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Abstract In dry areas, unconventional feeds are

increasingly used for mitigating feed shortages and

rangeland degradation. We evaluated how feeding

sheep diets containing olive leaves, saltbush leaves and

olive cake affects manure quality compared to a barley

straw based diet. Soil incubation and plant growth

experiments were carried out to measure soil nitrogen

(N) mineralization and N uptake by barley plants and

to calculate N flow through the feed-animal-soil–plant

system. Fresh feces, composts consisting of feces,

urine and straw, and ammonium sulfate fertilizer were

mixed with soil at rate of 90 mg N kg-1 soil dry

matter. Comparisons were made with non-amended

soils (control) and soils amended with fresh olive cake

applied at 90 and 22.5 mg N kg-1 soil dry matter,

respectively. The latter treatment enabled investiga-

tion of the effect of passage of olive cake through the

digestive tract of sheep on N availability and phenol

transformation. Applying fresh olive cake and feces,

except the saltbush leaf derived feces, resulted in a net

N immobilization. All composts resulted in net N

mineralization, although not significantly different

from the 0N control soil. Barley growing in soils with

amendment that caused N immobilization took up less

N than barley growing on the 0N treatment. Reduction

in N uptake was most pronounced after amendment

with fresh-olive cake. Treatments with net minerali-

zation increased barley N uptake over the 0N treatment

with 2–16 % of N applied being taken up. Dietary

composition had a minor effect on N fertilizer value of

either feces or compost, but feces N alone was not an

efficient N source.

Keywords Nitrogen efficiency �Manure �Compost �
Saltbush � Olive by-product � Awassi sheep

Introduction

Under-utilized feeds like fodder shrubs and agro-

industrial by-products are gaining attention in Medi-

terranean countries. Their importance lies in their

potential role in overcoming animal feed shortages,

mitigating rangeland degradation due to overgrazing,

and in coping with increasing prices for traditional

concentrate feeds and opportunity costs for growing

forage on arable land. In dry areas mixed crop-

livestock systems with ruminants are common. The

main crops are cereals, olive trees (the Mediterranean

countries represent 98 % of the global area planted

with olive trees, Molina-Alcaide and Nefzaoui 1996),
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vegetables and cotton. In addition, in attempting to re-

vegetate degraded and dry rangelands of the dry steppe

areas, different saltbush species have been planted

because of their tolerance of drought and salinity

(Louhaichi and Tastad 2010). Previous studies showed

that olive leaves and saltbush leaves constitute suitable

forage resources during periods of shortage (e.g.,

Molina-Alcaide and Yáñez-Ruiz 2008; El Shaer 2010;

Abbeddou et al. 2011a).

As a byproduct of the agro-food industry, 2.9

million tons per year of a ligno-cellulosic organic

material results from olive oil production (Sansoucy

1985; Sellami et al. 2008). This residue is called olive

cake. Studies have addressed its use as an energy

source (Oktay 2006), as an animal feed (e.g., Molina-

Alcaide and Yáñez-Ruiz 2008; Abbeddou et al.

2011b) or investigated composting before applying it

as a soil amendment (e.g., Cayuela et al. 2004; Sellami

et al. 2008). Still, it is mostly discarded as a waste and

disposed in a non-sustainable manner in the olive oil

production areas, where it constitutes an environmen-

tal issue because of its composition, large quantities

and seasonality (Benitez et al. 2004; Roig et al. 2006).

Soil degradation is increasing in many Mediterra-

nean countries (Benitez et al. 2004). Restoring soil

fertility is closely linked to increasing soil organic

matter and managing nutrient cycling (Frossard et al.

2006; Sommer et al. 2011). Animal manure is a

valuable nitrogen (N) source for crops, although with

lower immediate N use efficiency (NUE) by crops

than water soluble mineral N (Langmeier et al. 2002;

Bosshard et al. 2009). However, organic matter (OM)

content and microbial activity are higher in soils

regularly receiving animal manure than in soils

receiving exclusively mineral fertilizers (Fliessbach

et al. 2007; Sommer et al. 2011). It is, however,

unclear whether amendments resulting from different

feeding options affect soil microbial activity and the

NUE by the crops. Previous research indicated that

the type of feed affects the availability of N contained

in cow feces (e.g., dairy cow diets fed in the Midwest

USA; Powell et al. 2006), and the phosphorus (P) content

of manure (e.g., sheep fed with bush straw and millet

stover; Sangaré et al. 2002) and subsequently, on

nutrient uptake by plants from soils amended with these

manures (Sangaré et al. 2002; Powell et al. 2006). The

availability of manure N to crops could even be more

dependent on feed type when feeds contain secondary

plant metabolites like phenols. Phenols present in

certain feeds may inhibit N availability and nutrient

utilization in the animal (Abbeddou et al. 2011b) as well

as N mineralization when the feed is applied directly to

soils (Benitez et al. 2004; Cayuela et al. 2004). Feeding

animals with plants rich in phenols also affected nutrient

cycling by reducing N content in urine (Powell et al.

1994). Phenols bind to proteins to form indigestible

complexes, which result in less excretion of N in urine

and, additionally, a shift from soluble to insoluble N in

the feces (Powell et al. 1994). In contrast, Rufino et al.

(2006) did not find a correlation between the phenolic

content of the manure and N mineralization.

The present study tested the following hypotheses:

(1) Feeding sheep with certain unconventional feeds

(olive leaves, saltbush leaves and olive cake) or the

conventionally used barley straw affects manure

quality in terms of content and availability of nutri-

ents. (2) Fresh feces, composts (prepared from these

feces, urine and barley straw), and fresh olive cake

differ in their effect on soil N mineralization and N use

by barley plants. These hypotheses were tested in soil

incubation and plant experiments in the greenhouse by

measuring N mineralization, N use by barley plants,

and N flow through the feed-animal-soil–plant system.

Materials and methods

Feeding treatments and manure collection

Four groups of six growing Awassi lambs each were

fed diets where large proportions of a traditional

barley straw based diet (control) were replaced either

by sun-dried leaves (with small twigs) from olive trees

(Olea europaea L.), or from saltbush shrubs (Atriplex

halimus), or air-dried olive cake from the first pressing

containing also hulls and kernels. The animals

received 1.1 kg dry matter (DM) feed per day that

covered their maintenance requirements. The compo-

sition of the diets is shown in Table 1. The N contents

of the four complete diets were in the range of

24.9 ± 0.9 g kg-1 DM, with the barley straw, olive

leaves, saltbush leaves and olive cake contributing 5.0,

10.7, 18.5 and 6.2 g N kg-1 DM, respectively. After a

15-day adaptation to the diets, the animals were held in

metabolic crates over 10 days during which all feces

(separated from urine) were collected, pooled per

group and stored at -20 �C until use. Urine was

collected for 2 days, also pooled per group and stored
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for 2 weeks at ?4 �C until use. Further details about

the sheep study are given in Abbeddou et al. (2011a,

b).

Manure composting procedure

A method of composting manure at a laboratory scale

was adapted from Thomsen (2000) with slight mod-

ifications. For the barley straw, olive leaves and olive

cake diets, mixtures of feces, urine and barley straw

were prepared in a fresh weight ratio of 10:2:1. As the

feces from the saltbush diet had higher moisture

content, more straw was added (fresh weight ratio of

10:2:2). These ratios resulted in moist mixtures

approaching the maximum urine holding capacity of

straw bedding which has accumulated feces in barns

housing sheep. The excreta from the barley straw,

olive leaves, saltbush leaves and olive cake diets

mixed with barley straw gave initial ratios of feces,

urine and straw N of 10.6:2.5:1, 17.7:2.4:1, 3.2:0.4:1;

11.3:2.6:1, respectively. Each feces-urine-straw mix-

ture was composted separately under aerobic condi-

tions by placing 52 kg of each mixture (56 kg for the

saltbush diet) in a jute bag with open mesh. These bags

were placed on wooden pallets, in a room where the

temperature was maintained between 20 and 25 �C for

18 weeks. During the composting process, the tem-

perature was recorded weekly. Likewise, the moisture

content was adjusted to 450–650 g kg-1 DM after

having determined the water content, and the mixture

was turned manually with a spade, before being placed

back into the bags. A subsample of the each compost

mixture was collected weekly and stored at -20 �C

until analysis. The bags were weighed at the end of the

composting.

Soil and preliminary plant experiment

Soil with a low mineral N content was sampled from

the upper 20 cm of a field under a chickpea-cereal

rotation after chickpea harvesting at the International

Center for Agricultural Research in the Dry Areas

(ICARDA), Syria. The soil (Table 2), classified as

very fine, montmorillonitic, thermic, Chromic Calci-

xerert (Ryan et al. 1997), was collected using a

mechanical soil auger. It was sieved through a mesh

(\2 mm) to obtain a homogenous soil, kept moist and

stored at room temperature until the soil incubation

and plant growth experiments were established.

In a preliminary experiment, the amount of N

amendment to be used for the incubation and the plant

experiments was determined. A plant NUE response

curve to mineral N fertilization was measured from

applications of 0, 45, 90, 135, 270 and 405 mg N kg-1

soil after 7 weeks of growth. Ammonium sulfate was

used as the mineral amendment, barley as the test crop

and each dose was repeated in quadruplicate. The

NUE (see Eq. 1, below) was plotted against the

Table 1 Description of feeding trials and composition of the diets fed to fat-tailed Awassi sheep

Feeding trial Diet Feed component description (g kg-1 DM) Nutrients content in feed

Barley straw replaced

with olive leaves or

saltbush leavesa)

Barley straw 716 g barley straw, 176 g cotton seed meal,

88 g molasses, and 20 g mineral-vitamin mix.

16 g urea kg-1 DM

DM: 1,100 g

CP: 159 g kg-1 DM

Metabolisable energy: 7.59 MJ kg-1 DM

Olive leaf 716 g olive leaves, 44 g barley grain, 44 g

wheat bran, 88 g cotton seed meal, 88 g

molasses, and 20 g mineral-vitamin mix. 11 g

urea kg-1 DM

DM: 1,100 g

CP: 157 g kg-1 DM

Metabolisable energy: 7.85 MJ kg-1 DM

Saltbush leaf 716 g saltbush leaves, 44 g barley grain, 132 g

wheat bran, 88 g molasses, and 20 g mineral-

vitamin mix. 2 g urea kg-1 DM

DM: 1,100 g

CP: 159 g kg-1 DM

Metabolisable energy: 7.59 MJ kg-1 DM

Concentrate replaced

with olive cakeb
Olive cake 490 g barley straw, 340 g olive cake, 100 g

cotton seed meal, 50 g molasses, 20 g

mineral-vitamin mix. 19 g urea kg-1 DM

DM: 1,100 g

CP: 147 g kg-1 DM

Metabolisable energy: 5.50 MJ kg-1 DM

a For details see Abbeddou et al. (2011a)
b For details see Abbeddou et al. (2011b)
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amount of ammonium sulfate applied. The maximal

NUE was found at a dose of 90 mg N kg-1 soil, which

was then used in the following experiments.

Soil response to the different amendments

The experimental soil was mixed manually with

N-free nutrient solutions in order to avoid macro-

and micronutrient deficiencies. Mineral compounds

supplied to the soil were (mg kg-1 soil DM): KCl

(85.8), KH2PO4 (395.4), CaCl2 (55.1), MgSO4

(162.2), ZnSO4 (4.4), Na2MoO4 (0.20), Fe chelate

(6.2), H3BO3 (5.7), MnSO4 (6.2), CuSO4 (7.9) and

CoSO4 (0.48). The soil was mixed with amendment

(feces from the four diets, four composts and olive

cake; 9 treatments), or ammonium sulfate fertilizer in

quantities equivalent to 90 mg N kg-1 dry soil. Fresh

olive cake was also tested at 22.5 mg N kg-1 soil.

Control treatment (0N) soil received only the N-free

nutrient solutions but no amendment. The amendment,

fertilizer and control soil mixtures were transferred to

a total of 288 plastic pots (12 treatments 9 4

replicates 9 6 sampling times) each with a volume

of 100 ml. The water content was brought to

350 g kg-1 DM of the soil. The pots were stored at

25 �C in a growth chamber in the dark. Lost water was

replaced with distilled water every second day by

restoring the initial weight of the pots. Four pots from

each treatment were withdrawn at every sampling

time, i.e., after 1 day, and 1, 2, 4, 7 and 12 weeks.

Soils were analyzed immediately afterwards.

Plant response to the experimental amendments

The effect of the amendments on N uptake was

assessed by using barley (Hordeum vulgare L., var.

Harmal) as a test plant. For this, 48 pots (12

treatments 9 4 replicates) were filled with 900 g soil

DM prepared and amended as previously described for

the soil incubation experiment, except that ammonium

sulfate was split in two doses, namely 30 mg N kg-1

soil DM at sowing and 60 mg N kg-1 soil DM at

tillering. Barley seeds treated with a fungizide (Vit-

avax 200 FF, Chemtura, Italy) were sown at a rate of

10 seeds pot-1 with a distance of 2 cm between seeds.

The seeded pots were watered to 350 g kg-1 DM soil

and transferred to a greenhouse set to 14 h daylight at

25 �C and 10 h darkness at 15 �C. The pots were

watered every other day as described for the soil

incubation experiment. After 7 weeks of growth,

which was at the end of the vegetative stage, the

shoots were cut at 1 cm above the soil surface and

dried immediately at 65 �C for 48 h. The pots were

emptied and the roots were washed from the soil under

a water-jet, and then also dried at 65 �C for 48 h.

Chemical analyses

Feces, compost samples collected during the 18 week

composting period, and olive cake were analyzed by

standard methods (AOAC 1997) for DM and OM

(AOAC index no. 942.05), total N (AOAC 977.02)

and, total C with a C/N analyzer (AOAC index no.

977.02). Total phenols were measured in the fresh

feces, mature compost and fresh olive cake using the

Folin Ciocalteu method (Makkar 2003). Feces and

composts were also analyzed for their mineral N

content (NO3
- extracted by deionized water and NH4

?

extracted with 2 M KCl, Bremner and Keeney 1965,

and analyzed by titration with diluted H2SO4, Keeney

and Nelson 1982) as well as total P and K after wet

digestion using nitric and perchloric acids (AOAC

935-13) and analyzed using a UV–Vis spectrophotom-

eter (model U-2000, Hitachi, Tokyo, Japan; AOAC

965-17) for P and a digital flame analyzer (A.

Gallenkamp and Co., London, UK; AOAC 969.23)

Table 2 Properties of the soil used in soil and plant growth experiments

Soil classification Texture (g kg-1) Composition (g kg-1 DM) pH Electrical

conductivity

(mS cm-1)Clay Silt Sand Organic

matter

Total N Mineral N Olsen-Pa Extractable Kb

Montmorillonitic, thermic,

chromic calcixerert

539 283 178 10.4 0.78 0.01 0.012 0.27 8.2 0.271

a Extraction with sodium bicarbonate (Olsen et al. 1954)
b Extraction with ammonium acetate (Richards 1954)
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for K. Compost samples were mixed with water at a

ratio of 1:5, and pH and electrical conductivity (EC) of

the extract were measured using a pH meter (pH M82,

Radiometer, Copenhagen, Denmark) and a conductiv-

ity cell (CDM83, Radiometer, Copenhagen, Den-

mark), respectively. At every sampling date, samples

of the incubated soils were analyzed for pH, EC and

mineral N (NO3
- and NH4

? extracted as described by

Bremner and Keeney 1965, and analyzed by sulfuric

acid titration, Keeney and Nelson 1982). Only values

recorded at the beginning and the end of the experiment

are shown in tables, except for the time course of

mineral N. In addition, soil samples collected at the end

of the incubation experiment were analyzed for their

OM (chromic acid titration method, Walkley 1947),

extractable P (sodium bicarbonate extraction, Olsen

et al. 1954) and K (ammonium acetate extraction,

Richards 1954) contents. Barley shoots and roots were

analyzed for DM and total N content by NCS elemental

analyzer (Flash EA 1112 Series NCS analyzer, Thermo

Electron Corporation, Waltham, USA).

Calculations and statistical analysis

From the incubation experiment, net N mineralization

was calculated as the difference between the total

mineral N at the end of the incubation time (12 weeks)

and that at the beginning of the experiment (day 1).

The net mineralization over the 0N control is the net

mineralization of the amendments tested minus the net

mineralization of the control (0N).

The NUE by barley for each of the amendments was

computed by the difference method (Harmsen 2003) as:

NUE %ð Þ ¼ 100� NPa � NP0Nð Þ=Nai ð1Þ

where NPa = total N uptake by amended plants (mg

pot-1), NP0N = total N uptake by unamended plants

(mg pot-1) and Nai = total amount of the amendment

N applied (mg pot-1).

Selected data from the associated animal experiment

(Abbeddou et al. 2011a, b), including N intake, N

excretion in feces and urine and the resulting N retention

in the body were used in this study to estimate the N flows

through the feed-animal-soil–plant system. Nitrogen

cycling efficiency was calculated for each diet and was

standardized to 1,000 g N intake by the animalsas follows.

The N excreted in feces and urine was expressed as

a proportion of N intake:

Fecal Nðg kg�1N intakeÞ ¼ 1; 000

� N excreted in feces=N intakeð Þ
ð2Þ

Urine Nðg kg�1N intakeÞ ¼ 1; 000

� N excreted in urine=N intakeð Þ
ð3Þ

Excreted N g kg�1N intake
� �

¼ Fecal Nþ Urine N

ð4Þ

Body N retention ðg kg�1N intakeÞ
¼ 1; 000� Excreted N ð5Þ

N retained (fecal N and urine N in uncomposted

mixture) from excretion collection, and unaccounted

for in composting (i.e., not included in our experi-

mental design), respectively, was calculated accord-

ing to the formulas given by Rufino et al. (2006),

except that they were all expressed based on 1,000 g

N intake:

Fecal N in uncomposted mixture ðg kg�1N intakeÞ
¼ 1; 000� N feces used=N intakeð Þ

ð6Þ

Urine N in uncomposted mixture ðg kg�1N intakeÞ
¼ 1; 000� N urine used=N intakeð Þ

ð7Þ

Unaccounted N ðg kg�1N intakeÞ ¼ Excreted N

� Fecal N in uncomposted mixtureð
þUrine N in uncomposted mixtureÞ ð8Þ

At the final stage of composting, N efficiency was

calculated as the amount of N in compost as a

proportion of N contained in the fresh feces and urine

used in the mixture for composting, and in relation to N

intake:

N retained during composting ðg kg�1N intakeÞ
¼ 1; 000� N in compost=Fecal N andð

Urine N in uncomposted mixtureÞ=N intake ð9Þ

N lost during composting ðg kg�1N intakeÞ
¼ N in uncomposted mixture� N in compost

ð10Þ
For plant N uptake, N flow was calculated as the

amount of N in the plant as a proportion of the amount of

N applied to the soil with the amendment (feces or

compost) again reported as g kg-1 N intake of the

animal.
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Plant N uptake ðg kg�1N intakeÞ
¼ NUE %ð Þ=100� amendment N ðg kg�1N intakeÞ

ð11Þ

where amendment N is either the fecal N (when feces

are used as treatment) or N retained during compost-

ing (result from Eq. 9 when compost is used as

treatment).

The GLM procedure (SAS version 9.2, SAS

Institute Inc., Cary, NC) was used for analysis of

variance of the data from the incubation and the plant

experiments, with amendment as a fixed factor. Means

were compared with the Tukey test at P \ 0.05. The

tables give arithmetic means, standard errors of the

means and P values. Changes in total mineral N in

the incubation experiment were analyzed by repeated

measurement analysis using the GLM procedure of

SAS. Treatment, time and the interaction between the

two were considered as fixed factors. Figure 1 gives

least square means, standard errors and P values.

Results

Composition of the amendments and changes

during the composting process

The mean OM content of the amendments (feces,

compost and fresh olive cake) ranged from 683 to

900 g kg-1 DM (Table 3), and was lowest for the

saltbush leaf compost, and highest for olive cake

derived feces, uncomposted mixture and compost

derived from this diet. The C/N ratio was on average

25 for fresh feces and 13 for compost and as high as 39

for the fresh olive cake. Accordingly, feces from the

olive cake treatment also had a particularly high C/N

ratio. Mineral N content (NH4-N and NO3-N) tended

to be lower in the composts than the corresponding

fresh feces, except for compost from barley straw diet.

The K content was higher in the composts than in the

fresh feces. Likewise P content was higher in the

composts, except for saltbush leave compost. On

average, total phenol content in the composts, ranging

between 1 and 2 g kg-1 DM, was lower than in the

feces and the fresh olive cake. Total phenol content in

the composts represented on average only 33 % of the

content in feces from barley straw, olive leaf, saltbush

leaf and olive cake diets.

The temperature in the compost bags increased from

an average of 7–55 �C during the first 3 days (data not

shown). The differences in chemical composition

between the uncomposted mixtures at the beginning

of the composting procedure were largely present at the

end of the composting, except for pH and EC. The

initial weight of the uncomposted mixture of 52 kg

(56 kg for the saltbush treatment) corresponded to 16,

20, 13 and 23 kg on DM basis for composts prepared

from the excreta of the sheep fed the barley straw, olive
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Fig. 1 Changes in total mineral N (mg kg-1 DM) of unamended

soil (0N), soil amended with mineral N (ammonium sulfate), soil
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leaf, saltbush leaf and olive cake diets, respectively.

The corresponding DM losses during composting were

687, 450, 461 and 565 g kg-1 initial DM (data not

shown), with OM losses of 729, 507, 539 and

602 g kg-1 initial OM, respectively. The decline in

OM content was most pronounced with the saltbush

leaf and the barley straw treatments (Table 3). The

decline in OM was lowest with compost from the olive

cake diet and intermediate with the compost from the

olive leaf diet. Total N content per unit of DM

increased during composting, and the C/N ratio of the

four composts decreased from a range of 20 to 32 to

between 12 and 17. Contents of both NH4-N and

NO3-N decreased during the composting process

except for the barley straw treatment. While the pH

did not change during composting of the excreta

obtained from olive leaf and olive cake fed sheep, it

decreased for the barley straw diet and increased with

the saltbush leaf diet. In all composts, except that

produced from feeding the saltbush leaf diet, EC

decreased with time.

Soil response to the different amendments

In general, all feces and compost amendments

increased the OM contents of the soils, which

amounted to greater than 1 g kg-1 soil DM on average

compared to 0N soil at the end of the incubation period

(Table 4). This increase was about 5 times higher with

the amendment with fresh olive cake when provided at

the full N dose level. The quantities of OM added per

kg soil with the amendments were in the range of 3–5 g

with fresh feces, 2–3 g with composts and 8 or 2 g with

fresh olive cake provided at the full or the 1/4N dose.

Feces, except that from the saltbush leaf treatment,

and fresh olive cake (at any dose) resulted in lower

mineral N levels than in the 0N soil during the 12 week

incubation time (amendment 9 week, P \ 0.001), i.e.,

caused immobilization of N (Fig. 1). In contrast,

composts and feces from the saltbush leaf treatment

increased mineral N content over the 0N control,

although for NH4-N not significantly (Fig. 1; Table 4).

Mineral N (NH4-N and NO3-N) in the 0N soil increased

from 16 to 27 mg kg-1 soil DM from 1 day to 12 weeks

incubation (Fig. 1). Compared to this change, differ-

ences in mineralization caused by the application of the

organic amendments were small (Table 4). Net miner-

alization in compost treatments was not significantly

different from the 0N treatment while fresh feces

amendments caused significant immobilization, except

for the saltbush leave treatment. Amendments of the

saltbush leaf treatments (feces and compost) and

compost of barley straw treatment resulted in signifi-

cant increases in extractable K compared to the 0N

soil. Finally, only amendment with saltbush leaf

feces significantly increased soil P compared to the 0N

soil.

The non N amended soil had a pH of 8.4 at the start of

the soil incubation experiment. Only few amendments

affected pH significantly, which were barley straw

feces, olive cake compost and fresh olive cake at any

dose (Table 4). Changes in pH during the incubation

period were small with only an increase or decrease of

up to 0.2 units. The EC was 0.16 mS cm-1 in the 0N

soil at the beginning, but increased to 0.27 mS cm-1 at

the end of the incubation period. Changes compared to

the 0N soil ranged between 0.02 and 0.15 mS cm-1

directly upon amendment application, and between -

0.06 and 0.27 mS cm-1 at the end of the incubation

period. However, EC was significantly higher after

incubation of soil amended with mineral fertilizer N,

feces and compost of the saltbush leaf and the barley

straw treatments, and olive cake compost.

Plant response to the experimental amendments

Total (shoot plus root) barley DM yield was 2.5 g for

plants growing on the 0N soil (Table 5). The addition

of mineral N fertilizer caused a 1.7-fold increase in

yield. Likewise, N yields per pot in shoot and root

biomass were increased by mineral N addition. In

contrast, the addition of the fresh feces of any origin

did not affect or even tended to decrease DM yield

compared to 0N, except for the saltbush leaf treatment,

which increased shoot and total DM yields by 1.3- and

1.2-fold levels of 0N, respectively. Composts prepared

from the barley straw and saltbush leaf treatment

increased total DM yields by 1.4- and 1.2-fold

respectively. The low and the high dose of fresh olive

cake reduced total DM yield by 0.5- and 0.3-fold

compared to 0N. The N uptake of barley followed the

same trend as DM yield, resulting in a negative NUE

for three of the fresh feces (i.e., those derived from the

barley straw, olive leaf and olive cake diets) and fresh

olive cake applied at both doses. The NUE was

positive with the composts but low, ranging from 2 %

(olive cake diet derived compost) to 16 % (barley

straw diet derived compost).
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N flow in the feed-animal-soil–plant system

The tested feeds resulted in retention of between 158

and 239 g N kg-1 N intake in the growing Awassi

lambs (Fig. 2a). When compared to barley straw, fecal

N excretion increased after feeding an olive leaf diet,

while intake of saltbush leaf diet tended to increase

urinary N. Due to the small amount of urine required

for the compost mixtures, between 317 and 581 g

urinary N kg-1 N intake (32–58 % of the total excreted

N) were unaccounted for in the analysis of N flows

(Fig. 2b). Composting resulted in very variable N

losses from less than 20 % with the saltbush compost to

more than half of the initial N available with the barley

straw compost (Fig. 2c). Overall, compost amendment

resulted in a positive but small uptake of N by the

barley plants (6–28 g kg-1 N intake), with the major-

ity remaining unused in the soil (Fig. 2d). In contrast,

the direct application of fresh feces as an amendment

resulted in negative N uptake by the barley plants,

leading to proportions of unused N ranging between

204 and 425 g kg-1 N intake (Fig. 2e).

Discussion

In the farming systems typically practiced in dry areas,

most of the feces and urine is excreted in the

rangelands with the rest deposited in barns where

animals are kept during the night and when the

weather conditions are extreme (extreme heat at noon,

rain or storms). In the study region, excreta deposited

in the barns are collected as a mixture of feces and

straw bedding which has absorbed some of the urine.

This manure is collected usually four times a year, and

composted on-farm in heaps. The compost is then used

in the cropping system either alone or in combination

with a mineral fertilizer (urea) (personal information

from the farmers). The traditional forage, consisting of

cereal straw, has been replaced occasionally by locally

available, low-cost forage alternatives especially dur-

ing periods of shortage (Abbeddou et al. 2011a). The

different chemical composition of the alternative

forages and concentrates affect the nutritive value

and N use efficiency at the animal level (Abbeddou

et al. 2011a, b). No information however is available

Table 5 Mean dry matter (DM), N yield and N use efficiency

by barley grown on unamended soils (0N), soil amended with

mineral N (ammonium N), soils amended with fresh feces

excreted by sheep consuming barley leaves, olive leaves,

saltbush leaves and fresh olive cake, soils amended with

compost made using feces from sheep fed these diets, or soils

amended with fresh olive cake (n = 4)

Treatment DM (g) N yield (mg pot-1) N use efficiency (%)w

Shoot Root Total Shoot Root Total Shoot Root Total

0N control 1.2d 1.3cd 2.5d 14c 9ef 23c

Mineral N 2.5a 1.6ab 4.1a 62a 23a 85a 60a 17a 77a

Fresh feces

Barley straw 0.7e 1.0ef 1.6e 8d 9efg 17d -7d -1ef -8d

Olive leaves 0.5f 0.8f 1.4ef 7de 7fg 14d -9de -3f -11d

Saltbush leaves 1.6bc 1.4bc 3.0c 20b 13bcd 32b 7b 4bcd 11b

Olive cake 0.7e 0.8f 1.5ef 8d 7fg 15d -7d -3f -10d

Compost

Barley straw 1.7b 1.8a 3.4b 21b 16b 36b 8b 8b 16b

Olive leaves 1.3d 1.3cd 2.6d 15c 11cde 26c 1c 2cde 3c

Saltbush leaves 1.5c 1.4bc 3.0c 19b 13bc 33b 7b 5bc 12b

Olive cake 1.2d 1.1de 2.3d 15c 10def 25c 1c 1def 2c

Fresh olive cake

90 mg N kg-1 0.3g 0.4g 0.7g 3e 3h 6e -13e -9g -22e

22.5 mg N kg-1 0.5f 0.7f 1.2f 6de 6g 11d -40f -18h -58f

SEM 0.09 0.06 0.14 2.2 0.8 2.9 3.5 1.3 4.7

P value \0.001 \0.001 \0.001 \0.001 \0.001 \0.001 \0.001 \0.001 \0.001

Means carrying no common superscript are different at P \ 0.05 (Tukey test)
w N use efficiency relative to barley grown in the 0N control soils
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about the implications of their use on overall N cycling

in a mixed crop/livestock system.

Changes in amendment characteristics

during composting as affected by the diet fed

to sheep

The rate of OM degradation during composting

depends on the content of readily biodegradable

compounds present in the compost (Sellami et al.

2008). This suggests that the OM in the feces of the

sheep fed the saltbush leaf diet should be very

degradable, as had been observed for most of the

dietary OM in the digestive tract (Abbeddou et al.

2011a). The compost derived from the olive cake diet

was higher in OM than other composts. Probably in

particular lignin limited its degradation in the diges-

tive tract as feces from olive cake diet contained 630 g

neutral detergent fiber kg-1 DM, of which 170 g kg-1

DM were lignin (Abbeddou et al. 2011b). Addition-

ally, an adverse action on digestion due to the phenols

present in this feed had been assumed. The low

degradability of OM in the compost derived from the

olive cake was consistent with the low OM digestibil-

ity of dietary olive cake in the animal. It therefore

appears that the properties controlling digestibility of

feeds in the animal also control degradation of feces

subsequent to excretion, such as during composting

(Rufino et al. 2006). The C/N ratios of most composts

were in the recommended range of\12 (Cayuela et al.

2004) for a stable OM of the compost, while it was

higher for the compost from the olive cake treatment.

The NH4
? concentration of all composts was less than

0.40 g kg-1 as expected (Cayuela et al. 2004).

Nitrogen retention after composting was greater

than the average of 54 % reported by Thomsen (2000)

for all composts except the barley straw diet derived

compost (46 % of N in the uncomposted mixture

retained after composting compared to 75, 85 and

74 % of N retained in olive leaf, saltbush leaf and olive

cake derived composts; data not shown), but was in the

range of 30–87 % reported by Rufino et al. (2006).
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Fig. 2 Nitrogen flows in a feed-animal-soil–plant system,

where barley straw, olive leaf, saltbush leaf and fresh olive

cake diets are fed to Awassi sheep, and the feces and some urine

are used to make compost to grow barley plants. Nitrogen flows

from the feces to soil is also compared, but most of the urine N is

unaccounted for in this experimental system
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Soil response to the different amendments

Increase in soil EC results from an increase in the

electrolytes Na and K (Mekki et al. 2006), and saltbush

leaves are reported to have high contents of these

cations (Abbeddou et al. 2011a). An ingested excess of

electrolytes is mostly excreted in urine, which explains

the elevated EC of both the compost and the soil of the

saltbush leaf treatment. Fresh feces from the saltbush

leaf diet also had a high K content (Table 3).

Net N mineralization in compost amended soils was

similar to net mineralization in the 0N soil. The N

immobilization observed with all feces (except that

from the saltbush leaves diet) agrees with Wichern et al.

(2004), where fresh sheep and goat feces from local

farms in Oman resulted in microbial N immobilization.

Net N mineralization in soil treated with feces from the

saltbush diet may have resulted from relatively low C/N

ratio and phenol content, and high mineral N content of

this feces. Mineralization of N was related to the C/N

ratio of manures as found by Powell et al. (2006).

Manures with C/N ratios greater than 19 caused

immobilization of soil N, as was observed here with

most of the feces having C/N ratios between 22 and 32,

while manures with C/N ratio less than 16 caused N

mineralization. Mineralization of N might have been

further reduced by the presence of polyphenols, espe-

cially after amendment by fresh olive cake and feces

from the olive cake and leaf diets. Although olive cake

has a moderate total phenol content, the special nature

of the constitutive phenols (e.g., hydroxytyrosol, tyro-

sol, and their glucosides) makes it highly antimicrobial

(Benitez et al. 2004; Cayuela et al. 2004; Sampedro

et al. 2004). Additionally, phenols may bind proteins

which are then protected from microbial degradation in

the soil as for the rumen (van Bruchem et al. 1999;

Tiemann et al. 2009). A regression analysis of all

amendments in this study showed that N mineralization

was negatively related to total amendment phenol input

(r = -0.75, P = 0.012).

Plant response to the experimental amendments

In the present study 77 % of mineral fertilizer N was

recovered in the barley roots and shoots, which is in the

range of a pot study with ryegrass (Langmeier et al.

2002) but higher than N recovery of a barley crop

growing in lysimeters (36 % on coarse sand to 49 % on

sandy loam soil; Thomsen et al. 1997) and recoveries in

crops reported from field studies which usually are in

the range of 20–50 % (Crews and Peoples 2005). The

NUE for animal manure is usually lower than that of

mineral N, because it is mainly composed by organic N

forms which are not readily available to plants. In a pot

study six harvests of ryegrass recovered 25–30 % of N

applied with fresh cow feces (Langmeier et al. 2002),

while wheat growing in microplots in the field

recovered 10 % of N applied with sheep feces

(Bosshard et al. 2009). Also in a microplot field study,

barley at maturity (grain and straw) recovered 6 % of

N-15 added with sheep feces (Jensen et al. 1999). In

this experiment, the application of fresh feces reduced

plant productivity compared to the 0N soil, resulting in

negative NUE except for the amendments from the

saltbush leaf treatments. This could be explained by the

higher amounts of mineral N (NH4-N, NO3-N) found in

the feces from the saltbush leaf treatment than the other

fecal amendments, and organic fecal N compounds

that can be easily mineralized (Bosshard et al. 2011).

In contrast to the feces, a positive NUE was

observed for all composts resulting in N recoveries in

barley of 2–16 % of the N applied. This is in the range

found for fresh feces in other studies but much less

than that reported for slurry composed of all of the

feces and urine excreted (Langmeier et al. 2002;

Bosshard et al. 2009). The NUE of both olive feed

containing diets was lower than those from the barley

straw and the saltbush based diet. In their review,

Rufino et al. (2006) reported that NUE from com-

posted manure for maize crops in Africa ranged

between 3 and 49 %, with NUE being higher when

urine was included in the composted manure. Nitrogen

recovery from compost was higher than from fresh

feces probably because soil amended with compost

had higher total mineral N than the soil amended with

feces. Also, compost had lower phenol contents than

feces; the latter also because of dilution by urine and

straw. Urine N mostly consists of urea which is a

readily available N source for plants (Bosshard et al.

2009). However, part of the urea N gets hydrolyzed

during composting (Thomsen 2000; Wichern et al.

2004) and lost in the form of ammonia (Rufino et al.

2006). The high pH in composts and soils may further

have intensified ammonia volatilization. As no 15N-

labeling was done in the present study, N derived from

feces and urine, and their respective contribution to

barley N uptake (Bosshard et al. 2009), cannot be

separated.
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The NUE of fresh olive cake was negative,

indicating that the N in olive cake was not directly

available for the plants and that olive cake amendment

reduced the availability of soil N. The inhibitory effect

on plant productivity was less pronounced when less

olive cake was added (1/4 of the N dose used in the

other treatments). This suggests that feeding olive

cake may be relatively more advantageous than use of

fresh olive cake as an amendment. When olive cake

passes through the rumen and the digestive track,

phenols are either metabolized or diluted when mixed

with other feed ingredients resulting in excreta that

might be less inhibitory to plant growth.

Amendment N not taken up by the crops can remain

in the soil (Powell et al. 2006) or be lost from the soil–

plant system. Studies using 15N labeling show that

with organic amendments often more N is recovered in

the soil than with mineral fertilizer N (Sørensen and

Thomsen 2005; Gardner and Drinkwater 2009). This

is also supported by the studies by Langmeier et al.

(2002) and Bosshard et al. (2009), where about 60 %

of N applied with fresh cattle or sheep feces remained

in the soil. This N can become available to subsequent

crops (Schröder et al. 2005) although at low release

rates. Accordingly, only around 3.3 and 1.5 % of feces

N were recovered during the two following years in

the study by Bosshard et al. (2009). The difference

method used in this study does not allow measurement

of amendment N recovery in the soil compared to the

background soil N.

Nitrogen flow in the feed-animal-soil–plant system

as affected by unconventional feeds

The NUE of a mixed crop/livestock system is the

result of N conversion at the animal level and the

apparent N recovery from soil amended by animal

excreta (van Bruchem et al. 1999). The calculated N

conversion efficiency at the animal level for growth

(body N retention, Fig. 2a) was in the range of

150–250 g N kg-1 N intake reported by van Bruchem

et al. (1999). All diets had similar N conversion

efficiencies despite the lowest N intake associated

with the saltbush leaves and olive cake diets (data

taken from Abbeddou et al. 2011a, b). Nitrogen not

converted into animal products (milk or body weight

gain) is excreted with urine and feces, but also the

allocation of excretory N to feces and urine clearly

varied between treatments due to phenol content in the

diets. As stated above, proteins bound to phenols are

indigestible complexes excreted in feces where they

constitute the insoluble N fraction (Powell et al. 1994).

Based on the allocation of the excretory N, the lowest

feces N as a proportion of N intake was found with the

saltbush diet (P \ 0.001) and the highest with diets

containing olive-derived feeds. Not all N excreted by

the animals was included in manure N flow. Thus a

large proportion of N excreted, i.e., urinary N with

high plant availability, remained unaccounted for

(32–58 % of the total excreted N; Fig. 2b). Our

experiment mimicked a situation where all feces

would be collected, but where the urine not absorbed

by the straw would have been lost. Farming systems

with sheep in Syria are quite variable (Rischkowsky

et al. 2004), and in turn the collection and use of

animals excreta differs between farms and production

areas. Likewise, straw is a limited valuable resource,

and compost preparation and application may eco-

nomically not always be viable as straw is in demand

as livestock fodder (Sommer et al. 2011). Thus its use

as animal bedding in barn is not always applied,

especially in seasons with low barley straw yields.

In this study, the NUE of composts and of feces was

tested when used as amendments for crop production.

As discussed above, NUE by barley of both forms was

low or even negative and a large fraction of applied N

remained unused (Fig. 2d, e). The question arises

whether the feces and urine would be better used on

the rangelands than for crop production. We have no

exact data on the proportion of N deposited in the

rangelands compared with in the barns. Rufino et al.

(2006) estimated that less than 50 % of total N

excreted can be collected in typical mixed grazing-

barn system by smallholders in the sub-Saharan

Africa. Based on experimental data of excreta collec-

tion and N loss during composting in central Kenya

(Lekasi et al. 2001), Rufino et al. (2006) assumed that

less than 10 % of N in the excreta would be efficiently

used in the mixed crop-livestock system in Kenya.

Nitrogen deposited in the rangeland can be taken up by

plants, be retained in the soil or be lost. Plant N uptake

is limited to the short (up to 3 months in the dry areas

of Syria) growing season when water availability

sustains plant growth and nutrient uptake. During the

6 month-long dry period, particularly urine N depos-

ited on the alkaline soils of the study area may largely

be lost by ammonia volatilization. For instance, Vallis

et al. (1985) reported a loss of 46 % of urine N when
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cattle urine was applied on pasture during the dry

season in Australia. Under these conditions, N cycling

could be increased when a higher proportion of N is

excreted with feces because feces N takes longer time

to be mineralized and therefore the risk of ammonia

volatilization is lower (Powell et al. 1994; Rufino et al.

2006). Based on this, diets containing olive-derived

feeds seemed more efficient than the other diets,

especially the saltbush leaf based diet which resulted

in the highest proportion of N excreted in urine. Still it

has to be shown whether N from olive cake and olive

cake derived feces will be available in subsequent

years or whether the compositional limitations prevent

its release even longer.

Conclusions

Providing unconventional feeds to sheep only slightly

affected the NUE by barley of N applied with feces or

composts produced from feces, urine and straw, with

NUE being higher after treatments with composts than

with feces. The NUE obtained in the pot experiment

was low or even negative, leaving most of the N

applied unused. Feeding olive cake was more efficient

as some nutrients were supplied when fed to the sheep

increasing overall N cycling efficiency compared with

its direct application as soil amendment. Labeling

studies with 15N to separate unused N into N retained

in soil and N losses are needed, as well as long-term

plant experiments under field conditions to test

residual amendment N effects. Although reflecting

the limited collection practiced on farm, an important

proportion of urine N was not considered in the present

study. When the intention is to use amendments

consisting of animal excreta strategically for crop

production and in the growing season, it seems

worthwhile to capture as much urine as possible and,

therefore, to change excreta storage and application

practices.
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