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INTERPRETIVE SUMMARY 

SEDIMENT MOVEMENT FROM LOESSIAL WATERSHEDS 

Robert F. P ies t ,  Larry A. Kramer, and H. G. Heinemann 

Previous s tud ies  have shown much v a r i a b i l i t y  i n  the  re la t ionsh ip  
between s o i l  erosion r a t e s  and downstream sediment y ie lds  i n  the  
Missouri River Basin Loess Region. The r a t i o  of sediment y ie ld  t o  
s o i l  erosion r a t e  i s  termed "sediment del ivery  rat io."  The apparent 
lack of cor re la t ion  between sediment delivery r a t i o  and watershed s i z e  
i s  especia l ly  f r u s t r a t i ng ,  because such c o r r e 1 a t i o n . i ~  basic t o  the  use 
of the  sediment delivery method fo r  predic t ing watershed sediment yields.  

Sediment delivery var ia t ions  f o r  Treynor, Iowa, research watersheds-by 
year and by storm--are r e l a t ab l e  t o  season, s o i l  moisture levels ,  and 

a - ra infa l l - runoff  var iables  fo r  the  1965-1971 data co l l ec t ion  period; An 

-7 improved sediment delivery-drainage area .curve  fo r  the l oe s s i a l  areas  
i s  constructed on t h e  bas is  of re la t ionships  inherent  i n  sediment 
yield-delivery records--and i n  the Treynor data. 

Two separate  functions a r e  proposed t o  improve the  understanding of 
sediment movement. F i r s t ,  s h e e t - r i l l  erosion equations, when used 
i n  watershed est imates,  should be refined by the  addi t ion of terms t o  
account f o r  the  e f f ec t  of s o i l  moisture and t o  be t t e r  express r a i n f a l l  
i n t e n s i t i e s  and durations. The ref ined equation i s  then combined with 
a function t h a t  expresses the  sediment conveyance-roughness character-  
i s t i c s  of a watershed. 
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Introduction 

The loess-mantled region bordering the Missouri River from South 

Dakota i n t o  Missouri is  subject  t o  extensive erosion from surface runoff. 

The favorable cl imate and the  na tu ra l  f e r t i l i t y  of the  deep;. moderately 

permeable s o i l  renders the  region exploitable f o r  in tensive  agr icul ture ,  

even though the  t e r r a i n  i s  s teep enough t o  cause high erosion r a t e s  during 

in tense  rainstorms. The erosion processes, i f  not impeded, deplete s o i l  

f e r t i l i t y  by removing t h e  humus-enriched topsoil.  But even more Serious 

aspects  of erosion a r e  (1) d issect ion of the land surface by r i l ls  and 

g u l l i e s  a d  (2) downstream damages by deposit ion of sediments and sediment- 

borne ag r i cu l t u r a l  chemicals, Fortunately, the  quan t i t i e s  of s o i l  eroded 

from f i e l d s  and drainageways of the  l oe s s i a l  region each year a r e  not 

moved en masse t o  the  Mississippi  River and thence t o  the  Gulf of Mexico. 

On the average, such a t r i p  requires  a decade or more i n  an unregulated 

drainage system. Regardless of regulat ion,  i t  i s  necessary t o  know the  

amount and locat ion of these sediments f o r  the  design and operation of 

water resource and s o i l  conservation systems, 

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

Agriculture and Home Economics Experiment Stat ion.  

2/ Hydraulic Engineer, Agricul tura l  Engineer, and ~ y d r a u l i c  Engineer, - 
respect ively ,  North Central Watershed ~ e s e a r c h  Center, OSbA A%, Columbia, 

Missouri , 



The purpose of t h i s  study i s  t o  review what is known about t h e  

sequence of erosion and t h e  movement of s o i l s  from l o e s s i a l  watersheds 

and t o  extend t h i s  knowledge by applying experiences from instrumented 

watersheds near Treynor, Iowa. We examine inaccuracies r e s u l t i n g  from 

t h e  use of the  sediment de l ivery  method t o  p red ic t  sediment y i e l d s  i n  the  

loess  region. Then, using previously defined re la t ionsh ips  between s o i l  

erosion and sediment yield--and ins igh t s  gained from the  in tens ive  measure- 

ments on t h e  Treynor watersheds--we (1) i d e n t i f y  f a c t o r s  t o  s t rengthen the  

Universal S o i l  Loss Equation and (2) propose an independent: function 

intended t o  represent  sediment conveyance/retardance propert ies .  The end 

v 4 e s u l t ,  when f u l l y  developed, is expected t o  improve sediment y i e l d  

predic t ion  procedures, 

Procedures f o r  Estimating Erosion Rates and Sediment Movement 

Sediment y i e l d  est imating procedures f o r  the  l o e s s i a l  region have 

been developed (d i rec t ly  and ind i rec t ly )  from experiment s t a t i o n  erosion 

p l o t s  a t  Clarinda and Castana, Iowa, and Bethany, Missouri, from streamflow 

sampling s t a t i c n s  operated by t h e  U.S. Geological Survey and t h e  Corps of 

Engineers, and from rese rvo i r  sedimentation surveys by severa l  Federal  agen- 

c i e s .  These measurements have been widely u t i l i z e d ,  some of them beyond t h e  

s p e c i f i c  purpose f o r  which t h e  information was obtained. Yany in te rp re ta -  

t i o n s  and empiricisms have a l s o  evolved from these data so  t h a t  the  informa- 

t i o n  can be applied more general ly t o  the  multitude of design problems t h a t  

con£ r o n t  conserve t i o n i s  ts . Gottschalk and Brune ~ 1 2 '  u t i l i z e d  the  work of 

3/ Underscored numbers i n  parentheses r e f e r  t o  L i t e r a t u r e  Cited,  p. 24. - 



Musgrave and others  t o  develop an expression f o r  predic t ing sediment accumu- 

l a t i o n  i n  reservoirs .  These sedimentation r a t e  est imates were required f o r  

the  design of many small detention and d e s i l t i n g  reservoirs .  Glymph (2) 

added streamflow sediment records t o  ~ o t t s c h a l k ' s  r e se rvo i r  data t o  r e l a t e  

watershed sediment y ie lds  t o  (1) gross erosion, (2) number of r a i n f a l l  events 

equal t o  or exceeding 1 inch per day during the growing season, and 

(3) watershed s ize .  

Similar  developments have continued, and the conservationist  can now 

s e l e c t  whichever of the  following predic t ion methods bes t  s u i t s  h i s  

requirements , 

1. The sediment t ranspor t  (sediment r a t i n g  curve) method, i n  which 

a r e l a t i o n s h i p  between sediment discharge and runoff is obtained by 

concurrent f i e l d  measurements: It is necessary t o  sample the  f u l l  

range of va r ia t ion  i n  these  f a c t o r s  f o r  maximum r e l i a b i l i t y ,  but more 

o f t en  some synthes is  i s  required. Once the  long-term runoff-sediment 

r e l a t i o n  i s  established,  it is combined with long-term flow frequency 

data t o  obta in  long-term sediment yields.  This method is probably 

the most cos t ly  and time-consuming f i e l d  mensuration program, but the 

storm sample data permit ins igh t s  i n t o  erosion processes t h a t  a r e  

impossible t o  gain with other methods. 

2. The rese rvo i r  sedimentation aurvey method, i n  which accumulated 

sediment volumes and weights and reservoir  t r a p  e f f i c i e n c i e s  a r e  

analyzed f o r  useful  general information on sediment y ie lds  i n  a 

region: Less f i e l d  work is required i n  t h i s  method, but the data 

are not  as eas i ly  adjusted f o r  specia l  or  unusual conditions a s  i s  

the  sediment r a t i n g  curve inethod based on streamflow samples. 
A - - -  L L _ *  p ' ' - I  --- - 



3. The sediment del ivery  method, i n  which the  sediment y ie ld  t o  some 

downstream cross  sec t ion or deposit ion point  i s  based on (a) an e s t i -  

mate of t o t a l  upstream erosion r a t e s  and (b) an est imate of the  per- 

centage o r  port ion of t h i s  t o t a l  t h a t  appears downstream: Sediment 

y ie lds  from methods 1 and 2 and computations of t o t a l  (gross) erosion 

f o r  a given region form the  bases f o r  determining a sediment del ivery  

percentage or r a t i o .  This method is an excel lent  q u a l i t a t i v e  too l  f o r  

pinpointing sedimentation problem a reas  and f o r  designing conservation 

s t ructures .  But the  quan t i t a t ive  accuracy of the  method, when applied 

t o  the  watersheds, i s  questionable, 

4. Methods based on empirical equations derived from measured sediment 

y ie lds  (methods 1 and 2) and watershed hydrologic c h a r a c t e r i s t i c s :  

Most of these empirical expressions have severely l imi ted  app l i ca t ion ,  

even i n  the  region of o r ig in ,  because the  ~ h y s i c a l  l a w s  governing 

sediment movement a r e  i l l -def ined.  

5. Methods based on equations, nearly a l l  empirical,  which express 

sediment t ranspor t  i n  terms of the hydraulic and sediment proper t ies  

of a l l u v i a l  channels: These methods a r e  of ten  applied when (a) most 

of the  material  eroded from the  watershed i s  sand s i z e  or  larger  and 

can be found i n  appreciable q u a n t i t i e s  i n  the  streambed and (b) the re  

i s  appreciable channel erosion. Therefore, these methods a r e  not 

appl icable  f o r  many small watersheds i n  the  Missouri Valley loess  

a rea  , 



6. The simulated watershed sediment model, which portrays the 

kinematics of sediment t ranspor t  through a watershed, from point  

of o r i g i n  t o  deposit ion,  i n  response t o  a given r a i n f a l l  or  runoff 

input: This method i s  s t i l l  largely  undeveloped. 

Be*, et a l .  (l) measured the  sediment c h a r a c t e r i s t i c s  of 24 reser-  

v o i r  watersheds i n  Iowa and Missouri t o  t e s t  sediment predic t ion techniques 

appl icable  t o  the  loess  region. They s ta ted:  "Most techniques a r e  empirical 

and requ i re  considerable judgment on the  pa r t  of the  designer." They a l s o  

concluded t h a t  (1) drainage area and sediment del ivery  r a t i o  a r e  poorly cor- 

r e l a t e d  (a good cor re la t ion  i s  needed, of course, t o  apply the  sediment 

del ivery  method) and (2) the  est imates of s h e e t - r i l l  erosion r a t e s  f o r  the 

watersheds i n  t h e  region contributed the  most va r ia t ion  t o  the  predicted 

sediment yield.  Sediment y ie lds ,  from reservoir  surveys and t r a p  ef f ic iency 

est imates,  were considered some of the  most accurately determined var iables .  

Of the  foregoing methods, the  sediment del ivery  method is used most 

i n  operat ional  programs-for farm conservation and watershed treatment. 

Equations f o r  est imating s h e e t - r i l l  erosion, pr incipal ly  the  so-called 

Musgrave and Universal S o i l  Loss Equations, contain such r a t i o n a l  f a c t o r s  

a s  cl imate,  topography, s o i l ,  land use, and land treatment and a r e  backed 

by considerable data  from experiment s t a t i o n  plots .  I f  the mechanisms 

causing sediment movement on a watershed surface  can be b e t t e r  described, 

the  sediment del ivery  method has g rea t  po ten t i a l  f o r  predic t ing sediment 

y ie lds  and f o r  use i n  developing watershed sediment models. 



The Sediment Delivery Method 

The sediment de l ive ry  r a t i o ,  D, o r  percentage, i s  a measure of the  

diminution of eroded sediments, by deposit ion,  a s  they move from the ero- 

s i o n  sources t o  any designated downstream location.  

where Y is the sediment y i e l d  a t  the  downstream locat ion and 

T is  the t o t a l  (gross) erosion (above t h a t  locat ion)  which includes 

gul ly ,  channel, and s h e e t - r i l l  erosion. 

I n  the app l i ca t ion  of the sediment del ivery  method, Y = DT where del ivery  

r a t i o  is usually obtained from a graphical  r e l a t i o n  with watershed s i z e ,  

For most design problems, the foregoing equation is considered va l id  f o r  

long-term average annual condit ions but  is much l e s s  applicable f o r  

shor te r  periods. The accuracy of the sediment del ivery  method could be 

much improved by ins igh t s  obtained from an analys is  of storm-to-storm 

var ia t ions  i n  sediment del ivery.  We w i l l  show sediment del ivery  

re la t ionsh ips ,  by storm and by season, i n  s impl i f ied  form by considering 

only the  s h e e t - r i l l  erosion component. This component was obtained a t  

the  Treynor watersheds by sampling streamflow from the outflow drainage- 

ways j u s t  upstream of the gu l ly  heads. The e f f e c t  of the s impl i f i ca t ion  

w i l l  be discussed l a t e r ,  

Figure 1 is reproduced from Beer, e t  a l .  (1) t o  show the extreme 

.......................................................................... 
Figure 1 .--Comparison of computed sediment del ivery  percentages fo r  24 

rese rvo i r  watersheds with curves developed from reservoir  d a t a  from 

eas te rn  Nebraska and western Iowa, a f t e r  Beer, e t  a l e  



variability found in sediment delivery-area relations. Curve A (2) repre- 

sents about 30 small reservoir watersheds scattered throughout the Missour2 

River Basin Loess Bills Region; curve B was taken from unpublished data for 

Mlile Creek Basin in southwest Iowa, where the measured sediment deposition 

exceeded computed erosion rates in several instances. The plotted points 

represent a study of 24 reservoir watersheds in western Iowa and northwest 

Missouri surveyed by Beer, et al. (L) and support their statement that sedi- 

ment delivery percentage is poorly correlated with drainage area. The 

Musgrave equation, which was used to evaluate sheet-rill erosion rates, 

was the basis for the sediment delivery calculations. We will try to 

explain the variability in the sediment delivery-drainage area relation 

by examining annual and storm sediment data from the loessial watersheds 

near Treynor, Iowa. 

Table 1 is a summary of annual rainfall erosivity parameters (g), 

1965-1971, and measured sediment yields from sheet-rill sources from 74- 

and 83-acre, contour-planted, continuous-corn watersheds 1 and 2 near 

Treynor, Iowa. Table 2 is a storm summary of rainfall erosivity, runoff, 

computed sheet-rill erosion, measured sediment yield, and computed 

sediment delivery ratio for watershed 1. 

Sediment Delivery Interpretations--annual basisE&he mean annual 

rainfall on the watersheds for 1955-1371 (table 1) was nearly 4 inches above 

the long-term average of 28.6 inches per year recorded at Nearby Omaha, Nebr., 

but the computed rainfall erosivity was 20 percent higher than the long-term 

regional value. The annual sediment delivery values ranged from 4 to 72 

percent, with a 7-year value of 46 percent. Apparent reasons for year-to-year 

variations in the sedlment delivery percentages are the amount of rainfall. 



TABLE 1.--Annual shee t - r i l l  erosion, sediment yield, and percentage delivery, 
contour-corn watersheds 1 and 2 a t  Treynor, Iowa, 1965-1971 

Rainfall  
Erosivity Factor 

Sheet-ri l l  Erosion Measured Sediment Yield 
bv from Sediment 

Delivery 
W - 1  W-2 

Rainfall  Kinetic Enera ( 1 0 6 ~ )  
w-1 W-2 w-1 W-2 W- 1 W-2 

Universal-~auation Sheer-ril l  Eros. Source 
W - 1  W-2 W - 1  W-2 

inches f t- ton/a-inch tons/acre tons /acre percent 

7-year 32.6 32.3 20,500 19,800 30,500 28,900 58.5 4548 26.7 20.9 46 46 mean 

NOTE: Lcmg-term R Factor f o r  Region is 160 or lOOR = 16,000. 



TABLE 2.--Sediment delivery and associated information for well-sampled runoff events at watershed 1, 1965-1971 

Date 

~ r e c i ~ i  tatiod/ Runoff Antecedent Ccrmputed Masure4 
Amount Erosivity Duration Amount Peak Soil soil .  Sedhent Sediment 

Energy Begin End Mois ture LOS&/ Y i e l d  Delivery 
0-6" depth 

I 
f t-tons 

inches a-$nch hours inches t/a percent - inches cfs - - t/a - 
1 .  - 

I/ ICli.J.essen weighted. - 
2/ Computed by the Universal Soil Loss Equation. - 



TABLE 2.--Continued. 

Runoff Antecedent Computed Measured 
Soil Sediment 

-is ture Loss- 'Oil/ yield 
0-4" depth 

S ed iment 
delivery Amount Erosivity Duration Amount Peak 

Energy Begin End 
Date 

inches f t-tons hours inches cfs inches t/a La percent - a - inch 



TABLE 2.--Continued. 

'I/ Precipi tatiok Runoff Antecedent Computed Yfasured 

Date ~ - u n  t Erosivity Duration- Amount Peak Soil Soil, Sed1me.n.t 
Energy Begin End Moisture Los&f yi'eXd 

Sediment 
Delivery 

0-6" depth 

f t-tons 

" If inches hours inches t /a - inches cfs - - t/a - percent 
a- inch 

1 



and the  seasonal d i s t r i b u t i o n  of r a i n f a l l  e ros iv i ty ;  the wet years  of 1965 

and 1967 had the  h ighes t  sediment de l ivery ,  whereas the  d r i e s t  years ,  1966 

and 1971, had lowest e r o s i v i t i e s  but sediment de l ivery  values c lose  t o  

t h e  mean. 

Any seeming discrepancies of t a b l e  1, such a s  the  wide v a r i a t i o n  i n  

sediment de l ivery  values f o r  comparable r a i n f a l l  i n  1969, 1970, and 1971, 

can be p a r t i a l l y  explained by considerat ion of the  magnitude and seasonal  

e r o s i v i t y  of the  r a i n f a l l  va r i ab le  of the  Universal S o i l  Loss Equation. 

Figure 2 shows t h a t  1969 and 1971 r a i n f a l l  e r o s i v i t i e s  were s imi la r  and j u s t  

Figure 2.--Rainfall e r o s i v i t y  va r i a t ion  a t  watershed 1 during th ree  

consecutive years  of comparable t o t a l  r a i n f a l l .  

s l i g h t l y  above t h e  long-term average, However, t h e  l a r g e s t  1969 storms 

occurred on July 17 and August 20, whereas the  1971 storms were concentrated 

on several days i n  May and June. A s  a r e s u l t ,  t he  computed s h e e t - r i l l  ero- 

s i o n  r a t e s  f o r  1969 and 1971 d i f fe red  somewhat, 32.7 and 41.8 tons per ac re ,  

respect ive ly ;  but the  measured sediment y ie lds  were v a s t l y  d i f f e r e n t ,  1.8 

and 20.0 tons per acre ,  Since sheet  erosion equations make no provision f o r  

t h e  a t t enua t ion  of sediment i n  t ranspor t  through the  watershed, we can then 

r a t i o n a l i z e  t h a t  a watershed 'rroughness" f a c t o r  would be r e l a t i v e l y  low f o r  

row crop f i e l d s  i n  the  May-June, plow-plant season when t h e  surface  is bzre. 

Theref ore ,  we should expect a low sediment de l ivery  f o r  1969 and a r e l a t i v e l y  

high value  f o r  1971. 

The 1970 r a i n f a l l  amount ( t ab le  1) a l s o  was comparable t o  t h a t  i n  

1969 and 1971, but  the  r a i n f a l l  e r o s i v i t y  was near ly  double. Figure 2 shows 

a moderate Ly high erosivity during l a t e  A p r i l  and early May 1970 and a very 

A & A A & . ~  Ad-- j 



high e ro s iv i t y  i n  August r esu l t ing  from the most intense r a i n f a l l  of  record. 

The r e su l t an t  21-percent sediment del ivery  is between the values fo r  the 

other  2 years. This demonstrates the e f f e c t  of the seasonal  occurrence o t  

storms on sediment delivery. 

Sediment Delivery Interpretat ions--storm basis@Storm var ia t ions  i n  

gross s h e e t - r i l l  erosion, sediment yield,  and sediment del ivery  a re  shown 

i n  table  2 f o r  one of the contour-planted, continuous-corn watersheds. 

Fi f ty-f ive  of the best-sampled runoff events a t  watershed 1 i n  the 1965-1971 

period a r e  l i s t ed .  These represent  a varied population, with measured sedi-  

ment y ie lds  ranging up to 50 tons per acre f o r  the event of June 20, 1967, 

Computed s h e e t - r i l l  erosion r a t e s  and measured downstream sediment 

y ie lds  (from s h e e t - r i l l  erosion sources) a t  Treynor watershed 1 were C o p  

pared ( f igure  3). Only 33 percent of the va r ia t ion  i n  storm sediment y ie ld  

------------------------------------------------------"-------------------- 
Figure 3.--Comparison of eros ion r a t e s  and sediment y ie lds  from s h e e t - r i l l  

e ros ion source fo r  52 well-sampled events on contour-corn watershed 1, 

---------_--_---___--------"----------------------------------------------- 
is  explained by computed values of s h e e t - r i l l  erosion. 

To explain the s c a t t e r  of f igure  3, several  hydrologic var iables  Were 

examined fo r  each storm event. The var iables  included r a i n f a l l  amounts, 

r a i n f a l l  k ine t i c  energy (m), k ine t i c  energy x high 30-minute r a i n f a l l  

i n t ens i t y  (EI) , storm runoff volume, peak runoff r a t e ,  season, t i e ,  and 

moisture content i n  the top 6 inches of the s o i l  prof i le .  Season i s  the 

Jul ian  date,  and tine is the number of  days elapsed from January 1, 1965. 

When all sediment-associated var iables  were used i n  a stepwise multiple 

regress ion on each of the three dependent var iables  (sediment yield,  

erasion,  and delivery),  the r e s u l t s  were: 

I 
.A. -'Cil- - _IC. .. 



Cumulative explained variance, R', due t o  

Dependent Variable 

Sediment y ie ld ,  t / a  
S h e e t - r i l l  erosion,  t / a  
Sediment del ivery,  % 

addit ion of a given independent va r iab le  
1st 2nd 3rd 

Runoff peak (0.81) 
EI  (0.96) 
S o i l  m i s t u r e  (0.36) 

Season (0.90) KE (0.95) 
Season (0.97) -- 
Season (0.62) E l  (0.83) 

Peak runoff r a t e  and season explained much of the v a r i a b i l i t y  i n  sediment 

yield.  Erosion r a t e  was highly corre la ted  with EI, which, of course, i s  a 

major va r iab le  o f  the Universal S o i l  Loss Equation f o r  a given location.  

Sediment del ivery  was mst predictable on the bas is  of antecedent s o i l  

moisture content ,  season, and E I .  

The appearance of seasonal  and antecedent m i s t u r e  var iables  t h a t  

a re  cor re la ted  with sediment del ivery  can be subject  t o  severa l  in terpre-  

t a t ions .  For the 52 storms considered here, these two var iab les  a re  re la -  

t i v e l y  independent of each other ,  r = -0.16. Previous s tud ies  (t3) showed 

high sediment del ivery  percentages fo r  storms occurring during the e a r l y  

crop stage. It  was speculated t h a t  these were caused by r i l l  development 

and/or s o i l  moisture d i f ferences  t h a t  were unaccounted f o r  when the Univer- 

s a l  S o i l  Loss Equation, based on p l o t  s tud ies ,  was applied to watersheds. 

However, t h i s  v a r i a t i o n  i n  sediment del ivery  may a l so  be in te rp re ted  t o  be 

due to  e r r o r s  i n  est imating s h e e t - r i l l  e ros ion (as Beer, e t  a l .  conclude) 

o r  t o  the need fo r  add i t iona l  va r iab les  t h a t  can express the sediment 

conveyance c h a r a c t e r i s t i c s  of a watershed. 

Watershed Sediment Conveyance and Roughness Concepts 

A watershed sediment conveyance c h a r a c t e r i s t i c  could be analogous t o  

a hydraulic conveyance function f o r  a channel, such as  Manning' formula, 

R8 i n  which V cc ';i'. b r e o v e r ,  watershed sediment conveyanc?B ~ b t l i a  vary 

according t o  

- - C - 1 - a  . -  - - - 



where D is sediment del ivery of equation 1, an expression o f  

the conveyance propert ies of a watershed surface and 

drainage sys t e m ,  

R is an expression of flow geometry, 

S i s  a watershed slope fac to r ,  and 

n is a watershed roughness factor .  

Such a function confirms f iner ' s  f indings (4) t h a t  sediment del ivery  

percentage i n  the Red H i l l s  physiographic region i n  Texas and Oklahoma 

var ies  with r e l i e f  and maximum length of  watershed. The l a t t e r  var iables  

a re  expressed a s  a r a t i o  and a r e  comparable t o  a slope fac tor .  Roehl (5)) 

used data from 15 Southeastern Piedmont watersheds t o  show t h a t  sediment 

de l ive ry  r a t i o s  decreased with increasing watershed s i z e  and increased with 

an increase i n  watershed r e  l i e f -  length r a t i o .  These re  la t ionships  a re  a l l  

compatible with the concept of a watershed roughness o r  conveyance factor .  

The foregoing watershed sediment conveyance proper t ies  a re  based on 

differences between watersheds. When considering s o i l  erosion and sediment 

movement on a s ing le  watershed, i t  i s  a l so  possible t o  v i sua l i ze  d i f f e r e n t  

conveyancefroughness proper t ies  from season t o  season and from storm t o  

storm, These proper t ies  would include differences i n  r i l l i n g ,  s o i l  

moisture levels ,  and overland flow obstructions . 
The apparent sediment del ivery  from storms occurring i n  August and 

September on watershed 1, based on measured sediment y ie ld  and s h e e t - r i l l  

e ros ion ca lcula ted  by s o i l  loss  equations, is nearly always l e s s  than 

30 percent and is  of ten  10 percent o r  l e s s  ( table  2) . We o r i g i n a l l y  

attributed th is  apparent low sediment del lvery  to  the inadequacy of the 

s o i l  l o s s  equation t o  r e f l e c t  seasonal erosion r a t e s ;  t h a t  is, a higher 



eros ion r a t e  was computed than a c t u a l l y  occurred, and the r e s u l t i n g  sedi -  

ment del ivery  percentage was too low, However, it is  now proposed t h a t  the 

C f ac to r  of the Universal S o i l  Loss Equation, which i s  0.63 i n  the spr ing 

and decreases t o  0.26 i n  the f a l l  fo r  these cornf ie lds ,  is  c o r r e c t l y  gauging 

the e f f e c t  of  cover on s o i l  loss  r a t e s ,  But i t  does mot purport t o  repre- 

sen t  a watershed roughness fac to r ,  which is  needed t o  obta in  the c o r r e c t  

sediment del ivery  r a t i o  and thence the sediment y ie ld .  

The sediment conveyance c h a r a c t e r i s t i c s  of a watershed vary from 

storm t o  storm i n  any given season. Figure 4 shows the percentage sediment 

--------.-------------.---------------------------------------------------- 
Figure 4,--Sediment del ivery  va r ia t ion  with sediment y ie ld  f o r  31 June 

storms occurring from 1965- 1971 a t  contour-corn watershed 1. 

-----------------.--------.---c.----.--.---.---.----.-----.---------------- 

del ivery  v a r i a t i o n  with sediment y ie ld  f o r  31 storms i n  June from 1965 

through 1971 a t  watershed 1, f o r  which any seasonal  e f f e c t  should be mini- 

. Some of  t h i s  v a r i a t i o n  i s  due t o  d i f ferences  i n  watershed roughness/ 

conveyance proper t ies  such as  r i l l  formation, mechanical cu l t iva t ion ,  and 

s o i l  moisture changes. Preexis t ing  r i l ls  on the watershed surface can 

convey eroded s o i l  more e f f i c i e n t l y  than newly developed r i l ls  (2) because 

the hydraulic geometry is more favorable. We would expect the R f ac to r  i n  

equation 2, which would be comparable t o  the hydraulic radius i n  the 

Manning formula, t o  increase with r i l l  formation as  compared with i t s  

value f o r  sheet  flow. 

It is impossible a t  present t o  s t a t e  the e f f e c t  on sediment del ivery  

of s o i l  moisture and mechanical c u l t i v a t i o n  differences between these June 

storms o r  the extent  t o  which these two fac to r s  a f f e c t  (I) the re la t ionsh ip  

between a c t u a l  and computed s h e e t - r i l l  e ros ion r a t e s  on a watershed by the 

- Lid-- -- 



TJniversal S o i l  Loss Equation o r  (2) watershed conveyance proper t ies  even if 

s o i l  losses  a re  predicted accurately. We a l so  suggest t h a t  there  i s  an 

in te rac t ion  between antecedent s o i l  moisture content  and storm r a i n f a l l  

i n t e n s i t i e s  t h a t  cannot be typ i f i ed  by the 30-minute maximum r a i n f a l l  

i n t e n s i t y  used fo r  ca lcula t ing sheet  erosion ra tes .  Wet s o i l s  a r e  the 

p r inc ipa l  reason t h a t  measured sediment y ie lds  can sometimes exceed ca l -  

cula ted  erosion ra tes .  Antecedent s o i l  moisture levels  are  cor re la ted  

with sediment del ivery,  a s  shown i n  f igure  5. Multiple cor re la t ion  

--------------- - - - - - - -"--o-------- -"- . . . . . . - - - -o~--g~----m--------- - - - - - - - - - - -  

Figure 5.--Sediment del ivery  va r ia t ion  with antecedent s o i l  moisture level ,  

31 June storms on contour-corn watershed 1, 1965-1971. 

........................................................................... 
analyses of sediment del ivery  fo r  the 31 June storms a t  watershed 1 show 

t h a t  peak runoff r a t e ,  runoff volume, and antecedent s o i l  moisture expla in  

96 percent of the var ia t ion .  

P o t e n t i a l  f o r  Improving the Sediment Delivery Method 

Current a g r i c u l t u r a l  and urban erosion problems can be b e t t e r  solved 

by a f u l l e r  understanding of watershed erosion r a t e s  and sediment y ie lds .  

New i n s i g h t s  i n t o  watershed sediment movement, on a storm bas is ,  can re f ine  

the sediment del ivery  wethod and improve i t s  usefulness. These ins igh t s  

can a l s o  a s s i s t  i n  the development of simulated watershed sediment models. 

The appl ica t ion of the foregoing analyses t o  improving the sediment del ivery  

method--to b e t t e r  describe sediment movement from l o e s s i a l  watersheds--would 

include : 

1. The best por t rayal  o f  the re la t ionsh ip  between sediment y ie ld  

and drainage a rea  f o r  the l o e s s i a l  region being considered, P i e s t ,  

L 



e t  a l .  (7) - summarized research i n t o  the v a r i a t i o n  of  sediment y i e l d  

with s i z e  of drainage basin and found t h a t  the sediment y ie ld  

decreased by about the negative one-eighth power o f  drainage area. 

The one-eighth power r e l a t i o n  was a somewhat g rea te r  decrease i n  

sediment y i e l d  with drainage area than Flexuing obtained (3) f o r  

250 watersheds on four continents. The slope of  the Fleming curve 

was probably low because i t  was based on a preponderance of sediment 

records from large  areas  and was not  completely applicable t o  small  

watersheds. It can be reasoned t h a t  the sediment y ie ld  fo r  minis- 

cu le  areas  approximates t o t a l  s h e e t - r i l l  erosion. I n  an example by 

Meyer Q), the percentage of t o t a l  mater ia l  transported declines 

rap id ly  with distance downslope u n t i l  l e s s  than half  of the t o t a l  

"point erosioni' quantSties a r e  del ivered t o  a location 160 f e e t  

downslope. Onstad (6J shows t h a t  n e t  s o i l  loss  on a typ ica l  

%percent, concave slope 75 f e e t  long becomes 0 a t  about 4-4 f e e t  

( the 100-percent sediment del ivery  point) and t h a t  the sediment 

del ivery  percentage t o  any point  f a r t h e r  downslope decl ines  rapidly.  

With these background data,  the best-portrayed sediment yield-  

drainage area r e l a t i o n  f o r  the Treynor area  should have a slope 

approximately as  shown i n  the sediment del ivery  curve of f igure  6. 

-----------------------a-----------------a------"-------------"------"----- 

Figure 6 .--Probable drainage area  r e l a t i o n  with sediment y ie ld  and delivery, 

considering only s h e e t - r i l l  e ros ion sources, from Iowa cornf ie lds  with 

an average 9-percent slope. 

------------------------------a"-----"----"-----"-----"---"-"--------"----- 

2. Ttre sedhent de lf.ve~y-drainag@ area re latianship dea llng only 

with sheet-rlll erssSon, We propose t o  exclude other  sediment 



sources and t o  add them l a t e r  f o r  individual  watersheds whenever 

applicable.  The sediment delivery-drainage a rea  r e l a t i o n  d i f f e r s  

1 from the sediment yield-drainage area r e l a t i o n  by a constant ,  7, 

s ince  D = (equation 1). The constant is based on the f a c t  t h a t  T 
s h e e t - r i l l  e ros ion r a t e s  obtained by applying the Universal o r  o ther  

soi l -decl ine  equations are  not  a function of  watershed s i z e  i n  an 

assumed homogeneous region. 

3. The assumption t h a t  the trend of the sediment delivery-drainage 

area r e l a t i o n  is the same a s  previously demonstrated f o r  sediment 

yield-drainage area. Others (3) have shown t h a t  sediment del ivery  

decreases with approximately the one-eighth power o f  drainage a rea ,  

Hawever, Glymph's curve ( f igure  I), a s  derived from Gottschalk and 

Brunets data f o r  the Missouri River loess h i l l s ,  w a s  somewhat 

s teeper  than the others.  

Applying these concepts t o  Treynor data,  the 1965-1971 average 

annual sediment y ie ld  from s h e e t - r i l l  erosion sources f o r  unterraced, corn- 

cropped watershed 1 was determined, from streamflow samples and measure- 

ments, to be 26.7 tons per acre per year from 74.5 acres  ( t ab le  1). The 

sediment del ivery,  computed by r e l a t i n g  sediment y ie ld  t o  the s o i l  loss  

determined by the Universal S o i l  Loss Equation, was 46 percent. The sheet- 

r i l l  eros ion r a t e  was 58.5 tons p e r  acre per year. A sedinent  del ivery  

curve with the ordinate  i n  terms of both sediment del ivery  percentage and 

sediment y i e l d  is shown i n  f igure  6 f o r  Treynor watershed 1. The constant ,  

k, is  evaluated a s  - loOD = 1.72. The sediment del ivery  curve was drown 
Y 

through the point  representfng watershed 1. Constraints  i n  drawing the 



curve include the necess i ty  fo r  (1) approaching 100 percent de l ivery  on 

p lo t -s ize  areas which form the  s t a t i s t i c a l  bas i s  f o r  the s o i l  l o s s  equations 

and (2) pa ra l l e  l i n g  sediment y ie  Id-drainage area  r e  l a  t ionships.  

The shape of the sediment de l ivery  curve f o r  row crop watersheds is  

a p t  t o  vary from t h a t  f o r  pasture and small gra ins  because the watershed 

surface roughness is  much g r e a t e r  f o r  the l a t t e r .  Overland sediment move- 

ment on grass  and small-grain watersheds must be a t tenuated  more than on 

row crops;  but ,  from the point  where these sediments e n t e r  channels and 

a r e  e f f i c i e n t l y  t ransported,  sediment de l ivery  should be the same. There- 

fore, i n  any given homogeneous region we would expect tha t ,  on the average, 

s t eep ,  cu l t iva ted  watersheds which yielded the most storm runoff would have 

the highest  sediment conveyance. A s  the e f f e c t i v e  surface  roughness 

increases  fo r  watersheds with more gradual  s lopes,  denser vegetat ion,  o r  

any o ther  circumstances t h a t  would r e t a r d  sediment movement, the sediment 

de l ivery  r a t i o  versus area r e l a t i o n  would decl ine more rap id ly  than f o r  

s t eep ,  row-crop land, t o  the point where the sediment e n t e r s  an e f f i c i e n t  

drainageway. Then the r e l a t ionsh ip  p a r a l l e l s  the o ther  curves. These con- 

cepts  a r e  i l l u s t r a t e d  i n  f igure  7. I n  western Iowa, there is  a wide 

--------------------"------------------------------*----------------------- 

Figure 7.--Idealized sediment de l ivery  d i f ferences  between row crop and 

pasture watersheds i n  western Iowa. 

........................................................................... 
v a r i a t i o n  i n  the s i z e  of watersheds draining i n t o  well-defined and e f f i c i e n t  

channels ; the  average is  between 30 and 50 acres.  

The divergence of the sediment de l ivery  curves of f i g u r e  7 does not  

g@rfously affect the eccltracy of sediwnt predietiana based an the sediment 

de l ive ry  method. The preponderance of sediment produced by the s h e e t - r i l l  

- -- - - - - 8 ,  



c r c s i o n  process w i l l  be from row crop  f i e l d s ,  and the  use of  a row-crop 

sediment d e l i v e r y  r a t i o  i n  mixed-cover watersheds w i l l  r e s u l t  i n  only  a 

minor sediment y i e l d  overest imate i f  not  cor rec ted .  This s ta tement  is 

subs tan t i a t ed  by t a b l e  3, where measured sediment y i e lds  f o r  conservat ion 

watersheds 3 and 4 near Treynor a r e  compared with sediment y i e l d s  from 

contour-corn watersheds 1 and 2,  1965-1971. 

TABLE 3.--Average annual sediment yield,  according t o  e r o s i o n  source,  
from Treynor, Iowa watersheds, 1965- 1971 

Watershed Over land Sediment Yield 

Number Runoff Sheet Erosion Gul ly  Erosion To ta l  
inches Source, tja Source, tons t / a  - 

Contour 
corn, W- 1 

Contour, 
corn, W-2 

Bromegrass 
pasture,  W - 3  

Level- t e r r aced  
corn,  W-4 

Watershed 3 is a 107-acre, bromegrass pasture. Watershed 4 is l e v e l  

t e r r aced  and planted t o  continuous corn. Annual sediment y i e l d s  from sheet 

e ros ion  sources a t  watersheds 1 and 2 averaged more than 20 tons per acre; 

they were l e s s  than 1 ton  per ac re  a t  watersheds 3 and 4 .  Gully e ros ion ,  

which was not  considered i n  the  foregoing d iscuss ion ,  averaged 20 percent  

of the t o t a l  f o r  the 8-year period. 



Summary 

A 7-year s tudy of the four  l o e s s i a l  watersheds i n  western Iowa shows 

much v a r i a b i l i t y  o f  sediment movement. Sediment y i e l d s  f o r  most years  were 

profoundly inf luenced by one o r  two rainstorms,  and the  1965-1971 e r o s i v i t y  

of r a i n f a l l  was 180 percent  of normal. These f indings  he lp  t o  exp la in  some 

of  the  v a r i a t i o n  noted i n  sediment de l ive ry  r a t i o s  obtained by shor t -  

du ra t ion  r e s e r v o i r  sedimentation and streamflow sampling s tud ie s .  

Sediment y i e l d s  from s h e e t - r i l l  e ros ion  sources averaged about 

80 percent  o f  the  t o t a l  sedirnent y i e ld ;  e ros ion  from g u l l i e s  accounted f o r  

the  remaining 20 percent.  The annual sediment y i e l d s  from s h e e t - r i l l  

e ros ion  ranged from less than 1 ton per acre  on conservat ion watersheds t o  

99 tons per ac re  f o r  a 75-acre, continuous-corn watershed planted on 

approximate contour. 

Sediment y i e l d  predic t ions  f o r  ungaged watersheds i n  the loess  s o i l  

reg ion  can be made on the b a s i s  of the sediment experience from Treynor and . 

from o t h e r  r e s e r v o i r  sedimentation and streamflow sediment measurements, 

using s e v e r a l  o f  the  s tandard techniques c i t ed .  But accurate  q u a n t i t a t i v e  

p red ic t ions  would s t i l l  requi re  a s p e c i a l  c lairvoyance and considerable 

judgmnt. W e  suggest  improvement i n  the much-used sediment d e l i v e r y  tech- 

nique a s  a needed s t e p  toward the development of  a v i a b l e  watershed sediment 

model and f o r  b e t t e r  p red ic t ion  of  sediment movement on l o e s s i a l  watersheds. 

For example, although the  present  Universal  S o i l  Loss Equation is  an 

e x c e l l e n t  base f o r  a watershed sediment model, which would be improved by 

adding an antecedent  s o i l  moisture f a c t o r ,  a more complete desc r ip t ion  of 

the  r a i n f a l l  e r o s i v i t y  and cropping f a c t o r s  would a l s o  be des i rab le .  I n  

conjunct ion w l l a  this modified s o i l  l o s s  equation, a group of  terms must be 



introduced t h a t  w i l l  express the sediment conveyance/roughness character-  

i s t i c s  of  the watershed surface. The cropping f a c t o r  of the Universal 

equation, f o r  example, may adequately express s h e e t - r i l l  e ros ion r a t e s  from 

a small p lo t ,  but  the e f f i c i ency  with which these eroded sediments a r e  

t ransported across a watershed surface i s  unrelated t o  the  erosion process 

and i s  present ly  not  accounted for .  Similarly,  the r e l i e f ,  s lope,  s lope 

length, surface  flow obst ruct ions ,  watershed s i z e ,  and drainage d e n s i t i e s  

a r e  a l l  a t t r i b u t e s  t h a t  a f f e c t  sediment conveyance on a watershed. 

A p r a c t i c a l ,  long-range goal  f o r  obtaining sediment y ie ld  est imates 

fo r  ungaged watersheds w i l l  be the use of watershed sediment models based 

on sediment de l ive ry  concepts. Exis t ing  photogranneetric techniques can 

already produce topographic maps v i a  d i g i t a l  readout from s t e r e o p l o t t e r s  

by automated procedures. When such information is combined with c l ima t i c  

and land management va r i ab les ,  it should provide a maximum i n s i g h t  i n t o  

sediment movement processes and should r e s u l t  i n  more accurate sediment 

y i e l d  p red ic t  ions, 
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Figure 3.--Comparison of erosion rates and sediment yields from sheet-rill erosion source 
for 52 well-sampled events on contour-corn watershed 1. 
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Figure 4.--Sedimnt delivery variation with sediment yield for 31 June storms occurring 
frw 1965-1971 at contour-corn watershed 1. 
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WATERSHED I 
- N E A R  T R E Y N O R ,  IOWA 
- 

Solad Itnes represent contoured corn watersheds. 
Dashed llnes represent pasture watershed$. 
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Figure 6 ,--Probable drainage area re lation with  sediment yie l d  and delivery, 
considering only sheet-ril l  erosion sources, from Iowa cornfields 
with an average gopercent slope. 

Figure 7.--Idealized sediment delivery differences between row crop and 
pasture watersheds In western laws. 
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