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ABSTRACT

The losses in soil nutrients (nitrogen (N), available phosphorus (Pav), organic carbon (OC), potassium (K), calcium (Ca)
and magnesium (Mg)) in the catchment and the storage in the reservoir as a result of sediment delivery were assessed in
13 catchments/reservoirs in Tigray, Northern Ethiopia. This specifically dealt with factors controlling the losses, the fertility
status of the deposited sediment, the nutrient export (NE) rates and associated costs.
Enrichment ratio (ER) values >1 were observed for the plant nutrients and the finer soil fractions. The high ER is associated

with the preferential transport of nutrients bound to finer soil fractions and the parent material dissolution and its transport via
runoff. However, the fertility status of the deposited sediment is not sufficient by itself to support a sustainable crop growth and
hence external addition is necessary, mainly for N and Pav fertilizer.
Generally, rates of NE were high. The high OC export on the other hand dictates the potential of reservoir sediments for OC

sequestration. The cost price of loss of only N and Pav, eroded from the catchment slopes, was estimated ats34�2 million (Euros)
in March 2006 for the Tigray. Pity enough, policy makers and beneficiaries do not realize the magnitude of the problem, which
forms a major threat for the crop production in the country. Therefore, it is important not only to make the public aware of the
problem but also of implementing integrated soil fertility management practices. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Soil erosion is the most serious form of environmental degradation that threatens agriculture in Africa and other

parts of world (UNEP and UNESCO, 1980; Dudal, 1981; Eswaran et al., 2001). However, global efforts to assess

degradation by soil erosion often measure degradation in terms of erosion rate rather than by its impact on

productivity or off-site damages (Pierce and Lal, 1994). Information on the economic costs of erosion is also rarely

documented (Robinson and Blackman, 1987; Eswaran et al., 2001).

Reservoir sedimentation is a serious off-site consequence of soil erosion by water in northern Ethiopian

highlands. Six of the 13 study reservoirs suffer from accelerated sedimentation and will lose their economic life

within half of the expected lifetime at the moment of their design (Haregeweyn, 2006). Moreover, soil erosion and

sediment delivery processes are not only responsible for high sediment transport rates, but also for associated export

of sediment-bound nutrients which finally are deposited in the reservoir and in the river-bed sediments. These could

lead to eutrophication of the reservoir water (Krogvang, 1990; Steegen et al., 2001; Withers and Lord, 2002) on top

of the loss of productivity of the contributing area (Stoorvogel and Smaling, 1990; Bojö, 1996; Eswaran et al.,
*Correspondence to: N. Haregeweyn, Department of Land ResourcesManagement and Environmental Protection,Mekelle University, P.O. Box
231, Mekelle, Ethiopia.
E-mail: niguha@yahoo.com

Copyright # 2007 John Wiley & Sons, Ltd.



SEDIMENT-BOUND NUTRIENT EXPORT 137
2001; Verstraeten and Poesen, 2002; Haileselassie et al., 2005; Muchena et al., 2005). The first problem is of a

serious concern mainly in the developed world where high fertilization inputs are used. The latter case is a much

concern in developing countries like Ethiopia where it cannot even be afforded that chemical fertilizers replace the

loss of nutrients due to erosion. Soil fertility depletion in smallholder farms in Ethiopia is identified as one of the

fundamental biophysical causes for declining per capital food production (Haileselassie et al., 2005).

To minimize erosion effects, control measures should be taken. However, before the implementation of control

measures, the extent of the problem has to be studied. So far, however, no scientific studies that relate the soil loss

and sediment delivery to that of productivity loss in Ethiopia as a whole were available, except the empirical-based

estimate by Ethiopian Highlands Reclamation Study (FAO, 1986) and its derivative by Bojö and Cassells (1995).

However, the report emphasized that there were methodological weaknesses such as the relationship between soil

losses and yield reductions and the difficulties inherent in projecting soil losses. Moreover, the link between

nutrient losses from the erosion source area and nutrient input in the deposited sediment has never been analyzed.

Despite the current global concern to quantify the potential of the reservoir sediment to sequester carbon (Stallard,

1998; Lal, 2005; Van Oost et al., 2004, 2005), this aspect has never been studied in the tropical Ethiopian reservoirs.

Therefore, the objectives of the study were: (1) to assess the spatial variability in nutrient content (NC) in the

catchment (erosion source) soils and the deposited sediment in the reservoirs and to understand their relationship

and controlling factors, (2) to evaluate the fertility status of the deposited sediment and its potential use for land

reclamation of the surrounding degraded croplands, (3) to assess and evaluate rate of nutrient export (NE) and to

compare the Ethiopian situation (low fertilization input) with a high-input region, (4) to evaluate the potential for

carbon sequestration in the deposited sediment and (5) to quantify the costs of land degradation by soil erosion.
MATERIALS AND METHODS

Study Area and Site Characteristics

This study was carried out on 13 representative micro-dam catchments in Tigray located in a radius of 120 km from

Mekelle, Tigray’s regional capital (Figure 1). Their characteristics are given in Table I. Tigray is one of the

Ethiopian regional states, located in the northern part of the country between 128 150N and 148 500N and 368 270E
and 398 590E. The region has a total area of 50 078 km2 (out of which 19 per cent is suitable for cultivation) and a

population of more than 3�8 million (CSA, 2001). The climate is generally characterized as tropical semi-arid

(Virgo and Munro, 1978) with an annual rainfall ranging from 450mm in the north, east and central zones to

980mm in the southern and western parts of the region. Most of the rainfall occurs within July, August and

September. The topography of the region mainly consists of highland plateaux up to 3900m a.s.l., which are

dissected by gorges. However, the north west of the region is characterized by lowlands with elevations as low as

500m a.s.l. The highlands support a high population density (40–70 persons km�2; FAO, 2004) and are seriously

affected by land degradation due to their long cultivation history (starting 3000 BC, Hurni, 1989; Bard et al., 2000;

Moeyersons et al., 2005), steep topography and erosive rains (Nyssen et al., 2005). In contrast, the lowlands are

sparsely populated and have soils that are less eroded and exploited (TFAP, 1996). In Tigray, about 54 reservoirs

have been built since 1994 with the aim to bring food self sufficiency in the region by employing irrigation. Their

storage capacity ranges from 0�1 to 3�1 106m3 and catchment area from 0�36 to 52 km2. More details on reservoirs

can be found in Haregeweyn (2006).

Analysis of Nutrient Content in the Catchment Soils and in the Deposited Sediment Within the Reservoirs

For the analysis of NC in the deposited sediment, 5–11 pits were dug per reservoir and representative composite

samples per pit were taken. For the analysis of NC from the catchments, it would have been more logical to follow

an erosion-weighted approach for representative samples taken from all erosion classes. This was not possible for

lack of spatial data on erosion-deposition for all catchments. Hence, an alternative approach, which was based on

field observation, was adopted in the following manner: for every catchment, sediment-contributing areas were

identified and from these contributing areas, smaller land units (polygons) were delineated where the soil fertility
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Figure 1. Location of the study area and the studied reservoirs. Dots represent reservoirs visited, numbers with black fill represent reservoirs
for which sediment yield was measured: 1, Gindae; 2, Gereb Shegel; 3, Sewhimeda; 4 (Gereb Segen, Grashitu, Mejae, Maideli, Gum Selassa);
5, Adiakor; 6, Adihilo; 7, Agushella; 8, Endazoey; 9, Adikenafiz. Numbers without fill represent rainfall stations: 1, Hawzen; 2, Yechila;

3, Wukro; 4, Mekelle airport; 5, Adigudom. The stations are owned and run by the Ethiopian Meteorological Authority.
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was thought to be homogenous taking into account parent material, land use, slope and agricultural practices.

However, topographic position, at the scale of larger catchments, is identified as a principal factor determining soil

distribution in the study area (Virgo and Munro, 1978). From each polygon, the top 20 cm was sampled for analysis

based on a systematic random sampling. The number of sampling places varied from 6 to 28.
Table I. The study catchments characteristics (Haregeweyn, 2006)

Catchment Lithology (%) Land use (%) Soil texture Av_slope (%)

LS ST SL DT Colluviums/alluvium Cul Grazing Shrub Settlement Others

Adiakor 0 0 26 2 72 72 24 0 1 3 Silt-loam 7�12
Adihilo 0 0 0 37 63 26 13 60 0 1 Silt-clay 13�36
Adikenafiz 0 36 0 0 64 65 9 24 6 3 Sandy-loam 15�39
Agushella n.a. n.a. n.a. n.a. n.a. 32 18 35 0 15 Clay-loam 4�98
Endazoey 50 0 0 0 50 45 20 31 0 4 Sandy-clay-loam 11�25
Gereb Segen 0 0 14 0 86 86 5 8 0 1 Clay 3�28
Gereb Shegel 65 0 0 16 23 19 34 42 1 3 Loam 19�36
Gindae 35 24 15 0 26 25 32 37 4 2 Clay-loam 14�19
Grashitu 4 0 0 10 86 85 7 4 2 1 Clay 5�36
Gum Selassa 9 0 0 1 90 79 15 1 4 1 Clay 3�38
Maideli 3 0 25 0 72 56 6 32 6 0 Clay 8�00
Mejae 7 0 6 3 84 77 10 7 5 1 Clay 6�70
Sewhimeda 41 0 0 33 26 26 31 23 7 3 Loam 8�45

LS, limestone; ST, sandstone; SL, shales; DT, dolerite; CUL, cultivated land; Av_slope, average slope; n.a., not available.
Soil texture based on own analysis using USDA Soil Textural Classification System. Average slope was derived from Digital Elevation Model in
IDRISI1.
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This study, however, focused manly on those nutrients that have been transported down to the reservoir. It did not

consider (1) nutrients lost due to erosion but deposited on their way to the reservoirs and (2) inputs (atmospheric,

dung) and outputs (leaching of dissolved nutrients lost through the reservoir bottom and below the dam body).

The parameters considered in the analysis were: hydrogen ion concentration (pH), total nitrogen (N), available

phosphorus (Pav), organic carbon (OC), basic cations like potassium (K), calcium (Ca), magnesium (Mg).

Moreover, the three major soil/sediment textural classes were analyzed. Finally, a simple average NC of the

sediment samples and an area-weighted average NC for catchment samples were calculated for each nutrient.

Laboratory analysis was done in Holetta National Agricultural Research Laboratory located at about 40 km west

of Addis Ababa. Standard soil test procedures adopted by the Ethiopian National Soil Laboratory were used in

observation and analysis for all nutrients: OC and total N by Walkley Black and Kjeldahl, respectively (Bremmer

and Mulvaney, 1982), Pav by Olsen (Olsen and Sommers, 1982). Total phosphorus was not analyzed for lack of

laboratory facilities. Ammonium and sodium acetate extraction used to determine the exchangeable bases and

cation exchange capacity, respectively (Thomas, 1982). Ca and Mg values were read using Atomic Absorption

Spectrophometer while K was determined using Flame Photometer. The pH was determined by pH meter using

supernatant suspension of 1:1 soil water ratio. Major soil/sediment texture classes (sand, silt and clay) were

analyzed in soil suspension by hydrometer method (Gee and Bauder, 1982).

Interviews with farmers in the catchments and with local development officers (like Office of Agriculture) were

carried out in each catchment to assess the type, amount of fertilizer inputs and also the constraints toward

managing the fertility status of the farm lands. Moreover, a related report (BoANR, 2002) at regional level was

consulted.

Understanding the Relationship in Nutrient Content Between the Catchment Soils and the Sediment

The degree of association between catchment soils and the deposited sediment and the factors responsible for the

association were assessed by using the mean comparison, bi-variate correlation matrixes in SAS1 (SAS, 2002) and

by calculating the enrichment ratio (ER). The ER was quantified as (Wan and El-Swaify, 1998):

ER ¼ The concentration of a constituent ðsuch as OC; N and othersÞ in the sediment

The concentration of the same constituent in the in situ soil
(1)

Since finer soil fractions have high specific surface area, nutrients are strongly adsorbed to these finer fractions

which are preferentially transported by the sedimentation processes. The nutrient status of the deposited sediment

was evaluated based on the Soil Interpretation Guide given by Marx et al. (1999) and Landon (1984).

Quantification and Evaluation of Nutrient Export Rates

The sediment-bound NE value for each catchment draining to the respective reservoirs was calculated by:

NE ¼ SM� NC

A� Y � NTE� 10
ðmodified after Verstraeten and Poesen; 2002Þ (2)

SM ¼ SV� dBD (3)

where, NE represents the nutrient export (kg ha�1 y�1), SM is total measured sediment mass (Mg); NC is average

nutrient content of the sample (Mg of nutrient per kg of sediment); A is catchment area (ha); Y is age of the reservoir

for a duration of sediment accumulation (y); NTE (¼STE) is the nutrient (¼sediment) trap efficiency of the

reservoirs (per cent); SV is total measured sediment volume (m3) in the reservoirs and dry bulk density (dBD;

Mg m�3).

Sediment thickness was measured by observing sediment profiles (up to 4m deep) in pits along transects, with

15–39 pits per reservoir depending on the size and nature of the original bottom surface of the reservoir (see

Figure 2). Sediment volume was computed by constructing a digital elevation model (DEM) with a resolution of

1m using TIN interpolation in IDRISI1 and taking sediment thickness as the z value.
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Figure 2. Adikenafiz reservoir. The top of inlet canal is clogged due to excessive sediment deposition and is shown cleared from sediment.
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Sediment trap efficiency (STE) is the percentage of the total incoming sediment which is retained in the reservoir.

The STE was assessed based on one season field monitoring (summer 2003) and interviewing the local farmers

about the history of the reservoir. All reservoirs were less than 7 years old and spillage never occurred for most of

the reservoirs since their construction. Sediment yield data are generally expressed in mass units (t). Hence, the

measured sediment volumes need to be converted to sediment masses using representative values of sediment bulk

density. dBD was determined by the gravimetric method. Undisturbed representative sediment samples were taken

using core rings (volume 1 10�4m3) from 8 to 12 sampling sites per reservoir (near the dam axis, in the middle, side

and at the inlet of the reservoir), and at a minimum of two different depths in the profile pit. Details on reservoir

sediment survey can be found in Haregeweyn et al. (2006).

The measured sediment yield data (Table II) was used in the analysis of NE. In this study, the nutrient trap

efficiency was considered to be equal to the STE for the following main reasons: (1) the reservoirs have high runoff

trap efficiency as no spillage occurred (i.e. STE¼ 100 per cent, see Table II) since constructions in most of

reservoirs because of insufficient runoff inflow (Haregeweyn et al., 2006) and (2) the stored water is being used for

irrigation during the dry period once the sediment settled in the reservoirs. However, such assumptions may not be
Table II. Sediment yield studies of 13 catchments in Tigray, northern Ethiopia (Haregeweyn, 2006)

Reservoirs SV (m3) SM (t) Age (y) A (km2) dBD (tm�3) STE (%) SSY (t km�2 y�1)

Adiakor 4599 5803 5 2�92 1�27 100 397
Adihilo 2452 3420 5 0�72 1�38 100 950
Adikenafiz 109 186 110 039 6 14�3 1�06 95 1350
Agushella 6533 9125 5 9�64 1�42 100 189
Endazoey 4475 4866 5 1�4 1�07 100 695
Gereb Segen 12 357 15 421 3 4�35 1�23 100 1182
Gereb Shegel 19 114 20 902 5 8�58 1�11 100 487
Gindae 56 460 72 190 5 11�87 1�27 100 1216
Grashitu 36 340 39 451 5 5�11 1�14 85 1817
Gum Selassa 110 679 111 932 7 24�14 1�01 90 736
Maideli 66 695 70 357 5 10�05 1�08 98 1429
Mejae 5581 7900 5 2�56 1�42 100 617
Sewhimeda 4153 5576 5 5�8 1�30 100 192
Average 33 740 36 691 5 7�80 1�21 98 866
SD 39 775 40 594 1 6�46 0�14 5 506

SV, annual volumetric sediment yield; SM, annual sediment mass yield; A, drainage area; dBD, dry bulk density; STE, trap efficiency; SSY,
specific sediment yield; SD, standard deviation.

Copyright # 2007 John Wiley & Sons, Ltd. LAND DEGRADATION & DEVELOPMENT, 19: 136–152 (2008)

DOI: 10.1002/ldr
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applicable for small flood retention ponds whose retention capacity is limited as observed in central Missouri

(Rausch and Schreiber, 1981), southern Germany (Weigand et al., 1998), central Belgium (Verstraeten and Poesen,

2002).

Estimating Costs of Erosion-Caused Nutrient Loss

To assess the costs of erosion-caused nutrient loss, a ‘replacement cost’ approach (Bojö, 1996) has been applied,

which is the first of its kind in Ethiopia. The logic behind this approach is to calculate the loss of nutrients and put a

value on it using the equivalent cost price of commercial fertilizers (urea and di-ammonium phosphate (DAP)).

First, the total N and Pav export was assessed from the deposited sediment. Second, the Pav was converted to

an equivalent P2O5 and then to DAP fertilizer, as Pav was limited in the soil. Third, from this DAP, amount of

N required was estimated. Fourth, the remaining N was converted to urea fertilizer. Finally, the cost of nutrient loss

was estimated in terms of the amount of money required for nutrient addition to replace the loss. The conversion

of Pav to P2O5 and vice versa is given as: per cent Pav¼ per cent P2O5� 0�43 and per cent P2O5¼ per

cent Pav� 2�29. The current local price of urea and DAP was used to estimate the cost. The cost price of annual

nutrient loss was projected to the scale of Tigray region and to the scale of the Ethiopian highlands and then

compared with the respective annual gross budget. Details on measures of economic costs to assess economic

impacts of land degradation can be found in Bojö (1996).
RESULTS AND DISCUSSIONS

Assessment of Practices of Fertilizer Inputs in the Catchments in Tigray

Farmers in Tigray are small holders growing cereals mainly for subsistence. Use of inorganic fertilizers dated back

to 1973 (BoANR, 2002), focusing on the midland agro ecology (1500–2500m a.s.l.). There has been a relatively

progressive development in using mineral fertilizer from 1976 to 1987, with an average annual application rate to

the total cultivated land ranging from 0�2 kg ha�1 in 1983 to 2 kg ha�1 in 1987. During the years 1988–1990,

fertilizers were not distributed in the region because the area was under war. After 1991, fertilizer consumption has

increased progressively; during the years 1992–1995 fertilizer use rate increased from 2�8 to 4�5 kg ha�1 (BoANR,

2002). Agricultural extension became strengthened. The fertilizers were mainly urea and DAP as a source of

N and Pav. Fertilizer trials conducted on major cereals crops (for N, Pav and K) showed that cereals are not

responsive to K (FAO, 1991). While Haileselassie et al. (2005) stressed that the long-term K fertilization should not

be overlooked.

Moisture stress in some years has also restricted the progressive increase of fertilizer utilization. For example, in

2003, 200 tons of DAP and urea fertilizers has been distributed and used by the farmers in Tigray region. In 2004,

143 tons of DAP and urea fertilizers were supplied to Tigray region, while only 90 tons of DAP and urea were used

by the farmers. This was due to the late on-set and the limited amount of rainfall in the year especially in the eastern

and southern zones of the region (personal communication with Mr Atakilt, head for Crop Department in Tigray

Bureau of Agriculture and Natural Resources).

The practice of fertilizer application in the studied catchments is limited. Inorganic fertilizers like DAP and urea

are applied by only 10–20 per cent of the farmers at an average application rate of 50 kg ha�1 y�1 each. There is

only a limited application of organic fertilizer, mainly manure, restricted to the homestead farms. Application of

manure in the homestead farms is a traditional way of soil fertility replenishment in Ethiopia (Haileselassie et al.,

2005). On the other side, dung is a major source of fuel for the rural farmers which limits its use for fertilization.

Even if there is availability, there remains the problem of transport from the villages to the farm fields. In most

cases, the farm fields are located far from the villages. Another potential source of nutrient input is sedimentation

either from irrigation water or upslope eroded fertile soil. However, irrigation practices are not practiced in any of

the studied catchments.

The future trend in the region is towards shifting to the use of organic fertilizers, as the inorganic fertilizers are

getting unaffordable for the small holder subsistence farmers in the region. The price of 100 kg of DAP has
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increased from 70 Ethiopian Birr (ETB) ($14 USD) in 1992 to 300 ETB ($35 USD) in 2003, an increase by more

than 340 per cent in 11 years, while the amount of production is still at subsistence level. The high price is resulting

from government’s withdrawal from subsidizes (Nyssen et al., 2004). Alternative sources of energy for the rural

people are not made available. It is observed that there is constraint in resource and policy to maintain the soil

fertility of the small holders in the study area.

Variability and Controlling Factors of Plant Nutrients and Soil Textures Between Catchments and Reservoirs

Hydrogen ion concentration

The pH ranges from 7�23 to 8�02 with a mean value of 7�78 in the catchments and from 7�64 to 8�15 with a mean

value of 7�76 in the reservoirs (Tables III and IV). In all cases, the environment is found to be calcium carbonate

rich. This has advantage that there will not be a problem of sodicity. When analyzing the pH between the reservoirs

and their respective catchments, the pH values are not significantly different (Table VI), moreover, they are not

significantly correlated (Table VI). The poor correlation could be due to variation in environment mainly in

moisture content and variation in concentration of basic cations. In all cases, however, the effect of pH on nutrient

unavailability is minimal for most crops growing in the area.

Total nitrogen

The N content ranges between 0�1 per cent and 0�18 per cent with a mean value of 0�14 per cent in the catchments

and from 0�1 to 0�21 per cent with a mean value of 0�15 per cent in the reservoirs (Tables III and IV). Themean ER is

1�11 that corresponds to the lower ER boundary of the ranges (1�1–5) given by Olarieta et al. (1999). Moreover, the

mean N in the catchment soils and in the sediment is not significantly different (Tables V and VI). There is a

significant positive correlation with r¼ 0�49 between the catchment soil and deposited sediment (Table VI) and the

N in the reservoir is shown to be of organic origin as it is strongly correlated with OC (r¼ 0�88, Table VII). The low
ER can be explained due to the low N level in the catchment soils.

Available phosphorus

Pav ranges from 2�19 to 9�61mg kg�1 with a mean value of 4�97mg kg�1 in the catchments and from 4�4 to 12�54
and with a mean value of 8�13mg kg�1 in the reservoirs (Tables III and IV). The Pav level in the reservoirs is

significantly higher in reservoirs with mean ER¼ 1�82 (Table V) and with r¼ 0�68 (Table VI). The high ER is

partly explained by the strong correlation (r¼ 0�73) between the silt fraction (easily erodible soil fractions) and
Table III. Weighted average nutrient content from 13 catchments in Tigray, northern Ethiopia

Catchments n pH N (%) Pav (mg kg�1) OC (%) K (mg kg�1) Ca (mg kg�1) Mg (mg kg�1) OC:N Ca:Mg K:Mg

Adiakor 23 7�63 0�15 9�61 1�33 98 n.a. n.a. 9 n.a. n.a.
Adihilo 10 7�9 0�11 3�17 0�7 257 11 468 82 6 139 3
Adikenafiz 28 7�23 0�10 5�17 0�91 160 3684 306 10 12 1
Agushella 23 8�02 0�17 8�83 1�98 374 14 354 394 12 36 1
Endazoey 15 7�78 0�18 5�53 1�95 285 11 200 188 11 60 2
Gereb Segen 6 7�76 0�11 2�19 1�1 456 12 656 336 10 38 1
Gereb Shegel 8 7�96 0�10 5�7 1�52 203 9820 54 15 180 4
Gindae 10 7�9 0�18 3�09 2�22 203 13 518 68 12 199 3
Grashitu 9 7�79 0�11 4�54 1�27 581 11 262 180 12 62 3
Gum Selassa 16 7�87 0�14 2�91 1�57 347 13 478 169 11 80 2
Maideli 10 7�84 0�17 2�91 2�03 261 9370 103 12 91 3
Mejae 14 7�62 0�11 3�08 1�61 215 7570 115 15 66 2
Sewhimeda 11 7�8 0�17 7�92 1�67 109 n.a. n.a. 10 n.a. n.a.
Average 14 7�78 0�14 4�97 1�53 273 10 762 182 11 59 2
SD 6 0�2 0�03 2�46 0�46 137 3090 116 15 27 1

n, number of samples; pH, hydrogen ion concentration; N, total nitrogen; Pav, available phosphorus; OC, organic carbon; K, potassium;
Ca, calcium; Mg, magnesium; n.a., not available.
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Table IV. Nutrient content of sediment deposits in 13 reservoirs in Tigray, northern Ethiopia

Reservoirs n pH N (%) Pav (mg kg�1) OC (%) K (mg kg�1) Ca (mg kg�1) Mg (mg kg�1) OC:N Ca:Mg K:Mg

Adiakor 6 7�43 0�18 9�53 1�57 503 n.a. n.a. 9 n.a. n.a.
Adihilo 8 7�64 0�14 6�80 1�35 425 14 472 63 10 230 7
Adikenafiz 8 8�11 0�11 11�33 0�99 197 11 432 432 9 26 0
Agushella 5 7�92 0�19 12�16 2�03 512 16 060 454 11 35 1
Endazoey 7 7�92 0�21 7�86 2�63 369 16 366 386 13 42 1
Gereb Segen 6 7�54 0�12 4�40 0�88 577 15 210 178 7 86 3
Gereb Shegel 9 8�15 0�15 6�73 0�78 320 17 544 175 5 100 2
Gindae 7 7�74 0�1 6�03 0�76 222 13 688 52 8 263 4
Grashitu 11 7�78 0�12 5�47 0�73 585 14 844 172 6 86 3
Gum Selassa 10 7�7 0�14 5�75 1�24 632 15 046 313 9 48 2
Maideli 11 7�72 0�13 6�60 1�04 550 14 830 207 8 72 3
Mejae 7 7�7 0�14 10�53 1�24 550 14 694 200 9 74 3
Sewhimeda 8 7�55 0�2 12�54 1�74 140 n.a. n.a. 9 n.a. n.a.
Average 8 7�76 0�15 8�13 1�31 429 14 926 240 9 97 3
SD 2 0�21 0�04 2�75 0�56 164 1560 138 2 78 2

n, number of samples; pH, hydrogen ion concentration; N, total nitrogen; Pav, available phosphorus; OC, organic carbon; K, Potassium; Ca,
calcium; Mg, magnesium.

Table V. Enrichment ratio of nutrients and soil textures from 13 catchments in Tigray, northern Ethiopia

Reservoirs N Pav OC K Ca Mg Clay Silt Sand

Adiakor 1�20 0�99 1�18 5�16 n.a. n.a. 1�44 0�74 0�52
Adihilo 1�27 2�15 1�93 1�65 1�26 0�76 1�06 0�85 1�27
Adikenafiz 1�16 2�19 1�09 1�23 3�10 1�41 1�89 1�83 0�38
Agushella 1�12 1�38 1�03 1�37 1�12 1�15 2�09 1�19 0�35
Endazoey 1�17 1�42 1�35 1�30 1�46 2�06 2�04 1�25 0�44
Gereb Segen 1�09 2�01 0�80 1�26 1�20 0�53 1�14 0�79 0�50
Gereb Shegel 1�50 1�18 0�51 1�58 1�79 3�22 2�36 1�27 0�21
Gindae 0�56 1�95 0�34 1�10 1�01 0�77 0�98 1�08 0�97
Grashitu 1�09 1�20 0�57 1�01 1�32 0�95 1�37 0�86 0�33
Gum Selassa 1�00 1�98 0�79 1�82 1�12 1�85 1�42 0�83 0�11
Maideli 0�76 2�27 0�51 2�10 1�58 2�01 1�34 1�32 0�14
Mejae 1�27 3�42 0�77 2�56 1�94 1�74 1�45 1�19 0�14
Sewhimeda 1�24 1�58 1�18 1�38 n.a. n.a. 1�86 0�74 0�09
Average 1�11 1�82 0�93 1�81 1�54 1�50 1�57 1�07 0�42
SD 0�24 0�64 0�43 1�09 0�60 0�79 0�43 0�31 0�35

The Table shows the enrichment ratio for various nutrients and soil textural classes. Except for OC and sand, the ER> 1. The ER values in this
study for all cases correspond to the lower boundary of ER ranges given by Olarieta et al. (1999) quoting various sources as: potassium 1�3–13,
nitrogen 1�1–5, OC 2–4, phosphorus 1–6.

Figure 3. Cattle and birds population as potential source of nutrient addition to the reservoirs in the form of urine and droppings.
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Table VII. Pearson’s correlations matrix for sediment nutrients and textural classes for the studied reservoirs (n¼ 13)

N Pav OC K Ca Mg Clay Silt Sand

pH �0�11 n.s. 0�11 n.s. �0�04 n.s. �0�31 n.s. 0�08 n.s. 0�51 n.s. �0�15 n.s. 0�32 n.s. 0�43 n.s.
N 0�55� 0�88�� �0�14 n.s. 0�65� 0�55� �0�35 n.s. 0�22 n.s. �0�08 n.s.
Pav 0�49 n.s. �0�43 n.s. �0�22 n.s. 0�63� �0�67�� 0�73�� 0�13 n.s.
OC �0�08 n.s. 0�33 n.s. 0�60� �0�32 n.s. 0�12 n.s. 0�17 n.s.
K 0�34 n.s. �0�01 n.s. 0�72� �0�32 n.s. �0�54 n.s.
Ca �0�03 n.s. 0�30 n.s. �0�16 n.s. �0�30 n.s.
Mg �0�23 n.s. 0�31 n.s. 0�12 n.s.
Clay �0�66�� �0�50 n.s.
Silt 0�12 n.s.

� and �� significant at <0�05 and 0�01 levels, respectively.

Table VI. Paired mean comparison and samples correlations (n¼ 13)

Pairs Mean comparison Correlation

Paired mean difference df R n

pH_C and pH_R 0�01 n.s. 12 �0�01 n.s. 13
N_C and N_R �0�01 n.s. 12 0�49 n.s. 13
Pav_C and Pav_R �3�00�� 12 0�68�� 13
OC_C and OC_R 0�22 n.s. 12 0�28 n.s. 13
K_C and K_R �0�40� 12 0�63� 13
Ca_C and Ca_R �21�00�� 10 0�52� 11
Mg_C and Mg_R �0�48� 10 0�70� 11

R, correlation coefficient; df, degree of freedom; n, number of samples, n.s., non significant; �and �� significant at <0�05 and 0�01 levels,
respectively.
Underscores ‘C’ and ‘R’ stand for catchment and reservoir, respectively.
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the Pav level in the reservoir (Table VII), that is, due to the selectivity of erosion processes (Le Roux and Roos,

1983). On the other hand, the negative correlation between Pav and clay fractions (r¼�0�67, Table VII) can be

explained by the decreased availability of Pav as a result of high adsorption of phosphate ions between the clay

minerals. It is known that soils containing large quantities of clay (i.e. large surface area) will fix (i.e. adsorb) more

phosphorus than soils with low clay content. Pav is also associated with OC (Table VII).

The other possible reason for high Pav level in the reservoirs, although the contribution was not quantified, is an

addition from cattle and bird manure which visit most reservoirs to drink water, especially during the dry season

(Figure 3). At Adiakor reservoir, as an example, it was counted that about 500 cows, oxen and goats visit the

reservoir for drinking water in a single day alone. However, this merits further quantitative study.

Organic carbon

OC ranges from 0�70 to 2�22 per cent with a mean value of 1�53 per cent in the catchments and from 0�73 to 2�63 per
cent with a mean value of 1�31 per cent in the reservoirs (Tables III and IV). However, the mean OC in the

catchment soils is relatively high with an ER¼ 0�93, but not significantly different from the reservoir sediment

(Tables V and VI). Moreover, there is no significant relationship between the catchment soil and the reservoir

sediment (Table VI). The relative low OC level in the reservoirs can be an indication of rapid decay (humification)

as the OC:N ratio is 9� 2, which encourages microbial activity (Landon, 1984). All reservoirs become completely

dry for some part of the year (May to mid June) so that there are relatively well-drained periods that could
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Figure 4. Box plots showing organic carbon (OC) level variability in three hydrologic regimes in the reservoirs. 1 near the dam; 2 in the centre of
the reservoir and 3 in the inlet and edge of the reservoir.
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encourage rapid decay of OC. To verify whether OC decay is a significant process, spatial variability of OC within

reservoirs was analyzed based on three hydrological regimes coexisting in the reservoirs. Regime 1 includes areas

near the dam where there is water for most part of the year; regime 2 covers the central part where there is

submersion for half of the year and regime 3 the inlet and the edges of the reservoir that dry up for most of the year.

The analysis (Figure 4) shows that the OC level is high in regime 1 and low in regime 3 which could support the

argument that there might be mineralization, though the variation is not statistically significant.

Exchangeable potassium

The K content ranges from 98 to 581mg kg�1 with a mean value of 273mg kg�1 of soil in the catchments and from

140 to 632mg kg�1 and with a mean value of 429mg kg�1 soil in the reservoirs (Tables III and IV). It is

significantly higher in the reservoirs than in the catchments with an ER¼ 1�81 (Table V) and with a highly

significant positive correlation between the catchment soils and the sediment (r¼ 0�63, Table VI). The high level of
K in the sediment can be explained mainly by the selectivity of erosion processes. The K and clay fraction of the

deposited sediment are shown to be strongly correlated (r¼ 0�72, Table VII) as a result of higher electro-magnetic

attraction between the negative clay surface and K cation.

Exchangeable calcium

The Ca content varies from 3684 to 14 354mg kg�1 with a mean value of 10 762mg kg�1 in the catchment soils and

from 11 432 to 17 544mg kg�1 with a mean value of 14 926mg kg�1 in the sediment (Tables III and IV). The mean

difference is significant with an ER¼ 1�54 (Tables V and VI) and the means are strongly correlated (r¼ 0�52,
Table VI). The high level of Ca in the sediment is a result of catchments’ domination by limestone and shale/marl

formations (Table I). The lime will be easily dissolved by runoff and transported into the reservoirs. In the

reservoirs, there is sufficient settling time as most of the reservoirs have high trap efficiency for runoff. The Ca will

precipitate in the reservoirs and; as a consequence, there will be significant deposition of Ca. The runoff is the main

transporting agent for Ca from the catchments to reservoirs and this is indirectly evidenced by the poor correlation

of Ca with clay and silt fractions in the reservoir sediment (Table VII). The poor correlation between Ca and clay or

silt is due to preferential attraction of K cation by the finer soil surface. K is located at a higher activity series in the

Periodic Table of Elements, followed by Ca and then by Mg.
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The other point to note from Table IV is that the standard deviation is much less in the sediment and it stays

around 15 000 gmkg�1 for all reservoirs irrespective of the Ca concentration in catchment soils. This shows that

once runoff is saturated with lime, no more lime will be dissolved and transported into the reservoirs.

Exchangeable magnesium

The Mg content varies from 54 to 394mg kg�1 and with a mean value of 182mg kg�1 of soil in catchments and

from 63 to 454mg kg�1 and with a mean value of 240mg kg�1 in the reservoirs (Tables III and IV). The Mg level in

reservoirs is generally higher with an ER¼ 1�5 (Tables V and VI) and yet significantly correlated with the

catchment Mg level (r¼ 0�70, Table VI). This could indicate that the Mg source is probably the precipitation of

dissolved dolomite transported via runoff. In the Mekelle Outlier, dolomite and limestone outcrop are occurring all

over the place (Ferriz and Bizuneh, 2002). The associated transport via runoff is, however, indirectly evidenced by

the poor correlation between Mg level and soil fractions in the reservoir.

Fertility Status of the Reservoir Sediments

Based on the Soil Interpretation Guide given by Marx et al. (1999), the average level of individual nutrients in the

reservoirs (Table IV) was rated as follows: extremely low for Pav, medium for N and K and high for Ca andMg. The

level of Pav is also rated as deficient irrespective for any crop, based on the interpretation given by Cooke (1967).

The problem with Pav unavailability is limited as the pH level in the reservoir is in the optimal range, that is, mean

pH¼ 7�76. The organic matter (applying OM¼ 1�732�OC, Vanongeval et al., 1996) varies from 1�26 to 4�53 for
sediment, which can be rated from low (<2 per cent) to marginal (2–4 per cent) (Landon, 1984). On the other hand,

the K content both in the catchment and deposited soils is high based on the rating given by Landon (1984).

However, exchangeable K levels are of limited value for predicting crop response since they give direct indication

of the capacity of the soil to release currently available K over a period of time. Indices of plant available Ca are of

little value since the availability varies enormously from soil to soil and is highly dependent on a number of other

factors. Normally, Ca deficiency as a plant nutrient occurs only in soils of low cation exchange capacity at pH

values of 5�5 or less.

The level of individual nutrient alone may not reflect the fertility status of a soil. The interaction between each

nutrient is equally important. As an example, the OC:N ratio is usually mentioned in soil reports as an indicator of

organic matter present and in particular the degree of humification. Table IV shows that OC:N ratio is varying from

5 to 13 with mean of 9. This range of values indicates that the environment encourages microbial activity to humify

the OC.

There is a wide range of the Ca:Mg ratio. It varies from 26 to 263 with a mean value of 97 (Table IV). This value is

so high from the threshold Ca:Mg ratio of >5:1 (Landon, 1984) that Mg is most likely rather deficient in the soil.

Moreover, the K:Mg ratio varies from 0�46 to 7 with mean value of 3 (Table IV), which again points to the fact that

Mg uptake can be inhibited irrespective of the crop type.

The presence of Mg deficiency in a crop may not only be associated with low Mg deficiency in the soil, but also

with the presence of a large amount of other cations, particularly Ca and K.With increasing Ca:Mg ratios above 5:1,

Mg may become progressively less available to plants, although soils remain fertile over a wide range of Ca:Mg

ratios (Landon, 1984).

In general, the deposited sediment has huge potentials for agricultural productivity given that it enriched in

nutrients as compared to the average catchment soils. It is, however, important to note that the fertility status of the

deposited sediment is not sufficient to support a sustainable crop growth and, therefore, requires external addition

mainly for N and Pav. Moreover, field experiments may be conducted on crop productivity to assess the feasibility of

using the dredged sediment as an option for reclaiming degraded lands. If the potential is verified under field

experiments, it encourages the local farmers to dredge and use the sediment for rehabilitation of their land on own

labour. This practice on the other hand increases the life of the reservoir at no cost.

On the other hand, the addition of nutrients from fertilizers is limited as a result there are always negative

balances, that is, depletion rate is greater than addition rate as confirmed with similar studies (Haileselassie et al.,

2005). However, a detailed nutrient balance analysis at catchment scale merits further study.
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Evaluation of Nutrient Export and Its Association With Specific Sediment Yield Variability

Evaluation of nutrient export

NE rates for the studied nutrients are given in Table VIII. The average export rates (in kg ha�1 y�1) calculated in this

study were: 11�56 (�5�22) for N, 0�063 (�0�035) for Pav, 97�11 (�44�96) for OC, 3�85 (�2�85) for K, 140�97
(�62�83) for Ca and 2�11 (�1�49) for Mg.

In Ethiopia, data on OC, Ca andMg export rates are limited. Since recently, there have been efforts to showN, Pav
and K balances at regional scale (Haileselassie et al., 2005) and field-scale (Elias et al., 1998; Hengsdijk et al.,

2005) mainly based on application of empirical models. Haileselassie et al. (2005) assessed the nutrient balance for

N, Pav and K at regional scale and country level using the input–output fluxes of nutrient balance presented in

Smaling and Fresco (1993). They estimated two different loss values of N, Pav and K by erosion using two different

soil loss estimates (1) universal soil loss equation (USLE) adapted for Ethiopian conditions by Hurni (1985) and (2)

landscape process model (LAPSUS). The values (in kg ha�1 y�1) reported were: 37�7 and 6�0 for N, 7�8 and 3�0
for Pav and 28�3 and 4�0 for K, for USLE and LAPSUS soil loss estimates, respectively. In both cases, soil erosion is

found to be the prime responsible factor for nutrient depletion, that is, accounts for loss of 70, 80 and 63 per cent for

N, Pav and K, respectively. In their calculation, however, they assume a constant ER ratio of 1�5 for all nutrients.

This ER has a higher value; moreover, there is variability in ER values between nutrients as reported in this study

(Table V).

For N, Pav and K, the export rate is much higher compared to this study. One of the reasons might be due to the

assumption of high ER especially for N. Table V shows the ER of various nutrients and the ER for N is found to be

1�1. The over prediction is higher in the case of the USLE application. This might be due to the misuse of USLE to

predict regional soil loss which the model was not designed for (Hudson, 1995).

Hengsdijk et al. (2005) studied the N balance in Gobo Deguat (within this study region) at farmers’ field using

nutrient monitoring model (NUTMON) and estimated N loss by erosion at 12�6 kg ha�1 y�1, which corresponds

well with the average rate found in this study. However, organic inputs from purchased manure and feeds account

the highest proportion (34�2 kg ha�1 y�1) seem exaggerated, which is inconsistent to the findings of this study (see

Sub Section Assessment of Practices of Fertilizer Inputs in the Catchments in Tigray). Moreover, the role of erosion

in nutrient outflow is in the fourth place after harvested products (22�9 kg ha�1 y�1), crop residue in manure

(13�2 kg ha�1 y�1), gaseous losses (4�9 kg ha�1 y�1) and is inconsistent with the work by Haileselassie et al. (2005)
Table VIII. Nutrients export for 13 catchments in northern Ethiopia

Reservoir Rate of nutrient export (kg ha�1y�1)

N Pav OC K Ca Mg

Adiakor 7�15 0�038 62�40 2�00 n.a. n.a.
Adihilo 13�30 0�065 128�25 4�04 137�48 0�60
Adikenafiz 14�85 0�153 133�65 2�66 154�33 5�83
Agushella 3�60 0�023 38�43 0�97 30�40 0�86
Endazoey 14�60 0�055 182�82 2�56 113�77 2�68
Gereb Segen 14�18 0�052 103�99 6�82 179�73 2�10
Gereb Shegel 7�31 0�033 38�00 1�56 85�48 0�85
Gindae 12�16 0�073 92�44 2�70 166�49 0�63
Grashitu 21�80 0�099 132�61 10�63 269�65 3�12
Gum Selassa 10�30 0�042 91�26 4�65 110�74 2�31
Maideli 18�57 0�094 148�59 7�86 211�88 2�96
Mejae 8�64 0�065 76�53 3�39 90�69 1�23
Sewhimeda 3�85 0�024 33�46 0�27 n.a. n.a.
Average 11�56 0�063 97�11 3�85 140�97 2�11
SD 5�22 0�035 44�96 2�85 62�83 1�49
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and by Smaling and Fresco (1993). Those authors show that there are uncertainties in the nutrient balance

calculation probably due to a lack of measured inputs and outputs and therefore merits further study. The N export

in this study is, however, low compared to the ranges given in literature elsewhere in the world that ranges between

22 to 292 kg ha�1 y�1 (Johnson, 1999). The low export rate is associated to the low level of N in Ethiopian soils.

Organic carbon export and sequestration

The OC export is relatively high and varies spatially between catchments from 33�46 to 182�82 kg ha�1 y�1 with a

mean value of 97�11 kg ha�1 y�1. This equals to an average annual deposition of 980 tons of OC from 13

catchments. In Tigray alone, there are about 64 such dams with total drainage area of 642 km2, constructed for

irrigation purpose since 1977 in which more than 90 per cent were built after 1994 (Haregeweyn, 2006). Calculation

of OC stock in the 64 reservoirs yielded an average total OC of about 6640 t y�1 (i.e. 0�11 t ha�1 y�1). This carbon

storage rate falls within the range of 0�03–2�67 t ha�1 y�1 observed in the 44-years check dams in the

Nianzhuanggou China watershed (Li et al., 2006). Their OC sequestration estimate is found to be 3�25 times higher

than annual amount of soil carbon (0�04Gt y�1) eroded and deposited across US, and accounts for 18 per cent of

total amount of carbon sequestration (0�72Gt OC) by Chinese forests for the period from 1994 to 1998. Stallard

(1998) has shown that erosion-sedimentation leads to a global net OC sequestration of 0�6–1�5Gt OC y�1.

Therefore, the contribution of the 64 reservoirs in Tigray alone towards global net carbon sequestration is estimated

between 0�0005 to 0�001 per cent, taking the assumption by Stallard (1998) that the eroded OC replacement ranges

from 50 to 100 per cent. Therefore, the amount of stock underlines the potential of reservoirs as an important store

for OC in the global carbon balance.

Association of nutrient export with specific sediment yield

Export rates of the studied nutrients were correlated with SSY for the 13 catchments (Figure 5). There is a

significant correspondence for all cases with r2 of 0�95, 0�89, 0�69, 0�64, 0�48 and 0�29 for Ca, N, K, Pav, OC and

Mg, respectively. These relationships illustrate that (1) soil erosion is playing a major role for the nutrient stocking
Figure 5. Relationship between specific sediment yield (SSY) and nutrient export (NE) rates in Tigray, northern Ethiopia. r2¼ coefficient of
determination.
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in the sediment and (2) the less pronounced spatial variation of fertility status between catchments. Relationships

between SSY and the corresponding NE can be useful predictive tools (see Figure 5). It is, however, important to

identify other factors, which are responsible for the major spatial variation between catchments, especially in the

case of Mg.

Costs of Soil Erosion-Caused Soil Fertility Degradation

Table IX shows that an average of 68 ETB (6�8 s in March 2006) ha�1 y�1 is needed to maintain the loss of N
and Pav on the site due to erosion. This totals at 694 560 ETB (69 456 s) per year in 2006 from 13 catchments
(101�44 km2). This information could be scaled up to Tigray’s Regional State (area of 50 078 km2) and up to
Ethiopian highlands (4�48� 105 km2, which accounts 40 per cent of the country’s landmass including the
highlands of Tigray); it is estimated at 342million ETB (34�2millions) and 3�06 billion ETB (0�306 billions)
annually for Tigray and the Ethiopian highlands, respectively. The cost of erosion is generally high for
Ethiopia where average annual income is only between 100 and 150 s per capita. The inclusion of OC and
other nutrient losses and the losses in physical soil fertility increases the cost. However, the extrapolation of
soil erosion for the Ethiopian highlands is probably an underestimation, because (1) due to previous erosion,
soil erosion rates are now less in Tigray than elsewhere in the other parts of the Ethiopian highlands and (2)
soils are more fertile in those other parts of the Ethiopian highlands.

FAO (1986) presented only indicative cost estimates of erosion in the Ethiopian highlands which accounted only

to reduce agricultural production estimated at an annual average of 600 million ETB for 1985–2010 years (60

million s at present value). This study indicates also annual costs for cropped and grazed area ranging from
29 to 44 (2�9–4�4 s at present) and 3–25 ETB (0�3–2�5 s at present) ha�1 y�1, which is much less than what is
estimated in our study. However, the report emphasized that there were methodological weaknesses such as
on the relationship between soil losses and yield reductions and the difficulties inherent in projecting soil
losses. Therefore, even under the partial accountancy of cost of erosion in this study, information presented
in the FAO study is shown to underestimate the costs of soil erosion. Though there are uncertainties in
extrapolation of cost of erosion from a region to a country, the national figure quantified by this study is the
best estimate which was obtained for Ethiopia so far.
Table IX. Erosion costs in March 2006 due to loss of N and P from mixed land uses of Tigray catchments, northern Ethiopia

Reservoir Urea addition DAP addition Total cost�

(kg ha�1 y�1) Cost (ETB ha�1 y�1) (kg ha�1 y�1) (ETB ha�1 y�1) (ETB ha�1 y�1)

Adiakor 15�48 41�79 0�189 0�57 42�36
Adihilo 28�79 77�73 0�322 0�96 78�69
Adikenafiz 31�98 86�36 0�761 2�28 88�64
Agushella 7�77 20�99 0�115 0�34 21�34
Endazoey 31�63 85�40 0�272 0�82 86�21
Gereb Segen 30�73 82�96 0�259 0�78 83�73
Gereb Shegel 15�82 42�72 0�163 0�49 43�21
Gindae 26�30 71�01 0�365 1�10 72�10
Grashitu 47�19 127�43 0�495 1�48 128�91
Gum Selassa 22�32 60�26 0�211 0�63 60�89
Maideli 40�19 108�52 0�469 1�41 109�93
Mejea 18�66 50�37 0�324 0�97 51�35
Sewhimeda 8�31 22�44 0�120 0�36 22�80
Average 25�01 67�54 0�31 0�94 68�47

DAP, di-ammonium phosphoate; ETB, Ethiopian Birr.
�10 ETB¼ 1 s in March 2006.
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CONCLUSIONS

Selective erosion was observed and this is indicated by ER values of 1�57, 1�07 and 0�42 for clay, silt and sand

fractions, respectively and ER values of 1�82, 1�81, 1�54 and 1�5 for Pav, K, Ca and Mg, respectively. The high ER

for Pav and K is mainly due to their preferential transport bound with fine soil fractions while the high ER for Ca and

Mg is mainly associated with parent material dissolution and its transport via runoff. As a result, the nutrient

concentration is significantly higher in the deposited sediment except for OC and N and there is no problem on the

sediment associated with alkalinity and acidity. Field experiments may be conducted on crop productivity to assess

the feasibility of using the dredged sediment as an option for reclaiming degraded lands. This practice on the other

hand increases the life of the reservoir at no cost.

A strong positive relationship between NE and SSY was observed for all nutrients, which can explain (1) the less

pronounced spatial variation of fertility status between catchments (2) the principal role of erosion for nutrient

exporting into the reservoirs. The high OC export on the other hand suggests the potential of reservoir

sedimentation in OC sequestration. An important global potential, that is, about 6640 tons of OC from 642 km2

sequester in Tigray alone, which accounts between 0�0005 to 0�001 per cent of the global potential due to

erosion-sedimentation.

The yearly cost due to loss of N and Pav only was estimated at 342 million ETB (34�2 millions) and 3�06 billion
ETB (0�306 billion s) in March 2006 form Tigray and the Ethiopian highlands, respectively, which is more
than 1/3 of the gross annual budget in the case of Tigray. The inclusion of OC and other nutrient losses and
the losses in physical soil fertility brings the cost much higher. In general, the extent of fertility degradation is
high and, hence, is a major threat for a sustainable agriculture, even on the short and medium-term. Pity
enough, neither policy makers nor beneficiaries are aware about the magnitude of the problem. Therefore, it
is not only important to make the public aware of the problem but also of the solution, which consists of
integrated soil fertility management practices.
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