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mate change in California will be its influence on

processes ke fire (Westerling and Bryant 2008,
20120, Public and private lands in the state

ncreasingly large and destructive wildfires,
Great Basin ecosystems, to southern California cis
the torested mountains in the north (Milh # ,
and Safford 2012, Barbero et al, 2004, 1 e pa
change on fire in California are accomps
population growth in one of the large
wildland urban interfaces in the n

fire on human assets is r i
rise as the climate warms (
seems clear that ¢
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W on fire weather conditions such as drought, high

mﬂm. winds, and their seasonality, () an indirect
effect on fire through vegetation—that is, by climate altering

the structure, abundance, and energetics of blomass to burn
““ through changes in ignition potential due to shifting

“ﬂ‘ temporal patterns of lightning and human behavior
AN response to factors such as climate policy and environmen
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m to model and infer the potential impacts of ¢li
e on fire in California depends on our under
of the relationship between fire, fire weather, and
this chapter, we outline what is known about the

m fire and climatic change, summarize
for future fire activity in Call

potential feedbacks that may alter the fire
currently manage.

|

b éﬁ-‘:‘;_

md to climatic vari-

regimes will provoke gn is only one leg of
and under even the e mdmnm its effect

mw::um\ems

| fes that influ-
m.wlnd
1es Vary spa-
ranging, as
dry a few

2 .
B '




1 % e
L I <
| i L
F i
1
3 | L &
%L ;LI
% |
h.
11,
i b L1 ""n
1L L A 5
Sy I\.i I by JH
y - |"|_ 1 it f e Lk
1 L et
! . i B I %
L 1 & ‘s T
W N ! 8 _ il i |I i 1 li_l |
’ 19l Bity
\ | 5 |:l| r'i |1|.
? } AET |.1||'
1 Nat L4 1
L k LY | ‘15': ]1'-‘."."1'
i . 1 F r 1
T f Aeev1TNTS "n-‘-.l:r'.'- 1-."-1‘"
| % % i L Lk b Tlr }‘Illlll:l“..lt
3 7% iy 1 |
T 1 ‘Lf‘\ .1',jr.T-...h . .II'
1« of highest fire activil
L )as Of e llrﬁ'- Al
| Th | 11||._:|. (i L L1 8ERERE
| L‘I.T‘||Lt1 '.tl

ith l‘t'Eh'i.i\ (
i~ example Aurng the A\ ltithermal
. L = ARAE 1 % i / | " I.I

and the H1u‘|1n.1l1 rou

k et al 20003, Beat) and

Teasc d IH.HLt tH\. al H‘H

(1 \1'EL'-’[|'1L1H'IIL

! "!1-:["'
=
. i AR "Hh'l\t.'.it"‘nl_ﬂ"'
L L |

M M) 1O .lt‘t”kil '|'11‘_'~I.'| 'l;["' -E‘hh;””h

Tavior 2009) Similarly, fire activity Ik -
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Bergel 1990), when :.:'Iﬂl‘h.ii tel
fast as the current Onc
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and were provoked
in sierra

increased at rates at least as
al 2009). Changes in fire regimes provoked,
bv changes in vegetation. Ancient ]mih.-n assemblages
Nevada lakes and peaty soils show local and region
from forest to shrubland or grassland and back, or cycling
between groups of more moisture loving, fire intolerant specic
and more xeric, fire-tolerant species. These types of vegetation
shifts fed back into important changes in burning ¢ onditions,
as biomass became more Or less flammable, and fuelbeds more
or less dense and continuous (Safford and Stevens, 2017).
Current changes in global climates are writing the next
chapter in this age-old saga. The ten warmest years in the for-
mal human record system (1880 to present) have all occurred
since 1990 (Jones and Palutikof 2006) and 2016 was the
warmest year on record (www.noaa.gov). In the high Calitor-
nia mountains, earlier spring snowmelt and warmer summer
temperatures have increased the length of the growing season
as well as the fire season (Westerling et al. 2006), less precipi-
tation is falling as snow (Knowles et al. 2006), and there is an
overall decline in snow accumulation at all but the highest
elevations (Mote et al. 2005). In northern California forests as
a whole, the influence of climate on fire size and annual
burned area has increased by two to four times over the last
century. Whereas temperature was the primary climate driver
of these fire variables in the first half of the twentieth century,
today it is the variability in precipitation—and primarily dur-
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Process-based hvdrologic models are an Iltm

approach that provides projections that are spatially relevant
to ecological processes and can reconcile precipitation incon.

distencies across climate models. Hydrologic models incorpo:
rate runoff, recharge and soil properties, Creating a more
holistic picture of water availability in ecosystems. Examples
include the Basin Characterization Model (BCM; Flint et al
2013) and the Variable Infiltration Capacity Hmm;

(Nijssen et al. 1997, Liang et al. 1994), both of which link .
mate and hydrologic models and output historical
climate datasets. The historical component of the dataset
allows for robust model validation that is not as easily m-
plished with statistical models (Cuddington et al. 2013}
Below we summarize projected climate data (Cayan
2008b) and report the results of the BCM pn
hydrologic model for California (Thorne et al. 2015).
also uses the GFDL and PCM models used in the IPCC.
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Farlier summaries of dhitterent climate
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Jecreases under GEDI
change models and simulations suggested broad|
rerns, with most simulations showing no change or
Icredses o annual preapitation in ( alifornia by
‘Gutowski et al. 2000, Hakkarinen and Smith 2003, Maurer
20071 While results do not suggest significant change 1n
annual precipitation, Cavan et al.’s (2008b) simulations proj-
ect an increase in the frequency and intensity in extreme pre:
cipitation events in northern Calitornia, but not much
change in southern California (which is alreadv characterized
bv a preponderance of such events; Dettinger et al. 2011).
Interannual to decadal variability in precipitation is projected
to continue to be verv high (Calitornia supports the highest
interannual variability in precipitation in the United States
[Dettinger et al. 2011]), and Cavan et al.’s (2008b) simulations
do not suggest a change in the broad periodicity of the El
Nifno Southern Oscillation (ENSO). which 1s an important
driver of climate variability in California, especially in the
scuth. Note that, like the North American monsoon, it is very
difCcult to model climate change impacts on the ENSO sys-
tem Because 1t 1s a highly dvnamic process influenced by both
ctmoespheric and ocean circulation patterns (Diaz et al. 2001).
Chiangos in ENSO patterns would affect precipitation differ-
cntly in the northern and southern regions of California as a
functiion of the ENSO dipole (Brown and Comrie 2004).

maodest
2100

now Accumulation

\ithough overall precipitation averages may not change,
higher temperatures will influence the amount of precipita-
tion that falls as snow and accumulates on the ground. Cur-
rent trends in increasing snow:rain ratios (Mote et al. 20085)
are projected by Cayan et al. (2008b) and Thorne et al. (2015)
to continue and accelerate. In California, April 1 snowpack
defined as snow-water equivalent, SWE) has declined by an
erage of 10 mm (0.4 in) annually, with large declines in the
ascade Range (<33 mm [-1.3 in]) and the Sierra Nevada (-29

1.1inj; Fig. 26.1). Cayan et al. (2008b) and Thorne ot al
'2515) praject further losses in April 1 SWE across Illlﬂlllﬂ,'\[:
crn Lalifornia, the Modoc Plateau and the Sierra Nevada, By
2100, Cayan et al. (2008b) project decreases in SWE of 32% to
/¥ fcompared to today), with the largest losses at clevations
<2000 m (6,561 £1); snow loss in the Sierra Nevada will ht
greatest in thie northern and central part of the range |ll‘l'uu:-
cievations there are much lower than in the south. "
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Climatic Water Deficit

In the sermarnd landscapes of western Narth At

. _ : Fica .
availability is a major driver of ccosyste an, watey

i dmritmtiun and

406 FIRE MANAGEMENT ISSUES IN (¢ A“Hlki\llﬂﬁ

rion (Major 1988, l.onk ot al. 2004) In terms i
ssusterms, it s probably lesy Valuabye ¢ oy
0

-il“ My o l‘-]]! ".'T..“tl i " #11.
IrCCIpA | T iy Pendeny,

dlll
Bk RO sy Lroveate coned it e Mo w‘“*‘l
| CICTR nattest into i, ons that 44 A
A1

ty I
C limatie water detion o w elly
l."-l A3 I:Il'i”ih : ' '\'\I]. I-h“llﬂnjl

dhion, N a

i I”]"

i vilaba ity TIRRL

xli.'|l'l tl'l.ill}.{t s 11 ]
(able to consider how the integy

cxperee

L 1.Irlt i "-II l"‘tillll' ‘l. 1
1'\.I[HﬂI.HHI"II.IHHH ARARLY [ i

" 9o T II‘I*- ”I:” It.;”[-'\l-llt'ﬂ rllrllldl‘li 1\ril|'f lip' rlldnt u“ih
111 . . :

4

|neoT
relevant  medasurc (St [llli Nson 199x,

]nj;;lr..!“\ tWhnH hay
heen used as d ater balang,
drought stress, and fire v Il|lll~rnll'1'll|”'lﬂ. I CCOSYSHemg th"‘“gh:
out Calitorniad and the western Unated States. Singe thy Petio
10511980, the averdit annual CWID hasincreased i ¢ Wit
i less availabley et alitornmia by an average of 17 mm, by
this change 18 less than one standard deviation from the hey.
rorical record, and trends have been geographically Vaniasi,
For example, mui h of northwestern Calitornia and Parts of
the Sierra Nevada west slope have experienced increaga,
water availability (decreasing CWIN, due to precipitays,
INCreases over the |u.-r'tml that have counteracted Wdr ..:::_]
temperatures (Thorne et al. 2015; Fig. 26.2). Future chanss
under the BOM scenarios are projected to increase CWp b
40 mm to 160 mm (1.6 in to 6.3 1in) in most of Cahforr:y
depending on the simulation and the location. The larg:
projected changes will occur cast ot the Sierra Nevada-Ces-
cades crest. Many of these changes will depart trom tha b:s.
torical record by between 1.5 and 2 standard devictions
implving a very significant decrease in water availability Ur
the end of the century (Fig. 26.2; Thorne et al. 2015).
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Projected Climate Change Impacts on
California Fire Regimes

The combined effects of changing temperatures and <h 0

the timing and magnitude of precipitation will undouio
alter California fire regimes. In many montane forests 2o
tury of fire exclusion has resulted in the accumuiation of fuels
such that uncharacteristic weather conditions can mox
‘i“if:kl? accelerate a small fire event into o maior wildfire A
mf““"f*?’ of future fire models agree that changes in climat
California u'bnih-ini. L estern Knfted States, tnauie
s, ' an et al. 2008, Gedalof 2011, Westerling ¢
al. 2011, Safford et al. 2012). It has b
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FIGURE 26 1 Historical and projected April 1 Snow Water Equivalent. Figure reproduced with permission from Thorne et al

(2015).
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regime attribute and a climate variable w valid
tivelv similar into perpetuity. This is not ﬂlwi.lys at :nd
assumption given that the relationship between Li~in;::1:.ninﬂ
fire is specific to vegetation on the landscape thatis i
[Littell et al. 2009, Hessl 2011), and future veg ‘tﬂt‘i{ﬂ:llé yast
blages mav be verv different from those today Or ltﬂhis Iitt:rﬂ-
(Williams and jarksnn 2007). Here we Summ“::zehland. and
ture, and differentiate projections for forest, shrt
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at the lower elevation (1,800 m [5,905 ft]) site trom ~200 mg
ha 'to 0 mg ha ', providing minimal tuel tor consumption.
Under Miller and Urban’s (1999) most extreme scenario, torest
fuels at this elevation were completely replaced by gra.gs.!.-
fuels and fire frequency increased. At the m |.|.hilu elevation
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FIGURE 26 2 Climatic water deficit (CWD; potential evapotranspiration—actual evapotranspiration) modeled with the Basin
Characterization Model. Historical and future values are displayed as ditterences between two time periods (top panels). Data is
alternativelv displaved as standard deviations to better show variability and significant departure from historical conditions
(bottom panel). Under the warmer and drier scenario (GFDL) CWD will increase by more than one standard deviation
throughout the entire state. Under the warmer and wetter scenario (PCM) CWD will increase by one standard deviation in the
eastern regions of the state. Figure reproduced with permission from James Thorne, J

includes the effects of fire suppression). Fried et al. (2004)
applied the model to northern California under a future cli-
mate with twice the atmospheric CO, as today. Their projec-
tions suggested that climate change will lead to increases in
the frequency of weather conditions that are associated with
high fire risk and therefore increases in the frequency of fire
events. Like Miller and Urban (1999), Fried et al’s (2004)
results underlined the key role that fuel type plays in driving
ecosystem response to climate change. Areas vegetated with
grass and shrubs were projected to experience many more
ecaped fires under warming, but the lack of a crown fire
module probably led to an underestimate of the number of
€scapes 1n forest fuels. Fried et al. (2004) projected that the
number of escaped fires would increase by 125% in the Sierra
Nevada and 51% 1n the south Bay Area, but there was no pro-
jected change in the North Coast region because of the slower
wind speeds and higher humidities produced from the down-
scaled GOM. Because the CCFMS model does not include a

internal feedbacks from fire to vegetation, Fried et aj., ¢ 2[}[;1
underlined that their results represented the minim |
expected change. —

Krawchuk and Moritz (2012 developed fire projections f

California using statistical relationships that relate fire Cﬂunl::
and climate variables (e.g., precipitation ¥asonality, may;.
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umnudr:rt?umtﬂiail:irs;::il:{ to tllt‘terminu the probability of fire
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southeastern (Zulih:rt:-_”_m““m" to burning (e.g., deserts of
Plateau), byt the cony “" and ““fl“f-‘stmt parts of the Modoc
Climate cenarios, In t.rrw “"_""‘* true tor the warmer and wetter
ment between {I;;*M‘ u:‘l"“"'h eCosystems, there was agree-
result in ilu:ruaxmlrﬁr.ut o fu.tlfrt‘ changes in climate will
weLe Projected ip nnr[:lmhﬂhlm}" Ifltﬁ.ﬂﬂﬂ e o buca
Ranges and the Siurré h;‘:“fﬂt:rn California, the Cascade
burned Were projected fu::z({a' “’_hl‘l'EilH decreases in aread
nd Mority 2012)‘-!\:’1@3\’? and Sum-rr.an Deserts
- viean fire return interval was
Ore fri;qufﬁ:r:ral’ was reduced across the stateé
Lal. (2013) use AP
the nutu;m:.jrjf . entropy modeling t©
Wetter scenar.ius. T“me"dner climate scenarios
Moditerraﬁ: th respect to fire occurrence in
an-type climate regions. Results
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aside from their well-known effects on fuel moisture—cli-
mate warming and increasing growing season drought can
enhance fire severity independently of fire intensity. This sug-
gests that future fire severities could be even higher than pre
dicted by fire—climate modeling studies.

Fire Season

Changes in the length and character of the fire season can be
attributed to decreases in the snow:rain ratio and the
increased incidence of extreme temperatures. The snow:rain
ratio has been decreasing across California in the past /5
years (Safford et al. 2012) and combined with warming tem-
peratures, these negative trends in snow amount and storage
result in earlier drying of fuels and a lengthening of the fire
season. Current trends and projections of future patterns in
the snow:rain ratio and snowpack persistence thus portend
longer fire seasons (Mote 2006, Mote et al. 200§, Safford et al.
2012, Westerling et al. 2006). Collins (2014) showed that
since 1992, 17% to 20% and 8% to 12% of days in the fire sea-
son exceeded the 90th and 95th percentile, respectively, in
terms of fire weather thresholds. Collins (2014) suggests that
w“uam fire season controls growth of

© extreme fire weather (one character dmmm is
o RO )

e

»”

_aash rate and the product ol precipitation (pey

1-:“.m available potential energy (a measupe o tnlt
<pheric conve« vive instability) .‘,,HIHI”“ im:!l‘tt 2 12% 4 Mmyg,
ease in lightning peT 1« | Of H"]'“‘ratur?r“
..bu " d of the twenty- first century this could transiage !’Y
:T ore lightning across much of the United "‘tﬁtﬂs{

s al. 2014 ightning strike d¢ nsities (LSDs) are Tf'lﬂtnrﬂ e,
trx: Jlifornia, but areas Of high topography (especially m“lt
Sierra M-Lhia' still see LSDs of 15 to 35 strikes yr 1994 km
van Wagtendon k and Cayan 2008). The mmhlnatlnn
greater li Lr tning incidence, warmel climates, and drier ¢

suggests that fire activity will likely rige n
California th

strong

Moyt
at support fuel, even
Where

w
cemiarid parts Ol

! s can be reduced
human ignitions f

Fire Effects on Vegetation

Fire is a major driver ol vegetation « hange in both gmim
time. The effects of fire on vegetation in California will
depend greatly on precipitation trends, but Bachelet et a1
(2007) note that in ¢ ither wetter or drier conditions, toreyy
could be notably reduced in much of the western United
States in a warmer future. Under drier conditions, enhanced
fire frequency could favor drought-tolerant grasses, which
would turther ¢ nhance ecosvstem "-H“I'I'Iilhi““’ and m
woody cover. Under wetter conditions, expansion of woody
plants might promote more |\ intense fires and h[gh mmm
when drought conditions occur, ultimately reducing tree bio.
mass. Bachelet et al. (2007) projected that most of California
would see an increase in biomass consumption by fire during
the twenty-first century, whether warming was extreme or
moderate,

Using the same vegetation dynamics model as Bacheletet
al. (2007), Lenihan et al. (2008) simulated the future distribu: 'J'--i
tion of terrestrial ecosystems in California under three GOM:
based future climate scenarios. Fire drove grassland ¢ _'-;f -
sion into former shrublands and woodlands, even ﬂ
coolest and wettest future scenario; by 2099, Mh
est and driest scenario, grassland almost m
shrublands on the Sierra Nevada west slope and
greatly in the California Great Basin. Broadleat

forest replaced large areas of evergreen conifer for
scenarios, with fire
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Fig. 26.3). For L"ﬁ;dn]['ﬂt‘, in Cﬂlifﬂl‘:::,nfwtm mm mm -:im later into the fil-l {Collins 2014). Ante-
variability in precipitation is extreme (Detﬁnw et al. 2011), mhﬁﬂﬂ m’ ti 1“:: ELHT.H drm:thtb!;trﬁ'-
turther increases in precipitation variability could enhance mwmmﬁn 120:4; ;;:,:::r:t:.:z:
" already prevalent pattern of very wet years catalyzing fine area burned varies with actual evapotranspiration and 111
fuel production in fuels-limited regions, and mm N el MH to more severe fires. Within a given eco-
dry vears leading to large areas burned. ystem, fire se S0 increases with fuel quantity (Parks et

Cipitation years that occur simultaneously with f .-‘__:'--.' et al. 2015). Importantly, the strength and
higher temperatures will drive increased fire activit - ﬂf'..,ﬂ ‘someti "_::E: ie nature of these relationships can modulate
ditions-limited systems where there is alre 1y abunda t fuel a system typ mmm about the differ-
.. densely forested landscapes), independently of ant ueis-limited (fuel quantity) and conditions.
ent y ' <~ ' ¥ and climate) ecosystems (Agee 1993,
- e steel et - 2015) is highly germane to con-
Decreases in snowpack or earlier ti ot's ture in California. Overall, these mecha.

combine to decrease fuel moisture a ud | ,,._T | — mate and fire are expected to
the fire season, leading to more fire in cong , for example, an increase in spring-
tems, Higher temperatures and reate L

| reases in annual area burned.
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management landscapes look and act like it burned arca and
fire sizes increase as predicted?” It is likelv that climate change
will have its most dramatic eftects on California landscapes
through its direct and indirect connection to ccosvsteme-alter-
ing fire (Dale et al. 2001). When fires of novel sizes. or tre.
quencies, or severities (and their combination) occur on land-
scapes, the likelihood of abrupt vegetation change or local
extirpation is increased (Fig. 26.4). On this newly disturbed
landscape, conditions—soil, light, nutrients, climate—mayv be
vastly different from when the vegetation established. For
example, many shrub-dominated landscapes in southern and
eastern Calitornia have transitioned to annual grass domi-
nated ecosystems as a result of steep positive trends in fire fre-
quency driven by synergy among climate warming, droughts,
ignitions, and invasive species (Keelev and Safford 2016).
These trends, which are very difficult to reverse, are likely to
accelerate and expand geographically, |
In forested regions, areas dominated by long-lived coni.
fers—which have ex perienced marked swings in climate over
the centuries since they established—are being subjected to
rapid increases in Rrowing season temperatures and de
late summer droughts. These conditions are
ing for mature individuals, but when severe fires kill them
reestablishment of forest species is not a given, especially i"'
the huge patches of stand-replacing fire that are '
more commonplace in California fore
dynamic is already apparent in lowe

In central and southern California and is at

major conifer foresy loss projected by dvn
models (¢.g lenihan )8).

eper
already L‘halleng-

more and
st fires. This Sort of
relevation Conifer

than just the overstory vegetation. More burning angd More
open vegetation stands created by increased Burning will be
less hospitable to species adapted to moist, coal habitats and
maore hospitable to drought-tolerant, sun-loving species (S
vensetal. 20050 Manvainvasive plants, mostly annual RIS
but some torbs as well, will find it casier to UNPand ito wild
lands. Those that are highly flammable will turther transtorm
hre regimes and the ceological landscape Animal PRI
adapted to dense, old torest stands spotted owls, fishers, gos
hawks—will find it icreasingly ditticult to locate suitable
habitat, while animals preferring severelv burned land:
SCapes—many woodpeckers and other Dirds, certam rodenty—
will benefit (McKenzie ctal. 2004, Mallek ot al. 20130 As pre:
CIpitation variability continues tO increase, the ettects of
Increased fire on Sotl crosion and sedimentation in streams
are “kfl}' to become more pronounced, t‘\]‘t‘t'hilh' on steep
less consolidated bedrock and where woody vegetation has
been lost. 1t current and projected fire trends continue, sSmoke
Production will also rise. w ith the concomitant ettects on
human healtyy and aestheties. ,
Fires do not oceur in olation and are usually accompanied
by ot her Processes that mMav be intrinsic or extrinsic 10 the
ceosystem. Climate change is documented to have m“ucti;’“
OTEStS through direcy heat-related mortality tﬂﬂ‘d;‘ :(t)[}ﬂl
00 Allen et al. 2010) or water stress (McDowell etal ¢ out-
5 i"di“"-“]!*‘ through the exacerbation of bark m".fu;.:d
hfeaks (Raffa et 4. 2008), fungal diseases, and human-;: —
disturbances Such as ozone pollution (Fowler et al. quﬂﬂ' fess-
CO-0ccurrence of Multiple stressors is known d‘r "'t ossols
‘Omplex,” where the cumulative impacts of multiple S{t;“;it
an greatly ajter eCOSYstem processes and patterns (M o
3 2008). For eXample. the combination of higher €mP ©
tures, longer w, M seasons, and ozone can result NP '?‘”
ality and epigem; bark be breaks, resulting it
o e C bar ‘ht"t.’ﬂt'.' out rl.:.l 3 he same fores
o My (Fig. 26.3). Fire exclusion it ot in-t‘l'“’f’d
> "0 high stand densities which, coupled with 1% i
tuel ¥Cumulation trom increased tree mortality, €47 "
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