Biogeosciences, 4, 89964, 2007 A . .
www.biogeosciences.net/4/891/2007/ ‘GG’ Biogeosciences
© Author(s) 2007. This work is licensed _
under a Creative Commons License.

Biogeochemical factors contributing to enhanced carbon storage
following afforestation of a semi-arid shrubland

J. M. Griinzweid!, |. Gelfand?, Y. Fried!, and D. Yakir?

1Robert H. Smith Institute of Plant Sciences and Genetics in Agriculture, Faculty of Agricultural, Food and Environmental
Quality Sciences, the Hebrew University of Jerusalem, Rehovot 76100, Israel
2Department of Environmental Sciences and Energy Research, Weizmann Institute of Science, Rehovot 76100, Israel

Received: 23 May 2007 — Published in Biogeosciences Discuss.: 2 July 2007
Revised: 17 September 2007 — Accepted: 11 October 2007 — Published: 24 October 2007

Abstract. Ecosystems in dry regions are generally low in 1 Introduction

productivity and carbon (C) storage. We report, however,

large increases in C sequestration following afforestation ofThe Kyoto Protocol of the United Nations Framework Con-
a semi-arid shrubland witRinus halepensigrees. Using C  vention on Climate Change encourages management of ter-
and nitrogen (N) inventories, based in part on site-specificrestrial ecosystems that leads to increased carbon (C) se-
allometric equations, we measured an increase in the standjuestration. One of the ways to achieve this is through af-
ing ecosystem C stock from 2380 g Chin the shrubland  forestation, which was discussed as an instrument for reduc-
to 5840 g C m2 in the forest after 35 years, with no signif- ing global CQ emissions and stabilizing the climate (Jack-
icant change in N stocks. Carbon sequestration followingson and Schlesinger, 2004; Pacala and Socolow, 2004). Af-
afforestation was associated with increased N use efficiencyorestation is defined as establishment of forests on lands
as reflected by an overall increase in C/N ratio from 7.6 inwhich historically have not contained forests (Houghton et
the shrubland to 16.6 in the forest. The C accumulation rateal., 1996) or, alternatively, as lands which have been without
in the forest was particularly high for soil organic C (SOC; forest for a period of several decades and have previously
increase of 1760g Cnf or 50 g C n2yr—1), whichwas as-  been under a different land use (Watson et al., 2000). In ad-
sociated with the following factors: 1) Analysis of a small dition to C storage, afforestation can be a tool for restoring
13C signal within this pure € system combined with size degraded dryland soils and ecosystems (Lal, 2004).
fractionation of soil organic matter indicated a significant ad-  Afforestation often results in increased ecosystem-scale C
dition of new SOC derived from forest vegetation (68% of to- stocks, mainly as a consequence of the build-up of above-
tal forest SOC) and a considerable portion of the old originalground tree biomass (Thuille and Schulze, 2006). Conse-
shrubland SOC (53%) still remaining in the forest. 2) Alarge quences of forest establishment for soil C are more complex,
part of both new and old SOC appeared to be protected frongng depend on the former land use, on forest age and on
decomposition as about 60% of SOC under both land-usghe environmental conditions. Afforestation of former crop-
types were in mineral-associated fractions. 3) A short-termjang resulted in a mean increase of 18% in soil organic C
decomposition study indicated decreased decomposition ofSOC) stocks across various climatic conditions and forest
lower-quality litter and SOC in the forest, based on reducedyges, while planting forests on former native forest or grass-
decay rates of up to 90% for forest compared to shrublandangd resulted in a mean decrease of 10-13% in SOC stocks
litter. 4) Forest soil included a significant component of live (Guo and Gifford, 2002). Those losses of SOC were smaller
and dead roots (12% of total SOC). Our results suggest a rolgyr no longer present at a later stage of forest development (30
for increased N use efficiency, enhanced SOC protection angy 40 years after afforestation) and belovt200 mm mean
reduced decomposition rates in the large C sequestration pqmnual precipitation (MAP) (Guo and Gifford, 2002; Paul et
tential following afforestation in semi-arid regions. These re- g 2002). Woody encroachment, the invasion of woody veg-
sults are particularly relevant in light of persistent predictionsetation into deserts and grasslands, resulted in reduction of
of drying trends in the Mediterranean and other regions.  SOC at moist sites with 6601070 mm MAP, but to increased
SOC stocks at dry sites below350 mm MAP (Jackson et
al., 2002; Smith and Johnson, 2003). Therefore, dry areas
Correspondence tal. M. Giiinzweig appear to have a potential for net C sequestration in soils fol-
(jose@agri.huji.ac.il) lowing a few decades of establishment of woody vegetation.
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For example, the SOC sequestration potential of leguminoudree density in 2004 was 300 treeshamean tree diameter
trees in subtropical semi-arid regions of the globe was estiwas 17.5cm and mean tree height was 10 m. The trees were
mated at 6.2 Pg (Geesing et al., 2000). neither irrigated nor fertilized at any time. The surround-
A first estimate of C stocks in a semi-arid plantation ing native vegetation, which was the land cover prior to af-
of Aleppo pine Pinus halepensiMill.) in Israel showed forestation, consists of sparse shrubland with patches domi-
that both ecosystem and SOC storage were increased by afiated by the dwarf shrubarcopoterium spinosu¢h.) Spach
forestation of former shrubland (Gmzweig et al., 2003). and patches of herbaceous annuals and perennials (maximum
However, the biogeochemical mechanisms enabling in-vegetation height varied around 30-50cm). The shrubland
creased C storage in this and similar forests remained unhas been under moderate to heavy grazing during the last
clear. The main processes that control C storage followingdecades, and, like the entire region, was probably under graz-
afforestation are accumulation of C in vegetation, C emis-ing for several millennia. Herbaceous vegetation in the forest
sion by decomposition, and litter incorporation into the soil was removed mechanically or chemically during the first 12
(Quideau et al., 2001; Farley et al., 2004). These processegears after afforestation, and since then is subjected to a mod-
are controlled by litter quality, nutrient use efficiency (partic- erate to heavy grazing regime (Abed Abualkean, personal
ularly nitrogen, N) at which C input is used, stabilization of communication). The main soil type in forest and shrub-
SOC stocks by physical protection, microbial composition land is light Rendzina (Haploxeroll) above chalk and lime-
and activity, and microclimatic variables, such as soil tem-stone, with a deep ground-water tablel00 m). Main plant
perature and moisture (Conant et al., 1998; Post and Kwonactivity is concentrated during the winter and spring season
2000; Chapela et al., 2001; Six et al., 2002; Farley et al.,between December and April.
2004).
The primary objectives of the current study were to eval-2.2 Field sampling and methodology
uate key processes in the C cycle, such as C partitioning,
SOC turnover and litter decomposition, and to assess poterf=ive 30x30 m plots were chosen in the central part of the for-
tial biogeochemical mechanisms for increased C storage folest. Four of those five plots were stocked witthalepensis
lowing afforestation in a hot semi-arid region. A small iso- only, while in the fifth plot, 65% of individuals and 85% of
topic signal and physical fractionation of SOC were used to@boveground biomass wereRtfhalepensisthe rest bein@.
fractionate the forest SOC stock and to calculate shrublangempervirensFive 30<30 m plots were chosen in the native
SOC turnover. A litter bag assay and C/N analyses of theshrubland around the forest. All shrubland and forest plots
main C stocks in forest and shrubland were performed. Inwere at an altitude of 580-650 ma.s.|.
addition, the preliminary estimate of C stocks {@zweig Standing aboveground tree biomass and biomass of the
et al., 2003) was complemented by an N stock and was imbelowground stem-root transition section in the forest (see
proved by developing site-specific allometric equations forbelow) were estimated from measurements of stem diame-
tree biomass stocks. ter at 1.3 m and tree height using allometric equations (Ap-
pendix A, Table Al). For the establishment of allometric
equations (see e.g. Scarascia-Mugnozza et al., 200®, 28

2 Materials and methods halepensidgrees were harvested in 2003. Trees were selected
along a curve of tree height vs. stem diameter which was
2.1 Site details determined in a preliminary inventory of 256 trees. The se-

lected trees spanned a stem diameter range of 3—26 cm, and
This study was conducted in and around VYatir Forestdifferent age classes were bulked. After felling, the stem
(31°20' N, 35°03 E), a pine plantation established at the edgewas divided into sections of 1-3m, and the crown was sep-
of the Negev Desert between the years 1965 and 1969 (for tharated into two to three equal compartments. Branches were
purpose of this study, we assumed a mean forest age of 38eparated into three different diameter classes, and represen-
years at the time of main soil sampling). The site is locatedtative branches were selected for separation into three dif-
at the transition between sub-humid and arid Mediterranearferent subclasses, cones and leaves. Five trees were also
climatic zones, with mean diurnal (24-h) air temperature andassessed for determination of belowground biomass of the
relative humidity of 10C and 65% in January and25and  stem-root transition section (belowground part of the stem
50% in July. The semi-arid climate of the northern Negev + coarse roots protruding below the stem) excavated to a
is characterized by an extended rainless period between Maglistance of 50-100 cm from the stem and a depth of about
and October or November, and a main rainy season from De50 cm. Samples of all components were collected for deter-
cember to March or April. The forest is dominated By = mination of the dry matter content at 8D. For determina-
halepensis with smaller proportions of other pine species tion of aboveground tree biomass ©f sempervirensstem-
(mostly Pinus brutiaTen. andPinus pineal.), Italian cy-  volume equations developed by Israel’s forestry agency were
press Cupressus sempervirehg, and little understory veg-  used (KKL-JNF, 1999). Those equations cover the range of
etation (peak understory aboveground bioma$80 g nt2). tree sizes in Yatir Forest, and tree biomass was estimated
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using measured stem-wood density of 900 kgfndry mat-  composite sample per plot and depth. Soil texture was
ter content of 60.1%, and a ratio of stem/total biomass ofanalyzed by the hydrometer method after dispersion with
0.64 derived from the literature for the congenerous speciesodium hexametaphosphate (Sheldrick and Wang, 1993).
Cupressus torulosB. Don (Rathore et al., 1997). During pe- Soil pH was measured by a glass electrode in the super-
riodic thinning campaigns, part of the aboveground biomassatant of a 1:10 soil/water suspension. For elemental and
was harvested by the forestry agency. The amount of harisotopic analyses, soil and litter was ground to pass a 250-
vested biomass was estimated from diameter measurementan sieve. Concentrations of total C and N were deter-
of the generally well preserved stumps after converting tomined in an elemental analyzer (EA 1108, Carlo-Erba, Mi-
stem diameter at 1.3 m (KKL-JNF, 1999) and applying a setlan, Italy). SOC was measured by the EA 1108 follow-
of allometric equations using only stem diameter (Table Al).ing removal of carbonates by treating ground soil samples
Harvested stems-10.2 cm diameter were processed by in- with 1N HCI for 24 h according to Midwood & Boutton
dustry into products of medium lifetime, with the remain- (1998). Stable carbon isotope analyses were conducted on
ing harvested wood used for heating (Abed Abualkean, perCO, samples in an isotope-ratio mass spectrometer (Optima,
sonal communication). Aboveground herbaceous biomass iMicromass, Manchester, UK) after quantitative combustion
the forest and shrubland was assumed zero, since grazing the EA 1108. Stable C isotope ratios were expressed as
removed virtually all herbaceous plant material by the ends*3C (%o)=(RsampldRstandara-1)x 1000, where R13C/A2C.
of the drought period. Herbaceous root biomass and graze@ihe standard was V-PDB, and the precision of #i€
biomass replaced by defecation of domestic animals were inanalysis wast0.1%.. Inorganic C concentration was deter-
cluded in the belowground C stocks. Shrub biomass in themined as the difference between total and organic C, and
shrubland was determined by destructive harvest of two subwas expressed as Cag®quivalent C. Coarse organic mat-
plots of 8-m diameter adjacent to each plot. The biomass oter (~2 mm) was added to the fine fraction to determine soil
the stem-root transition section of shrubs was calculated byrganic C concentration and stocks. In plots with shallow
a general relationship with aboveground biomass establishedoil (<50 cm depth), samples were taken to 20 cm only, and
by a destructive harvest (data not shown). C and N stocks were corrected to the maximal depth in the
For C and N concentrations and stable isotopes, aboveplot (30—40cm) as determined by extensive probing with a
ground plant material was collected from five trees or shrubgmetal rod. Carbon and N stocks were corrected for differ-
per plot at the end of the dry period in 2001. Leaves includedences in bulk density by the method of equivalent soil mass
all living leaf cohorts on a twig, and tree stem properties were(Griinzweig et al., 2004). To calculate total shrubland C and
measured on stem cores at 1.3m height. Soil in the foresN stocks, stocks obtained for the shrub and intershrub mi-
was sampled from five cores (5cm diameter) per plot dur-crosites were weighted with the respective percentage ground
ing 2001 and 2002. Soil in each shrubland plot was sampledover (19% shrub cover, 61% covered by intershrub spaces
from five cores unde8. spinosunshrubs (shrub microsite) on soil, the remaining being bare rock). All area-based val-
and five cores in the interspaces between shrubs (intershrubtes of C and N inventories were corrected for ground cover
microsite). The two microsites typically differ in soil chem- by rocks.
ical and other properties (e.g. Charley and West, 1975). At Using a small isotopic signal introduced by afforestation
both sites, the mineral soil was separated into the following(see Results) in combination with physical fractionation of
layers, according to Harrison et al. (2000): 0-5, 5-10, 10-20s0il organic matter enabled partitioning of forest SOC into
and 20-50 cm. Roots were included in carbon stocks of minits components, i.e. SOC derived from forest trees vs. SOC
eral soils, since it was impossible to manually separate myri+emaining from the original shrubland. Organic matter in the
ads of fine root segments from dry soil particles. However, intop 10 cm of forest and shrubland soil was fractionated into
2007, fine roots£2 mm diameter) and coarse rootsgmm; different size classes, generally following methods of Cam-
~15% of root C stock) were sampled from five cores (4.8 cmbardella and Elliott (1992) and Sollins et al. (1999). Briefly,
diameter) per plot, and were washed from soil over a series o0 g of dry soil was dispersed in 50 ml of 5% (w/v) sodium
sieves. The percentage of roots per total SOC was averagdtexametaphosphate in a reciprocal shaker for 18h. The
across three sampling dates in 2007. The shallow litter layesuspension was passed through sieves to generate fractions
was sampled within a grid of 4040 cm in the forest and at  >250um (particulate organic C)-50um (intermediate C
the intershrub microsite, and within a grid of 400cm un-  fraction), and<50xm (mineral-associated C). The fractions
der shrubs. Litter C and N stocks were presented as part ofvere dried at 80C and then treated to remove carbonates

the soil. as described above. The smaller the particle size, the more
microbially degraded and recalcitrant the organic matter was
2.3 Laboratory methodology assumed to be, which was confirmed by #&C data (see

Results). Fractionation at various densities of sodium poly-
Soil samples were air-dried, sieved (2 mm) and mixed. Lit-tungstate did not yield a significant separation of SOC pools.
ter was separated from mineral soil, coarsely ground and Because the small isotopic signal in thig-&l system
mixed. All cores in a plot were then combined to one might limit the SOC analysis, we compared the results of
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two isotope mixing models that use different parameters formaterial as the leaf-litter bags with a mesh size oA Bm

the computation of the fraction of forest-derived C in forest at both sides. Litter was placed in the field in January 2006
soil. The common mixing model (Balesdent and Mariotti, for decomposition of 4 months during the wet season, and in
1996; Six and Jastrow, 2002) was slightly modified by sub-June 2006 for decomposition of 4 months during the dry sea-
stitutings13C of bulk SOC of the native soil with!3C of the  son. Litter bags that were placed in the field and immediately
mineral-associated SOC fraction in that soil, as follows: retrieved served as control.

Cf—d/cf:(813cf_Slgcs—ma)/((slgcfr_(Slscs—ma)s (1)

, , , , 3 Results
where G is the forest-derived C stock in forest soilyC

is the total forest SOC stock;*C ands'3Cy, are theiso- 3.1 Soil properties

topic composition of the total forest SOC stock and of forest

roots, respectively, antt3C;_,,, is the isotopic composition ~ Carbonate concentration at all sites and depths ranged from
of the mineral-associated SOC fraction in the shrubland. A19 to 31%, with the forest being depleted in carbonate com-
second version of the mixing model was modified from the pared with the native shrubland in the top 20 cm of the soil
alternative model of Balesdent & Mariotti (1996) as follows: profile (Table 1). Soil pH was dominated by the high carbon-
ate content, and was significantly lower under shrubs than in
the open interspace between shrubs. Its increase with depth
where 5130. f—po and 5130s_p0 are the isotopic composition reflected the parallel increase in cgrbonate cor_ltent. Clay con-
of the particulate organic C fraction in the forest and the (€Nt ranged from 32 to 53% and increased with depth, with

shrubland soil, respectively. In this version of the mass bal-"° differences among sites.

ance,813C of the vegetation (Balesdent and Mariotti, 1996)

was substituted b§*3C of assumingly most labile SOC.
Mean residence time (MRT) of shrubland SOC in the for- \jirogen concentrations in plant parts and fresh litter from

est was calculated as follows (Six and Jastrow, 2002): pine were lower by 10-60% than those fr@rspinosurtiTa-
MRT = 1/1n(C; /Cy_a), 3) ble_ 2). Consequently_, C/N rat_ios were wider in pine thaf.in
spinosuntissue, particularly in tree stem and branch wood.
wheret is the time since afforestation,,@ the total SOC  The intershrub plant community had N concentrations and
stock in the shrubland and,C; is the shrubland-derived C/N ratios that were closer to shrub than to pine tissues. Pine
SOC in the forest soil. 4 was determined by the differ- tissues were significantly enriched s4°C by 2—4%. com-

Cr—a/Cr=(813C;—813Cs_1na) /(833C — po—813Cs—po), (2)

3.2 Plant carbon and nitrogen relations

ence between €and Cr_, (from Egs. 1 and 2). pared with plant parts &. spinosurand by 4-6%. compared
with the intershrub communityi3C in pine did not change
2.4 Litter-decomposition assay from living leaves to leaf litter, and was higher by about 1%o

. o in needles compared with roots.
Local and standard litters were placed in litter bags for short-

term decomposition in the forest and the shrubland during3.3  Soil carbon and nitrogen concentrations &

the wet and dry seasons using standard methodology (Har-

mon et al., 1999; Gmzweig et al., 2003). Local litter in Concentrations of organic C were higher in the mineral soil
the forest consisted of needles (C/N ratllb5.8) collected of the forest and the shrub microsite in the shrubland com-
in litter traps during the 2004—2005 season and of roots (C/Noared with intershrub soil (Fig. 1, Table 3). The difference
ratio=60.0) collected from three plots to a depth of 10 cm between forest and intershrub soil extended over the entire
at the end of the dry season in 2005. Local litter in the soil profile, while forest soil was not significantly different
shrubland consisted of standing leaf litter (C/N rat®9.0)  from soil under shrubs. Total N concentration was higher un-
and of roots to a depth of 10cm (C/N rati86.0) collected der shrubs than in intershrub soil, with no difference between
from three plots under shrubs and in the intershrub micrositgorest soil and either of the shrubland microsites. Both SOC
at the end of the dry season in 2005. Wheat straw servednd N concentrations decreased typically with depth at all
as standard litter (C/N ratie102.9), and was obtained from sites and microsites. The forest had a significantly wider C/N
M. Sternberg and Y. Navon (Tel Aviv University, Tel Aviv, Is- ratio than the shrubland microsites for both the litter layer (57
rael). Initial litter dry mass (d.m.) was 3.2 g (targetd.m.  vs. 29-31) and the mineral soil (10.7-11.9 vs. 6.0-8.6). SOC
+ planned and weighed deviation from target) in all litter concentration did not correlate with either pH or clay content
bags. Leaf and standard litter to be placed on the soil surfacédata not shown).

were weighed into 510 cm litter bags made of nylon with a Forest soil was significantly enriched #C compared
mesh size of 0.51 mm facing down and:24 mm facing up.  with both shrubland microsites for the mineral soil (Fig. 2,
Root and standard litter to be placed vertically at 0-10 cm inTable 3) and the litter layer (Fig. 2). Higher forest stifC

the soil were weighed into litter bags of the same size andeflected the difference i81-3C between forest and shrubland
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0.00 . 0',04 . 0',08 . 0',12 . 0',16 o, 0;8 . 1;2 Fig. 2. 813C in SOC in the forest and the shrubland microsites. The
! litter layer was set at 0 cm soil depth. Me#rs.e.,n=3-5 plots.
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€ 104 / / 3.4 Carbon and nitrogen stocks
O
%_ 20 Organic C stocks were significantly larger in the forest than
3 in the shrubland in part of the tested soil layers and in the
3 soil profile as a whole (Table 4). Afforestation resulted in
9 30 an increase of 17609 CTA or 75% in the SOC stock (in-
vl cluding litter layer and roots, but not the stem-root transition
0 section) after 35 years. This increase in SOC translated into
a mean annual SOC accumulation rate of 50gC !
C/N ratio A large part of SOC under both land-use types was concen-
0 5 10 30 40 50 60 70 trated at 0—-20 cm in the mineral soil (58—-64%), and only a
Lo TP small fraction was found in the litter layer (1-3%). The live
0 and total C stocks of mainly fine roots were also determined
- //—M—(

separately from SOC for the top 20 cm of the mineral soil
/ H/ and contributed 182% and 12-2% (meartt s.e.,n=>5), re-
spectively, to the total forests SOC stock.

1 4
10
1 l\m \m Naturally, the C stock in standing aboveground biomass
20 4 was much larger in the forest than in the shrubland, and
amounted to 27% and 2.5% of their respective total ecosys-
] tem C stocks. The total ecosystem organic C stock in the
30+ forest was almost 2.5 times the equivalent C stock in the
] shrubland, an increase of 3460g CHor 99gCnr2yr 1.
40 1 Forty-three percent of the increase in total ecosystem or-
ganic C originated from increased aboveground C stocks
Fig. 1. Soil C and N concentrations and C/N ratio in the forest and and 57% from increased belowground C stocks. - Periodic
the shrubland microsites. The litter layer was set at 0 cm soil depththlnnlng in the forest removed a large amount of total
Mean+ s.e.,n=3-5 plots. aboveground biomass that was of the same order of mag-
nitude as standing biomass (Table 4). Adding harvested
stems>10.2cm diameter (728236 gCnT2; assumingly
vegetation and fresh litter (Table 2). Forest soil at 0—20 cmprocessed into products of medium life time) to stand-
had 0.5-0.7% and 0.9-1.3% high&tC than intershrub ing ecosystem C stocks increased the total amount of
and shrub soils, respectively!3C increased with increas- medium- to long-term C stores generated by afforestation to
ing depth in the mineral soil at all sites and microsites. 4230gCm?2or121gCm2yr—1

Soil depth (cm)
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Table 1. Soil properties in forest and shrubland microsites. Clay 70
; _ | 1 I Forest
c?ntent and pH were determined over 0—10 cm. Mean (8225 _ 60 Shrobland - shrubs jL
plots. S | [ Shrubland - intershrub
S . 50+
Soil depth per site Carbonate pH Clay content 8 8 1
and microsite concentration (%) o P 404
(% CaCQ- c g J
. o)+ 4
equiv.) 5% 30 7
Forest .2 & 20
0-5cm 19.4 (1.3) k) |
5-10cm 19.2(L9) 8340002 36.5(24) e ol
10-20cm 19.9 (1.5) 8.32(0.05) 40.5(0.9) ]
20-50cm 27.0 (1.5) 8.37(0.07) 41.7(1.7) 04
>250 >50 <50
Shrubland, shrub -24
microsite i
0-5cm 23.8(4.2) 1
5-10cm 225(40)  809(006) 31.7(7.1) + i
10-20 cm 23.1(3.2) 8.30(0.03) 32.5(7.5) 25
20-50cm 27.2(5.0) 8.36 (0.05) 52.5(2.5) . |
O\O
Shrubland, intershrub O %
microsite "o l
0-5cm 24.9 (2.1) -26- ! m Forest
5-10cm 253(2.3) 844(002) 350(29) A Shrubland
10-20cm 27.2 (3.0) 8.39(0.04) 38.0(3.7) ] N Sﬁhn;lbs .
rublan:
20-50cm 30.6 (4.8) 8.57(0.07) 50.3(2.3) J i
ANOVA 27 >250 >50 <50
glte/trr?lcrosne (?10(;[3? <00‘O%071 067281 Particulate organic Intermediate  Mineral-associated
ep . . <U. fraction fraction fraction
Site/micrositex depth  0.991 0.054 0.230

Particle size (um)

Fig. 4. Relative content an43C composition of SOC fractions in
the top 10 cm of forest and shrubland soil. The two-way ANOVA
for relative content of SOC fractions for site/microsite, particle
size and their interaction (top panel) resulted in respedtival-

ues of 0.99,<0.001 and 0.12. The two-way ANOVA fa&l3C for
site/microsite, particle size and their interaction (bottom panel) re-
sulted in respectivé values 0f<0.001,<0.001 and 0.31.

y =1.021 In(x) + 1.336
#=0.90
rithmic relationship between aboveground C and SOC to a
»  Standing biomass depth of 20cm (Fig. 3), and a linear relationship between
m  Standing + harvested biomass aboveground C and SOC in the 0-10cm Iayezr:(093,
0 N — P=0.008). This shows that the legacy of harvested biomass
0 1 2 3 4 5 is apparent in forest SOC.

Total N stocks in the various soil layers did not differ sig-
nificantly between forest and shrubland, except for more N

Fig. 3. Effect of harvested biomass on the relationship betweenin the forest litter layer than in the equivalent layer in the

aboveground tree biomass and SOC in five forest plots. Regressiopnrubland (Table 4)_ The aboveground forest N stock was
analysis has been presented where statistically significant. larger than the equivalent shrubland N stock, mainly as a con-

sequence of relatively large amounts of N in tree branches
and leaves. The ecosystem N stock in the forest was 12%
Variation in standing aboveground biomass among for-larger than the shrubland N stock, a mean annual increase
est plots did not correlate with the SOC stocks in thoserate of 1.06 g Nm2yr—1, but this difference was not statis-
plots, although C addition to the forest soil should originatetically significant (P=0.26). N stored in aboveground struc-
from tree biomass (Fig. 3). However, adding harvested totures contributed only a minor part of total ecosystem N
standing biomass in each plot resulted in a significant logastocks (2.5% in the forest, 0.3% in the shrubland). Therefore,

SOC, litter layer + 0-20 cm (g m™?)

Aboveground biomass C (g m'z)
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Table 2. N concentration, C/N ratio and C isotopic composition in plant organs of the main forest and shrubland taxa. Meaa-8-8.),
plots.

Plantorgan N conc. (%) CIN ratio 813C (%0)

Forest Shrubland Forest Shrubland Forest Shrubland

P. halepensis  S. spinosumintershrub  P. halepensis S. spinosumintershrub  P. halepensis  S. spinosumintershrub

community community community

Leaves 0.96 (0.05) 1.81(0.13) 1.52(094)53(3) 22.2(1.6) 33.8(0.8) —-22.9(0.2) -26.8(0.5) -28.6(0.1%
Branches 0.29 (0.02) 0.73 (0.03) 169 (12) 64.8 (2.6) —-23.3(0.1) -25.5(0.3)
Stem 0.07 (0.003) 682 (30) —22.3(0.1)
Fineroots  1.09 (0.06) n.a. 184 34.3 (1.6) n.a. 29% -24.3(0.1) na. —28.Y
Fresh leaf 0.49 (0.03) 0.63(0.02) 1.59(0.27) 102 (6) 63.5 (1.5) 26.8 (4.8y23.0(0.2) —-26.3(0.1) —28.3(0.4)

litter

Z Data from (Giinzweig and Krner, 2001)
Y Data from herbaceous roots in one forest plot

Table 3. Analysis of variance and multiple comparisons of C and N concentrations in the mineral soil of the forest and the shrubland
microsites.

Variable  Source of variation df Fratio Pvalue Site/microsite
differences
(Tukey HSD¥
FSI
C Site/microsite 2 1066 <0.001 aab
Soil depth 3 1428 <0.001
Site/micrositex soildepth 6  1.196 0.330
N Site/microsite 2 4503 0.018 abab
Soil depth 3 1646 <0.001
Site/micrositex soildepth 6  0.742 0.619
CIN Site/microsite 2 60.63 <0.001 abb
Soil depth 3 3927 0.016
Site/micrositex soildepth 6  0.911 0.498
s13c Site/microsite 2 1430 <0.001 abb
Soil depth 3 1773 <0001
Site/micrositex soildepth 6  0.774 0.596
Z Tukey’s honestly significant difference test fposthocmultiple comparisons; F = forest, S = shrubland under shrubs, | = shrubland

intershrub soil

harvesting aboveground biomass during thinning campaigns SOC fractions in the forest were significantly enriched

removed only a small amount of N (Table 4). in 13C compared with the shrubland micrositgs< 0.001;
_ _ _ _ Fig. 4, bottom panel)s*3C ranged from-24.9 to—24.3%o in
3.5 Soil organic carbon fractions and dynamics forest soil and from-26.6 to—24.9%. in soil under shrubs.

The3C signature increased with decreasing particle size for

The major part (58-64%) of the total SOC content in the all sites and microsites.

top 10cm of the soil profile was in the mineral-associated

fraction (<50um), with no significant difference between  Applying two different mass balances to total SOC and its
sites and microsites (Fig. 4, top panel). Particulate organic Qractions in the forest topsoil allowed estimating the portion

per total SOC was slightly but statistically not significantly of SOC that originated from afforestation as compared with
higher in the forest (28%) than in the shrubland (18-19%).SOC remaining from the native shrubland. Thirty-five years
Because of a higher total SOC stock, the absolute values ddifter afforestation, 68% on average of organic C in forest soil
all SOC pools were higher in the forest than in the shrublandwas derived from forest vegetation (Table 5). Assuming that
(data not shown). the SOC stock prior to afforestation was equivalent to current

www.biogeosciences.net/4/891/2007/ Biogeosciences, 498412007



898 J. M. Giinzweig et al.: Enhanced carbon storage following semi-arid afforestation

Table 4. Organic C and total N stocks in forest and shrubland. To calculate total shrubland C and N stocks, stocks obtained for the shrub and
intershrub microsites were weighted with the respective percentage ground cover. Meam=£5ep)ots. *, **, *** statistically significant
differences between forest and shrublan@ at0.05, 0.01, 0.001, respectively.

Compartment Organic carbon stocks (g Total nitrogen stocks (g f)
Forest Shrubland Forest Shrubland

1. Standing stock

Aboveground

Stem 805 (80) 1.19 (0.07)

Branches 565 (83) 3.37 (0.44)

Foliage 158 (13) 3.00 (0.23)

Total 1553 (178y** 60 (20) 7.55 (0.73* 0.93(0.33)

Belowground
Stem-root 215 (18)* 7.6 (2.5) 0.32 (0.01% 0.12 (0.04)
transition section

Soil

Litter layer 125 (21y** 23 (6) 2.5 (0.4%* 0.9 (0.3)
0-5cm 825 (110) 450 (58) 70.7 (6.2) 54.3 (6.2)
5-10cm 540 (66) 391 (66) 50.7 (6.1) 49.2 (5.9)
10-20cm 993 (106) 648 (118) 86.1(9.0) 76.5(8.4)
20-50cm 1589 (218) 803 (220) 132.8 (14.0) 131.7 (34.6)
Total soil 4072 (353) 2316 (183) 342.8 (13.3) 312.6 (28.5)
Ecosystem 5839 (4375** 2383 (159) 350.7 (12.5) 313.7 (25.4)
2. Harvested tree 1676 (532) n.a. 8.43 (2.66) n.a.
stock

Y Branches include twigs and cones, mineral soil includes live and dead root stocks.

Table 5. SOC dynamics for the 0—10 cm layer in the forest soil. Mean residence time (MRT,; applying Eq. 3 to the outcome of Egs. 1 and 2)
relates to the original shrubland SOC in forest soil.

Mass Forest-derived SOC in Shrubland-derived SOC in forest soil
balance forest soil

Stock Fraction Stock Fraction Fraction MRT of original
(gCm2) oftotal (gCnT2) of total of original  shrubland SOC
forest SOC forest SOC  shrubland  (yr)
(%) (%) SOC (%)
Eg. (1) 980 72 385 28 46 45
Eg.(2) 864 63 501 37 59 67
Mean 922 68 443 32 53 56

shrubland SOC indicated that 53% of the original native SOCerage 179 g C m? yr—1. This approximation of “gross forest
was still present in the forest. Mean MRT of the native shrub-production” used total harvested biomass and assumed that
land SOC in the forest soil was 56 years as calculated by all C stocks in the forest were newly forest-derived C, except
first-order decay model (Table 5). for 32% of the mineral soil which was comprised of native
shrubland SOC (obtained for the 0-10 cm layer and applied
The Cinventory and the SOC partitioning enabled estimat-to a depth of 50 cm; Table 5).
ing total C produced by the forest as 6250 g Cior on av-
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5 Fig. 6. Mass loss of standard litter at forest and shrubland microsites
0 during the wet and the dry seasons. Meaa.e.,n=4-5 plots.
Leaves/surface Roots/soil
Litter type/location Standard litter decomposition was significantly higher in

the forest than in the two shrubland microsites during the
Fig. 5. Mass loss of local litter at forest and shrubland sites duringwet season, particularly at the soil surface (Fig. 6, Table 6).
the wet and the dry seasons. Since at both shrubland minOSiteMaSS loss at the soil surface (|ocati0n of leaf ||tter) was 3.6
a common mixture of shrub + herbaceous leaf litter and a commonjmes greater in the forest than in the two microsites of the

mixture of root litter were used, litter mass loss in the shrubland wasgh - ibland. Mass loss of standard litter in the soil (location

ggigl‘tce:v:f;?zz:; tmhi::cl)iri?:ét)esM(afterew:?gt_ursugplfgt;the IrelatlVeof root litter) was greater than at the surface, and was 15%
' T ' greater in the forest than in the shrubland. Standard-litter
decomposition was low in the dry season, with no significant

. . differences between sites and between litter locations.
3.6 Litter decomposition

Litter-bag assays with local litter revealed significantly lower 4 Discussion

decomposition rates of forest compared with shrubland litter

across seasons and litter type (Fig. 5, Table 6). Short-ternfforestation of sparse shrubland in this hot semi-arid re-
leaf- and root-litter mass loss was 37-52% lower in the foresigion increased standing ecosystem C stocks by 3460 g m
than in the shrubland during the wet season. During the dryor on average 99gCnfyr—! over 35 years. This integra-
season, leaf-litter decomposition was surprisingly high in thetive value for decades of C sequestration takes biomass har-
shrubland, even higher than litter decomposition during thevest into account, and can be considered, therefore, equiv-
wet season. Decay rate of needles in the forest during thalent to long-term net biome production (Schulze et al.,
dry season was low, 92% lower than decay rate of leaf litter2000). The long-term C stocks including C stored in wood
in the shrubland. products (Houghton, 1995) amounted to 4230 gCnor
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Table 6. Analysis of variance of the litter-bag assays in the forest and the shrubland during the wet and dry seasons. Mass loss of local
litter in the shrubland was combined for both microsites, mass loss for standard litter was analyzed separately for the microsites (see Figs.
5 and 6). Standard litter was analyzed with two-way ANOVA after interactions among variables in the three-way analysis were statistically
significant.

Litter Time Source of variation df Fratio P value
source period
Local Both Season 1 3.37 0.077
litter seasons Litter type/location 1 0.14 0.713
Site 1 7.57 0.010
Season x litter type/location 1 1.71 0.201
Season x site 1 0.03 0.865
Site x litter type/location 1 3.02 0.093
Season x site x litter type/location 1 2.01 0.167
Standard  Wet Litter location 2 9.66 < 0.001
litter season Site/microsite 1 216.5< 0.001
Litter location x site/microsite 2 1.91 0.172
Dry Litter location 2 4.20 0.053
season Site/microsite 1 0.09 0.915
Litter location x site/microsite 2 0.33 0.725

on average 121 g Cnfyrl, while “gross forest production”, and Compton, 2003; Jackson et al., 2002; Paul et al., 2003;
i.e. total C stocks generated by the forest, was estimated a@huille and Schulze, 2006). However, in semi-arid regions,
6250 g CnT2 or on average 179g Cmiyr—L. belowground C accumulation contributed 50% or more to
The rate of C gain by the forest was lower than manythe ecosystem C gain in the forest or woodland (Jackson et
records of annual increase in ecosystem C stocks follow-@l-» 2002; Nosetto et al., 2006; the current study).
ing afforestation in temperate regions (Hooker and Comp- Various mechanisms for increased SOC stocks following
ton, 2003; Paul et al., 2003), mainly because of lower aboveafforestation have been discussed. Root biomass accumu-
ground C stocks. However, tree biomass is a transient antation was an important factor in C sequestration following
periodically fluctuating C store, and C needs to be allocatedafforestation and shrub expansion (Connin et al., 1997; Us-
to the soil to enable greater continuity of storage. siri et al., 2006), and the sole factor for SOC accumulation
Soil organic C sequestration of 1760gC or in a P. ponderosaglantation under a cold semi-arid cli_mate
50gCnT2yr-! was remarkably high compared with (Nos_etto et al_., 2006). In the present study, root b|_omass
most forests established by afforestation or abandonment g#as included in the measure of SOC because of the imprac-
agricultural land in temperate regions (Schlesinger, 1990,t|callty of separating myriads of fine root segments from soil
Post and Kwon, 2000; Thuille et al., 2000 Vesterdal et Organic matter. Figure 3 indicates that harvested trees leave
al., 2002; Hooker and Compton, 2003; Paul et al., 2003)theirlegacyinthe soil, which suggests a significant contribu-

or by woody encroachment of dry grassland (Jackson etion of roots to SOC over the period of forest development.
al., 2002). Dry shrubland can accumulate large amounts' e live plus dead root C stock contributed 12% to total for-

of SOC following afforestation with pine, such as plant- €St SOC, a value that increased to 34% when comparing root
ing Pinus coulteriB. Don in large lysimeters filed with C to the added SOC by the forest relative to shrubland SOC.

shrubland soil (49gCmPyr—L: Ulery et al., 1995), or It appears, therefore, that roots contribute significantly to the

planting Pinus ponderosz(Douél.) Laws in a cold semi- SOC stock and to the increase in SOC by afforestation.

arid shrubland (107gCnfyr—1; Nosetto et al., 2006). Enhanced C sequestration in N-limited systems requires
However, when pine replaced dense productive vegetatiorgither increased net N input to the ecosystem or increased N
such as in Mediterranean macchia shrubland, SOC stocksse efficiency. The latter can be achieved by an increase in
often decreased following afforestation wikh halepensis the C/N ratio and/or by redistribution of N from soil with a
(Maestre and Cortina, 2004; Goberna et al., 2007). Carbomarrow C/N ratio to vegetation which normally has a wider
sequestration following afforestation or woody encroach-C/N ratio (Shaver et al., 1992; Halliday et al., 2003). Despite
ment was mainly, or sometimes entirely, contributed by considerable C sequestration, accumulation of N was low
aboveground biomass increase in temperate regions (Hookemd statistically not significant, suggesting no or negligible
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net ecosystem N input to the forest. On the other hand, theéer decomposed more slowly than shrubland litter. This was
C/N ratio was considerably wider I halepensisrees than  probably caused by lower tissue quality, as indicated by a
in shrubland vegetation, which translated into a wider C/Nwider C/N ratio of tree leaf and root litter. Moreover, shrub-
ratio also in forest soil organic matter. In addition, redistri- land litter appeared to be adapted to decomposition in the dry
bution of an albeit small amount of N from soil to trees was environment. Considering the lack of moisture during the
obvious from a significantly larger N stock in forest biomass dry season, mass-loss was surprisingly high for local shrub-
and litter as compared with the shrubland. It seems, thereland leaf litter compared with standard litter on the soil sur-
fore, that C accumulation in this semi-arid forest was assoface. This might be explained by an assumingly high suscep-
ciated with increased N use efficiency, via widening the C/Ntibility of local litter to photodegradation by UV radiation, a
ratio of soil organic matter, a buildup of biomass with a wide mechanism active in drought-stressed and high-radiation re-
C/N ratio, such as woody biomass, and redistributing somegions (Austin and Vivanco, 2006). Standard litter seemed to
N from soil to trees. Similarly, C accumulation with no net be less prone to degradation by UV radiation, and forest lit-
N inputin pine forests following afforestation or agricultural ter was less exposed to short-wave radiation by about 60%
abandonment was attributed to a wider C/N ratio and/or aunder the tree canopy during the dry season (E. Rotenberg,
transfer of N from soil to tree biomass (Hooker and Comp- personal communication).

ton, 2003; Ussiri et al., 2006).

To investigate organic C dynamics in forest and shrubland
soils and to partition SOC, we combined size fractionation®
with the analysis of a small isotopic signal introduced by
relatively 13C-rich pine roots. Such SOC partitioning was
commonly performed using the much lardé€ signal of a
conversion of @ to C4 vegetation owice versaand entering
§13C of soils and vegetation into an isotope mixing model
(Balesdent and Mariotti, 1996; Six and Jastrow, 2002). De-
spite the small isotopic signal in oug&@nly system, the two

Conclusions

In conclusion, afforestation of a hot semi-arid shrubland
resulted in significant C sequestration, particularly below-
ground, which can have an economic potential in the frame-
work of the Kyoto Protocol, e.g. for poorer countries (Perez
etal., 2007). In contrary to the global cooling potential of the
CO, uptake, it should also be considered that afforestation
- .. can result in increased heat uptake as a consequence of a de-
mixing models (Egs. 1 and 2) produced only moderately dlf'crease in albedo (Betts, 2000; Bala et al., 2007). Enhanced C

ferent values for SOC partitioning and MRT (Table 5). Our : : : ]
approach indicated three potential factors involved in SOC.sequestratlon could be attributed to the following factors: (1)

accumulation in the pine forest. First, net C input into forest " c€ase 1N N use efficiency reflected by widening of the sol

soil seemed to be large, with new forest-derived SOC con-and plant C/N ratio and translocation of N from soil organic

tributing a major fraction of total SOC (68%). This value was matter to tree biomass; (2) production of considerable stocks

higher than new organic C in agricultural soil afforested with of live and dead root C; (3) large input of new forest-derived

broad-leaved deciduous species in a temperate region aftec% into the overall forest SOC, and protection of both new and
P P 9 old SOC in mineral-associated fractions; (4) reduced decay

0, 0,
20 years (43%) (Del Galdo et al,, 2003). Second, 53% Ofrates of tree leaf and root litter, probably as a consequence

the original shrubland SOC stock remained in the forest soil . ; : i
. L of reduced litter quality. Compared with C sequestration un-
after 35 years. Third, a significant amount of SOC was pro- SO S o .
der a more humid climate, soils in semi-arid regions have a

tected in the_ mineral-associated fr_actnnE(_um_; F_|g. 4. large potential for C storage. This potential could be used
thus enhancing long-term storage in the soil. Similar protec-,

tion of both new and old SOC in mineral-associated poolsby broper management for increased C sequestration in dry
. . : . regions of the world.
were found following afforestation of agricultural soil (Del
Galdo et al., 2003). Protection of old and/or new SOC in mi-
croaggregates was reported as an additional factor contribut-
ing to long-term SOC storage (Six et al., 2002; Del Galdo et
al., 2003), a factor that was not tested in the current study.
The investigation of short-term decomposition indicated
an additional mechanism for organic C storage in the for-
est soil. The experiment with standard litter suggested that
the forest provided a better environment for litter decompo-
sition than the shrubland, particularly during the wet season.
Reduced runoff following afforestation (Farley et al., 2005;
Safriel and Moshe, 2005) and slowed dehydration under the
forest canopy (Safriel and Moshe, 2005; I. Gelfand, unpub.
res.) apparently provided more moisture to the forest soil,
thus enhancing litter decomposition. Despite improved con-
ditions in the forest compared with the shrubland, tree lit-
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Appendix A

Table Al. Allometric equations for biomass (kg d.m.) Bfhalepensisrees.

Purpose Tree part n Equation a b r2
form?

Standing biomass  Total aboveground biomass 28 (d2 h)? 0.030553 1.031064 0.987
Stem 28 a (d?h)? 0.039508 0.918943 0.995
Branches, twigs, cones 28 a (d2 h)b 0.001348 1.291356 0.956
Branches, twigs 28 a (d2 h)b 0.023916 0.913090 0.975
Cones 28 a (a!2 h)h 0.001170 1.155894 0.797
Foliage 28 a (d?h)? 0.031062 0.741424 0.941
Belowground stem-root
transition section 5 a(d?hb 0.219842 0.539662 0.997

Harvested biomass  Total aboveground biomass 28 a d” 0.082228 2.540675 0.988
Stem 28 §{+bd)? —0925181 0.505739 0.990
Branches, twigs, cones 28 adb 0.005591 3.125069 0.961
Foliage 28 &+ bd)? 0.333570 0.175186 0.933

Z g andb are regression coefficientd,is stem diameter at 1.3 m height (cm)js tree height (m)n is the number of trees used for the
generation of the equation.
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