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ABSTRACT: While the most  obvious effects of dike construction and marsh conversion are those affecting the con- 
verted land (direct or intended effects)~ less inlmediately apparent  effects also occur seaward of dikes (indirect or  
unintended effects). I analyzed historical photos  of the Skagit River delta nlarshes (Washington~ U.S.) and compared  
changes in ostuarine marsh and tidal channel surface area f rom 1956-2t)t)t) in the Wiley Slough area of  the South Fork 
Skagit delta, and f rom 1937-2000 in the North Fork delta. Dike construction in the late 1950s caused the loss of 80 ha 
of estuarine marsh and 6.7 ha of  tidal channel landward of  the Wiley Slough dikes. A greater amount  of tidal channel 
surface area* 9.6 ha, was lost seaward of the dikes. Similar losses were observed for  two smaller North  Fork tidal channel 
systems. Tidal channels far  f rom dikes did not  show comparable changes in channel surface area. These results are 
consistent with hydraulic geonletry theory~ which predicts that diking reduces tidal flushing in the undiked channel 
renlnants and this results in sedinleutatiou. Dikes inay have significant seaward effects on plants and aninlalS associated 
with tidal channel habitat. Another  likely indirect dike effect is decreased sinuosity in a distributary channel of the South 
Fork Skagit River adjacent to and downstreanl of the Wiley Slough dikes~ conlpared to distributary channels upstream 
or distant f rom the dikes. Loss of floodplain area to diking and nlarsh conversion prevents f lood energy dissipation over 
the marsh surface. The  distributary channel has responded  to greater flood energy by increasing mean channel width 
and decreasing sinuosity. Restoration of  diked areas should  consider historic habitat loss seaward of dikes, as well as 
possible benefits to these areas f rom dike breaching or removal. Habitat restoration by breaching or removal of dikes 
should be moni tored in areas directly affected by dikes, areas indirectly affected, and distinct reference areas. 

In t roduc t ion  

Diking of estuarine wetlands and  tidal channels  
to reduce  or el iminate tidal inf luence has been  an 
extensive practice t h r o u g h o u t  the Uni ted  States 
(Roman  et al. 1984; Nier ing  1997). Convers ion of 
areas landward of dikes to agricultural  or o ther  
uses results in significant habi ta t  loss for plants and 
animals  d e p e n d e n t  on estuarine tidal channels  and 
wetlands. This  realization has spur red  increasing 
interest  in res tor ing these ecologically valuable ar- 
eas (Raposa  and R o m a n  2001; Warren  et al. 2002). 
P lanning and  design for habi ta t  res torat ion and 
subsequen t  mon i to r ing  require  unders t and ing  the 
many  varied effects of dikes on estuarine wetlands. 
An extensive l i terature considers how dikes affect 
sed iment  accret ion,  soil density, soil organic con- 
tent, and  marsh  surface subsidence (Thorn 1999; 
Bryant  and  Chabreck  1998; Anisfeld et al. 1999; 
Por tnoy  1999); b iogeochemis t ry  and water  chem- 
istry (Soukup and Por tnoy 1986; Por tnoy 1991; 
Por tnoy  and  Giblin 1997); the abundance ,  produc-  
tivity, and distribution of vegeta t ion (Barret t  and 
Nier ing  1998; St. O m e r  1994; Brockmeyer  et al. 
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1997), benthic  inver tebrates  (Wenner  and geat ty  
1988; Peck et al. 1994; g r o c k m e y e r  et al. 1997), 
and nek ton- -espec ia l ly  fish ( g r o c k m e y e r  et al. 
1997; Raposa  and  R o m a n  2001; Swamy et al. 2002); 
and fish diets (Allen et al. 1994). 

Studies of diked wetlands general ly consider  
only ecological effects for areas landward of dikes, 
which I refer  to as direct dike effects to reflect  the 
in tent  of dike cons t ruc t ion  to change the ecologi- 
cal charac ter  of  landward areas. Habi ta t  res torat ion 
general ly focuses on areas landward of  b reached  
or r emoved  dikes. Little a t ten t ion  has been  fo- 
cused on possible dike effects on areas seaward of 
dikes (cf., Renger  and Partenscky 1974), which I 
refer  to as indirect  dike effects. T h e  distinction be- 
tween direct  and indirect  dike effects reflects not  
only the in tent ion  of the dike builders,  but  also a 
hierarchy of process; dikes indirectly affect sedi- 
m e n t  dynamics and channe l  g e o m o r p h o l o g y  in 
seaward areas as a consequence  of tidal pr i sm loss 
that  results f rom the dikes directly excluding tidal 
waters in landward areas. This  p a p e r  describes sev- 
e r n  examples  of indirect  dike effects and  discusses 
how considera t ion of indirect  effects of  dikes af- 
fects p lann ing  for habi ta t  res torat ion and moni tor-  
ing. 
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Fig. 1. Study site locations of Wiley Slough (A) and two 
smaller North Fork sloughs (B). 

M e t h o d s  

SITE DESCRIPTION 

The  study areas are located in the estuarine 
marshes of the Skagit River delta (Fig. 1). The  Ska- 
git is the largest river flowing into the Puget  
Sound,  Washington. Its 8,030-km 2 watershed drains 
the Cascade Mounta ins  of nor thwestern  Washing- 
ton State and southwestern British Columbia  and 
supports  relatively large runs  of anadromous  sal- 
monids,  including five species of Pacific salmon 
(Oncorhynchus spp.) as well as steelhead ( O. raykiss), 
cut throat  t rout  (O. cla'rhi), and native char (Dolly 
Varden [Salvdinus rnalraa] and bull t rout  [S. con 
fluentus]). Puget  Sound chinook salmon (O. tshaw- 
ytscha) spend significant time rearing in estuarine 
habitat  (Healey 1982; Simenstad et al. 1982), and 
were listed as th rea tened  unde r  the Endangered  
Species Act (U.S. Federal  Register 1999). This has 
genera ted  considerable interest  in the region in 
restoring estuarine habitat  for juvenile  chinook.  

The  Skagit delta is approximately  32,670 ha in 
extent.  More than 90% of the delta has been iso- 
lated fi-om riverine and tidal inf luence by dikes 
and converted to agriculture and o ther  uses (Col- 
lins and Mon tgomery  2001). The  remaining un- 
diked wetlands are located at the outlet  of the 
S o u t h  Fork  of  the Skagit  River (48~ 
122~ and to a lesser extent  at the outlet  of 
the Nor th  Fork (48~ 122~ Marsh vege- 
tation (from low to high elevation) consists pri- 
marily of Sdrpus americanus (American threes- 
quare) ,  Carex lyngbyei (sedge), S. validus (soft-stem 

buh-ush), Typha angustifotia (cattail), Myrica gale 
(sweetgale), Salix spp. (willow), Lonicera invotuerata 
(black twinberry),  Rosa spp. (wild rose),  and Picea 
a~itchena~is (Sitka spruce).  During h igher  high spring 
tides, the marsh surface is inunda ted  by up to 1.5 
m of water. Due to high river discharge, the marsh 
is oligohaline,  even at its most  bayward extent.  Soil 
porewater  salinity ranges from 1-8 psu (Hood un- 
published data). The  uppe r  limit of tidal inf luence 
is at river ki lometer  18. 

T h r e e  areas were the focus of investigation: Wi- 
ley Slough in the South Fork delta and two smaller 
tidal channel  systems, NF1 and NF2, in the Nor th  
Fork delta. Between 1956 and 1965 Wiley Slough 
was in te r rup ted  by a dike, as were NF1 and NF2 
between 1937 and 1947. T h e  channel  segments re- 
maining outside of the dikes ( r emnan t  channels) 
were analyzed for changes in p lanform geomet ry  
fi-om their  pre-dike condi t ion to 2000 due to sed- 
imenta t ion or erosion. Changes in tidal channel  
surface area are of part icular  interest  in this system 
because tidal channels  are critical habitat  for ESA- 
listed chinook salmon (Simenstad et al. 2000) as 
well as o ther  fish and wildlife (Simenstad 1984). 

GIS ANAL/SIS 

A Geographic  In format ion  System (GIS) was 
used to compare  historical aerial pho tographs  with 
m o d e r n  digital t rue color  o r thopho tos  (45-cm pix- 
el resolution) obtained f rom Triathlon Ltd. (Van- 
couver, BC). The  m o d e r n  pho tographs  were taken 
on August 28, 2000, 10:50-11:10 Pacific Daylight 
Time,  during a low tide of - 0 . 6  m below mean  
lower low water. The  smallest tidal channels  that 
could be resolved in the 2000 photos  were 0.6 m 
in width. Historical aerial photos  of the South Fork 
Skagit River tidal marshes were obtained from the 
University of Washington (Seattle) Map and Air 
Photo  Library. These were black and white photos  
at 1:20,000 scale, taken July 23, 1956, by the Wash- 
ington Depa r tmen t  of Transportat ion.  They  were 
conver ted to digital format  by scanning at 600 dpi. 
The  smallest tidal channels  that could be resolved 
in the 1956 photos  were 1 m in width. Historical 
photos  of the Nor th  Fork tidal marshes were ob- 
tained in digital format  f rom the U.S. Army Corps 
of Engineers  (Seattle, Washington).  They  were tak- 
en on Oc tober  22, 1937, at 1:12,000 scale by the 
U.S. Army. The  smallest tidal channels  that could 
be resolved in the 1937 pho tographs  were 1 m in 
width. 

The  Image Analyst Extension for ArcView 3.2a 
was used to rectify the historical photos  relative to 
the 2000 o r thopho tos  by using spatially dispersed 
reference  points visible in both  historical and re- 
cent photos,  including road intersections, railroad 
and road crossings, corners  of buildings, and o c -  



casionally corners  of dikes. Potent ial  r e fe rence  
points  that  were rejected inc luded poorly def ined 
road  intersect ions in the case of  unpaved  roads, 
intersect ions that may have been  al tered by road 
widening or o ther  improvements ,  buildings that 
were modif ied  by addi t ions  or o ther  construct ion,  
and  modif ied  or repa i red  dikes. No re fe rence  
points  were located in marsh  or sandflat  areas, due 
to the likely high variability of these areas. Because 
mos t  of the up land  areas in the study area  were 
agricultural ,  only seven reliable and spatially dis- 
t r ibuted re fe rence  points  were available for the two 
1956 pho tographs .  Rectification e r ro r  was estimat- 
ed by compar ing  a second set of  n ine  check points  
be tween the 1956 and 2000 pho tographs .  These  
points  were rejected as re fe rence  points  due to rel- 
ative proximity  to o ther  re fe rence  points  or to less 
than comple te  certainty abou t  precisely locating 
them in bo th  sets of photos.  T h e  n ine  check points  
had  an average discrepancy between 1956 and 
2000 of  2,5 m (SE, 0,7 m),  

No reliable re ference  points  were available for 
the 1987 photos ,  except  for those centered  over 
the town of LaConner ,  T h e  1937 L a C o n n e r  pho-  
tographs  were first rectified relative to the 2000 
o r t h o p h o t o s  and then  adjacent  and over lapping 
1937 p h o t o g r a p h s  were rectified with re fe rence  to 
the 1937 L a C o n n e r  photos;  overlap was extensive 
between pho tographs .  S upp l em en t a ry  re ference  
points  were encoun te r ed  on p r o m i n e n t  ju t t ing  an- 
gles of  rocky shorel ines of  several large rocky is- 
lands in the N o r t h  Fork marsh  (McGlinn, Bald, 
Ika, and Craft Islands). T h e  rocky shorel ines  in this 
a rea  are comp os ed  of me ta sed imen ta ry  (metamor-  
phosed  sandstone and cong lomera te )  rock (Dra- 
govich et al. 2002) with erosion rates of approxi-  
mately  6 m m  yr 1 (Keuler 1979). 

T h e  process  of  sequential ly rectifying the 1937 
p h o t o g r a p h s  p r o p a g a t e d  errors,  a l though  this was 
r educed  th rough  the use of  re ference  points  on 
the rocky island shorelines.  Rectification e r ro r  was 
qualitatively evaluated by visually inspect ing the 
a l ignmen t  of  rocky shorelines.  Because there  were 
m a n y  over lapping p h o t o g r a p h s  f rom 1937, those 
with the least a l ignment  errors  were used. After 
digitizing tidal channels  and  shorelines,  total rec- 
tification e r ro r  was quant if ied using GIS to com- 
pare  the distances between rocky shorel ines  digi- 
tized f rom the 1937 and 2000 pho tographs .  Dis- 
tance was measured  f rom r a n d o m  points  on the 
2000 shorel ine  to the neares t  po in t  on the 1937 
shorel ine.  The  average measu red  distance for 53 
r a n d o m  points  was 4.9 m (SE - 0.5 m).  

Addi t ional  pho tos  f rom 1947 for  the Nor th  Fork 
area  and 1965 for the South Fork a rea  were no t  
analyzed with GIS, but  were examined  qualitatively 
for the p resence  of dikes and  conversion of marsh  
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to agriculture.  These  pho tos  were used to bracket  
the t ime per iod dur ing which dikes disrupt ing tid- 
al channels  were constructed.  

Tidal channe l  marg ins  and  o ther  shorel ines 
were del ineated by digitizing in GIS. Channe l  mar- 
gins and  shorel ines  were def ined by the ab rup t  
transit ion f rom vegeta ted  to unvegeta ted  intert idal  
areas. This  transit ion is sharp  because all but  the 
smallest channels  (which are not  visible in the his- 
torical photos)  are approx imate ly  1-2.5 m deep 
with general ly very steep banks. Unvegeta ted  sand- 
flats also have characterist ic pho tos igna tures  in the 
m o d e r n  and historical photos.  Change  in tidal 
channe l  and shorel ine  location was analyzed by 
compar ing  past  tidal channels  with presen t  chan- 
nels, allowing definit ion of channel  areas p resen t  
in bo th  the historic and  m o d e r n  channels  (un- 
changed  channe l  areas),  those presen t  only in the 
past (areas since filled in by sediments) ,  and areas 
p resen t  only in recent  times (areas since fo rmed  
by erosion) .  As a final e r ror  check, m e a n d e r  bends  
in tidal channels  were examined  at scales ranging  
From 1:1,000 to 1:10,000 to de t e rmine  whe ther  
erosion had  occur red  in the cut banks of the me- 
anders  and  sed iment  deposi t ion at the po in t  bars, 
in accord  with theoretical  expecta t ions  (Leopold  
e ta l .  1964). T h e  observed pa t t e rns  were consistent  
with theoret ical  expectat ions,  suggesting that  rec- 
tification and  digitizing e r ror  were less than his- 
torical changes  in tidal channe l  locat ion (Fig. 2). 

ANALYSIS OF CHANGE IN TIDAL CHANNEL 
PLANFORM GEOMETRY 

The  Wiley Slough, NF1, and NF2 tidal channels  
were c o m p a r e d  to re ference  channels  r e m o t e  f rom 
dike influences. The  largest tidal channe l  system 
draining each of  11 large marsh  islands in the 
South Fork delta (Fig. 3) and 5 islands in the 
N o r t h  Fork delta (Fig. 4) were selected to serve as 
re ference  channels.  Marsh islands were areas sur- 
r o u n d e d  by delta distr ibutary channels  that were 
assumed to insulate the marsh  islands and the tidal 
channels  draining them f rom indirect  dike effects. 
Channe l  surface area  lost (sedimentat ion)  be tween 
1956 and 2000 for South Fork sites and  be tween 
1937 and 2000 for Nor th  Fork sites, surface area  
gained dur ing these intervals (erosion),  and  un- 
changed  areas were calculated for each channe l  
system. T h e  ne t  surface area  change was calculated 
as erosion minus  sedimenta t ion ,  and pe rcen t  sur- 
face a r e a  c h a n g e  was ca l cu l a t ed  as n e t  a r e a  
c h a n g e /  ( sedimenta t ion  + u n c h a n g e d  area) .  The  
area  of sed imenta t ion  plus stable area  is equivalent  
to the surface area  of the tidal channels  observed 
in the historical photos.  Channels  visible in the 
2000 pho tos  but  not  in the historical pho tos  (pre- 
sumably due to the lower resolut ion of the histor- 
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Fig. 2. Comparison of  channel erosion and filling pat terns 
resulting f rom image rectification errors that misalign channels 
along the y-axis (A), x-axis (B), and both  the x- and y-axes (C) 
with the observed pattern of change f rom 19B6 to 2000 for a 
typical channel  in the South Fork marsh  (D). Channels A, B, 
and C were offset by approximately 4 m to demonstrate  possible 
e r ror  patterns. Circled areas in the observed channel  enclose 
erosional areas at concave channel  bends paired with sedimen- 
tation areas on the opposite convex bend,  in agreement  with 
geomorphic  theory. These patterns are no t  consistently present  
in channels  A-C, so misal ignment  errors mus t  have been small 
compared  m the observed channel  changes. 

ical photos  rather  than erosion of new channels) 
were omitted from analysis. This p roduced  a con- 
servative estimate of  reference channel  erosion. 

Distributary channel  sinuosity was calculated 
from polygon shapefiles of digitized tidal channels 
for the 1956 and 2000 photos  of the South Fork 
delta. Perimeters and surface area were calculated 
by the GIS for each channel  polygon. Sinuous 
channel  length was calculated as (P U D) /2 ,  
where P - perimeter,  U - upstream channel  
width,  and  D - d o w n s t r e a m  c h a n n e l  width.  
Straight length was measured as the shortest dis- 
tance between the midpoints  of the upstream and 
downstream ends of the channel  segments. Sinu- 
osity was the ratio of sinuous length to straight 
length (Leopold et al. 1964). Mean channel  width 
was calculated as channel  surface area divided by 
sinuous channel  length. The extent of the distrib- 
utary channel  segments over which measurements  
are shown in Fig. 5. 

Fig. S. Location of reference marsh  islands in the South 
Fork Skagit delta and the largest tidal channel  draining each 
island. Except for Wiley Nough,  other  blind tidal channels are 
no t  shown for the sake of  graphic darity. Prograded areas have 
accumulate d since 1956. 

STATISTICAL ANALYSIS 

Kruskal-Wallis single factor non-parametr ic  anal- 
ysis of variance (ANOVA) and non-parametr ic  mul- 
tiple comparisons (Zar 1984) were used to com- 
pare net  surface area change for tidal channels 
thought  to be affected by dikes and reference 
c h a n n e l s  d ra in ing  m a r s h  islands. Because  the 
Nor th  Fork delta is prograding rapidly while the 
South Fork delta is more  stable (Hood  unpub-  
lished data), and because morphomet r i c  change 
was compared  from 19S7 to 2000 in the Nor th  
Fork and from 1956 to 2000 in the South Fork, the 
two reference areas were treated distinctly when 
compared  to the diked areas. Statistical compari- 
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Fig. 5. Map of the distributary channels of the South Fork 
Skagit River that  were measured for changes in sinuosity, 1956- 
2000. Hatched areas are agricultural areas, landward of  dikes. 
Stippled area is the Wiley Slough area, diked between 1956 and 
1965. 

Fig. 4. Location of reference marsh  islands in the North 
Fork Skagit delta and the largest tidal channel  draining each 
island. Except for NF1 and NF2, other  blind tidal channels are 
no t  shown for the sake of  graphic clarity. Prograded areas have 
accumulated sin ce 1987. 

sons were j udged  significantly different when p < 

0.05. 

Results  

Aerial pho tographs  from 1956 show only a spur 
dike, not  enclosing any area, in the Wiley Slough 
area. Aerial pho tographs  f lom 1965 show ring 
dikes, in the same configurat ion as the present, 
enclosing approximately 80 ha of formerly tidal oli- 
gohaline marsh in the upper  Wiley Slough area. 
The  1956 spur dike was the first step in land con- 
version, suggesting that subsequent  ring dikes were 
likely built closer to 1956 than 1965. 

In addit ion to 80 ha of  tidal marsh, 6.7 ha of 

oligohaline tidal channels were also isolated within 
the dikes between 1956 and 1965. Barley or corn 
are now grown landward of the dikes and season- 
ally f looded for use by migra tory  ducks. Most of 
the former  tidal channels  landward of the dikes no 
longer  exist or are severely degraded,  choked with 
sediment  and containing stagnant water. In addi- 
tion to these obvious changes to formerly estuarine 
habitat within the dikes, comparison of the 1956 
aerial photos  with o r thophotos  from 9000 indicates 
that during the intervening years 9.6 ha of tidal 
channel  were lost seaward of the dikes in the lower 
Wiley Slough area (Fig. 6) ; more  tidal channel  sur- 
face area has been lost seaward than landward of 
the dikes. A soil core, taken with a hand  augur  in 
the area where the seaward channel  filled in with 
sediment,  passed through 2 m of silt before reach- 
ing a layer of sand that typifies tidal channel  sub- 
strates in the Skagit delta. A similar pat tern of tidal 
channel  habitat loss can be seen near  the outlet of 
the Nor th  Fork, where 51 ha  of tidal marsh were 
diked between 1987 and 1947 and converted to 
agriculture (Fig. 7). Two tidal channel  systems 
were affected in this area, NF1 and NF2. Changes  
in tidal channel  surface area landward and seaward 
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Fig. 6. Wiley Slough in 1956 and 9000, and the channel loss 
(dark shading in bottom frame) landward and seaward of the 

Fig. 7. Tidal channel loss (dark shading) for NF1 and NF2, 
1937-9000. Hatched areas are drained agricultural lands. The 
area diked between 1987 and 1947 was subsequently used for 
agriculture. 

of  dikes are s u m m a r i z e d  in  Tab le  1. Es t imates  of 
c h a n n e l  sur face  a rea  lost are  conserva t ive  for  the 
Wiley, NF1, a n d  NF2 c h a n n e l  systems because  the 
lower r e s o l u t i o n  of the his tor ical  p h o t o s  did n o t  
p e r m i t  n a r r o w  c h a n n e l s  to be  d i s t i ngu i shed  as eas- 
ily as in  the m o d e r n  p h o t o s  a n d  so the i r  loss could  
n o t  be  quan t i f i ed .  

A n  ANOVA of n e t  sur face  a rea  c h a n g e  for the 
diked c h a n n e l  r e m n a n t s  ( c h a n n e l s  r e m a i n i n g  sea- 
ward of the dikes for NF1, NF2, a n d  Wiley s loughs)  
a n d  r e f e r e n c e  tidal c h a n n e l s  d r a i n i n g  mar sh  is- 
l ands  in  the  N o r t h  (n  - 5) a n d  Sou th  Fork (n - 
]1) deltas, i nd i c a t e d  s igni f icant  d i f fe rences  be- 
tween g r o u p s  (X2 z - 7.22, p < 0.05). Mu l t i p l e  com- 
pa r i sons  i n d i c a t e d  s ign i f ican t  d i f fe rences  be tween  
c h a n n e l  r e m n a n t s  a n d  N o r t h  Fork  r e f e r e n c e  chan-  
nels  (Q.oo~,s - s .28,  p < 0.005) a n d  be t w e en  chan-  
ne l  r e m n a n t s  a nd  S ou t h  Fork r e f e r e nc e  c h a n n e l s  
(Qo.0~,s - 3.09, p < 0.01). N o r t h  a n d  Sou th  Fork 
r e f e r e nc e  c h a n n e l s  were n o t  s igni f icant ly  d i f f e ren t  
(Qo o~,s - 0.14). O n  average,  the c h a n n e l  r e m n a n t s  
lost 68.7% of the i r  p re -d ik ing  surface  a rea  to sed- 
i m e n t a t i o n ,  while the N o r t h  Fork  r e f e r e nce  chan-  

dikes durqmg this period. Dikes are represented by flzin, heavy, 
black lines. Hatched areas are drained agricultural lands. 



TABLE 1. Tidal channel surface area lost landward and sea- 
ward of dikes. A channel remnant is that portion of a tidal chan- 
nel not cut off and isolated behind a dike, i.e., the portion that 
remained seaward of the dike. 

Pe rceratage Seaward 
Ne t  Channe l  of  Channe l  Loss as 

Channe l  Area Area  Lost  R e m n a n t  Percent0.ge 
Lost  Laradw~rd Seaward of Lost  to of  T o t a l  
0 f D i k e s  (ha) Dikes  (ha) Sed imen ta t ion  Area Lost  

NF1 1.4 0.3 47 18 
NF2 0.2 0.2 68 50 
Wiley Slough 6.7 9.6 83 59 
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nels  i nc rea sed  in  surface a rea  t h r o u g h  e ros ion  by 
an  average of 17.5% a n d  the Sou th  Fork r e f e r e n c e  
c h a n n e l s  i nc rea sed  by a n  average of 6.4%. T h e  
c o m b i n e d  average surface  a rea  inc rease  for the 
N o r t h  a n d  Sou th  Fork r e f e r ence  c h a n n e l s  was 
9.9%. 

Pr ior  to dike c o n s t r u c t i o n ,  the  s tudy tidal chan-  
nels  exh ib i t ed  c h a n n e l  g e o m e t r y  s imi lar  to that  of  
r e f e r ence  tidal c h a n n e l s  in  the Skagit  m a r s h e s  that  
were relatively d i s tan t  f rom h u m a n  d i s tu rbance .  
T h e  sur face  areas a n d  p e r i m e t e r s  of the s tudy 
c h a n n e l s  were cons i s t en t  with the a l l ome t r i c  pat-  
t e r n  for r e f e r ence  c h a n n e l s  (Fig. 8). I m m e d i a t e l y  
after  dike c o n s t r u c t i o n ,  the  t r u n c a t e d  c h a n n e l s  re- 
m a i n i n g  seaward of the  dikes were geomet r ica l ly  
very  d i f f e ren t  f rom r e f e r ence  channe l s .  T ida l  chan-  
ne l  p e r i m e t e r  was r e d u c e d  by c h a n n e l  t r u n c a t i o n  
to a m u c h  g rea te r  degree  t h a n  surface  area,  a n d  
this n e w  g e o m e t r y  was uns tab le .  By 9000 the  t run -  
cated c h a n n e l s  re-sized by fi l l ing in  with s e d i m e n t  
a n d  b e c a m e  geomet r i ca l ly  s imi lar  to the r e f e r e n c e  
channe l s .  

C o m p a r i s o n  of s inuosi ty  c h a n g e  and  m e a n  chan-  
ne l  width  c h a n g e  f rom 1956 to 9000 for  the m a j o r  
d i s t r ibu ta r ies  of the  Sou th  Fork  ind ica tes  that  
c h a n n e l  s inuosi ty  d e c l i n e d  m o r e  t h a n  twice as 
m u c h  in  lower  Freshwate r  S lough  ( ad j acen t  to a n d  
d o w n s t r e a m  of the Wiley S lough  dikes) as in  any  
o the r  dis t r ibutary,  while  c h a n n e l  width  inc reased  
m u c h  m o r e  in  lower  Freshwater  S lough  t h a n  any  
o the r  d i s t r ibu ta ry  (Fig. 9, Tab le  9). C h a n g e s  in  dis- 
t r i bu t a ry  s inuosi ty  were co r re l a t ed  with changes  in  
m e a n  c h a n n e l  width  (r - - 0 . 8 9 ,  p < 0.05). 

D i s c u s s i o n  

T h e  s t rong  con t ras t  in  c h a n n e l  c h a n g e  b e t w e e n  
r e m n a n t  tidal c h a n n e l s  seaward of dikes a n d  ref- 
e r e n c e  c h a n n e l s  (64% m e a n  decrease  in  sur face  
a rea  versus  10% m e a n  increase ,  respectively) sup- 
por t s  the i n f e r e n c e  tha t  Skagit  dikes are  direct ly 
a n d  ind i rec t ly  r e spons ib l e  for hab i t a t  loss for 
t h r e a t e n e d  c h i n o o k  a n d  o t h e r  a q u a t i c  o r g a n -  
isms---dikes  cause seaward as well as l a n d w a r d  
c h a n n e l  hab i t a t  loss. Whi le  aqua t ic  hab i t a t  loss due  
to c h a n n e l  f i l l ing resul ts  in  the d e v e l o p m e n t  of 

Fig. 8. The anometry of natural reference channels (small 
gray dots) compared to the geomorphic trajectories of tidal 
channels cut off by dike construction. Cirdes are the pre-dike 
channels. Triangles are the downstream truncated channels re- 
maining immediately after diking. Squm'es are the downstream 
truncated channels in 2000. Wiley Slough is represented by gray 
symbols, NF1 by white symbols, NF2 by Nack symbols. 

new ma r sh  seaward of dikes, the a m o u n t  of new 
ma r sh  hard ly  c o m p e n s a t e s  for m a r s h  hab i t a t  loss 
l andward  of the dikes; 80 ha  of ma r sh  lost l and-  
ward of the  Wiley dikes versus 9.6 ha  of m a r s h  
g a i n e d  t h r o u g h  c h a n n e l  s e d i m e n t a t i o n ,  a n d  51 ha  

Fig. 9. Erosion (white) and sedimentation (black) in tidal 
channels of the South Fork Skagit rnarshes, 1956-2000. Hatched 
areas are agricultural areas, landward of dikes. Stippled area is 
the Wiley Slough area, diked between 1956 and 1965. 



280 W.G. Hood 

TABLE 2. Change in channel sinuosity and width for clistributary channels of the South Fork Skagit River, 1956--2000. Distributions 
are ranked in descending order of sinuosity change in the first column and ascending order of mean width change in the second. 

Sir~uosityChar~ge (%) Niear~ Width Change (%) 

8.8 Boom Slough 97.4 Tom Moore Slough 
3.1 Steamboat Slough -18.2 Steamboat Slough 
1.0 Tom Moore Slough 4.1 Isohis Slough 

-1.9 Isohis Slough -3 .5  Boom Slough 
2.8 Upper Freshwater Slough 59.8 Upper Freshwater Slough 

-3.5 Branch Slough 46.1 Branch Slough 
7.5 Lower Freshwater Slough 75.4 Lower Freshwater Slough 

of marsh  lost landward of the 19S7-1947 Nor th  
Fork dikes versus 0.5 ha  gained. 

Sed imen t  delivery a lone did not  cause channe l  
habi ta t  loss. Even where  sed iment  accumula t ion  
and  marsh  p rograda t ion  has been  greatest  (in the 
Nor th  Fork delta) re fe rence  channels  showed no 
decrease in surface area  over a 63-yr span. Hydrau-  
lic g e o m e t r y  theory  (Renger  and  Partenscky 1974; 
Zeff  1988; H u m e  1991; Friedrichs 1995) suggests 
that  diking the u p p e r  reaches  of  tidal channels  re- 
duced the tidal pr ism for channe l  reaches  doval- 
s t ream f rom the new dikes, and  that this loss in 
tidal f lushing resulted in re-sizing of the down- 
s t ream tidal channels  th rough  sed imen t  accumu-  
lation. T h e  g e o m o r p h i c  trajectories shown in Fig. 
7 are consistent with this theory. 

Tradi t ional  pa rame te r s  for quantifying hydraulic 
geome t ry  include tidal prism, channe l  cross-sec- 
tional area, channel  width, and channe l  depth.  O f  
these, only width was measurab le  f rom aerial pho-  
tographs.  Tidal pr ism shapes  the g e o m e t r y  of not  
only a par t icular  channel  cross-section, but  also of  
every possible cross-section of a channel  because it 
shapes  the geome t ry  of the channe l  as a whole. 
In tegra t ing  the equat ions  for cross-sectional hy- 
draulic g e o m e t r y  over the length of a channel  pro-  
duces an al lometr ic  re la t ionship between tidal 
channel  vo lume  and surface area,  and similarly be- 
tween tidal channel  surface a rea  and  p e r i m e t e r  
(Hood  2002). An al lometr ic  app roach  to hydraulic 
geome t ry  is useful because surface a rea  and  per im- 
eter can be measured  f rom aerial p h o t o g r a p h s  us- 
ing s tandard GIS techniques  to indirectly evaluate 
the effects of tidal prism. More  detailed and  costly 
m e a s u r e m e n t s  of channel  dep th  or cross-sectional 
a rea  can be avoided, while the absence  of historical 
c ross - sec t iona l  i n f o r m a t i o n  can  be f inessed  
th rough  this indirect  approach .  

Tidal channel  a l lometry  follows f rom a m o r e  
general  fl-actal theory  of l andforms  (Rodriguez- 
I turbe  and  Rinaldo 1997), and the scaling of pe- 
r imete r  with surface area  is a c o m m o n  ref lect ion 
of l andfo rm fractal g e o m e t r y  (Mande lbro t  1983; 
Sugihara  and  May 1990). A wide variety of  land- 
fo rms  have been  shown to be al lometr ic  or, equiv- 
alently, self-affine fractals (Bull 1975; Church  and 

Mark 1980; Ouchi  and Matsushi ta  1992; Rodri- 
guez-I turbe and Rinaldo 1997). Like the tradition- 
al equat ions for hydraulic geometry ,  a l lometr ic  
and fractal relat ionships are described by power  
functions. A system is a l lometr ic  when the relative 
rate of change of one par t  of a system (y) is pro- 
por t ional  to the relative rate of  change  of an o th e r  
par t  of  the system (x), or of  the whole system, i.e., 

dy 1 _ b dx 1 
y dt x dt 

where  b is a propor t iona l i ty  constant  (Woldenberg  
1966). Multiplying by dt and  integrat ing p roduces  
a power  function,  y - ax b. 

Dike cons t ruc t ion  in the Wiley Slough area  be- 
tween 1956 and 1965 may have had a n o t h e r  indi- 
rect  e f f ec t - - r educ t i on  of channel  sinuosity be- 
tween 1956 and 2000 in the lower por t ion  of Fresh- 
water Slough, the p r imary  distr ibutary of the 
Sough Fork Skagit River. Removing  80 ha  of marsh  
f r o m  the  F r e s h w a t e r  S l o u g h  f l o o d p l a i n  con-  
strained f lood flow to the distr ibutary channe l  for 
an addi t ional  1.2 kin, ra ther  than allowing it to 
disperse over the marsh  surface. T h e  constrained 
flow increased erosive forces dur ing f loods thereby 
leading to decreases in channe l  sinuosity m o r e  
than twice as great  in lower Freshwater  Slough as 
in any other  distributary. Because high sinuosity is 
associated with small channe l  width relative to 
depth  (Leopold  et al. 1964), the observed corre-  
lation between changes  in sinuosity and in m e a n  
channel  width suggests that distr ibutary channe l  
widths changed  to a grea ter  degree  than channe l  
depths.  Grea te r  ad jus tment  in width relative to 
depth  with changing discharge is consistent  with 
hydraulic geome t ry  theory  (Leopold  et al. 1964). 

T h e  observed changes  in channe l  sinuosity and 
width could also be due to shifts in distr ibutary 
flow reg imes  result ing f rom spatially he te roge-  
neous  pa t t e rns  in marsh  progradat ion .  Marsh pro- 
gradat ion causes local channels  to lengthen,  re- 
ducing their  gradient  and  increasing sed imen t  ac- 
cumula t ion  within the channels.  T h e  lower reach 
of T o m  Moore  Slough in the South Fork delta has 
b e c o m e  nar rower  since 1956 and it is also very 
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shal low c o m p a r e d  to o the r  distributaries.  B r a n c h  
S lough ,  a d is t r ibutary  of  lower T o m  M o o r e  Slough,  
has  b e c o m e  wider  a nd  s t ra ighter  du r ing  this t ime 
as n o r m a l  river flow has b e e n  natural ly  diver ted 
f r o m  lower  T o m  M o o r e  S lough  to B r a n c h  Slough.  
Similarly, in the  late 19th c e n t u r y  river d i scharge  
was g rea te r  in the S o u t h  Fork than  the N o r t h  Fork  
o f  the Skagit River, while today  the oppos i te  is true. 
This  r eg ime  shift has  b e e n  ascr ibed to c hanges  in 
c h a n n e l  g r ad i en t  be tween  the  two forks (Coll ins 
1998). Given these two examples ,  the small-scale 
r e g i m e  sh i f t  b e t w e e n  l o w e r  T o m  M o o r e  a n d  
B r a n c h  s loughs  a nd  the large-scale shift be tween  
the N o r t h  and  S o u g h  Forks, it is possible that  a 
similar  med ium-sca le  shift in flow o c c u r r e d  f r o m  
u p p e r  T o m  M o o r e  to Freshwater  S lough.  Such  a 
shift in flow could  resul t  in c h a n n e l  re-sizing (wid- 
en ing)  with an associated decrease  in sinuosity for  
l o w e r  F r e s h w a t e r  S l o u g h .  U p p e r  F r e s h w a t e r  
S lough  would  have ha d  less o p p o r t u n i t y  for  wid- 
en ing  since it has  b e e n  cons t r a ined  by dikes on  
b o t h  banks  for  m o r e  than  100 yr. Bo th  po ten t ia l  
causes of  c h a n n e l  widen ing  and  s t r a igh ten ing  in 
lower  Freshwater  S lough,  ind i rec t  dike effects and  
d is t r ibutary  flow r eg ime  shifts, are  no t  mutua l ly  ex- 
clusive, and  they m i g h t  have ac ted  synergistically 
on  lower  Freshwater  Slough.  

Loss o f  c h a n n e l  sinuosity has likely resul ted  in 
dec reased  c h a n n e l  hab i ta t  diversity, e.g., loss of  
d e e p  pools  and  areas o f  relatively low veloci ty flow, 
as well as po in t  bars a nd  their  associated a c c u m u -  
la t ions of  large w o o d y  debris.  Such  habi ta t  loss like- 
ly affects large po ol-dwelling fish such  as r e t u r n i n g  
sa lmon ,  t rout ,  and  s tu rgeon ,  h a r b o r  seals that  hau l  
ou t  on  cut  banks  ad jacen t  to d e e p  pools ,  and  wad- 
ing bi rds  and  shoreb i rds  tha t  feed in the  shallows 
over p o i n t  bars ( H o o d  pe r sona l  observat ions) .  Al- 
t h o u g h  studies of  the ecological  role o f  tidal chan-  
nel  s inuosi ty are rare,  dense  p o p u l a t i o n s  o f  oysters 
(Grassostrea virginica) are  associated with m e a n d e r  
cut  banks  (Keck et al. 1973), while m e a n d e r  de- 
pos i t ion  bars  are areas where  small fish forage  on  
a b u n d a n t  ben th ic  prey  a nd  avoid p r eda to r s  (Mc- 
Ivor  and  O d u m  1988). 

I n d i r e c t  (seaward) dike effects are  of ten  over- 
l ooked  while di rect  ( landward)  effects are  gener -  
ally a p p a r e n t  a nd  expec ted ,  Cond i t i ons  l andward  
of  dikes are usually in stark visual cont ras t  with sea- 
ward condi t ions .  L a n d  is lower  in e levat ion land-  
ward o f  dikes versus seaward,  and  the  vege ta t ion  
and  h y d r o l o g y  obviously differ  f r o m  the  u n d i k e d  
marsh .  Marshes  seaward of  dikes look very  natura l ;  
they s u p p o r t  native m a r s h  vege ta t ion  and  experi-  
ence  the full r ange  of  tides a nd  r iverine f loods,  bu t  
w h e n  e x a m i n e d  f r o m  a b r o a d  t e m p o r a l  perspec-  
tive, ind i rec t  dike effects are ev ident  in the  super-  
ficially na tura l  marsh .  

I nd i r ec t  dike effects have several impl ica t ions  for  
e n v i r o n m e n t a l  m a n a g e m e n t .  Hab i ta t  loss in estu- 
ar ine  l andscapes  may  of ten  ex tend  well b e y o n d  
dike bounda r i e s ,  par t icular ly  for  species tha t  are  
s t r o n g l y  d e p e n d e n t  on  t idal  c h a n n e l  h a b i t a t .  
Quan t i f i ca t ion  of  habi ta t  loss m u s t  a c c o u n t  for  in- 
d i rec t  dike effects. Es tuar ine  habi ta t  r e s to ra t ion  
shou ld  inc lude  hab i ta t  seaward of  dikes, t r u n c a t e d  
channe l s  tha t  have filled in with sed imen t ,  as well 
as l andward  of  dikes. W h e n  dikes are r emoved ,  
cons ide rab le  r e s to ra t ion  benef i t  may  occu r  to areas 
seaward of  dikes, especially if there  is explicit  p lan-  
n ing  for  this possibility. Es tuar ine  hab i ta t  restora-  
t ion f r equen t ly  involves m e r e  b r e a c h i n g  of  dikes 
r a the r  than  c o m p l e t e  removal .  However ,  r e m n a n t  
dikes in te r fe re  signif icantly with tidal flow across 
the m a r s h  surface (F rench  and  S t o d d a r t  1992) a n d  
consequen t ly  with b iogeophys ica l  p rocesses  asso- 
ciated with tidal f l o o d i n g  of  marshes ,  such  as the 
m o v e m e n t s  o f  sediments ,  nu t r ien ts ,  detri tus,  large 
woody  debris,  and  aquat ic  organisms.  T h e  p re sen t  
s tudy indica tes  tha t  r e m n a n t  dikes could  also in- 
ter fere  with ex terna l  c i rcula t ion pat terns ;  for  ex- 
ample ,  by con f in ing  f lood  flows and  focus ing  their  
erosive ene rgy  dikes may  r e d u c e  c h a n n e l  s inuosi ty 
of  n e a r b y  de l ta  distributaries.  W h e n  areas are  re- 
s tored  by r e m o v i n g  dikes, m o s t  r e s to ra t ion  mon i -  
to r ing  ignores  m a r s h  areas  seaward of  the r e m o v e d  
dikes, excep t  to t reat  t h e m  as r e f e r ence  sites. Areas  
seaward of  r e m o v e d  dikes are  p robab ly  n o t  appro-  
pr ia te  r e f e rence  sites, because  they may  be af fec ted  
by res to ra t ion  jus t  as they were original ly a f fec ted  
by dike cons t ruc t ion ,  and  shou ld  be t rea ted  as pa r t  
of  the  r e s to ra t ion  area. Re fe r ence  sites shou ld  be 

jud ic ious ly  selected to be away f r o m  the in f luence  
of  the dike removal .  
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