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a b s t r a c t

The pattern of carbon (C) allocation among the different pools is an important ecosystem structural
feature, which can be modified as a result of changes in environmental conditions that can occur
gradually (e.g., climatic change) or abruptly (e.g., management practices). This study quantified the
C pools of plant biomass, litter and soil in an arid shrubland in Chile, comparing the natural condition
(moderately disturbed by grazing) vs. the afforested condition (two-year-old plantation with Acacia
saligna (Labill.) H.L. Wendl.), each represented by a 60 ha plot. To estimate plant biomass, allometric
functions were constructed for the four dominant woody species, based on the volume according to their
shape, which showed high correlation (R2 > 0.73). The soil was the largest C pool in both natural and
afforested conditions (89% and 94%, respectively) and was significantly lower in the afforested than
natural condition at all five soil depths. The natural condition had in total 36.5 ton (t) C ha�1 compared to
21.1 t C ha�1 in the afforested condition, mainly due to C loss during soil preparation, prior to plantation
of A. saligna. These measurements serve as an important baseline to assess long-term effects of affor-
estation on ecosystem C pools.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Terrestrial andmarine ecosystems are estimated to absorb about
half of the CO2 emissions from fossil fuel combustion (Schimel et al.,
2001). In terrestrial ecosystems, carbon (C) absorbed via photo-
synthesis is stored in the biomass of living vegetation (leaves,
branches, trunks and roots), litter and soil (VandeWalle et al., 2001).
Among these components, soil is the largest pool of organic C in the
biosphere, storing more C than plants and the atmosphere
combined, and also containing inorganic C forms such as calcite and
dolomite (Allison, 1965; Jobbagy and Jackson, 2000; Vande Walle
et al., 2001). Most studies that have examined C storage have been
conducted in ecosystems with a high biomass content such as
tropical and temperate forests; considerably less is known about
C storage in arid and semiarid ecosystems (Bonino, 2006). Although
arid and semiarid ecosystems have less vegetation cover and hence
have a lower C accumulation per unit land area than tropical or
cias Ambientales y Recursos
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temperate forests, they cover more than 30% of the global conti-
nental area (Bechtold and Inouye, 2007) and are estimated to
contain 20% of the global soil C pool (organic plus inorganic)
(Rasmussen, 2006). Recent studies have provided estimates of
C pools in arid and semiarid ecosystems of the United States
(Bechtold and Inouye, 2007;Rasmussen, 2006;Vourlitis et al., 2007),
Africa (Glenday, 2008; Takimoto et al., 2008; Woomer et al., 2004),
China (Heet al., 2008) andArgentina (Bonino, 2006). InChile, Cpools
have been estimated for native deciduous forests (Doll et al., 2008)
and central native sclerophyllous forests (Muñoz et al., 2007), but no
estimates of C pools have been reported for semiarid or arid regions.
Arid and semiarid regions comprise 41% of the continental area of
Chile, covering 31.3 Mha (Benites et al., 1994). In the Coquimbo
Region of Chile, which has an aridMediterranean climate, 25% of the
territory is covered by natural shrubland (INE,1998); however, large
areas of this natural shrubland have been degraded by over-grazing
due to intensive goat husbandry, resulting in soil erosion (Armesto
et al., 2007). One of the strategies for recovering these degraded
lands has been active afforestation with drought-tolerant woody
species such as saltbush (Atriplex spp.) and Acacia saligna (Labill.)
H.L. Wendl. Recent afforestation efforts have used A. saligna mainly
because it has demonstrated excellent forage quality and resprout-
ing capacity and rapid recovery after grazing (Mora et al., 2002);
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Table 1
Percentage cover of woody species and bare ground along three transects (T) and the
mean cover for natural and afforested conditions of a Mediterranean arid shrubland
in Chile.

Species Natural Afforested

T1 T2 T3 Mean (SD) T1 T2 T3 Mean (SD)

F. thurifera 26.4 14.7 0.6 13.9 (7.0) 2.2 13.3 5.2 (7.1)
G. resinosa 2.3 4.5 20.9 9.2 (3.5) 2.4 11.1 1.2 4.9 (5.4)
H. stenophyllum 22.8 7.6 (11.6) 0.8 0.3 (0.5)
L. caustica 0.7 0.2 (0.1)
S. cumingii 0.2 0.1 (0.1)
A. saligna 0.7 0.5 0.4 (0.4)
A. caven 3.9 1.3 (2.3)
Bare ground 71.2 58.0 77.7 69.0 (7.1) 92.9 85.9 85.1 88.0 (4.3)
Total 100 100 100 100 100 100 100 100
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therefore, it has been planted on over 12 900 ha in the region (Avila
et al., 2007). Although afforestation with exotic species such as A.
saligna helps to mitigate soil degradation, the effects of this
ecosystemmanagement practice onC storage compared toC storage
in native shrubland ecosystems remain unknown.

Estimates of C pools in the vegetation component of ecosystems
can be obtained by using allometric functions (Navar et al., 2002).
Such functions allow the estimation of plant biomass fromvariables
that are easily and non-destructively measured, such as maximum
plant height and trunk diameter at chest height (Gayoso et al.,
2002; Prado et al., 1987). For many plant species, especially those
of economic importance, allometric functions have been deter-
mined and can be readily used to estimate their biomass (Azocar
et al., 1998, 2001). However, for many native species with low
economic value, but high ecological importance, allometric func-
tions are not available in the literature so theymust be developed to
estimate their contribution to ecosystem biomass and C pools. For
shrubs, most allometric equations for estimating aboveground
biomass use volume in single- or multiple-variable analyses
(Huenneke et al., 2001; Murray and Jacobson, 1982; Uresk et al.,
1977; Vora, 1988). Soil C content is generally measured through
chemical analyses from soil samples obtained at representative soil
depths (Jobbagy and Jackson, 2000).

This study was conducted in a Mediterranean shrubland in the
arid Chilean Region of Coquimbo, under two conditions: natural
(moderately disturbed by grazing) and afforested with a two-year-
old planting of A. saligna. Our objectives were to: (1) construct
allometric functions to estimate aboveground and belowground
biomass of predominant plant species and (2) quantify and
compare the C pools of biomass, litter and soil for both the natural
and afforested conditions. We hypothesized that the natural
shrubland condition would contain greater C pools than the affor-
ested condition.

2. Materials and methods

2.1. Site description

The study area is located in the Coquimbo Region of Chile
(30�150S; 71�170W), 45 km south of La Serena, in the central
depression between the Coastal Ranges and the Andes Mountains.
The sampling sites were located at the Las Cardas Experimental
Station of the University of Chile. The climate is arid Mediterranean,
with an average annual precipitation of 153 mm, concentrated
between June and September (local records from 1977 to 2008).
The average air temperature in January is normally lower than
26 �C, and the average for July has never been lower than 5 �C in
recorded history. The vegetation of the study area is an open, low-
statured shrubland, which is an ecotone dominated by Gutierrezia
resinosa (S.F. Blacke) and Flourensia thurifera (Molina) D.C., with
sporadic occurrences of trees, mainly Acacia caven (Molina) and
Lithraea caustica (Hook. & Arn.) and succulents, and an ephemeral
grass component dominated by therophytes (Lailhacar and Aylwin,
1988). Shrublands dominated by F. thurifera are an earlier succes-
sional stage of a vegetation type, which in its climax stage is an
arboreal shrubland dominated by Cordia decandra (Hook. & Arn.);
shrublands with a high abundance of G. resinosa typically are
a result of anthropogenic perturbation (Luebert and Pliscoff, 2005).

For our study, we used two enclosures of about 60 ha each, one
covered by the natural shrubland (moderately disturbed by
grazing) and the other afforested with A. saligna, planted between
2005 and 2006 (1200 trees ha�1). We subdivided each 60 ha
enclosure into five smaller areas of equal surface, which were
drawn around five points selected randomly using a Geographic
Information System tool. From these five smaller areas, three were
selected to sample the ecosystem carbon pools. This pseudo-
replication sampling scheme was used in order to capture the
spatial variability of each vegetation condition. Percentage cover of
woody species (trees and shrubs) was estimated along three 50-m
transects for each management condition, which were positioned
in representative areas within each of the three sub-plots. The
dominant species were F. thurifera, G. resinosa (both Compositae
family) and Heliotropium stenophyllum (Hook. & Arn.) (Bor-
aginaceae family) (Table 1).

The soil at the study sites is an Aridisol derived from granitic and
andesitic alluvium. The soil textural class is sandy loam in the
surface horizons and loamy sand at depth. The drainage class is
moderate with low sodium content and no carbonates (Casanova
and Luzio, 2008). The soil depth is variable from 50 to 100 cm
over a duripan.

Prior to afforestation with A. saligna, a bulldozer was used in
2005 to build 40-cm berms and infiltration ditches to increase
water availability for the planted species. This resulted in removal
of many shrub individuals, although an effort wasmade to leave the
few existing trees in place. Moderate grazing occurred in both
natural and afforested conditions prior to sampling during the
winter months (JuneeAugust 2007). Precipitation was low in 2006
(99 mm) and 2007 (32 mm) compared to the average annual
precipitation.

2.2. Estimation of biomass from allometric variables of shrubs

Biomass for the three dominant woody species of the natural
shrubland and A. saligna was estimated using regression models
based on allometric variables: maximum height (HMAX); relative
height (HREL), which is the height where the maximum concentra-
tion of plant biomass occurs (Paton et al., 2002); and northesouth
(DNS) and eastewest (DES) diameters of canopy projection (Murray
and Jacobson, 1982). The diameter of the basal trunk (DBT) or
group of trunkswas also estimated (from themeasured perimeter of
the trunk base, PBT), because of its potential relationship to below-
ground biomass. The range and distribution of each allometric
variable in the shrub species were determined using the moving
transect method (Kent and Coker, 1992). This method started with
themeasurement of one randomly chosen individual. At the point of
the first individual sampled, an imaginary 90� angle was drawn,
where the bisector pointed to the north. The closest individual of the
species being sampled, which was rooted within the 90� angle, was
chosen and measured. This procedure was repeated until 30 indi-
viduals were sampled in the natural condition site, for each of the
four sampled species. The statistical distribution of maximum
height for the four species sampled is depicted in Fig. 1. From the
30 plants originally measured, the distribution classes were used to
choose the minimum number of individuals for destructive
measurement of aboveground and belowground biomass, so



Fig. 1. Distribution of maximum height for F. thurifera (a), G. resinosa (b), H. stenophyllum (c) and A. saligna (d).
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that each one of the distribution classes in the histogram (Fig. 1)
was represented by at least one individual. This was done for all
the allometric variables sampled. This way of choosing the individ-
uals to harvest minimized the sampling effort and assisted in
fitting regression models to the data (Cochran, 1971). Using this
procedure, a total of 13 individuals were harvested for F. thurifera, 7
for H. stenophyllum, 9 for G. resinosa and 11 for A. saligna.

Plants were excavated during three field campaigns between
May and July 2007, separating aboveground biomass (BA, leaves and
shoots) and belowground biomass (BB), the latter representing only
roots with a diameter >5 mm for F. thurifera and H. stenophyllum
and >2 mm for G. resinosa and A. saligna. The total biomass fresh
weights were measured for each harvested individual, separating
by plant component (roots, shoots and leaves). Five subsamples
(between 100 and 500 g) were taken from each plant component
and dried at 60 �C for 48 h to estimate the percentage of water
content, which was used to calculate dry biomass weight. Carbon
concentration was determined from these same five subsamples
using an Elementar Vario-El (Germany), which produces a dry
combustion at 1150 �C in an oxygen flow and separates gases that
are produced in chromatographic columns, which are detected
through thermal conductivity.

By the time of sampling (MayeJuly), shrubs usually have no
green leaves, except for a few plants of G. resinosa. Because 2007
was an extremely dry year, the herbaceous component did not
grow at all, although during the sampling period it is normally
beginning to emerge.

Simple linear regression models (forward stepwise) were fit to
the data sets of BA, BB and total biomass (BT ¼ BA þ BB) for F. thur-
ifera, H. stenophyllum and G. resinosa. Predictor variables were the
measured allometric variables, their squared values and their cross
multiplication (e.g., HMAX, HMAX

2 , HMAX � HREL). Additional predictor
variables were obtained by calculating the volumes that resembled
the species architecture (semi-sphere, cone and cylinder); these
volumes were calculated using the combination of allometric
variables. For example, five semi-sphere volumes were calculated
from the various diameter measurements (northesouth, east-
ewest, mean, minimum, maximum). Similarly, cylinder volumes
were calculated from the various measurements of diameter and
height (maximum, relative, average). Statistical analyses were
conducted using JMP 5.1 (SAS Institute Inc., Cary, NC, USA). The
criteria to select a model were the following:
- The sign of model components had to be positive (i.e. the
greater the diameter, the greater the biomass).

- Models with higher coefficients of determination corrected by
the number of variables (adjusted R2) were selected.

- Residuals of the model had to be normally distributed, which
was verified with the ShapiroeWilk test.

- Models had to be as simple as possible in terms of the number
of variables included.

- Volume formulas were preferred and selected according to the
shape of each species.

Three woody species were found in the transects with low cover
values (Table 1), therefore no allometric functions were created for
them. Only Senna cumingii (Hook. & Arn.) H.S. Irwin & Barneby had
a published equation to estimate BA (Prado et al., 1987), which we
used:

0:3712þ 1:8087
�
D2
MIN � HMAX

�
� 0:6463DMIN; (1)

where DMIN is the minimum diameter of the canopy and HMAX, the
maximum height. Equations for A. caven and L. caustica were not
available from the literature. In addition, because their cover was
relatively low (Table 1), biomass was not harvested or included for
these two tree species.

2.3. Estimation of carbon pools

Three 100-m2 plots (2 � 50 m) were established in each
management condition to estimate ecosystem carbon pools. Plots
were drawn around the transects used for estimating the
percentage cover of woody species. All the woody plants that were
rooted inside the plots were identified, and their allometric vari-
ables measured. The BA and BB of shrub species were estimated by
using the allometric models that were fitted as described in 2.2.

Four samplesof litterwere takenusingaquadrat of 50�50cmon
each plot (4 quadrats � 3 plots � 2 conditions ¼ 24 samples). The
location of the quadrats was decided according to the percentage
cover of eachmanagement condition, i.e. the proportion of quadrats
located below the canopy of shrubs and in open spaces was as close
aspossible to theobservedproportionof vegetationandbareground
cover (Table 1). On the afforested site, the distribution of plots was
decided considering that about 60% of the areawas undisturbed soil



Table 2
Population characteristics of allometric variables measured for 30 individual plants
of the four dominant woody species occurring in natural and afforested conditions
of a Mediterranean arid shrubland in Chile.

Species Variables Min (m) Max (m) Mean (m) SD (m) CV (%)

F. thurifera HMAX
a 0.21 2.03 1.26 0.50 39.7

HREL 0.18 1.40 0.83 0.38 46.1
DNS 0.25 2.63 1.49 0.81 54.5
DEW 0.22 2.87 1.44 0.85 59.3
PBT 0.08 2.16 0.74 0.63 85.8

G. resinosa HMAX 0.21 1.19 0.67 0.34 50.4
HREL 0.10 0.85 0.47 0.24 50.7
DNS 0.05 1.65 0.75 0.62 82.5
DEW 0.04 1.46 0.70 0.52 74.5
PBT 0.03 0.73 0.35 0.34 97.1

H. stenophyllum HMAX 0.58 1.78 1.21 0.44 36.1
HREL 0.50 1.35 0.89 0.29 33.0
DNS 0.54 3.52 2.15 0.99 45.8
DEW 0.47 2.80 1.92 0.77 40.3

A. saligna HMAX 0.02 1.35 0.76 0.45 59.1
DNS 0.02 1.21 0.37 0.37 99.3
DEW 0.01 0.48 0.37 0.32 85.0
PBT 0.02 0.14 0.05 0.04 67.0

a HMAX, maximum height; HREL, relative height; DNS, northesouth diameter; DEW,
eastewest diameter; PBT, perimeter of trunk at the base.
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and the other 40% was bermed. From each plot, one composite
sample of 50 g of litter was taken, dried and analyzed for water and
C content.

Soil samples were taken to analyze C content from excavations
of 30 � 30 cm (within the quadrats used to sample litter), sepa-
rating the soil strata at 0e5, 5e10, 10e20, 20e30 and 30e50 cm
depth intervals. Fine roots (<5 mm diameter for F. thurifera and H.
stenophyllum, and <2 mm for G. resinosa and A. saligna) were
separated from each soil sample. From the total of fine roots, 5
samples of 2 g were dried and analyzed for C content. The four soil
samples of each plot were mixed by stratum, dried for 48 h at 60 �C
and sieved with a 2-mm mesh screen, from which a homogenized
subsample was taken for C content analysis. At each soil stratum,
percentage of stones was determined visually, the bulk density was
measured using the kerosene method for aggregates (Blake, 1965),
and where it was not possible to obtain an aggregate, the gravi-
metric method was used. The measurement of physical properties
of the soil was done by depth strata and not by edaphic strata to
obtain a more accurate estimate of soil C stock, because the latter
usually involves fewer samples.

Soil C content at each soil stratum i was calculated using the
following equation:

Ci ¼ Við1� PiÞ � BDi � Cci; (2)

where Ci is C content in the i stratum, Vi is soil volume, Pi is
percentage of stones, BDi is bulk density, and Cci is the C concen-
tration. Twelve composite samples were obtained, three from bare
ground and three below plants in each management condition, to
determine the relation between the type of cover and soil
C content, using a Student’s t-test. Distribution of C stocks in the
ecosystem pools (BA, BB, litter and soil) was estimated and
compared between management conditions at the two sites.
Statistical analyses to compare C content in the ecosystem C pools
were performed using the average of the three plots for each
management condition, using Student’s t-tests.
3. Results

3.1. Above and belowground plant biomass

The natural shrubland condition was dominated by F. thurifera,
G. resinosa and H. stenophyllum, which comprised 99.1% of the total
vegetation cover; bare ground at this site represented about 70% of
the total area (Table 1). The afforested site was dominated by F.
thurifera and G. resinosa, which comprised 83.7% of the total
vegetation cover, with A. saligna and H. stenophyllum exhibiting less
than 1% cover; bare ground represented about 88% of the total area
(Table 1).

Of the three dominant woody species, F. thurifera had the
greatestHMAX, althoughH. stenophyllum individuals were definitely
the largest plants in terms of HREL and diameter in both directions
(Table 2). The single largest individual of H. stenophyllum reached
Table 3
Mean and standard deviation (in parentheses) of water and C content of plant components
represented of total biomass, as measured from harvested individual plants in natural a

Species Na WL (%) WS (%) WR (%) CL (%)

F. thurifera 13 6.6 (2.9) 23.7 (0.8) 28.3 (1.1) 45.2 (0.1)
G. resinosa 9 18.9 (2.6) 10.8 (1.5) 11.1 (2.7) 46.6 (0.7)
H. stenophyllum 7 45.9 (1.8) 24.1 (2.7) 33.6 (3.2) 38.4 (3.2)
A. saligna 11 e 30.0 (1.3) 30.4 (2.7) e

Meanb 43.4 (4.4)

a N, number of individuals; W, water content; C, carbon content; B, biomass. Subindic
b Average of native species (F. thurifera, G. resinosa and H. stenophyllum).
c Root:shoot ratio.
3.5 m on the DNS dimension. In general, allometric variables
exhibited high variability, with coefficients of variation (CV) greater
than 33%. The parameter with the lowest CV for F. thurifera,
G. resinosa and A. salignawas HMAX, whereasHREL was least variable
for H. stenophyllum. The parameters with the highest variability
were PBT for F. thurifera and G. resinosa, and DNS for H. stenophyllum
and A. saligna. The other species present at the study site (Table 1)
were not sampled because they represented only one or two small
individuals, and no allometric relationships were reported in the
literature for these species.

H. stenophyllum had higher relative water content for all plant
components compared to other species (Table 3), particularly for
leaves (45.9%), whereas G. resinosa had lower values of water
content for stems and roots. Carbon content was quite consistent
among various plant components and species (about 45e47%),
except for leaves of H. stenophyllum (38%). This species also had the
highest values of BS and BA, whereas F. thurifera exhibited the
highest value of BB. Biomass components varied considerably for all
species with high standard deviations compared to the mean
values. For A. saligna, values of SD were higher than the means. BA
represented a higher proportion of BT compared to BB for all
species; Values of the root:shoot (BB/BA) ratio ranged from 0.22 for
H. stenophyllum to 0.55 for A. saligna (Table 3).

All allometric models had adjusted R2 values greater than 0.7,
with equations for A. saligna having the highest values (R2 ¼ 0.99),
followed by H. stenophyllum, F. thurifera and G. resinosa (Table 4).
For all species, models for BA had a higher adjusted R2 (0.75e0.99)
compared to BB (0.56e0.97) (Table 4). When the allometric models
of sampled species and the percentage that aboveground and belowground biomass
nd afforested conditions of a Mediterranean arid shrubland in Chile.

CS (%) CR (%) BA (%) BB (%) BB/BAc

47.1 (1.1) 47.7 (0.2) 74.6 (7.2) 25.4 (7.2) 0.34
46.2 (0.1) 46.0 (1.0) 72.0 (12.1) 28.0 (12.1) 0.39
46.2 (0.2) 47.4 (1.7) 82.1 (11.5) 17.9 (11.5) 0.22
47.5 (0.3) 45.8 (0.2) 64.5 (15.5) 35.5 (15.5) 0.55

46.5 (0.5) 47.0 (0.9) 0.32 (0.09)

es are: L, leaf; S, stem; R, root; A, aboveground biomass (L þ S); B, belowground.



Table 4
Allometric functions used to estimate aboveground (BA), belowground (BB) and total biomass (BT) of dominant woody species in natural and afforested conditions of
a Mediterranean arid shrubland in Chile.

Species BA R2 BB R2b BT R
2

F. thurifera 1.693 (DNS � DEW)a 0.89 0.935 (S-Sph DAV) 0.70 0.86
G. resinosa 3.98 (Cone HMAX � DAV) 0.75 0.372 (S-Sph DEW) 0.56 0.73
H. stenophyllum 2.02 (Cyl HREL � DEW) 0.94 0.273 (S-Sph DNS) 0.77 0.94
A. saligna 472.3 (Cyl HMAX � DBT) 0.99 6118.5 (Cone HMAX � DBT) 0.97 0.99

a One dimension variables: DNS, northesouth diameter; DEW, eastewest diameter; DAV, average diameter; DBT, base-of-trunk diameter; HMAX, maximum height; HREL,
relative height. Volumes: S-Sph, semi-sphere; Cyl, cylinder; Cone.

b Values of R2 were adjusted by the number of variables that each model included.
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were applied to the plant individuals present in each plot, the
average dry weight for F. thurifera individuals was 1.09 kg plant�1 in
the natural condition and 0.45 kg plant�1 in the afforested condi-
tion (Table 5). BT values for G. resinosa were more consistent
between the sites and had values about 0.1 kg plant�1 under both
management conditions. Only one large individual of H. sten-
ophyllum (14.7 kg plant�1) was found in one plot in the natural
condition.

Under both shrubland conditions, F. thurifera had the highest
proportion of BA and BS with a total of 3.90 ton (t) ha�1 and
1.34 t ha�1, respectively (Table 5). These values represented 49 and
76% of total ecosystem plant biomass, which for the natural
condition was 7.89 and 1.77 t ha�1 for the afforested condition,
respectively. Although only one individual of H. stenophyllum was
found, it was so large that when its weight was averaged across
three plots, it contributed 3.43 t ha�1 in the natural condition.
3.2. Carbon content of ecosystem pools

The contribution of each species to the vegetation C pool in the
ecosystem was calculated by multiplying the percentage of C in
biomass components (Table 3) by the biomass of all species found
in the plots (Table 5). Because C content of the various plant
components was so similar (Table 3), the contribution of each
species to the total ecosystem C reflected the species rankings for
BT. The total C from plant biomass in the natural condition was
3.69 t C ha�1, which was comprised of F. thuriferawith 1.84 t C ha�1,
G. resinosawith 0.22 t C ha�1, H. stenophyllumwith 1.59 t C ha�1and
S. cumingiiwith 0.04 t C ha�1. For the afforested condition, the total
C from biomass was much lower (0.82 t C ha�1) with F. thurifera
contributing the greatest with 0.63 t C ha�1, followed by G. resinosa
with 0.18 t C ha�1and A. salignawith 0.01 t C ha�1. The natural and
afforested conditions did not differ in C content for BA (t ¼ 1.57,
P¼ 0.19), BB (t¼ 1.71, P¼ 0.16) and BT (t¼ 1.59, P¼ 0.19). Percentage
carbon in litter was 39.7 � 1.1% (mean � SD) for the natural
condition and 41.9 � 2.4% for the afforested condition, which were
not statistically different (t ¼ �1.51, P ¼ 0.21) (data not shown).
These litter C contents (about 40%) were about 15% lower than the
average C content of the stems of the native species (about 47%,
Table 3). Total carbon contained in litter in the natural condition
was 0.36 � 0.26 vs. 0.43 � 0.39 t ha�1 for the afforested condition,
which were not significantly different (t ¼ �0.23, P ¼ 0.83) (data
not shown).

Soil C content decreasedwith increasing depth,whichwas due to
an increase inpercentageof stones andadecrease inC concentration
(%) (Table 6). Bulk density and percentage of stones of soils varied
widely depending on the shrubland condition, but generally
increased with depth, except for bulk density in the 10e20 and
20e30 cm increments in the afforested condition. Soil in the natural
condition in the 0e50 cm depth contained 32.5� 7.1 t C ha�1, while
in the afforested condition had 19.8 � 4.8 t C ha�1 (Table 6). When
the differences in carbon content were analyzed by depth strata as
paired t-tests, we observed significant differences in percentage
C (t ¼ 5.28, P ¼ 0.006) and C content (t ha�1) (t ¼ 7.73, P ¼ 0.02).
However, when the C content was estimated for the whole soil
profile (0e50 cm), this difference was only marginally significant
(t ¼ 2.56, P ¼ 0.062) (Table 6). Considering the 0e20 cm depth
increment, the soil C content represented 57.7% (18.7 t C ha�1) and
53.8% (10.7 t C ha�1) of total C in the soil profile in the natural and
afforested conditions, respectively (Table 6). The shrubland in the
natural condition had higher soil C content at all depth increments
(Fig. 2). Fine rootswereveryscarce,with a total of 2.3 kgCha�1 in the
natural condition and 2.5 kg C ha�1 in the afforested condition. The
percentages of C content in the soil under vegetation cover were
compared with those in soils under bare ground, and they were not
significantly different (t ¼ 1.26, P ¼ 0.23) (data not shown).
4. Discussion and conclusions

The calculated volumes were highly correlated with plant
biomass components (BA and BB) for the dominant woody species
in our study (Table 4). Allometric functions for estimating coarse
root biomass have not been widely reported in the literature, but
we found they were useful for the species in our study
(R2 ¼ 0.56e0.97) and were similar to results reported by Cleary
et al. (2008) (R2 ¼ 0.87) for Artemisia tridentata Nutt. Although
logelog models typically give higher coefficients of determination,
we preferred to follow the selection criteria described in Section 2.2
because logelog models sometimes provided negative values of
plant biomass for our species. The equation selected for estimating
BA for A. salignawill probably not be useful when trees have leaves
because our sampling occurred after plants had been defoliated by
goat grazing. This is probably not of major concern given that
moderate goat grazing is planned for the future at this site.

The natural condition of the arid Mediterranean shrubland had
a greater percentage of woody vegetation cover (31%) compared to
the afforested condition (12%). The greater percentage of bare
ground in the afforested condition (Table 1) was likely due to the
disturbance that occurred during soil preparation prior to planting
of A. saligna.

Because C content in biomass was very stable (around 46%),
contribution of ecosystem C by species closely resembled that of
total biomass, with F. thurifera having the highest total biomass in
both management conditions (Table 5). H. stenophyllum contained
almost as much C as F. thurifera even though it only covered about
half of the area compared to F. thurifera (Table 1) because H. sten-
ophyllum individuals were larger (Table 2) and had greater wood
density.

Xerophytic plants have various adaptive mechanisms to survive
in arid climates. One of these mechanisms involves a greater allo-
cation of plant resources to root growth compared to stem and
shoot growth (Donoso, 1997). For example, xerophytic plants
typically have root:shoot ratios (BB/BA) that are greater than 1,
similar to those for plants in the cold deserts of Asia where
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root:shoot ratios range between 6 and 12, and in shrublands where
values range between 1 and 3 (Noy-Meir, 1973). The root:shoot
ratios of native shrub species in our study, however, ranged from
0.22 for H. stenophyllum to 0.39 for G. resinosa (Table 3). These ratios
are low compared to the values obtained by He et al. (2008) for
grasslands of Mongolia (11e25) and by Fan et al. (2008) for the
desert-steppe of China (4.8 and 6.8). Zerihun et al. (2006) reported
a root:shoot ratio of 0.58 for the xeric portion of a rainfall gradient
of Eucalyptus populnea F. Muell. communities in northern Australia,
which receives 367mmof annual precipitation. This value is similar
to that of A. saligna in our study (0.55), which is also native to
Australia. Values lower than 1 were also found in warm deserts
(Jackson et al., 1996), semiarid zones of Australia (Fan et al., 2008)
and California chaparral, with values between 0.37 for Arctosta-
phylos pungens A. Gray and 0.7 for Adenostoma fasciculatum Hook. &
Arn. (Kummerow et al., 1977). The low root:shoot ratio values in our
study suggest that the species we studied may use different
adaptive mechanisms such as entering a dormancy state by shed-
ding their leaves during dry periods (Donoso, 1997). Alternatively,
our sampling may have missed some roots, particularly in the
deeper soil layers.

The movement of soil during site preparation prior to planting
A. saligna resulted in the afforested site having values of soil bulk
density and percentage of stones that did not follow the typical
increase with depth, as observed in the natural condition (Table 6).
Soil bulk density was higher in the two top soil depth intervals in
the afforested condition than compared to lower soil depth inter-
vals. Increases in soil bulk density, mainly due to the loss of soil
structure, have been observed in other natural ecosystems that
were converted to agricultural lands, resulting in less water infil-
tration and a decreased capacity to retain water and air in the soil
profile (Celik, 2005; Li et al., 2007). Although afforestation with
A. saligna does not exactly correspond to agricultural land conver-
sion, site preparation for afforestation apparently had a similar
effect on the top soil layers.

The general decrease in soil C stock with depth in both condi-
tions was associated with a lower soil C content and also an
increase in the percentage of stones (Table 6). The afforested
condition had a lower soil C stock but a higher percentage of stones
in the soil than the natural condition (Table 6). The difference in
percentage of stones explained 17.2% of the difference in total soil
C content between both conditions, and when this difference was
removed, the afforested condition represented 32% lower soil
C than that in the natural condition.

The soil C content beneath bare ground and under vegetation
did not differ in our study. However, only two years had elapsed
since afforestation, so this difference may increase in the future,
given that less vegetation cover to protect the soil generally
increases the C loss due to mineralization and to a lesser extent
increases erosion (Martínez-Mena et al., 2002). In addition, because
A. saligna trees would be expected to develop more extensive
canopies in the future, C stocks should increase in the afforested
conditionwith enhanced C fixation. Correspondingly, soil C content
in the natural condition may decrease due to increased minerali-
zation and soil erosion losses (Martínez-Mena et al., 2002).

Several studies have measured C pools in arid environments
(Table 7). The C content in BT in the natural condition in our study
(3.7 t C ha�1) was similar to the C values reported byWoomer et al.
(2004) in a Sahel Desert site dominated by grasses with scattered
shrubs (3.1 t C ha�1). Woomer et al. (2004) found in the same study
that the C pool in a degraded grassland was 0.4 t C ha�1, which is
similar to the value that we observed in the afforested condition
(0.8 t C ha�1). In general, the values of C content in BT for grasslands
and shrublands aremuch lower than the values reported byGlenday
(2008) for arid forests in Kenya dominated by Cynometra webberi



Table 6
Soil characteristics with mean and standard deviation (in parentheses) for five soil depth intervals in a Mediterranean arid shrubland in Chile under natural and afforested
conditions.

Depth (cm) Natural Afforested

Bulk density
(g cm�3)

Stone (%) Carbon
contenta (%)

Carbon stockb

(t ha�1)
Bulk density
(g cm�3)

Stone (%) Carbon
content (%)

Carbon stock
(t ha�1)

0e5 1.71 (0.16) 5.5 (3.5) 0.85 (0.18) 6.87 (1.50) 1.82 (0.09) 24.6 (16.7) 0.61 (0.24) 3.98 (1.67)
5e10 1.73 (0.07) 14.6 (14.7) 0.59 (0.14) 4.44 (1.51) 1.76 (0.08) 31.7 (22.7) 0.47 (0.14) 2.80 (0.99)
10e20 1.77 (0.05) 21.7 (11.7) 0.53 (0.14) 7.42 (2.32) 1.58 (0.28) 45.0 (16.8) 0.40 (0.11) 3.86 (1.09)
20e30 1.87 (0.06) 32.9 (13.7) 0.45 (0.16) 5.63 (2.13) 1.46 (0.05) 46.7 (15.0) 0.35 (0.09) 3.50 (0.80)
30e50 1.83 (0.07) 43.8 (12.5) 0.39 (0.06) 8.10 (1.07) 1.96 (0.04) 46.7 (7.8) 0.29 (0.06) 5.65 (1.27)
Total c 0e50 32.45 (7.09) 19.80 (4.78)

a Student’s t-test showed significant differences (t ¼ 5.28, P ¼ 0.006).
b Student’s t-test showed significant differences (t ¼ 7.73, P ¼ 0.002).
c Student’s t-test showed no significant differences (t ¼ 2.56, P ¼ 0.062).
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Baker f. and Brachystegia spiciformis Benth. (36e54 t C ha�1),
although they estimated BB as a fixed value of 50% of BA.

The studies listed in Table 7 considered soil organic carbon (SOC)
within the soil C pool, whereas we estimated total soil C (both
organic and inorganic carbon) in our study. The soil C pool was an
important component of total C in both our natural and afforested
conditions (Fig. 3). The soil C content values in our study (19.8 and
32.5 t C ha�1) were similar to those reported by Rasmussen (2006)
in the Sonoran Desert (28 t C ha�1) and by Singh et al. (2007) in an
Aridisol soil in India (49 t C ha�1). A 32% greater amount of soil C in
the natural condition compared to the afforested condition in our
study may be attributable to site soil preparation prior to affores-
tation. Similar changes in SOC were found by Muñoz et al. (2007),
who found a 40% loss in SOC on a site of well-preserved espinal
(thorny shrubland) compared to a degraded site in the Cauquenes
Province of Chile. Martínez-Mena et al. (2002) also reported
a significant loss of SOC in a semiarid zone in Spain (vegetation
cover consisted of planted Pinus halepensis Miller and a native
shrub), after nine years of complete vegetation removal, which was
attributed to mainly soil mineralization. A total of 0.023 t ha�1 y�1

of SOC was lost through erosion and another 4.30 t ha�1 y�1 was
lost through mineralization, resulting in a 31% reduction in SOC. In
our study, we found a small amount of fine roots with 48% of C
concentrated in the first 5 cm soil depth increment, which
accounted for only about 2.5 kg C ha�1 in both conditions. These
values are extremely low compared to those reported by Jackson
et al. (1996), who found that fine roots in desert ecosystems can
be as high as 2.7 t C ha�1, with 60% of that amount occurring in the
0e30 cm depth increment. The small amount of fine roots observed
in our study may have been due to the extremely dry conditions
during the sampling year.
Fig. 2. Soil carbon content (t ha�1) in natural and afforested conditions of an arid
Mediterranean shrubland in Chile at five soil depth intervals. Error bars represent
standard deviations.
In our study, the soil was the largest C pool in both natural and
afforested conditions, followed by BA, BB and the litter pools (Fig. 3).
The higher percentage that soil C represented in the afforested
condition (94%) compared to the natural condition (84%), implies
that the C loss was proportionally higher in the BT pool. Total
ecosystem C in the afforested condition was 36% lower than in the
natural condition. The distribution of C in the different pools in the
natural condition is similar to values reported for a grassland with
scattered shrubs (Woomer et al., 2004), where soil C content rep-
resented 84% of ecosystem C, 60% of which was concentrated in the
first 20-cm soil depth.

We found in BT a 2.9 t C ha�1 lower C level in the afforested
compared to natural condition in our study. This is similar to
a 2.7 t C ha�1 difference in C reported by Woomer et al. (2004) in
a grassland with scattered shrubs compared to a degraded grass-
land in Senegal. In the Sahel of West Africa, Takimoto et al. (2008)
found values of total ecosystem C of 35.6 t C ha�1 in a fodder bank
and 37.1 t C ha�1 in a parkland dominated by Vitellaria paradoxa C.F.
Gaertn., which was similar to the value of 36.5 t C ha�1 found in the
natural condition in our study. The afforested condition in our
study had a total ecosystem C of 21.1 t C ha�1, which was between
the values for abandoned land (24.7 t C ha�1) and live fence
(17.7 t C ha�1) found by Takimoto et al. (2008). The values reported
by Bonino (2006) for a secondary forest in the dry Chaco in
Argentina (36.4 t C ha�1) were similar to the value that we found for
the natural condition shrubland, although their estimate did not
include BB and litter and used a unique allometric function to
estimate BA in arid forests.
Fig. 3. Carbon content of ecosystem pools in a Mediterranean arid shrubland in Chile
under natural and afforested conditions. Because of extremely low values, C content of
fine roots was not included in the figure.



Table 7
Carbon content and root:shoot ratios of various ecosystem pools in arid and semiarid ecosystems.

Vegetation/soil type Location Carbon contenta (t ha�1) Root:shoot Reference

BA BB BT Litter SOC SIC STC TEC

Temperate desert-
steppeb

China 0.5 (0.4) 3.4 (2.0) 3.9 (2.1) 6.8 Fan et al. (2008)

Temperate steppe-
desert

0.5 (0.2) 2.4 (2.0) 2.9 (1.9) 4.8

Degraded grassland Sahel Desert,
Senegal

0.4 11.6 12 Woomer
et al. (2004)Shrubby grassland 1.9 25.3 27.2

Grassland
w/scattered
shrubs

3.1 16.3 19.4

Severe degraded
grassland

Mongolia Grassland
Ecosystem Research
Station, China

0.2 5 2.5 0.02 5.5 13.2 25 He et al. (2008)

Light degraded
grassland

0.3 7 7.3 0.2 10 24.8 23.3

Grazing exclusion 0.7 8 8.7 0.7 14 32.1 11.4
Mixed grassland Arizona, USA 16 12 28 Rasmussen (2006)
Creosotebush-

bursage/Aridisol
14 127 141

Natural shrubland Coquimbo Region,
Chile

3.2 (2.7) 0.5 (0.4) 3.7 (3.1) 0.4 (0.3) 32.5 (7.1) 36.5 (9.5) 0.16 This study
Afforested

shrubland
0.7 (0.5) 0.1 (0.1) 0.8 (0.6) 0.4 (0.4) 19.8 (4.8) 21.1 (5.7) 0.14

Very degraded
espinal

Cauquenes, Chile 42.0 Muñoz
et al. (2007)

Degraded espinal 36.0
Good espinal 67.9
Well-preserved

espinal
70.2

Native forest 135.5
Aridisol Rajasthan, India e 24.2 20.7 44.9 Singh et al. (2007)
Primary forest Dry Chaco,

Argentina
30.3 34.6 64.9 Bonino (2006)

Secondary forest 8.4 28.0 36.4
Shrubby grassland 1.4 23.0 24.4
Cynometra forest Arabuko-Sokoke

Forest, Kenya
42 (6) 12 (2) 54 1.5 (0.2) 25 (2) 83 (8) 0.29 Glenday (2008)

Cynometra thicket 28 (5) 8 (1) 36 2.3 (0.5) 22 (3) 65 (7) 0.28
Faidherbia albida

parkland
Ségou Region,
Mali

54 16.8 70.8 Takimoto
et al. (2008)

Vitellaria paradoxa
parkland

21 16.1 37.1

Fodder bank 1.5 12.5 14.0
Abandoned land 0.7 24 24.7
Livefence 3.2 14.5 17.7
Calcaric fluvisols GuadixeBaza

Basin, Southeast
Spain

52 310c 362 Diaz-Hernandez
et al. (2003)Calcisols 52 390 442

a BA, aboveground biomass; BB, belowground biomass; BT, total biomass; SOC, soil organic carbon; SIC, soil inorganic carbon; STC, soil total carbon; TEC, total ecosystem
carbon.

b Desert-steppe is dominated by grasses, whereas steppe-desert is dominated by shrubs.
c Inorganic C is composed of dolomite and calcite with the high C amount due mainly to calcite.
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In general, conversion of ecosystems from natural conditions to
agricultural use results in decreased stocks of ecosystem C (Abule
et al., 2005; Girmay et al., 2008; Steffens et al., 2008; Woldeamlak
and Stroosnijder, 2003). This decrease was also found in our study,
mainly due to the loss of C from the soil C pool and reductions in
BA and BB, which likely occurred during site preparation for
afforestation. The planting of A. saligna in berms with infiltration
ditches, as used in our study, was recommended by Perret and
Valdebenito (1997) as a soil conservation technique that results
in greater shrub height and diameter with reduced soil erosion
from runoff. They did not specifically address the potential loss of
C during site preparation prior to afforestation. According to Perret
et al. (2001), management practices that maximize the yield of
fodder would have a negative impact on increases in stem diam-
eter and plant height. Residue management during site prepara-
tion was recognized as an important way to maintain or increase
soil and ecosystem C content (FAO, 2002; Lal, 2003). For affores-
tation, Serra (1997) recommended establishment of three strata:
herbaceous layer consisting of annual plants, a low-statured shrub
stratum of Atriplex nummularia Lindl. with high forage value, and
a tree layer consisting of a low to medium density of A. saligna.

In summary, our initial evaluation of C stocks is an important
baseline to assess the long-term effects of afforestation on
ecosystem C pools in A. saligna plantations in Chile. Fluxes of CO2
are also being monitored on our sites with Bowen ratio energy
balance instrumentation to determine shorter-term trends of
carbon fixation and efflux.
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