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SUMMARY

Iceland has extensive deserts and barren patches in spite of it's humid environment. The soils of the
deserts are sandy Andisols, with limited sources of macro-nutrients and low water holding capacity.
Andisols have a general tendency to immobilize carbon, and undisturbed, fully vegetated Andisols in Ice-
land often contain >40 kg C#often to more than 1.5 m depth. The difference between soils of barren
areas, with <1 kg C hand undisturbed Andisols indicates that reclamation of degraded sites may have
high potential for carbon sequestration.

The objective of this research was to develop methods to determine carbon sequestration rates in soils
in relation to reclamation of degraded land in Iceland and to verify sequestration rates for reclamation
activities. Carbon was determined in soils of 33 reclamation areas of different age throughout Iceland. At
many sites, adjacent non-reclaimed areas were also sampled for comparison.

The results show that reclamation of Icelandic deserts results in an average sequestration rate in soils
of 0.6 t C ha' yr?, which is maintained >50 yrs. This number does not include sequestration in above-
ground or belowground biomass, (0.01-0.5t k&?), which is reported in a concurrent paper (Aradéttir
et al.,2000).

Soil carbon sequestration rates were highly variable. In some areas, sequestration rates slowed when
plant succession was restrained ecological thresholds. It is important to determine these thresholds and
find economic means to overcome them to promote carbon sequestration over longer periods. Results
suggest that sequestration of carbon to mitigate greenhouse gas emissions can be monitored and verified in
Iceland.
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YFIRLIT
Binding kolefnis i jardvegi & uppgraedslusveedum & islandi

i greininni er fjallad um nidurstédur rannsokna & bindingu kolefnis & uppgraedslusveedum. Verkefnid er
unnid i tengslum vid sérstakt atak rikistjérnarinnar til ad auka bindingu kolefnis med skégraekt og land-
greedslu til ad vega a méti losun grédurhasalofttegunda. Gerd hefur verid grein fyrir fyrstu nidurstodum
rannsékna & bindingu med skégraekt a 66rum vettvangi (Arnér Snorrason o.fl., 2000), en auk pess er gerd
grein fyrir bindingu kolefnis i grédri & landgraedslusveedum i pessu sama hefti Bavisinda (Asa L. Aradéttir
o.fl., 2000).
Mun meira er bundid af kolefni i jardvegi (>1500-2300 Gt C) en 68rum hlutum lifkerfisins ad heims-

héfunum undanskildum. Um 750 Gt C eru i andrimsloftinu, en 500-560 Gt C i gr6dri, par af um 360 Gt
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C i skogi (sja IPCC, 2000). bvi er nt beaedi litid til jardvegs og grodurs sem hugsanlegra valkosta til ad binda
kolefni dr andrumsloftinu. Binding i jardvegi er ekki sist gédur kostur par sem um leid er aukin framleidni
og virkni vistkerfa par sem vistkerfi eru endurheimt & audnum og hnignudum sveedum.

islenskur jardvegur telst til svonefndrar eldfjallajardar (Andosol eda Andisol), en slikur jardvegur hefur
tilhneigingu til ad binda kolefni i jardvegi umfram annan jardveg purrlendis (sja t.d. Wada, 1985; Shoji o.fl.,
1993). Mikid af kolefni er bundid i islenskum jardvegi, oft >40 kgifurrlendisjardvegi, en >90 kgfrh
jardvegi votlendis. Jardvegur audnanna telst einnig til pessarar jardvegsgerdar, en par er litid af kolefni.
Pegar grodur festir reetur i audnunum taka lifreen efni ad safnast fyrir i jardveginum, jafnframt pvi sem
hann verdur smam saman frjdsamari. bvi er hugsanlegt ad binda umtalsvert kolefni i jardvegi vid land-
greedslu & islandi. bad er mjog mikilsvert ad komast ad pvi hve hradfara pessi binding er, ef hin & ad verda
vidurkennd moétvaegisleid vegna losunar grédurhdsalofttegunda.

Markmid rannséknanna var ad proa adferdir til kanna bindingu kolefnis i jardvegi vié landgraedslu og
akvarda hve mikil binding hefur ordid vid hid sérstaka atak rikisstjornarinnar til ad binda kolefni med
landgraedslu og skograekt.

Kolefni var kannad i jardvegi & 62 stodum a 33 landgraedslusvaedum a landinu (1. mynd, 2. tafla). Jard-
vegssynum var yfirleitt safnad med jardvegsbor (2 og 5 cm i pvermal) og pau voru tekin Ur dkvednum
dyptarbilum & hverjum stad: 0—10, 10-20 og 20-30 cm. Hvert syni var samsett Ur fimm kjornum, og prju
slik syni voru tekin & hverjum stad. bar sem mikid grj6t kom i veg fyrir notkun jardvegsbors voru syni
tekin Ur jardvegssnidum. Synin voru tekin Ur jardvegi & misgémlum landgraedslusvaedum, en einnig voru
syni tekin til samanburdar i jadri sveedanna par sem engin landgraedsla hafdi att sér stad. Grjét (>2 mm) var
akvardad i hverju syni sem og rampyngd og kolefni finefna (<2 mm). Allar dyptir voru lagdar saman og
pessar steerdir eru sidan notadar til ad dkvarda kolefnismagn jardvegsins kg C/m

Bindihradi var baedi kannadur med adhvarfsjéfnum (3. mynd) og med pvi ad bera saman landgraedslu-
svaedi og svaedi par sem engin landgraedsla hefur att sér stad. Binding par sem sad er i sendnar audnir er ad
medaltali um 0,6 t C/ha & ari. bessi binding er sambaerileg eda meiri en binding sem verdur vid ad breyta
reektarlandi i graslendi vida annars stadar (sja Sampson og Scholes, 2000; IPCC, 2000), en er baedi orari og
varir i lengri tima en vida annars stadar vid & landgraedslu & réskudum sveedum (IPCC, 2000).

Rannsdéknirnar syna ljéslega ad & sumum svadum heegir mjog & bindingunni pegar natttruleg grédur-
framvinda er haeg eda stddvast. bvi er mikilveegt ad finna hagkveemar leidir til pess ad yfirvinna préskulda
sem stddva framvindu vistkerfanna par sem pad gerist.

Med pvi ad nota medalbindihrada og télulegar upplysingar fra hverju sveedi fyrir sig mé fa glégga mynd
af bindingu & landgraedslusveedum 4 islandi, en slikra upplysinga er krafist i tengslum vid loftslagssamning
Sameinudu pjédanna (FCCC).

INTRODUCTION
Efforts to sequester carbon by restoringneasuring sequestration. This project contained
severely degraded lands are among majdour components: sequestration in trees and
actions taken by the Icelandic governmenby forestation, sequestration in biomass other
in relation to the implementation of thethan trees, sequestration in soils, and meas-
Framework Convention for Climate Changeurements of carbon fluxes. Here we report car-
(FCCC). Efforts are made to sequester cabon sequestration in soils undergoing reveg-
bon both in soils and aboveground bio-etation/restoration efforts in Icelandic deserts.
mass. This program is termed th€drbon Aradottiret al.(2000) reported results for se-
Sequestration by Reclamation Program questration by rangeland vegetation. Seques-
(CSR-Program tration by reforestation was discussed by
An important part of the CSR-Program is toSnorrasoret al.(2000).
verify the carbon sequestration accompany- The terms “revegetation” and “reclamation”
ing ecosystem restoration activities. A spewill be used interchangeably to refer to treat-
cial project was established at the initial stagesients aimed at restoring ecological processes
of the CSR-Program to develop methods foon degraded lands.
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SOILS AND CARBON SEQUESTRATION equately verified, if such efforts are included
Carbon levels in soils as a method to mitigate greenhouse gas emis-
Soils are among the most important organi€!ons.
carbon reservoirs exceeded only by fossil fu- Extensive databases have been constructed
els and oceans. Organic carbon storage in soff3" 0rganic carbon in soils in several coun-
has been estimated as 1500-2300 Gt C, whidf€S; including the United States (Led al,
compares to 760 Gt C in the atmosphere antP98b), Canada (Lacelle, 1997; Tarnocai, 1997),
500-560 Gt C in biomass (Schlesinger, 1991indonesia (Reictet al, 1997) and Albania
Lal et al, 1997: Bolin and Sukumar, 2000: (Zdrulietal, 1997). Soil maps, soil classifica-
IPCC, 2000; Jobbagy and Jackson, 2000). Fofion, and geographical information systems (GIS)
est vegetation stores about 360 Gt C (see Bolltve been used to combine spatial data with
and Sukumar, 2000; IPCC, 2000). Agriculturaf@Poratory analysis of the soils.
practices and land degradation are believed to Organic carbon content of soil orders (ma-
have caused massive depletion in soil organi@’ types of soils) have been reported by Es-
carbon (ICPP, 2000), but these quantities af¥aranet al. (1993). Although their distribu-
uncertain and are very dependent on the timfn is limited (about 1.7 million k), Histo-
frame of reference (e.g., 100 years or 5000 year$P!S (organic soils) store the greatest quanti-

The relatively high levels of organic carbontl€S Of soil carbon, both in terms of density
in soils have prompted interest in managing205 kg C n¥) and global quantity (357 Gt C).
soils to increase carbon sequestration to mitiLNe assessment by Eswaranal. indicates
gate effects of greenhouse gas emissions. THaat Andisols, soils that form in volcanic ejecta,
possibilities of sequestering carbon by spebave highest organic carbon density when
cial activities that enrich carbon in soils havelistosols are excluded (31 kg C3nwhile or-
been extensively investigated (see e.g.,dtal 9anic carbon density of other soil orders are
al., 1997, 1998a). However, verification is diffi- cCommonly near 10 kg C th(Eswararet al,
cult, especially if measurements are made on}993). The carbon levels Eswaktral. (1993)
over short time periods. Heterogeneity of soil§€ported for Andisols may be underestimated
and the difficulty in determining bulk density judging from discussion provided by Jobbagy
are additional challenges for quantifying andind Jackson (2000) and because Andisols com-
monitoring soil organic carbon over large armonly store more carbon at depths than other
eas. Other approaches, such as modeling gég/land soils (see e.g., Shefial, 1993). The
fluxes (e.g., Valentingt al, 2000) and radio- high levels of carbon reported for Andisols
carbon dating of organic matter (e.g., Trumboreare attributed to the tendency of such soils to
2000) are promising approaches which can b&mobilize organic molecules (see e.g., Wada,
used in conjunction with conventional meth-1985; Shojetal, 1993).
ods.

The possibilities of managing land use td¢€landic soils
promote carbon levels of soils of agriculturallceland is a volcanic island dominated by Andi-
lands has been more thoroughly investigatesols or andic intergrades of other soil orders
than have those in rangelands. Degraded rangé@. Arnalds, 1999ab; Arnaldg al, 2000). Per-
lands are of special interest because of theinafrost is nearly absent, but soils rich in or-
geographically extensive area and because génic matter are common. Detailed examination
added benefit of restoring other ecosysternfwell-developed soil profiles show carbon den-
goods and services (e.g., A. Arnalds, 2000; Laities of 40 kg C n% (brown allophanic Andi-
et al, 1999; see also Sampson and Scholesogls; Arnaldgtal, 1995) to >90 kg C i{wetland
2000). Itis important to ensure that carbon sesoils, Andisols and Histosols, see Arnaéds
guestration in soils and biomass can be adi., 2000). A preliminary assessment estimated
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Table 1. Selected soil characteristics of Icelandic deserts (see Arnalds and Kimble, 2000, for more detailed

information).

1. tafla. Nokkur einkenni islensks jardvegs a audnum; annars vegar jarévegur a melum (M) og hins

vegar sendinn jardvegur

Depth C Clay CEC  15bar HO
Type m % pH % meqg/100g %
M (Virtric Andisol)® 0.2-0.5 0.5-1.5 6.5-7 5-15 5-15 5-15
S, SH, SM (Sandy Andisd!) 0.1-2 0.1-1.0 6.5-7 1-5 2-10 1-10

a) See Arnaldst al,, 2000.

the carbon content of Icelandic soils at about
2550 milliont C (O. Arnalds, 1999b). This esti-
mate contains large uncertainties due to map
scale and limited soil inventories. A lower number
(2149 million t C) was recently reported to the
FCCC (unpublished document).

Deserts now cover about 40 000%imIce-
land. Soils of these deserts have been described
by Arnalds and Kimble (2000). They are prima-
rily Andisols, rich in volcanic glass, but with
relatively low allophane clay and organic C
(0.08-0.5 kg C n?) content. Present-day sur-
faces currently covered with barren patches
or more continuous deserts were often previ-
ously covered with fertile allophanic soils and -
full vegetation cover. Erosion has since removed
the brown Andisol mantle and/or sand en-
croachment has taken place (O. Arnalds, 1998,
1999a, 2000; Arnald=t al, 1997). The desertified
ecosystems are the subject of revegetation and
restoration efforts by the government and Non
Governmental Organizations (see A. Arnalds -
1999, 2000).

The extent of Icelandic deserts was surveyed
during a national assessment of soil erosion
(Arnalds et al, 1997). Desert surfaces were
classified into several geomorphological land-

cally previously been covered with fine
textured allophanic Andisols, but man-
induced erosion has since removed this
mantle, exposing the old till surface (about
10 000 yrs old). The floodplains are more
gravelly and usually quite packed (high
bulk density of the <2 mm fraction).
Sandar (S)Sand-fields, mainly consist-
ing of volcanic glass originating from gla-
cial rivers or volcanic ash deposition. These
surfaces are often unstable, subjected to
intense wind erosion, infertile, and sub-
jected to periodic draught due to low wa-
ter holding capacity (Table 1).

Sendnir melaSM, sandy gravel). The
sandy gravel surfaces are melar where
eolian sand (2 to >20 cm thick) has been
deposited on to the gravelly surface. Frost-
heave lifts up coarse fragments to main-
tain the gravelly surface over sandy ma-
terials.

Sendin hraun (SHsandy lava surfaces).
These surfaces occur where sand has been
deposited into Holocene lava surfaces
by eolian processes, glaciofluvial floods
and/or volcanic ash deposition.

units, which were subsequently used for surMATERIALS AND METHODS
face characterization during ti&SR-Program ~ Sites and locations

The following surface types occur in the re-A total of 62locationsat 33 reclamatiosites
search presented here (Tables 1 and 2): (Figure 1) were sampled during the summers
- Melur (M and A) Old till surfaces (typi- of 1998 and 1999. At several sites, multiple lo-
cal melur, M in Table 2) or more recentcations were sampled, e.g., revegetation treat-
glaciofluvial flood plains (A). The surface ments of different ages or untreated locations
is gravelly, as frost-heave lifts stones taat the site. Where possible, we sampled paired
the surface. The till surfaces have typidocations where no reclamation efforts had been
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Table 2 Description of sampling sites.
2. tafla. Yfirlit um synatékustadi

South Iceland North Iceland
SurfaceTreat- SurfaceTreat-

No.Site kg Cm? Age typ€ men® No.Site kg Cm? Age type ment
3 Kalfafell 1.32 30 A E 23 Holssandur-0 0.95 0 SM (0]
4 Steinasandur 2.70 28 A G 24 Hoélssandur 2.19 38 SM G
5 Breidamerkursandu6.99 43 A E 25 Arlaekjarsel-0 0.04 0 S (0]
6 Asakvislar 3.87 30 SH G 26 AErleekjarsel 0.90 38 S G
7 Asakvislar 1.42 30 SH E 27Assandur 1.01 28 A G
8 Atlaey 2.36 1 SM G 28 Bakkahlaup 0.63 28 SM G
9 Atlaey-0 0.92 0 SM (0] 29 Vatnsbaejargirding 0.92 38 S G
10 Bakkavéllur 0.57 42 S G 30Vatnsbheejargirding 2.46 45 S E
11 Vakalag 1.74 38 SM E 32 Gautlénd 1.00 8 SM G
12 Rauduskridur 0.22 64 A E 34 Baldursheimur-0 0.47 0 SM (@]
13 Gunnarsholt, lap. 1.47 28 SM G 33Baldursheimur 0.99 8 SM G
14 Langibakki 2.95 26 SM G 35Graenavatn 0.44 8 SM G
15 Sandatin, lap. 2.94 48 SM G 36 Greaenavatn-0 0.28 0 S™M (0]
16 Vestur-hraun 2.36 23 SH G 37Gardur 2.06 20 SH G
18 Svinhagamelar 0.18 0 S (0] 38 Gardur-0 0.15 0 SH (0]
19 Selsund 0.53 0 SH (0] 39 Heidaspordsgirdind.91 30 SH G
20 Sanda 0.82 23 SM G 40Hdlasandur, lap. 0.24 7 SM G
21 Krisuvik 1.69 4 SM G 41 Hoélasandur-0 0.39 0 SM (0]
22 Sandskeid 1.26 20 M G 42 Hoélasandur, uppgr.3.84 25 SM G
43 Leirdalur 94 0.32 5 S G 56 Arskogar 97 0.09 2 S G
45 Leirdalur 98 0.11 1 S G 57 Arskogar-0 0.07 0 S o]
46 Leirdalur-0 0.13 0 S (0] 58Kvensodull 94 0.36 5 S L
47 Saudafell 3.39 40 S G 59Kvensodull 98 0.16 1 S L
48 Skégey 86 0.43 13 S G 66Kvensooull-0 0.08 0 S (0]
49 Skégey 87 1.28 11 S G 60Vatnsbaejargird.600.50 39 S G
50 Skogey 90 0.58 9 S G 61Vatnsbaejargird.850.59 14 S G
51 Skogey 96 0.31 3 S G 62 Vatnsbaejargird.940.26 5 S G
52 Stelpa 0.27 26 S L 63 Arlaekjarsel 93 0.21 6 S G
53 Hoélar-0 1.28 0 M O 64 Arlekjarsel 97 0.11 2 S G
54 Hélar 88 2.05 11 M G 65 Arlekjarsel-0 0.07 0 S (0]
55 Hélar 97 1.62 2 M G

a) See text for explanation.

undertaken for comparison. A brief descripplemented by phosphorus and potassium. Farm-

tion of each site is given in Table 2. ers often use organic fertilizers and old hay for
_ revegetation purposes, which is also included
Reclamation treatments in this treatment, together with Lupine legume

Revegetation and restoration efforts are dongeeding (G indicating treatment in Table 2).
by various methods in Iceland. Following isa Lymegrass(Leymus arenarigdertilized with
brief description of the treatments in the studybout 100 kg N héis used for stabilizing ac-
(see also Aradéttiet al., 2000). tive eolian sand (L in Table 2).

Seeding and fertilizationis the most com- ~ When desert areas are excluded from graz-
monly used method. Usually the areas ari#ng, vegetation cover often develops as aresult
seeded by introduced grasses suchestuca of secondary succession. The rate of succes-
rubra andDeschampsia beringensiand fer- sion is quite variable and site dependent. This
tilized two years with about 100 kg Nfissup-  treatment is termeeiclusion(E in Table 2).
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Sampling All depth intervals were combined for one

Sampling density was based on variability test¢alue reported as kg C'tnCoarse fragments
reported by Arnaldst al.(1999, 2000). At each (>2 mm) were excluded from the calculations
location three samples were obtained for ca@nd the carbon mass of the fine fraction (<2mm)
bon analysis. Each sample was a composite ¥fS adjusted for bulk density of that fraction.
five cores. The cores were obtained with 2 anBulk density was determined by a core method
5 cm diameter samplers, depending on site chdft Sandy areas but “compliant cavity” method
acteristics, and each core was split into thredt the gravelly sites (see Soil Survey Staff, 1996).
depths: 0-10 cm, 10-20 cm, and 20-30 cm. Where Data analysis included two approaches. The
gravel prevented coring, a pit was dug with dirst involves a regression of carbon content
shovel, and samples were collected from withi@nd treatment age, using the slope of the re-
the respective 10 cm depth increments. It shouf@ression line as an estimate of annual carbon
be noted that the soils are very shallow ang€duestration. The second method compared
deeper sampling adds very limited amount opaired revegetated versus untreated control
carbon to the total content (<1% addition tooites. Regressions were based on raw rather
the carbon stored at the location) with the exthan averaged data points using the SPSS sta-
ception of the lymegrass locations (Olafurtistical package (V. 10.0).

Arnalds, unpublished data).

RESULTS
Sample treatment and analysis A general “regression fit” method

Each sample was air-dried and passed througParbon storage at each site (kg G)nas a
a2 mm sieve. The mass and volume of the coarfignction reclamation treatment age (yrs) for all
fraction (>2 mm) and the mass (dry weight) ofocations is shown in Figure 2. A regression
the fine fraction were quantified. The fine frac-for all locations and reclamation treatments re-
tion was dried at 60°C and analyzed for carboaulted in average sequestration rate of 0.027
concentration by dry combustion with a Lecokg C nm2 yr! (C=0.59+0.027xAge;?0.20,
CR12 carbon analyzer (Nelson and Sommer#£<0.001, n=160).

1982). The data were analyzed by reclamation treat-
ment (Table 2) and geographical location
itk e (North and South Iceland), and run separately
F e e Pl ' for the most common substrate types (Figure
i~ % Ly S awm 3). The treatment groups in Figure 3 include
2Ty Yo g “%  general seeding and fertilizing (denoted G in
i A'{‘!' g -f'?_ Table 2, including organic fertilizers), untreated
._f:.-'-:-ﬂ";“'-“:" . ";;._- locations (O) and others, such as exclusion
S R Py Va PR from grazing (E). The lymegrass treatments were
- h“: ,f _(,5.‘?_ excluded as such sites are subjected to sub-
P ‘:_--_-_fuf" stantial eolian deposition resulting in burial of
Rt T R oy accumulated carbon. The data was examined
“b{ . for the sandy sites separately (S+SM+SH sur-

Fi 15 | tes. Each sit N faces), which were by far the most common
lgure L. >amplings sites. =ach site can Nave sevg, yqates jn the dataset. Three sites, Atlaey,

eral sampling locations. Numbers refer to samplin safell d Kri ik h th

locations (Table 2), but only one location numbe auoarefl, an rISUVI » have _e qccurrenge

is shown for each site in the figure. of scattered old soil remnants rich in organic

1. mynd. Synatékustadir. Télur gefa til kynna nameg@rbon and they are omitted from the regres-

i 2. toflu. sion analysis. The data for the Vatnsbaejargird-
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ing were characterized by extreme values, both.063 (C=0.44+Agex0.063270.68, P<0.001,
low and high, (locations 29, 30, and 60—62 im=16).
Table 2). The reason is quite variable treat- The data for sites and locations which have
ment within that site, with continuous fertili- been excluded from grazing (E as treatment in
zation in places (for lymegrass seed-harvesfFable 2) showed no relationship with age. The
ing) and eolian sedimentation and lack of fertidata show some sites with very low carbon
lizers in other places. This site was therefordensities (<0.5 kg C 1) at sites protected from
excluded from regression analysis. grazing for over 60 years, while other are quite
The North Iceland locations in Figure 3 showhigh after shorter periods (>2.5 kg C3m5
sequestration rates of 0.052 kg C2yr! yrs).
(C=0.31+Agex0.052%0.49, P<0.001, n=55),  The calculations of C were adjusted for coarse
while the South Iceland data indicate rate ofragments (CF). The CF content was quite vari-
able from place to place, even within plots at
the same location. CF variability was most pro-

nounced on gravelly surfaces such as the flood-

4 . . : plains (A) and lag gravel surfaces (M), but was

o« . . minimal in the sandy and tephra (S, SM, and
i 8 . ', . .3 SH) surfaces. Low or no increases in carbon
< ol 8 E ‘e 3. density was observed on gravelly areas (A and
O e, et M treatments in Table 2). The use of general
! ,J e o, s V° sequestration factors is not recommended for

0 l' s . '. . such sites for the time being. The carbon pool

0 20 40 60 has to be well documented at the beginning of
Treatment age (years) revegetation efforts and with periodic meas-

Figure 2. Soil carbon density as a function of rec—urementS (.9, 10yrintervals).

lamation treatment age (including only protection

. ) Paired comparisons
from grazing). All locations. ] ]
2. mynd. Kolefnisséfnun i jardvegi, allir synatoku-1he data include a total number of 27 pairs

stadir, allar landgraedslumedferdir, par med talin representing untreated degraded land (age 0
sveedi sem hafa verid fridud fyrir beit &n annarrain Table 2) and reclaimed land of various age.
adgeroda

North-Iceland South-Iceland

C (kg m?)

0 20 40 60 0 20 40
Treatment age (years) Treatment age (year
Figure 3. Soil organic carbon (kg C#) in fertilized and untreated (G+0O) locations on sandy areas (S+
SM+SH-surfaces) plotted against treatment age. Separate regression plots for North and South Iceland.

See Table 2 for treatments and soil surface types.
3. mynd. Kolefnisinnihald a landgraedslusveedum (sad og aborid land). Tengslagreining eftir landshlutum
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Some of the pairs are from the same sites (difiods can be reached in soils in Iceland when
ferent treatment ages), utilizing the same unreclamation efforts are successful.

treated land for baseline (age=zero). The Atlaey The IPCC (2000) uses existing literature to
site is excluded from this analysis for reasonseport sequestration rates for degraded grass-
explained earlier. lands separately from restoration of degraded

Average sequestration rates estimated frotands. The report’s values for reduction of grass-
paired comparisons were similar to those obland degradation (“reduce degradation”) range
tained regression (0.062 kg Chyr?!; SE= between0.22 and 1.3t Ctgrlover 20-110
0.0076). Some of the sites have treatmentg periods. These values are comparable to
which are younger than 5 years. Excludinghose obtained for reclamation of barren areas
treatments younger than 5 years gives aboir Iceland (0.6 t C hdyrtin soils; 0.01-0.5tC
the same sequestration rate (0.063 kg € mha!yr?!in biomass, see Aradétet al, 2000
yr1). Somewhat higher rate was found for &or biomass).
pairs from South Iceland than the average The data were not sufficient at this point to
(0.073 kg C ntyr?. develop elaborate models for sequestration,

such as multi-compartment models suggested
by Izaurraldest al.(1998) and Lisket al.(1998),
DISCUSSION ) but we have already identified some of the ma-
Rate of sequestration jor factors involved, such as the substrate, treat-
Verification of carbon sequestration in soils isment, and region of the country.
difficult because of the heterogeneity of soils.
Our data indicates that both detailed analysi§nplications for sequestration in Iceland
of long-term plots and pairing of data givesThe Icelandic data show that sequestration
similar results which are a reasonably accurates are highly variable. Of particular impor-
rate account of carbon sequestration in Iceance are sites where vegetation succession
landic desert soils. has halted due to some natural thresholds that

The IPCC report (Sampson and Scholegrevent further vegetation development. This
2000) indicates a very broad range of carbohas resulted in very slow sequestration rates
sequestration rates associated with restoratiat these sites. It is a priority to find economic
of degraded land (0.1-7 t Chgr?). The rate  means of overcoming these successional thresh-
of carbon sequestration associated with re@lds in plant community development, both to
lamation of degraded Icelandic soils (0.6 t Gensure successful restoration and to promote
hatyrtor 0.06 kg C n? yr?) fall within this  continued sequestration. Alternative methods
range and can be considered relatively highHor quantifying carbon sequestration have to
For example, Izaurraldet al.(1998) reported be developed for sites with active eolian proc-
maximum theoretic rates for Canadian prairie@sses (wind erosion). These sites, when seeded
soils of about 0.15 t C hayr™. In the IPCC with lymegrass, can potentially sequester more
report (2000), an average rate of carbon gaicarbon than we are reporting for other treat-
of 0.25t C ha yrtis proposed for restoration ments in this paper, as roots and organic mat-
of severely degraded land, primarily based oter are continuously being buried under eolian
estimates by Lal and Bruce (1999). sediments.

The time interval for carbon sequestration The data demonstrate clearly that signifi-
cited for restoration of severely degraded landsant amounts of carbon can be sequestered
by the IPCC (2000) is short, (4-25 years), buby reclamation of degraded land in Iceland.
others, such as Lal and Bruce (1999) have inFhis activity could both fall under “restora-
dicated longer sequestration periods. We intion of severely degraded lands” and “grazing
fer from the data that >60 yr sequestration pdands management” (by set-aside and human
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intervention by seeding and grazing) as thesfeld. Asa L. Aradoéttir helped with statistical
activities are outlined by the IPCC report (2000)analysis and made many helpful comments on
If carbon sequestration by reclamation othe manuscript. We are also thankful to Steve
degraded areas is promoted as a FCCC actifrcher (Texas A&M University) for his valu-
ity to reduce atmospheric carbon levels, suchble comments and suggestions.
activities need to be clearly verifiable. The
general rate obtained in this study (0.6 t GREFERENCES
ha yr) in addition to data gathered at sevraqottir , Asa L., KristirSvavarsdoéttir, Thorbergur
eral locations at each site for CF, BD, and Hjalti J6nsson& Grétar Gudbergsson 2000.
carbon, are used to calculate more site spe-Carbon accumulation in vegetation and soils by
cific rates for each carbon sequestration ac- reclamation of degraded areéeelandic Agricul-
tivity area. Combined with detailed data for tural Scienced3: 99-113. (This issue).
the size of the area being treated (|n ha’ areé\éﬂﬂ'ds, Andrés, 1999. Incentives for soil conser-
often several hundred ha), relatively reliable z:ttiign” rr(')‘;f'T""h”eddr)'/”t:)“;f;cttii‘:(isd;”DSV‘\’/i'SC;;';S;;'
Hation associated with reclamation of de. ©.C: Husza. S. Sombatpani & T. Enters) O
: . ford & IBH Publishing Co., New Delhi: 135-
graded areas in Iceland. This calls for sam- 154
pling of areas being used as “FCCC sites"arnalds, Andrés, 2000. Evolution of rangeland con-
The cost of verification needs therefore to be servation strategies. IRangeland Desertifcation
considered in relation to these activities. The (eds Olafur Arnalds & S. Archer). Kluwer Aca-
cost of sequestration research and verifica- demic Publishers, London: 153-163.
tion has been of the order of 10% of the tota{\fﬂﬂ'ds, Olafur, 1998. Desertification in Iceland.
costs of binding the carbon under the CSR- Desertifjcation Control Bu_lleti|32: 22_—24. o
Program, which is indicative of general verifi-Aralds, Olafur, 1999a. Soils and soil erosion in
. . . .. lceland. In.Geochemistry of the Earth’s Surface
cation costs associated with these activities

i (ed. Halldér Armannsson). A.A. Balkema, Rot-
(CSR-Program internal report). terdam: 135-138.

It is of importance that encouragement ofarnalds, Olafur, 1999b. Soil survey and databases
reclamation activities in relation to greenhouse in Iceland. In:Soil Resources of Eurogeds P.
gas emission mitigation does not only result Bullock, R.J.A. Jones & L. Montanarellafu-
in carbon sequestration, it can halt ongoing ropean Soil Bureau — Research Reporthi@1-
degradation processes that potentially emit 96. _ .
carbon from the systems. Preliminary data shofyrnalds, Olafur, 2000. The Icelandic ‘rofabard’ soil

. . erosion featuresEarth Surface Processes and
that Icelandic deserts may be loosing more Landforms25: 17—28.
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Arnalds, Olafur, C.T.Hallmark & L.P.Wilding,
ACKNOWLEDGEMENTS 1995. Andisols from four different regions of Ice-

The authors would like to thank the Steering land.Soil Science Society of America Joursié!
Committee for the CSR-Program for their valu- 161-169. )

able support, and the other people working ofirnalds, Olafur, Asa LAra}déttir & GrétarGud- .
determining carbon sequestration associatedP€rgsson 2000. Organic carbon sequestration
with reclamation efforts, particlarly Asa L. Ara- by restoration of severely degraded areas in Ice-

L L, o p land. In:Methods for Assessment of Soil Carbon
dottir, Kristin Svavarsdottir, Arndr Snorrason, (eds R. Lal, J. Kimble, R. Follet & B. Stewart).

Hlynur Oskarsson, and Porbergur Hjalt'i JOns- cRc Press. (Advances in Soil Science). (In press).
son. We are also thankful to all the Soil Conarnalds, Olafur, Elin FjélaThérarinsdottir , Sigmar
servation Service staff for their help in the MetasalemssonAsgeirJonsson EinarGrétars-



96 BUVISINDI

son & Arnér Arnason, 1997.Soil Erosion in Lal, R., H.M. Hassan & J. Dumanski, 1999.
Iceland (In Icelandic; available in Englishinlate  Desertification control to sequester C and miti-
2000). Soil Conservation Service and Agricultural gate the greenhouse effect. arbon Seques-
Research Institute, Reykjavik: 157 pp. tration. Soil Science, Monitoring and Beydedis
Bolin, B. & R. Sukumar, 2000. Global Perspec- N.J. Rosenberg, R.C. Izaurralde & E.L. Malone).
tive. In: Land Use, Land-use Change, and For- Battelle Press, Columbus, Ohio: 83-130.
estry. A special Report of the IPC@ds R.T. Liski, J., H.llvesniemi, A. Makela & M. Starr,
Watson, |.R. Noble, B. Bolin, N.H. Ravindranath, 1998. Model analysis of the effects of soil age,
D.J. Verardo & D.J. Dokken). Cambridge Uni- fires and harvesting on the carbon storage of boreal
versity Press, Cambridge: 23-51. forest soils.European Journal of Soil Science
Eswaran, H., E.Van den Berg& P. Reich, 1993. 49: 407-416.
Organic carbon in soils of the worl8oil Science Nelson,D.W. & L.E. Sommers 1982. Total car-
Society of America Journ&al7:192-194. bon, organic carbon, and organic matterMeth-
IPCC, 2000.Land Use, Land-use Change, and ods of Soil Analysigeds A.L. Page and contribu-
Forestry. A special Report of the IPC@ds R.T. tors). Agronomy 9: 539-579.
Watson, I.R. Noble, B. Bolin, N.H. Ravindranath, Reich, P., M.Soekardi & H. Eswaran, 1997. Car-
D.J. Verardo & D.J. Dokken). Cambridge Uni- bon Stocks in Sols of Indonesia. Boil Proper-
versity Press, Cambridge: 377 pp. ties and Their Management for Carbon Seques-
Izaurralde, R.C., W.B.McGill, A. Bryden, S. tration (eds R. Lal, J. Kimble & R. Follet). USDA-
Graham, M. Ward & P. Dickey, 1998. Scien- NRCS, Lincoln, Nebraska: 121-127.
tific challenges in developing a plan to predictSampsonR.N., R.JScholes& contributers, 2000.
and verify carbon storage in Canadian Prairie soils. Additional human induced activities — Article 3.4.
In: Management of Carbon Sequestration in Soil In: Land Use, Land-use Change, and Fores#y.
(eds R. Lal, J. Kimble, R. Follet & B.A. Stewart). special Report of the IPC(eds R.T. Watson,
CRC Press, New York. (Advances in Soil Sci- |.R. Noble, B. Bolin, N.H. Ravindranath, D.J.
ence): 433-446. Verardo & D.J. Dokken). Cambridge University
Jobbagy, E. & R.B.Jackson 2000. The vertical Press, Cambridge: 181-248.
distribution of soil organic carbon and its rela-Schlesinger W.H., 1991.Biogeochemistry: An
tion to climate and vegetatioBcological Appli- Analysis of Global Changécademic Press, San
cations10: 423-436. Diego, California: 588 pp.
Lacelle, B., 1997. Canada’s soil organic carbonSnorrason, Arnoér, Thorbergur HjaltiJonsson
database. InSoil Processes and the Carbon Cy- Kristin Svavarsdottir, GrétaiGudbergsson Tumi
cle (eds R. Lal, J. Kimble, R.F. Follet & B.A.  Traustason 2000. Rannséknir & kolefnisbindingu
Stewart). CRC Press LLC, Boca Raton, Florida. reektadra skoga a islandi (Carbon sequestration in
(Advances in Soil Science): 93-101. afforestation in Icelandfrsrit Skdgreektarfélags
Lal, R. & J.PBruce, 1999. The potential of world  islands2000(1) 71-89. (Extended English sum-
cropland soils to sequester C and mitigate the mary).
greenhouse effecEnvironmental Science and Shoji, S., M. Nanzyo & R.A. Dahlgren, 1993.
Policy2: 177-185. Volcanic Ash Soils, Genesis, Properties and Uti-
Lal, R., J.M.Kimble, R. Follett & R.A. Stewart lization. Elsevier Science Publishers, Amsterdam.
(eds), 1997Soil Processes and the Carbon Cy-Soil Survey Staff, 1996Soil Survey Laboratory
cle. CRC Press, New York: (Advances in Soil Methods ManualSoil Survey Investigations Re-
Science) 609 pp. port No. 42. Version 3.0. USDA, NRCS, NSSC,
Lal, R., J.MKimble, R.F.Follett & B.A. Stewart Lincoln, Nebraska: 693 pp.
(eds), 1998Management of Carbon Sequestra-Tarnocai, C., 1997. The amount of organic carbon
tion in Soil CRC Press, New York (Advances in invarious soil orders and ecological provinces in
Soil Science): 457 pp. Canada. InSoil Processes and the Carbon Cycle
Lal, R., J.M.Kimble, R.F.Follett & C.V. Cole, (eds R. Lal, J. Kimble, R. Follet & B.A. Stewart).
1998.The Potential of U.Lropland to Seques- CRC Press LLC, Boca Raton, Florida. (Advances
ter Carbon and Mitigate the Greenhouse Effect in Soil Science): 81-92.
Sleeping Bear Press/Ann Arbor Press, Chelsedrumbore, S., 2000. Age of soil organic matter and
Michigan: 128 pp. soil respiration: radiocarbon constraints on



CARBON SEQUESTRATION OF ICELANDIC SOILS 97

belowground C dynamicEcological Applications of carbon balance in European foredtsture

10: 399-411. 404: 81-85.

Valentini, R., G.Matteucci, A.J.Dolman, E.-D. Wada, K., 1985. The distinctive properties of
Schulze C.Rebmann, E.J.Moors, A. Granier, Andosols Advances in Soil Scienc2sl73-229.
P.Gross, N.O.Jensen K. Pilegaard, A. Lind- Zdruli, P., RAlmaraz, H.Eswaran & J.Kimble,
roth, A. Grelle, C. Bernhofer, T. Grunwald, 1997. Organic carbon stocks in soils of Albania.
M. Aubinet, R. Ceulemans A.S. Kowalaski, In: Soil Properties and Their Management for
T. Vesala U. Rannik, P. Berbigier, D. Lou- Carbon Sequestratiofeds R. Lal, J. Kimble &
stau, J. Gudmundsson H. Thorgeirsson, A. R. Follet). USDA-NRCS, Lincoln, Nebraska: 129—
Ibrom, K. Morgenstern, R. Clement, J. Mon- 141.
crieff, L. Montagnani, S.Minerbi & P.G.Jar- Manuscript received 10 July 2000,

vis, 2000. Respiration as the main determinant accepted 18 July 2000.



