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Abstract: T illage ero sion is a new field of so il ero sion research. To quan tita t ively describe p rocesses of t illage

ero sion in loess region of Ch ina, th is paper modeled the t illage ero sion here by conducting tillage experim en t, in

w h ich sm all cubes w ere used as the tracers to trace and mon ito r so il movem en t, and regressive and theo ret ical

analyses, and developed the model of t illage ero sion w ith w h ich net ero sion modu lus at any po in t of slope p rofile

can direct ly be calcu lated. T he resu lts show ed that in the case of acro ss2slope t illage operat ion of com e2and2go

single pass along con tou r line from dow n2slope to up 2slope in w h ich the so il w as tu rned dow n2slope w ith local

tradit ional p low pu lled by an im al pow er: (1) M ean ho rizon tal distance of so il disp lacem en t per t illage operat ion in

slope aspect direct ion is linearly rela ted to slope gradien t; (2) T he net ero sion modu lus at any po sit ion of slope

p rofile per t illage operat ion is affected by so il bu lk density, t illage dep th, coefficien t determ ined w ith so il and

tillage condit ions, and topography cu rvatu re.
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1　 In troduction

It has been know n tha t so il ero sion can resu lt

in so il degrada t ion, w ater po llu t ion and m any

con sequences associa ted w ith sed im en t yield, etc.

M any scien t ists, governm en ts and rela ted

o rgan iza t ion s in the w o rld have paid grea t a t ten t ion

to research and con tro l on so il ero sion since 20th

Cen tu ry. Bu t a ll of these effo rts w ere m ain ly

focu sed on w ater ero sion. N early one decade,

som e researches show ed tha t ero sion by t illage m ay

be com para t ive w ith ero sion by w ater, and even

m o re in ten se than w ater ero sion on m uch of

cu lt iva ted land [ 2, 4, 5 ].

T he h illslope of arab le land in Ch ina is

sho rter, steeper and m o re ragged than tha t in

m any o ther coun tries, especia lly the W estern

developed coun tries. T herefo re, t illage ero sion is

an im po rtan t type of ero sion in Ch ina. To get

know ledge of p rocesses, in ten sit ies, fea tu res and

im pacts, etc. of t illage ero sion in Ch ina, w e

in it ia ted a study of the loess reg ion of Ch ina. T h is

paper repo rts a part ia l resu lt of th is research

p ro ject.

L indstrom et a l. (1992, 2000) and Govers et

a l. (1994) stud ied the m odel of t illage ero sion. In

th is paper, an em p irica l m odel of d istance of so il

red ist ribu t ion by t illage w as estab lished by

conduct ing t illage experim en t in w h ich sm all cubes

w ere u sed as tracers, based on w h ich the m odel of

t illage ero sion w as then theo ret ica lly developed in

the L oess P la teau of Ch ina w here so il ero sion is the

m o st in ten se th roughou t the w o rld in o rder tha t

the net ero sion m odu lu s a t any po in t of slope

p rofile can direct ly be ca lcu la ted.

2　M a ter ia ls and M ethods

T he experim en t w as conducted in the A n sa i

Coun ty, Shaanx i P rovince, loca ted in the cen ter of

the L oess P la teau w here topography belongs to the

typ ica l h illy and gu lly reg ion and also is of
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rep resen ta t ive fea tu res in loess reg ion of Ch ina,

rela t ive heigh t d ifferences m o st ly are 150～ 200 m ,

gu lly den sity is abou t 8 m ö km 2, and percen tage of

incised land areas to to ta l land areas is abou t 60% ,

w h ich exp la in s tha t m o re than half land here is

encroached by gu llies. T he experim en ta l slope2

land is concave up 2slope and convex dow n2slope

w ith the eleva t ion of abou t 1430m , slope length of

40m , slope aspect of nearly facing east, the

m ax im um slope grad ien t of abou t 30°, the

m in im um slope grad ien t of 0°, and la tera l slope

grad ien t of 0°. T he so il here is loess so il developed

in loess paren t m ateria l w ith even tex tu re w h ich

m ain ly con sists of silt w ho se con ten ts are 53. 9%～

74. 8%. T he crop cycle here is once per year and

m ain crop s are au tum n ones. T he experim en ta l site

has been fa llow fo r one year befo re ou r experim en t

conducted. T he so il of t illage layer a t the t im e of

experim en t is rela t ively com pact, the m ean bu lk

den sity is 1. 3 gö cm 3 and the so il m o istu re is

10. 01%.

To ob ta in d istance of so il red ist ribu t ion by

t illage and its varia t ion w ith slope grad ien t, and to

fu rther develop the m odel of t illage ero sion, sm all

cubes m ade of o rgan ic g lass w ith carved num bers

on their su rface w ere u sed as the tracers to trace

so il m ovem en t. Each sm all cube of t racer has a

cube of 1×1×1 cm 3 and a den sity of 1. 15 gö cm 3

w h ich is rough ly clo se to so il bu lk den sity of

p lough layer.

7 sub2h illslope w ith slope grad ien t of 0°, 5°,

10°, 15°, 20°, 25°and 30° respect ively w ere

selected on the experim en ta l h illslope from up 2

slope to dow n2slope. A rectangu lar t rench w ith

length of 110cm , w id th of 10cm and dep th of 15cm

w as dug on each sub2h illslope. Sm all cubes of

t racer w ere in sta lled layer by layer and one by one

in every rectangu lar t rench. A fter t racer cubes on

the bo t tom tracer layer of rectangu lar t rench w ere

in sta lled, the po sit ion of each cube w as p recisely

m easu red w ith theodo lite and range finder, and

then the rectangu lar t rench w as filled w ith so il up

to the dep th of the second tracer layer. T he tracer

cubes w ere sequen t ia lly in sta lled on the second

tracer layer of rectangu lar t rench, and the po sit ion

of each cube on th is layer w as aga in m easu red in

the sam e w ay as tha t on first layer. T h is w as

repea ted un t il a ll t racer cubes w ere in sta lled and all

their po sit ion w ere m easu red in every rectangu lar

t rench. T here are 4 layers of t racer in every

rectangu lar t rench and 11 tracer cubes on every

layer, so tha t there are 44 and 308 sm all cubes of

t racer in each rectangu lar t rench and in 7

rectangu lar t renches of a ll sub2h illslope

respect ively. T he ho rizon ta l and vert ica l spacing

betw een neighbo r tracer cubes is 10cm and 5cm

respect ively. A s tho se w ere fin ished, acro ss2slope

t illage opera t ion of com e2and2go sing le pass a long

con tou r line from dow n2slope to up 2slope w as

conducted w ith loca l t rad it iona l p low w ith p lough

dep th of 16cm and pu lled by an im al pow er, and the

p low ed so il w as a ll tu rned dow n2slope. A fter the

t illage opera t ion, a ll sm all cubes of t racer w ere

imm edia tely excavated in the p low ed so il, and

m eanw h ile po sit ion s of a ll d isp laced cubes w ere

accu ra tely reco rded w ith theodo lite and range

finder once m o re. By check ing the am oun t, the

recovered ra te of t racer cubes is m o re than 95% in

every rectangu lar t rench of sub2h illslope. F ina lly,

red ist ribu t ion distance of each tracer cube w as

ob ta ined by ca lcu la t ion.

3　Results and D iscuss ion

T illage im p lem en t and w ater pow er can a ll

detach and tran spo rt so il. How ever t illage

im p lem en t can on ly tran spo rt so il w ith in lim ited

d istance and m ain ly cau se on2site so il

red ist ribu t ion un like w ater pow er w h ich can

tran spo rt so il very far aw ay and cau se so il lo ss on

certa in site. T he distance of so il red ist ribu t ion by

t illage is on ly affected by slope grad ien t in the case

of certa in t illage im p lem en t, t illage w ay and so il.

Becau se slope grad ien t of na tu ra l h illslope is

a lw ays variab le w ith d ifferen t po sit ion s, the

d istance of so il red ist ribu t ion by t illage is a lso no t

iden t ica l a t d ifferen t po sit ion s on h illslope so tha t
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ero sion w ill be p roduced on som e po sit ion s and

depo sit ion w ill happen on som e o ther po sit ion s on

h illslope. To m odel sta ted ru les of so il m ovem en t

by t illage, the m odel of varia t ion of d istance of so il

d isp lacem en t by t illage w ith slope grad ien t need to

be stud ied first ly, on the basis of w h ich m odel of

t illage ero sion is fu rther developed.

To estab lish the m odel of varia t ion of d istance

of so il red ist ribu t ion by t illage w ith slope grad ien t,

ho rizon ta l d isp laced distance of each recovered

tracer cube in slope aspect d irect ion com pared w ith

its co rresponding o rig ina l po sit ion befo re t illage

w as com pu ted and the m ean ho rizon ta l d isp laced

distance of a ll recovered tracer cubes in rectangu lar

t rench on each sub2sect ion of h illslope w as fu rther

ca lcu la ted respect ively. T he cu rve of rela t ion sh ip

betw een the m ean ho rizon ta l d isp laced distance of

a ll cubes in each sub2h illslope and tangen t of slope

grad ien t of co rresponding sub2sect ion of h illslope

w as p lo t ted in F ig. 1. A nd the regressive ana lysis

show ed tha t the em p irica l m odel of varia t ion of the

m ean ho rizon ta l d isp lacem en t of t illage layer so il

per t illage opera t ion w ith slope grad ien t is

D = - 0. 2379S + 0. 0953 (1)

w here 　D = m ean ho rizon ta l d isp lacem en t of

t illage layer so il per t illage opera t ion, m ; S =

tangen t of slope grad ien t w ho se in it ia l d irect ion is

co inciden t w ith tha t of so il ho rizon ta l m ovem en t,

m öm ; R 2 = 0. 79; A= 0. 01. T he regression square

and sign if icance level exp la in tha t equat ion (1) is

qu ite reliab le.

F ig. 1 R elat ionsh ip s betw een m ean ho rizon tal disp lacem en t

per t illage operat ion and slope gradien t

Equat ion (1) and F ig. 1 show ed tha t the m ean

ho rizon ta l d isp lacem en t of t illage layer so il in

d irect ion of slope aspect per t illage opera t ion

linearly increase by degrees w ith increase of

ab so lu te va lue of slope grad ien t. To develop the

m odel of t illage ero sion, x2ax is w as po sit ively

o rien ted in the d irect ion of slope aspect, and z2ax is

w as po sit ively o rien ted in the d irect ion perpendicu2

la r to x2ax is and con tra ry to gravity d irect ion.

It has been ob ta ined by u sing sm all cubes as

tracers to conduct t illage experim en t and successive

sta t ist ica l ana lysis tha t the m ean ho rizon ta l

d isp lacem en t of t illage layer so il in d irect ion of

slope aspect per t illage opera t ion is linearly rela ted

to slope grad ien t. T h is rela t ion sh ip can be

exp ressed w ith un iversa l equat ion as

D = A + B S (2)

w here 　D = m ean ho rizon ta l d isp lacem en t of

t illage layer so il per t illage opera t ion, m ; S =

tangen t of slope grad ien t, i. e.
5z
5x

, m·m - 1; A , B

= regression coefficien ts, m.

A t any po in t (x , z ) on h illslope p rofile (slope

grad ien t in t illage d irect ion w as assum ed to be

zero ) , the so il f lux per un it w id th of t illage layer

per t illage opera t ion is

Q (x , z ) = R H D (x , z ) (3)

w here　Q (x , z ) = so il f lux per un it w id th of t illage

layer a t po in t (x , z ) per t illage opera t ion, kgöm ;

D (x , z ) = m ean distance of so il d isp lacem en t of

t illage layer a t po in t (x , z ) per t illage opera t ion,

m ; R = m ean bu lk den sity of t illage layer so il,

kgöm 3; H = dep th of t illage layer, m.

Com b in ing equat ion ( 2 ) w ith equat ion ( 3 )

g ives

Q (x , z ) = R H (A + B S (x , z ) ) (4)

w here　 S (x , z ) = tangen t of slope grad ien t a t po in t

(x , z ) , m öm.

T he so il f lux per un it w id th of t illage layer per

t illage opera t ion a t po in t (x + $ x , z + $ z )

neighbo ring w ith po in t (x , z ) in sam e direct ion of

ho rizon ta l m ovem en t is

　　　　Q (x + $x , z + $z ) = R H D (x + $x , z + $z ) (5)

w here　Q (x + $x , z + $z ) = flux per un it w id th of t illage

layer per t illage opera t ion a t po in t (x + $ x , z +

$ z ) , kgöm ; D (x + $x , z + $z ) = m ean ho rizon ta l
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distance of so il d isp lacem en t of t illage layer a t

po in t (x + $ x , z + $ z ) per t illage opera t ion, m ,

o r　Q (x + $x , z + $z ) = R H (A + B S (x + $x , z + $z ) ) (6)

w here　 S (x + $x , z + $z ) = tangen t of slope grad ien t a t

po in t (x + $ x , z + $ z ) , m öm.

Sub tract ing equat ion ( 4) from equat ion ( 6)

g ives the increm en t of so il f lux per un it w id th of

t illage layer per t illage opera t ion from po in t (x , z )

to po in t (x + $ x , z + $ z ) , i. e. the net so il f lux

per un it w id th of t illage layer per t illage opera t ion

betw een po in t (x , z ) and po in t (x + $ x , z + $ z )

as

$Q = Q (x + $x , z + $z ) - Q (x , z ) (7)

w here　 $Q = net so il f lux per un it w id th of

t illage layer per t illage opera t ion betw een po in t

(x , z ) and po in t (x + $ x , z + $ z ) , kgöm , o r

$Q = R H (A + B S (x + $x , z + $z ) ) - R H (A + B S (x , z ) )

(8)

i. e.

$Q = R H B $S (9)

w here 　 $S = increm en t of tangen t of slope

grad ien t from po in t (x , z ) to po in t (x + $ x , z +

$ z ) , m öm.

T hu s m ean net so il f lux per un it w id th per

un it leng th of t illage layer per t illage opera t ion

betw een po in t (x , z ) and po in t (x + $ x , z + $ z )

is

$Q
$ x

=
R H B $S

$ x
(10)

w here　
$Q
$ x

= m ean net f lux per un it w id th per

un it leng th of t illage layer per t illage opera t ion

betw een po in t (x , z ) and po in t (x + $ x , z + $ z ) ,

kgöm 2.

W hen $ x → 0, the net ero sion m odu lu s of

t illage layer per t illage opera t ion a t po in t (x , z ) is

g iven as

5Q (x , z )

5x
= R H B

5S (x , z )

5x
(11)

w here　
5Q (x , z )

5x
= net ero sion m odu lu s of t illage

layer per t illage opera t ion a t any po in t (x , z ) of

slope p rofile, kgöm 2;
5S (x , z )

5x
= cu rva tu re a t any

po in t (x , z ) of slope p rofile, m 2öm 2.

Sub st itu t ing S =
5z
5x

in to equat ion (11) gets

5Q (x , z )

5x
= R H B

52z
5x 2 (12)

w here　
52z
5x 2 = cu rva tu re a t any po in t (x , z ) of

slope p rofile, m 2öm 2.

Equat ion (12) exp la in s net ero sion m odu lu s of

t illage layer a t any po sit ion on h illslope p rofile per

t illage opera t ion is influenced by so il bu lk den sity,

dep th of t illage layer, o ther condit ion s of so il and

t illage and topography cu rva tu re.

A s R , H and B in equat ion ( 12 ) are a ll

con stan ts in the case of certa in so il and t illage,

therefo re equat ion (12) has a lso exp la ined tha t net

ero sion m odu lu s of t illage layer a t any po sit ion on

h ill slope p rofile per t illage opera t ion is on ly

affected by topography cu rva tu re a t co rresponding

po sit ion. T h is described ru le fo llow ed by t illage

ero sion m ean s tha t w hen so il t illage is perfo rm ed,

net ero sion and depo sit ion by t illage are no t rela ted

to slope grad ien t and slope length included in

landfo rm facto rs; the m o re irregu lar and ro lling

the topography, the m o re ex ten sive and in ten se the

net ero sion and depo sit ion p rocesses by t illage.

Sub st itu t ing regression coefficien t determ ined

w ith equat ion ( 1 ) in to B in equat ion ( 12 ) and

tak ing C and A to respect ively exp ress cu rva tu re a t

any po in t of slope p rofile and net ero sion m odu lu s

of t illage layer per t illage opera t ion a t any po in t of

slope p rofile g ive

A = - 0. 2379R H C (13)

w here　A = net ero sion m odu lu s of t illage layer

per t illage opera t ion a t any po in t of slope p rofile,

kgöm 2; C = cu rva tu re a t any po in t of slope p rofile,

m öm 2.

A s the cu rva tu res on convex and concave

po sit ion of slope p rofile are negat ive and po sit ive

respect ively, equa t ion (13) can theo ret ica lly g ive

tha t the net ero sion by t illage is p roduced on

convex it ies of slope p rofile and the depo sit ion by

t illage appears on concavit ies of slope p rofile.

A s the so il, t illage im p lem en t and t illage w ay
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everyw here in the L oess P la teau are basica lly

co inciden t w ith w h ich ou r experim en t w as

perfo rm ed in the typ ica l a rea of L oess P la teau of

Ch ina, equat ion ( 13 ) developed based on ou r

t illage experim en t can rep resen t the m odel of

t illage ero sion in loess reg ion of Ch ina. If the

condit ion s of so il and t illage som ew here are no t

iden t ica l w ith ou r experim en ta l condit ion s,

coefficien t of the m odel need to be m odified w ith

loca l condit ion s of so il and t illage.

Based on the estab lished m odel of t illage

ero sion, w e w ill fu rther study in ten sit ies of t illage

ero sion, rela t ive im po rtance of t illage ero sion in

to ta l ero sion and rela t ion sh ip s of t illage ero sion

w ith so il p roduct ivity, etc. , and then p ropo se

p ract icab le m easu res on refo rm ing bad t illage w ay,

con tro lling t illage ero sion and p reven t ing so il

degenera t ion induced w ith t illage here.

4　Conclusion s

Based on field experim en t and theo ret ica l

ana lysis, a m odel of t illage ero sion to d irect ly

ca lcu la te the m odu lu s of net ero sion by t illage a t

any po in t of slope p rofile. R esu lts in the stud ied

t illage opera t ion m anner are as fo llow s:

1) M ean ho rizon ta l d istance of so il d isp lace2

m en t per t illage opera t ion in slope aspect d irect ion

is linearly rela ted to the tangen t of slope grad ien t,

and the em p irica l m odel is D = - 0. 2379S +

0. 0953;

2) T he net ero sion m odu lu s a t any po sit ion of

slope p rofile per t illage opera t ion is affected by so il

bu lk den sity, t illage dep th, coefficien t determ ined

w ith so il and t illage condit ion s, and topography

cu rva tu re, the m odel of t illage ero sion w ith these

facto rs isA = - 0. 2379R H C.
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中国黄土地区耕作侵蚀模拟

王占礼, 邵明安
(中国科学院水利部水土保持研究所,杨凌 712100)

摘　要: 耕作侵蚀是国际上新近开展的一个研究领域。为了对中国黄土地区的耕作侵蚀规律进行定量描述,采用施

放小立方块作为示踪材料进行耕作试验及测量来示踪和监测土壤运动,并通过相关分析与理论推导,对该地区的

耕作侵蚀进行了模拟,获得了能够直接计算出坡面剖面任何一点净侵蚀模数的耕作侵蚀模型,结果表明,在采用当

地由动物牵引的传统犁在坡面上自下而上进行往返横坡等高向下翻土耕作方式下: 1)一次耕作导致的耕层土壤朝

坡向方向平均水平运动距离随坡度的变化表现为线性相关; 2)一次耕作导致的坡面剖面任何位置耕层断面的净侵

蚀模数,受土壤容重、耕作深度、土壤与耕作条件决定的系数和地形曲率的影响。
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