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Ievads

Gravu erozijas veidotas reljefa formas pasaulé ir sastopamas gan humida
un arida klimata apgabalos, gan ilggadiga sasaluma zona (Kovalev et al,
2006). Kosmisko pétijumu programmu realizacija un talizpétes tehnologiju
attistiba lavusi atklat gravas ari uz Marsa un citu planétu un to pavadonu
virsmas (Christensen, 2003). Minétais liecina, ka gravu erozija ir loti nozimigs
denudacijas, fluvialas cilmes reljefa attistibas un ainavvides parveido$anas
eksogeénais geologiskais process.

Taja pasa laika gravu attistiba ir saistita ar paatrinatu augsnes eroziju un
lauksaimnieciba izmantojamo zemes platibu degradaciju, tadéjadi daudzas
valstls gravu erozija tiek ierindota starp citiem vides apdraudéjumiem (Valentin
et al., 2005). Vienlaicigi gravu erozija negativi ietekmé vidi ari arpusbaseina
teritorijas, kur tas sekas izpauzas ka augsnes izskalo$anas produktu, galvenokart
suspendéta materiala un biogénu parneses izraisiti pastiprinatie sedimentacijas
un eitrofikacijas procesi uztverosajas tidenstilpés un tdenstecés (Poesen et al.,
2003; Wu et al., 2008). Turklat, linearas erozijas produktu parnesei no gravu
sateces baseiniem ir arl ietekme uz Gdens kvalitati, kas saistits ar piesarnojo$o
vielu, t.i., biogénu un kimiska piesarnojuma piepladi uztverosajos virszemes
udens objektos (Valentin et al., 2005; Quilbé et al., 2006). Nemot véra, ka tidens
kvalitates saglabasana ir viena no nopietnakajam problémam visa pasaulé, ka ari
Eiropas Savienibas Udens struktardirektivas prasibas (OJEC, 2000) par udens
kvalitates saglabasanu un uzlabo$anu Eiropas Savienibas dalibvalstis, ir batiski
izprast tidens izraisitas linearas erozijas aktivizacijas palaidéjmehanismus (angl.
triggering mechanisms) un ierobezot erozijas risku, tadéjadi samazinot kimiska
piesarnojuma parnesi no maziem, zemakas pakapes tdensguves baseiniem.

Augstak minéto iemeslu dé] gravas ka reljefa formas un to veido$anas un
attistibas procesi arvien vairak piesaista zinatnieku un praktiku uzmanibu. Gravu
erozijas jautajumu pétjjumiem pasaulé pédéja desmitgadé tiek veltita arvien
lielaka vériba, par ko liecina pieaugosais publikaciju un nozimigu starptautisku
konferen¢u skaits (Valentin et al., 2005). Tas saistits gan ar nepiecieSamibu
zinatniski izvértét gravu erozijas procesa célopsakaribas un potencialos
turpmakas norises scenarijus klimata globalo izmainu konteksta, gan vitalu
nepiecieSsamibu saglabat idens un augsnes resursus ka galveno priek$noteikumu
iespéjai nodrosinat ar partiku strauji pieaugoso cilvéku skaitu (Nikodemus et al.,
2008).

Tomeér vairuma gadijumu gravu erozijas pétjjumi ir fokuseéti uz cilvéka dar-
bibas izraisitu linearas erozijas norisi un tas sekam lauksaimnieciski izmantoja-
mas zemes platibas, lidz$ingji mazak véribas piegriezts ar vegetaciju klatajos



apgabalos eso$a un mantota gravu erozijas reljefa izpétei (Vanwalleghem
et al., 2003; Smolska, 2007) un gravu tikla veidoSanas paleogeografiskajam
rekonstrukcijam (Dotterweich, 2005).

Gravas ka reljefa formas plasi ir izplatitas arl Latvija, tomér jaatzist, ka
islaicigu Gdensplasmu izraisitas linearas erozijas norises likumsakaribas, ka ari
tas rezultata veidotas reljefa formas, to genéze un izvietojuma likumsakaribas,
morfometrija un morfologija gan Latvija kopuma, gan tas DA dala ir izpétitas
vaji un trikst plasu, kompleksu geologisku un geomorfologisku pétijumu par $o
reljefa formu grupu (Soms, 2006).

Saja disertacija atspoguloti autora veiktie pétijumi tajos virzienos, kuri lidz
$im Latvija nav apskatiti pietieckami detalizéti vai nav tikusi apskatiti vispar,
galveno uzmanibu fokuséjot uz gravu morfologiju, to veidosanas apstakliem
un ijetekméjosiem faktoriem, ka ari gravu tikla geografiska izvietojuma
likumsakaribam. Pétijjumam izvéléta teritorija, pateicoties tas reljefa iezimém,
geologiskajai uzbuavei, klimatam un citiem dabas faktoriem, ka arl mozaikveida
ainavvidei, ko noteikusi ilgstosa cilvéka ietekme uz vidi un lauksaimnieciska
darbiba dienvidaustrumu Latvija, neapSaubami ir piemérota $adu pétijumu
veik$anai.

Petijuma aktualitate

Gravu erozijas procesa un ar to saistito reljefa formu izpéte pasaulé un
Latvija ir batiska un aktuala vairaku iemeslu dél, respektivi,

(1) ir janoskaidro geologiskas un geomorfologiskas likumsakaribas, kuras
nosaka gravu erozijas procesa norisi un erozijas reljefa formu veido-
$anos, telpisko izvietojumu un morfologiju;

(2) jaiegust zinatniski pamatoti dati par eso$ajiem erozijas tempiem un
erozijas produktu parneses apjomiem no augstakiem hipsometriskajiem
limeniem uz zemakajiem, ka ari par $o procesu potencialas intensifi-
kacijas iespéjamibu klimata mainibas konteksta;

(3) javeic gravu erozijas veidota reljefa ka butiska paleogeografiskas infor-
macijas avota izpéte;

(4) janoskaidro erozijas procesu tiesas un netiesas ietekmes uz vidi;

(5) janosaka gravu erozijas reljefa loma ainavvides dazadibas un biologiskas
daudzveidibas izveide.

Iepriekséji apskatitajiem jautajumiem Latvija lidz $im nav tikusi pievérsta
atbilsto$a uzmaniba un kopuma gan gravu erozijas determinéjosu faktoru izpétei,
gan gravu erozijas reljefa pétjjumiem veltitas tikai dazas zinatniskas publikacijas.
Lidz ar to patlaban Latvija eso$ais zinatniski pamatotas informacijas trikums



nelauj izvértét gravu erozijas atjauno$anas un pastiprinasanas risku globalas
klimata mainibas un tas izraisitas meteorologisko faktoru variabilitates ietekmé,
lai gan klimata parmainu izraisito bistamo geomorfologisko procesu un to
iespéjamo seku noveértésanai ir veltiti daudzi regionali un plasaka konteksta
pétijumi.

Gravu erozijas procesa un ta seku pétijumi, nemot véra klimata mainibas
model]u prognozétas nokridnu sezonald sadalfjuma un intensitates izmainas
Baltija regiona, ir ipa$i aktuali ari augsnes un udens resursu saglabasanas,
ilgtspéjigas attistibas un teritoriju telpiskas planosanas konteksta.

Disertacijas pétijumu aktualitate ir ari saistita ar vairakiem zinatnes teo-
rétiskajiem un lietiSkajiem aspektiem fluvialaja geomorfologija un eksogéno
procesu geologija, t.i., gravu erozijas veidotajprocesu un ietekméjoso faktoru
identificésana, linearas erozijas formu klasifikacija, holocéna paleogeografiskas
situacijas modelésana un interpretacija, geologiska riska kar$u sastadisana un
uzlabo$ana, ka ari metodisko ieteikumu izstradé telpiskas planosanas darbu
veik$anai.

Pétijuma meérkis un uzdevumi

Disertacija tematiski atbilst fluvialas geomorfologijas pétijumu virzienam
un ir veltita linearo eroziju izraiso$o un ietekméjoso faktoru noskaidrosanai un
ar $o procesu saistito reljefa formu genézes un morfologijas pétjjumiem musu
valsts dienvidaustrumu dalas augstienu teritorijas un Daugavas senieleja.

Disertacijas mérkis ir noskaidrot gravu veido$anas, attistibas un erozijas
tikla telpiska izvietojuma likumsakaribas dienvidaustrumu Latvija, balstoties uz
periodisko adensplasmu linearas erozijas veidota reljefa geomorfologisko un
geologisko pétijumu rezultatiem.

Darba galvenie uzdevumi, kuri tika izvirziti mérka sasnieg$anai, ir sekojosi:

(1) veikt gravu erozijas veidota reljefa pétijumus lauka apstaklos Latvijas

dienvidaustrumu dala, nosakot gravu morfologiju un morfometriskos
parametrus, ka arl izpétit gravas notiekoSos eksogénos geologiskos
procesus;

(2) noskaidrot dabiskos un antropogénos faktorus, kuri nosaka gravu ero-

zijas reljefa attistibu;

(3) veikt pétljumu datu matematisko analizi un geotelpisko analizi;

(4) novertét gravu erozijas apjomus laiktelpiska griezuma un ar to saistitas

denudacijas atrumus



(5) izpétit gravu izvietojuma un veido$anas apstaklu saistibu ar pétamas
teritorijas geologisko uzbavi, reljefu, klimatiskajiem apstakliem, vege-
taciju un cilvéka saimniecisko darbibu;

(6) noteikt aprakstito gravu genézi un novértét iespéjamo to veidosanas
laiku;

(7) analizét gravu erozijas veidoto reljefu ka ainavvides un ekosistému
komponentu, un butisku paleogeografiskas informacijas avotu;

(8) prognozét erozijas procesu atjauno$anas un attistibas iespéjamibu, ka
ari $o procesu sekas klimata mainibas konteksta.

Pétijuma zinatniska novitate

Disertacija ir atspoguloti gravu erozijas reljefa geologisko un geomorfologisko
lauka pétfjumu rezultati, ka ari sniegts linearas erozijas procesu ietekméjoso
faktoru un gravu geogrifiska izvietojuma ipatnibu raksturojums. Sada rakstura
gravu genézes, to veidosanas laika, morfologijas un izvietojuma likumsakaribu
kompleksi pétijumi lidz $im nedz dotaja teritorija, nedz Latvija nav veikti.
Tadgjadi tiek papildinati geologisko un geomorfologisko pétijumu rezultati
Baltijas valstis un Ziemeleiropa par gravu erozijas veidoto reljefu, vienlaicigi
disertacija ietvertie pétijjumi ir nozimigi ari pédéja apledojuma (Baltijas, Vislas)
skartas Eiropas teritorijas dalas holocéna posma reljefa veidotajprocesu un
ietekméjoso faktoru noskaidrosanai.

Izstradajot disertaciju, pirmo reizi veikta linearas erozijas tikla geotelpiska
analize un noskaidrotas gravu izvietojuma un gravu tikla telpiskas organizacijas
likumsakaribas DA Latvija, izveidota gravu morfogenétiska klasifikacija, no-
skaidrota gravu morfometrisko parametru savstarpéja matematiska sakariba,
veikta gravu veido$anos un attistibu noteicoso faktoru detala analize, raksturotas
efeméras gravas, aprékinati nokri$nu erozivitati raksturojosie indeksi, ieguti
dati par proluvialo nogulumu uzkrasanas un gravu aizpildiSanas atrumiem to
atmir$anas stadija, ka ar iegtti dati starpnozaru (geoekologiska) griezuma par
biologiskas daudzveidibas un aizsargajamo biotopu saistibu ar gravu erozijas
reljefu. Saja darba pirmo reizi uz “C akseleracijas masu spektrometrijas (angl.
accelerator mass spectrometry jeb AMS) metodes datéjumu pamata ir ieguta
informacija par gravu vecumu DA Latvija, kas ir loti batiski, veicot paleo-
klimatiskas, paleohidrologiskas un paleogeografiskas rekonstrukcijas gan $aja
regiond, gan Latvija kopuma. Promocijas darba pirmo reizi dots ari latviskais
tulkojums un skaidrojums jédzieniem, kuri ir tiesi saistiti ar gravam ka reljefa
formam un gravu eroziju ka geologisko procesu. Tadéjadi veiktais pétijums var
kalpot par pamatu turpmakajiem gravu erozijas veidota reljefa un ar to saistito
procesu pétijjumiem Latvija un plasaka regiona.



Darba aprobacija un rezultatu realizacija

Pétijuma rezultati ir publicéti 11 zinatniskas publikacijas, no kuram 4 ir
publicétas starptautiskos gravu erozijai veltitos zinatnisko rakstu krajumos
un citéjamos zurnalos un ir pieejamas $o periodisko izdevumu datubazés,
3 zinatniskie raksti ir iesniegti un pienemti publicé$anai LU rakstu krajuma
Acta Universitatis Latviensis: Zemes un vides zinatnu sérija, viens zinatniskais
raksts ir iesniegts un pienemts recenzé$anai zurnala Landform Analysis (skat.
publikaciju sarakstu 42. Ipp).

Disertacija atspogulotie pétijumu rezultati ir aprobéti un diskutéti, uzsta-
joties ar referatiem 17 starptautiskas zinatniskas konferencés un simpozijos, ka
arl iepazistinot zinatnisko sabiedribu ar pétijjumu rezultatiem geomorfologija
un kvartargeologija, laika no 1996. lidz 2010. gadam piedaloties 25 konferencés
Latvija, kur individuali vai kopa ar lidzautoriem nolasiti 47 referati par pro-
mocijas darba tematiku.

Promocijas darba pétijumu rezultati, iegtitas kompetences un zinasanas tika
izmantotas Daugavpils Universitaté realizétas bakalaura studiju programmas
»Vides zinatne” studiju kursu ,Vispariga geologija’, ,Geomorfologija’, ,,Latvijas
dabas geografija” docésana, ka ari sagatavojot atseviskas lekcijas studiju kursa
»Vides geomorfologija” Latvijas Universitates GZZF magistra studiju programmu
studentiem.

Pétijumos plasi tika iesaistiti ari studéjosie, kuri izstradajot savus bakalaura
darbus, apguva fluvialas geomorfologijas lauka pétjjumu un geotelpiskas ana-
lizes metodes un panémienus, ka ari ieguva talakai akadémiskai un profesionalai
izaugsmei tik loti nepiecie$amas patstaviguma, korektas zinatniskas metodologijas
lietosanas un kritiskas iegaito datu izvértéSanas iemanas.



1. Pétijumu teritorijas geografiski geologiskais
raksturojums

Gravu erozijas veidota reljefa un gravu erozijas tikla pétjjumi tika veikti
Latgales augstiené, Aug$zemes augstiené un Daugavas senieleja (1. att.). Latvijas
DA dalas augstienu kopéja platiba ir 8423,3 km? un apskatamaja teritorija var
izdalit tris lielformas, kuras atskiras péc genézes:

1) Latgales augstiene, kas ir glaciostrukturali akumulativa salveida

augstiene (Aboltins, 1989), aiznem 79% no pétijumu teritorijas;

2) Aug$zemes augstiene, kas ir marginala augstiene (Aboltins, 1989;
Abolting, 1994b) aiznem 19% no pétijumu teritorijas;

3) Daugavas senieleja, kas daléji sakrit ar senaku, apraktu pirmskvartara
ielejveida formu, sakotnéji veidojusies leduslaikmeta beigu posma
notikusas ledajkusanas Gdenu intensivas erozijas rezultata un holocéna
parveidota fluvidlo procesu norises gaita (Eberhards, 1972a; Aboltins,
1994a), §1 forma aiznem 2% no pétijumu teritorijas.

Pétijumu teritorijas geologiska uzbuve un reljefa iezimes veidojusas galve-
nokart pleistocéna apledojumu, it ipasi pédéja (Baltijas, Vislas) apledojuma
ietekmeé (Aboltins, 1989; Zel¢s and Markots, 2004). Teritorija ir plasi izplatitas
glacigénas un glacioakvalas cilmes dazadas reljefa formas. Raksturigas ir
marginalas, zemledaja glaciostrukturalas un akumulativas vidéjreljefa formas -
paugurgrédas, stira masivi, sarezgitas konfiguracijas paugurmasivi, radiala
izspieduma valni, vidéji augsti un augsti morénpauguri un platoveida lielpauguri,
kémi (Abolting, 1989; Aboltins, 1994b), ka ari daudzas subglacialas iegultnes
(Eberhards, 1972b). Minétas reljefa formas veido augstieném raksturigo,
paugurainu ainavu, ka ari nosaka vidéjas relativas augstumu starpibas no
10 m lidz 25 m, sasniedzot maksimalas vértibas 50 m lidz 60 m augstienés,
paugurmasivu un lielpauguru izvietojuma vietas, ka arl atseviskas vietas gar
subglacialajam iegultném un Daugavas senieleju. Vidéjreljefa formas nosaka ari
ievérojamu nogazu garumu, (lidz 150-200 m) un slipumu, kurs svarstas no 3-5°
lidz 15-20°, daudzviet parsniedzot pat 30° (Soms, 2006).

Teritorijas virsmas geologiska uzbuve ir komplicéta gan vertikala, gan
horizontala griezuma. Kvartara iezu sega sastav no vairaku kontinentilo
apledojumu glacigéniem un glacioakvaliem nogulumiem, ka ari pécleduslaikmeta
nogulumiem, kuru izplatiba ir lokala. Lai gan pétijumu teritorijas atseviskas vietas
pamata ir pamatiezu pacélumi (Aboltins, 1989), tomér to virsmas iegul3anas
dzilums, 90-110 m vjl Augszemes augstiené un 110-120 m vjl Latgales aug-
stiené, ka ari ievérojams kvartara nogulumu segas biezums vidéji 40 lidz 80 m
(Juskevics et al., 2003; Marnieks et al., 2004) nosaka to, ka virsmu veidojosie
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nogulumi, kuros var veidoties un attistities gravu erozijas tikls, galvenokart ir
pleistocéna beigu posma glacigénie, glaciofluvialie un glaciolimniskie nogulumi.
Lidz ar to, gravam iegrauzoties dziluma, nevar tikt sasniegti Amatas un Gaujas
svitas terigénie nogulumiezi, tadéjadi erozijas tikla attistibai nav tik labvéligi
apstakli, kadi vérojami, pieméram, Gaujas senieleja, kur gravas atri iegrauzas
smilSakmenos, kas atrodas zem salidzinosi plana parsedzos$a kvartara iezu slana
(Venska, 1982).

Gada vidéjais nokri$nu daudzums svarstas robezas no 650 lidz 730 mm ar
maksimumu Latgales augstienes DR nogazé, dienu skaits gada ar nokrispiem
100 lidz 120 d a™'. Intensitates vai izkritu$a nokri$nu daudzuma zina ekstremalu
nokri$nu ar augstu erozijas potencialu (> 20 mm d) atkarto$anas biezums ir 10
lidz 12 gadi, tac¢u 5% vai 2% nodros$inajuma lietusgazu laika var izkrist attiecigi
55 lidz 72 mm d! (Spravochnik po klimatu SSSR, 1968; LVGMC, 2009). Nemot
véra, ka nokriSpu daudzuma sadalijuma zina maksimumi attiecas uz jiliju
un augustu, kad raksturigas islaicigas, bet intensivas lietusgazes, jasecina, ka
pétijumu teritorijas ietvaros pastav nepiecieSamie klimatiskie prieks$noteikumi
linearas erozijas procesu norisei, taja skaita gravu attistibai.

oy
alulgisitilenie]

Daugavas .

senieleja ﬁ";‘s“;‘;m Vi

Il 100-125

B 125-150

B 150-175

I 175-200

[ 200-225
225-250

sokm | 250-275

I >275

1. attéls. Pétijumu teritorijas novietojums (A) un digitalais zemes virsmas modelis
(B). Virsmas modela izveidei izmantots SIA ,,Envirotech” geodatubazes ,,GIS
Latvija” izoliniju (griezuma augstums 25 m) tematiskais slanis.
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Tadeéjadi geomorfologisko faktoru (nogazu forma, slipums un garums),
geologiskas uzbuves (viegli erodéjami ledaja vai ledajku$anas tdenu augs-
pleistocéna nogulumi) un klimatisko faktoru (nokri$nu daudzums un intensitate,
sniega kusSanas intensitate u.c.) summa ir radijusi atbilsto$u fiziogeografisko
vidi gravu erozijas procesu norisei pétijumu teritorija. Ta ka dienvidaustrumu
Latvija vienkopus ir geografiski lokalizéti genézes un morfologijas zina atskirigi
reljefa lielformu un vidéjformu kompleksi, kuros dabisku un antropogéno
faktoru mijiedarbibas ietekmé daudzviet izveidojusas gravas, ta ir viena no
piemérotakajam teritorijam minéto pétjjumu veiksanai Latvija un, iesp&jams,
arl Baltijas valstis. Jaatzimé ari, ka saskana ar esoSajiem pétjjumiem par
deglaciacijas gaitu Latvija (Zel¢s and Markots, 2004), tiesi masu valsts DA dalas
augstienes bija tas teritorijas, kuras pleistocéna beigu posma visagrak kluva
brivas no Vislas apledojuma periferialas segas apméram 14-12 ka BP (Lundqvist
and Saarnisto, 1995), tadéjadi tas visilgak ir atradusas subaeralos apstaklos un
to reljefs atspogulo leduslaikmeta beigu posma un holocéna notikuso erozijas
procesu senakas iezimes.
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2. Materiali un metodes

Disertacija izklastitie rezultati balstas uz originaliem datiem, kas tika iegiti,
organizéjot vairak neka 140 ekspedicijas un veicot pétijjumus laika posma no
1996. gada lidz 2009. gadam. Veicot nospraustos uzdevumus, datu ieguvei un
to analizei tika izmantotas dazadas metodes un pétjjumu tehnikas. Kopuma
kompleksais pétijumu metozu pielietojums lava kvalitativi un kvantitativi
raksturot gravu morfologiju un noskaidrot to veidosands un geografiska
izvietojuma likumsakaribas izvélétaja pétijumu teritorija, un tadéjadi papildinat
gan Latvijas, gan citu valstu zinatnieku veikumu par gravu erozijas veidoto
reljefu Baltijas valstis, Eiropa un pasauleé.

Geologiskas informacijas apkopo$ana un analize tika veikta, izmantojot
ekspediciju atskaites, geologiskas un inZzeniergeologiskas kartes, kuras atrodas
Valsts geologijas fonda dala, Latvijas Vides, geologijas un meteorologijas centra.
Klimatisko faktoru nozimes noskaidro$anai tika veikta pétijumu teritoriju
raksturojo$o klimatisko datu analize, izmantojot publicétas atmosféras nokrisnu
daudzgadigo vidéjo ikménesa un gada datu rindas (Spravochnik po klimatu, 1968;
LVGMC, 2009) 28 novérojumu punktiem, kuri izvietoti pétijumu teritorija vai
tiesa tas tuvuma. Klimatisko datu apkopo$anai izvéléto punktu geografiska
sadalijuma pétjjumu teritorija normalitate tika noveértéta ar geotelpiskas analizes
metodém (Mitchell, 1999; de Smith et al., 2007). Atlasitie dati tika apkopoti
MS Excel datu bazé ,GRAVAS_METEODATI” un tika izmantoti nokri$nu
erozivitates raksturlielumu - Furnjé indeksa FI (Fournier, 1960), modificéta
Furnjé indeksa MFI (Arnoldus, 1977) un nokri$nu koncentracijas indeksa PCI
(Oliver, 1980) noteiksanai.

Liela méroga kartografiskais materials, t.i., bijjusas PSRS Armijas General-
$taba topografiskas kartes M 1 : 10 000 un M 1 : 25 000 tika izmantotas, lai
1) saskana ar horizontalu ziméjuma interpretacijas metodi (Strahler, 1957 un
Morisawa, 1957 modificéts péc Bauer, 1980) identificétu gravu erozijas reljefa
formas pétijumu teritorija; 2) noskaidrotu atseviskus gravu morfometriskos
parametrus; 3) novértétu gravu tikla attistibas gaitu un dinamiku laiktelpiska
griezuma.

Lauka ekspedicijas in situ tika veikta detalizétiem pétijumiem izvéléto gravu
apseko$ana un izpéte. Gravu morfometrisko parametru, t.i., gravu platuma
GW, (m), gultnes platuma GW,, dziluma GD, un nogazu slipuma a° mérijumi,
ka ari gravu $kérsprofilu un garenprofilu uzmeérisana tika veikta saskana ar
standartmetodém geomorfologija (Young et al., 1974; Goudie et al., 1998).

Gravu izneses konusos eso$o proluvialo nogulumu granulometriska sa-
stava analize tika veikta standartizétas proceduras gaita (Goudie et al., 1998)
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un iegatie dati tika statistiski analizéti saskana ar fluvialo nogulumu granulo-
metriskaja analizé plasi izmantojamam metodém (Folk and Ward, 1957; Kondolf
et al., 2003).

Paraugi palinologiskajam analizém tika ievakti saskana ar standartizétam
prasibam (Moore et al., 1991), sporu—puteksnu sastavs tika noteikts LU GZZF
Kvartarvides laboratorija. Zem proluvialajiem nogulumiem apraktas koksnes *C
datésana tika veikta Radiooglekla laboratorija Erlangenas Universitaté, Vacija ar
akseleracijas masu spektrometrijas (angl. accelerator mass spectrometry jeb AMS)
metodi. Sanemtie dati par paraugu absolito vecumu, tika korigéti péc §"°C pie
25%o, un kalibréti ar Calib 5.0 datorprogrammu (Stuiver and Reimer, 1993),
lai veiktu parrékinu uz kalendarajiem gadiem un noteiktu apraktas koksnes
vecumu. Relativi nesen aprimusu gravu un nogazu procesu aktivizé$anas pe-
riodu datésanai tika izmantotas dendrogeomorfologijas metodes (Alestalo, 1971;
Vandekerckhove et al., 2001).

Pétijumos plasi tika izmantotas geomatikas metodes, kas ietvéra globalas
pozicioné$anas sistémas (GPS) iekartu, lazernivelésanas iekartu un geografiskas
informacijas sistému (GIS) programmataras izmanto$anu. Geotelpiskas analizes
veiks$anai tika izmantots ESRI ArcGIS 9.3 datorprogrammas komplekss.
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3. Rezultati un interpretacija

Disertacija ietvertie rezultati atspogulo gravu erozijas reljefa geologisko un
geomorfologisko lauka pétfjumu datus un kamerali veiktas GIS geotelpiskas un
statistiskas analizes datus, uz kuru pamata ir noskaidrotas gravu veidos$anas, at-
tistibas un erozijas tikla telpiska izvietojuma likumsakaribas dienvidaustrumu
Latvija. Kopuma pétijumu rezultati lauj izveidot linearas erozijas formu klasifi-
kaciju un izdalit dienvidaustrumu Latvija se$us gravu morfogenétiskos tipus.

Gravu tikla apveidu detalizétu pétjjumu rezultati raksturo linearas erozijas
formu geografiska izkartojuma ipatnibas trijas izvélétas etalonteritorijas: plato-
veida pauguru izplatibas apgabala Latgales augstienes ziemelu dala, upju ieleju
un ielejveida pazeminajumu nogazés dienvidaustrumu Latvija un subglacialajas
iegultnés Latgales augstiené un Augs$zemes augstiené.

Pétijjumos iegutie rezultati par proluvialo nogulumu biezumu un to uz-
krasanas atrumu, ka ari sporu-puteksnu analizes, organiska materiala datéjumi
ar radioaktiva oglekla metodi un gravu veidosanas paleohidrologisko apstaklu
modelésana liecina par gravu tikla lielako elementu veido$anos dabisko faktoru
ietekmé, pirms lidumu zemkopibas un intensivas antropogénas ietekmes
perioda.

3.1. Gravu klasifikacija un morfologija

Latvija lidz $im nav veikta gravu ka reljefa formu sistematizacija un nav
izstradata to tipologija, lidz ar to visas gravas ir ierindotas fluvialas reljefa grupas
islaicigo Gidens straumju veidota reljefa apaksgrupa (Zelcs, 1997). Tomér, nemot
véra, ka gravu erozijas tiklu veido dazada lieluma un aréja apveida, atskiriga
vecuma un genézes linearas erozijas veidojumi, disertacija tika veikta gravu
morfogenétiska sistematizacija péc vairakiem kritérijiem, t.i., péc morfologiskam
(morfometriskam un morfografiskam) pazimém, vecuma un izcel$anas. Atbilstosi
gravu novietojumam attieciba pret mezoreljefa formam, gravu morfologijai,
to genézes ipatnibam un attistibas stadijas iezimém, dienvidaustrumu Latvija
pétijumu gaita apsekotas gravas tika iedalitas sekojosos morfogenétiskajos tipos:
tipiskas gravas, nogazu gravas, gravveida ielejas, karengravas, avotcirku gravas
un efeméras gravas.

Tipiskas gravas. Tipiskam gravam kopiga morfologiska iezime ir to gultnes
novietojums attieciba pret nogazi, uz kuras gravas ir veidojusas. Respektivi,
tipisko gravu augsteces, regresivas erozijas procesa gaita pagarinoties pa nogazi
uz augsu, ir talu iesniegu$as nogazei piegulosaja teritorija. Tadéjadi masdienas
tipiskam gravam lielaka dala no to gultnu garuma (>50% no L ) atrodas arpus
nogazes un tam ir morfologiski labi izteikti pastavigi adensguves baseini, kas



15

drené hipsometriski augstak novietotas teritorijas. Tas lauj §is gravas ierindot
hidrologiski saistito formu grupa (angl. continuous gullies). S1 morfogenétiska
tipa gravam raksturiga hidrologiska saistiba nodrosinajusi nokri$nu un sniega
kus$anas Gidenu koncentré$anos gravu gultnés un ilgstosu erozijas procesu norisi,
ka rezultata gravas ir ieguvusas ievérojamu dzilumu, kas parasti parsniedz 10 m,
un vairakus simtus metru vai pat dazu kilometru garumu. Disertacija izklastito
pétijumu gaita noskaidrots, ka $§1 morfogenétiska tipa gravas ir visbiezak sasto-
pamais gravu veids dienvidaustrumu Latvija.

Lai gan visam tipiskam gravam ir raksturigs ievérojams dzilums, platums
un garums, ka ari gultnes lielakas dalas novietojums arpus nogazém, uz kuram
gravas ir veidojusas, tomeér, vadoties no gravu skérsprofila formas un gravu
attistibas stadijas morfologiskam iezimém, $aja tipa var sikak izdalit U-veida
vai trapecveida tipiskas gravas jeb sengravas un vecgravas (2. att. A), U+v veida
tipiskas gravas jeb saliktas genézes tipiskas gravas (2. att. B) un V-veida tipiskas
gravas (2. att. C).

250"

1 1 1
1
0 10 20 30 40 50m 0 10 20 30m

2. attels. Tipisku gravu $kérsprofili: U-veida tipiskas gravas jeb sengravas $kérsprofils
(A), U+v veida tipiskas gravas jeb saliktas genézes tipiskas gravas $kérsprofils (B) un
V-veida tipiskas gravas skérsprofils (C).

LS = kreisa nogaze; RS = laba nogaze; FB = iepriekséjais gultnes limenis;

a_ = uzmeérita $kérsprofila maksimalais nogazes slipums

U-veida tipiskas gravas pétijumos tika konstatétas gan Latgales augstiené,
gan Augszemes augstiené, tomér morfologiski izteiksmigakas un izméru zina
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iespaidigakas §i tipa formas ir lokalizétas Daugavas senieleja. Paleohidrologisko
apstaklu modelésanas un aprékinu rezultati liecina, ka holocéna klimatisko
faktoru ietekmé tada apjoma noteces veido$anas, kas varétu izraisit vairak neka 20
m dzilu un vairak neka 50 m platu gravu veidosanos ir Joti maz ticama. Tadéjadi,
iespéjams, ka garo un dzilo linearas erozijas formu veidosanas saistita ar ledaja
kusanas adenu straumju erodéjoso darbibu leduslaikmeta beigu posma, kad no
augstienu apvidiem péksnu uzpladienu veida uz Daugavas senieleju noplada
lokalu sprostezeru adeni. Attiecigi autors ierosina $adu auggpleistocéna formu
apzimé$anai lietot terminu “sengrava’. At$kiriba no sengravam, tipisku gravu
apzimé$anai to attistibas atmirsanas stadija, kad to gultne ir daléji aizpildita ar
proluvialajiem nogulumiem, $kérsprofils ieguvis trapecveida formu un nogazes
sedz vegetacija, butu jalieto termins ,vecgrava’

U+v veida tipiskas gravas jeb saliktas genézes tipiskas gravas, balstoties
uz tam raksturigo skérsprofila formu (2. att. B), varétu saukt ari par ,,gravam
U-veida gravu gultnés” Saliktas genézes gravas ir lieli linearas erozijas
poligenétiski veidojumi ar komplicétu morfologiju, kur plasa, izstiepta U-veida
pazeminajuma, vecgrava vai sengrava ir izveidojies jaunaks V-veida iegrauzums.
Teraséti, salikti gravu $kérsprofili apliecina klimatisko faktoru un antropogénas
ietekmes izraisitu vairaku erozijas ciklu norisi un jaunaku gravu veido$anos
jau atmiru$as gravas vai izstieptas ieplakas. Pirmaja gadijuma, t.i., klimatisko
faktoru ietekmé, $ada tipa gravu veido$anas ir saistita ar erozijas aktivizaciju
ekstrémos hidrometeorologiskajos apstaklos. Savukart cilvéka ietekme uz tidens
izraisitas erozijas aktivizé$anos Latgales un Aug$zemes augstienés saistama
ar lauksaimniecisko darbibu un galvenokart ar nepardomatiem melioracijas
pasakumiem, kad gravji vai slégtas melioracijas sistémas kolektori tika novaditi
jau atmirusas gravas. Si tipa gravu nogazu slipums o palielinas virziena no
nogazes krotes uz gravas gultni, pie kam gan $kérsprofila uzmérisanas laika, gan
vizuali $adas gravas tika konstatéti lazuma punkti uz nogazém. Autora veiktajos
lauka pétijumos konstatéts, ka augspus $adiem lazuma punktiem slipums ir
robezas no 12° lidz 18°, savukart lejpus tas strauji pieaug un bieZi vien parsniedz
35°. Tas, ka nogazu slipums parsniedz glacigénajiem nogulumiem raksturigo
dabisko nobiru lenki, ir skaidrojams ar mitro nogulumu augstaku kohéziju, ka
ari ar vegetacijas klatbutni gravu nogazeés.

Tre$ais no tipisku gravu veidiem, t.i., V-veida tipiskas gravas, lidzigi ka
sengravas, vecgravas un saliktas genézes gravas, ir lielas, hidrologiski saistitas
erozijas formas, tacu tam ir raksturigi mazaki morfometriskie parametri, neka
pirmajiem diviem veidiem. V-veida gravu garums svarstas 150 lidz 400 m
robezas, tacu, at$kiriba no sengravam un saliktas genézes gravam, tas nesasniedz
1-2 km garumu. Tas ir salidzino$i seklakas (5 lidz 15 m), ar izteiktu V-veida

v

$kérsprofilu (2. att. C), un $§i tipa gravas biezi novérojami gravigénie nogazu
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procesi — noslidenu un nopladenu veidosanas. Sanu erozijas un nogazu procesu
norise izskaidro ari §1 veida gravu nogazu lielo slipumu (a>30-35°), kas parsniedz
dabisko nobiru lenki. Atskiriba no Rietumeiropa aprakstitajam klasiskajam
gravam (Poesen et al., 2003), dienvidaustrumu Latvija V-veida gravas, ar retiem
iznémumiem, ir ar laukakmenu klatam gultném. Sida perluviila materiala
uzkraganas V-veida gravu gultnés izskaidrojama ar erozijas norisi akmenainos
augspleistocéna nogulumos un pelitu un psammitu frakciju izskalosanu, ka
rezultata gravu gultnés uzkrajusies rupjie drupu iezi - laukakmeni, olakmeni
un oli.

Nogazu gravas. Nogazu gravu raksturigd morfologiska pazime ir to
izvietojums attieciba pret nogazém, uz kuram tas ir veidojusas, un So gravu
morfometrija. At$kiriba no tipiskam gravam, nogazu gravas hidrologiski ne-
saista hipsometriski augstak novietoto teritoriju un lokalo erozijas bazes
limeni, tatad tas ir hidrologiski nesaistitas gravas (angl. discontinuous gullies).
Gravu gultne ir lokalizéta tikai uz nogazes, uz kuras ta veidojusies, vai ari tas
augstece $kel nogazes kroti, tacu atskiriba no tipiskajam gravam, tikai mazaka
dala gravas (<25% no L ) izvietojusies arpus nogazes un grava talu neievirzas
nogazei piegulosaja teritorija. Pétijumi parada, ka nogazu gravu garums svarstas
dazu desmitu (30-80 m), retak pirmo simtu (100-150 m) metru robezas un tas
parasti ir seklas (GD < 5 m).

Pétijumu teritorija iegitie rezultati parada, ka nogazu gravu veidoSanas
process var norisinaties gan antropogeéni inducétu, gan ari dabisku mikroreljefa
un augu segas izmainu determinétu noteces vietu pardislokaciju ietekme.
Pirmaja gadijuma tie$i antropogéna reljefa mikroformas, pieméram, arumi,
cela virsmas padzilinadjumi, nodro$ina primaro tdensplismu koncentrésanos
maksligi izveidotos ievalkos un izskalojumvagu attistibas sakumu. Cilvéka
turpmakas saimnieciskas darbibas gaita, galvenokart zemes apstrades cela,
mainot $§adu linearu elementu izvietojumu un orientaciju, tiek novérsta to talaka
attistiba. Tacu esosaja erozijas mikroformu tikla nonakot lielam nokri$nu adens
(ekstrémas lietusgazes gadijuma) vai sniega ku$anas tdenu daudzumam (loti
straujas kuSanas gadijuma, ja saglabajusies bieza sniega sega), tas var izraisit
strauju gravas attistibu uz nogazes.

Neskatoties uz to, ka tipomorfos gadijumos nogazu gravas neilgi péc to iz-
veido$anas aprimst, tomér autora veiktie pétijumi parada, ka atseviskos gadi-
jumos, cilvéka darbibas ietekme, lidz ar nogazu agrotehnisko apstradi vai
koncentréjot noteci melioracijas sistétmu novadgravjos vai kolektoros un ievadot
tos nogazu gravu augstecé, intensificéjas regresiva erozija un nogazu gravu
virsotne ievirzas dzilak nogazei piegulo$aja teritorija. Tadéjadi grava, iegiistot
pastavigu adensguves baseinu, klast par hidrologiski saistitu un sak strauji
attistities, parvérsoties par tipisku gravu.
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Gravveida ielejas. Atseviskas tipiskajas gravas, norisinoties dzilumerozijas
procesam un gravu gultném iegrauzoties augspleistocéna smil$aini gransainajos
glaciofluvialajos (gfQ,) nogulumos, zem kuriem iegulst Gdens mazcaurlaidiga
malaina moréna (gQ,), ir atsegti gruntsidenu horizonti un rezultata gravu
nogazes vai to gultnés izveidojusies gravitarie avoti vai $o avotu grupas. Pazemes
udeni, nonakdami gravas gultné, izveido patstavigu neliela caurpliduma
udensteci — strautu un nodrosina gravas ka hidrografiska tikla aug$éjo posmu
elementa funkcioné$anu ne tikai sniega ku$anas vai nokri$nu izkrisanas laika,
bet visa perioda, kamér gaisa t°>0°C. Lai gan morfologiski $adai erozijas formai
saglabajas tipiskas gravas pazimes, t.i., dziluma, platuma, garuma un baseina
platibas zina tas lidzinas tipiskam V-veida vai U+V-veida gravam, tomér tas
ir ieguvusas jaunu, no tipiskam gravam atskirigu pazimi, proti, to gultnés
izveidojas pastaviga Gidenspliisma. ST pazime ir raksturiga linearas erozijas formu
genétiskas rindas augstakai pakapei - ielejam, tapéc $ada veida linearas erozijas
formas autors piedava saukt par gravveida ielejam. Lai gan fluvialas erozijas
formas no izskalojumvagas lidz gravai un upes ielejai ir genétiski saistitas un
veido nepartrauktu rindu, tomér tie$i pastavigas, nevis periodiskas tidensteces
klatbtitne erozijas forma lauj nodalit gravveida ielejas no tipiskam gravam.

Gravveida ielejam, tapat ka U+V-veida tipiska gravam, attistiba norisinaju-
sies vairakas fazés, kas atspogulojas komplicétos terasétos skérsprofilos, tadéjadi
tas ir uzskatamas par poligenétiskiem veidojumiem.

Gravveida ielejam raksturiga dendritiska apveida veido$anos pétijumu te-
ritorija nosaka teritorijas geologiska uzbuve, tas ir iezu saguluma seciba verti-
kala griezuma. Augspleistocéna sikgraudainu un vidéjgraudainu glaciofluvialo
nogulumu un glacigéno akmenainu smil$ainu malu slanu vai glaciolimnisku
malaino nogulumu slankopu mija, kas ir konstatéta Daugavas senieleja
(Eberhards, 1972a) un daudzas reljefa pozitivajas vidéjformas salveida glacio-
strukturalajas augstienés dienvidaustrumu Latvija (Aboltins, 1989), sekmé
erozivitates pieaugumu un gravu sanu atzaru attistibu, summeéjoties virsmas no-
tecei (dzilumerozijas process) un pazemes notecei (sufozijas process). Autora
veiktie novérojumi norada, ka tiesi sufozijas procesiem (angl. seepage erosion)
varétu but dominéjosa loma gravveida ieleju dendritiskd apveida attistibai.
Proti, gruntsadenu plasmam koncentréjoties atbilstosi iezu tdenscaurlaidibas
izmainam un izplastot gravveida ielejas nogazé, vispirms veidojas sufozijas
ieplaka un attistas nogazu procesi — noplideni un noslideni. Ta rezultata vei-
dojas neliels, 2 lidz 4 m plats avotcirks, kura sufozijas talak norise péc pozi-
tivas atgriezeniskas saites mehanisma pastiprina gruntsidenu piepladi un
koncentrésanos, un nodros$ina iegrauzuma pagarinasanos regresivas erozijas
cela. Sanu atzaru attistiba aprimst, kad virszemes un pazemes summara notece
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nenodrosina erozijas norisei nepiecieSamo tdens apjomu, jo notiek ta sadali$ana
starp gravveida ieleju veidojosa erozijas tikla elementiem.

Karengravas. Terminu ,karengrava” latviski pirmais lietoja G. Eberhards
(1991), raksturodams dabas parka “Daugavas loki” eso$as gravu erozijas veidotas
formas ar Ipatnéju morfologiju un novietojumu ielejas nogazés. Morfologiski
tas ir lidzigas atmiru$am gravam, tacu tam nav relikto izneses konusu, turklat
tam nav ari lejteces dalas, kura ir noskelta upes sanu erozijas gaita. Karengravas
sakusas veidoties ka tipiska morfogenétiska veida gravas laika, kad Daugavas
paliene jeb paleogeografiskais erozijas bazes vietéjais limenis bija augstaks un
atbilda musdienu 2. virspalu terases virsmas limenim. Saskana ar G. Eberharda
veiktajiem pétijumiem par Daugavas ielejas attistibas secibu (Eberhards, 1972a),
upes uztverosd Gailu paleobaseina tideniem strauji noplistot, isa laika perioda
norisinajas Daugavas gultnes iegrausanas dziluma, ka rezultata pazeminajas gravu
lokalas erozijas bazes. Daugavas dzilumerozijas procesa bijusi paliene, uz kuras
virsmas taja laika atradas gravu reliktie izneses konusi, parveidojas par virspalu
terasi. Gravas lidz tam jau bija izgajusas pilnu attistibas ciklu, t.i., sasniegusas
vecgravas stadiju un tajas péc erozijas bazes pazeminasanas neatjaunojas erozijas
procesi. Daugavas turpmakas sanu erozijas un meandréSanas gaita, vecgravu
lejteces dalas kopa ar virspalu terases fragmentiem tika noskalotas, un izveidojas
karengravas. Upes dzilumerozijas gaita veidojoties zemak novietotai virspalu
terasei, karengravas iegtist masdienu izskatu.

Nemot véra, ka iespéjamais karengravu veido$anas laiks, t.i., 3 000 lidz 7 000
gadi tika atvasinats no datiem par Daugavas ielejas virspalu terasu attistibas
vecumu (Eberhards un Saltupe, 2000: Ri-320 un Ri-323), bija nepiecieSams iegiit
$o formu vecuma apstiprinajumu ari no citiem avotiem, un tas tika iegats no
karengravu gultnés akumuléta materiala sporu-puteksnu analizém. Proluvialo
nogulumu monolitu sporu-puteksnu analizes, kas veiktas Latvijas Universitates
Kvartarvides laboratorija, parada, ka putek$nu spektri iegitajas diagrammas
kopuma atspogulo subatlantiskajam laikam raksturigu vegetaciju. Tadéjadi
palinologiskas analizes rezultati ir pretruna ar pienémumu par karengravu vei-
dosanas vecumu, kas ekstrapoléts no datiem par virspalu terasu genézes datiem.
Tas ir skaidrojams ar to, ka (1) notikusi sporu-putek$nu materiala sekundara
pargulsnésana prolavija uzkrasanas gaita un (2) karengravu gultnés akumulétie
nogulumi raksturo tikai pa$u jaunako akumulacijas ciklu, nevis karengravu
izveido$anas vecumu.

Avotcirku gravas. So gravu morfogenétisko tipu parstav isas, saliktas
genézes, t.i., nogazu procesu un erozijas veidotas formas, kuras izveidojusas
negativo reljefa formu, pieméram, dzilo upju ieleju un subglacialo iegultnu
stavas nogazés. Pétijjumu teritorijas ietvaros $ada morfogenétiska tipa gravas
visvairak tika konstatétas Daugavas senlejas posma starp Kraslavu un Naujeni,
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ka ari atseviskas subglacialajas iegultnés, pieméram, Silovkas ezera un Subates
subglacialajas gultnés, ta¢u kopuma avotcirku gravas ir relativi reti sastopamas.

Avotcirku gravam tipomorfos gadijumos augsteces dala ir pudeles kakla for-
mas paplasinajums, kur$ savienojas ar piltuvveida vai amfiteatra veida pusloka
izliektu iegrauzumu, savukart lejteces dala tam ir V-veida Skérsprofils. Daudzi
avoti vai avotu grupas izplast noslidena cirka sienas un apakséja dala un parasti
veido avotcirku gravas gultné nelielus, patstavigus strautinus. Neskatoties uz
pastavigu uadensplasmu klatbatni gultnés un erodéta materiala transportu
no augtaka hipsometriska limena uz Daugavas palieni, avotcirku gravam nav
izteiktu izneses konusu, jo tie regulari tiek noskaloti pavasara palu laika.

Vadoties no gravas ievalka novietojuma attieciba pret reljefa elementiem,
§1 tipa gravam jaatzimé divas nozimigakas morfologiskas ipatnibas, kuras nav
raksturigas citiem gravu morfogenétiskajiem tipiem: avotcirku gravas augstece
neskel vai tikai nedaudz $ke] pamatkrasta kroti un drené Joti nelielu nogazei
piegulosas teritorijas dalu. Nemot véra $o linearo erozijas formu morfometriju,
tas var tikt salidzinatas ar efemeérajam gravam. Tomér no nosauktajam tas
atSkiras ar kaplainu garenprofilu, kas galvenokart atkarto nogazes profilu un
augstam garenkrituma vértibam, kuras var parsniegt 0,4 m m.

Lai noskaidrotu, cik liela méra $1 morfogenétiska tipa gravu evolaciju nosaka
citam erozijas formam raksturiga virszemes noteces koncentrésanas, pétijumos
iegntie dati tika salidzinati ar literatdara publicéto informaciju par eroziju
determinéjoso geomorfologisko faktoru sliek$nvértibam (angl. geomorphological
thresholds). Sim mérkim tika izmantota zinatnieku empiriski noteikta saistiba
S, = aA" (Vandaele et al., 1996) starp sateces baseina platibu (A) un kritisko
nogazes garuma S_ vértibu, kas ir pietiekama, lai saktos gravas attistiba.

Logaritmiskaja méroga analizéjot aprékinatas platibas avotcirku gravu
dalbaseiniem A (ha), kurus drené gravu augsteces, un salidzinot rezultatus ar
citu zinatnieku empiriski iegaitiem rezultatiem (Montgomery and Dietrich, 1988;
Dietrich et al., 1992; Prosser and Abernethy, 1996), tika secinats, ka avotcirku
gravas S_ vs A raksturojosas vértibas ir mazakas par kritiskajam sliekSnvértibam.
Respektivi, pie $adam gravu augstecei piegulosas teritorijas krituma vértibam
S_, virszemes notece, kas tiek koncentréta gravu augsteces dalbaseinos A, nevar
izraisit gravu attistibu. Savukart salidzinot avotcirku gravas S_vs A raksturojosas
vértibas ar publicétajiem datiem par kritiskajam sliekspvértibam (Samani et
al., 2009), pie kuram sakas sufozijas un noslidenu izraisita gravu attistiba, tika
novérota augsta sakritiba, kas apstiprinaja pienémumu par nogazu procesu un
sufozijas nozimi $o gravu attistiba.

Nemot véra, ka visos autora pétitajos avotcirkos aug koki, bija iespéjams
gut ieskatu avotcirku gravu attistibas vésturé, izmantojot dendrogeomorfologijas
metodes, proti, veikt koku stumbru gadskartu skaita un to pieauguma rakstura
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analizi, lai noteiktu geomorfologisko procesu ietekmi uz koku aug$anu un
tadéjadi interpretétu $o procesu norises dinamiku. Pétijumos iegutie rezultati
norada, ka avotcirku stabilizacijas sakums Daugavas senieleja saistams ar
20. gadsimta 30. gadiem, kad péc intensivu krastu izskalosanu izraisosiem paliem
1931. gada (GRDC, 2008) Daugava ir sacies relativi mierigaka hidrologiska
rezima laika posms. Atziméjams, ka $o formu aizaug$ana pédéjas desmitgadés un
vegetacijas segas veido$anas liecina par raksturigam vides izmainam - Daugava
vairs nenorisinas intensivi pali, kuru Joti augsta Gdens limena apstaklos ledus
gabaliem un spécigai straumei regulari izardot krauju nogazu apakséjo dalu,
ieprieks atjaunojas intensivi nogazu procesi un tika iznicinata augu sega.

Efemeéras gravas. Efeméras gravas veidojas saimnieciski izmantojamas
zemes platibas virsmas notecei koncentréjoties izstieptas, lejup pa nogazi vérstas
drenazas ieplakas un mikroreljefa pazeminajumos, un, neskatoties uz to, ka
sadi iegrauzumi parasti tiek aizpildit zemes apstrades gaita, tie attistas gandriz
taja pasa vieta katru reizi, kad intensivas sniega kusanas vai lietusgazes ietekmé
atjaunojas koncentréta virsmas notece.

Ta ka Latvija lidz $im nebija veikta efeméro gravu izpéte, disertacija
izklastito pétijumu meérkis bija in situ iegat datus par §i veida linearo erozijas
formu morfologiju un noskaidrot to veidosanos ietekméjosos faktorus. Saskana
ar autora novérojumiem $is reljefa formas ari dienvidaustrumu Latvija veidojas
biezi, tatu nemot véra to pastavéSanas islaicigo raksturu, fiksét pasas reljefa
formas un novérot to attistibu izdodas salidzinosi reti. Pétijumos konstatéto
efeméro gravu max. dzilums ir no 0,25 lidz 0,8 m, max. platums — no 0,8 lidz
2,3 m, tam, lidzigi ka Rietumeiropa aprakstitajam (Casali et al., 2006), ir izteikts
kastes veida $kérsprofils ar subvertikalam nogazém un plakanu gultni. Fiksgjot
efeméro gravu veido$anas aptuveno laiku un veicot ieguto datu analizi sezonala
griezuma, var secinat, ka atSkiriba no Rietumeiropas, kur efeméro gravu
veido$anos nosaka galvenokart intensivi nokri$ni un tiem sekojosas virsmas
noteces veido$anas (Vandaele et al., 1996), dienvidaustrumu Latvija So formu
attistiba norisinas gan vasara péc stipram lietusgazém, gan ari ilgstosu atkusnu
laika ziema un sniega kusanas laika pavasari.

Efeméro gravu veidosanas, tapat ka citi stritklveida erozijas veidi, ir dabisks
process, tacu $o formu intensiva attistiba saistita ar tadiem cilvéka darbibas
veidiem ka nogazu tehnogéna parveidoSana, vegetacijas segas iznicinasana
un zemes lauksaimnieciska apstrade. Nemot véra, ka efeméro gravu gultnes
maksliga cela tiek aizpilditas ar materialu un tas periodiski tiek izskalots un
parnests uz hipsometriski zemaku limeni katru reizi, kad erozija atjaunojas taja
pasa vieta, efeméras gravas ir uzskatamas par butisku antropogéni inducéta
denudacijas procesa sastavdalu dienvidaustrumu Latvija.
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Klimata mainibas konteksta efeméro gravu veido$anas pétijumu teritorija
raksturigas negativas gaisa temperatiiras ietekmé augsnes un cilmiezu virséjai
kartai batu jabtt sasalusai un virszemes notecei nevajadzétu veidoties, jo nokrisni
izkrit un tiek akumuléti sniega veida. Pieaugot bezsala perioda ilgumam, var
veidoties labveéligi apstakli erozijas procesu norisei ziema un agra pavasari,
turklat stritklveida eroziju veicina ari tas, ka apstradatajos tirumos vél nav
izveidojusies vegetacijas sega, kura paaugstina augsnes noturibu pret eroziju.

3.2. Gravu geotelpiska izvietojuma ipatnibas

Gravas un nelielas pastavigas tidensteces ir hidrografiska tikla sazarotaka
un skaitliski plasaka dala (Horton, 1945), kura ne tikai parada sateces baseina
musdienu struktaru, bet ari lauj izvértét erozijas tikla iespéjamo paleogeografisko
attistibu pagatné un prognozét ta attistibu nakotné (Jarvis, 1977; Knighton,
1998). Vienlaicigi hidrografiska tikla geotelpiskais izvietojums atspogulo baseina
geologiskas uzbuves un reljefa morfologijas ietekmi uz adens erozijas procesu
norisi un fluvialo reljefa formu attistibu. Likumsakarigi, ka erozijas tikla augséjo
posmu, ti, gravu udensguves teritoriju virsmas litologija, formveidojoso
nogulumu kompleksa vertikala saguluma un geografiskas izplatibas ipatnibas,
ka ari reljefa vidéjformu determinétie geomorfologiskie faktori nosaka gravu
erozijas veidota tikla apveidu (angl. erosion network pattern) un izvietojuma
raksturu. Tapéc disertacija tika veikta gravu izvietojuma geotelpiska analize ar
meérki noskaidrot erozijas tikla apveida un ta geografiska izvietojuma kvantitativo
raksturlielumu, t.i., gravu erozijas tikla blivuma (angl. gully network density) un
biezibas (angl. gully network frequency) lokalas atskiribas saistiba ar konkrétu
teritoriju geologisko uzbuavi un reljefa morfologiju.

Vadoties no gravu tikla geotelpiska izvietojuma Ipatnibam, kuras tika
noteiktas pétijumos veiktas topografisko karsu analizes gaita, pétijumu teritorija
dienvidaustrumu Latvija tika izdalitas sekojo$as atskirigas gravu erozijas tikla
etalonteritorijas: platoveida pauguru izplatibas apgabals Latgales augstienes
ziemelu dal3, upju ieleju un ielejveida pazeminajumu nogazes dienvidaustrumu
Latvija, subglacialas iegultnes Latgales augstiené un Aug$zemes augstiené.
Nosauktajas etalonteritorijas gravas ka reljefa formas ir pladi sastopamas un
vietam veido loti blivu erozijas tiklu, savukart lielpauguru un paugurmasivu
izplatibas apgabalos Latgales un Augs$zemes augstienu centralajos rajonos, ka ari
uz $o augstienu ledus kontakta nogazém gravas izplatitas sporadiski.

Gravas platoveida pauguru izplatibas apgabala Latgales augstienes
ziemelu dala. Disertacija ka pétijumu etalonteritorija tika izvéléts apgabals
Burzavas paugurainé, uz ziemeliem no Rézeknes, kur raksturigi platoveida
pauguri ar virsmas platibu 0,8-2,2 km?® Plana skatijuma to forma galvenokart ir
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neregulara vai garuma izstiepta, retak ieapala vai izometriska. No etalonteritorija
esosajiem 46 platoveida pauguriem kartografiskas analizes gaita uz 44 §i veida
vidéjformu nogazém tika identificétas gravas. Kopuma Burzavas pauguraines
platoveida pauguru izplatibas apvida tika konstatétas 277 gravas, kuras, atbilstosi
to morfologijai un novietojumam attieciba pret platoveida pauguru nogazém, var
ierindot tipisko gravu, nogazu gravu vai gravveida ieleju morfogenétiskajos tipos.

Burzavas pauguraines platoveida pauguru etalonteritorija eso$o gravu izvie-
tojuma pétjjumi norada, ka platoveida pauguru nogazu saposmojumu pamata
nosaka isas, lidz 200 m garas nesazarotas 1. pakapes, retak vaji zarotas 2. paka-
pes nogazu gravas. Garakas tipiskas gravas sastopamas daudz retak. Platoveida
pauguru nogazeés, spriezot péc morfologiskajam pazimém, nav veidojusas avot-
cirku gravas.

Disertacija veikta gravu tikla biezibas un izvietojuma analize parada, ka li-
nearas erozijas formu skaitu limité platoveida pauguru izlidzinatas virsmas pla-
tiba un tas determinétie lokalie noteces veidosanas apstakli. Proti, ievérojams
gravu skaits (> 10 gravam), un gravu erozijas procesa stipri saposmotas noga-
zes konstatétas platoveida pauguriem, kuru virsmas laukums parsniedz 0,8 lidz
1 km?,

Aprékinu rezultati parada, ka platoveida pauguru etalonteritorija pie li-
teratira noradita 2% nodro$inajuma ekstremalu lietusgazu nokrisnu daudzuma,
teorétiski aprekinatas gravu attistibai pietieckamo sateces baseinu platibas ir no
3,3 lidz 2,8 ha, savukart pie daudzgadigas vidéjas lietus intensitates no 0,1 lidz
0,2 mm h' gravas var sakt veidoties, ja to baseini parsniedz 100 ha. Salidzinot
teorétisko aprékinu datus ar geotelpiskas analizes gaita ar GIS rikiem iegiitajam
gravu sateces baseinu vértibam, var secinat, ka Burzavas pauguraines platoveida
pauguru etalonteritorija eso$o gravu baseinos klimatiskajai normai atbilstosu
nokri$nu izkrisanas gadijuma neveidojas notece, kura varétu izraisit linearo
eroziju. Savukart ekstrému meteorologisko procesu ietekme, it seviski zema
nodrodinadjuma un augstas intensitates lietusgazu izkriSanas laika, pateicoties
etalonteritorija eso$o platoveida pauguru virmu veidojoso glaciolimnisko
nogulumu zemajam infiltracijas vértibam no 1 lidz 5 mm h", pat relativi nelieli
0,8 lidz 1 ha sateces baseini nodrosina adensplasmu veido$anos, kuru kinétiska
energija ir pietiekama, lai attistitos gravas.

No geomorfologiskajiem gravu veidosanos ietekméjosajiem faktoriem jamin
etalonteritorijas platoveida pauguru relativa augstuma determinétas vietéjas
erozijas bazes, kas vidéji ir robezas no 15 lidz 35 m. Svarigs ir ari nogazu lielais
slipums (krituma lenkis 20°-35°) un nogazu profils ar izteiktu lazuma punktu
virsotnes dalas 1ézenas virsmas un platoveida pauguru nogazes kontakta zona.
Strauj$ krituma pieaugums, tdensplasmam skérsojot kroti, nodros$ina to atruma,
kinétiskas energijas un, attiecigi, erozivitates pieaugumu, savukart geologiskas
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uzbuves ipatnibas, t.i., ddensmazcaurlaidigu iezu klatbutne - apgratina infil-
traciju un veicina tdensplismu virzisanos un koncentré$anos nogazu mikro-
reljefa padzilinajumos, un tadéjadi - linearas erozijas procesa norisi.

Pétijumu rezultati parada, ka platoveida pauguru ieapala vai izometriska
forma plana skatljuma, ka arl radidlo nogazu dominance etalonteritorija,
noteikusi erozijas tikla apveida jeb geotelpiska izkartojuma iIpatnibu, kura
nav raksturiga citam pétijjumu etalonteritorijam. Proti, vizualizéjot gravu
tikla izkartojumu ar GIS rikiem un turpmakas analizes gaita salidzinot to ar
hidrografiska tikla tipveida zimé&umiem (Morisawa, 1985), tika konstatéts, ka
erozijas tikla apveids atbilst radidlajam (angl. radial) tipam.

Gravas upju ieleju un ielejveida pazeminajumu nogazes dienvidaustrumu
Latvija. Literattra atziméts (Poesen et al, 2003; Kovalyev et al., 2006), ka
tiesi Gdenstecu veidotais ieleju tikls, kur$ liela méra nosaka vai pastiprina
reljefa lielformu un vidéjformu saposmojumu, rada gravu attistibai labveligus
priek$noteikumus, respektivi, palielina vietéjo erozijas bazu dzilumus un veido
joslotas, slipas nogazes ielejas. Tapéc likumsakarigi, ka pie salidzinodi augsta
upju tikla blivuma pétitaja teritorija gravu erozijas process un ta veidotas erozijas
formas geografiski ir saistitas tiesi ar augstakas pakapes fluvialas cilmes reljefa
veidojumiem - upju ielejam un ielejveida pazeminajumiem.

Nemot véra $o reljefa veidojumu atskirigo morfologiju, galvenokart to dzi-
lumu, promocijas darba izstradi uzsakot, tika pienemts, ka pétjjumu teritorija
erozijas procesu attistiba un attiecigi gravu veido$anas visspilgtak izpaudisies
Daugavas senieleja, upes tecéjuma posma no Kraslavas lidz Naujenei. Savukart
ielejveida pazeminajumos ar mazaku dzilumu un daudzajas holocéna upju
ielejas, gravu erozijas saposmojums tika prognozéts ka vajak izteikts. Pétjjuma
veikta kartografiska analize, ar meérki noteikt reprezentativus gravu erozijas
tikla izplatibas arealus, apstiprinaja $o piepémumu un lava izraudzit ka galveno
etalonteritoriju gravu pétijjumiem upju ielejas Daugavas senieleju.

Daugavas senielejas Kraslavas-Naujenes posma gravu erozijas tikla telpiskas
analizes rezultati parada, ka taja atrodas vairak neka 350 gravas, kas veido
komplicétu, sazarotu erozijas tiklu. Salidzinot ta apveidu ar hidrografiska tikla
tipveida ziméjumiem, tika konstatéts, ka gravu telpiskais izkartojums atbilst
dendritiskajam tipam.

Pétijumi liecina, ka Daugavas senielejas etalonteritorija ir vieniga, kur sa-
stopamas visu autora aprakstito morfogenétisko tipu gravas. Atskiriba no
platoveida paguru etalonteritorijas, Daugavas senieleja skaitliska zina dominéjosas
ir tipiskas gravas, nogazu gravas veido nedaudz vairak par 1/4 no gravu skaita
senieleja. Senielejas nogazu komplicéta geologiska uzbuve vertikala griezuma,
respektivi, augspleistocéna tidensmazcaurlaidigu smil$aina mala morénas (gQ,)
vai bezakmens mala (glQ,), glaciofluvialo (gfQ,) smil$aino nogulumu veidotu
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tdens neséjslanu un mija, ka ari tas, ka liela dziluma dé| senieleja ir regionala pa-
zemes Gdenu atslodzes zona, nosaka etalonteritorijas hidrogeologiskos apstaklus
un ievérojama skaita avotu izpli$anu senielejas nogazés un Daugavas gultné. So
faktoru ietekmé Daugavas senieleja ir izveidojusas daudzas avotcirku gravas un
gravveida ielejas. Savukart senielejas paleogeografiskas attistibas gaita noteikusi
ipatnéju karengravu izveidosanos.

Veicot gravu skaita un to zaro$anas pakapes vértibu statistisko analizi,
tika noskaidrots, ka $os lielumus saista cieSa negativa korelacija (r = —-0,909;
p < 0,01 pie n = 351). Tapéc pétijjumos gravam tika piemérota R. Hortona
aprakstita (1945) upju erozijas tikla elementu skaita un zaro$anas pakapes
likumsakariba jeb ta saucamais ,iidenstec¢u skaita likums”, kuru vispariga veida
apraksta vienadojums (Horton, 1945):

N =a-exp®" (1)

kur N - Gdenstecu skaits ar zaro$anas pakapi u;

u — zaro$anas pakape;

a - empirisks koeficients, kas ir robezas no 600 lidz 700 (Knighton, 1998);

b - eksponenta, kas raksturo hidrografiska tikla elementu zaro$anos un
kuru savukart nosaka péc formulas (Horton, 1945):

Nu—l
b=InR, = ln—N (2)

u

kur R, ~hidrografiska tikla elementu zaro$anas koeficients ar vértibu
robezas no 3 lidz 5 (Smart, 1972);

N_, - tudenstecu skaits ar zemaku par vienu vienibu zaroSanas pakapi.

Izmantojot formulas (1.) un (2.), ka ari pétijumos iegtitos GIS analizes datus
par gravu skaitu N, ar dazadu zarosanas pakapi u un empiriski aprékinato R,
vértibu 3,12, tika izskaitloti koeficienta a skaitliskie lielumi un puslogaritmiska
meéroga tika konstruéta empiriska likne, kas raksturo gravu erozijas tikla elementu
skaita un to zaro$anas pakapes attiecibas likumsakaribu (3. att.). Empiriski iegata
likne kopuma labi apraksta Daugavas senielejas dazadas zaro$anas pakapes
gravu skaita reala sadalijuma punktu kopu (R?=0,9799), tomér, salidzinajuma
ar literatara publicétu (Knighton, 1998) pastavigo Gdenstecu skaita—zaro$anas
pakapes attiecibu aprakstoso ,klasisko” teorétisko likni, empiriska likne uzrada
relativi mazaku N~ samazina$anas tendenci zarofanas pakapei u pieaugot
(3. att.).
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3. attéls. Korelacija starp gravu skaitu (n = 351) un to zaro$anas pakapi Daugavas
ielejas posma no Kraslavas lidz Naujenei.
u = gravu zaro$anas pakape; Ngr(u) = gravu skaits ar zaro$anas pakapi u; 1 = Daugavas
senielejas gravu N, vs u attiecibu raksturojosas veértibas; 2 = N, un u attiecibas

likumsakaribu aprakstosa empiriska likne Daugavas senielejai; 3 = Gdenstecu skaita un
to zaro$anas pakapes attiecibu aprakstosa teorétiska likne (Knighton, 1998).

Respektivi, Daugavas senieleja gravu tiklam ir raksturigs salidzinosi lielaks
elementu skaits ar augstaku zaro$anas pakapi, neka to teorétiski apraksta upém
piemérojamais R. Hortona (1945) ,adenstecu skaita likums”. Tas ir skaidrojams
ar faktu, ka atskiriba no fluvialas erozijas determinétas pastavigo adensteéu
zaro$anas, gravu erozijas tikla attistibas gaita Daugavas senieleja gravu zaro$anos
nosaka gan virsmas notece, gan pazemes adenu izplades un sufozijas procesu
izraisita sanu atzaru veido$anas.

Veicot gravu garuma un to sateces baseinu platibu vértibu matematisko
un statistisko apstradi, noskaidrojas, ka Sos lielumus saista ciesa korelacija
(r = 0,866; p < 0,01). Tapéc, lidzigi ka ar erozijas tikla elementu skaita un to
zaro$anas pakapes likumsakaribas analizi, pétjjumos tika noskaidrots, vai gravam
ir piemérojama ari cita likumsakariba par pastavigo iidenste¢u garuma-sateces
baseina platibas skaitlisko vértibu savstarpéjo korelaciju, kuru vispariga veida
apraksta vienadojums (Hack, 1957):

L=a-A (3.)

kur L - adensteces garums;
A - udensteces sateces baseina platiba;
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a — empirisks koeficients, kas ir robezas no 1 lidz 2,5 (Leopold and Miller,
1992);

b - eksponenta, kas pastavigajam tdenstecém ir robezas no 0,5 lidz 0,6
(Tijasz-Vasquez et al., 1993).

Izmantojot pétijumos iegitas gravu sateces baseinu laukumu A un gravu
garumu L veértibas, tika konstruéts korelacijas grafiks (4. att.). Punktu kopas
statistiska analize ar funkciju Trendline parada, ka empirisko likni, kura vislabak
atbilst (R? = 0,8479) skaitlisko vértibu sadalijumam, apraksta vienadojums:

L =1,1423-A " (4.
& 8r

Empiriski iegiitaja vienadiba (4.) eksponenta b atbilst literatara aprakstitajam
vertibam (Jjjasz-Vasquez et al., 1993), ari empiriskais koeficients a ir tuvs bijusas
PSRS teritorijas upém aprékinatajai vidéjai vértibai 1,36 (Mihailov et al., 2005) un
ASV teritorijas upém apreékinatajai vidéjai vertibai 1,4 (Leopold and Miller, 1992).

10,0

Lgr=1,1423 A, 0581 s

n=351; R2= 0,8479 S °?»W
S

Ly, (km)

0,001 0,01 0,1 1 10
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4. attels. Daugavas senielejas gravu sateces baseina un to garuma korelacijas
diagramma. Aprékiniem izmantoti ar GIS veiktas geostatistiskas analizes dati.

A = gravas sateces baseins; L = gravas garums (m).
& o

Gravas subglacialajas iegultnés Latgales augstiené un Aug$zemes aug-
stiené. Dienvidaustrumu Latvijas augstienu rajonos eso$o subglacialo iegult-
nu lielais dzilums 35-20 m, to nogazu lielais slipums, kas nereti parsniedz
20°, ka ari garu, joslotu, lauzta profila nogazu esamiba, ir tie geomorfologiskie
faktori, kuri veicina gravu attistibu. Lidzigi ka platoveida pauguru un upju ie-
leju etalonteritorijas, strauj$ krituma pieaugums, adensplismam no augstienu
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paugurotajiem vai vilnotajiem lidzenumiem sasniedzot subglacialas iegultnes
un Skérsojot to nogazes kroti, nodrosina tidens straumisu atruma un tam pro-
porcionalu erozivitates pieaugumu. Savukart idensmazcaurlaidigu, glacigénas
cilmes smil$aina mala vai malainas smilts morénas nogulumu klatbatne
apgritina infiltraciju un veicina tdensplismu virzi$anos pa nogazi uz leju un
linearas erozijas procesa norisi.

No pétijumu teritorija eso$ajam subglacialajam iegultném ka etalonteritorijas
ar lielako gravu skaitu tika izvélétas devinas §1 veida reljefa vidéjformas. Pétjjuma
uz $o subglacialo iegultnu nogazém tika identificétas 249 gravas.

Latgales un Aug$zemes augstienu subglacialo iegultnu etalonteritorijas
ietvaros, lidzigi ka platoveida pauguru izplatibas areala Burzavas pauguraing,
skaitliska zina dominéjosas ir nogazu gravas, tipiskas gravas veido nedaudz
vairak par 1/4 no gravu skaita. Tomér atskiriba no platoveida pauguriem,
subglacialo iegultnu nogazeés salidzino$i lielaks ir gravveida ieleju morfogenétiska
tipa linearo erozijas formu ipatsvars, turklat Subates-Baltmuizas un Silovkas
iegultnu nogazés tika konstatétas ari avotcirku gravas.

Tas, ka subglacialo iegultnu etalonteritorija, tapat ki Daugavas senieleja,
gandriz 1/5 dalu no erozijas tikla elementiem veido gravveida ielejas un avotcirku
gravas, norada, ka linearas erozijas formu attistiba liela loma ir pazemes tdenu
geologiskajai darbibai, ko savukart nosaka teritorijas geologiska uzbave un
hidrogeologiskie apstakli.

Rezultati liecina, ka subglacialo iegultnu nogazu saposmojumu pamata
nosaka Isas, 80-120 m garas, nesazarotas 1. pakapes nogazu gravas. Tikai at-
seviskos gadijumos, erozijas tikla struktiiru un saposmojumu nosaka tipiskas
gravas un gravveida ielejas. Analizéjot gravu tikla izkartojumu iegultnu nogazés
un salidzinot to ar hidrografiska tikla tipveida zimé&umiem (Morisawa, 1985),
tika konstatéts, ka erozijas tikla apveidam ir izteikti subparaléls raksturs (angl.
parallel), respektivi, gravu ievalku linijas ir orientétas savstarpéji paraléli, bet
perpendikulari iegultnes garenasij.

Subglacialo iegultnu etalonteritorija veikta gravu rekognoscija un lauka
pétijumi parada, ka atsevisku gravu attistibu ir sekméjusi cilvéka saimnieciska
darbiba, konkréti - nepardomatu melioracijas pasakumu veik$ana, gravjus vai
sléegtas drenu sistémas kolektorus ievadot ar iegultném hidrologiski saistitu
sengravu augstecés vai arl tos izvadot tie$i uz subglacialo iegultnu nogazém.
Tadéjadi, virsmas un pazemes noteces maksliga koncentrésana, izraisijusi erozijas
procesu reaktivizaciju un iegrauzumu attistibu gravu gultnés, ka ari jaunu gravu
veido$anos. Nemot véra, ka lauksaimniecisko zemju melioracija tika uzsakta 19.
gs., bet seviski intensivi veikta pagajusa gadsimta 60.-70. gados (Skinkis, 1992),
$adas iepriek$ minétas gravas ir uzskatamas par etalonteritorijas visjaunakajiem
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erozijas tikla elementiem, kuru telpiski cieso izvietojumu nav noteikusi dabiskie
geomorfologiskie un geologiskie faktori, bet gan antropogéna ietekme.

3.3. Klimatiskie apstakli ka gravu veido$anos noteicosie faktori

Lai noteiktu klimatisko faktoru nozimi saistiba ar gravu veido$anos un
attistibu, tika veikta pétijumu teritoriju raksturojoso meteorologisko datu analize
un tika aprékinati nokri$nu erozivitates raksturlielumi: Furnjé indekss FI julija
meénesim, nokri$nu sezonalas koncentracijas PCI indekss un modificétais Furnjé
indekss MFI. Ar GIS datorprogrammu palidzibu no $iem datiem tika atvasinati
tematiskie rastra slani un sagatavotas kartes, kuras ataino nokrisnu daudzuma,
FI™, PCI un MFI vértibu telpisko sadalijumu pétijumu teritorija.

Analizéjot FI'™ sadalijumu pétijumu teritorija, tika secinats, ka augstaka
nokri$nu erozivitate, un, attiecigi, augstaka fluvialas erozijas procesu norises
iespéjamiba ir saistita ar Latgales augstienes centralo dalu un Aug$zemes aug-
stieni. Ta¢u gadijumos, kad nokri$nu sezonalaja sadalijjuma nav vérojamas loti
butiskas atskiribas, FI vértibas ne vienmeér korekti atspogulo nokri$nu erozivitati,
respektivi, pieaugot nokri$nu daudzumam citos ménesos, Furnjé indeksa vértiba
samazinas, lai gan erozijas potencials neap$aubami pieaug. Lai to noveérstu,
autors papildus izmantoja modificéto Furnjé indeksu MFI (Arnoldus, 1977)
un nokri$nu sezonalas koncentracijas indeksu PCI (Oliver, 1980). Klimatisko
faktoru FI'*, PCI un MFI geotelpiskas un daudzfaktoru analizes rezultati norada,
ka pétjjumu teritorija nokridnu erozivitate palielinas lidz ar gada nokridnu
daudzuma un to sadalijuma nevienmériguma pieaugumu, tacu kopuma pie
vidéjam nokri$nu daudzuma vértibam klimatiska faktora erozivitate vértéjama
ka zema. Tadéjadi, autora veikta klimatisko datu geotelpiska un statistiska
analize nokri$nu erozivitates novértéjumam uzrada zemu linearas erozijas
procesu norises iespéjamibu pétijjumu teritorija. Tomér tas nesaskan ar lauka un
kameralajos pétijumos konstatétajiem datiem (Soms, 2006) par gravu ka reljefa
formu plaso sastopamibu pétijumu teritorija.

Noraditajam ir iespé&jami vairaki skaidrojumi. Pirmkart, gravu erozijas
norises iespéjamibas novértéjums, balstoties uz registrétajiem klimatiskajiem
datiem neietver paleoklimatisko situaciju, kada, pieméram, varéja eksistét
Atlantiskaja laika ar augstakam nokrisnu daudzuma vértibam (Dreibrodt, 2005).
Otrkart, pétitaja teritorija dala no nokripiem izkrit cietd veida un ziemas
perioda neveido noteci, bet kuSanas laika akumulétais tdens daudzums
atbrivojas relativi isa laika spridi, veidojot Joti intensivu noteci ar augstu erozijas
potencialu (Soms and Gruberts, 2008). Treskart, gravu attistiba ievérojami
lielaka nozime ir ekstrémam lietusgazém, kuras vidéjo daudzgadigo klimatisko
datu aprékinu gaita faktiski tiek noreducétas.
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3.4. Gravu evoliicijas procesa ipatnibas un ekstremalu hidrologiski
meteorologisko faktoru nozime gravu attistiba

Linearas erozijas procesu sakotnéja izraisiSana vai dzilumerozijas un sanu
erozijas atjauno$ana un $o procesu talaka attistiba par vienu no butiskakajiem
faktoriem tiek uzskatits nokri$nu daudzuma un intensitates kritiskais slieksnis,
kura parsnieg$ana izraisa intensivu virszemes noteci (Wischmeier and Smith,
1958). Vienlaicigi ir plasi izplatits viedoklis (Schwab et al., 1993; Valentin et al.,
2005) par kokaugu segu ka vienu no nozimigakajiem faktoriem, kas nodro$ina
lietus kinétiskas energijas izkliedi un aizkavé gravu eroziju. Tomér pétijumu
gaita apmezotas gravas dienvidaustrumu Latvija daudzos gadijumos ir konstatéti
jauni erozijas aktivizacijas iecirkni. Tas ir zinama pretruna ar augstak minéto
viedokli par vegetacijas aizsargajoSo lomu, ka arl norada uz erozijas procesu
atjauno$anas iespé&jamibu arl apmezotas un relativi stabilas reljefa formas.

Apskatot ar mezu klatas nogazes un gravas ka formas, uz kuram vegetacijas
klatbttne novér$ koncentrétas virsmas noteces veidosanos un linearas erozijas
norisi klimatiskajai normai atbilstosu faktoru iedarbibas rezultata, ir japienem,
ka gravu gultpu un krastu izskalo$ana ir geomorfologiska atbildes reakcija uz
ekstremalu hidrometeorologisko paradibu, pieméram, zema nodro$inajuma
(1-5%) intensivu lietusgazu norisi vai loti atru liela sniega apjoma izku$anu
gravas sateces baseina.

Lai giitu pilnigaku ieskatu $aja jautajuma, tika veikti lauka pétijumi Daugavas
senielejas Kraslavas—Naujenes posma péc 2005. g. maija lietavu izraisitas erozijas
reaktivizacijas. Kompleksu morfometrisko, geologisko un hidrometeorologisko
pétijumu veik$anai tika izvéléta viena no tipiskam, ar mezu klatam gravam -
Pesc¢anij rucej grava.

Saja grava ekstrémi hidrometeorologiskie faktori izraisija virkni geomor-
fologiska rakstura izmainu, taja skaita dzilumerozijas atjauno$anos un garen-
profila deformacijas, nogazu noslidésanu un nobruksanu, jaunu proluvialo
izneses konusu veido$anos gravas lejtecé un ievérojama drupu materiila apjoma
parnesi uz Daugavu.

Pétjjuma iegiito meteorologisko datu matematiska un grafiska apstrade
paradija, ka tika parsniegtas Hortona noteces veido$anas nokri$nu daudzuma un
intensitates kritiskas sliek$nveértibas, respektivi - izkritu$o nokri$nu intensitate
(lidz 4,2 mm h™') atseviskos gadijumos, pieméram, 2005. g. 10. maija parsniedza
infiltracijas atrumu 1,2 lidz 2 reizes. Vienlaicigi, pirms tam izkritu$o nokri$nu
ietekmé, notika augsnes virskartas un cilmiezu pilniga piesatinasanas ar adeni,
ka rezultata veidojas ari piesdtinijuma determinéta notece. So abu faktoru
summaras ietekmes rezultata lielaka dala sateces baseina izkritu$o nokrisnu
nonaca gravas gultné, lécienveidigi pastiprinot erozijas tempus.
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Gravu iznesu konos akumulétd proluviala materiala granulometriska
analize un rezultatu interpretacija, izmantojot Hjulstroma (1935) nomogrammu,
paradija, ka konos konstatéto liela izméru (d>50 mm) atlizu transportam
(parvel$anas reZima) nepiecieSamais straumes atrums ir tuvs 8 m s'. Sadas
intensitates adensplismas grava nevaréja veidoties tie$as noteces rezultata, bet
gan ka islaicigas parravumu straumes, t.i., ddens masam uzkrajoties nogazu
procesu radita nosprostojuma rezervuara un isa laika spridi parraujot drupiezu
dambi. Nogazu procesu aktivizé$anos visdrizak izraisija gravas nogazes veidojoso
malaino iezu piesatinasanas ar adeni, pazemes tdenu hidrodinamiska spiediena
pieaugums (grava ka pazemes adenu atslodzes zona), nogazes apakséjas dalas
izskalo$ana krastu erozijas norises gaita un statiskas slodzes pieaugums uz
iezu masas pieauguma rékina, tiem piesatinoties ar tideni. MezZa vegetacijas
klatbtitne gravas nogazés $aja gadijuma ir nevis aizkavéja nogazu un erozijas
procesu norisi, bet gan to veicinaja. Koku stumbru svars un ta raditais papildus
lejupvérstais spéka vektors veicinaja nogazes bloka parvietosanos péc tam, kad
nogazi veidojosie iezi bija piesatinati ar ideni un bija samazinajusies iekséja
berze. Tadéjadi var secinat, ka vegetacijas klatbuitne relativi stabilas fluvialas
erozijas formas, kadas ir aprimusas gravas un vecgravas, klimatiskajiem normai
atbilstoSos hidrometeorologiskajos apstaklos novér§ erozijas reaktivizaciju.
Savukart ekstrému lietusgazu laika ar kokiem apaugus$as nogazés paaugstinas
nogazu procesu risks, kas savukart paaugstina nosprostojumu un to parravumu
straumju veido$anas iespéjamibu un netie$i veicina erozijas reaktivizé$anos

Lauka pétijumos tika konstatéts, ka péc intensivajam un ilgstodajam lietavam
gravas vidustecé dzilumerozijas rezultata gultne padzilinajusies par 0,8-1,1 m,
bet lejtecé ta ir aizpildita ar proluvialajiem nogulumiem 0,7-0,8 m bieza sla-
ni. Kopégjais aprékinata erodéta materiala apjoms, nemot véra iegrauzuma rak-
sturlielumus, $aja grava vien tika novértéts ka 175-200 m’ jeb apm. 280-320 t.

Salidzinot Sos rezultatus ar Pescanij rucej grava kop$ 1999. gada veikta
gultnes erozijas monitoringa datiem, pétijums paradija, ka laikaposma lidz
2005. gadam erozijas—akumulacijas procesu ietekmé gultnes padzilinasanas vai
aizpildi$anas ir bijusi £3 lidz 4 cm robezas, respektivi, gravas gultnes stavoklis
faktiski ir bijis stabils un grava ka erozijas forma nav attistijusies. Visparinot
minéto var secinat, ka gravu attistibai ir izteikti lécienveidigs raksturs, kad
hidrometeorologisko ekstrému ietekmé veidojoties intensivai virszemes notecei,
loti strauja gravu gultnes iegrausanas un intensiva regresiva erozija norisinas
salidzinosi isa laika spridi, kuram sekos daudzu gadu vai pat gadu desmitu
relativa miera periods, kura ietvaros dzilumerozija praktiski nenotiek.
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4. Diskusija

Gravu erozijas procesa dinamikas un klimata izmainu savstarpéjas saistibas
pétijumiem veltitajas masdienu publikacijas (pieméram, Poesen et al., 2003;
Valentin et al., 2005; Panin et al., 2009) tiesi klimatiskie faktori tiek izcelti dabisko
faktoru grupa ka nozimigakie, kuri izraisa eroziju un gravu veido$anos cilvéka
parveidota un lauksaimnieciski apgtta ainavvidé vai pat ar meza vegetaciju
nosegtas teritorijas. Kops pagajusa gs. otras puses, kad tika likti zinatniskie
pamati Gidens erozijas riska kvantificésanai un tiek ieviestas nokri$nu erozivitates
(angl. rainfal erosivity, skat. Wischmeier and Smith,1958) un nokri$nu daudzuma
kritisko slieksnvertibu koncepcijas (angl. rainfall thresholds, skat. Reed, 1979),
klimatisko faktoru rinda tiesi nokrisni tiek uzskatiti par galveno linearas erozijas
virzitajspéku (angl. driving force, skat. Vanwalleghem et al., 2005).

/‘//l T\\ﬁ\\\
1 kS H | \ﬁ\
It ! 1 \
| = S ! | H ~——
g j T T
- ! TR T T
: ST T
H Pl ! | ' |
|-t Rt SR 1 | 1
T b T
1 T~a 1
T R Iann SNl Juns SNERY
80,001 el i L o
I [ o 1
)] | P I H b o 1
2 g i e T
i} v " ./"?._ I >0 . |
! H- H J.S_ R L : 1
S =77 e S R HE R e :
T | : T T
1 Te~ll
S %004 ! ; EasSERR RS
Ly |
| | T !
| Epiastiiin
l | HARRN :
H The-dn i '
1 : FHel 1 b i
Tt T
52,00 B

5. attéls. NokriSnu erozivitati raksturojosa modificéta Furnjé indeksa MFI vértibu
atkariba no nokri$nu koncentracijas indeksa PCI un nokri$nu vidéja gada
daudzuma dienvidaustrumu Latvija.
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No daudzgadigam vidéjam ikmeénes$a nokri$nu daudzuma vértibam at-
vasinot nokri$nu erozivitati raksturojo$as modificéta Furnjé indeksa MFI
(Arnoldus, 1977) un nokri$nu koncentracijas indeksa PCI (Oliver, 1980) vértibas
un nokri$nu gada daudzuma geografisko sadalijjumu dienvidaustrumu Latvija,
tika veikta $o parametru daudzfaktoru grafiska analize (5. att.). legutie rezultati
paradija, ka nokri$nu erozivitate palielinas lidz ar gada nokri$nu daudzuma un
to sadaljjuma nevienmériguma pieaugumu, ta¢u kopuma pétijumu teritorija pie
vidéjam nokrisnu daudzuma vértibam $1 klimatiska faktora erozivitate vértéjama
ka zema, turklat MFI punktu kopas vértibu vairakums ir robezas no 55 lidz
60 vienibam (5. att.), t.i., 1,5 lidz 2 reizes zemakas, neka literatira noraditas
struklveida eroziju izraiso$as nokriSnu erozivitates kritiskas sliek$nvértibas
(CORINE-CEC, 1992).

Respektivi, nemot vérd daudzgadigas vidéjas nokrisnu daudzuma
veértibas, dienvidaustrumu Latvija nokri$nu ietekmé linearas erozijas formam
nevajadzétu veidoties vispar. Tas nesaskan ar publicétajiem datiem (Soms, 2006)
un novérojumiem par gravu plaso sastopamibu pétijumu teritorija un norada
uz to, ka linearas erozijas procesa norisi un gravu veido$anos galvenokart
nosaka lokalas ekstrémas lietusgazes, kuras netiek ieklautas daudzgadigo
klimatisko datu aprékinos. Lai gan augstas intensitates ekstrému nokrisnu
izkriSana un to izraisitas t.s. Hortona virsmas noteces veido$anas zinatnieku
aprindas ir visparatzits priek$noteikums gravu attistibas sakumam (Poesen et
al., 2003), mazak veribas ir piegriezts klimatisko faktoru nozimei izveidojusos
gravu turpmakaja evolicija. Proti, zinatniska literattra sniegtas zinas par
gravu attistibas dinamiku (pieméram, Sidorchuk, 1999; Nachtergaele et al.,
2002) raksturo $o procesu ka pakapenisku gravu morfometrisko parametru,
ti, garuma, platuma un dziluma pieaugumu, gultné koncentréjoties lietus vai
sniega ku$anas tdeniem. Tomér pétjjumu rezultati liecina, ka gravu attistibai
ir izteikti lécienveidigs raksturs, kad hidrometeorologisko ekstrému ietekmé
veidojoties intensivai virszemes notecei, loti strauja gravu gultnes iegrausanas
un intensiva regresiva erozija norisinas salidzino$i isa laika spridi, kuram seko
daudzu gadu vai pat gadu desmitu relativa miera periods, un kura ietvaros
dzilumerozija praktiski nenotiek. Tadéjadi konkrétaja gadijuma veiktie pétijumi
apstiprina vienu no aizstavé$anai izvirzitajam tézém par to, ka gravu veido$anas
un to talakas attistibas procesa izskirosa nozime ir ekstremaliem hidrologiski
meteorologiskajiem faktoriem, kuri islaicigi izraisa augstas intensitates erozijas
procesus un jaunu formu veidoSanos vai erozijas reaktivizaciju jau esosajas
formas, savukart klimatiskajai normai atbilstosu meteorologisko faktoru
ietekmé gravas erozija faktiski nenotiek. Sis likumsakaribas konstatésana lauj
izvirzit pienémumu par erozijas procesu aktivizé$anos dienvidaustrumu Latvija
nakamajos 50-100 gados, nemot véra klimata nakotnes scenariju modelé$anas
prognozétas temperatiiras un nokri$nu sezonala sadalijjuma izmainas, ka ari
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ekstrému lietusgazu biezaku atkarto$anos gan Baltijas regiona (BACC Author
Team, 2008), gan ari lokala méroga (Bethers and Sennikovs, 2009). Tas nozimé,
ka atbildigajam valsts un pasvaldibu institicijam planosanas dokumentos ir
nepiecieSams paredzét pasakumu ievie$anu, kas vérsti uz adens erozijas riska
samazinasanu un augsnes resursu saglabasanu.

Zinatniskajas publikacijas, kuras veltitas gravu eroziju ietekméjoso fakto-
ru analizei un $1 procesa vésturiskas dinamikas zinatniskajai izpétei (Vande-
kerckhove et al., 2000; Dotterweich, 2005), ka ari gravu erozijai veltitajos par-
skata rakstos (Poesen et al., 2003; Valentin et al., 2005), vairakums zinatnieku
akcenté cilvéka darbibas tieSo vai netie$o ietekmi ka galveno vai vienu no
nozimigakajiem gravu eroziju izraisoSajiem faktoriem holocéna. Ari pétitaja
teritorija atsevi$kos gadijumos ir konstatéta antropogénas ietekmes izraisita
gravu erozija, kas saistita ar nogazu apstradi vai tehnogénu parveidi, virszemes
un pazemes noteces koncentrésanu melioracijas sistémas un noteces novadisanu
uz nogazém. Tomeér, nenoliedzot antropogénos faktorus ka linearo eroziju vei-
cinoos vai pastiprino$os, autora pétijjumi parada, ka dienvidaustrumu Latvija
gravu tikla sakotnéjo attistibu vésturiska griezuma noteikusi klimatiskie un
geologiski geomorfologiskie faktori.

No pétijjumu rezultatiem izriet, ka Daugavas senieleja vecgravu atmir§ana
péc *C AMS datéjumiem saistama ar subatlantiska laika vidus posmu pirms
apmeéram 2000 gadiem, kas saskan ariar datiem par konstatéta biezuma proluvialo
nogulumu veido$anos pie vidéja akumulacijas atruma 0,0011 m a' (Soms un
Kalnina, 2010 in press). Savukart paleohidrologiskas situacijas modelésanas
rezultati liecina, ka dzilo un plato (> 10 m) gravu izveidei nepiecieSamas noteces
ar veértibam virs 48 m s? veido$anas holocéna klimatisko faktoru ietekme ir
loti maz ticama. Tada gadijuma, iespéjams, garo un dzilo sengravu veidosanas
saistita ar ledaja kusanas Gidenu straumju erodéjoso darbibu leduslaikmeta beigu
posma. Uz morfologisku lidzigu formu iespé&jamo pleistocéna vecumu norada
arl vairaki citi zinatnieki, kuri pétijusi sengravas Rietumeiropa (Langohr and
Sanders, 1985), Polijas ZA dala (Smolska, 2007) un Krievijas centralaja dala
(Panin et al., 2009).

Ari arheologiskie dati (Berga, 2007) neapstiprina gravu erozijas tikla antro-
pogéno genézi, jo baltu ciltis, kuras plasi saka pielietot lidumu zemkopibu un
varéja izraisit erozijas aktivizé$anos, pétijumu teritorija apmetas vidéja dzelzs
laikmeta, ca. 5. lidz 9. gadsimta AD, asimiléjot vai izspiezot no dienvidaustrumu
Latvijas somugru mednieku un vacéju ciltis. Tomér balti, iertkojot nocietinatas
apmetnes vai pilis, biezi vien izvéléjas ,dabiski fortificétas” vietas, taja skaita
gravu saposmotas nogazes. No ta savukart izriet, ka gravas ir eksistéjusas jau
pirms intensivas antropogénas ietekmes un tam ir dabiska cilme.
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Kartografiska materiala analize parada, ka pédéjo vairak neka 100 gadu
perioda gravu gultnu garums regresivas erozijas gaita nav ievérojami pieaudzis
(Soms un Segling, 2010 in press), lai gan minéto laikaposmu raksturo intensiva
zemju lauksaimnieciska apstrade un apguve (Strods, 1992).

Vienlaicigi jaatzimé, ka pasaulé lidz $im nav izstradata unificéta meto-
dologija sena pagatné atmirusu gravu veidos$anas vecuma noteik$anai péc tajas
akumulétajiem nogulumiem un esosas pieejas §1 jautajuma risinagana parada,
ka datu iegtisanas process ir komplicéts (Dotterweich, 2005; Panin et al., 2009).
Izmantojot tadas holocéna nogulumu datéSanai piemérotas metodes ka "C,
termoluminiscenci, optiski stimuléto luminiscenci un sporu-puteksnu analizi
proluvialo nogulumu vecuma noteik$anai, tiek iegati rezultati, kuri ne vienmér
atspogulo realo erozijas formas veido$anas laiku (Lang and Honscheidt, 1999).
Iemesli tam ir vairaki, ka galvenos varétu minét sekojoSos: (1) proluvialie
nogulumi veidojas grava vai tas izneses konusa akumuléjoties materialam, (i) kur$
ir izskalots vai parskalots gultnes dzilumerozijas un sanu erozijas gaita, (ii) kurs$
nonacis gultné gravigéno procesu un plakniskas noskalosanas rezultata no gravas
nogazém vai ari (iii) attransportéts no sateces baseina virsmas, lidz ar to viena
slani var tikt izgulsnéti gan loti jauni, gan daudz vecaki dazada granulometriska
sastava drupu iezi, tas pats attiecas uz sporam; putek$niem, augu makroatliekam
un cita veida organiku, kuru var izmantot datésanai; (2) vecgravas atjaunojoties
dzilumerozijas procesiem ekstrému hidrometeorologisko faktoru ietekmé, jau
esosajos proluvialajos nogulumos Joti isa laika var veidoties iegrauzumi, kuri
sekundari var tikt aizpilditi ar ievérojami jaunaku materialu, tadéjadi ,,atjauninot”
proluvialos nogulumus; (3) minétie ekstrémi hidrometeorologiskie faktori var
izraisit noslidenu nosprostojumu veidosanos gravu gultnés un to parravumu
inducétas islaicigas, bet intensivas uzpladu straumes (angl. first flush), kuras pa
gultni parvieto sanesas, taja skaita lielu daudzumu grava iekritusu koku zaru
un pat stumbru fragmentu Sim materidlam nonakot iegrauzuma un tiekot
apraktam zem proluvialajiem nogulumiem, *C daté$ana uzradis nevis faktisko
gravas veido$anas vecumu, bet gan pédéja intensivas erozijas notikumu laiku.

Rezultatus ar augstaku ticamibas pakapi batu iespéjams iegat, datéjot or-
ganiskas atliekas, kuras ieslégtas gravu izneses konusu pamatné vai apraktas
zem izneses konusa ieziem. DatéSanai vispiemérotakie ir tie gadijumi, kad
zem iznesu konusa ieziem atrodas aprakta augsne vai ar kadru aizpildita par-
purvota ieplaka. Nakotné ir nepiecieSams veikt papildus pétijumus daba, lai
identificétu $adus virs biogéniem vai eluvialajiem nogulumiem lokalizétus
vecgravu izneses konusus arl dienvidaustrumu Latvija. Ja $adi veidojumi tiks
konstatéti, tad bas iespéjama gan “C datéjumu sérija, gan sporu-puteksnu
analize, kas laus veikt ar dazadam metodém iegito datéjumu korelaciju. Tada
veida iegitos datus turklat vélams bis salidzinat ar datiem par gravu erozijas
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formu veido$anas vecumu regionos un valstis, kuras, lidzigi ka Latvija, atradusas
pédéja (Vislas) kontinentala apledojuma periferialas segas klataja teritorija
un kuras ir sastopamas morfologiski lidzigas formas, piem. Polijas un Vacijas
Z dala, Krievijas R dala.

Literatiira par erozijas norisi limitéjoSo geologisko faktoru tiek uzskatita
nogulumu erozivitate jeb izskalojamiba, kuras raksturo$anai tikusi izmantoti
dazadi raksturlielumi (pieméram, angl. soil erodibility: Wischmeier and Smith,
1958 vai angl. critical shear stress: Torri et al., 1987). Sie empiriski noteiktie
raksturlielumi logisku spriedumu cela ved pie atzinas, ka teritorijas, kuras veido
vieglak izskalojami iezi vai nogulumi ar zemaku erozijas noturibu, gravu skaitam
un tikla blivumam ir jabtt lielakam, neka teritorijas ar virsmu formveidojoso
nogulumu augstaku erozijas noturibu. Tomér pétijjumu rezultati $adu nostadni
neapstiprinaja. Proti, lauka pétljumos ieglitas geomorfologiskas informacijas,
esosas geologiskas karté$anas datu un gravu izvietojuma un erozijas tikla
blivuma geotelpiskas analizes datu korelacija paradija (6. att.), ka pétamaja
teritorija vieglak izskalojamo smil$aino nogulumu veidotajos apgabalos gravu
tiklam raksturigas zemakas tikla blivuma (0 lidz 0,5 km km?) vértibas, neka
blivako un gratak izskalojamo morénas smil$ainu malu un glaciolimnisko
malaino nogulumu veidotajas teritorijas, pie kam So likumsakaribu maz ietekmé
erozijas bazes dzilums.

Tas skaidrojams ar to, arzemju zinatnieku konstatéta tie$a saistiba starp
iezu erozivitati un gravu veidosanos galvenokart ir aprakstita semiarida klimata
apgabaliem, kur raksturigas islaicigas, bet loti intensivas ekstréma rakstura
lietusgazes. Bet dienvidaustrumu Latvija klimatiskajai normai atbilsto§u nokrisnu
izkris$ana uz viegli izskalojamiem smilSainiem un grantainiem nogulumiem,
pateicoties to augstajam filtracijas spéjam, neveido Hortona virsmas noteci
un attiecigi neizraisa linearo eroziju. Savukart tidensmazcaurlaidigu, malainu
glacigénas vai glaciolimniskas cilmes nogulumu klatbaitne apgritina infiltraciju
un veicina Gdensplismu virziSanos un koncentré$anos nogazu mikroreljefa
padzilinajumos, un tadéjadi ietekmé gravu veidosanos.

Balstoties uz pétijjumu rezultatiem un visparinot, var pienemt, ka pétamaja
teritorija erozijas tikla apveida, gravu erozijas tikla blivuma un biezibas
lokalas atskiribas ir tie$i saistitas ar teritorijas geologisko uzbuavi un reljefa
morfologiju. Butiba pleistocéna beigu posma glacialas litomorfogenézes
procesa laika (Aboltins, 1989) un tam sekojo$as upju ieleju attistibas gaita
holocéna (Eberhards, 1972a) tika likti pamati gan gravu erozijas procesa
norisei, gan erozijas tikla geografiskajam izvietojumam. Respektivi, glacigéno,
glaciofluvialo, glaciolimnisko un fluvialo procesu mijiedarbiba kopéjos vilcienos
dienvidaustrumu Latvija noteica gan pozitivo reljefa formu - paugurmasivu
un platoveida pauguru izvietojumu, gan negativo formu - ieleju, ielejveida
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pazeminajumu, iegultnu un ieplaku tiklu. Savukart $o formu nogazes bija tas
»substrats”, uz kura sakas linearas erozijas process un izveidojas gravas vai pat
gravu sistémas.
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6. attéls. Gravu tikla blivumu vértibu atkariba no erozijas bazes un teritoriju
veidojo$o nogulumu noturibas pret eroziju (nogulumu klases péc to noturibas pret
izskalo$anu péc Hjulstrom, 1935; Kosov et al., 1989, autora modificéts).

Diskusijas nosléguma jaatzimé, ka gravu erozijai veltitajas publikacijas,
visbiezak tiek $1 procesa uzsvertas negativas sekas (Poesen et al., 2003; Valentin
et al., 2005). Tomér pétijumu rezultati starpnozaru, geoekologiska griezuma
parada, ka daudzos gadijumos dienvidaustrumu Latvija reto un aizsargajamo
sugu atradnu, un ES aizsargajamo biotopu geografisko izvietojumu tie$i nosaka
gravu erozijas reljefs. Tas var tikt skaidrots tadéjadi, ka lidz ar linearas erozijas
veidoto formu attistibu, norisinas ari izmainas abiotisko faktoru telpiskaja
sadalijuma un ar tam saistita ainavvides diferenciacija, kas savukart rada
priek$noteikumus ekosistému un dzivotnu daudzveidibai, turklat gravas ir
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augstaks gaisa un augsnes mitrums un zemaka gaisa temperatiira. Sadi apstakli
rada labvéligu vidi noteiktu, taja skaita ipa$i aizsargajamu sugu eksistencei.
Iespéjams ari, ka dabas vértibu saistibu ar gravam nosaka platlapju mezi, kas
saglabajusies gravu nogazés to saimnieciskas izmanto$anas ierobezotu iespéju
dél. Apkopojot iepriek§ minéto, var uzskatit, ka gravu erozijai laiktelpiska
griezuma ir ari pozitiva nozime, jo $o procesu norise paaugstina reljefa
saposmojumu un tadéjadi ar geomorfologisko faktoru starpniecibu veicina vides
daudzveidibas palielina$anos, gravu erozija pastiprina teritorijas hidrologisko
saikni ar uztvero$ajiem Gdens objektiem, un, veidojot jaunas ekologiskas nisas,
paaugstina teritorijas biologisko daudzveidibu.
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Secinajumi

Si pétijuma rezultati lauj izdarit vairakus svarigus secinijumus par gravu
veido$anas ietekméjosajiem faktoriem un $o formu attistibas un erozijas tikla
telpiska izvietojuma likumsakaribam dienvidaustrumu Latvija. Ka tas izriet
no pétijumu rezultatiem, teritorijas geologiska uzbuve, lidztekus geomor-
fologiskajiem un klimatiskajiem faktoriem, ir viens no galvenajiem gravu tikla
veido$anas determinéjosiem faktoriem dienvidaustrumu Latvija. Blivakais gravu
tikls ir izveidojies malainu glacigénas vai glaciolimniskas genézes nogulumu
izplatibas arealos, kur reljefa determinétas erozijas bazes parsniedz 30 m, no-
gazu slipums ir lielaks pa 16° un nogazu profila augséja dala ir izteikts lazuma
punkts.

Gravu erozijas tikla apveids atspogulo baseina geologiskas uzbiuives un reljefa
ietekmi uz adens erozijas procesu norisi un fluvialo reljefa formu attistibu,
tadeéjadi péc gravu tikla geotelpiskas organizacijas ipatnibam var spriest par
konkrétas teritorijas formveidojoso nogulumu kompleksu un reljefa formu
morfologiju.

Pétamas teritorijas gravu morfologija lauj spriest par gravu veidoSanas
vecumu, to veidoSanos ietekméjusajiem faktoriem un vides apstakliem, kados
notikusi gravu veido$anas. Morfometrisko parametru zina lielakas sengravas,
vecgravas un gravveida ielejas ir veidoju$as intensivakas noteces apstaklos
holocéna laikaposmos ar humidaku klimatu, vai pat pleistocéna beigu posma
lokalu ledaja kusanas Gdenu straumju erodéjosas darbibas rezultata. Salikta
profila jeb U+V veida tipisko gravu veido$anas norisinajusies vairakas fazés,
kuru attistibu noteikusi gan dabisku faktoru ietekme, gan cilvéka saimnieciska
darbiba. Savukart daudzas nelielas nogazu gravas ir tiesi saistamas ar linearas
erozijas aktivizésanos cilvéka saimnieciskas darbibas ietekmé.

Plasam un sazarotam gravu tiklam dienvidaustrumu Latvija, it seviski
lielakajiem ta elementiem ir dabiska cilme, ko noteikusi to veidosanai labvéligi
geologiski geomorfologiskie un klimatiskie faktori. Antropogénajai ietekmei
ir bijusi sekundara loma, kas noteikusi erozijas atjaunosanos dabiskas genézes
gravu tikla vai jaunu, morfometriska zina nelielu gravu veidosanos uz vidéjformu
nogazém vai lauksaimnieciski apstradajamajas teritorijas.

Periodisko adenste¢u veidota gravu erozijas tikla geotelpiskais izvietojums
un erozijas tikla elementu garuma-sateces baseina platibas attieciba paklaujas
tadam pasam likumsakaribam, ka pastavigo adenste¢u veidotais hidrografiskais
tikls. Tomér zarosanas pakapes un to veidojoso elementu skaita attiecibai gravu
tiklam ir raksturigs salidzinosi lielaks elementu skaits ar augstaku zaroSanas
pakapi, neka to teorétiski apraksta upém piemérojamais ,adenste¢u skaita
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likums”. Minétais ir saistits ar pazemes Gdenu geologiskas darbibas nozimigumu
gravu zaro$anas procesa.

Linearas erozijas iniciacija un gravu attistiba pétamaja teritorija ir saistita
ekstrémiem hidrometeorologiskajiem procesiem, t.i., ar Hortona noteces vei-
dosanos maza nodrosinajuma intensivu lietusgazu ietekmé vai ilgstosu nokrisnu
izraisita piesatinajuma veidotu noteci, vai ari intensivu sniegu kusanu, lidz ar to
gravu ka reljefa formu veido$anas un attistibas procesam ir lécienveidigs, nevis
pakapenisks raksturs.

Atseviskas gravas vai gravu grupas ir koncentréta misdienu eksogéno
geologisko procesu un to norises seku daudzveidiba un tam ir zinatniska,
ainaviska un ekologiska vértiba, tapéc tas atbilst valsts nozimes aizsargajamu
geologiski geomorfologiska rakstura dabas piemineklu statusam. Vienlaicigi,
ar gravam saistito dabas vértibu, galvenokart platlapju nogazu-gravu mezu
esamiba noteikusi daudzu $o formu ieklausanu ipa$i aizsargajamas dabas
teritorijas. Ta¢u kopuma gravas ir nozimigs paleogeografiskas informacijas avots
un holocéna notikuso vides izmainu indikatori, kuri, balstoties uz geologijas
un geomorfologijas metodologiskajam pamatnostadném, lauj rekonstruét vides
apstaklus, kados varéja norisinaties $o formu veidosanas.
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INTRODUCTION

Gully erosion landforms are widespread throughout the world in regions
with both humid and arid climate, as well as in territories with permafrost
conditions (Kovalev et al., 2006). Implementation of the space research programs
and development of the remote sensing techniques made it possible to discover
gullies on the surface of Mars, as well as on other planets and their moons within
the Solar system (Christensen, 2003). Aforementioned facts indicate that gully
erosion is a significant exogenic geological process of denudation, formation of
fluvial landforms, and transformation of landscape in different environments.

At the same time, development of gullies is associated with accelerated
soil erosion and degradation of agricultural lands; hence gullying is ranked
among other environmental problems in many countries (Valentin et al., 2005).
Moreover, gully erosion has negative off-site environmental impacts due to
suspended sediment and nutrient delivery from gully catchments to receiving
watercourses and lakes where it aggravates and accelerates processes of siltation
and eutrophication (Poesen et al, 2003; Wu et al, 2008). Simultaneously,
transferring of runoft and soil erosion products from uplands to permanent
water bodies reduces water quality because of inflow of pollutants such as
nutrients and agrochemicals (Valentin et al., 2005; Quilbé et al., 2006).

Considering that water quality is one of the major concerns throughout
the world and the Water Framework Directive (OJEC, 2000) appoints strict
requirements for maintaining and improving water quality in the European
Union member states, it is essential to understand the triggering mechanisms of
linear erosion and mitigate the pollution of water related to gully erosion.

Studies of gullies and processes of their formation and development attract
a growing interest of scientists all over the world as reflected by an increasing
number of published research results and scientific conferences during the last
decade (Valentin et al., 2005). It is connected with the necessity to identify the
causative mechanisms of gully erosion process and estimate possible scenarios of
erosion occurrence under the influence of global climate change, as well as with an
urgent necessity to preserve water and soil resources as the major premise for pro-
viding the growing population of the planet with food (Nikodemus et al., 2008).

However, most of the gully erosion studies are focused on the process and
consequences of human-induced linear erosion in cultivated areas but less
attention is paid to the research of old gullies that are presently found under
forests (Vanwalleghem et al., 2003; Smolska, 2007), and to the paleogeographic
reconstruction of environmental conditions leading to formation of gully
network (Dotterweich, 2005).
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Although gullies as fluvial landforms are widespread in Latvia too, the
extent to which regularities of gully erosion process, controlling factors,
morphology of gullies, and patterns of their spatial distribution are currently
studied is insufficient. At the same time, a lack of complex geological and
geomorphological study of these landforms in Latvia in general and in south-
eastern part of the country in particular appears obvious (Soms, 2006).

The results of research into the fields which have not yet been enough
elaborated in Latvia or even are not performed at all are presented in this
dissertation, focusing on triggering mechanisms of water erosion, morphology
of gullies and spatial patterns of erosion network.

The territory under study, considering its topography, geological structure,
climate, as well as its mosaic landscape reflecting a long-term human impact
on environment and agricultural activities in south-eastern Latvia, is certainly
relevant for the aforementioned research.

Topicality of the study

Soil erosion and its severe form gully formation is a natural exogenic
geological process which can be greatly accelerated by human activities and/
or environmental changes, and which has been reported recently as the major
cause of land degradation. Consequently, studies of gully erosion and associated
landforms all over the world and in Latvia are essential and topical for the
following reasons.

(1) It is necessary to identify geological and geomorphological regularities
which determine gully erosion and formation of gullies, as well their
morphology and spatial distribution.

(2) Obtaining credible and scientifically substantiated data about recent
rates of linear erosion and amounts of erosion products transferred from
higher hypsometric levels to lower ones, as well as about the probability
of erosion reactivation induced by climate changes is indispensable.

(3) Gully erosion landforms have to be studied as an essential source of
paleogeographic information about past erosion events and their
controlling factors.

(4) Understanding direct and indirect impacts of erosion processes on
environment is crucial in terms of both scientific and applied aims.

(5) There is a need to elucidate the role of gully erosion in diversification
of landscape, formation of different habitats and increasing of
biodiversity.
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Not enough attention has been paid until now in Latvia to the aforementioned
issues, hence only some studies of the factors controlling gully erosion and
related landforms have been conducted.

The resulting lack of available scientific data does not allow evaluating the
risk of erosion reactivation and intensification in response to climate change-
induced alterations of meteorological factors in Latvia though adequate and
timely assessing the expected consequences of geomorphic processes and
hazards caused by climatic changes is the goal of many international research
works.

Considering the forecasted seasonal variations in amount and intensity
of precipitation in the climate change scenarios for the Baltic Sea region, the
studies of gully erosion and its consequences are also urgent for preservation
of soil and water resources, sustainable development, and spatial planning of
territories.

Topicality of the given work is also justified by various theoretical and
applied aspects of fluvial geomorphology and geology of exogenic processes.
Among them are identification of factors inducing gully formation and affecting
their further development; classification of linear erosion landforms; modelling
and interpretation of the paleogeographic environmental conditions in the
Holocene; designing and updating of geological hazard maps; development of
methodological recommendations for spatial planning of territories.

The above mentioned issues highlight the importance of gully erosion
research and substantiate the topicality and up-to-date character of the study
presented in this thesis.

The aim and main objectives of the study

The topic of dissertation thematically corresponds to the field of fluvial
geomorphology and covers studies of factors controlling linear erosion, genesis
and morphology of related landforms in the uplands of the south-eastern part of
Latvia and in the Daugava spillway valley in particular.

The aim of the thesis is to elucidate the regularities of the formation and
development of gullies and spatial distribution of erosion network in south-
eastern Latvia, on the basis of geomorphological and geological studies of
landforms incised by linear erosion.

The main tasks to deal with in order to reach the aim of the work are as
follows to:

(1) carry out field survey and studies of gully erosion landforms in the

south-eastern part of Latvia in order to measure morphological and
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topographical characteristics of gullies and identify exogenic geological
processes within the gullies;

(2) elucidate natural and anthropogenic factors controlling the development
of gullies;

(3) perform mathematical and geospatial analyses of the obtained data;

(4) evaluate rates of gully erosion and the related denudation at spatiotem-
poral scale;

(5) find out relationships between geological structure of the territory, its
topography, climate, vegetation, and human activities, on the one hand,
and formation of gullies and their spatial distribution, on the other;

(6) identify genesis of the studied gullies and estimate the possible time of
their formation;

(7) examine gully erosion landforms as a component of landscape and
ecosystems and as an essential source of paleogeographic information;

(8) estimate the possibility of reactivation and development of erosion
processes in the context of global climate changes and evaluate potential
consequences and effects of linear erosion induced by these changes.

Scientific novelty of the study

The findings of the geological and geomorphological field studies of gully
erosion landforms are presented in this thesis, and factors affecting linear erosion
process and regularities in spatial distribution of gullies are characterised. Such
a complex studying of gully genesis, time of their formation, and morphology as
well as geographic patterns of erosion network has not been performed before
in the territory under study, nor has it been attempted in Latvia. Consequently,
the obtained data contribute to a better understanding of gully erosion in
Baltic countries and Northern Europe and enhance our knowledge about this
issue. Simultaneously, the studies summarised in this thesis are important for
clarification of triggering and controlling factors of exogenic geological processes
during the Holocene within the areas of Europe affected by the last Weichselian
(Vistulian) glaciation.

The following of what is reported in this thesis has been done or obtained
for the first time:

(1) Geospatial analysis of linear erosion network has been performed and
regularities in gully distribution and their geographic patterns in south-
eastern Latvia have been determined.

(2) A morphogenetic classification of gullies has been developed.
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(3) Empirical equations expressing the mathematical interconnection of
morphometric parameters of gullies have been obtained.

(4) A detailed analysis of factors that trigger incision and cause development
of gullies has been carried out.

(5) Erosion process of ephemeral gullies and the resulting landforms have
been described.

(6) Indices of precipitation erosivity have been calculated.

(7) Data on mean annual rates of colluvium deposition and gully channel
infilling at the final stage of gully evolution have been obtained.

(8) Interdisciplinary (ecogeomorphological) data related to relationship
between biodiversity and protected habitats, on the one hand, and gully
erosion landforms, on the other, have been obtained.

Besides, it is for the first time that on the basis of accelerator mass
spectrometry "“C dating information about the age of gullies in south-eastern
Latvia is obtained and presented in this research. It is significant for accomplishing
paleoclimatic, paleohydrological, and paleogeographic reconstructions both in
this region and in Latvia on the whole.

The author also for the first time provides translation into Latvian and
interpretation of terms directly related to gully erosion as a geological process
and gullies as landforms. This adds to the undertaken research which is thus
intended as a basis for further research into gullies and associated processes in
Latvia.

Approbation and implementation of the research results

The research findings have been reflected in 11 scientific publications in
Latvian and English, four of which are published in the peer-reviewed editions
focused on issues of gully erosion, and in international generally recognized and
reviewed journals; four articles have been reviewed and accepted for publication
and are currently in print. The list of publications is presented on page 96.

The main results of the research have been approbated and discussed at
17 international scientific conferences and symposia (see the list on pages 96).
Research findings related to topic of dissertation were also presented to scientific
community in geomorphology and Quaternary geology in 47 reports and
presentations at 25 conferences held in Latvia.

Research results, obtained outcomes, and acquired knowledge have been used
teaching theoretical lectures and practical work in subjects “General Geology”,
“Geomorphology”, and “Geography of Latvia® at the Daugavpils University.
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Selected lectures have been delivered in “Environmental Geomorphology” for
Master degree students at the University of Latvia.

Students were actively involved in the research process, which gave them
an opportunity to get acquainted with and to master field research methods in
fluvial geomorphology, develop and improve their skills of geospatial analysis,
and become proficient in adequate use of scientific methodology and in critical
assessment of obtained results.
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1. GEOLOGICAL AND GEOMORPHOLOGICAL
CHARACTERISTICS OF THE STUDY AREA

The studies of gully erosion landforms and gully erosion network were
performed in the case-study area of the Latgale Upland, Aug zeme Upland
and River Daugava spillway valley (Fig.1). The territory of the glacial uplands
covers an area of 8423.3 km? and could be subdivided into three large-scale
landforms, which differ in their genesis. The Latgale Upland, an insular-shaped
and bedrock-cored glacial upland (Abolting, 1989), covers 79% of the entire
study territory, the Aug$zeme Upland, a marginal glacial upland (Aboltins, 1989;
Aboltins, 1994b), makes 19% and the River Daugava Valley, a proglacial spillway
valley modified by fluvial processes, encompasses (Eberhards, 1972a; Aboltins,
1994a), 2% of the entire study territory.

The present day topography and geology of this territory has been
largely affected by Pleistocene glaciations, particularly by the last Weichselian
(Vistulian) event (Abolting, 1989; Zel¢s and Markots, 2004). Various landforms
of glacial and meltwater accumulation origin are characteristic of this area,
that are represented by ice-marginal formations, assemblages of glaciotectonic
subglacial landforms, and other medium-scale forms, e.g. composite ridges,
ice-contact corner massifs, hummocky massifs of complicated configuration,
ice-pushed radial ridges, medium-size and high morainic hills and plateau-like
hills, kames (Aboltins, 1989; Aboltins, 1994b), as well as many subglacial tunnel
valleys (Eberhards, 1972b).

The above mentioned landforms constitute hummocky or undulated
landscape typical for the glacial uplands; besides, they determine the average
difference in local topography in about 10-25 m, and its maximum is up to 50-
60 m in glacial uplands and in some places where hummocky massifs are located,
or along tunnel valleys and the Daugava spillway. Medium-scale landforms also
determine a considerable slope length, which often exceeds 150-200 m, and
slope gradient varying from 5° to 15-20°, in some places reaching the values of
30° and more (Soms, 2006).

Geological structure of the territory surface is rather complex both in
horizontal and vertical sections. The bedrock surface within the study area is
represented mainly by sandstone of the Upper Devonian origin and is uneven
due to some local bedrock heights (Aboltins, 1989). The hypsometric position
of the sub-Quaternary surface ranges from 90 to 110 m asl. in the Augszeme
Upland and from 110 to 120 m asl. in the Latgale Upland. Thereby, considering
the present-day local altitudes, bedrocks is covered by relatively thick, i.e.
40-80 m in average, Quaternary strata (Juskevics et al., 2003; Marnieks et al.,
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2004). The latter consist of glacial and glacioaquatic deposits formed by several
Pleistocene glaciations, and of recent sediments, which distribution is local.

Thus the spatial geological structure of the study area surface is characterized
by alternation of boulder sandy and clayey diamicton, basal till deposits or
glaciolacustrine clay and silt deposits of the last glaciation; they are sporadically
covered by the younger Holocene deposits (Juskevi¢s et al., 2003; Mirnieks
et al., 2004). It follows that the low position of Devonian bedrock and thickness
of the covering Quaternary strata determine that deposits lying at the surface
and exposed to gully erosion are presented mainly by erodible Late Pleistocene
glacial, glaciofluvial, and glaciolacustrine sediments.

Consequently, during the downcutting process and deepening of the gully
channels, the terrigenous Devonian sedimentary rock cannot be reached, and
conditions for erosion network development are not so favourable in the study
area, in contrary to those observed in the ancient valley of the River Gauja
where gullies rapidly cut into poorly cemented sandstone covered by relatively
thin layers of the Quaternary sediments (Venska, 1982).
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Figure 1. Location (A) and digital terrain model (B) of the study area. DTM is
generated from thematic layer of contour lines (interval 25 m) in the geodatabase
“GIS Latvija”, developed by Envirotech Ltd.
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The mean annual precipitation in the study area varies mostly within the
range of 650-730 mm a’!, with the maximum geographically located on the
south-western slopes of the Latgale Upland; on average, from 100 to 120 days
per year have precipitation. In terms of intensity or amount of precipitation,
the recurrence interval of extreme rainfall events characterised by high erosivity
(more than 20 mm d) is 10 to 12 years; however, during the heavy downpours
of low probability of occurrence, e.g. 5% or 2%, values of precipitation can
reach from 55 to 72 mm d' (Spravochnik po klimatu SSSR, 1968; LVGMC,
2009). Given that the yearly maximum of precipitation occurrence relates to
the warmest months July or August when short but intensive downpours are
common, there are climatic preconditions in the study area for development of
linear erosion processes including initiation of gullies.

Thus the aggregate of geomorphological factors (shape, gradient, and length
of slopes), geological structure (erodible glacial, glaciofluvial, and glaciolacustrine
Quaternary top layer deposits), and climatic factors (amount and intensity of
precipitation, intensity of snow melting, winter conditions) create favourable
physiogeographic environment for gully erosion process within the study area.

Since such complexes of large and medium-scale landforms very different
in respect of their genesis and morphology are geographically located in south-
eastern Latvia, where in many places gullies formed due to interaction of
natural and human-induced factors, this is one of the most appropriate areas
for the study of gully erosion both in Latvia and probably in the Eastern Baltic
countries.

It is also worth pointing out that according to the data regarding the
deglaciation history of Latvia (Zel¢s and Markots, 2004), the uplands in the
south-eastern part of the state were exactly those areas that were the first to
become free of the peripheral cover of the continental ice sheet at the end of the
Late Weischelian glaciation about 14-12 ka BP (Lundqvist and Saarnisto, 1995).
Consequently, these territories are amongst those in Latvia which are exposed
to subaerial conditions for the longest period and thus reflect the oldest features
of gully erosion events that occurred in the Late Pleistocene and the beginning
of the Holocene.
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2. MATERIALS AND METHODS

The results presented in the dissertation are based on original data obtained
in course of more than 140 expeditions and the research programme carried
out in 1996-2009. Various methods and techniques were applied for aggregating
and analysing the data in order to achieve the objectives stated in Introduction
of this thesis. In general, integration of research methods allows for quantitative
and qualitative description of gully morphology and establishment of regularities
of their development and geographic distribution within the study area thus
enhancing the contribution of researchers from Latvia and other countries
regarding gully erosion and associated landforms.

Integration and analysis of existing background geological information
about the study area relied on the reports of field studies and expeditions, as well
as geological maps available in the Geological Fund of the Latvian Environment,
Geology and Meteorology Centre. In order to elucidate the influence of the
climatic factors on linear erosion, long-term data series (Spravochnik po
klimatu, 1968; LVGMC, 2009) of mean monthly and annual precipitation
recorded in 28 meteorological observation points located within the study area
have been aggregated and analyzed. Compliance of geographical distribution of
these points with the requirements of geostatistics was evaluated by methods of
geospatial analysis (Mitchell, 1999; de Smith et al., 2007). Subsequently, those
meteorological data were entered in the computer database specially designed
by the author using the MS Excel software, and utilised to calculate indicators of
precipitation erosivity, i.e. Fournier index FI (Fournier, 1960), modified Fournier
index MFI (Arnoldus, 1977), and precipitation concentration index PCI (Oliver,
1980).

Topographic maps at scales 1:10,000 and 1:25,000 were used (1) to locate
gullies within the study area by applying the contour-crenulation method of
interpreting fluvial landforms from maps (Strahler, 1957 and Morisawa, 1957
modified by Bauer, 1980); (2) to obtain data on some topographic characteristics
of gullies, and (3) to evaluate the dynamic and course of gully network
development in the spatial and temporal context.

Thereafter field studies of the gullies selected for detailed research were
carried out with the help of standard geomorphological techniques (Young et
al., 1974; Goudie et al., 1998) in order to measure in situ such morphometric
parameters as their width GD, depth GW, length GL, channel and sidewall slope
gradient a, as well as to survey longitudinal and cross profiles of the gullies.

Granulometric analysis of colluvial sediments accumulated in gully channels
and fans was carried out according to standard procedures (Goudie et al., 1998)
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and the obtained data were statistically processed according to the methods used
in fluvial geomorphology (Folk and Ward, 1957; Kondolf et al., 2003).

Undisturbed sediment cores were sampled and their pollen analysis was
performed in the Quaternary Environment laboratory of the University of
Latvia by standard methods in accordance with the procedures of Moore et al.
(1991). The decay-counting dating of wood fragments buried under colluvium
was carried out in the Radiocarbon Laboratory of the University Erlangen-
Niirnberg by the method of accelerator mass spectrometry. The obtained dates
were corrected to a §13C of 25%o, and calibrated using the Calib 5.0 calibration
programme (Stuiver and Reimer, 1993), thus establishing the age of wood.

Dendrogeomorphological methods (Alestalo, 1971; Vandekerckhove et al.,
2001) were used in this study to determine the time interval since stabilization
of the recent gully erosion or mass movement events.

Different geomatics methods, including high-precision GPS and digital
laser level survey, as well as use of GIS tools, were extensively applied to research
purposes. The ESRI ArcGIS 9.3 software package was used to carry out geospatial
analysis.
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3. RESULTS AND INTERPRETATION

Results of the given research display the data of geological and geo-
morphological field survey of gullies, and data obtained from geospatial and
statistic analysis performed during cameral studies of these landforms. On the
basis of these results, regularities in the formation and development of gullies, as
well as in spatial distribution of the erosion network in south-eastern Latvia are
established. On the whole, results of studies allow for developing the classification
of the linear erosion landforms and for distinguishing six morphogenetic types
of the permanent gullies.

A detailed study of spatial patterns of gully network elucidate the peculiarities
of geographic distribution of the linear erosion landforms within three selected
etalon territories, i.e. in the area of the plateau-like hills in the northern part of
the Latgale Upland, within river valleys and the proglacial spillway located in
the south-eastern part of Latvia, and in tunnel valleys of the Latgale Upland and
the Aug zeme Upland.

Empirically estimated mean annual rates of colluvium deposition, results
of pollen analysis, *C dates, and paleohydrological modelling indicate that
formation of the largest elements of gully erosion network within the study area
was caused by natural factors, and took place before the period of slash-and-
burn agriculture and intensive human impact on environment.

3.1. Classification and morphology of gullies

No classification of gullies has so far been developed in Latvia, nor has the
typology of gullies been worked out, hence all gullies are included into one
subcategory of fluvial landforms class (Zel¢s, 1997) as channels resulting from
linear erosion by temporary streams.

However, considering that erosion network consists of the incisions which
differ by dimension, morphology, time of formation, and genesis, the gullies
were systematized in the given thesis in accordance with a number of criteria,
i.e. depending on their topographic characteristics, shape of cross-profile, age,
and formative processes. Consequently, peculiarities of their formation, location
in relation to medium-scale landforms, stage of development, and morphology
were selected as the basis for subdividing permanent gullies in south-eastern
Latvia into the following morphogenetic types: (1) typical gullies, (2) slope
gullies, (3) valley-like gullies, (4) hanging gullies, (5) landslide cirque gullies,
and (6) ephemeral gullies.

Typical gullies. A morphological feature common for all typical gullies
is location of their channel in reference to the slope upon which they have
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been formed. Namely, lower reaches of such gullies deeply dissect the slopes;
while their upper reaches cross the slope divides and extends far into adjacent
headwater areas.

In terms of gully length, more than 50% of their total stretch is located
outside the slope, and gully channels drain the hypsometrically higher surface.
Considering that, typical gullies resemble the continuous gullies of Leopold
and Miller (1956) and facilitate the transfer of water and eroded material from
uplands by increasing connectivity in the landscape.

Such hydrological connectivity, which is a characteristic feature of this
morphogenetic type of gullies, provided concentration of precipitation and
snow-melt water in channels and a continuous erosion process. Consequently,
typical gullies have achieved a considerable depth, which usually exceeds 10 m,
and length ranging from several hundred meters to a couple of kilometres.
Typical gullies are recognized in the present work as the most widespread ones
in south-eastern Latvia.

Despite the fact that all typical gullies are characterised by considerable
dimensions and hydrological connectivity, this type, considering the shape
of gully cross-profile and the stage of development, can be subdivided more
specifically into three subtypes: U-shaped or flat-bottomed old gullies (Fig. 2 A),
U+V-shaped gullies or gullies of complex origin (Fig. 2 B), and V-shaped gullies
(Fig. 2 C).

The first, U-shaped or flat-bottomed subtype of typical gullies, is represented
by the largest fluvial erosion landforms among those draining headwater
catchments. These geomorphological features which have a local name vecgravas
look similar to small dry grassed valleys and equals to East European balkas.

These flat-bottomed old gullies are characterised by impressive morphology,
i.e. they are up to 15 m deep, up to 80 m wide, up to 2.0 km and sometimes even
more with a typical U-shaped or trapezoidal cross-sectional profile (Fig. 2 A).

The results of paleohydrological modelling carried out in the given research
indicate that formation of such a concentrated discharge which can erode more
than 20 m deep and 50 m wide channels is unlikely under a persisting vegetation
cover and Holocene climate conditions of the south-eastern part of Latvia. In this
case, it allows for assuming that formation of flat-bottomed gullies was initiated
under periglacial conditions by intensive streams resulting from melting stagnant
glacial ice blocks during the retreat of ice sheet from SE Latvia in the Late
Pleistocene, at the end of the Late Weischelian glaciation. In order to differentiate
between such Pleistocene landforms and morphologically similar but smaller
ones, old Holocene infilled gullies at the stage of stabilization, the term “sengrava’
is used to describe the former and the term “vecgrava” for the latter.
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Figure 2. Cross-profiles of typical gullies in the River Daugava Valley:
cross-profile of U-shaped or trapezoidal flat-bottomed old gully (A), cross-profile of
U+V shaped or polygenetic gully (B), and cross-profile of V-shaped gully (C).

LS = left sidewall of gully; RS = right sidewall of gully; FB = former profile of
gully bottom; & = maximal slope gradient of measured cross-profile.

The second, U+V-shaped subtype of typical gullies is represented by large
gullies of complex origin, composed from older gentle U-shaped landforms and
incised into them younger V-shaped gullies. Considering their topography and
characteristic shape of composite cross-profiles (Fig. 2 B), gullies of this subtype
can also be named ‘dell-bottom gullies’ or ‘gully-in-old-gully’ and correspond to
the valley-bottom gullies of Bradford and Piest (1980).

Together with gullies of the first subtype, the U+V-shaped ones are main
drainage elements which drain the rolling morainic landscape adjacent to the
valleys and upland slopes; they also play an important role as effective links
for transferring runoff resulting from precipitation and snow melting to the
lowlands. A characteristic feature of these gullies is dendritic branching in their
middle and upper stretches due to the development of smaller branch gullies
in the headwater catchment. Applying the system of stream ordering (Strahler,
1952) to gully erosion landforms, such gullies can be described as second-order
or third-order gullies.

The slope gradient increases downslope across the channels of this subtype
of gullies and an explicit break of gully sidewall can be clearly identified in the
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field and also is expressed in computed cross-profiles as knickpoints. Mean
gully sidewall angles a measured upslope from such knickpoints vary from 12°
to 18°-20° whilst when measured downslope from knickpoints, the values of
gradient increase and can reach more than 35°. The observed values of the slope
are higher than the repose angle of a glacial till. It can be explained by a higher
cohesion of sediments due to natural wetness, and by presence of a vegetation
cover on the sidewalls of U+V-shaped gullies.

The complex, terraced-like cross sections of these gullies (Fig. 2 B) give
evidence of more than one incision events forming younger gullies in the bottom
of older infilled ones or dells as a response to the formation of concentrated
runoft resulting from climate and human impacts.

Formation of gullies of this subtype can be associated with reactivation of
erosion processes within the flat-bottomed gullies as a geomorphic response
to extreme hydrometeorological events, e.g. excessive inflow of water resulting
from heavy rainfalls; or with reactivation of erosion triggered by anthropogenic
factors such as redirection of artificial drainage system, i.e. melioration ditches
and subsurface pipe outlets, into upper reaches of old infilled gullies. Thus dell-
bottom gullies have been developing by leaps over a long time period and at
present they reveal consequences of different formative processes.

Like flat-bottomed (U-shaped) and dell-bottom (U+V-shaped) gullies, the
third subtype, V-shaped gullies, is represented by large continuous erosion
landforms. Their topographic characteristics, however, are usually smaller in
comparison to flat-bottomed and dell-bottom gullies. The V-shaped gullies
have lengths from 150 to 400 m and over, but in contrast to gullies of two other
subtypes, they do not stretch for more than 1 km. Like dell-bottom gullies, the
V-shaped typical gullies extensively branch upslope and form a dendritic pattern
of erosion network. These gullies are typically more than 5 m deep and have a
simple V-shaped cross section (Fig. 2 C). Signs and results of mass movement
processes such as shallow and rotational landslides, earth-flows, and slumps
can be often observed in such gullies. There are no colluvium deposits within
channels of such gullies; instead of infilling evidence of recent erosion can be
recognised.

The values of the slope gradient measured in situ reach 36° and more, which
is higher than a repose angle. It can be explained by continuation of erosion
and mass movement processes within these gullies. Their formation, as well as
reactivation of erosion in the dell-bottom gullies was triggered by localized high-
intensity rainstorms in agricultural landscapes or by inappropriately installed
melioration systems when drainage ditches or outlets were located along the
edge of the valleys or in the upper part of upland slopes.
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Morphology of V-shaped gullies is similar to the ‘classic’ or ‘bank gullies’
of Poesen et al. (1996). This subtype of gullies, however, differs from those
reported in the studies of the European loess belt. The differences are mainly
determined by morphological peculiarities of gully channels. Gully incisions of
this morphogenetic subtype do not correspond to the equilibrium longitudinal
profile. During the downcutting process, fine to medium grained sand and silt
particles were washed out from the channel floor leaving litter composed of
pebbles and boulders. As a result of the continuous aggregation of pebbles and
boulders washed out from the stony basal till, boulder-floored V-shaped gullies
have been formed. In its turn, the occurrence of such erosion resistant debris in
the gully thalwegs facilitates formation of convex or step-like longitudinal profiles
with knickpoints. Such convex knickpoints indicate that further downcutting is
impossible in the boulder-floored stretches of gullies.

Slope gullies. Location of the major part of their stretch on the slope upon
which they have been formed is a noticeable morphological feature common for
all slope gullies. In quantitative expression of the channel length, it follows that
less than 25% of their total stretch is located outside of the slope, and the gully
channel does not typically run deep into the headwater areas. As a result, the
gully channel contributing area is comparatively small and draining of adjacent
areas is rather limited, thus slope gullies are discontinuous landforms in respect
of hydrological connectivity.

In contrary to typical gullies, slope gullies have low values of topographic
characteristics, i.e. they are usually less than 5 m deep and their length varies
from some tens of meters to 100-150 m.

The study results of the given work indicate that formation of slope gullies
could be triggered by anthropogenic as well as natural factors in response to
re-dislocation of runoff paths generated by changes in the microtopography of
the slope surface or vegetation cover. In the first of the mentioned cases, small
downslope-orientated rills and elongated microdepressions, which are developed
by such human activities as timber logging, soil cultivation, imprinting of tracks
from the use of agricultural machinery, etc., that provide the concentration
and coalescence of overland flow, which, in its turn, entails formation of small
V-shaped gully. During the subsequent changes in land use or agricultural
activities, however, the existing flow patterns were re-arranged and lead to
cutting off all runoft and a rapid stabilization of such gullies.

Despite the fact that infilling and stabilization of slope gullies took place
shortly after they are formed, in some cases the erosion processes could be
reactivated in such incisions due to inappropriate soil cultivation practices or
unconsidered melioration measures. Consequently, slope gullies then rapidly
extend upslope into the contributing area due to headward erosion and
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intercept the runoft from hypsometrically higher drainage surfaces, thus gaining
permanent catchment and transforming into typical gullies.

Valley-like gullies. In some typical gullies during downcutting and
deepening of gully channel, a thalweg cuts through the impermeable strata of
clayey or loamy glacial till common for the study area and reaches the water
table of unconfined aquifer associated with permeable water-bearing Quaternary
sandy sediments, thus eventually triggering the seepage, release of groundwater,
and formation of springs and permanent streams in gully channels. Despite
the fact that such gullies are still similar to typical gullies in terms of their
morphology, namely their length, depth, size of catchment, and shape of cross-
profile, they have gained one important characteristic feature common for
valleys, i.e. presence of permanent water streams in channels.

Although all fluvial erosion forms from rills and gullies to river valleys are
genetically connected and represent both a geomorphological succession and
hydrological continuum at the same time, and distinguishing separate forms is,
to a certain extent, subjective; nevertheless, an obvious presence of permanent
water streams in channels, in addition to large dimensions, clearly distinguishes
this type among other morphogenetic types of gullies.

Considering that hitherto most definitions of gullies underlined that they
are formed by temporal streams and transmit water only during the short
period of runoff accumulation after precipitation events or snow melting, such
fluvial erosion landforms with permanent watercourses do not fit into the group
of typical gullies. Hence the term “valley-like gullies” is used to describe those
forms that are similar to valleys in that perennial streams flow in their channels
for all or most of the year, but differ from the latter due to considerably smaller
morphometric parameters. Namely, the length of valley-like gullies corresponds
to that of typical gullies, i.e. they could be over 0.5 km long, with some stretching
for up to 2 km, whereas the length of brooklets and small rivers in Latvia usually
exceeds tens of kilometres.

Together with typical gullies, these valley-like gullies are the largest elements
of erosion network and among those headwater channels that form the intricate
drainage patterns within the study area. These erosion landforms deeply dissect
the slopes of uplands, tunnel valleys, and ancient glacial spillways; their headcuts
extend far into headwater catchments, while their outlets or fans are approaching
the sub-horizontal surface of terraces or footslopes, or protrude directly into the
receiving water bodies.

Gullies of this morphogenetic type, in the same way as U+V-shaped typical
gullies, indicate several incision-accumulation phases of erosion network
development through composed cross profiles, thus reflecting the fact that they
are polygenetic geomorphological features at temporal scale.
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Like typical gullies, valley-like gullies are extensively branching and usually
are second-order or third-order ones. The data obtained during the field survey
allow for elucidating the role of mass movement and seepage erosion processes
in the formation of side branches. In this case, a vertical geological structure
characterised by alternating strata of Quaternary sediments with low and high
hydraulic conductivity enables the formation of a groundwater flow which, in its
turn, stimulates lateral seepage erosion in the gully sidewalls and development
of piping openings and small landslides. It subsequently leads to concentration
of groundwater flow towards such excavated semi-circular depressions and
formation of a new headcuts with springs in them. Spring headcuts retreat due
to seepage erosion increases groundwater flow convergence, and according
to a positive feedback mechanism, provokes the process of repeated failure
and headward development of branches. Their growth stabilizes when due to
interception and redistribution of groundwater flow among gully branches the
supply of groundwater into drainage area of each branch decreases insomuch as
it is not sufficient to cause further seepage erosion.

Hanging gullies. The term “hanging gully” in Latvia was for the first time
used by Eberhards (1991) in order to describe a distinctive type of old gullies
found in the Nature Park “Daugavas Loki” This morphogenetic type of gullies
rather rarely occurs in the River Daugava valley and is characterised by a
specific morphology and peculiar allocation on the slopes of the valley. In
respect of their topography and visual appearance, hanging gullies are similar
to old infilled flat-bottomed gullies at the final stage of gully evolution when a
complete stabilization of channel is attained and slopes are vegetated; in contrast
to the latter, however, the hanging gullies do not have either cone-shaped fans of
accumulation or lower parts of channels.

Hanging gullies are, actually, transformed flat-bottomed gullies, which
initially were approaching the local base level and after the stabilization
and reduction of sidewalls gradients acquired the same morphology as the
old gullies. However, during the subsequent development of meanders and
widening of the Daugava valley by lateral erosion, the river eroded and washed
out terraces, alluvial fans, and lower reaches of flat-bottomed gullies. During
repeated regional incision phases of the river, a younger terrace was formed
at a lower level, and partially cut old gullies were left as the hanging gullies,
whose flat bottom lies now 12 to 14 m above the present local base level. The
present thalwegs of hanging gullies intersect the plane of slope in the middle
or lower part of the valley sidewall and does not reach the local base level,
leaving the outlet of gully in a hanging position. The erosion process has not
renewed in these hanging gullies because of a turf cover on the bottom and the
slopes that prevent downcutting. Hanging gullies have gentle U-shaped cross-
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profiles; in comparison to over types of old gullies, however, these landforms
are characterized by smaller dimensions, i.e. they are over 0.2-0.3 km long and
8-12 m deep.

Estimation of the river terrace development periods (Eberhards and Saltupe,
2000: Ri-320 un Ri-323) permits to suggest that hanging gullies date back
7,000 to 3,000 years ago. It means that these gullies were formed in the pre-
agricultural time, at the beginning or towards the end of the Atlantic Time. In
order to obtain data about the age of hanging gullies from the sources other than
geomorphological evidence, samples of undisturbed cores for pollen analysis
were collected. Nevertheless, analysis of the obtained pollen diagrams indicates
presence in the samples of pollen grains and spores characteristic for the
Subatlantic Time, which contradicts the previous assumption. This discrepancy
can be explained, first, by the fact that quantitative and qualitative differences of
pollen grains contained in the examined samples indicate sediment redeposition
within the given gullies, thus making pollen diagrams for this particular case
proved unreliable. The second explanation is that the obtained results reflect
only the time that had passed since the last event of infilling occurred instead of
the real time of gully formation.

Landslide cirque gullies. This morphogenetic type of gullies is represented
by short discontinuous gullies developed on the steep slopes of negative
landforms, e.g. along the subglacial tunnel valleys or undercut concave banks
of meander bands. Within the study area, such gullies were found mainly in the
stretch of the Daugava spillway valley from Kraslava down to Naujene, as well
as in some tunnel valleys, e.g. in the Subate subglacial tunnel valley and tunnel
valley of the Lake Silovkas. However, landslide cirque gullies have a relatively
rare occurrence in comparison to other types. Landforms similar to the former
in terms of their morphology and formative processes, i.e. gullying induced by
mass movements, have been examined by Parkner et al., (2007), who use the term
“slide complex. Landslide cirque gullies typically have a bottleneck shape with
a cirque-like or amphitheatre-shaped sub-circular depression at the gully head
and shallow V-shaped cross-profile at the gully outlet. A large number of small
springs with discharge less than 0.05 1 s and sapping signs that can be usually
observed at the bottom of landslide scarps form small streams. It indicates that
these landslide-gully complexes were initiated by seepage erosion. Despite the
presence of small permanent streams within these gullies, there are usually no
morphologically expressed alluvial fans at their outlets for the following reasons:
(1) gullies protrude directly into the receiving water body;, i.e. a river or lake; (2)
these accumulative features are usually eroded during spring floods.

Landslide cirque gullies are short (15 to 90 m), depths of incisions varies
from 0.8 to 2.5 m, and the gully catchments are relatively small, from 0.29
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to 1.22 ha. Taking into account the volume of eroded sediment, they can be
compared to ephemeral gullies. Their difference from ephemeral gullies, however,
is in a step-like thalweg and steep longitudinal profile characterised by channel
gradient >0.4 m m™. Hydrological modelling permits to calculate discharge of
spring outlets, which possibly forms these gullies. Calculation shows that in
order to incise a 0.3-0.9 m wide channel a discharge has to be from 0.0058 to
0.0831 m®s'. Comparison of data shows that theoretically calculated values
are almost 2 orders as large as those obtained by measurement of real spring
discharges in situ.

This fact can be explained by assuming that gullies are formed not only
entirely by a focussed groundwater seepage and spring outflow, but also by a
surface runoft concentrated in landslide cirques. On the other hand, a steep
channel gradient obviously plays an additional role in accelerated erosion.
Steep longitudinal profiles create favourable conditions for formation of micro-
waterfalls due to the collapse of colluvium in a gully channel, which, in its turn,
invokes a variety of small scarp failures that intensify headward erosion.

In order to identify the extent to which the initiation and development of
landslide cirque gullies is determined by an overland runoft as a main controlling
factor recognized for typical gullies, the obtained results were compared to the
data recently described in the literature related to the existing geomorphic
threshold conditions influencing gully initiation. For this purpose, the empirical
relationship S_ = aA™ between the upslope drainage basin area (A) and critical
slope gradient (S ) of gully initiation first defined by Patton and Schumm (1975)
and later reported by Vandaele et al., (1996) in respect of ephemeral gully
initiation, was applied in this study.

The A and S data for landslide cirque gullies were obtained in the GIS by
the tools of geospatial analysis and then plotted on a logarithmic scale together
with the results concerning the critical slope gradient and drainage area for
gully initiation, taken from the literature (Montgomery and Dietrich, 1988;
Dietrich et al., 1992; Prosser and Abernethy, 1996). Analysis and comparison
of topographic A versus S_ values estimated for the landslide cirque gullies with
the published values of the critical thresholds for incision of overland flow based
gullies indicates that the former plot below the threshold lines computed by other
scientists. In other words, the size of the contributing area located upslope from
a headcut of a landslide cirque gully, and its slope gradient are insufficient for
gully initiation by an overland flow. However, A and S characteristics obtained
by the author are consistent with the A-S_ data reported by Samani et al.(2009)
for the gullies with landsliding and piping dominated initiation mechanism;
thus conforming the assumption about the mass movement and seepage as main
driving forces in the process of landslide cirque gully formation.



72

Application of dendrochronological techniques reveals that these gullies are
relatively new. Trees growing in these gullies are 72-76 years old. Considering
the observations reported in the literature (Parkner et al., 2007) that vegetation
rapidly re-colonizes the scours and slopes of recent landslide cirque gullies, it is
possible to assume that these gullies had formed shortly before trees took roots.
Hence the formation of these gullies can be related to 1931, when the intensive
undercutting of the Daugava valley bluffs took place during extreme spring
floods with the probability of occurrence from 1 to 0.5%.

Ephemeral gullies. Like the previous one, this morphogenetic type is usually
represented by short discontinuous gullies. Nevertheless, in contrast to landslide
cirque gullies, formation of ephemeral gullies occurs on relatively gentler slopes
of cropland environments due to concentration of water in natural or human-
made linear downslope- orientated landscape elements or micro depressions. In
spite of the fact that such erosion landforms are usually infilled during tillage or
soil cultivation, ephemeral gullies can develop anew in almost the same location
if an intensive overland runoff forms after intensive snow melting or heavy
downpour.

Given that until now study of ephemeral gullies in Latvia has not been
carried out, one of the objectives set up in the given work is to obtain in situ
data regarding morphology of these landforms and factors controlling their
formation. According to the author’s field observations, ephemeral gullies
form quite often on the croplands in south-eastern Latvia; however, taking into
account a short duration of their existence, it is not an easy task to record them
and obtain the required data concerning their development.

The field survey data indicate, that the maximal depth of ephemeral gullies
found in the upland areas of south-eastern Latvia varies from 0.25 to 0.8 m, and
the maximal width from 0.8 to 2.5 m. Similar to the ephemeral gullies reported
in gully erosion studies in Western Europe (Casali et al., 2006), the ones in
Latvia also have a pronounced box-shaped cross profile with sub-vertical slopes
and a flat bottom.

Recording the occurrence time of these linear erosion landforms and
analysing the obtained data in seasonal framework indicate that unlike Western
Europe, where initiation of ephemeral gullies is usually triggered by an overland
runoff resulting from extreme rainfall events (Vandaele et al., 1996), in Latvia
such incisions are formed after heavy downpours and during an intensive snow
melting in spring or winter as well.

Formation of ephemeral gullies, like other types of linear erosion, is a natural
geological process, but it can be significantly accelerated by human activities
such as slope transformation, land-forming operation, deforestation, distortion
of vegetation cover, tillage and other agricultural practices, etc. Considering that
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channels of ephemeral gullies are regularly infilled during agricultural activities,
and the material that is periodically accumulated in gullies is then eroded
and transferred downslope every time a concentrated overland runoff recurs,
ephemeral gullies must be considered as an important part of human-induced
denudation process in south-eastern Latvia.

Considering the data on climate change modelling adopted for Latvia, the
forecasted increase of mean monthly temperature in December and January
and shortening of a cold season will have a positive impact on formation of
ephemeral gullies, which in its turn will increase sediment and nutrient delivery
from croplands to receiving streams and basins. This phenomenon is related to
significant changes in duration of the cold season and activation of accelerated
water erosion in the period when the surface layers of soil are usually still frozen
and covered by snow, and the erosion should not occur at all. In its turn, formation
of ephemeral gullies will more often provoke a higher sediment production and
supply during a warmer winter with very good delivery conditions as a result of
high soil moisture levels and formation of overland flow on bare fields that are
typical for crop rotation system in Latvia.

3.2.Regularities of geospatial distribution of gullies

Gullies and small permanent streams of first-order compose the finest and
the largest in the number of elements part of a hydrographical network (Horton,
1945); these elements not only reflect the present-day structure and pattern of a
catchment, but also allow for the evaluation of paleogeographic development of
erosion network in the past and for suggesting how it might evolve in the future
(Jarvis, 1977; Knighton, 1998). Simultaneously, geospatial distribution of streams
reflects the influence of geological structure and topography of catchment on
the process of accelerated water erosion and development of fluvial landforms.
Naturally, lithological and geomorphological properties of small drainage basins
of upper elements of a hydrographical network determine the development of
fingertip tributaries and zero-order headwater temporal streams such as gullies,
thus establishing a geographic distribution of gullies and a pattern of gully
network.

Considering the aforementioned regularities, geospatial analysis of gully
distribution was carried out in the given work in order to elucidate local
differences in erosion network patterns, as well as variations in quantitative
characteristics of geographic location of gullies, i.e. gully network density and
frequency in respect of geological structure and morphology of relief.

Analysis of topographic maps and spatial analysis of the arrangement and
distribution of gully networks permits to distinguish three etalon territories
within the study area, i.e. (1) the territory of plateau-like hills in the northern
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part of the Latgale Upland, (2) the territory of river valleys and proglacial
spillway valley located in the south-eastern part of Latvia, and (3) the territory
of tunnel valleys of the Latgale Upland and the Aug§zeme Upland. In the above
mentioned etalon territories, linear erosion landforms are widespread features of
landscape, and in some places they constitute a very dense network, whereas in
lowland areas, as well as on the slopes of morainic hills and hummocky massifs
in central parts of the uplands, gullies occur occasionally and generally are not
common features.

Gullies within the etalon territory of plateau-like hills in the northern
part of the Latgale Upland. Within this etalon territory located in the Burzava
hummocky area to the north of the town of Rézekne, plateau-like hills with a top
surface area from 0.8 to 2.2 km?are common. Tops of the plateau-like hills are
relatively flat, besides their uppermost layers in respect of geological structure
are formed from glaciolacustrine clay characterised by low infiltration indices.

In total, 46 such landforms were found in the etalon territory; gully incisions
were identified on the slopes of 44 plateau-like hills. Analysis of topographic
maps at scale 1:10,000 permitted to recognize 277 gullies. Considering
their morphology and position on the slopes, as well as taking into account
morphogenetic classification of gullies developed by the author, they can be
referred to the following types of gully erosion landforms: typical gullies, slope
gullies, and valley-like gullies.

The studies of spatial distribution of gullies within the etalon territory of
plateau-like hills in the Burzava hummocky area indicate that the degree of
slope dissection is mainly determined by relatively short, up to 200 m long, non-
branched or poorly branched permanent gullies of the 1* or 2" order. Longer,
extensively branched typical gullies have a rare occurrence.

The data obtained during field studies and map analysis of the etalon
territory show that development of gullies is limited by the conditions of runoft
formation, which, in its turn, is determined by the topography and size of
the flat-topped surface of plateau-like hills. In other words, areas with a large
number of gullies, i.e. more than > 10 gullies, are associated with the slopes of
plateau-like hills whose flat-topped area is about 0.8-1 km? and more; if it is
smaller, only short slope gullies occur.

Calculations using the rational formula of Chow et al. (1988) were done
to estimate the size of catchment which is sufficient, at a given amount of
precipitation and rainfall intensities, for the formation of erosion-causative runoft
and thus for initiation of linear incisions which correspond to the dimensions of
gullies, namely at least 0.5 m deep at the cross section of at least 0.09 m?
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The obtained results indicate that for heavy rainfalls with probability of
occurrence 2% and intensity more than 10-12 mm h’, the size of catchment
which is theoretically sufficient for gully formation is 2.8-3.3 ha; whilst the same
parameter increases to more than 100 ha for usual precipitation events with a
moderate intensity of 0.1-0.2 mm h'. Comparison of the theoretically calculated
values with the data about the real areas of flat-topped surfaces of plateau-like
hills obtained in the GIS by the tools of geospatial analysis clearly indicates that
an erosion-causing runoft cannot be formed under an ordinary precipitation.
Under extreme meteorological conditions, particularly during heavy rainstorms,
even relatively small catchments, e.g. with the area of 0.8-1 ha and located on
tops of plateau-like hills, are sufficient for formation of concentrated erosive
overland flow and triggering gully erosion.

The principal geomorphological factors that affected gully erosion in
the etalon territory of plateau-like hills in the Burzava hummocky area are as
follows: a local erosion base level (relative height of a plateau-like hill), convex
shape of slope with a knickpoint in the upper part of it, gradient, and length of
slopes. Formation of gully network was registered on the plateau-like hill slopes
whose length exceeds 50 m and gradient is at least 8°~10°, and the erosion base
level exceeds 20 m. It is also necessary to notice that a low infiltration rate of
sediments at the flat hilltops, constituted by glaciolacustrine clay, and steep
slopes composed of glacial till, hinders effective absorbing of falling precipitation
or snow melting water, and thus causing concentration of runoff into small
streams which flow downslope. As these streams cross the pronounced break
between the flat-topped surface and adjoining steep slope of a plateau-like hill,
their kinetic energy and erosivity raises sharply due to an increase of slope
gradient and stream velocity. Thus the simultaneous effect of both geological and
geomorphological factors facilitates the process of linear erosion and formation
of gullies on the slopes of plateau-like hills.

A flat surface of plateau-like hill tops and fertile soils, which were formed on
the subsoil deposits of glaciolacustrine clay, also create favourable pre-conditions
for agriculture and attracted ancient farmers. Taking into consideration the
above mentioned fact, it could be concluded that the formation of gullies in this
etalon territory could be related to intensive forest clearing related to the slash-
and-burn agriculture and the beginning of soil cultivation in the 9% and 10"
centuries AD (Strods, 1992). To verify this assumption, it is necessary to obtain
C and OSL dates.

An isometric or rounded shape of plateau-like hills in horizontal repre-
sentation, as well as dominance of radial slopes determine the peculiar pattern
of gully network typical for this area but not common for other etalon territories.
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Thus, visualization of geographic distribution of gullies using tools of geospatial
analysis and comparison of the obtained pattern with ‘classic’ patterns of erosion
networks distinguished by Morisawa (1985) indicate that the spatial distribution
of gully network within the etalon territory of plateau-like hills can be described
as a radial pattern.

Gullies within the etalon territory of river valleys and proglacial spillway
valley located in the south-eastern part of Latvia. Review of literature
summarising the issues of gully erosion, e.g. Poesen et al., 2003; Kovalyev et
al., 2006, reveals that presence of river valleys favours the development of a
dense gully erosion network due to the formation of deep negative landforms
characterised by significant differences in local topography and long steep
slopes. Naturally, territories within the study area, densely and deeply dissected
by gullies, are geographically associated with larger landscape features of fluvial
genesis such as river valleys and proglacial spillway valleys.

Considering the differences in dimensions of the mentioned before fluvial
forms located in south-eastern Latvia, it was assumed that the most pronounced
and most intricate gully erosion network characterised by the highest values of
gully density could be related to the biggest fluvial form of the entire study area,
i.e. with the Daugava spillway valley in its stretch from the town of Kraslava
down to the Naujene village. For this reason, analysis of topographic maps was
first of all carried out in order to verify this assumption. Once it was approved,
the above mentioned stretch of Daugava was selected from other valleys as an
etalon territory.

Geospatial analysis indicated that more than 350 permanent gullies of
different size and morphology dissect the sides of the main valley along its 50 km
long stretch. Comparison of the obtained gully network pattern with ‘classic’
ones reveals its correspondence to the most commonly encountered network
type, i.e. a dendritic pattern.

Results of geomorphological field studies show that this etalon territory is
the only one among others where all morphogenetic types of gullies were found
out. In contrast to the etalon territory of plateau-like hills, the dominant type
of linear erosion landforms in the Daugava spillway valley are typical gullies;
whereas slope gullies constitute slightly more than % of the total number
of gullies. A complex vertical geological structure of this territory and its
hydrogeological peculiarities, as well as the fact that the valley acts as the main
local zone of groundwater outflow from both confined and unconfined aquifers
due to its considerable depth, determine the formation of a large number of
springs here and, as a result, development of landslide cirque gullies and valley-
like gullies. In addition, hanging gullies were formed in the course of the
paleogeographic development of the Daugava valley.
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Statistical analysis of gully network variables carried out in this thesis
yielded a close negative correlation (r = -0.909; p < 0.01 at n = 351) between
the order of gullies (1) in respect of their branching and the number of gullies
of the given order (N, ) in the Daugava valley. Consequently, the ‘law of
stream numbers’ stated by Horton (1945) for rivers was applied to the gullies
in order to determine the interconnection between N ~and u parameters.
The ‘law of stream numbers’ can generally be expressed by the power function
N, = aexp™, where N_ . a, and b are, respectively, the number of gullies
of order u, a dimensionless empirical coefficient within the range 600-700
(Knighton, 1998), and an exponent characterising the branching of gullies,
which, in its turn, can be calculated according to the formula b = In R, (Horton,
1945) where R, is bifurcation ratio.

The N, and u data for permanent gullies were obtained in the GIS by
the tools of geospatial analysis and then plotted on a semi-logarithmic scale.
The empirical curve obtained by the best-fit method (Fig 3.) comparatively
well (R? = 0.9799) describes the cluster of N, versus u points. However,
in comparison to the ‘classic curve for permanent watercourses reported
in literature (see, for example, Knighton, 1998), it indicates a less decreasing
tendency of N values with an increase of u values (Fig 3.).
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Figure 3. Correlation between the number of gullies and order of their branching
within the Kraslava - Naujene stretch of the River Daugava valley:
u = order of gully branching; N, = number of gullies of the given order u; 1 = values
characterizing relation N, , vs. u for gullies within the Daugava Valley; 2 = empiri-
cal curve and equation describing the regularity of relation between N and u
within the valley; 3 = curve and equation describing the regularity of theoretical
relation between Ngr W and u (Knighton, 1998)
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In other words, the gully network in the Daugava spillway valley is charac-
terised by a stronger tendency of branching than rivers. It can be explained
by differences in development of the river and gully networks, i.e. for gullies,
in contrast to rivers, an important role in the process of branching is played
by the formation of side branches as a result of headward erosion caused by
mass movement and seepage erosion. The mechanism of this phenomenon is
described earlier in section 3.1 of this thesis.

Mathematical and statistical analyses of other gully network variables,
namely their lengths and catchment areas, allowed for finding out a close
positive correlation (r = 0.866; p < 0.01) between these characteristics. Therefore,
similar to the analysis of correlation between the number of gullies and their
order, another empirical relationship of mainstream length (L) to drainage basin
area (A) reported by Hack (1957) for rivers was applied to the gullies in the
given work. This relationship is expressed in the power function L = a-A’, where
a is a dimensionless coeflicient within the range 1-2.5 (Leopold and Miller,
1992), and b an exponent which for permanent streams varies from 0.5 to 0.6
(Ijjasz-Vasquez et al., 1993).
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Figure 4. Graph of correlation between gully catchment area and length within the
Daugava Valley, based on the data obtained by the GIS geostatistical analysis.
A = gully catchment, L = gully length.
8r 8r

The correlation graph depicting interconnection between the gully length L |
and catchment area A was plotted on a logarithmic scale by putting values of
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A, and L obtained in the GIS into data sets. Statistical processing of the cluster
of Ag, - Lgr points was carried out and the best fitted curve (R*= 0.8479) was
derived according to power regression; the power equation L = 1.1423 - A ***
was also computed, which relatively well describes the distribution of these
points in terms of mathematical reliability (Fig. 4.).

In this empirical power equation computed by the author, the value of
exponent b corresponds to the one reported in literature (Ijjasz-Vasquez et al.,
1993); the coeflicient a is, in its turn, similar to the ones calculated for rivers in
the territory of the former USSR (Mihailov et al., 2005) and in the territory of
US (Leopold and Miller, 1992), 1.36 and 1.4 respectively.

Gullies within the etalon territory of tunnel valleys of the Latgale Upland
and the Augszeme Upland. Glaciofluvial erosional landforms and tunnel valleys
are particularly widespread in the Aug$zeme Upland and the Latgale upland
(Eberhards, 1972b). A relative depth of these forms varying from 20 to 35 m,
high values of slope gradient frequently exceeding 20°, as well as a long and
steep slope of a convex shape with an explicit knickpoint in its upper part, are
among those principal geomorphological factors which affect the formation of
gullies in this etalon territory. It should also be emphasized that similar to the
case of plateau-like hills, the internal structure of glacial deposits forming slopes
and adjacent areas of tunnel valleys creates favourable conditions for gully
formation on the slopes of these landforms. The uppermost part of Quaternary
strata along the tunnel valleys is composed, as a rule, by facies of massive basal
till or silty diamicton (Abolting, 1989), that are characterized by low infiltration
indices. Consequently, the formation of overland flow after rainstorms or snow
melting is facilitated by poor infiltration conditions resulting from low hydraulic
conductivity and fast saturation of soil, which leads to the transfer of water
downslope and concentration of runoff into small streams. When these streams
pass an explicit knickpoint in the upper part of a slope, its increasing gradient
leads to a rise of stream velocity which, in its turn, enhances kinetic energy of
the stream and, consequently, the associated erosivity.

The cartographic analysis and identification of gullies incised in the slopes
of subglacial tunnel valleys allowed selecting etalon territories. The criterion
for selection was occurrence and number of gullies spatially related to
subglacial tunnel valleys. Ultimately, nine such glaciofluvial landforms among
others located in the study area were selected because they are characterised by
the highest frequency of gully erosion network. Analysis of topographic maps
at scale 1:10,000 permitted to recognize 249 gullies on the slopes of tunnel
valleys. The correlation of the data obtained during field studies, as well as
analysis of data derived from topographic maps show that the degree of gully
erosion is mainly determined by the slope gradient and temporary erosion base
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level, that is, in fact, by the depth of tunnel valleys. Low values of the erosion
base level (10-15 m) and gentle slopes (less than 10°) determined inactivation
of linear erosion after the formation of rills. Deeply incised permanent gullies
had been predominantly formed on the slopes of those tunnel valleys whose
depth exceeds 25 m, and the angle of slope inclination is more than 20°.

Similar to the etalon territory of plateau-like hills, the dominant morpho-
genetic type of linear erosion landforms are slope gullies, while typical gullies
constitute slightly more than 1/4 of the total number of gullies. However,
contrary to the etalon territory of plateau-like hills, a comparatively bigger
number of valley-like gullies were recognized in tunnel valleys. Furthermore,
landslide cirque gullies, which have not been detected in the Burzava hummocky
area, were found in some of tunnel valleys, for instance, in the Subate-Baltmuiza
and Silovka ones. Recognition of the fact, that landslide cirque gullies constitute
an important part of erosion network (> 1/5 in total) developed in the etalon
territory of subglacial tunnel valleys, indicates the influence of hydrogeological
factors and highlights the role of exogenic geological processes driven by
groundwater.

The rugged topography of the tunnel valley slopes is predominantly formed
by short, 80 to 120 m long, non-branched permanent 1% order gullies, which,
in terms of morphogenetic classification, can be referred to the slope gullies.
The expansion range of branched typical gullies and valley-like gullies is much
lower. Spatial distribution of gully network associated with tunnel valleys can
be described as a sub-parallel pattern, when thalwegs of gullies are orientated
parallel to each other, but athwart to the long axis of the subglacial tunnel
valley.

Summing up, it could be concluded that the development and location
of gullies on the slopes of subglacial channels in SE Latvia are determined by
peculiarities of geomorphological features, particularly surface topography
and morphometry of slopes, and by geological structure of Pleistocene glacial
deposits.

The field studies and reconnaissance of linear erosion forms in situ carried
out in this etalon territory show that formation of gullies in certain places is
determined by anthropogenic factors, particularly by the concentration of
surface and subsurface runoff into melioration ditches or pipes and redirecting
outlets of these artificial drainage elements into the upper reaches of continuous
gullies or directly to the edges of tunnel valleys. During the 1960s and 1970s in
Latvia big melioration projects widely were carried out (Skinkis, 1992) scale of
what can be well illustrated by the following figures, i.e. although constituting
only 0.3% of the entire territory of former USSR, Latvia encompassed 11%
of total artificially drained land in the Soviet Union. Taking into account that
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the time of the installation of drainage system relates to second half of the 20™
century, gullies in this etalon territory which are associated with outlets of
drainage ditches or pipes are relatively new and thus represents the younger,
human induced phase of gully erosion in south eastern Latvia.

3.3. Climatic conditions as factors affecting gully erosion

Climate conditions are recognized worldwide as paramount ones among
other natural factors affecting the process of gully formation and development,
and unlike such natural factors as topography or vegetation cover, they are not
amenable to human modification.

In order to elucidate the influence of climate factors on linear erosion, the
analysis of meteorological data characterizing the study area was carried out, and
related indicators of precipitation erosivity such as Fournier index FI (Fournier,
1960), modified Fournier index MFI (Arnoldus, 1977), and precipitation
concentration index PCI (Oliver, 1980) were calculated. Raster layers reflecting
the geospatial distribution of precipitation erosivity characteristics over the
entire study area were generated in the GIS from the dataset of georeferenced
points with the attributed FI, MFI, and PCI values.

Overlaying the obtained FI patterns on the map of physiogeographic units
of the study area clearly demonstrates that higher values of erosivity and the
resultant higher probability of triggering linear erosion are associated with the
central part of the Latgale Upland and with the Aug$zeme Upland. However, in
those areas where precipitation is relatively uniformly distributed throughout
the year, as for instance, in Latvia, FI values do not always correctly indicate
erosivity because an increase of rainfall in the months other than the wettest
one, characterised by the highest monthly precipitation, leads to a decrease of
FI, despite the increase of the erosion potential on the whole. In order to resolve
such an uncertainty, in addition to the above mentioned parameters of erosivity
another two were used in the given work, i.e. MFI and PCI reported by Arnoldus
(1977) and Oliver (1980), respectively.

The aggregation of climatic factors by overlaying FI, MFI, and PCI raster
layers in the GIS and the results of geostatistical multivariate analysis of these
erosivity parameters point out that rainfall erosivity within the study area
increases with a rise of annual precipitation and increase of temporal inequality
of monthly precipitation distribution. However, in general erosivity calculated
by using mean monthly or annual meteorological data can be estimated as low,
which leads to the conclusion that there should be a low probability of linear
erosion process within the study area. It does not tie in with the results of field
studies and geospatial analysis indicating that gullies are widespread features of
the upland landscapes in south-eastern Latvia (Soms, 2006).
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The reasons for this discrepancy can be interpreted as follows. First of all,
estimation of gully erosion probability depending on recorded meteorological
data does not incorporate the paleoclimatic situation which existed in the
Atlantic Time and is characterized in the related literature by higher precipitation
and thus higher rainfall erosivity (Dreibrodt, 2005). Secondly, almost 40%
of annual precipitation within the study area is constituted by snow, and the
present climate conditions, characterised by negative air temperatures in winter,
prevent the formation of overland flow and cause accumulation of snow in
headwater catchments. Hence, seasonal distribution of precipitation and surface
runoff are non-synchronous; moreover, rapid snow melting in spring generates
a release of a large amount of water within a relatively short period of time and
thus, consequently, formation of maximal runoff with high erosivity (Soms and
Gruberts, 2008). Thirdly, formation of gullies is to a high degree determined by
extreme downpours which, considering their low probability of occurrence both
in time and space, are not included in calculations of mean precipitation values,
which inevitably leads to an inadequate evaluation of erosivity.

3.4. Peculiarities of the gully evolution process and the role of extreme
hydro-meteorological factors in development of gullies

It is well known that in the processes of initiation or reactivation of water
erosion it is the rainfall events with precipitation which exceeds certain threshold
values that are of paramount importance comparing to other climatic factors
(Wischmeier and Smith, 1958). At the same time, there is a widespread opinion
(see, for example, Schwab et al., 1993; Valentin et al., 2005) that a vegetation
cover effectively controls erosion and increases the slope stability by dissipating
the kinetic energy of rainfall. However, in many old gullies presently found
under forest, occurrences of incision and landslides were identified during the
field studies carried out by the author. Hence, there is a discrepancy between
previously mentioned opinion and the study results, indicating a possibility
of reactivation of erosion processes in such relatively stable fluvial forms as
vegetated old gullies.

Examining the slopes and gullies covered by forest as landforms where canopy
vegetation under ordinary rainfall events hinders formation of concentrated
surface runoff and linear erosion, it is necessary to assume that downcutting of
gully bed and undercutting of gully sidewalls present a geomorphic response of
a headwater catchment to extreme hydrometeorological events such as heavy
rainfalls with 1-5% probability of occurrence or a very intensive snowmelt.

In order to get a deeper insight into these issues, field studies were carried
out within the River Daugava spillway valley, in the channels affected by
reactivation of erosion processes after an extreme rainfall event in May 2005.
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Complex geomorphological, geological, and hydrometeorological studies,
morphometric measurements and recording of geomorphic consequences
of the above mentioned extreme event were performed in Pe$canij Rucej, a
typical permanent woodland gully located in the valley. In this gully, extreme
precipitation triggered various processes, inter alia an intensive channel
incision, development of landslides and slips on the gully sidewalls, colluvial
sedimentation at the gully outlets, and substantial delivery of eroded material to
the receiving river.

Mathematical processing of the recorded meteorological data demonstrates
that on some days, e.g. May 10, 2005, the storm rainfall intensity (up to
4.2 mm h') exceeded infiltration capacity 1.2-2 times and overran the threshold
which triggers Hortonian overland flow. Taking into account the fact that soil
and the top part of subsoil deposits had become saturated by previous rainfalls,
a saturation-induced overland flow was produced as well. The combination of
the above mentioned factors led to a rapid transfer of precipitation from gully
catchments to channels, concentration of headwater streams, and a saltatory
increase of bed and sidewall erosion.

Granulometric analysis of colluvial sediments accumulated in newly formed
gully fans using Hjulstrém’s (1935) curve indicates that the presence of rather
large particles (d>50 mm) in the layers deposited within the fans can be explained
by the threshold stream velocity approaching 8 m s™'. Such a high stream velocity
could not develop in the gully as a direct result of runoft, but due to a natural
damming of the gully by landslides, when the impounded pond water level rises
and breaches the dam thus triggering a rapid release of the impounded water
and woody debris into the gully channel and causing significant downcutting.

The development of shallow landslides in response to excessive precipitation
and meteorological extremes was initially caused by incision of the gully channel
and sidewall erosion processes which led to the steepening of slopes and removal
of their foot, which increased instability of the sidewall and created favourable
conditions for mass failures. In addition, rainfalls of moderate intensity over
extended periods of time caused a geomorphic response in the form of landslide
by increasing the effective weight of the saturated material, creating appreciable
pore pressure, and weakening soft Quaternary deposits and unconsolidated
materials.

Along with geological and geomorphological factors, the presence of
vegetation cover, particularly trees, on gully sidewalls played an additional
role in triggering mass movement processes. The weight of trees surcharged
the slopes increasing normal and downhill force components and caused slope
failures by increasing the lateral loads on the slopes which then became unstable
due to saturation or removal of the slope foot.
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Studies conducted in situ showed that the gully channel of the Pe$¢anij
Rucej at gully head and middle part of the gully had deepened by 0.8-1.1 m due
to erosion. However, the channel in the lower part of the gully and at its outlet
had become filled with a poorly sorted layer of colluvium sediment up to 0.7 m
thick. The total amount of material eroded only in this gully channel alone was
estimated at 175-200 m’, or in other words from 280 to 320 t.

Comparison of these data with those obtained via erosion monitoring
in the Pe$canij Rucej since 1999 demonstrates that until 2005 changes in the
gully channel due to erosion and accumulation had been within the range of
*+ 3-4 cm. In other words, the state of the channel was stable and the gully
as a fluvial landform actually had not developed. Generalizing on these facts
makes it possible to conclude that a temporal evolution of the given gully has
an explicitly saltatory character, whereby short periods of erosion caused by
hydrometeorological extremes are succeeded by years or even tens of years of
relative stability with no erosion.
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4. DISCUSSION

According to related literature, many recent studies that have focused
on the issues of gully erosion and its relationships with ongoing environmental
change (e.g., Poesen et al., 2003; Valentin et al., 2005; Panin et al., 2009) highlight
the climatic factors as paramount ones that trigger gullying and formation of
linear erosion forms in agricultural landscape or even in the territories presently
covered by forest. Since the second half of the 20" century, when a scientific
background for water erosion quantification and predicting was established,
and concepts of rainfall erosivity (Wischmeier and Smith, 1958) and rainfall
thresholds (Reed, 1979) were defined, precipitation has been recognised within
the range of other climate factors as a major driving force of gully formation
(Vanwalleghem et al., 2005).

The aggregation and evaluation of Fournier index FI (Fournier, 1960),
modified Fournier index MFI (Arnoldus, 1977), and precipitation concentration
index PCI (Oliver, 1980) which together characterise the erosivity of precipitation
within the study area have been done for the first time, which allowed for
geospatial and multivariate analyses of these indicators. The obtained results
related to the correlation among annual precipitation, MFI, and PCI (Fig. 5)
demonstrate that rainfall erosivity within the study area increases with rise
of annual precipitation and a increase of precipitation concentration index.
Generally, however, erosivity calculated on the basis of mean monthly or annual
meteorological data can be estimated as low. Moreover, values of the major part
of MFI points cluster are within the range of 55-60 units (Fig. 5), i.e. they are
1.5-2 times less than the thresholds reported in the literature (CORINE-CEC,
1992) as sufficient for the initiation of linear erosion.

It follows from the above said that erosion could not occur at all within
the study area under the precipitation which corresponds to the mean monthly
or annual values. Such finding is in obvious contradiction with the results of
field studies and reported data (Soms, 2006), which demonstrate high density
of gully erosion network in the upland areas in south-eastern Latvia, as well as
recognize gullies as widespread fluvial landform in this part of the country. The
reasons for the above mentioned discrepancy can be interpreted on the basis of
at least two important factors, one of which is related to the accumulation of
precipitation in snow cover during winter and subsequent rapid formation of
erosive runoff in spring, leading to underestimation of erosivity calculated upon
only rainfall data. The second reason appears related to the formation of gullies
as a geomorphic response to extreme hydrometeorological events which, due to
their random local geographic distribution or low probability of occurrence, very
often have not been recorded by meteorological stations. Consequently, such
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rare erosion causative events of high magnitude are not included in calculations
of mean precipitation values, leading to inadequate evaluation of erosivity.
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Figure 5. Relation of precipitation erosivity characterized by modified Fournier index
MFI to precipitation concentration index PCI and mean annual precipitation in
south-eastern Latvia.

Extreme rainfalls of high intensity and related formation of a Hortonian
runoff have been recognized throughout the world as one of the most important
factors that trigger gullying (Poesen et al., 2003), however, there is less consensus
regarding the role of climatic factors in further evolution of gullies. Recent
studies dedicated to dynamics of gully development (e.g. Sidorchuk, 1999 and
Nachtergaele et al., 2002 amongst others) reflect a widespread opinion about
gradual increasing of morphometric characteristics of gullies in course of their
development at temporal scale caused by concentration of precipitation or
snowmelt water in these landforms.

Nevertheless, our research has revealed that in the study area which belongs
to the coniferous and mixed forest zone of the western part of the East European



87

Plain, where climate aggressiveness (Gregori et al., 2006) in terms of erosivity is
low due to rather even inter-annual distribution of monthly precipitation and
rare occurrence of extreme downpours, the development of gullies has signs of
saltatory evolution rather than graduality. Hence results of the given research
substantiate one of the hypothesis nominated for the defence, i.e. that the process
of gully development is to a high degree determined by hydrometeorological
extremes which cause erosion of high intensity and formation of new gullies
or reactivation of erosion in old gullies, whereas usual meteorological factors
are not able to cause gullying. The recognition of this regularity permits to
suggest intensification of erosion in south-eastern Latvia during next 50-100
years, considering the results of climate change modelling and related forecast
of increase in precipitation, alteration in seasonal variations, and shortening of
return periods of extreme rainfall events both in the Baltic Sea region (BACC
Author Team, 2008) and Latvia (Bethers and Sennikovs, 2009). Consequently,
there is a need to work out recommendations for spatial planning of territories
in respect of the mitigation of erosion risk and preservation of soil and water
resources.

A great deal of recent studies dedicated to factors controlling gully erosion
in a variety of environmental and climatic conditions and to historical causes
of gully erosion (Vandekerckhove et al., 2000; Dotterweich, 2005), as well as
summative reviews focused on gully erosion issues in general (Poesen et al., 2003;
Valentin et al., 2005), rank the direct or indirect impact of anthropogenic factors,
particularly farming systems and soil cultivation, among the most significant
ones triggering gullying in the Holocene. In the given research gullies originated
from human activities such as slope transformation, land-forming operations,
deforestation and distortion of vegetation cover, installation of melioration
systems, etc. are also reported The author however, while accepting the opinion
that natural gullying processes could be accelerated by anthropogenic factors,
claims that from the historical point of view, initial formation of gully erosion
network in south-eastern Latvia is predominantly determined by geological,
geomorphological, and climatic factors.

The obtained *C dates and pollen analysis reveal that development of old
gullies in the River Daugava spillway valley took place before the beginning of
intensive agricultural activities and their infilling date back to the Subatlantic
Time ca 2000 yr ago. It also corresponds to the empirically estimated mean
annual rates of colluvium deposition, i.e. 0.0011 m a™' (Soms and Kalnina, 2010
in print). Modelling of paleohydrological conditions by the approximation of the
peak flow discharges (Q) that had to cause gully incision of given width (W),
in its turn, indicates that formation of discharge with the values exceeding
48 m s7, which is sufficient for eroding gullies of more than 10 m wide, is
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virtually impossible under persisting vegetation cover and the Holocene climate
conditions in the south-eastern part of Latvia. In this case, development of the
largest gullies could be associated with the phase of intensive erosion caused by
ice meltwater streams in the Late Pleistocene. The assumption that old gullies
characterised by large dimensions could be periglacial features is consistent
with the opinion reported by other scientists who documented morphologically
similar landforms in Western Europe (Langohr and Sanders, 1985), in the north-
eastern part of Poland (Smolska, 2007), and the central part of Russia (Panin
et al., 2009). Moreover, possibility of anthropogenic origin of gully erosion
network in the study area was also refuted by the results of geoarchaeological
investigation (Berga, 2007), i.e. the first culture of Balts who used slash-and-
burn agriculture and thus could cause erosion, settled in this area in the Middle
Iron Age, ca. between 5™ and 9" century AD choosing for this purpose ‘naturally
fortified’ sites as their settlements. In terms of topography, these sites are places
where valley slopes had already been dissected by deep gullies, from which it
follows that these gullies were formed before the human agricultural impact and
have a natural genesis.

The comparison and analysis of historical and recent maps indicates
that during the period of more than 100 years the length of gullies has not
significantly increased in the course of headward erosion within the study area
(Soms and Seglins, 2010 in print), although this period in Latvia is characterised
by intensive landcover changes resulting from agricultural activities (Strods,
1992).

It is worth mentioning, however, that until now no unified methodology
which could identify the age of old gully formation has yet been worked out; the
existing techniques based on examination of the colluvium accumulated in old
gullies demonstrate that the process of obtaining feasible data is quite complicated
(Dotterweich, 2005; Panin et al., 2009). Literature review reveals that the results
obtained by applying such research and dating methods as C, TL or OSL
applicable for identifying age of the Holocene sediments, do not always indicate
the real time of gully formation (Lang and Hénscheidt, 1999). The reasons for
this discrepancy can be interpreted as follows. First of all, colluvial sediments are
deposited in the gully channel as a result of accumulation of the erosion products
transported from catchment, bed and sidewalls. Hence, materials of different
age, for instance organic matter like pollens of cereals related to agricultural
period, and ones from prehistoric time can be redeposited in the same layer of
colluvium. Similarly silt or sandy sediments within gully channels can contain
quartz grains exposed to light at different geological periods; or comprise
archaeological artefacts, e.g. fragments of pottery of different time of origin.
Secondly, after reactivation of downcutting in old gullies infilled with colluvium,
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a rapid development of new incisions and their subsequent infilling can lead to
the “renewal” of colluvium due to accumulation of younger sediments. Thirdly,
organic matter accumulated within colluvium is often used to determine the
age of gully; in some cases, however, younger organic material can be buried
under a thick layer of older colluvium due to deposition of leaves, twigs, pieces
of wood, and other elements of woody debris within the incisions eroded by
intensive streams of first flush (also called ‘flush floods’) events resulting from
hydrometeorological extremes. Hence the obtained “C dates will indicate the
time of the last erosion event rather than the time of gully formation.

Results of a considerably higher degree of certainty can be obtained by dating
organic matter, particularly soil or peat buried under alluvial fans of gullies.
Consequently, there is a need for additional studies and field reconnaissance
of such features within the study area, which will help identify the gully age
by combining *C dating and pollen analysis techniques. Moreover, the dates
thus obtained should be compared with those acquired in regions or countries
similar to Latvia in that they are located within the zone of the last (Vistulian)
glaciation, e.g. in the northern part of Poland and Germany or north-western
part of Russia, where morphologically similar landforms are reported.

Data reported in the related literature demonstrate that development of a
gully network is highly controlled by lithological properties of the uppermost
part of earth surface, thus allowing recognition of certain geological factors as
important ones in a range of other natural factors controlling linear erosion
process. An integral indicator which captures these lithological properties with
regard to susceptibility of soil and sediment to erosion is erodibility. To describe
this geological factor, different terms are used in literature, for instance, soil
erodibility (Wischmeier and Smith, 1958) or critical shear stress (Torri et al.,
1987). In the given work, erodibility of sediments is characterised by scouring
velocity of a water stream which causes detachment of particles and erosion.
According to this criterion, sediments were divided into three classes, where the
first class (value 1) is the least resistant to erosion and the third class (value 3) is
the most resistant to erosion.

Rationalizing these empirically evaluated indicators in a logical framework
leads to the assumption that in territories, where surface sediments are
characterised by higher erodibility values, i.e. those with lower resistance to
erosion by water, the number of gullies and density of gully network should be
higher in comparison to those where erodibility of sediments is lower. However,
this assumption is in contradiction with the results of field studies and reported
data (Soms, 2006). Multivariate analysis of geological and geomorphological
controlling factors demonstrated that within the study area, gully network
density expands with an increase of local base level (Fig. 6) and thus well
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corresponds to the traditional notion reported in literature. However, positive
correlation between the values of scouring velocity of water stream expressed
as a class of erodibility and number of gullies per unit area appear contrary
to the anticipated, i.e. in the territories constituted from erodible sandy or silt
deposits, values of gully network density (0-0.5 km km™?) are lower than in
those constituted from erosion-resistant clayey or basal till deposits, where the
gully network density reaches its maximal values of 4.0-4.2 km km™.
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Figure 6. Relation between gully network density with local base level and the
resistance of lithologic groups of sediments to water erosion in south-eastern
Latvia. (Classes of lithologic groups of sediments are made after Hjulstrom, 1935;
Kosov et al., 1989 and modified by the author)

This discrepancy can be interpreted by the consideration that the positive
correlation between erodibility and gully erosion network density reported by
other scientists was defined for the territories characterised by unequal seasonal
distribution of precipitation due to explicit dry and wet seasons. Under such
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semiarid climate conditions, short but intensive rainfalls occur rather often and
generate a Hortonian overland flow, thus causing development of rills and gullies.
Whereas in south-eastern Latvia, where there are no dry season, precipitation
inter-annually is distributed rather evenly, and extreme downpours occur rarely,
precipitating of ordinary low-magnitude rain onto erodible sediments such as
fine or medium-grained sand or silt, does not cause formation of a Hortonian
runoft and associated linear erosion due to high hydraulic conductivity of such
sediments and fast absorption of falling rain. In its turn, presence of sediments
of low permeability such as erosion-resistant sandy or loamy clayey diamicton,
basal till deposits, and glaciolacustrine clay hinders the absorption of even
moderate precipitation because of poor infiltration conditions resulting from
low hydraulic conductivity and fast saturation of the surface sediments. Hence
that generates saturation-induced overland flow, concentration of runoff and
subsequent erosion. Consequently, in the territories within the study area,
constituted from Quaternary sediments and characterized by low erodibility
and, at the same time, low permeability, formation of an erosion-causative runoff
under similar precipitation conditions occurs more often than in the territories
constituted from erodible, and, at the same time, permeable sediments. Thereby,
erosion-resistant glacial or glaciolacustrine deposits entail formation of a much
denser gully network than less-resistant ones do.

Summarizing the above discussed issues, it is possible to conclude that
local variations in gully network density, its frequency and patterns are directly
associated with the geological structure and morphology of relief. On the whole,
results of our studies reveal that during the process of lithomorphogenesis in
the Late Pleistocene, at the end of the Late Weischelian (Vistulian) glaciation
(Aboltins, 1989) and in course of subsequent development of river valleys in
the Holocene (Eberhards, 1972a), in south-eastern Latvia had basically been
shaped spatial patterns of medium-scale positive landforms, e.g. hummocky
massifs and plateau-like hills, and negative ones such as spillway valleys and
tunnel valleys. Slopes of these medium-scale landforms, in their turn, were that
‘substrate), upon which single gullies or even gully systems developed.

Completing this discussion, it is necessary to notice that hitherto most
studies dealing with gully erosion issues, pointed out the negative effects of this
natural exogenic process (Poesen et al., 2003; Valentin et al., 2005). However,
the results obtained in the interdisciplinary, i.e. ecogeomorphological, context
and presented in the given thesis indicate that despite negative consequences
on the whole, there are some positive effects of gully erosion as well. In this
perspective, field studies of geographic distribution of rare and protected plant
species and protected habitats of EU importance indicate a direct interconnection
between their location and patterns of erosion network in south-eastern Latvia.
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Analysis of data shows that this relationship can be explained as resulting from
interaction of indirect and direct controlling factors. On the one hand, presence
of rare species within erosion forms is a result of indirect controlling factor, i.e.
preservation of forest habitats unsuitable for human economic activities due to
steep gully slopes, whilst forests in the territories adjacent to gullies were totally
cleared off. On the other hand, presence of nature values can be determined
by direct controlling factors, that is to say that such changes of natural factors
as topography, slope aspect, slope gradient, soil properties, amount of solar
radiation, distribution of precipitation and moisture regime, air humidity and
temperature, etc. lead to the formation of erosion landforms within landscape,
subsequent modification of existing ecosystems, and formation of environment
favourable for existence of protected species. All the above mentioned permits
to highlight the positive role of gully development, which on the spatiotemporal
scale entails diversification of the landscape, formation of different habitats, and
increase of biodiversity of territory in general.
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CONCLUSIONS

The aim set forth for the thesis has been reached, and the stated objectives
have been fulfilled. The results of the given research permit to draw several
important conclusions about the factors controlling gully formation, regularities
in development of gully erosion network and spatial distribution of gullies in
south-eastern Latvia.

Alongside geomorphological and climatic controlling factors, geological
structure of the territory is the principal one that affects gully erosion. The
densest and most intricate gully erosion network has developed within the
areas constituted from glacial or glaciolacustrine sediments of low permeability,
predominantly on the slopes of those landforms, which local difference in
topography exceeds 30 m, and the angle of slope inclination exceeds 16°.

A pattern of gully erosion network reflects influence of geological structure
and topography of catchment on the process of accelerated water erosion and
development of fluvial landforms; hence peculiarities of geospatial distribution
of gullies can be used for interpreting the morphology of landforms, as well as
lithological complexes of earth surface sediments within a particular territory.

Topographic characteristics and morphology of gullies reveal a possible
age of gully formation, controlling factors, and environmental conditions
under which development of these landforms took place. In respect of their
morphometric parameters, the largest U-shaped gullies have been formed during
wetter climatic periods in the Holocene, or even in the Late Pleistocene as a
result of intensive erosion caused by melting stagnant glacial ice blocks during
the retreat of the last ice sheet. It is most likely that the origin of U+V-shaped
gullies is more complex than U-shaped ones; and these gullies are polygenetic
geomorphological features at temporal scale. In some sense these old gullies
could be compared to pages of palimpsest, a medieval manuscript where text
were erased and written over again. Gullies in the study area geomorphologically
reflect several incision-accumulation phases in the development of erosion
network. Formation of typical V-shaped gullies and slope gullies is, in its turn,
associated with more recent factors triggering or accelerating linear erosion both
by inappropriate land use and by extreme rainfall events.

Formation of a dense and intricate gully erosion network, and particularly
of its largest elements, is mainly determined by natural factors such as geology,
geomorphology, and climate of the given territory, combination of which
stimulates gullying. Human economic activities are a second-rank factor which
has affected reactivation of erosion in old infilled gullies or development of
smaller erosion landforms on the croplands.
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Geospatial distribution of elements which constitute gully erosion network,
as well as correlation between the length and catchment area of these elements
formed by temporary streams, conform to the same ‘laws’ and regularities, as the
ones established for elements of a hydrographical network formed by permanent
streams. However, the correlation between the gully order and number of
gullies of different orders indicates that a gully network is characterized by a
bigger number of elements with a high degree of branching than is defined by
a ‘law of stream number’ applicable to rivers. It can be explained by the impact
of geological work of groundwater on the process of headward branching of
gullies.

The initiation of linear erosion and development of gullies are to a high degree
determined by hydrometeorological extremes, i.e. formation of a Hortonian
runoff resulting from heavy downpours or intense snow melting, whereas usual
meteorological factors are not able to cause gullying. It follows that development
of gullies has signs of saltatory evolution rather than graduality.

A variety of exogenic geological processes can be observed in gullies,
moreover, these landforms, which developed during the previous erosion
phases, also provide relevant paleogeographic information about triggering
and controlling factors of their formation and the time when it occurred.
Consequently, considering their scientific or ecological significance, many of
them are nominated as remarkable geomorphological nature monuments and
registered in the list of protected nature objects of national importance. At
the same time, nature values such as protected and rare plant species, broad-
leaved forest habitats, etc. are often located in many gullies thus highlighting
and enhancing the role of gully erosion in preservation of biodiversity and
diversification of landscape.
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