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Abstract

In a semidesert community in México (Zapotitlan de las Salinas, Puebla) the vertical distribution of roots and root
biomass was estimated at 0-100 cm depth on two sampling dates, November 1995 (wet season) and January 1998
(dry season). Root productivity at 7 to 14.5 cm depth was estimated with the in-growth core technique every two
months from March 1996 to February 1998. The relationship between environmental factors and seasonal root pro-
ductivity was analyzed. Finally, we tested the effect of an irrigation equivalent to 20 mm of rain on root production.
Seventy four percent of the total number of roots were found at 0-40 cm depth. Very fine<datsng diameter)

were found throughout the soil profile (0-100 cm). In contrast, fine roots (1-3 mm diameter) were found only from
0-90 cm depth, and coarse roots3 mm diameter) from 0-60 cm depth. The root biomass was 971.54g m
(S.D.=557.39), the very fine and fine roots representing 62.9% of the total. Total root productivity, as estimated
with the ingrowth core technique, was 0.031 Mg haver the dry season and 0.315 Mg haver the wet season.

Only very fine roots were obtained at all sampling dates. Rainfall was significantly correlated with very fine root
production. The difference between fine root production in non-watered (0.054)emd watered (0.429 g ™)
treatments was significant. The last value was the same as that predicted for a rain of 20 mm, according to the
exponential model describing the relation between the production of very fine roots and rainfall at the site.

Introduction hon & Wagner 1985). Nevertheless such estimates of
belowground productivity should be taken cautiously
Root production and decomposition are important as these estimates have not yet been considered for the
processes in the dynamics of carbon and nutrients fine roots, and the biomass ratio root:shoot changes
in terrestrial ecosystems (McClaughterty et al. 1982; according to the dominant species of the community
Aber & Melillo 1991; Fahey & Hughes 1994). It has (Coleman 1976; Kummerow et al. 1978; Ehleringer &
been estimated that the assignment of resources to beMooney 1982; Nadelhoffer et al. 1985).
lowground parts can be as high as 80% of net primary ~ Root productivity of a plant community can be af-
productivity (Coleman 1976; Fogel 1983; Caldwell fected by temperature, rain, availability of nutrients
& Richards 1986). Despite the above information, and soil physical properties (Bell & Bliss 1978; Nadel-
the study of roots in deserts has received little atten- hoffer et al. 1985; Gross et al. 1993; Sanchez-Gallén
tion and the estimate of standing biomass is scarce & Alvarez-Sanchez 1996; Mou et al. 1997; Fitter et al.
(Ehleringer & Mooney 1982). Belowground produc- 1998). Even though in arid zones water is the most
tivity in deserts has frequently been estimated as a con-limiting resource for productivity (Fisher & Turner
stant percent (40%) of the aboveground productivity 1978; Noy-Meir 1973, 1985; Ludwig 1987), the ef-
or assuming that the biomass ratio root:shoot is equal fect of the seasonal variation from the rain over the
to the productivity ratio root:shoot (Newbould 1968; belowground productivity has not been documented.
Herman 1977; Ehleringer & Mooney 1982; MacMa-
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This study describes the vertical distribution of (Bohm 1979). Cut roots intercepting the smooth wall
roots and standing crop biomass in a semidesert area ofwere counted over a 100 cm deep and 60 cm wide
México. We quantified the belowground productivity soil profile for each trench using a 5 cm5 cm grid.
and analyzed how it was affected by certain environ- In order to quantify root biomass, we extracted soil
mental factors. Finally, we analyzed how a watering samples of 10< 10 x 10 cm up to 100 cm in depth
(equivalentto 20 mm of rain) affected root production. on each wall. The roots were carefully separated from
According to the pulse-reserve theory used in desert the soil and washed under running tap water, using a
communities (Noy-Meir 1973; Fisher & Turner 1978), 0.96 mnf? sieve. The roots were dried at 90 for 48 h
where a pulse of carbon assimilation is triggered by (B6hm 1979). We classified the roots in three diameter
water supply, we hypothesized that the most impor- classes: very fine€1 mm), fine (1-3 mm) and coarse
tant factor in primary belowground plant productivity (>3 mm) (Wilczynski & Pickett 1993). The roots were
is the seasonal variation in water availability. weighed to the nearest 0.001 g and the biomass data

were converted to g

Methods Fine root productivity

Study area Root productivity was estimated by the in-growth core
technique (Caldwell & Virginia 1989; Nadelhoffer &
This study was conducted in Zapotitlan de las Salinas, Raich 1992). From March 1996 to May 1998, 40 PVC
Puebla, México. The area is part of the Tehuacan- tubes were filled with sifted soil and buried horizon-
Cuicatlan province, which has a large floristic and tally at a depth of 7 to 14.5 cm. Each tube was 20 cm
endemic diversity (Rzedowski 1978). long and 7.5 cm in diameter and had circular perfo-
The area presents a mean annual rainfall of rations of 19.6 mriiat 0.5 cm intervals. On the plot
400 mm. The wet season extends from May to Oc- the tubes were arranged in ten 40 m parallel rows. The
tober and the dry season from November to April. The distance between rows was 10 m. Each row had four
mean annual temperature fluctuates betweerf@8  tubes and the distance among them was 10 m.
and 22°C (Zavala-Hurtado 1982). Soils are derived Every two months the tubes were carefully uncov-
from sedimentary and metamorphic rocks and has ered, cutting all the roots that grew around the tubes in
been considered as Lithosols, Xerosols and Rendzinasorder to retain only the portions contained in the tubes.
according to the FAO/UNESCO clasification (Anony- The tubes were then refilled with sifted soil and buried
mous 1981). The vegetation type is a microphyl- again. This re-sampling on time allowed for the clear
lous scrublands, dominated by deciduous leguminous separation of the production of each period of root col-
shrubs interspersed with columnar cacti and below the lecting and eliminated the possible saturation of roots
shrubs a stratum of chamaephytes and small succu-in the tubes during the period of intense growth. Great
lents (Montafia & Valiente-Banuet 1998). care was taken on burying the filled tubes in a different
The study was carried out on a plotof 0.5 ha (60  hole always within a circle of 3 m radius. The roots
100 m), located at 20 N and 9728 W on a hillside were separated and classified in three diameter classes,
facing south, with a slope of 33Beside the plot, the  as described before.
soil at around 0-20 cm depth has been characterized
as loam (41% sand, 37% loam and 22% clay), with Environmental factors
pH 8.1 and 3.1% of organic matter content (Alvarez-
Aguirre & Montafia 1997). The dominant species are
the shrubMimosa luisanawith 97 plants in 900 rf
and the columnar cactideobuxbaumia tetezeith 69
individuals in the same area.

Rainfall, minimum and maximum temperature, evap-
oration and relative humidity were registered by the
meteorological station of Zapotitlan de las Salinas
located 500 m from the study area. The evapotran-
spiration was calculated according to Thornthwaite,
Biomass and vertical distribution of roots the photoperiod and solar radiation according to the
latitude and longitude of the studied site.

In November 1995 (wet season) and January 1998 (dry  Soil water potential (SWP) and soil water content
season) four trenches measuring kX 0.6 m, and at 10 cm depth were measuredsituevery two weeks
1.2 m in depth were excavated. Vertical root distri- from March 1996 to May of 1998. Three soil sam-
bution was quantified using the trench wall method ples were taken: one from the centre and two from
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the plot's edges. SWP was measured using a sampledepth with two states (0—20 and 20—40 cm) and di-
chamber C-52 connected to a dew point microvolt- ameter class with three states (very fine, fine and
meter HR-33T (Wescor Inc.,USA). Soil water content coarse roots) as trial factors, showed significant dif-
was measured using the volumetric method (Rundel & ference p = 0.039) among diameter classes, when

Jarrell 1989). we used normalized data of the mean root biomass
in order to meet assumptions of the test. The biomass
Watering data were transformed using the algorithfn= (bio-

massX2 — 1)/0.00856, obtained through the Box-Cox

At the end of the two years of observation, we carried transformation with the statistical package JMP (SAS
out a watering experiment. On March 6 of 1998 the 1997).
40 PVC tubes used to estimate root prOdUCtiVity were The very fine root productivity was Compared over
assigned at random to an equal proportion of watering two seasons, the dry season (November—December,
and non-watering treatments. January—February, March—April) and the wet season

The watering was done using circular plots with (May—June, July—August, September—October) using
0.56 cm radius, centered on the selected tubes. Thethe t-statistic. Correlation analyses (Bonferonni ad-
plots were delimited by 30 cm tall metallic sheets, justed) were used to prove the relation between the
buried 5 cm in the soil. Each plot was drip-watered enyironmental factors and very fine root production.
equivalent to a 20 mm rainfall, once in the after- This procedure was repeated three times, first us-
noon of the same day. One day after the watering, ing the root production and the environmental data
the depth that humidity had reached was estimated by of the same period, and then the environmental data
digging out two plots without tubes. There was no rain - shifted-back one and two months with respect to the
during the experiment. In three watered plots and in production data. As the analyses of correlation showed
three non-watered plots a soil psychrometer PCT-55 5 significative association between rain and the pro-
(Wescor, Inc., USA) was buried 10 cm in the soil, ductivity in the data of the same period, a model of

measuring every two weeks the S\ situ. Dur-  regression was used later to determine the functional
ing the experimental period the mean maximum and re|ationship between the two variables, with rain as an
minimum air temperature were 27.6 and 12.6C. independent variable. In all analyses of very fine root

All the tubes were collected two months after the productivity, the bimonthly mean root production was
watering (May 4, 1998) and the roots were extracted transformed to logy (very fine roots+1) to normalize

in the way described above. the distribution of the data.
o A Mann-WhitneyU-test was used to compare the
Statistical analyses differences in root production between watered and

R beri il profil d bi ‘ h non-watered plots (Zar 1984). This rank test made
oot numberin soil profiles and root biomass for eac possible to consider the plots with nil production. All

diameter class were a”a'Yzed using nonparametric o itic analyses were done using SYSTAT 5.0 (Systat
repeated-measures analysis of variance (ANOVAR) 1992). The critical: was 0.05 in all cases

due to the correlation among measurements within soil

profiles. A nonparametric ANOVAR involves no as-
sumption about the structure of the covariance matrix Results
and it is applicable under far more general assump-

tions than the parametric techniques, although there Root density was much higher on the surface, and

IS a loss in sensmwty of the a_naly5|s as co.mpgred decreased in accordance to increasing depth. Seventy
with the parametric tests (Potvin et al. 1990; Winer four percent of the roots were found at 0 to 40 cm

et al.1991). The Kruskal-Wallis statistic was used to in depth (Figure 1). Differences among depths were
determine the effect of sampling dates as grouping significant (p < 0.001), and there was no interaction
factor with two states (wet season and dry season). between sampling daté and depth

The Friedman test was used to determine the effect
of depth with ten states (0-10,., 90-100 cm) as

a trial factor and the interaction sampling date per
depth. In the root biomass analysis, a previous para-
metric ANOVAR with sampling date as above and

Mean biomass over the two periods was 971.5
g m2 (SD. = 557.39), and the very fine and fine
roots represented 62.9% of the total (Figure 2). Eighty-
six percent of the root biomass was found between 0
and 40 cm in depth, and only very fine roots were



134

| 140

- 80

Number of roots cm-2

"~
T

=N

=)

0 10 20 3’0 40 50 60 70 8’0 90 l£)0
Depth (cm)

Figure 1. Vertical distribution of roots humber in the semidesert

of Zapotitln, Puebla (0-100 cm in depth) during November 1995
(wet season) and January 1998 (dry season). We show the mean
+1 S.E. ¢ = 8). The data of the two sampling period were aver-
aged after that the nonparametric ANOVAR did not show significant
differences p > 0.05).
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Figure 3. Seasonal variation of root production from March 1996

to February 1998 in the semidesert of Zapatitl Puebla. We show

360 - the meant1 S.E. ¢ = 40) of the root biomass collected every two

— months and the rainfall (bars), for the same period. The biomass was
AN classified in three root diameter classes: — very fiag (nm), — —
£ 250 fine (1-3 mm) and— coarse £3 mm).
=
~ 200
2 ences were significant = 2.768, p = 0.02).Three
g times the bimonthly mean root productivity is equiva-
2 100 | lent to the season productivity between 5 and 14.5 cm.
f Considering that 24.3% of root biomass was found at
g 50 this depth (Figure 2), the extrapolation of the season
&, production at surface to 100 cm in depth, gives an
0 - e — estimated of 0.031 Mg ha for the dry season and
I S G S G 0.315 Mg ha for the wet season, or 0.346 Mg tia
T s TS0 s 7 T 8 for the year.
Depth (¢cm) According to the data of the same period only
Figure 2. Vertical distribution of root biomass determinated in the  the rainfall was significantly correlated with the leg
semidesert of Zapotdh, Puebla. We show the mearnl S.E. (very fine roots productior-1) (p = 0.01;n = 12)
(n = 8). The roots were classified in three diameter classes: Th tial del f fi . t d .t'
very fine (<1 mm), B fine (1-3 m) and3- coarse £3 mm). The e e;<ponen 1a m% o?&gg&e:ynflq|e£go S pro_ uction
data shown are averages of two sampling dates because ANOVAR'’s (g m- ) =-1+ 100 004 (rainfall, ) explalned
for each diametrical class did not show significant differences 83% of the total variation. During 1996 major root
(p > 0.05). productivity (4.866 g m?2) was obtained during July

and August. In this period rainfall was 138.6 mm,

found from the surface to 100 cm depth. ANOVAR which represented 33% of the rainfall for that year.
for each diameter class showed a significant difference However, during the same months of 1997, root pro-

among depth < 0.001) but not between sampling ductivity decreased to 0.036 g when 9.3 mm
dates. of rain were recorded, which represented 3% of the

Root productivity was mainly composed of very rainfall of that year. The environmental factors shifted-
fine roots (Figure 3). The coarse roots were only back one and two months with respect to the root

obtained during the first year of the study. Bi- production were not significantly correlated.

monthly mean root productivity for the dry seasonwas A day after the watering experiment, in each plot
0.252 g nT2 (S.E. = 0.053,1n = 6), and 2.553 g m? watered SWP was 0.4 MPa and the moisture reached

(SE. = 0.871,n = 6) for the wet season; differ- 40 cm in depth. On the 20th day SWP decreased to
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—3.5 MPa. Subsequently, SWP was too low in order toides lanatg1.86 Mg ha'! year!) andAtriplex con-

to measure it with the psychrometric equipment. We fertifolia (4.43 Mg ha! year?) (Caldwell & Camp
considered that from day 21th to the 60th after the wa- 1974). This comparison must be taken coutiously due
tering, SWP was less than3.5 MPa. In non-watered  to the difference of methods used. In Pamir and in
plots SWP was< —3.5 MPa from the beginning until  Utah indirect methods were used, therefore it is not
the end of the experiment. possible to standarize the results and all the methods

The Mann-WhitneyU-test showed a significant used to date to measure root productivity are subject
difference in very fine root production between wa- to methodological errors (Vogt et al. 1986; Nadel-
tered and unwatered treatments £ 90, p = 0.002). hofer & Raich 1992). In our site, root cutting during
The watering produced an average of 0.429 g?m the burial of the tubes and the occasional crumbling
(SE. = 0.122,n = 20), and unwatered plots pro- of the soil with these inside them could have altered
duced an average of 0.054 g f/(S.E. = 0.029, root growth resulting in underestimates of root pro-
n = 20). The difference in fine root production ductivity. Nevertheless the magnitude in difference
obtained during the watering experiment and the es- in the belowground productivity among plant com-
timated value (0.244 g nf; S.E. = 0.126) for the munities are so great that they are probably due to
exponential model was not significant & 1.46, biological characteristics inherent to the sites and not
p > 0.05). to methodological errors.

The pattern of root production along the year
followed basically the rain course and experimental
Discussion watering stimulated root production during the dry
season. Our results show that water is a limiting factor
Root distribution in the study area was superficial, of belowground primary productivity and support the
as in other desert ecosystems (Canadell et al. 1996;theory that the deserts are water-controlled ecosystems
Schulze et al. 1996; Jackson et al. 1996). According (Noy-Meir 1973; Fisher & Turner 1978).
to the global model of vertical distribution of roots
Y = 1— g4, whereY is a cumulative roots-fraction
from the surface to deptld), andg is the rootnumeric ~ Acknowledgements
distribution index, the value obtained from our data
(0.967) was similar to that estimated (0.975) in desert The authors thank Carlos Montafia, Arturo Flores and
ecosystems (Jackson et al. 1996). Victor Rico-Gray for their suggestions and comments

Although the roots were not classified by species, during this work. We thank Exequiel Ezcurra for logis-
we observed that a big part of the roots were from suc- tic support. Joel Flores and Everardo Martinez helped
culent and shrub plants. The columnar céttietezo during this field work. This research was supported by
and the shruldl. luisanaare the dominant species in CONACYyT.
the community. Studies done in the same area have
shown that these species have mainly shallow roots,
ca. 0-30 cm in depth (Valiente-Banuet et al. 1991; References
Flores-Martinez et al. 1998).

The Standing Crop root biomass Of the Site Aber, J.D. & Mglillq, J. M..lggl. Terrestrial Ecosystems. Saunders
(0.971 kg mz) was higher than has been found in Alv(a:roe”ze—%zsilrjrzl,lsl\r/]ll.n(g;’. ghl\llllz(rj\(ta;rr)ﬁr:,aé. 1997. Germinacion y super-
other deserts, whose values range from 0.077 and yivencia de cinco especies de cactéceas del Valle de Tehuacan:
0.73 kg m?2 (Evenari et al. 1975; Ehleringer & implicaciones para su conservacion. Acta Botanica Mexicana 40:
Mooney 1982; V.VeSt 1983, MacMahon & Wagner Angigri%us 1981. Atlas del medio fisico. Secretaria de Progra-
1985). However, it was lower than _that of cold deserts "~ y'Presubuesto, México. '
of Atriplex(1.88 kg nT?) andCeratoide1.9 kg n2) Bell, K. L. & Bliss, L. C. 1978. Root growth in a polar semidesert
in North America (Caldwell & Camp 1974). environment. Can. J. Bot. 56: 2470-2490.

The belowground productivity estimated in the Bohm, .W. 1979. Methogls of studying root systems. Ecological

. Studies Series 33. Springer-Verlag, Berlin.
study area was Iowgr than the one est|mate_d for the Caldwell, M. M. & Camp, L. 1974. Belowground productivity of
desert area of Pamir (0.53 Mg hayear!) with a two cool desert communities. Oecologia 17: 123-130.
mean annual rainfall of 500 mm (Walter & Box 1983) Caldwell, M. M. & Richards, J. H. 1986. Competing root sys-
and the cold desert communities in Utah witlera- tems: morphology and models of absorption. In: Givnish, T. S.



136

(ed.), On the economy of plant form and function. Cambridge
University Press, Cambridge.

Caldwell, M. M. & Virginia, R. A. 1989. Root systems. In: Pearcy,
R. W., Ehleringer, J. R., Mooney, H. A. & Rundel, P. W. (eds),
Plant physiological ecology: field methods and instrumentation.
Chapman and Hall, London.

Canadell, J., Jackson, R. B., Ehleringer, J. R., Mooney, H. A.,
Sala, O. L. & Schulze, E. D. 1996. Maximum rooting depth of
vegetation types at the global scale. Oecologia 108: 583-595.

Coleman, D. C. 1976. A review of root production processes and
their influence on soil biota in terrestrial ecosystems. In: Mac-
Fadyen, J. M. (ed.), The role of terrestrial and aquatic organisms
in descomposition processes. Blackwell, Oxford.

Ehleringer, J. R. & Mooney, H. A. 1982. Productivity of desert and
Mediterranean-Climate Plants. Pp. 205-226. In: Lange, O. L.,
Nobel, P. S., Osmond, L. B. & Ziegler, H. (eds), Physiological
plant ecology IV, Vol. 12. Ecosystem processes: mineral cycling,
productivity and man’s influence. Springer-Verlag, Berlin.

Evenari, M., Bamberg, S. E., Schulze, L., Kappen, O., Lange, L.
& Buschbom, U. 1975. The biomass production of some higher
plants in Near-Eastern and American deserts. Pp. 121-128. In:
Cooper, J. P. (ed.), Photosynthesis and productivity in different
environments. IBP 3. Cambridge University Press, London.

Fahey, T. J. & Hughes, J. W. 1994. Fine root dynamics in a northern
hardwood forest ecosystem, Hubbard Brook experimental forest
NH. J. Ecol. 82: 533-548.

Fisher, J. & Turner, A. 1978. Plant productivity in the arid and
semiarid zones. Ann. Rev. Plant Physiol. 29: 227-317.

Fitter, A. H., Graves, J. D., Self, G. K., Brown, T. K., Bogie, D. S. &
Taylor, K. 1998. Root production, turnover and respiration under
two grassland types along an altitudinal gradient: influence of
temperature and solar radiation. Oecologia 114: 20-30.

Flores-Martinez, A., Ezcurra, E. & Sanchez-Coldn, S. 1998. Water
availability and the competitive effect of a columnar cactus on its
nurse plant. Acta Oecologica 19: 1-8.

Fogel, R. 1983. Root turnover and productivity of coniferous forests.
Plant Soil 71: 75-85.

Gross, L. K., Peters, A. A. & Pregitzer, K. S. 1993. Fine root growth
and demographic responses to nutrient patches in four old-field
plant species. Oecologia 95: 61-64.

Hermann, R. K. 1977. Growth and production of tree roots: a
review. Pp. 7-28. In: Marshall, J. K. (ed.), The belowground

ecosystem: a synthesis of plant-associated processes. Range Sci-

ence Departure Series, No. 26. Colorado State University, Fort
Collins.

Jackson, R. B., Canadell, J., Ehleringer, J. R., Mooney, H. A.,
Sala, O. E. & Schulze, E. D. 1996. A global analysis of root
distributions for terrestrial biomes. Oecologia 108: 389—411.

Kummerow, J., Krause, D. & Jow, W. 1978. Seasonal changes in
fine root density in the southern California chaparral. Oecologia
37:201-212.

Ludwig, J. 1987. Primary productivity in arid lands: myths and
realities. J. Arid Env. 13: 1-7.

McClaughterty, C. A., Aber, J. D. & Melillo, J. M. 1982. The role
of fine roots in the organic matter and nitrogen budgets of two
forested ecosystems. Ecology 63: 1481-1490.

MacMahon, J. A. & Wagner, F. H. 1985. The Mojave, Sonoran
and Chihuahuan desert of North America. Pp. 105-202. In: Eve-
nari, M. & Noy-Meir, |. (eds), Hot desert and arid shrublands.
Ecosystems of the world 12A. Elsevier, Amsterdam.

Montafia, C. & Valiente-Banuet, A. 1998. Floristic and life-form
diversity along an altitudinal gradient in an intertropical semiarid
mexican region. Southwestern Nat. 43: 25-39.

Mou, P., Mitchell, R. J. & Jones, R. H. 1997. Root distribution of
two tree species under a heterogeneous nutrient environment. J.
Appl. Ecol. 34: 645-656.

Nadelhoffer, K., Aber, J. & Melillo, J. 1985. Fine roots, net primary
production, and soil nitrogen availability: a new hypothesis.
Ecology 66: 1377-1390.

Nadelhoffer, K. & Raich, J. 1992. Fine root production esti-
mates and belowground carbon allocation in forest ecosystems.
Ecology 73: 1139-1147.

Newbould, P. J. 1968. Methods of estimating root production.
Pp. 187-190. In: UNESCO (ed.), Functioning of terrestrial
ecosystems at the primary production level. UNESCO, Belgium.

Noy-Meir, 1. 1973. Desert ecosystems: environments and producers.
Ann. Rev. Ecol. Syst. 4: 25-41.

Noy-Meir, 1. 1985. Desert ecosystem structure and function. Pp. 93—
101. In: Evenari, M. & Noy-Meir, |. (eds), Hot deserts and arid
shrublands. Ecosystems of the world 12A. Elsevier, Amsterdam.

Potvin, C., Lechowicz, M. J. & Tardif, S. 1990. The statistical
analysis of ecophysiological response curves obtained from ex-
periments involving repeated measures. Ecology 71: 1389-1400.

Rundel, P. W. & Jarrel, W. M. 1989. Water in the environment.
Pp. 29-56. In: Pearcy, R. W., Ehleringer, J. R., Mooney, H. A.
& Rundel, W. (eds), Plant physiological ecology: field methods
and instrumentation. Chapman and Hall, London.

Rzedowski, J. 1978. Vegetacion de México. Limusa, México.

Sanchez-Gallén, |. & Alvarez-Sanchez, J. 1996. Root productivity
in a lowland tropical rain forest in Mexico. Vegetatio 123: 109—
115.

Schulze, E. D., Mooney, H. A., Sala, O. E., Jobbagy, E., Buchmann,
N., Bauer, G., Canadell, S., Jackson, R. B., Loreti, J., Oesterheld,
M. & Ehleringer, J. R. 1996. Rooting depth, water availabil-
ity, and vegetation cover along an aridity gradient in Patagonia.
Oecologia 108: 503-511.

SAS. 1997. JMP Statistics and Graphics Guide. SAS Institute Inc.,
Cary, NC.

Systat. 1992. SYSTAT for Windows: statistics, version 5. SYSTAT,
Inc., Evanston, lllinois.

Valiente-Banuet, A., Vite, F. & Zavala-Hurtado, J. A. 1991. Inter-
action between the cactideobuxbaumia tetetzand the nurse
shrubMimosa luisanaJ. Veg. Sci. 2: 11-14.

Vogt, K. A., Grier, C. C., Gower, S. T., Sprugel, D. G. & Vogt, D. J.

1986. Overestimation of net root production: a real or imaginary

problem? Ecology 67: 577-579.

Walter, H. & Box, E. O. 1983. The Pamir an ecologically well stud-
ied high mountain desert biome. Pp. 237-269. In: West, N. E.
(ed.), Temperate desert and semidesert. Ecosystems of the world
5. Elsevier, New York.

West, N. E. 1983. Colorado Plateau-Mohavian Blackbrush Semi-
desert. Pp. 399-411. In: West, N. E. (ed.), Temperate desert and
semidesert. Ecosystems of the world 5. Elsevier, New York.

Wilczynski, C. J. & Pickett, S. T. A. 1993. Fine root biomass within
experimental canopy gaps: evidence for a below-ground gap. J.
Veg. Sci. 4: 571-574.

Winer, B. J., Brown, D. R. & Michels, K. M. 1991. Statistical
Principles in Experimental Design. McGraw-Hill, New York.

Zar, J. E. 1984. Biostatistical Analysis. Prentice-Hall, New York.

Zavala-Hurtado, J. A. 1982. Estudios ecologicos en el valle semi-
arido de Zapotitlan, Pue. |. Clasificacion numérica de la vege-
tacion basada en atributos binarios de presencia o ausencia de las
especies. Biotica 7: 99-120.



