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.~STIL~CT: We investigated the  h i s tor ica l  e c o l o g y  of FAkhoru Slough~ a 1~200 ha tidM wetland system in cenn'al Cali- 
fornia, The  goal of ~his study was to identify pat terns of change in the extent and distribution of wetland habRats during 
a 150-yr per iod  and to investigate the causes of these changeso Using a geographic information system (GIS)~ we inter- 
pre ted  historic maps~ charts, and aerial photographs,  We created a series of samtnary maps to illnsdrate a~d quantR'y 
changes in tidal flow an4 habitat types at six representative historicM perio4.,,. With the aid of custom s o f t . a r e  tools, we 
perforrued, semi-automated spatial anal.ysis of  historic aerial photographs  to quantify changes in mai~h cover at fixed 
quadrat~ an4 tidal creek widdl at fixed cross sections, Our  mnlti.~cNe analysis 4oeuments  dramatic shifts in die distri- 
bution of habitat types resulting f rom antbropogenic modifications to the hydrology of the slough, More than haft of  
t i le  marsMands were dike4~ and. more  than two third.~ have either degraded, or been converted to other habitat types~ 
T h e  constrnction of an artificial mouth abruptly t ransformed the wetland s}~tem from depositional to higlfly erosional~ 
enlarging channeN~ widening creek.% and converting marsh to intertidal mudilat or open water~ Increased tidal amplitude 
and vdocity are the likely causes. In recent decades~ levee failure and intentional breaching have restored the  a c r e a g e  
under  tidal influence to nearly historic levels, but recolonization of f o r mer  wetlands by salt marsh vegetation has been 
minimM, Degraded fo rm er  marshland and nnvegetated mudflat are now the 4ominant  habitat types at Flkhorn Slough, 
The rate of habitat char~ge remains high, suggesting that a new equilibrium may not be reached for  many decades, This 
s in@ can help tidal wetlan4 managers identify pat terns  an4 mechanisms of habitat change and set appropriate  conser- 
vation and restoration goals, 

In t roduc t ion  

TIDAL "~ETLANDS &INTD t-{ABITAT Ct-bkNOE 

Estuaries and  coastal lagoons are a m o n g  the 
Ear th ' s  mos t  biologically product ive  ecosystems 
and provide essential[ habitats  for birds, :fish, crus- 
taceans, and  m a  W other  species (Little 2000)~ rFid- 
al wetlm~ds are also some of our  most  ihighly al- 
tered landscapes,  and their  conservat ion lags be- 
h ind  that of  o ther  terrestrial and  mar ine  systems 
(Edgar  et aL 9000). Rates of  coastal wetland loss in 
the Uni ted  States result ing f rom humm~ activities 
exceeded  8,000 ha  yr--* in recen t  decades  and  are 
current ly  est imated to be 400 ha  yr--* (NOAA 1990; 
Dahl  2000). 

Tidal wetlands are dynamic,  r e spond ing  to many  
ffpes of  env i ronmenta l  changes,  including h u m a n  
activities. Apar t  f rom direct  losses due to construc- 
tion and  rec lamat ion ,  the pr incipal  an th ropogen ic  
forces driving tidal wetland habi ta t  change  at the 
local scale include diking, ditching,  dredging,  and 
similar activities that  alter tidal f looding regimes  
and  rnodii3r sed ime~t  inpu t  and marsh  accret ion 
rates (Kennish 2001). O n  a regional  scale, impor-  
tant  causes of estuarine habi ta t  change  are change  

* Corresponding author;  tele: 831/728-2822; fax: 831/728- 
1056; e-mail: vandyke@elkhornsloughrorg 

in tidal energy due to hydrologic manipula t ions ,  
increase in relative sea level due to land subsi- 
dence,  and al tered sed iment  input  levels due to 
changing land use pract ices (Adam 2002). On a 
global scale, eustatic sea-level rise, accelerated by 
global[ climate change,  can result in long- term es- 
tuar ine habi ta t  change  (Scavia et al. 2002). 

The  ecological history of most  of  the world 's  tid- 
al wetlands has no t  been  studied. At those estuaries 
that  have been  investigated, habi ta t  changes  have 
often been  drmnatic. A widely r epo r t ed  example  is 
the rapid erosion of salt marsh  at Venice Lag o o n  
in nor theas t  I t @  (Day et al. 1998). T h e  redi rec t ion  
of rivers that  historically supplied sediments  to the 
estuary, in combina t ion  with eustatic sea level rise, 
subsidence result ing f rom groundwate r  withdraw- 
al, and  increasing tidal energy  due to an enlarged 
tidal prism, have caused the marsh  edge to re t rea t  
as m u c h  as 2 m yr -4 (Day et al. 1998). T h e  loss of  
coastal wetland a long the Louis iana Gulf  Coast, a 
region that includes a significant pe rcen tage  of 
U.S. salt marsh acreage,  :is a n o t h e r  highly visible 
example .  Reduced sed iment  input  due to levees 
a long the Mississippi River, the cons t ruc t ion  of ex- 
tensive networks of canals, and  subsidence rates as 
high as 1.5 cm yr -4 have con t r ibu ted  to a r epor ted  
100 km ~- yr-* loss of tidal wetlands, a l though  the 
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relative impor tance  of each factor remains contro- 
versial (Boesch et al. 1994; T u r n e r  1997; Day et al. 
2000). At Chesapeake Bay, the largest estuary in 
the U.S., significant coastal wetland losses are at- 
tr ibuted to a combinat ion  of subsidence and sedi- 
men t  deficit (Stevenson et al. 1985; Kearney et al. 
1988~. 

~[&BITs GHANGE AT (--~LIFORNIA ESTUARIES 

Vgetlands are relatNely small and in f requent  
along California's topographically complex and 
seismically active coastline, occurr ing mainly with- 
in occasional pro tec ted  estuaries and lagoons (Era- 
m e t t e t  al. 2000). "While d e c r e ~ e d  riverine sedi- 
men t  inputs and relative sea level rise are major  
drivers of estuarine habitat  change elsewhere, 
these thctors are likely- less impor tan t  in California 
where drainage basins are relatively small and up- 
lift typically outpaces sea level rise (Patrick and 
DeLaune  1990; Emmet t  et al. 2000). Subsidence 
resulting from groundwater  extract ion has been  a 
significant factor at some sites, particularly in the 
Sau Francisco Bay area (Patrick and DeLaune  
1990). Subsidence events resulting from seismic ac- 
tMty may also be regionally impor tan t  along the 
tectonically active California coast, as they are m 
the Pacific Northwest  (Atwater et al..[977; Atwater 
1987). The  p r edominan t  cause of tidal wetland 
habitat change in California has been direct hu- 
man alterat ion (Larson 2001). 

As much  as 91% of California's coastal wetlands 
(2 million ha.) were lost during the 150 yr following 
s ta tehood and set t lement  by European  Americans, 
arid nearly all that remain are altered or degraded 
(Larson 2001). Diking, draining, dredging,  and fi11- 
ing for residential,  commercial ,  and agricultural 
deve lopment  have el iminated about  85% of tidal 
wetlands in the San Diego region (Zedler 1996a) 
and at least 78% in the San Francisco Bay area 
(Nichols et al. 1986; Goals Project  1999). 

Because conversion of t ideland to agriculture or 
salt evaporat ion ponds  typically does not  involve 
filling and is potentially- reversible, these former  
wetlands provide impor tan t  candidate  sites for hab- 
itat res torat ion (Goals Project  1999). Tidal flow has 
recently been  restored th rough  ei ther  accidental  
or intent ional  breaching of levees at several of  Cal- 
ifornia's drained fo rmer  wetlauds (Zedler 1996b; 
"Williarns and Faber 2001; Williams and Or r  2002) 
and addit ional  projects are p lanned  (Steere and 
Schaefer  2001). 

I~tISTORIGAL ECOLOGY AND ]-[ABITAT 
CHANGE ANALYSIS 

The  purpose  of' this study was to d o c u m e n t  eaL~ 
iier habitat  condit ions and to quantif}- t rends of 
wetland change at a central California estuary dur- 

ing the past 150 yr, a per iod  of major  modifications 
to the landscape. Historical ecolog3~ is a relatively 
new branch of the environmenta l  sciences that in- 
tegrates historic sources to analyze and characte> 
ize past changes in natural  communi t ies  (Swetnam 
et al, 1999). Deve lopment  of a historical perspec- 
tive is fundamenta l  to efforts toward conservation 
and restorat ion of estuarine ecosystems (Goals Pro- 
jec t  1999). .Although predict ing future  condit ions 
th rough  simple extrapolat ion of  past trends can be 
risky, knowledge of past condit ions may suggest hy- 
potheses that can be tested with con tempora ry  
data and can supply the parameters  for  retroactive 
testing of predictive models  (Swetnam et al. i[999). 
Although it may ,lot be meaningful  to define ideal 
re ference  condit ions based on one  fixed point  m 
time, historical ecological studies can identify the 
spatial and temporal  raage  of variability in natu- 
rally dynamic systems and assist in setting ecologi- 
cally justifiable, achievable, m~d sustainable man- 
agement  and restorat ion goals (Swetnam et al. 
1999). Problems associated with analyzing the hi> 
torical record include the f iagmentary  nature  of 
individual source materials as well as the subjectiv~ 
ity- i nhe ren t  in the in terpreta t ion process (Swet- 
n a m e t  al. 1999; Grossinger 2000). Historical ma- 
terials have been  applied to ecological analyses at 
several West Coast estuaries (e.g., Berquist  1978; 
Niemi and Hall 1996; Goals Project  1999; Borde  et 
al. 2003; Foxgrover  et al. 2004). 

A key goal of this project  was to develop accu- 
rate, repeatable  methods  and tools for pe r fo rming  
habitat classification and long-term change analysis 
from historic maps and aerial photographs .  We 
employed a dual approach,  combining broadscale 
manual  interpretat ion of the entire wetland ~'stem 
with h igher  resolution,  semi-automated analysis of 
replicated fixed quadrats  and cross sections. The  
fo rmer  me thod  resulted in estuary-wide habitat  
classification maps for several representat ive peri- 
ods tlhat were subjected to quantitative analysis. 
'The latter yielded detailed habitat  data compara- 
ble to that obtained flora long-term field studies 
of moni to r ing  plots and transects. These two geo- 
spatial techniques complemen ted  each o ther  and 
provided i n d e p e n d e n t  evidence for the observed 
trends. Our  rigorous, multiscale approach  to iden- 
tifying and quanti iymg estuarine habitat  change is 
applicable to historical ecological studies of o ther  
threa tened  ecosystems. 

Method~ 

STUD Y SITE 

Elkhorn  Slough is a 1,200 ha tidal wetland sys- 
te:m adjoining Monterey  Bay in central Califbrnia 
(Fig. 1). Th e  climate is medi te r ranean ,  xMth mean  
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Fig. 1. Location of Elkhorn Slough and the SalLnas River 
syst~-m adjoimng Monterey Bay in cenkra.1 California. Numbers 
refer to mm'sh quadrat and tidal creek cross seetic,n regions 
(regions 1 and 2 comprise die lower ,slough, region ,g the n:iid 
slough, and regions 4 and 5 the upper slough). 

month ly  t empera tu re s  ranging  f rom 11.1~ in the 
winter to 15~4~ in the s u m m e r  and  m e a n  annua l  
rainfall of b5~2 cm [allmg mainly in the winter 
mon ths  (Caffrey 2002). Tides  are sen:lidiurnal with 
a m e a n  diurnal  range  of 1.7 rn (Caffrey and  Broen- 
kow 2002). 

The  d o m i n a n t  vegeta t ion in Elkhorn  Slough's  
marsh lands  is Sa~icor~ia virg~r~ic~, which almost  ex- 
clusively domina tes  the intert idal  zone  be tween ap- 
proximate ly  0.4 and  1.2 m above mean  sea level 
(Atwater and Hede l  1976; MacDonald  1988). Sev- 
eral addi t ional  species, including .Dist~chtis @icata, 
Ja~raea carnosa, b~anM.r~a, salina, and At~zp~x spp~, 
are also presen t  at the u p p e r  intert idal  or infratidal 
zones. Sci'rp~xs and Tyi+ha species are c o m m o n  m 
b r a c k i s h w a t e r  loca t ions .  2partina jbt~osa, which  
dorninates the lower intert idal  zone  at most  Cali- 
fornia salt n~larshes, is conspicuously absent  f rom 
Elkhorn  Slough and nearby  marshes ,  as are non-  
natwe congeners  ( Z i m m e r m a n  and Caffrey 2002). 
I n t roduced  terrestr iN plants, in eluding CSn~t~m.ma 
c~alatu,m and C~,~obroms ed~llia, are locally a b u n d a n t  
and invading the marsh  f rom adjacent  up lands  
('~Vasson unpubl i shed  data)~ 

E lkhorn  Slough 's  extensive intert idal  mudf la ts  
are inhabi ted  by a diversity of  inver tebrates  and are 
heavily used by birds for foraging and b reed ing  
(Harvey and Connors  2002; Wasson et al. 2002). 
T h e  s lough 's  deepe r  channels  serve as nurser ies  
for n u m e r o u s  species of fish and as feeding or ref- 
uge areas for  two mar ine  m a m m ~  species (Yoklav- 
ich et al. 1991; Barry  et al. 1996). 

Nearly 700 ha  of E lkhorn  Slougtl 's wetlands are 
m a n a g e d  for xa~ldlife arid conservat ion purposes  by 
the Cal ifornia  D e p a r t m e n t  of  Fish and Game.  Elk- 
h o r n  Slough Nat ional  Estuarine Research Reserve 
encompasses  567 ha  of the s lough 's  wetlands and 
adjacent  uplands~ O t h e r  land uses in the vicinity 
of  E lkhorn  Slough include cultivation of strawber- 
ries and o ther  crops as well as rural  residential  and 
industrial deve lopmen t  (Silberstein et aL 2002). 

J)~'LKHOR_N SLOUGH ]3NWIRONMENTAL ].[ISTORY 

Rising sea levels d rowned  a coastal valley- ap- 
proximate ly  10,000 years ago, convert ing it to a tid- 
al embayment .  InitiaUy a h igh-energy mar ine  s3,s- 
tern, several thousand years of  sed iment  deposi t ion 
and marsh  accret ion gradually t r ans formed  Elk- 
h o r n  Slough into a low-energy estuary. Broad ex- 
panses  of  Sdicor~ia developed,  f lanking a network 
of tidal channels  (Schwartz et al. 1986). T h e  s lough 
r ema ined  largely a saltwater system due to the ab- 
sence of major  riverine inputs,  a l though  sed imen t  
cores record  intervals of localized freshwater dom- 
inance ( H o r n b e r g e r  1991;.Jones 2002), likely cor- 
r e spond ing  to episodes of increased flow or chang- 
es in the course of the nearby  Salinas River sTsteni. 
Many areas of  transitional brackish,  freshwater, and 
r ipar ian habitat  developed near  occasional seeps 
and springs and at tlhe s longh 's  u p p e r  reaches.  

Native Anier icans lived m the vicinity of  the 
slough for pe rhaps  10,000 yr (Dietz et aL 1988; 
.Jones and  J o n e s  1992). Repor ts  f>om early explo- 
rat ions indicate that in tent ional  burn ing  occur red  
dur ing this time, yet sedinient  cores do not  suggest 
that  this pract ice  resul ted in significant erosion 
(Gordon  1996). Before the mid 19th century, the 
p r e d o m i n a n t  land use by European  immigran t s  in 
nor th  Monte rey  County, was cattle grazing, which 
also apparen t ly  had  a m i n i m N  effect on the s lough 
(King 1981; G o r d o n  1996). T h e  era of major  an- 
th ropogen ic  wetland changes  began  shortly after 
the Gold Rush and California 's  s ta tehood.  The  ear- 
liest maps  inc luded in this study were p roduced  
dur ing this per iod.  

With the arrival of  Amer icans  dur ing the latter 
half' of the n ine teen th  century, large areas of  wood- 
land and scrub were cleared for fuel wood and for 
the cultivation of hay and barley (Gordon  1996). 
On  the up land  sarldhills ad:jacent to E lkhorn  
Slough, the thin topsoil e roded,  deposi t ing large 
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TABLE 1. Historic maps and chea-ts. 

]3 <,v: D e s c r i p t i 0  n O r i ~ . m  

1853 General Map of Explorations and Surveys in CaKfornia 

1854 Part of the Coast of Ca[. frorn Pajaro River Southward topo- 
graphic sheet (T473) 

1855 Map of the \,icinity of Monterey Bay 
1857 Monterey Bay hychographic cheat (H5498) 
1859 Rand~o Boise. de San Cayetmlo plat 
1859 Rancho Cameros plat 
1867 Township 13 Range 2E plat 
1872 Rancho Bolas Nueva y Moro Cojo plat 
1872 Southern Pacific Railroad Pajaro Branch/Elkhorn Slough 
1873 Map of Tm-npike Road fIorfl CasCroville to "Ware House" on 

the Elkhorn Slough 
1873 'l~pogra.phical Map of Central California Together with a Part 

of Newda 
1877 Map of the Count}, of Monterey 
1885 Map of Moss, Salines, ea~d Watsonville Landings Belonging to  

the Pacific Coast Steamship Company 
1885 Map of Watsonville Landing Belonging to the Pacific Coast 

Steamship Company 
1893 Point Buchon to Point Pinos hydrographic chart  (H5400) 
1898 Official Map of Monterey Cuunty 
1901 Lower Salinas ~v'alley soil survey 
1908 Map of Monterey Com~ey 
1909 Moss Lan4ing and its Vicinity Contiguous m Monterey Bay 
1910 Monterey Bab Pajea'o Ri,~er Southward topographic sheet 

(T473a) 
1911 Monterey Be) hydrographic cheat (H5403) 
1913 Laxlds of the Empire Gun Club 
1913 Tunapike Road Between lIudson Landing Bridge a n d j ,  Henry 

Meyer Gate. 
1914 Capitola topographic quadrangle 
1917 San Juan gautista topographic quadrangle 
1925 Salines ALes soft survey 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

U.S. War DeparUnent/Pacific Railroad 
Surveys 

U.S. Coast Survey 

W, R glake/U.S. Coast Survey 
U,S. Coast Survey 
U.S. Sta'veyor General 
U,S Staveyor General 
U.S. Sta-veyor General 
U,S Sta'veyor General 
Southern Padfic Railroad 
Ltnl~Jo~n 

Califbrnia Geological Survey 

St. John Cox 
J. H. Gerber, surveyor 

j .  H, Gerber. surveyor 

U,S. Coast mid Geodetic Survey 
Lou C. Hare, Monterey Comity surveyor 
U.S. Department  of AgrieuJmre 
Lou C, Hare, Monterey Colmty surveyor 
Lou G. Hare, Monterey Cotmtv sm'veyor 
US. Coast and Geodetic Smwey 

US. Coast and Geodetic Sur~,t-y 
~-M~nold M. Baldvdn, licensed surveyor 
Lou C. Hare, Monterey County, surveyor 

U.S. Geological Survey 
U.S. Geological Survey 
US. Department  of Agrict~ttae 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

amounts  of sediment  into the wetlands (King 1981; 
Silberstein et el. 2002). Maps from the 19th cen- 
tury show a broad,  deepwater  basin at the m o u th  
of the slough between Moss Landing aud the old 
Salines River mouth .  Steamboats provided regular  
service all the way to Hudson  Landing (Fabing and 
H a m m a n  1985), and maps show the broad mare 
channel  cont inuing for ano the r  4 kin, well beyond 
the present  head of the slough. By the 1880s, sed- 
iment  deposition had made  the ciqannel too shal- 
low to pe rmi t  navigation by steamers (Van Dyke 
unpubl ished data). Intert idal  mudflats and shoals 
in the lower slough likely first appeared  during this 
period,  The  channel  above Hudson  Landing rap- 
idly filled and conver ted to marsh (Va.n Dyke un- 
published data,), By the time the first aerial pho- 
tographs used in this study were taken in the early 
19S0s, Elkhorn  Slough was a sluggish lagoon with 
limited tidal exchange for much  of the year due 
to a persistent sandbar at its mou th  (MacGinitie 
19~%). Episodes of increased sediment  deposit ion 
during the same per iod at o ther  coastal California 
locations have also been  at t r ibuted to an thropo-  
genie disturbance (e.g,, gerquis t  1978; Nichols et 

a.1, 1986; Niemi and Hall 1996; Cole and Wahl 
2000). 

HISTORIC MAPS AND AERIAL Pi~tOTOGRAPHS 

Because of' Elkhorn  Slough's coastal location 
near the historic city of' Monterey, a wealth of ma- 
terials was available for analysis, ~,~e~ obtained, con- 
verted to digital format,  georectif ied,  rnosaiced, 
and in te rpre ted  26 historic maps and charts dating 
from 1858 to 1925, and 18 aerial pho tog raph  
:flights taken between 1981 and 2003 comprising 
more than. $00 individual photos,  Table 1 lists the 
historic maps and Table 2 lists the aerial photo-  
graphs used in this study, 

w e  scanned aerial photographs  at resolutions se- 
lected to yield pixels of" approximately 0~6 m after 
:rectification~ Mosaics were assembled by extracting 
only the least-distorted effective area f rom the 
overlapping pho tographs  of each flight, Effective 
areas were identified using the proximity-funct ion 
of the ArcView Geographic Information System 
(GIS) Spatial Analyst extension (ESRI, Redlands, 
Cal i fornia) .  To min imize  distort ion,  indiv idual  
photographs  were resampled using the plane pro- 



TABLE 2. Historic aerial photographs. 
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D a t e  'i~yp e Co uni:  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

]May 1931 panchromatic 24 l : 19,500 

November 1 9 3 7  panchromatic 17 1:20,800 

August 1 9 4 9  panchromatic 16 1:21,100 

May-Jmle 1 9 5 6  panchromatic 14 1:24,500 

May-J~ly 1966 panchromatic 15 1:20,800 

May 1971 panchromatic 14 1:24,300 

April 1976 panc~rornatic 28 1:9600 

April 1980 color infrared 28 1:12,44)0 

April 1987 color infrared 21 1:12,100 

May 1989 trne color 40 

May 1992 color infrared 19 1:12,400 

December 1 9 9 9  panchrc)matie digital 6 
ortho 

Aplql 2000 n'ae color digital 40 

May 2001 color mtiared digital 6 
~AI'ttlO 

April 2003 true cc, lor digital 44) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sca l e  

0.65 rn pixel '~ 

0.66 m pLxel-: 

O. 66 m pixel-i 

0.6 m pixel < 

0.67 m pixel -~ 

0.67 m pixel -~ 

0.4 m pixel -~ 

0 . 5 2  iTi pixel-: 

0.51 re, pixel-: 
0.4 m pixel 

0.53 re* pixel--: 
0.6 m ptxd 

0.45 m ptxel i 

0.6 m pixel -' 

0.~ m ptxei 

O r l s m  

Western GuK CA1 Co./FaiK.b~d Aerial Surveys, Inc. 

U.S. Depm-tment of Agricaltm-e/Faff'chJld Aerial 
Sta'w-ys, Inc. 

U.S. Department of Agricuimre/Pm'k Aerial Su.r- 
re}s, huc. 

U.S. Department of AgTkUltuce/Aero Settee 

CorlJ. 
U.S. Department of Agrieultm-e/Cara*Tight Aerial 

8ta" w-y_% Inc. 
U.S. Deparnnent ofAgriculture/W%stern Aerial 

C o i l  t t - a  c t o l ' S  

Califbrnia Department of '~Dansportation 

California Coastal Colmnis~ion/Western Aerial Pho- 
tographs, Inc. 

Moss Landing Marine Labs./Western Aerial Photo- 
graphs, Ix,c. 

California Department of Fish m~d Game Air Ser- 
vices 

Elkhorn Slough Foundafion/Aaial Data Systems 

Court w of Monterey/HjW GeoSpatial, -Inc. 

Cafffbrnia Department of Fish and Garne >Mr Ser- 
vices 

Coung~" of Monterey/HjW GeoSpatial, 1no. 

California Deparnnent of Fish and Game Air So> 
v i c e s  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

jec t ive  m o d e l  to g r o u n d  c o n u o l  po in t s  selected 
n e a r  the p e r i m e t e r  of each iden t i f i ed  effective 
area~ G r o u n d  con t ro l  po in t s  were o b t a i n e d  f rom 
r e c e n t  0.6 m pixel  i digi tal  o r t h o p h o t o g r a p h s ,  
Rec t i f ica t ion  a n d  r e s a m p l i n g  was p e r f o r m e d  us ing  
T N T  Mips (MicroImages, L i n c o l n ,  Nebraska ) .  Mo- 
saics were t h e n  a s sembled  f rom a cut- l ine  t e m p l a t e  
u s ing  T N T  Mips, 

A variety of factors may- have c o n t r i b u t e d  e r r o r  
to ou r  digitally processed  aer iN p h o t o g r a p h  mo-  
saics. Aircraf t  tilt, t e r r a in  relief,  a n d  c a m e r a  ge- 
o m e t r y  are po t en t i a l  sources  of d i s to r t ion  on  the 
or ig ina l  pho tog raphy ,  a n d  con tac t  p r i n t i n g  a n d  
s c a n n i n g  i n t r o d u c e  a d d i t i o n a l  d i s to r t ion  (Moore  
2000).  T h e  process  of m a t c h i n g  g r o u n d  con t ro l  
p o i n t s  d u r i n g  rec t i f ica t ion  is also a source  of e r r on  
We p e r f o r m e d  a spatial  accuracy  assessment  by 
r a n d o m l y  se lec t ing  20 po in t s  w i th in  the  study a rea  
a n d  t h e n  loca t ing  iden t i f i ab le  fea tures  n e a r  each  
p o i n t  on  each  p h o t o  mosaic.  T h e s e  loca t ions  were 
c o m p a r e d  with the i r  c o r r e s p o n d i n g  loca t ions  on  
the digital  o r t hopho tos .  A l t h o u g h  res iduals  repor t -  
ed d u r i n g  rec t i f ica t ion  were cons is tent ly  less t h a n  
twice the r e s a m p l e d  pixel  size, our  accuracy  assess- 
m e n t  iden t i f i ed  a m e a n  e r ro r  of 4.8 m for the lg  
aer ia l  p h o t o  mosaics.  Pos i t iona l  e r ro r  on  the base 
o r t h o p h o t o s ,  which  would  n o t  be  iden t i f i ed  in  this 
e r ro r  assessment ,  was p r e s u m e d  to be minor .  

Histor ic  m a p s  a n d  charts  were s c a n n e d  at vari- 
ous  r e so l u t i ons  a c c o r d i n g  to the qual i ty  of' the im- 
age a n d  t h e n  georec t i f ied  to g r o u n d  con t ro l  po in t s  
s e l e c t e d  f r o m  d i g i t a l  U.S.  G e o l o g i c a l  S u r v e y  
(USGS) t o p o g r a p h i c  q u a d r a n g l e s  u s ing  a first-or- 
der  p o l y n o m i ~  mode l .  Rect i f ica t ion  a n d  resam-  
p i ing  was p e r f o r m e d  in  ArcView with the  Image  
Analysis ex tens ion .  Because  the re l iab i l iw of his- 
toric rnaps  varies a n d  is gene ra l ly  u n k n o w n ,  we 
over la id  all avai lable m a p s  f rom each t ime pe r iod  
to p r o d u c e  a compos i t e  i n t e r p r e t a t i o n  ( G r o s s m g e r  
2000).  ~ a s sume d  a level of spatial  a n d  r ep re sen -  
ta t iona l  accura  W ['or each source  a c c o r d i n g  to our  
u n d e r s t a n d i n g  of the m a p ' s  i n t e n d e d  pu rpose .  For  
example ,  early USGS m a p s  were  p r e s u m e d  to be 
h ighly  accura te  for r e p r e s e n t i n g  topography,  bu t  
less re l iab le  for  d i s t i n g u i s h i n g  we t l and  hab i t a t  
t},pes. 

HABH;AT AND TIDAL IFLOW ~r 

We i n t e r p r e t e d  his tor ic  m a p s  a n d  aerial  pho to -  
g raphs  a n d  p r o d u c e d  a spadNly accura te  ch rono l -  
ogy of six Lepresentat ive  years  (1870, 1913, 1931, 
1956, 1980, 2000) to charac te r ize  the  overall  se- 
q u e n c e  of we t l and  c ha nge s  at E l k h o r n  Slough.  T h e  
s tudy a rea  wm~ l imi ted  to E [ k h o r n  Slough;  t r ibu ta ry  
we t l ands  at C a r n e r o s  Creek  to the east a n d  Moro  
Cojo S lough  a n d  the  old Sal inas  River c h a n n e l  to 
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TABLE 3. Habitat classificat[on system. 

!~4.1sitat type Tq_-abitat c!as~ Tidal flow 

Saltamter channel  
Seagrass bed  
Restricted salt~'ater channel  
Mud or  degraded salt marsh (<25% vegeeation cover) 
Resn-icted m u d  or degraded salt marsh  (<25% vegetation cover) 
Diked m u d  or deg'm.ded salt iriarsh (<25% -~ge~ation cover) 
Degraded salt rnmsh  or m u d  ( 2 ~ 7 5 %  vegetatic~n cover) 
Restricted degraded salt rua~sh or m u d  (25-75% ,,egetation co,,er) 
Diked degraded salt marsh  or 133ud (25-75% vegetation cover) 
S/it marsh  (>75% vegetatioi~ cow-r) 
Resnqcted s i t  m e a ~  (>75% vegetation cover) 
Diked salt inarsh (>75% vegetation cce~-r) 
Redabned  former  tidal wetbarld 
Brackish&'esh m a x ~ h  o r  channel  
Restricted brac~sh-fresh mm-sh or channel  (behind tidegate) 
I m p o u n d e d  b~ackish-~esh marsh  o r  channel  (beLmd Ievee) 
R i p a r ~  wooc[land 

saltwater u.nresttJcLed 
salt'water tmrestdcted 
salb,~'ater restricmd 
m u d  m~resU:fcted 
m u d  restricmd 
m u d  no.ntidal 
salt marsh  unresn'icted 
salt marsh  resta'icted 
salt marsh  non  tidal 
salt mal~h m~restdcted 
salt marsh  restricted 
salt marsl, no.ntidal 
r e d e d  nontidal  
Desh marsh  nontidal  
flesh marsh  nontidal  
fresh ilia~ sh nondd~ 

r ipmian nontidal  

the south were excluded. Interpreta t ion :['or the 
first two periods was based on maps and is less de- 
tailed than the four subsequent  periods where ae- 
rial pho tographs  were used. We developed a pair 
of GIS layers for each time period: habitats (digi- 
tized polygons delineating generalized land use 
and land cover cla~sses) and tidal flow (digitized 
polygons delineating areas with either unrestrict- 
ed, restricted, or excluded tidal flow). The com- 
plete classification scheme is listed in Table 3, A 
consistent scale of 1:1,200 was maintained during 
digitizing for consistency. Digitizing was pe r fo rmed  
using ArcView GIS. 

For the habitats layers, we selected a set of land 
use and land cover classes based on what was in- 
dicated on historic maps or clearly distinctive on 
the o ldes t  p a n c h r o m a t i c  aerial  p h o t o g r a p h s .  
Marsh habitat indicated on maps was assumed to 
represent  areas with vegetation cover > 75%. \~rith 
aerial photographs ,  marsh habitat was classified by 
estimating the percentage of vegetat ion cover with- 
in. a 100 m square grid at our  standard 1:1,200 
scale. No distinction was made  between sparsely 
vegetated marsh (<25% cover) and unvegetated 
panne  or mudflat  because the}, are visually indis- 
t ingu i shab le  at this scale. Brack ish- f reshwate r  
marsh was distinguished ['rom salt marsh by- its 
greater textural variance (SaSco~rda marsh is uni- 
formly gray on parmhromatic  aerial photographs)  
and an absence of tidal channels~ No at tempt was 
made  to differentiate subtidal from intertidal areas 
as tidal heights varied between aerial pho tog raph  
series. The main channel  boundary  was deter- 
mined either by- tlhe water line (maps and photo-  
graphs at higher tides) or by a visible line on the 
mudflats at approximately meat, high water (pho- 
tographs at lower tides)~ 

For the tidal flow layers, we began by digitizing 

lines represen ring either intact or breached levees. 
Levees were interpreted as breached if an aerial 
pho tograph  showed evidence of tidal channels 
flowing th rough  or a round  the levee. We also lo- 
cated road arid railroad embankments  and tide- 
gates. We then digitized polygons to delimit areas 
with unrestricted tidal exchange (e.g., undiked) ,  
areas with res t r ic ted  tidal flow (e.g., b e h i n d  
breached levees and tidegates), and nontidal  areas 
(e.g,, behind  intact levees). Areas with brackish- 
freshwater habitat behind intact levees or gates 
were classified as impounded ;  a r e ~  without wet- 
land vegetation belhind intact levees or gates were 
interpreted as reclaimed. 

To assess the accura W of our interpretat ion of 
habitats and tidal flow from aerial photographs ,  we 
visited the 20 locations that we randomly  selected 
for spatial accurs t  T assessment and compared  
g round  truth observations wffh our  interpretat ion 
of the 2000 aerials. In all but  one case, field ob- 
servation and photo  interpretation, matched exact- 
ly~ The single disagreement  involved percent  cover 
in an. area of deteriorat ing marsh, and may rep- 
resent a change between the 2000 photo  date and 
the 2004 field visit~ In m~y case, because we could 
not  per form similar accuracy assessment with ea> 
lier aerial pho tographs  and maps, we did no t  mod- 
ify, our  interpretat ion as a result of this g round  tru- 
thing. 

!V~c.RSH AND '[ 'IDAL CREEK TIME SERIES 

We pe r fo rmed  detailed quantitative analysis of 
fixed quadrats using aerial pho tographs  take~ at 
12 different dates between 1931 and 2003, and of 
tidal creek cross sections using aerials taken at 13 
dates betwee:n 1981 and 2003, Five regions of Elk- 
ho rn  Slough's  tidal wetlands were studied, encore- 



passing all areas  that have r em a i ned  undiked  
t h r o u g h o u t  the 725r  study per iod  (Fig. 1). 

To quantify changes  m vegeta ted  marsh  cover, 
we divided the study area  into 196 100 X 100 m 
quadrats~ Within each quadra t  (and each date) ,  we 
d e t e r m i n e d  the p r o p o r t i o n  of salt marsh  vegeta- 
tion versus unvege ta ted  habi ta t  (mud and water).  
We developed a custom, interactive ArcView Spa- 
tial Analyst appl icat ion to p e r f o r m  semi-au tomated  
image interpreta t ion.  This  tool allowed us to rap- 
idly de t e rmine  the precise grayscale value that  
would trace isoline boundar ies  be tween vegeta ted  
and  unvegeta ted  por t ions  of  each quadra t  and au- 
tomatically p r o d u c e  the co r re spond ing  set of  poly- 
gons  in an ArcView shapefile. Grayscale values 
were adjusted for every quadra t  to account  for con- 
trust variat ions within and be tween pho tographs .  
For in te rpre ta t ion  consistency, all analysis was p e >  
fo rmed  on grayscale imagery;  for years wt,ere color 
or color infrared imagery  was available, we per- 
f o rmed  red-green-blue to hue-saturat ion-intensi ty 
conversion (Jonson 1996) and in te rp re ted  only the 
in tens i~  componen t .  

Tidal creek changes  were quant if ied by measur-  
ing the width of 19(; cross sections within the 
marsh  dra inage  network. These  sampl ing  locations 
were chosen to include every major  segment  of  ev- 
ery creek that  was visible on the 19S1 pho tographs .  
Cross section width was def ined as the distartce be- 
tween vegeta ted  creek banks and was n .easured at 
each poin t  (and each date) with the aid of  a cus- 
tom,  interactive ArcView GIS script. In  some areas, 
marsh land  has complete ly  conver ted  to unvegetat-  
ed mudf la t  in recent  years. In these cases, cross 
section width was def ined as the distance to the 
neares t  r ema in ing  recognizable  f r agm en t  of marsh  
vegeta t ion  in the most  recen t  p h o t o g r a p h  where  
such r emnan t s  were still visible. 

To d e t e r m i n e  the significance of changes  in salt 
marsh cover, we p e r f o r m e d  repea ted  measures  
analysis of  var iance (ANO~v\A) on mean  pe rcen tage  
of vegeta ted  area  within the quadrats  with year  as 
within-sample factor  and  region as between-sample  
fiacton Covet- percen tages  were arcsin t r ans fo rmed  
to m e e t  the assumpt ions  of  .~N'O\(~ (Sokal and  

q Rohlf  1~9a). To test the significance of changes  m 
tidal creek cross section widths, we p e r f b r m e d  re- 
p e a t e d  m e a s u r e s  ANOVA on log t r a n s f o r m e d  
creek width with year  as within-sample factor  and  
region as between-sample  factor, To de t e rmine  the 
significance of changes  be tween pairs of  years, we 
p e r f o r m e d  Fisher 's  p ro tec ted  least significant dif- 
fe rence  (PLSD) post-hoc compar i son  (p < 0.05)~ 
Statistical analysis was p e r f o r m e d  with StatView 
software (SAS Insti tute Inc., Cary, Nor th  Carolina) ,  
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R e s M t s  

HABITAT AND TIDAL FLOW .%~PPINO 

Elkhorn  Slough has u n d e r g o n e  dramat ic  chang- 
es in the extent  and distr ibution of  wetland habi ta t  
types dur ing the past  150 yr. These  changes  are 
il lustrated t0y six pairs of themat ic  maps  (Fig. 2) 
and  smnmar ized  by a co r respond ing  pair  of charts  
(Fig. 3). Two major  t rends are apparent :  an  initial 
decrease and subsequen t  recovery  of total acreage  
u n d e r  tidal inf luence and a cont inuing decrease of 
salt marsh  acreage~ Since 1870, m o r e  than two 
thirds of  the s lough 's  salt marsh  has ei ther  degrad-  
ed or conver ted  to o ther  habi ta t  types. The  m a p >  
ity of this loss occur red  during the middle  third of 
the study per iod,  concu r r en t  with a per iod of ex- 
tensive diking that  ei ther  restricted or complete ly  
excluded tidal exchange  f rom m o r e  than half  of' 
the s lough 's  wetlands. Marsh loss has slowed some-  
what during the Final decades  of  the study, con- 
cur ren t  with an era of breaching  levees and res- 
tora t ion of tidal flow to forn .er  wetlands, a l though  
the extent  of degraded  f o r m e r  marsh  and  unve- 
geta ted mudf la t  cont inues to i nc re~e .  T h e  total 
wetland area  decreased slightly tlhrough the study 
per iod due to the conversion, of marsh  to up land  
vegetat ion.  

During the per iod between 1870 and 1956, m o r e  
than 60 km of levees and  e m b a n k m e n t s  were con- 
s tructed,  reduc ing  tlhe range  of unobs t ruc ted  tidal 
inf luence by 59%. Dur ing  the same per iod,  the ex- 
tent  of' intact salt marsh  habi ta t  (vegetat ion cover 
> 75%) decreased by 66%. Within this era of ex- 
tensive diking and salt marsh  loss, the acreage  of 
fbur  habi ta t  types increased. Between abou t  1900 
and 191,8, m o r e  tha.a 90 ha  of salt marsh  was con- 
ver ted  to fresh and brackish habitats  t h rough  the 
i m p o u n d m e n t  of  freshwater  within created ponds  
and  marshes,  a l though tlhe extent  of these habi ta t  
types eventually decreased after  m a  W of' the levees 
were abandoned .  Between abou t  1900 and 1956, 
97 ha  of the s lough 's  salt marsh  conver ted  to un- 
vegeta ted  mudf la t  (vegetat ion cover < 25%),  pri- 
marily within a complex  of diked salt evaporat ion 
ponds ,  and a n o t h e r  95 ha  conver ted  to degraded  
.marsh (vegetat ion cover < 75%). Between 1931 
and 1956, 275 ha, m o r e  than 30% of E lkhorn  
Slough 's  :remaining salt marsh ,  were dra ined  and  
rec la imed for agricultural  use. 

Af t e r  1956, the p a t t e r n  of  t idal  r e s t r i c t ion  
abrupt ly  reversed as a result  of  accidental  and  in- 
tent ional  levee breaches~ As little as 4 km of levees 
r ema ined  intact by 2000, and the acreage  unde r  
tidal inf luence (with ei ther  unres t r ic ted  or partially 
:restr icted flow b e h i n d  culver ts ,  t idega tes ,  or  
b reached  levees) slightly exceeded what it ihad 
been  in 1913. Despite  this reversal, salt marsh  c o n -  
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t i n u e d  to de ter iora te .  D u r i n g  tlhe pe r iod  b e t w e e n  
1980 a n d  2000, 45 ha  of fo rmer ly  vege ta ted  m a r s h  
conve r t ed  to m u d f l a t  a n d  shal low water  at the 
s lough ' s  u p p e r  east side, a r e g i o n  that  never  ex- 
p e r i e n c e d  extens ive  diking.  By 2000, f46% of Elk- 
h o r n  S lough ' s  tidal we t l ands  had  conve r t ed  to un -  
vege ta ted  m u d f l a t  a n d  an a d d i t i o n a l  21% conver t -  
ed to d e g r a d e d  m m s h ,  a hab i t a t  ca tegory  that  was 
n o t  p r e s e n t  p r io r  to i[913, T h e  ex teu t  of h igh-qual -  
it?" salt ma r sh  in  2000 was 207 ha,  23% of what  it 
was a c e n t u r y  earlier. 

MARSH AND TIDAL CREEK TIME SERIES 

Vege ta t ion  cover across E1khorn  S lough ' s  marsh-  
es has dec reased  dramat ica l ly  s ince  19,31, a n d  this 
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Fig. 4. Mean pereenrage of salt marsh vegetation cover vdth- 
in 196 qua~a~s m 5 regions, 1931-2003. Line is mean for all 
regions. Error bars represent 1 stmldard error. 

t r e n d  acce le ra t ed  d u r i n g  the f inal  decades  of ou r  
study. Clear  d i f fe rences  are a p p a r e n t  b e t w e e a  the 
lower a n d  mid  s lough  ( reg ions  1, 2, a n d  S) a n d  
the u p p e r  s lough  ( reg ions  4 a n d  5). M u c h  of the 
u p p e r  s lough,  which  was once  dense ly  vege ta ted ,  
is now  comple t e ly  unvege ta t ed ,  T ida l  creek width  
has also inc reased  s ince  19,81 a n d  exhibi ts  a s imilar  
rate of accelerat ion~ I n  the u p p e r  s lough,  m a n y  for- 
m e r  creeks a n d  p a n n e s  have comple te ly  degene r -  
a ted in to  o p e n  mudf la t ,  T h e s e  resul ts  c o n f i r m  the 
t r e n d  of salt ma r sh  d e g r a d a t i o n  a n d  loss tha t  was 
a p p a r e n t  [~:om ou r  b roadsca le  hab i t a t  m a p p i n g ,  

T h e  m e a n  p e r c e n t a g e  of salt ma r sh  v e g e t a t i o n  
wi th in  196 q u a d r a t s  in  five r eg ions  d i s t r ibu ted  
t h r o u g h o u t  E l k h o r n  S lough ' s  u n d i k e d  m a r s h l a n d s  
dec reased  f rom 89.6% in 1931 to 46.4% in 2003 
(Fig. 4). Di f fe rences  in  vege t a t i on  cover  were sig- 
n i f i can t  b e t w e e n  the five r eg ions  ( r epea ted  mea-  
sures  ANO~vT\, F - 9,2, p - 0.0001),  be tween  the 
12 yr (F - 469.9, p - 0.0001),  a n d  for the inter-  
ac t ion  b e t w e e n  r e g i ons  a n d  years  (F - 42,4, p - 
0.0001), Vege ta t ion  cover changes  were s ign i f ican t  
be t w e e n  all pairs  of years  except  those i m m e d i a t e l y  
s u r r o u n d i n g  a t e m p o r a r y  p e r i o d  of  r e c o v e r y  
( 1 9 5 6 - 1 9 7 6 ,  1 9 5 6 - 1 9 8 9 ,  a n d  i [ 9 7 6 - 1 9 8 0 ) .  T h e  
m a g n i t u d e  of ma r sh  loss inc reased  with i nc r ea s ing  
d is tance  [i~om M o n t e r e y  Bay. M e a n  vege ta t i on  cov- 
er for r eg ions  1, 2, a nd  S in  the lower  a n d  mid  
s lough  was 89,6% in  1931, dec reas ing  to 60.8% by 
2003, T h e  rate of ma r sh  loss in  the  lower  s lough  
was relatively gradua l ,  M e a n  cover for r e g ions  4 

Fig, 2. Tidal flow and ihabitat mapping. 1870 (a,b): Unrestaicted tidal flow; extensive salt marsh; natural salt pan~,es present at 
lower slough. 1917 (c,d): Levees ihave been constructed at lower slough fbr salt production and east of the raih-oad to create flesh 
or brackM1 ponds and marsh withixl artifidal irnpoun~nent~. 1931 (e,f): 71des ha,~e been restricted or excluded from expanded salt 
production ponds and reclaimed salt marsh; marsh has stm'ted to degrade at areas ~vJt5 restricted or excluded tides, i[956 (g,h): More 
than 60 1~1, of levees exclude tides from 59% of wetlands; salt ponds and reclamation ha,~e reduced salt marsh acreage by 66%; lmge 
areas of marsh degrading at mldiked regions of lower arid mid slough. 1980 (ij): Breaching of levees rean'ning [low to diked or 
reclaimed former wetlands; undiked areas of lower and mid slough show noticeable salt mm'sh recovery; degraded marsh expanding 
at upper slough. 2000 @,I): Less than 4 km of hltact levees remain; tidal flow returned to most former wetlands; 77% of original salt 
marsh degraded or converted to mudflat; losses great<-st at eastern and upper slough (Red lines represent ixltact levees, blue lines 
breached levees). 
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and  5 in the u p p e r  slough was 89.9% in 1931, but  
decreased  to 21.1% at region 4 and  4.1(~) at region 
5 by 2003. The  rate of  marsh  loss in the uppe r  
slough accelera ted  in the 1970s, slowed somewhat  
in the 1980s, and then  accelera ted rapidly th rough  
the  1990s. All r e g i o n s  e x h i b i t e d  a p e r i o d  o f  
m a r k e d  de ter iora t ion  in the 1950s fbl lowed by a 
per iod  of  recovery  in the 1960s; this t rend  was 
somewhat  m o r e  p r o n o u n c e d  in the lower slough. 
Figure 5 illustrates tlhis loss and  recovery  within re- 
gion 1. 

A more  complex  pa t te rn  emerges  when changes  
in vegetat ion cover are depic ted  geospatially. Fig- 
ure 6a,c,e illustrates the annual ized  change  at each 
quadra t  dur ing  the intervals 11931-1956 (2b yr), 
1956-1980 (24 yr), and  1980-2003 (23 yl) ,  respec- 
tivel F Dur ing  the first third of  the study per iod,  
the rate of  marsh  loss was general ly high (>0.5~}., 
yr 1) to very high (>1 .0% yr 1) in the lower slough 
(regions 1 and  2) and m o d e r a t e  (>0 .25% yr 1) in 
the mid  and  u p p e r  slough (regions 3, 4, and  5). 
For m u c h  of  this first interval,  the overall  rate of  
change  was low, but  accelera ted  rapidly after 1949. 
About  one  third of  the quadrats  in tile uppe r  
slough did not  follow this trend; these quadrats,  
which were typically adjacent  to large tidal chan- 
nels, expe r i enced  minimal  change  before  the 
1960s. Dur ing the middle  third of  the s tu@ per iod,  
dif ferences  between the lower and  u p p e r  slough 
became  even m o r e  stIiking. The  m~-gority of  quad-  
rats in the lower Slough, the mid  slough, and  the 
eastern third of  the uppe r  slough showed ei ther  
little change  or an increase in vegeta t ion cover. 
About  half' of" the lower slough quadrats  experi-  
enced  m o d e r a t e  to rapid  recovery  (>0 .25% yT x). 
In conlrast,  eveIy quadra l  in the western por t ion  
of  the u p p e r  s lough expe r i enced  high or very high 
rates of  marsh  loss dur ing  this second interval. By 
the final third of  the s tu@ per iod,  mode ra t e  to 
high rates of  marsh  loss had r e t u r n e d  to the lower 
slough and losses in the uppe r  s lough were uni- 
ti)rmly very high. 

The  m e a n  cross section width of  ] 96 tidal creeks 
in und iked  areas increased f l om 2.5 in in 19311 to 
12.4 m in 2003 (Fig. 7). Dift 'erences in creek width 
were significam between the 13 yr ( repea ted  mea-  
sures A N O \ ~ ,  F = 257.3, p = 0.0001) and  for  the 
in teract ion be tween regions and  years (F = 3.1, p 
= 0.0001), a l though  not  significant between re- 
gions (F = 0.7, p = 0.(5). ( ; reek width changes  were 
significant be tween all pairs of' years except  im- 
Inediately successive pairs (1937- i949,  1956-1966, 
1978-1980, 1987-1992, and 2000-2001).  Increas-  
ing tidal creek width was re la ted  to distance f rom 
Monterey  Bay. In the 1930s, mean  creek width was 
bem-een 2 and  2.5 m within all five regions.  By 
2003, mean  (:reek width in all fon t  regions of" the 

Fig. 5. Rapid salt marsh loss and temporary recovery within 
region 1. (a) Intact salt marsh, 1937 aerial photo. (b) Degraded 
vegetation in marsh interior, 1956 aerial photo. (c) Temporary 
vegetation recovery, 1980 aerial photo. 

lower and mid  slough (1, g, 3, and  4) was between 
9 and  11 m. At the far u p p e r  slough (region 5), 
m e a n  width had  increased to 17 m. At a n u m b e r  
of  sampl ing points  m region 5, vegetated banks 
were no  longer  p resen t  after  2000. Fig. 8 il]ustrates 
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Fig. 6. Annua l i zed  change,  vegetat ion cover and  tidal creek width. 19Bl-1996: (a) I-{igh to very h g h  marsh  loss at lower slough; 
modera t e  loss at m~d and  upper  siou,~h. (b) Low to modera te  overall tidal creek v,~dth increase. 1956-!980: (c) Little change  or 
marsh  recovery at lower and  mid slough- very h igh  loss at uppe r  slough. (d) P~igh to very h g h  creek width increase at upper  s lough 
and  sou the rn  part  of  lower slo~gh; low to rr, oderate increase elsewhere, i98&-200B: (e) J o d e r a t e  to hivgh marsh  loss at lower and  
mid  slough; very h igh  loss at uppe r  s]o'Agh. (~ bfoderate  to very h igh creek width increase at io;ver and mid  slough; very h g h  increase 
at upper  slough. 

this evolution ~rorn a. network os tidal creeks to 
open  mudfla t  within region 5. No per iod  ot- sigmf- 
icant recovery was evident  in any of  the regions. 

A geospafial depictior,  os a.nnualized chartges in 
creek width dur ing  the intervals 1931-1956, 19~6- 

1980, and 1980-2003 is shown in Fig. 6b,d,f. The  
rate of  c reek  widening was generally low to mod- 
erate (<0.1 m yT -~) dur ing  the first third of  the 
study period,  with a somewhat  lower overall rate in 
the upper  slough. A small n u m b e r  os creek cross 
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Fig. 7. Mean cross section width  of 196 tidal creeks in un- 
d iked  areas, 1951-2005. Line is rnean fD:r an regions.  Error  bars  
r ep re sen t  1 stm~dard erro~t 

sections exper ienced  high (>0,1 m yr--*) or very 
high (..'>-0.25 m yr-*) rates of' change during this 
ini t ia l  i n t e rva l ;  t hese  la rge  i n c r e a s e s  o c c u r r e d  
a long several of  the s lough 's  widest channels.  Dur- 
ing the n, iddle third of the study per iod,  differ- 
ences between the lower, mid,  and  u p p e r  regions  
of the s lough became  increasingly apparent .  Al- 
though  tlhe rate of change  r ema ined  low to mod-  
erate t h r o u g h o u t  mos t  of' the study area, a n u m b e r  
of creeks in the sou the rn  por t ion  of the lower 
slough ( reg ioa  2) and the western  por t ion  of the 
u p p e r  slough (regions 5 and  m u c h  of region 4) 
widened at h igh to very h igh  rates. By the final 
third of  the study per iod,  rates of  tidal creek wid- 
ening were uniformly m o d e r a t e  to very h igh  across 
the lower and  mid s lough and p redomina te ly  very 
high in the u p p e r  slough. 

Discussio~l 

(7~AUSES OF TIDAL V~TETLAND HAg.[TAT GtIANGE 

V?e have d o c u m e n t e d  dramat ic  shifts in the ex- 
tent  and  distribution of wetland habi tat  types at 
E lkhorn  Slough during the past 150 yr. These  
changes  ca.l.t la:rgely be a t t r ibuted to contrast ing an- 
th ropogen ic  inf luences  on the s lough 's  hydrologT: 
restrict ions to the range  of tidal flow that  occur red  
earlier in the study per iod  and expans ion  of tidal 
range,  ampl i tude ,  and velocity- that  have occur red  
m o r e  recently, 

Tidal wetlands adjust to a dynamic equi l ibr ium 
of erosional  and deposi t ional  processes th rough  a 
un i fo rm distribution of channe l  bed shear stress 
and  a balancing of m o u t h  cross,sectional a rea  to 
tidal vo lume  (Allen 2000). Reduct ion  of tidal 
pr ism vo lume  due  to restricted tidal flow (e.g., dik- 
ing) can result  in channel  shoal ing and m o u t h  clo- 
sure, w.hile an enlarged tidal pr i sm due  to expand-  
ed tidal flow (e.g., levee breaching)  drives channe l  
erosion (O 'Br ien  i[981; Williams et ak 2002). 

~est'r~ct~ons to T~dal Flow 

Diking and draining of wetlands was the key driv- 
er of es tuarme habi ta t  change  dur ing the initial 
100 yr of the study period.  In. 1872, a raised em- 
bankrnen t  for the Sou the rn  Pacific Railroad was 
const ructed th rough  marsh lands  on the east side 
of  E lkhorn  Slough (Fabing and H a m m a n  1985). 
This  l inear feature  separated m o r e  than oae  third 
of  the s lough 's  wetlands f rom the main channel .  
Despite their  physical separat ion,  these wetlands 
r ema ined  largely intact  fbr several decades,  likely 
due to the cons t ruc t ion  of' br idges and cuNerts 
that  pe rmi t t ed  con t inued  tidal flow u n d e r  the rail- 
road, 

In  the early 20th century', landowners  began to 
isolate wetlands east of tlhe rai lroad e m b a n k m e n t  
f rom tidal flow by- blocking cuNerts and  creeks un- 
der  bridges. Dur ing the same per iod,  tidal ex- 
change  was excluded f rom addi t ional  wetland acre- 
age as levees were const ructed for various purposes  
(Silberstein et al, 2002). Beginning a round  1900, 
spor t smen  purchased  tracts of t ideland and man-  
aged abou t  120 ha  as waterfowl habi ta t  by- irn- 
pound ing  fi~eshwater beh ind  dams across inlets 
aad  levees a round  artificial ponds  (Grinnell  et aL 
1918). In  the following decades,  an addi t ional  120 
ha  of marsh  were diked and r emoved  f rom tidal 
inf luence to create salt evapora t ion  ponds  for  the 
Monte rey  Bay- Salt Vgorks (Vet Planck 1958). Be- 
tween the 1920s and 1940s, approx imate ly  600 ha  
of f o r m e r  tidal wetlm~d were conver ted  to agricul- 
tural uses, part icularly pas ture land  for dairy ope>  
ations (King 1981). Several addi t ional  wetland ar- 
eas on the pe r iphe ry  of the s lough were isolated 
fi~om tidal flow by the const ruct ion of roads. By 
1956, these p r q e c t s  had resulted in a 45% de- 
crease in tidal range  and  a 60% loss of  salt marsh  
acreage. 

F, xpansioa o/ TidaI Flow 

Prior to 1947, E lkhorn  Slough was a deposi t ional  
system with r educed  tidal volume,  the result  of ex- 
tensive diking and rec lamat ion  of t idelands and 
tlhe clearing of adjacent  uplands.  Tidal energy was 
muted  due to shoal ing in. the lower channe l  and a 
persistent  sand bar  at the natural  m o u t h  into Mon-  
terey Bay,, 0,5 km nor th  of the s lough on the Sali- 
nas River (Gordon  1996). 

In  1947, the U.S. Army Corps  of  Engineers  con- 
s tructed an artificial channel  to a c c o m m o d a t e  ves- 
sel traffic into a newly created iharbor at Moss 
Landing  (Silberstein et al. 2002). This  deeper,  ~dd- 
er m o u t h  is directly in line with the s lough 's  main 
c h a n n e l  and is kept  clear with jet t ies  and per iodic  
dredging.  The  result  was an immed ia t e  inccease in 
the velocity- and  ampl i tude  of tidal exchange  within 



the slough (\,Vong 1989). S t ronger  tidal flow, great- 
er  tidal reach,  and  a mismatch  be tween the larger  
open ing  and  the estuary 's  shallow, m e a n d e r i n g  
channels  and  creeks ab rupdy  t r ans fb rmed  the 
slough into a highly erosional  system. In the years 
since 1947, the main  channe l  has rapidly increased 
in both  width and  depth ,  result ing in an increase 
in vohnne  of  over  200% ( C r a m p t o n  1994; Malzone 
1999). Field m e a s u r e m e n t s  r ecord  bank  erosion 
rates m~eraoing 0.5 m vr ~ between 2000 and  2004 
(Wasson unpubl i shed  data).  

Grea te r  tidal energy, increased tidal ampl i tude ,  
and  ex tended  per iods  of  marsh  inunda t ion  result- 
ing f rom the 1.~4 t open ing  are ahnost  certainly the 
pr incipal  causes of  marsh  degrada t ion  and  tidal 
creek widening dur ing  the mos t  r ecen t  five de- 
cades of  the study period.  O u r  marsh  quadra t  and  
tidal c reek  analyses show that  convers ion of  salt 
marsh  habi ta t  to nmdf la t  and  the widening of  tidal 
creeks accelera ted  to significant levels only after  
1949, t iming that  coincides with the artificial char> 
nel opening .  

Dur ing  the final two decades  of  ou r  study, imen-  
tional and  unin ten t iona l  b reach ing  of  levees al- 
lowed tidal flow to re tu rn  to many  of  the s lough's  
d iked f b r m e r  wetlands. I t ab i ta t  restorat ion re- 
t u rned  full flow to abou t  120 ha at E lkhorn  Slough 
N a t i o n a l  E s t u a r i n e  R e s e a r c h  R e s e r v e ' s  Sou th  
Marsh in 1983, Rfllowed by the re tm'n  of" partial  
flow ( th rough  tidegates) to an addit ional  40 ha at 
Nor th  Marsh in 1985. Dur ing  the same per iod,  le- 
vees at Pro'sons Slough and  the a b a n d o n e d  salt 
works failed, as did n u m e r o u s  smaller  levees. In 
less than  a decade,  E lkhorn  Slongh's  tidal pr ism 
e x p a n d e d  b v abou t  30% (Malzone 1999). The  re- 
sult was significantly h igher  tidal velocities (V~r 
1989), accelera t ing the rate of  tidal erosion in 
channels  and  creeks. Expand ing  channels  and  
creek networks drNe a positNe feedback  loop by 
fu r the r  enlarging the tidal p r i sm and by ex tend ing  
the reach of  tidal flow d e e p e r  into the marsh.  

Pat terns  of  marsh  degrada t ion  and  tktal creek 
widening varied by region and  by pe r iod  (Fig. 6). 
In the decade  following the 11947 opening ,  the rate 
of  vegeta t ion loss was greatest  in regions neares t  
the new artificial mouth .  Dur ing  the subsequent  24 
yr, losses were ext remely ~ high in regions thrthest 
f r o m  the new m.outh, while the lower and  mid  
slough exper i enced  min imal  marsh  loss and,  in 
many  cases, significant recovery, This  per iod  of  re- 
newed accret ion in the lower slough probably  re- 
sulted f rom the onset  of  h igh erosion rates fa r ther  
up the slough, as large volumes  of  s ed imen t  began 
to be dis lodged and  t ranspor ted .  In any case, the 
recovery  was short-lived. Dur ing  the final 23 yr o f  
the stud)5 high rates of  marsh loss and  tidal creek 
widening r e t u r n e d  to the lower slough. At the 
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Fig. 8. Evolution of" salt marsh to mudflat within region 5. 
Dark areas are salt marsh, light areas umegemted. (a) Tidal 
creek network and growing imerior pannes, 1980 aerial photo. 
(by I)eteriorated marsh largely converted to open mudflat, 200 [ 
aerial photo. 

same lime, rates of  loss have accelerated to uni- 
i'orufly very high levels t h r o u g h o u t  the u p p e r  
slough. 

The  exact m e c h a n i s m  by which increased tidal 
ampl i tude,  velocity,, and volume have caused marsh  
vegeta t ion to degrade  is unclear.  Surface erosion 
may be reduc ing  elevations to benea th  the level 
where  SaLicornia can snrvNe, a l though  cu r ren t  ve- 
locities within the marsh  are typically too low to 
e rode  the substrate (Lowe 1999). S t ronger  cm:  
rents  may result  in decreased  sed iment  deposi t ion,  
gradually lowering the marsh  plain (Or r  et al. 
2003). Vegetation th inning  appears  to progress  
f rom the in ter ior  o f  the marsh,  init iating the fo> 
mat ion  of  growing m u d  pannes  (Fig. 8). In time, 
only a fr inge of  vegeta t ion remains  a long the banks 
of  channels  and creeks; eventually these banks de- 
ter iorate  as well, leaving an expanse  of  mudflat .  
The  pa t te rn  is consistent  with o the r  repor ts  o f  
marsh  degrada t ion  result ing f rom relative lowering 
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of the marsh  plain and an accompany ing  increase 
in the f r equen t  T and  dura t ion  of  inunda t ion  (Phil- 
iips 1986; Kearney et al. 1988; DeLaune  et al. 1994; 
Downs et al. 1994; Har t ig  et al. 2002). 

Add~tior~a2 Po.s.sible Cayuses of Change 
Although  we at t r ibute  the changes  we have doc- 

u m e n t e d  largely to diking, channe l  construct ion,  
levee breaching,  and  o ther  an th ropogen ic  modifi-  
cations to tidal flow, several addi t ional  factors 
might  cont r ibute  to wetland habi tat  change  at Elk- 
h o r n  Slough. 

Before  1909, the Salinas River shared a c o m m o n  
m o u t h  with E lkhorn  Slough. Redirect ion of the riv- 
er directly into Monte rey  Bay in 1909 el iminated 
this seasonal source  of freshwater  and sed iment  
(Go~don 1996). Decreased sed imen t  input  is re- 
por ted  to be a pr incipal  cause of salt marsh  loss at 
some locations, and red i rec t ion  of the Salinas Riv- 
er likely r educed  the supply- of  sed iment  to Elk- 
h o r n  S1ough ' s  t idal  we t l ands ,  a l t h o u g h  h ighly  
erodible  soils, steep slopes, and extensive agricul- 
tural and residential  deve lopmen t  adjacent  to the 
slough cont inue  to provide  large quanti t ies of sed- 
imen t  (Diekert  and Turtle 1985). 

Relative sea level increase is a cause of wetland 
habi tat  change m many  regions,  a l though  the rate 
of  eustatic sea Ievel rise on the central  California 
coast is relatively low and not  likely to outpace  the 
rate of" marsh  accret ion (Atwater et al. 1977). If  a 
change  in relative sea level is cont r ibut ing  to we> 
land loss at E lkhorn  Slough, it is m o r e  likely the 
result of" land subsidence (Patrick and DeLaune  
1990). Lowe (1999) suggests that  rapid salt marsh  
ioss in the u p p e r  slough may have been due to a 
d rop  in the marsh  plain following the 1989 L o m a  
Prieta ear thquake,  a l though our  results reveal not  
a single episode,  but  a t rend of marsh  loss that 
began  decades  before  the 1989 event. Subsidence 
of the marsh  plain migh t  also result  f rom ground-  
water  overdraft.  Groundwa te r  levels in the E lkhorn  
Slough area  have been  falling since the 1950s, al- 
though  the magn i tude  of associated land subsi- 
deuce  is unkn.owTt (Fugro Wrest 1995). 

Biotic factors such as disease and herb ivory  are 
also potent ia l  causes of wetland habi ta t  change  
(e.g., Miller et al. i[996). Marsh degrada t ion  is oc- 
curr ing rapidly in undiked  area,s at E lkhorn  Slough 
while areas v~qth extremely- l imited tidal flow are 
relatively unaffected.  It is unclear  how disease or 
herb ivory  migh t  be linked to these t ,ydrological 
conditions.  

EFFECTS OF HABITAT CHANC.E ON 
BIOLOGIC&~L COMMUNITIES 

T h e  consequences  to E lkhorn  Slough's  plant  
and  animal  communi t ies  from 150 yr of hydrologic  

al terat ion and habi ta t  change  are poorly under -  
stood. Addi t ional  studies a imed  at unders t and ing  
the effects of  a dramat ic  decrease in salt marsh  
a c r e a g e ,  c o r r e s p o n d i n g  i n c r e a s e s  in i n t e r t i d a l  
trmdflats and  pannes ,  and  enlarged subtidal  chan-  
nels and  creeks will be [ iandamental  to future  con- 
servat ion planning.  

Only abou t  8% of con te rminous  U.S, salt marsh  
acreage  occurs a long the Pacific Coast  (Field et al. 
1991), so the degrada t ion  or loss of m o r e  than two 
thirds of" E lkhorn  Slough 's  salt marsh  is ext remely 
significant. In  addi t ion  to providing a variety, of key 
ecowstem services, such as t rapping  sed iments  and  
filtering nutr ients  f rom upland  runoff ,  Cal i fornia 's  
tidal marshes  provide fbod or habi ta t  for  a variety 
of organisms including shore  crabs (Mer~igrait~sus or- 
egonensis) and song sparrows (Meto@fza ~dodia), as 
well as suppor t ing  various th rea tened  animals,  in- 
cluding the California c lapper  rail (Raff'us goregiros- 
t~s obsdet~s) and California  brackishwater  snail 
(Tryonfa imitator) (Zedler  1996b; Wasson et al. 
2002). .As Elkhorn  Slough 's  marsh lands  have de- 
g raded  or conver ted  to other  habi ta t  a/pes dur ing 
the past century, salt marsh  associated faunal com- 
muni t ies  have undoub ted ly  decl ined in a b u n d a n c e  
and  distribution.. 

A less a p p a r e n t  c o n s e q u e n c e  of  E l k h o r n  
Slough's  ihistory of hydrologic modif icat ions has 
been  the loss of transit ional vegeta t ion  communi -  
ties. Before dikes were const ructed to segregate tid- 
al f rom aont ida l  habi ta t  types, wetlands at the m a >  
gins of the s lough were subjected to ex t reme  vari- 
at ions of' saliniw and inunda t ion  reg imes  as a result 
of per iodic  wcles  as well as occasional,  episodic 
events. During the decades  since tlhe 1940s, nu- 
me rous  surface streams, springs, and seeps in the 
vicinity of E lkhorn  Slough have d isappeared ,  pre- 
surnably due to lowered g roundwate r  levels result- 
ing f rom agricultural  and domest ic  p u m p i n g  (Van 
7D/ke unpubl i shed  data).  Al though  our  habi ta t  
maps  del ineate  the s lough 's  vegeta ted  wetlands as 
uni formly  salt marsh  dur ing the earliest periods,  a 
variety of  small patches  of f reshwater- inf luenced 
vegeta t ion undoub ted ly  existed in the viciniw of 
f 'reshwater features  (Hayward 1931). Vegetat ion 
types adap ted  to ex t reme  salini W fluctuat ions are 
now very u n c o m m o n  within Elkhorn  Slough's  
modif ied  tidal wetlands. Because these brackish 
m~d trar~sitional wetIm~d habi ta t  ~ p e s  are increas- 
ingly- �9 u n c o m m o n ,  species associated with these 
condit ions (e.g., the t idewater goby, E'uc},cgogoSius 
r,#~berr),i), which were likely once relatNely com- 
m o n  at E lkhorn  Slough, are now very rare  (Yok- 
lavich et al. 2002)~ 

.As Elkhorn  Slough 's  intert idal  habitats  have un- 
de rgone  changes,  adjacent  sub t id~  communi t ies  

r have been  affected by the s lough s al tered hydrol- 



og T e~s well. Physical paramete rs ,  such as water 
movemen t ,  sa,linity, and  sed iment  size, are known 
to inf luence estuarine faunal  communi t i e s  (Edgar 
et al. 2000; Little 2000). Extensive eelgrass (Zvstera 
wer/,~a) beds were presen t  a long m u c h  of the 
s lough 's  lower ma in  channe l  in the 1920s; only a 
few small pa tches  r ema in  today (MacGinitie 1985; 
Z i m m e r m a n  and Caffrey 2009). Increased  turbid- 
i t , / and  channel  dep th  result ing f iom h igher  tidal 
energy are likely causes~ This  decline is a signifi- 
cant conservat ion concern  because eelgrass is a 
maior  cont r ibu tor  to productivi ty m Cal i fornia  es- 
tuaries and  provides : important habi ta t  for m a  W 
invertebrates  and  fish species (Ricketts et al. 1985; 
Yoklavich et al. 2002). The  widening and deepen-  
ing of' E lkhorn  Slough 's  main  channe l  and tidal 
creeks has also enabled  the slough to be colonized 
by large resume fish and  mammals .  Several species 
that  would only have been  presen t  near  the m o u t h  
a century  ago, such as leopard  sharks (7~riahis ser~ 
ifascfata), bat  rays (MySobatfs cagijornica), ha rbo r  
seals (Phoca vit',Srea), and sea otters (]~)nt(ydr~ Z'~- 
O'is), are now a b u n d a n t  t h r o u g h o u t  m u c h  of the 
estuary (Harvey and Connors  2002; Yoklavich et al. 
2002). 

TIDAL ~VETL&\D {~ONSER\C~TION A~ND 

HABITAT C HANGE  

Conserva t ion  and restorat ion of estuarine eco- 
systems have emerged  as major  env i ronmenta l  con- 
cerns in recent  decades (Kennish 2002), As our  
study demonstra tes ,  E lkhorn  Slough's  tidal web 
lands have u n d e r g o n e  m o r e  than a century of hab- 
itat change.  T h e  majori ty of these wetlands are now 
owned and m a n a g e d  for conservat ion purposes ,  
and a n t h r o p o g e n i c  modif ica t ion of the s lough 's  
hydrolog3~ has h rge ly  c e d e d .  Yet rates of  conver- 
sion f rom salt marsh  to rnudflat  or open  water and 
expans ion  of tidal channels  and creeks remain  
high and  may be accelerating,  suggesting that a 
new equi l ibr ium may not  be reached  fox many  de- 
cades. Conserva t ion  p lann ing  is difficult within this 
context  of uncer ta in ty  eaid rapid change.  

Wetland manage r s  face a dual chal lenge of de- 
ve loping and i m p l e m e n t i n g  strategies that  not  only 
slow the rate  of  change to p ro tec t  existing intact 
habitats, but  also restore and  enhance  degraded  
wetlands in o rder  to main ta in  an app rop r i a t e  di- 
versity of' habi ta t  types. Restorat ion of es tuarme  
habitats  fk~equently fails to m e e t  desired goals (Zed- 
ler 1996a; Zedler  and Callaway 1999), More  than 
200 ha  of diked and  dra ined  f o r m e r  salt marsh  at 
E lkhorn  Slough Nat ional  Estuarine Research Re- 
serve were r e tu rned  to tidal inf luence th rough  res- 
tora t ion projects  unde r t aken  dur ing the 1980s, 
These  newly created t idelands suppor t  rich com- 
muni t ies  of  birds, fish, and  inver tebrates  within rid- 
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al lagoons  and mudflats ,  yet  res torat ion to the fo> 
m e t  landscape of' salt marsh,  pannes ,  and tidal 
creek networks has not  succeeded.  

"The l ikel ihood of res torat ion success is increased 
wt.en plans imitate the complex  s t ructure  of nat- 
ural tidal wetlands and main ta in  connectivity with 
intact wetland habitats  as well as with ad:joining 
subtidal and up land  habitats  (Williams and Zedler  
1999; D e s m o n d  et al, 2000), The  current ly  rapid 
rate of habi ta t  change  at E lkhorn  Slough is the 
result  of a long history of del iberate  tidal al terat ion 
and habi ta t  isolation th rough  the cons t ruc t ion  of 
levees, channels ,  and tide gales. Ironically, slowing 
the rate of  habi ta t  change  :may require  these same 
too l s - - the  cons t ruc t ion  and m a i n t e n a n c e  of" le- 
vees, channels ,  and  ga t e s - - t o  mute  tidal energy, 
reduce  erosion, and ei:~hance marsh  accretion.  
Wetland manage r s  mus t  ba lance  the need  to miti- 
gate for the effects of  historic alteration.s (e.g., 
mute  tidal flow by building new dikes and gates) 
with the need  to re in t roduce  natural  tidN flushing, 
salinity and  inunda t ion  variability, and  hat0itat con- 
nectwity (e.g., by rernovmg existing dikes and 
gates). 

Conserva t ion  p lann ing  at o ther  West Coast es- 
tuaries has been  s t reng thened  by studies that doc- 
u m e n t  past  habi ta t  condi t ions and historic pa t te rns  
of  change (e.g,, Zedler  1996b; Goals Project  1999; 
Borde et al. 200g). We believe that  our analysis of' 
150 yr of habi ta t  change can. similarly in form con- 
s e r v a t i o n  and  r e s t o r a t i o n  e f for t s  at E l k h o r n  
Slough. Historical  ecolog T may no t  supply- easy an- 
swers to E lkhorn  Slough's  complex  habi tat  conser- 
vat ion questions,  but  a thoughtful  analysis of  the 
historical record  can he lp  guide  the deve lopmen t  
of  feasible and sustainable res torat ion goals. 
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