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ABSTRACT 

The a l luvia l  and morphologic de ta i l s  of drainage systems are  much too 
complex t o  be explained by progressive erosion alone. Within the  constraints 
of the erosion cycle these complexities ( ter races ,  a l luvia l  deposits)  must be 
explained by external variables such as climatic,  tectonic,  i sos t a t i c  or 
land-use changes. However, f i e ld  and experimental research into the detai  1s 
of fluvial  landform development indicate that  some abrupt modifications of 
such a system can be inherent in i t s  erosional development and tha t  two 
additional concepts are  required for comprehension of drainage system evolu- 
t ion. These a re  1 )  geomorphic thresholds and 2 )  complex response of drainage 
systems. 

INTRODUCTION 

Due to  the  complexity of Quaternary climatic and tectonic h i s to r i e s ,  
topographic and s t ra t igraphic  discontinuities can be conveniently explained 
as a resul t  of climatic and tectonic events. In th is  way the compulsion t o  
f i t  geomorphic and s t ra t igraphic  de ta i l s  in to  a Quaternary chronology i s  
s a t i s f i ed ,  as i s  the basic sc i en t i f i c  need to  ident i fy  cause and e f f ec t .  As 
the deta i ls  of Holocene s t ra t igraphic  and ter race  chronologies a re  studied, 
a bewildering array of changes a re  required t o  explain the behavior of a 
drainage system. In f a c t ,  i t  i s  now accepted tha t  some major erosional adjust-  
ments can be induced by ra ther  ins ignif icant  changes in the magnitude and 
frequency of storm events (Leopold, 1951). 

The numerous deviations from an orderly progression of the erosion cycle 
has led many t o  discount the cycle concept completely. Current practice i s  
to view the evolutionary development of the landscape within the conceptual 
framework of the  erosion cycle,  b u t  t o  consider much of the modern landscape 
to  be in dynamic equilibrium. There are  obvious shortcomings in both concepts. 
For example, although the cycle involves continuous slow change, evidence 
shows that  periods of re la t ively  rapid system adjustment resul ts  from external 
causes. This, of course, i s  equally t rue  of geomorphic systems in dynamic 
equilibrium. That i s ,  fo r  a change t o  occur in e i ther  the  cycle or a system 
in dynamic equilibrium there  must be an application of an external stimulus. 
Hence landscape changes and changes in ra tes  of depositional or erosional 
processes a re  explained by the influence of man, by climatic change or 
fluctuations,  by tec tonics ,  or by i sos t a t i c  adjustments. 

One cannot doubt t h a t  major landscape changes and sh i f t i ng  patterns of 
erosion and deposition have been due to  climatic change and tectonic influences 
and that  man's influence i s  substant ia l .  Nevertheless, i t  i s  the de ta i l s  of 
the landscape, the l a s t  i n se t  f i  11 , the low Holocene ter race ,  modern periods 
of arroyo cutting and gulleying, alluvial-fan-head trenching, channel aggrada- 
t ion and slope f a i l u r e  tha t  for both sc i en t i f i c  and practical  reasons of land 
management require explanation and prediction. These geomorphic de ta i l s  are 
of real  significance, but often they cannot be explained by t radi t ional  
approaches. 

Another aspect of the problem i s  that  within a given region a l l  landforms 
did not respond t o  the l a s t  external influence in the same way and, indeed, 
some have not responded a t  a l l .  This i s  a major geomorphic puzzle that  i s  
comnonly ignored. If land systems are  in dynamic equilibrium conponents of 
the system should respond in a similar way t o  an external influence. Hence, 
the ef fects  of hydrologic events of large magnitude should not be as  variable 



The c y c l i c  and dynamic e q u i l i b r i u m  concepts a re  n o t  of va lue i n  the  
l o c a t i o n  o f  i n c i p i e n t l y  uns tab le  landforms because w i t h i n  these conceptual 
frameworks system change i s  always due t o  e x t e r n a l  fo rces .  There i s  now 
bo th  exper imenta l  and f i e l d  evidence t o  i n d i c a t e  t h a t  t h i s  need n o t  be t r u e .  
The answer l i e s  i n  the  r e c o g n i t i o n  of two a d d i t i o n a l  concepts t h a t  a re  o f  
importance f o r  an understanding o f  landscape development. These may be 
termed 1 )  geomorphic th resho lds  and 2 )  complex response o f  geomorphic 
systems. B a s i c a l l y ,  t hey  suggest t h a t  some geomorphic anomalies are, i n  
fac t ,  an i n h e r e n t  p a r t  of t h e  e r o s i o n a l  development o f  landforms and t h a t  
the  components o f  a  geomorphic system need n o t  be i n  phase. 

These concepts are c e r t a i n l y  n o t  new, and one reed n o t  search l o n g  
t o  f i n d  a geomorphic paper o r  book ment ion ing th resho lds  o r  the  comp lex i t i es  
of geomorphic systems ( f o r  example, Chorley and Kennedy 1971, T r i c a r t  1965, 
P i t t y  1971). However, these concepts have n o t  been d i r e c t e d  t o  the  s o l u t i o n  
o f  s p e c i f i c  problems nor  has t h e i r  s i g n i f i c a n c e  been f u l l y  apprec iated.  
The assumption t h a t  a l l  major  landform changes o r  changes i n  the  r a t e s  and 
mechanics o f  geomorphic processes can be exp la ined  by c l i m a t i c  o r  t e c t o n i c  
changes has prevented t h e  g e o l o g i s t  f rom cons ide r ing  t h a t  landform i n s t a b i l -  
i t y  may be inheren t .  

THRESHOLDS 

Thresholds have been recognized i n  many f i e l d s  and t h e i r  importance i n  
geography has been discussed i n  d e t a i l  by Brunet  (1968). Perhaps t h e  bes t  
known t o  g e o l o g i s t s  are th resho ld  v e l o c i t i e s  r e q u i r e d  t o  s e t  i n  mot ion  
sediment p a r t i c l e s  of a  g i ven  s i ze .  Wi th a cont inuous inc rease  i n  v e l o c i t y ,  
th resho ld  v e l o c i t i e s  a re  encountered a t  which something begins and w i t h  a 
p rogress ive  decrease i n  v e l o c i t y ,  t h r e s h o l d  velocities a r e  encountered a t  
which something ceases, i n  t h i s  case, sediment movement. These a r e  Brune t ' s  
(1968, pp. 14 and 15) " th resho lds  o f  man i fes ta t ion  and " th resho lds  o f  
e x t i n c t i o n " ,  and they  a re  the  most common types o f  th resho lds  encountered. 
When a t h i r d  v a r i a b l e  i s  involved,  Brunet  (1968, p. 19) i d e n t i f i e d  " th resho lds  
o f  reve rsa l  ." An example of t h i s  i s  H j u l s t r o m ' s  (1935) cu rve  showing t h e  
v e l o c i t y  r e q u i r e d  f o r  movement of sediment of a  g iven s i z e .  The cu rve  shows 
t h a t  v e l o c i t y  decreases w i t h  p a r t i c l e  s i z e  u n t i l  cohesive forces become 
s i g n i f i c a n t ,  and then the  c r i t i c a l  v e l o c i t y  increases w i t h  decreasing g r a i n  
s i ze .  Another example o f  t h i s  t ype  o f  r e l a t i o n s h i p  i s  t h e  Langbein-Schumm 
(1958) curve which shows sediment y i e l d  as d i r e c t l y  r e l a t e d  t o  annual 
p r e c i p i t a t i o n  and r u n o f f  u n t i l  v e g e t a t i v e  cover  increases s u f f i c i e n t l y  t o  
r e t a r d  e ros ion .  A t  t h i s  p o i n t  t h e r e  i s  a  decrease i n  sediment y i e l d  w i t h  
increased r u n o f f  and p r e c i p i t a t i o n .  Perhaps th resho lds  i s  n o t  a  good word 
t o  desc r ibe  the  c r i t i c a l  zones w i t h i n  which these changes occur, b u t  i t  i s  
a s imple and e a s i l y  understood term. 

The bes t  known th resho lds  i n  h y d r a u l i c s  are descr ibed by t h e  Froude 
and t h e  Reynolds numbers, which d e f i n e  t h e  c o n d i t i o n s  a t  which f l o w  
becomes s u p e r c r i  t i c a l  o r  t u r b u l e n t .  P a r t i c u l a r l y  spec tacu la r  a re  t h e  
changes i n  bed form c h a r a c t e r i s t i c s  a t  t h r e s h o l d  va lues o f  stream power. 

I n  the  examples c i t e d ,  an e x t e r n a l  v a r i a b l e  changes p r o g r e s s i v e l y  
thereby t r i g g e r i n g  ab rup t  changes o r  f a i l u r e  w i t h i n  the  a f f e c t e d  system. 
Responses of a  system t o  an e x t e r n a l  i n f l u e n c e  occur  a t  what w i l l  be r e f e r r e d  
t o  as e x t r i n s i c  th resho lds .  That  i s ,  t he  t h r e s h o l d  e x i s t s  w i t h i n  the  system, 
b u t  i t  w i l l  n o t  be crossed and change w i l l  n o t  occur  w i t h o u t  the  i n f l u e n c e  
o f  an e x t e r n a l  v a r i a b l e .  

Thresholds can a l s o  be exceeded when i n p u t  i s  r e l a t i v e l y  constant ,  
t h a t  i s ,  t he  e x t e r n a l  v a r i a b l e s  remain r e l a t i v e l y  constant ,  y e t  a  p rogress ive  
change o f  the  system i t s e l f  renders i t  unstable,  and f a i l u r e  occurs.  For 
example, i t  has been proposed t h a t  the  p rogress ive  e ros ion  o f  a  r e g i o n  w i l l  
cause s h o r t  b u t  dramat ic  pe r iods  o f  i s o s t a t i c  adjustment. Wi th an e s s e n t i a l l y  
cons tan t  r a t e  o f  denudation a c o n d i t i o n  i s  reached when i s o s t a t i c  compensa- 
t i o n  i s  necessary, and t h i s  probably  takes p l a c e  d u r i n g  a s h o r t  p e r i o d  of 
r e l a t i v e l y  r a p i d  u p l i f t  (Schumn 1963). Somewhat analagous t o  t h i s  i s  t h e  
l o n g  p e r i o d  o f  r o c k  weather ing and s o i l  development r e q u i r e d  be fo re  a c a t a l y t i c  
s torm event  p r e c i p i t a t e s  mass movement. Fo l low ing  f a i l u r e  a l o n g  p e r i o d  o f  
p repara t ion  ensues be fo re  f a i l u r e  can occur  aga in  ( T r i c a r t ,  1965, p. 99) .  
These i n t r i n s i c  th resho lds  a re  probably  common i n  geo log ic  systems, b u t  i t  
i< nnlv nenmnrnhir muamnlnc +ha+ will h a  r n n e i A n r n A  h n r n  



A geomorphic th resho ld  i s  one t h a t  i s  i n h e r e n t  i n  t h e  manner o f  landform 
change; i t  i s  a th resho ld  t h a t  i s  developed w i t h i n  t h e  geomorphic system 
by changes i n  t h e  system i t s e l f  through t ime. It i s  the  change i n  the  geo- 
morphic system i t s e l f  t h a t  i s  most important ,  because u n t i l  t h e  system has 
evolved t o  a c r i t i c a l  s i t u a t i o n ,  adjustment o r  f a i l u r e  w i l l  n o t  occur .  It 
may n o t  always be c l e a r  whether t h e  system i s  responding t o  geomorphic 
thresholds o r  t o  an ex te rna l  in f luence,  b u t  when a change of s lope i s  
invo lved ,  t h e  c o n t r o l  i s  geomorphic, and the  changes whereby the  th resho ld  
i s  achieved i s  i n t r i n s i c  t o  the  system. 

EVIDENCE FOR GEOMORPHIC THRESHOLDS 

Recent f i e l d  and experimental work support  the concept o f  geomorphic 
thresholds,  and i t  has been used t o  exp la in  t h e  d i s t r i b u t i o n  o f  d iscont inuous 
g u l l i e s  i n  t h e  o i l - s h a l e  reg ion  o f  western Colorado and t o  e x p l a i n  channel 
p a t t e r n  v a r i a t i o n  a long t h e  M i s s i s s i p p i  R ive r .  

Discontinuous g u l l  i e s  

F i e l d  s tud ies  i n  v a l l e y s  o f  Wyoming, Colorado, New Mexico, and Arizona 
revealed t a t  d iscont inuous g u l l i e s ,  s h o r t  b u t  troublesome g u l l i e d  reaches 'c- of v a l l e y  l o o r s ,  can be r e l a t e d  t o  t h e  s lope o f  the  v a l l e y - f l o o r  surface 
(Schumm and Hadley, 1958). For example, t h e  beginning o f  g u l l y  e ros ion  i n  
these v a l l e y s  tends t o  be l o c a l i z e d  on steeper reaches o f  t h e  v a l l e y  f l o o r .  
Car ry ing  t h i s  one s tep  f a r t h e r ,  w i t h  t h e  concept o f  geomorphic thresholds 
i n  mind, i t  seems t h a t  f o r  a g iven  reg ion  o f  un i fo rm geology, l a n d  use and 
c l imate ,  a c r i t i c a l  th resho ld  v a l l e y  s lope  w i l l  e x i s t  above which t h e  v a l l e y  
f l o o r  i s  unstable.  I n  o rder  t o  t e s t  t h i s  hypothesis, measurements o f  v a l l e y -  
f l o o r  g r a d i e n t  were made i n  the  Piceance Creek Basin o f  western Colorado. 
The area i s  u n d e r l a i n  by o i l  shale, and t h e  p o t e n t i a l  environmental problems 
t h a t  w i l l  be associated w i t h  t h e  development o f  t h i s  resource are considerable.  

. Wi th in  t h i s  area, v a l l e y s  were se lec ted  i n  which d iscont inuous g u l l i e s  
were present .  The dra inage area above each g u l l y  was measured on maps, and 
v a l l e y  slopes were surveyed i n  the  f i e l d .  No records o f  r u n o f f  o r  f l o o d  
events e x i s t  so dra inage basin area was se lec ted  as a v a r i a b l e ,  r e f l e c t i n g  
r u n o f f  and f l o o d  d ischarge.  When v a l l e y  s lope  i s  p l o t t e d  aga ins t  dra inage 
area, the r e l a t i o n s h i p  i s  inverse  (F ig.  1). w i t h  g e n t l e r  v a l l e y  slopes being 
c h a r a c t e r i s t i c  o f  l a r g e  drainage areas. As a bas is  f o r  comparison, s i m i l a r  
measurements were made f o r  v a l l e y s  i n  which t h e r e  were no g u l l i e s ,  and these 
data a re  a l s o  p l o t t e d  on F ig .  1. The lower range o f  slopes o f  the  uns tab le  
v a l l e y s  co inc ide  w i t h  t h e  h igher  range slopes o f  the  s t a b l e  v a l l e y s .  I n  
o ther  words, f o r  a g iven  dra inage area i t  i s  poss ib le  t o  d e f i n e  a v a l l e y  s lope 
above which t h e  v a l l e y  f l o o r  i s  unstable.  

Note t h a t  the r e l a t i o n s h i p  does n o t  p e r t a i n  t o  dra inage basins s m a l l e r '  
than about f o u r  square m i les .  I n  these small  basins v a r i a t i o n s  i n  vege ta t i ve  
cover, which a r e  perhaps r e l a t e d  t o  the  aspect o f  the dra inage bas in  o r  t o  
v a r i a t i o n s  i n  t h e  p r o p e r t i e s  o f  t h e  a l luv ium, prevent  r e c o g n i t i o n  o f  a 
c r i t i c a l  th resho ld  slope. Above four-square m i l e s  t h e r e  a r e  on ly  two cases 
of s t a b l e  v a l l e y  f l o o r s  t h a t  p l o t  above the  th resho ld  l i n e ,  and one may 
conclude t h a t  these v a l l e y s  a re  i n c i p i e n t l y  unstable and t h a t  a major  
f l ood  w i l l  e v e n t u a l l y  cause e ros ion  and t rench ing  i n  these v a l l e y s .  

Using F ig .  1, one may d e f i n e  t h e  th resho ld  s lope above which t rench ing  
o r  v a l l e y  i n s t a b i l i t y  w i l l  t ake  p lace  i n  the  Piceance Creek area. Th is  
has obvious i m p l i c a t i o n s  f o r  land  management f o r ,  i f  t h e  s lope a t  which 
v a l l e y s  a r e  i n c i p i e n t l y  unstable can be determined, c o r r e c t i v e  measures 
can be taken t o  a r t i f i c i a l l y  s t a b i l i z e  such c r i t i c a l  reaches, as they a re  
i d e n t i f i e d .  

I t seems poss ib le  t h a t  f u t u r e  work w i l l  demonstrate t h a t  s i m i l a r  
r e l a t i o n s h i p s  can be es tab l i shed  f o r  o ther  a l l u v i a l  depos i t s .  For example, 
t rench ing  o f  a l l u v i a l  fans  i s  common-and the  usual  exp lana t ion  f o r  fan-head 
trenches i s  renewed u p l i f t  o f  the  mountains o r  c l i m a t i c  f l u c t u a t i o n s .  
However, the  concept o f  geomorphic th resho lds  should a l s o  be a p p l i c a b l e  t o  
t h i s  s i t u a t i o n .  That  i s ,  as the  f a n  grows i t  may steepen u n t i l  i t  exceeds 
a th resho ld  slope, when t rench ing  occurs. P re l im inary  r e s u l t s  f rom 

: experimental s tud ies  o f  a l l u v i a l - f a n  growth revea l  t h a t  pe r iods  o f  t rench ing  
A- .l+^......+,3 , . , i+h  A a n n c i + i n n  .+ + h e  4-3" h a s A  
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F i g u r e  I .  R e l a t i o n  b e t w e e n  v a l l e y  s l o p e  and  d r a i n a g e  
a r e a ,  P i c e a n c e  C r e e k  b a s i n ,  C o l o r a d o .  L i n e  
d e f i n e s  t h r e s h o l d  s l o p e  f o r  t h i s  a r e a  ( f r o m  
P. C. P a t t o n ,  1973, u n p u b l i s h e d  M.S. t h e s i s ) .  

Time - A  B 

F i g u r e  2,  H y p o t h e t i c a l  r e l a t i o n  b e t w e e n  v a l l e y - f l o o r  g r a d i e n t  and  
v a l l e y - f l o o r  i n s t a b i l i t y  w i t h  t i m e .  S u p e r i m p o s e d  o n  
l i n e  I ,  r e p r e s e n t i n g  a n  i n c r e a s e  o f  v a l l e y - f l o o r  s l o p e ,  
a r e  v e r t i c a l  l i n e s  r e p r e s e n t i n g  i n s t a b i l i t y  o f  t h e  
v a l l e y  f l o o r  a s  r e l a t e d  t o  f l o o d  e v e n t s .  When t h e  a s -  
c e n d i n g  l i n e  o f  v a l l e y - f l o o r  s l o p e  i n t e r s e c t s  l i n e  2 
r e p r e s e n t i n g  t h e  maximum s l o p e  a t  w h i c h  t h e  v a l l e y  i s  
s t a b l e ,  f a i l u r e  o r  t r e n c h i n g  o f  t h e  v a l l e y  a l l u v i u m  
w i l  l  o c c u r  a t  t ime 8 .  However ,  f a i  l u r e  o c c u r s  a t  
t i m e  A,  a s  t h e  a p p a r e n t  d i r e c t  r e s u l t  o f  a  m a j o r  s t o r m  
o r  f  l o o d  e v e n t .  



The concepts o f  th resho lds  as a p p l i e d  t o  a l l u v i a l  depos i t s  i n  the  
western U.S.A. i s  i l l u s t r a t e d  by F ig .  2, where t h e  decreasing s t a b i l i t y  o f  an 
a l l u v i a l  fill i s  represented by a l i n e  i n d i c a t i n g  inc rease  o f  v a l l e y  s lope 
w i t h  t ime. Of course, a s i m i l a r  r e l a t i o n  would p e r t a i n  i f ,  w t t h  constant  
slope, sediment loads decrease s low ly  w i t h  t ime.  Superimposed on t h e  
ascending l i n e  o f  i nc reas ing  s lope a re  v e r t i c a l  l i n e s  showing t h e  v a r i a t i o n s  
o f  v a l l e y  f l o o r  s t a b i l  i t y  caused by f l ood  events o f  d i f f e r e n t  magni tudes. 
The e f fec t  of even l a r g e  events i s  minor u n t i l  t he  s t a b i l i t y  o f  t h e  depos i t  
has been so reduced by steepening of the  v a l l e y  g r a d i e n t  t h a t  d u r i n g  one 
major  storm, e ros ion  begins a t  t ime A . It i s  impor tan t  t o  note t h a t  t h e  
l a r g e  event i s  on ly  t h e  most apparent cause of f a i l u r e ,  as i t  would have 
occurred a t  t ime B i n  any case. 

These s tud ies  o f  a l l u v i a l  depos i t s  i n  d r y  lands suggest t h a t  l a r g e  
i n f r e q u e n t  storms can be s i g n i f i c a n t  b u t  on ly  when a geomorphic th resho ld  
has been exceeded. It i s  f o r  t h i s  reason t h a t  high-magnitude, low-frequency 
events may have o n l y  minor and l o c a l  e f f e c t s  on a landscape. 

R ive r  pa t te rns  

Experimental s tud ies  o f  r i v e r  meandering have been performed by both 
h y d r a u l i c  engineers and geo log is ts  over  many years .  Such a study was 
designed t o  i n v e s t i g a t e  the  i n f l u e n c e  o f  s lope  and sediment loads on channel 
pa t te rns  (Schumm and Khan, 1972). I t was found, dur ing  these experiments 
i n  which t h e  water d ischarge was h e l d  constant, t h a t  i f  a s t r a i g h t  channel 
was c u t  i n  a l l u v i a l  m a t e r i a l  a t  a  very low slope, t h e  channel would remain 
s t r a i g h t .  However, a t  s teeper slopes the  channel meandered. As t h e  s lope 
o f  t h e  a l l u v i a l  sur face on which the  model stream was f l o w i n g  ( v a l l e y  s lope)  
steepened, t h e  v e l o c i t y  o f  f l o w  increased, and shear fo rces  a c t i n g  on the  
bed and bank o f  t h e  m i n i a t u r e  channel increased. A t  some c r i t i c a l  va lue of 
shear, bank e ros ion  and s h i f t i n g  o f  sediments on t h e  channel f l o o r  produced 
a sinuous course. The conversion f rom s t r a i g h t  t o  sinuous channel a t  a 
g iven  d ischarge occurred a t  a t h r e s h o l d  s lope  (F ig .  3 ) .  As s lope increased 
beyond t h i s  threshold,  meandering increased u n t i l  a t  another  h igher  th resho ld  
t h e  sinuous channel became a s t r a i g h t  bra ided channel. The experiments 
revealed t h a t  t h e r e  i s  n o t  a continuous change i n  stream pa t te rns  w i t h  s lope  
f rom s t r a i g h t  through meandering t o  braided, b u t  r a t h e r  t h e  changes occur  
a t  th resho ld  s lopes.  Slope i n  t h i s  case i s  an index o f  sediment l o a d  and 
the  h y d r a u l i c  charac te r  o f  the  f l o w  i n  t h e  channel; never theless,  t h e  
r e l a t i o n s h i p  can be used t o  e x p l a i n  t h e  v a r i a b i l i t y  o f  stream p a t t e r n s .  

If, i n  f a c t ,  the  s lope  o f  the v a l l e y  f l o o r  o f  a r i v e r  va r ies  due t o  
t h e  sediment c o n t r i b u t i o n  f rom t r i b u t a r i e s  o r  due t o  v a r i a t i o n s  i n  depos i t i on  
dur ing  t h e  geo log ic  past ,  then the  r i v e r  should r e f l e c t  these changes of 
v a l l e y  s lope by changes i n  p a t t e r n .  A comparison o f  t h e  experimental 
r e s u l t s  w i t h  M i s s i s s i p p i  R ive r  p a t t e r n s  was made p o s s i b l e  by da ta  ob ta ined  
from the Vicksburg D i s t r i c t ,  Corps o f  Engineers. These data show t h a t  
v a r i a t i o n s  i n  channel p a t t e r n  o f  t h e  M i s s i s s i p p i  R ive r  a re  r e l a t e d  t o  
changes of the  s lope  o f  t h e  v a l l e y  f l o o r  (F ig .  4 ) .  V a r i a t i o n s  i n  v a l l e y  
s lope r e f l e c t  the  geo log ic  h i s t o r y  of the  r i v e r ,  and i f  today the  v a l l e y  
s lope  exceeds a geomorphic t h r e s h o l d  the r i v e r  w i l l  show a dramat ic  change 
o f  p a t t e r n .  

When the  v a l l e y  s lope  i s  near a threshold,  major f l o o d  events w i l l  
s i g n i f i c a n t l y  a l t e r  t h e  stream p a t t e r n .  This  conclus ion has bear ing  on 
t h e  work o f  Wolman and M i l l e r  (1960), concerning the  geomorphic importance 
o f  events o f  h igh magnitude. They concluded t h a t ,  a1 though a major amount 
of work i s  done by events o f  moderate magnitude and r e l a t i v e  f requen t  
occurrence, never theless,  the  l a r g e  storm o r  f l o o d  may have a major  r o l e  
i n  landscape m o d i f i c a t i o n .  However, evidence on the i n f l u e n c e  o f  r a r e  and 
l a r g e  events on the  landscape i s  e u ivoca l .  Major f l o o d s  have destroyed 
the  f l o o d  p l a i n  o f  Cimarron River  q~chumm and L ich ty ,  1963), b u t  e q u a l l y  
l a r g e  events have n o t  s i g n i f i c a n t l y  af fected the  Connect icut  R ive r  
(Wolman and E i l e r ,  1958). 

These and o ther  observat ions i n d i c a t e  t h a t  a major event may be o f  
major  o r  minor  importance i n  landscape m o d i f i c a t i o n ,  and an exp lana t ion  o f  
t h e  c o n f l i c t i n g  evidence requ i res  f u r t h e r  cons idera t ion  o f  the  t h r e s h o l d  
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F i g u r e  3 .  R e l a t i o n  b e t w e e n  v a l l e y  s l o p e  a n d  s i n u o s i t y  ( r a t i o  o f  
c h a n n e i  l e n g t h  t o  l e n g t h  o f  f l u m e  o r  l e n g t h  o f  v a l l e y )  
d u r i n g  e x p e r i m e n t s ,  T h e  c h a n g e  f r o m  a  s t r a i g h t  t o  a  
s i n u o u s  p a t t e r n ,  a n d  f r o m  a  s i n u o u s  t o  a b r a i d e d  p a t -  
t e r n  o c c u r s  a t  t w o  t h r e s h o l d  s l o p e s .  T h e  a b s o l u t e  
v a l u e  o f  s l o p e  a t  w h i c h  s u c h  c h a n g e s  o c c u r  w i l l  b e  
i n f l u e n c e d  b y  d i s c h a r g e .  D i s c h a r g e  was m a i n t a i n e d  a t  
0 .15 c f s  d u r i n q  t h e  e x p e r i m e n t s .  ( A f t e r  Schumm. S. A. 
a n d  Khan,  H. R., 1 9 7 2 . )  

2 . 5 ~  

V a l l e y  S l o p e  ( O/O x lo4 ) 

F i g u r e  4 .  R e l a t i o n  b e t w e e n  v a l l e y  s l o p e  a n d  s i n u o s i t y  
b e t w e e n  M i s s i s s i p p i  R i v e r  b e t w e e n  C a i r o ,  
I l l i n o i s  a n d  Head  o f  P a s s e s ,  L o u i s i a n a .  
D a t a  f r o m  P o t a m o l o g y  S e c t i o n ,  U.  S. Army 
C o r p s  o f  E n g i n e e r s ,  V i c k s b u r g ,  M i s s i s s i p p i .  
S c a t t e r  a b o u t  c u r v e  r e f l e c t s  n a t u r a l  v a r i -  
a t i o n  o f  s i n u o s i t y .  ( A f t e r  Schumm, e t  a i . ,  
1 9 7 2 )  



concept. Some landscapes o r  components o f  a landscape have apparen t l y  
evolved t o  a c o n d i t i o n  o f  geomorphic i n s t a b i l i t y  and these landforms f a i l  ; 
t h a t  i s ,  depending on t h e i r  development, they w i l l  be s i g n i f i c a n t l y  mod i f ied  
by a l a r g e  i n f r e q u e n t  event  whereas o thers  w i l l  be una f fec ted .  Therefore,  
the re  w i l l  be, even w i t h i n  the  same region,  d i f f e r e n t  responses t o  the  same 
cond i t i ons  o f  s t ress .  

When w i t h i n  a landscape some conponents f a i l  by e ros ion  whereas o thers  
do not ,  i t  i s  c l e a r  t h a t  e ros iona l  thresholds have been exceeded l o c a l l y .  
One o f  the  most s i g n i f i c a n t  problems o f  the  geomorphologist o r  l and  manger 
i s  the  l o c a t i o n  o f  i n c i p i e n t l y  uns tab le  components o f  a landscape. The 
r e c o g n i t i o n  o f  geomorphic thresholds w i t h i n  a g iven r e g i o n  w i l l  be a 
s i g n i f i c a n t  c o n t r i b u t i o n  t o  bo th  an understanding o f  t h e  d e t a i l s  o f  reg iona l  
morphology as w e l l  as p r o v i d i n g  c r i t e r i a  f o r  i d e n t i f i c a t i o n  o f  uns tab le  
l a n d  forms. A t  l e a s t  one l o c a t i o n ,  Piceance Creek basin, such a 
th resho ld  has been i d e n t i f i e d .  It remains t o  be seen how successful t h e  
concept can be app l ied  elsewhere. I t  i s  ve ry  poss ib le  t h a t  major  geomorphic 
thresholds associated w i t h  a l l u v i a l  deposi ts  w i l l  be i d e n t i f i e d  most 
r e a d i l y  i n  subhumid, semiar id and a r i d  regions,  where the  s t a b i l i z i n g  
in f luence o f  vege ta t ion  i s  l e a s t  e f f e c t i v e .  However, s lope s t a b i l i t y  and 
r i v e r  p a t t e r n  th resho lds  w i l l  e x i s t  i n  humid and t r o p i c a l  regions.  

COMPLEX RESPONSE OF GEOMORPHIC SYSTEMS 

Geomorphic h i s t o r i e s  tend t o  be complicated, and cons ider ing  t h e  
c l i m a t i c  changes o f  t h e  p a s t  few m i l l i o n  years o f  e a r t h  h i s t o r y ,  one would 
expect them t o  be. so. For example, throughout the  wor ld,  geo log is ts  and 
a rchaeo log is ts  have s tud ied  the  d e t a i l s  o f  the  most recen t  e ros iona l  and 
depos i t i ona l  h i s t o r y  o f  v a l l e y s .  Th is  c o n s i s t s  o f  i d e n t i f y i n g  the  sequence 
i n  which a l l u v i a l  depos i t s  were emplaced and then eroded. Because o f  
worldwide c l i m a t e  changes d u r i n g  the  Quaternary, i t  i s  reasonable t o  
assume t h a t  a l l u v i a l  chronologies a p p l i c a b l e  t o  l a r g e  regions can be 
establ ished.  That i s ,  a  p a r t i c u l a r  a l l u v i a l  l a y e r  should be i d e n t i f i a b l e  
r e g i o n a l l y  and c o r r e l a t i o n s  o f  these depos i t s  over  l a r g e  areas can then 
be made. There i s  no ques t ion  t h a t  major c l i m a t i c  changes have a f f e c t e d  
e ros iona l  and depos i t i ona l  events, b u t  when t h e  a l l u v i a l  chronologies o f  
t h e  l a s t  10 t o  15 thousand years a re  examined, i t  i s  n o t  convinc ing t h a t  
each event was i n  response t o  one simultaneous ex te rna l  change. I n  f a c t ,  
i n v e s t i g a t i o n s  i n  southwestern Un i ted  States revea l  t h a t  du r ing  t h e  l a s t  
10,000 years the number, magnitude and d u r a t i o n  o f  e ros iona l  and deposi- 
t i o n a l  events i n  the  v a l l e y s  o f  t h i s  r e g i o n  n o t  o n l y  v a r i e d  from v a l l e y  
t o  v a l l e y  b u t  a l s o  v a r i e d  w i t h i n  t h e  same v a l l e y .  For example, Ko t t lowsk i ,  
Cooley, and Ruhe (1965) descr ibe t h e  s i t u a t i o n  as f o l l o w s :  

"Late recen t  t ime i s  represented by e p i c y c l e s  o f  e ros ion  and 
a1 l u v i a t i o n  i n  t h e  canyons and v a l l e y s  o f  the  southwest; how- 
ever, t h e  number, magnitude, and d u r a t i o n  o f  t h e  events d i f f e r  
from bas in  t o  bas in  and a long reaches o f  t h e  same stream." 

This  s i t u a t i o n  i s  so complex t h a t  c o r r e l a t i o n s  o f  t e r r a c e  surfaces and 
a l l u v i a l  f i l l s  over l a r g e  areas seem impossib le,  bu t  i n  the search f o r  
order ,  c o r r e l a t i o n s  a r e  made. Haynes (1968) summarized t h e  r e s u l t s  o f  
ex tens ive  radiocarbon d a t i n g  o f  a l l u v i a l  depos i t s  i n  southwestern Un i ted  
States. His da ta  demonstrate t h a t ,  du r ing  t h e  l a s t  5000 years o f  record, 
t h e r e  i s  s i g n i f i c a n t  temporal over lap  among t h e  th ree  most recen t  a l l u v i a l  
deposi ts .  T h i s  i n d i c a t e s  t h a t  d e p o s i t i o n  was n o t  i n  phase everywhere and 
t h a t  apparent ly  d e p o s i t i o n  d i d  n o t  occur i n  respbnse t o  a s i n g l e  event. 
P a r t  o f  the  complexi ty ,  a t  l e a s t ,  as r e l a t e d  t o  the  most recen t  events, 
may be expla ined by the  th resho ld  concept w i t h  e ros ion  occur r ing ,  as 
descr ibed f o r  the  Piceance Creek area, when a geomorphic th resho ld  i s  
exceeded. However, w i t h i n  one r e g i o n  n o t  a l l  v a l l e y s  w i l l  achieve the 
th resho ld  a t  the  same t ime.  

There i s ,  i n  a d d i t i o n ,  another exp lana t ion .  We know very  l i t t l e  
about  the  response o f  a drainage system t o  re juvena t ion .  C l i m a t i c  change, 
u p l i f t ,  o r  l ower ing  o f  baselevel can cause i n c i s i o n  o f  a channel. Th is  
i n c i s i o n  w i l l  conver t  the  f l ood  p l a i n  t o  a te r race ,  t h e  geomorphic 
evidence o f  an e ros iona l  episode. However, a dra inage system i s  composed 



F i g u r e  5. D r a i n a g e  e v o l u t i o n  r e s e a r c h  f a c i l i t y  a t  C o l o r a d o  
S t a t e  U n i v e r s i t y .  S i m u l a t e d  s t o r m s  c a n  be  g e n -  
e r a t e d  b y  a  s p r i n k l e r  s y s t e m  o v e r  t h e  9 x 15 m 
c o n t a l n e r ,  and  t h e  e r o s i o n a l  d e v e l o p m e n t  o f  
s m a l l  d r a i n a g e  s y s t e m s  c a n  be s t u d i e d .  



o f  channels, h i l l s i d e s ,  d i v ides ,  f l o o d  p l a i n s ,  and te r races ;  i t  i s  complex. 
The response o f  t h i s  complex system t o  change w i l l  a l s o  be complex. That 
t h i s  i s  t r u e  was demonstrated d u r i n g  an experimental s tudy  of dra inage 
system e v o l u t i o n  a t  Colorado S ta te  U n i v e r s i t y  (Schumm and Parker, 1973). 

During exper imentat ion,  a  small  dra inage system ( F i g .  5) .was 
re juvenated by a  s l i g h t  (10 cm) change o f  base l e v e l .  As a n t i c ~ p a t e d ,  base- 
l e v e l  l ower ing  caused i n c i s i o n  of t h e  main channel and development o f  a  
t e r r a c e  (F ig .  6a,b). I n c i s i o n  occurred f i r s t  a t  t h e  mouth o f  the  system, 
and then p rogress ive ly  upstream, successively  re juvena t ing  t r i b u t a r i e s  and 
scour ing the  a l l u v i u m  p r e v i o u s l y  deposi ted i n  t h e  v a l l e y  (F ig .  6b). As 
e ros ion  progressed upstream, t h e  main channel became a conveyor o f  upstream 
sediment i n  inc reas ing  q u a n t i t i e s ,  and the i n e v i t a b l e  r e s u l t  was t h a t  
aggradation occurred i n  the  newly c u t  channel (F ig .  6c ) .  However, as t h e  
t r i b u t a r i e s  e v e n t u a l l y  became ad jus ted  t o  t h e  new baselevels ,  sediment 
loads decreased, and a  new phase o f  channel e ros ion  occurred (F ig .  6d). 
Thus, i n i t i a l  channel i n c i s i o n  and t e r r a c e  fo rmat ion  was fo l lowed by 
depos i t i on  o f  an a l l u v i a l  f i l l ,  channel b r a i d i n g ,  and l a t e r a l  eros ion,  and 
then, as t h e  dra inage system achieved s t a b i l i t y ,  renewed i n c i s i o n  
formed a  low a l l u v i a l  te r race .  Th is  low sur face  formed as a  r e s u l t  of the  
decreased sediment loads when t h e  bra ided channel was conver ted i n t o  a  
be t te r -de f ined  channel o f  lower width-depth r a t i o .  The low sur face  was 
n o t  a  f lood p l a i n  because i t  was n o t  f l ooded  a t  maximum discharge. 

Somewhat s i m i l a r  r e s u l t s  were obta ined by Lewis (1949) i n  a  p ioneer ing  
experiment performed i n  a  small  wooden t rough f o u r  m. long  and 50 cm wide. 
Lewis c u t  a  simple dra inage p a t t e r n  i n  sediment ( f o u r  p a r t s  sand, one p a r t  
mud). He then in t roduced  water a t  t h e  head o f  the  flume i n t o  bo th  t h e  main 
channel and i n t o  two t r i b u t a r i e s .  The main channel debouched onto a  " f l o o d  
p l a i n "  before e n t e r i n g  t h e  "sea" ( t a i l  box o f  f lume).  

During t h e  experiment, t h e  break i n  s lope o r  k n i c k p o i n t  a t  t h e  
upstream edge o f  the  " f l o o d  p l a i n "  eroded back, re juvena t ing  t h e  upstream 
dra inage system. I n i t i a l l y ,  e ros ion  i n  the  head waters was r a p i d  as t h e  
channels adjusted,  and depos i t i on  occurred on t h e  " f l o o d  p la in , "  thereby 
inc reas ing  i t s  slope. As t h e  upstream grad ien ts  were decreased by eros ion 
and t h e  stream courses s t a b i l i z e d ,  sediment supply t o  t h e  " f l o o d  p l a i n "  
decreased. Because o f  t h e  r e d u c t i o n  o f  the  sediment l o a d  the  stream c u t  
i n t o  the  a l l u v i a l  depos i t s  i n  t h e  upper p a r t  o f  t h e  f l o o d  p l a i n  t o  form 
a  te r race .  Lewis concludes t h a t  "perhaps t h e  most s i g n i f i c a n t  f a c t  
revealed by t h e  ... experiment i s  t h a t  te r races  were b u i l t  i n  the  lower 
reaches w i t h o u t  any corresponding change o f  sea l e v e l s ,  t i 1  t o r  d ischarge."  
From our r e s u l t s  and those o f  Lewis, i t  seems t h a t  an event  causing an 
e ros iona l  response w i t h i n  a  dra inage basin ( t i l t i n g ,  changes o f  base l e v e l ,  
c l ima te  and/or land use) a u t o m a t i c a l l y  creates a  negat ive feedback ( h i g h  
sediment p roduc t ion )  which resu i  t s  i n  depos i t i on ;  t h i s  i s  e v e n t u a l l y  
fo l lowed by i n c i s i o n  o f  a l l u v i a l  deposi ts  as sediment loads decrease. 

A  s i m i l a r  sequence o f  events may be under way i n  Rio Puerco, a  major  
arroyo i n  New Mexico, as w e l l  as i n  o t h e r  Southwestern channels. For 
example, t h e  d r y  channel o f  Rio Puerco, a l though p r e v i o u s l y  t renched t o  
depths o f  13 m, i s  now l e s s  than f o u r  m deep near i t s  mouth. Th is  i s  due 
t o  depos i t i on  caused by very h i g h  sediment loads produced by the  re juvenated 
drainage system. 

Wi th in  a  complex n a t u r a l  system, one event  can t r i g g e r  a complex 
r e a c t i o n  (morphologic and/or s t r a t i g r a p h i c )  as the  components o f  t h e  system 
respond p rogress ive ly  t o  change. Th is  p r i n c i p l e  prov ides an exp lana t ion  o f  
t h e  comp lex i t i es  o f  t h e  a l l u v i a l  chronologies,  and i t  suggests t h a t  an 
in f requent  event, a l though per forming l i t t l e  o f  the  t o t a l  work w i t h i n  a  
dra inage system, may, i n  f a c t  be the  c a t a l y s t  t h a t  causes the  c ross ing  o f  
a  geomorphic th resho ld  and t h e  t r i g g e r i n g  o f  a complex sequence o f  events 
t h a t  w i l l  produce s i g n i f i c a n t  landscape m o d i f i c a t i o n .  

CONCLUSIONS 

Although we c o n t i n u a l l y  speak and w r i t e  about the  complexi ty  o f  
geomorphic systems, never theless,  we c o n s t a n t l y  s i m p l i f y  i n  order  t o  
understand these systems. The experimental s tud ies  discussed i n  t h i s  



F i g u r e  6. D i a g r a m m a t i c  c r o s s  s e c t i o n s  o f  e x p e r i m e n t a l  c h a n n e i  1.5 m  f r o m  o u t l e t  o f  d r a i n a g e  s y s t e m  ( b a s e  
l e v e l )  s h o w i n g  r e s p o n s e  o f  c h a n n e l  t o  o n e  l o w e r i n g  o f  b a s e  l e v e l .  

A. V a l l e y  and  a l l u v i u m ,  w h i c h  was d e p o s i t e d  d u r i n q  p r e v i o u s  r u n ,  b e f o r e  b a s e  l e v e l  l o w e r i n g .  - .  
The low w i d t h - d e p t h . c h a n n e l  f l o w s  o n  a l l u v i u m .  

B. A f t e r  b a s e  l e v e l  l o w e r i n g  o f  10 cm, c h a n n e l  i n c i s e s  i 
t o  f o r m  a  t e r r a c e .  F o l l o w i n g  i n c i s i o n ,  b a n k  e r o s i o n  
t e r r a c e  ( F i g u r e  2 C ) .  

C. An i n s e t  a l l u v i a l  f i l l  i s  d e p o s i t e d ,  a s  t h e  s e d i m e n t  
h i g h  w i d t h - d e p t h  r a t i o  c h a n n e l  i s  b r a i d e d  a n d  u n s t a b l  

n t o  a  l  l u v i u m  a n d  b e d r o c k  f l o o r  o f  v a l  l e y  
w i d e n s  c h a n n e l  a n d  p a r t i a l  l y  d e s t r o y s  

d i s c h a r g e  f r o m  u p s t r e a m  i n c r e a s e s .  The 
e. 

0 .  A s e c o n d  t e r r a c e  i s  f o r m e d  a s  t h e  c h a n n e i  i n c i s e s  s l i g h t l y  a n d  assumes a  low w i d t h - d e p t h  
r a t i o  i n  r e s p o n s e  t o  r e d u c e d  s e d i m e n t  l o a d .  W i t h  t i m e ,  i n  n a t u r e ,  c h a n n e l  m i g r a t i o n  w i l l  
d e s t r o y  p a r t  o f  t h e  i o w e r  t e r r a c e ,  and  a  f l o o d  p l a i n  w i l l  f o r m  a t  a  i o w e r  l e v e l .  



paper a r e  good examples of t h i s  approach. Simplification and the search f o r  
order in simplicity caused i n s t r i n s i c  thresholds to  be overlooked in  preference 
t o  explanations based on external controls.  For example, the explanation of 
the de t a i l s  of the Holocene record and the d is t r ibut ion  of modern erosion 
and depositional fea tures  in  the western United Sta tes  may well depend on 
our understanding of thresholds and complex response. These concepts do not 
conf l ic t  with the cycle of erosion o r  with the  concept of dynamic equilibrium; 
ra ther ,  they supplement them. 

I t  need not be t rue  tha t  landscape d iscont inui t ies  or  what appear t o  be 
abrupt changes in the erosional evolution of drainage systems must always 
be related t o  external influences. The evolution of land forms, a t  l e a s t  
in semiarid and a r id  regions, need not be progressive in  the sense of constant 
and orderly development; in f a c t ,  change may occur both progressively and 
by sa l t a t i on ;  t ha t  i s ,  by jumps from one dynamic equilibrium t o  a new one. 
Obviously, hydrologic and meteorological events are  discontinuous (T r i ca r t ,  
1962) but even i f  they occur a t  a constant r a t e ,  changes in the geomorphic 
system i t s e l f  (changing landform morphology and sediment loads) will cause 
abrupt adjustments of the system due t o  the  existence of i n t r i n s i c  
thresholds. 

I t  i s  very possible t ha t ,  without the influence of external variables 
and over long time spans progressive erosion reduction of a landscape will 
be interrupted by periods of rapid readjustment, as geomorphic thresholds 
are  exceeded. Readjustment of the system will be complex as morphology 
and sediment y ie lds  change with time. The timing of these changes un- 
questionably will be re la ted  to  major flood o r  storm events, but such 
events, a s  emphasized e a r l i e r ,  may be only the  ca t a ly s t  t ha t  induces the 
change a t  a par t icular  time. That i s ,  i t  i s  the existence of geomorphic 
thresholds, and the complex feedback response of geomorphic systems, 
t ha t  permit high magnitude events t o  play a major ro l e  in landscape 
evolution. 

Newtonian physical principles are  u t i l i zed  by engineers t o  control 
the landscape and by geomorphologists t o  attempt an explanation fo r  the 
inception, evolution, and character of geomorphic systems. These physical 
laws apply t o  natural geomorphic s i tua t ions ,  but t h e i r  predictive power 
i s  reduced by the complexity of the  f i e l d  s i t ua t ion .  For example, an 
increase in gravitational forces would probably not everywhere cause an 
equal acceleration in  erosional ra tes .  That i s ,  increasing s t r e s s  may 
not produce commensurate s t r a i n ,  but local f a i l u re s  will occur. Thus, 
the application of s t r e s s  over time will not everywhere have the same 
r e su l t  especially as the system to  which s t r e s s  i s  applied i s  i t s e l f  
changing through time. The logical  consequence of the above s i t ua t ion  
as outlined in t h i s  paper i s  t h a t  high magnitude events will not everywhere 
produce dramatic erosional events; ra ther  the  r e su l t  depends on the 
character of the geomorphic system. 

The importance of t h i s  approach t o  the  investigation of landforms 
i s  in i t s  potential  f o r  application t o  prediction of landform response 
t o  both natural and man-induced change. The f a c t  t h a t ,  a t  l e a s t  local ly ,  
geomorphic thresholds of i n s t ab i l i t y  can be defined quant i ta t ive ly  
indicates t h a t  they can be ident i f ied  elsewhere and then used a s  a 
basis for  recognition of potent ia l ly  unstable landforms in the f i e ld .  
This approach provides a basis for  preventive erosion control .  Using 
geomorphic principles the land manager can spend his limited funds in  
order to  prevent erosion rather than spending i t  in  a piecemeal fashion 
t o  attempt to  res tore  seriously eroding areas to  t h e i r  natural conditions. 
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