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Abstract

Field experiments reporting the relative growth rate (RGR) patterns in plants are scarce. In this study,
22 herbaceous species (20 Aegilops species, Amblyopyrum muticum and Triticum aestivum) were grown
under field conditions to assess their RGR, and to find out if the differences in RGR amongst species
were explained by morphological or physiological traits. Plants were cultivated during two months, and
five harvests (every 13–19 days) were carried out. Factors explaining between-species differences in RGR
varied, depending on whether short (13–19 days) or longer periods (62 days) were considered. RGR for
short periods (4 growth periods of 13–19 days each) showed a positive correlation with net assimilation
rate (NAR), but there was no significant correlation with leaf area ratio (LAR) (with the exception of
the first growth period). In contrast, when growth was investigated over two months, RGR was posi-
tively correlated with morphological traits (LAR, and specific leaf area, SLA), but not with physiological
traits (NAR). A possible explanation for these contrasting results is that during short growth periods,
NAR exhibited strong variations possibly caused by the variable field conditions, and, consequently
NAR mainly determined RGR. In contrast, during a longer growth period (62 days) the importance of
NAR was not apparent (there was no significant correlation between RGR and NAR), while allocation
traits, such as LAR and SLA, became most relevant.

Introduction

The relative growth rate (RGR; mass increase
per unit time and mass) of plants is determined
by their genetic background and by environmen-
tal conditions. The inherent variation in RGR,
and the associated suite of traits, helps to
explain the ecological performance of plants

(Grime and Hunt, 1975; Lambers and Poorter,
1992; Lambers et al., 1998; Poorter and Garnier,
1999).

During the last decades there has been an
increasing interest to determine the potential
RGR (RGRmax) of plant species, and to find out
whether the differences in RGRmax amongst spe-
cies are mainly caused by morphological or by
physiological traits. Most of these studies have
been carried out under controlled conditions* E-mail: bv1vimor@uco.es
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(laboratory or greenhouse) which has the clear
advantage of estimating the RGRmax and to
identify the causes of its variation amongst spe-
cies under standard conditions. In such studies,
under uniform and near-optimum conditions, the
interspecific RGRmax differs several-fold (10–
400 mg g)1 day)1, Poorter and Garnier, 1999).
This wide variation in RGR amongst species has
been explained mainly by plant morphological
variables, such as leaf area ratio (LAR) and spe-
cific leaf area (SLA) (e.g., Atkin et al., 1996;
Cornelissen et al., 1996; Garnier, 1992; Marañón
and Grubb, 1993; Poorter and Garnier, 1999;
Poorter and Remkes, 1990; Van den Boogaard
et al., 1996). SLA is considered a major factor
associated with variation in RGR (Lambers
et al., 1998).

What happens under field conditions? In the
few field growth studies, it has been found that
plant features and growth patterns are strongly
affected, and the species’ RGRmax is rarely
attained (Garnier and Freijsen, 1994). Under nat-
ural conditions, the environment is very different
from that experienced under controlled, labora-
tory experiments, and, consequently, the plant
responses, in terms of growth and biomass allo-
cation, also vary (Garnier and Freijsen, 1994;
Poorter and Garnier, 1999). For example, under
field conditions water or mineral nutrient
resources may be limiting; light and temperature
fluctuate, reaching values well above or below
the optimum for plant growth. All of these limi-
tations constrain the RGR of plants growing
under field conditions.

Environmental conditions determine both the
realised RGR and the relative importance of
the growth components. Two recent studies
have challenged the general view of SLA as the
major determinant of RGR. Shipley (2002) has
demonstrated that the mean daily photon flux
is very relevant to explain the causes of the
RGR differences between species. Thus, at high
daily photon flux density, variation in RGR
was strongly and positively correlated with net
assimilation rate (NAR), but weakly and nega-
tively with SLA. Shipley (2002) argued that the
commonly reported result that ‘‘the interspecific
variation in RGR is determined primarily by
SLA’’, is partly due to the low irradiance used
in most experiments. Therefore, the relative
importance of SLA and NAR would change

depending on the irradiance perceived by the
plant. In another study, Loveys et al. (2002)
found that RGR was significantly and
positively correlated with NAR, when plants
were cultivated at 18 �C. However, when
growth temperature was increased (to 23 or
28 �C), the RGR pattern switched, and
correlated positively with SLA, but not with
NAR.

In spite of the importance of studying growth
under natural conditions, there are only a few
studies investigating the growth patterns and
related traits (such as LAR, SLA, biomass allo-
cation and NAR) of wild plant species growing
either in natural habitats or cultivated under field
conditions. The two approaches used in growth
studies: experiments with controlled environ-
ments and field studies are both valid and com-
plementary. However, there is a considerable gap
in growth studies under natural conditions and
for that more studies are needed to be able to
make generalisations.

In this study, 20 Aegilops (wild wheat) species,
plus Amblyopyrum muticum (formerly Ae. mutica)
and Triticum aestivum L. cv. Yecora (wheat) were
cultivated under similar field conditions. The Ae-
gilops genus (with 22 annual species) naturally
occurs in the Mediterranean region, and Western
and Central Asia (Van Slageren, 1994). The spe-
cies vary in level of ploidy (diploid, tetraploid
and hexaploid), and are found in habitats with
different annual rainfall (75–1400 mm) and alti-
tude (from 400 m b.s.l. in the Dead Sea area, to
up to 2700 m a.s.l.) (Van Slageren, 1994). This
group of species has agronomic interest, because
some of them have contributed to the genome of
modern wheat species (Triticum), and they might
be a source of valuable traits for future wheat
cultivars (Lambers et al., 1995), to improve grain
quality, disease resistance, heat and cold toler-
ance, photosynthetic rates, early vigour, and
micronutrient acquisition (Cakmak et al., 1999;
Garcı́a et al., 1997; Van den Boogaard and
Villar, 1998).

The objectives of this study were (1) to esti-
mate the RGR of the 20 Aegilops species, as
well as Am. muticum and T. aestivum, under
common field conditions; (2) to determine
which are the variables more associated with
the variation in RGR amongst species, under
those field conditions; and (3) to analyse the
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temporal changes in RGR during the vegetative
stage.

Material and methods

Seeds of Aegilops and Amblyopyrum were
obtained from ICARDA (International Center
for Agricultural Research in Dry Areas, Alep-
po, Syria); they were collected at different loca-
tions in the Mediterranean area, Middle East
and Central Asia. Data on altitude and annual
rainfall of the place of origin of the seeds were
provided by ICARDA. Nomenclature follows
Van Slageren (1994). Seeds of T. aestivum L.
cv. Yecora were obtained from a local com-
pany in Seville (Spain).

Plants of the Aegilops genus produce hetero-
morphic seeds (Marañón, 1989); within the same
plant progeny they may have different mass,
colour, germination percentage and germination
time. To reduce variation in the time of germi-
nation and the initial seedling mass, we dis-
carded the smaller and darker seeds, which need
more time to germinate and have a smaller ini-
tial seedling mass. Seeds were placed in Petri
dishes with a wet filter paper at 4 �C, and kept
in darkness for one week. Then, seeds were
placed in a growth chamber for 4 days at 25 �C
and a 16 h photoperiod (30 lmol m)2 s)1).
After germination, seedlings were placed in a
greenhouse, in a container (40 · 20 cm) filled
with a bulk sample of soil from the field plot.
To homogenise the initial seedling mass and to
have a more precise estimate of RGR (Poorter
and Garnier, 1996), we selected a batch of 100
seedlings with similar size within each species
(approximately with three leaves and 7 cm
high). Seedlings were removed from the soil
before transplanting into the field; the few
plants that, after two or three days of trans-
planting, suffered damage were discarded. The
transplant task lasted from January 19 to Feb-
ruary 1, 1995.

The field plot had about 600 m2 and was
located in the experimental station ‘‘La Hampa’’
(Coria del Rı́o, Seville, Spain) belonging to CSIC
(Consejo Superior de Investigaciones Cientı́ficas).
The rainfall pattern during the two-months
growth period (Figure 1c) was relatively dry

(66 mm), 53% of the long-term average for
1972–1999. Values (mean ± SD) of maximum
temperatures were 20.8 ± 3.8 �C and of mini-
mum temperatures were 7.9 ± 2.9 �C; there was
a positive correlation of both maximum and min-
imum temperatures with day in the year
(r ¼ 0.82; P < 0.001 and r ¼ 0.50; P < 0.001,
respectively; Figure 1b). The mean daily photo-
synthetic photon flux density was 29.6 ±
11.4 mol m)2 (Figure 1a). There was also a posi-
tive correlation of mean daily photon flux density
with day in the year (r ¼ 0.81; P < 0.001).The
mean relative air humidity in the morning at 7 h
was 92 ± 12%, and in the evening at 18 h it was
53 ± 23% (Figure 1d).

Before the transplant, the field soil was pre-
pared by ploughing and harrowing at 30 cm
depth, and fertilised with urea (15 g m)2). To
avoid a confounding effect by the possible spatial
heterogeneity of the soil, we planted the seedlings
of the different species with a completely random
design. Each plant was separated from the near-
est neighbour by 0.5 m. Just before planting
(January 16th), the plot was irrigated (3.6 L m)2)
to improve the establishment of the seedlings.
Also, during planting, each individual received
about 50 mL of water. In spite of being a rela-
tively dry year (compared with the long-term
average), almost all the seedlings survived and
grew up to maturity.

Five harvests were carried out during the
vegetative growth period, with intervals of 13–
19 days. The timing for all the species was as
follows (mean ± SD): harvest 0 (initial) on day
0 ± 5; harvest 1 on day 14.1 ± 1.4; harvest 2
on day 30.4 ± 2.8; harvest 3 on day 43.4 ±
2.3; and harvest 4 on day 62.0 ± 5.6. That is,
a total of five harvests determining four growth
periods, each one lasting about 13–19 days
(specifically, 14, 16, 13 and 19 days). For two
species (Ae. searsii Feldmann and Kislev ex
Hammer and Ae. crassa Boiss) the 3rd harvest
could not be carried out, because there were
not enough seedlings.

At every harvest, 8 individuals of each spe-
cies were selected at random. Each plant was
carefully excavated with a shovel, at 30 cm
depth, and then the soil was washed off its
roots. Immediately the plant was separated into
leaves, stems (including the leaf sheaths) and
roots. The fresh weight of each fraction was
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measured at once. Leaf area was measured
using an image analyser (SKYE Instruments,
Ltd., Powys, UK). Dry mass was determined
from material oven-dried at 70 �C for at least
48 h. Leaf N concentration of plants at harvest
5 was determined with a modified Kjeldahl
analysis using concentrated sulphuric acid and
Na2SO4, K2SO4 and Se in a ratio of 62:1:1 (w/
w) as a catalyst.

Growth analyses were carried out separately
for the four short-term (2–3 weeks) growth peri-
ods. The analyses of the data followed the classi-
cal approach, for that we used the excel file
published in Hunt et al. (2002; http://www.ex.a-
c.uk/�rh203/growth_analysis.html) which incor-
porates the approach of Hoffmann and Poorter
(2002).

The average values for the long-term (two-
months) growth period were calculated as the
mean values of the four growth periods.

Additionally, all the data were also analysed
using the functional approach (Hunt and Parson,
1974); specifically with the free program Hp
curves (http://www.ex.ac.uk/�rh203/growth_anal-
ysis.html). The results (not shown) were very sim-
ilar to those obtained with the classical approach
and presented in this paper.

The growth rate components (GRC) were cal-
culated according to Poorter and Van der Werf
(1998), as the slopes estimated from a linear
regression where ln LAR, ln NAR, ln SLA and
ln LMR were the dependent variable, while ln
RGR was the independent variable.

For all the statistical analyses, the whole set
of 22 species (20 Aegilops, Ambliopyrum and Trit-
icum) was considered. For the correlation and
regression analyses, for RGR and the other
growth parameters, the results were similar
whether the cultivated wheat (Triticum) was
included in the analyses or not. Thus, all the

Julian day

D
ai

ly
 p

h
o

to
n

 f
lu

x 
d

en
si

ty
 (m

o
l m

 -
2  )

0

10

20

30

40

50

60

0 20 40 60 80 100

Julian day

R
ai

n
fa

ll 
(m

m
)

0

4

8

12

16

20

24

28

0 20 40 60 80 100

Julian day

T
em

p
er

at
u

re
 (

° C
)

-5

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100

T MAX
T MIN

Julian day

R
el

at
iv

e 
h

u
m

id
it

y 
(%

)

20

40

60

80

100

0 20 40 60 80 100

RH at 07 h
RH at 18 h

(a) (b)

(c) (d)

Figure 1. (a) Mean daily photosynthetic photon flux density, (b) daily maximum and minimum temperature, (c) rainfall and (d)
relative humidity of the air in the morning (at 7 h) and the evening (18 h), in the experimental station ‘‘La Hampa’’ (Coria del
Rı́o, Seville, Spain) during the studied period of growth.
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results presented here include Triticum. The rela-
tionships between RGR and other growth
variables for the 22 species were analysed by cor-
relation and linear regression using Statistica for
Windows, Release 5.1 (StatSoft 1997). Mean val-
ues ± SD of the more important variables are
presented.

We tested three different causal models to
investigate which are the causes of changes in
RGR, using the d-sep test developed by Shipley
(2000b, 2004; DGRAPH at http://callisto.si.us-
herb.ca:8080/bshipley/book.htm). The variable
‘‘time’’ used in these models was calculated for
each harvest as the mean number of days within
the growth interval. Data were ln-transformed
before the analysis.

Plasticity index was calculated for RGR,
NAR, LAR, SLA and LMR, for each species as
the ratio: (maximum value ) minimum value)/
(maximum value), using the values of the four
periods (Valladares et al., 2000). Differences in
plasticity index between these growth variables
were tested using the Mann–Whitney U test (also
with the Statistica program).

Results

Growth during a two-months period

Considering the total growth period of 62 days,
RGR values varied from 91 mg g)1 day)1 for the
fast-growing Ae. longissima Schweinf. and Mus-
chl. to 68 mg g)1 day)1 for the slow-growing Ae.
comosa Sm. in Sibth. and Sm. var comosa; in
comparison, the cultivated wheat (T. aestivum L.)
also grew fast, at a rate of 85 mg g)1 day)1

(Appendix 1).
RGR values for all the studied species were

positively correlated with their LAR values
(r ¼ 0.76, P < 0.001, Figure 2a), but not with
NAR values (r ¼ )0.002; P ¼ 0.99, Figure 2b).
The differences in LAR between species were
mostly explained (82% variance) by the SLA var-
iation (r ¼ 0.91, P < 0.001), and marginally
(13%) by LMR variation (r ¼ 0.36, P ¼ 0.10).
Consequently, the differences in RGR between
species were positively correlated with the varia-
tion in SLA (r ¼ 0.69; P < 0.01; Figure 2c).
NAR values were negatively correlated with

LAR (r ¼ )0.55; P < 0.01), due to the negative
correlation between NAR and SLA (r ¼ )0.50;
P < 0.05).

The proportion of biomass allocated to roots
(RMR) was negatively correlated with leaf
biomass allocation (LMR, r ¼ )0.52; P < 0.05),
as well as with stem biomass allocation (SMR,
r ¼ )0.53; P < 0.05). RGR showed a nearly sig-
nificant negative correlation with the biomass allo-
cation to roots (RMR, r ¼ )0.38; P ¼ 0.08,
Figure 2d).

The RGR for the two-months growth period
was positively correlated with leaf N concentra-
tion (r ¼ 0.44, P < 0.05; Figure 2e). This chemi-
cal variable (leaf N concentration) was positively
correlated with the morphological variable LAR
(r ¼ 0.49; P < 0.05); dissecting the LAR compo-
nents, leaf N concentration was positive corre-
lated with plant allocation to leaves (LMR,
r ¼ 0.47; P < 0.05; Figure 2f), but did not show
a significant correlation with leaf structure (SLA,
r = 0.34; P ¼ 0.12).

The values of growth rate components (GRC)
were 1.01 for LAR and only 0.04 for NAR;
within the LAR, the growth rate components
were 0.84 for SLA and 0.13 for LMR.

Growth during each of two-weeks periods

Comparing the RGR values for all the species
and for the four growth periods considered, the
maximum RGR value was shown by Ae. longiss-
ima during the first period (146 mg g)1 day)1),
whereas the minimum was shown by Ae.
geniculata Roth during the last period
(47 mg g)1 day)1). (Appendix 2).

The variables more closely associated with
RGR differences between species, for each two-
weeks period, differed with those observed for the
two-months period. The main difference was that
RGR values were positively correlated with NAR
for each of the two weeks periods (Figures 3b, d, f
and h), in contrast with the non-significant corre-
lation observed for the total growth period (Fig-
ure 2b). Another striking difference was that RGR
values were not significantly correlated with either
LAR or SLA during the 2nd, 3rd and 4th periods
(Figures 3c, e and g), in contrast with the strong
positive correlation found when the two-months
growth period was considered (Figure 2a and 2c).
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GRC calculated for each of the two-week
periods were always higher for NAR (from 0.76
to 1.23) than for LAR (from 0.35 to )0.05) (Fig-

ure 3). It is also remarkable that GRCs for NAR
increased with time, whereas GRCs for LAR
decreased (Figure 3, notice that in this figure the

Figure 2. Relationships between relative growth rate (RGR) and five growth variables: (a) leaf area ratio (LAR), (b) net assimila-
tion rate (NAR), (c) specific leaf area (SLA), (d) root mass ratio (RMR), and (e) leaf N concentration. Relationship between leaf
mass ratio (LMR) and leaf N concentration (f). Values for all variables are the mean values for the 62 days of the growing period,
except those of leaf N concentration (leaves taken at day 62 ± 5.6). Values of growth rate components (GRC) are inserted in Fig-
ures 2a, 2b and 2c. Solid and dashed regression lines indicate a significant or non-significant relationship, respectively.
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RGR is the dependent variable, whereas for the
calculations of GRC, the RGR is the indepen-
dent variable; see Material and methods). In
addition, GRC of NAR for each growth period
was positively correlated with the average mean
daily photon flux density during the same growth
period (r ¼ 0.95; P < 0.05).

Temporal variations in RGR and their components

The all-species mean value for RGR decreased
with time: from 88 ± 21 (period 1), to 82 ± 15
(period 2), to 78 ± 19 (period 3) and lastly to
72 ± 12 mg g)1 day)1 for the 4th period.
Despite this general trend of slower RGR with
time, there were great differences between species
in the change in RGR with time. For example,
comparing the 1st and the 4th growth periods,
the RGR of Ae. longissima decreased from 146
to 78 mg g)1 day)1 (68 mg g)1 day)1 decrease),
whereas RGR of Ae. comosa var. comosa
increased from 60 to 91 mg g)1 day)1

(31 mg g)1 day)1 increase). The result is that the
growth patterns between species varied from a
short time interval (two weeks) to the next. Thus,
RGR between periods were not significantly cor-
related (r ranging from )0.27 to 0.17; P > 0.20).

The variation of NAR between species was
also very dynamic with time. The extreme case
was illustrated by the nearly significant negative
correlation between NAR values for period 1
vs. 3 (r ¼ )0.41; P ¼ 0.07); that is, some spe-
cies with higher NAR during the first 2-week
period had the lower NAR one month later
(3rd period). In general, there was no signifi-
cant correlation in the NAR values between
the four growth periods studied (r ranging from
)0.32 to 0.17; P > 0.15), with the exception
mentioned above (period 1st vs. 3rd; which was
negative).

In contrast, the ranking of species for mor-
phological variables was more stable. LAR val-
ues were significantly and positively correlated
between almost all two-week growth periods (r
from 0.38 to 0.79; P < 0.05); with the exception
of period 1 vs. 4, when the correlation was also
positive (r ¼ 0.30; P ¼ 0.18). SLA for all species
were also significantly correlated between the
four growth periods, by all possible pairs (r from
0.43 to 0.86; P < 0.05); with the exception of

period 2 vs. 4, for which the correlation was also
positive (r ¼ 0.28; P ¼ 0.20).

Mean plasticity index of NAR, for all species,
was significantly higher (0.40 ± 0.15) than the
mean of LAR plasticity (0.30 ± 0.08); as conse-
quence of the very low plasticity of leaf biomass
allocation, LMR (0.19 ± 0.05) (Figure 4).

Which trait accounted for most of the temporal
changes in RGR? The analyses of temporal differ-
ences in relative growth rates (RGR4 ) RGR1) for
all species showed a positive significant correlation
with their temporal differences in NAR (NAR4 )
NAR1, r ¼ 0.72, P < 0.001; Figure 5a). However,
RGR changes in time did not correlate signifi-
cantly with temporal changes on LAR (LAR4 )
LAR1, r ¼ 0.22; P ¼ 0.33; Figure 5b).

Three different causal models were tested to
investigate which are the causes of changes in
RGR (by using the d-sep test; Shipley, 2000b,
2004) (Figure 6). Model A assumes a decrease of
SLA with time and that SLA has a negative effect
on NAR. Other assumptions are that SLA deter-
mines LAR (being LAR = SLA · LMR), and
that both LAR and NAR determine RGR. Model
B is similar to A but we have added the assump-
tion that LMR affects LAR. In the model C we
have added a new causal effect, that there is a
change in LMR with the time; we have also
assumed that NAR is negatively affected by LAR,
instead of by SLA, like in models A and B.

Model A is rejected by the data (P ¼ 0.00002;
Table 1). Looking at the individual claims of
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conditional independence implied by this model
(Table 1), we can observe that two of them are
wrong: NAR and Time are not independent

conditional on SLA, and LAR and Time are not
independent conditional on SLA. Model B is also
rejected (P < 10)6), three claims of conditional
independence are wrong: one of them (NAR and
Time on SLA) was already mentioned in model
A, besides NAR and LMR are not independent
conditional on SLA, and LMR and Time are not
independent. In contrast, model C was not
rejected by the data, and the probability of a
causal process hypothesized by this model was
0.621 (Table 1). The causal relationships pro-
posed by this model are that the plant age (Time)
causes a decrease in SLA, and an increase in the
leaf biomass allocation (LMR). Both variables –
SLA and LMR – determine LAR (as it is the
product of them). On the other hand, an increase
in LAR causes a decrease in NAR, but there is
not any effect of the plant age (Time) on the
changes in NAR. Changes in both variables –
NAR and LAR – are causes of changes in RGR
(See Figure 6).

Discussion

A novel contribution of this growth analysis
study is that it covers a wide range of congeneric
species (20 out of the known 22 Aegilops species).
Using congeneric species has advantages and dis-
advantages. A possible disadvantage is that the
obtained results can be unique to this group, and
thus could not be general for other groups of
species; although improbable, it should be con-
trasted. The main advantage of using related spe-
cies is that they share common features and then,

Figure 5. Relationship between the temporal variation in rela-
tive growth rate (RGR4)RGR1) and the change in: (a) net
assimilation rate (NAR4)NAR1), and (b) leaf area ratio
(LAR4)LAR1). RGR1, LAR1 and NAR1 are the values for
the first growth period, and RGR4, LAR4 and NAR4 are the
values for the last growth period. Solid and dashed regression
lines indicate a significant or non-significant relationship,
respectively.
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RGR (1)

MODEL C

LMR (4)

Time (6) 

SLA (5)

LAR (3) NAR (2)

RGR (1)

MODEL B 

LMR (4)

Time (6) 

SLA (5)

LAR (3) NAR (2)

RGR (1) 

MODEL A 

Figure 6. Three alternative hypotheses (models A, B and C) describing the causal-effect relationships among growth variables.
Numbers indicate the variable number, which is used in Table 1. Abbreviations as in Figure 2. The model C was not rejected by
the data (16 df, value of the Fisher’s C statistics ¼ 13.7; P ¼ 0.621) using the d-sep test developed by Shipley (2002b, 2004).
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there is not noise for including data from differ-
ent groups (as happens in many comparative
studies about RGR, including dicots and mono-
cots, erect vs. prostrate, annuals and perennials,
etc.).

The other novelty of this study is that this
large group of species has been grown under
common field conditions. Most of the recent
growth studies have been carried out under con-
trolled conditions, in growth chambers or glass-
houses with constant environmental conditions;
their aims were to compare RGR of different
species or RGR of plants subjected to different
treatments. In comparison, plants under field
conditions usually perceive limiting or sub-opti-
mum levels of resources (e.g., water and nutri-
ents), or supra-optimum levels (e.g., of light and
temperature); in addition, environmental vari-
ables are very heterogeneous in space and time
(Garnier and Freijsen, 1994; see Figure 1). As
stated in the introduction, both approaches are
valid and complementary, providing each of
them important information about plant growth.
Lab experiments (environmental controlled
experiments) have the advantages of repeatabil-
ity, easy monitoring and controlling environmen-
tal parameters, easy access to roots, easy
possibility of changing environmental parame-
ters, constant conditions along time, etc.. In con-
trast, field experiments are more realistic, and the

environmental conditions are within natural lev-
els (for example light levels in lab experiments
are in general very low and far below natural
habitat levels; Garnier and Freijsen, 1994). In a
survey in Science Citation Index (for all the refer-
ences up to August 2004), the search for plant
RGR studies resulted in only ca. 18 % carried
out under field conditions, and only very few of
them made comparative studies with several spe-
cies. Therefore, there is a considerable gap in
RGR studies under field conditions, which makes
difficult to conclude generalisations.

In general, RGR values measured under field
conditions are much lower than those attained
by the same species in controlled experiments
under more favourable growing conditions (Gar-
nier and Freijsen, 1994). Thus, mean RGR for
all Aegilops species grown in the field was
78 ± 7 mg g)1 day)1; whereas the same species
cultivated in growth chambers reached about
double these values (154 ± 18 mg g)1 day)1 ,
comparing individuals with similar mass; Villar
et al., 1998). In a comparative review, Garnier
and Freijsen (1994) found that field-grown plants
had up to five times lower RGR values than
equivalent plants grown in laboratory conditions.

The contrasting growing conditions will affect
both the RGR values and the relative contribution
of LAR, NAR and SLA to the resulting RGR. As
explained before, temperature or light may change

Table 1. Basic set for the partial independence constraints implied by each of the three models shown in Figure 6. The notation
‘‘(X,Y){A, B, …}’’ means that variables X and Y are d-separated, and hypothesised to be probabilistically independent, conditional
on the set of variables {A, B, …} and the ‘‘F’’ represents the null (empty) set. Pearson’s partial correlation coefficient (r), and
probability assuming the null hypothesis (in parentheses), are given for each conditional independence claim; values in bold have a
probability below 0.05. The overall model is tested with Fisher’s C statistic, values in bold means that the model is rejected by the
data

Model A Model B Model C

Basic set r (probability) Basic set r (probability) Basic set r (probability)

(1,5){2,3,6} )0.011 (0.919) (1,4){2,3} )0.042 0.708) (1,4){2,3,6} 0.094 (0.401)

(1,6){2,3} )0.136 (0.216) (1,5){2,3, 6} )0.011 (0.919) (1,5){2,3, 6} )0.011 (0.919)

(2,3){5} )0.213 (0.05) (1,6){2,3} )0.136 (0.217) (1,6){2,3} )0.136 (0.217)

(2,6){5} )0.229 (0.034) (2,3){4,5} 0.160 (0.147) (2,4){3,6} 0.039 (0.729)

(3,6){5} 0.457 (0.0000) (2,4){5} )0.251 (0.020) (2,5){3,6} )0.089 (0.423)

(2,6){5} )0.229 (0.034) (2,6){3} )0.130 (0.238)

(3,6){4,5} 0.013 (0.907) (3,6){4,5} 0.013 (0.907)

(4,5){6} )0.141 (0.199) (4,5){6} )0.141 (0.199)

(4,6){F} 0.749 (10)6)

10 df, C = 39.48 (0.00002) 18 df, C = 108.99 (<10)6) 16 df, C = 13.7 (0.621)
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the relative contribution of SLA or NAR to RGR
(see Loveys et al., 2002; Shipley, 2002).

Under field conditions, there are many inter-
acting factors, such as light, temperature, soil
moisture and nutrients, and these vary with time
(e.g., Figure 1) which makes it difficult to predict
their effects on growth rates. Most experiments
designed to investigate the effects of environment
on growth rates have used mainly two
approaches: (1) the factorial experiment, where
plants are grown with different levels (treatments)
of one or more factors, such as light or mineral
nutrients, or (2) to subject plants to a quick
change in a certain factor, and then maintain the
new environment during the rest of the experi-
ment. For example, Shipley (2000a) studied
growth patterns of plants subjected to an irradi-
ance switch (from 550 to 100 lmol m)2 s)1), and
found instantaneous changes in NAR and SLA
after a few hours, while LMR did not vary.
These experiments with temporal changes in envi-
ronmental factors have allowed establishing a
rank of plasticity (response to changes) in growth
features: NAR and RGR are more plastic than
SLA, and this more than LMR (Shipley, 2000a).
Our study also support these results (Figure 4),
although we found that SLA was also highly
plastic. In this study when the total vegetative
growth period (62 days) was considered, RGR
was mostly explained by the variation in plant
morphology (LAR), and in particular in leaf
structure (SLA). This finding is in agreement
with many other studies supporting SLA as a
major factor associated with variation in RGR
(e.g., Atkin et al., 1996; Cornelissen et al., 1996;
Garnier, 1992; Lambers et al., 1998; Marañón
and Grubb, 1993; Poorter and Remkes, 1990;
Poorter and Van der Werf, 1998; Van den Boog-
aard et al., 1996).

The biomass allocation to roots also explained
(negatively) the differences in RGR between Ae-
gilops species; that is, those species growing faster
under field conditions allocated less biomass to
roots. In the experiment with the same species,
but growing under controlled laboratory condi-
tions, RGR values were also significantly and
negatively correlated with RMR (Villar et al.,
1998). In that study, the inherent variation in
RMR was found to be negatively correlated with
the annual rainfall in the native habitat of the
species. That is, Aegilops species from moister

habitats seemed to allocate less to roots, and
grow faster, while species from dry habitats
tended to invest more in roots, and grow slower.
In this common field experiment the species
RMR values were not correlated with the annual
rainfall in their native habitats (r ¼ )0.23,
P ¼ 0.50). However, RMR values obtained in
the field were positively correlated with RMR
values of the same species measured in the labo-
ratory (r ¼ 0.46, P < 0.05), which might suggest
that root allocation (RMR) is a variable with a
low degree of plasticity, and could have an adap-
tive role in Aegilops species.

Relative growth rate was also significantly
and positively correlated with the leaf N concen-
tration. Nitrogen is an essential component of
proteins, and thus contributes to metabolic rates,
and consequently to growth rates (see Poorter
and Bergkotte, 1992; De Groot et al., 2003).
LAR and LMR were also correlated positively
with N concentration. However, in a recent
review (Wright and Westoby, 2001) it was argued
that RGR is, in general, negatively correlated
with N concentration in leaves.

In contrast, the growth analysis of field-grown
Aegilops species, considering short-time intervals
(13–19 days), gave strikingly different results
compared with the total growth period (62 days).
At short-time scale (weeks), RGR was best
explained by NAR (that occurred for all the four
periods, and always with high r values), but
RGR did not show a significant correlation with
LAR during the 2nd, 3rd and 4th periods. More-
over, the relative importance of NAR increased
with time which is reflected by the increasing
GRC values from 0.76 to 1.23; in contrast, the
contribution of LAR decreased (GRC values)
from 0.35 to )0.05 (Figure 3). This increase of
importance of NAR with time could be partly
due to the increased daily photon flux density
with time; in fact there was a positive correlation
between GRC of NAR and the mean daily pho-
ton flux density. Shipley (2002) argued that in
studies with a daily photon flux density higher
than 20 mol m)2, RGR was better explained by
NAR. At the latitude of this field study (37� N),
that level of irradiance was reached, and it
increased with time (Figure 1a, see Garnier and
Freijsen, 1994).

Why are the RGRs best correlated with mor-
phological variables (SLA and LAR) for longer
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time periods (months), while they switch to be
correlated with physiological variables (NAR) at
shorter-time (weeks) scale? The temporal change
in RGR along the vegetative stage studied was dif-
ferent between species, most probably because
they responded differently to the changing field
conditions (e.g., light, temperature and soil mois-
ture). Thus, the RGRs estimated at different time
periods were not correlated; that is, the species
growing fastest in one growth period was not in
other growth periods. The temporal change in
NAR also differed between species; that is, there
was no significant correlation between NAR mea-
sured at different growth periods. NAR is related
to the net carbon balance, predominantly includ-
ing the physiological processes of photosynthesis
and respiration (Lambers et al., 1998). The ability
of these physiological functions to respond to
rapid changes in environmental conditions (like in
this field study) must be faster than that of the
morphological features; this is supported by the
higher plasticity index of NAR compared with
that of LAR (Figure 4). Consequently, it is
expected that these short-time responses in NAR
will better explain the attained, short-time varia-
tion in RGR. In fact, the variability over time in
RGR (e.g., its standard deviation) of each species
was positively correlated to the variability of
NAR (r ¼ 0.42; P < 0.05), but not with LAR,
SLA or LMR (P > 0.15).

In contrast with NAR, the morphological
plant traits, LAR and SLA, showed a between-
species pattern relatively stable during the growth
period; that is, species with higher LAR at the
beginning of the experiment, maintained that dif-
ferential morphological feature during the whole
period (two months). This would explain why the
RGR for the whole growth period (62 days) was
better correlated with LAR and SLA, than that
for NAR.

The model C tested and not rejected by our
data (P ¼ 0.621; Figure 6), can help to explain
the causal relationships determining the observed
changes in RGR. It has been generally found an
ontogenetic decrease of SLA, as the leaves get
older (Hunt, 2003; Poorter and Pothmann, 1992).
However, changes in LMR with ontogeny are
not so general in the literature. Some studies
have documented a decrease in LMR but others
showed no change or even an increase in LMR
(e.g., Hunt, 1990; Poorter and Pothman, 1992),

as found here. Because SLA has more impor-
tance in determining LAR than LMR (see
Results and Figure 2c), there is a decrease in
LAR with time. It has been found also that LAR
is in general negatively associated with NAR
(Konings, 1989; Poorter and Remkes, 1990).
Changes in RGR are due to changes in NAR
and LAR. Importantly, NAR is not affected by
the variable time (according to the model), as it
happens with the components of LAR (SLA and
LMR). That does not mean that NAR is stable
with time. NAR showed a great temporal vari-
ability, but there was no significant pattern with
time.

Are these results comparable with those under
laboratory conditions? In general, when plants
are cultivated in controlled conditions, the tem-
poral changes in RGR tend to be consistent
between species (e.g., for the same 20 Aegilops
species in Villar et al., 1998; for seedlings of 16
woody species in Antúnez et al., 2001). The
homogeneous conditions of light, temperature
and water availability during the laboratory
experiments can explain the correlation in RGR
between periods, as well as in LAR, SLA and
NAR. Also, in laboratory experiments, the varia-
tion in the physiological growth component
(NAR) tends to be smaller than that in the mor-
phological component (LAR); e.g., for a set of
24 species Poorter and Remkes (1990) found a
coefficient of variation of 15% for NAR and
29% for LAR. This higher range of variation in
LAR could also explain its greater contribution
to differences in RGR between species in labora-
tory experiments.

The general trend of the Aegilops species’
growth rates was to decline with time, although
there were some species showing different trends
(maintained or increased RGR). This reduction
in growth rate with plant age has been well docu-
mented, and explained by ontogenetic changes,
higher allocation to low-efficiency tissues, and
self-shading (e.g., Hunt, 2003; Poorter and Poth-
mann, 1992; Romero and Marañón, 1994; Ship-
ley, 2000a). However, there are experiments
showing that RGR values increase with time or
have complex patterns for certain periods (Antú-
nez et al., 2001; Higgs and James, 1969; Van An-
del and Jager, 1981).

In this study of field-grown Aegilops species,
the temporal changes in RGR were mostly
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explained by the temporal changes of NAR,
rather than by the temporal changes in LAR. In
other experiments, the temporal changes in RGR
have also been associated with variation in NAR
(Antúnez et al., 2001).

The importance of NAR in determining the
growth patterns on field conditions is therefore
supported by two lines of evidence: (1) it is the
major factor contributing to the species’ RGR
in the short term (weeks); and (2) it is signifi-
cantly correlated with the temporal changes in
RGR.

In summary, most of the plant growth stud-
ies have been made in controlled, uniform con-
ditions, and have emphasised the major
contribution of plant morphological traits,
namely LAR and SLA, in determining RGR. In
the laboratory environment, the conditions of
temperature, irradiance, moisture and nutrients
are constant, or with uniform, periodic changes.
In these artificial conditions, it would be
expected that the morphological and structural
features (such as LAR and SLA) are more rele-
vant for plant growth, than the physiological
functions (such as photosynthesis and respira-
tion), which are more plastic and dependent of
environmental conditions. However, under field
conditions and considering short-time periods

(e.g., days or weeks), the differences in RGR
amongst species seem to be explained by highly
dynamic variables, such as NAR. When a
longer period is considered (e.g., months) the
fluctuations of resources and conditions, charac-
teristic of field environment, can minimise the
importance of NAR, and instead their more sta-
ble and species-characteristic, morphological fea-
tures (LAR and SLA) become more relevant for
the species’ growth pattern.
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Appendix 1. List of the 22 species studied (20 Aegilops, 1 Amblyopyrum and Triticum aestivum, cv. Yecora), number of the collec-
tion code at the International Center for Agricultural Research in the Dry Areas (ICARDA, Aleppo, Syria) and mean values of
different plant variables: Initial M (initial dry mass at day 0); RGR (relative growth rate); NAR (net assimilation rate); LAR (leaf
area ratio); SLA (specific leaf area); LMR (leaf mass ratio); SMR (stem mass ratio) and RMR (root mass ratio). Nomenclature is
according to Van Slageren (1994). Values of all variables, except Initial M are the mean values for the whole vegetative growth per-
iod (62 days).

Code Species Initial

M (mg)

RGR

(mg g)1 day)1)

NAR

(g m)2 day)1)

LAR

(m2 kg)1)

SLA

(m2 kg)1)

LMR SMR RMR

400736 Ae. biuncialis Vis. 24.5 81.90 7.02 12.61 25.78 0.498 0.289 0.212

401094 Ae. caudata L. 20.0 78.86 6.97 12.59 27.10 0.486 0.288 0.228

401508 Ae. columnaris Zhuk. 29.1 68.73 6.21 11.54 24.63 0.483 0.249 0.262

400582 Ae. comosa Sm. in Sibth.

and Sm. var comosa

31.8 68.08 6.76 10.60 24.32 0.458 0.276 0.268

400715 Ae. crassa Boiss. 36.2 72.76 8.52 10.17 22.50 0.462 0.236 0.314

401320 Ae. cylindrical Host 17.8 82.51 6.89 12.51 26.45 0.489 0.288 0.218

401007 Ae. geniculata Roth 36.0 71.76 6.75 10.87 23.66 0.471 0.252 0.274

401483 Ae. juvenalis (Thell.) Eig 38.7 77.36 6.80 12.15 24.50 0.510 0.245 0.249

400885 Ae. kotschyi Boiss. 26.1 83.45 7.82 12.74 25.63 0.500 0.248 0.248

400531 Ae. longissima Schweinf.

and Muschl.

11.8 90.67 6.66 14.85 29.44 0.515 0.228 0.260

401105 Ae. neglecta Req.

ex Bertol.

24.5 68.83 5.89 11.66 24.01 0.506 0.229 0.264
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Appendix 1. Continued.

Code Species Initial

M (mg)

RGR

(mg g)1 day)1)

NAR

(g m)2 day)1)

LAR

(m2 kg)1)

SLA

(m2 kg)1)

LMR SMR RMR

401290 Ae. peregrina (Hack. in

J. Fraser) Maire and

Weiller

23.3 78.83 5.60 14.25 28.00 0.521 0.255 0.218

400902 Ae. searsii Feldman and

Kislev ex Hammer

23.5 69.05 9.20 9.36 19.47 0.497 0.231 0.289

400725 Ae. speltoides Tausch

var. speltoides

18.9 86.34 6.69 13.80 28.19 0.509 0.232 0.266

400649 Ae. tauschii Coss. 28.2 81.51 6.22 13.57 29.51 0.473 0.303 0.226

401501 Ae. triuncialis L. 24.5 76.38 6.72 11.60 23.87 0.495 0.250 0.252

400017 Ae. umbellulata Zhuk. 29.8 72.23 6.88 11.06 24.12 0.475 0.256 0.270

400547 Ae. uniaristata Vis. 17.4 80.94 6.75 12.77 28.45 0.469 0.265 0.268

401842 Ae. vavilovii (Zhuk.)

Chennav.

20.8 82.81 7.59 11.04 21.51 0.528 0.246 0.221

401446 Ae. ventricosa Tausch 20.9 84.42 6.43 13.85 28.04 0.504 0.259 0.236

400274 Amblyopyrum muticum

(Boiss.) Eig

25.1 86.84 7.65 12.33 27.52 0.458 0.272 0.274

Triticum aestivum L.

cv.Yecora

53.5 84.63 8.08 12.44 27.78 0.462 0.269 0.272
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Marañón T and Grubb P J 1993 Physiological basis and eco-
logical significance of the seed size and relative growth rate
relationship in Mediterranean annuals. Funct. Ecol. 7,
591–599.

Poorter H and Bergkotte M 1992 Chemical composition of 24
wild species differing in relative growth rate. Plant Cell
Environ. 15, 221–229.

Poorter H and Garnier E 1996 Plant growth analysis: An
evaluation of experimental design and computational meth-
ods. J. Exp. Bot. 47, 1343–1351.

Poorter H and Garnier E 1999 Ecological significance of
inherent variation in relative growth rate and its compo-
nents. In Handbook of Functional Plant Ecology. Eds. F
Pugnaire and F Valladares. pp. 82–120. Marcel Dekker
Inc., New York.

Poorter H and Pothmann P 1992 Growth and carbon econ-
omy of a fast- and slow- growing grass species as depen-
dent on ontogeny. New Phytol. 120, 159–166.

Poorter H and Remkes C 1990 Leaf area ratio and net assimi-
lation rate of 24 wild species differing in relative growth
rate. Oecologia 83, 553–559.

Poorter H and Van der Werf A 1998 Is inherent variation in
RGR determined by LAR at low irradiance and by NAR
at high irradiance? A review of herbaceous species. In
Inherent Variation in Plant Growth Physiological Mecha-
nisms and Ecological Consequences. Eds. H Lambers, H
Poorter and M M I van Vuuren. pp. 309–336. Backhuys
Publishers, Leiden.
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