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1. IN T R O D U C T IO N

C hanges in  th e d e livery  o f  sed im en t to  coasta l areas from  land m a y  have deleterious  
e ffec ts  o n  th e m arine environm ent. S u ch  e ffe c ts  in c lu d e  harm  to  liv in g  resou rces , h indrance to  
m arine a c tiv ities  and reduction  o f  a m en iü es . T h ese  e ffe c ts  are brought about b y  increased  
sed im en t de livery , w h ich  cau ses  such  prob lem s as increased  sed im entation  and turbidity, or  
d ecreased  sed im en t d e liv ery , w h ich  m ay  lead  to  accelerated  c oasta l ero sio n  as w e ll  as 
uncom pensated  subsidence.

A lth ou gh  natural ch a n g es  take p la ce , m an 's ac tiv ities  o n  land presently  rep resen t th e m ain  
ca u se  fo r  h istor ica lly  recent ch a n g es  in  sed im en t d e liv ery  to  coasta l environm ents. 
A ck n o w led g in g  th is  p rob lem , G E S A M P , during its  e ighteenth  sess io n  in  1988 form ed  a  W orking  
G roup on th e Im pacts o f  A n th rop ogen ica lly  M o b ilized  Sed im en ts in  the C oastal E nvironm ent 
(W G  3 0 ). D uring th e fo llo w in g  years this su b ject w a s  rev iew ed , cu lm inatin g  in  a W orkshop  on 
th e subject that w as co n v en ed  in  P en an g , M alaysia  in  N o v em b er  1991. T h e  resu lts o f  this 
W orkshop , a s reported to  the tw en ty -secon d  sess io n  o f  G E S A M P , in d icated  the w idespread  
concern  related  to  this problem .

D u rin g  th e rev iew  o f  th e progress o f  W orking G roup 30  at G E S A M P  X X II, it w as  
recom m en d ed  that th e w ork  o f  this group shou ld  c o n ü n u e  but w ith  m o d ifie d  term s o f  reference. 
It w as recom m en d ed  that the n e w  term s o f  reference shou ld  "reflect the n eed  fo r  a  m ore h o lisü c  
river basin  sca le  evaluation  o f  th e p rob lem  w ith  th e a im  o f  prov id in g  a m ore appropriate 
scien tific  fram ew ork fo r  m an aging  th e im p acts o f  ch an gin g  sed im en t inputs to  coasta l zones". 
T h ese  n e w  term s o f  reference w ere adop ted  b y  G E S A M P  as fo llo w s:

R e v ie w  and q u antify , w h ere  p o ssib le , th e e ffe c t  o f  hum an land -based  a c tiv it ies  on 
sed im en t transport rates and v o lu m es  in  relatíon  to  w atersh ed  characteristics;
R e v iew  o n  a reg ion a l b a sis  th e kn ow n  and potentia l im p acts o f  ch an ges in  sed im en t flu x  
to  coasta l and nearshore w aters o n  coasta l environm ents, resou rces, am en ities and hum an  
use; and
D e v e lo p  con cep tu a l m o d els  that w ou ld  prov id e  a better understanding o f  th e tim e sca les  
that co n n ect w atershed ac tiv ities  and coasta l im p acts in  d ifferen t w atershed typ es and  
regions.

T h e se  term s o f  referen ce  w ere  used  as th e b a sis  o f  a  W ork in g  G roup m eetin g  h e ld  in 
Savannah, G eorg ia  U S A  on 1 1 -1 5  January 1993. F o llo w in g  th e recom m en d ation s o f  G E S A M P  
X X II, th e participants o f  th e m eetin g  (listed  in  S ec tio n  7 )  attem pted to  address th e term s o f  
referen ce  in a h o listic  w ay . T hus this report addresses th e lin ks betw een  a c tiv ities  in w atersheds  
and e ffe c ts  in  th e coasta l zon e . T h e  report a lso  attem pts to  id en tify  characteristics o f  w atersheds  
and c oasta l areas that p la ce  th em  at greatest risk v is  a  v is  m an 's a c tiv it ies  that a ffec t sed im ent 
m ob iliza tion  and transport.
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2. G L O B A L  S E D IM E N T  IN PU T S T O  T H E  M A R IN E  E N V IR O N M E N T

2 .1 . N a tu r a l C h a r a c te r is t ic s  o f  W a te r sh e d s  th a t  C o n tr o l W a te r  a n d  S e d im e n t Y ie ld s
P red ictin g  ch a n g es  in flu via l p ro cesses  and im p acts assu m es k n o w led g e  o f  r iver flo w ,  

transport and d ischarge to  th e sea  a s w e ll a s an understanding o f  th e fa te  o f  the discharged  
products. B eca u se  both w ater and sed im ent are im portant, at lea st in d irectly , in  th is  context, w e  
treat both  b r ie fly  in this section .

2 .1 .1 . W ater D isch arge  In term s o f  w ater, r iver d ischarge is  e sse n tia lly  a  fu nction  o f  the 
net d ifferen ce  b etw een  precipitation and évapotranspiration (P -E ) integrated  o v e r  th e r iver basin. 
O n a g lob a l sca le , the am ount o f  w ater d ischarged  b y  rivers to  th e o c ea n  i s  estim ated  to  be  
b etw een  32  and 3 9  x  10’ km ’/y r  (L iv in g sto n e , 1963; U n esco , 1978; M ey b eck , 1979; M iliim an , 
1991). F or the pu rp oses o f  this d iscu ssio n , a v a lu e  o f  35  x  10’  km ’ s ee m s  a rea listic  estim ate, 
w hich  is  about 10 percent lo w er  than P -E  as ca lcu lated  b y  B aum gartner and R e ich e i (1975); 
presum ably  at least so m e  o f  this d ifferen ce  represents groundw ater flo w .

In term s o f  w orld -w id e  w ater d ischarge, th e w orld ’s  ten  largest rivers accou n t fo r  about 
3 8  p ercent o f  th e total flu v ia l w ater entering the ocean , s lig h tly  greater than their com b in ed  
percentage o f  drainage basin  arca (T able  1). T h e  A m azon  R iver  a lo n e  contribu tes about 18 
p ercent o f  th e w orld  total (about 6 3 0 0  km ’/y r ), m ore than the com b in ed  total o f  th e n ex t 7 largest 
rivers! N o t surprisingly, tropical areas w ith  heavy  rainfall - sp e c if ica lly  southern A sia , O ceania  
and northeastern South  A m erica  - arc the prim e contributors, about 65  percent o f  th e g lo b a l total. 
In contrast, w ith  th e ex cep tio n  o f  th e Zaire and N ig e r  R ivers, A fr ica  contributes v irtually  no  
flu v ia l w ater to  the ocean s (the N ile  R iver  b e in g  e ffe c tiv e ly  dam m ed).

2 .1 .2 . S ed im en t F lu x  T he erosion , transport and d isch arge  o f  drainage b asin  sed im en t are 
fu n ction s o f  m an y m ore variables than is  w ater d ischarge. T o  predict the sed im en t load  o f  a 
sm all r iver w e  n eed  to  understand th e interaction  o f  a num ber o f  factors, in c lu d in g  clim ate, 
precip itation  (both average and peak ), d ischarge (v o lu m e and v e lo c ity ) , basin g e o lo g y  (i.e . the  
erodability  o f  th e substrate), hum an im p act, and the s iz e  o f  th e drainage basin.

B eca u se  th e erosion al and transport capacity  o f  w ater is  a d irect fu n ction  o f  v e lo c ity ,  
m any researchers h a v e  tried relating sed im en t load (or y ie ld  - load  norm alized  for basin  area) to  
river v e lo c ity  (e .g . rating cu rves) a s w e ll a s n et/gross precip itation . H o w ev er , th e w ide  
d ifferen ces  in resu lts su g g est that, "...current ev id en ce  con cern in g  th e rela tionsh ip  betw een  
c lim ate and sed im en t y ie ld  em p h asizes that n o  s im p le  relationship  e x is t s .’ (W allin g  and W ebb  
(1 9 8 3 , p . 8 4 ). A lth ou gh  it is  d ifficu lt to  m easure, there d o e s  see m  to  b e  a co m p le x  relation  
b etw een  erosion  o f  a river and th e ratio o f  peak  to  average f lo w . F or  in stan ce , in  arid areas 
(w h ere vegeta tion  c o v er  is  sparse) peak  rainfall m ay b e  orders o f  m agn itu d e greater than m ean  
rainfall, and in such areas the ero siv e  capacity  o f  rivers can  b e  a s great or  greater than rivers that 
drain terrain w ith  con sisten tly  h igh  am ounts o f  rainfall (M iliim an  and S y v it isk i, 1992).

W h ile  m any o f  the data need  to be re-evaluated  and updated, th e top ograp hy and basin
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area appear to  have a  first-order con tro l o ver  sed im ent d ischarge o f  m o st rivers (M iliim an  and 
S y v itsk i, 19 9 2 ). E leva tion  or  r e lie f  is , in  so m e  w a y s a t least, o n ly  a surrogate variab le  for  
tecton ism . M iliim an  and S y v itsk i (1 9 9 2 ) a s w e ll a s earlier w orkers (e .g . H ay  e t  a!., 1989) 
em p h asized  th e correlation  b etw een  topography r e l ie f  or  e lev a tio n  and sed im en t y ie ld . H ow ever, 
th e strong correlation  b etw een  sed im en t and topographic r e l ie f  m ay  not in d ica te  that th e secon d  
is  the ca u se  o f  th e first, but rather that both  are cau sed  by another factor  le s s  su scep tib le  to  
num erical descrip tion  -  n a m ely , tecton ism . It is  probably the entire tecton ic  m ilieu  o f  fractured  
and brccciated  rock s, oversteep en ed  s lo p e s , s e ism ic  and v o lca n ic  a c tiv ity , rather than sim ple  
e lev a tio n /re lie f, that prom otes th e large sed im en t y ie ld s  from  active  o ro g en ic  b e lts . M ountainous  
areas a lso  exp erien ce  m u d slid es and f lo o d s  that can  in crease  th e sed im en t loads o f  adjacent 
rivers. In th e four m onths fo llo w in g  th e eruption o f  M ou n t St. H e len s  (W ash in gton  S tate), for 
ex a m p le , th e sed im en t load o f  th e C o w litz  R iver  (a  tributary o f  th e C olu m b ia) w a s  1 4 0  mt, 
com pared  to  a  norm al annual load  for  the C olum bia  o f  10 m t (H u b b ell e t a l.,  1983); for a fe w  
years after th e eruption , th e C olum bia  R iver  d ischarged  an estim ated  3 5  m t/yr  (M ead e and 
Parker, 1985).

C eom orp h o log ists  and hyd ro log ists  o ften  use th e term "sedim ent yield" (t/m 2/yT). In this 
w a y , the rela tive  sed im en t load  o f  variou s s ize  basins can  b e  com pared. S ed im en t y ie ld  increases  
w ith  decreasin g  river b asin  area (F ig. 1), a d irect fu nction  o f  th e in ab ility  o f  sm aller  r iver basins  
to  store sed im en t. In large river b asin s, fo r  ex a m p le , o n ly  a sm a ll portion  o f  th e sed im en t eroded  
in  the upper reach es o f  th e river m ay be transported to  th e ocea n , th e rest b e in g  stored , either  
tem porarily  or  perm anently, in  th e r ivers' f lo o d  plains. Sm aller  rivers, in  contrast, have a sm aller  
am ount o f  f lo o d  p la in s in  w h ich  to  store eroded sed im en t, s o  that a larger percen tage  o f  the 
sed im en t actually  reach es th e ocean . T h u s, w h ile  th e sed im en t load  o f  rivers is  u su a lly  directly  
related  to  th e s iz e  o f  the r iver basin , th e sed im en t y ie ld  is  ind irectly  related to  basin  s iz e  (F ig. 
1). T h e  im portance o f  sm aller rivers w ith  h igh  y ie ld s  b eco m es  im portant w h en  it  is  realized  that 
w h ile  sm all rivers drain o n ly  about 2 0  percent o f  th e g lo b a l land  area, th ey  nu m ber in  th e m any  
thousands and therefore c o lle c t iv e ly  contribute m uch m ore sed im en t than e n v is io n ed  by m ost 
scien tists.

S m a ll basins a lso  are m ore a ffected  b y  m ajor ep iso d ic  even ts (su ch  as flo o d s) , a s the 
im pact o f  th ese  ev en ts  can n ot be m od ulated  throughout th e basin . O ne o f  th e m ost dram atic 
exam p les  is  th e Santa Clara R iver  (southern C aliforn ia), in  w h ic h  three flo o d s  (representing a  
tota l o f  6  d ays) in  th e span o f  18 years accou nted  for nearly 6 0  percent o f  th e total sedim ent 
transport m easured during that period  (M eade e t  a l., 1990b).

M ounta inous rivers have greater loads and y ie ld s  than d o  upland r ivers, w h ich  in  turn 
h a v e  greater lo a d s and y ie ld s  than low lan d  rivers (F ig . 1 ), a lthough there is  so m e  overlap  in 
valu es. F or exam p le , m ountainous rivers w ith  basin  areas o f  about 1 0 ,0 0 0  km 2 have sed im en t 
y ie ld s  b etw een  140  and 170 0  t/km 2/y r  (e .g . N eg ro , P oron g), w h ereas  y ie ld s  for s im ilar sized  
upland rivers are 6 0 -2 5 0  (e .g . Sab ine, T o n e), and low lan d  rivers 2 0 -6 0  (e .g . C ape Fear R iver). 
T h e trend o f  increasin g  sed im ent y ie ld  w ith  decreasin g  s iz e  o f  m ou ntain ous rivers b eco m es  less  
pronou nced in  river basins le ss  than about 4 0 0 0  km 2 in  area, w h ic h  probab ly  reflects  the 
d om in an ce  o f  s in g le  typ es o f  g e o lo g y  or  m icroclim ate  in  sm all basins; larger r iver basins are
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m od ulated  b y  a greater range o f  conditions.

T h e  r o le  o f  sed im en t erod ability  (m a in ly  a fu nction  o f  g e o lo g y , v eg eta tio n  c o v er  and 
hum an activity; s e e  n ex t sec tio n ) is  a lso  c learly  an im portant factor, and h e lp s  exp la in  m an y o f  
th e d ev ia tion s from  th e trends sh ow n  in  F ig . 1. M ounta inous rivers drain ing South  A sia  and 
O ceania  h a v e  m uch greater y ie ld s  (2 -3  fo ld ) than rivers draining other m ou ntain ous areas o f  the 
w orld , and an order o f  m agn itud e greater than rivers drain ing h igh -arctic  and non -alp in e  
European m ountains. H ig h  erosion  rates throughout m uch o f  southern A sia , h o w ev er , partly  
reflect poor so il con servation , th e result o f  deforestation  and o ver-fan n in g  (see  b e low ).

W ith the ex cep tio n  o f  th e h igh  arctic, latitude d o e s  not appear im portant. Equatorial 
rivers (e .g . th e T ana in  K en ya) d o  not h a v e  sig n ifica n tly  h igher y ie ld s  than rivers o f  s im ilar size  
in h igh er latitudes (e .g . th e Susitna in  A lask a). H igh -arctic  m ou ntain ous r ivers w h o se  headw aters  
rise  in  the arctic (e .g . C o lv ille , B ab b age), h ow ever, h a v e  m uch lo w er  y ie ld s  than arctic rivers 
w h o se  headw aters are in  lo w er  latitudes (e .g . C opper, Y ukon , M acK en zie). T h e  reason is  not 
an e ffe c t  o f  latitude, but an e ffe c t o f  the active  g lac iers that d e liver  large lo a d s o f  sed im en t to  
the headw aters o f  th e C opper, Y uk on  and M a cK en zie  R ivers; headw aters o f  th e C o lv ille  and 
B ab b age R ivers are not in fluenced  b y  large glaciers.

2 .2 .  M a n ’s  I m p a c t o n  S e d im en t Y ie ld s  o f  W a te rsh ed s

2 .2 .1 . H um an A ctiv ities  that Increase R iver-S ed im en t D isch a rg es  to  the C oastal Z one. 
Increases in  th e sed im en t d isch arge  du e to hum an a c tiv ities  are ev id en t in m an y rivers o f  the 
w orld . F or  exam p le , the v ery  h igh  sed im en t load s in  m o d em  A sia n  rivers reflect a considerab le  
in flu en ce  from  hum an activ ities , particularly poor agricultural practices in  c o n serv in g  soil. 
D eforested  land, w h ich  in  tropical areas a lo n e  is  increasin g  b y  1 0 0 ,0 0 0  km 2/y r  (M yers , 1988), 
is  le s s  lik e ly  to  retain either w ater or  sed im ent. A gricu lture, such  as r ice  grow in g , is  also  
co n d u civ e  to  sed im en t erosion , and h e a v y  m on soon-rela ted  rains h a v e  great e ro s iv e  p ow er  (e.g . 
W allin g , 1983).

A ssu m in g  that present-day A sian  and O cean ia  river loads are 5  tim es greater than before  
m an b egan  deforestation  and fa n n in g , th e w orld -w id e  quantity o f  flu v ia l sed im en t reach in g  the 
ocean  2 5 0 0  years ago  m igh t h a v e  been  le s s  than 7  x  10s1 t/yr, and the p ercen tages from  A sia  and  
O cean ia  w ou ld  have accounted  for corresp ondin gly  sm aller  fractions o f  th e w o r ld 's  total than 
they d o  at present.

T h is  stripping o f  so il and nutrients from  th e so ils  resu lts in  increased  f lu x es  lo  th e sea  if  
th e rivers rem ain  undam m ed. It is not un lik e ly , for exam p le , that so m e  coasta l areas m ight 
b eco m e o v er ly  produ ctive and subseq uently  a n ox ic  b ecau se  o f  th e in creased  d ischarge o f  
nutrients, and subseq uently  an ox ic . A noth er resu lt o f  this increased  river d isch arge  in  A sia  has 
been  accelerated  land  progradation and delta  grow th o ver  th e past fe w  m illen n ia . T h e  c ity  o f  
Sh anghai, fo r  exam p le , w h ich  presently  has a  m etropolitan pop ulation  o f  nearly 2 0  m illion , w as  
tidal fla t as recently  a s 2 -3  thousand years ago.
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H o w ev er , m ore rivers are b e in g  d iverted  or  dam m ed fo r  irrigation , f lo o d  control and  
hyd roelectric  p ow er. S evera l exam p les  o f  dam m in g  are w e ll  kn ow n -  for  exam p le  th e virtually  
com p le te  cessa tio n  o f  sed im en t flu x  from  the C olorado and N ile  rivers. T h e  R hone carries only  
about 5 percent o f  th e load it d id  in  th e 19th cen tury (Corre e t  a l.,  19 9 0 ), and th e Indus R iver  
d isch arges le s s  than 2 0  percent o f  the load  it d id  before construction  o f  barrages in  th e late  
1 9 4 0 ’s  (M iliim an  e t a i ,  1984). V a lu es  for m an y oth er  A sian  and South  A m erican  rivers m ay  
be s im ilarly  m islead in g , e ith er  b ecau se  o f  sparse or erroneous data or  b ecau se  n e w  river 
d iversion s have changed  th e loads dram atically  s in ce  the c ited  data w ere  obtained.

2 .2 .1 .1 . C roo  Farm ing. O n  a g lob a l sca le , th e m o st m a ssiv e  anthropogenic in creases  in 
river sed im en t loads have c o m e  about as a result o f  crop farm ing, e sp ec ia lly  in  areas w here  
forests h a v e  been  cut d ow n  to  m ake w a y  for crop lands. T h e settlem en t o f  th e eastern parts o f  
C anada and the U n ited  States during the 17th, 18th, and 19th cen turies w a s  m arked b y  the 
rep lacem en t o f  native forests by crop lands. D uring the 19th cen tury, e sp ec ia lly  after the 
general adoption  o f  the m oldboard p lo w , prairie grassland s w ere  converted  to  d eep ly  p lo w ed  
fie ld s. T h ese  co n v ersio n s  cau sed  order-of-m agnitu de increases in  s o il  erosion  and corresponding  
increases in  the sed im en t y ie ld s  o f  rivers (M ead e, 1969 , 1982). S im ilar ly , th e ex te n s iv e  
agricultural d ev e lo p m en t o f  th e lo e ss  p lateau o f  northern C hina that began about 2 0 0  B C  a lso  is  
b e liev ed  to  h a v e  cau sed  an order-of-m agnitu de increase in  th e su sp en d ed -sed im en t d isch arge  o f  
th e Y e llo w  R iver  (M iliim an  e t a i ,  1987). B eca u se  o f  th e storage o f  sed im en t in r iver system s  
and the tim e lags b etw een  up land erosion  and th e de livery  o f  river sed im en t to  th e coasta l zon e , 
th e agricu ltu rally-indu ced in creases  in th e grow th rates o f  large river d e lta s are m o st  appropriately  
con sid ered  in tem poral fram ew orks o f  m illen n ia l scale.

2 .2 .1 .2 . D eforesta tion  fo r  T im ber or  G razing . T h e e ffe c ts  o f  deforesta tion  fo r  purposes  
other than clearin g land  fo r  crop farm ing d ep en d  o n  the degree o f  so il d isturbance. T h is  is  
e sp ec ia lly  true i f  th e d eforested  areas are in reg ion s o f  active  tecton ism  w h ere  o th er  factors such  
as sheared bedrock  and steep  h ills lo p es  c o m e  in to  p lay . M o st o f  th e inform ation  o n  tim ber  
harvesting under such con d ition s  co m e s , not surprisingly , from  th e P ac ific  R im , esp ec ia lly  from  
p laces lik e N e w  Z ealand  and th e northw estern U n ited  States. T im ber cu ttin g  o n  steep  s lo p es  o f  
th e P ac ific  N orth w est o f  the U n ited  States has resu lted  in  sed im en t y ie ld s  2 -4  tim es the natural 
y ie ld s  in  stream s draining the lo g g ed  areas (S w an ston  and S w an son , 1976). T h e  e ffe c ts  are 
c learly  related  to  th e am ou nt o f  so il d isturbance during logg in g . O ften , th e greatest sed im ent 
y ie ld s  (8 -1 0  tim es natural y ie ld s )  are der ived  from  th e construction  o f  th e roads that are needed  
to  transport th e lo g s  aw ay  from  the cu ttin g  sites.

W hether or not liv e s to ck  grazin g  strongly  in flu en ces  r iver-sed im en t y ie ld s  is  still a 
controversia l is su e . A n  o n se t o f  in ten se degradation and g u lly in g  during th e la te  1 8 0 0 s in  the 
southw estern  U n ited  S tates w as thought b y  m an y to  have been  cau sed  b y  overgrazing  by 
liv e s to c k  (C o o k e  and R eev e s , 19 7 6 ). W hen a m arked d ecrease o f  su sp en d ed -sed im en t d ischarge  
w a s recorded in  th e m id dle  1 9 4 0 s  in  th e C olorado R iver  (w h ich  drains m u ch  o f  th e southw estern  
U .S .) , at lea st o n e  author sp ecu lated  that th e d ecrease m igh t have been  d u e to  a ch an ge in  
livestock  grazin g  p ractices (H ad ley , 1974). H ow ever , m ore recent fie ld  s tu d ies  h a v e  delin eated  
a reg ion a l p attem  o f  increased  aggradation and accu m ulation  o f  sed im en t s in ce  th e 1 9 4 0 s  in
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the tributary b asin s o f  the C olorado R iver  (H ereford , 19 8 4 ). A  co n sen su s  a m on g  field  
in vestigators favors th e co n c lu sio n  that th e present ep iso d e  o f  aggradation  fo llo w e d  a subtle shift 
in  c lim ate, w h ich  perhaps w a s  th e ob verse  o f  th e co n d itio n s  that triggered th e e p iso d e  o f  in ten se  
degradation and g u lly in g  that characterized  th e region  during th e la te  1 8 0 0 s  (C o o k e  an d  R eev e s , 
19 7 6 ). In any ev en t, th e ca u ses  o f  th is  cen tury-sca ie  c y c le  o f  degradation  and aggradation are 
p resen tly  con sid ered  to  have been  natural rather than ind uced  by hum ans or  livestock .

R ecen t co n v ersio n s  o f  virgin  forest lands to  cattle-grazin g  lands in  th e A m azon  reg ion  so  
far h a v e  not cau sed  an y  d iscern ib le  ch an ges in  th e hyd ro logy  and sed im en t lo a d s o f  the m ajor 
trunk rivers. A n  exp ected  e ffe c t  o f  deforestation  w ou ld  b e  an in crease  in ero sio n  rates and  
sed im en t y ie ld s . H ow ever , sm all increm ental increases in  sed im en t contributed by  
d eforested  areas to  large trunk rivers that already transport large natural sed im en t lo a d s from  the 
A n d es  w ou ld  not b e  e a s ily  d e tec tib le  in  th e r ivers th em se lv es. Tributary rivers n o t already  
burdened w ith  h eavy  natural sed im en t loads w ou ld  seem  to b e  m ore p rom isin g  p laces to  look. 
B u t ev en  in  th e Jam ari and Jiparana R ivers, tw o  large but sed im en t-p oor  tributaries o f  the 
M adeira R iver  that drain so m e  o f  th e m o st h e a v ily  d eforested  reg io n s o f  A m a zo n ia , M ortatti e l 
a l.  (1 9 9 2 ) w ere  unable to  dem onstrate th e e ffec ts  o f  deforesta tion  o n  h yd ro log ica l and  
geo ch em ica l characteristics o f  the rivers.

2 .2 .1 .3 . Su rface M in in g . A noth er hum an activ ity  w h o se  in flu en ce  o n  sed im en t load s has 
b een  large o n  a  river-basin  sca le  is  surface m in ing . M in in g  w a stes  h a v e  c lo g g ed  th e ch an n els  
and inundated th e f lo o d  pla ins o f  rivers o f  a t lea st m oderate s iz e . Perhaps the b est know n  
exam p le  is that o f  th e hydraulic go ld -m in in g  w astes  in  the S acram ento R iver  v a lley  o f  C alifornia. 
B eg in n in g  around 1850 , during th e gold -ru sh  days in  C alifornia , go ld -b earin g  a llu v ia l terrace 
d ep osits  in th e Sierra N evad a  fo o th ills  w ere m in ed  in ten siv e ly  w ith  w ater can n on s. T h e alluvium  
w a s h osed  out o f  th e terraces in to  s lu ic e s  and, after th e g o ld  w as extracted , in to  th e tributary 
stream s that flo w e d  o f f  the Sierra N ev a d a  to  jo in  th e Sacram ento R iver. B y  about 1880 , the beds  
o f  th e stream  ch an n els  had r isen  severa l m eters, and m in in g  debris had b een  carried o n to  the  
f lo o d  p la in s in  su ffic ien t quantities to  co v er  h o u ses  and d estroy  farm s. T h e farm ers w en t to court 
and g o t the m in in g  stopped  in  1884 , but b y  then the dam age w a s  d on e. In a study o f  th e subject, 
G ilbert (1 9 1 7 ) estim ated  that the quantity o f  earth m o b iliz ed  b y  th e hyd rau lic  m in in g  w a s  1 .2  x  
IO9 cu b ic  m eters, w h ich , as he p o in ted  out, "was nearly  e ig h t tim es a s great a s th e v o lu m e  m oved  
in  m ak ing th e Panam a Canal". N atural sed im en t sou rces during th e sa m e period  contributed  o n ly  
0 .1  x  IO9 cu b ic  m eters. M o st o f  the m in in g  debris that p assed  d o w n  th e chann el en d ed  up in  San  
F rancisco  B ay; the m in in g  debris that w as d ep o sited  o n  th e flo o d p la in s, w h ic h  am ounted  to  about 
9 0  percent o f  th e total m o b ilized  sed im en t, s till rem ains stored in  th e flood p la in s.

A  m ore recent ex a m p le  is  that o f  th e cop p er-m in in g  w astes  in  th e K aw eron g  and Jaba 
R ivers o f  Papua N e w  G uinea, d escr ib ed  by P ickup e i  a!. (1 9 7 9 , 19 8 3 ). M in in g  a c tiv it ies  during  
an 8-year period (1 9 6 8 -1 9 7 6 ) contributed 0 .2  x  IO9 ton s o f  sed im en t to  a sm alt r iver sy stem  
w h o se  natural sed im en t load w as n eg lig ib le  b y  com parison . O n e third o f  th is  vast quantity o f  
sed im en t w as d ep osited  o n  flo o d  pla ins and in  th e delta  o f  th e Jaba R iver. B eca u se  the Jaba 
R iver  is  short and steep , d escen d in g  2 2 5 0  m eters o ver  a length  o f  o n ly  5 0  k ilom eters, it 
d isch arges a sandy b ed load  d irectly  to  the c o a stlin e  w here its  large d e lta  has prograded into
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P rin cess A ugusta  B a y  (W right, 1989).

2 .2 .1 .4 . U rbanization . U rbanization  is  o n e  o f  th e m ore recent hum an in flu en ces  that 
contribu tes large sed im en t lo a d s to  stream s, and its  e ffe c ts  h a v e  b een  stu d ied  m o st in ten sive ly  
and e x te n s iv e ly  in  the areas surrounding th e c it ie s  o f  W ash ington  and B altim ore (R oberts and 
P ierce, 1974; V ic e  e l  a l . ,  1969; Y ork e  and H erb, 19 7 8 ). W olm an  and S ch ic k  (1 9 6 7 , p . 4 54 )  
reported annual sed im en t y ie ld s  from  construction  sites  in  th e W ash in gton -B a ltim ore  area that 
ranged from  2 ,0 0 0  to  5 0 ,0 0 0  ton /km 2. G u y  (1 9 6 5 , p . 3 7 ) estim ated  that the extra sed im ent 
produ ced  b y  urbanization near W ash in gton  w as su ffic ien t to  d ou b le  th e d isch arge  o f  susp en ded  
sed im en t b y  th e P otom ac R iver  to  its  estuary.

W o lm a n ’s  (1 9 6 7 ) sch em atic  sum m ary o f  ch a n g es  in  sed im en t y ie ld  w ith  ch an g in g  land  
u se  in a typ ica l area b etw een  W ash in gton  and B altim ore is  sh ow n  in  F igu re  2 . U n til th e en d  o f  
th e 18th cen tury, th e area rem ained  in  its  or ig in a l forested  con d ition , and sed im en t y ie ld s  w ere  
lo w . T h e  area w a s  con verted  to  crop  farm s in  th e 19th cen tu ry , an d  th e sed im ent 
y ie ld s  in creased  accord ing ly . D u rin g  the fu s t  h a lf  o f  th e 20th  cen tury, so il-co n serv a tio n  m easures  
w ere  in trod uced  and so m e  lands reverted to  w o o d s  and pasture w h ile  aw a itin g  th eir  con version  
to  suburb and c ities; both th ese e ffec ts  ca u sed  the sed im en t y ie ld s  to  decrease. D u r in g  th e period  
w h en  th e land s are con verted  to  urban u se , th e sed im en t y ie ld s  are extraord inarily  large, bu t this 
period  is  re la tiv e ly  short. A fter  the area b eco m es  a  c ity  or  suburb w ith  p aved  streets and planted  
la w n s, th e sed im en t y ie ld s  b eco m e sm alt again.

2 .2 .2 . H um an A ctiv itie s  that D ecre a se  R iver-S ed im en t D isch a rg es  to  th e C oastal Z ones

2 .2 .2 .1 . D a m s and R eservo irs. O n e o f  th e m ost p erv a siv e  in flu en ces  o n  sed im en t load s  
delivered  to  th e coasta l zo n es  o f  th e w orld  is  exerted  by th e dam s and reservo irs that have been  
bu ilt in  large num bers across large rivers. D am s are bu ilt to  im p ound w ater for variou s purposes, 
and th e reservo irs they form  interrupt th e d ow nriver f lo w  o f  sed im ent. A lth ou gh  the r iver w ater  
that en ters a  reservoir is  released  ev en tu a lly  (through a p ow er  plant, in to  a d iversion  canal, or  
over  a sp illw a y ), m u ch  o f  th e sed im en t is  trapped perm anently  in  th e reservoir. Prior to  1900  
th e rate o f  dam  construction  ( i.e .,  dam s greater than 15 k m  in  h eigh t) w a s  sm all. B e tw e e n  1900  
and 19 4 5  dam  construction  increased  b etw een  w ars and eco n o m ic  d ep ress ion  (P etts, 1984 , F ig .
3 ) . S in ce  19 4 5  th e  rate o f  dam  construction  has contin ued  to  r ise , w ith  th e g lob a l rate averaging  
over  9 0 0  per year (in d icatin g  m ajor and m in or d am s) b etw een  1951 and 19 8 2  (V an  der L eed en  
e t  a l., 19 9 0 ). O v er  h a lf o f  th ese  dam s w ere constructed  in  C hin a during th is  tim e period.

N ea rly  a ll reservo irs o n  m ajor rivers trap at lea st o n e -h a lf o f  th e r iver sed im en t that flo w s  
in to  th em , and so m e  lik e  L a k e  M ead  o n  th e C olorado R iver  and L ake N asser  o n  the N ile  R iver, 
trap virtually  a ll th e sed im ent. E xam p les are described  b e lo w  from  rivers o f  N orth A m erica  
w here su ffic ien t h istor ica l data  are ava ilab le. T h e  e ffec ts  sh o w n  in  th e  N orth  A m erican  exam p les  
ca n  b e  p resu m ed  to  fo llo w  th e construction  o f  dam s and reservo irs o n  other m ajor rivers o f  the 
world.

T h e  c la ss ic  ex a m p le  in  N orth A m er ica  o f  th e interruption o f  a large d ischarge o f  river
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sed im en t to  the coastlin e  is  that o f  th e C olorado R iver. B efo re  about 1930 , th e C olorad o  R iver  
d e liv ered  an average  o f  125  to  1 5 0  x  IO6 ton s o f  susp en d ed  sed im en t per year  to  its  d e lta  at the 
head  o f  th e  G u lf o f  C alifornia. S in ce  th e c lo su re  o f  H o o v er  D am , w h ich  b egan  in  1935 , this rate 
o f  sed im en t d e livery  has d ec lin ed , first precip itou sly  and th en  m ore gradually , to  an average  
annual am ou nt today o f  about IO5 ton s. A s id e  fro m  a period b etw een  19 3 4  and 1938 , w h en  30  
x  10* m 3 o f  th e r iver w ater w a s  appropriated for th e in itia l f il lin g  o f  L ake M ead  b eh in d  H oover  
D am , th e quantity o f  w ater carried b y  th e C olorado R iver  past Y u m a, A rizon a , has d ec lin ed  m ore 
or  le s s  p rogress ively  (F igure 4 A ). T h is  d ec lin e  has been  in  resp on se to  the in creasin g  d iversion  
o f  w ater  from  the C olorad o  R iver  fo r  irrigation o f  crop lands and fo r  m u n ic ip a l w ater supplies. 
T h e m ore abrupt d ec lin e  in  sed im en t d isch arge  a t Y u m a (F igure 4 B )  c learly  w a s  rela ted  to 
a  s in g le  ev en t, th e c lo s in g  o f  H o o v er  D am . T h is  seq u en ce o f  even ts is  strongly  ana logou s to  that 
in  th e lo w er  N ile  R iver, w herein  th e annual su sp en d ed -sed im en t d isch arges w ere  d ecreased  from  
about 125 x  10s ton s to  le s s  than 3 x  IO6 tons fo llo w in g  th e c lo su re  o f  th e h igh  dam  at 
A sw a n  (S hahin , 1985 , p .460 ).

A noth er large r iver sy stem  w h o se  sed im en t lo a d s are strongly  in flu en ced  b y  reservo irs is  
th e M iss issip p i. P rev iou s to  ex ten s iv e  European settlem ent o f  th e M iss issip p i V a lley , and up to  
about 1950 , th e m ajor sou rces o f  sed im en t in  th e r iver w ere th e w estern  tributaries, th e M issouri 
R iver  and, to  a le sser  ex ten t, the A rkansas R iver. F o llo w in g  W orld  W ar II, a ser ies o f  f iv e  large  
dam s w a s  com p leted  o n  the M issou r i R iver  fo r  irrigation, hyd roelectric  p ow er , and navigation  
control (M ead e and Parker, 1985). D u rin g  th e sam e tim e, a  ser ies o f  lo c k s  and dam s w as  
constructed  fo r  navigation  o n  th e A rkansas R iv er  (M adden , 1965). B eg in n in g  in  th e early  19 5 0 s, 
d ow nstream  sed im en t loads w ere d im in ish ed , and th e e f fe c t  co u ld  b e  o b served  a ll th e w a y  to  the  
m outh o f  th e M iss iss ip p i R iver. Partly b ecau se  o f  the construction  o f  reservoirs, and partly as 
a  resu lt o f  other ch an n el-stab ilization  w ork s (K eow n  e l a!., 19 8 6 ), sed im en t d isch arges  to  
th e G u lf o f  M ex ico  b y  th e M iss issip p i R iver  are n o w  le s s  than o n e -h a lf o f  w hat th ey  w ere  before  
1950 . T h e d iagram s in  F igure 5 com p are th e estim ated  sed im en t d isch arges  a s o f  c irca  17 0 0  w ith  
th o se  m easured c irca  1980 . Partly o ffse ttin g  th e d ecrease  in  sed im en t lo a d s from  th e  w estern  
tributaries is  an in crease  in  th e sed im en t inp uts from  th e m ore h u m id  O h io  R iv er  V alley . 
T h is  inferred  in crease  is  related  m ain ly  to  th e con version  o f  the or ig in a l forests  to  crop lands.

In add ition  to  th e w e ll  p u b lic ized  im p act o f  th e A sw a n  dam , the im p acts o f  o th er  w ater  
d iversion  projects in  A fr ica  h a v e  been  docum en ted . For ex a m p le , Jacob sen  e t  a l. (1 9 8 9 )  
c o n c lu d ed  that sev era l m ajor en g in eer in g  w orks in  the w e st  A fr ican  reg ion  have resu lted  in  
redistribution o f  sed im en t load  and resu ltin g  coasta l degradation . F or  ex a m p le , th e A k osom b o  
dam  o n  th e V o lta  R iver  in  C ihane w h ich  resulted  in  starved th e b each es b ecau se  o f  th e dep osition  
o f  sand b eh in d  th e d am  and in  th e estuary. B ea ch  erosion  a lon g  th e d o w n  drift s id e  has also  
b e co m e  a  m ajor problem . T h e  Shiroro and K ainji dam s o n  th e N ig er  R iv er  h a v e  a lso  led  to a  
reduction  o f  sed im en t load , p rev iou sly  estim ated  a t 4 0  x  IO6 ton s (M iliim an  and S y v itsk i, 1992), 
reaching th e N ig e r  delta  coastline. T h e  o n c e  progradating N ig e r  delta  has h en ce  becom e  
erosion al (Ibe e t  a l . ,  1 9 8 6 ), and th e b u ild in g  o f  D iam a and M anantali dam s o n  th e Sen ega l R iver  
h as red uced  substantially  th e am ount o f  sand  reaching the S en eg a l delta , th ereby aggravating  
erosion  (M ich e l and S ail, 1984).
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F igu re  4. A n n u al d isch a rg es  o f  w ater (1 9 0 5 - 1 9 6 4 )  an d  su sp en d ed  sed im en t ( 1 9 1 1 -I 9 7 9 )  in  the 
C olorado R iv er  a t Y um a, A rizon a  (C u rtis  an d  o th ers , 1973 , p . 9 ; M ea d e  an d  P arker, 1985 , 
P- 5 5 ).
A : W ater d isch a rg es . C om piled  fro m  d ata  o f  U .S . G e o lo g ic a l S u rvey . 1 k m 5 =  lO’m 3. 
B: S u sp en d ed -sed im en t d isch arges. C o m p iled  fr o m  data o f  U .S .  B u reau  o f  R ecla m a tio n . 

T h e  abrupt decrease i n  su sp en d ed -sed im en t d isch a rg e  in  th e m id d le  1930s  
co in c id e d  w ith  the c lo su re  o f  th e H o o v e r  D a m , 5 0 0  k m  u p river  o f  Y u m a.
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and (4 ) a c o m p le x  pattern o f  sco u r  in  th e 100-k m  reach  im m ed ia te ly  b e lo w  th e reservo ir  and  
d ep osition  farther d ow nriver (resu lting in  a net d ep osition  o f  100  m illio n  ton s p er year) during  
th e latest operation  m od e that sp ec if ica lly  im p ound s c lea r  w ater and s lu ic e s  sed im ent-laden  
w a te n . B a se d  o n  th e exp erien ce  a t San m en xia , s im ilar s lu ic in g  w orks w ere  incorporated in  
th e G ezh ou b a  D a m  o n  th e Y a n g tze  R iver, and s im ilar structures are b e in g  in c lu d ed  in  the 
d es ig n  fo r  th e p rop osed  T h ree  G orges  P roject o n  th e sam e river. C on seq u en tly , th e e ffe c ts  o f  
th ese  large dam s o n  th e sed im en t d ischarge to  th e Y an gtze  d e lta  are ex p e cted  to  b e  slight 
(Q ian e t  a i ,  1987; T ang  and L in , 1987).

W hat o f  th e future o f  large reservoirs? In th e ab sen ce  o f  w idespread  ad op tion  o f  
byp assin g  m easures such  as th ose at S an m en xia  and G ezhouba , m any o f  th e w orld ’s  m ajor 
reservoirs m ay  w e ll  b e  co m p le te ly  fil le d  w ith  d ep o sited  sed im en t b y  th e en d  o f  th e 2 1 s t  
Century. In  th e U n ited  States, fo r  ex a m p le , so m e  o f  th e m ajor reservo irs bu ilt during the  
m id d le  years o f  the 20th  C entury w ere  d e s ig n ed  to  accom m odate o n ly  1 0 0  years w orth o f  
sed im en t accum ulation . M ore recent ch an ges -  construction  o f  additional 
reservoirs upstream  and perhaps a lterations o f  lan d -u se  patterns and increased  
so il con servation  - -  h a v e  exten d ed  th e projected life  o f  m any o f  th ese  m ajor reservoirs. 
H ow ever , at so m e po in t in  th e secon d  h a lf o f  th e 2 1 s t  C entury, th e cap acities o f  m any m ajor 
reservoirs fo r  trapping sed im en t w ill  be approaching zero.

W hat scen arios can  w e  project fo r  th e years 2 0 5 0 -2 1 5 0 ?  T h e  answ ers to  th is  question  
d ep en d s o n  th e an sw ers to  tw o  im portant related  questions; (1 ) A re  th e sed im en t lo a d s o f  
m ajor river sy stem s, w h ich  w ere  in creased  by m an -ind uced  acceleration  o f  so il ero sio n  during  
th e last fe w  m illen n ia , and w h ich  h a v e  b een  decreased  by dam s and reservo irs during the last 
fe w  decad es, lik e ly  to  b e  increased  aga in  w h en  th e reservoirs b eco m e to o  fu ll  to  trap any  
m ore sed im ent? and (2 ) A re  th e tim e fram es o f  anticipated  sea -lev e l r ise  or  
delta ic  su b sid en ce su ch  that they m ay  b e  s ig n ifica n tly  o ffse t  b y  resu m ed  inp uts o f  large loads  
o f  river sed im ent?
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2 .2 .2 .2 . C hannel S tab ilization  W ork s. In add ition  to  th e cross-ch an n el structures such  
as dam s, in -ch an n el structures lik e  w in g  dam s, and a lon g-ch an n el a lteradons su ch  as 
revetm en ts, tend to  d ecrease th e am ou nt o f  sed im en t that a river transports to  th e coasta l zone. 
W in g  dam s are d esign ed  sp ec if ica lly  to  narrow and d eep en  a ch an n el, u su ally  for navigation  
p u rp oses, and th e areas betw een  w in g  dam s are lik e ly  s ite s  fo r  the long-term  storage o f  sed im ent 
that m igh t o th erw ise  contin ue m o v in g  dow nriver. R evetm en ts and oth er  bank-protection  w orks  
are sp ec if ica lly  d esign ed  to  retard th e erosion  o f  r iver banks, thus preven ting th e m ob iliza tion  o f  
n ew  sed im en t or  th e rem obilization  o f  sed im en t p rev iou sly  stored o n  its  ban ks b y  th e river.

3 . IM P A C T S  O N  T H E  C O A S T A L  M A R IN E  E N V IR O N M E N T

3 .1 . P r o b le m s  in  R e la tin g  R iv e r -S e d im e n t L o a d s  to  C o a sta l P r o c e sse s

3 .1 .1 . U oriver  L oca tion s o f  G auging  S tations. T h e  first d ifficu lty  in  relating  
river-sed im en t lo a d s to  coasta l p ro cesses  is  in  th e spatial separation o f  th e ava ilab le  data. T he  
farthest dow nstream  poin t a t w h ich  sed im en t d ischarge is  con v en tio n a lly  m easured  in a  r iver is  
u su ally  so m e d istan ce upriver o f  th e coastlin e . R ou tin e  m easurem en ts o f  w ater  and sed im ent 
discharge are b est m ade w here th e flu ctuation s o f  r iver  f lo w  and river le v e l are not in fluenced  
b y  o cea n ic  tid es . F or ex a m p le , th e poin ts farthest dow nstream  w h ere  sed im en t lo a d s are 
m easured in th e M iss issip p i and A m azon  R ivers are, resp ective ly , 5 0 0  and 8 0 0  km  in land  o f  the 
river m ouths.

T h e three rivers that transport the largest sed im en t load s, th e A m a zo n , G an ges , and  
Y e llo w  R ivers, a ll d e liv er  about a b illion  ton s p er year to  th e upriver en d s o f  th eir  deltas. 
H ow ever , d ifferent proportions o f  th ese  r iver-sed im en t lo a d s actually  reach th e co a stlin e  or  the 
deep  sea  (F igure 6 ) . O f  the 10 x 10s tons that th e A m azon  R iver  d e liv ers  annually  to  its delta  
(already le ss , b ecau se  o f  d ep osition  o n  the in terven in g  flood p la in , than th e annual load  o f  12  x  
10s tons o f  sed im en t m easured 5 0 0  km  upriver a t O b id os), o n ly  about 8 x 10s ton s reach the 
m outh o f  th e river. T h e o th er  2  x  10s tons are d ep o sited  in  th e delta , through w h ich  th e river  
flo w s  for 3 0 0  km  o f  its  length . O f  th e 8 x  IO8 ton s d ischarged  through th e m ou th , about 6  x  10' 
are d ep osited  o n  th e continental s h e lf  (K ueh l e t  a l . ,  19 8 6 ), and the rem ain in g  2  x  10s tons are 
transponed  northw estw ard a lon g  th e coasts o f  th e G uyan as, perhaps to  b e  d ep o sited  in th e delta  
o f  th e O rinoco  R iver  (E ism a e t  a l . ,  1991). V irtually  n o  sed im en t esca p es  o ffsh ore .

T h e co m b in ed  G an ges and Brahm aputra R ivers  d e liv er  about 11 x  IO8 ton s o f  sed im ent 
per y ear  to  th e head  o f  the delta  in B angladesh  (F igure 6 B ). A  little  m ore than h a lf this am ount, 
about 6  x IO8 ton s per year, is  d ep osited  in  the delta. O f  th e 5  x  IO8 tons that reach the coastlin e , 
a sm all proportion (about 1 x  10s ton s?) is  m oved  a lon gsh ore  (m o stly  w estw ard ) w h ile  the rest 
is  d ispersed  o n to  the contin en tal s h e lf  (K u eh l e t  a l . ,  19 8 9 ). A s m u ch  as 1 x  IO8 tons o f  m aterial 
in  the latter category  m ay  cro ss  the s h e lf  and b e  d ep o sited  in th e d eep  sea .

O f  the 11 x  10s tons o f  sed im en t transported to  the delta  o f  th e Y e llo w  R iver  during an 
average year, m ore than 9  x  IO8 ton s are d ep o sited  w ith in  the delta  (F igure 6C ). E v id en ce  o f  this 
large proportion o f  d ep osition  is  th e ex te n s iv e  grow th o f  the Y e llo w  R iv er  delta , w h o se  shoreline

2 0

S teep  islands, su ch  as th ose o f  th e South  P a c if ic  are o f  particular risk . B ec a u se  o f  their  
gen era lly  grow in g  agriculture, the tecton ic  instab ility  o f  w atersheds, and th e pattern o f  
precip itation , w h ich  is  d om in ated  b y  short duration, h ig h  in ten sity  rain falls, s o ils  are e a s ily  eroded  
and transported to the coast. A  recent sy m p osiu m  (R esearch N e ed s  and A p p lica tio n s to  R educe  
E rosion  and Sed im en tation  in  T rop ical S teep lan ds, ed ited  by R .R . Z iem er, C .L . O ’L ou gh lin  and 
L .S . H am ilton ) add resses th ese prob lem s not o n ly  for is lan d  but fo r  tropical steep lan d s in  general.

South  A sia n  countries (in clud in g  C hina) h a v e  had lo n g  agrarian h istor ies in w hich  
sed im en t ero sio n  has increased  up to  10-fo ld  (in  th e ca se  o f  th e Y e llo w  R iver). A s  a resu lt o f  
th ese lon g-term  (in  so m e ca ses  m ore than 2 0 0 0  years) e lev a ted  in flu x  o f  sed im en t to  th e coastal 
reg ion  a lo n g  southern and eastern A sia , sh orelin e  progradation has b een  (at lea st lo ca lly )  
appreciable. D a m m in g  th ese A sian  R ivers, i f  th e sed im en t b ecom es entrapped b eh in d  th e dam s, 
therefore, can  red uce sed im en t flu x es  to  th e coastlin e  to  or b e lo w  the pre-hum an le v e ls . In these  
c a se s , erosion  or  su b sid en ce  can  result in  th e rapid retreat o f  th e coastlin e .

5 .4 .  A m e lio r a tio n  o f  H u m a n  I n flu e n c e s  o n  R iv e r -S e d im e n t L o a d s

C on sid erin g  h o w  river-sed im en t loads h a v e  been  ch an ged  b y  hum an ac tiv it ies , it  seem s  
reasonab le  to  su g g e st that th ese  ch a n g es  m igh t b e  reversed  by other, com p en sa tory , activ ities . 
F or exam p le , i f  sed im en t loads h a v e  b een  in creased  by th e co n v ers io n  o f  forests  to  croplands, 
m igh t not su ch  loads b e  d ecreased  by introducing so il-con servation  m easu res or  ev en  
b y  con vertin g  crop lands back  to  w oodlan ds?  W here su ch  m easures h a v e  b een  introduced , 
h ow ever, their e ffec ts  h a v e  not been  d iscern ib le  in  rivers o f  m od erate  s iz e  (M ead e and  
T rim ble, 1974; T rim ble, 1977 , 1985; M ead e, 1982), and their e ffe c ts  are lik e ly  to  b e  e v en  le ss  
detectib le  in large rivers. T h e  im portance o f  th e storage e ffec ts  d iscu ssed  a b o v e  probably  
increases w ith  increasin g  river s iz e . T h e  rem ob iliza tion  o f  stored m aterials from  th e b ed  and  
banks o f  a large river can  o v erw h elm  th e e ffec ts  o f  an y  ch a n g e  in  th e sed im en t supply  from  
eroded uplands fo r  tim e periods m easurable in  cen turies or  ev en  m illen n ia .

M ore  im m ed iate  e ffec ts  are p o ssib le  in th e d esign  and operation  o f  dam s and  
reservoirs. S ed im en t that w a s  form erly  trapped in a  reservoir can b e  flu sh ed  d ow nriver by  
ch an gin g  the d e s ig n  o f  th e dam  or  b y  a ltering th e operating sch ed u le  o f  th e reservoir. For  
exam p le , th e S an m en xia  D a m  o n  th e Y e llo w  R iver  w a s  orig in a lly  c o m p le ted  in  19 6 0  w ith  no  
p rovision  for b yp assin g  large sed im en t loads. A fter  o n ly  four years o f  operation, 
the d ep osition  o f  sed im en t had decreased  th e w ater-storage cap acity  o f  the reservoir b y  m ore  
than 6 0  percent. A  m ajor reconstruction project (1 9 6 5 -1 9 7 3 ) in sta lled  n e w  s lu ic in g  outlets  
through w h ich  th e sed im en t is n o w  flu sh ed  d ow n river tow ard th e Y e llo w  R iv er  delta. T h e  
different operational routines o f  th e reservoir h a v e  cau sed  d ifferen t longitud ina l patterns 
o f  scou r and d ep osition  in  the 7 0 0 -k m  reach o f  th e Y e llo w  R iver  b etw een  S an m en xia  and the 
G u lf  o f  B oh a i (Z hao e t  a l . ,  1989); (1 ) net d ep osition  o f  3 6 0  m illio n  tons o f  sed im en t per  
year  in  th e d ecad e  before com p letion  o f  th e reservoir; (2 ) net scour o f  5 8 0  m illio n  tons per  
year during th e 4 -year  period w h en  th e reservoir im p ound ed  flo o d s; (3 ) net d ep osition  o f  
4 4 0  m illio n  ton s p er y ear  during th e 9 -year  period  w h en  th e reservo ir  w as operated  to  retard 
flo o d s  and s lu ice  sed im en t (in clud in g  sed im en t form erly  trapped and stored in th e reservoir);
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T A B L E  6.

R isk  F actors for  M ajor R egions o f  the W orld*

R eg io n T ec to n ic  Factor

A nth rop ogen ic

Increased
Input
(E rosion)

Im pact

D ecreased
Input

(D am s)

A frica

E ast m od -h igh m od  (?) lo w  (?)

W est lo w low incr.

North high m od -h igh m od -h igh

S. A m erica

East lo w low m od.

W est high m od. lo w

C. A m erica high m od  (?) low

S. A sia** high high m od -low

S.E . A sia** high high m od -low

China high high high

O cean ia high high high

‘ N orth A m erica , Europe and N orth A sia  are exclu d ed  b ecau se  o f  lo w e r  general risk o f  drastic 
alteration o f  sed im en t d ischarge to  coasta l r eg ion s, although thre are c learly  reg ion a l excep tion s  

(e .g ., N .W . N orth A m erica).

* * S . A sia  refers to  India, Pakistan, Sri L anka and B angladesh
* *S .E . A sia  refers to  T hilannnd, M alaysia , B urm a, Indonesia, P h ilip p in es, etc.

4 8

RIVER DELTA SHELF

H e a d  of C o a s t Shel f

A. Amazon

B. Ganges

C. Yellow

; b r e a kdel t a l ine
L o n g sh o re

Longshore

DEEP

SEA

Longshore

P icure 6 . D ifferen t proportions o f  average sed im en t d isch a rg es  that are d e liv ered  to  d eltas, co a stlin e s, continental 
sh e lv es , and the d eep  sea  by three m ajor rivers. S ed im en t d isch arge  at the head  o f  ea ch  delta  is portrayed  
the sam e quantity (100% ) regardless o f  its ab so lu te  v a lu e  (v a lu es  range from  100 0  to  1 2 0 0  x  IO6 t/yr; and 

regardless o f  ch a n g es  in sed im en t d isch arges up river o f  the delta.
A : A m azon  R iver  o f  B razil (E ism a e ta ! . ,  1991; K ueh l e t a i ,  1986; M ead e  e t  a l . .  1985).
B; G a n g es  (in clu d in g  Brahmaputra) R iver  o f  B an g lad esh  (K u eh l e t a l . .  1989; M iliim an . in preparation)
C: Y e llo w  R iver  o f  C hina (B orm h old  e t  a l . ,  1986; M iliim an  e t  a l . ,  1987; D in g , 1989)
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has prograded about 1 0 0  km  sin ce  1855. Southeastw ard transport a lon gsh ore  tak es about 1 x  10' 
o f  th e sed im en t that p asses th e m outh. T h e rem ainder is  d ep o sited  o n  th e con tin en ta l sh e lf, 
virtually  a ll w ith in  th e G u lf  o f  B o h a i. (B o m h o ld  er a l. ,  1986).

3 .1 .2 . C oarse and F in e  S ed im en ts. T h e  seco n d  d ilem m a o f  trying to  relate inp uts o f  
r iver-b om e sed im en ts (regard less o f  w hether th ose sed im en ts are natural or  anthropogen ic) to 
th e c oasta l zo n e  is  th e reversa l o f  th e rela tive  im portance o f  fin e  an d  coarse  sed im en ts. In m ost 
rivers, and certain ly  in  a li bu t a few  o f  th e w orld ’s  largest rivers, th e qu antities o f  fin er  sed im ent 
transported seaw ard in su sp en sion  (c lay , silt, an d  very fin e  sand) are greater b y  factors o f  
ten  than the quantifies o f  coarser sed im en t transported by ro llin g  and sk ip p in g  a lo n g  th e river bed  
(gravel, coarse  and m ediu m  sand). T he coarser  sed im ent, h o w ev er , p la y s  th e greater r o le  in 
determ ining th e stab ility  o f  th e barrier is lands and b each es that d e fin e  m o st  o f  th e e x p o sed  
co a stlin es  o f  the w orld.

B ed load  transport o f  rivers is  d ifficu lt to  m easure b ecau se  it  happens m o stly  in  a  narrow  
zon e  near th e b ottom  w here v e lo c ity  and turbulence are h igh ly  variable. In general, th e practical 
d ifficu lty  o f  m easuring b ed load  increases d irectly  w ith  th e s ize  o f  th e river, and bedload  
transpons o f  large rivers are usually  com pu ted  from  standard form u las rather than m easured  
directly  (V an on i, 1975). C onseq uently , th e sed im en t grains that are p o ten tia lly  m o st im portant 
to  th e coasta l zo n e  are th o se  w h o se  transport in rivers is  su b ject to  th e greatest errors o f  
m easurem en t or  estim ation .

F lu v ia l tran sp on  o f  fin e  sed im en t, o n  th e o th er  hand, has to  be m easured . G iven  the 
present state o f  understanding, th e d ischarge o f  fin e  sed im en t cannot b e  com p u ted  from  
k n o w led g e  o f  river hydrau lics nor can it  be predicted  accurately  fro m  a k n o w led g e  o f  such  
factors as rainfall, g e o lo g y , s o il  typ es , and land  u se . M eth od s that h a v e  been  d e v ised  for  
com p u tin g  so il erosion  (e .g ., the universal so il- lo s s  equation  o f  W isch m eier  and S m ith , 1 9 6 5 ) are 
unable to  predict th e actual sed im en t load s transported b y  rivers b ecau se  o f  th e lack  o f  direct 
o n e -to -o n e  lin k a g e  b etw een  upland erosion  and sed im en t y ie ld s  (W allin g , 1 9 8 3 ). A lth ou gh  they  
m ay b e  le ss  o b v io u s in  th e m ore ex p o sed  coasta l arcas, the fin e  sed im en ts  con tin u e  to  in flu en ce  
the configu ration  and character o f  le s s  e x p o sed  coasta l areas by prov id in g  th e b a sic  m ateria l o f  
w h ich  m o st coasta l m arshlands are constructed  and b y  b e in g  th e c h ie f  co n v e y o r  o f  hydrophobic  
to x ic  pollutants such  as P C B s, in sectic id es, and h ea v y  m etals.

3 .2 . M orpholog ic Effects

3 .2 .1 . T he Im portance o f  S ed im en ts. O n a g lob a l sca le , sh orelin es and sh a llo w  m arine  
environm ents r ece iv e  approxim ately 80%  o f  their sed im ents from  rivers and th e rem ain in g  20%  
from  b io g en ic  production  and transport by a com b in ation  o f  b y  ic e , w in d , and v o lc a n o e s  (The  
O pen U n iv ersity , 19 8 9 ). C hanges in  sed im ent de livery , w hether natural or  anthropogen ic , produce  
e ffec ts  that ran ge  from  m oderate to  profound o n  th e g eo m orp h o logy  o f  c oasta l env ironm ents. T he  
im p acts o n  hum ans, e v en  from  m oderate g eo m orp h o log ica l e ffec ts , are u su ally  s ig n ifica n t because  
an aston ish in g 70%  o f  th e w orld ’s  population  l iv e s  w ith in  6 0  km  o f  th e c o a st (U .N ., 1985).
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F igu re  16. M aior urban (m eg a p o lis)  cen ters in A s ia  and th e P a c if ic  in  rela tion  to rivers and 
coasta l low lan d s (sh ad ed  areas).
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w orld  (T able  5 ) . T h e  resu lts o f  su ch  ca lcu la tion s ind icate  c lea r ly  that in  d ev e lo p e d  reg io n s  o f  the 
w orld  such as N orth  A m erica , E urope and Japan, there are ca . 18 to  2 4  dam s per m illio n  p eop le  
w hereas in d ev e lo p in g  countries there are o n ly  1 .4  to  3 .3  dam s per m illio n  p eo p le . T h is  su ggests  
that as countries d e v e lo p  in creased  n eed s  fo r  hydroelectric pow er, f lo o d  con tro l and w ater 
resource contro l, inev itab ly  there w ill  b e  increased  dam  construction . T h e  rapid  d ev e lo p m en t in  
C hina p rovides a  g o o d  exam p le  o f  this scenario. Prior to  1 9 5 0  there w ere o n ly  e ig h t dam s in  
C hina (reported in  th e W orld  R eg ister  o f  D am s). A s  o f  19 8 2  th e num ber had increased  to  o ver  
18,000 .

Perhaps o f  greater im portance than th e num ber o f  dam s that e x is t  w orld w id e  is  the 
am ou nt o f  reg ional d ischarge contro lled  b y  dam s. P etts (1 9 8 4 ) estim ates that about 20%  o f  the 
stable (average ?) ru n o ff from  A frica  and N orth A m erica  is  contributed b y  im p ound m ents. For  
E urope and A sia  the va lu es are 15 and 14% , resp ectiv e ly  and about 4 .1  for South  A m erica  and  
6.1%  fo r  A ustralia . T h e v a lu e  for  A fr ica  is qu ite  h igh  con sid erin g  the rela tive ly  sm all num ber  
o f  dam s there. T h e  rela tiv e ly  h igh  percentage o f  contro lled  d ischarge from  A sia  is  c learly  
in flu en ced  b y  the large num ber o f  dam s constructed  in  C hina.

A noth er consideration  to  be m ad e w h en  evaluating th e e ffe c t  o f  dam m ing o n  sedim ent 
discharge from  rivers is  the geom etry  o f  the river. M illim an  and S y v itsk i (1 9 9 2 ) p o in t out the 
im portance o f  w atershed s ize  and e lev a tio n  (w h ich  serves as a surrogate fo r  r e l ie f  and/or tecton ic  
in stab ility  o f  th e w atershed). G enerally , sm all w atersheds w ith  h igh  m axim um  e leva tion  have  
greater sed im en t y ie ld s  than d o  th ose that are larger and o f  lo w er  r elief.

5 .3 .  A r e a s  a t  r isk

C om bin ing the tecton ic  and anthropogenic factors, w e  can d ifferen tia te  var iou s reg ion s  
and their potentia l risk s related to c h a n g es  in  their r iver system s. In so m e  areas, such  as southern  
A sia , a m ajor drift in  ero sio n a l patterns togeth er w ith  an increased  rate in lo c a l sea  le v e l  rise  
co u ld  e ffe c t  a num ber o f  m ajor urban centers (F ig . 16). A s  can  b e  seen  in  T a b le  6 , som e  
reg ion s, particularly W est A frica , are drained by rivers w ith  gen era lly  lo w  sed im en t y ie ld s , the 
result o f  lo w  tecton ic  in flu en ce  and rela tive ly  lo w  im pact from  hum an activ ity . D a m m in g  these  
rivers, th erefore, can  red uce sed im en t flu x  to  the coasta l areas to  le v e ls  b e lo w  natural inputs.

In contrast. E ast A frica  is  drained b y  rivers that erod e  tecton ica lly  active  areas, m eaning  
that the y ie ld s  o f  th ese  rivers are far  greater than th o se  o f  W est A fr ica , and it is  p o ssib le  that 
o v e r  grazing b y  cattle  has increased  th e ero sio n  o f  th ese  m ountainous and h il ly  barriers (e .g ., 
D u n n e, c .f .  M illim an  and M ead e, 19 8 3 ). D am m in g  th ese E ast A frican rivers m ay  bring sed im ent 
discharge le v e ls  back to  pre-hum an le v e ls . A lth ou gh  reducing th e turbidity o f  c oasta l waters 
(thus lo ca lly  enhancing r ee f grow th ), this a lso  runs the r isk  o f  coasta l e rosion . N orth  A frica , 
particularly th e M orocan  m ountains, is  drained b y  short, h igh ly  tecton ic  rivers. L oca l 
overgrazing , com b in ed  w ith  per iod ica lly  v ery  heavy  rains o n  a norm ally  arid to  sem i-arid  
land scape, has created h igh ly  erod ib le  con d ition s, resu ltin g  in  h ig h  sed im en t discharge.
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O n e o f  th e com p licatin g  factors in a sse ss in g  th e m orp h olog ic  and related  b io g en ic  im p acts  
from  ch a n g es  in  sed im en t d e liv ery  is  that sed im en ts are both  an a sse t an d  a  liab ility . For 
ex a m p le , a con tin u ou s supply  o f  sand i s  not o n ly  desirab le , but e ssen tia l fo r  m ain ten an ce  o f  
recreational beach es. A pproxim ately  90%  o f  U .S . b ea ch es, and perhaps 70%  w orld w id e  
(in clu d in g  m any a lo n g  th e w e st  co a st o f  A frica), are erod in g  through a  com b in ation  o f  decreased  
sed im en t supply , sea  le v e l  r ise , and o v erd evelop m en t (B ird , 1981; L eatheim an  and G aunt, 1989). 
A rtific ia l beach nourishm ent is  w id e ly  practiced  in  m an y cou n tries, but at an average  c o s t  (in  
U .S . dollars) o f  $8  per cu b ic  m eter  o f  sed im en t (F igure 7 ) .  O n the o th er  hand, th ese  sa m e sands  
b e c o m e  a  lia b ility  i f  transported to , and trapped in , n av igab le  w aters, such  as rivers, tid al in lets, 
harbors, and turning b asin s (S h ea ll, 1991)

Sand is  a lso  e sse n tia l for  su p p ly in g  sed im en ts to  su b sid in g  d e lta s , w here m u ch  o f  the  
coasta l pop ulation  in  d e v e lo p in g  countries resides. T h e  co m m o n  attribute shared b y  a ll deltas, 
regardless o f  environm ental setting , has been  th e ab ility  to  accu m ulate  r iver-derived  sed im ent 
m ore rapid ly  than it can  be rem oved  b y  m arine p rocesses . H ow ever , as river ch an n els  extend  
seaw ard, b u ild in g n e w  land , th ey  a lso  b eco m e in e ffic ien t and lo o s e  th eir  gradient advantage; it 
is  rare that a  delta  progrades con tin u ou sly  seaw ard w ith ou t so m e lateral sh ift or  w ith out changin g  
its d ep osition a l site . T hus th e sa m e sands that provide n ew  land a lso  set in to  m o tio n  the  
p ro cesses  that ultim ately  lead  to  abandonm ent o f  deltas and lo ca l land lo s s  through erosion  
(F igure 8).

In contrast to  th e sands, fin e-gra in ed  sed im ents are o ften  an u n seen  and apparently p assive  
com p on en t in  coasta l w aters. S ed im en t d istribu tion  and properties are s lo w  to  ch an ge , and their  
ro le  in  w ater-colum n ev en ts  is  not a lw ays apparent. Y et, th ese  sed im en ts p lay  a  critica l ro le  in  
so m e o f  th e m ore p erv a siv e  long-term  c oasta l problem s. F or  exam ple:

1) S h oa lin g  is  m ore than ju st a  hazard to  nav igation . It red u ces th e v o lu m e  o f  estuaries  
and coasta l em b aym en ts, th ereby increasin g  th e im p act o f  storm  tid es  o n  coasta l property; it 
alters th e s iz e  and distribution o f  habitats ava ilab le  to  im portant fish  an d  sh ellfish ; it can  change  
o v e r  tim e th e distribution o f  w ater-colum n turbidity, a ffectin g , through ligh t penetration , primary 
productivity.

2 )  H eavy  m eta ls , p estic id es  and oth er  ''particle-reactive" to x ic  su b stan ces adsorb from  the 
w ater c o lu m n  o n to  surfaces o f  fin e-gra in ed  sed im en t p artic les  and m o v e  thereafter w ith  the 
sed im ents. T hus they m ay b e  in itia lly  concentrated  in  a  w ater-colum n turbidity m axim um , then  
b r ie fly  d ep o sited  beneath the turbidity m axim um , before fin a lly  accu m ulating in  th e long-term  
lo c i  o f  m u d accum ulation.

3 )  D eco m p o sitio n  o f  organic m atter in the sed im en ts rep resen ts an o x y g en  dem an d w h ich , 
w h en  co m b in ed  w ith  p h ysica l stratification, can lead  to  bottom -w ater a n ox ia  and fish  k ills. 
N utrient e lem en ts  w h ich  are rem ineralized  in the d eco m p o sitio n  p ro cess  m ake the sed im en ts a 
nutrient bank fo r  th e w ater co lum n ; w ithdraw als m ay  b e  gradual and con tin u ou s, d u e to  d iffusion , 
or  abrupt, d u e to  m ajor sed im en t-resu sp en sion  even ts. Prim ary produ ctiv ity  in  the w ater colum n  
resp on d s to  th ese nutrient inputs.

4 ) H ig h  concen trations o f  susp en d ed  sed im en t can  sm other benthic com m u n ities  and 
preven t recruitm ent. C oral r ee f and oyster  com m u n ities  are perhaps th e m o st  susceptib le .
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F igu re  7 . A  com parison  o f  the duration o f  ren ou rish ed  b ea ch es  o n  the A tla n tic , G u lf  o f  M ex ic o ,  
and P a c if ic  co a sts  o f  the U nited  S ta tes. M o st last few er  than 5  years.
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T A B L E  4.

P rojected  D eforestation  R ate (A ssum ing D irect R elation to  P opulation  Size)
b y  th e  year  2005:

R egion
R ate

(ha/yr)

T rop ical A m erica 7 .4  X  IO4

T rop ica l A frica 7 .8  X  IO6

T rop ica l A sia 2 .2  X  IO4

T A B L E  5.

N u m ber o f  D am s R elative to  Population  o f  V arious R egions o f  th e  W orld*

R egion D am s/M illio n  P eop le

N orth  A m erica 2 2 .5

South  A m erica 3 .3

Europe 10.0

A frica 1.4

O cean ia 2 .9

C hina 17.5

Japan 17.7

'N u m b e r  o f  dam s as o f  1982 (van  d er L eed en , 1990) and pop ulation  as o f  19 8 5  (D em en y , 1987)
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T A B L E  2.

N et D eforestation  R ate1 b y  R egion  (1981-85)*

R ate %  o f  P rodu ctive
R eg io n (ha/yr) F orest

T rop ical A m erica 5 .1  X  IO6 0 .7 7

T ropical A frica 3 .6  X  IO6 0 .6 7

T ropical A sia 1 .6  X  IO6 0 .6 0

■Deforestation -  reforestation
JF rom  A rn old  (1 9 8 7 ) . N e t deforestation  rates for  tem perate reg io n s are sm all com pared  to  th ose  

in  trop ical regions.

T A B L E  3.

P rojected  Population  G row th R a le  1985-2005'

R eg io n
198 5  Population  

(M illion s)
2 0 0 5  P op ulation  Increase  

(M illio n s)

T rop ical A m erica 405 189

T rop ica l A frica 4 3 2 383

T rop ica l A sia 1 ,525 6 1 8

‘F rom  D em en y
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F igu re  8. E v o l u t io n a r y  s tag e s  o f  a d e l t a  c y c le  s h o w i n g  a b a n d o n m e n t  a n d  re o c c u p a t io n  
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A lth o u g h  few  stu d ies have quantified  th ese  e ffe c ts , there is  general agreem ent thai rem ob ilized  
m uds and sands that m ak e th eir  w ay  to  th e co a st can  b e  p h y sica lly  detrim ental to  survival, 
grow th, abundance, and net productivity-

3 .2 .2 . T h e  Problem  o f  P rediction . O ne o f  th e c h ie f  prob lem s in  p red ictin g  shoreline  
resp on se to  ch an ges in  sed im en t d e livery  is that there is n o  u n iversa lly  app licab le  m od el. 
Sh orelin es  o f  th e w orld  can  b e  broad ly  and s im p listica lly  d iv id ed  in to  d eltas, b each es and  
barriers, w etland s and tid al fla ts, estuaries, c lif fc d  co a sts , and ree fs  and ato lls. H o w ev er , it  i s  no  
m ore reasonab le  to ex p e ct that a s in g le  m o d e l can  ap p ly  to  th is  w id e  range o f  sh orelin e  typ es  
than it is  to  ex p ect that a s in g le  m od el c a n  ex p la in  g lo b a l e co n o m ic s  or  g lob a l p o litic s .

A  secon d  p rob lem  is  that app lication  o f  d ifferen t approaches to  m orp h o log ic  ch a n g e  leads  
to  d ifferen t resu lts o n  the sam e sec tio n  o f  shoreline. F or  ex a m p le , D o lan  e t  a l.  (1 9 9 1 ) fou n d  that 
fitting a linear m od el to  sh orelin e  erosion  w ou ld  on ly  approxim ate th e average  rate o f  ch an ge  
from  sh orelin es w ith  non linear resp on se , but that linear fits  m ay b e  m ore representative o f  trends  
over  lon g  tim e periods (F igure 9 ) . T h ey  noted  that trends in  sh orelin e  m o v em en t, fro m  w h ich  
pred iction s m ight b e  m ad e, c a n  b e  un id irectional and constant, or  c y c l ic  w ith  accelerations and  
deceleration s. F igure 9  illustrates this co n cep t and sh ow s th e d ifficu lty  o f  predicting ch an ges from  
past perform ance b y  u sin g  d ifferent approaches.

A noth er problem  con cern s accu racy and p recision . E stim ates o f  past m o tp h o lo g ic  change  
can  b e  used  to  predict future ch a n g es , but reliab ility  depend s o n  th e particular m eth od  utilized , 
the tim e b etw een  m easurem ents, th e tota l len g th  o f  th e m easurem en ts, and th e m agn itu d e o f  
shoreline p o s itio n  errors (D o lan  e t  a l . ,  1980; L eatherm an, 1983; F oster  e t  a i . ,  1989; S m ith  and 
Z arillo , 19 9 0 ). T h e  ov erw h elm in g  need  for h igh ly  accurate shoreline m aps and prediction  m od els  
has unfortunately sh ifted  em p h asis  aw ay  from  p ro cesses  that actually  ca u se  th e m orph ologic  
ch a n g es . T o  b e  e ffec tiv e , pred iction s from  ob served  sh orelin e  ch an ges m u st a lw ays b e  u sed  in  
con ju n cd on  w ith  basic  p r in c ip les o f  w ater and sed im en t m ovem ent.

F ina lly , there is the p rob lem  o f  sea  le v e l r ise . D eg lacia tion  has led  to  a 1 0 0 +  m  rise  in 
ocean  le v e l during th e past 1 5 ,0 0 0 -2 0 ,0 0 0  years. E ffec ts  o f  this r ise  during the past fe w  thousand  
years are lik e ly  to  b e  con fou n d ed  w ith  variations in  sed im en t d e liv ery  during th e sa m e period. 
B eca u se  o f  th e s lo w , gradual r ise , there is  a  la g  rime in  resp on se . W e  are not at a ll certain a s to  
w hat the short-term  resp on se  is to  s lo w  rates o f  sea  le v e l r ise  s in ce  it appears to d iffer  from  that 
produced b y  very rapid rates (K raft e t  a l . ,  1987; N ation a l R esearch  C ou n cil, 19 8 7 ). Separating  
th e e ffec ts  o f  th is  w eak  long-term  sea  le v e l sign a l from  th e n o isy  short-term  storm  record, and  
from  the variations in  sed im ent de livery , is  e x ceed in g ly  d ifficu lt.

3 .3 .3 . T h e R o le  o f  S ea  L ev e l. A s  sea  le v e l  r ises, shorelines throughout the w orld  w ill 
respond by flo o d in g  or  erod ing, u n less  o ffse t  by increases in sed im en t d e liv ery . E ach  resp on se  
is  a type o f  m arine transgression that leads to  rapid recess ion  or  m igration  o f  th e shoreline. 
W hereas flo o d in g  is  th e inundation o f  lo w -ly in g  coasta l land w h ic h  is  unable io  build  upward or  
outward a t a rate su ffic ien t to  keep p ace  w ith  sea  le v e l r ise , erosion  is  th e p h y sica l rem oval o f  
sed im entary m aterials w hich  form  the shoreline. E rosion  accou n ts fo r  m o st o f  th e net shoreline
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areas in  a de lica te  state o f  balance.

5 .2 . R egional tren d s in  anthropogen ic activ ities tha t pose greatest global threat.

A n th rop ogen ic  ac tiv ities  that can  subject w atersheds to  greater r isk  o f  altered  sed im ent 
d isch arge  to  th e c oasta l zon e , and fo r  w h ich  reg ional trends can  b e  a sse ssed , are the construction  
o f  dam s and deforesta tion . W h ile  th ese  are not th e o n ly  a c tiv ities  that e f fe c t  sed im en t y ie ld s  o f  
w atersheds (see  section  2 .2 ) ,  they  are probably tw o  o f  th e m ore im portant o n es . It i s  also  
p o ssib le  to  predict trends that m igh t b e  e xp ected  regarding dam  b u ild in g  and deforestation  
b ecau se  th ese  ac tiv ities  can  b e  related  to  reg ional p op u lation  grow th patterns a s is  d iscu ssed  
b elow .

5 .2 .1 . R eg ion a l T rends in  D eforesta tion . A s  o f  about 1 9 8 0  th e w orld ’s  forest covered  
about 4 ,3 2 0  m illio n  hectares and is  about eq u ally  distributed b etw een  th e tem perate and tropical 
z o n e s  (A rnold , 19 8 7 ). A lth ough  deforestation  fo llo w ed  b y  row  crop p in g  in  tem perate reg ion s  
led  to  w idespread  accelerated  so il erosion  in  th e past (see  fo r  ex a m p le , M ead e, 19 8 8 ), m o st  o f  
th e a cce ss ib le  tem perate forests  are m anaged s o  that there is  in sign ifican t annual net lo s s  ( i.e .,  
deforestation-reforestation) a lthough there are c learly  reg ion s w here lo s se s  are sign ifican t (e .g .,  
N .W . N orth A m erica). A cco rd in g  to  A rn old  (1 9 8 7 ) , "the m ain  threats to  th e tem perate forests  
are fire, d isea se  and p ests , and m ore recen tly , atm osph eric  pollution ."

In contrast to  forest in  the tem perate zon e  th o se  in  th e tropics are b e in g  rem oved  at an 
alarm ing rate (T ab le  2 ). D eforesta tion  in  th e tropics is  in  resp on se  to  th e n eed s fo r  m ore  
agricultural land  to  support grow in g  p op ulation s, w h ereas deforesta tion  in  tem perate reg io n s is  
generally  fo llo w e d  by reforestation . A s  a co n seq u en ce , e ssen tia lly  a ll deforesta tion  in  the tropics  
is  fo llo w e d  by row  crop  agriculture and/or d evelop m en t o f  pasture land s, both o f  w h ich  are 
particularly c o n d u c iv e  to  so il erosion  in th e tropics g iv en  their lo w  fertility  and their general poor  
structure (A rnold , 1987). G iv en  the trends in  pop ulation  grow th ex p ected  in  th e tropics (Table
3) and th e apparent a ssoc ia tion  o f  deforestation  w ith  th is  grow th , it  can  b e  reason ab ly  assu m ed  
that this activ ity  w ill increase in  the near future. W h ile  at the present tim e deforestation  in  the  
tropics rem oves about 0.7%  p er year o f  the ex istin g  forest, th e rate w ill  probably increase to  over  
1% by th e year 2 0 0 5  (T able  4 ).

T h e ab ove  is  not m eant to  su g g e st that in  certain reg io n s  o f  th e tem perate zon e  rapid  
deforestation  is  not occurring. T here are c learly  reg ion s such  as the C anadian P a c if ic  N orthw est 
w here rapid deforestation  is  probably resulting  in  increased  sed im en t d e liv ery  to  th e o cean s ev en  
though, g lo b a lly , reforestation o f  tem perate forest o ffse t  th e deforestation.

5 .2 .2 . R eg ion al trends in the construction  o f  dam s and w ater d iv ersio n s. A s  o f  1982  
there ex isted  ca .  3 4 ,0 0 0  dam s (as listed  in  the W orld R egister  o f  D a m s, International C om m ission  
on  L arge D am s) o f  w h ich  about 53%  (i.e ., 1 8 ,6 0 0 ) w ere  located  in C hina, 15% ( i.e .,  5 ,3 4 0 )  
located  in  the U S A  and 6%  (i.e ., 2 ,1 4 0 ) lo ca ted  in  Japan. U s in g  w orld  p op u lation  data fo r  1985  
(D em en y , 1987) and statistics on the w orld w id e distribution o f  dam s as o f  19 8 2  (van d er L eed en  
e t  a l . ,  19 9 0 ), th e num ber o f  dam s per m illion  p eop le  can b e  ca lcu la ted  for var iou s reg ion s o f  the
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w a s erod ed  from  steep  h ills lop es  and d ep o sited  as a llu v iu m  in  th e stream  v a lley s . 
D u rin g  in terven in g periods o f  le s s  in ten se  rainfall, th e a llu v ia l d ep o sits  w ere degraded, leav in g  
b eh in d  terraced v a lley s . T h ese  v a lley s  w ere th en  refilled  w ith  sed im en ts during th e n ex t ep isod e  
o f  h eav ier  rainfall. In tecton ica lly  le s s  active  reg io n s  o f  the w orld , such  ep iso d es  o f  erosion  and 
sed im entation  m ay proceed  m ore s lo w ly  (L eop old  and M iller , 1954; Judson, 1963).

5 . E N V I R O N M E N T A L  F A C T O R S  A N D  A N T H R O P O G E N IC  A C T I V I T I E S  W H IC H  
IN C R E A S E  R I S K  O F  C O A S T A L  D E G R A D A T IO N  A S  A  R E S U L T  O F  A L T E R E D  
S E D IM E N T  D E L IV E R Y

T h is  section  sum m arizes th e m o st im portant characteristics o f  w atersheds and coastlin es  
that increase their su scep tib ility  to  detrim ental ch an ge in resp on se to  anthropogen ic  activ ities. 
In addition , th is  sec tio n  a lso  em p h asizes  th o se  anthropogenic ac tiv ities  that w ill  result in  the 
greatest respon se, and presents data o n  recent and projected reg ional trends in  th ese  activ ities .

5 .1 .  N a tu r a l F e a tu r e s  T h a t  In c re a se  R isk

5 .1 .1 . W atershed C haracteristics. R eg ion a l tecton ism  is  th e m o st p erv a siv e  o f  the natural 
factors that d eterm ine th e sed im en t y ie ld s  o f  w atersheds and th eir  resp on ses to  anthropogenic  
ch an ges. T h e  com b in ation  o f  bedrock  that has b een  contorted  and broken by tecton ic  forces and  
its  exp osu re o n  rapid ly  up lifted  and tecton ica lly  oversteep en ed  s lo p e s  m ak es th ese reg ion s  
e sp ec ia lly  suscep tib le  to  m a ssiv e  e rosion , both  natural and anthropogenic. N atural ero sio n  o f  
steep  s lo p es, e sp ec ia lly  b y  m a ssiv e  fa ilures such as lan d slid es, is  in ten sified  and accelerated  by 
hum an activ ities  such  as lo g g in g  and farm ing. W here tecton ic  reg io n s correspond to  areas o f  
h e a v y  rainfall (southeastern A sia , O cean ia), erosion  is  rapid. W here tecton ic  reg io n s correspond  
to  areas o f  le sse r  rainfall (A tlas reg ion  o f  northw estern A frica , w estern  s lo p e s  o f  th e A ndes), 
average erosion  rates are o n ly  s lig h tly  d im in ished; the d ifferen ce  is  that sed im en ts are delivered  
during sporadic large ru n off even ts rather than at m ore un iform  rates. A reas o f  h ig h  tecton ism  
and lo w  rainfall y ie ld  considerab ly  m ore sed im en t than areas o f  lo w  tec to n ism  and h igh  rainfall 
(su ch  as low lan d  A m azonia  and w est A frica).

5 .1 .2 . C oastlines. T h e  tw o  typ es o f  coasta l areas at greatest risk as a result o f  their 
natural environm ental setting  are 1) lo w -ly in g  reg ion s, e sp ec ia lly  th ose subject to  h igh  subsidence  
rates, such  as d eltas, and 2 ) env ironm ents that are already in  a  de lica te  state o f  p h ysica l and 
e co lo g ic a l b a lan ce , such  as m an grove forests. S u bsid ing  d e lta s are particularly vulnerable  
b ecau se  their very  ex isten ce  requires the con tin u ed  input o f  r iver-derived  sed im en ts. W ith land  
e lev a tio n s  already at or  near sea  lev e l, natural su b sid en ce  rates o f  1 -10  cm /y r  can n ot go  
un com pensated , ev en  for tim e p er iod s a s short a s a s in g le  decade.

S h orelin es in  tropical latitudes that are already in  d e lica te  balance are a lso  at sev ere  risk. 
N ot o n ly  can v ery  sm all ch an ges in  sed im en t d e livery  alter th e balan ce b etw een  supply  and lo ss  
to  th e ocea n , but the ch an ges c a n  occu r  rapidly. Perhaps the b est ex a m p le s  are in  m angrove  
eco sy stem s, w h ere  decreasin g  freshw ater input creates an e co lo g ica l stress at the sa m e tim e that 
decreasin g  sed im en t loads create  a p h ysica l stress. O ften , lo w -ly in g  d e lta s are a lso  the coastal
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Figure 9 . E xam p le o f  a hyp othetical ch an ge in sh orelin e  p osition  that is c y c lic  o ver  a period o f  

hundreds o f  years. E stim ates for p red ictin g  th e future trend from  the 5 0 -yr sam ple b ox  
illustrates the d ifferen ce  in linear and n on -lin ear m od els: the quadratic fit is  a better 
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m o v em en t un der co n d itio n s  o f  r isin g  sea  le v e l requires a con tin u ou s supply  o f  sed im ent 
(m o d ified  from  E verts. 1987).
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recess ion  on b each es and barrier is lan d s, su ch  as th e east co a st o f  th e U .S . an d  th e w e st co a st o f  
A frica; flo o d in g  accou n ts for  m o st o f  the lo s s  in w etlan d s and su b sid in g  d e lta s such as the 
M ississip p i, G an ges , and N iger.

A lth ou gh , to  a  first approxim ation, sh orelin es can  b e  d iv id ed  into th ose that w ill f lo o d  and  
th o se  that w ill erod e, th e p ro cesses  o f  flo o d in g  and ero sio n  are c lo se ly  related  to  ea ch  o th er  and  
to ch an ges in sed im ent de livery . F or  exam p le , so m e  barrier is lan d  sh orelin es w ill  in itia lly  erode, 
perhaps in  a step w ise  fash ion , then flo o d  or "drown in  p lace" during p er iod s o f  lo w  sed im ent 
supply . Other barriers m ay erod e  on both the seaw ard and landw ard s id es  un til e ffic ie n t overw ash  
can  take p la ce , a llo w in g  the is lands to  b eg in  m igrating intact (F igure 10). S t ill other shorelines  
in itia lly  m ay  be subm erged , th en  b eg in  erod ing w h en  em b aym en ts and sh a llo w  b o d ies  o f  open  
w ater b e c o m e  large en ou gh  to  accom m od ate  storm  w a v es, a s appears to  h a v e  happened during  
th e w idespread  internal fragm entation o f  so m e w etlan d s in  th e G u lf o f  M ex ico .

F lood in g  and erosion  are resp on ses that a lso  are related tem porally . S e a  lev e l, w h ich  has 
undergone hu ge c lim atica lly -in d u ced  ex cu rsio n s, is  c learly  resp on sib le  fo r  la rg e-sca le  m arine  
tran sgression s (C urray, 1964; S w ift, 1968; P o sa m e n tie r  e l  û!., 1988). R etreat o f  th e shoreface  
fo r  great d istan ces  (1 0 -1 0 0  km ) has been  driven  b y  the potentia l for  flo o d in g  o ver  g e o lo g ic  tim e  
sca les , irrespective o f  ch an ges in  sed im en t supply. W ithout sea  le v e l r ise , th ese  transgressions  
w ou ld  not occur. Y et, it is  th e seasonal storm  w a v es  that produ ce th e w id esp read  ero sio n  and  
redistribution o f  sed im ent. Storm s, fortn ightly tid es , and season a l w in d  patterns w ork  o n  the 
sh orelin e  at h igh er freq u en cies and are the agen ts  o f  short-term  sea  le v e l  ch a n g es . R egard less  
o f  green h ou se-in d u ced  clim atic  ch an ges, nearly a ll o f  the w o r ld 's  sh orelin es h a v e  been , and w ill  
con tin u e  to  be , subject to  ep iso d ic  "crescendo" ev en ts  that produ ce far greater short-term  hazards 
than secu lar sea  le v e l rise (Fairbridge, 19 8 9 ). C hanges in sed im en t supply  w ill  s im p ly  change  
the m agn itud e o f  short-term  erosion al even ts.

3 .3 . E ffec ts  o f  I n c r e a s e d  S e d im e n t D e liv e r y

T h e e ffec ts  o f  an increase in  sed im en t d e livery  to  the co a st w ill  be h ig h ly  s ite -sp ec if ic  and  
d ep en d  on: th e typ e  o f  sed im en t de livered  (m ud, sand, or  gravel, and organ ic  content); relative  
m agn itud e o f  in crease  (percent o f  ex istin g  input), sh orelin e  configu ration  (em b ayed  or  open), 
w a v e  en ergy  and o ffsh o re  s lo p e , tecton ic  se tt in g  and ra te  o f  lo ca l sea  le v e l r ise , ty p e s  o f  benthic  
habitats and their su scep tib ility  to  sed im entation , and th e poten tia l fo r  sed im en t d isp ersa l (types  
o f  w ater m otion ). T h e  m o st lik e ly  general resp o n ses  w ill  be:

3 .3 .1 . H igh er W ater C olum n T urbidity and Increased  S ed im en t T rapping in Estuaries. 
In term s o f  sed im en t d yn am ics, th e m o st im portant feature o f  m any estu aries is  th e broad zone  
o f  abnorm ally h igh  susp en d ed  sed im en t concen tration  in the "turbidity m axim um ," w here light 
is  s ev ere ly  lim ited . N um erous in vestigators h a v e  found that a  rela tionsh ip  e x is ts  b e tw een  light 
attenuation and subm erged  m acrophyte d istribution (Carter and R yb ick i, 19 9 0 ). L ig h t attenuation  
by susp en d ed  sed im en t can lim it p h otosyn th esis  (S p en ce , 1976; D en n iso n  and A lb erte , 1 9 8 2 ) as 
w e ll a s depth  distribution and rate o f  grow th in  aquatic p lant p op u lation s in  estu aries (B uesa , 
1975; C ham bers and Prepas, 19 8 8 ). Increases in  susp en ded sed im en ts w o u ld  accentuate  these
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advan ced , it  ra ised  th e le v e ls  o f  th e ch an n el b ed s, m uch as an ocean  s w e ll  ra ises th e le v e l o f  the 
sea  a s it p a sse s  through. B ed  le v e ls  rose  5  m  in  the tributary Y u b a R iver  a t M a ry sv ille  and  
nearly 3 m  in  the Sacram ento R iv er  at Sacram ento. T h e  river b ed s a t th ese  tow n s reached  their 
h ig h est e lev a tio n s  10 to  2 0  years after the m in in g  w a s  stopped, and then th ey  d ec lin ed  stead ily  
during th e n ex t 3 0  to  4 0  years to  their prev ious e lev a tio n s. A ll  in  a ll,  th e great w ave  
o f  hyd rau lic-m in ing debris took  nearly a century to  p ass  through th e ch an n els  o f  the Sacram ento  
R iver  system  and fin a lly  to  reach San F rancisco  B ay  (M ead e, 1 9 8 2 , p . 2 4 3 -2 4 4 ; Sm ith , 1965).

4 .2 .  S to r a g e  o n  C e n tu r y  t o  M ille n n iu m  T im e  S c a le s

T h e pattern o f  storage and rem ob ilization  d escr ib ed  in  th e preced ing  paragraph, h ow ever, 
app lies on ly  to  th e sed im en t in  and near th e r iver chann els. It d o e s  not app ly to  th e debris that 
o v erflo w ed  o n to  the flo o d  p la in s. T h e  hyd rau lic-m in ing debris that w a s  carried  out o f  the 
river ch an n el during flo o d s  and d ep osited  o n  th e f lo o d  p la in s w a s  su ffic ien t in m any p laces to  
co v er  entire h o u ses  and orchards (K e lley , 1959 , p . 134 -1 3 5 , 2 0 3 -2 0 4 ) . M o st o f  that debris still 
rem ains w here it w a s  d ep osited  a  century ago: In so m e tributary b asin s o f  th e Sacram ento R iver, 
about 9 0  p ercen t o f  th e h yd rau lic-m in in g  debris still rem ains stored o n  flo o d  p la in s  (A dler, 1980; 
Jam es, 1989 , 19 9 1 ). T h e tim e required to  rem o v e  sed im en t fro m  storage  o n  th e f lo o d  p la in  is  
m u ch  lon ger  than th e century that w a s  required to  rem o v e  th e debris from  the m ain  river 
chann els. F lood -p la in  d ep osits  are rem oved  m ain ly  b y  erosion  o f  ch an n el ban ks as stream s 
s lo w ly  m igrate laterally , a p rocess that p roceed s at a  substantially  s lo w er  p ace  than th e vertical 
rem ova l o f  m aterial stored in th e bottom  o f  th e r iver chann el. T h e  co m p le te  rem ob iliza tion  o f  
flood -p la in  d ep o s its  m ay  require tim e periods o f  an order o f  a m illen n iu m  or  m ore (L eop o ld  e t 
a t. ,  1964 , p . 328 ).

M an y  o f  th e prob lem s assoc ia ted  w ith  th e prediction  o f  s torage and rem ob iliza tion  o f  
sed im en t o n  tim e s c a le s  o f  100  to  10 0 0  years w ere dem onstrated in  a study carried  o u t o n  C oon  
C reek, a sm all tributary o f  th e M iss issip p i R iver  that drains 3 6 0  km 2 o f  southw estern  W iscon sin . 
O rig ina lly  co v ered  by forests, C oon  C reek basin  w a s  settled  by E uropean im m igrants and cleared  
fo r  farm ing about 1850 . A s  th e forests w ere  c leared  and th e land  w a s  p lo w ed , a  cy c le  o f  erosion  
and sed im entation  b egan , the co n seq u en ces  o f  w h ich  are s till strongly  in  e ffe c t  tod ay . Sedim ents  
w ere erod ed  at a  greatly accelerated  rate from  up land and tributary areas, and w ere  transferred  
to  the  lo w e r  h il ls lo p es  and v a lley s  o f  th e creek  basin. M u ch  le s s  than 10 p ercen t (5  x  IO6 tons) 
o f  th e sed im en t eroded from  the uplands during th e years s in ce  185 0  w as exp orted  out o f  the 
basin by th e creek . M ore  than 9 0  percent (8 0  x  10s ton s) o f  the sed im en t w a s  d ep o sited  a long  
th e w a y , o n  h ills lo p es  and f lo o d  p la in s, w here m o st o f  it s till rem ains in  storage. U p lan d  erosion  
rates, therefore, are not r eflected  in  th e sed im en t y ie ld s  at the m outh o f  C o o n  C reek  (T rim ble, 
1983).

In tec to n ica lly  ac tiv e  reg ion s o f  th e w orld , c y c le s  o f  e rosion , storage, and rem obilization  
o f  sed im en t in  river v a lle y s  m ay  b e  greatly  accelerated . Grant (1 9 8 5 ) presents ev id en ce  for 8 
m ajor ep iso d e s  o f  ero sio n  and alluvial sed im entation  in  N e w  Z ealand  during th e last 1 ,800  years. 
H e b e liev e s  that th e m ajor e p iso d es  o f  erosion  and sed im entation  w ere  related  to  fluctuating  
m agn itud es o f  m ajor rainstorm s and flo o d s . D u rin g  periods o f  m ore in ten se rainfall, sed im ent
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river sy stem s. S ed im en t is  stored  in  large r iver system s at m any d ifferen t tim e sca les , and 
th is  storage sev ere ly  ob scu res the lin k age  b etw een  th e erosion  o f  uplands and th e d isch arges o f  
sed im en t at th e m ouths o f  rivers. In th e conterm inou s U n ited  S ta les, for ex a m p le , up land erosion  
rates e x ce e d  th e rates o f  r iver-sedim ent d ischarge in to  the coasta l zo n es  b y  a  factor o f  ten (Curtis 
e t a i ,  1973; H o lem an , 1981). Said  another w ay , ninety percent o f  th e sed im en t presen tly  being  
erod ed  o f f  th e land  surface o f  the U n ited  S tates is  b e in g  stored  som ew h ere  in th e r iver system s  
b etw een  the up lands and the sea , m o st lik e ly  o n  h ills lo p es  and flood p la in s. Furtherm ore, th e tim e  
lags b etw een  ero sio n  and sed im en t transport are such  that th e sed im ents carried by large 
rivers today m ay  represent ep iso d es  o f  erosion  that occurred decad es, cen tu ries, or  ev en  m illen n ia  
ago . E x ce llen t sum m aries o f  th e prob lem s in vo lved  in understanding th e lin k age (or lack  o f  it) 
b etw een  so il ero sio n  and river-sed im en t transport have been  prepared by S ch u m m  (1 9 7 7 ) and 
W allin g  (1 9 8 3 ).

4 .1 . S torage on decade to cen tury tim e scales

Perhaps our perceptions o f  sed im en t storage in river sy stem s are b iased  tow ard the tim e  
sca le  o f  10 to  100  years w h ich  is , after all, th e secu lar  sca le , or  th e sca le  o f  a hum an life  span. 
A n y  direct sen sory  perceptions w e  m ay h a v e  o f  ch an ges in  rivers are co n fin ed  to  p ro cesses  that 
operate o ver  periods o f  100  years or  less.

O n  the b asis o f  su sp en d ed -sed im en t d isch arges m easured in  th e Brahm aputra R iver  and  
its  tributaries in  the A ssam  p rovin ce o f  northeastern India, G o sw a m i (1 9 8 5 ) ca lcu la ted  a sed im ent 
bu d get for  a  6 0 7 -k m  reach o f  th e r iver during th e period  197 1 -1 9 7 9 . S o m e 2.1 x IO5 tons o f  
sed im en t, or 7 0  percent o f  the total sed im en t brought in to  th e reach during th e period  197 1 -1 9 7 9 , 
rem ained stored in  th e reach at the e n d  o f  th e period. T h is  quantity o f  stored sed im en t m u st have  
aggraded the river bed b y  an average o f  1 0 -3 0  c m  during th e period 1 9 7 1 -1 9 7 9 . G o sw a m i (1 9 8 5 , 
p. 9 7 7 ) sp ecu la tes that the river chann el "is currently exp erien cin g  a secu lar  period o f  
rapid aggradation", perhaps triggered by th e great earthquake o f  1950 in th e H im alayas, w hich  
shou ld  b e  fo llo w e d  in  due tim e by a period o f  rela tive ly  s low er  rem oval. Su ch  an ep iso d e  o f  
rem obiliza tion  and degradation o f  the river bed w ou ld  sen d a  large p u lse  o f  sed im en t out o f  
A ssam  and in to  B an g lad esh  and th e delta  at th e head  o f  the B a y  o f  B en ga l. B ec a u se  on ly  
8 -9  years o f  sed im en t data w ere  ava ilab le  here, w e  can o n ly  sp ecu late  o n  the period  o f  such a 
c y c le  o f  aggradation and degradation , but it is  perhaps m o st e a s ily  v isu a lized  at a tim e scale  
som ew h ere  b etw een  severa l d eca d es  and a century.

T h e c la ss ic  ca se  study o f  th e m ovem en t and storage o f  sed im ent in a  river sy stem  on tim e  
sca le s  o f  10 to  1 0 0  years is  that o f  th e hyd rau lic-m in ing debris in  the S acram ento R iver  v a lley  
o f  C alifornia  (G ilbert, 1917; K e lley , 1959). B etw een  1855 and 1 8 8 5 , enorm ous quantifies o f  
coarse  sed im en t w ere  w a sh ed  in to  so m e o f  th e tributaries o f  the Sacram ento R iver  during  
hydraulic m in in g  for g o ld . T h e  resu ltin g  prob lem s that d ev e lo p ed  dow nstream  (f lo o d in g , fillin g  
o f  navigation  chann els, destruction  o f  flood -p la in  farm s) becam e s o  seriou s that hydrau lic m in ing  
w as curtailed b y  a court d ec isio n  in  1884. B y  that tim e, h ow ever, th e large m ass o f  
sed im en t, characterized a s a "wave" by G ilbert (1 9 1 7 ) , w as already in  th e stream  ch an n els  and 
w as m o v in g  s lo w ly  d ow n  the tributaries and in  th e Sacram ento R iver. A s  th e m a ss  o f  sed im ent
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lim itation s and perhaps m agn ify  the ro le  o f  the turbidity m axim um  as a partic le  distribution  
cen ter fo r  th e rest o f  th e estuary. T h e  clear con n ection  b etw een  transport o f  sed im en ts  and 
transport o f  to x ic  and n on tox ic  substances o n  their surfaces is  an im portant reason  to  be  
con cern ed  about increased  sed im en t lo a d s w h en  issu es  o f  eutrophication , habitat lo ss, agricultural 
im p act, and fish er ies are b e in g  con sid ered . Further, in  sh a llow  w ater estu ariae  sy stem s, the water 
co lu m n  and bottom  sed im en ts interact con tin u a lly , exch a n g in g  and red istributing p artic les  and  
solu tes. A n y  fo c a l po in t in  the w ater  co lu m n  w ill lik e ly  b e  related to  sed im en t storage o n  the 
b ottom  (F igure 11). S in ce  estuaries are kn ow n  to  b e  natural sed im en t traps (M ead e, 1972; B ig g s  
and H o w e ll, 19 8 4 ), it is  lo g ic a l to  con c lu d e  that h igh er le v e ls  o f  sed im en t d e liv ery  w ill  lead  to  
higher rates o f  short-term  dep osition  and lon g-term  accum ulation . H ig h est rates o f  sed im entation  
(1 -1 0  cm /yr) can  b e  exp ected  in  le ss  energetic  zo n es  near th e head w h ere  fin e-gra in ed  sed im ents  
are entrapped in  estuarine c ircu lation  (N ic h o ls  e t  a i ,  1991).

3 .3 .2 . S h oa lin g  and Increased N avigation al H azards in  T id a l In lets and R iver  E ntrances. 
T h e in tersection  o f  estuarine tidal f lo w  and w ave-in d u ced  transport in  the littoral z o n e  creates a 
sin k  fo r  sand storage (S w ift, 1976). T h is  in tersection  (an d sink) o ften  o ccu rs  in  tid al in lets, 
w h ich  are s im p ly  op en in gs  b etw een  adjacent barrier island segm en ts. M any in lets  serve as 
navigab le  p a ssa g e  through th ese barrier is lan d  chains a s w e ll a s past sp its that front bar-built 
estuaries. T h e  s iz e  o f  an in let and its  perm anency are determ ined by tw o  forces; w a v e  action, 
w h ich  cau ses  transport o f  sand  in to  the in let, and tidal currents, w h ich  tend  to  scou r th e channel. 
T hus in lets  op en  and c lo se  in resp on se to  ch a n g es  in coasta l con d ition s and in sed im en t de livery . 
Sed im en t trapped in  in lets  accu m u lates a s m a ssiv e  sh oa ls  referred to  a s f lo o d  tidal deltas 
(landw ard s id e ) and eb b  tid al d e lta s (seaw ard  sid e). Increased  sed im en t d e liv ery  co u ld  b e  critical 
in  that tid al in lets  are inherently  unstable; lon g-term  ob servation s sh o w  that m o st in le ts  even tually  
c lo se  (Leatherm an, 19 8 2 ). A lth ou gh  in let san d s are generally  derived  from  th e adjacent beach es, 
in creases  in sed im en t d e livery  w ill  b e  m ost im portant w h en  river ch an n els  co n n ect d irectly  to  
in le ts , thus su p p ly in g  th em  from  th e landw ard sid e.

D ece lera tion  o f  f lo w  as rivers w id en  or enter larger rece iv in g  basins a lso  create  conditions  
favorab le  fo r  sh oa lin g . In the U n ited  S tates a lone, th e U .S . A rm y C orps o f  E n g in eers spends  
$ 4 0 0  m illio n  per y ear  for dred gin g  in lets , rivers, and estu aries (S h c a ll, 19 9 1 ). O n e particularly  
troub ling asp ect o f  increased  sed im en t d e livery  is  th e form ation o f  lo w  d en sity  flu id  mud 
dep osits . F luid m uds already p ose  ex trem e dredging prob lem s in  ports and turning basins, 
perhaps m o st  notably  in th e U .K ., T h e  N etherlands, and num erous tropica! A sian  countries  
(N E D E C O , 1964; K irby and Parker, 19 7 3 ). N o t o n ly  are th ese  m u d s hard to  d redge b ecau se  o f  
their lo w  d en sity , but it  is  hard to  m ak e o b jec tiv e  d ec isio n s  a s to  w hat e v en  con stitu tes  the 
bottom  fo r  navigational purposes.

3 .3 .3 . L o ca lly  L ow er  R ates o f  B each  E rosion . I f  sed im en ts are o f  th e correct s iz e  and  
availab le, then b each es can  b u ild , e v en  under m o d est rates o f  sea  le v e l r ise  (F igure 12). T h is  is 
esp ec ia lly  true w h en  large f lo o d  tid al d e lta s serv e  b riefly  a s add itional sed im en t reservoirs during  
barrier island m igration . H o w ev er , beach accretion  and/or s lo w er  rates o f  beach erosion  w ill 
probably b e  im portant o n ly  lo ca lly  for tw o  reason s. F irst, it is  u n lik e ly  that add itional sed im ents  
w ill b e  o f  th e proper s iz e  to  rem ain  o n  beach es. F ine-grained  sed im en ts w ill  be unstab le and
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Estuarine Cycling Modes

A. S tep  Through and Escape  
S o u r c e  ' ^ - ^ . B y - P a s s

B. Entrapped: R esu spen ded  and  R ecycled

C. Entrapped and D eposited

Figure 11. D iagram  show ing cycling m odes and entrapment o f  sedim ents in estuaries, as related  
to volum etric capacity (m odified from  N ich o ls  and B iggs , 1985).
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F ig u r e  15. P o p u la t io n  d en s i t ie s  an d  to p o g ra p h ic  e l e v a t io n s  in B an g lad e s h .  V a r io u s  g lo b a l  and 
local e n v i ro n m e n ta l  c h a n g e s  c o u ld  see  a local s ea  level r ise  b e tw e e n  2 a n d  1 m e te r s  in the  
n ex t  100 years ,  g re a t ly  im p a c t in g  o n e  o f  th e  w o r ld ' s  m o s t  p o p u la t e d  co u n t r i e s .  (A f te r  
M i l l im a n  er u l., 1989).
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accentuates th e sed im en t disparity problem . E ven  a s lig h t lo s s  o f  m an grove forests can  result 
in  accelerated  coasta l ero sio n  (s e e , fo r  exam p le , Orm ond, 19851.

D ifferen t d e lta s w ill respond in  d ifferen t w a y s to  lo ss  o f  sed im ents. D e lta s  that are on  
rela tive ly  stable g e o lo g ic  p la tform s (e .g . th e Sen ega l in  A fr ica , Ord in A ustralia , and Y a n g tze  in  
C hina) w ill transgress through ero sio n  at th e seaw ard m argins. San dy d elta s in  ex trem ely  h igh  
w a v e  en ergy  en v ironm ents, such  as th e Indus in  P ak istan , w ill  ex p erien ce  rew ork in g  o f  delta  
front sands in  such  a w a y  as to  actually  create  a transgressing beach environm ent (W ells  and 
C olem an, 1984), In arid c lim a tes , lo s s  o f  an y  already-sparse vegeta tion  through sa lt w ater  
penetration , w h ich  is  o ften  associa ted  w ith  lo s s  o f  sed im en ts, is  lik e ly  to  increase w in d -b low n  
sands and form  a land scape dom inated  by du ne fie ld s  (C olem an e l a l . ,  19 8 1 ). C ase stud ies o f  the 
M ississip p i and N ile  (W e lls  and C olem an, 1987; C olem an e ta ! . ,  19 8 1 ), both  su b sid in g  d e lta s that 
h a v e  lo s t m u ch  o f  their sed im en t load  o n ly  w ith in  th e last 3 0 -4 0  yea rs , reveal so m e o f  h igh est 
rates o f  land lo ss  in  the w orld . In the ca se  o f  the Y e llo w  R iver  in  C hina, 1.1 b illio n  tons o f  
sed im en t ceased  to  reach the delta  front on the Jiangsu co a st after th e m ajor d iversion  o f  1854. 
E x cep t for lo ca l erosion  around the abandoned river m ou th , th e J iangsu  co a st contin ued  to  
prograde fo r  the n ex t 9 0  years, after w h ich  th e co a st began erod ing rapid ly  (average lo s s  o f  68  
km 2/y r ). P resu m ably  th is  la g  in d e lta -w id e  erosion  reflects  th e tím e required fo r  nearshore waters 
to  reach  a  n e w  w a v e-b a se  equilibrium  and during w h ich  tim e sed im en t w as transported landward  
from  o ffsh o re  reg ion s. In a sm all but fortunate w a y , so m e o f  th e sed im en t lo s t through p rocesses  
o f  delta ic  erosion  w ill  be a source for rep len ish in g  dow ndrift environm ents.

D ecreased  sed im en t d e liv ery , b eca u se  o f  dam s and ch an n el-stab iliza tion  structures (such  
as em ban km ents and lev ees) a lso  m ay  m ean le ss  d ep osition  o n  to  flo o d  p la in s during seasonal 
flo o d in g . In this w ay , lo ca l su b sid en ce m ay b e  un com pensated , resu ltin g  in  a  net s in k in g  o f  land, 
and in  lo w -ly in g  coasta l areas a corresponding r ise  in  sea  lev e l. W h ere  in creased  w ater needs  
(in  part perhaps du e to  decreased  dow nstream  d elivery  o f  r iver w ater) require u tilization  o f  
ground w ater, su b sid en ce  co u ld  accelerate  substantially , resulting in lo ca l sea  le v e l r ise  in  ex cess  
o f  1 -2  cm /yr . In such lo w -ly in g  countries a s E gyp t and B an g lad esh , such  a lo s s  o f  coasta l lo w  
lands co u ld  b e  d isastrous (F ig. 15).

D ecreased  fresh w ater d ischarge a lso  m ean s d im in ish ed  nutrient flu x  to  coasta l w aters, 
w h ich  adverse ly  a ffects  b io lo g ica l produ ctiv ity . T h e  lack  o f  in flu x  o f  nutrient-rich N ile  waters 
after th e com p le tion  o f  the H ig h  A sw an  D a m  in  1964 , fo r  exam p le , corresp onded w ith  a 95  
percent d ecrease in th e o ffsh ore  sardine fisheries; the estim ated  lo ss  o f  in co m e  in  19 7 0  a lon e w as  
14 m illio n  do llars (A b d el-A a l, 1985; W ah b y and B ishara, 1981). E ven  th e construction  o f  
irrigation barrages can  lead  to  decreased  coasta l produ ctiv ity  and thus a ffect reg ional fish er ies, 
as seen  in  th e 3 -fo ld  d ecrease in fish -ca tch  per boat o f f  the Indus R iv er  after com p le tion  o f  the 
K otri Barrage in  19 5 6  (M illim an  e l  a l ,  1984).

4 . T IM E  S C A L E S  R E L A T IN G  C A U S E  A N D  E F F E C T

T h e m o st con fou n d in g  factor in  trying to  relate anthropogenic in flu en ces  in  w atersheds  
to  the actual d e liv ery  o f  sed im ents to  the coasta l zo n es  is  th e la rge-sca le  storage o f  sed im en t in
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Sea L e ve l: T im e  2

Sea L e ve l: T im e 1

N earshoreD e p o s itio n  
E ro s io n  

P ro file ; T im e 1 

P ro file : T im e 2

S hore face Ramp

F igure 12. D iagram  sh o w in g  in  tw o  d im en sio n s  th e d irec tio n s  o f  se d im e n t transport o n  a  beach. 
S an d s m o v e  both onshore an d  o ffsh o r e  in  resp o n se  to  a r is in g  sea  le v e l (m o d ifie d  from  
D u b o is, 19 9 2 ). T h e  lon gsh ore  sand  tra n sp o n  is  n o t sh ow n .
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q u ick ly  rem oved  in  a w ave-d om in ated  environm ent. S econ d , th e v o lu m e o f  n e w  sed im ents, 
rela tive  to  w hat is  n eeded , w ill lik e ly  b e  sm all. E v en  w h en  n ew  sed im ents are introduced by 
rivers, m uch o f  this m aterial is  first trapped in  estuaries or  in tid al in lets, thus never  m ak ing its 
w a y  to  th e beach es. T h e  sm a ll im pact o f  ad d in g  e v en  large am ou nts o f  sand  to  th e beach can 
b e  appreciated b y  exam in in g  th e short l ife  o f  beach ren ourish m ent projects (F igure 7 ) . For 
ex a m p le , sev en  beach renourishm ent projects s in c e  1958 at V ictoria  B ea ch , L a g o s, N igeria , have  
fa iled  to  abate the rapid rates o f  erosion  estim ated  at 2 5  to  30  m  annually  a lon g  th e beach (Ibe  
e l  a!., 19 8 4 ). O n e ex cep tio n  is  w here add itional beach  sand is  su p p lied  b y  c liff s . B ea ch es  and  
c lif f s  are part o f  a co u p led  system . A cce lera ted  d e liv ery  from  c lif f s  w ill  g o  d irectly  to  the beach, 
in creasin g  th e littoral bu d get w ith  properly s ized  sedim ent.

3 .3 .4 . L ow er S u scep tib ility  to  F lood in g  and L ess  W etland Fragm entation  from  S ea  L evel 
R ise . A lth ou gh  m arshes are u su a lly  con sid ered  s ites  w here vertical accu m ulation  o f  sed im ent 
e a s ily  k eep s p a c e  w ith  sea  le v e l r ise  (R ed fie ld , 1972; M cC affrey  and T h om p son , 1980; Stum pf, 
1983; A llen  and R ae, 19 8 8 ), there is  a net lo s s  in  m any parts o f  th e w orld  (S tev en so n  e l  a l., 
1986; A llen  and P y e , 1992). W hen rates o f  sed im en t accu m ulation  at 15 m arsh sites  in  th e U .S . 
(1 .4  m m /yr  to  14 m m /yr) w ere  com pared to  rates o f  apparent sea  le v e l r ise , o n ly  75%  had  
p o s itiv e  rates o f  accretionary ba lan ces (S teven son  e l a!., 1986). T h is  at first m ay  seem  su iprising  
in  that m arsh vegetation  absorbs en ergy  and alters patterns o f  sed im entation  b y  trapping p a n ic le s , 
w ith  roots h e lp in g  secu re  th e substrate beneath th e sed im en t-w ater interface. H o w ev er , m any  
m arshes are in  a  state o f  d e lica te  balan ce and are considered  to  b e  o n  the borderline o f  
subm ergence. S lig h t ch an ges in  sed im ent supply  or  rates o f  rela tive  sea  le v e l r ise  (order o f  1 
m m /yr) can ch a n g e  th e accretionary balan ce (F igure 1 3 ). T hus in creased  sed im en t d e livery  to  
the co a st has the potentia l for rep len ish in g  th ese w etland s, provided  the sed im en ts are availab le  
to  and can  b e  un iform ly  d ispersed  across, the m arsh surfaces. A d d ition al sed im en ts w ill  be  
e sp ec ia lly  va luab le  in  subsid in g basins (e .g ., deltas) s in ce  here th e prob lem s are m o st severe, but 
th e p ro cesses  w h ich  d ep o sit sed im en t o n  th e m arsh surface rem ain  very active  (R eed , 1989).

A s tropical ana logu es to  tem perate sa lt m arshes, m an grove sw am p s sh o w  m an y o f  the 
sam e adaptations. T h ey  are restricted to favorab le  en ergy  co n d itio n s , rarely o ccu r  ou tsid e  the 
intertidal zo n e , and are m o st e x te n s iv e  w here shore gradients are lo w . M an groves h a v e  proved  
a  va luab le  eco n o m ic  resource in  th e tropics. Indonesia  a lon e  has nearly fou r  m illio n  hectares 
o f  m an grove forest (e .g ., U N E P , 1985; G om ez, 1988). M an groves act a s nu rseries fo r  m any  
co m m ercia lly  va luab le  f ish  and sh ellfish , serve as sou rces o f  w ood  and fo o d  fo r  lo ca l inhabitants 
as w e ll a s form in g a rich and d iverse  eco sy stem  and refuge. For ex a m p le , lo ca l fish in g  from  and  
around m an groves p rov ides 2 0  to  6 0  percent o f  the in co m e for h ou seh o ld s  in severa l v illa g e  
com m u n ities  a lon g  th e w e st  c o a st o f  Sri L anka (A m arasinghe, 1988). M oreover, th e m an grove  
com m u n ity  acts a s a sed im ent trap, thereby retarding coasta l ero sio n  (e .g ., O rm ond, 1988).

T h e prim ary danger to m an grove forests is  sea  le v e l r ise  in  the a b sen ce  o f  sed im entation . 
O n th e o th er  hand, w here sed im en t supply  is  abundant m an groves sh o w  rapid advan ce , e .g .,  on  
th e shores o f  prograding deltas (1 0 s  to 100s m /yr. M aen ae, 1968). T herefore, th e prim ary im pact 
on m an grove shorelines from  increased  sed im en t d e livery  w ill b e  opp ortunistic c o lon iza tion , 
esp ec ia lly  on P ac ific  is lands w here sed im entation  has accelerated  b y  anthropogen ic  so il erosion
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sed im en tation  patterns; a decrease in  sed im en t accu m ulation  co u ld  b e  critical in th ose e co sy stem s  
already in  d e lica te  balance.

O n e such exam p le  is  near B an gk ok , T hailand, w here reg ion a l su b sid en ce  has e ffe c tiv e ly  
drow ned a form erly  produ ctive m an grove system ; in  p la c e s  th e m an groves have retreated m ore  
than 5 0 0  m  in  le s s  than 3 0  years. U nfortunately, h ow ever, m an groves are under e v en  m ore 
im m ed iate  pressures, particularly from  lo g g in g . T h e  P h ilip p in es, for ex a m p le , h a v e  o n ly  about 
25  percent o f  their orig in a l m an grove forests still rem ain in g  (G o m ez , 19 8 8 ), and th e ab ility  o f  
th ese  m an groves to  su rv ive th e n ex t century m u st b e  con sid ered  p rob lem atic  (O rm ond, 1988). 
D e clin in g  health  o f  m angrove forests w ill  h a v e  particularly d e leteriou s e ffe c ts  o n  trop ical deltas 
(Snedaker, 19 8 4 ). D am m in g  o f  rivers m eans that the necessary  brackish w ater  c o n d itio n s  no  
lon ger  are present. For instan ce, m an grove com m u n ities  in  th e Indus R iver  d e lta  h a v e  d eclined  
dram atically  s in c e  dam m ing o f  the river in  th e early  1 9 6 0 ’s ,  resulting in  th e d isp lacem en t o f  
m any o f  th e in d igen ou s v illa g e s  that depend ed  o n  th e forests  fo r  th eir  fo o d , shelter  and fuel. 
D ecreased  d e liv ery  o f  r iver sed im en t w ill  a lm ost certa in ly  h a v e  a de leter iou s e f fe c t  o n  the 
Sundarban m an grove forest, upon w h ich  n o  le s s  than 3 0  percent o f  th e B an g lad esh i population  
p resen tly  d ep en d s (U N /E S C A P , 19 8 6 ). B u t as w e  h a v e  little  idea o f  th e transfer or  fa te  o f  fluvial 
sed im en t in th is  delta  area, nor d o  w e  k n o w  rates o f  subsidence, w e  are at a lo s s  to  predict the 
ex ten t to  w h ich  en g in eer in g  projects w ou ld  a lter  th e environm ent, o th er  than to  say a lm ost 
certain ly  th e e ffec ts  w o u ld  b e  n egative  and quite probab ly  (at lea st lo c a lly ) disastrous.

3 .4 .4 . L o ss  o f  D e lta ic  E nvironm ents. M o st d e lta s are actually  co m p o site  featu res, m ade  
up v a r iou sly  o f  beach es, sp its, du ne f ie ld s , tidal fla ts, w etlan d s, and a c tiv e  and abandoned  
distributaries. U n d er  natural co n d itio n s , delta  su b sid en ce from  con so lid a tion  and d ew ater in g  o f  
un derly ing sed im entary seq u en ces  is o ffse t b y  th e d ep osition  o f  river-borne sed im ent, particularly  
that sed im en t d ep o sited  by flo o d  o v ersp ill o f  r iver banks. S ed im en t reach in g  th e coastal 
environm ent can  accu m ulate  in  a seaw ard progradation o f  th e shorew ard  and /or d e lta  front. 
S o m e lo w -ly in g  areas ex p erien ce  natural su b sid en ce rates a s great a s 1 to  10  cm /yr, 10  to  100  
tim es th e p resen t eustatic  rate o f  sea  le v e l r ise . T h e future n eed  to  pum p ground w aters in  the 
N ile  D e lta , w h o se  natural su b sid en ce rates (5  m m /yr; S tan ley , 1 9 8 8 ) are about three tim es the 
current rate o f  sea - lev e l r ise , co u ld  in crease  su b sid en ce  rates con sid erab ly . U s in g  th e m ost 
p essim istic  scenario  (m axim u m  sea -lev e l r ise , m axim um  sub sid en ce  rates), M illim a n  e ta ! .  (1 9 8 9 )  
ca lcu lated  that b y  th e year 2 1 0 0 , m ore than 2 5  percent o f  E g y p t’s p resen tly  hab itable land  could  
b e  inundated b y  r isin g  sea  le v e l. W ith a national pop ulation  that is  d ou b lin g  e v ery  2 0 -3 0  years, 
such  a prediction  i s  g lo o m y  ind eed .

E v en  at th e present m od est rates o f  w orld w id e  sea  le v e l r ise , m an y large m arine deltas 
have entered  a  transgressive p h ase  b ecau se  o f  su b sid en ce , and oth er  factors such as defcreasing 
sed im en t load s, natural chann el sw itch in g  and lo b e  abandonm ent, and le v e e in g  and related  hum an  
activ ities . B eca u se  m any d elta s ex is t  e ither in  h igh  w a v e  en erg y  env ironm ents or  support large 
pop ulation s (e .g . G anges-B rahm aputra, Indus, N iger, N ile ) , add itional lo s s  o f  sed im ents, 
esp ec ia lly  th e se le c tiv e  lo s s  o f  sand, w ill  b e  devastating: trop ical m arine d e lta s w ill  probab ly  be  
th e m o st ser iou sly  im p acted  o f  a ll the c oasta l en v ironm ents. T h e  fact that m an y tem perate and 
tropical deltas are covered  b y  a  frag ile  liv in g  surface o f  sa lt m arsh or  m an grove sw am p
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en g in eer in g  so lu tion  to  lo c a l ero sio n  prob lem s produ ces a tradeoff o f  un w an ted  dow nd rift e ffects  
(P ilk ey , 1989).

3 .4 .2 . C hanges in  O ffsh ore P rofile  and S h e lf  Transport P ro cesses . B ea c h  ero sio n  and  
barrier is lan d  m igration  in th e ab sen ce  o f  an am p le sed im en t supply w ill  lead  to  c h a n g es  in  the 
o ffsh o re  p ro file . B ea ch  sed im ents are part o f  a sand  sharing system  in w h ich  the upper beach face  
and e v en  th e dunes are rem oved  during storm s and tem porarily  stored o ffsh ore  in  a sy stem  o f  
r id ges and runnels (D av is  e t  a i ,  1972). F o llo w in g  ea ch  storm , m o st o f  th e sand  returns to  the 
b each  fa ce . H ow ever , decreased  sed im en t d e liv ery  to  the nearshore z o n e , togeth er w ith  a m odest 
sea  le v e l r ise , w ill result in  redistribution o f  sand o n  the sh oreface , thus lea d in g  to  net o ffsh ore  
transport o f  va lu ab le  beach sand.

3 .4 .3 . G reater S u scep tib ility  to  F lo o d in g  and Increases in W etland L o ss . R eason s behind  
present-day m arsh lo ss  can  b e  broadly grouped as 1) lo ss  o f  substrate upon w h ich  m arshes are 
built, as in th e c a se  o f  subsid in g d eltas, 2 )  landw ard barrier is lan d  m igration  w h ich  forces the 
m arshes behind th em  to  b e  d isp laced  and even tu a lly  buried or  erod ed , 3 ) lo s s  o f  sed im en t input 
through upstream  en g in eer in g  w ork s such as dam s and le v e e s , 4 )  d irect rem oval b y  m an from  
dredge and f i l l  activ ities  and construction  o f  p ip e lin e  and n av igation  can als , and 5 ) construction  
o f  bu lkheads and revetm en ts at th e coast, preven ting landward translation as sea  le v e l r ises. The 
overa ll resistance o f  m arsh substrate to  d irect erosion  b y  w a v es  su g g ests  that subm ergence  
(in su ffic ien t sed im en t accum ulation) w ill b e  th e lea d in g  cau se o f  m arsh lo s s  in  th e future. 
D ecreases in  sed im en t de livery  w ill h a v e  the greatest im pact in  h igh ly  su b sid in g  areas w here  
m arshes r ece iv e  their sed im ents from  large po in t sou rces. T h e  m o st com m on  typ e  o f  lo ss  by  
subm ergence w ill  b e  from  the form ation  o f  interior p on d s that o ccu r  a s m arsh vegetation  
deteriorates from  e ffe c ts  o f  anoxia.

Contrary to  a  substantial b od y o f  earlier literature, m an grove m argins are n ow  thought to  be  
a resp on se  to  sed im entation  and unable to  actually  control landform  ev o lu tion  (W ood roffe , 1983). 
T herefore, decreases in  sed im en t d e livery  c o u ld  h a v e  substantial im p acts b ecau se  o f  the w id e  
distribution o f  th ese  environm ents: G anges-B rahm aputra D elta; c o a sts  o f  Sum atra, B orn eo , and  
Papau N e w  G uinea; Q ueensland  and Northern Territory o f  A ustralia; coasts  o f  F rench G uiana, 
Surinam , and G uyana in  northeast South  A m erica; and, in s im ilar  loca tion s in  east and w est  
A frica . In fact, few  e c o sy s te m s  are a s im portant to  th e coasta l com m u n ity  but a lso  a s  frag ile  as 
th e m an grove forests. M any o f  m ore than 2 0 0  p lant sp ec ie s  w ith in  th e m an grove  eco sy stem  
require brackish w aters and rela tive ly  lo w  rates o f  sed im entation  and su b sid en ce  ( i.e .,  w ater  
depths m u st b e  w ith in  a narrow ran ge, d eep er  than w h ich  th e m an groves w ill cea se s  
co lon iza tion ).

A  recent r ev iew  b y  E llison  and Stoddart (1 9 9 1 ) fou n d  that, in the ab sen ce  o f  terrigenous  
sed im ent input, m an grove eco sy stem s co u ld  k eep  p ace  w ith  rates o f  sea  le v e l r ise  o f  8 -9  m m /yr, 
but w o u ld  b e  un der severe  stress and cou ld  not survive at rates ex ce ed in g  1 2  m m /yr. A  scenario  
o f  e co sy s te m  co lla p se  from  sea  le v e l a lo n e  during th e n ex t 1 0 0 -2 0 0  years i s  e sp ec ia lly  realistic  
in  the ca se  o f  lo w -ly in g  carbonate sh orelin es w here sed im en t input is  v ery  lo w . H o w ev er , a s in  
th e ca se  o f  sa lt m arshes, m an groves u ltim ately  w ill respon d  to  la rge-sca le  g e o m o ip h o lo g y  and
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F igure 14. E p iso d ic  sh orelin e  d ev e lo p m e n t o f  a c h e n ier  p la in . G row th  is d ep en d en t o n  sed im en t 
supply  (m o d ified  from  E llio tt, 1978).
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(E lliso n  and S tod d an , 1991). In ex trem e c a se s , m a ssiv e  sed im en t input can  bury pneum atophores  
and k ill m an groves (S to d d a n  and P eth ick , 1984).

3 .3 .5 . Sm othering  o f  B en th ic  H abitats, and E ffec ts  on G row th R ates from  C h an ges  in  
Intensity  and Spectral Q uality  o f  L igh t. C oral ree fs , w h ich  often  occu r  in a sso c ia tio n  w ith  
m an groves, are depend en t o n  th e ab ility  to  produ ce their o w n  sed im entary ca lc iu m  carbonate  
required for vertical grow th. T h e sed im en t budget depend s entirely  o n  b io g e n ic  produ ction , and 
grow th capacity  o f  ind ividual reef-b u ild in g  organ ism s sets  absolu te  lim its  o n  r ee f grow th, S in ce  
m o st r ee fs  appear able to  keep  up w ith  present and m od est increases in  rates o f  sea  le v e l rise  
(N eum an n e t  a l., 1985; L id z  and S h in n , 1991), sed im entation  p o se s  o n e  o f  th e greatest threats 
on  a tim esca lc  o f  cen turies. Harbor dredging and unprecedented  d ev e lo p m en t a lo n g  tropical 
sh orelin es are th e tw o  factors presently  cau sin g  severe  degradation from  in creased  sed im entation  
(R ogers, 1990). A lth ou gh  so m e coral sp e c ie s  can rem ove m od est am ounts o f  sed im en t using  
ten tacles and excretion  o f  m u cu s, h ea v y  sed im entation  resu lts in  few er  v ia b le  sp ec ie s , le ss  liv e  
coral, lo w er  grow th rates, red uced  recruitm ent from  larval settlem ent, and s lo w er  rates o f  reef  
accretion (D o d g e  e t a l . ,  1974; D o d g e  and V a isn y s, 1977; B a b co ck  and D a v is , 19 9 1 ). E x ce ss iv e  
sed im entation  can  k ill not o n ly  cora ls, but a lso  sp o n g es  w h ich  serve a s fo o d  and habitats for 
tropical fish er ies. W idespread  degradation o f  coral ree fs  from  siltation  occu rs a lon g  th e entire  
ea st A frican coasta l reg ion  from  Som alia  in  the north to  In laca  Island, M ozam b iq u e and several 
o c ea n ic  islands. In K en ya , silt carried b y  th e T ana R iv er  has adverse ly  a ffec ted  ca tch es  o f  both  
fin fish  and praw ns in  U ngw ana B ay  (U N E P , 19 8 9 ). T h e  im p acts o f  red uced  ligh t, w h ile  d ifficu lt 
to  separate qu antitatively  from  th e e ffe c ts  o f  sm othering, lead  to  lo w er  rates o f  p h otosyn th esis  
and to  m etab o lic  stress. A ccord in g  to  R ogers (1 9 9 0 ), ch ron ic  sed im en tation  rates greater than 
10 tn g /cm 2/d a y  shou ld  b e  con sid ered  as "high."

3 .3 .6 . R en ew ed  G row th in D elta s and o n  "Downdrift" C oasts . I f  sed im en t d e livery  is  
substantially  increased  through river d iversion , farm ing and deforesta tion , or  from  m ajor 
rem ob ilization  o f  upstream  sou rces, then n ew  d elta s w ill build . D e lta  grow th  fro m  increased  
river d ischarge in  A sia  o v e r  the past m illen n ia  has brought pop ulation s c lo ser  to  th e coast. In 
fact, p eop le  in  A s ia  are o ccu p y in g  so m e land areas that probably w o u ld  not h a v e  e x isted  i f  not 
fo r  the in creased  land  erosion  upstream . F or  ex a m p le , th e c ity  o f  Sh anghai, w h ich  presently  has  
a m etropolitan population  o f  nearly 2 0  m illio n , w as a lo w -ly in g  tid al fla t d ep o sited  as recently  
as 2 -3  th ousan d  years ago.

T w o  c la ss ic  exam p les w h ich  attest to  th e im portance o f  r iver d iversion  and delta  grow th  
are the Y e llo w  R iv er  in  C hin a and th e A tchafa laya  R iver  in  the G u lf  o f  M ex ic o  o f  th e U .S . (R en , 
1983; W e lls , 1987), T h e  Y e llo w  R iver  ep iso d ic a lly  sh ifted  d ep ositíon a l s ites  in  th e m id -1 8 0 0 s  
from  the Y e llo w  S ea  to  the G u lf  o f  P o  H a i, bu ilding a  m ajor delta  so m e  5 0 0  k m  to  th e north. 
T h e M iss issip p i D e lta , o f  w h ich  th e A tch afa laya  is  th e n ew est lo b e , has sw itch ed  depositon a l 
sites  at lea st seven  tim es in  th e p ast 5 ,0 0 0  years. A lth ou gh  rates o f  grow th in  n ew  d elta s can  be  
1 -10  km 2/yr , there is  a  substantial tradeoff; assoc ia ted  w ith  ea ch  river d iversion  is  a  period  o f  
coasta l ero sio n  as sed im en ts are d iverted  to  a n ew  site . It m ay  take d eca d es  or  cen tu ries before  
the am ount o f  land b e in g  add ed  to a n ew  delta  lob e  o ffse ts  the am ou nt o f  land  b ein g  lo s t from  
an abandoned delta  lob e . Barring ep iso d ic  sh ifts  in  d ep ositon a l s ite , in creases  in  sed im ent
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d e liv ery  probab ly  w ill not produ ce sign ifican t m orp h olog ic  e ffe c ts  u n less 1) n e w  sed im ent 
con ta in s a  h igh  percentage o f  sand, 2 )  su b sid en ce  rates are lo w , 3 )  n ew  sed im en t i s  not b e in g  
d isch arged  d irectly  in to  d eep  w ater, and 4 )  th e potential for rem oval by m arine p rocesses , such 
as w a v es  and tid es , is  low .

M ajor rivers o ften  supply  sed im ents to  "downdrift" co a sts  w h ich  are m orp h o lo g ica lly  and 
g e n etica lly  tied  to  p ro cesses  in  updrift deltas. T h ese  co a stlin e s, referred to  a s chenier-p la in  
coasts, in clu d e northeastern South  A m erica , north w est G u lf o f  M ex ic o , a s w e ll as parts o f  China, 
A ustralia , and N e w  Z ealand. S in ce  th e sam e sed im en t sou rces that supply  d e lta s provide  
sed im en ts to  their dow nd rift co a sts , increased  sed im en t d e liv ery  w ill  prov id e  an opportunity for  
ren ew ed  ch cn icr  plain grow th (F igure 14). T h is  w ill b e  p o ssib le  e v en  in  th e ab sen ce  o f  delta  
grow th s in c e  1) n e w  sed im ents that fa il to  b e  incorporated in to  d e lta s w ill s till b e  ava ilab le  for  
transport w ith in  th e rece iv in g  basin, and 2 )  m any dow nd rift coasts are m an grove  sw am p or  salt 
m arsh and can  e ffe c tiv e ly  incorporate large v o lu m es  o f  fin e-gra in ed  sed im ents.

3 .4 . E ffe c ts  o f  D e c r e a se d  S e d im en t D e liv e r y

T h e e ffe c ts  o f  decreased  sed im en t d e liv ery  to  the co a st w ill b e  m o st p ronou nced  in  lo w  
ly in g  coasta l areas, e sp ec ia lly  th ose su b ject to  h igh  su b sid en ce rates, and in  env ironm ents that 
are already in  a  de lica te  state o f  balance. L o w -ly in g  deltas m ay be particularly vuln erable in  
the near future, as their rapid bu ildup o v e r  th e p ast severa l m illen n ia  appears to  h a v e  b een  due  
in part to  anthropogen ica lly  enhan ced  terrestrial ero sio n  and river d isch arge, w h ich  soon  w ill  be  
negated  b y  constructed  o f  dam s and other river d iversion s. U n com p en sa ted  (or ev en  accelerated) 
su b sid en ce o f  lo w -ly in g  deltas w ill  be o n e  e ffec t o f  r iver/sed im ent d iversion , but accentuated  
coasta l ero sio n  m ay  lag  considerab ly . In contrast, b io lo g ica l e ffec ts  from  the decreased  flu x  o f  
fresh  w ater, such  as shrinking m an grove forests  and decreased  coasta l fish er ies, probab ly  w ill  be  
fe lt  im m ed iately .

3 .4 .1 , Increased B each  E rosion . B ea ch es  e x is t  w h erever  there is  a su ffic ien t supply  o f  
sed im en t for accu m ulation  at th e shoreline. M o st are co m p o sed  o f  sand, gravei, or abraded shell 
and are broadly c la ss ified  a s e ither m ain land or  barrier beaches. A lth ou gh  m ost sand  that supplies  
b each es has been  der ived  from  rivers, there is con sid erab le  lon gsh ore  flu x  (up to  IO6 m 3/y r ) that 
serves s im u ltan eou sly  a s a  source and sink, and there is  s ign ifican t on sh ore-o ffsh ore  exch an ge. 
A  d ecrease  in  sed im en t supply  to the coast, regardless o f  ca u se , w ill a lm ost surely  lead  to  faster  
erosion , assu m in g  other factors rem ain  constant (S C O R , 1991). T h e  o b v io u s  ex cep tio n  is  in  the 
ca se  w here th e lo s t sed im en t w ou ld  have been  either too  coarse  or  to o  fin e  to  b e  in  general 
equilibrium  w ith  th e ex ist in g  coasta l environm ent.

L oss  o f  sed im en t w ill a lso  increase frequency  o f  overw ash  p rocesses . Barrier is lan d s w ill  thin 
m ore rapid ly from  accelerated  erosion  o n  both landw ard and seaw ard sides; ev en tu a lly , w hen  
so m e  critical w id th  is  reached (3 0 0 -5 0 0  m ), the rate o f  sh orelin e  m o v em en t w ill increase sharply  
as all ava ilab le  sand b eg in s  m o v in g  across the is lan d . T o  stem  erosion  and protect backshore  
features, m an y  b each es are h igh ly  en g in eered  system s that in c lu d e  m a ssiv e  sea w a lls , revetm en ts, 
groins, and je td es . S in ce  there is  v irtually  n o  e x c e s s  sand in  m o st beach sy stem s, every
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