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Abstract We have studied the underlying factors

responsible for the heterogeneous ecophysiological

status of a semiarid Stipa tenacissima L. steppe in a

subcatchment of SE Spain by assessing population

composition and habitat structure of S. tenacissima

stands. To do this, we measured and estimated 18

variables (11 biotic and seven abiotic) in 15 plots

randomly distributed in the subcatchment, and then

zoned this area by plot affinity using PCA. This

analysis produced three sectors determined mainly by

S. tenacissima cover and soil depth variables. The

linear relationship fitted between S. tenacissima tus-

sock biomass and tussock density in monospecific

stands (both logarithmic) indicated a curve close to

-1, suggesting that the system is close to the

maximum constant yield state. Ecophysiological

measurements (gas exchange, fluorescence and indi-

vidual leaf area index) were taken in two periods with

different water availability in a representative plot in

each sector. The intraspecific competition (inferred

from the density dependence of green biomass) and

rock outcrops were the main factors influencing the

ecophysiological status in the study area. While, in

the wet season, intraspecific competition regulated

water consumption in zones where S. tenacissima

tussocks (monospecific stands) are dominant, during

the dry season, stands in zones with extensive rock

outcrops and stone cover (tussocks in ‘‘soil pockets’’)

had no access to non-rainfall water gains because of

the adjacent bare soil, and so in these stands, gas

exchange was lower and photoinhibition higher. This

article stresses the importance of considering the

connection between tussocks and bare-ground inter-

space in the functional and structural analysis of

semiarid steppes.
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Introduction

Vegetation development is subject to the amount and

distribution of resources, which in turn depends on the

number of individuals, and their proximity to each

other (Harper 1977). In monospecific stands, intraspe-

cific competition is responsible for the growth rate of

individuals within a population, and its intensity could

generate a self-thinning process in which density-

dependent mortality affects the smallest individuals in

dense populations (Silvertown 1982). This process

describes the inverse power relationship between the

average biomass per individual and survival densities
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in a plant population, as mathematically formalized by

Yoda et al. (1963), later known as the ‘‘Yoda law or

-3/2 power rule’’ (White and Harper 1970). In high-

density (N) monocultures, intraspecific competition

regulates plant growth or mean biomass per plant (ŵ)

until by the ‘‘law of constant final yield’’ (Kira et al.

1953), defined as ŵ = KN-1 (K is a constant), the

reduction in mean plant weight is proportionally

compensated by increased population density. In this

state, environmental resources limit plant yield, which

becomes independent of density and competition

becomes less prominent (Harper 1977). This condition

is to be expected in poor or degraded environments

where plant–plant competition depends on availability

of spatio-temporal resources. For example, in arid and

semiarid zones where water is the main limiting

resource, vegetation attributes like cover, density,

biomass, nutrient acquisition and evapotranspiration

(e.g. Puigdefábregas and Sánchez 1996; Ivans et al.

2003; Kurc and Small 2004; Reynolds et al. 2004;

Ramı́rez et al. 2007), and the type and intensity of

competition are subject to water dynamics (e.g.

Bertiller et al. 1996; Maestre and Cortina 2004a;

Armas and Pugnaire 2005).

Arid and semiarid resources and spatial vegetation

arrangements are eminently heterogeneous (Tongway

et al. 2004), mainly because of the irregular rainfall

events in these zones (Lázaro et al. 2001; Sher et al.

2004; Schwinning and Sala 2004). When it rains,

water redistribution is not uniform due to its depen-

dence on soil surface (Valentini et al. 1999) and

vegetation patches (Puigdefábregas and Sánchez

1996). Puigdefábregas et al. (1999) believe the heter-

ogeneity of such local factors as ‘‘soil pockets’’, plant

distribution patterns and infiltration do not allow large-

scale flow rate synchronization or redistribution of

resources in semiarid catchments. In the semiarid

Mediterranean region, Stipa tenacissima L. is the most

representative vegetation type (Le Houérou 2001).

Recent studies analysing spatial heterogeneity in such

grassland ecosystems in SE Spain using assessments

made at the same moment in time suggest that its

spatial patterns and patch attributes (spatial heteroge-

neity) significantly affect structural and functional

ecosystem characteristics (Maestre and Cortina 2004b;

Maestre 2006). On the other hand, studies analysing

temporal heterogeneity in one representative stand

have found that temporal water availability (water

shortage periods) in such zones is counterbalanced by

species morphophysiological attributes. In-depth stud-

ies (Pugnaire and Haase 1996; Pugnaire et al. 1996;

Haase et al. 1999; Valladares and Pugnaire 1999;

Balaguer et al. 2002; Domingo et al. 2002) have shown

that stomatal closure, leaf folding, reversible senes-

cence, morphological photoprotection, de-epoxidation

of xanthophylls and a + b chlorophyll concentration

reduction are the main functional mechanisms of

S. tenacissima. However, no work has been done

relating the temporal ecophysiological patterns to

population composition and habitat structure in these

steppes. This approach could help determine the role of

the factors responsible for the heterogeneity of S. ten-

acissima’s physiological performance.

We assessed the ecophysiological performance and

population structure of S. tenacissima L. stands in SE

Spain in two different water availability seasons. Our

main goals were to analyse: (i) the density-dependent

effects on biomass composition and tussock size in

S. tenacissima stands and (ii) the influence of the main

environmental factors (vegetation attributes, topo-

graphic variables and bare soil conditions) on their

heterogeneous ecophysiological responses. Water

competition in S. tenacissima stands is an important

characteristic that affects tillers in the same tussock

and also interspecific relationships (Puigdefábregas

and Sánchez 1996; Maestre et al. 2003; Armas and

Pugnaire 2005; Maestre 2006). We hypothesize that

intraspecific competition is mainly responsible for the

difference in the ecophysiological pattern in S. tena-

cissima stands, and that how influential this is depends

on habitat quality (structural restrictions) and water

seasonality (water restrictions).

Materials and methods

The study area

We assessed S. tenacissima L. stands in a South-facing

subcatchment (19 ha, altitude and slope range from

479 to 800 m a.s.l. and 37–73%, respectively) located

in the Ventós-Castelar aquifer recharge area

(38�280 N, 0�370 W) in the ‘‘Ventós’’ catchment

(Agost, Alicante, Spain) (Fig. 1). The soil is a calcar-

eous regosol (FAO-UNESCO) silt loam developed

over marls and calcareous bedrock (Chirino 2003). The

vegetation is dominated by S. tenacissima, a perennial

rhizomatous tussock grass species with vegetative and
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sexual reproduction (see Sánchez and Puigdefábregas

1994, for morphological characterization of this

species).

The climate in the ‘‘Ventós’’ catchment is ‘‘Med-

iterranean’’ and ‘‘semiarid’’ according to the Köppen

and Thornthwaite classification (Guijarro 1981).

Rainfall events are scarce and highly variable over

both time and space, with a severe water deficit in the

summer (July and August). The yearly average

rainfall (1998–2004, ‘‘Ventós 2’’ meteorological

station: 38�270 N, 0�370 W) in the study area is

269.6 mm. The wettest and the driest months of the

year are September–October (36.4–34.3 mm) and

July–August (9.6–13.3 mm), respectively (Chirino

2003; Ramı́rez 2006). The average yearly tempera-

ture is 17.4�C, and the maximum and minimum

monthly temperatures are 26.3�C in August and

11.7�C in January, respectively (Chirino 2003).

Plot characterization

Fifteen plots (10 9 10 m2) in the subcatchment were

sampled at random, five plots for each of the three

aspect ranges, south–west, south–east and south–

south (Fig. 1). The following biotic and abiotic

variables in the plots were measured and estimated:

– Total plant cover: The crown at maximum height,

(Diameter 1) and a line perpendicular to it

(Diameter 2) were measured for each individual

plant in the plot. Each individual plant cover area

was fitted to the ellipse formed by the two

diameters measured.

– Plot leaf area index: A ‘‘fish-eye’’ optical sensor

(‘‘Plant Canopy Analyser’’ Model LAI-2000, LI-

COR Biosciences Inc., Nebraska, USA) was used

to estimate the plot leaf area index (LAIplot), and

eight LAIplot measurements were taken using two

different optical apertures (90� and 180�) depend-

ing on the sensor position in the plot.

– Species and vertical structure diversity: The

Shannon–Weaver species diversity index (Hs,

bits/individual) was calculated using individual

plant cover in each plot:

Hs ¼ �
X

pi log2 pi ð1Þ

where pi is the relative cover of perennial i-

species (for a list of the species assessed see

Appendix 1). One hundred and twenty one points

per plot were systematically sampled, measuring

vegetation height at each sampling point by

placing a 1.8-m-long graduated stick upright next

to the plant and recording the number of contacts

at each of 9 heights (every 0.2 m from the

ground). Vertical structure diversity (Hv) was

estimated in a similar manner, using the Shan-

non–Weaver formula (1) where pi was the relative

number of vegetation contacts at i-height.

– Tussock size groups (TSG): S. tenacissima tus-

socks were classified in five size groups according

to their average diameter (Ø), TSG 0: Ø \0.15 m,

TSG 1: 0.15 m B Ø \ 0.30 m, TSG 2: 0.30 m

B Ø \ 0.60 m, TSG 3: 0.60 m B Ø B 1.20 m

and TSG 4: 1.20 m \ Ø. The homogeneity of

the number of tussocks in each TSG was found by

calculating the variability coefficient (CV = stan-

dard deviation/average).

– Relative dead foliar (litter) cover from Stipa ten-

acissima tussocks (RDFC): The amount of litter

accumulated is an indicator of tussock age in this

species (Sánchez and Puigdefábregas 1994).

Therefore, RDFC was assessed by placing a

wooden frame with a nylon grid in it over the

tussocks. Four tussocks belonging to four TSGs

(1, 2, 3 and 4 + 5) per plot were assessed. A

Fig. 1 Map of the study area showing the 15 plots sampled

using habitat structure analysis. One plot (*) was added for the

population structure analysis and the ecophysiological

assessment
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different size frame was used depending on the

TSG measured, so TSG 1, 2 + 3 and 4 + 5 frame

and grid areas were 0.04 m2 and 4 9 10-4 m2,

0.25 m2 and 25 9 10-4 m2, and 1 m2 and

100 9 10-4 m2, respectively. One hundred sam-

pling points (vertexes of the squares in the nylon

grid) were examined to find out whether the first

leaf layer intercepting each point was green or

dead, by inserting a thin metal rod perpendicularly

at each sampling point.

– Topographical variables: The altitude, aspect

azimuth (compass model A-10, Suunto) and slope

(manual clinometer Model SLT-100, Tajima,

Japan) were measured for each plot. Then the

aspect (measured as compass direction) was

converted into a symmetrical scale (from -90

to +90) following the procedure of Ferrer-Castán

et al. (1995).

– Rock cover: Gravel and rock cover were system-

atically sampled at 121 sampling points, by

dividing the plot into 1-m2 squares, and assessing

rock and gravel at each vertex.

– Soil depth: The plot was divided into 4-m2

squares. We estimated the soil depth by driving

a steel stake (0.5 m long) into the ground at each

vertex of the grid (36 sampling points) and

measuring the length of the stake remaining

above ground. The average and the variability

coefficient of the soil depth in each plot were used

for the affinity analysis (see below).

Analysis of the biomass-density relationship

in S. tenacissima stands

Stipa tenacissima tussock green biomass (bm) was

estimated using an allometric equation fitted by

Gasque (1999) in S. tenacissima grasslands in SE

Spain:

bm ¼ 1; 027 c0:735 ð2Þ

where c is the cover area projected by the tussock. To

assess the relationship between total green biomass

and tussock density where S. tenacissima is dominant,

a non-linear regression analysis of these variables was

performed using Sigma Plot 2000 software (Spss

Science, Chicago, Illinois, USA) in plots where

S. tenacissima cover was [50% of the total plant

cover. The average biomass per tussock versus density

relationship in monospecific S. tenacissima grass-

lands (according to de Kroon and Kalliola’s 1995

perspective in clonal graminea species) was evaluated

within ‘‘species boundary lines’’ (sensu Weller 1990)

or ‘‘population boundary lines’’ (sensu Sackville

Hamilton et al. 1995) in the subcatchment using the

following equation:

Log ŵ ¼ C� b log N ð3Þ

where ŵ is the average green biomass per tussock in

the plot (g tussock-1), N is the tussock density, C is a

constant and -b is the self-thinning slope. The linear

fit was found by regression analysis using SPSS v.14

software (SPSS Inc., Chicago, IL, USA).

Correlation and plot ordination

Eighteen variables (11 biotic and seven abiotic),

measured and estimated as described above, were

analysed. These variables were the total density of

S. tenacissima tussocks, variability coefficient of the

number of S. tenacissima tussocks in TSG 0-4, S. ten-

acissima cover, total herbaceous and shrub plant cover,

RDFC of S. tenacissima in TSG 0, 1, 2 and 3 + 4,

Shannon–Weaver species diversity and vertical struc-

ture index, plot leaf area index (LAI plot), converted

aspect, slope, percentage of gravel and rock, average

and variability coefficient of soil depth. The Spearman

correlation matrix for the 18 variables in the 15 plots

was calculated using Statistica v.5 software (Statsoft

Inc., Tulsa, Oklahoma, USA). Plot affinity was

assessed by proximity in a multivariate space defined

by factors extracted from a principal components

analysis (PCA). This enabled us to zone the subcatch-

ment into ecophysiological assessment sectors, from

which highly correlated variables (Spearman coeffi-

cient value[0.7) were removed for orthogonality. We

determined the weight of each orthogonal variable in

the classification of the 15 plots by PCA using SPSS

v.14 software (SPSS Inc., Chicago, IL, USA).

Gas exchange and chlorophyll fluorescence

assessments

One representative plot per sector, as determined

by PCA analysis, was taken for ecophysiological

assessment in two periods with different water

availability, January 15–23, 2004 (early winter, wet

season) and August 12–19, 2004 (summer, dry
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season). Instantaneous net photosynthesis and tran-

spiration in the S. tenacissima leaves were measured

using a portable open photosynthesis system (LI-COR

6400 Model, LI-COR Biosciences Inc., Nebraska,

USA). A group of three or four leaf sections was

placed in the leaf chamber at a fixed photosynthetic

photon flux density (PPFD) so that all samples would

reflect the same condition. Measurements were taken

at 8:00, 12:00 and 16:00 solar time, where the fixed

PPFD in the leaf chamber was the average PPFD at

the solar time in the study area in the month assessed,

that is PPFD8:00 = 425 and 940, PPFD12:00 = 890 and

1999, PPFD16:00 = 100 and 998 lmol m-2 s-1 in

January and August, respectively. The other fixed

variables in the leaf chamber were air flow rate =

500 lmol s-1, reference CO2 concentration = 370

lmol CO2 mol-1. In order to keep the chamber

microclimate and leaf temperature from influencing

the transpiration rate, we set the same relative

humidity (30%) and leaf temperature (24�C) in the

chamber for each time of day assessed based on

atmospheric information from our study area (mete-

orological station ‘‘Ventos 2’’: 38�270 N, 0�370 W).

These settings were the mean atmospheric relative

humidity and temperature between 8:00 and 16:00 h

solar time in winter (December) and summer (August)

in previous years (2000–2003). To compare meteoro-

logical conditions on the days assessed, we placed a

PPFD sensor (HA-LI HOBO, Onset Computer Cor-

poration, USA) with an internal data logger recording

outputs every 5 min in each plot evaluated. The PPDF

on days assessed were compared by a t-test. The gas

exchange was analysed in 12 tussocks in three TSGs,

0 + 1 (small), 2 (medium) and 3 + 4 (large). 12, 16

and 32 samples were taken for small, medium and

large tussocks, respectively. A two-way ANOVA with

repeated time measurements tested the effects of

sector and time on gas exchange variables. The gas

exchange measures were transformed using a loga-

rithmic function (Zar 1999) to correct for deviation

from the norm and heterogeneity of variance.

The individual green leaf area index was found for

32 samples taken from four large tussocks by

inserting a metal parallelepiped (0.01 m2 and 0.3 m

high) randomly into the tussocks. The green leaf area

inside the parallelepiped was estimated using the

allometric functions fitted by Ramı́rez et al. (2006),

and measured by multiplying length by width and

scanning S. tenacissima leaves.

Due to the fact that S. tenacissima grasslands are

subjected to maximum water and light stress condi-

tions in summer, resistance to these stresses in the

subcatchment sectors defined by PCA analysis were

compared for this season, and included chlorophyll

fluorescence in the ecophysiological assessment for

the same reason. This was done on consecutive days

after monitoring the gas exchange using a portable

fluorometer (Model PAM-2000, Walz, Effeltrich,

Germany) to measure and calculate maximum pho-

tosystem II photochemical efficiency (Fv/Fm) at dawn

and at midday and relative quantum yield (U PSII) at

8:00, 12:00 and 16:00 solar time. To assess Fv/Fm at

midday, the sampled leaves were adapted to the dark

1 h before measurement. Fv/Fm was estimated by:

Fv=Fm ¼ Fm � F0ð Þ=Fm ð4Þ

where F0 is the minimal fluorescence yield as

measured in weak light after adaptation to the dark,

Fm is the maximal fluorescence yield after adaptation

to the dark. U PSII was calculated by the Genty et al.

procedure (1989):

U PSII ¼ F0m � Ft

� �
=F0m ð5Þ

where Ft is the fluorescence in natural light and Fm

0
is

the maximum fluorescence during a saturation pulse.

Fluorescence was measured in 20 samples per plot,

each of which consisted of three to four leaves

marked and taped together. TSG sample sizes were:

Large and medium tussocks: 2 cardinal points (N

and S) 9 4 tussocks 9 2 TSG = 16 samples

Small tussocks: 1 sample 9 4 tussocks = 4 samples

A one-way ANOVA tested the sector effect on

Fv/Fm and U PSII at each assessment time.

Soil moisture

One day before the gas exchange and chlorophyll

fluorescence assessment, volumetric soil water con-

tent (h) in the plots was measured using Time

Domain Reflectometry (TDR) (Model TDR 100,

Campbell Scientific Ltd., IK) in ten pairs of steel rods

(0.1 m long) randomly inserted into the soil of each

plot (n = 150). We used the soil calibration equation

fitted by Chirino (2003) in our study area: h =

-5.41 + 3.06 K - 0.10 K2 + 0.02 K3; r2 = 0.99;

P \ 0.01, where K is the dielectric constant recorded

by the TDR.
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Results

Stipa tenacissima population structure

We evaluated a total of 1,000 S. tenacissima tussocks

in the study area. The minimum and maximum

percentages of S. tenacissima cover - total plant

cover were: 3.1% (Plot 2) - 31% (Plot 14) and

44.4% (Plot 9) - 56.6% (Plot 5), respectively

(Fig. 2). Tussock size groups (TSG) with

Ø \ 0.3 m (TSG 0 and 1) had the highest average

density (29.60 ± 5.53 tussocks plot-1) and were

dominant in 67.7% of the plots assessed (data not

shown). The logistic function was fitted to the ratio of

density to projected cover of S. tenacissima tussocks

in the plot (Fig. 2). This function indicates asymp-

totic behaviour in S. tenacissima projected cover,

so for tussock density over 0.9 tussock m-2, the

projected cover does not exceed around 40% (Fig. 2),

suggesting competition among tussocks.

Analysis of green biomass per m2 versus total density

of S. tenacissima tussocks in the plots suggested the

same pattern observed in the paragraph above. Changes

in green biomass per area are compensated for by

changes in density up to 0.9 tussock m-2, where green

biomass remains constant (452.2 g m-2 approximately,

Fig. 3). At high S. tenacissima tussock densities, the

average tussock size (projected cover per tussock) falls

(Fig. 3). The ‘‘population boundary line’’ estimated

from monospecific S. tenacissima stands in the study

area shows a slope of -0.89 (Fig. 4).

Subcatchment zoning

The main relationships among sample variables in the

subcatchment found with the Spearman correlation

matrix analysis (Table 1) were:

Fig. 2 In the top graph, the black and striped bars indicate

relative projected cover of the total plant and Stipa tenaciss-
ima, respectively, in each plot. The bottom graph shows the

relationship between S. tenacissima density and relative

projected cover

Fig. 3 The top graph shows the relationship between Stipa
tenacissima tussock density and green biomass per plot area, to

which a logistic curve was fitted. The S. tenacissima tussock

density versus average projected cover per tussock relationship

is shown in the graph below, to which a linear function was

fitted. Only the plots where the S. tenacissima projected cover

was [50% of total plant cover were assessed
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– In places in the subcatchment with high S. tena-

cissima density and cover, species diversity was

low.

– Hillside aspect showed significant relationships to

S. tenacissima cover, vertical structure diversity,

plot leaf area index (LAI plot), and average and

variability of soil depth. Thus S. tenacissima

cover was highest on southeast-facing hillsides,

whereas LAIplot, vertical structure diversity and

average soil depth were greatest on southwest-

facing hillsides where there is little soil variability.

– In the highest places, rock cover on soil and

variability of soil depth increased, whereas aver-

age soil depth and total plant cover fell. Relative

dead foliar (litter) cover was also high in small

S. tenacissima tussocks (Ø \ 0.15 m).

– Vertical plant structure was high in places

characterized by deep soil.

The first three components extracted from the

principal component analysis (PCA) explained 69.3%

of total variance (Table 2). The first component is

determined by altitude and total plant cover, whereas

S. tenacissima cover, hillside aspect, slope and depth

Fig. 4 Species boundary line in monospecific Stipa tenaciss-
ima stands in the subcatchment studied. Log average green

biomass per tussock (Log ŵ) versus the log of S. tenacissima
tussock density in the plot (Log N) was fitted to a linear

function. Plots where the S. tenacissima projected cover was

[80% of the total plant cover were assessed (2, 3, 4, 5, 6 and *

plots, see Fig. 1) for this analysis

Table 1 The Spearman correlation matrix of biotic and abiotic variables in 15 plots (P < 0.05)

Stipa 
Density

CV -0.22 CV Stipa
Stipa Cover 0.81 -0.34 Cover

ASP 0.50 -0.28 0.69 ASP Plant
Plant Cover 0.44 -0.31 0.42 -0.01 Cover RDFC 

RDFC TSG 0 -0.09 -0.22 -0.29 0.04 -0.08 TSG 0 RDFC 
RDFC TSG 1 -0.05 0.00 -0.20 0.32 -0.39 0.56 TSG 1 RDFC 
RDFC TSG 2 -0.28 0.17 -0.29 0.14 -0.09 0.59 0.50 TSG 1 RDFC 

RDFC TSG 3+4 -0.07 -0.10 -0.21 0.06 0.11 0.89 0.45 0.67 TSG 3+4
Hs -0.71 0.32 -0.94 -0.73 -0.26 0.36 0.21 0.34 0.38 Hs
Hv -0.05 0.10 -0.06 -0.33 0.51 -0.15 -0.11 -0.04 0.08 0.22 Hv

LAI -0.11 -0.02 -0.14 -0.59 0.49 0.00 -0.16 -0.26 0.11 0.31 0.62 LAI
Slope 0.29 0.08 0.41 0.25 0.32 -0.12 -0.18 0.14 0.13 -0.23 0.00 0.04 Slope

Alt -0.45 0.04 -0.36 0.13 -0.66 0.45 0.51 0.32 0.42 0.37 -0.32 -0.27 0.10 Alt
Grav 0.14 -0.07 -0.03 0.06 0.23 -0.04 0.27 -0.21 -0.14 0.02 0.17 0.25 -0.31 -0.32 Grav
Rock 0.06 0.01 0.27 0.34 -0.23 0.15 -0.12 0.22 0.16 -0.30 -0.46 -0.51 0.42 0.57 -0.78 Rock 

Depth -0.05 -0.05 -0.27 -0.70 0.43 -0.29 -0.32 -0.37 -0.29 0.36 0.52 0.64 -0.26 -0.66 0.44 -0.78 Depth
CV Depth 0.06 0.08 0.27 0.59 -0.30 -0.04 0.25 0.12 0.06 -0.31 -0.29 -0.45 0.20 0.60 -0.32 0.57 -0.75 

CV = variability coefficient of the number of Stipa tenacissima tussocks in each tussock size group (TSG: 0–4), ASP = aspect, RDFC

= relative dead foliar (litter) cover of the Stipa tenacissima tussocks in each tussock size group (TSG: 0, 1, 2, 3 + 4), Hs = species

diversity Shannon–Weaver index, Hv = vertical structure Shannon–Weaver index, Alt = altitude, Grav = gravel cover, CV Depth =

variability coefficient of soil depth

Table 2 Principal components analysis results

Comp 1 Comp 2 Comp 3 Comun. 
CV 0.24 -0.42 -0.21 0.28 
Stipa tenacissima cover -0.41 0.86 -0.03 0.90 
Aspect 0.21 0.81 -0.29 0.78 
Total plant cover -0.77 0.12 0.36 0.73 
RDFC TSG-0 0.69 -0.10 0.44 0.68 
RDFC TSG-1 0.66 -0.01 0.41 0.59 
RDFC TSG-2 0.69 -0.11 0.30 0.57 
Vertical structure diversity -0.57 -0.28 0.64 0.81 
Green LAI -0.30 -0.32 0.81 0.84 
Slope 0.12 0.71 0.27 0.56 
Altitude 0.75 0.10 0.29 0.67 
Depth soil  -0.65 -0.71 0.06 0.90 
Eigenvalue 3.65 2.73 1.93 
%  Total Variance 30.45 22.78 16.09 69.32 

The table shows the weight and communality (Commun.) of

each variable belonging to three extracted components

(Comp.). In grey, weights > |0.7| and communalities > 0.85.

CV = coefficient of variability of the number of S. tenacissima
tussocks in each tussock size group (TSG: 0–4), RDFC =

relative dead foliar (litter) cover of the S. tenacissima tussocks
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soil were the variables with the most weight in the

second component. The third component was mainly

influenced by LAIplot. The PCA also indicated that

S. tenacissima cover and soil depth determined most

of the variability in the three components extracted

(communality = 0.9), underlining the importance of

these variables in the elucidation of environmental

gradients in the subcatchment. Three affinity groups

were recognized by plot proximity in the 3D space

defined by the three factors extracted (Fig. 5). The

main characteristics of these groups or ‘‘Sectors’’

were (averages in brackets):

Sector I: Group with the most S. tenacissima and

total plant cover (37.7% and 49.8%, respectively),

and also the least species diversity (1.3 bits/

individual) in the subcatchment. It is located in the

lowest zone of the subcatchment (485 m a.s.l.), with

steep slope (60.7%) and medium soil depth (0.14 m).

Sector II: Located in the highest part of the

subcatchment (655 m a.s.l.) with steep slope

(57.8%), soil depth variability (90.5% variability

coefficient) and rock cover on soil (49.0%). This

sector had the shallowest soil (0.095 m average).

Sector III: The least S. tenacissima cover (9.2%),

highest species diversity (3.0 bits/individual) and

deepest soil (0.22 m) in the subcatchment. This

sector was spatially highly discontinuous and had

the least plot affinity (Figs. 1, 5).

Gas exchange and chlorophyll fluorescence

assessment

On the days assessed in early winter, the hourly

average PPFD (standard error) from 6 to 18 h solar

time was 658.3 (70.7), 543.2 (61.8) and 657.5

(70.4) lmol m-2 s-1 in Sectors I, II and III, respec-

tively. A few cloudy periods were observed on 23

January 2004 (assessment of Sector II) (Fig. 6a);

however, no significant differences in the hourly

PPFD were found for different days in a one-sample

t-test (P [ 0.05). In the summer, the hourly average

PPFD (standard error) was 937.4 (66.3), 1058.2 (74.9)

and 1118.8 (90.6) lmol m-2 s-1 on days assessed

in Sectors I, II and III, respectively. Summer days

assessed were characteristically clear, with PPFD a

little higher in Sector III, mainly at midday, than in the

other Sectors, because it was at the top of a South–

South aspect of the subcatchment and therefore more

exposed to the sun in summer (see Plot 13 in Fig. 1).

However, as in early winter, no significant differences

in the hourly PPFD on different days were found by a

Fig. 5 Subcatchment zoning based on the proximity of the 15

plots in a 3D space from the three factors extracted from the

principal components analysis taking 12 orthogonal environ-

mental variables into consideration (see Table 2)

Fig. 6 Hourly

photosynthetic photon flux

density (PPFD) comparison

on days when the

ecophysiological

assessment was carried out

in each Sector in early

winter (A) and summer (B).

Assessments in Sectors I, II

and III were made on 21,

23, 22 January 2004 in early

winter, and 12, 10, 11

August 2004 in summer,

respectively
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one-sample t-test (P [ 0.05). These results emphasize

the similarity in meteorological conditions on days

assessed and allowed us to continue with an ecophys-

iological sector comparison.

A two-way ANOVA analysis detected significant

differences in gas exchange variables in the sectors

and at times assessed in each period (Table 3). In

early winter, soil moisture was relatively high

(h = 21.0 ± 0.8%) due to heavy rainfall in the study

area in autumn (in October and December 2003, the

total rainfall was 145.3 mm or 48.5% of the yearly

total precipitation). In this period, there was less gas

exchange (transpiration and net photosynthesis) and a

lower green leaf area index in Sector I (thick

S. tenacissima density and wide cover) than in Sectors

II and III (Fig. 7). The overall average transpiration,

net photosynthesis and individual green leaf area

index in the subcatchment were 1.57 ± 0.04 mmol

H2O m-2 s-1, 5.13 ± 0.16 lmol CO2 m-2 s-1 and

4.19 ± 0.27 m2 m-2, respectively. However, in sum-

mer, with severe water stress (h = 5.8 ± 0.3%), the

gas exchange in the S. tenacissima stands in Sector I

was higher than in Sectors II and III. In this period, we

also detected significant differences between Sector II

(with medium S. tenacissima cover and shallow soil)

and Sector III (with little S. tenacissima cover)

(Fig. 7). The green leaf area index was higher in

Sector III than in Sectors I and II in summer (Fig. 7).

The overall average transpiration, net photosynthesis

and individual green leaf area index in the subcatch-

ment were 0.67 ± 0.02 mmol H2O m-2 s-1, 1.29 ±

0.05 lmol CO2 m-2 s-1, and 2.15 ± 0.12 m2 m-2,

respectively. As we had set the same relative humidity

and leaf temperature in the portable photosynthesis

system chamber (30% and 24�C, respectively) for

each time of day analysed, VPD simulated in the

chamber was constant, and therefore, the transpiration

rates in this study do not reflect real transpiration.

Other ecophysiological measurements in the high-

stress season partly corroborated the gas exchange

evaluation (Sector I [ Sector III [ Sector II), in which

Table 3 Two-way ANOVA F values with repeated time fac-

tor measurements assessing the gas exchange variables in two

seasons

Early winter Summer

F F

E Sector 26.4** 166.4**

Time 307.0** 40.6**

A Sector 8.1** 46.5**

Time 524.0** 78.6**

E = transpiration, A = net photosynthesis

** P \ 0.001

n.s. = no significant differences (P [ 0.05)

Fig. 7 Ecophysiological comparison of sectors in early winter

and summer. Different letters in daily average gas exchange

measurements (transpiration* and net photosynthesis) and

individual green leaf area index (green LAI) comparisons

mean significant differences among sectors detected by a

Tukey HDS test (P \ 0.05) of one-way ANOVA in each

period assessed. Plots 5 (Sector I), 10 (Sector II) and 11 (Sector

III) were assessed in early winter, whereas Plots * (Sector I), 13

(Sector II) and 11 (Sector III) were assessed in summer. *The

transpiration rate was measured at a simulated constant VPD

(by setting the same relative humidity and leaf temperature in

the chamber for each time of day). The rates shown therefore

do not reflect real transpiration
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maximum photosystem II photochemical efficiency

(Fv/Fm) in Sector II was lower at dawn and at midday

(0.33 ± 0.03 and 0.18 ± 0.02, respectively) (Fig. 8).

Fv/Fm in Sector III at midday was found by the Tukey

HDS test to be highly significant (P \ 0.05). The

relative quantum yield of photosystem II (U PSII) was

high at 8:00 solar time, falling at midday with a slight

recovery at 16:00 solar time (Fig. 8). Sector III U PSII

was also significantly higher at 8:00 solar time

(0.19 ± 0.02, Fig. 8); however, no significant sector

differences (Tukey HDS test, P \ 0.05) were found at

midday or 16:00 solar time.

Discussion

This article emphasizes the importance of considering

population structure and soil connectivity in order to

understand the heterogeneity of ecophysiological

attributes in S. tenacissima grasslands. We found

evidence of density-dependency in S. tenacissima

stands, possibly promoted by an intraspecific compe-

tition mechanism, where the slope of the population

boundary line is close to -1, meaning that the system

is nearly at its maximum green biomass limit. In very

dense S. tenacissima stands, this competition acts as a

water consumption control factor, reducing gas

exchange when soil water content is high. On the

other hand, in the high water-stress season, the

ecophysiological status of S. tenacissima stands on

shallow soil, with rock outcrops and heavy stone

cover, is significantly lower (less gas exchange and

more photoinhibition) because of the poor connection

between the root system and non-rainfall water gains

from bare soil close to the tussock.

Density-dependent regulation by limitation of tus-

sock size was observed in the S. tenacissima tussock

population with maximum cover and 40%, or approx-

imately 452 g m-2, biomass in the subcatchment

assessed (Figs. 3, 4). This could be caused by intra-

specific competition due to limited resources. This

argument is backed by mechanisms reported in S. ten-

acissima grasslands. Puigdefábregas and Sánchez

(1996) suggested water competition among tussock

tillers. They observed a significant increment in leaf

growth and water content in soil close to the tussock

when the tussock transpiration surface was small.

Armas (2003) confirmed competition for soil resou-

rces, mainly water, among tussocks and tussock clones.

Puigdefábregas and Sánchez (1996) suggest that strong

competition among tillers is responsible for the smaller

size of S. tenacissima tussocks during aging, when the

tussock, which ages gradually from the centre outward,

separates into new tussocks around the edges.

Assessment of the individual green leaf area index

suggests self-thinning in S. tenacissima stands where

tussocks in the plots with the lowest density (Sector

III) are large and leafy (Fig. 7). In our study area, the

S. tenacissima stand had been subjected to past

management practices such as planting and pruning

to increase productivity (Bonet 2004) due to the

socio-economic importance of S. tenacissima fibre as

a raw manufacturing material for paper paste, thread,

baskets and jute. However, these activities ceased in

the second half of the last century in SE Spain

(Servicio del Esparto 1953). Stands in inaccessible

(high) and inappropriate (with large rock outcrops)

zones not subjected to management practices are

therefore the oldest (Sectors II and III except Plots 1

Fig. 8 Chlorophyll fluorescence during the high water-stress

period (summer 2004). The sector hourly average maximum

photosystem II (Fv/Fm) photochemical efficiency and relative

photosystem II (U PSII) quantum yield were compared. An *

next to the hourly average means significant differences

detected by Tukey HDS test (P \ 0.05) of one-way ANOVA

200 Plant Ecol (2009) 200:191–204

123



and 7). This self-thinning was also observed by

Armas and Pugnaire (2005) in mixed populations of

Cistus clusii and mature S. tenacissima in Almerı́a,

SE Spain. In high-density gramineae populations, a

reduction in reproductive capacity and tiller produc-

tion is reported to be caused by intraspecific

competition (Raventós and Silva 1995). Kays and

Harper (1974) found that intraspecific competition

caused a decrease in the number of tillers per genet in

manipulative experiments with ‘‘rye grass’’ (Loli-

um perenne). De Kroon and Kalliola (1995) also

found a rise in the individual leaf area index and stem

volume per unit of ground area with low shoot

density in Gynerium sagittatum (giant reed) under

natural conditions in the Peruvian Amazonia.

The population boundary line slope (b) on hillsides

where S. tenacissima tussocks are dominant (Sector I)

in our subcatchment was close to -1, which means

that these zones are close to the maximum biomass

that habitat resources can support. This process,

common in modular organisms, is called the ‘‘law of

constant final yield’’ (Kira et al. 1953), whereby

density-dependent growth loss (and size) in individ-

uals is proportionately compensated by increased

density, resulting in a constant final yield. In

‘‘dynamic thinning line’’ (sensu Weller 1990) assess-

ments, a -1 slope was found in graminea species

(Festuca pratensis, Lolium perenne and Vulpia fas-

ciculata) by Lonsdale and Watkinson (1983) and

Watkinson (1984), where self-thinning went from -3/

2 to -1 when the populations reached their maximum

stable growth or production. A -1 self-thinning slope

was also found when populations of Lolium perenne

were subjected to low radiation from self-shading by

tillers where light was a limiting resource (Kays and

Harper 1974; Lonsdale and Watkinson 1982). De

Kroon and Kalliola (1995) found a -1 self-thinning

slope in monospecific populations of Gynerium sag-

ittatum, which they attributed to perennial shoots.

On hillsides with very dense S. tenacissima close to

the ‘‘constant final yield’’ (or environmental carrying

capacity), resource input (water pulses) could promote

development of intraspecific competition among tus-

socks, which might explain the ecophysiological

pattern found in the wet season (early winter). This

process thus plays an important role in the control of

water resource acquisition in high-density S. tenaciss-

ima stands in the subcatchment (Sector I) and might

also explain the low gas exchange responses in Sector I

in the wet season (Fig. 7). On the other hand, the higher

physiological potential in other sectors might be due to

fewer tussocks or competitors for water resources. In

the high water-stress season (summer), however, water

loss in S. tenacissima is known to be reduced through

such mechanisms as leaf folding and stomatal closure

(Pugnaire et al. 1996; Balaguer et al. 2002). The ‘‘law

of constant final yield’’ in the sector where S. tena-

cissima is dominant involves dependence on

environmental resource supply, whilst competition is

of less consequence under resource shortage condi-

tions (Harper 1977). In the water-stress season, less

competition among tussocks is therefore expected. Gas

exchange in the sector with the densest S. tenacissima

tussocks (Sector I) was higher than in the other sectors

assessed. The range of stomatal conductance (21.8–

43.1 mmol H2O m-2 s-1) in Sector I was higher than

reported in S. tenacissima stands in summer (0–

0.08 mmol H2O m-2 s-1; Pugnaire and Haase 1996;

Balaguer et al. 2002). Ramı́rez et al. (2007) studied soil

water vapour adsorption (WVA) in the study area,

finding close correspondence between soil water gains

from WVA and stand transpiration in summer. These

authors suggest that S. tenacissima in our study area

makes use of WVA for water gains. However, the use

of this water by a shallow root system would require a

connection between the tussock and the bare soil

nearby. The soil in this study area, like Mediterranean

rangelands, is shallow and discontinuous with poor

structure and rock outcrops (Vallejo et al. 2000). Soil is

shallower and more variable on the steeper hillsides

(Table 1). The S. tenacissima tussocks in these areas

are confined to ‘‘soil pockets’’ surrounded by rock

outcrops, where the connection between the root

system and bare soil is interrupted, and use of non-

rainfall soil water gains (WVA) by the plant is

impossible. This explains the low gas exchange and

chlorophyll fluorescence responses in Sector III and

Sector II (0.11 ± 0.01 and 0.09 ± 0.02 m soil depth

and 70.3 and 44.6% rock cover, respectively, in the

plots assessed) in the summer (see Figs. 6, 7).

The maximum photosystem II photochemical effi-

ciency (Fv/Fm) found at dawn and the hourly pattern

of relative photosystem II (U PSII) quantum yield are

in close agreement with the results of Balaguer et al.

(2002) in summer in S. tenacissima grasslands in SE

Spain. The higher individual green leaf area index in

S. tenacissima tussocks in Sector III (Fig. 7) could

promote more self-shading, attenuating the negative
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effect of high radiation and causing a higher Fv/Fm at

midday and U PSII at 8:00 solar time (Fig. 8). Self-

shading caused by tussock architecture is a key

photoprotection factor in S. tenacissima (Valladares

and Pugnaire 1999), especially in summer. Chloro-

phyll fluorescence confirmed the higher stress of the

S. tenacissima population near the top of the sub-

catchment (mainly Sector II). The excellent coherence

of the ecophysiological descriptors (gas exchange and

chlorophyll fluorescence) indicates that water avail-

ability spatially varies significantly in the study area,

depending mainly on the interaction between the soil

connection between tussocks and surrounding bare

soil (soil availability) and S. tenacissima density.

However as the ecophysiological variables tested in

this study are instantaneous measurements, an integral

physiological assessment would be required to test our

hypothesis. Some advances have been made from this

perspective. Maestre and Cortina (2006), for example,

found that the local condition of bare soil, specifically

a water infiltration indicator, was a key factor in the

isotopic natural abundance of nitrogen (d15N, an

integral physiological indicator) in S. tenacissima

stands in SE Spain.

In conclusion, we have found intraspecific competi-

tion and rock outcrops around the tussock (microsite)

to be the main factors responsible for spatial and

temporal heterogeneity of ecophysiological status in

S. tenacisima stands. Due to the extensive S. tenaciss-

ima grasslands in semiarid zones in the Iberian

Peninsula, precaution must be taken in scaling or

extrapolating water and carbon fluxes in these ecosys-

tems, because significant differences in the ecophysio-

logical condition of stands may be found in a relatively

small area (in this case 19 ha). We recommend evalu-

ation of integral physiological performance in

S. tenacissima stands, including descriptors (soil depth,

rock outcrops) of bare soil surrounding tussocks and the

soil connection between them, because of their impor-

tance to gas exchange and chlorophyll fluorescence

responses in semiarid steppes.
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Appendix 1 List of species sampled in the 15 plots assessed

Species Life form Func. group Species Life form Func. group

Anthyllis cytisoides P Wd Helichrysum stoechas Ch Wd

Asparagus horridus P Wd Helictotrichon filifolium Gh G

Asperula aristata H F Juniperus oxycedrus P Ws

Asphodelus ramosus Gh F Osyris quadripartita P Ws

Atractylis humilis Ch F Paronychia suffruticosa Ch Wd

Brachypodium retusum H G Phlomis lychnitis Ch F

Bupleurum fruticescens Ch Wd Pinus halepensis P Ws

Carex halleriana H F Polygala rupestris Ch Wd

Centaurea intybacea Ch Wd Quercus coccifera P Ws

Cistus albidus P Wd Rhamnus lyscioides P Ws

Coronilla minima Ch Wd Rosmarinus officinalis P Wd

Dianthus broteri Ch F Ruta angustifolia Ch Wd

Erica multiflora P Ws Sedum sediforme Ch F

Fumana ericoides Ch Wd Sideritis leucantha Ch Wd

Fumana hispidula Ch Wd Spartium junceum P Wd

Fumana laevipes Ch Wd Stipa offneri H G

Fumana thymifolia Ch Wd Stipa tenacissima H G

Galium fruticescens Ch F Teucrium carolipaui Ch Wd
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