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Abstract. The interdependence of species richness and plant
biomass has widely been accepted as a general biodiversity
rule. However, there is no information about how relationships are established during colonization and how total biomass
is distributed among plants. The main objective of this study
was to determine the role of several factors which we have
hypothetized as affecting biomass distribution among species
in an early old-field community. To test this hypothesis, we
conducted an experiment in a deeply ploughed AgropyroRumicion crispi community in the Basque Country (Spain).
Light, water and soil nitrogen content were factorially manipulated resulting in eight experimental treatments. We also
examined several site features, which could potentially influence final biomass distribution: seed bank composition, soil
physico-chemical heterogeneity and cover and density of the
dominant plant species in the community. A partition hypothesis testing approach using Redundancy Analysis was conducted to determine the fraction of biomass distribution variability assigned to each treatment and site feature. The most
important species, in terms of biomass, were Agropyron repens,
Sinapis arvensis, Arrhenatherum bulbosum and Picris
echioides. As a general conclusion, biomass distribution among
species during early secondary succession primarily depends
on light availability and nitrogen supply. Several soil variables, such as magnesium, calcium and clay contents, also
explain a relevant fraction of the biomass distribution among
plant species. On the contrary, we found no effect of seed bank
composition on biomass distribution. Finally, the total species
number and cover of dominant species such as Sinapis arvensis,
may determine final biomass distribution.

Keywords: Environmental constraint; Fertility; Hypothesis
testing; Redundancy Analysis.
Abbreviations: DCA = Detrended Correspondence Analysis;
GLM = General Linear Model; MANOVA = Multiple Analysis of Variance; PAR = Photosynthetically Active Radiation;
RDA = Redundancy Analysis; TVE = Total Variation Explained; uSD = units of Standard Deviation.
Nomenclature: Castroviejo et al. (1986-2002); for species
not included in this work: Tutin et al. (1964-1980).

Introduction
Many studies have explored the relationships between plant biomass and species richness in terrestrial
plant communities (e.g. Al-Mufti et al. 1977; Austin
1987; Shipley et al. 1991; Tilman & Pacala 1993; Gough
et al. 1994). Different levels of productivity, density
dependence and impact of shading have been discussed
as important factors (e.g. Grace et al. 1993; Wilson &
Tilman 1991), either in descriptions of natural productivity gradients (Wilson & Tilman 1993; Gough et al.
1994; Tilman 1993) or through experiments (Shipley &
Keddy 1994). Results of these studies have led us to infer
the relevance of competition (Grime 1979), together with
disturbance (Huston 1979), spatial and temporal soil heterogeneity (Tilman 1982; Tilman & Pacala 1993) and
factors operating during colonization processes (Tilman
1993; Tilman & Pacala 1993; Silvertown et al. 1994) in
regulating the mutual relationship between species richness and plant biomass.
Many studies have explored the way in which biomass
is allocated among plant organs but few studies deal
with the way in which biomass is distributed among
species at the community level. The main aims of this
study are to understand (1) the processes that affect
biomass accumulation among species; (2) the role of
colonization. During colonization, recruitment after severe perturbations is directly conditioned by availability
of propagules (Lavorel et al. 1991; Fenner 1995). Emerging seedlings usually face complex competitive scenarios in which mortality is usually density-dependent
and shaped by the establishment of competitive hierarchies (Keddy & Shipley 1989). Seedling survival at this
stage is also affected by weather (Escudero et al. 1999),
soil characteristics (García-Fayos et al. 2000) and the
presence of herbivores and pathogens (Schupp & Fuentes
1995). Obviously, these environmental constraints affect each life stage, but also species composition and the
distribution of biomass among species (Tilman 1993).
Three questions need to be answered: 1. What are the
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factors controlling the relationships between the two
biodiversity attributes? 2. How is the interdependence
established? 3. How is biomass distributed among
species?
We hypothesized that community-level relationships
between these attributes established during early oldfield succession depends on soil resource levels (Gough
et al. 1994) and heterogeneity (Rubio & Escudero 2000),
along with biotic constraints such as seed bank composition and seed density. To test this hypothesis, an
experimental study was conducted in a deeply ploughed
field to examine the effect of plant resources such as
light, water and nitrogen availability on species composition and biomass distribution among species. Also,
seed bank characteristics, soil heterogeneity and the
resulting plant community structure, were studied.

Material and Methods
Study site
This study was carried out in the Arkaute Agricultural Experimental Station, 3 km east of Vitoria-Gasteiz
(Basque Country), N Spain (42∞51' N; 2∞37' W; 510 m
a.s.l.). Climate is classified as temperate submediterranean and subhumid (Rivas-Martínez & Loidi 1999),
with mean annual rainfall of 843 mm and mean temperature of 11.7 ∞C, ranging from 1.3∞ C in the coldest month
to 26.1 ∞C in the warmest. Precipitation is highly unpredictable in time and quantity and is characterized by
marked summer droughts. The study year (1999) had
more rainfall than usual. The study site is an old field,
abandoned 5 yr ago, which covers ca. 3 ha on level land
and is grazed by sheep. The plant community was assigned to the alliance Agropyro-Rumicion crispi, which
is widely distributed in the area. Main species were
Agropyron repens, Arrhenatherum bulbosum, Rumex
crispus, Geranium dissectum and Picris echioides. Soils
were classified as vertisols with some hydromorphy.
Experimental design
In February 1999, the soil was ploughed to a depth of
30 cm and hand-raked to smooth the surface and remove
any remaining clumps of vegetation. Then, 40 plots
(4.75 m ¥ 1.75 m) were regularly distributed with a
1.75-m wide buffer. Levels of light (shaded: S+; not
shaded: So), water (watered: W+; not watered: Wo) and
nitrogen availability (nitrogen addition: N+; no nitrogen
addition: No) were factorially manipulated (1 df per
treatment) resulting in eight treatments. We used a
randomized design, with five replicates per treatment.
On N+ plots 6 g.m–2.yr–1 N was added by manually

scattering urea in granular form from the walkways in
the last week of March. On S+ plots a wooden frame was
installed, covered with a neutral shading cloth 1.5 m
above the soil. This device filtered 80% of daylight
photosynthetically active radiation (PAR). On W+ plots
we added 8.65 l.m–2 fortnightly during June and July
(five irrigations). During this period water demands
reach a maximum and the summer drought usually
begins, so it is the most critical time for plant development. Total increase of water supply above mean rainfall during this period was 21.5%.
Soil and seed bank sampling
Soil sampling was carried out in March immediately
after the ploughing treatment. Three soil cores, 11 cm
diameter and 3 cm deep, were collected per plot, thoroughly mixed and then separated into two fractions. The
soil analysis fraction was air-dried at room temperature
for a month, sieved in the laboratory and analysed for
fine earth (< 2 mm), fine-gravel (2-20 mm) and gravel
(> 20 mm) percentages, pH in H2O (1:2.5), organic
matter content, total N, P, Ca, Mg and cation exchange
capacity. The other soil fraction, 140.45 cm3, was spread
in 10 cm ¥ 10 cm ¥ 1 cm pots mixed with vermiculite
(1:1) and placed in a glasshouse. Pots were regularly
watered and the seedlings identified, counted and removed throughout a year.
Plant sampling
During the second week of July 1999, a 0.25-m2
quadrat was delimited in the centre of each plot and
harvested by clipping plants at ground level. We considered above-ground tissues to be in the quadrat if they
were connected to a tiller that was rooted in the quadrat.
In the laboratory, plant samples were identified to species,
separated and dried at 70 ∞C for 4 d and subsequently
weighed. A ‘biomass matrix’ of 40 plots ¥ 60 species
above-ground biomass values was constructed.
Plant species were classified into two groups according to their establishment type (field observations):
plants mainly originated from vegetative organs and
mainly established from seeds. Seeder plants were also
classified into two types in relation to their dispersal
strategy: anemochorous and non-anemochorous plants.
Plant densities and cover were determined in a quadrat
adjacent to that for estimating biomass (0.25 m2). We
counted the number of tillers of each species and estimated percentage cover for those species with at least
1.5% of the total cover in each plot.
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Most data were heteroscedastic and did not meet the
normality test of Kolmogorov-Smirnov; they were logtransformed. Differences among treatments in species
richness, total biomass and other attributes, e.g. grass
and forb biomass, biomass related to establishment type
(vegetative or seeder), and to dispersal (anemochores or
not), were tested by three-way ANOVA models in which
the three-way interaction was the error term. We used
type III sums of squares to avoid difficulties due to
unbalanced data. Bonferroni adjustments were performed
to control for the significance levels after multiple comparisons. We also conducted non-parametric tests in
cases where normality assumptions were not met.
The biomass matrix was subjected to constrained
ordination for hypothesis testing (ter Braak & Prentice
1988; Legendre & Anderson 1999; Rubio & Escudero
2000). The major advantages of this technique over
classical multivariate analysis of variance are that it is
distribution-free and has no restrictive upper limit to the
number of species included (Verdonschot & ter Braak
1994). Statistic modelling by constrained ordination
performs better than General linear model (GLM) approaches, which work better for single-species models
(Guisan et al. 1999). Our null hypothesis (H0) was that
the influence of environmental variables on the biomass
matrix was not significantly different from random.
With this in mind, Detrended Correspondence Analysis
(DCA) was also conducted – detrending by segments
and non-linear rescaling of the axes, which has the
property that the extracted axes are scaled in units of
average standard deviation (Gauch 1982). As the length
of the extracted gradients was relatively short (Standard
Deviation units; uSD = 2.08), we followed Legendre &
Anderson (1999) and conducted Redundancy Analysis
(RDA) which assumes linear relationships (ter Braak &
Smilauer 1997). We tested for collinearity among variables in each constraining matrix by calculating variation inflation factors (VIFs) for each variable. None of
the variables were eliminated because their VIF values
were below 10 (Chatterjee & Price 1991), but the S+N+W+
variable in the treatment matrix was not considered.
Six matrices were built to constrain the biomass matrix:

1. Treatment matrix; six vectors: three treatment factors, previously
transformed into dummy variables, and three dummy variables for the
coincidence by pairs of treatments (N+S+, W+S+, N+W+);
2. Soil data matrix; 12 vectors: soil texture (gravel, fine gravel, sand,
clay), organic matter, pH, total N, C:N ratio, P, Ca, Mg, cation
exchange capacity;
3. Seed bank matrix; 22 species with numbers of individuals germinated in the glasshouse per experimental plot;
4. Species richness matrix; one vector: number of species in each plot;
5. Species cover matrix; 10 species, those that made up at least 1.5% of
the cover;
6. Species density matrix; 11 (most frequent) species (App. 1).

Total Variation Explained (TVE) by each data set
was calculated as the sum of all canonical extracted axes
using each of these matrices as the constraining data
matrix (Bocard et al. 1992). A Monte Carlo permutation
test was performed to determine the accuracy of the
relationship (1000 randomizations) between the two
data sets. The sum of all canonical eigenvalues or trace
was used to build the F-ratio statistic (ter Braak 1990;
Legendre & Anderson 1999). Only when p < 0.05
(adjusted for multiple comparisons by the Holm’s
method; Legendre & Legendre 1998) the relationship
between the two data sets was considered significant. If
the RDA model was significant, a forward stepwise
procedure was carried out to select a reduced model
including only significant variables. We incorporated
explanatory variables one at a time and step by step in
the order of their decreasing eigenvalues after partialling
out the variation accounted for the already included
variables. The process stopped when the new variable
was not significant (p > 0.05). Improvement of the
reduced model with each new selected variable was
determined by a Monte Carlo permutation test with
1000 randomizations.
A variance partitioning with RDA was performed to
evaluate the relative importance of these constraining
matrices after adjusting the variability of other data sets
which were considered as covariables (Bocard et al.
1992; Bocard & Legendre 1994; Legendre & Legendre
1998). This procedure has been called partial RDA
because it determines the variation explained by the
explanatory variables after removing the variation accounted for the covariable data set. All the partial models were also tested for significance using a Monte Carlo
permutation approach. The treatment matrix was the
explanatory data set whereas the other five data sets
(Cover, Density, Soil, Seed bank, Species number) were
considered as covariable matrices. A similar approach
was conducted by only considering the reduced RDA
models and the significant variables. The fraction of
variability from the biomass data set was assigned to
each of the considered matrices. These analyses were
conducted with CANOCO (ter Braak & Smilauer 1997).
‹

Numerical analyses
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Results
Descriptive results
The total number of weed species was 60. Agropyron repens accounted for 33.3% of the total biomass,
Sinapis arvensis for 15.1%. Species richness per plot
was similar to the pre-disturbed Agropyro-Rumicion (U
= 63.0, p = 0.163) and the only experimental treatment
that had a significant effect on species richness was the
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shading treatment (p < 0.008, Table 1). Richness decreased from 20 species per non-shaded quadrat to 16.5
species per shaded quadrat (Fig. 1a). The number of forb
species (mean = 14.5) did not show this trend (KruskalWallis including only main effects: c2 = 3.53; p = 0.063;
df = 3).
Total above-ground biomass per plot ranged from
275 g.m–2 to 538 g.m–2 and differences among treatments were highly significant. Specifically, the main
factors affecting this community trait were shade and Naddition (Table 1). Although irrigation did not have a
clear effect, the interaction with shading resulted in
higher total biomass values in shaded and irrigated plots
(Fig. 1b). Total biomass reached a maximum value of
538 g.m–2 in treatments combining N and no shading
(N+So) and a minimum of 275 g.m–2 in the opposite
combination (NoS+) (Fig. 1b). Grass biomass only increased significantly with N-addition (Table 1) and forb
biomass had a large decrease under shaded conditions
(Fig. 2) (Kruskal-Wallis, c2 =10.71; df = 3; p = 0.001).
Species with vegetative regeneration hardly increased
biomass after N-addition, whereas those regenerating
from seed produced much less under the shade treatment (Table 1 and Fig. 1c). As a result, species with
vegetative reproduction became dominant under shaded
conditions, and those with seed reproduction took advantage in full light. Nevertheless, shade treatments did
not affect species richness (Fig. 1d) (Kruskal-Wallis,
c2= 2.49; df = 3; p= 0.114; mean= 15.0). Biomass of
anemochorous plants decreased significantly in shaded
conditions, while non-anemochorous plants were affected to the same extent as total biomass by shade and
nitrogen addition (Table 1 and Fig. 1e). To evaluate if
these differences were a consequence of depletion in
seed rain due to the shading mesh, we established additional control quadrats (25 cm ¥ 25 cm) within the 40
experimental plots. In these control plots, soil to 20 cm
in depth was removed, sterilized in the laboratory and
relocated. Thus, emergence would only be a consequence of seed rain. We found no significant difference
between shaded and non-shaded treatments in the total
number of seedlings germinated until July (U = 177.5; p
= 0.55).

Variance partitioning results
We excluded 19 of the 60 species occurring in less
than three plots to avoid potential biases; herewith only
12% of the total biomass was excluded.
The first DCA axis was relatively short; thus, we
conducted RDA ordinations. In order to determine the
fraction of the Total Variation of the biomass matrix
explained by each data set, we conducted six RDAs
(Table 2). The treatment matrix accounted for a high
and significant fraction (43.6%) of variation in the
biomass matrix. The soil data matrix and cover species
matrix significantly explained 41.2% and 37.7% of variance, respectively. Conversely, densities and seed bank
matrices explained no significant fraction of variation.
Finally, the one-vector number-of-species matrix significantly accounted for a relevant fraction of variance
(18.2%). To evaluate the existence of any underlying
spatial trend that could generate spatial autocorrelation
among our plots, we performed an RDA including northing and easting components in the constraining matrix
(Dutilleul 1993). TVE was below 2% and not significant (p = 0.55).
To determine the relevant variables of each of the
explanatory data sets, we conducted several stepwise
forward selection analyses. When the constraining matrix was the treatment matrix, only four of the six variables were selected: S+ (21% of the total variation
explained), N+ (8%), N+S+ (6%) and N+W+ (5%). In the
soil matrix only three variables significantly entered the
reduced model: Clay fraction (8%), Mg-content (6%)
and Ca-content (7%). In the cover matrix only Sinapis
arvensis (11%) was selected. The resulting reduced
models show relatively small drops in TVE.
We performed partial RDAs in which the variation
attributable to soil, cover and total species number data
sets – acting as covariable data sets – was partialled out
before adjusting the remaining information (Table 3).
Treatment and soil data sets together explained 75.4%
of the total biomass variation with a small overlap of
9.4% (Fig. 3). Treatment and cover sets accounted for
64.4% of the total variation, but overlapped 16.9%.
Species number and treatment sets accounted together
for 55.7% of total variance.

Table 1. Three-way-fixed-effects ANOVA. N+ = Nitrogen; S+ = Shading; W+ = water. The F statistic is presented. Significance levels
are: n.s. = Not significant; * = p < 0.008 (Bonferroni adjustment for p = 0.05); ** = p < 0.001.
Species number
Total biomass
Vegetative plant biomass
Non-vegetative plant biomass
Anemochorous biomass
Non-anemochorous biomass
Grass biomass

N+

S+

N+S+

S+W+

W+

N+W

N+W+S+

n.s.
12.13**
7.90*
n.s.
n.s.
12.69**
8.18*

8.1*
60.76**
n.s.
85.38**
31.79**
27.44**
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
7.95*
n.s.

n.s.
17.25**
n.s.
n.s.
n.s.
11.82*
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
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Fig. 1. Mean values and standard deviation of
biomass and species number per plot in the eight
treatments. S+ = Shade; S– = no-shade; N+ =
Nitrogen addition; N– = No addition of nitrogen;
W+ = Water irrigation; W– = no irrigation. a.
Species number per quadrat b. Total biomass c.
Vegetative plant biomass (striped bars) and
biomass of plants establishing from seed (black
bars). d. Vegetative species number (striped bars)
and species number of plants establishing from
seed (black bars) e. Non-anemochorous (striped
bars) and anemochorous (black bars) plant
biomass.

N+S+ are the major environmental factors on axis 1 and
N+ and N+W+ are correlated with axis 2. Biomass of
some weed species was clearly related to the shade
centroid: Agropyron repens, Convolvulus arvensis and
Lolium perenne. Anagallis arvensis, Medicago lupulina
and others were negatively correlated with shade. Nitrogen treatment (N+) induced an increase in the biomass of
Sinapis arvensis, Arrhenatherum bulbosum and Rumex
crispus. The RDA biplot using the three selected soil
variables (App. 2, Fig. 4b) showed that the first axis was

We also performed partial RDA analyses including
as covariables only those that had previously entered
reduced models (see Tables 3 and 5). The treatment
matrix together with the reduced soil matrix still explained 60.4% of biomass variation (overlap < 1%).
Treatments significantly explained a high fraction of
variation after fitting Sinapis arvensis cover and species
number (34.8% and 34.4%, respectively).
The biplot of the RDA model with the four selected
treatment variables (App. 2, Fig. 4a) showed that S+ and

Table 2. RDA models using the biomass data set as the main matrix and other environmental data sets as constraining matrices
(treatment, densities, covers, species number, soil and soil seed bank). Constraining matrix indicates data set used to build
models. l1, l2, l3 are the eigenvalues of the corresponding extracted axes. Scons is the sum of all constrained axes, i.e. the
variation explained by the constraining data set. Total variation in linear methods as in RDA sums up to 1. The Total Variation
Explained (TVE) corresponds with the sum of all constrained axis eigenvalues (Scons). F is the F-ratio statistic, which is
computed using the trace or sum of all eigenvalues, and p is significance of the model after Holm’s method (P< 0.05) (with 1000
randomisations). Note that l2 of the last model (sp.-num.) is not constrained
Constraining matrix
Treatment (6 variables)
Soil (12 variables)
Covers (10 variables)
Densities (11 variables)
Seed bank (22 variables)
Species number (1 variable)

l1

l2

l3

Scons

TVE

0.241
0.192
0.193
0.177
0.380
0.182

0.137
0.092
0.097
0.07
0.204
0.309

0.038
0.078
0.042
0.05
0.100
0.236

0.436
0.412
0.377
0.348
0.804
0.182

43.6
41.2
37.7
34.8
80.4
18.2

Monte Carlo test
F
p
4.246
1.576
1.757
1.356
1.615
8.48

**
*
*
n.s.
n.s.
**

846

Luzuriaga, A.L. et al.

Table 3. Partial RDA models using the treatment data set as the constraining matrix and subsequent data sets as covariable
matrices. Rows 1-3 correspond to models in which all variables and covariables are considered, rows 4-6 correspond to models
including significantly selected variables and covariables. Constraining matrix indicates the data set used to build models.
Covariables indicates the covariables data sets for partial RDA models. l1, l2, l3 are the eigenvalues of the corresponding
extracted axes. Scons is the sum of all constrained axes. The sum of all eigenvalues after fitting covariables is in brackets (Ico).
In partial RDAs, TVE represents the proportion between the sum of all constrained eigenvalues after fitting covariables and the
sum of all unconstrained eigenvalues after fitting covariables. F = F-ratio statistic computed using the trace or sum of all
eigenvalues as reference; p = level of significance of the model (1000 randomizations). Number of variables of the main matrix
(va) and number of covariables of the corresponding matrix (co) are shown.
Constraining matrix

Covariables

TREAT. (6va)
TREAT. (6va)
TREAT. (6va)
TREAT. (4va)
TREAT. (4va)
TREAT. (4va)

soil (12co)
species no. (1co)
cover (10co)
soil (3co)
species no. (1co)
cover (1co)

l1

l2

l3

Scons (Ico)

TVE

Monte Carlo test
F
p

0.231
0.215
0.122
0.238
0.207
0.184

0.077
0.114
0.110
0.121
0.112
0.128

0.018
0.026
0.018
0.031
0.02
0.033

0.342 (0.588)
0.375 (0.82)
0.267 (0.62)
0.394 (0.79)
0.344 (0.818)
0.348 (0.89)

58.16
45.61
43.06
49.87
42.05
39.1

4.846
4.519
2.887
7.942
11.528
5.467

correlated with clay content, whereas the second was
correlated with the content of magnesium. The species
related to the clay factor were Agropyron repens and R.
crispus while magnesium had a positive effect on the
biomass of Cirsium arvense and A. bulbosum.

0.002
0.002
0.003
0.001
0.001
0.001

1989; Wheeler & Shaw 1991). Our results, however, are
in accordance with those of García et al. (1993), Tilman
(1993) and Gough et al. (1994) in which no relationships
were found between biomass and species richness. These
studies were also carried out in early succession stages.
We detected a drop in species richness under shad-

Discussion
Species richness
We found no differences in species richness in any
of the productivity scenarios despite higher biomass
values on fertilized plots. The only significant differences in species richness were detected under shaded
conditions. In this sense our results do not support any
of the two postulated and complementary models to
explain the relationship between species richness and
productivity: the unimodal model (Tilman 1982; Tilman
& Pacala 1993; Gough et al. 1994) and the monotonic
model (Abrams 1995). Furthermore, above-ground
biomass has been reported as an efficient species-richness predictor in several experiments (Wisheu & Keddy

Fig. 2. Mean values and standard deviation of forb biomass in
four treatments (C = control; N+ = Nitrogen addition; W+ =
Water addition; S+ =Shading).

Fig. 3. Percentage of variation in plant biomass explained by
each of the data matrices (treatments, soil characteristics,
cover and species number) and the overlapping of the variation explained by the treatment matrix with each of the other
constraining matrices in full (a, b and c) and reduced (d, e and
f) RDA models.

- Above-ground biomass distribution during early old-field succession ing. The number of species establishing from seeds was
significantly lower in shaded plots (Fig. 1d). Goldberg
& Miller (1990) observed that light reduction increased
mortality rates of slow growing and shade-intolerant
species, as well as seedlings, and consequently it also
increased local extinction rates and decreased diversity
in a 1-yr old-field. Experiments carried out with litter as
the shading agent also generated a decrease of species
richness (Foster & Gross 1998).
Biomass distribution among species: general remarks
We have focused our study on biomass distribution
among species because it is considered an indicator of
both productivity (Pickett & Bazzaz 1976) and plant
reproductive success (Mimbé & Lafarge 1995). The
extent to which a plant species affects the ecosystem
functioning is predictable from its contribution to the
total biomass of the plant community (Grime 1998).
Many studies support the hypothesis that either light
availability (Foster & Gross 1998; Huante et al. 1998),
or nutrient (Tilman 1987) and water supply (Lane 1995)
control species abundance throughout succession. Competitive hierarchies are common in plant communities,
and there is evidence that above-ground competitive
success is controlled by the ability to gain height and to
produce biomass (Dietz et al. 1998). Our results seem to
support these general statements.
Nutrient availability in biomass distribution
Conspicuous increments of annual forb biomass in
early succession have previously been found after fertilization treatments (Carson & Barrett 1988; Huberty et
al. 1998) and nutrient pulses after intense perturbations
have been proposed as mechanisms to allow annuals to
persist in recently abandoned old-fields. However, we
have not detected a significant increase in total biomass
of plants reproducing from seeds. In contrast, plants
with vegetative growth showed a significant increase in
their biomass when nitrogen was added. This effect may
be explained by the fact that the original community was
dominated by grasses with a remarkable ability to develop vegetative organs (Agropyron repens, Arrhenatherum bulbosum). Thus, after ploughing, broken pieces
of rhizomes and bulbs should have been able to take
advantage of nutrient addition, due to their higher relative growth rate (Grime et al. 1988) and generally faster
nutrient uptake rates (Heil & Bruggink 1987) and consequently enhanced biomass production. Subsequent asymmetric competitive interaction may have prevented the
expected increase in biomass of annuals.
Despite this marked effect on biomass, we detected
no significant effect of fertilization on species richness
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(Table 1). In a number of short-term studies fertilization
had no consistent effect on diversity (Carson & Pickett
1990; Goldberg & Miller 1990); in others, it led to
higher richness (Pringle 1990) or caused an increase
followed by a decrease (Carson & Barrett 1988). Longterm studies, in contrast, revealed a reduction in diversity when nitrogen was added (Tilman 1987, 1993;
Foster & Gross 1998) or showed no effects (Huberty et
al. 1998). Two mechanisms to explain a drop in species
diversity with nutrient addition have been suggested:
competitive exclusion (Sardans 1997) and a change in
the number of simultaneously limiting resources
(Braakhekke & Hooftman 1999). Most likely, both explanations are feasible but their importance may depend
on the initial fertility levels and the nature of the available propagules. In our experiment the initial soil nitrogen availability was high (C:N = ca. 7.2). Thus, the
initial floristic composition was well suited to be competitive in nutrient-rich environments. This would explain why the effect of nitrogen addition was not as
dramatic as in non-fertile soils (Huberty et al. 1998).
In early secondary succession, fertilization has been
observed to favour plants with a short life span, high
seed production and fast growth (Tilman 1988). In this
study, some species which fit well with these characteristics, such as Sinapis arvensis, Papaver rhoeas or
Aphanes arvensis, performed better on fertilized plots.
There is also a strong tendency of Agropyron repens to
develop better in fertilized plots. Some studies have
indicated that Agropyron repens is favoured by N-addition and it is considered an early successional species on
nutrient rich soils (Tilman 1987, 1990). Arrhenatherum
bulbosum also had a clear tendency to perform better on
enriched plots.
Light availability in biomass distribution
Shade accounts for more than 21% of the variability
of the partition biomass data matrix. Biomass contribution of some grass species such as Agropyron repens
and Lolium perenne increased in shaded plots, whereas
biomass of some annual forbs such as Kickxia spuria
and Anagallis arvensis increased in non-shade plots.
The effect of shading treatment on total biomass was
highly significant (p < 0.001) and it is in line with a
number of previous studies (Parker & Muller 1982;
Sparks & Oechel 1993). In contrast, Shaver et al. (1998)
detected no effect of shade on total biomass. This contradiction may be explained by the fact that Shaver et al.
(1998) studied tundra communities which are usually
limited primarily by nutrients and not by light. Our
study area was a nutrient-rich old-field where nutrient
limitation may be secondary to light limitation if shading is applied. In fact, theories proposed to explain the
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relationship between diversity and biomass production
consider light competition to be one of the main factors
responsible for a diversity decrease in high productivity
environments (Abrams 1995; Foster & Gross 1998).
The biomass of plants established from seeds significantly decreased under shaded conditions (Table 1 and
Fig. 1c). Similar results were obtained by Tilman (1987)
and Huberty et al. (1998). These results may be explained as a consequence of the lower growth rate of
annual seedlings under shaded conditions compared
with that of perennials which usually have a higher
capability to use reserves.
Water availability in biomass distribution
Surprisingly, irrigation had no significant effect on
total biomass or biomass distribution (Table 1) despite
water being widely considered the most relevant determinant of plant growth in a mediterranean climate (Thomas & Davis 1989; Davis & Midgley 1990). Our study
area is near the border between the Mediterranean and
Eurosiberian regions and has a precipitation well above
mean Mediterranean (843 mm.yr–1). A second relevant
element is related to the fact that the Agropyro-Rumicion
crispi grasslands usually exist in soils with some
hydromorphy. These two features probably explain the
lack of plant response in biomass terms to experimentally enhanced water supply. The very wet study year
may also be at least partially responsible for this unexpected result.
Effects of plant cover and soil factors on biomass
distribution
The cover matrix explained 37.7% of the total variance. Only 16.9% of the variability is explained jointly
by cover and treatment matrices. Plants growing in open
areas tend to maintain a constant cover/biomass ratio
due to modular growth and lateral expansion (Röttgermann et al. 2000). This growth strategy leads to the
maintenance of a high and relatively stable light harvesting efficiency on a per biomass basis. At this point,
our results seem to support the findings of Röttgermann
et al. (2000). However, the RDA forward selection
procedure carried out with the cover matrix, showed
that only the cover of Sinapis arvensis had a significant
effect on species biomass distribution. The constrained
model including only this variable (Sinapis arvensis
cover) explained 11% of variance and was highly significant. These results agree with the Mass Ratio Hypothesis (Grime 1998) which predicts that a particular
species may influence the community properties depending on its relative contribution to the total biomass.
As suggested by Grime & Hunt (1975) and Wilson &

Tilman (1991), the development of individual plants in a
community may be limited by the growth of the dominant
species. Thus, Sinapis arvensis negatively affected the
development of other species. S. arvensis performed better in plots with high levels of nitrogen (see Paolini et al.
1999).
Soil characteristics significantly explained 41.2% of
the biomass distribution. Soil and treatment matrices
jointly accounted for 75.4% of the total variation. Only
three variables were selected in the reduced model: clay,
Mg- and Ca- content. The main expected effect of these
factors is the enhancement of water retention by the soil
(Jenny 1980) and decrease of P-availability, but it is
uncertain how important these effects are for plant development under different intensities of competition.
Finally, the lack of a significant effect of the seed bank
must be a consequence of the low seed densities on the soil
surface due to the deep ploughing (3.5 seeds.100 cm–3).
Concluding remarks
Biomass and species richness did not show a significant relationship in this early successional community,
as found in other studies (García et al. 1993; Tilman
1993; Gough et al. 1994). Biomass distribution among
species may be for the major part explained by nutrient,
water and light availability. Fertilization treatments had
no effect on species richness, possibly due to the initial
high fertility levels of our experimental field.
Reduction of species richness in shaded plots can be
related to higher mortality rates of shade-intolerant
species or shade-sensitive forb seedlings (Goldberg &
Miller 1990; Foster & Gross 1998). Grasses increased
their contribution in shaded plots, while annual forb
biomass increased in non-shaded plots.
Fertilization did favour a short life span and fast
growing species. We found no increase in biomass for
species that establish from seed, but we did for species
with vegetative reproduction. Nutrient enrichment may
favour vegetative fragments that remained in the soil
after ploughing the pre-disturbance community. The
Mass Ratio Hypothesis was confirmed in that species
with a high biomass contribution, such as Sinapis
arvensis, partly determined the biomass distribution
among species.

Acknowledgements. This work was funded by a Ph.D. grant
and supported by a research project of the Basque Country
Government (PI96/52). We appreciate the help of Felipe and
Garbiñe Luzuriaga who helped in data collection. Txemi Olano
and Jose González made interesting contributions in a first
draft. David Gutiérrez, Fernando Valladares, Txema Iriondo

- Above-ground biomass distribution during early old-field succession and Charo Gavilán made great contributions to improving the
clarity and understanding of this paper. We want to express
our gratitude to Dr. Leuschner and two anonymous referees
for helpful comments. The authors would like to thank the
Arkaute Agricultural Experimental Station and, specially, Santiago Espinel and Alberto Ortiz for providing the study site
and logistical support to prepare the experimental field for this
research.
References
Abrams, P.A. 1995. Monotonic or unimodal diversity-productivity gradients: what does competition theory predict?
Ecology 76: 2019-2027.
Al-Mufti, M., Sydes, C., Furness, S., Grime, J. & Band, S.
1977. A quantitative analysis of shoot phenology and
dominance in herbaceous vegetation. J. Ecol. 65: 759792.
Austin, M.P. 1987. Models for the analysis of species response
to environmental gradients. Vegetatio 69: 35-45.
Borcard, D. & Legendre, P. 1994. Environmental control and
spatial structure in ecological communities: an example
using oribatid mites (Acari, Oribatei). Environ. Ecol. Stat.
1: 470-479.
Borcard, D., Legendre, P. & Drapeau, P. 1992. Partialling out
the spatial component of ecological variation. Ecology 73:
1045-1055.
Braakhekke, W.G. & Hooftman, D.A.P. 1999. The resource
balance hypothesis of plant species diversity in grassland.
J. Veg. Sci. 10: 187-200.
Carson, W.P. & Barrett, G.W. 1988. Succession in old-field
plant communities: effects of contrasting types of nutrient
enrichment. Ecology 69: 984-994.
Carson, W.P. & Pickett, S.T.A. 1990. Role of resources and
disturbance in the organization of an old-field plant community. Ecology 71: 226-238.
Castroviejo, S., Laínz, M., López-González, G., Montserrat,
P., Muñoz-Garmendia, F., Paiva, J. & Villar, L. 19862000. Flora Ibérica. Plantas vasculares de la Península
Ibérica e Islas Baleares. Real Jardín Botánico, C.S.I.C.
Madrid, ES.
Chatterjee, S. & Price, B. 1991. Regression analysis by example. (2nd ed.). Wiley, New York, NY.
Chiarucci, A., Maccherini, S., Bonini, I. & De Dominicis, V.
1999. Effects of nutrient addition on community productivity and structure of serpentine vegetation. Plant Biol. 1:
121-126.
Davis, G.W. & Midgley, G.F.1990. Effects of disturbance by
fire and tillage on the water relations of selected mountain
fynbos species. S. Afr. J. Bot. 56: 199-205.
Dietz, H., Steinlein, T. & Ullmann, I. 1998. The role of growth
form and correlated traits in competitive ranking of six
perennial ruderal plant species grown in unbalanced mixtures. Acta Oecol. 19: 25-36.
Dutilleul, P. 1993. Spatial heterogeneity and the design of
ecological field experiments. Ecology 74: 1646-1658.
Escudero, E., Somolinos, R.C., Olano, J.M. & Rubio, A. 1999.
Factors controlling the establishment of Helianthemum
squamatum, an endemic gypsophile of semi-arid Spain. J.

849

Ecol. 87: 290-302.
Fenner, M. 1995. Ecology of seed banks. In: Kigel, J. & Galili,
G. (eds.) Seed development and germination, pp. 507-543.
Dekker, New York, NY.
Foster, B.L. & Gross, K.L. 1998. Species richness in a successional grassland: effects of nitrogen enrichment and plant
litter. Ecology 79: 2593-2602.
García, L.V., Marañon, T., Moreno, A. & Clemente, L. 1993.
Above-ground biomass and species richness in a Mediterranean salt marsh. J. Veg. Sci. 4: 417-424.
García-Fayos, P., García-Ventoso, B. & Cerdá, A. 2000. Limitations to plant establishment in eroded slopes in southeastern Spain. J. Veg. Sci. 11: 77-86.
Gauch, H.G. 1982. Multivariate analysis in community ecology. Cambridge University Press, London, UK.
Goldberg, D.E. & Miller, T.E. 1990. Effects of different
resource additions on species diversity in an annual plant
community. Ecology 71: 213-225.
Gough, L., Grace, J.B. & Taylor, K.L. 1994. The relationship
between species richness and community biomass: the
importance of environmental variables. Oikos 70: 271279.
Grace, J.B., Guntenspergen, G.R. & Keough, J. 1993. The
examination of a competitive matrix for transitivity and
intransitive loops. Oikos 68: 91-98.
Grime, J.P. 1979. Plant strategies and vegetation processes.
Wiley, Chichester, UK.
Grime, J.P. 1998. Benefits of plant diversity to ecosystems:
immediate, filter and founder effects. J. Ecol. 86: 902-910.
Grime, J.P. & Hunt, R. 1975. Relative growth rates: its range
and adaptative significance in a local flora. J. Ecol. 63:
393-422.
Grime, J.P., Hodgson, J.G. & Hunt, R. 1988. Comparative
plant ecology. Unwin Hyman, London, UK.
Guisan, A., Weiss, S.B. & Weiss, A.D. 1999. GLM versus
spatial modelling of plant species distribution. Plant Ecol.
143: 107-122.
Håkansson, S. 1997. Competitive effects and competitiveness
in annual plant stands. 1. Measurement methods and problems related to plant density. Swed. J. Agric. Res. 27: 5373.
Heil, G.W. & Bruggink, M. 1987. Competition for nutrients
between Calluna vulgaris (L.) Hull and Molinia coerulea
(L.) Moench. Oecologia 73: 469-475.
Huante, P., Rincon, E. & Chapin, F.S. 1998. Effect of changing light availability on nutrient foraging in tropical deciduous tree-seedlings. Oikos 82: 449-458.
Huberty, L.E., Gross, K.L. & Miller, C.J. 1998. Effects of
nitrogen addition on successional dynamics and species
diversity in Michigan old-fields. J. Ecol. 86: 794-803.
Huston, M.A. 1979. A general hypothesis of species diversity.
Am. Nat. 113: 81-101.
Jenny, H. 1980. The soil resource. Springer-Verlag, New
York, NY.
Keddy, P.A. & Shipley, B. 1989. Competitive hierarchies in
herbaceous plant communities. Oikos 54: 234-241.
Lane, D.R. 1995. Aboveground net primary production across
a precipitation gradient in the Central Grassland Region.
Thesis, CSU, Fort Collins, CO.

850

Luzuriaga, A.L. et al.

Lavorel, S., Lebreton, J.D., Debussche, M. & Lepart, J. 1991.
Nested spatial patterns in seed bank and vegetation of
Mediterranean old-fields. J. Veg. Sci. 2: 367-376.
Legendre, P. & Anderson, M.J. 1999. Distance-based redundancy analysis: testing multispecies responses in multifactorial ecological experiments. Ecol. Monogr. 69: 1-24.
Legendre, P. & Legendre, L. 1998. Numerical ecology. Elsevier,
Amsterdam, NL.
Mimbe, J.N. & Lafarge, M. 1995. Nitrogen and reduced
irradiance effects on ear fertility in winter wheat. Eur. J.
Agron. 4: 135-142.
Paolini, R., Principi, M., Froud-Williams, R. J., Del-Puglia, S.
& Biancardi, E. 1999. Competition between sugarbeet and
Sinapis arvensis and Chenopodium album, as affected by
timing of nitrogen fertilization. Weed Res. 39: 425-440.
Parker, V.T. & Muller, C.H. 1982. Vegetation and environmental changes beneath isolated live oak trees (Quercus
agrifolia) in a California annual grassland. Am. Midl. Nat.
107: 69-81.
Pickett, S.T.A. & Bazzaz, F.A. 1976. Divergence of two cooccurring successional annuals on a soil moisture gradient. Ecology 57: 169-176.
Pringle, C.M. 1990. Nutrient spatial heterogeneity: effects on
community structure, physiognomy, and diversity of stream
algae. Ecology 71: 905-920.
Rivas-Martínez, S. & Loidi, J. 1999. Bioclimatology of the
Iberian Peninsula. In: Rivas-Martínez et al. Iter Ibericum
A. D. MIM. Itin. Geobot. 13: 41-47.
Röttgermann, M., Steinlein, T., Beyschlag, W. & Dietz, H.
2000. Linear relationships between aboveground biomass
and plant cover in low open herbaceous vegetation. J. Veg.
Sci. 11: 145-148.
Rubio, A. & Escudero, A. 2000. Small-scale spatial soil-plant
relationship in semi-arid gypsum environments. Plant and
Soil 220: 139-150.
Sardans 1997. Respostes de 4 espècies llenyoses mediterrànies
a diferents disponibilitat d´aigua i nutrients. Ph.D. Thesis.
Universitat Autónoma de Barcelona, Bellaterra, ES.
Schupp, E.W. & Fuentes, M. 1995. Spatial patterns of seed
dispersal and the unification of plant population ecology.
Ecoscience 2: 265-275.
Shaver, G.R., Johnson, L.C., Cades, D.H., Murray, G., Laundre,
A., Rastetter, E.B., Nadelhoffer, K.J. & Giblin, A.E. 1998.
Biomass and CO2 flux in wet sedge tundras: responses to
nutrients, temperature and light. Ecol. Monogr. 68: 75-97.
Shipley, B. & Keddy, P. 1994. Evaluating the evidence for
competitive hierarchies in plant communities. Oikos 69:
340-245.
Shipley, B., Keddy, P.A., Gaudet, C. & Moore, D.R.J. 1991. A
model of species density in shoreline vegetation. Ecology
72: 1658-1667.
Silvertown, J., Dodd, M., McConway, K., Potts, J. & Crawley,
M. 1994. Rainfall, biomass variation, and community
composition in the park grass experiment. Ecology 75:
2430-2437.
Sparks, S.R. & Oechel, W.C. 1993. Factors influencing postfire sprouting vigour in the chaparral shrub Adenostoma
fasciculatum. Madroño 40: 224-235.
ter Braak, C.J.F. 1990. Update notes: CANOCO version 3.1.

Microcomputer Power. Ithaca, NY.
ter Braak, C.J.F. & Prentice, I. 1988. A theory of gradient
analysis. Advances in Ecological Research 18: 271-317.
ter Braak, C.J.F. & Šmilauer, P. 1997. Canoco for Windows
version 4.0. Centre for Biometry Wageningen, Wageningen, NL.
Thomas, C.M. & Davis, S.D. 1989. Recovery patterns of the
tree chaparral shrub species after wildfire. Oecologia 80:
309-320.
Tilman, D. 1982. Resource competition and community structure. Princeton University Press, Princeton, NJ.
Tilman, D. 1986. Nitrogen-limited growth in plants from
different successional stages. Ecology 67: 555-563.
Tilman, D. 1987. Secondary succession and the pattern of
plant dominance along experimental nitrogen gradients.
Ecol. Monogr. 57: 189-214.
Tilman, D. 1988. Plant strategies and the dynamics and structure of plant communities. Monographs in population
biology. Princeton University Press, Princeton, NJ.
Tilman, D. 1990. Constraints and trade-offs: toward a predictive theory of competition and succession. Oikos 58: 3-15.
Tilman, D. 1993. Species richness of experimental productivity gradients: how important is colonization limitation?
Ecology 74: 2179-2191.
Tilman, D. & Pacala, S. 1993. The maintenance of species
richness in plant communities. In: Ricklefs W. & Schluter
D. (eds.) Species diversity. University of Chicago Press,
Chicago. IL.
Tutin, T.G., Heywood, V.H., Burges, N.A., Moore, D.M.,
Valentine, D.H., Walters, S.M. & Webb, D.A. 1964-1980.
Flora Europaea. 5 Vols. Cambridge University Press,
Cambridge, UK.
Verdonschot, P.F.M. & ter Braak, C.J.F. 1994. An experimental manipulation of oligochaete communities in mesocosms
treated with chlorpyrifos or nutrient additions: multivariate
analyses with Monte Carlo permutation tests. Hydrobiologia 278: 251-266.
Wheeler, B.D. & Shaw, S.C. 1991. Above-ground crop mass
and species richness of the principal types of herbaceous
rich-fen vegetation of lowland England and Wales. J.
Ecol. 79: 285-302.
Wilson, S.D. & Tilman, D. 1991. Interactive effects of fertilization and disturbance on community structure and resource availability in an old-field plant community.
Oecologia 88: 61-71.
Wilson, S.D. & Tilman, D. 1993. Plant competition and resource availability in response to disturbance and fertilization. Ecology 74: 599-611.
Wisheu, I.C. & Keddy, P.A. 1989. Species richness-standing
crop relationships along four lakeshore gradients: constraints on the general model. Can. J. Bot. 67: 1609-1617.
Received 10 September 2001;
Revision received 23 August 2002;
Accepted 26 August 2002.
Coordinating Editor: C. Leuschner.
For App. 1 and 2, see JVS/AVS Electronic Archives;
www.opuluspress.se/pub/archives/index.htm

