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Abstract
Water availability is one of themost critical issues facing southernCalifornia. Consequently, the role
andmanagement of intact watersheds on public lands that supplywater are paramount.We undertake
thefirst regional study of climate impacts on hydrological services (runoff, recharge, and climatic
water deficit) across the four national forests of southernCalifornia—the Angeles, Los Padres,
Cleveland and SanBernardino.We assess the exposure, sensitivity, and vulnerability of water
resources by comparing current conditions (1981–2010) tomid-century (2040–2069) and end-of-
century (2070–2099)using three general circulationmodels (GCMs)under RCP8.5.Half of the study
area is projected to exceed 2015’s drought conditions in 10%–30%of the years between now and end-
of-century under themoderate GCM (CCSM4), and one-third of the area is projected to exceed 2015
in 50%of the years under the hotter, drier projection (MIROC-ESM). Under amoderate projection,
mean runoff increased by 1.2× by the end-of-century for three of the national forests, whilemean
recharge decreased by 0.9× across all forests. Projected end-of-century climatic water deficit increased
on average 1.1× across the four forests.We assessed the vulnerability of watersheds by comparing the
projectedmean change between current and future climates with the current inter-annual variability
using three categories of vulnerability. Under themoderate projection, one-third of the 385
watershedsweremoderately vulnerable to changes in runoff and recharge (+/−0.2 to+/−1× the
standard deviation of current inter-annual variability) and∼12watersheds were highly vulnerable,
suggesting an era of newhydrological conditions by the end-of-century. Half of the Forest Service’s
prioritymanagementwatersheds hadmoderate or high vulnerability for runoff and recharge. Spatial
data on hydrological services and their vulnerability can directly assist in climate-smart planning,
allowing tradeoffs to be assessed between proposedmanagement actions and their effect on
hydrological services.

Introduction

Water demands in southern California continue to
grow owing to the ever-increasing human population,
estimated to reach nearly 25 million in the eight
southern California counties by 2030 (http://dof.ca.
gov/Forecasting/Demographics/projections/), and
high levels of agricultural commodity production that
contribute nearly $10 billion to California’s economy
(https://nass.usda.gov/Statistics_by_State/California/

Publications/AgComm/2014/2014cropyearcactb00.
pdf). Viewed in the context of dwindling local water
supplies, the need to import increasing amounts of
water, and the potent impacts of land use change
and climate change on water provision, water avail-
ability is one of the most pressing issues in southern
California.

In the late 1800s, forest reserves in southern Cali-
fornia were created owing to concerns from local com-
munities over erosion, downstream flooding, and
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water supply. Today, these national forests contain
large swaths of intact vegetation, which the USDA
manages to provide goods and services for people. As
such, the quantification of hydrological services, such
as water runoff and groundwater recharge and under-
standing how these will change under future climates,
is of increasing interest to federal land managers (e.g.
the Forest Service 2012 Planning Rule, Weidner and
Todd 2011).

Compared to other regions of the US, annual pre-
cipitation in California has high inter-annual varia-
bility and is dependent on a relatively small number of
storms (half of the total precipitation across much of
southern California is received in ten days or less; Det-
tinger et al 2011). The majority of these storms are
related to the flow of atmospheric rivers originating in
the tropics or subtropics, carrying substantial water
vapor and advected by linear wind systems to the west
coast.Mountains along theCalifornia coast and inland
create strong orographic uplift resulting in heavy and
highly localized precipitation. Precipitation projec-
tions for California have considerable uncertainty
because it lies in a transition zone between higher lati-
tude regions which are projected to experience increa-
ses in precipitation, and subtropical regions which are
projected to experience decreases (Meehl et al 2007).

A study from the North American Regional Cli-
mate Change Assessment Program, with the incor-
poration of regional climate models into general
circulation models (GCMs) (Mearns et al 2013), find
different regional responses to climate change in the
southwest US compared to the west coast based on the
ensemble means of 11 futures with results suggesting
an imminent transition to more arid climate marked
by more extremes (Yu et al 2015). Other studies
focused on California predict rarer but more intense
storm events and longer dry periods between storms
(Cayan et al 2008, Dettinger et al 2011). These mod-
ified conditions are projected to increase the risk of
flooding due to more intense storms, reduce spring
and summer streamflows as temperatures warm,
decrease snowpack, increase stream temperatures, as
well as cause indirect effects on soil, vegetation, and
fire regimes (Hayhoe et al 2004; Dettinger et al 2011,
Yu et al 2015,Molinari et al 2018).

Determining the relative vulnerability of habitats
and the services they provide to changes in climate is a
critical input to provide guidance on resource man-
agement (Williams et al 2008). Vulnerability is defined
as the susceptibility of a system to negative impacts
(Smith et al 2000), which can be expressed as a combi-
nation to two primary components: exposure and sen-
sitivity to climate change. This has generally been
applied to species, for example, the intrinsic traits that
govern the sensitivity of species or the exposure to
extrinsic factors such as the degree of climate change
effects at regional and local habitat scales. Here we
apply these concepts to the impacts of climate change
onwater resources.

This study represents the first spatially explicit
assessment of climate impacts on water resources on
national forest lands in southern California. Our goal
was to assess the impacts of climate change on water
runoff, groundwater recharge, and CWD across
watersheds in the national forests and to consider the
implications of these changes for resource manage-
ment. Specifically, we addressed four questions:
(1) what are the projected changes in temperature
and precipitation for the region, and how often
are drought conditions projected to occur between
now (1981–2010) and end-of-century (2070–2099)?
(2)What are the projected changes in runoff, recharge
and CWD by mid-century (2040–2069) and end-of-
century? (3) How vulnerable are watersheds likely to
be based on the projected change compared to the cur-
rent range of inter-annual variability? And (4) how do
Forest Service priority watersheds fare?

Materials andmethods

The study area encompasses the four southernmost
national forests in California—the Angeles, the Los
Padres, the Cleveland, the San Bernardino—and
extends to the boundaries of all HUC-12 (USGS
Hydrologic Unit Code) watersheds that intersect
national forest lands. Overall, the study area includes
385 HUC-12 watersheds and covers 35 158 km2

(8687 731 acres) (figure 1). The area supports a
Mediterranean-type climate, with cool, wet winters
and warm to hot, dry summers. Precipitation
decreases and temperatures increase from north to
south, and there is a strong gradient of warming
temperatures moving inland from the coast. Eleva-
tions range from sea level to 3500m.

We used outputs from the Basin Characterization
Model (BCM, monthly data at 270 m spatial resolu-
tion; Flint et al 2013) to describe the effect of future
temperature and precipitation on water provision ser-
vices and CWD. We compare current conditions
(mean calculated over the 30 years period 1981–2010)
to mid-century (2040–2069) and end-of-century
(2070–2099) conditions. The BCM is a regional water-
balance model that combines precipitation and temp-
erature data with topography, energy balance, soils,
and geology to simulate the unimpaired responses of
hydrology to change in climate, without regard to land
use or urbanization. While some other hydrological
models outperform the BCM at finer spatial scales
such as plots, the BCM is widely accepted to be the
most appropriate model for applications at the size of
planning watersheds (CalWater 1999). Hydrologic
outputs from the BCM under current climate condi-
tions have been calibrated and validated with mea-
sured streamflow data from 159 largely unimpaired
watersheds across the state (Flint et al 2013), where
antecedent conditions of soil moisture and snowpack
are developed with 1–2 year ‘spinup’ runtimes. In
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cases where basins are ungauged and not validated, the
BCM can be used with a reasonable level of confidence
for regional cross-comparisons between basins (Flint
et al 2013). The BCM outputs have been utilized for
investigating water resources (e.g. Flint and Flint 2012,
Hanson et al 2012, Drexler et al 2013, Thorne
et al 2015), biodiversity (e.g. Ackerly et al 2015,
McCullough et al 2016), and wildfire and forest health
(e.g. van Mantgem et al 2013, Anderegg et al 2015) in
California and thewesternUS.

In this study, we used water runoff (which occurs
when available water exceeds soil storage and becomes
streamflow or other flow) and groundwater recharge
(which travels below plant roots to become baseflow
and potentially recharge to the groundwater system)
along with CWD from the BCM (the difference
between potential (PET) and actual evapotranspiration
(AET)). In the BCM PET is calculated using the Priest-
ley–Taylor equation (Priestley and Taylor 1972) with
topographic shading and cloudiness (Bristow and
Campbell 1984) and AET is calculated as the declines in
soil water content below field capacity at PET rate, until
the soil water reaches wilting point. CWD is a key factor
in determining the distribution of vegetation (Thorn-
waite andMather 1955, Stephenson 1990) and has been
used in multiple studies to describe habitat suitability
and the distribution of plant species across the land-
scape (e.g. Ackerly et al 2015). CWD is particularly rele-
vant in southern California given the potential effect of

summer drought on vegetation due to limited soil
moisture andprimary production (Mooney 1977).

To assess the impact of climate change onwater pro-
vision services andCWDwe focused onGCMs from the
Fifth Assessment IPCC report (IPCC 2014) under the
business-as-usual mitigation scenario, Representative
Concentration Pathway 8.5 (RCP8.5). Of the roughly 50
GCMs available globally, a subset has been identified as
particularly relevant for resource managers in the wes-
tern US. Flint and Flint (2014) selected 18 representative
models for California and the Great Basin, Nevada,
based on a cluster analysis and how well these climate
models represented seasonal changes in current pre-
cipitation, air temperature, and El Niño effects in the
Pacific Southwest (see also Flint et al 2015). From these
18models, this study focused on threemodels identified
based on stakeholder feedback in another California-
specific project (http://climate.calcommons.org/crnb/
about): the projection closest to the ensemble mean of
the other 17 (CCSM4; National Center for Atmospheric
Research. USA); a warmer wetter projection (CNRM-
CM5;CentreNational des RecherchesMétéorologiques,
France); and a hotter drier projection (MIROC-
ESM;Center forClimate SystemResearch, Japan).Nota-
bly, the CCSM4 and CNRM-CM5 models were also
selected as two of the ten models best-suited to research
on California’s Fourth Climate Change Assess-
ment (http://water.ca.gov/climatechange/docs/2015/
Perspectives_Guidance_Climate_Change_Analysis.pdf).

Figure 1. Study area in southernCalifornia showing the location of the four national forests (county names are inwhite).
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This process assessed the historical performance of each
GCM at three spatial scales (global, southwestern US,
and California) using the correlation and variance of
mean seasonal spatial patterns, amplitude of seasonal
cycle, diurnal temperature range, and annual- to dec-
adal-scale variance.

We report results from three analyses designed to
highlight the exposure, sensitivity, and vulnerability to
climate change (sensu Williams et al 2008) of water
resources in southern California watersheds. First, we
assessed exposure by reporting projections for change
in mean temperature and precipitation for the study
area from the three chosen GCMs (data downloaded
from http://climate.calcommons.org/dataset/2014-
CA-BCM) using the BCM downscaled data for each
GCM. As an alternative to reporting overall change in
precipitation and temperature we also provide an
example of the frequency with which droughts are
projected to occur in the future. We take a single year
(2015) that experienced severe ‘hot drought’ condi-
tions (Swain 2015, Lifeng et al 2017), as characterized
by its annual precipitation and maximum temper-
ature, and calculated the number of times conditions
at least this extreme are projected to occur between
2016 and end-of-century (2099) under the moderate,
warmer wetter, and hotter drier climate projections
with the downscaled climate used as an input to the
BCM (Flint et al 2013). Specifically, we counted the
number of years for the model period that had both an
annual precipitation less than the 2015 value and a
mean annual maximum temperature greater than the
value in 2015 and report the percent of years between
now and end-of-century where the 2015 hot-drought
conditions are exceeded.

Second, we assessed the sensitivity of water provi-
sion services (runoff and recharge) andCWD to future
climates under the three GCMs. To do this, we
used BCMoutputs forced under eachGCMand calcu-
lated the difference between current conditions
(1981–2010) and mid-century (2040–2069) and end-
of-century (2070–2099) conditions. Third, we deter-
mined vulnerability by identifying areas of southern
California vulnerable to climate change-driven altera-
tions in water resources by highlighting thoseHUC-12
watersheds where future hydrologic conditions are
projected to fall outside the range of current variation
(calculated over the period 1981–2010). Our vulner-
ability measure was calculated by taking the difference
between the 30-yr means of the current (1981–2010)
and projected future (2070–2099) climates for
recharge, runoff and CWD and dividing by the stan-
dard deviation of the current (1981–2010) period for
each 270 m pixel within the study area and then spa-
tially averaging the result for each HUC 12 watershed.
We arbitrarily identified watersheds as ‘low vulner-
ability’ where this metric measured between −0.20
and +0.20 (i.e. the projected change in the 30-yr
means was �0.2× the current standard deviation);

watersheds where the projected change in the 30-yr
means was between +/−0.2 and +/−1× the current
standard deviation were identified as having ‘moder-
ate vulnerability’, and those exceeding 1 standard
deviation ‘high vulnerability’.

Finally, to assess on-the-ground implications of
projected vulnerability of hydrological services for
resource managers, we report the vulnerability of US
Forest Service ‘priority watersheds’ (HUC-12 scale)
for runoff and recharge under the three GCMs. Prior-
ity watersheds have been identified by the Forest
Service Watershed Condition Framework (WCF;
Potyondy and Geier 2011) using 12 (non-climate)
indicators of watershed condition. The Forest Service
identified two priority watersheds on each national
forest for restoration investment.

Results

Evaluating exposure to climate change in southern
California
For the three chosen GCMs (red stars in figure 2),
projected increases in mean annual temperature
(30-yr means, 1981–2010 versus 2070–2099) ranged
from+3.1 °C to+4.4 °C (figure 2). Projected changes
in 30-yr means precipitation varied widely among the
three GCMs, ranging from +3% under the moderate
CCSM4 projection to +36.9% under the warmer
wetter projection (CNRM-CM5), to a decrease of
−32.7%under the hotter drier (MIROC-ESM) projec-
tion (table 1). For comparison, the ensemble means of
all 18 models shown in figure 2 were +2.6 °C change
in temperature and−1%change in precipitation.

Using 2015 drought conditions as a threshold, in
the moderate projection (CCSM4) we found that
most of the central portion of the study area exceeded
drought conditions of 2015 (i.e. received less annual
precipitation than 2015 and exceeded the meanmax-
imum temperature of 2015) in <20% of the years
between now and the end-of-century. However, 7%
of the study area located in the northern region (the
Santa Lucia Range on and adjacent to the Los Padres
National Forest in Monterey County) and southern
regions (the Cleveland National Forest in San Diego
County)were projected to exceed drought conditions
in >50% of the years between now and end-of-cen-
tury (figure 3). Under the hotter drier projection
(MIROC-ESM), about one-third of the study area
exceeded drought conditions in >50% of the years,
including the San Bernardino and SanGabriel moun-
tains (figure 3). Under the warmer wetter projection
(CNRM-CM5), 2015 drought conditions were
experienced rarely across most of the study area, but
with slightly higher probabilities in the southern
region.
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Figure 2.The 18 climate change projections for southernCalifornia 2070–2099, graphed according to the relative change they project
from the 1981–2010means formean annual temperature (in °C) and precipitation (percent change). The error bars represent+/−
one standard deviation derived from spatial subsampling of each of the projections in the southernCalifornia study area. The red stars
indicate the threeGCMs used in this study.

Table 1.Direction and strength of exposure, sensitivity, and vulnerability of hydrological services in southernCalifornia. (1)Exposure:
change inminimum temperature and precipitation relative to the change projected across 18GCMs by end-of-century (2070–2099) (see
figure 2); valueswere ranked and divided into three classes; low increase/decrease (−/+); moderate increase/decrease (−−/++); and high
increase/decrease (−−−/+++). (2) Sensitivity: change in runoff, recharge, andCWDbetween current and end-of-century (see figures 4–
6): 50%–100% change is low (−/+); 100%–200% ismoderate (−−/++); and>200% is high (−−−/+++). (3)Vulnerability: assigned
based onwhere themajority of the 385watersheds fell across the high,medium and low vulnerability classes (seefigures 7, 8) based on the
change between current (1981–2010) and end-of-century (2070–2099) runoff, recharge, andCWDrelative to the current range of variation
experienced; low change (−/+); moderate change (−−/++); and high change (−−−/+++).

CNRM-CM5warmer, wetter CCSM4moderate MIROC-ESMhotter, drier

Exposure—ppt +++ + −−−
Exposure—temp +++ ++ +++
Sensitivity—runoff + + −−−
Sensitivity—rechg + −− −−−
Sensitivity—CWD + + +
Vulnerability—runoff +++ + −−
Vulnerability—rechg ++ + −−
Vulnerability—CWD ++ ++ +++

Figure 3.The percentage of years that are projected to experience drought conditions similar to 2015 as defined by total precipitation
less than the year 2015 andmaximum temperature greater than the year 2015 from the current year to end-to-century (2016–2099)
using threeGCMsunder RCP8.5: CNRM (warmer andwetter); CCSM (warmer andmoderately wetter, and closest to ensemblemean
in figure 2); andMIROC (hotter and drier). Forest Service priority watersheds are overlain in purple.
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Evaluating sensitivity of water provision services
andCWDunder three climate projections
Projections for water runoff from the BCM forced
with the moderate GCM (CCSM4) suggested the
majority of the study area may experience decreased
runoff by mid-century (figure 4). By the end-of-
century this modulates to a moderate increase in
runoff across much of the study area, with three of the
four national forests (excepting the San Bernardino)
increasing by 1.1–1.2× (tables 1, 2). Under the
warmer, wetter GCM (CNRM-CM5), runoff is pro-
jected to increase by both mid- and end-of-century.
Under this projection, the amount of runoff at least
doubles in all of the national forests, with the Cleve-
land increasing 2.6× by end-of-century (table 2). At
the other extreme, the hotter drier GCM (MIROC-
ESM) projects dramatic losses in runoff (figure 4,
table 2), especially in higher elevation areas such as the

San Bernardino and San Gabriel mountains. By end-
of-centurymean runoff across the four national forests
under this GCMdecreased to 0.4× the currentmean.

In contrast to the increase in runoff at end-of-
century, projected recharge under the moderate
GCM decreased across all four national forests at
both mid- and end-of-century, with the greatest
reduction on the San Bernardino National Forest
(0.8×) (tables 1, 2; figures 1, 5). Under the warmer
wetter projection (CNRM-CM5), recharge increased
by end-of-century in about three-fifths of the study
area, increasing the most in the Cleveland (1.2×) and
least in the San Bernardino National Forest (1.06×).
As with runoff, the hotter drier GCM (MIROC-ESM)
projectedmajor decreases in recharge on almost all of
the study landscape (figure 5, table 2), with a mean
decrease of 0.5× the current mean across the four
national forests.

Figure 4.Projected change in runoff between current (1981–2010) andmid-century (2040–2069) and current and end-of-century
(2070–2099) using three RCP8.5 climate projections: CNRM (warmer andwetter); CCSM (warmer andmoderately wetter, and closest
to ensemblemean infigure 2); andMIROC (hotter and drier).
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Under themoderate (CCSM4) andwarmer, wetter
(CNRM-CM5) GCMs, CWD increased at mid-cen-
tury, and by end-of-century the mean increased by
1.11×, 1.09×, and 1.21× respectively under CCSM4,
CNRM-CM5, and MIROC-ESM projections (table 2,
figure 6). Under the hotter, drier (MIROC-ESM) pro-
jection, the entire study area experienced increased
CWD (figure 6, tables 1, 2).

Evaluating vulnerability of water provision services
andCWD
The vulnerability assessment for runoff under the
moderate GCM (CCSM4) showed about two-thirds
(257) of the 385 watersheds had low vulnerability and
one-third (115) of watersheds had moderate vulner-
ability (predominantly increases in runoff), most of
them in the northern Los Padres National Forest. 13
watersheds had high vulnerability with our index of
change exceeding +/−1× the SD of the current
variability (figures 7, 8, table 1), suggesting they will
experience new hydrological conditions by the end-of-
century. Under the warmer wetter GCM (CNRM-
CM5) no watersheds were categorized as low vulner-
ability and two-thirds had high vulnerability, with a
further 70 exceeding +/−2× the SD of current
variability (all changes were increases in runoff).

Furthermore, the Detrended Standard Deviation
(DSD) (an indication of future variability) associated
with the runoff under this scenario, was high. Under
the MIROC-ESM projection virtually all watersheds
(96%) had moderate vulnerability and, in contrast to
CCSM4 andCNRM-CM5, these were due to decreases
in runoff (figures 7, 8).

For recharge under the moderate GCM (CCSM4),
similar to runoff, about two-thirds of the 385 water-
sheds had low vulnerability and one-third (115)mod-
erate vulnerability (generally decreases) occurring
largely in the San Bernardino National Forest
(figures 7, 8). In contrast to runoff, under the warmer
wetter projection (CNRM-CM5) more watersheds
had low versus moderate vulnerability, and 68 had
high vulnerability (predominantly increases). Under
the hotter drier GCM (MIROC-ESM) 337 watersheds
hadmoderate vulnerability to decreased recharge, and
the remainder had high vulnerability (figure 8).

For CWD, under the moderate projection
(CCSM4) 333 of 385watersheds hadmoderate vulner-
ability (related to increases), which increased to 95%
of watersheds under the warmer, wetter projection
(CNRM-CM5) (figures 7, 8). In contrast, under the
hotter drier GCM (MIROC-ESM) 96% of watersheds
had high vulnerability to increased CWD, with 15

Table 2.Current (1981–2010) and change in runoff, recharge, and climatic water deficit by end-of-century (2070–2099) under three climate
projections: warmer, wetter (CNRM-CM5), moderate (CCSM4), and hotter, drier (MIROC-ESM) (outputs from the BasinCharacterization
Model). Runoff and recharge are reported asmean by area (millionm3) and climatic water deficit is reported as volumetric total (mm yr–1).
Detrended StandardDeviation (DSD, inmm) is the standard deviation over the 30-yr time series of the input climate data, after correcting
for the trend in the data. ANF=AngelesNational Forest, CNF=ClevelandNational Forest, LPNF=Los PadresNational Forest, and
SBNF=SanBernardinoNational Forest.

Runoff

Current

(mean

by area)
Current

DSD

CNRM-CM5

(warmerwetter)
chg inmean

by area

CNRM-

CM5

(warmer

wetter)DSD

CCSM4 (mod-

erate) chg in
mean by area

CCSM4

(moderate)
DSD

MIROC-ESM

(hotter, drier)
chg inmean

by area

MIROC-

ESM

(hotter,
drier)DSD

ANF 459.9 196.8 573.1 363.9 51.9 204.4 −286.5 76.7

CNF 169.4 142.8 268.1 261.5 34.3 179.7 −114.7 57.8

LPNF 1365.5 194.5 1451.6 337.1 302.7 217.8 −724.8 82.0

SBNF 530.6 198.4 536.2 358.2 −0.6 214.8 −328.8 90.7

Recharge

Current

(mean

by area)

Current

DSD

CNRM-CM5

chg inmean

by area

CNRM-

CM5DSD

CCSM4 chg in

mean by area

CCSM4DSD MIROC-ESM

chg inmean

by area

MIROC-

ESMDSD

ANF 269.7 77.3 37.0 66.6 −14.1 61.7 −137.0 44.2

CNF 80.9 41.3 15.9 35.3 −3.4 37.3 −44.5 25.4

LPNF 1306.9 126.9 210.6 113.2 −46.9 101.5 −619.1 71.0

SBNF 295.3 69.9 18.3 70.5 −53.2 62.0 −175.3 40.2

ClimaticWaterDeficit

Current

(vol. total)
Current

DSD

CNRM-CM5

chg in vol. total

CNRM-

CM5DSD

CCSM4 chg in

vol. total

CCSM4DSD MIROC-ESM

chg in vol.

total

MIROC-

ESMDSD

ANF 964.7 127.6 72.4 95.8 87.3 82.4 176.0 85.0

CNF 991.2 113.0 83.0 95.8 93.1 91.9 209.7 90.6

LPNF 930.4 111.2 84.5 90.5 100.1 75.3 178.5 82.8

SBNF 846.6 118.0 105.8 98.4 116.5 94.0 226.1 88.8
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watersheds exceeding 2× the SD from the current
variability.

Evaluating vulnerability of Forest Service priority
watersheds
We overlaid the two Forest Service Watershed Condi-
tion Framework (WCF) priority watersheds for each
national forest on the vulnerability maps (figure 7).
For runoff in CCSM4 (moderate projection), half of
the eight priority watersheds were projected to be low
vulnerability at end-of-century, but the other four,
including both priorities in the Los Padres National
Forest, met our standard for moderate vulnerability.
For recharge, six of the eight priority watersheds had
moderate vulnerability. Under the warmer, wetter
projection (CNRM-CM5) all eight priority watersheds
were highly vulnerable to increased runoff. In contrast,

all but one watershed showed low vulnerability for
recharge. Finally, under the hotter, drier (MIROC-
ESM) projection, all eight priority watersheds were
highly vulnerable for decreased runoff and recharge.

Discussion

In this study we evaluated the climate change expo-
sure, sensitivity, and vulnerability of watersheds inter-
secting southern California’s four national forests in
southernCalifornia.

In terms of exposure, all three GCMs project war-
mer temperatures in the study region (strongest in
MIROC-ESM), however, precipitation varied drama-
tically from +36.9% to −32.7% across the three pro-
jections (table 1). Our analysis also indicated drought
conditions, such as those experienced in 2015, are

Figure 5.Projected change in recharge between current (1981–2010) andmid-century (2040–2069) and current and end-of-century
(2070–2099) using three RCP8.5 climate projections: CNRM (warmer andwetter); CCSM (warmer andmoderately wetter, and closest
to ensemblemean infigure 2); andMIROC (hotter and drier).
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likely to become increasingly frequent in southern
California—even if annual precipitation increases
over time as projected by CNRM-CM5—especially in
the southern and northern study area (figure 3). This is
of particular concern in a region where local precipita-
tion contributes substantially to groundwater recharge
andwater resources.

To assess sensitivity, we calculated changes in run-
off, recharge, and CWD. As might be expected, runoff
and recharge increased in the warmer, wetter projec-
tion (CNRM-CM5) due to more available water. In
addition, as the North Pacific storm track becomes
increasingly active at lower latitudes there are more
opportunities for intense precipitation events (Dan
Cayan, pers. comm), which also results in runoff as the
soil storage is readily overcome. These increases in lar-
ger than historical precipitation events also occur
under the moderate projection (CCSM4) resulting in
increases in water runoff in three of the four national

forests by 1.2× the current mean by end-of-century.
However, warming increases evapotranspiration,
reducing the total water available annually, as well as
reducing snowpack and melt, which resulted in
decreased recharge in all four national forests (0.9×)
(tables 1, 2). Higher elevation areas were more sensi-
tive to projected changes in runoff and recharge (e.g.
the San Bernardino, San Jacinto, and San Gabriel
mountains) as future precipitation will fall as rain
rather than snow under warmer climates (negating
beneficial delays in water delivery associated with
snowmelt in the spring) and soils at higher elevations
tend to be thinner, thereby reducing their capacity to
storewater through the long, dry summer.

Our third measure, focused on vulnerability, high-
lights the challenges associated with managing the
Forest Service priority watersheds for the future as
most will experience hydrological conditions well out-
side the range of the current variation. This analysis

Figure 6.Projected change in climatic water deficit between current (1981–2010) andmid-century (2040–2069) and current and end-
of-century (2070–2099) using three RCP8.5 climate projections: CNRM (warmer andwetter); CCSM (warmer andmoderately wetter,
and closest to ensemblemean in figure 2); andMIROC (hotter and drier).
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could be expanded to include an assessment of future
variability to provide further insights. Increased runoff
risks includemore flooding, erosion, and downstream
sediment transport (Dettinger et al 2011), while
increased water in streams would affect stream
morphology (although it would also lower stream
temperatures, and provide better habitat for aquatic
species, at least during the rainy season).

This is further complicated by projections for
three additional extreme precipitation events per year
in California by the end of the century (Gao et al 2017)
that will make episodic runoff more extreme as the
volume of water exceeds the capacity of the soil to
store it. Alternately, projected decreases in recharge in
priority watersheds would result in lower baseflows,
reducing river and creek flow during the dry season,
and delivering less water to the aquifer and conse-
quently reducing available groundwater, e.g. for agri-
cultural or household use. To add to climate concerns,
under the moderate and hotter-drier GCMs all eight
priority watersheds are projected to endure droughts
as severe as the 2015 event over the next century. In
particular, for priority watersheds on the Cleveland
and Los Padres national forests, drought was projected

in one-half and one-third of all years, respectively,
between now and end-of-century. Even the warmer,
wetter GCM projects more severe drought years for
most of the priority watersheds.

Information on the relative vulnerability of prior-
ity watersheds to assess potential future influences of
climate and hydrological change is important to incor-
porate as itmay determine the attainment and sustain-
ability of desired conditions and allocation of
management resources.

The designation of priority watersheds was deter-
mined based on a variety of factors, including the pre-
sence of federally listed species or existing partnerships
with other organizations (Potyondym and Geier
2011), even so, somewatersheds have a higher capacity
to adapt to climate-driven changes owing to landscape
features that support natural patterns of hydrology,
such as high habitat connectivity, higher natural vege-
tation integrity, topographic complexity, and long ele-
vational gradients (Brauman et al 2007). Areas with
lower CWD will have relatively more moisture for
plant growth, theoretically decreasing overall vegeta-
tion flammability and shortening the fire season, but
potentially growing more fuel between fires. Healthy

Figure 7.Vulnerability ofHUC-12watersheds under theCNRM,CCSM, andMIROC climate projections using the difference
between current (1981–2010) and future (2070–2099) climates and dividing by the current standard deviation to indicate variability.
‘Low vulnerability’watersheds (yellow) have a projected change in the 30-yrmean of+/−0.2× the current standard deviation;
‘moderate vulnerability’watersheds have between+/−0.2 and+/−1× the current standard deviation; and ‘high vulnerability’
watersheds exceed 1 standard deviation. Positive values are in red shades and negative values in blue shades. Forest Service priority
watersheds are overlain in purple.
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cover of vegetation is important in watersheds pro-
jected to experience increased runoff as: erosion rates
aremuch lower where the soil is covered and live roots
help tie it to the bedrock (Jenerette et al 2018,Wohlge-
muth and Lilley 2018); and native shrubland and for-
est cover intercept more moisture and help promote
precipitation infiltration (DeBano 1981). However,
ensuring native shrub cover is becoming increasingly
challenging as high fire frequencies in southern Cali-
fornia are causing the conversion of native shrubland
to annual non-native grasses (Keeley and Safford 2016;
Safford et al 2018).

Our modeling-based study considered a wide
spectrum of potential futures, and the implications of
projected climatic and hydrological change on the
region’s watersheds clearly depend largely on the sign
and magnitude of future precipitation change. This
complicates management response, however, certain
trends and patterns hold true across the three projec-
tions we employed and we suggest that managers can
already use these to begin to plan for the future. In
terms of drought, more frequent occurrence of severe
droughts is a universal projection of the GCMs we
used. This echoes other work by Diffenbaugh et al
(2015) who find California’s droughts are more likely
if precipitation deficits co-occur with warm condi-
tions (Diffenbaugh et al 2015), a confluence that has
increased in recent decades most likely owing to
anthropogenic warming. Likewise, AghaKouchak
et al (2014) explain California’s 2014 drought as the

interaction of low precipitation and extreme high tem-
peratures, while Yoon et al (2015) project intense
drought and excessive flooding will both increase by
50% by the end of the century, associated with a
strengthened relation to ElNiňo and SouthernOscilla-
tion (ENSO). Also, projections of higher variability in
precipitation, higher rain:snow ratios at higher eleva-
tions, and increased probability of episodic, intense
rainstorms contributes to other work such as that by
Berg and Hall (2015) who find extremely dry wet
seasons are 1.5–2×more common from mid- to end-
of-century, with a tripling of wet season extremes
compared to that experienced historically. Other
important variables, such as fire activity and human
demographics, were not modeled in our study, but
managers can use recent trends to extrapolate their
ecosystem effects into the near future.

Conclusion

In this contribution, we identified precipitation and
temperature sources of ecosystem exposure in water-
sheds at least partly managed by the US Forest Service;
we measured the sensitivity of three ecohydrological
variables—runoff, recharge, and CWD—to these
changes; and we quantified watershed vulnerability in
priority watersheds by comparing the projected end-
of-century change in these variables to the current
range of variation.

Figure 8.Vulnerability assessment of the 385watersheds that overlapwith theAngeles, Cleveland, Los Padres and San Bernardino
national forests based on change between current (1981–2010) and end-of-century (2070–2099) runoff, recharge, andCWDrelative
to the current range of variation experienced (1981–2010). Bars show the%ofwatershedswithin eachGCM that fall into low
vulnerability (�0.2× the current standard deviation); moderate vulnerability (+/−0.2 and+/−1× current SD); and high
vulnerability (+/−1× current SD). The proportion ofwatersheds exceeding 2× the current SD are shown in black.
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Southern California’s public lands are highly
threatened and extensively degraded, but they provide
critical ecosystem services to millions of people
(Underwood et al 2018). As such, understanding spa-
tial variation in water provision and CWD and how it
will vary in the face of climate change is critical. Our
analyses suggest an era of new hydrological conditions
for many, if not most southern California watersheds
by the end of the century, representing a huge chal-
lenge to water resource management in the region
(Dettinger et al 2011). This conclusion reflects those
from other studies, for example, AghaKouchak et al
(2014) who find winter water shortages are of critical
concern for decision makers as this is the season to
build upwater supplies for the rest of the year.

Spatial data on hydrological services and their vul-
nerability can assist in climate-smart planning on pub-
lic lands, but the uncertainty of future climate
projections is likely to leavemany watershedmanagers
stopped in their tracks. At the same time, the rapidity
of current global warming means that in most places
inaction is not a viable option. We recommend that,
wherever possible, managers work with partners to
adopt a more experimental, ‘learn-as-you-go’ frame-
work in their management efforts. For example, up-
front scenario planning can be employed on those
landscapes that have high ecological or socio-eco-
nomic importance, such as the Forest Service priority
watersheds. In areas of lower political sensitivity or
conservation value, different (credible) hypotheses of
future change can be used to develop differing man-
agement approaches that may be carried out on differ-
ent parts of the landscape and compared as climatic
and other conditions change (Safford et al 2012, 2018).
In short, management action to address the impacts of
climate change on water resources, and their knock-
on effect on water supply for surrounding popula-
tions, should not be postponed until there is sufficient
information or until the problem arrives (Lee 1999).
Implementing activities in short-time steps is one way
to overcome the challenges associated with the varia-
bility and uncertainty of the climate projections (see
table 1). These management activities can be explored
systematically, with a focus on experimentation and
organized learning while doing. By trying things, mak-
ing mistakes, and experiencing unexpected outcomes
this will ultimately lead to more effective management
and achievement of water resources goals as the future
unfolds.
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