants
generally have good dispersal abilities, but component species would need to disperse to
locations with the right combination of topographic, geological, and hydrological conditions in
order to colonize new areas (Sikes et al. 2013; Wolf & Cooper 2015).
Habitat diversity
Regional experts evaluated wet meadows and fens as having moderate-high physical and
topographical diversity (moderate confidence in evaluation), high component species diversity
(high confidence), and high functional diversity (low confidence).
In northern California, wet meadows and fens exist within a highly variable physical template
that can be characterized by location on the landscape, hydrology (i.e., source of water input
and how water enters and exits the system), and vegetation (Weixelman et al. 2011; Sikes et al.
2012, 2013; Wolf & Cooper 2015). Although wet meadows comprise a relatively small areal
component of the landscape, they support a disproportionate diversity of plants (Cheng 2004;
Jones 2011). For instance, a single subalpine meadow or riparian meadow complex may include
shrubby areas with an herbaceous understory, saturated areas dominated by sedges and a
diverse mix of forbs (e.g., little elephant’s head [Pedicularis attolens], Mendocino gentian
[Gentiana setigera], white marsh marigold [Caltha leptosepala]), and drier areas dominated by
more xeric grasses and forbs (Cheng 2004).
The main types of wet meadows include depressional seasonal, lacustrine fringe, discharge
slope, riparian, and subsurface (Weixelman et al. 2011). For depressional seasonal meadows,
which form in topographic depressions within the landscape, the primary water source is
precipitation, but may include overland runoff and groundwater in seasonal perched water
tables. Vegetation is highly variable, but generally includes sedges, grasses, rushes,
popcornflowers (Plagiobothrys spp.), and tarweeds (Madia spp.). Because they experience
pronounced late-season dryness, they are often characterized by more xeric species compared
to other wet meadow types (Weixelman et al. 2011). Lacustrine fringe meadows occur along a
lake or reservoir where the primary water input is inflow from the adjacent water body. Within
these meadows, fens may develop where organic matter accumulates in areas sufficiently
protected from shoreline wave erosion (Weixelman et al. 2011). For discharge slope meadows,
the primary water source is seeps, springs, or other areas where groundwater discharges at the
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ground surface; these may contain small areas of fens (Weixelman et al. 2011). Riparian
meadows are associated with stream or rivers and have a discernable bed and bank
morphology; water inputs include overbank flow, subsurface water from the stream channel,
and groundwater from hillslopes. Riparian meadows on steeper gradients may support tall
herbaceous dicots such as California corn lily (Veratrum californicum) and lupine (Lupinus spp.;
Weixelman et al. 2011). Finally, subsurface meadows often do not contain a stream or river
channel, and surface water and groundwater are the dominant water sources. They often
contain tall herbaceous dicots and can also support scattered conifers (Weixelman et al. 2011).
Fen vegetation is particularly diverse in northern California, and includes many endemic and/or
rare bryophytes and vascular plants as well as some more common species (Sikes et al. 2012,
2013; Spence & Shevock 2012). Widely-distributed species often reach the southernmost edge
of their range in California (Sikes et al. 2012, 2013). The most biodiverse fens tend to occur at
lower elevations, possibly due to a longer snow-free growing season and warmer temperatures
(Wolf & Cooper 2015). Northern California has not been extensively surveyed for fens, but
unique fen types likely exist in the Klamath, Mendocino, Six Rivers, and Shasta-Trinity National
Forests (Sikes et al. 2012, 2013). For instance, some may have developed peat accumulations
through biota such as lilies, orchids, and carnivorous plants (Sikes et al. 2012, 2013).
Watershed geology strongly influences the chemical content of source water for sloping,
groundwater-dominated fens, which comprise the majority of montane and subalpine fens in
northern California (Chimner et al. 2010; Lemly & Cooper 2011). Fens can range from iron-poor
to extremely iron-rich based on underlying geology (Chimner et al. 2010; Cooper et al. 2012).
Rich and extremely rich fens are common in watersheds with calcareous rocks (i.e., limestone
or dolomite), while poor fens and acidic, geothermal fens occur where outcrops of iron pyrite
or sulfur from volcanic vents oxidize to form sulfuric acid, creating naturally acidic groundwater
(Lemly 2007; Chimner et al. 2010; Cooper et al. 2012).
Characteristic fauna associated with wet meadows and fens includes tailed frog (Ascaphus
truei), Roosevelt elk (Cervus canadensis roosevelti), snowshoe hare (Lepus americanus), merlin
(Falco columbarius), and willow flycatcher (Empidonax traillii; Sanders & Flett 1989; Sikes et al.
2013; Viers et al. 2013; Ryan et al. 2014). Wet meadows and fens also provide habitat for small
mammals (e.g., voles, mice, shrews; Cooper et al. 2012) and insects (Holmquist et al. 2011).
Northern California supports the highest diversity of subalpine, lentic-breeding amphibians in
the western United States (Yarnell et al. 2010), and many high-elevation amphibians use both
lakes and wet meadows for foraging and breeding (Sikes et al. 2013; Ryan et al. 2014).
California wet meadows and fens only persist in areas that have maintained appropriate
hydrological conditions, and these are highly localized (Sikes et al. 2013). Many aquifers
underlying wet meadows and fens in the Klamath and Sierra Nevada Mountains have existed
for thousands of years (Mohr et al. 2000; Daniels et al. 2005). Glaciation approximately 14,000
years before present probably eliminated many California wet meadows and fens at elevations
higher than 1800 m (6000 ft; Sikes et al. 2013). Mosses, sedges, grasses, and other plants
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typical of wet meadows and fens are excellent dispersers, which likely helped in recolonizing
after glacial retreat (Chadde et al. 1998; Middleton et al. 2006).
Resistance and recovery
Regional experts evaluated wet meadows and fens as having low-moderate resistance to
climate stressors (high confidence in evaluation). Recovery potential was evaluated as
moderate (high confidence).
Wet meadows and fens vary in their ability to resist and recover from climate change impacts
based on their different hydrologic regimes and disturbance tolerances (Seavy et al. 2009;
Weixelman et al. 2011; Sikes et al. 2013). Persistence is largely dependent on the height of the
groundwater table, which must be accessible to plants in order for them to survive (Weixelman
et al. 2011). Riparian species associated with wet meadows are well-adapted to physical
disturbances such as changes in streamflow and runoff volume (Seavy et al. 2009). By contrast,
fens develop in low-energy, low-oxygen environments, and fen plants may be less resistant to
the impacts of climate stressors and climate-driven disturbance events (e.g., extreme flooding
or drought; Weixelman et al. 2011; Sikes et al. 2013). Fens and wet meadows are likely to
persist with changing temperature and precipitation regimes unless a tolerance threshold is
crossed beyond which the system does not retain enough water for continued wetland plant
growth, either through hydrologic input change or tree and shrub encroachment (Sikes et al.
2013; Viers et al. 2013; Ryan et al. 2014). For example, hydrologically degraded wet meadows
and fens, such as those impacted by water diversions and ditches, have decreased resistance to
wildfire impacts (Sikes et al. 2013; Viers et al. 2013).
The physical size and location of wet meadows and fens also play a key role in their ability to
accommodate and rebound from stressors (Wolf & Cooper 2015). Fens in smaller watersheds
have thinner peat accumulations, most likely due to the lower volume of local aquifers that is
more likely to be depleted during periodic droughts (Wolf & Cooper 2015). Fens with thinner
peat layers are likely to be more vulnerable to stressors (e.g., roads, culverts, livestock grazing)
that alter hydrology and increase sedimentation and/or erosion (Sikes et al. 2013), reducing the
ability of fens to adapt to increasing temperatures and changing hydrologic regimes (Sikes et al.
2013; Ryan et al. 2014).
Management potential
Public and societal value
Regional experts evaluated wet meadows and fens as having high public and societal value
(high confidence in evaluation).
There is a high public and societal interest in wet meadows and fens as these habitats have
many cultural, spiritual, wilderness, and recreational values for regional tribes and communities
(Kimmerer & Lake 2001; Weixelman et al. 2011; Cook et al. 2014; Norgaard et al. 2016; Karuk
Tribe 2019). There is also increasing public awareness that wet meadows provide other
important ecosystem services (Weixelman et al. 2011; Cook et al. 2014; Norgaard et al. 2016).
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For example, meadows reduce peak flows, recharge groundwater, protect streambanks and
shorelines, filter sediments, provide habitat for a wide variety of wildlife, and sequester carbon
(Weixelman et al. 2011; Norgaard et al. 2016).
There is some regulatory support for wet meadow and fen management. For example, activities
that impact development and water quality in this habitat are regulated by the Federal Clean
Water Act of 1972 (33 U.S.C. §§1251-1387). However, the ability of the State of California to
regulate and enforce the Clean Water Act is regionally variable (Vuln. Assessment Workshop,
pers. comm., 2017). Most mid- to high-elevation wet meadows in northern California are
managed by the U.S. Forest Service or National Park Service, both of which adhere to Clean
Water Act standards (Vuln. Assessment Reviewer, pers. comm., 2018). The 2016 California
State Water Plan supports meadow restoration as green infrastructure, and tracking
modifications to ecological restoration in updates to the plan is important for protecting wet
meadow and fen habitat (Vuln. Assessment Reviewer, pers. comm. 2018).
Management capacity and ability to alleviate impacts7
Regional experts evaluated the potential for reducing climate impacts on wet meadows and
fens through management as moderate-high (moderate confidence in evaluation).
Restoration of degraded wet meadows and fens can provide a suite of benefits, including the
promotion of ecosystem services and socioecological resilience (Long & Pope 2014; Norgaard et
al. 2016; Karuk Tribe 2019). The scientific literature documents multiple opportunities to adjust
land use practices and reduce non-climate impacts on wet meadows and fens. For instance,
management activities that can restore hydrologic functioning in wet meadows and fens
include redesigning ditches, culverts, and road crossings (Patterson & Cooper 2007);
coordinating with stakeholders on targeted dam removals at lower-elevation sites (Cook et al.
2014; Long & Pope 2014); and the use of plug and pond techniques or the reintroduction of
beaver to increase surface and groundwater storage and restore incised stream channels
(Collen & Gibson 2000; Pollock et al. 2014, 2015; Karran et al. 2017; Hunt et al. 2018). In 2012,
the plug and pond method (i.e., filling sections of an incised channel with earth) was used to
successfully restore a wet meadow in the Sierra Nevada, resulting in increases in baseflow by at
least five times and raised groundwater levels over the next several years, despite recordsetting drought conditions in 2012–2015 (Hunt et al. 2018). The use of datasets that model
potential fine-scale habitat changes could be used to prioritize wet meadow and fen hydrologic
regime restoration in light of changing climate conditions (Ryan et al. 2014). The reintroduction
of low- and moderate-intensity fire, such as occurs during prescribed and cultural burns, may
also help control conifer encroachment, maintain high water tables, and potentially expand
habitat area (see Table 2; Lake 2007; Cook et al. 2014; Norgaard et al. 2016).

7

Further information on climate adaptation strategies and actions for northern California can be found on the
project page (https://bit.ly/31AUGs5).
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Table 2. Effects of prescribed fire on wet meadows and fens across time (table adapted from Norgaard
et al. 2016). Cultural burning practices, in particular, have played a role in maintaining these habitats on
the landscape over very long time scales.
Immediate

2-Year

Long Term

• Removal of encroaching
vegetation and decreased
fuel loading

• Supports plant and wildlife
species that benefit from
frequent low-intensity fire,
including culturally-valued
species

• Maintains open meadows
and helps retain water tables
at a level that can support
native wetland vegetation

Source(s): Norgaard et al. 2016; Karuk Tribe 2019

Other management strategies that may increase the adaptive capacity of wet meadows and
fens include:
• Preventing the establishment of invasive species through early detection initiatives and
weed prevention measures for motorized vehicles used for recreation and land
management (Vuln. Assessment Reviewer, pers. comm., 2018). These efforts may be
particularly important if and when identification of new meadows and fens brings more
recreational visitors (Millar & Rundel 2016).
• Increasing oversight of water use for existing cannabis cultivation operations as well as
increasing enforcement by state and local agencies to minimize illegal stream grading
and land-use conversion (Bauer et al. 2015).
• Continuing to prioritize the completion of wet meadow and fen inventories in northern
California in order to evaluate current conditions, track changes over time, and design
management programs to address specific management issues (Sikes et al. 2013). This
may include installing additional streamflow gages and devices that measure water
quality and quantity to help fill data gaps in remote watersheds (Bauer et al. 2015).
• Increase multi-scale collaborations to reduce the impacts of non-climate stressors
within the watershed that may affect wet meadows and fens, including livestock
grazing, suction dredge mining, road construction, recreation, and energy development
(Cook et al. 2014).
Ecosystem services
Wet meadows and fens provide a variety of ecosystem services, including:
• Regulation of air quality, climate/microenvironments (e.g., shade), flood/erosion
control, water purification, and pollination (Loheide et al. 2009; Lowry et al. 2011);
• Support of primary production, carbon sequestration (Drexler et al. 2015), oxygen
production, soil formation/retention, nutrient cycling, and water cycling (Woltemade
2000; Hammersmark et al. 2008; Vuln. Assessment Workshop, pers. comm., 2017); and
• Spiritual and religious, knowledge systems, educational values, aesthetic values, social
relations, sense of place, cultural heritage, inspiration, and recreation (Norgaard et al.
2016; Vuln. Assessment Workshop, pers. comm., 2017).
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Wet meadows and fens also play larger-scale roles on the landscape, including serving as
records of past ecological conditions (i.e., long-term climate change and plant composition;
Sikes et al. 2013), providing resource areas for species such as bear and elk that move between
upper and lower elevations, mediating fire dynamics at lower elevations, and providing water
storage and regulation services that minimize flooding in lower-elevation habitats and for
human communities (Norgaard et al. 2016; Vuln. Assessment Workshop, pers. comm., 2017).
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Northern California Climate Adaptation Project:
Vulnerability Assessment Methods and Application
Defining Terms
Exposure: A measure of how much of a change in climate or climate-driven factors a resource is
likely to experience (Glick et al. 2011).
Sensitivity: A measure of whether and how a resource is likely to be affected by a given change
in climate or factors driven by climate (Glick et al. 2011).
Adaptive Capacity: The ability of a resource to accommodate or cope with climate change
impacts with minimal disruption (Glick et al. 2011).
Vulnerability: A function of the sensitivity of a particular resource to climate changes, its
exposure to those changes, and its capacity to adapt to those changes (IPCC 2007).

Vulnerability Assessment Model
The vulnerability assessment model applied in this process was developed by EcoAdapt
(EcoAdapt 2014a; EcoAdapt 2014b; Kershner 2014; Hutto et al. 2015; Gregg 2018),8 and
includes evaluations of relative vulnerability by local and regional stakeholders who have
detailed knowledge about and/or expertise in the ecology, management, and threats to focal
habitats, species groups, individual species, and the ecosystem services that these resources
provide. Stakeholders evaluated vulnerability for each resource by discussing and answering a
series of questions for sensitivity and adaptive capacity. Exposure was evaluated by EcoAdapt
using projected future climate changes from the scientific literature. Each vulnerability
component (i.e., sensitivity, adaptive capacity, and exposure) was divided into specific
elements. For example, habitats included three elements for assessing sensitivity and six
elements for adaptive capacity. Elements for each vulnerability component are described in
more detail below.
In-person workshops were held in Eureka, Redding, and Upper Lake between May and October
2017. Participants self-selected habitat and species group/species breakout groups and
evaluated the vulnerability of each resource. Participants were first asked to describe the
habitat and/or to list the species to be considered in the evaluation of an overarching species
group. Due to limitations in workshop time and participant expertise, multiple resources were
not assessed during these engagements. Evaluations for remaining habitats, species groups,
and species were completed by contacting resource experts.9
8

Sensitivity and adaptive capacity elements were informed by Lawler 2010, Glick et al. 2011, and Manomet Center
for Conservation Sciences 2012.
9 Resources evaluated by experts included: coastal bluff/scrub habitats, coastal conifer hardwood forest, true fir
forest, lakes/ponds, freshwater marshes, vernal pools, seeps/springs, native insect pollinators, native ungulates,
salamanders, frogs, native mussels, marbled murrelet, and northwestern pond turtle.
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Stakeholders assigned one of five rankings (High, Moderate-High, Moderate, Low-Moderate, or
Low) for sensitivity and adaptive capacity. EcoAdapt assigned rankings for projected future
climate exposure. Rankings for each component were then converted into scores (High-5,
Moderate-High-4, Moderate-3, Low-Moderate-2, or Low-1), and the scores were averaged
(mean) to generate an overall score. For example, scores for each element of habitat sensitivity
were averaged to generate an overall habitat sensitivity score. Scores for exposure were
weighted less than scores for sensitivity and adaptive capacity because the uncertainty about
the magnitude and rate of future change is greater. Sensitivity, adaptive capacity, and exposure
scores were combined into an overall vulnerability score calculated as:
Vulnerability = [(Climate Exposure*0.5) x Sensitivity] - Adaptive Capacity
Elements for each component of vulnerability were also assigned one of three confidence
rankings (High, Moderate, or Low). Confidence rankings were converted into scores (High-3,
Moderate-2, or Low-1) and the scores averaged (mean) to generate an overall confidence
score. These approximate confidence levels were based on the Manomet Center for
Conservation Sciences (2012) 3-category scale, which collapsed the 5-category scale developed
by Moss and Schneider (2000) for the IPCC Third Assessment Report. The vulnerability
assessment model applied here assesses the confidence associated with individual element
rankings and, from these rankings, estimates the overall level of confidence for each
component of vulnerability and then for overall vulnerability.
Stakeholders and decision-makers can consider the rankings and scores presented as measures
of relative vulnerability and confidence to compare the level of vulnerability among the focal
resources evaluated in this project. Elements that received lower confidence rankings indicate
knowledge gaps that applied scientific research could help address.
Vulnerability Assessment Model Elements
Sensitivity & Exposure (Applies to Habitats, Species Groups, Species)
•
•
•
•

Climate and Climate-Driven Factors: e.g., air temperature, precipitation, freshwater
temperature, soil moisture, snowpack, extreme events: drought, altered streamflows,
etc.
Disturbance Regimes: e.g., wildfire, flooding, drought, insect and disease outbreaks,
wind
Future Climate Exposure: e.g., consideration of projected future climate changes (e.g.,
temperature and precipitation) as well as climate-driven changes (e.g., altered fire
regimes, altered water flow regimes, shifts in vegetation types)
Stressors Not Related to Climate: e.g., tectonic and volcanic events; residential or
commercial development; agriculture and/or aquaculture; roads, highways, trails; dams
and water diversions; invasive and other problematic species; livestock grazing; fire
suppression; timber harvest; mining; etc.
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Sensitivity & Exposure (Applies to Species Groups and Species)
•

Dependencies: e.g., dependencies on sensitive habitats, specific prey or forage species,
and the timing of the appearance of these prey and forage species (concern for
mismatch)

Sensitivity & Exposure (Applies to Species ONLY)
•

Life History: e.g., species reproductive strategy, average length of time to reproductive
maturity

Adaptive Capacity (Applies to Habitats, Species Groups, Species)
•

•
•

•
•

Extent, Integrity, and Continuity/Connectivity: e.g., resources that are widespread vs.
limited, structural and functional integrity (e.g., degraded or pristine) of a habitat or
health and functional integrity of species (e.g., endangered), isolated vs. continuous
distribution
Landscape Permeability: e.g., barriers to dispersal and/or continuity (e.g., land-use
conversion, energy production, roads, timber harvest, etc.)
Resistance and Recovery: e.g., resistance refers to the stasis of a resource in the face of
change, recovery refers to the ability to “bounce back” more quickly from the impact of
stressors once they occur
Management Potential: e.g., ability to alter the adaptive capacity and resilience of a
resource to climatic and non-climate stressors (societal value, ability to alleviate
impacts, capacity to cope with impacts)
Ecosystem Services: e.g., provisioning, regulating, supporting, and/or cultural services
that a resource produces for human well-being

Adaptive Capacity (Applies to Habitats ONLY)
•

Habitat Diversity: e.g., diversity of physical/topographical characteristics, component
native species and functional groups

•

Adaptive Capacity (Applies to Species Groups, Species)
•
•

Dispersal Ability: i.e., ability of a species to shift its distribution across the landscape as
the climate changes
Intraspecific/Life History Diversity: e.g., life history diversity, genetic diversity,
phenotypic and behavioral plasticity
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