Thesis for the degree

חבור לשם קבלת התואר

Doctor of Philosophy

דוקטור לפילוסופיה

By
Ilya Gelfand

מאת

גלפנד איליה

הגורמים המשפעים על זמינות חנקן ביער הגדל באזור
יבש
Factors controlling availability and
dynamics of nitrogen in a semiarid forest
ecosystem

Advisor
Prof. Dan Yakir

מנחה
 דן יקיר.פרופ

Regular Format
March 2008

Submitted to the Scientific Council of the
Weizmann Institute of Science
Rehovot, Israel

אדר תשס"ח

מוגש למועצה המדעית של
מכון ויצמן למדע
 ישראל,רחובות

This work has been conducted under the supervision of

Prof. Dan Yakir

Department of Environmental Sciences and Energy Research
Weizmann Institute of Sciences
Rehovot, Israel

i

This work is dedicated to my family, my wife Ira, my mother and
father, and my brothers, who always support and understand me.

ii

Declaration

All group members associated with the Yatir Forest flux tower research site have been
involved in the maintenance and operation of the site. I used the existing datasets of soil
temperature and water, and flux data from Yatir Forest project, but all interpretations
and analyses are my own. All the work and results presented in this thesis are my own.

Ilya Gelfand

iii

Acknowledgements
I am grateful to my supervisor, Prof. Dan Yakir, for his guidance and credence through
this project. Through providing me the freedom to develop my own ideas and research
directions, his sound advises and discussions helped me become a better scientist and
opened my scientific Weltanschauung.
I wish to thank my advisory committee, Prof. Robert Fluhr and Prof. Jaap van
Rijn for their interest in my work. I have had the benefit of interesting and informative
discussions with Dr. Dror Minz and Dr. Sharon Avrahami and I am thankful for their
help with soil microbiology matters. My special thanks for support and advisement to
Dr. Jose Grünzweig, for teaching me the ecological view on environment and to Prof.
Franz M. Meixner for fruitful collaboration in the NO project. Thanks to all members of
Dan’s group with whom I shared time and space: Eyal, Leon, Keren, Emanuela and
Ruth, and especially, I would like to thank to Kadmiel and Naama for support and
patience.

iv

Abstract
Land use and afforestation are important factors in the contemporary carbon
cycle and influence the airborne fraction of anthropogenic CO2 emissions. Here we
studied ecosystemscale changes in nitrogen dynamics associated with afforestation in a
semiarid shrubland in southern Israel. This was motivated by the previous observations
that the 40 years old pine afforestation system resulted in 2.5 fold increase in carbon
stock, and mean annual NEE (last 6 years) of 2.6 tC ha1, similar to the global mean in
the FluxNet monitoring system. The results of the present study show that there were
only minor changes in ecosystem nitrogen stocks. However, there was almost 5 fold
increase in the nitrogen use efficiency (NUE), compared to the surrounding shrubland
(406.4 vs. 86.9, gr/gr based on ANPP, N stock and N turnover rate). Leaf C/N ratios
increased from 22 in the shrubland to 53 in the forest, and litter C/N increased from 38
to 146, consistent with the increase in NUE and indicating efficient N reallocation in
the forest. Mineralization and decomposition rates were slowed down by ~50% (with
large variability), and ~20% respectively. These reductions in N recycling rates were
accompanied with ~65% decrease in annual nitric oxide emission in the forest
ecosystem (with large seasonal cycle), and accumulation of soil NO2  in the beginning
of the wet period. The nitrite accumulation indicated differential recovery from the long
dry season of microbial populations that oxidize ammonium to nitrate, which improved
synchronization of nitrate supply to peak plant activities. The range of adjustments
observed in the ecosystem N cycle help explain the significant carbon sequestration and
biomass storage in this semiarid forest, without significant changes in N inputs. This, in
turn, indicated that longterm warming and drying trends predicted for the entire
Mediterranean, and other regions, may have milder effects on ecosystem productivity
and carbon sequestration than predicted from short term drought or heat episodes in
temperate regions.
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תקציר
כיום ניתן לאמר בוודאות ) (IPCC 2007כי פעילות האדם גורמת לשינויים במחזור הפחמן
הגלובלי וכתוצאה מכך גם לחלק משינויי האקלים הנצפים בשנים האחרונות .תחזיות לעשורים הקרובים
צופות התחממות ניכרת כתוצאה משינויים אלו .מעגל הפחמן ,ובפרט ריכוזי הפחמן הדוחמצני באטמוספרה,
מושפעים רבות מתהליכים הגורמים לשינויים בשימושי הקרקע ובייעור .כמו כן ,קיים קשר ישיר והדוק בין
מעגלי הפחמן והחנקן בטבע.
בעבודה זו מוצגות תוצאות מחקר שבדק את השינוים שחלו עקב תהליכי ייעור במערכת שיחנית
) (shrublandבנגב הצפוני .המחקר בוצע בשתי רמות :רמת המערכת האקולוגית ורמת התהליכים
הספציפיים בקרקע .ארבעים שנה לאחר שתילת העצים ,נמצא שינוי משמעותי במאגרי הפחמן במערכת
היער לעומת המערכת השיחנית )פי  2.5יותר פחמן נמצא ביער( .כמו כן ,נמצא כי תהליכי הייצור הראשוני
במערכת הייער גבוהים יחסית  בשש השנים האחרונות מערכת היער קלטה כל שנה בממוצע ,tC ha1 2.6
שטף הדומה בגודלו לממוצע של מערכות היער בחצי כדור הארץ הצפוני .לעומת זאת ,לא נמצאו שינוים או
הבדלים מהותיים במאגרי החנקן בין מערכת הייער והמערכת השיחנית .חוסר הבדל מהותי במאגרי החנקן
בין שתי המערכות התבטא בהגדלת ה) NUEיעילות שימוש בחנקן,(Nitrogen Use Efficiency ,
שנמצאה גדולה פי  5ביער לעומת המערכת השיחנית ) 406.4ו 86.9גר גר ,1מחושב על בסיס הייצור
הראשוני מעל הקרקע ,מאגרי החנקן וקצב המחזור( .יחס הפחמן לחנקן בעלווה השתנה עקב הייעור מ22
ל 53בעלים חיים ומ 38ל 146בנשר ,יחס שנמצא עיקבי לעליה ב  NUEומציין שימוש חוזר יעיל בחנקן
לפני נשירת העלים.
לא נמצא שוני משמעותי בכמות החנקן הנכנס למערכות מהאטמוספרה על ידי אבק או גשם .הגשם
מכניס ליער בקירוב  1.8ק"ג חנקן יותר מאשר למערכת השיחית .קצבי פירוק הנשר והפיכת החומר
האורגאני לחנקן מינראלי ) (Mineralizationהושפעו על ידי הייעור והראו קצבים הנמוכים בכ 20%וכ
 50%בהתאמה בתוך היער )עם שונות גבוהה( .יחד עם ההאטה בקצבי מחזור החנקן במערכת יער ,גם
פליטת תחמוצת החנקן ) (NOמהקרקע קטנה בכ .65%יתרה מכך ,לאחר ההרטבה הראשונית של הקרקע
נמדדו ריכוזים גבוהים יחסית של ניטריט ) (NO2בקרקע ,תצפית המצביעה על קצבי התאוששות שונים בין
חיידקים המחמצנים אמוניה וניטריט לאחר תקופת היובש .ירידה בפליטת תחמוצת החנקן והצטברות
הניטריט מצביעים על התאמה בין הצורך בחנקן וזמינות החנקן במערכת יער.
השינוים במעגל החנקן שנמצאו במחקר זה מאפשרים להסביר את קצבי קיבוע ואחסון הפחמן
הגבוהים שנמדדו במערכת המיוערת .אי לכך ,יתכן ותהליכי ההתחממות וההתייבשות הצפוים להתרחש
באיזור הים התיכון ישפיעו פחות מהמצופה על היצור הראשוני ,וזאת בניגוד להשערות קודמות שהתקבלו
על בסיס תצפיות קצרות מועד כגון מקרי בצורת.
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Chapter 1

1

Introduction

1.1 The global nitrogen cycle
The main reservoir of nitrogen (N) on the Earth is the atmosphere, which contain
4x109 Tg N (1 Tg = 1012 g; Table 1.1; Reeburgh, (1997)). However, atmospheric N
exists in stable, dinitrogen form (N2) with a strong triple bond between the two N
atoms and therefore is not readily available for biological activity. The only sources for
biologically available forms of N are biological N fixation (production of ammonium)
and, to a lesser extent, lightening (production of N oxides). These two processes
account for fixation of 90  130 Tg N y1 in the terrestrial and 40  200 Tg N y1 in the
marine ecosystems (Galloway, 1998). In marine environments, fixed N has a fast
turnover rate (marine biomass; Table 1.1) and little of this N is transported to the
terrestrial biomes. In terrestrial ecosystems, the main reservoir of N is soils, where N
often exists as part of complex organic molecules and is not readily available for
vegetation (Vitousek and Howarth, 1991). The organic N in the soils is, however,
subject to mineralization to inorganic forms by microorganisms and it is through the
mineralization process that soil N becomes available for plant uptake. Therefore,
mineralization is one of the main processes controlling the N cycle in terrestrial
ecosystems (Schimel and Bennett, 2004). Chapin et al., (1993) showed that organic N
also can be important N source in particular terrestrial biomes.
After uptake by plants, N is extensively recycled through the ecosystem by litter
production – decomposition – mineralization cycles. The main process that returns N
from the biologically available pool back to the atmosphere is denitrification, and at
the global scale the N cycle is in equilibrium (Rosswall, 1981). One of the important
processes of N redistribution between different ecosystems is N deposition. Deposition
originates mainly from dust transport (dry deposition) and wash out of inorganic N
from the atmosphere (wet deposition).
In summary, the atmosphere, water bodies and soils contain large amounts of N,
but the turnover rates of these reservoirs are extremely slow and most of the
biologically available N originates from biological N fixation and recycling. This is
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reflected in the N limitation for biological processes that is often found in natural
ecosystems (Table 1.1; Vitousek and Howarth, 1991).
Table 1.1 Main reservoirs and turnover times for global N cycle. Values are in Tg N (1012 g).
(Adapted from http://www.ess.uci.edu/~reeburgh/)

Reservoir (Tg N)

Turnover (y1)

Atmosphere (N2)

4×109

107

Atmosphere (N2O)

1.4×104

100

Sediments

5×106

107

Ocean (dissolved N2)

2.2×107

1000

Ocean (inorganic)

6×105

Soil

9.5×104

2000

Terrestrial biomass

3.5×104

50

Marine biomass

4.7×102

0.11

1.2 Anthropogenic impact on global N cycle
Humans have a continuous impact on the environment. Nowadays it is
commonly accepted by the scientific community that humaninduced changes, such as
changes in the atmospheric composition and landuse, affect global as well local
climatic conditions (IPCC, 2007). The N cycle has also been significantly influenced
by humans since the early 20th century, with the development of the chemical
production of N fertilizers (HaberBosch process, 1910). Widespread application of
fertilizers continues to alter the natural N cycle. In addition to the huge increase in N
fertilizer use, humans have significantly increased the burning of fossil fuels which
releases gaseous N to the atmosphere and therefore affects the N cycle. Consequently,
since 1950s, human activity has led to natural N fixation rates being doubled and this
trend is predicted to increase due to increasing demand for energy and food in the
future (Galloway, 1998). The above mentioned processes have led to a sharp increase
in the concentration of ammonium and N2O/NOX gases in the atmosphere and,
subsequently, N deposition across the globe. Nowadays scientists have more and more
evidence of N saturation in terrestrial ecosystems, especially in industrialized areas
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(e.g. Europe and North America; Vitousek et al., 1997; Galloway and Cowling, 2002).
The influence of the altered N cycle on the carbon and water cycles is still not
completely clear, partly due to dual feedbacks between the cycles and partly due to the
complexity of the processes.

1.3 Dry land perspective
Dry land ecosystems cover a significant area of the Earth’s land surface (~30%)
and are expected to increase in area due to desertification and climate change
(Schlesinger et al., 1990; Reynolds et al., 2007). Recently, desertification of dry lands
drew the attention of the United Nations and 2006 was designated as “International
Year of the Desert and Desertification.” With regards to the Mediterranean basin, the
last IPCC report predicted an increase in warming and drought probability for the
entire region (IPCC, 2007), which may exacerbate the degradation of dryland areas in
the region.
While in dryland ecosystems human impact is expressed in accelerating land
degradation (http://lada.virtualcentre.org/), on the global scale, the increase of the
carbon dioxide concentration in the atmosphere, since the end of 19th century has the
potential to have a pronounced effect on the global climate (IPCC, 2001). Forest
planting or afforestation of dry land ecosystems can be used as both a carbon
sequestration and land restoration/desertification combating tool (Pacala and Sokolow,
2004).
Important consequences of afforestation, the shift to treedominated ecosystems
and an increase in aboveground biomass, include an increase in ecosystem carbon
storage and a change in biomass distribution and ecosystem activity patterns
(Grünzweig et al., 2003; Thuille and Schulze, 2006; Grünzweig et al., 2007). Planting
forests on “native” shrubland in semiarid climate regions possibly has affects on N
cycle and turnover. The N in turn largely controls the ecosystem productivity and
carbon sequestration by plants. These mutual feedbacks, however, have been
insufficiently investigated to date. The expansion of the area covered by vegetation or
the plant area index (the ratio of plant to land surface area) may change the overall
nutrient distribution, for example Gallardo, (2003) showed increasing concentration of
soil organic matter and mineral N in soil nearby an isolated tree. This increase
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indicates the development of tree mediated fertility islands similarly to shrub
originated ones in the deserts (Schlesinger et al., 1996). However increase in trees
density possibly will have an opposite effect, and may reduce the N availability by
inhibition of the soil microbial processes and increase of the N uptake from the soil
pools (Hart et al., 1993).
An increase in N demand of the ecosystem following the increase in carbon
pools may enhance rates of N cycling in order to meet the trees’ requirements. The soil
N cycle is driven by microbial activities, which is controlled partly by carbon and
water availability (e.g., Zhang and Zak, 1998; Kelliher et al., 2004; Ford et al., 2007),
and partly by abiotic factors (e.g., Hoyle et al., 2006). Understanding the interplay
between biotic and abiotic controls of N cycling in semiarid ecosystems is crucial for
an understanding of the N flow through the system and by this the ecosystem
functioning.
In Israel, since the beginning of the 20th century, an ongoing process of
afforestation has resulted in more than 90000 ha of planted forest, being nearly 70% of
the total (132000 ha) forested area in Israel (FAO, 2001). The common tree species
used for planting in Israel is Aleppo pine (Pinus halepensis Mill.), which was chosen
because of its drought tolerance and Mediterranean origin (Bonneh, 2000).

1.4 Nitrogen cycle in semi–arid ecosystems and afforestation
Interplay between N and water limitation commonly occurs in semiarid
ecosystems (Hooper and Johnson, 1999). This is reflected in low productivity and
ecosystem plant community structure with a predominance of dwarf shrubs and
annuals (KruegerMangold et al., 2004; Borgogno et al., 2007). The afforestation of
dry lands by pine species can significantly increase the water use efficiency and carbon
sequestration potential of those ecosystems (Grünzweig et al., 2003; Maseyk, 2006).
The change in land cover following afforestation, with the increase in biomass and
consequently N demand, may also influence the N cycle in the new ecosystem.
Firstly, ecosystem N input and output may change. An increase in N inputs can
come from additional N deposition on the leaves due to the increase in leaf surface
area, which is then washed out to the soil by rain or taken up directly by the foliage
(Lovett et al., 2000). The N inputs through biological N fixation, in contrast to the rates
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of deposition, may decrease as result of biological soil crust destruction during
afforestation process and slow rates of its recovery (Evans and Belnap, 1999).
Afforestation may also change the amount and patterns of gaseous N emissions from
the soil for example woody vegetation encroachment has resulted in an increase of
nitric oxide emissions in Texas (Martin et al., 2003), while afforestation caused a
reduction of the soil emissions in Costa Rica (Reiners et al., 2002).
Secondly, the internal cycle of N in the ecosystem and soilplant interactions can
be influenced. A change in the amount and quality of the litterfall with a change of
dominant plant type was shown to have influenced litter decomposition rates and
mechanisms of the N return to the soil pool both in temperate forests (Aber et al.,
1991) and across the globe (Knops et al., 2002). Pine leaf litter usually has higher a
C/N ratio and slower decomposition rate compared to the shrub and annuals litter
(Arianoutsou and Radea, 2000; GarciaPausas et al., 2004).
The soil N processes are affected as well, Chen et al., (2006) showed that net N
mineralization increased in fenced pine plantation relative to the unfenced (grazed)
one. Oppositely, Goberna et al., (2007) showed that P. halepensis planted on former
maquis land reduced soil basal respiration and enzymatic activity in afforested soils.
Therefore it is more likely that effects on the specific Ncycle processes depend on the
plant type and time scale of the landuse change. For example, soils from a young pine
plantation in central Oregon exhibited similar N mineralization rates in mineral soil
and higher in the litter layer than those of an old plantation (Kelliher et al., 2004).
Finally, the main mechanism of the inorganic N removal from the soil, microbial
and plant uptake depends on plant type, and therefore the effect of afforestation on soil
inorganic N dynamics will depend on the makeup of the pre and postplanting plant
communities (Moro et al., 1996; Parfitt et al., 2003). Overall, the landuse change
induces changes in N cycle rates, for example increasing nitric oxides emissions in
successional forest compared to older one, leads to an increase in ecosystem
productivity and N use efficiency in conifer dominated forests and results in an
increase of N retention in soil (Fassnacht and Gower, 1999; Erickson et al., 2002;
Templer et al., 2005).
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1.5 Litter decomposition
The soil inorganic N pool is the only pool available for plant requirements,
although organic N was proposed to be an important part of the N supply for plants in
arctic regions (see Chapman et al., 2006 and references therein). The rates of addition
of new N into the soil inorganic pool from atmospheric deposition are much lower (5
32%) than N intra–system recycling by the coupled decompositionmineralization
processes (Waring and Schlesinger, 1985). The controls on N recycling in the soil and
on N availability for plants are solely microbial driven.
The first stage of the recycling process is decomposition of the litter and the
subsequent mineralization and release of inorganic N back into the soil pool, where it
becomes available to plants (Berg and Laskowski, 2005a). Litter decomposition is a
slow process and during the initial stages litter usually immobilizes N from the soil
pool, and only thereafter slowly releases N to the soil pool (Berg and Laskowski,
2005b). In the case of the biological decomposition of litter, litter quality, or the C to N
ratio plays an important role in the control on decomposition rates. Semi–arid
shrubland litter usually have relatively low C/N ratios and decomposition of such litter
can be fast compared to pine litter (Arianoutsou and Radea, 2000; Regina, 2001;
Bernal et al., 2003; Prescott, 2005; Quideau et al., 2005; Schimel and Hattenschwiler,
2007). However, in arid and semi–arid systems litter decomposition can result from
abiotic photochemical processes and in this case the litter quality will have no effect on
decomposition rates (Austin and Vivanco, 2006).

1.6 Mineralization and nitrogen availability
N mineralization in semi–arid ecosystems usually follows patterns of water
availability. During the summer drought, mineralization rates are extremely low and
are possibly induced by dewfall and water absorption by the soil (Agam and Berlinder,
2004). After rewetting, however, mineralization rates can be high and are controlled
mainly by temperature (Dalias et al., 2002). During mineralization, large organic
molecules are broken down to smaller parts by microbes and these then enter the soil
labile pool (Schimel and Bennett, 2004; Schimel and Hattenschwiler, 2007).
Mineralization therefore is the main regulatory process on plant N availability (Binkley
and Hart, 1989). An additional regulatory process on N availability for plants is plant 
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microbial competition for inorganic N. In the past, one of the main assumptions in
ecological research was that plants is poor competitors for N, but there is now
increasing evidence that plants can outcompete microbes for N (Johnson 1992; Hodge
et al., 2000; Korsaeth et al., 2001; Cheng and Bledsoe, 2004). Finally, the oxidation of
reduced forms of N (e.g. ammonium) to more labile nitrate and the subsequent
leaching of nitrate out from the root zone is an important process that both regulates N
availability and contributes to the contamination of groundwater, mainly in mesic
ecosystems (Matson et al., 1999; ZechmeisterBoltenstern et al., 2002; Walvoord et al.,
2003; Austin et al., 2004).

1.7 Nitrification
Nitrification is the only process that converts reduced forms of N (e.g.
ammonium) into more oxidized, mobile nitrate, and therefore plays an important role
in controls on both ecosystem productivity and the global terrestrial N cycle. N
additional process that accounts for ammonium oxidation, anoxic ammonia oxidation
(ANAMMOX), although important in the aquatic environments was not shown to take
place in soils (Jetten, 2001). Shown below are the main steps of nitrification, ammonia
oxidation, nitrite oxidation, and the groups of microorganisms that involved in these
reactions:

NH 4 + + O2 + H + ® {NH 2 OH }+ H 2 O ® NO2 - + 5 H + (AOB)
NO2 - + H 2 O ® NO3- + 2 H + (NOB)
Two different groups of microorganisms are involved in the nitrification process,
Ammonia Oxidizing Bacteria (AOB) and Nitrite Oxidizing Bacteria (NOB). These two
groups of microorganisms have different tolerance for environmental conditions such
as temperature, pH and soil water content. Overall, nitrite oxidizers are more sensitive
to temperature and drought stress, while the ammonia oxidizers more sensitive to the
low pH (Stark and Firestone, 1995; Avrahami et al., 2003; Avrahami and Conrad,
2005).
The first step of nitrification, ammonia oxidation, is carried out by three genera
within the βproteobacteria: Nitrosomonas, Nitrosospira and Nitrosococcus (Purkhold
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et al., 2000) and is considered as a ratelimiting step of the nitrification process
(Kowalchuk and Stephen, 2001). The second step of nitrification, the oxidation of
nitrite into nitrate, carried out by four different genera: Nitrobacter, Nitrococcus,
Nitrospira, and Nitrospina (Hagopian and Riley, 1998) and is widely accepted to be a
fast process. Indeed, an intermediate of the nitrification process, nitrite (NO2), rarely
accumulates in terrestrial ecosystems (Paul and Clarke, 1989; De Boer and Kester,
1996).
In terrestrial ecosystems nitrite accumulation was measured only following
human interference, for example nitrites accumulated in forest and pasture soils when a
nitrite oxidation inhibitor (nitrapyrin) was added (Shen et al., 2003). Additionally,
when environmental factors such as N fertilizer load, organic matter addition and water
limitation in soils were manipulated, substantial quantities of nitrite accumulated
(Chapman and Liebig, 1952; Pagel, 1979; Hamilton and Lowe, 1981; Burns et al.,
1995; Stevens et al., 1998; Shen et al., 2003). Larsen, (1971) showed nitrite
accumulation in laboratory experiments due to manipulation of soil pH, and related
this accumulation to different pH optima of the two nitrifying bacteria (AOB and
NOB). The main reason for accumulation of nitrite in wellaerated environments was
proposed to be a partial nitrification process where ammonia is oxidized into nitrite but
NOB is either absent or inhibited (Smith et al., 1997).

1.8 Nitrogen Oxides emissions
Associated with changes in land cover, or land management practices, are
changes in tracegas emissions, which should be clarified. One of the possible effects
of these changes, the environmental benefits from an increase in carbon sequestration,
may be negated by an associated increase in emissions of other greenhouse gases, such
as nitric oxide (NO) or nitrous oxide (N2O) (Smith and Conen, 2004). In Texas, woody
vegetation encroachment has resulted in an increase in NO emissions from 0.9 ng m2 s
1

to 18 ng m2 s1 (all emission values are in terms of mass of N) (Martin et al., 2003).

However, afforested sites in Costa Rica have been shown to have lower NO emission
rates compared to pastures and banana plantations (0.9, 8.9, 15.6 kg ha1 y1
respectively; Reiners et al., 2002).
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Emissions of NO and it’s conversion to NO2 are important in regulating
chemical processes in the atmosphere through ozone destruction and formation
sequences (Crutzen, 1979; Chameides et al., 1992; Crutzen, 1995; Levine et al., 1997;
Eq. 1.11.3). The cycle of reactions (Eq. 1.11.3) is driven by sunlight, with the initial
step being the photolysis of NO2 to produce NO and a triplet state of oxygen atom O
(3P). The O (3P) reacts rapidly with oxygen to produce ozone and ozone reacts with
NO to produce NO2 (Cape, 2002).
NO is a highly reactive gas and there is a rapid chemical interconversion with
NO2, therefore both species are key catalysts in the reactions that generate and destroy
ozone and are commonly referred to as NOX (NO + NO2 = NOX) (Ludwig et al., 2001).
Thus, the ambient mixing ratio of NOX creates the threshold which determines whether
ozone is created or destroyed (Levine et al., 1996; Lindesay, 1997; Meixner and Yang,
2006). Most tropospheric ozone is produced in the reactions between nonmethane
hydrocarbons and oxides of N and by the oxidation of methane by the OH radical in
the presence of NOX. In low NOX environments the oxidation process leads to ozone
destruction. The removal of NOX is through a series of photochemical reactions that
produce nitric acid; this is an important component of acid rain and acts as a source of
N deposited from the atmosphere (Logan, 1983; Eq. 1.41.6).

NO2 + hn (8 < 400 nm) ® NO + O ( 3P )

(1.1)

O( 3P) + O2 ® O3

(1.2)

O3 + NO ® NO 2 + O2

(1.3)

O3 + hn (l < 310 nm) ® O2 + O(1D)

(1.4)

O(1D) + H 2 O ® 2 OH

(1.5)

NO2 + OH ® HNO3

(1.6)

According to current knowledge, NO (as well as N2O) is produced in soils nearly
ubiquitously and therefore soil emissions constitute a continuous background flux of
NO to the atmosphere (Davidson, 1991). Global inputs of NOX to the atmosphere are
estimated to be between 33 and 50 Tg y1, with soil contributing between 18% and
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40% of the total emission and anthropogenic sources accounting for approximately
50% (~21 Tg), with a relatively large uncertainty of 4 to 10 Tg N y1 (Davidson and
Kingerlee, 1997; IPCC, 2001). As can be seen from these numbers, there is still large
uncertainty in estimations of NOX fluxes from the terrestrial biomes. However, despite
considerable uncertainties, there is substantial evidence that soil emissions make a
significant contribution to the tropospheric NOX budget even in industrialized regions
of the globe (Williams, 1992; Davidson and Kingerlee, 1997). Emissions from semi
arid and arid lands, in particular, contribute to uncertainties because of a very small
number of NOX flux measurements. A recent review by Meixner and Yang, (2006)
identified only 13 studies on natural semi–arid and arid ecosystems (annual
precipitation below 400 mm), including a single study from the Mediterranean region.
If current and future efforts to reduce NOX emissions from vehicles and fossil fuel
burning are successful the relative importance of biogenic emissions will grow
considerably in the future. While biogenic emissions from natural systems are part of
the natural background levels, the increase in the use of fertilizers and in land use
changes may significantly influence the global NOX budget.
The net flux of NO from the soil is influenced by soil N content, temperature,
moisture and texture (Martin et al., 1998; Ludwig et al., 2001; Skiba et al., 2006). Soil
cover has a regulatory role in determining the flux of NO into the atmosphere, since
NO emitted from vegetated soils is converted into NO2 by O3 within most plant
canopies and can then be redeposited on the vegetation surface (in gaseous form)
(Ludwig et al., 2001). In addition, direct (stomatal) uptake of NO2 by plants is well
known, whereas for NO this uptake pathway is generally negligible (Hereid and
Monson, 2001; Sparks et al., 2001). Finally, recent studies have shown that NO plays
an important role as a signalling molecule in plants and affects a broad range of plant
physiological activities, from stomatal closure to regulating mitochondrial and
chloroplast functions (Stöhr and Ullrich, 2002; Neill et al., 2003; Shapiro, 2005).
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1.9 Aims of the study
This research addresses primarily the question of what changes in the overall
ecosystem N budget and internal N cycling are associated with the observed large
increase in ecosystem carbon stocks in pine afforestation of a semi–arid shrubland.
This is based on testing several hypotheses and the specific objectives were:
1. To test the hypothesis that conversion of shrubland to forest in the semiarid
regions enhances N deposition and fixation by soil, and accelerates N
mineralization and turnover.
2. To test the hypothesis that temporal synchronization in recovery from seasonal
drought stress can improve N availability and demand in the semiarid forest
ecosystem.
3. To constructing a detailed ecosystemscale N budget for the shrubland and
afforestation system used in this study.
4. To identify interannual variations in N cycling in the shrubland and forest
ecosystem, including: atmospheric N deposition, N fixation by soil, N
requirements for growth and litter decomposition processes.
5. To identify controls on nitrification during rewetting of soils at the start of the
wet season.
6. To valuate changes in N losses via NO emission from soils in going from
shrubland to forest ecosystems.
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Chapter 2

2

Materials and Methods

2.1 Site description
This study was conducted in the Yatir Forest (~2800 ha). A pine plantation
established at the edge of Northern Negev desert, and surrounding shrubland,
(31º20’49.2’’N, 35º03’07.2’’E) at a mean altitude of about 650 m a. s. l. Mean annual
precipitation at the Yatir forest is 280 mm (last 30 years). Trees are mainly Pinus
halepensis Mill. (Ne'eman and Trabaud, 2000) planted during 1965  69, by Jewish
National Fund. The surrounding native vegetation is dominated by the dwarf shrub
Sarcopoterium spinosum (L.) (Litav and Orshan, 1971), and patches of herbaceous
annuals and perennials (total vegetation height of 30  50 cm). The Mediterranean
climate of the Northern Negev is characterized by an extended dry period between
May and October or November. Precipitation occurs only between October or
November and May, with high inter and intraannual variations. Mean annual
temperature is ~18°C, with average maximum and minimum of 32.3°C and 6.9°C,
respectively (over the study period). The soil is a Lithosol (FAO) with pH 7.8±0.2
(water), above chalk and limestone with a depth of 0.21 m. Soil bulk density is
1.65×103 kg m3. The particle size distribution of the soils is silty  clay (USDA). The
site includes a 19 m flux tower for ecosystemlevel measurements of net ecosystem
exchange (NEE) of carbon dioxide, energy, and water vapor, as well as meteorological
measurements.

2.2 Dry and bulk deposition, collection and measurements
The determination of the rate of N input to the systems by dry deposition, was
assessed by using boxes (40×32×10 cm), filled with glass beads (16 mm diameter) in
one layer, according to Offer et al., (1998). Dry deposition was collected bimonthly
by manually brushing the glass beads into paper bags. Inside the afforestation, boxes
were placed at the flux tower site in groups of five, each with the distance between
boxes of around 1  2 m and >200 m between different groups. The boxes were placed
below the tree canopy. In the shrubland, deposition was collected at three sites by
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groups of five boxes on the roofs of structures bordering the afforestation in three
different directions, about 2  3 m above the canopy of the shrubs at each site. TotalN
content of the samples was determined with a CHNO elemental analyzer (EA1108
CarloErba, Milan, Italy).
Bulk deposition (wet and dry deposition) was collected in the wet season over
two years, with funneled bottles (funnel diameter 11 cm) at the same locations as dry
deposition collectors. Five bottles at each site were installed, total 15 bottles for the
afforested sites and 15 bottles for shrubland sites. Funnels on the bottles were covered
with a plastic mesh (5 mm) to prevent the entrance of insects. A small styrofoam ball
was introduced to each funnel to prevent evaporation. After each rain event, samples
were collected to sterile plastic bottles, transported to the lab, centrifuged to remove
solids, and stored at 20°C until analysis for inorganic N content.
Two different parameters were calculated from the deposition measurements.
Firstly we calculated the N deposition to the different sites. Secondly we calculated
how much inorganic N was added to the soil by direct bulk deposition to the afforested
plots. By the second calculation it was desired to check whether N deposited could
explain the changes in the concentration of different N forms in the soil. The inorganic
N addition (mg kg1) to the soil by bulk deposition was estimated according to:

Nadd =

Nbulk ´ Rain
Soil

(2.1)

where: Nadd  inorganic N addition (mg kg1), Nbulk  concentration of N in the bulk
deposition (mg N l1), Rain  bulk deposition (l m2), Soil  kg soil in 0  10 cm layer
(kg m3).
Secondly, the dry deposition to the ecosystems was calculated by extrapolation
from the results obtained by the collection boxes on an area basis. Total bulk
deposition was calculated accordingly to:

Nbulk = [ N ] rain ´ Rain

(2.2)

where: Nbulk  Bulk N deposition (g m2), [N]rain  N concentration (mg l1) in rain
and Rain is amount of rain (l m2).
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2.3 Soil sampling
Three representative plots of approximately 1 ha in the central section of the
afforestation and shrubland were chosen. At each plot, five random replications of
mineral soil samples were taken from a depth of 0  10 cm using a 50 mm diameter
corer (BenMeadows Company, Canada). Soil samples were collected inside the Yatir
forest (forest) and in the surrounding shrubland. The shrubland sites were divided into
two microsites: (1) under shrub canopy (shrub) and (2) at intershrub interval soils
(bare).
The samples were brought to the laboratory on the same day of sampling, and
were stored at 4°C. We are aware of the problems associated with soil conservation, to
avoid possible changes in inorganic N composition and concentrations, the samples for
inorganic N extraction were kept in the refrigerator for as little time as possible, not
longer than 7  10 days. The samples for further experiments were kept for a longer
time (up to 18  20 days). Depending on the conditions of the soils in the field, the
samples with gravimetric water content (GWC) less than 8% were in the refrigeration
longer and the samples from the wet period, where the water concentration was high
(up to 25%) were kept in the refrigeration no longer than one week.
Samples for measurement of biogenic NOX emissions (Chapter 5) were collected
during October 2005, February 2006, and May 2006. Three sampling periods
represented the main seasons; they differ in both water content and temperature (see
section 2.8 for details). The samples were then brought to the laboratory on the day of
sampling, sieved (2 mm), bulked, homogenized, and stored at 4°C. The soil samples
from October 2005 and May 2006 were practically airdried. The October 2005 soils
had GWC of 3.8, 4.8, and 4.8% for bare and vegetationcovered soils (forest and
shrub) respectively. The soil samples from May 2006 had a GWC of 5.4, 7.2, and
7.6% for bare, shrub, and forest soils, respectively. Soils from February 2006 had a
GWC of 16.5, 20.8, and 22.2% for bare, shrub, and forest soils, respectively. The
February 2006 samples were slightly dried prior to storage. Samples used for
incubations were delivered under cool conditions (approx. 5°C) to Mainz, Germany.
The in situ soil water content and temperature were measured at the Yatir flux tower
site (Grünzweig et al., 2003). Temperatures were measured with Ttype thermocouple
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sensors placed at a 6 cm depth. Sensors were placed under the tree canopy and in a
clearing to represent bare and canopycovered soils (i.e., forest and shrub). The
volumetric water content (VWC) of the soil was measured with a TimeDomain
Reflectrometry (TDR) sensor (IMKO, Germany). Sensors were placed at the same plot
as the temperature sensors, at 5 cm depth. The average water content measured by
TDR sensors was in good agreement with destructive measurements of the soil water
content at the forested and shrubland sites (0  10cm soil layer, core sampling; Raz
Yaseef, N., unpublished data). Both water and temperature were measured with half
hour resolution and have been averaged to yield daily mean values.

2.4 Net Nmineralization in situ
In situ net Nmineralization was measured by the undisturbed buried core
method (Hart et al., 1994), assuming that nitrogen mineralization rates inside and
outside of cores was similar. Plastic caps covering the cores had holes in order to
reduce disturbance and the entrance of direct rainfall while allowing for gas exchange.
Five paired samples (within 20 cm of each other) at each plot (forest, shrub and bare)
were taken, one sample for the determination of initial conditions and the other for in
situ incubation. The second sample was taken into a 15 cm long butyrate plastic liner,
covered by a cap, and returned to the soil. At the end of the incubation period, cores
were recovered and taken to the laboratory and stored at 4°C prior to processing. A
new set of cores was installed immediately after sampling, at new randomly selected
locations within the plot, for the next incubation period. At the shrubland plots,
mineralization was estimated both in shrub and bare soils, five random samples were
taken at each microsite. The incubation periods varied depending on the season: two to
three months during the wet (December  May) season, and up to five months during
the dry season (June  November). The differences in incubation time between the two
seasons were due to very different conditions of the soil at dry and wet seasons. The
dry season was characterized by a very low average GWC (5  8% from the middle of
June to the first rain events at end of October  November). Due to these conditions we
assumed low net Nmineralization rates. The wet season, characterized by a GWC of
10  25%, we therefore assumed that changes in the net Nmineralization rates could be
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rapid. Net Nmineralization rates were estimated using changes of inorganic nitrogen
concentrations in the soil core, after incubation period according to:
Nm = å Nfinal - å Nin

where: Nm  Net N mineralization rates in situ in µg N g1 sdw week

(2.3)
1

,

ΣN  Total

concentration of all inorganic nitrogen forms at the end (N final) and at the beginning
(N in) of incubation in µg N g1 sdw, and “sdw” is the soil dry weight.

2.5 Soil extraction and mineral nitrogen analysis
On the day of processing soil samples (including cores), samples were sieved to
<2 mm aggregate size or manually homogenized (when water content disallowed the
sieving). Large roots and stones were removed manually. Four replicates of 5 gr sub
samples from each sample were weighed into 25 ml of 2N KCl solution (soil to
solution ratio 1:5) and extracted for one hour with continuous shaking at 180 rev min1.
Extracts were filtered on prewashed filters (Whatman no. 42 paper, Whatman, UK)
and stored at 20°C prior to inorganic N analyses. Inorganic N concentration was
determined by colorimetric methods: ammoniumN (NNH4+) by silicatehypochlorite
method (Bower and HolmHansen, 1980); nitriteN (NNO2) according to (Strickland
and Parsons, 1968); nitrateN (NNO3) by the dualwavelength ultraviolet
spectrophotometric method after Norman et al., (1985). The detection limits for the
inorganic N concentration determination were: NNO2 : 0.14 µmol l1, NNH4+: 0.7
µmol l1 and NNO3: 3.6 µmol l1. All colorimetric measurements were conducted on a
double beam UV/VIS Cary spectrophotometer (Carry100, Varian, Palo Alto, CA,
USA). Soil GWC was determined by drying samples in an oven at 105°C for 48 h, and
measuring change in soil weight.

2.6 Total Carbon and Nitrogen content of litter and soils
Total carbon, total N concentrations and isotopic analysis of soil and litter were
determined on oven dried (50  60°C for 48 h) and mechanically ground <250 μm
samples. Two replicates from each sample of ~0.3  4 mg were weighed into 3×5 mm
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tin foil capsules (Elemental Microanalysis Ltd., UK) and combusted in an elemental
analyzer (Carbo Erba 1108; Carlo Erba, Italy, precision ±0.5%).

2.7 Laboratory incubations
2.7.1 Incubations for estimation of nitrite accumulation rates
Soil for laboratory incubations, were collected from the same field plots
mentioned above (section 2.3), at each plot five random replicates of mineral soil (0 
10 cm) were collected. The laboratory incubations for forest plots proceeded with soils
from: the end of the dry season (October 2005), after the first rain events (December
2005), and the middle of the wet (period of ecosystem activity) season (February
2006). The laboratory incubations for shrubland plots (shrub and bare microsites) were
from soils of October 2005 and February 2006 only. The soil samples from each of the
three field plots were bulked, homogenized, and mixed well. Slurries with 1:10 soil to
mineral media were set up in Erlenmeyer flasks. Slightly modified Potential
Nitrification assay with the same medium, but, without chlorate addition were used.
The principles of such laboratory incubations have been discussed in more detail
elsewhere (Belser, 1979; Belser and Mays, 1980; Hart et al., 1994). We choose to use
slurry and not jar incubations in order to check the potential activity of the nitrifiers in
the soils without possible adaptation (due to long incubation time) of the soils to the
conditions of the laboratory which is particularly difficult when using the jar
incubation method. The medium contained 0.25 mM (NH4)2SO4 and 1 mM K2HPO4 at
pH of 7.8. The incubations were performed on rotation shaker with temperature of
28±1°C, and rotation speed of 150 rev min1, to achieve fully aerobic conditions. The
slurries were incubated in triplicate for ~90 h with periodical sampling. Samples were
centrifuged at 14000 rev min1 to remove soil particles then immediately stored at 
20°C until analysis for nitrite, nitrate, and ammonium (see above, section 2.5).

2.7.2 Incubations for potential NO emission measurements
The procedure for soil incubation and laboratory NO flux measurements has
been described in detail elsewhere (Otter et al., 1999; van Dijk et al., 2002 and van
Dijk and Meixner, 2001). In short, the system for laboratory incubations contains five
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parallel flowthrough chambers (0.9 l volume), four for soil samples, and one (without
soil) for reference. Microfans in the headspace of the chambers ensured wellmixed
conditions

within

the

incubation

chambers.

NO

was

measured

by

a

chemoluminescence trace gas analyzer CLD780TR (Ecophysics AG, Switzerland). In
addition, the evaporation rate was measured by using an infrared H2O/CO2 gas
analyzer (BINOS, Rosemont). Laboratory incubations were made using ~100 g sub
samples of the bulked soil samples. Before incubation, the subsamples were wet with
deionized water to the individual soil’s waterholding capacity, and preincubated at
room temperature (~24°C) for ~72 h. The preincubation was performed to standardize
conditions within the soil subsamples, since the soils had differing water contents and
had experienced different refrigerating periods during storage. For estimating zero
activity, we performed incubations with autoclaved soils.
The net NO release from soil samples was calculated from the difference
between the NO mixing ratio at the outlet of the reference chamber and the outlet of
each incubation chamber. The net NO release rate (JNO, in ng kg1 s1) is calculated
according to:

J NO =

Q
M soil

(m

NO , out

- m NO , ref

)M

N

Vm

´ 10 -3

(2.4)

where: Q is the flow rate through cuvette (4.17´105 m3 s1 or 2.5 l min1), Msoil is the
soil dry mass (kg), and mNO,ref and mNO,out are the NO mixing ratios (in ppb or 109) at
the outlets of the reference and the incubation chambers, respectively. The conversion
factor (ppb to ng m3) is defined by MN/Vm´103, where MN is the molecular mass of N
(kg kmole1), and Vm is the molar volume (m3 kmole1).
The release of NO from the soil results from microbial NO production and NO
consumption, which operate simultaneously (Conrad, 1994; 1996). Consequently, the
NO release rate (JNO) observed during incubation (eq. 2.4) is always a net release rate.
If NO consumption overrides NO production in the soil sample, then JNO becomes
negative. According to eq. (2.4), this only occurs if the incoming NO mixing ratio
(which is equal to mNO,,ref ) exceeds the headspace NO mixing ratio (which is equal
to mNO,,out due to wellmixed conditions within the incubation chamber). Remde et al.,
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(1989), Ludwig et al., (2001), and van Dijk and Meixner, (2001) have already shown
that there is an experimentally proven linear relationship between the net NO release
rate JNO, and the rates of NO production, P, and consumption, k, so that the measured
release rates, JNO, can be described as:

J NO = P - k ´ mNO ,out ´

MN
´ 10 -3
Vm

(2.5)

Equation 2.5 implies that the NO production rate P is independent of the headspace
NO mixing ratio (mNO,,out), whereas the firstorder NO consumption rate, k, is
dependent upon it. In order to determine P and k, we used eq. (2.5) with measured
fluxes (JNO, eq. 2.4) from two sets of incubation measurements: mNO,ref = 0 ppb and

mNO,ref = 56 ppb, on subsamples of each soil sample. This allowed us to calculate P (in
ng kg1 s1) and k (in m3 kg1 s1).
We present the results of NO release rates as a function of the Water Filled Pore
Space (WFPS). WFPS was determined from (a) the amount of water lost by
evaporation from the enclosed soil sample during incubation, and (b) the GWC of the
sample (by drying a subsample at 105°C for 48 h):

WFPS = GWC´ BD (1 - BD ´ 2.65 ´10-3 )

(2.6)

where: GWC is the gravimetric water content in %; BD is the bulk soil density (kg m
3

), and the particle density of the average mineral (quartz) soil is 2.65´103 kg m3

according to Parton et al., (2001).
The temperature response of soil NO release were derived from two sets of NO
release rate (each on another set of subsamples of the same soil) measurements, where
the subsamples were always identically treated except for incubation at 18°C and
28°C.
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Finally, eq. (2.5) is extended to describe the net NO release rate and its
partitioning (P and k), for each soil sample, as a function of the relevant variables,
headspace NO mixing ratio (= mNO,,out), WFPS, and soil temperature (Tsoil):

J NO (m NO ,out , WFPS , Tsoil ) = P (WFPS , Tsoil ) - k (WFPS , Tsoil ) m NO ,out

MN
´ 10 -3
Vm

(2.7)

2.8 Upscaling of NOX emission measurements to the ecosystem scale
NO release rates (JNO), derived from laboratory incubations and parameterized
for measured Tsoil, WFPS, and mNO, were upscaled to estimate field net NO fluxes
(FNO) by applying the field measurements of these parameters. Similar upscaling has
already been reported by Kirkman et al. (2001), and verification of the upscaling
procedure has been repeatedly performed by demonstrating that NO fluxes, measured
in the field by the dynamic chamber technique, were in good agreement with those
derived from laboratory incubations on soil samples (taken from the top soil of
dynamic chambers' enclosures, e.g., Ludwig et al., (2001), van Dijk et al., (2002)). Up
scaling is achieved by applying the modified (see below) algorithm developed by
Galbally and Johansson (1989) and subsequently improved by Meixner et al. (1997),
Kirkman et al. (2001), Van Dijk and Meixner (2001), Van Dijk, et al. (2002) and
Meixner and Yang (2006):

F NO (WFPS ) =

æ P (WFPS )
ö
MN
D (WFPS ) BD k çç
-m
´ 10 -3 ÷÷
NOamb
k
Vm
è
ø

(2.8)

where FNO is the estimated net NO flux (ng m2 s1), BD is the bulk density of soil
(kg m3), k is the NO consumption rate (m3 kg1 s1), D is the effective diffusion
coefficient of NO in soil (in m2 s1) calculated accordingly to Moldrup et al. (2000), P
is the NO production rate (ng kg1 s1) calculated from measured JNO eq. (2.4) using eq.
(2.7), and mNOamb is the ambient NO mixing ratio (ppb). 2005 to 2006 field data of the
NO mixing ratio (average of 2.39±0.56 ppb) were provided by the Israeli Ministry of
Environmental Protection, from measurements at the Gush Ezion air quality
monitoring

station

(distance

of

~35

km

from

our

research

site;

http://www.sviva.gov.il). Since corresponding soil moisture and soil temperature data
were calculated as daily means, FNO was upscaled on a daily basis for all studied soils,
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for each sampling season and location (i.e., October 2005, February 2006, and May
2006, forest, bare, and shrub soils).
In contrast to Meixner and Yang (2006), we used in eq. (2.8) a constant NO
consumption rate, k, (rather than k(WFPS)). We estimated k values of studied soils,
and found that different soils (i.e. forest, shrub and bare) had different k values (data
not shown). The forest soils have average k value of 0.67×105 m3 kg1 s1 in the WFPS
range between 5% and 18%. While bare soils have average k value of 3.65×105 m3 kg
1

s1. We did not succeed to measure any k value for shrub soils, however, we assume

that shrub soil represent intermediate stage between fully plant covered forest and
annuals covered bare soils. Therefore we can assume that k values for the shrub soils
need to be in between the measured k (1.58×105 m3 kg1 s1). The above mentioned k
values are consistent with other, literature published k values. We used a constant k
value of 1.6´105 m3 kg1 s1 for the forest, bare, and shrub soils, which was obtained
from the report of Otter et al. (1999) for semiarid savannas, and which is in the range
of k values for a wide range of soils (2.6×105 m3 kg1 s1 to 27.7×105 m3 kg1 s1 ;
Rudolph et al., (1996); Bollmann et al., (1999); Godde and Conrad, (2000)). For
calculation of “gross” FNO we used uncorrected JNO data for fitting (see below), the
conversion from the ng kg1 s1 to ng m2 s1 was done using field BD of 010 cm soil
layer (Ramde et al., 1993; Conrad, 1994).
To describe the dependence of FNO on WFPS at a constant reference soil
temperature (Tref = 28°C), we made use of eq. (2.8) to calculate data pairs (FNO,
WFPS) from our observations and fitted them similarly to the Meixner and Yang
(2006) procedure by a mathematical algorithm (OriginLab Corp., MA, USA):

FNO (WFPS , Tref ) = y0Tref +

where b = - 2 ´

ATref
wTref p 2

(WFPS - X cTref ) 2
wTref

2

´ eb

(2.9)

and from which yoTref, ATref, wTref, XcTref, can be

derived.
Similar to Van Dijk and Meixner (2001) and Van Dijk et al. (2002), we assumed
the dependence of FNO on soil temperature to be an exponential relationship (the
general form of temperature dependence for enzymatic processes). To quantify the
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relationships, we utilized our measurements on JNO at two different incubation
temperatures (see section 2.7.2). The response of the NO release to soil temperature
could be directly determined for any given WFPS in terms of Q10, i.e.:

(2.10)

Q10 (WFPS ) = J NO (WFPS , T soil = 28 °C ) J NO (WFPS , T soil = 18 °C )

For the upscaling procedure, we assumed that Q10 for FNO (field) is the same as Q10 for
JNO, (lab) since both are assumed to be driven by the same microbial processes.
Finally, we combined the functional dependence of FNO on soil moisture and soil
temperature (eqs. 2.9 and 2.10) and calculated the field net NO fluxes, FNO (in ng m2 s
1

), according to:

F NO (WFPS , T soil ) = y 0 Tref +

ATref
wTref

p 2

[

´ e b ´ exp 0 .1´ ln Q10 ´ (T soil - T ref

)]

(2.11)

where parameters as above and WFPS is calculated from the field measurements of
VWC and field soil BD (see eq. 2.6), Tsoil is the soil temperature at 6 cm depth,
measured in the field, and Tref is the incubation temperature (28°C; see sections 2.3 and
2.7.2).
In order to upscale the laboratory measurements, we divided the yearly data
set (daily averages) of the field soil water content (5 cm depth) and soil temperature (6
cm depth) measured in three different sections. These correspond to three different
periods characterized by different field temperatures and WFPS dynamics, as well as
by different NO release patterns during the laboratory incubations.
The three time periods that we defined were dryrewetting, wet, and drying.
The dryrewetting period had two subperiods: dry and rewetting periods, which will
be referred to as dry and rewetting, respectively. The first, dry, subperiod (20 July to
10 October), was characterized by a stable WFPS of ~14% and a soil temperature well
above 20°C (20 to 35°C). The second subperiod (rewetting), is the period from the
first rain event with consequent drying of soil to almost dry period WFPS values. This
period lasted from 11 October, when the first rain event took place, to 25 December,
when the second significant rain event occurred (after which soils reached ~66%

24

WFPS). During rewetting, WFPS varied from 14% to a maximum >48% and,
following drying of the soil, down to 26% again. The soil temperature during rewetting
decreased from >20°C to ~15°C. The wet season ranged from December 25, 2005 to
April 17, 2006, during which the WFPS remained quite high, between 40% and 73%.
The mean daily soil temperature was generally 10°C to 15°C, with a minimum of
~7°C. The drying season was taken to be from April 18, 2006 to July 19, 2006,
accordingly to changes in WFPS and soil temperature. During the drying season, the
soil temperature increased to >20°C and WFPS decreased back to the dry subperiod
values of ~14% and remained stable.
We used the seasonally determined JNOvalues derived from the laboratory
incubations of the soil samples from October 2005 (dryrewetting), February 2006
(wet), and May 2006 (drying) and linearly interpolated (weighted linear interpolation)
between the seasons to estimate the transitions between seasons. The soil temperature
measurements from soils at a forest clearing were used for upscaling the bare NO
emissions, and soil temperatures measured under the tree canopy were used for up
scaling forest and shrub NO emission (there were no continuous temperature
measurements in the shrubland). The ambient NO mixing ratios we used for upscaling
were provided by the Israeli Ministry of Environmental Protection and were 2.66±0.67
ppb for the dryrewetting season, 2.42±0.61 ppb for the wet season, and 2.14±0.33 ppb
for the drying season, respectively. Free surface area, si, was corrected for rocks,
stamps, and tree stems (the latter two were insignificant) from 10 random transect
walks during which a onemeter resolution description of the soil cover (i.e., free soil,
rock, stamps and stems) was done. The sampling was performed on four, 1 ha size,
representative plots in the forest and four plots in the shrubland.

2.9 Error estimation (potential NO emission measurements)
We found that autoclaved soils release NO at a rate of 0.05 ng kg1 s1 with a
random deviation of 0.02 ng kg1 s1 at all WFPS. Therefore, we considered a NO
release of 0.10 ng kg1 s1 (release rate of autoclaved soils plus three standard
deviations from the mean release rate, with a confidence interval of 99.7%) as the
experimentally derived detection limit for JNO of our incubation technique.
Furthermore, the error of the NO release rate measurements was determined
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experimentally by incubation of soils in four replicates. The mean standard deviation
of the NO release rate in four replicates was found to be 0.03 ng kg1 s1 for all WFPS,
i.e., lower than the experimentally derived detection limit of JNO as well as the error
that would result from the detection limit of the NO mixing ratio by the
chemoluminescence analyzer used. Based on these observations, we consider ±0.05 ng
kg1 s1 as a conservative estimate of the overall experimental error of JNO.
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Figure 2.1 Correlation between LnQ10/10 and WFPS. The presented results are from
laboratory incubations with all types of soils from studied ecosystems (i.e. forest, shrub, bare).
r2 = 0.42; p<0.0001.

2.10 Litter decomposition assay
Litter decomposition assay are described in detail in Grünzweig et al., (2007).
Briefly, local litter was placed in litter bags for decomposition in the forest and
shrubland sites. Local litter in the forest consisted of needles (C/N ratio = 146.5)
collected in litter traps during the 20042005 season and of roots (C/N ratio = 61.1)
collected from three plots to a depth of 1015 cm at the end of the dry season in 2005.
Local litter in the shrubland consisted of standing leaf litter (C/N ratio = 37.8) and of
roots to a depth of 10  15 cm (C/N ratio = 34.5) collected from three plots, both under
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shrubs and in the intershrub microsites, at the end of the dry season of 2005. Initial
litter dry mass (dm) was 3.0±0.2 g in all litter bags. Litter was placed in the field for
three different time intervals. Litter placed in the field in January 2006 for
decomposition of 4 months during the wet season, and in June 2006 for decomposition
of 4 months during the dry season. Additional sets of litterbags were placed in the field
in June 2006 for decomposition over a 12 month period. Litterbags that were placed in
the field and immediately retrieved served as a control. The net N change in litter (mg
g1 litter; release or uptake of the N to the organic N soil pool) by decomposition was
calculated accordingly to the change in N content post field incubation:

Net N change =

DWini ´ % N ini - DW final ´ % N final
DWini

(2.12)

where: DWini/final is the dry weight of the litter sample in g and %Nini/final is the litter N
content at start and end of incubation, respectively.

2.11 Estimation of the nitrogen balance of the Yatir forest and
shrubland
2.11.1 Nitrogen balance pools and fluxes
In order to calculate aboveground (AG) and belowground (BG) biomass N,
pools and fluxes of N in the two study ecosystems were quantified. We also combined
our dataset of field measurements with previously published data from the same
region. For field measurements we used three to five plots 30×30 m or 1 ha size in the
central part of the forest and in surrounding shrubland. The shrubland plots were sub
divided into two microsites: under shrub canopy (shrub), and inter shrub interval
(intershrub).

2.11.2 Aboveground biomass
AG biomass at the afforested sites was estimated from measurements of stem
diameter at 130 cm and height of all the trees at five 30×30 m plots in the central part
of forest using allometric equations (Grünzweig et al., 2007). AG biomass at the
shrubland sites was obtained from Grünzweig et al., (2007), Kohanes and Sternberg
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(personal communications), Sternberg and Shoshany, (2001) and from the report of
Ariza, (2004).
AG litter layer biomass for both forest and shrubland was taken from Grünzweig
et al., (2003) and Grünzweig et al., (2007). Litter flux in the forest was measured
during years 20012005 by litter traps (25 litter traps of 0.5 m2 size) at five plots inside
the forest (5 traps per plot). For estimation of the shrubland litterfall we used averaged
litterfall dry mass (dm) from the nearby Lehavim LongTerm Ecological Research
station (Thompson et al., 2003; Thompson et al., 2006; 36  422 g litter m2), and the
report of Osem et al., (2004) for the nearby Lahav area (100200 g litter m2). Both
sites (Lahav and Lehavim) situated in S. spinosum dominated shrubland within less
than 10 km from our research site. The sites have similar precipitation, altitude, and
soil properties.
The biomass of annuals in the forest was measured by sampling standing
biomass in the forest plots in the 2001  2002 season. For estimation of the annual
vegetation in the shrubland sites we used Grünzweig and Körner, (2001); Ariza, (2004)
and Osem et al., (2004) reports, (120 g m2). For the annual scale N balance, we
assumed that the annuals’ biomass is fully recycled on a yearly basis.

2.11.3 Belowground biomass
BG biomass of live and dead root pools at the forest site were estimated by core
sampling to 0  20 cm depth (5 plots and 5 replicates per plot) during 2006  2007
season. The root pool (i.e. dm of roots) for the shrubland was obtained from the review
of Jackson et al., (1996), which reports mean value of 0.27 kg m2 for roots dm in semi
arid environments. We combined this estimate with our measured (see below) root N
concentration (1.17% N; mean value from bulk samples collected in the three
shrubland plots), which yielded an estimate of 3.3 g N m2, similar to Bennett et al.,
(2003), for semiarid grassland in Australia (3.5 g N m2).
Root mortality, decomposition, and production for the forest were calculated
similarly to Matamala and Schlesinger, (2000), using the model of Santantonio and
Grace, (1987). For model parameterization we used in situ measurements of wet and
dry season decomposition rates (see below), and biomass of fine roots (dead and live)
over three sampling dates in 2007 (January, March and June). Decomposition
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coefficients (k) used in the model were 0.03±0.01 and 0.07±0.01 month1 for the dry
and wet season, respectively. The calculated roots production rates were used to
estimate below ground net primary productivity (BNPP) at the forest site. Alternative
means of estimating BNPP, such as minirhizotron (Steinaker and Wilson, 2005) or
ingrowth cores (Majdi et al., 2005) were not available to us, but the model could be
partly validated by measured parameters. The model estimate of root decomposition
was 21.5% mortality, which compared well with rates of root litter dm loss in field
incubations (15.6±1.9%). The model calculated N release from decomposed litter
(decomposition rate times root N%) also similar to measured values, 10% vs.
15.5±3.8%, respectively. For the shrubland sites, root litter production was estimated at
140 g m2 based on mean values from Jackson et al., (1996) and Jackson et al., (1997).
Root decomposition rates and N release during decomposition were measured by a
litter decomposition assay (see Chapter 2.11).

2.11.4 Aboveground and belowground growth requirements
AG growth requirements for the forest plots (2001  2004) were calculated based
on litterfall measurements, and biomass (dm) increments for each tree appendage (i.e.
brunches, twigs, cones, leaves, and stem), based on dendrobands and allometric
equations developed specifically for the P. halepensis trees in Yatir forest (see
Grünzweig et al., 2007). For shrubland, AG growth requirements were estimated from
the increase in shrub biomass according to the increase in shrub land cover measured
from aerial photographs of an undisturbed plot near the forest, obtained from Reisman
Berman, (2004) and ReismanBerman et al., (2006), which yielded growth rate of
1.4% y1. Note that growth patterns of S. spinosum are characterized by fast growth
upward during early stated (first ~5 y), and increase is spatial cover afterwards (up to
17  20 y; Litav and Orshan, 1971; Seligman and Henkin, 2003), indicating strong
correlation between the land cover change and growth in the mature shrubland. In both
ecosystem types, the N loss in leaf litterfall was assumed to be replaced on annual
scale, and the amount of N loss in the litter was added into the estimated requirements.
For estimation of BG growth requirements in the forest site, we estimated fine
root production based on the model of Santantonio and Grace, (1987), using measured
decomposition rates (see 2.10) and live and dead root pools (see 2.11.3). At the
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shrubland site, we assumed that all N loss by root litter production need to be replaced
in addition to N required for the growth. BG biomass production was assumed to be
similar to that of AG, i.e. 1.4% annually.

2.11.5 Soil pools and fluxes
The mineral soil inorganic N pool was measured by mineral soil sampling (50
mm core diameter, BenMedows Corp) to a depth of 20 cm at three plots (5 replicates
per plot) during October 2005 at the forest and at the shrubland plots (for the shrubland
plots the two microsites, shrub and bare, were sampled and the results were weighted
by relative soil cover (see below). Total soil N pools for both ecosystems (0  20 cm,
assumed to be mostly organic) were obtained from Grünzweig et al., (2007). Net N
mineralization rates in soil and N deposition into the ecosystems were measured in situ
(see Chapter 4), the wet N deposition to the ecosystems was corrected based on the
amount of rainfall.
Biological Nitrogen Fixation (BNF) was estimated based by measurement of the
biological soil crust (BSC) ground cover in five 1 ha plots, each, in the forest and
shrubland sites. Within these plots 4 diagonal transects were marked and a BSC area
was quantified (±2 cm2) in three 0.1×0.1 m randomly selected sections within 0.4×0.4
m frames that were placed on free soil cover along the diagonals at ~1 m intervals. A
total of 120150 samples per plot were quantified and averaged for BSC cover.
The BSC cover was corrected for rock and stumps based on (Gelfand et al.,
submitted; 86±5% and 56±2% free surface in forest and shrubland, respectively) and
yielded estimates of 26.7±2.3% and 44.7±2.7% cover in the forest and shrubland
ecosystems. A range of N fixation rates by BSC was then estimated by applying the
rates measured at the same region by Zaady et al., (1998; ~18 kg ha1 y1 using the
acetylene method) and Russow et al., (2005; ~11 kg ha1 y1 using
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N at the natural

abundance level).
Gaseous emissions were estimated from extrapolations of laboratory results for
nitric oxide emission (Chapter 5) and measurements of ammonia volatilization in the
field. The nitrous oxide emission was assumed to be 5% of that of the nitric oxide
(Conrad, 2002). Ammonia volatilization was measured by incubation of aliquot
trapping solution (2% sulfuric acid (H2SO4) in deonized water) in the field. The acid
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traps were placed in covered soil chambers (about 100 l volume, 0.6 m diameter) for
about 8 h at four occasions during the wet and dry seasons of 2003  2004 at the forest
site and assumed to be similar between the sites due to similar soil pH (Grünzweig et
al., 2007; Chapter 4).

2.11.6 Nitrogen Use Efficiency calculation
The Nitrogen Use Efficiency (NUE) for above and below ground components of
the ecosystems was calculated separately accordingly to the definitions of Berendse
and Aerts, (1987) and Vitousek, (1982). The definition of Berendse and Aerts, (1987)
expresses NUE (kg dw kg1 N) as:

NUE = A ´

1
Ln

(2.13)

where: A is N productivity term expressed as rate of below or above ground net
primary productivity per unit of N in the above or below ground parts of the plants (kg
dw kg1 N y1):

A=

NPP
N biomass

(2.14)

Ln is N requirement for maintenance per unit of biomass; Ln is calculated as litterfall
N per unit of N in the above or below ground plant biomass (kg N kg1 N y1):

Ln =

N litter
N biomass

(2.15)

Aboveground net primary productivity (ANPP) for the forest was taken from (Maseyk
et al., submitted) and for shrubland (shrubs only) calculated as shrub biomass
multiplied by the growth rate plus litter replacement. The below ground productivity
(BNPP) for the forest was taken to be production rate of fine roots (see above), and for
shrubland this was calculated as root biomass multiplied by the growth rate, plus litter
replacement (similar to estimates of the N requirements, see above).
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The second method for estimating NUE based on Vitousek, (1982) expresses
NUE (kg dw kg1 N litter) as:

NUE =

dwlitter
N litter

(2.16)

where: dwlitter is litter dry weight (kg) and Nlitter is N concentration in litter (kg N kg1).
Vitousek, (1982) showed that NUE calculated from this definition decreased with
increasing nitrogen availability and therefore reflects ecosystem N limitation, which is
widely used in ecological research (Moro et al., 1996; Fassnacht and Gower, 1999).
In order to estimate N availability from the trees internal pools were calculated,
as N reallocation from leaves prior to defoliation for the forest site by:

N reallocation = (% N leaf ´ M litter ) - (% N litter ´ M litter )

(2.17)

where: %Nleaf and %Nlitter are mean %N in litter and green leaves for years 20012005,
and Mlitter is mean leaves litter mass for the same years.

2.12 Data processing and statistical analysis
All results on the N balance given in kg N ha1 or kg N ha1 y1. The results were
upscaled according to soil cover, plant density, and soil properties. Statistical analysis
of the results, regression analysis, student ttests, and OneWay ANOVAs were
obtained using the built in statistical functions of Origin 7.5, graphing and analysis
software (OriginLab Corp., MA, USA).
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Chapter 3

3

Nitrogen balance of the Yatir forest and the
surrounding shrubland

3.1 Results
We present the measured and estimated components of the biogeochemical N
cycle in the semiarid Yatir forest and the surrounding shrubland ecosystems. The key
components of the N balance in the semiarid afforestation and surrounding shrubland
are presented in Table 3.1. The major pools and fluxes are diagrammatically
summarized in Figure 3.1 (a, b). Below we present the individual components.

3.1.1 Input
Overall N input by deposition was significantly higher in the forest than in the
shrubland, but with high interannual variability. Annual values in the forest were
6.7±1.1 and 12.4±3.1 kg ha1 for the 2004  2005 and 2005  2006 years, whereas the N
input by deposition into the shrubland was 5.0±0.7 and 4.1±1.2 kg ha1 for the same
years. The bulk deposition (i.e., wet and dry deposition during the wet season) was
significantly higher to the forest than to the shrubland, whereas the dry deposition
(mostly dust during the dry season) did not differ significantly (Chapter 4). Inputs from
BNF, whose estimate was based on the measured areas of biocrust in the two
ecosystems and the literature values (see Chapter 2), indicated higher input to the
shrubland than to the forested area: 3.1  5.6 and 7.9  14.4 kg ha1 y1 for the forest and
shrubland, respectively (Fig. 3.1).

3.1.2 Output
Nitrogen outputs may be due mostly to loss by volatilization and through
dissolution and water loss to runoff and recharge. The only significant N loss in our
ecosystems was estimated to be through runoff in the shrubland. Runoff in this
ecosystem is about 3.2% (2001  2007 average; Laronne et al., 2007) of the annual
precipitation (224 mm and 373.5 mm for 2005 and 2006, respectively). The loss
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associated with this runoff is due to dissolved inorganic N (DIN) in rainwater and
possible leaching from the soil. The DIN concentration in rainwater was measured,
whereas the leaching was estimated based on literature values (Zaady, 2005), leading
to an estimated total loss of between 0.1 and 1.5 kg ha1 y1. Runoff in the forest was
virtually zero (Laronne et al., 2007). Recharge to ground water in our region was
recently estimated to be negligible (Shachanovich et al., 2007).
The NO emissions were estimated to be 0.2 and 0.24 kg ha1 y1 for forest and
shrubland sites, respectively (Gelfand et al., submitted; Fig. 3.1). This indicates 16.7%
lower NO emission in the forest than in the shrubland. The NH4+ volatilization rates,
measured in the forest area and estimated in the shrubland area, were based on the
literature values (Zaady, 2005). N2O emission was estimated as 5% (Conrad, 2002) of
the NO emission estimates. Both the NH4+ and N2O emissions were considered
negligible in our environment and were ignored in ecosystem budget calculations.

3.1.3 Main pools
The largest store of N was in the soil organic matter (0  20 cm layer) in both
ecosystems: 1800±619 and 2075±648.5 kg ha1 for shrubland and forest, respectively,
which was not significantly different (p = 0.11). The N storage in the plant tissues
(above and below ground) was significantly larger in the forest (p = 0.05) and was
131.5±28.0 kg ha1 compared with 57.4±3.3 kg ha1 in the shrubland. The litter layer in
the forest accumulated 25.4±4 kg ha1 of N, 64.6% more than litter layer in the
shrubland, which accumulated only 9.0±3.0 kg ha1 of N. Our estimates of the dead
fine roots N pool indicated similar values, 16.8±0.9 and 16.4 kg ha1 for forest and
shrubland, respectively. The inorganic N pool in the mineral soil at the end of the dry
season was larger in the forest than in the shrubland, 4.9  5.1 kg ha1, and 1.7  4.1 kg
ha1, respectively (2005  2006; Fig. 3.1).

3.1.4 Main fluxes
The leaf litterfall in the afforestation contained less N than the litterfall in the
shrubland, with 9.0±0.2 and 11.9 kg for the two ecosystems, respectively. The dry
weight of the litterfall biomass was greater in the forest than in the shrubland,
1878.8±36.4, and ~1000 kg ha1 y1, respectively (measured for forest and estimated for
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shrubland, see 2.11.2). The lower N concentration in the pine litter and the higher total
N concentration in the pine aboveground biomass was reflected in the slower turnover
rate of N in the forest (Table 3.1). The N flux to the dead roots pool, calculated as root
mortality (based on Santantonio and Grace, (1987)) was slightly lower in forest,
14.6±2.1 vs. 16.4 kg ha1 y1 for forest and shrubland, respectively (Fig. 3.1). The
decomposition rate of the leaf litter in the forest, expressed as dm loss, was slower, on
average, than the rate of decomposition in the shrubland, but these differences were not
significant (Fig. 3.2). The root decomposition rate, expressed as dm loss, was
significantly lower in the forest than in the shrubland (Fig. 3.2).
During the in situ annual litter decomposition incubation measurements, pine
leaf litter exhibited an increase in N concentration of 0.45±0.07 mg g1, whereas the
litter incubated in shrubland exhibited a net decrease in N concentration of 5.00±0.34
mg g1. The roots litter exhibited a net N concentration decrease of 1.06±0.13 and
4.20±0.52 mg g1 in the forest and the shrubland, respectively (Fig. 3.3). Overall, the
annual decomposition added 2.5±0.4 and 10.9±2.1 kg ha1 y1 to the total soil N pool in
the forest and in the shrubland, respectively (Fig. 3.1). The average net N
mineralization rate in shrubland was higher than that in the forest: 16.4±9.1 and
30.8±16.5 kg ha1 y1, respectively, but these differences were not significant (Fig. 3.4;
p = 0.13),
The N growth requirements for the P. halepensis trees were calculated (AG and
BG combined) to be 42.2±14.2 kg ha1 y1, which was not significantly different from
the estimated N requirements of S. spinosum of 28.8 kg ha1 y1.
N contained in the biomass of annual plants was assumed to be fully recycled on
an annual basis. Growth of annuals was slightly reduced in the afforestation system
with recycling of 12.1±3.7 and 18.2±1.8 kg N ha1 y1 for forest and shrubland sites,
respectively (Fig. 3.1).

3.1.5 Nitrogen Use Efficiency
The nitrogen use efficiency was higher in the forest than in shrubland, for both
AG and BG plant components (Table 3.2). This was the case when NUE was
calculated either according to Vitousek, (1982), which yielded 208.8±6.6 vs. 84.0 kg
dw kg1 N (for AG efficiency) or according to Berendse and Aerts (1987), which
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indicated 430.1 vs. 87.7 kg dw kg1 N, for AG biomass and 329.0 vs. 87.6 kg dw kg1
N, for BG biomass in the forest and shrubland, respectively. The high NUE in the
forest also reflected longer N MRT in the pine trees, in comparison with the shrubs
(8.4 vs. 2.1 y1 for AG and 3.9 vs. 2.0 y1 for BG). The N productivity of the pine trees
was also higher than that of the shrubland (48.4 vs. 41.8 for AG and 85.5 vs. 43.8 for
BG in the forest and shrubland, respectively; Table 3.2). NPP in the forest and
shrubland was estimated to be 3653.0 vs. 1024.0 for AG and 4785.7 vs. 1437.8 for BG
in the forest and shrubland, respectively (Table 3.2).

3.2 Discussion
A large increase in carbon storage, associated with afforestation of semiarid
shrubland, was not associated with a significant change in the soil N stock (Grünzweig
et al., 2003; Grünzweig et al., 2007). This raised questions regarding the factors that
often control the carbon cycling in the terrestrial biomes, such as water and N
availability. Results of a twoyear irrigation experiment conducted in the Yatir forest
indicated a further large increase (~34%) in final needle length (Maseyk, 2006). Thus,
adding water during the dry summer significantly increased biomass production,
indicating no obvious N limitation. This further suggested an increase in NUE that
partly motivated the present study. However, because of the natural N content of the
irrigation water, this treatment could introduce significant amounts of N (3 mg N l1
translating to ~20 kg ha1 y1). Since this is approximately two times larger than the
annual N deposition into the ecosystem, it precludes clear conclusions regarding the
predominance of water or the N limitation on biomass production in the afforestation
system. In the present work, we show that there was no significant additional N
deposition or any other external N sources to the forest. However, there were clear
adjustments in the ecosystem N cycle associated with changes in litter quality, the rates
of decomposition and mineralization, NUE, N turnover, and N residence time. These
changes clearly help explain the large biomass increase (and carbon sequestration)
associated with afforestation of semiarid shrubland.
The N requirements of the P. halepensis trees were calculated to be greater than
the requirements of the S. spinosum shrub (Table 3.1). The greater N requirements of
the P. halepensis were reflected in a nearly balanced N budget for the ecosystem, in
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contrast to the clearly positive net N balance in the shrubland (Table 3.1). A negative
N balance for forests is not uncommon (Chestnut et al., 1999, and references therein),
but the imbalance in the input/output fluxes is within the uncertainties of the present
study: It may arise from reallocation of N from the leaves before defoliation (46.5%
of the average leaf N in green leaves or 8.0±0.2 kg ha1 y1), which could explain the
difference between forest N requirements for growth and N available (3.3 to 5.0 kg ha
1

y1; Table 3.1). Significant N reallocation from senescing leaves is consistent with

the low litter quality in our system. Additionally, throughfall N and gaseous N uptake
by the leaves can contribute as much as ~4 kg ha1 y1 (Moro et al., 1996) but this was
not estimated here. Our estimation of BNF could result in underestimating this
component, since it was based on the soil cover measurements combined with rates
from other studies. Finally, using net N mineralization rather than gross N
mineralization rates (Davidson et al., 1991; Knops et al., 2002) may also result in
underestimation of available N from the mineralization process.
The N stored in the plant tissues (AG and BG) was significantly larger in the
forest than in the shrubland (131.5±28.0, and 57.4±3.3 kg ha1 for the forest and
shrubland, respectively). However, the N loss by litterfall was smaller (23.6±3.9 and
28.3 kg ha1) in the forest than in the shrubland, respectively (Fig. 3.1). Together with
increased carbon and N productivity and a significantly larger C/N ratio in the forest
(Grünzweig et al., 2007), these changes result in an almost fivefold higher
aboveground NUE in the forest than in the shrubland (406.4 vs. 87.8 kg dw kg1 N,
Table 3.2). This was associated with a fourfold increase in N MRT in the forest AG
biomass, and more than a 1.5fold increase for BG biomass (Table 3.2). These changes
in the NUE and N MRT and N productivity are probably key elements in explaining
the large increase in the aboveground organic C stock, >25fold, over the 35 years
afforestation (Grünzweig et al., 2007). The NUE of the forest and surrounding
shrubland, calculated as the ratio between the dm loss in litterfall and the N returned to
the soil by litterfall (Vitousek, 1982), was in the range of NUE values reported for
other Mediterranean and temperate areas of the globe (Moro et al., 1996; Fassnacht
and Gower, 1999).
Belowground NUE is not often calculated due to methodological difficulties in
measuring belowground processes, but here we show that its values were also higher in
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the forest than in the shrubland (329.0 vs. 87.6 kg dw kg1 N; Table 3.2). This is
consistent with the higher BG N productivity in the forest stand, 85.5 vs. 43.8 kg dw
kg1 N y1 in the shrubland, and the high belowground NUE and longer N MRT in this
ecosystem (Table 3.2).
Comparison of specific N fluxes in the two studied ecosystems demonstrates the
consequences of afforestation on the ecosystem N balance. The bulk deposition
increased in the forest by 1.8 kg ha1 y1 on average (probably mainly owing to leaf dust
collection and its washout), which was associated with decreased runoff and gaseous
emissions (Fig. 3.1). The reduction in N loss in runoff is mainly due to increased tree
cover combined with the presence of understory annuals during the rainy period.
Despite the fact that local runoff is possible in the Yatir forest, the runoff at our
research site was found to be undetectable (Shachanovich et al., 2007). In the
surrounding shrubland the runoff/precipitation ratio was found to be on average 3.2%
(but much higher during high intensity rain events; Laronne et al., 2007).
In contrast with the decrease in the N output through runoff, we estimated that
the afforestation also resulted in reduction of N input through BNF (Fig. 3.1). This
might be attributed to the inherently slow recovery rate of the soil biological crust after
disturbance by the afforestation process (Evans and Belnap, 1999), or to slow recovery
due to the allelopathy effect of pine leaf litter (Paavolainen, 1999). The combined
effects of reduced N loss (runoff), reduced N input (biocrust), and a small N increase
in bulk deposition help explain the overall nearly equal N inputs to both ecosystems
(Table 3.1).
In contrast to the lack of significant changes in the net N balance of the two
ecosystems, there were other internal changes that help support the increased
productivity of the forest, in particular, changes associated with the wet, productive
season. For example, the additional N input by the bulk deposition, although not
significantly influencing the annual budget, was associated with rainfall in the
productive season, the additional soil inorganic N pool at the beginning of the wet
season (Fig. 3.1), better synchronization between plants' N demand and N availability
(Chapter 4), and reallocation of N from senescing leaves (Maseyk, 2006; this study).
In addition, the forest was relatively “conservative” in its N cycling. For
example, litter decomposition, N release from the litter, and mineralization were

38

slower in the forest, similar to other evergreen forests (Waring and Schlesinger, 1985).
N immobilization into the litter, observed during the first stages of decomposition in
the forest (Fig. 3.2; Fig. 3.3), is also a common phenomenon in pine forests (Garcia
Pausas et al., 2004; Berg and Laskowski, 2005b). The slower decomposition rates of
the litter may be associated with the lower litter quality, which had a much higher C/N
ratio (Torres et al., 2005).
Despite slower decomposition rates of forest litter, the N flux to the litter pool
should be balanced by N flux from the litter to the soil pool, unless there is a
continuous increase in litter pool. The latter is unlikely, under (quasi) steadystate
assumption (Brumme and Khanna, 2008). Moreover, earlier studies on the Yatir forest
indicated that there was no development of the litter layer (Grünzweig et al., 2003;
Grünzweig et al., 2007). Such assumptions allow estimating the previous year's
decomposition or mycorrhizal N additions to the organic N soil pool, which were 22.2
and 17.4 kg ha1 y1 for the forest and shrubland, respectively.
In addition to slower decomposition rates, the forest soils exhibited reduced net
N mineralization rates, which possibly account for the increase in Norg pool in the
SOM of the forest (Fig. 3.1). The differences between total N pools and the N
mineralization rates of the shrubland and forest ecosystems were not statistically
significant (p = 0.11 for the soil total N pools Fig. 3.1; p = 0.13 for net N
mineralization). The slower net N mineralization in the forest was in the range of
published rates (Davidson et al., 1991; Gallardo and Merino, 1998; Bustamante et al.,
2006; Singh and Kashyap, 2006). These changes in the internal N cycling represent the
tighter and slower N cycling in the forest in comparison with the shrubland.
In summary, the increase in the NUE, together with increased focusing of
available N during the active season, as well as possible synchronization between N
availability and N demand for photosynthetic activity help explain the relatively large
increase in biomass and carbon sequestration associated with pine afforestaiton in this
semiarid forest.
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Table 3.1 Main compartments related to the N balance of the Yatir forest and shrubland
ecosystems. The net external N balance is calculated as the difference between external input
N litter
and output from the ecosystem. Turnover rate, Ln, was calculated as Ln =
(kg N kg1
N biomass
1
N y ). Requirements estimated as the sum of aboveground and belowground compartments of
N demand for growth. Net N balance was calculated as the sum of all annually available N
(external balance + soil inorganic N + N mineralization + N relocation  growth requirements).

Total Input (kg N ha1 y1)
Total Output (kg N ha1 y1)*
Net external balance
Soil Inorganic N (kg N ha1)**
N mineralized from soil organic N (kg N ha1 y1)
Requirements (kg N ha1y1)***
N relocation (kg ha1 y1)
Net N balance
Turnover rate (Ln) (y1)****

Yatir forest

Shrubland

9.8  18.0
0.2
9.6  17.8
4.9  5.0
16.4 (9.1)
42.2 (14.2)
8.0 (0.2)
3.3  5.0
0.12 / 0.26

12.0  19.4
0.3  1.7
11.7  17.7
1.7  4.1
30.8 (16.5)
28.8

15.4  23.8
0.48 / 0.50

Each value is the mean (±SE), when available.
* Growth requirements are not included; ** Inorganic N pool at the end of the dry season with
a 020 cm soil layer; *** Aboveground + Belowground; **** Aboveground / Belowground
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Table 3.2 Nitrogen use efficiency (NUE) components in the Yatir forest and shrubland. The
NUE (kg dw kg1 N) was calculated according to (I) Berendse and Aerts, (1987) and (II)
Vitousek, (1982). NPP = net primary productivity (kg dw ha1 y1); A = N productivity (kg dw
kg1 N y1); mean residence time of N in the ecosystem (MRT) = 1/Ln (y).

Yatir forest

NPP (kg dw ha1 y1)
A (kg dw kg1 N y1)
MRT (y)
NUE (I) (kg dw kg1N)
NUE (II) (kg dw kg1N)

Shrubland

Aboveground

Belowground

Aboveground

Belowground

3653
48.4
406.4
430.1
208.8±6.6

4785.7
85.5
3.9
329.0


1027
41.8
2.1
87.8
84.0

1437.8
43.8
2.0
87.6
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Table 3.3 Dry (total N) and Bulk (inorganic N) deposition (kg N ha1 y1) in the Yatir forest
and surrounding shrubland. Significant differences between values are shown by letters
(p<0.05); Values are means ±SE (n = 3)

Dry deposition

20042005
20052006
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Bulk deposition

Forest

Shrubland

Forest

Shrubland

0.8±0.4a
0.7±0.3a

0.9±0.3a
1.3±0.8a

6.7±1.1a
12.4±3.3c

5.0±0.7b
4.1±1.2d

a
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b
Figure 3.1 The nitrogen balance of the Yatir afforestation (a, p. 42), and surrounding shrubland (b, p. 43). Standard error values are given in
parentheses when suitable; numbers without errors are calculated or estimated based on literature reports.
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Forest
Shrubland

Litter mass loss (% initial dm)
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c

a
a
20

b

10

0

Leaves/Surface

Roots/Soil

Litter type/location

Figure 3.2 Mass loss of local litter at forest and shrubland sites during the annual incubation.
The letters indicate the significant differences between treatments (p<0.05). Values are
mean ±SE, n = 45 plots.
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Forest
Shrubland

1

Nitrogen release by litter (mg g )
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5

0

Leaves/Surface

Roots/Soil

Litter type/Location

Figure 3.3 Change in nitrogen concentration of litter at the forest and shrubland sites during
annual incubation. Values are mean ±SE, n = 45 plots (2  5 samples per plot, bulked)
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1
1
Net Mineralization in situ (kg N ha year )
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Net Mineralization
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20
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0

Forest

Shrubland

Figure 3.4 Net Nmineralization in situ (kg N ha1 year1) during the 2004  2005 season at
forest and shrubland sites. Mean ±SE, n = 3 plots.
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Chapter 4

4

Nitrite accumulation in association with seasonal
patterns and mineralization of soil nitrogen in a
semiarid pine forest

4.1 Results
4.1.1 Nitrogen deposition
Dry deposition N input to the ecosystems did not differ significantly between
afforested sites and shrubland sites during both seasons (2004  2005 and 2005  2006).
In contrast, bulk deposition was significantly different during both seasons (Table 3.1).
Testing for possible additional nitrite originating from rainfall indicated that this source
was insignificant (Table 4.1). Although there was a clear increase in nitrite
concentrations in the mineral soil, this could not be explained by the bulk deposition.

4.1.2 Seasonal changes of inorganic N concentration in the mineral
soil
The 010 cm mineral soil layer of afforested plots displayed seasonal variation in
inorganic N (Fig. 4.1a). The NNH4+ concentration varied from 0.3±0.2 µg N g1 sdw
during the wet season (FebruaryMay) up to 3.1±0.4 µg N g1 sdw at the end of the dry
season (MayOctober). NNO2 concentration showed little variation and the average
values were from below the detection limit, up to 0.3±0.0 µg N g1sdw over the dry
season. However, after rain and an increase in soil water content, nitrite concentration in
the soil increased up to 1.7±0.9 µg N g1 sdw, whereas ammonium concentration
decreased. NNO3 levels were low, ranging from below the detection limit during the
dry season up to 0.8±0.3 µg N g1 sdw during the wet season. At the shrubland plots, N
NH4+ concentrations were similar to those in the afforested plots, but the increase in N
NO2 concentrations was much less pronounced (up to 1.1±0.5 µg N g1sdw), and the N
NO3 concentrations increased up to values as high as 4.2 µg N g1sdw (Fig. 4.1 b, c).
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4.1.3 Mineralization in situ
Mineralization in situ exhibited a seasonal pattern in all plots, with significant
differences in rates between seasons and sites (Fig. 4.2). Mineralization rates were low
in the dry period (June  October); inorganic nitrogen removal from cores
(immobilization by soil microbes) was observed in the rewetting period (October 
December), and mineralization rates were high in the wet period (December  May; Fig.
4.2). Considering the differences among sites, note that although we separated the wet
season into two subperiods, the general patterns displayed similarity in mineralization
rates between the forest, and bare soils, but the rates in the shrub subplots were higher.
Low activity with no differences among sites was observed in the dry season, and
significantly different intensities of reactivation (reflected in immobilization) were
observed in the rewetting period (Fig. 4.2).

4.1.4 Laboratory incubations
In slurry incubations, nitrite started to accumulate in the initial hours of the
incubation and continued to accumulate with relatively constant accumulation rates until
the end of the experiments. Nitrite accumulation rates were 0.10, 0.07, and 0.13 µg N g
1

sdw h1 in October, December, and February, respectively (Fig. 4.3). During October

the incubations of soils from the shrubland showed a similar trend, with different nitrite
accumulation rates: 0.01 and 0.11 µg N g1 sdw h1 for soils from the shrub canopy
microsite and 0.02 and 0.05 µg N g1 sdw h1 for soils from the bare microsite, in
October and February, respectively (Fig. 4.4).
Ammonia oxidation started immediately upon incubation and the rates were
similar in incubations of soil samples from different months; they were 0.08, 0.10, and
0.10 µg N g1 sdw h1 for October, December, and February, respectively. The
incubations with shrubland soils showed similar trends and rates; incubations with soils
from the shrub microsites had ammonia oxidation rates of 0.18 and 0.17 µg N g1 sdw h
1

and those from the bare microsites 0.15 and 0.07 µg N g1 sdw h1 for October and

February, respectively (Fig. 4.4).
In contrast to nitrite, soil slurries from the forest from the end of the dry season
(October) exhibited nitrate accumulation with a delay of about ~50 hours from the
beginning of the incubation (Fig. 4.3a). Soils from the shrubland exhibited low
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accumulation rates of 0.05 and 0.07 µg N g1 sdw h1 for soils from the shrub canopy and
bare microsites, respectively (Fig. 4.4a, c). After the onset of nitrate accumulation, the
accumulation rate in incubations with dryperiodsoil (October) was 0.36 µg N g1 sdw
h1 for forest soils, 0.47 µg N g1 sdw h1 for soils from shrub canopy microsites, and
0.52 µg N g1 sdw h1 for soils from the bare microsites (Fig. 4.3a; Fig. 4.4a, c).
Incubations of soil from forest sampled at the rewetting period (December) displayed
two different rates of nitrate accumulation: during the first ~40 hours, the nitrate
accumulation rate was 0.07 µg N g1 sdw h1 and was equal to the rates of nitrite
accumulation. However, after ~50 hours, nitrate accumulation rates increased to 0.39 µg
N g1 sdw h1 and were close to rates observed in incubations with wetperiodsoil
(February; Figure 4.3b).
In contrast to dryperiodsoils, in the wetperiodsoil (February) nitrate started to
accumulate immediately in experiments with all soil types, with rates of 0.30, 0.48, and
0.33 µg N g1 sdw h1 for forest, shrub, and bare microsite soils, respectively (Fig. 5.3c;
Fig. 4.4b, d). The rates of nitrate accumulation in these samples were higher than those
of nitrite during the entire incubation (Fig. 4.3c; Fig. 4.4b, d). In incubations without
soil (with medium only) or with sterile soil, neither nitrite nor nitrate accumulation or
ammonia oxidation was detected (Fig. 4.4e, f).

4.2 Discussion
Nitrogen availability is a key factor in ecosystem productivity and it is generally
accepted that terrestrial ecosystems are often nitrogen limited (Vitousek and Howarth,
1991). We studied aspects of the nitrogen cycle that may have consequences for plant
nitrogen availability in a semiarid afforestation ecosystem. Specifically, we studied
seasonal patterns of atmospheric N deposition, inorganic N concentration changes in the
mineral soil, and mineralization rates in soils from the Yatir afforestation area and the
surrounding shrubland for over two years. We conducted laboratory incubations of soil
from the different seasons and we discuss mechanisms of nitrite accumulation in the
mineral soil (0  10 cm depth).
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4.2.1 Nitrogen deposition
Nitrogen input by dry deposition was similar in the afforested and shrubland
plots, although the bulk deposition showed larger N input in the forested plots (Table
4.1). We attribute these differences to the additional N that originated from the dust
washed from the branches of trees by rain. Calculated on a yearly basis, N deposition in
the afforested plots increased by a small, but significant amount (1.8 kg N ha1 y1 ; based
on measured wet deposition between May 2004  February 2006) compared with the
shrubland. Considering that afforestation of the shrubland resulted in almost a threefold
increase in the standing biomass over about 40 years (Grünzweig et al., 2003), the lack
of a pronounced increase in N input in the afforestation ecosystem raises questions
about the N dynamics in the soil profile.

4.2.2 Seasonal N pattern
The seasonal pattern of inorganic nitrogen concentration in the soil followed that
of water availability and plant activities. The dry season (June  October) showed very
low activity of the afforestation ecosystem (low NEE; Fig. 4.1), including low
mineralization rates in the soils (Fig. 4.2), associated with increased ammonium
concentration. We generally assume that this low activity is dictated by the low soil
water content during the dry season. Relatively high ammonium concentrations (up to
3.1±0.4 µg N g1 sdw) at the end of dry season were consistent with relatively low in
situ mineralization rate measurements (0.06±0.02 µg N g1 sdw week1) during the dry
season, and dry deposition measurements. The mineralization process during the dry
season may occur as a result of the higher water content of the soil during early morning
hours, which was previously observed in our system (unpublished results; Fig. 4.2).
Additionally, the mineralization process is known to be less affected by drought than by
other microbialdriven soil processes (Reynolds et al., 1999; Smolander et al., 2005).
After the first rains, the decreased ammonium concentrations were associated
with increased nitrite concentrations, but there was only a small increase in nitrate
concentration in the forest soils (Fig. 4.1a). Estimation of newly added inorganic
nitrogen by deposition associated with rain events could account for the small increase
of nitrate concentrations, but could not explain the increase in nitrite concentrations
(Table 4.2).
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Decreased ammonium concentrations in the soil after soil rewetting most likely
represented NH4+ oxidation and uptake by microorganisms, and possibly by plants. The
net immobilization of nitrogen in the first months of the wet season (Fig. 4.2) must
reflect reactivation of soil microorganisms after rewetting (Fierer and Schimel, 2002;
Fierer et al., 2003).
Ecosystem activity (reflected in NEE, see Fig. 4.1) in the Yatir afforestation
reaches a peak between February and April, and at this time inorganic N concentration
in the soil reached its annual minimum (Fig. 4.1a). This is expected, as discussed, for
example by (Binkley and Hart, 1989), since high plant demands normally reduce the
soil N pool. Similarly, increased concentrations of inorganic N in the soil during the dry
season are also influenced by low demands by the vegetation. The transition from one
state to another and the associated dynamics in N concentrations depends on microbial
activities and the rate of conversion to N forms available for plant uptake, i.e., the rate
of mineralization (Fig. 4.2).
The relatively high ecosystem productivity in the Yatir afforestation system (2  3
tC ha1 y1 ; (Grünzweig et al., 2003; and see www.carboeurope.org), combined with
almost unchanged N input by atmospheric deposition, and more than doubling of the
plant C/N ratio in going from the background shrubland to the pine forest (see section
2.10), imply increased nitrogen use efficiency (NUE) of the afforestation (see Berendse
and Aerts, (1987)). The implied increase in NUE most likely required some ecosystem
adjustments related to soil N. We hypothesize that the peak in N concentration at the
start of the wet season, together with the apparent delay in nitrate production, may
provide better synchronization between N availability and the seasonal cycle in plant
carbon assimilation (reflected in NEE) that peaks toward the end of the wet season. This
can play a significant role in the relatively high productivity of this afforestation system
(Grünzweig et al., 2003).
Overall, interannual variability in the patterns of changes in net ecosystem CO2
exchange (NEE) seems to be influenced by the interannual variations in the seasonal
patterns of precipitation, and in particular, the timing and intensity of the first rain
events (Fig. 4.1). The interannual variability in concentrations of inorganic N in soils
was also high, especially for nitrite, between the 2004  2005 and 2005  2006 annual
cycles (Fig. 4.1b, c). Here too, we related this interannual variability to the different
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precipitation patterns in the two annual cycles. Whereas in the first cycle, the wet season
started with a significant rain event, the second annual cycle started with a small and
sporadic rain event. This resulted in gradual rewetting of the 0  10 cm layer, and most
likely allowed better adaptation of the two types of microbial populations and, in turn,
resulted in a less pronounced seasonal nitrite peak (Fig. 4.1 upper panel).

4.2.3 Nitrite accumulation in the mineral soil layer
In soils subjected to drought lasting up to 8 months under high temperatures (up
to 62°C in surface soil, temperature measured at 2 cm depth), we can assume that most
bacteria in the upper soil layer were inactive during the dry period. We hypothesize that
since AOB populations are more tolerant to drought and to high temperatures than NOB
populations, and since there is a faster recovery rate of AOB during rewetting, these
factors determined the actual rates of ammonium and nitrite oxidations in such a
ecosystem. Recently, Avrahami and Bohannan, (2007) found high potential nitrification
activity under high temperatures (30°C) whereas the abundance of the ammonia
oxidizing bacteria was very low. A possible explanation for such high activity is that
AOB adapted to the stress conditions where the relatively low competitiveness of the
ammonia oxidizing microorganisms is overcome by the fast initiation of activity.
Decreasing the lag time may provide an advantage in nutrientsuse efficiency compared
to other soil microorganisms.
Tappe et al., (1999) found in recovery experiments with N. europaea (AOB) and
N. winogradskyi (NOB) that the former was able to use ammonium immediately,
whereas the latter needed up to a threefold longer period before it could start using
nitrite. These findings, together with the finding that N. europaea competes better for
limiting amounts of oxygen than N. winogradskyi (Laanbroek and Gerards, 1993),
support our interpretation of the annual nitrite accumulation observed in the semiarid
ecosystem. Nejidat, (2005) recently found nitrite concentrations of up to 1918 µg g1 of
NO2 in soil samples from the Negev desert (under Tamarix trees), providing evidence
for the occurrence of nitrite accumulation under natural field conditions in an arid
ecosystem. In incubations of nitrifier microorganisms enrichment from those samples,
high nitrite accumulation after a few days of incubation was observed, followed by
subsequent oxidation of nitrite to nitrate. Nejidat, (2005) associated the accumulation of
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nitrite during incubations of enriched soil with inhibition of NOB owing to high salt
concentrations.
The in situ net N mineralization rates showed similar patterns of seasonal
behavior in the different ecosystem types (i.e., afforestation and shrubland), although
with differing magnitudes (Fig. 4.2). We assume that other microbialdriven processes
of the N cycle (besides mineralization) may also have the same seasonal patterns and
that the seasonal behavior of the soil microbial activity did not change by tree planting.

4.2.4 Nitrite accumulation in lab experiments
Nitrite accumulation in laboratory incubations and in the field can be explained
by differences in rates between the first and the second steps of the nitrification process:
k

k

1
2
NH 4 + ¾¾®
NO2 - ¾¾®
¾
NO3 -

4.1

where k1 is the rate of ammonia oxidation and k2 is the rate of nitrite oxidation during
nitrification, and NO2 accumulation can be, as observed here, interpreted as k1>k2. This
interpretation assumes that in short laboratory incubations, under optimized conditions,
the microbial activity reflect the physiological state and maximized activity of these
microbes in situ, in the environment. We noted, however, that the response timescale in
the laboratory incubation cannot be simply extrapolated to the field (e.g., a few hours
delay in process activation in the lab, as discussed here, may as well mean a delay of
weeks under field conditions).
Patterns in nitrification activity (e.g., ammonia oxidation, nitrite, and nitrate
accumulation) in the laboratory incubations can be summarized by two main findings.
First, ammonia oxidation rates were similar to nitrite accumulation rates in all
experiments. Furthermore, both ammonia oxidation and nitrite accumulation proceeded
immediately upon adding water (Fig. 4.3a). Second, once initiated, nitrate accumulation
proceeded at similar rates in all soils from different seasons. The main difference
between incubations of soils from different seasons was in the delay between the
beginning of the experiment and beginning of the nitrate accumulation. Note that the
similarity in the final oxidation rates from different periods may indicate stable
microbial populations throughout the seasonal cycle.
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In the laboratory incubations, we identified three main phases of soil nitrification
activities. First, in incubations of end of the dry season soils (October), we essentially
reproduced the soilrewetting stage, in which the nitrifying populations begin to
reactivate (Fig. 4.3a). Second, in incubations of soils from the beginning of the wet
season (December), we reproduced an intermediate stage where all nitrifying
populations are at least partly active (Fig. 4.3b). Third, in incubations of soils from the
wet season (February), we reproduced a stage when all nitrifying populations are fully
activated (Fig. 4.3c).
The AOB populations are known to be more droughttolerant than NOB
(Hastings et al., 2000) and would be expected to have an advantage under drought
conditions, and k1 > k2 (Eq. 4.1). This should be reflected in nitrite accumulation in the
medium in the first set of incubations (Fig. 4.3a).
The second incubations (Fig. 4.3b) most likely reflected the partial reactivation
of nitrifying microbial populations in soil, and indeed the estimated rates of nitrite and
nitrate accumulations are similar, and conditions for k1 = k2 probably existed (Eq. 4.1)
during the first hours of incubation (Fig. 4.3b). This corresponded to an intermediate
situation were AOB are fully activated whereas NOB are only partially recovered, and
its activity is still restricted. At this stage, no significant NO2 accumulation in the field
would be expected.
After full recovery of both AOB and NOB populations, the system probably
reaches a shortterm equilibrium for the wet period. The February soil slurry
incubations were consistent with such conditions (Fig. 4.3c). The accumulation rate of
nitrate was much higher than that of nitrite during the incubation, implying k1 < k2 (Eq.
4.1), and indicating that under these conditions there should be no or low nitrite
accumulation in the field, which is associated with near zero nitrite concentrations in the
soil, consistent with our observations (Fig.4.1a).
The idea that the patterns discussed above for the forest sites reflect some
ecosystemscale adjustments associated with the afforestation in this region is consistent
with the observations of lower rates of nitrite and nitrate production (soil slurry
incubations in the dry season) and lower levels of seasonal nitrite accumulation in the
shrubland (Fig. 4.4).
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Table 4.1 Soil inorganic nitrogen content (µg N g1 sdw) at the end of the dry season and after
the first rain events at the forest plots (rain events of start of 20042005 wet season, October
December, 2004), and estimation of nitrogen addition by bulk deposition into the 010 cm soil
layer µg N g1 sdw recalculated from bulk deposition (mg N l1; see Methods). Values are means
±SE (n = 3), b. d. l. indicates below detection limit.

Soil N concentration
Before rain

After rain

Bulk deposition

NNH4+

3.05±0.42

2.31±0.73

0.15±0.02

NNO2

0.35±0.03

1.74±0.86

0.007±0.002

b. d. l.

0.40±0.26

0.18±0.04

NNO3
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Figure 4.1 Dynamics (May 2004  February 2006) of soil inorganic nitrogen, gravimetric soil
water content (GWC) in mineral soil layer (0  10 cm) and Net Ecosystem CO2
Exchange (NEE) in the Yatir afforestation (a) and surrounding shrubland, under the
shrub canopy (b) and in the inter shrub bare soil (c). NNH4+  open cubes, NNO3 
open circles, NNO2  filled triangles. Values represent the mean ±SE (n = 3, except
for NEE, which is calculated from eddy covariance measurements above the canopy).
Rain events distribution and quantity (mm) are shown by columns in the upper chart.
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Net NMineralization rate (mg N g1 sdw week 1)
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Figure 4.2 Net Nmineralization rates in situ (mean ±SE; n = 3) in the forest (F), shrub (SH),
and bare (ISH) subplots in the dry (June  Oct), rewetting (Oct  Dec), and wet (Dec
 March and March  May) seasons. Students' ttest significance (p<0.05) is indicated
for the differences among seasons near the columns, and among sites for the same
season at the bottom of the figure. Data are for the 20042005 season.
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Figure 4.3 Nitrite and nitrate accumulation and ammonium consumption in soil slurry incubations from the Yatir afforestation during the dry period (a,
October05), rewetting period (b, December05), wet period (c, February06). Results represent the means ±SE (n = 3).
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4.4 Nitrite and nitrate accumulation and ammonium consumption in soil slurry
incubations from the shrubland during the dry period (a, c, from shrub and intershrub
microsites, respectively, October05), and during the wet period (b, d, from shrub and
intershrub microsites, respectively, Feb06), and in the control measurements (e, f,
without and with autoclaved soils). Results represent means ±SE (n = 3)

Chapter 5

5 Effects of afforestation of semiarid shrubland on
biogenic NO emission from soil
5.1 Results
5.1.1 Laboratory results
The NO release rates from all soils had strong seasonal and spatial variability, as
shown in Fig. 5.1 (a  c), where NO release rates are shown which have been sampled in
October 2005, February 2006, and May 2006 from forest, shrub, and bare soils (all
results obtained at Tsoil = 28°C and mNO,ref = 0 ppb). Maximum NO release rates
occurred in the soils sampled in October 2005 and the minimum NO release rates
occurred in the soils sampled in February 2006. Forest and shrub soil samples from
October 2005 had lower maximum release rates than the bare soils. The NO release
rates were 63.7% and 58.5% lower for forest soils and shrub soils, respectively (1.32,
1.51 and 3.64 ng kg1 s1, respectively for forest, shrub, and bare soils). All soils
sampled in February 2006 had low maximum release rates of 0.12, 0.29, and
0.38 ng kg1 s1 for the forest, shrub, and bare soil, respectively. The February 2006
results indicated 68.4% and 23.7% lower maximum release rates for forest soils and
soils, respectively, under shrub, compared with the bare soil, similar to the soils
sampled in October 2005 (Fig. 5.1).
However, the soil samples from May 2006 showed a different NO release pattern.
In all samples, the maximum release rates were higher than from the soils sampled in
February 2006; however, the maximum release rates from the shrub soils were higher
than those from bare and forested soils: 1.03, 0.74, and 0.35 ng kg1 s1, respectively.
WFPSopt (i.e., WFPS at maximum NO release rates for a given soil) can be used
as a first approximation for (a) the microbial process responsible for the emitted NO
(e.g., anaerobic or aerobic metabolism) and (b) the maximum potential rate of the NO
production process (Williams, 1992; Conrad, 2002). We found that soils sampled during
different seasons (i.e., October 2005  dryrewetting season, February 2006  wet
season, and May 2006  drying season) exhibited comparable WFPSopt. The forest
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samples in all incubations showed a WFPSopt at ~ 24%. The WFPSopt for NO release
from the shrub soils changed from 26% (October 2005), to 32% (February 2006), and
23% (May 2006). Soil samples from the bare soils revealed a WFPSopt of 27% (October
2005 and February 2006), and 24% (May 2006). Remarkably, all soils incubated at
28°C showed a WFPSopt of between 23% and 30% irrespective of the vegetation or
sampling seasons.

5.1.2 Temperature response of NO emission
The corresponding results for temperature response in different soils (obtained at
mNO,ref = 0 ppb) are shown in Fig. 5.2 (a - f). The reduction of incubation temperature
(from 28°C to 18°C) of the Yatir forest soils sampled in October 2005 and May 2006,
resulted in a similar shift of WFPSopt, namely, from approximately 24% toward 40%
(Fig. 5.2 a, b). In contrast, bare soils showed a decrease in the WFPSopt when incubated
at 18°C, and corresponding WFPSopt values were shifted from 24  27% (28°C) toward
17  21% (18°C) (see Fig. 5.2 e, f). Shrub soils showed a shift of the WFPSopt from 26%
(28°C) to 62% (18°C) for the October 2005 samples and from 23% (28°C) to 32%
(18°C) for the May 2006 samples (Fig. 5.2 c, d).
For the sake of simplicity, we would like to consider the observed temperature
dependence of JNO for the different soil samples in terms of Q10 * = Q10(WFPSopt),
calculated as the ratio of JNO(WFPSopt, 28°C) and JNO(WFPSopt, 18°C). The Q10 * value
was strongly dependent on the soil origin (i.e., forest, shrub, and bare soils) and the
sampling period. Whereas the forest soils from October 2005 showed a Q10 * of 4.1, the
forest soil samples from May 2006 showed virtually no temperature response (Q10* =
1.1) (Fig. 5.2 a, b). The shrub soils revealed a Q10* from 4.4 to 3.0, and the bare soils
revealed a Q10* from 3.5 to 0.95 for the October 2005 and May 2006 samples,
respectively (Fig. 5.2 c, d, e, and f).
Integration of the overall mass of NO released from the soils during the entire
incubation with different temperatures revealed the following results: forest soils
showed a NO release reduction by a factor of 3.9 and 0.9, shrub soils showed a
reduction of 10.5 and 2.9, and bare soil showed a reduction of 3.1 and 0.8 for the
October 2005 and May 2006 soil samples, respectively.
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To summarize, a reduction of the incubation temperature by 10°C resulted in
changes in both the WFPSopt and the Q10 * of the different soils on both spatial (i.e.,
between soils with different vegetation cover) and temporal (i.e., seasonal) scales (Fig.
5.2).

5.1.3 Upscaling to ecosystem scale
In order to evaluate the effect of afforestation of the shrubland on biogenic soil
NO emissions, we upscaled the laboratory measurements, using field measured soil
temperature and water content. Results of our upscaling exercise, namely, annual
cycles of the daily FNOestimates for forest, shrub, and bare soils are shown in Fig. 5.3
(a to c), together with the annual course of mean daily soil temperatures and soil
moistures (WFPS). The results from Fig. 5.3 were integrated for each of the three
‘seasons’ and given as mean daily sums (to fit with the time scale of the environmental
measurements) in Table 5.1.
Upscaled NO emissions were found to be sensitive to measured Tsoil, WFPS,
specific soils, and exhibited distinctive seasonal patterns. Maximum NO emissions were
calculated during the dryrewetting season, when the WFPS was stable (around 14%),
and Tsoil increased above 20°C. The highest emission rates were calculated from the
bare soils and the minimum emission rates were from forest soils (Fig. 5.3; Table 5.1).
We were able to show the emission peak after the first significant rain event (November
21, 2005) and subsequent drying in all three studied ecosystems (Fig. 5.3, "December").
An additional peak of NO emission occurred during the drying period after the wet
season, along with the rise in soil temperature (Fig. 5.3b, c, "May - June"). However,
this peak was almost absent in the forest soil. Low emissions during the wet season
were calculated for all ecosystems, because of (a) low release rates observed during the
corresponding laboratory incubations (see Fig. 5.1), and (b) high WFPS and low soil
temperatures measured in the field (Fig. 5.3).
Seasonal trends in mean daily NO emissions and mean annual NO emissions
(A(NO)i) of each soil cover type (i = forest, shrub, bare; Table 5.1) were calculated by
summing up individual daily D(NO)i = F(NO)i ´ (8.64´102) emission rates over the
corresponding number of days ( j ) of each season, considering the relative free soil area
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si (i.e., after subtracting the estimated area of rocks, stamps, and stems, see section 2.8)
of the individual microsites:

j = 114
j = 93
æ j = 158
ö
A( NO ) i = si ´ çç å D ( NO ) dry - rewetting , i , j + å D ( NO ) wet , i, j + å D( NO ) drying , i , j ÷÷ ´ 10 - 2
j =1
j =1
è j =1
ø

(5.1)

where i = forest, shrub, bare, si is in %, D(NO)i is in mg m2 d1, and F(NO)i is in ng m2
s1 (in terms of the mass of nitrogen). The season and areaweighted mean annual
biogenic NO emission for the forest soil was 0.11 kg ha1 y1, whereas emission from
surrounding shrublands (shrub covered and bare soils) was 0.32 kg ha1 y1 (Table 5.1).
Annual NO emission rates, calculated using microsite specific values based on
limited estimates of k using our soil samples showed different results. The season and
areaweighted mean annual biogenic NO emission for the forest soil was 0.20 kg h1 y1
whereas emission form surrounding shrubland was 0.24 kg h1 y1 (Table 5.1)
To eliminate k related differences between the estimation of annual NO emission
rates we calculated “gross” emission rates using our lab measured JNO. The season and
areaweighted mean annual biogenic NO emission for the forest soils was 11.44 kg h1
y1 whereas emission from the shrubland was 28.15 kg h1 y1 (Table 5.1).

5.2 Discussion
The soils from the Yatir forest and surrounding “background” shrubland were
analyzed to examine the effects of afforestation on potential NO emission. All soils
types examined showed seasonal and spatial variability of NO emission patterns and
rates. This seasonal pattern was used, together with field soil moisture and temperature
measurements to upscale NO emission in ecosystem scale. We found that afforestation
in the semiarid northern Negev shrubland reduces soil NO emissions by more than
35% in comparison to the native shrubland.

5.2.1 Effects of environmental variables on NO emission
The laboratory incubations of the soils revealed a seasonal pattern, with the
highest NO release rates from soils sampled in the dryrewetting season, and the lowest
release rates from soil samples in the middle of the wet season (Fig. 5.1). These
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seasonal trends can be explained by corresponding patterns of soil temperature and soil
water content and assuming continuous adaptation of the soil microbial community to
the changing conditions (Johansson and Sanhueza, 1988; Harris et al., 1996; Scholes et
al., 1997; Smith et al., 2003). The estimate from our upscaling approach of high
ecosystemscale NO emissions after rewetting of dry soils is consistent with other
studies of semiarid ecosystems, which have also attributed high NO emission to the
increase in water availability for microbial activity (Davidson et al., 1993; Meixner et
al., 1997; Hartley and Schlesinger, 2000; Martin et al., 2003). We attribute both the low
NO release rates derived from laboratory incubations and the low NO emission rates
obtained from upscaling during the wet season to the fact that during this season (a) the
soils are too wet to allow good aeration, and (b) the soil temperature is markedly below
the optimum for microbial activity (WFPS>40%; T<15°C; Meixner and Yang, (2006);
Conrad, (1996); Williams, (1992)). Decreases of NO flux during high soil moisture
regimes were also shown by Rosenkranz et al. (2006) and were partly attributed to
enhanced aerobic NO consumption by heterotrophic nitrifiers. Alternatively, the
decrease of NO flux with increasing soil water content could also be explained by a
decrease in nitrification activity due to reduced diffusion of the oxygen into the soil.
However, this is inconsistent with in situ nitrification activity and mineralization rates in
soils that showed opposite trends, namely, an increase to ~0.4 μg g1 week1 (in terms of
soil dry weight) from virtually zero, with increasing soil water content (Chapter 4).
During the drying season, soils showed intermediate NO emission rates; lower than
during dryrewetting seasons and higher than wet season rates (Table 5.1). We can
explain these findings by the increase in soil temperature, together with a decrease in
the soil water content towards optimum conditions (WFPSopt) for NO emission. We
hypothesize that the seasonal pattern of NO emission from soils is due to gradual
changes in both soil temperature and soil water content, which induce activation of
different microbial subpopulations (Avrahami and Bohannan, 2007). During the start
of the rewetting season, nitrifying bacteria have a temporal advantage regarding N
supply because of their fast recovery from drought and because of their relative
tolerance to hightemperatures (Hastings et al., 2000; Chapter 4).
Two mechanisms for NO formation in soils from seasonally dry tropical forests
have been proposed by Davidson et al. (1993), namely, oxidation of ammonia and the

65

chemodenitrification of HNO2 (nitrous acid), an intermediate of both the nitrification
and denitrification processes. Both mechanisms would take place in our ecosystem. Our
previous study of soils representing the dryrewetting season from our ecosystems
indicated high activity of ammonia oxidizing microorganisms and a temporal delay
between the ammonia and nitrite oxidation (Chapter 4). The second proposed
mechanism for NO formation is selfdecomposition of HNO2 and the possible reaction
of HNO2 with soil organic matter. This NO formation pathway is generally expected to
be more important in acidic soils (pH < 5.5; van Dijk et al., (2002)). However, during
nitrification, both nitrite (NO2) and H+ may accumulate and possibly result in acidified
microsites, even in alkaline soils, where conditions can favor the formation of HNO2
and therefore NO. Finally, nitrite was shown to enhance NO production in the soils
(Davidson et al., 1993). From the above, we can conclude that enhanced NO emission
during the dryrewetting season is consistent with both the presence of HNO2 and the
relatively high ammonia concentration in the soil.
The possibility of NO uptake by the soil was noted in the past and was assumed
to be an integral part of the N metabolism in soil; a corresponding concept of a NO
compensation mixing ratio in soils was defined by Conrad (1994). According to
eq. (2.8), the NO compensation mixing ratio is given by mNO,comp = P/k (c.f. Remde et al.
(1993)). From our deduced kvalues (see section 2.8) and from the range of JNO
(observed at mNO,ref = 0 ppb; Fig. 5.1), we estimated the NO compensation mixing ratios
for forest, shrub, and bare soils to be 149.3, 170.8, and 413.6 ppb NO. These NO
compensation mixing ratios fall within the wide range of values reported from
laboratory study (15 to 600 ppb; Remde et al., 1989; 1993). As discussed previously
(Otter et al. (1999) and references within) this values are much higher than those found
in field studies. A sensitivity test using our data indicated that up scaling of NO
incubation data to the field scale, critically depended on considering the large seasonal
changes in JNO (Fig. 5.3) and reliable estimate of k, and is less sensitive to variations in
WFPS and temperature. In our scaling up experiment, there was no indication of no
nitric oxide uptake fluxes (NO deposition), which is most likely because the low
ambient NO mixing ratios (annual mean 2.39±0.56 ppb, see section 2.8) never exceeded
the estimated NO compensation mixing ratio.
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Similar values of WFPSopt for forest, shrub, and bare soils (Fig. 5.1) pointing
towards similar composition of microbial populations in these soils. Thus, the difference
in NO release rates among sites and seasons might be explained by changes in the
microbial activity rates and the influence of plant activity, such as N uptake from the
soil and microsite conditions, such as carbon availability for heterotrophic microbes
(Meixner, et al., 1997; Hartley and Schlesinger, 2000; Hackl et al., 2004; Cookson et
al., 2007).
Rates of NO release in soils with different vegetation cover revealed different
dependencies on soil temperature (Fig. 5.2). The observed Q10* of the NO release
appears to be not only soil specific, but also season specific. Similar seasonal and
spatial variations in Q10 were recently shown for CO2 efflux in a Sierra Nevada forest
plantation (Xu and Qi, 2001). Soil temperature controls on the NO emission (e.g., Q10)
seem to be more important for shortterm variations of the NO release, whereas the
magnitude of the biogenic release rates is predominantly controlled by other seasonal
factors such as soil water content and N availability (Meixner and Yang, 2006). From
Figure 5.2, it can be seen that for our forest, shrub, and bare soils, there is no simple
relationship between soil temperature, and NO release rates cannot be simply explained
by Q10 = 2 or any alternative constant (Godde and Conrad, 1999; Brierley et al., 2001;
Fierer et al., 2003; Wang et al., 2004). The Q10* calculated for our soils ranged from
0.95 up to 4.4.
Our results show that when considering the annual timescale, interseasonal
variations in soil NO release, as well as factors influencing it, must be considered.
When taken into account, the average soil NO release rates for our ecosystems were on
the lower end of published NO release rate estimates in other semiarid biomes (see
reviews by Davidson and Kingerlee, 1997 and Meixner and Yang, 2006). Specifically,
published NO release estimates for semiarid and arid ecosystems range from 1.8 to 3.8
ng m2 s1 for dry tropical forests (Davidson et al., 1993), 0.1 to 3.7 ng m2 s1 for
Miombo woodland and grassland in Zimbabwe (Kirkman et al., 2001), 0.3 to 21.9 ng m
2

s1 for South African savannas (Parsons et al., 1996), and 0 to 4.9 ng m2 s1 for the

Chihuahuan Desert, New Mexico (Hartley and Schlesinger, 2000). The annual,
seasonally weighted mean NO release values in our ecosystems were 0.3, 0.4 and 1.6 ng
m2 s1 for the forest, shrub and bare soils, respectively (converted from Table 5.1).
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5.2.2 Influence of afforestation on the NO emission
Information on the influence of land use change on NO emission, including type
of vegetation covers or proportion among microsites (e.g., shrub and bare types) is
limited at present. NO emissions were shown to decrease with decreasing soil cover
(Davidson et al., 1993; Martin and Asner, 2005), grassland and savanna soils were
shown to be stronger sources of NO emission than soils with greater vegetation cover
(Williams, 1992; Kirkman et al., 2001). Note that in the shrubland, the emission
estimate is sensitive to the proportions of shrub and bare soil covers since both had
different average release rates (0.04 and 0.14 mg m2 d1, respectively). The main effect
observed here is therefore in going from bare soil to the forest soil (release rate of 0.03
mg m2 d1). Considering the proportion of land cover by shrubs and bare soil (see Table
5.1), the upscaled rates for our particular case indicated ~65% apparent reduction in
NO release rates (from 0.32 to 0.11 kg ha1 y1) associated with the afforestation.
However, when using lab estimated k values and gross emission values, large
differences in NO emission reduction were observed. Use of lab estimated k values for
upscaling procedure revealed only 17% reduction (0.24 to 0.20 kg ha1 y1) of annual
NO emission and “gross” emission rates showed 59% (28.15 to 11.44 kg ha1 y1) of
reduction. These differences in estimation of afforestation effect reveal need in further
research and better understanding of the processes that lead to NO consumption by soils
and particularly better estimation of the NO consumption factor (k).
However, we can point on the strong tendency toward afforestation driven
reduction of soil NO emissions. We speculate that the reduction in NO flux is due to
increased N uptake by the forest trees (there was ~2.5fold increase in ecosystem
organic carbon stock, associated with afforestation), reducing soil N availability for
nitrification (Jackson et al., 1989; Zak et al., 1990; Kaye and Hart, 1997; Grünzweig et
al., 2007).
The importance of the seasonal effect was especially apparent in upscaling the
laboratory results to the ecosystem scale (Fig. 5.3). For example, if we would calculate
the annual NO release rates for the Yatir forest with the data from the laboratory
incubations of the October 2005 samples alone, we would overestimate the annual
release rates by 48%. Similarly, if we would use data from the February 2006 soil
samples alone, we would underestimate the annual release rates by 73%.
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Because of the observed sensitivity to sampling location, date, soil cover and
consumption rate in the semiarid ecosystems, it seems important that further studies
using soil sample incubations should consider (a) at least one soil sample per distinct
season, (b) incubation of the samples under corresponding field conditions (e.g.,
average field water content and soil temperature at the time of soil sampling) and (c)
explicit determination of the kvalues.
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Table 5.1 Mean daily (D(NO)i) and annual (A(NO)i) NO emission rates for different seasons and

soils of the Yatir forest and shrubland ecosystems. Number of days of each season (j in eq.5.1 used
for upscaling), where dryrewetting=20 July 2005 to 24 December 2005; wet=25 December 2005
to 17 April 2006; drying=18 April 2006 to 19 July 2006. The type of microsite (i used in eq. 5.1
for upscaling): forest, shrub (i.e. undershrubs samples), bare (intershrub samples), are indicated
and the undershrub and intershrub components are integrated into the shrubland ecosystem; si is
the respective free soil surface area (corrected for contribution of rocks, stamps, and stems).
Estimates are based on lab incubations of soil samples collected in the different seasons and
microsites using a mean literature k value for semiarid environment, or (given in parentheses)
using micrositespecific values based on limited estimates of k using our soil samples a and using
gross emission rates b (see section 2.8).
Seasonal mean of daily NO emissions
D(NO)I [mg m2 d1]
microsite (i)
Season

Days (j)

Area contribution si (in %) :

shrub

bare

shrubland

forest

25±3

56±2

81±3

86±5

0.06
dryrewetting

Wet

158

114

Drying

Annual rate

93

365

1 1

Annual mean NO emission A(NO)i (kg ha y )
(season & area weighted)
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(0.14)

0.25
a

(0.17)

0.16
a

(0.13)

0.06
a

(0.12) a

(1.66) b

(11.73) b

(13.40) b

(5.09) b

0.01

0.00

0.00

0.00

(0.00) a

(0.00) a

(0.00) a

(0.00) a

(0.15) b

(0.66) b

(0.81) b

(0.54) b

0.05

0.11

0.07

0.03

(0.08) a

(0.02) a

(0.07) a

(0.04) a

(1.39) b

(5.20) b

(6.59) b

(3.01) b

0.04

0.14

0.09

0.03

(0.08) a

(0.08) a

(0.06) a

(0.06) a

(1.12) b

(6.61) b

(7.73) b

(3.14) b

0.32
(0.24) a
(28.15) b

0.11
(0.20) a
(11.44) b

Figure 5.1 Seasonal variability of the release rate JNO (at Tsoil = 28°C and mNO,ref = 0 ppb) from
soil samples of (a) Yatir forest soil (forest), (b) surrounding shrubland soil (under
shrub canopy; shrub), and (c) intershrub bare soil; open circles, filled squares, and
open triangles represent soils sampled in October 2005, February 2006, and May 2006,
respectively. A representative error of JNO measurements (0.05 ng kg1 s1, in terms of
mass of N; see section 2.9) is shown in Fig. 5.1a.
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Figure 5.2 Temperature dependence of NO release rates JNO (ng kg1 s1; in terms of mass of N)
of soils sampled in October 2005 and May 2006 and incubated at mNO,ref = 0 ppb: Yatir
forest (forest; a, b); under shrub canopy (shrub; c, d), and intershrub bare soils (bare;
e, f). Open circles represent incubations at Tsoil = 28°C and filled circles at Tsoil = 18°C,
respectively. A representative error of JNO measurements (0.05 ng kg1 s1, see section
2.9) is shown in Fig. 5.2a.
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Figure 5.3 Results of upscaling NO emission fluxes from laboratory incubations of soil
samples of the Yatir forest ecosystem based on measurements of soil water content (at 5
cm depth) and soil temperature (at 6 cm depth) in the field; (a) Yatir forest (forest), (b)
under shrub canopy (shrub), and (c) intershrub (bare) soil. Open squares indicate soil
temperature (°C), dots indicate the NO emission flux (ng m2 s1, in terms of mass of N),
and the line represents WFPS (%).
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Chapter 6

6

General discussion
6.1 Changes in the N balance associated with afforestation
For studying afforestationinduced changes in the ecosystem N cycle we

investigated and compared the N badget of the Yatir forest with that of the surrounding
shrubland. Additionally, we investigated the main patterns of, and controls on, the N
cycle, including dynamics of litter decomposition, nitrification, and nitrogen oxide
emissions. Our initial working hypotheses assumed that there must be an increase in the
N input to the ecosystem and acceleration of the nitrogen cycle in the soil. Alternatively,
we hypothesized that if this is not the case, increasing N demand following increasing in
carbon storage (Grünzweig et al., 2007) must be reflected in the increase in NUE and N
recycling within the plant tissues. We used a ecological/biogeochemical approach at the
ecosystemscale, and attempted concentrate on important gaps in our understanding of
ecosystem functioning.
We showed that despite the large biomass buildup in the afforested ecosystem,
the main components of the N budget, as well as the net N balance, did not change
considerably (Chapter 3). The forest exhibited a high NUE, slow N turnover and overall
a slower and tighter N cycle (Table 3.1; Table 3.2). The slowing down of the N cycle
rates lead us to characterize the Yatir forest as an ecosystem with “closer” and more
conservative N relations. The main differences with other studied ecosystem were:
decrease in litter decomposition and net mineralization rates; small increase of the N
input but focused toward the wet, active season; and a small decrease in N output. The
latter changes, however, neglected a decrease in the biological N fixation and biocrust
cover (Chapter 3; Fig. 3.1). Despite the fact that the main components of the N cycle did
not change much, the forest has a relatively high primary productivity (Grünzweig et al.,
2003). From the discussion above (see section 3.2) we can conclude that the Yatir forest
productivity seems to be limited more by water than by N. This conclusion is partly
supported by essentially ‘neutral’ N balance of the ecosystems (Chapter 3). The
relatively larger water limitation on the ecosystems originates, at least partly, in a
pulsedpattern of water availability (Maseyk, 2006; Chapter 4).
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Inorganic N accumulates in the soils over the dry summer (Chapter 4) and with
the onset of the active wet season it is rapidly used by the plants. A decrease in the
inorganic N concentration in the soils during the wet season, together with fast
mineralization rates, point to a fast flow of N through the ecosystem (Chapter 4). The
shrubland ecosystem, in contrast to the forest, does not use all available N and, although
it has enough resources (in terms of N), it has lower productivity. The lower NUE of the
shrubland may result in the loss of N to the lower soil horizons where it becomes
unavailable for plants, a process that was shown to take place in semiarid western USA
(Walvoord et al., 2003). In order to investigate this possibility in our ecosystem further
studies are needed.
While we observed successful operation of the pine afforestation in Yatir, there is
lack of natural growth of pine trees in the northern Negev and the Yatir forest is show
very slow expansion. This can be explained mainly by poor seedling establishment in
this region (c.f. Bonneh, 2000). Indeed, near our research site in Yatir forest we
observed large numbers of pine seedling development, but these seedlings did not
appear to survive the combination of the long dry summer season and livestock grazing.
In this research we did not address the grazing aspects and it’s consequences for
ecosystems functioning. Note however that grazing of the forested and unforested sites
was essentially of similar magnitude in our area.

6.2 Controls on the N cycle
The activity patterns of the studied ecosystems (both soil and plant) followed
patterns of water availability. The annual cycle in our ecosystems can be divided into
two main seasons. First is a shorter wet season with relatively low average temperatures
and relatively high soil water content. Second is long dry season, during which the
average temperatures are high and water content of the soil is very low (see Chapter 5
for annual patterns of soil water content and temperature, Fig. 5.3). These seasons have
distinct patterns of biological activity. During summer drought the soil and plant
processes are extremely slow due to strong water limitation (see Chapter 4, Fig 4.1).
During the wet season water availability is increased, but temperature decreases to
relatively low values of ~10°C, which possibly limit the microbial and at less extent,
plant activity. This interplay between the limiting factors of low water or low
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temperature plays a major role in regulation of the nitrogen cycle in this semiarid
environment. During the dry season nitrogen accumulates in the soil profile mainly due
to ongoing dry deposition and mineralization processes (although the latter have very
low rates) while the nitrogen uptake by biota is restricted due to extreme drought and
high temperature conditions (~5% v/v water content and average of ~35°C in 0  10 cm
soil layer). Accumulation of the inorganic N in the soil profile induces two main
processes. Firstly, the high inorganic nitrogen (mainly in the ammonium form, ~5.0±0.1
kg N ha1 in forest and 2.9±1.2 kg N ha1 in shrubland, Chapter 3; Table 3.1) provides
preferable conditions for the AOB populations (Chapter 4). This was reflected in our
observations of nitrite accumulation in the 0  10 cm soil layer (Chapter 4) and
increasing NO emissions (Chapter 5). The latter phenomena possibly occur in response
to a positive feedback between ammonium oxidation and NO production by AOB,
which was discussed in more detail in Chapter 5. Secondly, the presence of highly
available nitrogen in the soil at the start of the wet season must have a positive influence
on plant activity. The Aleppo pine trees are growing their foliage during summer
(Bonneh, 2000), and an additional nitrogen source at the start of the active season likely
helps maintain high forest productivity. Moreover, nitrite accumulation in the soils can
have an inhibiting effect on the soil microbial communities, decreasing the competition
with the pine trees for the available resource, and possibly leads to synchronization
between the nitrogen demand and availability in the plants.
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Chapter 7

7

Conclusions
The afforestation of dry lands can be used as a tool to both combat desertification

and sequester carbon from the atmosphere (Pacala and Sokolow, 2004). In this research
we made some of the first investigations into the afforestation driven changes in the
ecosystem N cycle in this environment. In this framework, we compared the N budgets
of the Yatir forest and surrounding shrubland ecosystems. The forest was found to have
slower N cycling and an increase in the N input during the season of activity. The forest
ecosystem also showed a sharp increase in NUE, N MRT and N productivity, both in
aboveground and belowground components of the ecosystem. Our results demonstrate
how small “adjustments” in the ecosystem N cycle can help support the almost 2.5 fold
increase in the carbon stock of the ecosystem, without any significant additional
nitrogen.
We investigated controls on the nitrification process and gaseous nitrogen oxide
emissions from the ecosystems. We observed unexpected fast nitrite accumulation in
the soil of semiarid pine afforestation at the end of the seasonal drought period.
Laboratory incubations indicated that the nitrite accumulation reflected a temporal delay
between the oxidation of ammonium and nitrite, probably due to differences in drought
tolerance and recovery rates of AOB versus NOB microbial populations. These effects
resulted in a delay in the onset of nitrate accumulation at the beginning of the wet
season in the soils of this semiarid afforestation. We hypothesized that such delay may
improve the synchronization of N availability with peak plant activity, and contribute to
the high ecosystem NUE and N productivity observed in this system. We also note that
the presence of nitrite in the soil may have inhibitory effects on the microbial
immobilization of inorganic N due to nitrite toxicity even at low concentrations, an
effect that requires further study.
Soils from the Yatir forest and surrounding shrubland were analyzed to examine
the effects of afforestation on NO emission. All studied soils showed considerable
variability in the seasonal and spatial patterns of NO release rates and NO emissions.
The seasonal pattern of laboratoryderived NO release rates were used, together with
data from soil moisture and soil temperature measurements in the field, to upscale NO
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emissions to the ecosystem scale. We found that afforestation in the semiarid northern
Negev shrubland reduced soil NO emissions between 16.7 and 65.6% in comparison
with the native shrubland (depend on estimation approach). The average annual NO
emissions rates from forest, shrub, and bare soils were at the lower range of previous
estimates for biogenic NO emission from arid and semiarid ecosystems. We emphasize
the predictive power of our upscaling procedure, which is based on (a) seasonal soil
sampling, (b) incubation under a corresponding soil moisture, temperature, and ambient
NO mixing ratio, and (c) application of a comprehensive and validated upscaling
algorithm.
As the Mediterranean region is expected to experience decreasing precipitation
trends with future global warming (IPCC, 2007), the effects observed in this semiarid
forest may well be applicable to increasingly larger areas in the future. Furthermore, the
results obtained in this study show significant adjustments in the dryland pine forest
that help maintain relatively high productivity. This differs from predictions based on
episodic drought years in wetter climates, often used as a basis for future scenarios.

78

8

References

Aber, J.D., Melillo, J.M., Nadelhoffer, K.J., Pastor, J. and Boone, R.D., (1991). Factors
controlling nitrogen cycling and nitrogen saturation in northern temperate forest
ecosystems. Ecological Applications 1, 303315.
Agam, N. and Berlinder, P.R., (2004). Diurnal water content changes in he bare soil of a
coastal desert. Journal of Hydrometeorology 5, 922933.
Arianoutsou, M. and Radea, C., (2000). Litter production and decomposition in Pinus
halepensis forests. In: Ecology, Biogeography and Management of Pinus halepensis
and P. brutia Forest Ecosystems in the Mediterranean Basin. G. Ne'eman and L.
Trabaud. (Ed.) Backhuys Publishers, Leiden pp. 407.
Ariza, N.C.L. (2004). Vegetation monitoring in a semidesert afforestation project
M.Sc. Thesis. BenGurion University of the Negev, Beer Sheva, 119 pp.
Austin, A.T. and Vivanco, L., (2006). Plant litter decomposition in semiarid ecosystem
controlled by photodegradation. Nature 442, 555558.
Austin, A.T., Yahdjian, L., Stark, J.M., Belnap, J., Porporato, A., Norton, U., Ravetta,
D.N.A. and Schaeffer, S.M., (2004). Water pulses and biogeochemical cycles in arid
and semiarid ecosystems. Oecologia 141, 221235.
Avrahami, S. and Bohannan, B.J.M., (2007). Response of Nitrosospira sp. AFlike
ammoniaoxidizers to changes in temperature, soil moisture and fertilizer concentration.
Applied and Environmental Microbiology 73, 11661173.
Avrahami, S. and Conrad, R., (2005). Coldtemperate climate: a factor for selection of
ammonia oxidizers in upland soil? Canadian Journal of Microbiology 51, 709714.
Avrahami, S., Liesack, W. and Conrad, R., (2003). Effects of temperature and fertilizer
on activity and community structure of soil ammonia oxidizers. Environmental
Microbiology 5, 691705.
Belser, L.W., (1979). Population ecology of nitrifying bacteria. Annual Review of
Microbiology 33, 309333.
Belser, L.W. and Mays, E.L., (1980). Specific inhibition of nitrite oxidation by chlorate
and its use in assessing nitrification in soils and sediments. Applied and Environmental
Microbiology 39, 505510.
Bennett, L.T., Judd, T.S. and Adams, M.A., (2003). Growth and nutrient content of
perennial grasslands following burning in semiarid, subtropical Australia. Plant
Ecology V164, 185199.
Berendse, F. and Aerts, R., (1987). Nitrogenuseefficiency: a biologically meaningful
definition? Functional Ecology 293296.

79

Berg, B. and Laskowski, R., (2005a). Changes in substrate composition and rate
regulating factors during decomposition. In: Advances in Ecological Research A.R.L.
Bjorn Berg. (Ed.) Academic Press, pp. 101155.
Berg, B. and Laskowski, R., (2005b). Nitrogen dynamics in decomposing litter. In:
Advances in Ecological Research A.R.L. Bjorn Berg. (Ed.) Academic Press, pp. 157
183.
Bernal, S., Butturini, A., Nin, E., Sabater, F. and Sabater, S., (2003). Leaf litter dynamic
and nitrogen oxide emission in a Mediterranean riparian forest: Implications for soil
nitrogen dynamic. Journal of Environmental Quality 32, 191197.
Binkley, D. and Hart, S.C., (1989). The components of nitrogen availability assessments
in forest soils. Advances in Soil Science 10, 57112.
Bonneh, O., (2000). Management of Planted Pine Forests in Israel: Past, Present and
Future. In: Ecology, Biogeography and Management of Pinus halepensis and P. brutia
Forest Ecosystems in the Mediterranean Basin. G. Ne'eman and L. Trabaud. (Ed.)
Backhuys Publishers, Leiden pp. 407.
Borgogno, F., D'odorico, P., Laio, F. and Ridolfi, L., (2007). Effect of rainfall
interannual variability on the stability and resilience of dryland plant ecosystems.
doi:10.1029/2006WR005314. Water Resources Research 43, W06411.
Bower, C.E. and HolmHansen, T., (1980). A salicatehypochloride method for
determining ammonia in seawater. Canadian Journal of Fisheries and Aquatic Sciences
37, 794798.
Brierley, E.D.R., Wood, M. and Shaw, P.J.A., (2001). Nitrogen cycling and proton
fluxes in an acid forest soil. Plant and Soil 229, 8396.
Brumme, R. and Khanna, P.K., (2008). Ecological and site historical aspects of N
dynamics and current N status in temperate forests.
doi:10.1111/j.13652486.2007.01460.x. Global Change Biology 14, 125141.
Burns, L.C., Stevens, R.J., Smith, R.V. and Cooper, J.E., (1995). The occurrence and
possible sources of nitrite in a grazed, fertilized, grassland soil. Soil Biology and
Biochemistry 27, 4759.
Bustamante, M.M.C., Medina, E., Asner, G.P., Nardoto, G.B. and GarciaMontiel, D.C.,
(2006). Nitrogen cycling in tropical and temperate savannas. Biogeochemistry 79, 209
237.
Cape, J.N., (2002). Nitrogen oxides. In: Trace gas exchange in forest ecosystem R.P.
Gasche, H. and Rennenberg, H. (Ed.) Kluwer Academic Publishers,
Dordrecht/Boston/London pp. 245255.

80

Chameides, W.L., Fehsenfeld, F., Rodgers, M.O., Cardelino, C., Martinez, J., Parrish,
D., Lonneman, W., Lawson, D.R., Rasmussen, R.A., Zimmerman, P., Greenberg, J.,
Middleton, P. and Wang, T., (1992). Ozone precursor relationships in the ambient
atmosphere. Journal of Geophysical Research 92, 60376055.
Chapin, F.S., III, Moilanen, L. and Kielland, K., (1993). Preferential use of organic
nitrogen for growth by nonmycorrhizal arctic sedge. Nature 361, 150153.
Chapman, H.D. and Liebig, G.F., Jr., (1952). Field and laboratory studies of nitrite
accumulation in soils. Soil Science Society Proceedings 16, 276282.
Chapman, S.K., Langley, J.A., Hart, S.C. and Koch, G.W., (2006). Plants actively
control nitrogen cycling: uncorking the microbial bottleneck. New Phytologist 169, 27
34.
Chen, F.S., Zeng, D.H., Zhou, B., Singh, A.N. and Fan, Z.P., (2006). Seasonal variation
in soil nitrogen availability under Mongolian pine plantations at the Keerqin Sand
Lands, China. Journal of Arid Environments 67, 226239.
Cheng, X. and Bledsoe, C.S., (2004). Competition for inorganic and organic N by blue
oak (Quercus douglasii) seedlings, an annual grass, and soil microorganisms in a pot
study. Soil Biology and Biochemistry 36, 135144.
Chestnut, T.J., Zarin, D.J., Mcdowell, W.H. and Keller, M., (1999). A nitrogen budget
for latesuccessional hillslope Tabonuco forest, Puerto Rico. Biogeochemistry 46, 85
108.
Conrad, R., (1994). Compensation concentration as critical variable for regulating the
flux of trace gases between soil and atmosphere. Biogeochemistry V27, 155170.
Conrad, R., (1996). Soil Microorganisms as controllers of atmospheric trace gases (H2,
CO, CH4, OCS, N2O and NO). Microbiological Reviews 60, 609640.
Conrad, R., (2002). Biological processes involved in trace gas exchange. In: Trace gas
exchange in forest ecosystem. R.P. Gasche, H. and Rennenberg, H. (Ed.) Kluwer
Academic Publishers, Dordrecht/Boston/London pp. 335.
Cookson, W.R., Osman, M., Marschner, P., Abaye, D.A., Clark, I., Murphy, D.V.,
Stockdale, E.A. and Watson, C.A., (2007). Controls on soil nitrogen cycling and
microbial community composition across land use and incubation temperature. Soil
Biology and Biochemistry 39, 744756.
Crutzen, P.J., (1979). The role of NO and NO2 in the chemistry of the troposphere and
stratosphere. Annual Review of Earth and Planet Science 7, 443472.
Crutzen, P.J., (1995). Overview of tropospheric chemistry: Developments during the
past quarter century and a look ahead. Faraday Discuss 100, 121.

81

Dalias, P., Anderson, J.M., Bottner, P. and Couteaux, M.M., (2002). Temperature
responses of net nitrogen mineralization and nitrification in conifer forest soils
incubated under standard laboratory conditions. Soil Biology and Biochemistry 34, 691
701.
Davidson, E.A., (1991). Fluxes of nitrous oxide and nitric oxide from terrestrial
ecosystems. In: Microbial production and consumption of Greenhouse Gases: Methane,
Nitrogen Oxides and Halomethanes. J.E. Rogers and W.B. Whitman. (Ed.) American
Society for Microbiology, Washington DC, pp. 219235.
Davidson, E.A., Hart, S.C., Shanks, C.A. and Firestone, M.K., (1991). Measuring gross
nitrogen mineralization, immobilization, and nitrification by N isotopic pool dilution in
intact soil cores. Journal of Soil Science 42, 335349.
Davidson, E.A. and Kingerlee, W., (1997). A global inventory of nitric oxide emissions
from soils. Nutrient Cycling in Agroecosystems 48, 3750.
Davidson, E.A., Matson, P.A., Vitousek, P.M., Riley, R., Dunkin, K., GarsiaMendez,
G. and Maass, J.M., (1993). Processes regulating soil emissions of NO and N2O in a
seasonally dry tropical forest. Ecology 74, 130139.
De Boer, W. and Kester, R.A., (1996). Variability of nitrification potentials in patches
of undergrowth vegetation in primary Scots pine stands. Forest Ecology and
Management 86, 97103.
Erickson, H., Davidson, E.A. and Keller, M., (2002). Former landuse and tree species
affect nitrogen oxide emissions from a tropical dry forest. Oecologia 130, 297308.
Evans, R.D. and Belnap, J., (1999). Longterm consequences of disturbance on nitrogen
dynamic in an arid ecosystem. Ecology 80, 150160.
FAO (2001). Global Forest Resources Assessment 2000. United Nations Food and
Agriculture Organization
Fassnacht, K.S. and Gower, S.T., (1999). Comparison of the litterfall and forest floor
organic matter and nitrogen dynamics of upland forest ecosystems in north central
Wisconsin. Biogeochemistry 45, 265284.
Fierer, N. and Schimel, J.P., (2002). Effects of dryingrewetting frequency on soil
carbon and nitrogen transformations. Soil Biology and Biochemistry 34, 777787.
Fierer, N., Schimel, J.P. and Holden, P.A., (2003). Influence of dryingrewetting
frequency on soil bacterial community structure. Microbial Ecology 45, 6371.
Ford, D.J., Cookson, W.R., Adams, M.A. and Grierson, P.F., (2007). Role of soil drying
in nitrogen mineralization and microbial community function in semiarid grasslands of
northwest Australia. Soil Biology and Biochemistry 39, 15571569.

82

Galbally, I.E. and Johansson, C., (1989). A model relating laboratory measurements of
rates of nitric oxide production and field measurements of nitric oxide emission from
soils. Journal of Geophysical Research 94, 64736480.
Gallardo, A., (2003). Effect of tree canopy on the spatial distribution of soil nutrients in
a Mediterranean Dehesa. Pedobiologia 47, 117125.
Gallardo, A. and Merino, J., (1998). Soil nitrogen dynamics in response to carbon
increase in a Mediterranean shrubland of SW Spain. Soil Biology and Biochemistry 30,
13491358.
Galloway, J., N. and Cowling, E.B., (2002). Reactive nitrogen and the world: 200 years
of change. AMBIO 31, 6471.
Galloway, J.N., (1998). The global nitrogen cycle: changes and consequences.
Environmental Pollution 102, 1524.
GarciaPausas, J., Casals, P. and Romanya, J., (2004). Litter decomposition and faunal
activity in Mediterranean forest soils: effects of N content and the moss layer. Soil
Biology and Biochemistry 36, 989997.
Goberna, M., Sanchez, J., Pascual, J.A. and Garcia, C., (2007). Pinus halepensis Mill.
plantations did not restore organic carbon, microbial biomass and activity levels in a
semiarid Mediterranean soil. Applied Soil Ecology 36, 107115.
Godde, M. and Conrad, R., (1999). Immediate and adaptational temperature effects on
nitric oxide production and nitrous oxide release from nitrification and denitrification in
two soils. Biology and Fertility of Soils 30, 3340.
Grünzweig, J.M., Gelfand, I. Freid Y., and Yakir, D., (2007). Biogeochemical
mechanisms contributing to enhanced carbon sequestration following afforestation in a
semiarid region. Biogeosciences 4, 891904.
Grünzweig, J.M., Lin, T., Rotenberg, E., Schwartz, A. and Yakir, D., (2003). Carbon
sequestration in aridland forest. Global Change Biology 9, 791799.
Grünzweig, J.M. and Körner, C., (2001). Growth, water and nitrogen relations in
grassland model ecosystems of the semiarid Negev of Israel exposed to elevated CO2.
Oecologia 128, 251262.
Hagopian, D.S. and Riley, J.G., (1998). A closer look at the bacteriology of
nitrification. Aquacultural Engineering 18, 223244.
Hackl, E., Bachmann, G. and ZechmeisterBoltenstern, S., (2004). Microbial nitrogen
turnover in soils under different types of natural forest. Forest Ecology and
Management 188, 101112.

83

Hamilton, J.L. and Lowe, R.H., (1981). Organic matter and nitrogen effects on soil
nitrite accumulation and resultant nitrite toxicity to tobacco transplants. Agronomy
Journal 73, 787790.
Harris, G.W., Weinhold, F.G. and Zenker, T., (1996). Airborne observations of strong
biogenic NOX emissions from the Namibian savanna at the end of the dry season.
Journal of Geophysical Research 101, 707712.
Hart, S.C., Firestone, M.K., Paul, E.A. and Smith, J.L., (1993). Flow and fate of soil
nitrogen in an annual grassland and a young mixedconifer forest. Soil Biology and
Biochemistry 25, 431442.
Hart, S.C., Stark, J.M., Davidson, E.A. and Firestone, M.K., (1994). Nitrogen
mineralization, immobilization, and nitrification. In: Methods of Soil Analysis, Part 2.
Microbiological and Biochemical Properties. R.W. Weaver, P. Bottomley, D. Bezdicek,
S. Smith, A. Tabatabai and A. Wollum. (Ed.) Soil Science Society of America, Madison
pp. 985–1018.
Hartley, A.E. and Schlesinger, W.H., (2000). Environmental controls on nitric oxide
emission from northern Chihuahuan desert soils. Biogeochemistry 50, 279300.
Hastings, R.C., Butler, C., Singleton, I., Saunders, J.R. and Mccarthy, A.J., (2000).
Analysis of ammoniaoxidizing bacteria populations in acid forest soil during
conditions of moisture limitation. Letters in Applied Microbiology 30, 1418.
Hereid, D.P. and Monson, R.K., (2001). Nitrogen oxide fluxes between corn (Zea mays
L.) leaves and the atmosphere. Atmospheric Environment 35, 975983.
Hodge, A., Stewart, J., Robinson, D., Griffiths, B.S. and Fitter, A.H., (2000).
Competition between roots and soil microorganisms for nutrients from nitrogenrich
patches of varying complexity. Journal of Ecology 88, 150164.
Hooper, D.U. and Johnson, L., (1999). Nitrogen limitation in dryland ecosystems:
Responses to geographical and temporal variation in precipitation. Biogeochemistry 46,
247293.
Hoyle, F.C., Murphy, D.V. and Fillery, I.R.P., (2006). Temperature and stubble
management influence microbial CO2C evolution and gross N transformation rates.
Soil Biology and Biochemistry 38, 7180.
IPCC (2001). Climate Change 2001: The Scientific Basis, Contribution of Working
Group I to the Third Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC). In: Chapter 4: Atmospheric Chemistry and Greenhouse Gases. J.T.
Houghton, Y. Ding, D.J. Griggs, M. Noguer, P.J. Van Der Linden and D. Xiaosa. (Ed.)
Cambridge University Press, Cambridge, New York pp. 239287.
IPCC (2007). Intergovernmental Panel on Climate Change WMO and UNEP.
http://www.ipcc.ch/.

84

Jackson, R.B., Canadell, J., Ehleringer, J.R., Mooney, H.A., Sala, O.E. and Schulze,
E.D., (1996). A global analysis of root distributions for terrestrial biomes. Oecologia
108, 389411.
Jackson, R.B., Mooney, H.A. and Schulze, E.D., (1997). A global budget for fine root
biomass, surface area, and nutrient contents 10.1073/pnas.94.14.7362. PNAS 94, 7362
7366.
Jakcson, L.E., Schimel, J.P. and Firestone, M.K., (1989). Shortterm partitioning of
ammonium and nitrate between plants and microbes in an annual grassland. Soil
Biology and Biochemistry 21, 409415.
Jetten, M.S.M., (2001). New pathways for ammonia conversion in soil and aquatic
systems. Plant and Soil 230, 919.
Johansson, C. and Sanhueza, E., (1988). Emission of NO from savanna soils during
rainy season. Journal of Geophysical Research 93, 1419314198.
Johnson, D.W., (1992). Nitrogen retention in forest soils. Journal of Environmental
Quality 21, 112.
Kaye, J.P. and Hart, S.C., (1997). Competition for nitrogen between plants and soil
microorganisms. TRENDS in Ecology & Evolution 12, 139143.
Kelliher, F.M., Ross, D.J., Law, B.E., Baldocchi, D.D. and Rodda, N.J., (2004).
Limitations to carbon mineralization in litter and mineral soil of young and old
ponderosa pine forests. Forest Ecology and Management 191, 201213.
Kirkman, G.A., Yang, W.X. and Meixner, F.X., (2001). Biogenic nitric oxide emissions
upscaling: An approach for Zimbabwe. Global Biogeochemical Cycles 15, 10051020.
Knops, J.M.H., Bradley, K.L. and Wedin, D.A., (2002). Mechanisms of plant species
impacts on ecosystem nitrogen cycling. Ecology Letters 5, 454466.
Korsaeth, A., Molstad, L. and Bakken, L.R., (2001). Modelling the competition for
nitrogen between plants and microflora as a function of soil heterogeneity. Soil Biology
and Biochemistry 33, 215226.
Kowalchuk, G.A. and Stephen, J.R., (2001). AMMONIAOXIDIZING BACTERIA: A
model for molecular microbial ecology. Annual Review of Microbiology 55, 485529.
KruegerMangold, J., Sheley, R., Engel, R., Jacobsen, J., Svejcar, T. and Zabinski, C.,
(2004). Identification of the limiting resource within a semiarid plant association.
Journal of Arid Environments 58, 309320.
Laanbroek, H.J. and Gerards, S., (1993). Competition for limiting amounts of oxygen
between Nitrosomonas europaea and Nitrobacter winogradskyi grown in mixed
continuous cultures. Archives of Microbiology 159, 453459.

85

Laronne, J.B., Alexandrov, Y., Chocron, M., Guertin, D.P. and Goodrich, D.C., (2007).
Reducing runoff/soil erosion by afforestation in a semiarid area. Ben Gurion University,
Israel; University of Arizona, USA; USDA ARS, USA.
Larsen, S. J. and K.R. Gasser (1971). Nitrite accumulation during nitrification of
ammonia and ammonium IPC Sci. Technol. Press Ltd. Guildford, England, 8688 pp.
Levine, J.S., Parsons, D., Zepp, R.G., Burke, R.A., Cahoon, D.R., Cofer, W.R., Miller,
W.L., Scholes, M.C., Scholes, R.J., Sebacher, D.I. and Winstead, E.L., (1997). Southern
Africa as a source of atmospheric gases. In: Fire in southern African savannas. B.W.
Van Wilgen, M.O. Andreae, J.G. Goldammer and J.A. Lindesay. (Ed.) Witwatersrand
University Press, Johannesburg.
Levine, J.S., Winstead, E., Parsons, D.A.B., Scholes, M.C., Scholes, R.J., Cofer, W.R.,
Cahoon, D.R. and Sebacher, D.I., (1996). Biogenic emissions of nitric oxide (NO) and
nitrous oxide (N2O) from savannas in South Africa: The impact of wetting and burning.
Journal of Geophysical Research 101, 23,683623,688.
Lindesay, J.A., (1997). African savanna fires, global atmospheric chemistry and the
southern tropical Atlantic regional experiment. In: Fire in southern African savannas
ecological and atmospheric perspectives. B.W. Van Wilgen, M.O. Andreae, J.G.
Goldammer and J.A. Lindesay. (Ed.) Witwatersrand University Press, Johannesburg pp.
115.
Litav, M. and Orshan, G., (1971). Biological flora of Israel, 1. Sarcopoterium spinosum
(L.) Sp. Israeli Journal of Botany 20, 4864.
Logan, J.A., (1983). Nitrogen oxides in the troposphere: global and regional budgets.
Journal of Geophysical Research 88, 1078510807.
Lovett, G.M., Traynor, M.M., Pouyat, R.V., Carreiro, M.M., Zhu, W.X. and Baxter,
J.W., (2000). Atmospheric deposition to oak forests along an urbanrural gradient.
Environmental Science and Technology 34, 42944300.
Ludwig, J., Meixner, F.X., Vogel, B. and Forstner, J., (2001). Soilair exchange of nitric
oxide: An overview of processes, environmental factors, and modelling studies.
Biogeochemistry 52, 225257.
Martin, R.E. and Asner, G.P., (2005). Regional estimate of nitric oxide emissions
following woody encroachment: Linking imaging spectroscopy and field studies.
Ecosystems 8, 3347.
Martin, R.E., Asner, G.P., Ansley, R.J. and Mosier, A.R., (2003). Effects of woody
vegetation encroachment on soil nitrogen oxide emissions in a temperate savanna.
Ecological Applications 13, 897910.
Martin, R.E., Scholes, M.C., Mosier, A.R., Ojima, D.S., Holland, E.A. and Parton, W.J.,
(1998). Controls on annual emissions of nitric oxide from soils of the Colorado
Shortgrass Steppe. Global Biogeochemical Cycles 12, 8191.

86

Maseyk, K.S. (2006). Ecophysiological and phenological aspects of Pinus halepensis in
an aridMediterranean environment. Weizmann Institute of Sciences, Rehovot, Israel.
142 pp.
Majdi, H., Pregitzer, K., Moren, A.S., Nylund, J.E. and Agren, G.I., (2005). Measuring
fine root turnover in forest ecosystems. Plant and Soil 276, 18.
Matamala, R. and Schlesinger, W.H., (2000). Effects of elevated atmospheric CO2 on
fine root production and activity in an intact temperate forest ecosystem.
doi:10.1046/j.13652486.2000.00374.x. Global Change Biology 6, 967979.
Matson, P.A., Mcdowell, W.H., Townsend, A.R. and Vitousek, P.M., (1999). The
globalization of N deposition: ecosystem consequences in tropical environments.
Biogeochemistry 46, 6783.
Meixner, F.X., Fickinger, T., Marufu, L., Serca, D., Nathaus, F.J., Makina, E.,
Mukurumbira, L. and Andreae, M.O., (1997). Preliminary results on nitric oxide
emission from a southern African savanna ecosystem. Nutrient Cycling in
Agroecosystems 48, 123138.
Meixner, F.X. and Yang, W.X., (2006). Biogenic emissions of Nitric Oxide and Nitrous
Oxide from arid and semiarid land. In: P. D'odorico and A. Porporato. (Ed.), Dryland
Ecohydrology. Springer, pp. 233255.
Moldrup, P., Olesen, T., Gamst, J., Schjonning, P., Yamaguchi, T. and Rolston, D.E.,
(2000). Predicting the gas diffusion coefficient in repacked soil: waterinduced linear
reduction model. Soil Science Society of America Journal 64, 15881594.
Moro, M.J., Domingo, F. and Escarre, A., (1996). Organic matter and nitrogen cycles in
a pine afforested catchment with a shrub layer of Adenocarpus decorticans and Cistus
laurifoliusin southeastern Spain. Annals of Botany 78, 675685.
Ne'eman, G. and Trabaud, L., (2000). Ecology, Biogeography and Management of
Pinus halepensis and P. brutia Forest Ecosystems in the Mediterranean Basin. In:
Ne'eman, G. and Trabaud, L. (Ed.), Ecology, Biogeography and Management of Pinus
halepensis and P. brutia Forest Ecosystems in the Mediterranean Basin. Backhuys
Publishers Leiden.

Neill, S.J., Desikan, R. and Hancock, J.T., (2003). Nitric oxide signalling in plants
doi:10.1046/j.14698137.2003.00804.x. New Phytologist 159, 1135.
Nejidat, A., (2005). Nitrification and occurrence of salttolerant nitrifying bacteria in the
Negev desert soils. FEMS Microbiology Ecology 52, 2129.
Norman, R.J., Edberg, J.C. and Stucki, J.W., (1985). Determination of nitrate in soil
extracts by dualwavelength ultraviolet spectrophotometry. Soil Science Society of
America Journal 49, 11821185.

87

Offer, Z.Y., Zaady, E. and Shachak, M., (1998). Aeolian particle input to the soil
surface at the Northern limit of the Negev desert. Arid Soil Research and Rehabilitation
12, 5562.
Osem, Y., Perevolotsky, A. and Kigel, J., (2004). Site productivity and plant size
explain the response of annual species to grazing exclusion in a Mediterranean semi
arid rangeland. Journal of Ecology 92, 297309.
Otter, L.B., Yang, W.X.X., Scholes, M.C. and Meixner, F.X., (1999). Nitric oxide
emissions from a southern African savanna. Journal of Geophysical Research 104,
1847118485.
Paavolainen, L. (1999) Nitrogen transformations in boreal forest soils in response to
extreme manipulation treatments. University of Helsinki, Helsinki, Finland. 54 pp.
Pacala, S. and Socolow, R., (2004). Stabilization wedges: solving the climate problem
for the next 50 years with current technologies. 10.1126/science.1100103. Science 305,
968972.
Pagel, H., (1979). Nitrate and nitrite formation in loess black soil. Archiv fuer Acker
und Pflanzenbau und Bodenkunde (English abstract) 23, 521528.
Parfitt, R.L., Scott, N.A., Ross, D.J., Salt, G.J. and Tate, K.R., (2003). Landuse change
effects on soil C and N transformations in soils of high N status: comparisons under
indigenous forest, pasture and pine plantation. Biogeochemistry 66, 203221.
Parton, W.J., Holland, E.A., Del Grosso, S.J., Hartman, M.D., Martin, R.E., Mosier,
A.R., Ojima, D.S. and Schimel, D.S., (2001). Generalized model for NOX and N2 O
emissions from soils. Journal of Geophysical ResearchAtmospheres 106, 1740317419.
Parsons, D.A.B., Scholes, M.C., Scholes, R.J. and Levine, J.S., (1996). Biogenic NO
emission from savanna soils as a function of fire regime, soil type, soil nitrogen and
water status. Journal of Geophysical research 101, 2368323688.
Paul, E.A. and Clarke, F.E. (1989). Soil Microbiology and Biochemistry. Academic
Press San Diego, USA.
Prescott, C.E., (2005). Do rates of litter decomposition tell us anything we really need to
know? Forest Ecology and Management 220, 6674.
Purkhold, U., PommereningRoser, A., Juretschko, S., Schmid, M.C., Koops, H.P. and
Wagner, M., (2000). Phylogeny of all recognized species of ammonia oxidizers based
on comparative 16s RRNA and AMOa sequence analysis: implications for molecular
diversity surveys. 10.1128/AEM.66.12.53685382.2000. Applied and Environmental
Microbiology 66, 53685382.

88

Quideau, S.A., Graham, R.C., Oh, S.W., Hendrix, P.F. and Wasylishen, R.E., (2005).
Leaf litter decomposition in a chaparral ecosystem, Southern California. Soil Biology
and Biochemistry 37, 19881998.
Regina, I.S., (2001). Litter fall, decomposition and nutrient release in three semiarid
forests of the Duero basin, Spain. Forestry 74, 347358.
Reiners, W.A., Liu, S., Gerow, K.G., Keller, M. and Schimel, D.S., (2002). Historical
and future land use effects on N2O and NO emissions using an ensemble modelling
approach: Costa Rica's Caribbean lowlands as an example. Global Biogeochemical
Cycles 16.
ReismanBerman, O., Kadmon, R. and Shachak, M., (2006). Spatiotemporal scales of
dispersal limitation in the recolonization of a semiarid Mediterranean oldfield.
doi:10.1111/j.2006.09067590.04455.x. Ecography 29, 418426.
ReismanBerman, O., (2004). Mechanisms controlling spatiotemporal dynamics of
shrubland patchiness: the case study of Sarcopoterium spinosum (L) Spach. PhD Thesis.
BenGurion University of the Negev, Beer Sheva, Israel. 236 pp.
Remde, A., Slemr, F. and Conrad, R., (1989). Microbial production and uptake of nitric
oxide in soil doi:10.1111/j.15746968.1989.tb03696.x. FEMS Microbiology Letters 62,
221230.
Reynolds, J.F., Smith, D.M.S., Lambin, E.F., Turner, B.L., Mortimore, M., Batterbury,
S.P.J., Downing, T.E., Dowlatabadi, H., Fernandez, R.J., Herrick, J.E., Huber
Sannwald, E., Jiang, H., Leemans, R., Lynam, T., Maestre, F.T., Ayarza, M. and
Walker, B., (2007). Global desertification: building a science for dryland development
10.1126/science.1131634. Science 316, 847851.
Reeburgh, W. S. (1997). Figures summarizing the global cycles of biogeochemically
important elements. Ecological Society of America Bulletin 78(4):260267.
Reynolds, J.F., Virginia, R.A., Kemp, P.R., De Soyza, A.G. and Tremmel, D.C., (1999).
Impact of drought on desert shrubs: effects of seasonality and degree of resource island
development. Ecological Monographs 69, 69106.
Rosenkranz, P., Brüggemann, N., Papen, H., Xu, Z., Seufert, G. and ButterbachBahl,
K., (2006). N2O, NO and CH4 exchange, and microbial N turnover over a
Mediterranean pine forest soil. Biogeosciences 3, 121133.
Rosswall, T., (1981). The biogeochemical nitrogen cycle. In: Some perspectives of the
major biogeochemical cycles. G.E. Likens. (Ed.), SCOPE21.
Russow, R., Veste, M. and Böhme, F., (2005). A natural 15N approach to determine the
biological fixation of atmospheric nitrogen by biological soil crusts of the Negev
Desert. Rapid Communications in Mass Spectrometry 19, 34513456.

89

Santantonio, D. and Grace, J.C., (1987). Estimating fineroot production and turnover
from biomass and decomposition data: a compartmentflow model. Canadian Journal of
Forest Research 17, 900908.
Schimel, J.P. and Bennett, J., (2004). Nitrogen mineralization: challenges of a changing
paradigm. Ecology 85, 591602.
Schimel, J.P. and Hattenschwiler, S., (2007). Nitrogen transfer between decomposing
leaves of different N status. Soil Biology and Biochemistry 39, 14281436.
Schlesinger, W.H., Raikes, J.A., Hartley, A.E. and Cross, A.F., (1996). On the spatial
pattern of soil nutrients in desert ecosystems. Ecology 77, 364374.
Schlesinger, W.H., Reynolds, J.F., Cunningham, G.L., Huenneke, L.F., Jarrell, W., M.,
Virginia, R.A. and Whitford, W.G., (1990). Biological feedbacks in global
desertification. Science 247, 10431048.
Scholes, M.C., Martin, R., Scholes, R.J., Parsons, D. and Winstead, E., (1997). NO and
N2O emissions from savanna soils following the first simulated rains of the season.
Nutrient Cycling in Agroecosystems 48, 115122.
Seligman, N.A. and Henkin, Z., (2003). Persistence in Sarcopoterium spinosum dwarf
shrub communities. Plant Ecology, 164, 95107.
Shachanovich, Y., Berliner, P.R. and Bar, P., (2007). Rainfall interception and spatial
distribution of throughfall in a pine forest planted in an arid zone. Journal of Hydrology
doi:10.1016/j.jhydrol.2007.10.051.
Shapiro, A.D., (2005). Nitric Oxide signalling in plants. In: G. Litwack. (Ed.), Vitamins
& Hormones, Plant Hormones. Academic Press. pp. 339398.
Shen, Q.R., Ran, W. and Cao, Z.H., (2003). Mechanisms of nitrite accumulation
occurring in soil nitrification. Chemosphere 50, 747753.
Singh, J.S. and Kashyap, A., (2006). Dynamics of viable nitrifier community, N
mineralization and nitrification in seasonally dry tropical forests and savanna.
Microbiological Research 161, 169179.
Skiba, U., Dick, J., StoretonWest, R., LopezFernandez, S., Woods, C., Tang, S. and
Van Dijk, N., (2006). The relationship between NH3 emission from a poultry farm and
soil NO and N2O fluxes from a downwind forest. Biogeosciences 3, 375382.
Smith, K.A., Ball, T., Conen, F., Dobbie, K.E., Massheder, J. and Rey, A., (2003).
Exchange of greenhouse gases between soil and atmosphere: interactions of soil
physical factors and biological processes. European Journal of Soil Science 54, 779
791.

90

Smith, K.A. and Conen, F., (2004). Impacts of land management on fluxes of trace
greenhouse gases. Soil Use and Management 20, 255263.
Smith, R.V., Doyle, R.M., Burns, L.C. and Stevens, R.J., (1997). A model for nitrite
accumulation in soils. Soil Biology and Biochemistry 29, 12411247.
Smolander, A., Barnette, L., Kitunen, V. and Lumme, I., (2005). N and C
transformations in longterm Nfertilized forest soils in response to seasonal drought.
Applied Soil Ecology 29, 225235.
Sparks, J.P., Monson, R.K., Sparks, K.L. and Lerdau, M., (2001). Leaf uptake of
nitrogen dioxide (NO2) in a tropical wet forest: implications for tropospheric chemistry.
Oecologia 127, 214221.
Stark, J.M. and Firestone, M.K., (1995). Mechanisms for soilmoisture effects on
activity of nitrifying bacteria. Applied and Environmental Microbiology 61, 218221.
Sternberg, M. and Shoshany, M., (2001). Influence of slope aspect on Mediterranean
woody formations: Comparison of a semiarid and an arid site in Israel. Ecological
Research V16, 335345, 2001.
Steinaker, D.F. and Wilson, S.D., (2005). Belowground litter contributions to nitrogen
cycling at a northern grasslandforest boundary. Ecology 86, 28252833.
Stevens, R.J., Laughlin, R.J. and Malone, J.P., (1998). Soil pH affects the processes
reducing nitrate to nitrous oxide and dinitrogen. Soil Biology and Biochemistry 30,
11191126.
Stöhr, C. and Ullrich, W.R., (2002). Generation and possible roles of NO in plant roots
and their apoplastic space. Journal of Experimental Botany 53, 22932303.
Strickland, J.D. and Parsons, T.R. (1968). A practical handbook of seawater analysis.
7780 pp.
Tappe, W., Laverman, A., Bohland, M., Braster, M., Rittershaus, S., Groeneweg, J. and
Van Verseveld, H.W., (1999). Maintenance energy demand and starvation recovery
dynamics of Nitrosomonas europaea and Nitrobacter winogradskyi cultivated in a
retentostat with complete biomass retention. Applied and Environmental Microbiology
65, 24712477.
Templer, P.H., Lovett, G.M., Weathers, K.C., Findlay, S.E. and Dawson, T.E., (2005).
Influence of tree species on forest nitrogen retention in the Catskill Mountains, New
York, USA. Ecosystems 8, 116.
Thompson, T.L., Zaady, E., Huancheng, P., Wilson, T.B. and Martens, D.A., (2006).
Soil C and N pools in patchy shrublands of the Negev and Chihuahuan Deserts. Soil
Biology and Biochemistry 38, 19431955.

91

Thompson, T.L., Zaady, E., Wilson, T.B. and Martens, D.A. (2003). Litterfall dynamics
and soil N pools in Negev and Chihuahuan desert rangelands  LTER final report. Dept.
of Soil, Water, and Environmental Science, University of Arizona; Jacob Blaustein
Institute for Desert Research, BenGurion University of the Negev; Dept. of Soil,
Water, and Environmental Science; USDAARS Southwest Watershed Research
Centre.
Thuille, A. and Schulze, E.D., (2006). Carbon dynamics in successional and afforested
spruce stands in Thuringia and the Alps. Global Change Biology 12, 325342.
Torres, P.A., Abril, A.B. and Bucher, E.H., (2005). Microbial succession in litter
decomposition in the semiarid Chaco woodland. Soil Biology and Biochemistry 37, 49
54.
van Dijk, S.M., Gut, A., Kirkman, G.A., Meixner, F.X., Andreae, M.O. and Gomes,
B.M., (2002). Biogenic NO emissions from forest and pasture soils: Relating laboratory
studies to field measurements. Journal of Geophysical ResearchAtmospheres 107, D20.
van Dijk, S.M. and Meixner, F.X., (2001). Production and consumption of NO in forest
and pasture soils from the Amazon basin. Water, Air, & Soil Pollution Focus 1, 119
130.
Vitousek, P.M., (1982). Nutrient cycling and nutrient use efficiency. The American
Naturalist 119, 553.
Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler,
D.W., Schlesinger, W.H. and Tilman, D.G., (1997). Human alteration of the global
nitrogen cycle: sources and consequences. Ecological Applications 7, 737750.
Vitousek, P.M. and Howarth, R.W., (1991). Nitrogen limitation on land and in the sea 
how can it occur? Biogeochemistry 13, 87115.
Walvoord, M.A., Phillips, F.M., Stonestrom, D.A., Evans, R.D., Hartsough, P.C.,
Newman, B.D. and Striegl, R.G., (2003). A reservoir of nitrate beneath desert soils.
Science 302, 10211024.
Wang, W.J., Smith, C.J. and Chen, D., (2004). Predicting soil Nitrogen mineralization
dynamics with a modified double exponential model. Soil Science Society of America
Journal 68, 12561265.
Waring, R.H. and Schlesinger, W.H. (1985). Forest ecosystems, concepts and
management. Academic Press, Inc. Orlando, Florida. 340 pp.
Williams, E.J., (1992). NOX and N2O emissions from soil. Global Biogeochemical
Cycles 6, 351388.
Zaady, E., (2005). Seasonal change and nitrogen cycling in a patchy Negev Desert: a
review. Arid Land Research and Management 19, 111124.

92

Zaady, E., Groffman, P.M. and Shachak, M., (1998). Nitrogen fixation in macro and
mirophytic patches in the Negev desert. Soil Biology and Biochemistry 30, 449454.
Zak, D.R., Groffman, P.M., Pregitzer, K.S., Christensen, S. and Tiedje, J.M., (1990).
The vernal dam: plantmicrobe competition for nitrogen in northern hardwood forests.
Ecology 71, 651656.
ZechmeisterBoltenstern, S., Hahn, M., Meger, S. and Jandl, R., (2002). Nitrous oxide
emissions and nitrate leaching in relation to microbial biomass dynamics in a beech
forest soil. Soil Biology and Biochemistry 34, 823832.
Zhang, Q. and Zak, J.C., (1998). Effects of water and nitrogen amendment on soil
microbial biomass and fine root production in a semiarid environment in west Texas.
Soil Biology and Biochemistry 30, 3945.
Xu, M. and Qi, Y., (2001). Spatial and seasonal variations of Q10 determined by soil
respiration measurements at a Sierra Nevadan forest. Global Biogeochemical Cycles 15,
687696.

93

