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Summary

Research into the sustained fertility of Terra &ein the humid tropics has led to the
discovery of enriched levels of charcoakt Horvat Halugim, an Iron Age dessert village in
the Central Negev Highlands (Israel), dark anthggmic soil layers containing pieces of
charcoal have also been fourithe objective of this study was twofold. The fiatijective
was to assess the differences in chemical and gqdlysoil properties between the
anthropogenic and the non-anthropogenic soil hogzat Horvat Halugim and to assess
whether they could be attributed to charcoal fegtlon. The observed differences were
compared to the effects of charcoal that have begorted for soils in the humid tropics. The
second objective was to identify possible bendfieitects, in terms of chemical and physical
soil fertility, of the addition of charcoal on crgpoduction in the Negev soil and to compare
this to the reported effects of addition to thdssm the humid tropics.

The anthropogenic soil horizons have significaitiwer mean bulk density (1.21g &n
compared to non-anthropogenic soil horizons (1.289G). The anthropogenic horizons also
have more often a weak structure compared to theanthropogenic horizons. These
differences are not related to the charcoal corgénihe soil horizons, because the charcoal
content of the soil is very low, ranging from 0.260.19% and is comparable between the
anthropogenic and non-anthropogenic horizons, ¢éveuagh there is a distinct difference in
colour. Furthermore, the soil horizon with the heghcharcoal content does not have the
lowest bulk density or the weakest structure.

No differences were found in pH, EC and cumulatifétration between the anthropogenic
and non-anthropogenic soil horizons from Horvatudah.

Charcoal addition to the solil in the pot experimsinghtly increased soil pH and EC, but
water retention decreased.

Charcoal additions to soils in the humid tropicsally lead to an increase in pH that is much
larger than the increase that was observed irstudy.

A pot experiment with wheat was conducted with @inéhropogenic and non-anthropogenic
soil from Horvat Halugim with or without the additi of charcoal and ash. The addition of
charcoal led to significant lower crop growth andnbass production compared to the control.
This was most likely caused by N deficiency, sinbarcoal has a high C/N ratio, which can
lead to N immobilization. In contrast to what wasid in this study, charcoal addition to
highly weathered soils of the humid tropics ofteads to increased crop growth and biomass
production due to reduced Al availability and thielition of nutrients.



The dark colour of the anthropogenic soil horizatsHorvat Halugim is not due to the
presence of charcoal and in that sense they areamparable to the Terra Pretas in the
humid tropics. The creation of ‘Terra Pretas’ idaegions with loess soils through addition
of charcoal, as has been done in the humid trophesys no great potential, since it decreases
water retention and can lead to N deficiency.
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1 Introduction

Archaeologists have discovered large areas of fastite dark soils in the Amazon Basin
(Terra Preta do Indio). These ancient anthropogsmiis are very fertile in comparison to the
normally infertile soils in the humid tropics tharte highly weathered and leached (Lehmann
et al, 2003). Research into the sustained fertility leg anthropogenic soils has led to the
discovery of enriched levels of charcoal. Terrat&rean contain 8-70 times more charcoal
than the surrounding soils. Glasgral. (2001) found a charcoal content of 25 Mg'ha

Several studies have shown changes in soil chemnthphysical properties as a result of the
addition of charcoal. Charcoal addition can leathtoeased soil pH (Tyron, 1948), increased
nutrient retention and delayed leaching of certautrients (Lehmanret al, 2003) due to
increased CEC (Liangt al, 2006). Furthermore, charcoal itself may also bsoarce of
nutrients, butN availability may decrease with charcoal addsiaiue to high C/N ratios
resulting in immobilization (Lehmanet al, 2003). Charcoal addition to a sandy soil can
increase the available moisture, while this canmebese in a clay soil (Tyron, 1948).

Several studies have also shown a positive effectharcoal on crop production, with or
without an additional source of nutrients (Topadimet al, 2002; Lehmanret al, 2003;
Topoliantzet al, 2005; Steineet al, 2007).

The Terra Pretas in the Amazon are not the onlgrapbgenic soils that contain charcoal. At
Horvat Halugim, an Iron Age desert village in then@al Negev Highlands (lIsrael),
anthropogenic soil layers containing charcoal ha® been found (Bruins and Van der
Plicht, 2007). Horvat Haligum has an arid climatel aeceives less than 100 mm average
annual rainfall. In order to enable agriculturehis desert region, local people who lived here
in the past engaged in run-off farming. This isagmnicultural practice in which cross-channel
terraces are established by building a series@flcdams along the length of a wadi. Run-off
water from the surrounding catchment can accumudggenst the dams and subsequently
infiltrate into the soil of the terrace fields (Bng, 1986).The presence of tiny pieces of
charcoal and bone patrticles indicate that locadlmtiants used home refuse to fertilize the soil
in order to increase fertility, which is normallgw in a desert environment (Bruins and Van
der Plicht, 2007).

Until now research into the effects of charcoalsoil properties has mostly focused on the
highly weathered and leached soils in the humidi¢o However, very little is known about
the effects of charcoal in arid regions with diffiet soil types. If the presence of charcoal in
these anthropogenic soil layers in the Negev loest has beneficial effects on crop
production, this would create opportunities fornfars to improve crop production in
marginal regions with similar soil and climate inedatively easy and affordable manner.



The objective of this study is twofold. The firsbjective is to assess the differences in
chemical and physical soil properties between tlaek danthropogenic and the non-
anthropogenic soil horizons at Horvat Halugim amddsess whether they can be attributed to
charcoal fertilization. The observed differencedl e compared to the effects of charcoal
that have been reported for soils in the humiditpThe second objective is to identify
possible beneficial effects, in terms of chemiaad @hysical soil fertility, of the addition of
charcoal on crop production in the Negev soil andampare this to the reported effects from
soils in the humid tropics.

Research questions
Do dark anthropogenic soil horizons at Horvat Hatugave different chemical and physical

soil properties compared to non-anthropogenic Boiizons and are they related to the
charcoal content?
- What are the chemical and physical properties & #mthropogenic and non-
anthropogenic horizons at Horvat Halugim?

How does charcoal and ash addition to the Negesslseil influence crop growth and soil
properties and how does this compare to the eftdatharcoal in the humid tropics?
- How does the addition of charcoal and ash influecxag growth under different
moisture regimes?
- How does the addition of charcoal and ash influeswsleproperties?
- What are the reported effects of charcoal additocrop growth in the humid tropics?

Hypothesis
It is expected that the effect of charcoal on cloaiménd physical properties of the loess soil

in the Negev are similar to those observed in thmitd tropics. However, the effects will be
less pronounced, because the soil properties olo#ss soil in the Negev are less extreme
than that of the highly weathered and leached soilse humid tropics, especially in the case
of chemical properties. Charcoal addition will pably influence crop growth positively,
since it can be a source of nutrients. The efféctharcoal on moisture availability will
probably also be positively influenced.



2 Theory

2.1 Properties of charcoal
Charcoal is produced by thermal decomposition gfanic material under oxygen limited

conditions and relatively low temperatures. It Isoaproduced in small quantities when
biomass is burned in a fire in areas with limitegigen supply (Lehmann and Joseph, 2009).
The properties of charcoal are highly variable dadend on the type of organic material and
the pyrolysis system by which it is made. This unlds heating rate, highest temperature,
pressure, reaction residence time, type of reastémsel, pre-treatment, the flow of ancillary
input and post-treatment (Downet al, 2009). The defining property of charcoal is high
content, which mainly consists of aromatic compautindit are characterized by rings of six C
atoms linked together without oxygen or hydrogeonet If these rings were stacked
perfectly and aligned in sheets, it would be gregphiowever, under the temperatures used to
make charcoal, graphite does not form to a sigmifiextent. In stead, much more irregular
arrangements of C atoms will form, containing O dddand, in some cases minerals
depending upon feedstock (Lehmann and Joseph, 200@) degree of alteration of the
original biomass structure (micro structural reagement, attrition during processing and
formation of cracks) depends on the processingitiond.

During pyrolysis mass is lost mostly in the formvotatile organics (Downiet al, 2009).

2.1.1 Nutrient content
During thermal degradation K, Cl and N are vapatiaelow temperature, while Ca, Mg, P, S

and Si are released at much higher temperaturer @bment such as Fe and Mn are largely
retained during charcoal formation (Amonette anskjpd, 2009).

Minerals found in charcoals include sylvite (KCijartz (SiQ), amorphous silica, calcite
(CaCQ), and other minor phases such as Ca phosphategjrde (CaS@), various nitrates
and oxides and hydroxides of Ca, Mg, Al, Ti, Mn, @nFe (Amonette and Joseph, 2009).

Information on the nutrient content and propertedscharcoal is very limited and few

agronomic studies have included the nutrient cdanténthe used charcoal. Mineral N is

usually very low and available P is highly variablie contrast, available K is usually high

(Chan and Xu, 2009).

Nutrient content of various charcoals are listedTable 1. Nutrient content of the listed
charcoals is variable, but low. The one properat #il charcoals have in common is the high
C/N ratio, ranging from 56 to 571.



Charcoal inevitably contains ash with free baseshsas K, Ca and Mg. These are easily
soluble and available as nutrients for plant groy@haseret al, 2002). The ash content of
charcoal is also highly variable. Pastor-Villegasal. (2007) found that ash content in wood
charcoal ranged from 2.06 to 20% in charcoal predutom different feedstock and under
different process conditions. However, ash cont#n®.23% was found by Rondoet al.
(2007).

Table 1 Nutrient content of different charcoals

Source C N C/N P Mg Ca K Reference
gkdg® gkg' gkg'® gkg' gkg® gkg®
Amazonian 708 10.9 56 6.8 0.32 1.3 0.89 (Lehmanet
wood al., 2003)
Pine chip 742 1.3 571 0.87 - 0.36 0.44 (Gaskin et
pellets-379 al., 2007)
Pine chip 760 1.4 543 0.89 - 0.38 0.66 (Gaskin et
pellets-401 al., 2007)
Pine chip 752 1.7 442 0.12 - 0.53 1.29 (Gaskin et
pellets-426 al., 2007)
Hard wood 695 2.8 248 0.07 - 0.39 0.39 (Gaskin et
chips - 382 al., 2007)
Hard wood 703 3.0 234 0.09 - 0.53 0.69 (Gaskin et
chips — 400 al., 2007)
Hard wood 735 3.6 204 0.12 - 0.58 1.13 (Gaskin et
chips - 426 al., 2007)
Pecan shell 834.2 3.41 245 0.26 0.70 3.64 4.15 (Novak et
al., 2009)
Eucalyptus 823.7 5.73 144 0.58 131 - - (Rondon et
deglupta al., 2007)
Blume
Wood (not 905 5.64 160 0.27 - - 5.05 (Topoliantz
specified) et al, 2002)
Mixture of 360 1.8 200 - 0.01 0.01 0.82 (Chaet al,
grass, cotton 2007)
trash and plant
prunings




2.1.2 pH
The pH of charcoal can also be highly variable (@&). Charcoals can be produced at any

pH between 4 and 12 (Lehmann, 2007). However, odadscused as soil amendments in
research are usually alkaline (Chan and Xu, 2009).

2.1.3CEC
Charcoal has oxidized functional groups that oatgnfrom oxidation of charcoal itself or

from adsorption of partially oxidized charcoal @aher materials. This surface oxidation is the
cause for high CEC. Additionally, a high specificface area may also contribute to the high
CEC of charcoal (Liangt al, 2006). The CEC of charcoal is also variable (€&}l

Table 2 pH and CEC of different charcoals

Source pH CEC Reference

(cmol kg?)
Pine chip pellets-379 - 19.5 (Gaslanal, 2007)
Pine chip pellets-401 - 27.0 (Gaslanal, 2007)
Pine chip pellets-426 - 18.6 (Gaslanal, 2007)
Hard wood chips - 382 - 22.6 (Gaslanal, 2007)
Hard wood chips — 400 - 23.0 (Gaskinal, 2007)
Hard wood chips - 426 - 14.1 (Gaslanal, 2007)
Douglas-fir wood 4.15 20.66 (Gundale and DelL2€8)7)
Douglas-fir bark 4.18 19.42 (Gundale and DeLuc®730
Ponderosa pine bark 4.81 34.48 (Gundale and DelR0€H)
pecan shell 7.6 - (Novadt al, 2009)
Eucalyptus deglupta Blume 7.00 4.69 (Ronedoal, 2007)
Wood charcoal 9.60 - (Topoliang al, 2005)
Teak and rosewood 7.5 - (Asstial, 2009)
Mixture of grass, cotton trash 9.4 24 (Charet al, 2007)

and plant prunings

2.1.4 Bulk density
There are a limited number of research papersdinattly present physical data of charcoal

(Downie et al, 2009). However, some values for bulk density dolbé found. Different
studies have found bulk density ranging from 0.24 to 0.46 g crit (Pastor-Villegat al,
2007) and from 0.03 to 0.30 g éniGundale and Deluca, 2007)



2.2 Properties of wood ash
Wood ash is composed of the inorganic constitutas temain after burning (Ulergt al,

1993). During combustion of wood, organic compouasmineralized and the basic cations
are transformed to their oxides, which are slowfgirated and subsequently carbonated under
atmospheric conditions (Demeyet al, 2001). The properties of wood ash depend on the
type of plant, the soil type and climate in whidhme tplant has grown, conditions of
combustion, collection and storage (Someshwar, 1996 a consequence available data on
the properties of wood ash are very variable andeggizations are difficult to make
(Demeyeret al, 2001). However, some general properties and enftes on soils can be
found in literature.

2.2.1 Nutrient content
Wood ash is a direct source of nutrients. Its aagilbn to soil causes increases in the contents

of most major nutrients, inorganic Ca, K, Mg andH®wever, relative to K and Ca, P in
wood ash is much less soluble and less availablplémt uptake (Ohno, 1992; Ulegt al,
1993; Vance, 1996; Demeyet al, 2001). It also contains large amounts of micrtients,
such as Fe, Mn, Zn and Cu (Erich, 1991; Demeyel, 2001). Wood ash contains virtually
no C and N, since this is oxidized during combustamd transformed into gaseous forms
(Unger and Fernandez, 1990; Demesteal, 2001).

2.2.2 Neutralizing capacity
The alkalinity or neutralizing capacity of wood asshhigh (Uleryet al, 1993; Muse and

Mitchell, 1995; Demeyeet al, 2001). Its pH ranges from 9 to 13 (Etiégni andn@hell,
1991). The very high pH and neutralizing capacityreshly produced ash is caused by the
presence of oxides, hydroxides and carbonates dfiGaNa and K (Uleryet al, 1993; Muse
and Mitchell, 1995; Vance, 1996). However, cal¢@aCQ) is the major component of wood
ash (Etiégni and Campbell, 1991; Uletyal, 1993).

The above mentioned elements are for the mostreadily soluble and undergo hydrolysis
and develop alkalinity (Tyron, 1948). Various stglhave shown that application of wood
ash to the soil increases soil pH and thereforis, aften used as liming agent (Erich, 1991;
Ulery et al, 1993; Muse and Mitchell, 1995; Demeyral, 2001). It reacts quickly with the
soil, which results in a strong pH increase, buy dar short period of time since the most
soluble hydroxides and carbonates are easily leb@hlery et al, 1993; Muse and Mitchell,
1995). The pH increase results in an initial desega the availability of micro nutrients and
P as a result of reduction in solubility. As sdil decreases again over time, micro nutrients
will become more mobile and plant-available (Erid®991; Vance, 1996; Demeyet al.,
2001).



2.2.3 Electrical conductivity
Wood ash has also been shown to increase the B@ilsflinearly with increasing wood ash

amendment. This is probably due to the solubilityvood ash supplied elements (Clapham
and Zibilske, 1992).



2.3 Soilsin the Amazon

2.3.1 Non-anthropogenic soils
Generally, upland Amazonian soils are highly weatleand poor in nutrients due to

prolonged leaching and because the weathering &faiiie geological substrate is too deep to
provide nutrients for plants (Smith, 1980; Lehmagtnal, 2003). High rainfall and low
nutrient exchange capacity make these soils highsceptible to leaching (Holscher al,
1997; Renck and Lehmann, 2004). Low cation exchaageacity is due to the dominance of
Fe and Al oxides and kaolinite, as well as low phtl dow soil organic matter content
(Lehmannet al, 2003). Loss of N through leaching is one of thgjanlimitations for crop
production in the humid tropics (Steingtral, 2008), since N mineralization and nitrification
both proceed very rapidly under humid tropical abads and because nitrate is very mobile
in most soils (Renck and Lehmann, 2004).

2.3.2 Anthropogenic soils
The highly weathered and nutrient poor soils in lhunid tropics are thought to be too

infertile to sustain agriculture (Glaset al, 2001). However, in the Amazon fertile soils have
been found, the so called Terra Pretas. These amldighly valued by farmers for their
sustained fertility and production potential (Lehmaet al, 2003). These soils not only
contain higher concentrations of nutrients sucN,aB, K and Ca, but also greater amounts of
stable soil organic matter (Glassiral, 2001).

Terra Pretas have a C rich black top layer whicluisgally less than 50 cm thick, but is
sometimes as thick as 100 cm (Sombroek, 1966).uergcdfindings of charcoal and highly
aromatic humic substances suggest that residuescoimplete combustion of organic
material are a key factor in the persistence of smanic matter. Due to its polycyclic
aromatic structure, black charcoal is chemicallg amcrobially stable and persists in the
environment over centuries (Glasaral, 2001). Sombroek (1966) found a carbon content of
4-5% in the top 20 cm of the black layer and 1-28lot in fine textured Terra Pretas. Coarse
textured Terra Pretas had 1-2% carbon in the upperm and 0.5% in the lower part of the
dark layer. Despite their very humic appearance, gfesent organic matter content of the
black layer is only moderately high and roughly tiioes the average of non-enriched soils
of comparable texture. The colour is probably tbsult of complex formation of organic
matter and C4&, which forms a coating on the soil particles (Scmek, 1966).

These Anthrosols have persisted over many centdespite the humid tropical conditions
and rapid mineralization rates (Lehmaat al, 2003). The presence of charcoal and the
nutrient contents of Terra Preta soils as discusdex/e are responsible for the high crop
production potential and higher sustainable satiliiy of Terra Preta soils compared to the
surrounding Ferralsols (Glaser, 2007).

The Terra Pretas acquired their fertility from duhgusehold garbage and refuse (bones) of
hunting and fishing (Sombroek, 1966) and ash (Sr&i80).



2.4 Influences of charcoal on chemical soil propertiesin the humid
tropics

2.4.1 Soil acidity
Soils in the tropics generally have a low soil ptelfmannet al, 2003) and plant growth can

be negatively affected by Al availability (Rondenal, 2007).

The pH of normal Amazonian soils (Oxisols and Wls$ usually have a pH below 5, while
the average pH of Terra Pretas was determined 5odogSmith, 1980). Lehmaret al. (2003)
also found a significantly lower pH in the Amazanigerralsol (5.14) compared to the Terra
Preta (5.71) and also a significantly lower Al daaility in the Terra Preta.

Different effects of the addition of freshly progutcharcoal to the soil on soil pH have been
found. Rondoret al. (2007) found increased pH in a clay loam Oxisofrfr5.04 to 5.41 after
90 g kg* charcoal addition. Novagt al. (2009) found an increase in pH from 4.8 to 6.4raft
a 69 day incubation period with 2% of charcoal &ddito a loamy sand soil. Topoliarez al.
(2005) also observed increased pH from 4.40 to 4a88r charcoal application in
combination with manioc peel. In an earlier stuthg application of only charcoal also
increased pH significantly (Topolianét al, 2002).

Lehmannet al. (2003) found a pH increase from 5.14 to 5.89 afiter addition of 20%
charcoal dust (1 mm) to an Amazonian FerralsolinSteet al., (2007), on the other hand
found that the addition 11 Mg Haf powdered charcoal (<2 mm) did not change gdil phe
addition of charcoal pieces (>10 mm) did incredsesoil pH from 4.50 to 4.79, although not
significantly. In contrast, Tyron (1948) found tHate charcoal pieces (<1 mm) were more
effective in raising soil pH than coarse piece$ {@m) in non-tropical soils.

Tyron (1948) studied the influence of different égpof charcoal on different textured non-
tropical soils. The pH of a sand, loam and clay albisignificantly increased. The pH of the
sand soil was most affected, while the pH of tfag/ doil was least affected due to the higher
buffering capacity. Hardwood charcoal was moreatiffe in increasing the pH than conifer
charcoal due to the higher ash content of the hamdwcharcoal (6.38%) compared to the
conifer charcoal (1.48%), which is responsibletfa increase in pH.

Charcoal inevitably contains a small amount of wih free bases such as K, Ca and Mg that
are added to the soil solution, increasing the Pytdn, 1948; Glaseet al, 2002).

Increased pH due to charcoal addition in acid siglsreases Al availability (Rondon, 2007;
Lehmannet al, 2003). However, Steineet al., (2007) observed a slight increase in Al
availability after charcoal application, while tpel did not change. However, this was not a
significant increase. Charcoal application in camalion with mineral fertilizer decreased Al

availability to zero, while the pH only slightly areased. The application of only mineral
fertilizer led to a significant increase in pH aonda large decrease in Al availability, although,
not as large as with combined mineral fertilized aharcoal addition.



Lehmannet al., (2003) found decreased Al availability with charcaadition and this
decreased even further when also mineral fertilizzs applied.

2.4.2 Fertility
A few extensive agronomic field trials have beerfgrened in highly weathered tropical soils

in the Amazon to study the effect of charcoal addit

A long-term experiment was done by Steiegral., (2007) on a Ferralsol. Soil plots were
amended with low nutrient charcoal, mineral fezgl or a combination of both. Plants were
grown in four consecutive seasons with a croppiaecthat started with one season of rice
(Oryza sativd..), followed by three seasons of sorghuBorghum bicolgrL. Moech).

Soils that received mineral fertilizer in combimetiwith charcoal had a higher amount of
available nutrients compared to soils that receigaty mineral fertilizer. However, this
difference was not statistically significant. Evérough nutrient export from the soil that
received both mineral fertilizer and charcoal waghér, nutrient contents of the soil did not
decrease in comparison to the soil that only rexckimineral fertilizer. Even after four
harvests the nutrient content was still higher.

There was a synergetic effect on crop growth whath mineral fertilizer and charcoal were
applied to the soil, as crop growth was positiveffluenced in four consecutive harvests.

In the first harvest the application of only chalcbad only a minor effect on grain yield.
However, stover production increased by 29% anthgreld production by 73% when the
soil received both charcoal and mineral fertilisercomparison to plots that received only
mineral fertilizer. In the second harvest the stopeduction increased by 820% and the
grain production by 167% compared to the plots thakeived only mineral fertilizer. In the
third and fourth harvest the grain production ilased 1.5 and 2.0 times and the stover
production increased by a factor 1.3 and 1.4 wlnemaoal and mineral fertilizer were applied
compared to plants grown on soils that receiveq omheral fertilizer. In the second, third
and fourth harvest the Ferralsol and soil amendigldl @nly charcoal failed to produce any
biomass altogether.

10



Foliar nutrient content of plants was also influethdoy the type of amendment. Foliar K
contents of plants grown on soils amended with butheral fertilizer and charcoal was
higher than that of plants that were grown on stk were only amended with mineral
fertilizer. Besides, cumulative nutrient uptake @,K, Ca and Mg) was higher in plants on
soil that was amended with both mineral fertiliaed charcoal compared to plants grown on
soils with only mineral fertilizer.

Lehmannet al., (2003) found increased shoot biomass of cowpégné unguiculatal.
Walp.) grown in an Amazonian Ferralsol amended W@ko charcoal high in nutrients and a
Terra Preta compared to a non-amended Ferralsol.

A significant increase in shoot biomass was fowrdpfants grown in the Terra Preta and the
Ferralsol amended with charcoal compared to plgrdgyn on the non-amended Ferralsol.
The root biomass, however, was significantly higinethe Terra Preta compared to the non-
amended Ferralsol and the Ferralsol amended wéttohl.

Plants grown on the Ferralsol amended with charbadl a significantly lower N and Mg
content compared to the Ferralsol without chareaiaition. The lower N content was most
likely caused by decreased availability due totilglh C/N ratio. The P and Ca content were
also lower, but not statistically significant. TReand Cu content was significantly higher.
Increased biomass production was mainly the refudtrect nutrient additions, especially K,
but also P, Ca, Zn and Cu.

The higher crop growth in the Terra Preta washatted to increased P availability, although
no significant difference in P uptake of the plamtas found. The plants grown on the
Ferralsol had a significantly lower N , K and Mghtent compared to the Terra Preta, but the
Ca, Zn and Cu content was significantly higher fnohich the plants may have benefitted.
The total N content of the Terra Preta was highantof the Ferralsol, but the N availability
was lower due to the higher C/N ratio. However,ltdve N availability did not seem to reduce
crop growth.

Higher crop growth (shoot biomass) was also foufter dhe addition of both charcoal and
mineral fertilizer. However, this was lower tharoehbiomass in the Ferralsol amended with
only charcoal, although not statistically signifitaNo difference in nutrient content between
only charcoal addition and charcoal in combinatietin mineral fertilizer was found.

In a different study (Topoliantet al, 2005), charcoal and manioc peel were added tegéth
an acid sandy clay loam tropical Oxisol. Yard-ldseans Yigna unguiculata Sesquipedalis
were cultivated on the soil. The plants grown il with the amendment had more pods and
significantly higher shoot weight and shoot/rodtaaAfter the trial the soil with manioc peel
and charcoal had significant increased exchange@ahland Mg, and significantly lower Al
availability, alleviating the possible toxic effeatf Al on plant growth.

Decreases Al availability was attributed to thehhgurface area of charcoal which confers
with the high adsorptive capacity for chemical coopds and not to liming effect of charcoal
since the charcoal had scarcity in nutrients.
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A synergistic effect is suspected between charauigh, its higher surface area and sorptive
capacity, and manioc peel with high P content.

Tyron (1948) performed a plant experiment with whiine Pinus strobuslL.) in a
greenhouse with three non-tropical soils with défg texture (sand, loam, clay) and three
different amounts of charcoal addition (15, 30 45&b).

The percentage of seed that germinated decreasiedhercoal addition. Tyron explained the
high concentration of soluble salts, which decredlke capacity of seeds to adsorb water.

The length of the shoots and total weight decreagddcharcoal addition, but this was not
statistically significant. The weight of the shoatsd roots and the shoot/root ratio shows no
difference between the treatments.

Charcoal application increased the amount of abil#® in the loam and sand soils. The
amount of available potash {&) increased 3.2 times in the loam soil and 161$i in the
sand soil after charcoal addition of 45%. The adé Ca increased 15 times in the loam soil
and 10 times in the sand soil. The available Mg alsreased, but to a lesser extent than Ca.
The available forms of N (NDand NH,") were too small to detect and probably taken up by
the seedlings as soon as they became available.

Besides influences on crop growth, plant nutriewd autrient availability, charcoal addition
can also influence nutrient retention of the dgiltrient retention in soils can be increased by
the presence of more electrostatic adsorption gitesmannet al, 2003), but also through
retention of soil water in micro and mesoporeswdéter percolation is decreased, nutrient
leaching will also decrease. Nutrients that arenadly leached very easily can be retained by
this mechanism (Glaset al, 2002).

Lehmannet al., (2003) found that charcoal addition to a highlyatiered Ferralsol in a
leaching experiment significantly increased K cobt# the soil by nine times. No significant
differences were found in other nutrients. Leachifig\H,", Ca and Mg was reduced and
NOsz and K increased after charcoal addition to thedf®wl. The ratio of uptake to leaching
increased for all nutrients after charcoal was dddéhis indicates a high efficiency of
nutrients applied with charcoal and shows that abelramendments can aid in retaining
nutrients. The leachate in the Terra Pretas withfartilization had extremely low
concentrations of nutrients, while nutrient avalipbwas high compared to the Ferralsol.
The soil content of P and Ca was significantly kigim the Terra Preta than in the Ferralsol.
The Mg content was lower, while the K content ramedithe same. The cumulative leaching
of NH;", K, Ca and Mg was lower for the Terra Preta comgdo the Ferralsol. However,
leaching of N@ was higher .
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Steineret al.(2008) reported increased N retention and uptakiecamcluded that charcoal
amendments improve the efficiency of mineral Niliedr. Novaket al., (2009) found that
charcoal addition increased the Ca, K, Mn and Pterdnof the soil after a leaching
experiment .However, the S, Mg and Zn content efgbil decreased and the Cu, Mg and Na
did not change. The leachates contained more KNanafter biochar application, but less Ca,
P, Mn and Zn.

Lehmannet al., (2003) concluded that the increased nutrient iefiicy was the result of
increased adsorption sites, since charcoal addiidmot decrease water percolation, but did
significantly increase CEC after charcoal addittorthe Ferralsol. However, no significant
difference was found between the Ferralsol and #rea Preta.

Charcoal has oxidized functional groups that oatgnfrom oxidation of charcoal itself or
from adsorption of partially oxidized charcoal @aher materials. This surface oxidation is the
cause of the increased CEC and nutrient retenti@amg et al, 2006).

Novak et al., (2009) also reported a slight increase in CECr&tté charcoal application.
Rondonet al.,(2007) and Steinest al., (2007) both found increased CEC although this was
not statistically significant.
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2.5 Influences of charcoal on physical soil properties of non-

tropical soils
Research on charcoal addition to the soil has ftas chemical properties and influence on

crop growth in the tropics. No specific research haen found on physical properties of soils
in the tropics, but Tyron (1948) performed greerg®w@xperiments on the influence of
charcoal on physical soil properties of non-tropmails with different textures (sand, loam

and clay).

The results of these experiments are describedvbelo

2.5.1 Moisture equivalent
The moisture equivalent is the percentage of watech a soil can retain after a centrifugal

force 1000 times that of gravity.

The addition of 0, 15, 30 and 45% charcoal resutiesignificant linear increase in moisture
equivalent in a sand soil with values of 10.11,820.11.77 and 12.89% respectively. Fine
pieces (1 mm) of charcoal were more effective iereasing the moisture equivalent in the
sand soil.

No significant changes in moisture equivalent aftearcoal addition to the loam soil.

In the clay soil the moisture equivalent causeaificant linear decrease from 31.57, 28.90,
27.70 to 26.52% respectively with increased chdrcoatent. Coarse pieces (2-5 mm) were
more effective in decreasing the moisture equivdlethe clay soil.

2.5.2 Wilting point
The moisture content at wilting point significantlycreased at a linear rate with increased

charcoal addition from 3.33, 3.73, 3.96 to 5.13%ha sand soil. In the loam soil wilting
point also increased, though at a lower rate fro8%,55.68 to 6.04% percent. In the clay soil
the wilting point significantly decreased at a &neate from 14.03, 12.96, 12.36 and 12.01%.
Soils that contained coarse charcoal pieces tehdltbmore moisture when wilting of plants
occurs than soil that contain fine pieces. The tnoésheld by coarse pieces is less available
for plant uptake, since roots do not penetratecti@rcoal pieces and the moisture is held
more tightly by capillarity than in fine pieces.

2.5.3 Available moisturein the soil
The available moisture in the soil is the differeretween moisture equivalent and wilting

point. The available moisture in the sand soil @ased with increasing charcoal amounts in
the soil from 6.7, 7.1, 7.5 and 7.9%. In the loanil the available moisture in the soil
remained the same at 10.6%. While in the clay Hml available moisture in the soll
decreased from 17.8, 16.6, 15.4 to 14.2%.
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2.5.4 Rate of evaporation
The increase of charcoal amounts in the soil léadsdecrease in evaporation from the soil

for all three soils. However, this affect is greate the sandy soil than in the clay soil. No
explanation for this phenomenon was given.

2.5.5 Timerequired to reach wilting point
Charcoal increases the wilting point of coarseueed soil and decreases the wilting point of

fine textured soils and reduces the rate of evajporaf all three soils under greenhouse
conditions. If the evaporation of all treatmentgevequal (false assumption) wilting point of
fine textured soils that contain charcoal wouldé®ched later. However, the wilting point of
coarse textured soils would be reached more quickign charcoal is added since charcoal
increases the wilting point of coarse texturedssoil
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3 Area description

3.1 The Negev

Horvat Halugim is an Iron Age village thagedierrancan

is situated in the central Negev Highlands e ca“a Y

in Israel (Figure 1) (Bruins, 1986). The

Negev Highlands are situated within th

Sahara-Arabian desert belt (Avni, 2005).
The elevation ranges from 450-1000 m /
above sea level (Singer, 2007). Inside the Y

Negev Highlands, the main wadis drai

northwest to the Mediterranean Sea and
northeast to the Dead Sea Basin (Evenari

et al, 1961; Avniet al, 2006).
The regional bedrock consists of marin

sediments, mainly limestone, dolomite,
chalk and chert, of Upper Cretaceous to
Tertiary Age (Zilberman 1981, Zilberman

1991; Avni 1991 in Avnet al, 2006).
The northern part of the central Nege

Highlands is composed of a series of

parallel anticlines and synclines that run
northeast-southwest direction (Avet al,

2006; Singer, 2007). The anticlines a
composed of hard carbonate roch
(limestone and chert) of Cenomaniat
Turonian age. Soft carbonate rocks ar

chert are exposed in the synclines Figurel Thecentral Negev Highlands (shaded area)
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Senonian-Paleocene age (Arkin and Brat..,
1965; Zilberman,1991 in Avret al., 2006). Most of the valley bottoms are filled withte
Pleistocene to Holocene sediments deposited duhiaglast glacial interval (Avni, 1991;
Zilberman, 1992 in Avniet al., 2006). The southern part of the central Negev ldiyls

consists of undulating plains, mesas and buttds dfutocene and Mesozoic limestone, chalk,
soft shales and flint beds (Singer, 2007). Thedstrgart of the Negev, 60-65%, is composed
of rocky desert with bare rocks and desert lith@s@round 5-10% are loessial plains with
soils that are characterized by secondary carbdoatetion. The remainder is composed of
sedimentary plains or plateaus covered by a dpaggment, sand dunes or ephemeral stream

channels and alluvial fans (Bruins, 1986).
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The climate conditions are arid with the typicahwdte of a winter rainfall desert (Bruins,
1986). The rainy season is from October until At most precipitation falls in the months
December to February (Avni, 2005).

In Sde Boker (a kibbutz approximately 2 km southwasHorvat Halugim), the average
annual rainfall is less than 100 mm per year, witlerannual fluctuations of 30.9 mm to
167.3 mm in the years 1951 to 1980. The averageatemperature is 18.2° C. The average
temperature is the coldest month, January, is@.8f night and 15.4° C during the day. The
average temperature in the hottest month, Augsist7i8° C at night and 32.8° C during the
day. The average amount of rainy days is 26 (fr@G11lto 1980) (Bruins, 1986). Most
precipitation falls in low-intensity rainstorms lefss than 5 mm(Sharon, 1972; Sharon and
Kutiel, 1986 in Avniet al.,2006). About half of the rainy days have less jmiggiion than 1
mm d*. More than 10 mmdonly occurs on around three days per year. Aa#liof 25 mm

d™ is only expected once every two years (Bruins,6)198ccasionally there are short-lived,
small scale (10-50 kfj but intense rainstorms with an intensity of ZWinm K for several
minutes that can cause floods (Sharon, 1972; StardriKutiel, 1986 in Avnéet al.,2006).

The annual evaporation ranges from 2000 to 2500amdnthe P/EPT ranges from 0.04-0.07
(Avni, 2005), making this an arid zone accordingthe aridity classification of UNESCO
(UNESCO, 1979).

Soils in the central Negev are calcareous andes@8mger, 2007). They are influenced by the
influx of aeolian dust and salt that originatesnirthe Sinai Desert (Evenaet al, 1982;
Bruins, 1986). Low annual precipitation prevents Halts from leaching which leads to an
accumulation in the soil profile (Singer, 2007).iISon the Negev are loess soils and at
Horvat Halugim they contain approximately 60% @8tuins, 1986).

3.2 Run off farming practices
In the Negev desert there are relatively large savélaere the soil is suitable for agriculture

and the only missing requirement is water, sinog @and hyper arid climates are too dry for
normal rainfed agriculture (Evenast al, 1961; Bruins, 1986). In the Negev, loessial sofls
1-2 meters in depth have accumulated in not toepsteadis, floodplains and depressions
(Evenariet al, 1961).

To be able to perform sedentary agriculture it écassary to use the small amount of
precipitation to its maximum (Evenaat al, 1961), since springs and wells in the Negev are
few and the amount of water that can be tapped fitoem is very limited. Besides, their
water is sometimes slightly brackish and their ptéé for irrigation agriculture has always
been negligible. Therefore, alternative sourcesater had to be used (Bruins, 1986).
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An alternative that was practiced in the Negevhia past is run-off farming. A run-off farm
consisted of cultivated fields and a surroundinglo@ment basin. Normally, the small amounts
of precipitation are only enough to wet the soibtwery shallow depth and the soil will dry
through evaporation before the plants can useawever, loess soils tend to form a slaking
crust when they become wet. This decreases th&atin rate and increases run-off. The
loessial hillslopes become impermeable after wgttamd these hillsides were used as
catchment area to produce run-off that was direttethe small area with cultivated fields
(Evenariet al, 1961).

There are different types of run off farming, baitHorvat Halugim the terraced wadi system
was used. In this system the agricultural fields @ituated in the valleys (wadis), where run-
off tends to concentrate naturally (Bruins, 1986%ide the wadis dry stone check-dams at
right angles of the wadi were constructed. These-made structures stabilized the soils in
the wadis and increased their thickness throughhmssdation against the check-dams. The
terraces retained water flow and conserved thervfatenfiltration into the soil, allowing it

to be stored for use by agricultural crops. Witis thethod it was possible to collect sufficient
water to ensure crops (Evenatial, 1961; Bruins, 1986; Rubin, 1991; Singer, 2007).

In the past hundreds of wadis were terraced widckidams in the Negev desert (Bruins,
1986).

3.3 Horvat Halugim

The village of Horvat Halugim consisted of an ofaitress (21 x 23 m), seven four room
houses, several other buildings and four cistenscdllect run-off water for human
consumption. The village was built along three paravadis with terraced fields (Figure 2).
The three wadis are of the first or second orddutary wadis that drain in southward
direction to Nahal Haroa (Bruins, 1986; Bruins @&, 2009).

Horvat Halugim is situated at the Halugim Anticlirebout 50 km south of Beer Sheva.
Stratigraphic radiocarbon dates show that the sée used for agriculture as early as the
Middle Bronze Age (2200-1550 BC) (Bruins and Vam Bécht, 2007), although the lowest
part of the anthropogenic terrace soil is much mlaelicating that the beginning of run-off
farming in the region predated the Bronze Age. égture continued until the Early Arab
Period (634-1099 AD) (Bruins and Ore, 2009).
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Figure 2 Map of thethree wadis, with the location of the terraces, cisternsand various
buildings, at Horvat Halugim
Source: (Bruinsand Ore, 2009)

At Horvat Halugim distinct evidence of past soilimang and run-off farming practices have
been found. Small pieces of animal bones and datharrganic matter (including charcoal)
have been found in anthropogenic soil layers. Tiesgnce of large amounts of spherulites
strongly suggests the use of animal dung as ma®uens and Van der Plicht, 2007). The
presence of tiny pieces of charcoal and bone pestiadicates that the local inhabitants also
used home refuse to manure the soil in order teease fertility, which is normally low in a
desert environment (Bruins, 2007).
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Field work was conducted in the eastern wadi (@)t This wadi contains 13 terrace walls
and agricultural fields. The catchment size of thei is approximately 8 ha. The length of
the wadi is ca. 500 m and the width is on averg&ferh. The hillslopes along the wadi are
concave with slopes ranging from a few degree&eit tipper parts (near the water divides)
and up to 30° near the wadi. The altitude ranga® #90 m in the south to 546 m in the north
(Bruins and Ore, 2009). The lithology of the hiinsists of well bedded hard limestone and
minor chalk layers. At the lower part of the sloples bedrock of poorly bedded limestone is
exposed (Bruins, 1986).

Figure3 astn wadi of ovat Halugim

The soil cover on the hillsides of the wadi is lied, patchy and shallow. Bare rock outcrops
occur frequently (Bruins, 1986). Behind terrace Isva significant amount of soil has
accumulated, especially in the middle of the tezsawhere the depth to the bedrock is largest.
The soil depth was sometimes more than 2 meters.dbminant soil textures are loam and
silt loam.
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4 M aterials and methods

4.1 Fidd work

To answer the first research question, field worgkswonducted at Horvat Halugim to
determine the soil properties of the dark anthrepag horizons and non-anthropogenic
horizons. In the eastern wadi of Horvat Halugimsbf pits were dug. This wadi was chosen
for practical reasons. Since Horvat Halugim is ezheological site, field work can only be
conducted on locations for which the IsrAetkiquities Authorityhas given permission.

The soil pits were named according to the terrag¢en which they were dug, followed by a
specification of the area (A) that identifies diffat pits in the same terrace. For example, soll
pit number 1 in terrace 10 is named T10ALl. Thetlooaof the pits was based on permission
of the IsraelAntiquities Authorityto dig in certain terraces, as well as the spdigtlibution

of the terraces throughout the wadi and the spdisttibution and condition of the soil
surface (erosion, height, vegetation etc.) withgpacific terrace.

Five soil pits were chosen for analysis of chemarad physical soil properties. These were
T10A1, T12A3, T12A7, T13Al and T13A3 (Figure 4).€Be soil pits were chosen, because
they had clearly observable dark anthropogeniczbas and because of differences in the
intensity of the colour and the depth at whichdahéropogenic A horizon was found.

ern Wadi

est

N

Cistern-4

Figure 4 Location of the analyzed soil pitsin the eastern wadi. Soil pits
T12A1 and T12A2 wer e dug by Bruins (1986)
Adapted from (Bruinsand Ore, 2009)
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Soil colour using Munsell colour charts was usedligiinguish between anthropogenic soill
horizons (Aa) and non-anthropogenic soil horizas §oil pits were described in the field at
different parts of the day which influenced the wag soil colour is perceived. This resulted
in soil horizons from different pits with the samoelour, but with a different classification.
Therefore, the colour of all soil horizons was deieed again when samples where taken
from the field.

In this study, horizons with the Munsell colour RY//6 (yellow), 10 YR 7/4 (very pale
brown), and 10YR 6/4 (light yellowish brown) weilagsified as non-anthropogenic horizons
(C), since these are normal colours of the loessarNegev desert (Bruins, 2009 pers. com.).
Soil horizons with the darker colours 10YR 7/3 vpale brown), 10YR 7/2 (light gray), 10
YR 6/3 (pale brown) and 10 YR 6/2 (light brownistay) were classified as anthropogenic
soil horizons (Aa).

The analysis of chemical and physical soil propsrtiescribed below were performed on all
soil horizons of the above mentioned soil pits, eptcfor the bulk density and saturated

hydraulic conductivity. The bulk density was notetenined for soil horizons that were very

thin (5 cm), because it was not possible to coli@ge enough aggregates. From T10A1 only
the most distinct soil horizons were chosen, bexafisime constraints.

4.1.1 Chemical analyses

pH
The pH was determined on air dried soil in a 1:R\gater suspension (m/V) with a glass

electrode as described in the ‘Guide to laboragmtablishment for plant nutrient analysis’
(Motsara and Roy, 2008). It was determined in aapd and afterwards the average was
calculated. The pH was determined from a bulk nanttken from the whole depth of the
soil horizons. pH data of Bruins (1986) of two aduhial soil pits, T12A1 and T12A2, were
also used to analyze possible differences in pkvdet Aa and C horizons. The respective
colours of these soil horizons were not publishedBruins (1986), but the original soll
horizon classification was used.

Electrical conductivity
The EC was determined with a conductivity metethim» same soil/water suspension that was

used for pH measurement. It was determined in dafaiand afterwards the average was
calculated.

EC data of T12A1 and T12A2 (Bruins, 1986) were alsed to analyze possible differences
between Aa and C horizons.
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Charcoal content
The charcoal content of the soil was determinedgugieroxide/weak nitric acid digestion

(Kurth et al, 2006). This method is described in detail by Y¥aperen (2010).

The analysis was done in duplicate. To analyzeiplesdifferences between soil horizons the
average charcoal content was used. The charcowrtonas determined from a sample that
was not taken over the whole depth of the descrigmldhorizons. To analyze the relation
between charcoal content and other soil propeittisas assumed that the charcoal content of
the whole horizon was uniform. When the charcoaltent was determined from different
samples taken from different depth of the samelswizon, the average charcoal content was
used.

The charcoal content of T12A3 at 60-70 cm depthased on one value, because one sample
was disturbed during the analysis and was ther&foriéed.
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4.1.2 Physical analyses

Soil structure and colour

The soil structure was described according to thelé€ines for Soil Description of the FAO
(FAO and ISRIC, 1990). To describe the soil colate Munsell colour (Munsell Color
Company, 1992) was determined on dry soil, becaliferences in colour were more
pronounced in dry soils than in wet soils.

Particle size distribution and texture class
The particle size distribution was determined wite hydrometer method. For this a ASTM

152H (Bouyoucos style) hydrometer was used.

Before patrticle size distribution analysis, thd samples were oven dried for 72 h at 105° C,
after which the soil was crushed and stones wemmved through sieving with a 10Q@n
sieve.

To cause dispersion of soil aggregates 100 mL d&%?2.sodium pyrophosphate
(NayP,07.10H,0) solution was diluted with 300 mL of deionizedteraand 50 g soil was
added. The suspension was stirred mechanicall§anin.

After dispersion of the soil aggregates the prooeds described in the ‘Guide to laboratory
establishment for plant nutrient analysis’ of theQFwas followed (Motsara and Roy, 2008)
The texture classes were classified according &0 USDA texture diagram (USDA Soil
Survey Staff, 1994).

Bulk density
The bulk density was determined with the intactialeethod (Cresswell and Hamilton, 2002).

This was done because it was not possible to usectihe method, because during the
collection of core samples the soil was crumbledl fati out of the cores.

The intact clod method involves coating of soil eggtes with paraffin wax in order to allow
the measurement of volume by displacement of water.

This method is based on Archimedes’ principle whitéites that an object submerged in a
fluid is buoyed up by a force equal to the weighthe displaced fluidAn object submerged

in water weighs less than and object weighed irath€eThis is because water exerts a buoyant
upward force that partially counters gravity. Thevant force depends on the density of the
fluid and the volume of the objecthe difference in weight of an object in air andtava
equals the weight of the displaced water. The velafithe completely submerged object can
be calculated from its known weight of displacederaThe volume equals the mass of the
displaced water divided by the density of the water
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In order to determine the bulk density a fine cottioread was attached around the aggregates
after which the soil aggregates were weighed inaihen a balance (V). The weight of the
thread was assumed to be negligible. The aggregatesdipped into a bath with molten wax
and quickly withdrawn to prevent penetration of wato the aggregates. The clods were
checked for blisters and imperfections. If necestagy were inserted into the wax bath again
and minor repairs were made using drops of moltax. Wfter the wax had cooled down, the
coated aggregates were again weighed in agj.(W

The volume of the aggregates was determined thrgugimersion in water. A beaker with
water was weighed (WYY and the coated aggregates were suspended frotedasiupport and
totally submerged in the water. The difference imight is equal to the weight of the
displaced water (). The volume of the object equals the weight sptiiced water, divided
by the density of the water (1.0 g/@m

To determine the gravimetric water content of thgragates the wax was peeled of carefully
and the aggregates were reweighed in the ag) @id dried in the oven for 72h at 105° C.

The removal of small amounts of soil from the aggtes is assumed not to influence the
water content of the aggregates, because the w@téznt distribution through the aggregates
was assumed to be uniform, since the soil had yaleer water content. Afterwards the oven-

dry weight was determined @V

For every soil horizon, the average bulk densitthoée aggregates was determined.

Calculations
Weight of wax (g) W, =W, -W, )
Volume of wax (crf) V., = Woax
pwax
Water content of clod (-) 6, = (We ~We)
W6
. . W,
Dry weight of original clod (g) M,=—-—
1+6,
Volume original clod (cr?) V =V, e~ Ve = w -V,
. . _ M
Bulk density of original clod (g ct) D4 = VS

The density of paraffin wayp§a.) was determined at 0.92 g €m
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Differences in bulk density between Aa and C horzwere analyzed with the independent t-
test.

Infiltration capacity and saturated hydraulic cociility
The saturated hydraulic conductivity and cumulatinltration were determined with a

single ring infiltrometer with a diameter of 30 dimat was inserted 10 cm into the ground.
The maximum water ponding depth was 5 cm and thenmim water ponding depth was 3
cm. When the minimum water depth was reached therdevel was manually raised to 5 cm.
The infiltration capacity was measured with incregdntervals, starting with intervals of 1
minute and ending with intervals of 5 minutes. Téperiment was ended when the
infiltration capacity more or less reached a queteady state and no longer seemed to
decrease.

The infiltration experiment was done twice, onceamAa horizon and once in a C horizon.
The Aa horizon of T12A3 was chosen for practicakmns, since it was relatively close to the
surface and dark in colour. The experiment wasatgueon the C horizon at the surface in
terrace 12 close to area 3.

The field saturated hydraulic conductivity Kis assumed to be steady state infiltration
capacity (g (Reynoldset al, 2002).
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4.2 Pot experiment
To answer the second research question a pot exgrariwas performed in which wheat

(Triticum aestivunL. Yuval 1225, from Agridera Seeds & Agricultured) was grown on
five different soils and under two different wategimes. Wheat was chosen because it is
relatively fast growing, suitable for semi-arid diions (Agridera, year unknown) and
because wheat was most likely grown in the wadidarfvat Halugim in the past.

The pots contained soil from the Aa horizon fronmd Halugim or normal loess soil from
the C horizon, with or without addition of charcaalash (Table 3).

Table 3 Soil typesin pot experiment

Soil types Abbreviation
Loess (control) L(0)

Loess + 7.5% charcoal (w/w) L(7.5)
Loess + 15% charcoal (w/w) L(15)
Anthropogenic soill A

Loess + 7.5% ash (w/w) B

The loess soil was collected from terrace 12 indastern wadi of Horvat Halugim. The top
45 cm of the soil was collected from T12A3 and hgemized. This soil has a silt loam
texture, a pH of 8.7 and an EC of 0.3 dS/m.
The anthropogenic soil was collected from T12A3aalepth of approximately 50-90 cm,
because the anthropogenic layer was darkest atd#pgh. This soil also has a silt loam
texture, a pH of 8.9 and an EC of 0.2 dS/m.

Lump charcoal was obtained from the local supergtaaikd mixed throughout the whole soil
in the pot after it was crushed to dust and pieswaller than 1 c¢cm in size. The ash was
received from a Bedouin family living in the regiorhis Bedouin family has a traditional fire
place for cooking and heating water, using locaetation from dead shrubs and also wood,
originating from various sources, usually from adgsthe region. It contained mainly ash and
a few tiny pieces of charcoal, but also some offieces of household waste such as nails,
some other pieces of metal, pieces of glass andaaette end. These pieces were removed
from the ash as much as possible before mixingtit thie soil.

The plants were also subjected to two differentewaggimes. The first treatment (W) was
well watered to approximate field capacity. Plamisthe second treatment (D) stopped
receiving water after 20 days.

The plants were grown in 1 m long PVC pipes that®F cm wide (81 cfj and open at the

bottom to allow drainage to take place. This gde doil a water pressure head of -100 cm
(pF 2). This set up is chosen because the locatlseil contains around 60% silt and needs a
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sufficient amount of negative pressure to releasrigh water to obtain moisture conditions
that allow plants to grow without hindrance frono twet conditions.

The bottom of the pipes were covered using 2 mmhmése (horrengaas) that was folded
several times and taped to the outside of the pivgsece of felt was inserted at the bottom
of the pipe to prevent soil from draining away.

The plants were grown at approximate field capacithis was determined with the
gravimetric moisture method. After the pots hadrbikéed with soil, the soil was saturated
with water. The pots were left to drain for 3 daitswas assumed that the soil had now
reached field capacity.

After germination the plants were thinned so thseedlings per pot remained to avoid
competition for light and space. After sowing thetpwere well watered for 20 days. The
pots were weighed every two days to determine theuat of water that was lost through
evapotranspiration and drainage. The amount ofviasér was replenished with tap water to
the determined approximate field capacity.

On the 29 day the two different water regimes were appliite pots in the well watered
treatment (W) continued to be watered once eveoydays, while the pots in the water deficit
treatment (D) received no more water. This way mpaesing drought stress was chosen,
because this is the physiological correct way gbasing drought stress in plants, since this
resembles what happens in an agricultural fieldifBlyear unknown). The experiment lasted
40 days.

The experiment was done in triplicate for every boration of soil type and water regime. In
total there were 30 pots. The pots were placed gneanhouse according to a randomized
design.

The pots were named according to their treatmdme. first letter indicates the water regime
(W or D). The second letter indicates the soil t{p@®), L(7.5), L(15), A or B) and the digit
indicates a specific pot in a specific treatment.
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Plant analysis
There are several crop growth characteristics, fsltumulative growth, shoot and root

biomass and the ratio between root and shoot biertte can be used to compare crop
performance of plants grown under different circtanses. They can also indicate whether
plants are suffering from stress (Grundon, 198#%)ldnts show reduced growth this is a sign
that growth conditions are below optimal and growahlracteristics of different plants can be
used to give information about the suitability obwing conditions.

These characteristics can also be used to givenwafiton about the possible causes of
differences in growth.

To compare crop growth of the plants grown in ddfé treatments, several growth

characteristics were analyzed.

Cumulative crop growth
This was determined by measuring the length optaets every two days

Dry shoot and root biomass, shoot/root ratio
Biomass was dried at 65° C for 48h and weighed

Statistical analysis
To test whether differences in cumulative crop ghowithin the two moisture regimes are

statistically significant it was analyzed with OWay Independent Post Hoc ANOVA.

Post hoc tests compare all different combinatiohsreatment groups. It is different from
performing t-tests for each pair of groups in tiat familywise error can be controlled.
Bonferroni’s test was chosen, because this tesabsalute control over the Type | error (test
shows a statically significant effect, while thésenot). However, there is always a trade off
between the Type | error and the statistical posfea test. Bonferroni’s test lacks statistical
power, it is a conservative test. This means tmatprobability of a Type Il error is high (test
shows no significant effect, while in fact therg(iSield, 2009).

The differences in mean crop height were rathegelabetween the treatments in which
differences in crop height were expected. Thathg ®onferroni’s test was chosen.

To make sure not to violate the assumptions ofrpatac tests the data of the W treatment
were transformed. This was done by taking the sguzot of the log transformed datdqg
(crop height)). The data of the D treatment didhnete to be transformed.

To test whether differences in cumulative crop globetween the two moisture regimes are
statistically significant the Independent t-testswesed. This was done with the cumulative
crop growth at the end of the experiment and withdumulative crop growth on the"32ay,
when the plants in the D treatment received no mater for the first time. This was done to
make sure that any statistically significant diffieces at the end of the experiment did not
already exist before the water treatments wereeghpl
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The data of some of the combinations had to bestoamed in order not to violate the four
assumptions of parametric tests. To perform attedrdhe data at the end on the experiment
the data of WA and DA were transformed by taking ¢lquare root of the crop height and the
data of WL15 and DL15 had to be transformed trouggiprocal transformation (1/Xi).

In the t-test at the end of the experiment a kthibst was used because it was hypothesized
that plants in the W treatment would perform bettt@n those in the D treatment.

For the t-test at the onset of the water regimdyg the data of WL(0) and DL(0) had to be
transformed. This was also done trough recipraealsformation (1/Xi).

In the t-test at the onset of the two moisture meg a 2-tailed test was used because no
specific difference between the W and D treatmesrevinypothesized.

In both ANOVA and the independent t-test a standaitdrion of .05 was used.

It was not possible to perform statistical analgsishe biomass data, since the biomass of the
three plants in one pot were dried together andemoiugh data was available to perform
statistically meaningful analysis.

In the analysis of cumulative growth and biomahs, data of plants in pot DB3 were not
included, because these plants germinated 6 désrsdampared to the plants in other pots
and the plants did not have the time to catch ugh@re cumulative growth and biomass
production.
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5 Results

5.1 Soil properties of anthropogenic and non-anthropogenic soil

horizons
The charcoal content of samples taken at diffedepths in different soil pits (Van Asperen,

2010) are displayed in Table 4. The charcoal cansevery low, ranging from 0.06 to 0.19%.

Table 4 Charcoal content of different soil horizonsat Horvat Halugim

Soil Pit Depth (cm) Charcoal content (%)
T10A1 140* 0.163
T10A1 170* 0.146
T10A1 >205 0.056
T12A1 51-56 0.060
T12A3 0-3 0.170
T12A3 25-29 0.100
T12A3 50-57** 0.190
T12A3 60-70** 0.146
T13A3 26-32 0.101

* and ** belong to the same soil horizon

No consistent difference exists in charcoal conbetiveen the charcoal content of Aa and C
horizons (Figure 5). In T10A1 the Aa horizon hdsgher charcoal content than the C
horizon, while in T12A3 the C horizon has the hgfheharcoal content compared to the Aa
horizons even though the difference in colour igegdistinct (Figure 6)
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Figure5 Charcoal content of different soil horizons

31



Figure 6 Differencein colour between the dark Aa horizon and thelight C horizon in T12A3

Differences in other soil properties are describeldw. The complete database of determined
soil properties can be found in Appendix A.
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5.1.1 Sail colour
The soil colour does not seem to be related tehiaecoal content of the soil (Figure 7). Soils

with a darker colour do not consistently have ahbigcharcoal content than soils with a
lighter colour. This is especially apparent in #wl horizons with value 7. The two soil
horizons with colour 10 YR 7/4 have both the lowasd the highest charcoal content.
Although, it must be mentioned that the charcoateot of all horizons is very low.
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Figure 7 Charcoal content of soil horizonswith different soil colour. From left to right the soils become
increasingly darker.
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5.1.2 pH
There is quite some variation in the pH of the sothe eastern wadi of Horvat Halugim.

The pH ranges from 7.4 in all horizons of T12A19t8 in the calcic horizons of T12A7 and
T13A1 (Appendix A). According to the soil reacticatings of the FAO the soil is moderately
to strongly alkaline (Motsara and Roy, 2008).

The pH of soil pit TI12A1 and T12A2 were determinkg Bruins (1986) using a 1:1
soil/water solution, while the pH of the other spils was determined using a 1:2 soil/water
solution.

Part of the difference in pH measured by Bruin8@)%nd the pH of the other soil pits could
be due to the different soil water ratios. In gahext more dilute suspension leads to a higher
pH measurement in both acid and alkaline soilsk&lat, 1958). To compare the difference in
pH measured by the different methods, the pH oizbarlllA of T12A1 was also determined
in a 1.2 soil/water solution. Both measurementsega\pH reading of 7.9. Therefore, it may
be assumed that the difference between both metisodmall and that the difference in
determined pH of soil pits T12A1 and T12A2 and ttieer solil pits is caused by a genuine
difference in soil pH and not by a different metloddletermination.

There is variation between the pH of differentdegs, between soil pits in the same terraces
and within in soil pits (Figure 8).
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Figure 8 pH of soil horizons of different soil pits
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Soil pits T12A1 and T12A2 have a lower pH than dtker soils pits. The pH of soil pit
T10A1 is higher. Soil pits T12A3 and T12A7 have rvegher pH that is comparable to
T13A1 and T13A3.

A possible explanation for this pattern is the tawaof the soil pits in relation to the slopes of
the surrounding hills. T12A1 and T12A2 are bothated in the middle of the terrace, while
the other soil pits are situated in closer proxynaf the edge of the terraces and therefore
closer the surrounding hills (Figure 4). These fioces on the terrace could receive more
freshly eroded sediment from the surrounding limest which could be a cause of the higher
pH.

Within the soil pits there is also variation in the. Some soil pits show slightly decreased
pH with depth, while others show increased pH wddpth. The pH of T12A2 does not
change with depth.

The soil pH of T12A1 at a depth of 50-65 cm is W8jle in T12A2 at a depth of 50-62 cm it
is 7.4. This soil pits are located in close proxymo each other. This shows the variation that
can occur within small distances.

The pH of Aa and C horizons does not show any etersi difference between the two
horizons within different soil pits. The C horizbas a higher pH in some soil pits, while in
others the Aa horizon has a higher pH. There ats#s dhot seem to be a relation between
charcoal content of the soil and pH (Figure 9).08 korizon with a higher charcoal content
does not always have a higher pH compared to ditwezons.
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Figure 9 pH of soil horizonswith different charcoal contents
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The mean pH of the Aa horizons is 8.4 and the np¢fuof the C horizons is 8.3. It was not
possible to perform an independent t-test becawesddta of the Aa horizon was not normally
distributed even after transformation.

The pH of the soil horizons seems to be more réladespatial location then to be influenced
by the presence of constituents inside the antlyemo layer.

Texture is probably also not a cause of differangeH, since both soil horizons with low and
high pH have varying clay and sand content, randfiogn relatively low to high (Appendix
A).
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5.1.3 Electrical conductivity
The EC of soil pits in Horvat Halugim is very vaia. It ranges from 0.2 to 18.5 dS/m

(Appendix A). The EC varies between the soil s, also within soil pits (Figure 10).
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Figure 10 Electrical conductivity of soil horizons of different soil pits

The highest EC is found in T13A1. According to thassification of the FAO (Abrott al,
1988) the topsaoil is very strongly saline (Table H)e soils in the other pits are classified as
moderately or slightly saline and non-saline.

Table 5 Soil salinity classification of the FAO
Soil salinity class EC (dS/m) Effect on Crop Plants

Non-saline 0-2 Salinity effects negligible

Slightly saline 2-4 Yields of sensitive crops magyristricted
Moderately saline 4-8 Yields of many crops arerietstd

Strongly saline 8-16 Only tolerant crops yield Saittorily

Very Strongly saline >16 Only a few very tolerarts yield satisfactorily
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The EC does not differ consistently between Aa @rtbrizons, but is related to topographic
position in the landscape.

Terrace 13 is highly eroded and has a pronouncesiogr gully in the lowest parts of the
terrace. After a rainfall event run-off water wabllect in the erosion gully and flow to terrace
14. The soil on the terrace on either side of thasien gully has a slope that promotes
formation of run-off. Soil pit T13Al is located thest from the erosion gully, close to the
edge of the terrace. It is situated on one of thbdst points of terrace and under a slope. This
prevents rain water infiltration and consequenttéag of salts. Soil pit TL3A3 is located on
a lower topographic position than T13Al and undeless steep slope. Infiltration of
rainwater is most likely higher on this locatiorhig can explain the difference in salt content.
Soil pit T12A3 is located on the lowest parts afrdee 12. During floods this landscape
position will collect runoff water and infiltratioand leaching of salts can take place. This
explains the low salt content in this soil pit. ISot T12A7 is located in same line as T12A3
in the length direction of the terrace. This metnad it is also located in the lowest section of
the terrace, although it is a little bit higher th&12A3, since the terrace has a slight slope
towards terrace 11.

Solil pits T12A1 and T12A2 were dug, sampled ancidlesd by Bruins (1986). He reports
that the terrace wall was slightly affected by @nsand that a very shallow erosion channel
is located near T12A1, which suggests that accuedilsalts have leached by run-off stream
flows. T12A2 has a higher topographic position camed to T12A1. After a rainfall event
T12A1 is more likely to be flooded and undergo @mpgent leaching of salts than T12A2.

The salt content of TLOAL can also be explainedsiopographic position. It is situated on a
terrace that is fairly unaffected by erosion.

Not only the current state of the terrace can lexlus explain differences in salt content.

Leaching of salts does not have to be recent. Thanaulation of salts in soil may require

considerable time, whereas leaching may occur wighfew years (Yaalon, 1964; Dan and
Yaalon, 1982 in Bruins, 1986). Thus, soil on tegsathat are now (partly) eroded, but were
not in the relatively recent past, a lower saltteahwould still be expected since there was
not enough time to accumulate salts in considerainleunts.

According to Singer (2007) soil salinity usualhyags within 20-50 cm depth and decreases
with depth in soil in the central part of the Neg@&his is not generally observed in the saill

pits that were analyzed. A possible explanatiathésinfluence of past management practices
on the natural soil processes.
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The EC of Aa horizons is not consistently differémn that from the C horizons. In some
soil pits the EC of the anthropogenic horizon ghleir, while in others it is lower. There also
does not seem to be a relation between the chazootént of the soil and the EC (Figure 11).
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Figure 11 Electrical conductivity of soil horizonswith different charcoal content
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5.1.4 Soil structure

The soil structure of the soil at Horvat Haluginmgas from strong to very weak (Appendix

A). Table 6 shows the percentage of Aa and C hoszgith different structure grades. No

consistent difference in structure can be foundveeh the Aa and C horizons. Both have
structures ranging from weak to strong. Most AaZwns do have a weak structure, but so do
some C horizons. The difference in structure isefoge probably not a result of the presence

of some constituents that are exclusively or moesgnt in the Aa than in the C horizon.

Table 6 Percentage of Aa and C horizonswith different structure
grades

Horizon Weak Moderate  Strong X
Aa 75.00 12.50 12.50 100
C 18.75 43.75 37.50 100

Figure 12 shows that soils with a higher charcaaltent do not always have the weakest

structure.
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Figure 12 Structure of soil horizonswith different charcoal content

The difference in structure can not be explaineith Wie soil texture, since the horizons with

a weak structure have both relative low and higly @ind sand content (Appendix A).
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5.1.5 Bulk density
The soil bulk density at Horvat Halugim ranges frari2 g crt to 1.59 g crif. The bulk

density does not differ much between different gots (Figure 13). However, the Aa
horizons usually have a lower bulk density than@hgorizons within the same soll pit.
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Figure 13 Bulk density of soil horizons of different soil pits

An independent t-test was performed on the Aa ando@zons and the anthropogenic
horizons showed a significant lower bulk density0of8 g crit of the Aa horizon. The
average bulk density of the Aa horizons is 1.20n§ @nd the average bulk density of the C
horizons is 1.39 g cth Details of the independent t-test can be foundiipendix B.

Decrease in bulk density could be influenced byptesence of tiny amounts of charcoal in
the soil, since charcoal has low bulk density aza decrease the bulk density of a soil when
it is applied. However, the charcoal content isyv@nall and bulk density is not consistently
lower with increasing charcoal content (Figure 14).
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Figure 14 Bulk density of soil horizonswith different charcoal content

Soil structure and bulk density do not show a graorrelation. Soils with a weak soil
structure do have the lowest soil bulk density,dsb relatively high bulk density.

Texture is most likely not the cause of differenaedulk density, since horizons with low

bulk density have both the highest and lowest @ag sand content compared to other
horizons in the same soil pit (Appendix A).
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5.1.6 Saturated hydraulic conductivity and cumulative infiltration
The infiltration capacity of the Aa and C horizoncieases rapidly and shows a very

fluctuating pattern at the end of the experimengyfe 15). This makes it impossible to
determine the approximate steady state infiltratc@pacity and therefore the saturated
hydraulic conductivity. A cause of this fluctuatinmattern can be disturbance of the soil
surface when the ponding depth was elevated to manxi ponding depth, because soaill
particles at the soil surface came into suspension.
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Figure 15 Infiltration capacity of the Aa and C horizon of T12A3

The cumulative infiltration has a much smoothettgrat (Figure 16). The experiment in the
Aa horizon was stopped earlier than the experinrettie C horizon. However, at the end of
the experiment in the Aa horizon the cumulativeltiation between the two horizons is
almost the same. The cumulative infiltration of @dorizon is 70 mm, while it is almost 73
in the Aa horizon.
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Figure 16 Cumulativeinfiltration of the Aa and C horizon of T12A3

The soil properties of both horizons are very am{Appendix A). The Aa and overlying C
horizon have almost the same pH, ED, bulk densitytaxture. The only difference between
the two horizons is colour and structure.

This experiment showed no difference in cumulainfdtration.
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5.2 Influence of charcoal and ash on soil properties

5.2.1pH
In the pot experiment ash and freshly producedod@mwere added to the loess soil. The pH

of the loess soil (L(0)) before the start of thepemment was 8.7 and the pH of the
anthropogenic soil (A) was 8.9. The pH of the satlthe end of the experiment (after 40 days)
is shown in Table 7. As expected the pH of the ramthgenic soil and the loess soil are
almost the same. The pH of the soil in the L(0) Andleatment was a little bit higher at the
end of the experiment, but this could be due tanahvariation in the soil.

The pH of soil in the L(7.5) and L(15) treatmentrigased slightly compared to the pH of the
loess soil before the start of the experiment. Tbisld be due to natural variation, but also to
the presence of a small amount of ash that is pr@seharcoal.

The soil pH of the B treatment is the only one thas a marked increased in pH after the
amendment with ash. This effect is often describdderature and attributed to the presence
of highly soluble oxides, hydroxides and carbonafeSa, Mg, Na and K in ash.

Table 7 pH soilsin pot experiment
Treatment pH

A 9.0
B 9.6
L(0) 8.9
L(7.5) 9.0
L(15) 9.2

5.2.2 Electrical conductivity
The influence of charcoal and ash on salinity cardéduced from the EC measurements of

the soils that were used in the pot experiment.

The EC before the start of the experiment of th@) Ispil was 0.25 dS/m. At the end of the
experiment the EC was 0.28 dS/m. This differencelmascribed to natural variability. The
EC of the charcoal amended soils increased sligfitiple 8). Charcoal always contains a
certain amount of ash and can increase the ECghrthe presence of soluble salts. It would
be expected that the EC of the soil in the L(1&xttment would be higher than that of the soil
in the L(7.5) treatment. However, this is not tlesex This is probably also due to natural
variability.

Table 8 EC of soilsin pot experiment
Treatment EC (dS/m)

A 0.29
B 0.49
L(0) 0.28
L(7.5) 0.34
L(15) 0.32
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The EC of the A soil is almost the same as thahefcontrol. This result was expected, since
both soil have been collected from T12A3 in whidhharizons have low EC. The EC of the
soil in the B treatment is the only one that is kedty increased. This can be attributed to the
addition of ash, which contains soluble salts tieate shown to increase the EC in the short
term in many studies.

5.2.3 Moistureretention
Unfortunately no pF curves could be establisheddtermine the difference between water

retention of Aa and C horizons of Horvat Halugimowéver, some indication can be gained
from observations of moisture content of the soded in the pot experiment. At the end of
the experiment the soil was taken out of the potsdlate plant roots. During this process
marked differences between the water content otile was observed.

The soil of the B and L(0) treatment had retairtezl most water. The soil was very wet and
sticky throughout the whole length of the pots. ldwer, in the bottom the soil showed signs
of reduction. The soil had reduction spots andstirdit smell.

The soil of the A treatment was drier than thathef B and L(0) treatment, less sticky and had
a more loose structure. The soil showed no sigmedafction.

The soil in the L(7.5) and L(15) treatment weresdthan the other three soil, with the L(15)
being the driest and the loosed structure. Theteaeo showed no signs of reduction.

These observations suggest that charcoal appircatiothe soil decreases moisture retention.
This is probably due to the porous structure ofrabe, which influences the soil structure.
This effect was also observed in the anthropogsailcof Horvat Halugim even though the
soil contained only 0.15% charcoal. The structdréhis soil probably caused the decreased
water retention. Though it is unlikely this is caddy the presence of such a small amount of
charcoal.

46



5.3 Influence of charcoal and ash addition on crop growth

5.3.1 Cumulative crop growth
At the end of the experiment clearly visible diffeces in crop growth were observed

between plants grown in different soil types (Fey).

Figure 17 Pots with plants grown on different soil types. From left to right: anthropogenic soil, non-
anthropogenic soil amended with 7.5% ash, non-anthropogenic soil, non-anthr opogenic soil amended with
7.5% charcoal and non-anthropogenic soil amended with 15% charcoal.
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The cumulative crop growth of the plants in thelwetered (W) treatment is displayed in
Figure 18. There is a marked difference in cropaginobetween plants grown in different
soils. Cumulative crop growth of the plants in theB and L(0) treatment follows a similar
pattern and plants have approximately the samehtigpughout the experiment, except for
the last few days when the growth of plants inAhteeatment starts to lag behind. Compared
to plants grown in the other soils, the plants graw soil amended with charcoal show
reduced growth. The plants grown on L(15) show cedugrowth compared to plants grown
on L(7.5). The growth of plants on both soils slodswn around the iBday of the
experiment and two days later these plants staotddvelop chlorosis that started at the tip of
the leaves and gradually spread to the whole lester, which some of them died. At the"™36
day growth rate increased again due to the formationew leaves. The pattern is most
clearly observed in the L(15) treatment.
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Figure 18 Average cumulative growth of plants grown in the W treatment
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The cumulative crop growth of the plants in the eavateficit (D) treatment is displayed in
Figure 19. The pattern is different from that ie ¥ treatment. The plants in the B treatment
have a marked larger cumulative crop growth thamptants in the A and L(0) treatment.

The plants in the L(7.5) and L(15) treatment shbe/game pattern as in the W treatment. The
growth is lower than the other three treatmentffy piants in the L(15) treatment again being
the smallest of the two. Growth seems to stop atdhe 18 day and starts to increase again
at the 24' day for plants grown in soil amended with 7.5%rcbal and at the #6day for
plants grown in soil amended with 15% charcoal.ubthe 28 day the growth of the plants
in the L(15) treatment seems to decrease agairit imereases again around thé"3fay.

The cause of periods of reduced growth also co@scigdith chlorosis and the formation of
new leaves results in increased growth.
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Figure 19 Average cumulative growth of plants grown in the D treatment
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Differences between different soil types in samésitnce regime
The mean cumulative crop growth of plants growalifferent soil types and the same water

regime was analyzed with post hoc ANOVA (Bonferjoni

The mean cumulative growth at the end of the erpanmt of plants in the W treatment of the
A, B and L(0) treatments do not differ statistigadlignificant. However, mean cumulative
growth of plants in the L(7.5) and L(15) treatmang statistically significant different from

each other and from to the other three treatmérrdblé 9). Details of the ANOVA can be

found in Appendix C.

Table 9 M ean cumulative crop growth at the end of the experiment

Soil type Mean crop length W Mean crop length D
treatment (cm)* treatment (cm)*

A 43.8 44.8'

B 49.7 53.7

L(0) 48.7 47.8"

L(7.5) 36.4 31.9

L(15) 26.7 27.1

* Values in one column indicated by the same ledternot significantly different at p <0.05

The mean cumulative crop growth of plants in thedatment is given in Table 9. The plants
of the B treatment are the tallest. The cumulaginevth of plants in the A and L(0) and the B
and L(0) treatments are not significantly differemwhile the difference between the A and B
treatment is significant. The difference betweeanfd in the L(7.5) and L(15) treatment is
also not significant. However, they are signifiégdower from the plants in the other three
treatments. Details of the ANOVA can be found inpApdix D.

Difference between same soil type in different wadgimes
The mean cumulative crop growth of plants growthassame soil type, but in different water

regimes was analyzed with the independent t-test.

Comparison of mean crop height at the end of tipement shows that the plants in the A,
B and L(15) treatment have a higher mean in thledd in the W treatment. For the plants in
the L(0) and L(7.5) treatment this is the other waxpund (Table 10). However, this
difference is only statistically significant forah_(7.5) treatment with a mean difference of
4.5 cm. Details of all the t-tests can be foundppendix E.

Table 10 M ean cumulative crop growth at the end of the pot experiment

Soil type Mean crop length W Mean crop length D  Significance
treatment (cm) treatment (cm)

A 43.8 44.5 0.392

B 49.1 53.7 0.064

L(0) 48.7 47.8 0.326

L(7.5) 36.4 31.9 0.034

L(15) 26.7 27.1 0.368
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In order to find out whether there were any diffexes before the onset of different water
regimes, the mean cumulative growth on the last @& day) before the onset of the
different water regimes, was also analyzed. Thatplgrown on the A, L(0) and L(7.5) soil
had a larger cumulative growth in the W treatmemhpared to the D treatment. For the other
treatments this is the other way around (Table Hbwever, none of these differences is
statistically significant. Details of the analysen be found in Appendix F.

Table 11 M ean cumulative crop growth at the onset of the two water regimes

Soil Type Mean crop length W Mean crop length D  Significance
treatment (cm) treatment (cm)

A 32.9 31.7 0.644

B 31.6 32.3 0.136

L(0) 30.1 29.0 0.843

L(7.5) 24.4 21.7 0.409

L(15) 20.3 21.8 0.098

To compare changes in crop height that have oatifrcen the 23 day to the end of the
experiment the differences between the W and Dnreats are presented in Table 12. This
table shows that from the onset of the water regirite the end of the experiment the
cumulative growth of the plants in the D treatmiecteased relatively to the W treatment for
the A, B and L(0) treatment. In the other treatraenis the opposite.

Table 12 Difference in mean crop length between the W and D water regimes
at two times during the experiment

Soil Type Difference on 22 day Difference at end (cm)

(cm)
A 1.2 0.7
B 0.7 4.5
L(0) 1.1 0.8
L(7.5) 2.7 4.5
L(15) -1.5 -0.4
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5.3.2 Biomass

Shoot biomass
The pattern of the amount of biomass of plants growdifferent soil types is similar for the

W and D treatment (Figure 20). Plants in the Bttnemt have the highest shoot biomass,
followed by A, L(0), L(7.5) and L(15) has the loweshoot biomass. This pattern largely
follows the cumulative crop growth at the end of #xperiment. However, plants in the A

treatment have the third largest cumulative growthjle it has the second largest shoot
biomass. For plants in the L(0) treatment thihesdther way around.

If the dry period of the D treatment would have rbéeng enough to cause differences in
biomass due to water shortage, it would be expdti@dthe plants in the D treatment would
have a lower shoot biomass compared to the W tegatnihis is only the case in A, L(0) and

L(7.5). The differences between plants in the A &1f@) treatment are small, but the

difference between plants in the L(7.5) treatméniguite large. This difference corresponds
with the statically significant difference of themulative growth of plants grown in the L(7.5)
treatment.

The biomass of plants in the DB treatment is remalsklarger than that of the WB treatment
and the biomass of the DL(15) is slightly largearthihat of the WL(15) treatment.
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Figure 20 Average biomass of plants grown in different soilsand under different moisture regimes
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Root biomass
The differences in root biomass do not follow tlaens pattern as that of the shoot biomass

(Figure 20). In the W treatment plants in the Aatmeent has the highest root biomass,
followed by B, L(0), L(7.5) and L(15). In the D &#nent B has the highest root biomass,
followed by A, L(0), L(15) and L(7.5).

In both the W and D treatment plants in the A, B &(0) treatment have the three highest
root biomass and also the highest shoot biomaswdir to accumulate shoot biomass a well
developed root system must be present to extraetraad nutrients from the soil.

The difference between the root biomass is sinfdaall soil types.

Shoot/root biomass ratio
The shoot/root biomass ratio in the W treatmetdwsest for the L(15), followed by

A and L(7.5), B and L(0) (Figure 21). The shootfridomass ratio in the D treatment is
lowest for the L(15), followed by L(7.5), A, L(Ond B.
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Figure 21 Average shoot/r oot ratio of plants grown in different soils and moistureregimes
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6 Possible causes of reduced crop growth after charcoal
addition

From cumulative crop growth and biomass analyss i
obvious that the plants were negatively affected
charcoal addition to the soil. In both the W and
treatment cumulative crop growth of plants in t
L(7.5) and L(15) treatment was statistically smal
than from the L(0), A and B treatments.

Apart from reduced growth, the plants also sho
chlorosis. This started at the tips of the oldewés and
gradually the whole leaf turned yellow and diedy(Fe
22). Later new leaves emerged which were not (yet) X
affected by chlorosis.

When plants are not growing as well as they could
under optimal conditions, there are a number of
different possible causes, such as water (Jonéx; 19
Ehlers and Goss, 2003) or nutrient deficiency (@oum

1987) and toxicity (Karatagliet al, 1991; Athar and Figure 22 Plantsin pot DL (15) 1 with
Ahmad, 2002) leaves affected by chlorosis

Nutrient deficiency

There are 19 elements that are essential for hegltbwth of plants. These elements are
divided into macronutrients (C, H, O, N, Ca, P,Mg and S) and micronutrients (Fe, B, Zn,

Cu, Mn, Na, Mo, ClI, Co and Si) (Grundon, 1987).

The elements C, H and O are obtained from therarvaater, while the other elements are
obtained from the soil. When plants are not ableag¢quire these elements in sufficient

amount, they grow poorly and develop an abnormpéamance (Grundon, 1987).

The symptoms of deficiency are generally typical o certain nutrient. Therefore, it is
possible to use the visual appearance of a plardiagnosis the cause of the disorder

(Grundon, 1987).
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In Table 13 characteristic symptoms of differentriemt deficiencies are displayed. Some
disagreement exists about the characteristicsfafielecy of some elements. However, taking
into account the symptoms of the plants grown ohasnended with charcoal, only N, P, and
K deficiency could be the cause stunted growthlackl of biomass production.

Table 13 characteristic symptoms of nutrient deficiencies
Nutrient Grundon Snowball and General characteristics of General characteristics of deficiency

(1987) Robson (1991) deficiency according to according to Snowball and Robson
Grundon (1987) (1991)
Ca Young Middle Chlorosis and dying and Necrosis in middle of leaves

curling of shoots

Cu Young Young Wilting, dying and curling of General wilting, dying and curling of
shoots shoots

Fe Young Young Longitudinal interveinal Longitudinal interveinal chlorosis
chlorosis

Mg old Young Longitudinal interveinal Chlorosis, unopened new leaves
chlorosis

Mn Young Young Irregular interveinal chlorosis Irregular interveinal chlorosis and
and flecking flecking

N Old Old Chlorosis, beginning at leave Chlorosis, beginning at leave tip

tip that advances in a broad
front down the shoot

P Oold Oold Chlorosis, beginning at leave Chlorosis, beginning at leave tip
tip that advances in a broad
front down the shoot. If the
deficiency is severe or
persists, a purple suffusion
combines with the yellow
colour to give a orange-yellow
or orange-purple chlorosis

K old old Chlorosis at tips and margins Mottled chlorosis
of leaves sometimes followed
by necrosis

S Young Young Chlorosis Chlorosis

Zn Middle Middle Necrotic spots extending to  Necrotic spots extending to the
the margins margins

Bo - Young - Splitting of leaves close to the

midriff, unusual indentations along
length of leave

Mo - old - Longitudinal yellow striping on
middle leaves and after some time
necrosis of tips and margins of old
and middle leaves
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More detailed inspection of the symptoms of N, B Krdeficiency showed that N is the most
likely nutrient that could have caused the symptoifise other two nutrients result in
additional symptoms that were not displayed byplaats in the pot experiment. P deficiency
causes red-purple or purple striping on the stemdsl@afs even when the deficiency is mild.
During K deficiency chlorosis stars on the tip bétleave and advances along the margins
towards the base (Grundon, 1987). This was notg&ym that was displayed by the plants
in the pot experiment. All the symptoms of N dedfiwty did fit the symptoms displayed by
the plants in the pot experiment. Therefore, ifrieat deficiency caused the stunted crop
growth, reduced biomass and chlorosis of plantgvgrim soil with 7.5% and 15% charcoal,
N is the most likely nutrient.

Apart from reduced growth, N deficiency may alsasmassimilate partitioning in favour of
roots (Ehlers and Goss, 2003) which results inebesad shoot/root ratio. The plants of the
L(7.5) treatment had a shoot/root ratio that igtgly lower than the other treatments, but the
shoot/root ratio of the L(15) treatment was muchkdn This also indicates N deficiency.

A possible explanation for N deficiency is the highN ratio of charcoal. The C/N ratio is
often used as an indicator of the ability of orgasubstrates to mineralize and release
inorganic N when it is applied to soil (Chan and, 2009). A C/N ratio between of 20 to 30
iIs generally used as a critical limit above whiainmobilization of inorganic N by
microorganisms occurs (Leeper and Uren, 1993; \Bulliand Miller, 2001; Chapiet al,
2002). This means that the N applied with the sabsis not available for plants (Leeper and
Uren, 1993).

The C/N ratios of charcoal vary widely. Chan and @009) reviewed charcoals from
different feedstocks. The C/N ratio varied betw&eand 400 with a mean of 67. Based on the
usually high C/N values of charcoals, most chaxcaat expected to cause immobilization of
inorganic N and possibly cause N deficiency in damwhen applied to the soil. However,
there is a degree of uncertainty whether the saitexion of C/N values applies to charcoal.
On the one hand, the bulk of charcoal is made upadbgically very recalcitrant organic C,
which his not easily mineralized. Thus, it would brpected that N immobilization is
negligible despite the high C/N ratio. On the othand, however, it is likely that the presence
of a small portion of freshly produced charcoaraatively easily mineralizable and may
cause N immobilization, because of its high C/Noré@Chan and Xu, 2009).

Studies on the influence of charcoal in the humogits have shown different reactions to the
application of charcoal to the soil. Lehmaginal. (2003) reported that a Ferralsol amended
with charcoal had a lower N availability due toiaoreased C/N ratio compared to a Ferralsol
without charcoal. However, Steinet al. (2007) reported increased N availability by shayin
that N uptake in crops and export with crop harvest increased with biochar additions.
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Water deficiency
The most obvious effects of even mild water stregdants are reduced growth (Jones, 1992)

and reduced of biomass production (Masiedel, 2005). Although plant growth rates are
generally reduced under water limited conditiorigas growth is often more reduced than
root growth, which leads to a decrease of shodthatio with increasing water deficits. This
is not only due to a relative increase in root gilgwut can also be due to an increase in
absolute root growth (Malilet al, 1979). These effects are the result of transiocabf
assimilates from the shoot to the roots. When tageisupply is limited, first new growth is
reduced and the growth of leaves that have alréawiyed is slowed down. This makes it
possible that assimilates that are not used ishioet can be transported to the roots and root
mass can increase significantly when water shorfaggails over a long period of time.
However, the total biomass will decrease due tenstress (Ehlers and Goss, 2003).

Even though plants in the L(7.5) and L(15) treatimtesve reduced biomass and decreased
shoot/root ratio compared to L(0), it is unlikelyat water deficit was the cause. If water
deficit would be the cause, it would be expected fhants in the D treatment would have had
even more severely reduced growth or even havealied more than two weeks of drought,
in stead of growth that was similar to that of filants in the W treatment. In the last few
days of the experiment the growth of the L(15) deseemed to actually slightly increase.
Furthermore, at the end of the experiment wherptis were emptied the soil in both the W
and D did not seems to have a marked differenceairer content (Appendix G). Both soils
were still quite wet.

Heavy metal toxicity
Inhibition of root growth is one of the charactéodeatures of heavy metal stress (Barcelo

and Poschenrieder, 2004). Several studies haverstivat heavy metal toxicity in wheat
depresses shoot growth and dry biomass, but resttgrand root biomass reductions were
much larger (Karataglist al; Athar and Ahmad, 2002). Heavy metal toxicity ladso been
shown to increase shoot/root ratio of wheat pléxzhmoodet al, 2007).

It is unlikely that heavy metal toxicity was theusa of reduced crop growth of the plants
grown on soil amended with charcoal. In contrastneased shoot/root ratio caused by
heavy metal toxicity, the plants had smaller shroot/ratio compared to plants grown on the
other soils. Furthermore, heavy metal cations aeerplly most bio available under acid
conditions (Alloway, 1990), while the pH of the feifent soils used in pot experiment was
strongly alkaline.
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Salinity
Based on their low EC, the soils used in the pgeearments were classified as non-saline

according to generally recognized salinity clas§dgs makes it highly unlikely that crop

growth and crop production of the plants grown le t.(7.5) and L(15) treatment were
negatively affected by soil salinity. Especiallyjnce the other treatments had similar EC
values.
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7 General Discussion

7.1 Interpretation of the results
The charcoal content of the Aa horizons in Horvatugim is very low, ranging from 0.06 to

0.19% and is comparable to the charcoal conte@ bbrizons. The soil colour is also not
consistently darker with increasing charcoal cont&he dark colour of the Aa horizon is
therefore not the result of the presence of charetmavever, if the measured charcoal content
of the second horizon with colour 10YR 7/4 (Figuheis considered an exceptional outlier
due to the presence of individual spots with madnarcoal, there seems to be a relation
between the charcoal content and the soil colobe fivo horizons with the lowest chroma
(10YR 7/2 and 10YR 6/2) have the highest charcoatent and soil horizons with a higher
chroma and the same value have a lower charco&morHowever, there is no reason to
assume that the second horizon with colour 10YRi&h exceptional outlier. Besides, it is
unlikely that such low charcoal contents can casisgh a dark soil colour. It must also be
mentioned that the used method for charcoal queattiibn is not considered accurate for such
low charcoal contents (Van Asperen, 2010).

It is not possible to compare the amount of chdricoBorvat Halugim with that of the Terra
Pretas since few data is available and the datadtavailable is in different units. However,
Sombroek (1966) found an average carbon conteligtdftextured Terra Preta soils ranging
from 0.5 to 2%. These soils are also very darkdlour, which was attributed to complex
formation of organic matter and €awhich can form a coating around soil particles.

It is not likely that this is the cause of the dadour of Aa horizons in Horvat Halugim,
since the soil of Horvat Halugim is highly calcamsoand contains around 30% CaCO
(Bruins, 1986) and agriculture was also performedtloe C horizons, though be it in a
different time period. A coating of organic mateerd C4" could therefore, be present in both
horizons, but it is not.

The presence of ash in the soil is most likely alsbthe cause of the dark soil colour. If ash
is still present in large amounts this would hagsuited in systematically higher EC of Aa
horizons compared to C horizons, but this was imetase.

More research is needed into the cause of theaddokir of the Aa horizons.

Few differences in soil properties were found betwéhe Aa and C horizons of Horvat
Halugim. The soil bulk density of the Aa horizosslower than that of the C horizons. The
structure of Aa horizons is more often weaker camgbao the C horizons, but all three
structure grades (weak, moderate and strong) wesereed in both horizons. Lower bulk
density and structure grade can positively increzessd emergence and root penetration,
although no problems were observed in the pot éxgert. The workability of the soil is also
positively influenced. The soil is more easily pibed, especially when the soil is dried out
after a prolonged period without rain or irrigatidrhe cause of this reduced bulk density and
structure is not known. Soil with a higher charcoahtent do not have a consistently lower
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bulk density or structure grade. The charcoal auraéthe Aa and C horizons is very low and
comparable. Therefore, the differences are notethury the charcoal content and more
research is needed.

No differences were found in soil pH, EC and curiwsinfiltration.

Charcoal addition to the soil can influence soitevaetention and water availability. Tyron
(1948) found no change in water retention and als&l moisture in a loam soil. The
influence of charcoal on water retention of thé ebHorvat Halugim was not quantified, but
in contrast to the findings of Tyron (1948), thel s the pot experiment that was amended
with charcoal had a lower water retention thansthiethat was not amended with charcoal.

In an arid region like the Negev desert this cavehaegative effects on crop growth. The
water that is available needs to be retained instiiefor as long as possible so crops can
benefit from it as much as possible. To quantify decrease in water retention in the soil of
Horvat Halugim more research is needed.

Charcoal addition of 7.5 and 15% to non-anthropagewoil decreased crop growth and
biomass production compared to the non-amended &malks The most likely cause is reduced
N availability due to increased C/N ratio and capust N immobilization.

The pH and EC slightly increased after charcoalitemhid but this could also (partly) be
attributed to natural variability within the soil.

Plant growth on soil amended with ash was simitaplants grown on non-amended soil,
even though ash contains large amounts of nutri@st growth on the anthropogenic soill
and the non-amended soil was also similar.

Although, a relative larger crop growth was obsdrye plants grown on the control,
anthropogenic soil and soil amended with ash irpgréod that these plants received no water
compared to the plants that did receive water. Thisld indicate that plant growth was
limited by too much water. The increase was largesite plants grown on the soil amended
with ash which could indicate that ash can havestipe influence on crop growth through
the addition of nutrients. The anthropogenic sas la similar nutrient content than the non-
anthropogenic soil (Bruins, 1986), which can explaihy crop growth was similar for the
plants grown on the anthropogenic soil and the arathvopogenic soil.

The significant lower cumulative crop growth of pig grown in soil amended with 7.5%
charcoal in the D treatment compared to the W rmeat, suggests that the plants in the D
treatment were affected by a shortage of waters Ehcorroborated by the fact that the soil of
the L(7.5) treatment in both the W and D treatniest the most water compared to the other
treatments. If this was the result of charcoal toldithe soil of the L(15) treatment should
have lost more water, which was not the case. Wassr of the soil of the L(15) treatment
was the lowest in the W treatment and more orresdian in the D treatment. This indicates
that the amount of loss was not due to the presehckarcoal, but due to some other factor,
such as, for instance the density of packing ofsthié Besides, the soil of all pots was still
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very moist at the end of the experiment and waitas still available for plants, even in the
soils that had not received water during the last pf the experiment.

Charcoal addition in the humid tropics has the pidé to influence crop production in the

short term through direct nutrient addition andréase in pH and consequent reduced Al
toxicity. The recalcitrant nature of charcoal cdsoaensure long term influences on soil
fertility. It increases the CEC and nutrient retemtof the soil. This is especially important in

the acid, highly weathered tropical soils with lawtrient retention. These effects are
probably less important in the alkaline loess safilslorvat Halugim.

In the past kitchen refuse was applied as fertilirethe soil of Horvat Halugim (Bruins,
2007). This consisted mainly of ash and small gtiastof charcoal. This would result in
short term pH and EC increase and increased nttiagrtent of the soil, but this effect would
only be short term. The quantities in which kitcherfuse was applied at a time were
probably small and these effects would be limited.

In the short term the application of ash is propahbre effective in increasing soil fertility
than the application of charcoal, since ash hagleeh nutrient content. However, in alkaline
soils nutrient availability may also decrease dumtreased pH. Knowledge is lacking on the
long term effect of charcoal to the soil propertasl crop production.

If long term effects of charcoal would be benefid@ crop production and it were to be
applied on a large scale, attention must be paitheodesired properties of this charcoal,
which are highly variable and dependent on the tgpebiomass that is used and the
production procedures in order to acquire chareotl the right properties suitable for the
purpose. Additional mineral fertilizer may be ne#d® combat the problem of N
immobilization in the first period after the additi, but much more research is needed on the
long term effects. Although it is questionable wiest the beneficial effects will
counterbalance reduced water retention.

The practicality of large scale application of awal in arid regions is also questionable.
Charcoal from fallow vegetation and/or organic wastan be easily produced by local
farmers and also by those with a low income in hinbenid tropics (Glaseet al, 2002).
However, vegetation in arid regions is often scaand this vegetation may be needed to
combat land degradation, such as desertificatioheaosion.
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7.2 Limitations of the methodology and resear ch
The classification between anthropogenic and ndhrapogenic soil horizons is based on

soil colour. The distinction between different am® is sometimes very difficult and also
subjective. It was decided that soil horizons witiimal Negev loess colours (10 YR 7/6, 7/4
and 6/4) were classified as non-anthropogeni@utctchave been possible that, for instance, a
soil with colour 10YR 7/4 was influenced by anthogpnic activities and the original colour
was 10YR 7/6. No distinction could be made durihg tstudy. This problem might be
overcome by making thin sections and the use of swcromorphology to identify
anthropogenic influence through the presence othmeces at microscopic level (Bruins,
2007).

The determination of structure grade (weak, moderatrong) is also very subjective.
Determination of the structure grade of differeotibons in the same soil pit can be done
relative to the other horizons. It is more diffictd determine structure of different horizons
relative to soil horizons from other soil pits.different classes were assigned this may have
led to a better relation between Aa and C horizotsthe structure.

For the determination of soil bulk density soil eggates were collected from the field. These
aggregates were carefully handled and wrapped varakeplastic bags to prevent damage
during transport and storage. However, small answohtdamage could not be prevented.
Sometimes, small pieces of the aggregates brokeTluése could have influenced the
determined bulk density, but only to a small extent

To determine bulk density it is better to use lasgé aggregates so it is possible to capture
more of the variation within a soil. The aggregaissd in this study were usually very small
(few cm in size), especially in soil horizons wihweak structure, since large aggregates
easily broke into smaller aggregates. To captuterakvariability the average bulk density of
three soil aggregates of every soil horizon wasrdahed.

To get a better indication of the saturated hydcacdnductivity of the soil a more accurate
test needs to be done. From the single ring iofilieter experiment it was not possible to
determine the saturated hydraulic conductivity. Tdeson is not really known, but a possible
explanation is that soil particles at the soil aoef came into suspension after the addition of
water when the water level had reached the minippanding depth.

Due to the fluctuating infiltration capacity it @lso hard to say whether the infiltration
experiment should have lasted longer.
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The pot experiment lasted for 40 days, which wasdlioort for plants to reach maturity. A
longer experiment needs to be done to reach thgesh plant development and to assess
possible differences in harvest, especially inghthropogenic soil, the soil amended with ash
and the non-amended loess soil, since no diffesecoeld be observed at the end of the
experiment, but which might have occurred if thgpexxment would have continued for a
longer period of time.

The time span of the experiment was also too shamssess how plants in the different soils
react to drought. At the end of the experiment sod of all five soil types was still
sufficiently wet and the solil of the soil amendeithvash and the non-amended soil were still
saturated in the bottom of the pipes. A much lormgrod of drought is needed to allow the
soil to dry out to a sufficient level to observedaanalyze differences in plant growth and
biomass production of plants grown on differentssoi

It is possible that plant growth was limited by thigh water content of the soil. After water
addition stopped the plants grown in the anthropayeoil, the non-amended soil and the soill
amended with ash showed a relative increase in grogvth compared the plants that
received water until the end of the experiment. plamts grown in soil with additional ash
showed the largest increase. It could be posdiaedlant growth would have been different
for these three treatments if the plants receiesd Wwater.

The nutrient content of the charcoal, nutrient kamlity in the soil and nutrient content in the
plants were not known. This information is needeti¢ able to conclude with certainty what
caused the differences in crop growth of plantswgran different soils.

The long term effects on soil properties and crogdpction could not be assessed with this

pot experiment. To assess the long term influericeharcoal on crop growth a long term
experiment needs to be conducted over several ggosdgasons.
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8 Conclusions

Soil properties
In the eastern wadi of Horvat Halugim, anthropogeamd non-anthropogenic soil horizons

were identified on the basis of their colour.

The anthropogenic soil horizons have significattwer mean bulk density (1.20 g &n
compared to non-anthropogenic soil horizons (1.289rG). The anthropogenic horizons also
have more often a weak structure compared to theanthropogenic horizons.

These differences are not related to the charcoaleat of the soil horizons, because the
charcoal content of the soil is very low, rangingni 0.06 to 0.19% and is comparable
between the anthropogenic and non-anthropogenizdns, even though there is a distinct
difference in colour between both horizons, rangirmgm 10YR7/6, 7/4 and 6/4 in non-
anthropogenic horizons to 10YR 7/3, 7/2, and 6/&rithropogenic horizons. Furthermore, the
soil horizon with the highest charcoal content does have the lowest bulk density or the
weakest structure.

No differences were found in pH, EC and cumulatifétration between the anthropogenic
and non-anthropogenic soil horizons.

Charcoal addition to the solil in the pot experimsinghtly increased soil pH and EC, but
water retention decreased. The addition of ashecoil increased the pH and EC to a larger
extent than the addition of charcoal, but the cleanmgmained small.

Charcoal additions to soils in the humid tropiceally lead to an increase in pH that is much
larger than the increase that was observed irstudy.

Crop growth
The addition of charcoal the Negev loess soil ledsignificantly lower crop growth and

biomass production compared to the control. This wast likely caused by N deficiency,
since charcoal has a high C/N ratio, which can tead immobilization.

The period without water was too short to find afifferences between the two different
moisture regimes caused by water deficit.

The addition of ash and the use the anthropogemi®tHorvat Halugim did not influence
crop growth and biomass production compared tadmrol.

In contrast to what was found in this study, chal@aldition to highly weathered soils of the
humid tropics often leads to increased crop graavith biomass production due to reduced Al
availability and the addition of nutrients. In soweses reduced N availability has also been
observed.
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Overall conclusion
The dark colour of the anthropogenic soil horizatsHorvat Halugim is not due to the

presence of charcoal and in that sense they areamparable to the Terra Pretas in the
humid tropics. The creation of ‘Terra Pretas’ idaegions with loess soils through addition
of charcoal, as has been done in the humid troplasys no great potential, since it decreases
water retention and can lead to N deficiency.
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Appendix A

Table 14 Soil properties of soil pitsat Horvat Halugim

Soil Depth  Horizon Horizon Dry Munsell Structure Bulk pH EC Clay Silt Sand  Texture
Pit (cm) based on based colour grade density (dS/m) content content content class
field on (g cmi®) (%) (%) (%)
description colour
T10A1 0-30 C C 10 YR 7/6 moderate nd 8.2 2.5 16.3 5.55 28.2 siltloam
30-60 C C 10 YR 7/6 strong 1.30 8.4 2.9 22.0 52.3 25.7 siltloam
60-95 C C 10 YR 7/6 strong 1.35 8.5 2.9 23.3 47.3 29.4 loam
95-110 AaC C 10 YR 7/4 moderate nd 8.3 1.8 30.0 349 20.7 clayloam
110-175 Aa Aa 10 YR 7/2 very weak 1.17 8.2 2.7 312. 56.7 31.0 silt loam
175-205 AaC C 10 YR 7/4 weak nd 8.2 2.3 15.3 63.0 21.7 siltloam
>205 Ck C 10 YR 7/4 strong nd 8.3 3.8 30.6 51.4 .018silty clay loam
T12A3 0-24 C C 10 YR 7/4 moderate 1.29 8.7 0.3 12.2 54.7 33.1 siltloam
24-45 C Aa 10 YR 7/3 strong 1.33 8.7 0.3 13.2 58.0 28.8 siltloam
45-50 AaC Aa 10 YR 6/3 moderate nd 8.6 0.3 14.2 063 22.8 siltloam
50-92 Aa Aa 10 YR 6/2 weak 1.26 8.9 0.2 12.2 56.0 31.8 siltloam
>92 Ck C 10 YR 7/4 strong 1.36 9.3 0.2 26.2 47.0 6.82 loam
T12A7 0-20 C C 10 YR 7/6 moderate 1.44 8.6 0.8 249 44.0 31.1 loam
20-50 C C 10 YR 7/6 strong 1.59 8.3 2.8 18.9 50.0 31.1 loam/silt loam
50-93 Aa C 10 YR 7/4 weak 1.36 8.4 25 16.9 56.0 7.12 siltloam
>93 C C 10 YR 7/6 weak 1.45 8.6 1.6 24.9 42.0 33dam
T13A1 0-5 Aa Aa 10 YR 7/3 weak nd 8.6 18.5 12.9 060. 27.1 siltloam
5-32 Aa Aa 10 YR 7/3 weak 1.12 8.7 18.4 7.7 77.2 15.1 siltloam
32-43 Aa Aa 10 YR 7/3 weak 1.15 8.7 10.9 20.9 58.7 20.4 siltloam
43-60 AC C 10 YR 7/4 strong/weak  1.45 8.9 5.4 15.7 59.2 25.1 silt loam
60->80 Ck C 10 YR 7/6 stong 1.38 9.3 1.8 20.2 45.7 34.1 loam
T13A3 0-18 C C 10 YR 7/4 moderate 1.44 8.2 3.3 18.3 51.7 30.0 silt loam
18-40 AaC C 10 YR 6/4 moderate 1.24 8.4 2.4 21.6 8.04 30.4 loam
40-49 Aa Aa 10 YR 6/3 weak 1.20 8.6 1.0 28.0 40.5 31.5 clayloam
49-100 Ck C 10 YR 7/4 moderate 1.35 8.9 0.6 249 394 31.2 loam
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Appendix B

Table 15 result independent test between Aa and C horizons

Horizon Mean Std Error t df Sig. (2- Mean Std. Error
mean tailed) difference difference
Chorizons — 1.3875 02700 4,47 44 001 118250 04444

Aa horizons 1.2050 .03170
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Appendix C

Details of Post Hoc ANOVA (Bonferroni) analysisafmulative crop growth of plants in the
W treatment at the end of the experiment.

Table 16 Descriptives

Treatment Treatment N Mean* Std. deviation  Stdorerr
0 LO 9 1.2982 .01592 .00531
1 L15 9 1.1913 .03279 .01093
2 L7.5 9 1.2473 .02830 .00943
3 A 9 1.2793 .02587 .00862
4 B 9 1.2996 .01759 .00586
Total 45 1.2631 04744 .00707

* SQRT (log (crop height)) transformed

Table 17 ANOVA
Treatment df (between groups) df (within groups) F Sig. (1-tailed)
W 4 40 29.828 .000

Table 18 M ultiple comparisons

Treatment | Treatment Il Mean difference Std. Error Sig. (1-tailed)
(1-11)

0 1 .10690 .01175 .000
2 .05090 .01175 .000
3 .01884 01175 500
4 -.00148 01175 .500

1 0 -.10690 .01175 .000
2 -.05600 01175 .000
3 -.08806 .01175 .000
4 -.10839 .01175 .000

2 0 -.05090 01175 .000
1 .05600 .01175 .000
3 -.03206* 01175 .047
4 -.05238 01175 .000

3 0 -.01884 .01175 500
1 .08806 .01175 .000
2 .03206* 01175 047
4 -.02033 01175 457

4 0 .00148 .01175 .500
1 .10839 01175 .000
2 .05238 .01175 .000
3 .02033 01175 457

* the mean difference is significant at the 0.0&le
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Appendix D

Details of Post Hoc ANOVA (Bonferroni) analysisafmulative crop growth of plants in the
D treatment at the end of the experiment.

Table 19 Descriptives

Treatment Treatment N Mean Std. deviation  Stdrerro
0 LO 9 47.822 3.1192 1.0397
1 L15 9 27.089 3.7257 1.2419
2 L7.5 9 31.889 3.5073 1.1691
3 A 9 44.544 5.1505 1.7168
4 B 6 53.650 5.3411 2.1805
Total 42 40.095 10.5791 1.6324

Table 20 ANOVA

Treatment  df (between groups) df (within F Sig. (1-tailed)
groups)
D 4 37 56.848 .000

Table 21 Multiple comparisons

Treatment | Treatment Il Mean difference Std. Error Sig. (1-tailed)
(1-11)

0 1 20.7333 1.9639 .000
2 15.9333 1.9639 .000
3 3.2778 1.9639 .500
4 -5.8278 2.1957 .058

1 0 -20.7333 1.9639 .000
2 -4.8000 1.9639 .097
3 -17.4556 1.9639 .000
4 -26.5611 2.1957 .000

2 0 -15.9333 1.9639 .000
1 4.8000 1.9639 .097
3 -12.6556 1.9639 .000
4 -21.7611 2.1957 .000

3 0 -3.2778 1.9639 .500
1 17.4556 1.9639 .000
2 12.6556 1.9639 .000
4 -9.1056 2.1957 .001

4 0 5.8278 2.1957 .058
1 26.5611 2.1957 .000
2 21.7611 2.1957 .000
3 9.1056 2.1957 .001

* the mean difference is significant at the 0.0&le
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Appendix E

This appendix shows the results of the independist on cumulative crop growth between
the W and D treatment for different soil typeshet €nd of the pot experiment.

Table 22 Results of theindependent t-test between plantsin the W and D treatment in the A soil

Treatment Mean Std Errort df Sig. (1- Mean Std. Error
Mean tailed) difference  Difference

WA 6.6032* 17011 -.279 16 .392 -.06029 21630

DA 6.6635*  .13360

* square root transformed

Table 23 Results of theindependent t-test between plantsin the W and D treatment in the B soil

Treatment Mean Std Errort df Sig. (1- Mean Std. Error
Mean tailed) difference Difference
WB 49.144  1.7235

Table 24 Results of theindependent t-test between plantsin the W and D treatment in the L (0) soil

Treatment Mean Std Errort df Sig. (1- Mean Std. Error
Mean tailed) difference  Difference
WLO 48.656  1.4887

Table 25 Results of theindependent t-test between plantsin the W and D treatment in the L (7.5) soil

Treatment Mean Std Errort df Sig. (1- Mean Std. Error
Mean tailed) difference  Difference

WL7.5 36.433  1.9972

DL7.5 31.889  1.1691 1.964 16 .034* 4.5444 2.3142

* the mean difference is significant at the .0%lev

Table 26 Results of theindependent t-test between plantsin the W and D treatment in the (15) soil

Treatment Mean Std Errort df Sig. (1- Mean Std. Error
Mean tailed) difference  Difference

WL15 .0386*  .00218

DL15 0376 00182 .345 16 .368 .00098 .00284

* reciprocal transformed
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Appendix F

This appendix shows the results of the independist on cumulative crop growth between
the W and D treatment for different soil typeshegt bnset the different moisture regimes.

Table 27 Results of theindependent t-test between plantsin the W and D treatment in the A soil

Treatment Mean Std Errort df Sig. (2- Mean Std. Error
Mean tailed) difference Difference
WA 29.456  1.4089

Table 28 Results of theindependent t-test between plantsin the W and D treatment in the B soil

Treatment Mean Std Errort df Sig. (2- Mean Std. Error
Mean tailed) difference  Difference

wWB 26.933 9677

DB 29.150 8865 -1.590 13 136 -2.2167 1.3944

Table 29 Results of theindependent t-test between plantsin the W and D treatment in the L (0) soil

Treatment Mean Std Errort df Sig. (2- Mean Std. Error
Mean tailed) difference  Difference

WLO .0405*  .00173

DLO 0410 00129 -.202 16 .843 -.00043 .00216

* reciprocal transformed

Table 30 Results of theindependent t-test between plantsin the W and D treatment in the L (7.5) soil

Treatment Mean Std Errort df Sig. (2- Mean Std. Error
Mean tailed) difference Difference
WL7.5 22244 7625

Table 31 Results of theindependent t-test between plantsin the W and D treatment in the L (15) soil

Treatment Mean Std Errort df Sig. (2- Mean Std. Error
Mean tailed) difference  Difference

WL15 19.700  .7862

DL15 21656 7902 -1.754 16 .098 -1.9556 1.1147
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Appendix G
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Figure 24 Average water loss of potsin the D treatment
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