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Executive Summary

This roadmap pr ovi de s a br ie f over vi ew of the unique  characteri sti cs of  Cali for nia’s
ecosystems, the  pote nti al ef fects of  gl obal cli mate change  on those ecosyste ms,  and a
di scussion of the re search areas that Cali forni a should  support in the nex t ten ye ar s to
re duce the  l eve l of uncertai nty  in the estimati on of  the potential  e col ogi cal consequences of
cl imati c change .

In the short-te rm (1–3 years) this r oad map r ecomme nd s addr essing the  ob jecti ves
summari zed  i n the table  be low:

Objective Projected Cost
($000 per year)

De ve lop and implement e col og ical assessment and  moni tor ing 
pr og rams, using  ecol ogi cal  i ndi cator s specif ic to cl imate chang e
impacts.

1, 100

De ve lop a more spati all y r esolved cl imate model ing  appr oach. 
(B ud get incl ude d i n Reg ional  Model ing Road map)

0

De ve lop a pr ogr am to compi le  and analyze cli mate observati ons and
mode l r esults r api dl y.

  300

Ex pand data inputs to i mpr ove e cosystem and spe cie s mod eli ng  in
ve ge tation mode ls,  i ncl udi ng  non-native , i nvasi ve speci es. 

1, 000

De ve lop mode ling program to und erstand futur e d istri butions of
species asse mbl age s in ter re str ial , aquati c,  and mar ine  ecosystems.

1, 000

Compile  and analyze exi sti ng  paleontological  data to be tte r
unde rstand  past ecol ogi cal  r esponses to cl imatolog ical chang e and
to test mode ls. 

  200

De ve lop an e xpe rimental  and mod eli ng  re search prog ram to
unde rstand  the impact of mul tiple gl obal change s on ecosyste m
function and  structure. 

3, 000

Stud y the re sponse  of non- native spe cie s to cli mate change . 3, 000

Eval uate method s f or  using  e cosystem and spe cie s d ata f or
conservati on ar ea de cision maki ng. 

  300

Total Short-term Cost per Year  9,900
Note: An asterisk (*) indicates a high probability that the work will be leveraged with other ongoing
efforts. The figure given is the California Energy Commission’s projected expenditure in dollars per year
over the course of the short-term research.

The Pub lic Inte rest Ene rgy  Rese arch (PI ER)  Climate  Change Re search Plan al so id entif ies
mi d- ter m (3–10 year)  and long-term (10–20 ye ar)  goal s, all  of which bui ld on the short- 
te rm work li ste d above.  This roadmap outli ne s a comprehensive rese ar ch age nd a that
woul d be necessary  to full y add ress the  re se arch gaps identi fie d in thi s docume nt.   PIE R,
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howe ver , due  to the limite d funding,  wi ll be  ab le to support only some of the identi fie d
ar eas of resear ch.   PIE R is cur rentl y examining  al l of the  road maps to deter mine whi ch
pr oj ects should  be  supported  wi th PI ER fundi ng. 



Ecological Impacts of a Changing Climate PIER

iii

Roadmap Organization

This roadmap is inte nde d to communicate  to a br oad  audi ence with var ying levels of 
know led ge ab out the issue.  The secti ons buil d upon each othe r to provid e a framework 
and justif icati on for the pr oposed  rese arch and  de ve lopment—both for  stake holde rs we ll- 
ve rsed in cl imate chang e i ssues, as wel l as for  those new to the i ssues.

Sect ion  1 states the issue to be  ad dr essed.  Sect ion  2:  Publ ic In terest  Visi on provid es an
over vie w of resear ch ne eds in this area and how  PI ER pl ans to addr ess those nee ds. 
Sect ion  3:  Backgroun d establ ishes the contex t of PIE R’s climate  change work as it re lates to
the ecosyste m and speci es impacts of  cl imate  chang e.  Sect ion  4:  Current  Research and
Research Needs sur vey s cur rent projects and identi fie s spe cif ic re search need s that are not
al re ady  be ing addr essed  by  those projects.  Sect ion  5:  Goal s outlines pr oposed  PIEREA
acti vities that wi ll  me et those  ne ed s. Sect ion  6:  Leveragin g R&D In vestment s ide nti fie s
me thods and opportuniti es to he lp ensur e that the investme nt of  re se arch funds wil l
achi eve  the gre ate st publi c benefi ts. Sect ion  7:  Areas N ot  Addressed by this Roadm ap i de nti fie s
ar eas relate d to cli mate change  re se arch in thi s are a that the proposed  acti vities do not
ad dr ess. Appendi x A: Curren t Status of Programs off ers an over vie w of wor k bei ng
cond ucted to ad dre ss cl imate  chang e issues i n this area.
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1. Issue Statement
Cali for nia’s ecosy stems pr ovide  esse nti al goods and ser vices that ar e being put at risk  by 
cl imate  change and  othe r str esses.   In ord er  to pr epare  for and  re spond  to this thre at,  we 
must be tte r und erstand the  pote nti al  ef fects of  cl imate  change on Calif ornia’s ecosy ste ms. 

2. Public Interest Vision
Cali for nia supports an incre dib le ar ray  of  natural  and manag ed ecosy ste ms,  w hich in tur n
host fl ora and fauna of  unparal lel ed  di ver si ty.  These ecosystems provid e a multitude  of 
good s and se rvi ces that have  di rect and  indi rect benefi ts to humanity, including
mark etable  prod ucts,  envir onmental  service s such as water purif icati on,  re cr eational 
opportunitie s and ae stheti c ple asure . Despite this, Cal ifornia’ s ecosystems are  be ing lost
and deg rad ed  at an unpr ece de nte d rate. A ste adi ly incre asi ng  numbe r of peopl e call ing
Cali for nia thei r home have  placed gr eat pr essur e on natural systems.  The result has bee n
habi tat de struction,  non-native  species intr oducti ons, community and  speci es losse s,  and
associated  d ecr eases in ai r and  wate r qual ity and other  he al th factors. 

The challe ng e of responding to the  existing pre ssure s on ecosystems is exace rbated  by a
ne w thr eat to thei r str uctur es and  functions—gl obal cli mate change . Among other  things, 
incr easing  concentrations of  gr eenhouse  gase s (e.g .,  carbon dioxid e,  me thane , nitr ous
ox id e) in the Earth’ s atmospher e are  ex pecte d to change  the rad iative balance of the 
pl anet,  incr ease atmospher ic te mpe ratur e, and change  the timing  and mag nitud e of
pr ecipi tation e vents.

Be cause  cl imate  is a major  factor contr oll ing the di str ibuti on of speci es and the structur e
and functi oning  of  ecosystems, cli mate chang e has the pote ntial  to impact natur al sy ste ms
in nove l, dr amatic, and  unpr edi ctabl e ways.  Ecosy stem chang es can have  enor mous
economi c consequence s for Calif ornia, incl ud ing , for  ex ample , incr eased  fi re  ri sk and
de cr eased summe r water suppl y.  The ser ious nature  of these impacts is cause  for gre at
concern.

To protect Cali for ni a’s unique ecosy ste ms,  and the  practical  and aesthe tic bene fits the se
natural  sy stems pr ovide  for Cal ifornians, a var iety of research should be conducte d in the 
shor t term. Fir st,  rese arche rs nee d to bui ld  upon ecological  assessment and monitori ng
ef forts in Cali for ni a, by br oad eni ng  and coordi nating these eff orts,  which will  enhance 
thei r usef ul ness and  appli cabil ity . Second , resear chers ne ed  to de ve lop mode ls capab le of
ad dr essing  regi onal cli mate mod eli ng  ne eds. Thi rd,  climate  change re searcher s need  to
ex amine  ex isting data, to id entify  its str engths and  li mitations. Fourth, re searcher s must
de ve lop a model ing  prog ram that wi ll  enabl e the m to better  unde rstand the futur e
di strib uti ons of spe cie s assemb lag es in te rr estrial,  aquatic, and marine ecosystems.  And
fi nally , r esear che rs ne ed to analy ze  ex isting pale ontol ogi cal d ata to b etter  under stand  how
di ff ere nt ecosy ste ms and e cosystem type s have r esponded  hi stori cal ly  to cl imate  change. 

This work wi ll benefit Cal if ornians by provi ding pub lic ag encie s, re searcher s, and  d eci sion
make rs with a better  under stand ing  of the impacts that cli mate chang e i s lik ely  to have  on
ecosystems, from a state, re gional , and  local perspe cti ve.  More  specifi cal ly , it wil l help the
State deve lop publ ic policy that wil l faci li tate spe cie s and  habitat survi val and pr ote ct the
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ecosystem se rvi ces that ar e vital to the State’ s economy and  enhance  the quality of lif e for 
al l Cal ifornians.

3. Background

3.1  The Role of Climate in Ecosystem Distribution and Function
Cl imate  change is not a ne w phe nomenon.  In the past 2.6 mi ll ion ye ar s, the  Earth has
ex pe rie nce d a succession of glacial and  inte rgl aci al  cy cle s that have resulted in large 
fl uctuations in cl imate . The se dramatic cl imati c shi fts have  dr ive n change s in spe ci es
di strib uti ons, spe ci es diver sity, and ecosystem functions.  Because  othe r environme ntal
factors infl uence speci es di str ibuti ons (e .g ., soi l types and inte r- spe cif ic inter actions) , the 
pe rsistence of ecosy ste ms and survival of speci es under  a chang ing  climate  i s not me rel y a
function of mig ration. In many cases, specie s requir e time  for adaptati on to a new  set of
cond iti ons, resour ce s, and  biotic inter actions.   Past climate change s have  occurre d ove r
hund red  of  year s, gi ving spe cie s time to become  establi she d in new  locations suitabl e for
thei r g row th and r eprod uction.

Howe ver , the  cl imate  is curr ently chang ing  at an unprecede nted rate.  Me asure ments of 
hi stori c global  te mperatur es indicate that the global surf ace air te mpe ratur e incr eased 
0. 9° F in the  400 years betwe en 1500 and  1900 (H oughton et al . 1996) and  another  1. 1°F  in
the past centur y (I PCC 2001).  T his is a dr amati c incr ease in the rate  of atmospher ic
warming . Thi s rapi d pace may  pr ese nt an insurmountab le chall eng e to a vari ety of
Cali for nia’s pl ant and ani mal specie s, because geogr aphic re locati on and adaptation wil l
not be possi ble . Human activiti es pr ese nt an ad ditional  ob stacl e to successf ul
re di str ibuti on of speci es across the  landscape.  Humans have altere d land, fr esh wate r, and 
ocean resour ces. In many reg ions, conve rsi on of  habi tats from natural systems to
“d eg rad ed” or “manag ed” sy stems has eli minated the  natural  resources or  le ft them
unab le to re spond to further  pe rturb ati ons.

In addi tion to its critical rol e in the  pe rsistence and  di strib uti on of  ecosystems and spe ci es, 
cl imate  is also important in de ter mi ning ecosystem propertie s such as soil  type  and
fe rtili ty,  disturb ance reg imes (i. e.  fi re) , net pr imary  pr od uction, and  carb on storage.  Wi th
changes in climate , the se,  too,  wi ll  undoubtedl y b e aff ected .

3.2  California’s Current and Future Climate
Ther e i s mor e climatic var iation in Cal ifornia than in any  othe r are a i n the  Unite d States of
comparable  size . Total pre ci pitati on range s from ove r 120 inche s annual ly in the
northwe ste rn forests to pe ri ods of  imme asurably  low rai nfall  in the Moj ave  Dese rt.  The
rang e of temper ature s in Cal iforni a is equal ly extre me.  The hig h ele vations in the  Sier ra
Ne vada can expe rie nce week s of fre ezing  te mperatur es; wher eas, Death Valle y can be 
ab ove 100° F for  comparable  peri ods. Cal ifornia’ s coastal Med ite rrane an cli mate is unique
in that the wet se ason coi ncide s with the wi nte r. Summe rs ar e dry.  Total annual 
pr ecipi tation rang es be twe en 15 and 40 inche s per ye ar.  Te mperatur es ar e those of the
subtropics mode rated  by  mari time inf lue nce  and fog s associ ated with the  cold  ocean
curr ents.

Over  the nex t centur y, Cal if ornia’ s cli mate wil l change  dr amati cal ly . The U. S. Global
Change Research Pr og ram (U SGCRP), using  mode ls devel ope d by the  United Kingd om
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Hadl ey Centr e and the Canadi an Centr e for Cl imate Model ing  and Analy sis, projects
annual ave rage tempe rature  incr eases of  8–11°F for  the weste rn Uni te d States (U SGCRP
2000a).  F or Cal if ornia,  these mod els al so pr oje ct si gni fi cant increases in precipitation, 
espe cially  d uri ng wi nte r. Because a gre ate r propor ti on of this pre cipitati on wi ll fall as rain, 
wi nter runof f is projected  to incr ease,  whil e snow pack in the mountains is proj ected  to
de cr ease (U SGCRP 2000a). Li ttl e change  or  slig ht de cre ase s in pre ci pitati on ar e projected 
for summer  (Kim 2001) . The amount of  pr ecipi tation on extremely  wet day s wil l increase, 
espe cially  in the wi nte r and  fall.  In addi ti on,  ther e will  most li ke ly be an incre ase in the 
long , wet El  Ni ño- li ke condi tions and a de cr ease in the  numb er of dr oug ht pe riods.  Each
of  these change s wil l have  a pr ofound infl ue nce  on the str uctur e and  function of
Cali for nia’s ecosy stems.

These proj ected  changes subsume  re gi onal tre nds into state wi de ave rages. Projecting
cl imate  change withi n diff er ent re gi ons of  Cali for ni a is dif ficult because  of Cali forni a’s
topographi c diversity and pr oxi mity to the  Paci fic Ocean, and because glob al  cl imate 
mode ls are  not suf fi cie ntl y ref ine d at pre se nt.   T he  most ad vanced  climate  proj ections are 
ge ne rated by  downscaling global  cl imate  change simul ati ons from ge ne ral  ci rculation
mode ls to re gional  climate  mode ls (Wilb y et al.  1998; Kim 2001;  Chen et al . 1999).  The
re sults of  these mod els, whi le state -of -the- art, do not pr od uce  pr ecipi tation proj ections
wi th fi ne enoug h spatial and  te mporal comple xity to ade quate ly assess the impact of
cl imate  change on ecosy ste ms. The model s are  al so not able  to simulate the  infr equent but
ex tr eme  events that play such an important role  in shaping  ecosystems. In ad dition, it is
not yet know n whethe r these change s in cli mate wil l fol low  a gr adual  or  stepped  pattern,
or  some  othe r tempor al patte rn.  The onset,  timi ng,  and mag ni tud e of pre cipitati on
changes wi ll  al l b e important d ete rminants of e cosystem tr aj ectory .

3.3  California’s Unique Species, Communities and Ecosystems
Cali for nians enjoy  a state  that is highly di ver se in its landscape s,  fr om the spectacul ar
coastal  rang es to the Great Basin De ser t. This rich and  di ve rse  land scape hosts more  pl ant
and ani mal  species than any other state . The se natur al resource s, de scr ibe d bri efl y bel ow, 
pr ovide  good s and se rvi ces that ar e the  foundation of Cali forni a’s e conomy .

3.3.1  Terrestrial

Cali for nia’s te rre strial ecosystems are  di ve rse , ranging from the cool,  we t red wood for ests
of  N orther n Cal ifornia to the hot,  d ry Moj ave and Color ado d ese rts of Southern Cal if ornia. 
The combination of  dive rse  climate  and topog raphy re sul ts in a tre me ndous di ver sity of
habi tat ty pe s.  The Cal ifornia Depar tme nt of  Fi sh and Game ’s (D FG’ s)  Natur al  Di ver si ty
Data Base re cog nizes 275 veg etation ser ies (Saw yer  and Kee ler -Wolf  1995).  T he Cal if ornia
Wi ld lif e Hab itat Rel ati onshi ps Syste m, also run by  the DFG, lists 59 wi ldl if e habi tats
(www.dfg.ca.gov/whdab/html/wildlife_habitats.html).  T he DFG utilize s a classi ficati on
sy stem with 178 major habi tat type s (Schoenher r 1992), the Cali forni a Resour ces Agency
cl assif ies ten broad  bi ologi cal  cate gor ies, or “bi or egi ons” based on di sti nct and consi ste nt
cl imate  zone s, and  The Jepson Manual  id entif ies 10 flor istic pr ovi nces (Fi gure 1) that are 
further  di vi ded  into 24 sub- province s (H ickman 1993). There  ar e 5,057 native and  ne arl y
1, 000 exotic pl ant species. Of the  nati ve pl ant species, at least one thir d are  ende mic to
Cali for nia (Schoenher r 1992). There  ar e almost 1,000 native  ve rtebr ate  species, includ ing
540 bir ds,  214 mammals,  77 reptile s,  47 amphibi ans, and  83 freshwate r fishes (Schoenher r
1992). If  one wer e to includ e insects and  other  inve rte br ate s, gr eater than 50 pe rce nt of 



Ecological Impacts of a Changing Climate PIER

4

know n specie s are endemic to Calif or nia (Schoenher r 1992).  A cross the state,  215 plants
and 148 animals ar e listed  as thre atene d or end ang er ed und er  the Cal iforni a End ang er ed
Species Act of 1984 or the  F ede ral  E ndange re d Specie s A ct of  1973 (D FG 2002) .

Cl imate  and fir e have play ed  strong
role s in the  structure of Calif ornia’s
te rr estrial ecosyste ms.   I n general, 
ther e are we t, cool winter s and  hot, 
dr y summer s.  As a re sul t, the
te mperatur e and  moistur e optima for
pl ant grow th have li ttl e ove rlap. The
pl ants have develope d strate gie s and 
me chani sms for sur vi ving und er such
cond iti ons, includ ing becomi ng
physiol ogi cally  dormant duri ng the 
dr y summer , developi ng taproots, or
re stricting growth to habi tats that are 
we t enough to sustai n grow th ye ar- 
round. The se  li fe strategi es le ave 
much of  the landscape d ry and f uel -
ri ch during the  summers and ear ly
fall , creati ng condi tions conducive to

the igniti on and spr ead  of  wild fir es. As a result,  peri odi c fir es have shape d Cali forni a’s
land scape.  These fir es have bee n a nece ssary  and reg ene rative force in many ecosyste m
ty pe s, such as the  chaparr al  shrub  and close d-cone  pine  communi tie s (Schoenher r 1992).
Both have ad apted to pe riodi c fire s by evolving  me chani sms that al low for survi val ,
re gr owth from stumps or  re estab lishment af te r fire . Many spe cie s in the se ecosy ste ms
re quire  fi re  for g er minati on.

3.3.2 Coastal

Cali for nia’s coastli ne is 1, 100 mi le s in length. The  cl imate  varie s consid er abl y along the 
coast as it spans a gre at range  in lati tud e.  Annual coastal water te mpe ratur es range  fr om
50° to 60° F off  the nor the rn coast and 58°  to 70°F  off the  souther n coast.  This pattern in
wate r temper atures structure s the coastal communitie s lati tudinall y.   I n add iti on,  the col d
ocean w ate rs pr oduce  coastal  fog l eading to hig h humidi ty al ong  the coast. 

Ther e are al so patte rns of  zonation that exi st ver ti cal ly fr om the  shor eli ne . The inter tid al 
zone , wher e the  land  and oce an water s over lap, is influenced  by  the dai ly eb b and fl ow of
ti de s. Because thi s zone is at the  ocean-l and marg in, it mai ntains char acter istics of both,
cr eating one  of  the most diverse hab itats in Calif or nia (Schoenher r 1992). Be low  the
inte rti dal  zone  ar e several ver tical  zones that ar e sub ject to the  tidal action to a di minishing
de gr ee:  the hig h-,  mid- , the  low-,  and the  sub- tid al . Each of these zones is di sti nct in its
fl or a and fauna and each is str uctur ed by the timi ng  and dur ati on of  its exposure to the
atmosphere . Within the sub ti dal  zone  ar e the  gi ant k elp fore sts that pr ovi de  an ab undance
of  habi tat to mari ne  ve rte br ate  and inverteb rate spe cie s. The k elp f ore sts are comparab le to
tr opical r ai nforests in thei r prod uctivity  and diver sity of spe cie s. 
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Figure 1.  Bioregions of California
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3.3.3 Wetlands

Cali for nia has approximate ly  454,000 acres of nonagr icultural wetl ands (B er tol di and
Sw ai n 1996). To date,  more  than 90% of the  State’s we tl and s have been drai ned  to make 
way for  ag ri cul tur e and  ur ban deve lopme nt.  Before si gni ficant deve lopme nt occur red  in
the State,  near ly 5 mil lion acr es of  we tland s suppor ted  a gr eat di ve rsi ty of  aquatic
ve ge tation and provi ded  habi tat for hundre ds of  species of  f ish and wil dli fe .

Cali for nia’s we tland s have  signifi cant envir onmental  and economic value  for humans and
wi ld lif e. We tlands provide  temporary  storage  of  fl oodwater s,  re duce dow nstre am
damage,  and ser ve as buffe rs ag ainst er osi on. Marshe s in the  Sacrame nto-San Joaqui n
Ri ve r Delta and  many  coastal  marshes act as fre shw ater bar ri ers to seaw ate r intrusion of
aqui fer s. We tlands also tr ap se diment and ab sor b many wate rb orne pol lutants and  ex ce ss
nutr ients.  Wetl and s provid e fish and  wi ldl if e habi tat; inland w etl ands are  e xce lle nt habitat
for bass, catfi sh, b lue gil l,  sunfi sh, crappi e, gee se , d uck s,  wading birds,  and many spe cie s of
amphibi ans. Wetlands al so of fer  re cr eational  and e ducational  activities.

3.3.4 Aquatic

Cali for nia’s inland waters are no le ss extraord inary  in the diversity of spe cie s the y host.
Inland water s i n Cal iforni a includ e fre shw ater lak es, sali ne  lakes, ver nal  pool s, fr eshwater 
ri ve rs and  stre ams, and  marshes. The re are  2,674 square  mi le s of inl and  wate rways that
host a gre at di ver si ty of aquatic habitats, includ ing glacial, tectonic, vol canic,  fluvial ,
solution basin,  and shorel ine lake s;  and rivers and str eams of consi ste nt and inte rmittent
fl ow  (Schoenher r 1992). In ge ner al , the characte ri sti cs of  the aquati c waterw ays have  be en
shaped by cl imate,  topography, and  geol ogy . Storm fr onts from the Pacif ic Ocean re le ase 
thei r moisture on the wester n slopes of  the coastal and  Si er ra Nevad a rang es, creati ng
fr eshwater  lake s in the  vall eys and alpine  regi ons. The  rain shadow of the  eastern slopes
he lps to produce sal ine  lake s such as Mono L ake .

3.4 Ecosystem Services Provided to Californians
Asid e from the intri nsi c val ue of natur al and manage d ecosystems, Calif ornia’s many
ecosystems provide  good s and  se rvi ce s that are of gr eat value to society and  that form the 
basi s of the  fi fth larg est economy  in the world  (Costanza et al . 1997).  Cali for ni a’s
ecosystem goods and ser vices include  marke table  pr od ucts, re cre ati on, mainte nance of 
species di ve rsi ty and abundance , aesthe tic expe rie nces,  spir itual ex per ience s, and 
ir re placeabl e services such as the  supply and rechar ge of cl ean wate r, reg ional  cl imate 
re gulation, removal of pol lutants fr om air  and water , control of erosion, contr ol of  pe sts
and pathog ens, the  absorption of car bon di ox ide , the  pr oduction of  oxyg en,  and long- ter m
carb on seque str ati on (Pitelk a 2000).  Specifi c goods on which Cali for ni a’s economy 
de pe nds incl ude  se af ood , timber , and  forag ed  pr oducts. Cal if ornia’ s entire  economy  is
al so indir ectly  de pe nde nt on the ser vices pr ovi ded  by its ecosy ste ms be cause , although
not extracte d good s,  they ar e esse ntial  to the economic he al th of the state of agr icultural, 
fore str y, touri sm,  and recre ati on se ctors of  the e conomy.

The quality and  acce ssi bil ity of the se goods and ser vices ar e depe nd ent on the integ rity
and health of the ecosy ste m,  and can be  af fe cte d by human activity  and cli mate chang e.
An ecosystem that is stresse d or changi ng rapid ly is not abl e to provid e the  same quali ty
and quanti ty  of  good s and se rvices as i ts he althy counterpar t. For  e xample , a r ipari an zone



Ecological Impacts of a Changing Climate PIER

6

that is stre sse d b y encroaching  de ve lopment wil l not pr ovi de  the flood prote cti on,  erosion
control , spawni ng habitat,  or wate r pur ifi cation ser vices on which we depe nd .  Cli mate
change can impact ecosy ste m ser vices di rectl y (e.g .,  more fr equent and intense storms
unde r climate change  wi ll le ad to more flood ing , resulting  in incr eased  soil  er osi on) and
al so indir ectly , thr oug h impacts on ecosyste m structure  (e .g ., a for est stand stre ssed from
cl imate  change may  die out, contri buting to slope instabil ity, resul ting in increase d soil 
er osion).

Ecosystem goods and ser vices ar e mad e possib le by countless intricate inte racti ons
be tw een the biotic and abi otic components of  ecosy stems.  These  pr ocesses,  if disr upted ,
cannot be re pli cated  ad equately  through te chnol ogy  or engi ne eri ng (F ie ld et al . 1999).
Al thoug h the  full value  is not known, ecosystem good s and se rvi ces in Cali forni a may  be 
worth bill ions,  even tr ill ions,  of  doll ars annuall y (F ie ld et al . 1999).  A ny thr eat to the se
valuabl e ser vices is cause  for sub stantial  concern.  There  is a ne ed , ther ef ore , to ide nti fy 
and monitor ecosyste m services cruci al to the Cali forni a economy so the se basic, vital
functions ar e maintaine d.

3.5 Ecological Consequences of Multiple Assaults
Cali for nia is curr ently  the most populous state  in the Uni te d States, and is pr oje cted to be 
the fastest- growing state through 2025,  when its population is expected  to reach 49 mil lion
pe ople (Campbe ll 1996) . This incre asi ng popul ati on wi ll put furthe r pressure on
Cali for nia’s natur al  re sources,  be yond that alr ead y expected  fr om cl imate chang e alone, 
through human-i nduce d change s in land use,  wate r quality, ai r qual ity, spe ci es
di strib uti ons and ecosy ste m ser vices (F igure  2) . As the  fi gure shows, ther e are  a varie ty of 
pr imary  inputs from cli mate change , includ ing incr eased  pr ecipi tation, tempe rature , and 
atmospheri c CO2 concentrati ons. The re are  also many  se condary impacts of cl imate
change such as decre ase d soi l moisture,  a ri se in se a leve l,  and an increase  in the intensity
and fre que ncy of extreme storm eve nts. In ad dition to these cli mate- dri ven changes, other
phenome na re lated to human acti vity are  changing the  structure and  the functioning  of
Cali for nia’s ecosy stems, i ncluding  l and  use change , loss of biodiver sity, non-nati ve  speci es
intr oducti ons, and  air pol lution. Calif ornia’s ecosy ste ms ar e alre ad y bear ing these
multipl e str esses and are li kel y to be mor e vul ner ab le to climatic change.  T hei r capaci ty for
ad aptation is like ly  to be  limi ted . Although the central importance of consi der ing 
inte ractions be twe en multi pl e stre sses is cl ear , pre sent tools and  methods for doi ng  this
ar e limite d;  this li mitati on points to an impor tant set of  r ese arch nee ds. 
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Figure 2. Multiple Stresses of a Changing Climate
Source: The Potential Consequences of Climate Variability and Change.  Overview: 
Our Changing Nation. P. 37.  The National Assessment Synthesis Team, U.S.
Global Change Research Program. 2000.

Ecosystem re sponse s to mul ti ple  stre sse s can be  di vi ded  into tw o categorie s:  ecosy stem
functioning and  species change.  Ecosyst em fu nct ion in g character izes the  manner in which
ener gy,  chemicals,  and matte r flow  through natural  ecosystems. Evaluati ng chang es in
ecosystem functioning incl ud es the  asse ssment of ecosystem inte racti ons wi th the dri ver s
of  glob al chang e, gi ven any state of  the str ucture  of an ecosystem. For  ex ample , thi s
cate gor y includ es chang es in carbon storag e,  pr oductivi ty,  trace gas emissions and  wate r
hold ing  capacity in dir ect response to cli mate chang e and in indir ect response to chang es
in ecosystem structure.  Species change evaluati ons deal  wi th al ter ations in the  state of an
ecosystem.  In particular, this categ ory  incl ude s change s in the  structure,  composi ti on,  and
di ve rsi ty of  speci es. 

3.5.1  Climate Change

Earl y inve stigations to de te rmi ne speci es and ecosystem di strib uti ons unde r cli mate
change have focuse d on the  “cli mate envelope ” appr oach (Mal col m and  Pi tel ka 2000) .
Si mple mod el s, based  on corr elations be twe en speci es di str ib uti ons and cli mate,  we re 
used  to si mulate how  ecosy stems mi ght shif t with a give n ste p-change  in cl imate . The 
re sults sugg ested ecosy ste ms would  migr ate  to meet thei r optimal cli mate without
di sr uption, whi ch is now consid ere d hig hly  unli kel y. 

The nex t g eneration of mod el s—d ynami c g lob al  and r eg ional ecosy ste m mod els i nvolvi ng 
tr ansie nt chang es in cl imate —sugge st that ecosy ste ms wi ll not shif t as intact enti ti es. 
Instead , sig nif icant chang es in the structur e of the  ecosystems ar e lik ely . Spe cie s richne ss is
ex pe cte d to decline with sig nif icant re org anizations of  species communi ty assemblage s.
Species wi ll  re spond  di ffe re ntl y, de pending on dif fe rences in competiti ve ab ili tie s, 
mi gr ati on and disper sal  rate s, and  recover y rates fr om disturbance . As a result, new 
comb inations of  species ar e lik ely  to arise.   Reor ganizati on of  ecosystem structur e in
Cali for nia i s l ike ly  to be  particularly  ex tr eme be cause  of  the state ’s topog raphic complex ity
that re sul ts in stee p g rad ie nts in temperature and  precipi tation.

Cl imate  change has alre ady  affe cte d many spe cie s in Cal ifornia.   F or  ex ample , the re cent
ex pansi on of  mountai n heml ock populations in Norther n Cali forni a is str ong ly  influenced 
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by  climate  (T ay lor  1995).  A long the  coast, sur vey s of Cal if ornia’ s rocky inter tid al  sy ste ms
indi cate that fauna have shi fte d nor thw ard  over  the past 65 years (B arr y et al.  1995;
Sagarin et al. 1999) .  Similarl y, cl imate change and  cl imate  variabi lity have b een impl icate d
in changes in abundance  and distri bution of ree f fishes and seabir ds al ong  the Cal if ornia
coast (Hol br ook  et al. 1997;  Oe dek oven et al . 2001).   Climate vari ab ili ty has also hastene d
re di str ibuti on and  even ex ti nction of some  of Cali forni a’s terr estri al spe ci es (Parmesan
1996; Parmesan et al . 1999; McL aug hl in et al . 2002). 

These change s in the  structure of ecosy ste ms wi ll have conse que nce s for  ecosystem
function. For exampl e, in parts of  southeastern Cali for nia, global  climate  and atmosphe ric
changes ar e projecte d to lead to shi fts in ecosystem ty pe fr om deser t to shr ub land. 
Ecosystem dominance by woody  pl ants and  non- native  annual gr asses is pr oje cted to
de cr ease biodiversity, incre ase  ecosystem carbon storag e, and acce le rate the  fi re cy cle 
(Smi th et al . 2000).

3.5.2  Land Use Change

Land  use is determined by a wid e arr ay of gover nme ntal,  envi ronmental, economic and
cultural factor s.  I n the last twe nty year s in Cal if ornia,  land  use change s have bee n driven
mainly by a 44%  population incr ease,  a rapid ly expanding economy, tax code s that favor
sprawl,  and land use  pl anning at the  local  leve l.  Cali for ni a’s me tr opolitan ar eas and
farmlands now cut de epl y into natural ecosystems. Ex panding acr eag e for  ag ri cul tur al ,
ur ban, ind ustri al,  and transpor tation systems has put e cosystem good s and se rvi ces at r isk 
through de cl ine s in the  spatial  ex te nt and  connectivity  of  fore sts, wetlands, open space,
and wil dli fe  habitat. In the  last 50 ye ars, land use  chang es in Cali for nia have  re sulte d
di re ctl y in sig nif icant habi tat loss, incl ud ing  a loss of 95% of wetlands (F ul ton 1996), 70 to
90% of coastal sag e scr ub,  90% of native grassl and s,  85% of coastal red wood for ests,  32%
of  mixe d conife r for ests, and the imper ilment of 66%  of  the State’ s thr eatened and 
endange red  species ( Doy le et al . 2001; Cze ch et al . 2000). 

In addi tion to fragmenting  the landscape, land use  can aff ect ecosystems at a local level. 
For exampl e,  water  qual ity  can suf fe r as pri me far ml and  is repl ace d by urb anization,  and
le ss suitabl e land s are  put into production acr oss Cali for ni a (Charbonne au and Kondol f
1993).  “Urb an avoid er” bird s are  de cli ni ng or di sappeari ng from many are as withi n the
state, as subur bs ex tend into thei r for mer  habi tats (Fr iesen 1998) .  Gr azi ng  can lead to
changes in vege tation type  and soi l nutrie nt avail ab ili ty (Milchunas and Lauenr oth 1993;
Strombe rg and Grif fi n 1996).   L and  use chang es,  incl udi ng gr azi ng,  also have  indir ectly 
contrib ute d to the  alte ration of basic hab itat type by facil itating the  intr oducti on and
establi shment of non-native spe cie s.  Succe ssful  non- native  species have  be en quick  to
colonize distur bed  habi tats.  Once estab lishe d, the  non- native specie s have  ofte n out-
compete d the ir native counte rparts. Thi s has le d to fur the r fragme ntati on of  the ori ginal
habi tat, mak ing  re estab lishment of  nati ve speci es di ffi cul t and  some times hi ghl y
impr obable .

3.5.3  Nitrogen Deposition

Throughout Cali for ni a, hig h levels of ammoni a and ni trogen oxid es ar e emitte d to the 
atmosphere  by nitr og en fer ti lizer use in agr icultural areas and  comb ustion engi nes in
ur ban areas.  Al thoug h extr emely  patchy,  ni tr oge n deposi tion rates in Calif or nia ar e
among the hi ghe st in the Uni ted  States with up to 45 ki log rams/hectare/year (kg /ha/y r)
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in the Transver se Range s of Southe rn Calif or nia (B ytner owi cz and Fenn 1996) and  16
kg /ha/y r in the  Si er ra Nevad a Rang e of Nor thern Cali for nia (B lanchard  and Tonne son
1993).  A bout 80%  of  the nitrog en enter s ecosyste ms via dry depositi on during the  long, 
dr y summer s in Southern Cali for nia (B ytner owi cz and Fenn 1996) and  75% as wet
de position in the North (B lanchard  and Tonne son 1993). Be cause ni trogen limi ts pr imary
pr od uctivi ty  in te rr estrial and  aquatic ecosystems in Cali forni a, ni trogen deposition is
li ke ly to al ter  basi c ecosystem functions such as pr oducti vi ty,  carb on storage,  and nutrie nt
re te nti on.   In southern Cali for nia, nitrog en de position thre ate ns the qual ity of domestic
wate r sour ce s and has the potential to incre ase  the vul ner ab ili ty of  mi xed  coni fer  f ore sts to
dr ought and disease (T ak emoto et al . 2001).

3.5.4  Altered Disturbance Regimes

3.5.4.1 Non-native, Invasive species
Species nati ve to ar eas outside  the state have bee n pur posel y and inadvertently  importe d
to Cali for ni a and ar e now a per manent featur e of Cal iforni a’ s ecosystems.  Once  in
Cali for nia, many non-native spe cie s establ ish and di spe rse  read ily  in the ab sence of  any
nati ve biological contr ols, thus becomi ng invasive . Non-nati ve,  invasive spe cie s are  now
commonplace and  have  re place d nati ve  speci es as domi nants in many ecosy ste ms,
incl udi ng te rre str ial, fre sh water , estuar ine, and  coastal  ecosystems (Mooney  and Hob bs
2000). Non–nati ve , invasi ve spe ci es thr eaten nati ve spe ci es by compe ting with the m for
cr itical resour ces, pre ying on the m,  hy bri di zing with them, or chang ing  the characte r of
the environment.

Wher e climate change s more  rapi dly  than species can become  reestab li she d elsewhere  or
barr ier s to disper sal exist,  native spe cie s may  be  less we ll  ad apted  to establi shi ng 
themsel ves in new cl imate re gimes than non-nati ve speci es.  Thus, cli mate change  coul d
further  faci litate  b iol ogi cal i nvasi ons and decrease  bi odi ve rsity in a state  where  303 spe ci es
ar e alr ead y fed erall y l isted  as endange red  or thre atene d.

Ecosystem pr oce sse s,  al ready  impacte d by cli mate change , wil l also be affe cted by the
pr esence of non-nati ve spe ci es.  In some  ecosystems, the re is the potential  for non-nati ve
species to affe ct ecosy ste m processe s more  strongl y than change s in cli mate,  even thoug h
in most case s, we do not know the full potential of many of the  non- native  species. Some
species that have al ready dr amatical ly alter ed ecosy ste m str ucture  and function have  the
pote nti al to do further  damage und er  cl imate  chang e in the  future.  For example,  invasion
of  a de cid uous shr ub , Salt Cedar (Tamarix sp. ), in Southern Cali for ni a has dr asticall y
al te red  ecosystem pr oce sse s.  Once estab lishe d, it chang es ecosy ste m dynami cs by 
incr easing : (1)  soil  salinity (B usch and  Smith 1995), (2) wate r consumption (Sal a et al. 
1996), (3) wild fi re fre quency (B usch and  Smith 1995), and (4) fr equency and  inte nsi ty of 
fl ooding (B usch and  Smith 1995). The r esult is hi gh de nsi ty , monospeci fic stands (Cle ver ly
et al. 1997) . These  impacts ar e consid er abl e and , ther ef ore , the  combi ne d impact of  non- 
nati ve invasive  species and cli mate change  may be de vastating to many of Cal iforni a’ s
nati ve popul ati ons. Because of the  nature and seve ri ty of these  ecosystem impacts and a
lack  of  information on how  these impacts may  be  al te red  by  climate  change,  ther e is a
gr eat need  f or research in the are a (Table  1) (Mooney  and Hob bs 2000) .
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3.5.4.2 Fire
Wi ld fir es have hel pe d to shape Cal if ornia’ s ecosyste ms ove r evolutionar y time and ar e
important in many ecosy ste ms for spe cie s reg ene ration. Fir e occurs at regular inte rvals,
de te rmi ning the  ty pe  and str ucture  of the ve getati on, with consequences for all  othe r
species (F rankl in et al . 2001). Hi storical ly,  coastal  scrub and chaparral ecosyste ms have
ex pe rie nce d severe  fire s eve ry 20 to 80 ye ar s. Ground fire s have occurr ed every  5 to 10
ye ar s in grassl and s and  wood lands,  4 to 20 year s in mix ed conif er forests,  6 to 8 ye ars in
coastal  re dw ood  fore sts and 15 to 20 ye ars in red fi r fore sts (Ski nner and  Chang 1996;
Sw etnam et al. 1998;  Br own and Swe tnam 1994) .

A numbe r of important factor s dete rmine  fi re  fr equencie s includ ing  climate , veg etati on
ty pe , and ex tre me we ather events such as drought or heavy wi nds. Reconstructed fir e
hi story  show s that fire  fr equency is hi ghl y depend ent on cli mate. Conse que ntly,  fi re 
mode ls proje ct an incre ase  in both igni tion rates and fire  spre ad wi th the  warmer
te mperatur es, lowe r humidi ty , higher  wi nds and dri er  fuels that ar e expected  under 
future cli mate sce narios (T or n and Fr ied  1992). In ad dition, ele vated  le ve ls of atmosphe ri c
CO2 are  ex pecte d to increase gr owth of chapar ral and si mil ar ve getati on, incr easing fue l
load s over  time .  Fi nally,  i f precipitation remains hig h, fi re risk dur ing  d ry years is li kely to
further  incr ease, be cause fuel loads wi ll incre ase  in w et ye ars as a re sul t of incre ase d plant
pr od uctivi ty . This circumstance  wi ll  le ad to an incr ease in fir e fre que ncy  with cl imate 
change. 
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Table 1. Important Topics in Invasive Species Research
• What is the nature of global change-elements and rates?

• What kinds of land use change will either help or hinder the course of invasive species?

• What sorts of scenarios will we see in the future in terms of land use patterns and the abundance of
and movement of invasives?

• How will climate change alter the balance between native and exotic species and crops and humans
and their pests?

• How will changes in atmospheric gases that directly affect metabolism including CO2, ozone and
nitrogenous compounds affect potential competitive outcomes between invaders and native
vegetation or crops?

• Will there be changes in biotic structure due to the continued use of pesticides and the
development of herbicide resistant plants?

• How can we utilize scenarios of global climate change, global land use change, and global
atmospheric change to predict the changing success of invasive species?

• The study of invasion biology has been hampered by the lack of experimentation. We need to
develop approaches to experimentation in this field, and especially in examining the potential
effects of global change

Source: Invasive Species in a Changing World. edited by H. A. Mooney and R. J. Hobbs. 2000.

Si nce the 1850s, fir e patter ns in Calif ornia have be en alter ed by human suppression, 
cl imate  change,  and land use  chang es. T he hi story of  fi re suppr ession and chang es in land
use wil l play an important role  in the characte r of the  fi re s in a future cl imate.  Even in the
ab se nce  of  climate  change,  fire  management in Cali forni a has le d to lar ger  fire s that are
more  li kel y to occur  in ex tr eme  we ather  (Minnich and  Chou 1997) .  In the past, fir e
suppression has le d to hig he r fuel  load s, re sul ting in hotte r, mor e wid ely  spre ad,  and
more  de str uctive fir es in many ecosy ste ms.  Efforts at fire  suppressi on in the future ,
ther efore,  coul d also result in a positive  feed back to fir e fre que ncy. In ad dition, any 
incr ease in Santa Ana wind  cond iti ons, combi ned  wi th warme r,  dr ier  summers, could
escalate e conomic and e nvi ronme ntal loss to wil dfi re s.

Cali for nia depe nds on successful fir e manage ment to protect its ci ti zens and  to enhance 
the economic, soci al , and envir onmental  be ne fits that ecosystems provid e to the  state
(Cal iforni a Departme nt of Forestry  and Fir e Protecti on,  ht tp :// www .fire.ca.g ov/ ).  A
si gnifi cant financial inve stment is requir ed  to fulf ill  this mi ssi on; in FY2001–2002,
Cali for nia is e sti mated to have  spent $703 mill ion on f ire  management and pr otecti on.  The 
state has a cle ar inter est in rese ar ch that wil l advance und erstandi ng of inter actions
be tw een cl imate  change,  human acti vi tie s, ecosy ste m change , and  fi re  be havior.

3.5.4.3 Pest and Pathogen Patterns: How Does the Pathogen Pool Change with the Climate?
Gi ve n the impor tance  of  pe st and pathog ens in structuri ng ecosy ste ms, surpri singly  few
stud ies have  assesse d the inter action of pests and  pathoge ns wi th a changi ng  cl imate , and
even fe wer  stud ies are reg ion-specif ic.  Most of  the wor k rel ies on rule -base d reasoning 
using data on the envir onmental  re quire ments of  or ganisms and thei r pathog ens ( Coakl ey
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et al. 1999) .  For  example , data on cli matic thresholds for var ious pest and  pathoge n
species sugg est the potential for range  shif ts in those  species (Suther st et al . 1995). 
Si mi lar ly,  know led ge  of  pe st and pathog en phenolog ical response s to environmental
cond iti ons reve als pote nti al  for change s in the  ti mi ng and  duration of outbr eak s (Coakl ey
et al. 1999) .  Plant re sponses to cl imate chang e may  al so af fect outbre aks.  For exampl e,
changes in plant phy siolog ical and  biochemical proce sse s in response  to cl imate  change
may aff ect pest be havior (Manning and von Tiedemann 1995).  Plants ar e not the only 
or ganisms vulne rab le  to a chang ing  pathoge n landscape; for  example , Cal ifornia sea otte rs
have  re centl y become  accid ental  hosts for hi storical ly non-otte r diseases (L aff erty and 
Ge rb er 2002) .

Figure 3.  Distribution of Sudden Oak Death
Source: Center for the Assessment and Monitoring of Forest and Environmental Resources. UC Berkeley.
(http://camfer.cnr.berkeley.edu/oaks/SOD_Calif_b&w07-31-02page.jpg)

A gr eat de al  more re search is need ed  in this ar ea,  because  changes in pest and pathogen
outb reaks may exer t consid er abl e control ove r ecosystem structure.   For  ex ample , one  of 
the most visibl e and  damag ing pathog en outbr eak s in Cal ifornia tod ay  is that of  the
fung us Phytophthora ramorum that causes Sudde n Oak  De ath. Over five short years, tens
of thousands of tanoaks (Lithocarpus densiflorus), coast live oaks (Quercus agrifolia) and
black oaks (Quercus kelloggii) have been infected or killed in California's coastal counties
(Figure 3). From its origins in Marin County, Phytophthora has spread rapidly to 11 other
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central coastal counties: Alameda, Contra Costa, Humboldt, Mendocino, Monterey,
Napa, San Mateo, Santa Clara, Santa Cruz, Solano, and Sonoma. Although it is believed
that the pathogen may have been introduced into California via importation of
ornamental rhododendrons, it is unknown whether the fungus was recently introduced
into California or if it is native and has only recently become fatal to oaks. Phytophthora
can be spread by contact with infected wood, soil, rainwater, by human transplantation
of infected plants, or through spores dispersed through the air under moist and windy
conditions from the leaves of other infected species. Additional hosts, such as
huckleberry (Vaccinium ovatum), bay laurel (Umbellularia californica), madrone (Arbutus
menziesii), California buckeye (Aesculus californica), manzanita (Arctostaphylos manzanita),
bigleaf maple (Acer macrophyllum), western azalea (Rhododendron occidentale), and
California rhododendron (Rhododendron macrophyllum), carry the infection primarily on
their leaves. The leaves provide a site for the rapid accumulation of Phytophthora spores
and, therefore, function as a constant source of the infectious agent and facilitate rapid
spread to mature oak trees. Today, an ever-growing percentage of mature oak trees are
infected with the disease, and death often occurs within one year.  High oak mortality is
expected to have significant economic and ecological effects.  For example, oaks
increase property values and provide shelter and food sources for wildlife.  In addition,
large numbers of dead trees greatly increase fire risk.

Under a changing climate, there are a number of issues that will make this scourge (and
other non-native infectious agents) particularly troublesome. Oak trees and other hosts
are likely to be stressed as temperature and precipitation patterns change. Stress in host
species compromises their vigor, making them more susceptible to deleterious
pathogens. As a result, pathogenic outbreaks, like Sudden Oak Death, could become
commonplace and act as a dominant force structuring California’s ecosystems.

 There are some fundamental questions that need to be addressed to reduce the
uncertainty and to develop a management strategy for confronting these future threats:
How is the pool of potential pathogens changed as the climate changes in California?
What are these new pathogens likely to be? Are these pathogens native or introduced
species? If the pathogen is introduced, what is its role in its native habitat? What is a
host species’ defense against an invading organism? How is that defense altered by a
changing climate? Which species does the disease affect? Do some species have genetic
resistance? How will a shift in dominant species affect the overall ecology of an
ecosystem? What are the potential economic impacts of these changes in ecosystems?
How does climate affect disease progression?

3.6 Areas of Uncertainty
3.6.1 Extreme Weather Events

As Cali for ni a expe ri ences gl obal change , some extr eme climate events, like  the fre quency
of  heat wave s and ve ry heavy  pr eci pi tation, are  ex pe cte d to increase . Wide spread,
ex te nde d per iod s of extremel y high temperatures ar e projecte d to become  more  fr equent
wi th conti nued global warming. Hig he r temper atures lead  to higher rates of  evaporati on
and pre cipitati on.  Since the  pr eci pi tation is like ly  to fall  over shorter inter val s of time,  the
fr equency of  ex tre me  pr eci pi tation events is pr oje cted to incre ase  (IPCC 1995; USGCRP
2000a; Easte rli ng et al . 2000).   T he  be st evide nce  of incr eases in extr eme  and ver y heavy
pr ecipi tation events comes from data for the  Unite d States (Fig ure  4). It is al so ex pected 
that in many  re gions, i ncl ud ing  Cali for nia, higher  temperatures wi ll  accel er ate  soil  dr ying, 
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re sulti ng in longe r per iod s of low  soil  moistur e and  even dr oug hts. Thi s accele rated  soil
dr yi ng is ex pected  to occur eve n as pre cipitati on incre ase s and  ex tr eme , intense
pr ecipi tation e vents be come mor e common.

Figure 4. Extreme Precipitation Events in the United States
The area (expressed in percentage) of the United States, excluding Alaska and
Hawaii, with an unusually large amount of total annual precipitation coming from
extreme precipitation events (those with more than 5.08 cm {2 inches} of rainfall {or
equivalent if precipitation is snowfall} in 24 hours) is displayed. The smooth curve
shows the same data, but averaged over periods of about 10 years.
Source: World Meteorological Association.

3.6.2 Ecological surprises

Unfortunatel y, pre di cti ons base d on general tre nds provide  no insi ght into the mag ni tud e
or  frequency  of  uncommon and  ex tre me  events.  Cl imate  chang e wil l lik ely  incl ude 
stochastic “sur pri se s”—unantici pated  events that dif fer  fr om curre nt ex pectations.  These
surprises wi ll confound  our abi lity to proje ct impacts accur ate ly,  and the re for e hinder  our
capacity to adapt to chang es. Identi fyi ng these  events wil l be dif fi cul t, if  not impossibl e. 
Asse ssi ng the prob ab ili ty of  these  events and gaining a be tter und er standi ng  of  thei r
cl imati c, ecological , soci al , and economic consequences woul d b e a frui tful topic of  further 
re se arch and  assist the  de ve lopment of cli mate chang e poli cy .

Changes such as the loss of biodiver sity, land use  change,  land  cove r change , hydr ol ogi cal 
di sr uptions,  speci es shifts,  and mod ifi ed bi oge ochemical cycles wi ll  inter act with climate 
change to al ter  Cali for nia’s ecosy stems. Ecosystem impacts may be the continuation of
tr ends that are  gr ad ual , pre dictab le  and ong oing.  H owe ver , comple x systems can re spond 
to change in hi ghl y disconti nuous ways that can catapul t a system to a new  state.  T hese
surprises and thei r ecolog ical conse que nce s are of te n r ead il y inte rpretabl e after they occur ,
but dif ficul t to antici pate.   F or ex ample,  in the early  tw entie th ce ntury,  no one suspe cte d
that anthr opoge nic emissions of  non- reacti ve  chlor of luorocar bons would cause  si gni fi cant
re ducti ons i n atmospher ic ozone  le ve ls.   T hi s atmospher ic “surprise” has i mpacted marine
and ter restr ial  ecosystems.  For exampl e, in te rre strial ecosystems of South Ameri ca,
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incr eased le vel s of UV- B r ad iation has dri ve n change s in spe cie s compositi on and aff ected
inse ct her bi vor y ( Ballare et al . 2001). 

The potential for si mil ar large -consequence sur pri se s in the  futur e poses the greate st
chal lenge for poli cy  and resear ch.  I n an eff ort to conf ront the  impacts of  climate  change on
ecosystem structur e and  function, some of our asse ssment eff ort should be de voted to
id entif ying and  char acteri zi ng potential l ow -pr obabi lity, large -impact eve nts.

3.7  Interaction Between Climate, Native Species Movement, Land Use Patterns,
Fire, and Pest Outbreaks
Cali for nians use and  manipul ate  larg e areas of land—pri mar il y for ag ricultur e, for estry ,
and housing—and  to a le sse r extent for ene rg y, recre ati on,  transportati on,  and ind ustry .
These practices have  created  a mosai c of d if fer ent l and  uses and e cosystem type s, re sul ting
in fewe r remaining  larg e contig uous are as of  a singl e type  of habi tat than existed  in the
past. Many  of Cali forni a’s e cosystems are essentiall y trappe d on small isl ands, cut off  fr om
one anothe r or conne cte d by a limi te d and shrinking number  of brid ge s. Because of these 
ob stacl es,  it will  be ofte n dif ficul t for pl ant se ed s and individual  animals to re ach and
be come estab lished  in suitab le are as, even if they  are abl e to cover  the requir ed di stance s
quickly  enough.  Over  ti me,  more  species ar e lik ely  to be str and ed in an envi ronment in
which they  cannot survi ve or  re produce.  As this occurs,  species will  be  more  susce ptibl e to
ai r pol lution and pe st outbr eak s. In forests, fast-g row ing , non-nati ve spe ci es are  like ly to
re pl ace  domi nant, sl ow- growi ng tre e spe cie s.  Of ten, the se non-nati ve  speci es pr ovi de 
lowe r qual ity habi tat for other  nati ve spe ci es,  further  di sr upting  ecosystem bi odi ve rsi ty
and integr ity. In ad dition, as lar ge  woody  indi vid uals die , the  ri sk  of  fi re  wi ll incre ase  as
fuel  loads i ncr ease. 

3.8  The PIER Focus
Al thoug h the  speci fi c effe cts of cli mate change  on Cali for ni a’s wate r resour ces ar e sti ll
unce rtain,  it is cle ar that cli mate change s wil l aff ect the alr ead y- str essed  ecosy stems of 
Cali for nia. To ensur e that these ecosystems continue  to pr ovide  habi tat for the  State’s
my ri ad flora and fauna,  and that the se natur al syste ms conti nue  to provide  service s to
Cali for nia citi zens,  it is esse nti al  that the State assess pote nti al  impacts fr om cl imate
change on its natural envi ronme nt and act to mi tig ate those impacts.  Further , to ensure  a
rapi d and infor med  response (and to leverage  state  resources), thi s data must be readil y
acce ssi ble  to r ese ar che rs in a wid e var iety of disci pli nes.

Part of  the mission of PIE R is to conduct and fund  rese arch in the  publ ic inter est that
woul d othe rw ise  not occur.  Examini ng  the impacts of cli mate change  on  the  State’s
ecosystems, and  pote nti al re sponse s to those  chang es, is one  such issue . PIE REA  ai ms to
ad dr ess this topic through its own targ ete d resear ch and to attract col lab or ators that wil l
shar e d ata and wor k with PIE REA .

Othe r PIEREA  roadmap chapter s addr ess othe r ecolog ical,  te chnical,  and economic
aspe cts of  climate  change ef fects Calif ornia. Whenever possi ble , PIE REA  wi ll  coord inate 
these prog rams and  seek  outside  coll aborator s to leverage fundi ng and avoi d ove rlapping 
re se arch.
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4. Current Research and Research Needs
At present, resear ch ne eds to focus on devel opi ng a compre he nsi ve assessme nt and
moni tor ing  plan by  deci ding what is important to monitor, estab lishi ng ecological
indi cators, and  then de vel oping  a coord inate d plan among var ious age nci es to focus on
re le vant data sets. The  State woul d the n nee d to conduct a “gap anal ysi s” of  ex isting
pr og rams to determine w her e and  how often ad ditional  monitor ing  woul d b e necessary .

The second  goal  is to refi ne  the spatial and  te mporal resolution of cli mate and  ve ge tation
mode ls,  whil e coll ecting d ata to val idate the mode ls’ capabi lities.

The fol low ing discussions outli ne the status of  curr ent work  in these areas and  id entif y
scie nti fic and research gaps. This road map addr esses the are as of ve getati on model ing;
ex pe rimental  fi eld  work  to unde rstand the impacts of  si mul taneous,  multipl e global 
changes on ecosystem dy namics; and  unde rstanding the  impacts of  invasive spe cie s.
Othe r areas of research ne ed  attenti on in the future  but are  be yond the  scope of thi s
pr esent re port. 

4.1 Ecological Assessment and Monitoring Using Ecological Indicators
The essential good s and  se rvice s provid ed to socie ty  by  Cali for nia’s ecosy stems ar e
thre ate ned  by climate change  and other str esses.  To be tte r manage  ecosystems in the  face
of  multipl e str esses, it is essential to beg in monitori ng the status of  Cali for nia’s
ecosystems.  Long- te rm monitori ng,  using appropriate  ecologi cal  indi cators, can he lp
id entif y eme rgi ng pr obl ems and deter mine whi ch actions are  most appr opr iate,  based  on
accumul ate d experi ence of how envi ronme ntal change s and  human inte rventions have
af fe cte d systems in the  past. At thi s time , the  data that would  se rve as a base line in thi s
ef fort are  inconsi stent, incomplete,  and poorly  inte grated .  As a re sul t, our abil ities to
asse ss the  impacts of multiple str esses on ecosystem bi odi ve rsi ty,  structure , and function
that have al ready occur red  are limited. 

It is nece ssary  to begi n to col lect data on important ecosystem attr ibutes.  Much of  the
fr amework for such an effort is al re ady  in place.  T he Cal if ornia Re source  Agency’ s
Cali for nia Legacy Pr oje ct is worki ng  to standar dize,  integ rate,  and expand  ecosystem
asse ssment prog rams acr oss the state , and to make data easil y acce ssibl e to intere sted
parties.  These  asse ssment efforts are intended  pr imari ly to support conse rvati on
de ci sions.   The  Le gacy Proje ct doe s not, how eve r, ex pli citly  consi de r climate change  or  its
pote nti al ef fects on ecosy stems.  There  is a ne ed,  ther efore , to i ncrease communication and
coor dinati on be twe en the Cal iforni a Leg acy  Proj ect and the  climate  change community,  so
that the w or k of e ach g roup wil l mutual ly support the e fforts of the  other .

Successful monitoring programs rely on measures of ecosystem status.  The National 
Re se arch Counci l (NRC) has deve loped  a che ck list for  evaluating  pote nti al ecological 
indi cators (N RC 2000) :

1. Ge ne ral  Importance : Must provid e inf ormati on of  ge ne ral  importance  about
changes in e col ogi cal or b iogeoche mi cal  pr ocesses. 

2. Conceptual  Basi s: Must be based  on acce pte d conceptual mod el  of  the
ecosystem. 

3. Re li abi lity:  Must have evi de nce  that de monstrates its r eli ab ili ty. 
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4. Te mporal and  Spati al  Scale s:  Must pr ovi de infor mation at the  appropr iate scale
of  i nte rest. 

5. Statistical Proper ti es:  Must be  statisticall y r obust in pr actice.
6. Data Re qui re ments:  Must know  how much and ki nds of  data to be g ather ed for 

calculation of ind icator.
7. Sk il ls Requi red : Must know  the ski ll s and te chnical ski lls require d of the  data-

coll ecting  technicians. 
8. Data Quali ty : Must e nsure that the  d ata ar e of hig h quality and  re li abl e.
9. Data Ar chi vi ng:  Must have stringent requir ements for  data ar chi ving and  data

shar ing .
10. Robustness: Must be abl e to yie ld re liable  data in and dur ing exte rnal

pe rturb ati ons.
11. Inte rgover nmental Compatib il ity : Must b e compatibl e with d ata b eing col lecte d

at othe r spatial scales.
12. Costs, Benef its, and  Cost- Ef fectiveness: Must be eff ici ent with re spect to limi ted 

re sources. 

Wi th these  guid eli ne s in mind, the  NRC sug ge ste d national indicators in thre e cate gorie s
that me et the previous cri te ria:

1. Indi cator of  ex tent and  status of ecosy ste m:  Land cover and lan d use.
2. Indi cator of  ecologi cal  capi tal : Total species diversity, nat ive species di versi ty, 

nu trien t run off , and soil organ ic matter.
3. Indi cators of ecol og ical functi oni ng : Carbon storage, produ cti on capacity, net 

prim ary product ion , lake trophi c status, stream  oxygen,  nu trien t-u se ef ficiency, and
nu trien t bal ance.

The Cal ifornia Resource s Age ncy  is impl eme nting  the Environmental Pr ote cti on
Indi cators f or Cal if ornia (E PIC) program i n col lab or ati on wi th the  Offi ce of  Envir onmental 
He al th Hazar d Asse ssment (OE HHA ) that w ill  regular ly  re por t environmental indicators.
These indi cator s includ e some of those liste d above (e. g.,  land  cove r and land use )
(Cal /EPA 2002) How eve r, indicators of  ecol ogi cal  capi tal  and ecological functioning are
ei ther non-e xistent or inconsistent in type acr oss ecosystems.  These parame ter s are 
fund ame ntal to the  provisi on of  ecosystem goods and ser vices and are  li kel y to be li nke d
strongl y to cli mate change .  Appropr iate ind icator s of ecological capital and ecol og ical
functioning must be ide nti fi ed,  and monitori ng progr ams using these ind icators must be
impl eme nte d. 

Research N eeds
Re se arch wil l need  to defi ne  cr ite ri a for evaluati ng  indicators, based on the NRC cr ite ria.
Howe ver , the  NRC ind icator s wer e developed  for the  United State s as a whol e,  so
re se archer s should  d ete rmi ne  if  these are the b est i ndi cator s f or Calif ornia and how  to be st
coor dinate  the ind icators wi th those  at the national  le vel .  Indicators that should be
developed immediately for the 10 major biomes defined by the California Resources
Agency are those listed under “Indicators of ecological capital” and “Indicators of
ecological functioning.” Only a few of these indicators are currently being implemented
by the EPIC program.  Duri ng the  next de cade,  re se archer s wil l nee d to be funded  to
de ve lop informative environmental indicators.
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Once  ecologi cal  indi cators are def ined,  Cali for nia must establi sh and coor di nate
moni tor ing  prog rams acr oss the state .  Gre at strid es in this ar ea have bee n mad e by the 
Cali for nia Legacy Pr oje ct.   How eve r,  the goals of that proje ct do not incl ud e expl icit
conside ration of cli mate change  and its ef fe cts on ecosystems.  Work  shoul d beg in
imme diatel y to integ rate cli mate change  concerns into statew ide  ecosystem assessme nt
ef forts, and  to foster links be twe en the Leg acy  Pr oj ect and cli mate change  rese arche rs. 
Part of  this work could  be  accompl ished  through a se rie s of wor kshops, with
re pr ese ntati ves fr om the Cal iforni a Leg acy  Proj ect, var ious state monitori ng  pr ogr ams,
and the  cl imate  change research communi ty in attendance .

Once  re searcher s have defi ne d ecol og ical ind icator s that provid e inf ormati on on
ecosystem status and  possi bl e responses to climate  change,  Cali for ni a must make  a
consistent and long- ter m i nvestment in monitori ng pr ogr ams.  The result of  this ef fort wil l
be  a vi tal  base line of data for  many  ecologi cal  parameters that wi ll  be  used  to asse ss
ecosystem impacts fr om cli mate chang e. Resul ts could  be  used  by  any per sons intere sted
in asse ssi ng  the l ong-term i mpacts of climate change  on ecosystem structur e,  function, and 
bi od ive rsi ty . The payof fs fr om thi s str aig htfor war d approach wi ll be  enormous but wi ll
take  se ver al  ye ars to accr ue .

This work shoul d b e funded  i mme diate ly and  continued  on an ongoing  b asi s. The l eve l of
fund ing  wi ll  be  de te rmi ned  b y the le vel  of  i nte rest on the  part of  the fundi ng age ncies and
wi ll  de ter mi ne the  scope and  de pth of the ef for t.

4.2 Develop a More Spatially Resolved Climate Modeling Approach
Cl imate  mode ler s generally  agre e on the  li ke ly rise in the  aver age  glob al te mpe ratur es
over  the nex t centur y. Unf or tunate ly , proj ecting the  chang e in par ti cul ar re gions is more
di ff icult.  The spati al str uctur e of the  cl imate  in Cali for ni a is ver y fine . Cli mate mod ele rs
ar e unable  to say whether parti cul ar  re gions wi thi n Cal ifornia wil l receive mor e or less
rainfal l, al though they  pr ed ict more  wi nte r var iab il ity  and potentially  dr ie r summer s. In
sum,  we  ar e unable  say whe ther a wetter  or  a dr ier  climate  is more  like ly for many 
Cali for nia r egi ons. It is not y et known if  the chang e in cli mate wil l be gradual, stepped,  or
an iter ati ve  combi nation of both. In ad dition, since  ni ghtti me tempe rature s have bee n
show n to have an impact on plant growth (A lw ard  et al. 1999) , it wi ll be  impor tant to
know  how nig httime  aver age , minimum,  and max imum temper ature s w ill  change. 

Mode ling eff orts must be suppor ted  with fi el d-b ase d measur ements of fluxes of ener gy 
and materi al s betw ee n ecosystems and  the atmospher e.   A s par t of the  USGCRP’ s
nati onw ide  Amer iFl ux  ne twork , five  eddy  fl ux  si tes have  be en estab li she d in Cal ifornia, 
cove ring grazed  and ung razed  gr assland,  savanna, chapar ral , and  mi xe d ever gr een and
coni fer  fore st syste ms.   T he  data fr om the se  si tes provide  valuabl e inf ormation ab out
re gi onal fluxes and can be  used  to impr ove  soil -ve ge tation-atmospher e-transf er mod el s
(SVA Ts) , w hi ch integ rate cli mate and  ecosy stem proce sse s at lar ger  scal es. 

The Ame riF lux prog ram is a soli d start in the effort to unde rstand  inte racti ons be tw een
cl imate  and ecosyste m processes wi thin Cal if ornia,  and shoul d continue to re cei ve strong
support.  However,  the mod el ing ef forts that ar e so intimate ly tie d to edd y flux w or k need 
further  fund ing . Cur rently  a fe w fed eral age nci es sponsor this type of research, includ ing 
the National  Science  Found ation (N SF ), the  Nati onal Oce ani c and  Atmospheri c
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Ad mi nistrati on (NOAA ), the  Nati onal Aer onautical and  Space  Admi nistr ati on (N ASA ),
and the  De partment of E ner gy  (D OE) , but the funding is sporadic and not comprehensive.
The USGCRP, whi ch integ rates re search from many  of  these age nci es,  is also well -
posi tioned  to suppor t incr eased  cl imate  mode ling eff orts.  I f Cali forni a is to mak e gre at
stri des in this ar ea, ther e must b e a concer ted  and consiste nt eff or t to d o so. 

Research N eeds
Be cause  unde rstand ing climate is crucial for  under stand ing  of both ecosystem structure
and functi on, it is important to continue to: (1) de vel op a mor e spatially  resolve d cli mate
mode ling approach,  and (2)  e nsure that researchers i n all fi eld s of study have ready  access
to r esults of climate mode l studie s. 

This work shoul d b e funded  i mme diate ly and  on an ong oing b asis.  The level of  inter est on
the par t of the  fund ing  ag encie s, which wi ll  de ter mi ne the  scope and  de pth of the ef for t,
wi ll  de ter mi ne the  l eve l of funding.  This re search w oul d provid e the  data ne cessar y to
be gi n to e xamine potential  consequences of  climate  change for Cali forni a’s e cosystems.

4.3 Development of Modeling Efforts to Map Future Climate with Species
Assemblages, Soil/Substrate Type, Dispersal Rates, and Migration Corridors for
More Informative Scenarios of Ecosystem and Species Impacts
Al l of Cal if ornia’ s ecosyste ms wil l be aff ected  by  climate  change,  which wil l inte ract with
pr esent-day environmental stresses (e.g ., chang es in land use, nitrogen de position,
invasive spe cie s).  Althoug h important, it wi ll not be possib le to assess the  full ex tent of
ecosystem re sponse s to global climate change  through ex per imentati on al one  (A be r et al. 
2001). Ecosy ste m response s to mul tiple gl obal change s can be  ex pl ore d usi ng ecosy ste m
mode ls that uti lize cri tical  infor mation f rom f iel d experi me nts.

Duri ng fir st attempts, mod el s desi gned to assess the  re sponses of ecosy ste ms to cl imate 
change use d a step-i ncr ease in tempe rature  to proj ect future  speci es di str ib uti ons. The se
mode ls did  not incor por ate  transie nt state s,  speci es mi grati on patte rns, or disper sal
capabil iti es. Consequently , the se model s have very  limi ted  value in pre dicti ng ecosy ste m
di strib uti ons, because spe ci es move as ind ividuals and not as ecosystems. Cl ear ly, 
incr eased te mpe ratur e can le ad to chang es in the availabil ity of basic resource s (including
wate r and nutri ents)  that wi ll aff ect specie s diff er ently,  extr eme  climati c eve nts such as
dr ought or  El Niño are lik el y to determine  species’ mig ration and estab lishment, and 
cl imate  change wil l alter the freque ncy  of  major distur bance s such as fire , pests,  and
pathoge ns (F ie ld et al . 1999). Each of these  factors wi ll  have a sig nif icant impact on futur e
species and ecosyste m d istri butions,  but the y w ere  not included  in e arl y mod els.

For ter restr ial  re se arch, a new  ge ne ration of mode ls—Dy namic Gl obal Veg etati on Mod el s
(D GVM)—is be ing  de ve loped to he lp ad dre ss these  shor tfalls. The  DGVMs comb ine the
functional ity of e xi sti ng Te rre str ial B iosphere  Mode ls (TB Ms)—w hich contai n mod ule s for 
pr ocesses af fecting car bon pool s and  fl uxe s such as photosynthe sis, autotr ophic
re spiration,  and heterotrophic respi ration—w ith ex isting Biogeography Mode ls that
capture  the biolog ical proce sse s that dete rmine  long -te rm pl ant population dynamics. 
Curr ently,  these mod els use plant physi ologi cal  and ecolog ical traits to categorize
ve ge tation into Pl ant Functi onal Types (PF Ts) and estab lish lif e histor y character istics for 
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each ty pe.  The mod el s parame ter ize  the phy si ological  pr oce sses and  climate -sensiti vi ty
associated  with each PF T. The mode ls al so estab lish the  competi tive interactions that take 
pl ace w hen two dif fe rent PFT s occupy  the same physical space .

The new est gene ration of DGVMs has made  gr eat prog re ss in incor por ating  the
complex ity  of ecosystem dy namics into the analy sis of responses to a chang ing climate.
For exampl e,  the DGVM call ed  MC1 simulates vege tation succession at lar ge spati al scale s
through ti me  while  esti mating vari ab ili ty in the car bon budg et and  responses to episodi c
events such as droug ht and  fire  (L enihan and  Ne ilson 2002) . Al though these mod el
si mulations cannot be view ed  as pr ed ictions of the  future,  they  gi ve  impor tant ind icati ons
ab out trends that may b e important i n Cali forni a as the  cl imate  changes.  For e xampl e, the 
mode l calcul ate s that risi ng  te mpe ratur es wi ll cause  a shi ft fr om conif er- dominate d for est
to mixe d conife r and  everg re en har dw ood  fore sts in norther n Cal ifornia. 

Howe ver , the re are  stil l crucial dri ver s of ecosyste m dynami cs that are  not ade quate ly
ad dr essed by  the D GVMs.  Four  dr ive rs de ser ve  immed iate attention:

1) Land  use.  The  curre nt model s do not addr ess the impact of cur rent land use,  land 
use change , land cover fragmentati on, and the histor y of land manage ment on
ecosystem dy namics. The se el eme nts are cri ti cal  for und erstandi ng ecosy ste m
structure and f uncti on in a changi ng  world . It is ne cessar y to know the  tr aj ectory  of
land  use change  for the  mode l to produce a real istic ve getation ag e str uctur e.
Future land use  wi ll  be  a function of both human population growth and
ve ge tation change.  In addi ti on,  it will  be  important to unde rstand  the distr ibution
of  the phy si cal  barr ier s to spe cie s mig ration that may be imposed by  land use
change. 

2) Ag e struct ure of veg etatio n.   In the cur rent DGVMs,  spatial ly variable  age
structure of  the veg etation is simul ate d by the  mode l. Although ther e are ef for ts
unde rway to compar e constr ucted  ve ge tation age str uctur e with obse rved age 
structure,  it is unk now n how  we ll the simulations re pli cate observed  patte rns.
Be cause  initial  ag e str uctur e of the  ve getation is important for und erstandi ng the 
tr aj ectory  of ecosystem structure,  it will  be advantage ous to the succe ss of  futur e
mode l pred ictions to accur ately  portray  ob se rve d age  structure at the onse t of the 
mode l r un. 

3) Di sp ersal rates an d mod es.   Di spe rsal rates and mode s of dif fe rent spe cie s are  not
conside red  in the DGVMs. The  model s nee d to incorpor ate  the var ying disper sal
ab il iti es of  speci es in Cali for nia to adequatel y assess the impact of a changing
cl imate  on communi ty  composi tion of Cal ifornia’ s ecosystems.  Most li kel y, the
incl usi on of  such infor mation for al l specie s woul d be cost- prohib itive , but it is
esse nti al that the  mode ls be  ab le to incor porate inf ormati on fr om a few  ke y tar get
species into the mod el runs with the  goal of  under stand ing  species-l eve l responses
to f uture threats. 

4) In vasiv e species. The  DGVMs are not curr ently  consi de ring the  impact of non-
nati ve,  invasive spe cie s. The intr od uction and spr ead of invasi ve speci es can cause
di sr uption in an ecosystem’s succe ssional tr aje ctory . Non- native spe cie s pre -
ad apted  to disturb ance could  easil y col oni ze  al ter ed  si tes before native spe cie s
be come estab lished . Non-nati ve spe ci es can alte r distur bance  re gimes so that
further  establi shment by native  species is highly unlik ely . For  ex ample , the  spread
of  Brom us tectorum , a non-nati ve invasive  gr ass to Wester n shr ubl and s,  al ter s the 
fr equency of  fi res, whi ch in turn suppr esses the establ ishme nt of native shr ubs.
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Me chani sms involvi ng  invasive specie s, the re for e, have a tre mendous potential for
al te ring ecosystem structure . Any pr ogr ess made  toward incor por ati ng  speci es-
specifi c disper sal  trai ts fr om activity  (3) wil l aid  this ef for t as wel l. The impact of 
intr oduced  pest pathoge ns that cause  such di seases as Sudd en Oak Death shoul d
al so be  conside red  f or incor por ati on into the new ge ner ati on of  mode ls. 

Ef forts to addr ess these shortf all s receive limite d funding from the  National Scie nce
Foundation.  There  i s a ne ed  for l eader shi p in thi s are a.

Research N eeds
Specifi cal ly , it is important that future aquatic,  terr estri al,  and mar ine  ecosystem and
species mode ling e ff orts tak e i nto account the fol lowing f actor s:

1.  Su ccession al  st ate of ecosystem. Resear che rs shoul d assess the status of the 
ecosystem and its ag e structure  to help de te rmi ne its response und er  cl imate 
change. 

2.  Tran sient st ates. A tr ansient change  in climate must be used  to asse ss the transi ent
changes in e cosystem structure and  f unction and  thei r i mpact on outcome s.

3.  S ub strate t ypes. Maps of sub str ate  type s of the  ex isting r ange and  f uture range  must
be  used  to unde rstand i f sur vival at a new  g eog raphi c l ocati on is possi ble .

4.  Di sp ersal mo des an d rat es.  Resear che rs shoul d incorpor ate  information about
indi vid ual  species’ disper sal mode s and  rate s to determine  whether  species are
capable  of  becoming establ ished  in new are as on te mporal and  spati al  scale s
re le vant to cli mate change .

5.  Di st urb ance reg imes.  Resear che rs shoul d use  information about the changi ng
nature of di sturbance r egi me s w hen mode ling ecosyste m i mpacts.

6.  Mi grati on co rri dors.  Spe cie s may  not b e abl e to red istri bute i f the re ar e no cor rid ors,
or  if major phy sical  ob stacl es (both natur al  and anthropog enic)  ex ist. Potential
corr idors must be used to de ter mine mig ration prob ab ili tie s. 

7.  L an d u se.  Resear che rs shoul d examine past, pr ese nt,  and futur e l and  uses.
8.  Ph ysiol ogi cal and ecosy stem pro cess respon ses to cli mat e respon ses to increasin g

CO 2.  It is possi ble  that there  will  be  a CO2-f er til izati on eff ect on productivity.
Mode ler s should  run sensitivity  anal yse s to determine the si gni ficance of such a
me chani sm (A be r e t al.  2001) .

This work shoul d b e funded i mme diate ly and  on an ong oing b asis. The level of inter est on
the par t of the  fund ing  ag encie s, which wi ll  de ter mi ne the  scope, and depth of the  effort
wi ll  de ter mi ne the  leve l of funding.  This re search woul d provid e the  data ne cessar y to
be gi n to simulate ecosy ste m and  soci etal impacts on Cal ifornia,  and could be  used by  any
pe rsons inte rested  in asse ssing  the long-ter m impacts of cli mate change  on ecosystem
structure,  b iod ive rsity , and  se rvi ce s.

4.4 Development of a Program to Better Understand Past Ecological Responses
to Climate Change
Re se archer s can le ar n a gr eat deal  about potential  impacts of future  cl imate  chang e by
stud ying how  ecosy stems have  re spond ed to past cli mate chang es. 
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The two main sources of  fund ing  for thi s are a of resear ch ar e the NSF and NOAA. 
Incr eased support of  paleocl imate re search woul d all ow us to be tte r pre dict the  di re cti on
and mag nitud e of e cosystem r esponse to cli mate chang e parame ter s.

Research N eeds
By  compili ng  and analyzing  existing pal eontolog ical data, re searcher s coul d better 
unde rstand  ecosystem re sponses to basic cl imate  changes such as te mperatur e and 
pr ecipi tation. Impor tant resear ch outcomes woul d includ e how  the rate and ti ming of
species move ments chang e, how basi c water fl ows change,  and how  ti de s and ne ar- shore 
pr ocesses ar e alte re d.

This work shoul d b e funded i mme diate ly and  on an ong oing b asis. The level of inter est on
the par t of the  fund ing  ag encie s, which wi ll  de ter mi ne the  scope, and depth of the  effort
wi ll  de ter mi ne the  leve l of funding.  Re sul ts could  be used  by any pe rsons inter ested  in
asse ssi ng the long -term impacts of  climate  change on ecosy stem str uctur e, bi odi ver si ty, 
and ser vices.

4.5 Understanding Multiple, Simultaneous Impacts
In addi tion to basel ine  ecol ogi cal  data and improved  cl imate  and veg etation mod els,
empi rical fi eld  stud ies ar e absolute ly cri ti cal  in the eff or t to und erstand the  ecol ogi cal 
impacts of  climate  change.   The  ex pe riments use d to study ecological  re sponses to cl imate
change gener all y add ress onl y a si ng le factor—or at most two—ye t, multi ple  factors are
oper ati ng concurre ntly.  More ove r, most exper ime nts addr ess only  a subse t of the  scal es of
ti me  and space that ecosyste ms respond to during real change s. Many lines of  evide nce
sugg est the importance of under stand ing  long er- ter m processe s, but these have been very 
di ff icult to study  d ire ctl y. 

Fi el d expe ri mental  stud ies should include tr eatments that wi ll hel p in the  unde rstanding
of  ecosystem impacts of  multipl e global  changes. The se exper ime nts should be  de sig ne d
to incl ude  comb inati ons of  the fol lowing tre atments and  to unde rstand the me chanisms of 
change in speci es composition and basic ecosystem pr oce sse s: 

1.   Atmosphe ri c CO2 i ncreases
2.   Atmosphe ri c temper ature incre ase s
3.   Pr eci pitation vari abi lity
4.   Ni trogen d eposition i ncr eases
5.   Invasive  species i ntr oductions
6.   Fi re disturbance s

Fe w studie s of long- ter m ecosystem responses to multipl e global  changes ar e cur rentl y
unde rway in Cal ifornia.   T he se proje cts re ly  on inte rmi tte nt fundi ng  fr om a var iety of
institutions.  For  example , Drs. Wal ter  Oe chel and  Davi d Lipson of  San Die go State 
University ; John Gamon of Calif ornia State  University, Los Ange les; Mik e All en of
University  of Cali forni a, Ir vine; and othe rs have ex ami ned  the long- ter m responses of
souther n Cal iforni a chapar ral ecosystems to interactions betwee n ele vated CO2 and 
vari abl e rai nfall and temper ature.   Funding for  this pr oje ct has come from a di ver si ty of
sour ces, includ ing  the NSF , the  Nati onal Institute  for Global Envi ronme ntal Change , and 
the U.S. D epartment of Ene rg y ( DOE ). 
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A se cond project, under  the dir ection of Dr.  Christophe r B. Fie ld of  the Car neg ie
Institution of Washi ngton and Drs.  Harold Moone y, Pe ter  Vi touse k, and Brendan
Bohannan of Stanford  Unive rsity , examines the long -term impacts of  elevate d CO2,
warming , nitrog en de positi on, and incre ase d pre cipitati on on Calif or nia gr assland
ecosystems.  The Jasper  Ri dg e Glob al  Chang e Experi me nt has been supported by  gr ants
fr om the Ter restri al  Ecology  and Global  Change progr am,  the Packar d Foundati on,  and
the NSF ’s Bi ocompl ex ity  and the  Envi ronment Ini tiati ve. 

No othe r compre hensi ve,  larg e-scal e experi me nts ar e und erw ay  at this ti me in Calif or nia.

Research N eeds
Unde rstand ing and integ rating these long-ter m components requir es a broad re search
ag enda.  One of the  keys to rapi d progre ss wi ll be ex per ime ntati on on model  systems in
which the long- ter m response s occur ove r a peri od of  ye ars, rather  than de cades or 
ce nturi es.  I deally , cli mate change  f iel d r esear ch pr oje cts should me et five obj ectives: 

1. Be  d esi gne d to add re ss proce sse s f undamental  to Cali for nia e cosystems.
2. Focus on ecosystem responses that ar e like ly  to be  important but are  poorl y

re pr ese nte d in exi sting  mode ls. 
3. Incorporate mul tiple , simultane ous, interacting  impacts know n to be important to

ecol ogi cal  systems such as climate , nitrog en de position, non-native invasi ve 
species intr oducti ons, fir e,  and others.

4. Pr ovide  a cl ear  path for g eneralizing r esults to a r ang e of ecosyste ms. 
5. Pr ovide  re sults that can be readil y incorpor ate d into regi onal cli mate and 

ve ge tation mode ls. 

Fi el d expe ri ments conducte d und er this progr am shoul d provid e informati on to both
ecosystem- model ing  efforts and to ecological  indicators moni tor ing . Thi s eff ort should be
fund ed immed iately  and conti nue  for 10 years.

4.6 Interaction with Invasive Species
Ther e are fe w stud ie s of potential  invasive spe cie s’  re sponses to chang ing  climate . Thi s
ende avor is hamper ed  by  the fact that not al l invasi ve spe ci es wil l respond the  same , nor
wi ll  a singl e invasi ve spe ci es respond the  same  in diff ere nt bi ore gi ons or  unde r dif fer ent
cl imate s sce nar ios.

Invasive spe cie s resear ch in Calif or nia re ce ive s suppor t thr oug h a vari ety  of state and 
fe de ral  ag encie s, including the  University  of Cali forni a Statew ide  Inte grate d Pest
Management Proj ect, the  United State s Department of Agr iculture , the  Bureau of Land
Management, and  the National  Park Se rvi ce.   How eve r,  this re search is gene rally  focused 
on agri cul tural  and rangel and pests at the  expe nse  of wild  land  pe sts. In ad dition, ver y
li ttle wor k is bei ng  done at the interf ace  of i nvasi ve spe ci es and  climate  change re search i n
Cali for nia.

Research N eeds
To appr oach thi s comple x proble m, re searcher s should  estab li sh progr ams in each of  the
10 bior egi ons identi fie d by the  Je pson Manual (H ickman 1993) and  the Cal iforni a State
Re sources Ag ency and  shoul d includ e the  coastal  mari ne syste m as an ele venth bi ore gi on. 
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For the  te rr estrial resear ch, the Unive rsi ty  of  Cali for nia Inte grate d Pest Management
Pr oj ect is well  posi tioned  to suppor t such an effort.  Each program should  identif y the 
thre e most aggr essive biol og ical invade rs in te rre strial, aquatic,  and mar ine habi tats in the
re gi on.  Re se archer s should  cond uct fiel d experi ments to unde rstand  the impact of the 
invader s on ecosyste m structure  and functi on.

Be cause  of  its potential importance to the  unde rstanding of future  ecosystem dy namics,
this work shoul d be funded  in the fi rst ye ar  of  this re search prog ram. The results would
he lp to establi sh a database  of  pote nti al re sponse s of exoti c invade r to a changing cli mate. 
Re sults fr om the ter restri al  ecosy stems woul d be val uab le in further  de vel oping  the
dy namic ve ge tation mode ls.  This re se arch would all ow  us to better pr edi ct the dire ction
and mag nitud e of e cosystem r esponse to cli mate chang e parame ter s.

4.7 Development of a Program for Rapid Dissemination of Modeling Results to
Field Ecologists, to Be Used in Experimental Efforts
Curr ently,  ther e is not ad equate communicati on betwe en mod el ers, experi mental
re se archer s,  and pol icy  make rs.  Cl imate  change impacts wil l manife st themsel ves in a
vari ety  of  ways across Cal if ornia’ s landscape on histor icall y shor t timescal es.  It will  be 
ex tr eme ly impor tant in the  comi ng de cad es that sci entists (e xpe rimental ists and  mode ler s)
and pol icy  make rs have an ef ficient flow of inf ormation be tw een them.

Research N eeds
A We b site  and a state coord ination off ice  should be  estab li she d to ser ve this pur pose.  It
should coord inate the coll ection and  di sse mi nation of up-to- date inf ormati on ab out the
most curre nt re search find ings.  This endeavor coul d be hoste d by a university with
ex te nsi ve ongoi ng re search in this area. All  cl imate  chang e resear chers and pol icy  make rs
coul d use this Web  site  and off ice  as a pr imary  re source.

4.8 Incorporation of Climate Change in Land Use and Conservation Planning
It is not enoug h to simply  know  wher e specie s may be  ab le to survi ve  under  a chang ing
cl imate . In a human- dominate d land scape , spe cie s’ ab ili tie s to become establ ished in ne w
ar eas may be come second ary  to over coming hab itat fragme ntati on in an al ter ed 
land scape.  Human developme nts, including cities, roads,  ag ri cul tur al  fi eld s,  dams,  and
harb ors—as well  as natural  isol ati ng  me chani sms such as soil  ty pe,  micr ocl imate , and 
topography —create si gni ficant barr ie rs to large -scal e specie s disper sal . The  re sul t is a
more  pr ecari ous future for  i mportant Calif or nia ecosystems, eve n i n the  ab se nce  of  climate 
change.  The potential effe cts of human activiti es and climate change  on issues of
conservati on conce rn ar e not be ing  addr essed  suffi ci ently to ai d land use and coastal
pl anning i n Cal ifornia. 

Research N eeds
Wi th infor mation about potential spe cie s and  ecosy stem distr ibutions fr om curre nt
mode ling studie s, ef for ts shoul d beg in to de vel op te chniques that include scenarios of
future cli mate in the establ ishment of new  conservation ar eas. The se  conse rvati on
te chniques should be  de vel oped to conse rve  nati ve speci es,  ecol ogi cal communiti es,  and
important ecosy ste m functi ons.  This ef for t wil l also bene fi t land  use planning , as cli mate
change aff ects proce sse s such as f ir e b ehavi or.   Resear ch in this ar ea includes:
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1. incorporation of d ynami c spe cie s mod el outcomes to conservation pl anning,
2. incorporation of b iolog ical and  cl imatolog ical mod el s i nto l and  use planni ng ,
3. ad aptive manage ment resear ch for i mportant Cali for ni a e cosystems, and
4. asse ssi ng the f easib ili ty of  apply ing conser vation planning techni ques. 

Re se arch programs focused on the developme nt of  ef fe cti ve conse rvati on planning  for an
unknown future cli mate are  rend ere d use less if no strategi es ar e developed  to impl ement
the findings. Curr ently , resear ch in this ar ea is ne arl y non-ex istent. Profe ssor Frank Davis
at the Uni ve rsi ty of  Calif or nia at Santa Bar bar a has be gun some  work  in the are a, but it is
curr ently not f und ed .

5. Goals
The goal of the  Ecosystem Impacts porti on of  PI ER Gl obal Cli mate Change  Re se arch Plan
is to provid e i nformati on ab out pote nti al conse que nces of cl imate chang e f or  Calif or nia’s
ecol ogi cal  and social systems.  Wi th such infor mation, the  State can take action to hel p
pr otect vi tal g ood s and  se rvice s.

The achievement of  that goal  de pends on the success of a b road data- col lecti on eff or t, as
we ll  as be ing able  to d eve lop and valid ate  climate  and veg etati on model s so that the ir
re solution i n time  and space  is impr ove d.

The PIE REA  prog ram recogni ze s that much work  is curr ently under  way in the se  ar eas
and see ks to dr aw fr om,  buil d upon, and  br oaden the focus of  those  efforts. Whe never 
possibl e, PI ERE A wil l identi fy exi sting  ef forts and for m par tne rships to leverage
re sources.

5.1 Short-term Objectives1

In the short te rm,  this ef fort shoul d d eve lop a comprehensive asse ssment and  monitor ing 
re se arch plan. Thi s process would include de cid ing  w hat is i mportant to moni tor ,
establi shi ng  ecologi cal  indi cators, and  then worki ng  wi th the Cali forni a L eg acy  Pr oj ect to
de ve lop a coord inate d plan among var ious age nci es to focus on r ele vant data sets. Ne xt, 
re se archer s would ne ed to conduct a “gap analysis” to d ete rmine  wher e and how ofte n
ad di tional  moni tor ing w oul d be nee de d. Thi s eff ort w oul d b e ver y d ata-i nte nse, and 
woul d i nvolve w ork shops. Short- ter m wor k should  al so focus on r efi ni ng cli mate and 
ve ge tation mode ls so they ar e more  highly re sol ved  i n time  and space —while  at the same
ti me  colle cting  data to vali date the ir per formance .

5.1.1 Establish Good Baseline Data

A. Develop  an d imp lemen t ecol og ical assessmen t and  mo ni toring  prog rams,  using 
ecol ogi cal  i ndi cat ors specific to cl imate ch ang e i mp act s.

Acti vit ies needed (Moni torin g):  (1)  Conduct a liter ature se arch to ide nti fy  useful long-
te rm data se ts and  gaps. (2)  De vel op a monitori ng pl an that spe cif ie s moni toring

                                                       
1 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.
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locations,  moni tor ing method s, cri te ria/ecol ogi cal  indi cator s that the data must mee t,
and how  the data wil l be stored  and disseminate d. (3) Establ ish moni tor ing  site s and 
be gi n moni toring.  Wheneve r possib le , this work  should be coord inate d with the
structure and acti vi tie s of the  Cali for nia L egacy Pr oje ct. 

Acti vit ies needed (E col ogi cal Indi cators):  (1)  Estab li sh a broad- based  Ad visor y Committee 
to provide  guid ance and  consensus on de vel oping  usef ul ecological indicators.
(2)  Usi ng the Nati onal Research Council  checkli st for eval uating potential  ecol ogi cal
indi cators, evaluate  the e colog ical ind icators alr eady devel ope d b y the  NRC,  Calif or nia
Re sources Ag ency, and Cali forni a Off ice  of  Heal th and Safe ty . (3) Based  upon the
eval uation in #2, de vel op a mutual ly  ag ree d upon set of  ecol ogi cal  indi cator s that
ad dr ess Cali for nia’s unique ecosyste ms.  Gi ve  pr ior ity to developing in di cat ors of
ecol ogi cal  capi tal  and  in di cat ors of ecol ogical fun cti oni ng for  the 10 maj or bi ome s def ine d
by  the Cal if ornia Re source s Age ncy . (4)  De te rmi ne how to best coor di nate the 
indi cators with those at the  national leve l.  (5) Implement these ecolog ical ind icators in
the monitori ng progr ams de scrib ed in the monitoring por tion of thi s obj ective.  Ag ai n,
wheneve r possib le these  acti vities should be  done in coord inati on wi th the  Cali for ni a
Le gacy Proje ct’ s e xi sti ng structur es.

Crit ical F actors f or Su ccess:
• Ag re eme nt among  pe rtine nt stake hol de rs on monitori ng  locations,  me thods, and 

ecol ogi cal  i ndi cator s.
• Ad equate f unding f or  monitor ing .

5.1.2 Development of More Accurate Regional Climate Models

A. Develop  a mo re spati all y resolv ed cl imate mo del ing  approach. 

Acti vit ies needed:  (1)  Estab li sh a broad- based  Model ing Advi sory Commi tte e
(composed pr imaril y of mod el ers) to provid e gui dance  and consensus on deve loping
more  accur ate r egi onal cli mate mod el s. (2)  Eval uate existi ng  re gional climate mode ls to
de te rmi ne their  capabiliti es and i nadequacie s. (3)  L eve rag e the  stre ngths of  the e xi sti ng
mode ls to de vel op a new  mode l that can ade quate ly ad dre ss the need s of reg ional 
cl imate  mode ling f or  Calif or nia.

B. Develop  a program to  co mpi le an d analyze cli mat e observ ati on s and mo del  resu lts
rapi dly .

Acti vit y needed: Convene a seri es of  workshops in which cl imate  change researchers
asse mbl e and  analy ze  ex isting results to ide nti fy strengths and  li mi tations of avail abl e
data.

Crit ical F actors f or Su ccess:
• Ab il ity  to deve lop r eli abl e reg ional  dy namic ve getation mode ls and  mari ne speci es

di strib uti on model s on an appropri ate r egi onal scale .
• Coll aboration among stakehol der s.
• Ad equate funding for  these  acti vitie s and the mode li ng approaches outli ned  in the

Re gi onal Cli mate Mod eli ng Roadmap. 
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5.1.3 Develop More Effective Vegetation Models.

A. Expand dat a inp uts to improv e ecosystem an d species mod eli ng  in  vegetat ion 
mo dels inclu din g n on -nativ e,  in vasiv e species.

Acti vit ies needed:  (1)  Incor porate mod el inputs that account for the  successional  state of
the ecosyste m, transient states, sub str ate  type s, di spe rsal mod es and rate s,  di sturb ance
re gi mes, mig ration corr idors, land  use chang e and CO2 fer til izati on.  (2) Conduct
mode ling usi ng the  addi tional criter ia.  (3) Disseminate  the results. 

B. Develop a modeling program to understand future distributions of species
assemblages in terrestrial, aquatic, and marine ecosystems.

Acti vit ies needed:  (1)  Incor porate mod el inputs that account for the  successional  state of
the ecosyste m, transient states, sub str ate  type s, di spe rsal mod es and rate s,  di sturb ance
re gi mes, mig ration corr idors, land  use chang e, and  CO2 fer til izati on.  (2) Conduct
mode ling usi ng the  addi tional criter ia.  (3) Disseminate  the results. 

Crit ical F actors f or Su ccess:
• Coll aboration among stakehol der s.
• Consensus among  user s as to how  information should  b e d isseminated .

5.1.4 Develop a Program to Better Understand Past Ecological Responses to Climate
Change.

A. Co mp ile an d analyze exi sti ng  paleo nt olo gical  data to  better und erstand past
ecol ogi cal  resp onses to  cl imato log ical chang e and to  test mo del s.

Acti vit ies needed:  (1)  Conduct a liter ature se arch of sound paleontological data that can
il lustr ate  past ecol ogi cal  responses to cl imatolog ical chang e. (2)  Anal yze  the data to
de te rmi ne associations betwe en ecological variable s (e. g.,  species move ments, wate r
fl ow s, and  tidal change ) and  hi stori cal  cl imatolog ical chang es.  (3) Disseminate  the
re sults.

Crit ical F actors f or Su ccess:
• An adequate amount of sound pal eontolog ical data that can be  compare d across

vari ous stud ies.

5.1.5 Develop an Experimental Research Program to Understand the Impact of
Multiple G lo bal  Ch an ges on  E cosyst em Fu nct io n and St ructure. 

A. St ud y t he in teract io ns of mu lti ple i mpacts.

Acti vit ies needed:  (1)  Estab li sh fie ld  and mod eli ng studi es that add re ss mul ti ple  and
si multaneous gl obal change  i mpacts on e cosystems.

B. St ud y t he respo nse o f n on- nativ e species t o cli mat e change.

Acti vit ies needed:  (1)  Estab li sh research pr og rams in the  10 bior egi ons identi fie d by the 
Jepson Man ual. This pr ogr am would  identif y the  most impor tant invad ing  species in
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each of  the 10 biore gions,  use DGVMs wi th the new speci es modul e, and run the
mode ls to under stand  the long-term impact.  (2) Estab lish experi mental fiel d studie s
that manipul ate  the invasi ve  speci es si mul taneousl y with other cli mate chang e
vari abl es. 

Crit ical F actors f or Su ccess:
• Ad equate f unding f or  fi eld  stud ies and mod el ing .
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5.1.6 Evaluate Methods for Using Ecosystem and Species Data for Conservation Area
Decision Making.

A. Determi ne th e feasib ili ty of ap ply in g ecosystem an d species dat a to con servatio n
pl an nin g.

Activities needed: (1) Convene a workshop to identify the best approach to designing
conservation areas in a rapidly changing climate. (2) Establish a timeline for research in
this area after the workshop.

Tabl e 2. S ho rt- term Bud get 
Objective Projected Cost

($000 per year)
5. 1. 1.A   D evelop and  imple me nt ecological assessme nt and
moni tor ing  prog rams,  using  e col ogi cal i ndi cator s spe cif ic to cl imate 
change impacts. 

   1,100

5. 1. 2.A   D evelop a more  spatial ly re sol ved  climate  mode ling
appr oach. (B udg et included  i n Regi onal Mod el ing  Road map)

   0

5. 1. 2.B  De ve lop a pr ogr am to compi le  and analyze cli mate
ob se rvations and mod el resul ts rapid ly. 

   300

5. 1. 3.A   E xpand  data inputs to improve ecosy ste m and  speci es
mode ling i n veg etati on mod el s, including non-native,  invasive
species.

1, 000

5. 1. 3.B  De ve lop mode ling program to und erstand futur e
di strib uti ons of spe cie s assemb lag es in te rr estrial,  aquatic, and
mari ne ecosy ste ms. 

1, 000

5. 1. 4.A  Compile  and analyze exi sti ng  paleontological  data to be tte r
unde rstand  past ecol ogi cal  r esponses to cl imatolog ical chang e and
to test mode ls. 

   200

5. 1. 5.A  De ve lop an e xpe rimental  and mod eli ng  re search prog ram to
unde rstand  the impact of mul tiple gl obal change s on ecosyste m
function and  structure. 

 3,000

5. 1. 5.B  Stud y the re sponse  of non- native spe cie s to cli mate change . 3, 000
5. 1. 6 E val uate methods for  using e cosystem and spe ci es data for 
conservati on ar ea de cision maki ng. 

   300

Total Short-term Cost per Year  9,900
Note: An asterisk (*) indicates a high probability that the work will be leveraged with other ongoing
efforts. The figure given is the California Energy Commission’s projected expenditure in dollars per year,
over the course of the short-term research.

5.2 Mid-term Objectives
5.2.1 Develop a program for rapid dissemination of modeling results to field
ecologists

A. Desi gn a set  of mu tu all y agreed  up on  metho ds fo r disseminati ng dat a via a Web
si te, i mpl ement  th e sit e, an d staff a stat e coo rdi natio n o ffice.

Acti vit ies needed:  (1)  Estab li sh an ad visory  team of  mode ler s,  ex per imentali sts,
re se archer s,  and pol icy  make rs to guide  the data disseminati on proce ss.  (2) Hol d



Ecological Impacts of a Changing Climate PIER

30

work shops to di scuss issue s and  de si gn wor kable  me thods. (3)  Based  on the re sul ts of 
those discussions,  desi gn a Web  si te  to di ssemi nate mod eli ng  data.  (4) Devel op and 
impl eme nt the Web si te to be  hoste d by the  Cali for ni a Resour ces Ag ency.   ( 5)  Estab li sh
a state  of fi ce to coord inate  these  acti vitie s.

5.2.2 Incorporate Data on Climate Change’s Potential Impacts on Species and
Ecosystem Distributions into Land Use and Conservation Planning Using a GIS
Database.

A. Develop  tech niq ues for inclu din g scenarios of futu re cl imate in  th e sit ing  and
establi shmen t o f n ew  co nserv ati on lands.

Acti vit ies needed:  (1)  Incor porate mod el outcomes of  dynamic species mode ls to
conservati on pl anning. (2)  Incorporate biological and climatological  model s into land
use planni ng . ( 3) Re search adaptive manage me nt for  i mportant Calif or nia ecosystems.

5.3 Long-term Objectives
5.3.1 Develop a More Spatially-resolved Climate Modeling Approach.

A. Co nt inu e i mp rov ing  regi onal mod els.

Activities needed: (1) Continue the iterative process of improving the regional models.

6. Leveraging R&D Investments

6.1 Methods of Leveraging
Much of  the wor k ide nti fie d in thi s roadmap would be  collaborative  with othe r enti ti es; 
PI EREA would  ei the r co- fund projects by  othe r enti ti es,  or  use outsi de funds to support
PI EREA eff or ts. 

Specifi cal ly , this r oad map seek s to: 

• pr ovide  PI ER funds for co- fundi ng ex isting  or planne d work  by enti ti es yet to be
de te rmi ned , and 

• soli cit fund s from enti tie s yet to be dete rmine d, to build  upon thei r efforts, or to co-
de si gn new  proj ects at the  E ner gy Commi ssi on.

6.2 Opportunities
No co-sponsored  ef forts ar e und er way at thi s time . Co- sponsorship opportuni tie s are 
li ke ly with the  or ganizati ons listed  be low . Each of the se or ganizati ons is inte reste d in
ad dr essing  climate  issues.  The fol lowing spe cif ic collabor ative  opportunitie s have  been
id entif ied :

Ecological Assessment and Monitoring
Moni tor ing  coul d be admini stere d thr oug h a numb er of  di ffe re nt state  ag encie s. State 
ag encie s could hir e techni ci ans to cond uct moni tor ing that is consistent acr oss park  units
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and fish and  game manag eme nt re gions. In add iti on,  PIER coul d awar d state gr ants to
re se archer s at uni ve rsi tie s and  re se arch i nstitute s. 

Ecological Indicators
Curr ently the Cali forni a Off ice  of  Heal th and Safe ty  is cond ucting  an effort to establi sh
ecol ogi cal  i ndi cator s f or the state of Cal if ornia,  so PIER coul d team w ith those r esear che rs.

Development of More Spatially-Resolved Regional Climate Models
Curr ently a few  fe de ral  ag encie s fund this type  of  rese arch includ ing NSF,  NASA , and 
DOE,  but the  fundi ng  is spor adi c and  not compre hensi ve. 

Development of Modeling Efforts to Map Future Climate with Species Assemblages,
Soil/Substrate Type, Dispersal Rates, and Migration Corridors for More Informative Scenarios
of Impacts.
This ar ea of  re search r ece ives sporadic fund ing  fr om the N SF  and N ASA.

Develop a Program to Better Understand Past Ecological Responses to Climate Change
This ar ea of  re search r ece ives a small amount f und ing f rom the NSF .

Understanding Multiple, Simultaneous Impacts
This ar ea of  re search r ece ives some funding from the  NSF and  the Packar d F oundation. 

Study the Response of Invasive Species to Climate Change
This ar ea of  re search r ece ives sporadic fund ing  fr om the N ational Science Found ati on.

Develop a Program for Rapid Dissemination of Modeling Results to Field Ecologists
No l eve rag ing or co- funding opportuniti es ex ist to d ate .

Incorporate Data on Climate Change’s Potential Impacts on Species and Ecosystem
Distributions into Land Use and Conservation Planning.
No l eve rag ing or co- funding opportuniti es ex ist to d ate .

Evaluate Methods for Using Ecosystem and Species Data for Conservation Area Decision
Making
No l eve rag ing or co- funding opportuniti es ex ist to d ate .

7. Areas Not Addressed by This Roadmap
This roadmap was intend ed to focus sole ly on the dir ect impact of cl imate chang e on
ecosystems in Cali forni a. Ex cept whe re spe ci fic ex ample s wer e give n,  it was intend ed  to
be  broadly  written to encapsulate multi ple  impacts on a wi de  ar ray  of ecosystem ty pe s
fr om marine to ter re str ial . Of course, the re  is a gr eat de al  that was not ad dre sse d
specifi cal ly  in this re por t that r equir es and d ese rves fur ther discover y. In parti cular , it wil l
be  vital for  any resear ch pr ogr am that is imple mente d to be designed  to inte grate the
envi ronmental and economic impacts simultane ously.  Below is list of important rese ar ch
ar eas that should be  consi de red  for future  e lab orati on of this repor t:
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• Impacts on k ey ecosy ste m ser vices

• Impacts on f ore str y

• Impacts on agri cul ture

• Use of for estry  pr actices to mi tig ate g lob al  cl imate  chang e  (see the Carbon Sequestrati on 
in  Cali forni a’s Terrest rial Ecosystems and Geol ogi c Format ions r oadmap)

• Impacts on f isheri es, i n par ticular,  the sal mon runs.

• Impacts on r iparian ecosyste ms and  i mpl icati ons for flood contr ol

• Impacts on w ate rshed  re storation

• Impacts on f ire  management

• Impacts of  e cosystem de gradation on pub lic heal th

• Impacts on g razing  practices
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Appendix A

Current Status of Programs

This se cti on outli ne s those eff orts that most closel y addr ess climate change  and its impact
on Cali for ni a e cosystems.

Curr ent Status:  Califor nia

California Energy Commission (CEC)
• The Cal ifornia Ene rg y Commission admini ste rs the Pub lic Inte rest Ene rgy  Re se arch

(PIE R) Progr am.   PIE R fund s wil l soon become  avail ab le for  inve sti gating the  impacts
of  glob al cl imate chang e on Cal ifornia’ s ecosystems. 
http://www .e ner gy. ca.gov/pie r/e ner gy /index .html 

California Air Resources Board (CARB)
• The Cal ifornia Air  Resources Board  f und s r esear ch on the e nvironme ntal impacts of ai r

poll uti on;  howe ver , it doe s not curr ently fund research on the impacts of cl imate
change.  CA RB ’s cur re nt envir onmental  re search acti vi tie s are  shown at:
http://www.arb.ca.gov/research/research.htm

California Department of Fish and Game (DFG)
•  The Department of Fish and Game (DFG) is currently addressing the issue of

adaptation to climate change with regional conservation planning, watershed
planning, fisheries management and restoration, and biological assessment.
http://www.dfg.ca.gov/

California Department of Forestry (CDF)
• The CDF does not currently have a research program on the mitigating the impacts

of climate change, but its Fire and Resources Assessment Program (FRAP) monitors
the area vegetation cover and timberland of California, allowing CDF to assess
carbon storage capacity of the state. http://www.fire.ca.gov/index.html

California Department Water Resources (DWR)
• The California Department of Water Resources’ California Water Plan Update 2003

will look at impacts of climate change on water resources in California, and potential
strategies for adapting to these changes. Although this plan does not address the
environmental impacts of climate change, results from the plan will be important for
understanding effects of climate change on aquatic habitats and species.
http://www.waterplan.water.ca.gov/b160/indexb160.html

California Environmental Protection Agency (Cal/EPA)
•  Cal/EPA is addressing climate change through its assessment of environmental

indicators in the Environmental Protection Indicators for California (EPIC) project.
EPIC was created to develop scientifically based measures that convey complex
information on environmental status and trends in an easily understandable format.
http://www.oehha.ca.gov/multimedia/epic/index.html
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•  Cal/EPA is addressing new threats in their Emerging Environmental Challenges
program. This program is not currently designed to address the impacts of climate
change specifically. http://www.oehha.ca.gov/multimedia/epic/index.html

Curr ent Status:  Regional and National

U.S. Global Change Research Program (USGCRP)
•  At the national level, the U.S. Global Change Research Program (USGCRP)

coordinates the world’s most extensive research effort on climate change. The
USGCRP coordinates a broad agenda of research on global change. The program
enables the integration of knowledge produced in different agencies and
disciplines to provide useful information about how to prepare for and adapt to
global and regional environmental changes. The USGCRP coordinates the
research of ten federal departments and agencies with active global change
programs and provides liaison with the Executive Office of the President.
Participants include: Department of Agriculture (USDA), Department of
Commerce/National Oceanic and Atmospheric Administration (DOC/NOAA),
Department of Defense (DOD), Department of Energy (DOE), Department of
Health and Human Services/National Institutes of Health (HHS/NIH),
Department of the Interior/U.S. Geological Survey (DOI/USGS), U.S.
Environmental Protection Agency (EPA), National Aeronautics and Space
Administration (NASA), National Science Foundation (NSF), and Smithsonian
Institution.

•  The USGCRP budget included $1.7 billion in FY2001 for research and
observations under seven program elements, including: (1) Understanding the
Climate System, (2) Understanding the Composition and Chemistry of the
Atmosphere, (3) Global Water Cycle, (4) Global Carbon Cycle, (5) Understanding
Changes in Ecosystems, (6) Understanding the Human Dimensions of Global
Change and (7) Paleoclimate: The History of the Earth System (USGCRP 2000b).
The elements most pertinent to this report are elements (4) and (5). In FY2001, the
Global Carbon Cycle element received $221 million and the Understanding
Changes In Ecosystems element received approximately $224 million (USGCRP
2000b). Distributions of these funds are discussed within the department from
which they are administered. (www.usgcrp.gov/)

Department of Agriculture (USDA)
•  The U.S. Department of Agriculture (USDA) was awarded ~$29 million under

the USGCRP’s Understanding Change in Ecosystems element (primarily for
impacts on managed ecosystems) and ~$37 million under the Global Carbon
Cycle element.

• The Forest Service Global Change Research Program (FSGCRP) within the USDA
is designed to address the impacts of global change on forest ecosystems.
Currently, there are no projects funded in California, but this program is a
possible source for research funds. http://www.fs.fed.us/ne/global/fsgcrp/

•  The Agricultural Research Service Global Change Research Program funds
research projects on the impacts of climate change on agroecosystems. Some
topics, such as the carbon cycling program, have relevance to natural ecosystems.
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Currently,  there are no programs funded in California.
http://www.nps.ars.usda.gov/programs/programs.htm?NPNUMBER=204

Department of Commerce/National Oceanic and Atmospheric Administration
(DOC/NOAA)

•  USDA was awarded $9.9 million under the Global Carbon Cycle element. This
source would provide resources for understanding carbon cycling and storage
only.

•  The Office of Global Programs (OGP) leads the NOAA Climate and Global
Change (C&GC) Program. OGP assists NOAA by sponsoring focused scientific
research aimed at understanding climate variability and its predictability.
Researchers coordinate activities that jointly contribute to improved predictions
and assessments of climate variability over a continuum of timescales.

• The OGP also leads the effort to fund the Global Carbon Cycle Program (GCC)
that investigates the impacts of global change on carbon cycling.
http://www.ogp.noaa.gov/

Department of the Interior/U.S. Geological Survey (DOI/USGS)
•  DOI/USGS was awarded $13.9 million under the USGCRP’s Understanding

Change in Ecosystems element (primarily for impacts on managed ecosystems)
and $3.5 million under the Global Carbon Cycle element. There was
approximately $25 million in USGS’s Global Change Research Program in
FY2001. This source could provide resources for research for understanding the
impacts of global change on California ecosystems.

•  USGS’s Global Change Research Program included fund for understanding the
impacts of global change on biogeochemical cycling, terrestrial and coastal
ecosys tems ,  coas ta l  wet lands ,  and f i sh  and wi ld l i fe .
http://geochange.er.usgs.gov/

Environmental Protection Agency (EPA)
•  EPA was awarded $3 million under the USGCRP’s Understanding Change in

Ecosystems element (primarily for impacts on managed ecosystems). Including
this source, EPA’s Office of Research and Development (ORD) had
approximately $23 million for understanding the impacts of consequences of
global change on climate variability and biology and biogeochemistry of
ecosystems. This source could provide resources for research for understanding
the impacts of global change on California ecosystems.

•  Still, there is $3 million/year for research on the impacts of global change
research on the natural environment.

National Aeronautics and Space Administration (NASA)
• NASA was awarded ~$134 million under the USGCRP’s Understanding Change

in Ecosystems element primarily for impacts on managed ecosystems and ~$150
million under the Global Carbon Cycle element in FY2001. Including this source,
NASA had approximately $39 million for understanding the impacts of
consequences of global change on ecological processes. This source could
provide resources for research for understanding the impacts of global change on
California ecosystems.
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• Much of the research funded at NASA is for space-based observations, but there
a r e  s m a l l  p r o g r a m s  t h a t  f u n d  e c o l o g i c a l  r e s e a r c h .
http://www.nasa.gov/research.html

National Science Foundation (NSF)
• The National Science Foundation was awarded $29 million under the USGCRP’s

Understanding Change in Ecosystems element (primarily for impacts on
managed ecosystems) and $13 million under the Global Carbon Cycle element.
This source could provide resources for understanding the impacts of global
change on California ecosystems.

•  Although NSF’s budget for environmental research for FY2001 was ~$188
million, competition for these funds is highly competitive and program-specific.
http://www.nsf.gov/geo/egch/about_nsf_gcrp.html

Smithsonian Institution
•  The Smithsonian Institution was awarded $3.8 million under the USGCRP’s

Understanding Change in Ecosystems element (primarily for impacts on
managed ecosystems) and $0.3 million under the Global Carbon Cycle element.
This source could provide little or no resources for understanding the impacts of
global change on California ecosystems.

Curr ent Status:  International

European Union
• The European Union has taken the lead in its funding of climate change research.

Although resources are not available for research in the United States, there is
much to be learned by their approach to research on global climate change.
http://europa.eu.int/comm/environment/climat/eccp.htm

Intergovernmental Panel on Climate Change
• The IPCC’s late st document on miti gation, Cl im ate Chan ge 2001:  The Sci ent ifi c Basis,

http://www.ipcc.ch/ pr ovide s a synthesis of  curr ent scie nti fic data on glob al
cl imate  change and  i ts impacts. 

Global Change and Terrestrial Ecosystems (GCTE)
•  Global Change and Terrestrial Ecosystem (GCTE) (http://gcte.org/) is a Core

Project of the International Geosphere-Biosphere Programme (IGBP)
(www.igbp.kva.se/cgi-bin/php/frameset.php), an international scientific research
program established in 1986 by the International Council of Scientific Unions
(ICSU).

• The scientific objectives of GCTE are: (1) to predict the effects of changes in climate,
atmospheric composition, and land use on terrestrial ecosystems, including (i)
agriculture, forestry, soils; and (ii) biodiversity; and (2) to determine how these
effects lead to feedbacks to the atmosphere and the physical climate system.
http://www.gcte.org/about.htm


