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In te rpre t ive  Stanmq 

MECHANISMS OF EROSION AM) SEDIWNT MOVEMENT FROM GULLIES 

by 
R. F. Piest, J. M. Brgdford, and R. G. Spmer 

The study involves four watersheds, 74 t o  150 acres  i n  s i ze ,  

which d ra in  i n t o  incised channels. Overall gul ly  erosion r a t e s  f o r  

the 7-year record were one-fif th of the to ta l .  Gully erosion r a t e s  

were dependent upon the a b i l i t y  of the headcut and channel banks t o  

weather and thereby furnish  s o i l  debr is  f o r  transport .  Cleanout of 

t h i s  debr is  is  necessary fo r  continued production of s o i l  debr is  

by bank sloughing and associated processes. ?he runoff regime a t  the  

two nonconservation watersheds is more than adequate t o  sus ta in  the 

cleanout process--but there  is  abundant evidence tha t  the flowing 

o r  t r a c t i ve  forces exerted by runoff on the chamel  boundary a r e  

no t  an  e f fec t ive  erosive force. 

The ult imate shapes of the study gu l l i e s  a r e  governed by the 

depth t o  g l ac i a l  till and the expected flow regime. 

Variables thought t o  influence gul ly  s t a b i l i t y ,  such a s  ante- 

cedent s o i l  moisture and well  levels  and the f luc tua t ion  of these 

levels ,  were not w e l l  corre la ted with storm gul ly  erosion r a t e s .  



2/ R. F. P ies t ,  J. M. Bradford, and R. G. Spomer 

Introduction 

Gully erosion occurs i n  most locations where an erodible s o i l  

mantle is exposed t o  concentrated runoff from r a i n f a l l ,  melting snow, 

or  both. The ident i fy ing cha rac t e r i s t i c  of an ac t ive  gu l l y  is an 

eros ional  scarp, usually s teep sided and severa l  f e e t  high. Gull ies 

can form continuous or in termit tent  channels. I n  the Central  S t a t e s  

they may occur on the perimeter of upland f i e l d s  and ac t ive ly  advance 

i n t o  the f i e lds .  Many of the  gu l l i e s  i n  northern Mississippi  lack 

drainage areas above the  gul ly  r i m  but  a re  eroded by r a i n f a l l ,  runoff, 

and associated weathering forces occurring on the  gul ly  i t s e l f .  By 

contras t ,  va l ley  head g u l l i e s  (sometimes ca l l ed  va l l ey  trenches) of 

the  Greai: Plains and the  a r id ,  Western United S t a t e s  are of ten  

located on ephemeral stream t h a t  d ra in  large  areas. 

~ e t e r s o n 2 ~  and other e a r l y  researchers discussed causes f o r  

the formation of gu l l i e s  i n  val leys  of the Central and Western 

1/ Contribution from the North Central  Region, So i l ,  Water, - 
and A i r  Sciences, Agricultural  Research Service, USDA, i n  cooperation 

with the Iowa Agriculture and H O N ~  Economics Experiment Stat ion.  

2 1  Hydraulic Engineer, USDA ARS, Columbia, IIissauri; S o i l  - 
Sc i en t i s t ,  USDA U S ,  Columbia, Missouri; and Agricultural  Engineer, 

USDA Council Bluffs ,  Iowa, respectively.  

3/ Peterson, H. V. mask,  P. D. (ed.), Applied Sedimentation, - 
John Wiley and Sons, 1950. 



United Sta tes .  The term "accelerated erosion1' was used because land 

use (misuse) caused by t i l l i n g ,  grazing, roadbuilding, and other 

a c t i v i t i e s  of man was widely believed t o  be an important f a c t o r  

a f fec t ing  gu l ly  erosion ra tes .  The c y c l i c  theory of gullying was 

a l s o  widely accepted. Geologists have noted a t  many locat ions  t h a t  

some present-day g u l l i e s  a r e  eroding i n  drainageways t h a t  were 

previously eroded and f i l l e d  because of e l imat ic  changes o r  other 

disturbances t o  the hydraulic regime i n  the geologic past .  Although 

both explanations a r e  p laus ible ,  perhaps the only b e n e f i t s  from 

s tud ies  showing the h i s t o r i c a l  and geologic progressions of g u l l i e s  

would be  estimates of changes i n  r m o f f  regime and gu l ly  hydraulic 

geometry associated wi th  channel metamorphosis. 

Some of the  mechanisms a f fec t ing  the gul ly  eros ion i n  one 

region may not be s imi la r ly  operat ive i n  another region. Studies a t  

the  North Central  Watershed Research Center primari ly concern va l l ey  

head g u l l i e s  draining f i e ld - s ize  areas i n  t h e  Missouri Valley deep 

loess  region. I n  t h i s  repor t ,  we discuss the sediment movement from 

four of these g u l l i e s  and explore the mechanisms t h a t  seem t o  a f f e c t  

gu l ly  eros ion ra tes .  

The Study Area 

The depth of the  erodible  loess  mantle t h a t  over l i e s  g l a c i a l  

till in the  Missouri Valley decreases wi th  d is tance  from the  r ive r .  

I n  the  Agr icul tura l  Research Service study a rea  near Treynor, Iowa, 

the loess  cap i s  more than SO f e e r  th ick  on r idges  and th ins  t o  about 

15 f e e t  i n  the  valleys. I n  t h i s  r o l l i n g  countryside, land slopes 

vary from l e s s  than 4 percent  along r idges  and val leys  t o  about 

15 percent  on h i l l s i d e s .  Deep g u l l i e s  i n  t h e  val leys  a r e  general ly 



incised to, or sl ightly i n f ~ ,  tbe till. Because &he loess s o i l  has 

a moderate percolation r a t e  and the underlying till is  r e l a t i ve ly  

irapermeable, a saturated zone occurs above the l o e s s - t i l l  in terface 

and causes seepage from channel banks. The e f f ec t  of t h i s  seepage on 

gul ly  s t a b i l i t y  has been the subject of much conjecture. 

The four study watersheds and ou t l e t  drainageways are  described 

i n  table 1. 

TABLE 1.--Watersheds and ou t le t  gu l l i es  near Treynor, Iowa 

Watershed Outlet  drainageway 
Scarp Gully Banks 

KO. Size, C r o p  Treatment Condition Distance t o  
acres - meas ur ing 

weir, f e e t  

74.5 Corn Field Advancing 
contoured & raw 

250 420 Eroding 

82.8 Corn Field Non-advancing, 690 
contoured raw, & 

chutelike 

700 Eroding 

Brome Rotation 
grass grazed 

S tepped 

Corn Level Stepped 
.terraced 

700 700 Mostly Stable 

C50 850 Stable 

Instrumentation and Measuremenes 

Gully erosion r a t e s  are  measured by several  procedures. Planimet- 

r i c  mapping from low-altitude a e r i a l  photos gives suf f ic ien t  de t a i l s  

of l inear  advance r a t e  and a r ea l  change. Volumetric gully erosion 

r a t e s  have been determined by t rad i t iona l  cross sectioning methods and 



by pho t@ranetfis procedures .g In  recent years, targeted, low- 

a l t i t u d e  photos of the eroding channels have been made annually. 

However, specia l  e f f o r t s  have been made t o  define gul ly  sediment 

movement a t  a l l  times during storm runoff; t h i s  is accomplished by the 

dual  sampling of streanflow a t  channel cross sections above ah4 below 

the  gul ly  headcut. Nearly a l l  samples were collected--at 1- to 3-minute 

in te rva l s  during r i s i n g  water stages and l e s s  frequently during the 

recession--with U.S. DH-46 hand sampler by the equal t r a n s i t  r a t e  

(Em) method. Streamflow samples collected near the runoff-measuring 

weir located below each gully headcut or scarp represent sediment 

eroded from both the f i e ld  and the gully, whereas samples collected 

above the gully headcut should r e f l e c t  the quant i t ies  of sediment 

contributed by s h e e t - r i l l  erosion. The difference between these 

sediment concentrations and erosion r a t e s  is  a consequence of erosion 

or iginat ing from both (1) the gul ly  headcut and (2) the channel banks 

between the  headcut and the downstream weir. ( In  some instances, as  

i l l u s t r a t e d  i n  f igure  1, sediment from sheet  erosion sources above 

----------------------------------w-----o---------------------------- 

Figure 1.--Gully f i l l i n g  due t o  intense storm on unprotected upland 

f i e ld ,  watershed 4, June 20, 1967. 

the  gul ly  headcut actual ly  exceeded t o t a l  erosion downstream and 

resul ted i n  a ne t  deposition of sediment i n  the gully. This circum- 

stance was a common occurrence on conservation watershed 4, where 

4/  Aguilar, A, ivl., and P ies t ,  R. F. photogrammetric techniques - 
f o r  precise measurement of eroding landforms. Unpublished; presented 

t o  jo in t  National meeting of American Society of Photogrammetry and 

American Congress of Surveying and Mapping, Portland, Oregon, 1969, 



sediment produced Prom 12 acres below the l eve l  ter race  system was 

deposited and held i n  the channel by vegetative growth.) 

Additional measurements u t i l i z ed  i n  t h i s  gul ly  study include 

r a i n f a l l  and runoff amounts and i n t ens i t i e s ,  s o i l  moisture content, 

ground water levels ,  and various physical and hydraulic a t t r i b u t e s  of 

the watersheds and drainage systems. 

Data and Interpreta t ions  from Field Study 

Gully erosion measurements began i n  1964 a t  Treynor watersheds 1 

and 2 and a year later a t  conservation watersheds 3 and 4. Table 2 

summarizes sediment yie ld  from both the upland f i e l d  and the gul l ied  

drainageway for  a l l  four watersheds, 1965-1971. Overall, about 

one-fifth of the t o t a l  sediment yie ld  resul ted from gul ly  erosion. 

Gully erosfon r a t e s  from conservation watersheds 3 and 4 were 

usually of minor importance. (The most s ign i f ican t  gul ly  erosion on 

a conservation a rea  occurred June 20, 1967, on brome grass pasture 

watershed 3, where an intense 3.9-inch r a i n f a l l  on the saturated s o i l  

surface caused 2.0 inches of runoff and a loss  of 120 tons of s o i l  

from the gully.) Table 2 a l so  shows tha t  surface runoff and gul ly  

erosion r a t e s  were much higher fo r  contour-corn watersheds 1 and 2. 

These two channels a re  act ively  eroding--watershed 1 gul ly  mainly by 

headcut advance and watershed 2 by l a t e r a l  erosion of gul ly  banks. 



Table 2.--Sediment Yield According t o  Erosion Source from Treynor, Iowa, 
Watersheds, 1965-1971 

Water- Annua 1 Runoff Sediment Yield 
Year shed Precip. Ground Surface Total Shee t - r i l l  Gully Total  

No. Inches !?tey---Inches--.----- ~ons /Acre  Tons ~ons /Acre  

2 29.02 2.62 3.84 6.46 13.3 241 16.2 
3 29.70 2.84 1.52 4.36 1/ .4 11 30 .6 
4 29.96 5.49 -71 6.20 1.5 11 6 1.6 

Averages 

1/ Division between shee t - r i l l  and gully erosion estimated. - 
21 Negative value indicates  channel f i l l .  - 



Figures 2a and 2b show, respect ively ,  an a e r i a l  view of t h e  channel 

Figure 2.--(ao) Aer ia l  view of watershed 1 o u t l e t  drainageway, showing 

sampling footbridges and measuring weir; and (b.) Close-up of gu l ly  

headcut area ,  showing upstream drainageway a t  l e f t ,  f a i l e d  s o i l  mass, 

and seepage. 

system and a close-up of t h e  gul ly  headcut a t  watershed 1. The a r e a l  

growth of t h i s  gul ly  from 1965 through 1971 is  portrayed i n  f i g u r e  3 by 

Figure 3.--Measured gul ly  advances and erosion r a t e s  on watershed 1 near 

Tr eynor , Iowa. 

survey period; surface  runoff and gul ly  erosion r a t e s  f o r  these  per icds  

a r e  a l s o  tabulated. 

Gully erosion r a t e s  a t  watershed 2 were nearly a s  g rea t  a s  those 

a t  watershed 1, even though l i t t l e  material  was removed from t h e  v i c i n i t y  

o f  the headcu t ;  t h e x  jE sediment: source w a s r t h e e r c d i n g  grilw ban- 

t h e  700-foot channel reach between the  headcut and the  runoff-measuring 

weir, Figure 4a shows gully erosion r a t e s  a t  watershed 2 during the  

Figure 4.--(a,) Gully erosion r a t e  from 700-foot length of channel at: 

watershed 2, June 20, 1967; (b.) Gully erosion r a t e ,  storm of 

May 25, 1965, a t  watershed 1; and (c.) Gully sediment discharges 

during the f i r s t  l a rge  runoff event of 1971 a t  watershed 1. 



record rainstorm of June 20, 1967. These r a t e s  were computed from 20 

streamflow samples co l l ec ted  above the  gul ly  headcut, 17 streamflow 

samples co l l ec ted  a t  the  downstream cross  sec t ion ,  and known runoff r a t e s  

provided by continuous water s t age  records and a ca l ib ra ted  weir s tage-  

discharge re l a t ionsh ip .  During t h i s  storm, 690 tons of s o i l  was eroded 

from t h e  gully.  The gul ly  erosion r a t e  during the  most eros ive  period of 

t h e  storm was 50 tons per minute, 

An examination of gu l ly  sediment concentrat ions and discharges 

during t h e  course of runoff events showed t h a t  a t  l e a s t  two general  c o d i -  

t i o n s  a r e  necessary t o  cause gullying.l' S o i l  debr i s  must e x i s t  and 

runoff must be s u f f i c i e n t  t o  e n t r a i n  and t ranspor t  t h i s  debris .  I n  t h e  

preceding sec t ions ,  we have d e a l t  with t h e  t o t a l  gu l ly  erosion process 

i n  a general  manner; however, i n  a c lose r  examination of t h e  mechanics of 

gul ly  erosion,  i t  i s  necessary t o  d i s t ingu i sh  between t h e  two subprocesses 

of debr is  cleanout and renewed debr is  production. It i s  sometimes impos- 

s i b l e  t o  separa te  the  e f f e c t s  of important va r i ab les  on these  two sub- 

processes,  and t h i s  has impeded t h e  study of the  mechanics of gullying.  

I f  gul ly  s o i l  debr i s  i s  produced predominantly by the  shearing 

forces  of flowing water,  these fo rces  a r e  a l s o  s u f f i c i e n t  t o  e n t r a i n  and 

t r anspor t  t h i s  fine-grained l o e s s i a l  debr i s  through the  channel systzm. 

However, evidence a t  both watersheds 1 and 2 ind ica tes  t h a t  t h e  shearing 

or t r a c t i v e  forces  on t h e  channel boundary a r e  not  the  major fo rces  

5 /  P i e s t ,  R. F,, and Spomer, R. G. sheet  and gu l ly  erosion i n  t h e  - 
missouri  v a l l e y  l o e s s i a l  region. Trans. of ASAE 11 (6): 850-853, 1968, 



csusing gu l ly  erosion. Aside from the  v i s u a l  evidence of gul ly  head and 

gu l ly  bank d e t e r i o r a t i o n  a s  shown i n  f i g u r e  2b, gul ly  sediment concen- 

t r a t i o n s  and discharges of individual  storm events o f t en  reached a maximum 

soon a f t e r  surface  runoff began but r ap id ly  decreased before t h e  peak of 

storm runoff.  I n  some cases,  the re  was a period near t h e  runoff peak when 

t h e  supply of s o i l  debr is  i n  the  gul ly  was exhausted and t h e  t r anspor t  

of gul ly  mater ia ls  was e s s e n t i a l l y  zero ( f igure  4b). The sediment d i s -  

charge curve of f i g u r e  4b is based on 30 streamflow samples. Figure 4c 

shows the  gu l ly  sediment discharge a t  watershed 1 f o r  one of t h e  runoff 

events of May 10, 1971, when t h e  gully sediment concentrat ion curve was 

defined by 32 samples, This was the  f i r s t  l a r g e  runoff event of t h e  year. 

Because i t  was preceded by minor runoff ,  t he re  were b r i e f  periods a t  the  

ou t se t  of t h e  storm when the re  was no gu l ly  erosion. Temporary gu l ly  

cleanout occurred on the  hydrograph recession before a runoff r a t e  of 

about 30 cfs .  Had t r a c t i v e  fo rce  on the  channel boundary been the  pre- 

dominant eroding agent during these  storms, e i t h e r  by d i r e c t  shear  on t h e  

channel boundary or by bank undercutfing, a discharge of gul ly  sediments 

approximately proport ional  t o  the  square of stream ve loc i ty  would have 

occurred and zero t r anspor t  of gul ly  sediments a t  s i g n i f i c a n t  discharges 

would not  have been experienced. 

Sediment t r anspor t  curves ( f igure  5) f o r  f o u r  successive runoff 

........................................................................ 
Figure 5.--Sediment t r anspor t  r e l a t i o n s  f o r  successive runoff events of 

September 7,  1965, watershed 1, near Treynor, Iowa: (a) f i r s t  event,  

(b) second event,  (c) t h i r d  event, and (d) four th  event. 

------------------------e---------------------------.-------.------------- 



events  a t  watershed 1 r e p r e s e n t  t h e  concent ra t ion  and r a t e  of movement of 

g u l l y  m a t e r i a l s  wi th  r e s p e c t  t o  r a t e  of runoff .  Sediment concen t r a t i on  

graphs were cons t ruc ted  on t h e  b a s i s  of numerous streamflow samples,  and 

g u l l y  sediment d i scharges  were computed from these  graphs. C h a r a c t e r i s t i c s  

of such curves can be summarized from t h e  s tudy  of many of t h e s e  i n d i v i d u a l  

sediment t r a n s p o r t  curves.  For example: 

1. The o v e r a l l  r e l a t i o n s h i p  of g u l l y  sediment d i s cha rge  (and 

concent ra t ion)  t o  runoff  dur ing  any time i n t e r v a l  dur ing  a 

s torm i n d i c a t e s  t h e  a v a i l a b i l i t y  of g u l l y  debr i s .  General ly ,  

d ry  cond i t i ons  p r i o r  t o  an event  cause  h igher  placement of t h e  

upper limb of t h e  curve (higher g u l l y  sediment concent ra t ions)  

and inc rease  v e r t i c a l  d i s t a n c e  between limbs ( f i g u r e  5a). 

2. Cleanout of t h e  g u l l y  channel,  evidenced by a "break" i n  

t h e  loop i n  t h e  downward d i r e c t i o n ,  occurs  more o f t e n  when 

wet condi t ions  e x i s t  be fo re  a given s torm ( f i g u r e  5c) .  

3. Renewed eros ion ,  u sua l ly  caused by s loughing of wet ted g u l l y  

banks, o f t e n  occurs  a f t e r  t h e  peak of runof f .  This  i s  iden- 

t i f i e d  on t h e  sediment t r a n s p o r t  curve by a sharp  upward t rend.  

This  cond i t i on  has  been noted i n  o t h e r  l o e s s  a r e a s  by t h e  

s en io r  au tho r ,  who has  sampled l o e s s i a l  s t reams a t  n igh t  whi le  

suspended from a 40-foot-high overhead c a b l e  and has  r e l i e d  on 

t h e  sound of massive bank segments c r a sh ing  i n t o  t h e  water  t o  

i n d i c a t e  t h a t  t h e  water  s t a g e  was beginning t o  f a l l .  



The e f f ec t  of p r i o r  moisture conditions on gully erosion r a t e s  i s  

i l l u s t r a t e d  by the sediment transport  curves fo r  the four successive 

events of f igure  5. Numerical en t r i e s  on the lower curve of each graph 

denote 24-hour clock time. Note that  debris  cleanout was not affected 

u n t i l  ear ly  i n  the th i rd  runofr" event, and bank sloughing occurred juse 

before 4:31 a.m. and again a£ t e r  4:39 a.m. B comparison of events 1 and 

4, which have similar  runoff ra tes ,  dramatizes the e f f e c t  of debr is  

cleanout; the gully sediment concentration exceeded 50,000 ppm for  the 

f i r s t  event but  did not exceed 15,000 ppm during the  fourth event because 

debris  supply was l imited,  

Additional i n s i g h ~ s  i n t o  processes tha'c a f f ec t  gullying a t  Treynor 

can be obtained by re fe r r ing  t o  the composi're, ?-year streamflow sample 

record fo r  the two locations a t  the ou t l e t  of watershed 1. The 

1,042 streamflow samples of f igure  6a were collected jus t  above the 

"-------"--1-I---------a..IIIICI-------------"-a---"------------------------- 

Figure 6.--(a*) Sediment transport  r e l a t i on  representing s h e e t - r i l l  erosion 

a t  watershed 1; and (b.) Sediment transport r e l a t i on  representing 

s h e e t - r i l l  and gully erosion a t  watershed 1. 

- - - - - - - - - - - - - - - - -  - - - - - - - 

r e t r ea t i ng  gully head; the 1,653 samples of f igure  6b were collected down- 

stream from the gul ly  head. A l l  of the runoff that  reached the downstream 

sample point  a l so  passed over the gully headcut, except fo r  the small 

port ion generated by r a i n  f a l l i n g  i n  the gully. S t a t i s t i c s  of the 

re la t ionship ,  including the l e a s t  squares regressions, a r e  given on the 

f igures.  The same l e a s t  squares analysis  for  watershed 2 (not shown) 



1.64 2 rasult~ in the equations Q 11,6 (& , R = 0.89 (upatream frm 8 

headcut) and Q, = 30.7 9, 112 = 0.94 (downstream from headcut). 

I n  each case, the sediment discharge, Q , is ia lbs/min and water 
s 

discharge, \, is i n  cfs .  The di f ference between the  curves of 

f igures  6a and 6b gives the overa l l  r e l a t i o n  between gu l l y  erosion and 

runoff r a t e s  f o r  the  period of record, because i t  r e f l e c t s  a l l  sample 

data.  The ne t  r e l a t i o n  between gu l ly  sediment discharges and runoff 

r a t e s  fo r  watersheds 1 and 2 is given i n  f igures  7a and 7b, respectively. 

Figure 7.--(a.) Sediment transport  r e l a t i on  fo r  gu l ly  of,watershed 1, 

based on 2,700 streamflow samples; and (b.) Sediment transport  

r e l a t i o n  fo r  gul ly  of watershed 2, based on 2,500 streamflow samples. 

The trend l i n e s  shown were derived from the forced l i nea r  f i t  of data ,  

such as  f igures  6a and 6b, and a more cor rec t . curve- f i t t ing  procedure 

by which a l l  values of the dependent var iable  were averaged fo r  

successive, small increments of the independent var iable  and a b e s t  

6 / 
f i t  curve drawn through these group averages.' I n  e i t h e r  procedure, 

the shapes of the r e su l t i ng  curves ( f igure  7) and the bas ic  conclusions 

t o  be drawn from a comparison of the curves a r e  not  s i gn i f i c an t l y  

changed. That is, the gul ly  sediment discharge curve defined by 

samples f o r  watershed 1 is  not  a s  s teep a s  t h a t  f o r  watershed 2, and 

the concentration a t  watershed 1 increases t o  a peak value a t  interme- 

d i a t e  runoff r a t e s  and decreases thereaf ter .  The watershed 2 gu l ly  

i/ ASCE Task Committee on Preparation of Sedimentation ~ a n u a l ,  

Cornit tee on Sedimentation of the IEydraulics Division. sediment 

measurement techniques: Chapter I V ,  Sediment Sources and Sediment 

Yields. Jour. of Hydr. Div. 96 (HY6) : 1283-1329, Proc. Paper 7337, 



sediment: concentration, by aantmst, Lacreases tbeughau& the entire 

range of runoff. C m e  7a, f o r  the gul ly  of watershed 1, represents 

and ac t ive ly  eroding headcut and an average 350-foot channel ( table  I), 

and curve 7b, f o r  the  gu l lp  of watershed 2, represents a s l i g h t l y  

eroding headcut and a 700-foot channel; therefore,  we can conclude t ha t  

the' sua tained gul ly  sediment concentrations of watershed 2 o r ig ina te  

from the  channel bank. Conversely, headcut erosion a t  watershed 1 i s  

not  enough t o  sus ta in  a high r a t e  of increase i n  gu l ly  sediment t ranspor t  

as  would be expected i f  t r a c t i ve  forces were mostly responsible f o r  

headcut erosion. The s t a b i l i z a t i o n  and decrease i n  gu l ly  sediment 

concentration with increasing runoff a t  watershed 1 a re  a consequence 

of cleanout of headcut mater ia ls  a t  moderate runoff r a t e s .  

The foregoing conclusion--that gu l ly  sediment-runoff r e l a t i ons  

d i f f e r  according t o  whether gul ly  head or  gul ly  bank erosion i s  

occurring--is a l so  ver i f i ed  i f  gu l ly  erosion is considered on a storm- 

event bas is .  Each of the plot ted  points  of f igure  8 represents a 

----- ----I-------g--------w-.-----.-...I..----.---------.---------.------- 

Figure 8.--Storm runoff versus runoff-weighted sediment concentration fro= 

gully erosion, using a l l  well-sampled runoff events a t  watershed 1- 

1965-1971. 

-1-- - - - - - - -"- - - - - - - - - .L.L.L- I I . . - - - - - - I I I" . . - - -~-- - - - - - - - - - - - - - - - I - - - - - - - - -  

s ingle  storm t h a t  was adequately sampled. (For the 7-year period, 

1965-1971, t h i s  included 52 events a t  watershed 1.) That is, dual  

sediment concentration graphs, derived from streamflow samples col lec ted 

(1) upstream and (2) downstream from the gul ly  headcut, were well  

defined. The sedinent  discharge tha t  originated from the gul ly  was 

then calculated;  t h i s  storm gul ly  discharge, divided by the storm 



runoff and the heppprdpriate eenvc~atan canstant, is termed a runoff- 

weighted gul ly  sediment concentration. Figure 8 shows considerable 

s c a t t e r  i n  gul ly  sediment concentration for  watershed 1 storm events, 

and s t a t i s t i c a l  analyses show tha t  sediment concentration is not 

well. correlated with runoff, although the same s l i g h t  trend of 

decreasing concentration with increasing runoff is apparent. This 

i s  t o  be expected, since the concentration curve of f igure  7a f o r  the 

watershed 1 gul ly  does not consistently increase with increasing 

runoff ra te .  

Sediment concentration is usually considered to be a be t t e r  

erosion indicator than sediment discharge f o r  t es t ing  with erosion- 

causing variables,  primarily for  two reasons. 

1. The product of runoff and sediment concentration is sediment 

discharge, so  there is a s t a t i s t i c a l  b ias  b u i l t  i n t o  any 

re la t ionship tha t  may be runoff correlated. 

2. Runoff is not a basic variable. Because i t  is usually well  

correlated with the erosion parameter, its use tends t o  

mask the e f f ec t  of more subt le  basic  environmental var iables-  

The objective of t h i s  study was t o  obtain a gul ly  erosion re la t ionship 

for  predictive purposes as well  a s  t o  i so l a t e  variables causing ero- 

sion, so  both gul ly  sediment concentrations and sediment discharges of 

watersheds 1 and 2 were examined. Figures9a and 9b show the log l inear  

....................................................................... 
Figure 9.--(a,) Relationship between runoff and gul ly  sediment discharge, 

by storm, a t  watershed 1, 1965-1971; and (b.) Relationship between 

runoff and gully sediment discharge, by s t o m ,  a t  watershed 2, 

1965-1971. 



re la t ionships  between gul ly  sediment discharge and runoff, on a storm 

basis ,  f o r  watersheds 1 and 2, respectively.  A t  watersheds 1 and 2, storm 

runoff volume alone was su f f i c i en t  t o  explain 70 and 78 percent, respec- 

t ively ,  of the va r ia t ion  i n  storm gul ly  erosion ra te .  However, the  accu- 

racy of predict ion was not especia l ly  good. I n  round numbers, the a c tua l  

sediment discharge f o r  a storm of known runoff volume w i l l  be 50 t o  

200 percent of the predicted value two out  of three times. This 

information has even l e s s  value when applied t o  another gully. 

To improve the predict ion equations and t o  examine the e f f e c t  of 

environmental f ac to rs  on gul ly  erosion, the following variables were 

tes ted  fo r  52 well-sampled storms a t  watershed 1 and f o r  41 well-sampled 

s t o m s  a t  watershed 2. 

1, Peak s t o m  runoff, inches per hour, 

2. Average s o i l  moisture before each s t o ~ m  i n  the  2- t o  6-foot 

p rof i l e ,  inches. These were determined from approximately 

weekly readings a t  s i x  s i t e s  on the two watersheds. 

3. Change i n  these s o i l  moisture l eve l s  from storm t o  storm, 

inches, 

4. Ground water wel l  l eve l  before each storm f o r  a s ing le  wel', 

near each gul ly  head, fee t .  These were based on well  l eve l  

recorders during pa r t  of the study and periodic tapedowns 

fo r  the remainder of the time, 

5 .  Change i n  wel l  levels  from s t o m  t o  seorm, fee t .  

6 .  Change i n  wel l  l eve l  from the April  1 well  level ,  fee t .  

7. Season. Zach storm was represented by the Ju l i an  date  on 

which i t  occurred. Snowmelt data  were excluded. 



8. Time. Each storm was represented by the numerical day of 

the period beginning with January 1, 1955. 

9. Time, hours, since prior precipitation event which exceeded 

one-half inch. 

10. Time, hours, since prior event which exceeded 0.01 inch 

of runoff . 
11. Time, hours, since prior event when runoff peak exceeded 

0.5 cfs. 

These variables were selected because the weathering of gully walls 

and headcut is logically related to moisture and seasonal changes occurring 

between rainstorms. 

Stepwise, multiple regression-correlation computer analyses were 

made using these variables. For some analyses, runoff amount, peak rate, 

and Cime were deleted because they proved to be best correlated and prob- 

ably masked the effectiveness of other intercorrelated variabl-es. A brief 

stmunary of the attempt to define variables influencing gully erosion is 

given here for watershed 1, 

Dependent Variable 

Gully Sed.iment , 
s torm tonnage 

1 9  

11 

Variables Tested Explained Variation, IX2 

Skorm Runoff Volume 

All 
All except runoff 
volume and peak 

All except time 
All except time, 
runoff volune, 
and peak 

Gully Sediment, storm Runoff Volume 
concentration, ppm 

I t  

I 1  
A11 

All except runoff 
volume and pedc 

11 All except time 
II All except time, 

runoff volume, 
and peak 



Results of these t e s t s  show tha t  the expressions used t o  repre- 

sent environmental fac tors  do not great ly  improve the r e l a t i on  between 

runoff and gully erosion. This is puzzling because other techniques 

show the erosion effectiveness of successive storm events t o  be d ra s t i ca l l y  

di f ferent .  

For example, consider the successive storm events of May 6, 10, 

and 18, 1971, a t  watershed 1, which were very well sampled. Runoff- 

duration information fo r  these storms is i n  table  3, and the gully 

erosion r a t e s  a r e  computed using the average runoff-sediment discharge 

r e l a t i on  of f igure  7a. These computed values were compared with measured 

gully erosion r a t e s  fo r  the same storm. The May 6 storm was the f i r s t  

s ign i f ican t  runoff event of 1971, and the  May 18 storm occurred near the 

end of a wet period. Table 3 shows tha t  the  runoff-weighted sediment 

concentration of streamflow tha t  is due t o  gully erosion is greater for  

the May 10 storm (16,100 ppm) than for  the May 18 storm (3,700 ppm) . 
The May 6 gully sediment concentration was highest a t  20,200 ppm. This 

decrease i n  concentration with time was almost cer ta inly  caused by clean- 

out d exis t ing gully debris and the occurrence of the  May 10 and 18 

storms before much addit ional debris could accumulate. 

With average antecedent conditions a s  represented by the  curve of 

f igure  7a. the same runoff tha t  occurred May 6 would be expected t o  pro- 

duce 30 tons from the gully instead of the measured 58 tons, a t  a concen- 

t r a t i o n  of 10,400 ppm instead of 20,200 ppm. By contras t ,  the high 

r a i n f a l l  and runoff of May 18 would be expected t o  erode 153 tons from 



- Table 3.--Gully Erosi~n for Successive Storms, f3omparing Actual Measured Rates with Computed Rates 
Based on Average Antecedent Condi tiona a t  Water shed 1 

Mean Mean Mean Mean Mean Mean 
Runoff Dura- Runoff Gully Gully Runoff Dura- Runoff Gully Gully Runoff Dura- Runoff Gully GuLly 
Inter-  t ion  Rate Erosion Erosion Inter- t ion  Rate Erosion Erosion Inter- t ion  Rate Erosion Erooion 
v a l  U t e  val Rate val  Rate 
cfs Miq, cfe ~bs/Min a cfs Mint cfs ~bs/Min the. cfa Htn. & ~ b s / ~ i n  Lbs. 

Computed Gully Erosion, Tons 30 '-------------0--------- 146 ---I---------------..--..(.. 153 
Measured Gully Erosion, Tons 58 ------------------.I----- 186 --.--------------------- 46 
Weighted Gully 

Sea. Conc,, ppm 20,200 -------------lll---....---- 16,100 ---------------I--.------ 3,700 
Runoff , f nches 0.34 ------------------------- 1.37 ------------------------ 1.47 



the  gul ly  of watershed 1, instead of the  measured 46 tons, i f  average 

environmental conditions prevailed. Such di f ferences  probably explain 

much of the  s c a t t e r  i n  f igures  9a and 9b. 

To t h i s  point ,  the  in terplay  of basic forces  t h a t  cause the  gul ly  

walls  t o  f a i l  eludes us. We have d e a l t  p r inc ipa l ly  with r a t e s  of sedi-  

ment movement from the  gul ly  i n  terms of runoff and s imi la r  composite 

va r iab les  t h a t  concern the  t o t a l  gul ly  process and have not  included 

physical o r  mechanical measurements needed f o r  a  study of massive s o i l  

f a i lu res .  A recent  paper by Bradford, F a r r e l l ,  and b r s o d '  considers 

the  s t a b i l i t y  of gul ly  banks by analyzing the  forces  a c t i n g  on the  s o i l  

mass that forms the  gul ly  walls.  The two-dimensional s t a b i l i t y  ana lys i s  

using the  Simplified Bishop Method of S l i ces  t o  c a l c u l a t e  c r i t i c a l  f a c t o r s  

of sa fe ty  ind ica tes  t h a t  height  of water table ,  cohesion of s o i l  and r a t e  

of water i n f i l t r a t i o n  a r e  con t ro l l ing  f a c t o r s  a f f e c t i n g  s t a b i l i t y  of 

gully walls.  

Any f a c t o r  t h a t  a l t e r s  the  po ten t i a l  r e s i s t i n g  forces  of the  s o i l  

(avai lable  shearing strength) and the dr iv ing forces  w i l l  inf luence the  

f a i l u r e  of the  gully walls. The soil-modifying e f f e c t s  of winter f r eez ing  

and spr ing thawing--and wett ing and drying cycles--influence the s o i l  

shearing s t rength ,  These weather-caused s t r e s s e s  a r e  d i f f i c u l t  t o  evalu- 

a t e  i n  a l imited f i e l d  study. The t o t a l  gully erosion from snowmelt has 

been neg l ig ib le  on the Treynor watersheds, although much of the damage t o  

7/  Bradford, J. M. F a r r e l l ,  D. A, ,  and Larson, W. x. mathematical - 
evaluation of f ac to r s  a f fec t ing  gully s t a b i l i t y .  Approved f o r  publicat ion 

i n  S o i l  Science Society of America Proceedings. 



gully banks from freezing and thawing cycles probably contr ibutes  t o  

gul ly  growth during the  f i r s t  spr ing runoff event, a s  previously shown 

f o r  watershed 1 on May 6, 1971, Figures 10a and lob i l l u s t r a t e  t h a t  

--"------------------------------------""--------"---------------------d 

Figure 10,--(a.) Gully sediment concentration f o r  event of January 15, 

1969, watersheds 1 and 2, frozen topso i l ;  and (b,) Gully sediment 

concentration f o r  event of February 25, 1969, watersheds 1 and 2, 

thawed topsoil .  

........................................................................ 
snowmelt gully erosion r a t e s  a r e  consis tent ly  and s i g n i f i c a n t l y  higher a t  

watershed 1 than a t  watershed 2, whether the  snowmelt occurs on frozen o r  

thawed ground. These erosion di f ferences  can hardly be due t o  d i f ferences  

i n  t r a c t i v e  fo rce  but a r e  probably re la ted  t o  a more eros ive  plunge pool 

ac t ion  on watershed 1, Also, the  gully o v e r f a l l  a t  watershed 1 faces  

south, and watershed 2 gully head faces  west. A south-facing slope i s  

subject  t o  more frequent  wetting-drying and freezing-thawing cycles. 

Concluding Remarks 

Neither the  geologis ts  ' explanation of the  cause of gul ly ing nor 

the  l imi ted  f indings noted herein--that runoff r a t e s  a t  Treynor a r e  the  

b e s t  ind ica to r s  of gul ly  erosion rates--give much ins igh t  i n t o  bas ic  

erosion mechanisms. But there  is some common ground f o r  these  f indings.  

The concepts t h a t  wetter  c l imat ic  trends during geologic time ( in  t h e  

midcontinent region) slowed gul ly ing r a t e s  and t h a t  land abuse i n  the  

pas t  dozen decades has accelerated gully erosion a r e  r e a l l y  t e l l i n g  the  

same story.  The balance between runoff and vegeta t ive  l eve l s  i s  a l l  



2mportant. Langbein and ~chumr&' u t i l i z e d  sediment records t o  show t h a t  

erosion l eve l s  increase a s  the  cl imate changes from humid t o  a r i d ,  up t o  

the point  where the  lessened runoff r a t e s ,  r a the r  than the  d e t e r i o r a t i n g  

vegeta l  cover, would i n h i b i t  f u r t h e r  increases i n  erosion. His to r i c  man 

has, i n  many respects ,  created a new climate i n  which increased runoff 

r a t e s  and decreased vegetal  cover combine t o  acce le ra te  gul ly  erosion. 

Surface runoff r a t e s  from conservation watersheds 3 and 4 a r e  

d r a s t i c a l l y  reduced, compared with watersheds 1 and 2. The channels of 

these  conservation watersheds have responded to treatment by remaining 

s t ab le ,  a s  f i g u r e  1 demonstrates. A flow r a t e  of 40 c f s  i n  the  gul ly  of 

watershed 4 did  not upset the  s t a b l e  condition, and only a record storm a t  

watershed 3 could cause s ign i f i can t  gul ly  erosion there. Apparently, the  

combination of favorable runoff regimen and s u i t a b l e  channel vegeta l  

cover a t  these  watersheds i s  s u f f i c i e n t  t o  s t a b i l i z e  the  g u l l i e s  unless 

some seemingly chance occurrences (or combination of occurrences) take 

place, such a s  record runoff ,  devegetated channel, or c r i t i c a l l y  located 

rodent  burrows, 

It would requ i re  a s i g n i f i c a n t  reduction i n  surface  runoff at 

watersheds 1 and 2 t o  bring about s t a b l e  conditions there ,  but consider 

the  e f f e c t  of some conservation p rac t i ce  t h a t  would not a f f e c t  storm 

runoff volumes but would reduce the  runoff r a t e s  by one-half and double 

the  flow duration. Based on the  sediment t ranspor t  r e la t ionsh ips  a t  

these  watersheds, a 50-percent runoff- ra te  reduction would not decrease 

81 Langbein, W. B., and Schumm, S. A,  yie ld  of sediment i n  - 
r e l a t i o n  t o  mean annual precipi ta t ion .  Trans. Amer . Geophys . Union 



gu l ly  head erosion (and would probably increase  i t  somewhat) i f  the  

trends of f igures  7a and 9a a r e  typica l .  That t h i s  change i n  runoff 

would f a i l  t o  d e t e r  gu l ly  head erosion is  wel l  recognized by farmers 

who have t r i e d  t o  empty the outflow from small r e se rvo i r s  gen t ly  i n t o  

a l o e s s i a l  channel and suffered d i r e  consequences. We have ample 

proof f o r  the  statement t h a t  gu l ly  head erosion can be i n i t i a t e d  and 

sustained by moderate runoff r a t e s  once a minimum (but unlcnown) r a t e  

i s  exceeded. 

The e f f e c t  of a 50-percent runoff - r a t e  reduction on channel 

bank erosion would be great .  Based on the experience a t  watershed 2 ,  

as  shown by the curves of f igures  7b and 9b, we would expect a 

s i zeab le  reduction i n  gu l ly  erosion r a t e s .  The authors ' i n t e rp re -  

t a t i o n s  of the  e f f e c t  of these assumed runoff regimes on gu l ly  head 

and gu l ly  bank erosion can be questioned on the  grounds t h a t  channel 

debr is  cleanout has occurred a t  both locat ions .  Gully bank erosion 

a t  Treynor watershed 2 was measuredfor only a 700-foot channel, 

however, and a c t i v e  gu l ly  enlargement i s  no doubt occurring over 

a g rea te r  length  downstream. 

The terminal  geometry ( f i n a l  dimensions and slopes)  of the 

gu l l i ed  channels a t  Treynor can probably be f ixed wi th in  close l i m i t s  

fo r  any given channel cross sec t ion ,  because the  c r i t i c a l  dimension. 

depth t o  g l a c i a l  till, i s  Imown. The u l t imate  width can a l s o  be 

fo recas t  f o r  d i f f e r i n g  runoff regimes i f  our present  concepts of s o i l  

s t a b i l i t y  mechanisms a r e  va l id .  Although the  depth of bank f a i l u r e  

seems r e l a t e d  t o  the  loca t ion  of the  seepage plane (see f igure  Zb), 

i t  i s  l i k e l y  t h a t  the  seepage plane does no t  affecL the  t o t a l  

masses eroded because the trenching depth is s t i l l  the governing 



var iable .  The e f f e c t  of gully bank seepage on erosien ratee i e  

probably much greater  a t  locations where the  trenching depth is not  

controlled by r e s i s t a n t  s o i l  o r  rock. 

Subsurface s o i l  moisture content, w e l l  levels ,  storm antecedent 

conditions, and seasonal and t h e  trends were tes ted  f o r  cor re la t ion  

wi th  gu l ly  erosion ra tes .  Results were not  encouraging, possibly 

because many of the  var iables  may be well  corre la ted with s o i l  

slippage mechanisms (which cannot be expressed i n  t h i s  f i e l d  experiment) 

bu t  not  the  sediment removal process. Using a d i f f e r en t  ana ly t i ca l  

approach ( t ab le  3), the e f f e c t  of p r io r  moisture conditions fo r  

successive rainstorms is c l ea r l y  i l l u s t r a t e d ;  the May 18, 1971, event 

with w e t  p r i o r  conditions, f o r  example, caused only one-third of the 

gul ly  erosion t ha t  would occur under average moisture conditions 

(a measured 46 tons versus a computed 153 tons). 

Unstable blocks of s o i l  seem t o  appear a t  random along the gu l ly  

banks i n  response t o  unmeasured forces. Our present  understanding of 

the f a i l u r e  sequence is t ha t  moisture sa tura t ion,  mostly by runoff and 

possibly by a heavy r a i n f a l l ,  causes loss  of s o i l  s t rength  and block 

d i s loca t ion  by slippage. The importance of t h i s  mode of gu l l y  bank 

de te r io ra t ion  and f a i l u r e  has only recent ly  been appreciated by the 

authors, who have noted the formatim of "nickpoints" along channels 

caused by runoff from t i ny  drainage areas i n f i l t r a t i n g  the s o i l  block 

a t  the  channel edge through heavily sodded grass. Gradual undermining 

and occasional block overturning accounts f o r  i t s  migration downslope 

t o  the point  of eventual. entrainment. Other mass supply mechanisms 

may be i n i t i a t e d  by streamward displacement of s o i l  blocks caused by 

lafiesal pressures released i n  the gul ly  cu t t ing  process--and by 

shrinkage cracking. I 

$11 k - i  



Tractive forces do not play the major r o l e  i n  the  erosion of 

these val ley head gu l l i es .  That i s ,  the res is tance of the channel 

boundary t o  erosion exceeds the erosive power of the runoff under 

most circumstances. The erosive power of runoff plays a minor r o l e  

i n  gully growth i n  the loess study area, except f o r  i t s  r e l a t i on  to  

transport  of eroded bank material--and possibly some plunge pool 

action.  
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AREA PERIOD 
SURFACE RUNOFF GULLY EROSION 

acke-feet tons - 

Nov, 15, 1964-Apr. 14, 1965 
Apr. 15, 1965-June 9,  1965 
June 10, 1965-Aug. 13, 1965 
Aug. 14, 1965-Nov. 15, 1965 
Nov. 16, 1965-July 15, 1966 
J u l y  16, 1966-May 30, 1967 
May 31, 1967-June 27, 1967 
June 28, 1967-Dec. 31, 1969 
Jan. 1, 1970-Dec. 15, 1970 
Dec. 16, 1970-Dec. 8,  1971 

Figure 3.--Measured g u l l y  advances and eros ion  r a t e s  
on watershed 1 near Treynor, Iowa. 







TIME, hrs. 

Figure 4.--(c.) Gully sediment discharges during the f i r s t  large runoff event o f  
1971 a t  watershed 1, 
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LEAST SQUARES REGRESSION OF 

LOGARITHMIC VALUES, 1 0 4 2  SAMPLES: 
Qs= 1 9 . 9 ~ b ~ ~  

STD. ERROR = 0 . 5 9  
R~ = 0.83 

WATER DISCHARGE, c f s  

Figure 6,--(a.) Sediment transport re lat ion representing s h e e t - r i l l  
erosion at watershed 1. 
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Figure 6.--(b.) Sediment transport relation representing sheet-rill 
and gully erosion at watershed 1. 
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Watershed Snowmelt Runoff 
Peak Rate. cfs Volume. acre/feet 
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TIME, hours 

Figure lo.--@.) Gully sediment concentration for snowmelt of February 25, 1969, 
watersheds 1 and 2, thawed topsoil. 


