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Abstract

In Ethiopia, deforestation of natural forests artemsive use of agricultural lands have resultesoihdegradation.
Despite recent massive restoration measures impkeheon degraded landscapes, nowhere in the cotimry
problem is more manifest than in Tigray, Northethi&pia. Most soils in this part of the country ateeady exhausted
by several decades of over exploitation and misige@mant. There are different types of land usekerrégion but
guantitative information is lacking about the imizaaf these land uses on soil organic carbon (S@Yotal nitrogen
(TN) storage capacities and on soil quality. Themefthis study assessed effects of different lesab on soil organic
carbon (SOC) and total nitrogen (TN) stocks, orpeissions of SOC and TN with soil aggregates arithgny
particles, and on soil quality. Data for paperi,llll and V have been collected from the followifive land uses
within Mandae watershed in eastern Tigray: (1) -tess rainfed cultivation (RF) (2raidherbia albida based
agroforestry (AF), (3) open pasture (OP), (4) atign based Guava fruit production (IR) and Fa)dherbia albida
based silvopasture (SP). The objectives of thidystaclude: (i) measuring SOC and TN stocks ancceatrations
in soils under the five land uses (AF, RF, OPaiR SP) and four depths (0-5, 5-10, 10-20 and 26r30(Paper ),
and soils under four land uses (AF, RF, OP and&i)three depths (0-15, 15-30 and 30-50 cm) (Pdpetii)
determining magnitudes of SOC and TN associatéll sgil aggregates and primary particles underfitiee land
uses and two depths (0-10 and 10-20 cm) (Papeard) (iii) compare the effects of only three agjtieral land uses
(AF, RF and IR) in 0-15 cm depth on selected plalsichemical and biological soil quality indicatoesxd on an
overall integrated soil quality index (SQI) of theils under these land uses (Paper 1ll). In additi>use efficiency,
and C-sustainability index of the smallholder ctimpstock mixed production systems in the wholertoy Ethiopia,
was assessed using C footprint analysis on datanglot from the abstracts of the central statistgesncy (CSA) of
Ethiopia and FAO databases (Paper IV).

Soil OC and TN concentrations differed significgremong different land uses and across depths. 80th and TN
were higher in OP and SP than in other land udes highest SOC concentration in 0-5 cm was measui@® (25.4
g kg?) followed by that in SP (16.0 g ¥y and the lowest was in RF (2.29 g'gin 5- 10 and 10-20 cm depths, SOC
concentration followed the same trend except thataimount of SOC in OP and SP land use systemeatext by
about 50% compared with that in the top 0-5 cmilepotal N concentration followed similar trendsirfher, SOC
and TN concentrations were highly correlated amland uses and depths. Total stocks in 0-30 cm hagee 25.8,
16.1, 52.6, 24.4 and 39.1 Mg-héor SOC, and 2.7, 1.6, 4.9, 1.9 and 3.5 Mg fa TN in AF, RF, OP, IR and SP
land uses, respectively. With RF as the baselimktaking the duration of 50 years since land useversion, the
average rate of accumulation was 0.73, 0.46, ab@l Blg C hayr! and 0.065, 0.038, and 0.022 Mg N'{a? for
OP, SP and AF, respectively. Soils under IR alsumlated 0.56 Mg C Hayr* and 0.019 Mg TN hayr? in the 0-
30 cm layer and in comparison with the RF land sisgem on an average of 15 years. Similar trends aiso
observed for both SOC and TN stocks in 0-50 cmhdepils under OP, SP and AF land uses in compansbnRF.

Open pasture had the highest WSA >2 mm (88.7 %)@ associated with macroaggregates (20.0% kg
which were significantly higher (P < 0.0001; P 8Dfor WSA and SOC, respectively) than that in othad uses in
0-10 cm depth. SOC associated with both macro- rmimoaggregates decreased with depth. Macroagg®gat
contained higher SOC than microaggregates in taotbrs under all land uses. AF had the highest S&3Gcaated
with microaggregates (2.6 g Kgfollowed by that in SP (2.3 g K, indicating its potential to stabilize SOC more
than other land uses. TN associated with macroggtgs followed a trend similar to that of SOC. $anhy, OP had
significantly higher SOC (P <0.001) and TN (P <@p@ssociated with sand particles than RF, AF &dSkand-
associated SOC and TN were the highest in unctdtivaystems. Moreover, the higher SOC associattd clay
particles in soils under OP, SP and AF showed ghats and tree based systems are rich in stable &8Qay-
associated SOC has higher residence time thamadbatiated with sand or silt fractions.

Among the three agricultural land uses, AF had iB@antly higher values (P <0.05) than RF for adils
functions except for soil’s resistance against dégtion (RD). For the overall SQI, the values fa three land uses
were in the order: 0.58 (AF) >0.51 (IR) >0.47 (RFhus, AF scored significantly higher SQI (P <0.€H3n that of
RF. Major driving soil properties for the integrat8QI were soil organic carbon (26.4 %), water Istalggregation
(20.0 %), total porosity (16.0 %), total nitrogelil(2 %), microbial biomass carbon (6.4 %) and caégchange
capacity (6.4 %). These six parameters togetheribated more than 80 % of the overall SQI.

Carbon-based inputs increased 2-fold from the 16@&82 Tg Ceq¥) in 1994 to the highest (0.62 Tg Ceq y
1 in 2010. Similarly, total C-output increased by from the lowest (5 Tg Ceqglyin 1994 to the highest (17 Tg
Ceq y%) in 2011. Further, the average rate of increasg-autput from 1994 to 1999 was marginal at 0.3CEg, y*,
but the 11 years average rate of increase from 202011 was relatively higher at 0.8 Tg Cely ¥he relationship
between annual total C-based input and output wamg (R =0.86; P <0.001). The CSI of the smallholder
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agricultural production systems in Ethiopia was pamable with other more intensive systems in otbgions of the
world with the 18-year average value of ~22.

In conclusion, results from the case study in Tygghowed significant decline in SOC and TN contemtd
their association with aggregates and primary gadiby land use change from grazing lands andsstures to
agricultural lands. Agroforestry and irrigatioméauses also showed improvements in many soil tyualilicators
than that of the control, RF. On the other hand,dtudy on C footprint analysis for the whole coynEthiopia,
showed a recent nationwide significant expansioarga of cultivated land encroaching to the remairgrazing
lands and forest areas and this trend raises qusesibout the sustainability of the process. Tleegimprovement
of crop yields via intensification on land alreadalyder cultivation and conservation of the remairgnazing lands
and forests should be prominent among a portfdlagacultural development strategies both at regi@nd national
levels.

Keywords: Land use; C-sequestration; Soil Orgarmch@n or Total Nitrogen; Soil quality; C-footprint;
Sustainability; Ethiopia



Sammendrag

| Etiopia har avskoging av naturskog og overdrebmrk av landbruksjord resultert i jorddegraderimd.tross for

stgrre restaureringstiltak rettet mot degradend,j@r problemet mest omfattende i Tigray, Nord jEto Jorda i
regionen er utarmet etter overdreven utnyttelsevangskjgtselen. Det finnes flere bruksomrader iaegh, men
kvantitativ informasjon relatert til virkningen dwrskjellige bruksomrader pa karbon- og nitrogeritagy samt andre
jordkvalitetsparametre er mangelfull. Denne studiansom mal & avdekke effekten av forskjelligekbaumrader pa
karbon (SOC) og nitrogen (TN) mengde i jord, saffiékten av karbon og nitrogen pé jordaggregatepomeere

jordpartikler (sand, silt og leire) samt jordkvatit

Data for de farste tre studiene ble samlet fraciadte fem bruksomrader i Mandaes nedbarsfelt i igsayr:
(1) Regnbasert dyrking uten traer (RF), Eaidherbia albida basert agroskogbruk (AF), (3) Apent beite (OP), (4)
VanningsbaseiGuava-produksjon(IR), og (Paidherbia albida-basert beite. Formalene med studiet var: (i) Maling
av konsentrasjoner og mengder av karbon og nitrogerd under fem bruksomrader (AF, RF, OP, IR &R) og
fire jorddybder (0-5, 5-10, 10-20 and 20-30 cm),Bestemme mengde av SOC og TN bundet til jordegmter og
primeere jordpartikler i de samme bruksomradene mgjorddybder ((0-10 and 10-20 cm), og (iii) Sanmiigne
virkningen av tre bruksomrader (AF, RF og IR) 1B<m jorddybde pa utvalgte fysiske, kiemiske bagogiske
jordkvalitetsindikatorer og samlet integrert jordktetsindeks (SQI) under disse bruksomradenelldgg ble
karbonutnyttelsesgraden og baerekraftindeksen finokaundersgkt pa sma bruk med husdyrproduksjorbugidav
karbonsporingsanalyse pa data samlet fra Centatibfits Agency (CSA) i Etiopia and FAO databasar(al IV)

Konsentrasjoner av SOC og TN var signifikant foedig mellom bruksomrader og jorddyp. Bade SOC dy T
var hgyere i OP og SP enn andre bruksomrader. Bgeshe konsentrasjonen av SOC i 0-5 cm ble m&h (3.4 ¢
kg?) etterfulgt av SP (16.0 g Ky men laveste i RF (2.29 g&g SOC konsentrasjonen i dybdene 5-10 og 10-20 cm
fulgte samme trend, bortsett fra at mengde SOC o@BP bruksomradene ble redusert med 50% sammehtiged
0-5 cm dyp. Konsentrasjonene av SOC og TN var skankelert med bruksomrader og jorddybder. Totalgdene
av SOC i 0-30 cm var 25.8, 16.1, 52.6, 24.4 og 8&ylha' sammenlignet med TN som var 2.7, 1.6, 4.9, 1.933%d
Mg ha® for henholdsvis AF, RF, OP, IR, og SP bruksomratiéed RF som referanse med 50 ars lgpetid etter
bruksendringer var akkumuleringsratene 0.73, (0460.19 Mg C hadar!for SOC. For TN var ratene henholdsvis
0.065, 0.038, and 0.022 Mg Nt&ti OP, SP, og AF. Jord under IR akkumulerte ogsé 81§ C hatar! og 0.019
Mg TN ha'ar! i 0-30 cm jorddybde i forhold til RF i en 15 amripde.

Apne beiter hadde hgyest WSA> 2mm (88.7) og SOQ@éiuiil makroaggregater (20.0 g'Bgog signifikant
hayere (P < 0.0001; P = 0.0017 henholdsvis for Vd84 SOC) enn i andre bruksomradene i 0-10 cm jdodiely
SOC bundet til bade makro -og mikroaggregater edusert med jorddybde. Makroaggregater inneholgéteeSOC
enn mikroaggregater i begge dyp uansett bruksomAfdeadde hgyeste mengde av SOC bundet til mikyeagter
(2.6 g kg') etterfulgt av SP (2.3 g KY. Dette viser at AF har hgyere potensiale forilisaing av SOC enn andre
bruksomrader. TN i makroaggregater fulgte sammedtsom SOC. P4 samme mate hadde OP signifikantéaye
SOC (P <0.001) og TN (P <0.001) bundet til sandidartenn RF, AF, og IR. SOC og TN bundet til saad hgyest
i udyrkede omrader. Videre viser hgyere mengde@€ 8Sundet til leirpartikler i OP, SP, og AF at gogsomrader
dekket av skog er rik pa stabil SOC. Dette skylaleSOC bundet til leirpartikler har hgyere opphtitienn SOC
bundet til silt- eller sandpartikler.

Ved & sammenligne de tre landbruksomrader, haddsigdifikant hgyere verdier for alle jordfunksjoner
(P<0.05) enn RF tatt med i undersgkelsen bortsejpfdas motstand mot degradering (RD). Sett uattervtok SQI
verdier for tre bruksomrader i falgende rekkefglg&8 (AF) >0.51 (IR) >0.47 (RF). Dermed hadde Agniikant
hayere SQI (P<0.01) enn i RF. De styrende jorddgarene som virket inn pd integrert SQI var SOC426), WSA
(20.0 %), total porgsitet (16.0 %), total nitrodéa.2 %), mikrobial biomassekarbon (6.4 %), og GE@ %). Disse
6 parameterne kontrollerte samlet mer enn 80 %eavatale SQI.

Karbontilfgrselen fordoblet innholdet fra det latee).32 Tg Ceq &) i 1994 til det hgyeste (0.62 Tg Ceq ar
1)i 2010. P4 samme mate, gkte total ytelse linfaedet laveste (5 Tg Ceq dyi 1994 til det hgyeste 17 Tg Ceq ar
1) i 2011. Videre var den gjennomsnittlige rate awtlse fra 1994 til 1999 marginalt pa 0.3 Tg @eY Over 11 ar
var den gjennomsnittlige raten relativt hgyere. Ban0.8 Tg Ceq & Korrelasjonen mellom arlig tilfarsel og ytelse
av C var sterk (R=0.86; P <0.001). CSI for landbruksproduksjon p@& $ruk i Etiopia var i samsvar med andre
regioner av verden med en gjennomsnittsverdi pdva218 ar.
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Som en konklusjon viser de farste tre studieneatdendringer fra bade beite og husdyrbeite pawigikeC
og TN innholdet i jord og bindingen til aggregatay primaere jordpartikler, samt andre jordkvalitedsikser.
Sammenlignet med kontrollomradet (RF) ble alle ¢gehskapene forbedret bade i agroskogbruk og sgstered
vanning. P& den andre side viser studiet om @donalysene, en signifikant utvidelse av areakuntyrket mark
som legger beslag pa gjenveerende beite- og skogdemmDenne trenden setter spgrsmaltegn ved batigtketen
av slike systemendringer. De gkte avlingene sogefal intensivt jordbruk pa eksisterende arealesees i lys av

verdien det ligger i & bevare gjenveerende beitskagsarealer nar framtidens landbruksutviklingssgiar skal
konkretiseres regionalt- og nasjonalt.

Ngkkelord: Bruksomrader; karbonlagring; jord orgdnkarbon (SOC); totalt nitrogen(TN); jordkvalit&:fotspor;
baerekraftighet; Etiopia
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1. Introduction

Ethiopia with an area of 1.13 million sg.KKidanu, 2004, Girmay, 2009) and an estimated patmr of about 90
million in mid-2013 (Population Reference Buread]2) is the second most populous country in Afridae climate
is tropical monsoon with wide topographic-inducediations (Girma, 2001). The elevation varies frb2d m below
sea level to 4620 m above sea level; the terraifh lidggh plateaus with a central mountain rangedeiet by the Great
Rift Valley. The country's major natural renewalésources consist of land, water and natural végatahat
comprise enormous biodiversity (Mulugeta, 2004hi&ian economy is an agrarian one, the most iraport
objective of which is achieving food security (ATA013). Agriculture accounts for 46 percent of grdemestic
product (GDP) and 85 percent of total employmentattholder farmers with an average holding of Igemn one
hectare account for over 90 % of the agriculturahaunder crop production (CSA, 2011). Although Gipéwth is
high and the economy has been growing steadilyhiopast ten years, per capita income remains amhenigwest
in the world (FDRE, 2011). The agriculture systentthiopia is predominantly rain-fed, where thefpenance of
the sector is highly dependent on the timely orthatation, amount and distribution of rainfall ttmadkes the sector
highly vulnerable to drought and other natural cataes. Due to increasing human and livestock pafpah pressure
on arable land and forest resources, large arghe abuntry, particularly in the northern and calhighlands, have
been exposed to loss of soil quality, degradatimhecological imbalances (Mulugeta, 2004). FurtlteenEthiopia
is experiencing the effects of climate change saslan increase in average temperature and a clivamgmfall
patterns (FDRE, 2011).

Considering the available human and land resour@ed, the contribution of agriculture to the nationa
economy, employment and the problem of food indgcuEthiopia has put agricultural development agodicy
priority since the early 1990s. The government tfidbia has set a long-term economic policy of ‘igghure
Development-Led Industrialization (ADLI)’ with thgrimary objective of achieving rapid and sustaipaddonomic
growth by improving the productivity of the agritwie sector. Another recent policy document ofgbegernment,
the national “Growth and Transformation Plan (GTRJso reaffirmed the importance of increasing agjtural
productivity for strengthening the industrial bas®l fostering export growth of the country (FDRE12). Further,
all policy documents of the country envisage adtice as a driver of the economic development ttugtrialization
and modernization. Hence, achieving agriculturedadtainable economic development requires sustairiand
management, including soil, water and biodiversdggservation, on all lands.

1.1. Land use change and soil degradation in Ethiopia
Alterations in the land surface caused by humampsdduce food and fodder through agricultural aiigig are known
for centuries. Severe and widespread soil degm@uatin be observed in the north and central higlslah Ethiopia,
where agriculture has a long history, and farmexrgehpracticed crop cultivation for many centuriesl &ven
millennia. Now, the rural landscape in those areas suffered from a high degree of soil degradatioa to
agricultural practices that do not consider saitgaeasures. Deforestation and subsequent convé@nsiopermanent
cultivation are the primary cause for a numbemgfacts in Ethiopia.
In most tropical regions, the common agricultueadd use system is a smallholder farming system agticultural
production in small parcels for subsistence purpegth no or little external inputs. Further, theadl farm sizes are
insufficient to provide for ever-increasing humaopplations (Shiferaw and Holden, 2000). In respoits¢he
increasing demands for food production, agricultlaads are expanding at the expense of naturadtatign and
grasslands (Lambin et al., 2000; Hartemink et28l08). These changes in land use (LU) systems dr@at impacts,
among others, on soil degradation and sustainglmfiagricultural productions (Lambin et al., 200B) Ethiopia,
sustainable development of the agricultural seistohallenged by increasing population growth aratigal decline
of natural resources. To satisfy the increasingatehfor food, more grazing and forestlands have beeught into
arable lands. As a result, forest cover of the tiguestimated to be around 40 % at the beginnint@2d century
has declined to less than 5 % and with estimatedaate of deforestation of 0.15 to 0.2 millicectares (Girmay,
20009).

Deforestation and conversion to cropland and attemaged ecosystems are widely pronounced in Ethiopi
The decrease in vegetation cover and disturbantdeeafatural ecosystem have caused widespreadespihdation,
with an attendant decline in concentrations of eaglanic matter (SOM) and available nitrogen (NdIsqMulugeta
et al., 2005; Girmay et al., 2008; Gelaw et al12®014). Although the impact of land use and rganznt on soil
characteristics vary among soils and eco-regidris,dgenerally recognized that such changes hazeeslated the
problem of soil erosion and degradation.

Land use change and subsequent soil degradatiotodiel erosion have posed a tremendous challemge
increasing agricultural productivity and economiowth in Ethiopia (Amare et al., 2005; Hengsdijkakt 2005;
Girmay et al., 2008). Soil fertility depletion omallholder farms is one of the most important cousaces of soil
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degradation that causes declines in crop produclism consequence of continuously low crop yietlgls,economic
situations of several farming communities in theroy have been adversely affected, leading tocticcpoverty.
Further, the process of soil fertility depletioraggravated by removal of crop residue and animatdor domestic
use, either as household fuel or as animal feedaf@mat al., 2005; Girmay et al., 2008). Few studi@enducted in
different parts of the country showed negativeiguatrbalances. For example, field-level studieg&gsu (2002) and
Amare et al. (2006) reported -102-and -72-kg Nabudgets in soils of Southern and Central highdaoidEthiopia,
respectively. Similarly, a study by Zenebe (20@ifi¢ated that the use of manure as fuel instead ofganic fertilizer
estimated to reduce Ethiopia’s agricultural GDF7t$p.

1.1.1. Land use change and its effects on soil organicrten stocks

Land use change can cause a change in land codeasanciated carbon stocks (Bolin and Sukumar, 200®
change from one ecosystem to another could ocdurally or be the result of human activities sushf@od and
timber production. Each soil has a carbon carrgapacity depending on the nature of vegetation, dimaatic
conditions (Guo and Gifford, 2002).

Expansion of agriculture caused a significant cosiee from natural vegetation cover to croplandthwi
significant losses in SOM mainly during the firstf years of cultivation (Mulugeta et al., 2008)study by Solomon
et al. (2002) showed that a conversion of a hunaigital forest to maizeZéa mays) cultivation in Southern Ethiopia
resulted in 55-63 % reduction in SOC concentratixcurate information lacks on the time of defoaéish and
conversion to agriculture especially in Northern &entral highlands of Ethiopia because crop cafiibn in these
parts of the country has been practiced for mampucies. However, given the longer years of cutttrmand poor
practices of recycling crop residues, it is likéhat the magnitude of depletion in SOM stock ishkigthan that
observed in other parts of the counffje relative loss of SOC derived from the natuegjetation in a continuous
cultivated field also varies with particle size tdisution, higher losses for sand and lower losegsclay soils.
Furthermore, climate variability influences soib@d N stocks through its effect on vegetation ypeé consequently
on the composition, quantity, and degree of SOModwaosition. For instance, Spacini et al. (2006)hieir study
conducted in five separate areas located in diffegeographical regions of Ethiopia found the hgth8OC
concentration under rainforest vegetation in Ji®ayuthwest Ethiopia, and the lowest under a Guimearsiah
vegetation in Sirinka, Northeast Ethiopia.

Land use change from forest to grazing land showedkcline in SOM. A study by Woldeamlak and
Stroonsnijder, (2003t Chemoga watershed, Blue Nile basin, centrabptéin highlandgnd another study by Abule
et al. (2005) in the Middle Awash Valley, Eastethi&pia, reported decline in SOM concentrationsraébnversion
of forest to open grazing. The result by Woldeanaall Stroonsnijder, (2003owed that a conversion of forest to
open grazing land reduced SOM by 14.8-47.5%, miStBM concentration in the open grazing land wiahtsy
higher than that in croplan@n the other hand, area enclosures, degraded panticted from animal and human
interference, which are famous in Tigray, northEthiopia, have shown positive effects in improvB@M either in
the form of sediment trapped from run-on or throagtition of biomass C to the soil (Mekuria anddkalmp, 2005;
Descheemaeker et al., 2006; Mekuria et al., 208®wever, magnitudes of SOM trapped or produced sdow
differences across different ages of enclosuregrsity and richness of species and other siteHspedferences in
soil-type and microclimate (Girmay et al., 2008).

Moreover, change in SOC stocks after land use ehdiifiprs across depths. The SOM in topsoil is niabde
and prone to changes upon deforestation thanrtigatiisoil (Veldkamp et al., 2003). Gelaw et al.1#@0n Northern
Ethiopia, and Solomon et al. (2002) and Mulugetal .ef2005) both in Southern Ethiopia observed &igthanges in
SOM in the topsaoil layer than the subsoil layeeafand use conversion. These trends may be a#dlio the low-
decomposition rate and accumulation of transloc&@i from the topsoil through leaching (Girmay ket 2008).

1.2. Building climate resilient agriculture through soil carbon sequestration

World soils constitute the largest carbon (C) resierof the terrestrial biosphere (Batjes, 199&)eTC pool in the
soil comprises two distinct components: (i) SOdneated at 1550 Pg, and (ii) soil inorganic carb&hQ) pool

estimated at 950 Pg, both to 1-m depth. The tatihlG pool of 2500 Pg is 3.3 times the atmosphpdol and 4.0
times the biotic pool (Batjes, 1996). However, saif the managed ecosystems have lost much ofritjeal SOC

pool (Lal, 2000). Conversion of natural to managedsystems depletes SOC pool for two major reagbpsarbon

input into agricultural ecosystems is lower thaat ih natural ecosystems, and (2) the sum of Idssasagricultural

ecosystems due to erosion, mineralization and Iegcis higher than that in natural ecosystems. Heurtthe

magnitude of SOC depletion is high in soils prometosion and those managed by low-input or extraéarming

practices. Loss of the SOC pool is also high itssaficoarse texture and those with high initiablpdost agricultural

soils have lost 20 to 40 Mg C ‘halue to historic land use and management (Lal, RO maximum soil C-sink
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capacity, amount of C that can be stored in it,ragmately equals the historic C loss. In other dgrmost
agricultural soils now contain lower SOC pool thleir capacity because of the historic loss. Mukctie historic C
loss (about 66-90 Pg C) from the soil can be restdhrough C sequestration (CS) in 25-50 years @@04) with
appropriate land management. Indeed, soil has gem3dea promising potential for C sequestration stndage.
Further, Soil OM contributes to plant available riarits; buffers environmental stress, improve wtdding
capacity, and reduce erosion (Lal, 2000; Wang .e2800). Thus, apart from removing £fbom the atmosphere,
restoration of SOC through CS in agroecosystem#eaafit food production and improve agricultunadtsinability.
The IPCC fourth-assessment report identified afitioel as among the economic sectors having thetegtenear-
term climate change mitigation potential, largéigsough CS (van Wesemael et al., 2010).

Adoption of recommended management practices (RM&sh as no-till enhances SOC sequestration and
improves soil structure and other qualities (Lad &imble, 1997). Soil OM increases plant availavkger capacity
(AWC), water infiltration rate, and decrease swefaanoff. In return, improvements in these soil foydgical
properties are important to reducing susceptibditpgroecosystems to pedological/agronomic drau@ltal, 2012).
For the rain-fed agriculture in Ethiopia, water itaaility is the primary factor controlling crop @ductivity, so any
soil and crop management practice that can entsnicwater storage and availability are likely teriease yield and
overall productivity. Adoption of no-till and crapsidue retention have shown to retain more watsemi-arid soils,
not only because of reduced evaporation, but &sults in the development of new and more extensive systems
that enhance soil water holding capacity (Bescahsd., 2006). On the other hand, tillage disrguli$ aggregates;
compact the subsoil and disturb plant and animadroanities resulting in a decrease in soil organattem, and
microbial and faunal activities (Plante and McG002; Bronick and Lal, 2005).

To sum up, soil mismanagement can cause depletiS@€ stock with an attendant emission of.@@o the
atmosphere (Reicosky et al., 1997; Lal 2004a; Céeml., 2009). Whereas, an appropriate land use saild
management with RMPs can increase SOC stock theegeliging net emission of G@ theatmosphere (Paustian et
al., 2000; Sampson and Scholes, 2000); increasaisaisility of farming systems and contribute tdueing farmers’
vulnerability to climate variability (Verchot et.aR007).

1.2.1. Soil quality indices as indicators of agriculturalsustainability

The concept of soil quality has grown out of concabout the sustainability of agriculture (Parraét 1992;
Warkentin, 1995; Wander and Drinkwater, 2000). Mdafinitions of soil quality emphasized the conaejd soil’s
fitness to perform functions (Larson and Pierc&1t9VNarkentin, 1995; Karlen et al., 1997). The wWdsccepted
definition of soil quality is “the ability of sotio function within ecosystem boundaries to suppesdlthy plants and
animals, maintain or enhance air and water quadityl support human health and habitation” (Karlkeal.e 1997).
These functions are impacted by multiple soil btttés. Accordingly, soil scientists identified anmium data set
(MDS) of soil parameters that could be used to tifyasoil quality (Larson and Pierce, 1991; Arsteadl Coen, 1992;
Doran and Parkin, 1994). The selection of MDS patens has been based upon a wealth of soil managessearch
that relates soil attributes to soil function adéally relates management practices to soil ate#uSoil quality
functions proposed by Larson and Pierce (1991, 1884 Karlen and Stott (1994) are examples of ttexa
frameworks that combine physical, chemical anddgmlal measures to assess soil conditions. Sincg mkthe
issues of sustainability are related to soil gyalissessment of soil quality and the directiooh@inge with time is a
primary indicator of whether agriculture is sussdile (Karlen et al., 1997; Masto et al., 2007).

Sustainability of agricultural systems should beirmportant issue in many developing countries idirig
Ethiopia. In Ethiopia, increasing demographic pues®n finite land resource bases is posing a npaglem on the
food security and enhanced quality of life of btth current and future generations. Arable soilhécountry are
amongst the oldest in Africa and are highly degdadehe long-term and widespread use of extractareniing
practices are among important causes of low antingleg agronomic production in the country. The migde of
nutrient mining because of crop harvests is huge eikample, farmers remove all crop biomass froenfiglds and
use less farmyard manure (Amare et al., 2005; Hbjkget al., 2005; Zenebe, 2007; Girmay et al., 00
Consequently, field-level studies in different gaof the country showed negative nutrient balariEgasu, 2002;
Amare et al., 2006).

It is important to recognize that agroecosystenessaistainable in the long term only if the outpatsall
components harvested are balanced by inputs iatsystem (Lal, 2009), and the negative nutrientcamdon budgets
are changed to positive balances, in order to reshe soils and thereby maximize their produgtigihd ecosystem
services. As soil quality is a combination of guhilysical, chemical and biological properties that able to change
readily in response to variations in soil condigqiBrejda et al., 2000), it may be affected by laiseé type and
agricultural management practices. Land use typmeagmicultural management practices cause altexatio soil



properties, which in turn result in a change irdignoductivity for better or worse (Islam and Wei00; Sanchez-
Maranon et al., 2002).

Integrated soil quality indices based on a cominabf soil properties provide a better indicatiohsoil
quality than individual parameters. Karlen and S{p994) developed a soil quality index (SQI) basedour-soil
functions, namely the ability of the soil to: (Ecammodate water entry, (2) facilitate water movenaad absorption,
(3) resist surface degradation, and (4) sustaintgieowth. Each soil function is explained by a gktndicators.
Several authors among them Glover et al. (2000xtMat al. (2007) and Fernandes et al. (2011) assihilar
framework. The SQI helps to assess the soil qualitygiven site or ecosystem and enables comperisetween the
conditions at the plot, field or watershed levetgler different land use and management practioai$.qBality
research in Ethiopia and in other SSA countriealisost non-existent. Therefore, it should be arfiyidor a
comprehensive understanding of the effects of wiffe land uses and soil management strategies welage
environmental-friendly management plans in the tguaind in the wider region.

1.3. Carbon footprint of agricultural production systems

Ethiopia is experiencing the effects of climate ra such as an increase in average temperatura ehdnge in
rainfall patterns (FDRE, 2011). The agriculturadtee is the most sensitive sector to climate chaBgeause it is the
most important sector in the country, whatever leagpto the agricultural sector can significantlieetf the entire
economy. Although Ethiopia’'s GHG emissions ardlaitable to its agricultural sector (FDRE, 20115 ,dontribution

to the global increase in GHG emissions has beactipally negligible. In contrast, currently degeddsoils under
different land uses in the country have large S@@rgials if RMPs are adopted (Girmay et al., 2008)

Managing soils create positive soil and ecosysteimu@gets and offset emissions of {fom fossil fuel
combustion, in the context of the Kyoto protocatifgsinger, 2000). Further, the rate of accumutaditsoil organic
carbon is often higher on fertilized and irrigafetlds. However, adoption of RMPS especially inavigafertilizers
and irrigation carries carbon “costs” in the forifQD, emissions during production, transportation angliagtion
of fertilizers, and in terms of the energy usedotonp irrigation water (Schlesinger, 2000). Thusjuantitative
approach of assessing the agronomic productivity eoological contributions or costs of managemeattres is
relevant to smallholder farmers of the tropics (12010). Evaluating the sustainability of farmingtems through
application of carbon footprint analyses, measuingacts of agricultural activities on the enviragmhin terms of
the amounts of GHGs produced in £€uivalent, (Dubey and Lal, 2009) is an importartdl to measure eco-
efficiency of a range of agroecosystems (Lal, 20E@p-efficient technologies are those, which miagrthe adverse
environmental impact, and maximize agronomic préidagLal, 2010).

Adoption of improved systems of soil, crop and watnagement technologies that enhance eco-effigien
increase the SOC pool, improve soil quality, comsaevater in the root zone, and create positivedratrient budgets
(Lal, 2010). In view of the increasing populatiamdascarcity of natural resources in Ethiopia arftentieveloping
countries in SSA and elsewhere, there are optionméeting the growing demand for food, fuel, faddad other
agricultural products (Lal, 2010). The followingeammong the available options: (1) replacing extradarming
practices with scientifically proven technologi€2) managing soil and other natural resources twmece their
resilience to climate variability (Walker and S&@06), and (3) increasing production from agrogstesns on the
basis of per unit area and input of external ingferilizers, irrigation, energy). For instanceduction in emissions
of GHGs from application of mineral or organic flizers and improvement in their use efficienciasagricultural
systems can be achieved by better matching fentiimpply to crop demand (van der Velde et al.320dore closely
integrating animal waste and crop residue managewiémcrop production systems (Lal, 2007) can dsaised to
achieve these objectives.

1.4. Rationale and objectives of the study

Ethiopia is one of the most environmentally troubé®untries in SSA (Hagos et al., 1999). Tigrag, tlorthernmost
region of Ethiopia, experienced the worst land ddgtion in the Ethiopian highlands. Despite reedfatrts to restore
degraded landscapes, the problem is still prevatetite region. Now, there are different typesafd uses in the
region but little quantitative information is awaile on the effects of these land uses on biopalyssources such as
SOM, which is important for agricultural productiand other ecosystem services. Most of the researmducted on
land degradation in the region has focused oresodlion by water. Similarly, the policy responsefand degradation
have focused on promoting adoption of few physstalctures such as terraces and bunds. Howevearefarin the
region identify moisture stress and declining $eitility, both directly related to loss in SOM, #s most limiting
factors (Hagos et al., 1999; Hengsdijk et al., 2@BiBmay et al., 2008). Therefore, it is importaminvestigate soil
organic matter stock and its stability, and théustaf soil quality in relation to land use typetfire region.



Land use is an important factor controlling sodj@mic matter content since it affects amount aralityuof
litter input, litter decomposition rates and praasof organic matter stabilization in soils (Rénsket al., 1999). As
soil is the largest terrestrial pool of organickear, small changes in its stock could result imigicant impacts on
the atmospheric C concentration. Precise estintdt8©C storage are thus important in studies teai¢he potential
for C sequestration or emission induced by landalnge (Wiesmeier et al., 2012). Many studies maperted
decline of SOC stocks because of deterioratioratifral ecosystems or the conversion of naturak@mnsively used
areas into intensively used croplands (Lal, 1996hagrie et al., 2007; Berhongaray et al., 2013hef3t have
examined the amount of SOC sequestered throughingamees, implementing conservation tillage, séablishing
grasslands, or controlling desertification (Lal020 DeGryze et al., 2004; Cantarello et al., 2Qlilet al., 2013;
Zhang et al., 2013). However, a high degree of datgy is associated with the estimates of C ssiagon and
emission rates for different land use types becsasations in C stocks depend on many regiondabfadancluding
climate, topography, soil type, and other ecosyspeaperties (Bolliger et al., 2008; Cantarello &f 2011). In
addition to C, soil nitrogen (N) also controls theerall soil turnover and functioning of C and NS©OM (Batlle-
Aguilar et al., 2011). Although N is essential life, its bio-available forms are sufficiently lavat they can constrain
plant growth and N cycle in many ecosystems. FurtBaiptake in terrestrial ecosystems depends aitadnity of
nutrients such as N to support growth of new big{@sornton et al., 2009).

Soil structure and its dynamics including formafictabilization, and destabilization of aggregagzert
important controls on soil carbon dynamics (Chrisan, 2001). Land use also has a significant effiecggregate
size distribution and stability (Saha et al., 20IMYe presence of higher proportions of macro-aggjes in forest
than in cultivated soils indicates the effect diaie on soil aggregate turnover. Increased retdrresidues and
reduced disturbance of soils under pasture alsdtsdn better soil aggregation and sequestratfonare carbon than
in intensively tilled croplands (Percival et algi®). Thus, the role of land use systems in stabgi CQ levels and
increasing carbon (C) sink potentials of soils atiacted considerable scientific attention inrdgent past (Kumar
and Nair, 2011; Murthy et al., 2013). However, suetta is very limited in Ethiopia in general andTiigray in
particular. Thus, it is imperative to investiga®@Gand TN storage capacities of land use systerttgeinegion and
to generate relevant information for land managerd policy makers to help them for their land mamagnt
decisions.

In addition to its significance for production afofd and fiber, soil is also a critical componenths earth’s
biosphere for the maintenance of local, regiona global environmental quality (Doran and Parki@94). To
preserve soil and its functions, it is necessarwiiderstand conditions and processes occurring through
determination of soil quality. Soil quality is arabination of soil physical, chemical and biologipabperties that are
able to change easily in response to variationsoih conditions, which may be affected by land txgee and
agricultural management practices. Integrated qadlity indices (SQI) based on a combination of pobperties
provide a better indication of soil quality thamlividual parameters. Soil quality index helps teess soil quality of
a given site or ecosystem and enables comparisingén soil conditions at different scales undéentnt land use
and management practices (Karlen and Stott, 1984eGet al., 2000; Masto et al., 2007; Fernanded.e2011).
Soil quality research in Ethiopia is at its infatdage. Therefore, research is needed for a commsieeunderstanding
of the effects of different land uses and soil ngemaent strategies on overall soil quality to depedavironmental-
friendly management plans in the region.

Managing degraded agricultural soils by adoptingfRMreates positive ecosystem nutrient and C bsidget
and hence provides dual benefits of offsetting simis of CQ from fossil fuel combustion and improving soll
quality. However, adoption of RMPs for agricultimgolves off-farm or external inputs, which are @skd operations
and products (Pimentel, 1992). Thus, it is impdrtem evaluate the sustainability of farming systetimugh
application of carbon footprint analyses (Lal, 200Bubey and Lal, 2009). However, no attempt haanbmade
hitherto to evaluate the C footprints of agricudiysroductions in the region. Therefore, assesswfeaqricultural C-
emissions of the crop-livestock mixed-farming syst@ Ethiopia, and evaluating its C-use efficieranyd relative
sustainability determined by its C-footprints vii#lp subsistence farmers avoid losses, reduceceruéntal damages
and increase benefits through productivity incretmemd payments for ecosystem services.

Based on the background described above, the stasgarried out with the following specific objeets:
e Measuring and comparing SOC and TN concentratiodsstéocks of soils in five-land use systems: tree-
less rainfed cultivation (RFJ. albida basedagroforestry (AF), irrigation based Guava fruitgwation (IR),
open pasture (OP), aid albida basedsilvopasture (SP), each at four-soil depths (0-50510-20 and 20-
30 cm) (Paper I).
»  Determining the magnitudes of SOC and TN concentraiassociated with aggregates and primary pasticl
under five-land use systems: treeless rain-fedvedion (RF),F. albida basedagroforestry (AF), irrigation
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based Guava fruit production (IR), open pasture)(@RdF. albida basedsilvopasture (SP), each at two-
soil depths (0-10 and 10-20 cm) (Paper II).

e Comparing effects of three agricultural land usstesys: tree-less rainfed cultivation (RF)albida based
agroforestry (AF), irrigation based Guava fruit guotion (IR), on selected physical, chemical and
biological soil quality indicators, and on an oukiategrated SQI (Paper IlI).

* Assessing C-emissions, C-use efficiency, and Cagaility index of the smallholder crop-livestotkxed
production systems in Ethiopia (Paper 1V).

e Measuring and comparing SOC and TN concentratiodsstocks of soils in four-land use systems: tree-
less rainfed cultivation (RF}. albida basedagroforestry (AF), open pasture (OP), d@dalbida based
silvopasture (SP), each at three soil-depths (03380 and 30-50 cm) (Paper V).

2. Materials and Methods

2.1 Study site

Mandae watershed is located in Tigray regionalesthiorthern Ethiopia. Geographically, it is locateetween
1383’00 N to 1385’00 N latitude and 390’00E to 3%63’00E longitude having an area of about 1G,land elevation

of 1960 to 2000neters above sea level (m. a. s.The average daily air temperature of the areagmbgtween 16
and 30C in winter and summer, respectively. The mearuahrainfall of the area is about 558 mm, with ayéa
inter-annual variationSoils in the watershed are classified as Arenpsold association of Arenosols with Regosols
according to the World Reference Base for soil ueses(WRB, 2006). These soils are developed from alluvia
deposits and Adigrat sandston@extures of these soils were dominated by sandnyesand and sandy-loam
fractions, and pH ranged from 6.8 to 7.9 (Rabi.eR013). Major landises of the watershed incluBealbida based
agroforestry(28 ha)rainfed crop productiofil2 ha), opepasturg23 ha),rrigation based guava fruit producti¢hl
ha) andr. albida based silvopasture (12 ha) (Figure 1)
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2.2 Soil sampling techniques

For the first and the last studies on SOC and Titentrations and stocks, 100 (four-depths, fivetlages, and five
replications) (Paper I) and 60 (three-depths, fand uses, and five replications) (Paper V) evelifyributed soll
samples were collected using a soil auger. Forrpam®il samples were taken to 30-cm depth andewseparated
into depth increments of 0-5, 5-10, 10-20 and 2@30 Similarly, samples were taken to 50-cm deppith were
separated into increments of 0-15, 15-30 and 36rbd@epths for Paper V. For the second study (Pi#jpen SOC
and TN concentrations associated with aggregags sind primary particles, another 100-soil sam{@i@sggregate
and 50 composite soil samples) were obtained flwrsurface (0-10 cm) and subsurface (10-20 cm)daykfive
sites randomly chosen at different locations farheland use system. For the third study on soiliu@Paper 1l1),
24-soil samples (9 samples for microbial biomasgviBC) determination and 15 for determining othesibasoll
parameters) were sampled from the surface (0-15 lay®r at three and five replications for MBC anithes
parameters, respectively. Samples were collecteahdbmly chosen locations for each of the threealgural land
use system (AF, RF and IR). For all of the abowe fase studies, the summit position of the watgtstas excluded
to minimize confounding effects of slope and erosiadividual farms of different sizes in AF, RFdaIR land uses
were used as replicates. In OP and SP, which veenenuinal lands, adjacent plots to sampled fieldslier land uses
were used as replicates. For all composite samptgiscores within each replicate were collecteadanly from
eight points within a 64 frarea at each sampling site and were well mixedcantbined to a composite sample by
depth. Thus, a minimum of 40-point samples wereasgnted in computing the average values of eahesameter.
Additionally, soil bulk densityd,) samples were taken for the same depth intenslstlzer soil samples at each
replicate by the core method (Blake and Hartge61.98

2.3. Data collection for the carbon footprint analysis

Data on C-based inputs into the soil and outpots fporedominant cereal crops grown by smallholdieape peasant
farmers were obtained from annual agricultural rdo$s of the Central Statistics Agency (CSA) ofigiha (CSA,
1994-2011) and the FAO database (Paper V).

2.4, Soil analyses Methods

Soil samples were air-dried, gently ground and @@dgkrough 2-mm sieve prior to chemical analysesther,
identifiable crop residues, root material, and stowere removed during sieving. Soil samples fan@ N analyses
were additionally ground using a ball-mill grind&ecause soils did not show carbonates when tewtiting10-%
HCI, it was assumed that the total C obtained énaihalyses closely estimates the SOC concentr&mmcentrations

of SOC and TN (% w/w) in the composite sample drabsé associated with aggregates and primary pgtigere
determined at the Carbon Sequestration and Managedenter (C-MASC) laboratory (The Ohio State Unsity,
USA) using auto CN analyzer (Vario Max CN Macro ma@ntal Analyser, Elementar Analysensysteme GmbH,
Hanau, Germany) by dry combustion method (Nelsod Sommers, 1996). Size fractionation using sodium
hexametaphosphate method (Cambardella and ENi#®2, 1993) and water stable aggregation (WSAhkywet
sieving method (Yoder, 1936) were also measurdcHsiASC laboratory. Available P (Olsen) (Olsen et 4b54)
and Cation exchange capacity (CEC) by ammoniunilldiin method (Chapman, 1965), pH by pH metef @5,
soil:water ratio), electric conductivity by EC me{é:5, soil:water ratio) were all analyzed at Wekelle University
(MU) soil laboratory, Ethiopia. Microbial biomasarbon (MBC) was determined following the fumigatiextraction
method (Brookes et al., 1985; Vance et al., 198#)eaDepartment of Environmental Science (IMV) tathoratory,
Norwegian University of Life Sciences (NMBU), AspNvay.

2.5, Computational methods
2.5.1. Soil carbon and Total nitrogen stocks
Soil OC and TN stocks (Mg Hawere calculated using the model developed byriEdied Bettany (1995) as follows:

SOC (or TN) Stock = Concp b * T * 10 00r?hal * 0.001 Mg kg (Eq. 1)

Where: SOC (or TN) Stock = Soil Organic Carbon otal Nitrogen Stock (Mg h8, Conc. = Soil Organic
Carbon or Total Nitrogen Concentration (kg ®igo, = Dry bulk densitfyMg m®) and T = Thickness of soil layer

(m).

2.5.2. Water stable aggregates, mean weight diameter argeometric mean diameter
Water stable aggregates (WSA) (Kemper and Roser®86), mean weight diameter (MWD) and geometric imea
diameter (GMD) (Castro-Filho et al., 2002; Losslet2011) were calculated according to the follogviormulae:



%WSA = (% )*100 (Eq. 2)

Where, mi is the mass of aggregates retainedsipeaific size class of average diameter (g), anéngtal
mass of aggregates (g).

MWD = Z?zlxjmj ().

Where, j=1-to- n, and n is the number of aggregatges, mj is the proportion of each size claghedaotal
sample and xj is mean diameter of the size clgsses.

n . .
iz Milnxi
GMD= exp (Z'—ln—J (Eq. 4)
2= mi
Where, n is the number of aggregate ranges, rhgisveight of the aggregates in each size class@y)rei is
the natural logarithm of the mean diameter of ihe slasses (mm).

2.5.3. Microbial biomass carbon (MBC)

Nine field-moist soil samples (40 g each) from sigface 0-15 cm depth were collected in three capbins from
three agricultural land uses (AF, IR and RF) in N2@.2 for determination of microbial biomass carifei8C) by
the fumigation-extraction method (Brookes et al83;9Vance et al. 1987). For each plot, one outhef three
subsamples (each 10.0 g fresh soil) was fumigaiéid ethanol-free chloroform for 24 h at ‘€5in an evacuated
extractor. From the remaining two subsamples, oas used for moisture determination, and the otleatteéd as
control for each plot. Fumigated and non-fumigasmils were extracted with 40 ml 0.5-mot K,SQy (1:4
soil:extractant) and shaken for 1 h on a reciprebaker. The extracts were filtered using WhatmaRifilter paper
of seven-cm diameter and stored frozen atGi&ior to analysis. Total organic carbon in th&@sts was measured
using Total Organic Carbon Analyzer (SHIMADZU).

Microbial Biomass Carbon (MBC) was calculated dkbfes:

E
= —C
MBC KE, (=)
Where E = (organic C extracted from fumigated soils) -g@mic C extracted from non-fumigated soils) and
KEc = 0.45 (Wu et al., 1990).

2.5.4. Soll quality index (SQI)
Ten-soil quality indicators grouped into three: fihysical (BD, WSA and TP), (2) chemical (CEC, gHN, AVP,
and AVK), and (3) biological (SOC and MBC) were dise undertake SQI evaluatiofhreshold values for each soil
quality indicator was set based on the range afesameasured in natural ecosystems (the adjacasg gasture in
this case), and on critical values in the literatéfter finalizing the thresholds, the soil propexglues recorded
under the three agricultural land use systems wearesformed into unit-less scores (between 0 andisipg the
following equation(Masto et al., 2007):
: 1
Non-linear score(Y) (1+e‘b(x' 2 ) (Eqg. 6)

Where, X is the soil property value, A the basetingalue of the soil property where the score &0 and
b is the slope of the tangent to the curve at #seline.
After transformation of each soil quality indicatartegration of the normalized soil property vaueto an overall
integrated SQI was performed using the framewogdgested by Karlen and Stott (1994) as follows:

SQI = WE(wWt)+WMA(Wt)+RD(Wt)+PNS(wt (ER.

Where, SQI = overall soil quality index, WE = $®#bility to accommodate water entry, WMA = so#lility
to facilitate water movement and availability, R¥ail’s ability to resist degradation, PNS = sodlsility to supply
nutrients for plant growth, and wt = a numericalgiing for each soil function.
The numerical weights were assigned to each sedtion according to their importance in fulfilliige overall goals
of maintaining soil quality under specific condit®y For this study, weight values of 0.2, 0.2, &®@ 0.4 were
assigned to WE, WMA, RD, and PNS, respectively. &mlue was assigned to PNS because the use obtyathic
and inorganic fertilizers was minimal in the studga, and hence nutrient supply was considerechttst important
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production constraint. Further, sustaining cropdpiction is the major goal of soil management stjiats in most
developing countries including Ethiopia.

2.5.5. Carbon sustainability index (CSI)

There are various ways to assess sustainabiliypybduction system. For instance, economists teuptivity or
total factor productivity (Herdt and Steiner, 199&)il scientists use soil quality (Doran and Parkib94), ecologists
use energy coefficients (Odum, 1998) and enginagsess the energy use efficiency (Stout, 1984).edexy in the
context of the global climate change and anthropimgemissions of GHGs into the atmosphere, sudidityaof a
production system can be assessed by evaluatingptainchanges through calculating carbon sustdihabidex
(CSl) (Lal, 2004b). Accordingly, CSI was calculhtey dividing the difference between total C outpnt C input
by C input (Lal, 2004b) as follows:

(CO_Q)
C

i
Where, CSl is C sustainability index, Co is C otitgund Ci is C input

CSl = (Eq. 8)

2.6. Statistical analyses

Effects of different land use systems and soil dept SOC and TN and other soil parameters werestdg to one-
way ANOVA. Correlation analysis was used to evauate relationships among SOC, TN and WSA. Thees®

correlation coefficients for each land use systeenewcalculated from the average of the whole Soilsall depths
and land uses. Differences between means of treésmere considered significant at the 0.05 lesglgithe Tukey’s
studentized (HSD) test. The data were analyzedyUSAS version 9.2 software package (SAS, 2007pépers |, Il
and V, and R version 3.02 software package (R Tesn, 2012) was used for papers IIl and V. Additilty, excel

spreadsheet was used for computing different paeamestimated using different models.

3. Results and Discussion

3.1.1. Effects of land use and depth on soil organic carlvoand total nitrogen storage capacities of soils
Soil OC and TN concentrations differed significgretmong different land uses and across depths. 80th and TN
were higher in OP and SP land uses than otherdaes. Additionally, SOC and TN were higher in thye than the
deeper soil layers under those land uses. Thusigihest SOC concentration in 0-5 cm was measur€Pi (25.4 g
kg?) followed by that in SP (16.0 g By and the lowest was in RF (2.29 g¥gln 5- 10 and 10-20 cm depths, SOC
concentration followed the same trend except thataimount of SOC in OP and SP land use systemeatext by
about 50% compared with that in the top 0-5 cmi€pable 1; Paper I). Total N followed a similaend. Likewise,
SOC and TN concentrations decreased from 0-15 ch®480 and 30-50 cm depths in OP and SP land agse(
V). This result was in agreement with a reportAticho (2013) who found a negative correlation betweerCSO
content and sampling depth in Kafa, Southwest Bthidn contrast, soils under AF and RF land use systdrowed
different trends in SOC and Tébncentration across depths probably because of the mixingtsftd tillage (Beare
et al., 1997; Chen et al., 2009; Gelaw et al., 2¢Iable 1; Paper I)
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Table 1 Comparison of soil organic carbon and toitabgen concentrations among different depthiiwieach
land use.

Depth Land Use
(cm) AF RF OP IR SP
Soil Organic Carbon Concentration (g%g
0-5 6.28(0.46Y 2.96(1.46) 25.4(9.25) 6.66(3.15) 16.0 (7.39)
5-10 6.56(0.60) 3.00(1.42) 12.6 (5.48) 5.68(2.68) 8.66(5.15)
10-20 5.67(0.44) 3.27(1.52)  10.4(4.77) 5.18(2.44) 7.63(4.67)
20-30 4.93(0.43) 4.00(0.87) 9.02(3.69) 4.43(2.22) 7.33(4.86)
NS NS NS
Total Nitrogen Concentration (g kp
0-5 0.68(0.05) 0.31(0.16)  2.24(0.92) 0.53(0.24) 1.62(0.76)
5-10 0.69(0.1P) 0.32(0.12)  1.15(0.66) 0.43(0.20) 0.77(0.56)
10-20 0.61(0.07 0.35(0.15)  0.99(0.56) 0.39(0.20) 0.65(0.42)
20-30 0.50(0.0%) 0.37(0.07)  0.86(0.48) 0.35(0.17) 0.62(0.41)
NS NS

RF, Dryland crop production; AF, F. albida basectbfayestry; OP, communal open grazing/pasturejrtigjation based fruit production; SP, F. albidada silvopasture.

+Column mean values followed by standard errothénparentheses; values with different letterssageificantly different. NS = not significant (Tuks test, P = 0.05)

Similarly, SOC and TN stocks are higher in the tldayers under tree-and grass-based land useraggiOP,
SP, and AF) compared with those in RF indicating ptentials of tree-and grass-based land usensydt soil
carbon sequestration (SCS) in the region. Girmay.¢2008) estimated rates of SCS potentials okctly degraded
soils in Ethiopia under rangeland, irrigation, aath-fed cropping land uses over the next 50 yeéits widespread
adoption of soil-specific restoration measuresha order: 0.3-0.5, 0.06-0.2, and 0.06-0.15 Mg Clha—1,
respectively. Likewise, Mekuria et al.(2009) redr36-50 % increase in mean SOC stock through csioveof
degraded grazing lands to exclosures, areas cléiead human and animal interference to promote @étur
regeneration of plants on formerly degraded comingnaaing lands, in Tigray, Northern Ethiopia. @e bther hand,
the results of this study indicate the risks of;G&ease if these land uses are converted to ¢rdpldn agreement
with this assertion, Fantaw et al. (2006) in tls¢irdy in southeastern Ethiopia reported an averfgé — 45 % SOC
stock held in the top 30-cm of 1-m depth minerdlssindicating the risks of large amounts of £®@lease following
deforestation and subsequent cultivation. Furthegmaccumulations of SOC and TN stocks calculabe®f30 cm
soil layer taking RF as a baseline were in the or@® >SP >AF >IR (Paper I) due to differencesrgamic inputs.
Similar results were also found when SOC and TNkstavere calculated for OP, SP and AF land usesnmparison
with that in RF in 0-50 cm soil layer and an asstiompof 50 years duration since conversion (TabhlB&per V).

11



Table 2 Magnitude and rates of Soil Organic Cardoeh Total Nitrogen Stocks Accumulation in Four Biéint Land
Uses in 0-50 cm depth in 50 Years.

Land SOC Stock SOC Rate of SOC TN TN Rate of TN
use Accumulation Accumulation Stock Accumulation accumulation
(Stock-RF) (Stock-RF)
(Mg C ha) (Mg C hab) (Mg C halyr}) (MgCha (MgC had) (Mg C hatyr?)
)
RF 29.4(3.9) - - 2.8(0.2Y - -
AF 36.6(1.5)" 7.2(4.7) 0.14(0.1) 3.9(02) 1.1(0.2) 0.02(0.00)
OoP 64.2(11.8) 34.8(11.0) 0.70(0.2) 6.0(1%) 3.2(1.4) 0.07(0.03)
SP 49.4(14.9% 20.0(14.0) 0.40(0.3) 3.8(138) 1.0(0.6) 0.02(0.03)
NS NS NS NS

RF: Dryland crop production; AFaidherbia albida based agroforestry; OP: communal open grazing/psisBP Faidherbia albida based silvopasture.

+ Column mean values followed by standard errothénparentheses; values with different letterssageificantly different. NS = not significant (TuKs test, P = 0.05).

3.1.2. Soil organic carbon and total nitrogen concentratins associated with aggregate sizes and
primary particles under different land uses

Land use had a significant effect on aggregatedistabution in surface soils. The highest WSAjirto 10-cm depth
was measured in OP followed by that in SP land Beth land uses received more biomass input fraasgand tree
residues than that added in cultivated soils. Begaasidues of crops are harvested for fuel andl ifedigray in
particular (Hengsdijk et al., 2005; Girmay, 2008 an Ethiopia in general (Amare et al., 2005; Giynet al., 2008),
SOM and WSA are adversely affected in agricultlaatl uses. Further, soils under OP and SP landystems had
more macroaggregates, whereas cultivated soilstagher proportion of microaggregates becausstlhas been
found to induce loss of C-rich macroaggregatessagdin of C-depleted microaggregates (Six et @002 (Paper II).

Moreover, land use had significant effects on S@E€ BN concentrations associated both with aggregjaés
and with primary particles. The highest concertratif SOC associated with macroaggregates was meshsuOP
followed by that in SP and AF in both surface (0end) and subsurface (10-20 cm) soil layers (Tabld8sides,
SOC and TN concentrations associated with macrd-nainroaggregates decreased with depth in theskeuses. In
contrast, SOC and TN concentrations associated witbroaggregates in RF showed an opposite trendodtie
adverse effects of tillage on the surface 0-10 eptld (Table 3; Paper II). This result is in agreetweith Ashagrie
et al. (2005) who indicated that SOM that bindsroaggregates into macroaggregates is a labilddraand is highly
sensitive to land use change and cultivation.
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Table 3 Land use effects on water stable aggregé) and soil organic carbon and total nitrogencemtrations (g

kg?) associated with micro- and macroaggregates

Water Stable

Land use Aggregates Soil Organic Carbon (g kY Total Nitrogen (g kd)
(%) Macro Micro Macro Micro
Soil depth 0-10 cm
AF 56.8(10.8)° 7.20(5.07Y 2.56(0.44) 0.64(0.4%) 0.26(0.04)
RF 37.5(10.9 2.12(0.90h 1.89(0.99) 0.16(0.08) 0.18(0.08%"
Op 88.7(6.8 19.95(11.15) 1.30(0.21) 1.71(1.08) 0.11(0.03)
IR 52.3(9.9%¢ 6.64(3.14)b 2.25(1.08) 0.46(0.30)b 0.20(0.12)ab
SP 69.3(12.5) 7.97(3.31)b 2.29(0.34) 0.73(0.36)ab 0.22(0.04)ab
NS
Soil depth 10-20 cm
AF 57.3(11.0) 4.83(3.02) 2.59(1.46) 0.45(0.31) 0239)
RF 44.2(6.9) 2.28(0.60) 2.13(0.82) 0.18(0.08) 0011Y)
Op 63.6(32.4) 10.61(9.49) 1.46(0.36) 0.94(0.90) 3M04)
IR 59.5(18.1) 3.56(2.02) 1.32(0.48) 0.30(0.21) 1®4)
SP 69.1(14.2) 5.40(3.38) 1.46(0.47) 0.43(0.30) ©@.02)
NS NS NS NS NS

RF, Dryland crop production; AF, F. albida basgdoforestry; OP, communal open grazing/pasturgirtation based fruit production; SP, F. alblmsed silvopasture.
+ Column mean values followed by standard erroteénparentheses; values with different letterssaeificantly different. NS = not significant (Tuks test, P = 0.05).

Macroaggregates contained higher SOC concentrati@msmicroaggregates in both depths and all laed.u
This result was in agreement with Tisdall and O4d880) who advocated the idea that the presendeaafmposing
roots and hyphae within macroaggregates increa®&tl dncentrations than in microaggregates. E(if386) also
suggested that macroaggregates have elevated S@E&entmations because of the organic matter binding
microaggregates into macroaggregates. The magnifustgl disturbance and the amount of residuenpemted into
the soil impacted water stable aggregates (WSA)thadassociated SOC and TN (Blanco-Canqui and 2G04;

Srinivasarao et g12011). Therefore, WSA was strongly correlated V\@®C (R = 0.85; Fig. 1a) and TN = 0.79;
Fig. 1b) concentrations (Paper II).
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Figure 2 Correlations among Soil Organic Carbortallditrogen and Water Stable Aggregation Undefddé&nt
Land Uses.

Similarly, the presence of higher SOC and TN cotredions associated with sand, silt and clay plegi
soils under OP and SP than other land uses fuiridarated the detrimental effects of cultivation 88S potentials
of soils (Tiessen and Stewart, 1983; Dalal and Ma®86; Wu et al., 2006) (Table 4). Moreover, tigher SOC
concentrations associated with clay particles ilfsamder OP, SP and AF indicated that grass- evethiased land
use systems are rich in stable SOC as clay-assdc&#®C has higher residence time than sand assiticiated SOC
fractions (Ashagrie et al., 2005) (Paper ).
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Table 4 Land use effects on soil organic carbontatal nitrogen concentrations (g -Kgassociated with primary

particles
Soil Organic Carbon (g Ky Total Nitrogen (g kd)

Landuse Sand Silt Clay Sand Silt Clay
Soil depth 0-10 cm

AF 2.8(1.0%° 0.39(0.05) 1.7(0.3% 0.23(0.10) 0.04(0.01Y 0.22(0.04%

RF 0.80(0.9 0.37(0.25) 1.3(0.8% 0.07(0.02)  0.04(0.03) 0.15(0.08)

OP 8.5(2.9 5.9(3.0§ 3.7(0.8% 0.62(0.229  0.55(0.30) 0.48(0.1%

IR 2.2(1.3) 1.1(1.1% 1.8(0.7% 0.18(0.099  0.10(0.08) 0.20(0.09

SP 6.8(3.9¥ 2.2(2.1% 2.6(1.0§" 0.58(0.34) 0.21(0.21Y 0.35(0.15)"
Soil depth 10-20 cm

AF 1.4(0.4% 0.32(0.16) 2.1(0.5¥%" 0.12(0.04)  0.04(0.02) 0.24(0.06%"

RF 0.80(0.1H 0.36(0.29 1.5(0.5% 0.07(0.02)  0.04(0.04) 0.17(0.06Y

OoP 4.1(1.8 4.0(2.9¥ 3.3(0.8¥ 0.30(0.159  0.37(0.28) 0.39(0.1%

IR 1.2(0.3% 0.89(0.77Y 1.7(0.6% 0.16(0.08) 0.08(0.07Y 0.18(0.07Y

SP 1.5(0.8) 1.2(1.5}" 2.1(1.1% 0.13(0.04)  0.10(0.03) 0.23(0.13)"

RF, Dryland crop production; AF, F. albida basetbfestry; OP, communal open grazing/pasturejrtigjation based fruit production; SP, F. albidaa silvopasture.

+ Column mean values followed by standard errothénparentheses; values with different letterssapeificantly different. NS = not significant (Tuks test, P = 0.05)

3.2. Soil quality indices for evaluation of smallholderAgricultural land use systems
Land use had significantly affected majority of thdividual soil functions considered for this spuahd the overall
integrated soil quality index (SQI) (Table 5; PapBr Thus, AF had significantly higher (P <0.0&ore than RF for
three out of the four soil functions studied. Theee soil functions affected by land use systermewiose to: (1)
accommodate water entry, (2) facilitate water moeehnand availability, and (3) supply plant nutrerthe relatively
higher values of soil physical, chemical and biaagquality indicators under AF land use were oesible for the
improvements. On the other hand, soils under allttinee agricultural land use systems showed |®igteance to
surface degradation revealing the detrimental &ffettillage on soil quality (Karlen et al., 199@tover et al., 2000).
When all the soil quality functions were integratesing the framework suggested by Karlen and $18@4),
SQI values were in the order: 0.58 (AF) >0.51 (#R)47 (RF). However, it was only between AF andI&¥ use
systems that showed a significant difference (PX0in SQI value. Nevertheless, integrated SQI eslfor soils
under all the three land uses were very small coatpwith that of an ideal soil (SQI=1.00) (Table Bjvo major
causes could be ascribed to this result: (1) Areisas the region are inherently infertile soilsafittmink and Huting,
2008;Rabia et al., 2013), and (2) nutrient mining assult of crop harvests and complete removal of cesplues
for feed and fuel are common practices in the re@idengsdijk et al., 2005; Girmay, 2009). This testas also in
agreement with findings of several authors (Amarele 2005; Hengsdijk et al., 2005; Girmay, 208@pede and
Yamoah, 2009) who reported that low organic mattet nutrient stocks are typical characteristicsail in Tigray.
On the other hand, the results of this study cordit findings by several researchers in Ethiopiagdselwhere
thatF. albida agroforestry trees enhance soil fertility and é&se crop yields (Poschen, 1986; Kamara and Haque,
1992; Sanchez, 1994; Palm, 1995; Asfaw and Agré@072Hadgu et al., 2008). One fundamental princigie
sustainability is to return to the soil the nuttieremoved through harvests and other loss path(&arschez, 1994),
and one of the main tenets of agroforestry is thegs enhance soil fertility (Sanchez, 1994; Pdlé95). Thus,
adoption ofF. albida based agroforestry systems combined with othemnerended management practices such as
no-tillage, residue and manure management are deedriild up soil structure, organic matter andstuwe holding
capacity of soils. This will help to build climatesilient agriculture in the region through efficieand sustainable
use of the soil resources.
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Table 5 Effects of Land Use Type on Four Soil Fiomg and on an Integrated Soil Quality Index inS)ein depth

Soil Function Land use

RF AF IR
Accommodate Water Entry (0.20) 0.09 (0.p0) 0.11 (0.002) 0.10 (0.004y  *
Facilitate Water Entry and Availability (0.20) 0.1@.004y 0.12 (0.004) 0.11 (0.004y  *
Resist Surface Degradation (0.20) 0.09 (0.003) (01002) 0.09 (0.005) NS
Source of Plant Nutrients (0.40) 0.19 (0.b1) 0.24 (0.004) 0.21 (0.015%  *
Integrated Soil Quality Index (1.00) 0.47 (0.61) 0.58 (0.01} 0.51 (0.02%* **

RF, Dryland crop production; AFaidherbia albida based agroforestry; IR, irrigation-basedyuajava fruit production
+ Mean values followed by standard errors in theptieses; values with different letters are sigaiftly different. .* = P < 0.05; ** = P < 0.01; NSnot significant
(Tukey’s test, P = 0.05).

3.4. Carbon footprint and sustainability of smallhdder cereal production systems in Ethiopia

The trend for 18-years C-based inputs for Ethiogiaallholder cereal production systems started avithw value at
0.32 Tg Ceq ¥ in 1994 and increased to reach the highest at DgZeq ¥ in 2010. Likewise, total C-output
increased linearly from the lowest at 5 Tg Céqry1994 to the highest at 17 Tg Cetjig 2011. Further, the carbon
sustainability indices (CSI) of the farming systeainsing the study period (1994 to 2011) were inrdnege of 15 to
28, which were comparable with those of other igile® systems in other regions of the world (Figdir@aper 1V).
For example, the CSI of agriculture in the stat®bfo, USA, between the 1950s and 1980s was inathge of 20 to
27, and that of Punjab, India, between the 197@s18380s was in the range of 15 to 30 (Dubey and2Gi9).
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Figure 3 trends in carbon sustainability index in Ethiopgmallholder cereal production systems between 28@i4
2011.

In the last two decades, total area cultivated umdeeal production increased 1.5-folds from 642163
million hectares; total nitrogen and phosphoruslieers used increased almost 3-folds from 120 ,@0860,000 tons,
and total cereal grain produced has increasedla titore than 3-folds from 5.77 to 18.68 Tg. Simhjia national
average cereal yield increased from <1Mg ma1994 to ~2Mg hdin 2011, which was higher than that of the SSA
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average at 1.3Mg Ha(World Bank, 2014). However, it was less than dkerage cereal yield for other developing
countries; e.g., 2.4Mg Hdor Middle East and North Africa, 3.1Mg fdor Europe and central Asia, and 3.8Mg‘ha
for Latin America and Caribbean (World Bank, 201Bjrther, fertilizer-use efficiency (FUE) of cergabduction
(Tg grain/Tg fertilizer) was between 40 and 60,eptdhe extremely high values during the years 1B33® with the
least average fertilizer applications. The stagh&6€E indicated that further increase in the agpions of N and P
fertilizers were not effective in increasing yield®esults elsewhere indicated that high returnsrfreodern inputs
are obtained if fertilizer, improved seeds and otieeommended practices are all applied togethiee. Supply of
improved seeds in Ethiopia has lagged behind atbBébirrigation use at <1% (Dercon and Hill, 200Bjus, the
recent increase in total cereal production in thentry may be attributed mainly to the increaseditiivated land
during the same period, which raises questions tathau quality of the land brought under cultivatiand the
sustainability of the process.

4, Conclusions and Recommendations

According to the results of the study at Mandaeevgited, SOC and TN concentrations generally desdeagh
depth in grass-and tree-based land uses. Howenits jirs intensively cultivated land uses showededént patterns
in SOC and TN concentrations with depth may be seaf the mixing effects of tillage. ddt of the SOC and TN
in grass-and tree-based land ug@B and SPoncentrated in the top 0-5 and 0-15 cm layedicating the risks of
large amounts of C{to be released from the surface soil if theseesystare converted into arable lands. Further,
soils under agroforestry and fruit tree-based aduical land uses (AF and IR) also had higher S@@ &N
concentrations than that under sole-cropping (RB