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Abstract

Soil respiration is one of the main processes of loss of organic C, but few studies so far have evaluated losses from arid
and semiarid soils as compared with other ecosystems. Spatial variation,iefll@ is especially important in semiarid
areas, where the distribution of ecological factors and organisms is markedly patchy. We have evaluated the small-scale
spatial variation of soil respiration in a semiaBtipa tenacissimateppe from late winter to early summer. We selected the
five most frequent soil cover types in the study site: upslope and downsldea@iacissiméussocks (SU and SD surface
units, respectively), patches of the perennial gBisshypodium retusurfBR surface unit), biological crusts (BC surface
unit), surface earthworm casts (EC surface unit) and bare ground (BG surface unit). The dynamics of sfil@©learly
reflected the changes in soil moisture. We observed significant differences,iefl@ between surface units, with BR
and BG showing maximum and minimum @@fflux rates, respectively. Soil temperature increased during the course of the
study period, showing significant differences between the most shaded (SU and SD) and the other surface units (BC, BG,
BR and EC), with higher temperatures in the latter group. Soip €flux was poorly correlated with soil temperature, but
significant non-linear relationships were found for SU, BR and BC surface units. Rainfall simulation significantly enhanced
CO;, efflux in SU, BR and EC surface units. Our results highlight the importance of the spatial variation of both vegetation
and surface soil features for the estimation of Gffflux in semiarid ecosystems. They also suggest that estimations based
only on vegetated and bare-ground areas can be rather conservative if the sampling effort is not high enough to capture the
spatial variability in CQ efflux in the latter areas.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction across ecosystems is still quite limiteRaich and
Schlesinger, 1992; Rustad et al., 2D03oil respira-
Soil respiration constitutes one of the main sources tion is one of the main processes of loss of C from
of CO; to the atmosphere, accounting for over 25% arid and semiarid soilsQonant et al., 2000 and, be-
of global emissionsRouwmann and Germon, 1998  cause of the relatively small organic C pools that they
Despite the importance of this process, knowledge contain, itis one of the ecosystem properties most sen-
about the factors controlling it and its variability sitive to climate change/(est et al., 199/ However,
it has been less studied in these areas as compared
"+ Corresponding author. Tek+34-965909564; with qther ecosyst_emsR@ich and S(_:hlesinger, 1992
fax: +34-965903565. Soil CO, efflux is difficult to estimate due to the
E-mail addressft.maestre@ua.es (F.T. Maestre). high spatial variability that characteriseskig et al.,
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1998; Stoyan et al., 2000; Xu and Qi, 20Q0This vari- perature are 49 and 38%, respectively. The soil is
ability can be especially large in semiarid areas, where a Lithic Calciorthid (Soil Survey Staff, 1994 Soil

the distribution of resources, conditions and organisms texture (0—20 cm depth) is silty, with 20% sand, 52%
is markedly patchySchlesinger and Pilmanis, 1998  silt and 28% clay for the soil under the canopy of
Features of the soil surface, such as the presence ofS. tenacissimaand 20% sand, 55% silt and 25%

rock fragments, earthworm casts and biological crusts, clay for the soil in bare-ground areagldestre et al.,

can have strong impacts on soil g@ynamics in semi-
arid ecosystemsJasals et al., 2000; Romanya et al.,

2000. These properties often show complex spatial

patterns in these areasldestre et al., 2002; Maestre
and Cortina, 2002; Maestre, 2003 hus, in addition

2001). Species composition and vegetation structure
of this site is representative &. tenacissimateppes

in SE Spain Fig. 1). Vegetation is 45%, and is domi-
nated by the perennial grassestenacissimétypical
height 50-150 cm) anBrachypodium retusurgPers.)

to the effects of the patchy distribution of vegetation P. Beauv (typical height: 10-30cm), which account
and belowground soil properties, heterogeneity of sur- for more than 73% of the total plant cover. Dispersed
face soil features can increase the spatial variation of shrubs such a&lobularia alypumL. and Anthyllis

soil CO, efflux in semiarid ecosystems. However, the cytisoidesL. are also present. Earthworm casts, bio-
effects of the spatial variation of both vegetation and logical crusts and mosses are common features of the

surface soil features on soil G@fflux within semi-
arid ecosystems are still poorly known.

In this study we aimed to characterize the
small-scale spatial variation of soil respiration in a
semiarid alpha grassSfipa tenacissimd..) steppe
during spring and early summes. tenacissimas

soil surface laestre and Cortina, 20D2

2.2. Experimental design and field measurements

We selected the five most frequent soil cover types
(hereafter called surface units) in the study area

a perennial tussock grass that dominates the land-(Fig. 1): B. retusumpatches (BR), biological crusts
scape of large arid and semiarid areas within the (BC), earthworm casts (EC), bare ground (BG), &nd

Mediterranean BasirLé Houérou, 200)L Vegetation

tenacissimdussocks. There are important differences

within these steppes typically shows complex spa- in the characteristics of the soil surface between the
tial patterns that influence the distribution of surface upslope (SU) and downslope parts (SD)Softenacis-

soil features—such as physical and biological crusts, simatussocks (24% of total surface cover), due to the
earthworm casts, and rock fragments—at the plant accumulation of runoff water and sediments in the

and hillslope spatial scalesMéestre et al., 2002;
Maestre and Cortina, 2002; Maestre, 2P@3ur main
objective was to evaluate the effects on soil &)
flux promoted by the small-scale spatial variation of
vegetation and surface soil features in a semi&id
tenacissimasteppe.

2. Materials and methods

2.1. Study area

former (Puigdefabregas et al., 1999 hus, we con-
sidered these two situations as different surface units.
Measurements of soil CQefflux were taken accord-
ing to a stratified random design. On February 2001,
we randomly selected 10 permanent circular plots
(78 cn?) per surface unit. During plot establishment,
each plot falling within distances less than 2m of an
existing replicate was discarded and reallocated to
ensure a minimum distance of 2 m between replicates.
The SU surface unit is characterised by perma-
nent shade conditions, high litter accumulation, and
the presence of mosseg/gissiasp.; Maestre et al.,

The study site is a steppe located close to Aigiies 2002 on the soil surface. The SD surface unit has

de Busot, in SE Spain (381N, 0°21'W; 460 m a.s.l.;
12° slope facing SE). The climate is semiarid, with a

similar features, but the biological crusts are domi-
nated by cyanobacteridN@stocsp. andMicrocoleus

1960-1990 mean annual rainfall and temperature of sp.; Maestre et al., 2002 Both SU and SD are lo-

388 mm and 16C, respectively Rérez, 1991 An-

cated less than 3 cm from the upslope and downslope

nual evapotranspiration is 819 mm, and within-year edges ofS. tenacissimaussocks, respectively. The BR

coefficients of variation for monthly rainfall and tem-

surface unit (11% of total surface cover) is located
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Fig. 1. View of the study area (A) and of the different surface units (B—G). Arrows in (A) show the location of Siipaetenacissima
tussocks; the scale in it refers to the large and dark shrub patch located in the middle of the image. B: upSlopnatissimaC:
downslope ofS. tenacissimaD: Brachypodium retusuprE: biological crusts, F: earthworm casts, and G: bare ground.
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within patches oB. retusumand is characterised by  We took special care to avoid runoff generation during
moderate shade conditions (photosynthetically active the addition of water. After this, new measurements
radiation is over 15-30% of that found in open ar- of CO, efflux were performed 3 h after watering.
eas), high litter content, and the occasional presence We measured soil temperature during L£€fflux
of earthworm casts. The BC surface unit (7% of total measurements with protected diodes buried at 5cm
surface cover) is located in open areas with no above- depths. Diodes were placed adjacent too@@asure-
ground parts of vascular plants, and is characterised ment plots in five randomly selected plots per sur-
by the lack of shade and the presence of a biological face unit. In addition, we measured soil moisture in
crust dominated by cyanobacteria and lichens (mainly an adjacent site on SU and BG surface units by us-
Psora crenata[Th. Tayl.] Reinke andCollemasp.; ing time-domain reflectometry (TDRppp and Davis,
Maestre et al., 2002 The EC surface unit (20% of 1985. We installed 20cm length TDR probes verti-
total surface cover) is located in open areas where thecally in 12 randomly selected SU and BG surface units.
soil surface is completely covered by earthworm casts, Measurements were taken with a Tektronix 1502C
sometimes weakly colonised by cyanobacteria. The metallic TDR cable tester (Tektronix, Beaverton, OR,
dry mass of casts per unit area in this surface unit, in USA) at 1-2-week intervals between March and June
the upper 1.2cm, is.01+0.10 g cnT2 (meant+S.D., 2001. For the estimation of volumetric soil moisture,
n = 10). The BG surface unit (19% of total surface we used a site-specific calibration factor for the soils
cover) is located in open areas with no vascular plant of the study area.
cover or earthworm casts, and is characterised by the We evaluated the root content of all surface units
presence of a physical crust and some colonisation of sampled for soil respiration during spring 2002. A
the soil surface by cyanobacteria. 0-10 cm depth soil core (90 &nper surface unit was
Soil CO, efflux was measured in situ using an extracted and transported to the laboratory. Roots were
infrared gas analyzer system (model CIRAS-1, PP manually separated from the soil, dried af&@Xo con-
Systems, Hitchin, UK) equipped with a flow-through stant weight, and weighed thereafter. After extracting
closed chamber (model STP-1, same manufacturer).the roots, we determined the soil organic matter con-
At the time of measurements, the chamber, which tent following the loss-on-ignition method, by burning
had an area of 78cfand a volume of 1170cf soil samples in a furnace at 590 for 2 h.
was inserted 3 cm into the soil. Measurements at each
sampling point took 120s, a sampling interval long 2.3. Statistical analyses
enough to get reliable estimates of £@fflux with
the equipment usedPP Systems, 1993They were We used repeated measures ANOVA to test for dif-
performed monthly between March and July 2001. We ferences between surface units in soil£flux, tem-
selected this period because this is the period of max- perature and moisture. Changes in LC€fflux after
imum vegetation activity irS. tenacissimgrasslands  irrigation were analysed separately for each surface
(Haase et al., 1999 Measurements were performed unit usingt-tests for paired samples. The magnitude
between 10:00 and 13:00h (local time, GMT1). of these differences was analysed by using one-way
We selected this time of the day for measurements ANOVA. The relationship between G@fflux and soil
because it has been shown that midday values gf CO temperature was analysed using linear and non-linear
efflux are representative of daily averages in grass- regressions. Differences between surface units in root
lands Mielnick and Dugas, 2000 In addition, we biomass and soil organic content were evaluated with
performed a rainfall simulation on 26 June 2001, with one-way ANOVA. In all ANOVA analyses, differences
the aim of evaluating short-term changes in soilxCO between surface unit®(< 0.05) were analysed with
efflux after a rainfall event. On that day we measured the Student-Newman—Keuls (SNK) test when appro-
CO, efflux following our usual protocol. Immediately  priate. Data were tested prior to analyses for assump-
after each measurement, we added water over thetions of normality and homogeneity of variances, and
whole surface of the plots in an amount equivalent to were log-transformed when necessary. All statistical
a 24 mm rainfall event. This amount is representative analyses were performed by using the SPSS 9.0 pack-
of late-spring storms in the study ardéfez, 199 age (SPSS, Chicago, IL, USA).
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Fig. 2. Rainfall and soil moisture (upper graph), soil temperature at 5cm depth (middle graph), andseffl@O(bottom graph) between
March and July 2001. Data represent mearSE. (n = 10 for soil CQ efflux and temperature; = 12 for soil moisture). Different

lower case letters close to the legend indicate significant differences between surface units after repeated measures ANDYS). (

SU: upslope ofStipa tenacissimaSD: downslope ofS. tenacissimaBR: Brachypodium retusupBC: biological crusts, EC: earthworm
casts, and BG: bare ground.

3. Results BG surface units during most of the study period, but
especially after rainfall events=ig. 2); these differ-
Rainfall during the study period was 86 mm, corre- ences were significant (repeated measures ANOVA,
sponding to 65% of the 30-year averagé(ez, 199% Fsurfaceunit= 17.279, df. = 1,22, P < 0.001). Dy-
It was mainly concentrated between 18 April and 23 namics of soil CQ efflux followed changes in soil
May (Fig. 2). Soil moisture was higher in SU than in moisture, rather than those of soil temperature, and



204 F.T. Maestre, J. Cortina/Applied Soil Ecology 23 (2003) 199-209

== Organic matter
7 Root density

7 1 - 14
a a
6 - o a { a F12
}ab a a I a @

L 5- { L 10 ©
~— (@]
@ ab o "
£ 4 - Lg O
E b hgs?
) b =
= 31 T
@ c
o | 5
o 21 -4 3
®

1 1 -2

0 0

Su SD BR BC EC BG

Fig. 3. Soil organic matter content and root density of the surface units sampled for soéfflX. Data represent mea#sS.E. (n = 10).
Different lower case letters indicate significant differences between surface units after one-way ARGMAE5, SNK test). SU: upslope
of Stipa tenacissimaSD: downslope of5. tenacissimaBR: Brachypodium retusupBC: biological crusts, EC: earthworm casts, and BG:
bare ground.

substantially increased after rainfall evenEg( 2). SU, BR and EC surface unitfig. 5. The magnitude
We found significant differences in soil GCefflux of the change in Co@efflux showed significant differ-
between surface units, with BR and BG surface units ences between surface units, with the highest increase
showing the maximum and minimum amounts, re- in BR followed by EC and SU surface units, and a de-
spectively (mean and standard error over the study crease in the C@efflux in BC surface unitKig. 5).
period of 491 + 6.4mgCQ m2h~1 versus 6 + In contrast to all other surface units, mean£&flux
3.8mgCQOm—2h-1). These differences were espe- decreased in the BC surface unit after rainfall simula-
cially evident after rainfalls, and diminished as soil tion.

moisture declined. Soil temperature increased during

the course of measurements, and showed significant

differences between the most shaded surface units (SU4. Discussion

and SD) and the rest of surface units (BC, BG, BR

and EC), with higher temperatures in the latter group  Our results show the presence of large small-scale
(Fig. 2. Root density differed significantly between differences in soil C@efflux. Small-scale spatial vari-
surface units Kig. 3). It was significantly higher in  ation of soil CQ efflux has been described in a wide
SU and BR surface units as compared with BC and variety of ecosystems, including crop&dbertson
BG surface units. Soil organic matter showed slight etal., 1997; Stoyan et al., 20Q@ropical bare soilsl(a
differences between surface units, but they were not et al., 2000, temperate coniferous foresB&uychmann,
significant Fig. 2). In general, CQ efflux was poorly 2000; Rayment and Jarvis, 2008nd afforestations
correlated with soil temperature, and no linear rela- (Stoyan et al., 2000; Xu and Qi, 2001However,
tionship was observed for any surface unit evaluated it has rarely been reported in semiarid ecosystems
(Fig. 4). However, significant non-linear relationships (Billes et al., 197}, despite the inherent heterogene-
were found for SU, BR and EC surface units. The ad- ity in soil resources and plant cover that characterize
dition of water significantly enhanced G@fflux in them Schlesinger and Pilmanis, 1998
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are shown.

The magnitude of soil C@efflux obtained in this ern Great Plains (145-179 mgrh—1; Frank et al.,
study is similar to that reported for global grasslands 2002.

(46-57mgnm2h~1; Raich and Schlesinger, 1992 Increased C@ efflux in vegetated versus bare
and to that reported for a semiarRinus halepen-  patches was expected due to the differences in soil
sis forest in Spain (36-70mgnth—1; Casals et al.,  properties, root density and microbial activity pro-

2000, for three semiarid ecosystems (desert scrub, moted by vascular plants. Soil GCefflux is often
pinyon—juniper woodland ar@inus ponderoséorest) positively related with variables such as moisture,
in Arizona (20125 mgm? h—1; Conant et al., 2000 temperature, soil organic matter (SOM) and micro-
and for a tallgrass prairie in Nebraska (52 mgah—; bial activity (Conant et al., 2000; Stoyan et al., 2000;
Norman et al., 1992 However, it is lower than  Xu and Qi, 200). With the exception of tempera-
that reported for semiarid grasslands of the North- ture, these properties usually present higher values



206 F.T. Maestre, J. Cortina/Applied Soil Ecology 23 (2003) 199-209

Y. 904 e
o T
's 75 [
Q
é\; 60 - b b
© s T ab |
£ Il ‘|’ Il
x 30 4 ab
5 15 | I
8 : -
(&) 0
E Il
g 15 Il
c
E '30 T T T T T T
O
120 - .
‘TA /1 Before
‘{:': 10 . After
E
(-? 80 A s *hk
(]
(@]
O 0
o
E
X 40 -
L=
o
o
S 201
° I
SuU SD BR BC EC BG

Fig. 5. Changes (upper graph) and values (lower graph) of €fflux before and after a 24 mm rainfall simulated on 26 June 2001. Data
represent means and Sk £ 10). In the upper graph, different letters indicate significant differences between surface units after one-way
ANOVA (P < 0.05). In the lower graph, differences between periods within each surface unit (after pasts) are denoted by asterisks:

*P < 0.05,* P < 0.01 and™* P < 0.001. SU: upslope o$tipa tenacissimaSD: downslope oS. tenacissimaBR: Brachypodium retusum

BC: biological crusts, EC: earthworm casts, and BG: bare ground.

under the canopy of vegetated patches in semiarid unpublished data). Root density was, overall, higher
areas $chlesinger and Pilmanis, 1998; Maestre et al., in vegetated than in open surface units, but we found
2001). The higher soil moisture found in SU as com- no significant differences in SOM between surface
pared with BS surface units after rainfall events may units. The latter result was unexpected, and may sug-
be promoted by run-on water inputs and higher in- gest that belowground carbon inputs by roots may be
filtration in the former Puigdefabregas et al., 1999; enough to maintain soil organic matter levels in open
Maestre et al., 2002 This status can be maintained areas flaestre et al., 2001 We also found a posi-
for some weeks after rainfalls, because the reduction tive relationship between the average values of root
in incoming radiation in SU can overcome water density and SOM, and between these variables and
uptake byS. tenacissimaussocks (Maestre et al.,, soil COy efflux, although in the latter case it was not
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significant (data not shown). These results suggest ever,Casals et al. (200@ndFrank et al. (20025ug-

that small-scale differences in soil moisture and tem-

gested that the relative importance of soil temperature

perature may be more relevant to explain small-scale was higher than that of soil moisture in a semidrid

differences in soil CQ efflux than SOM and root

halepensidorest in Spain and in semiarid grasslands

density. Further studies are needed to understand thein the Northern Great Plain (USA), respectively. The

relative importance of soil versus microclimatic fac-

non-linear relationships found between soil tempera-

tors, as well as the role of soil variables not measured ture and CQ efflux indicate a decrease in soil G&f-

in this study, such as microbial activity and the quality
of carbon, in the patterns of G@&fflux found.

It is interesting to note the strong differences in
CO; efflux between EC and BG surface units, despite
both surface units being devoid of vascular plants.
Our observations agree with studies reporting an in-
crease in soil C@efflux in the presence of earthworm
casts {Wolters and Ekschmitt, 1995; Hendriksen,
1997; Romanya et al., 20pOEarthworm casts fre-
quently show higher contents of organic C, nutrients
and microbial activity than adjacent soWplters and
Schaeffer, 1991; Kang and Ojo, 1996iowever, we
found no significant differences in the organic mat-
ter content or in root density between EC and BG
surface units. Thus, it is possible that the differences
observed may be promoted by higher microbial ac-
tivity in the EC surface unit $toyan et al., 2000
as well as by differences in the quality of carbon.
However, our results cannot provide direct evidence
for this. Within the vegetated surface units, soil or-
ganic matter and fine root density were very similar
in BR and SU surface units. But still GOefflux
from BR surface units was substantially higher than

flux at the highest temperatures, which were registered
when soil moisture values were lowest. Furthermore,
irrigation promoted a strong increase in soil £&lux
when soil temperatures were highest. These results in-
directly support the hypothesis that the response of sail
respiration to increased temperature is constrained by
soil moisture in the studied steppe.

Despite great variability between sites and species,
typical responses of biological crusts after rewetting
are characterised by a quick increase in,G&Hflux
that begins almost immediately after wettiiga(ige,
20037). This increase is followed by a decrease caused
by the activation of photosynthesis, which may reach
full activity after 30 min Lange, 2001 We found a
clear trend for lower soil C®efflux after irrigation
in the BC surface unit. Net photosynthesis of biologi-
cal crusts in arid and semiarid ecosystems is typically
higher than the soil C@efflux measured in the BC
surface unit, but it is often limited by low moisture
content Lange, 200L Thus, the observed response
may be caused by an increase in the,@i®ation ac-
tivity by the photosynthetically active organisms of bi-
ological crusts. But it is also likely that the observed

in SU surface units (mean and standard error over the response may be promoted by impeded diffusion of

study period of 49 + 6.4mgCGQm—2h~1 versus
26.8+6.3mg CQ m~2h~1). Furthermore, the magni-
tude of the increase in soil GCefflux after irrigation
was higher in BR than in SU surface units. These re-
sults suggest that the increased soil,Gflux found

in BR could be mainly related to the higher temper-
atures found in this surface unit. However, the role
of other soil properties, such as root microbial activ-
ity, fine root turnover, and soil carbon quality in the

CO, out of soils when their porespaces are filled with
water, and by the tendency for G@ dissolve in soil
water during wet periods.

Our results show the presence of small-scale spatial
variation of soil CQ efflux in anS. tenacissimateppe
during the main growing season. They also suggest
that the spatial variation of both vegetation and surface
soil features may be relevant for the accurate estima-
tion of CO, efflux in this ecosystem. Estimations based

differences found should be assessed in future studies.only on vegetated and bare-ground areas have been

Soil temperature and moisture are the main factors
driving soil respiration in semiarid ecosystems, but
their relative importance is still controversiaV{ldung

et al., 1975; Conant et al., 2000; Casals et al., 2000;

Frank et al., 200R Conant et al. (2000jound that
soil moisture was the main factor influencing soil £0
efflux in three semiarid ecosystems in Arizona. How-

used to predict carbon budgets in temperate grasslands
(Kim et al., 1993. The large differences found in soil
CO, efflux within the non-vegetated areas (note the
strong differences between BG and EC surface units,
which were often greater than those found between BG
and SU surface units) suggest that such approaches can
largely underestimate soil G@fflux in heterogeneous
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semiarid areas. Since arid and semiarid ecosystemsConant, R.T., Klopatek, J.M., Klopatek, C.C., 2000. Environmental
occupy over two fifths of the Earth’s total surface fagtors pontrolling soil respiration in three semiarid ecosystems.
(Reynolds, 200}, small-scale spatial variation in soil Soil Sci. Soc. Am. J. 64, 383-390. _
. . Fang, C., Moncrief, J.B., Gholz, H.L., Clark, K.L., 1998. Soil £O

CO; efflux may be relevant _fOI’ accu_rately estimating efflux and its spatial variation in a Florida slash pine plantation.
global carbon budgets. Regional estimates of ne CO  pjant soil 205, 135-146.
efflux, which are commonly obtained with models de- Frank, A.B., Liebig, M.A., Hanson, J.D., 2002. Soil carbon dioxide
signed for sca|ing p|0t measurememg[quitis etal., fluxes in northern semiarid grasslands. Soil Biol. Biochem. 34,
2000, are required to assess the contribution of agiven ~ 1235-1241.
ecosystem to global carbon budge®sidocchi et al., Hagse'. P., Pugnaire, F., Clarck, S.C., Incoll, LD., 1999.

_ . . . nvironmental control of canopy dynamics and photosynthetic
1996. Differences in the composition of soil surface rate in the evergreen tussock graSpa tenacissimaPlant
features may introduce uncertainties in the estimates Ecol. 145, 327-339.
of these models\(ourlitis etal.,, 200@, The incorpora- Hendriksen, N.B., 1997. Earthworm effects on respiratory activity
tion of small-scale spatial variation in vegetation and i3”51a dung-soil system. Soil Biol. Biochem. 29, 347-
23:;61'(;8 eaj(ig ]:naE:Jr:SfO\I/rgr%grls?r? t?gi?(i)lrse\clivil(l:lti\ljgc(i:?;;)t;- Kang, B.T., Ojo, A., 1996. Nutrient availability of earthworm casts

= _ ) - collected from under selected woody agroforestry species. Plant
bilities, and remains a challenging yet critical area for  soil 178, 113-119.

future research. Kim, J., Verma, S.B., Clements, R.J., 1992. Carbon dioxide budget
in a temperate grassland ecosystem. J. Geophys. Res. 97, 6057—
6063.
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