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Developmental patterns of leaves and tillers
In a black-grass population
(Alopecurus myosuroidebluds.)

Bruno (HAuvVEL*, Nicolas MuNIER-JOLAIN, Anne LETouzg, David GRANDGIRARD

Unité de Malherbologie et Agronomie, INRA, 17 rue Sully, BP 1540, 21034 Dijon Cedex, France

Agriculture and Environment

(Received 28 July 1999; revised 16 December 1999; accepted 18 January 2000)

Abstract — In an agricultural system with low herbicide input, prediction of the timing of annual weed developmental
stages would be useful to predict weed growth rate and seed production, or to determine the appropriate timing for the
application of foliar herbicides in order to optimize their use and avoid secondary effects of herbicide treatment such as
water pollution or herbicide resistance. A model based on thermal time with a 1 °C base temperature has been proposed
to describe the rate of appearance of leaves and tillers on the main stem of blackigpassifus myosuroidésuds.).

Our data suggest that the variability in developmental rate is relatively low between plants within a trial, but that the
leaf appearance rate varies according to the sowing dates and the growth conditions. According to the sowing dates,
phyllochron values vary from 60 to 99 degree days per leaf, whereas tiller developmental rates vary from 66 to 95
degree days. The combined action of cumulative radiation and photoperiod can modify phyllochron values. According
to the date of emergence in the field, two different phyllochron values apparently describe black-grass development
rates for the population in this study.

Alopecurus myosuroidekluds. / weed / development / phyllochron / base temperature

Résumé — Schéma d’émission des feuilles et des talles chez une population de vuldiopécurus myosuroides

Huds.). Dans des systémes de culture a faibles niveaux d’intrants en herbicides, la connaissance de la vitesse de déve-
loppement d'une plante annuelle adventice serait utile pour prévoir sa croissance et sa production de semences, ainsi
que pour déterminer les dates optimales d’application des herbicides foliaires afin d’éviter les problémes liés a leur utili-
sation tels que la pollution des nappes ou le développement de populations résistantes. Un modele basé sur une échelle
de temps thermale avec une température de base de 1°C est proposé pour décrire I'apparition des feuilles et des talles
sur le brin-maitre du vulpinAfopecurus myosuroiddduds.). Nos données suggeéerent que la variabilité de développe-

ment est faible entre les plantes pour une expérimentation donnée, mais que I'apparition des feuilles varie de fagon
importante entre expérimentations selon les dates de semis et les conditions de croissance. Selon la date de semis, le
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phyllochrone est compris entre 60 et 99 °C par feuille, alors que de 66 a 95 °C sont nécessaires pour I'apparition d'un
nouveau talle primaire. L'action combinée du rayonnement global et de la photopériode modifie les valeurs de phyllo-
chrone observées. Selon les dates d’émergence au champ, deux valeurs différentes de phyllochrone peuvent étre rete
nues pour décrire le taux d’apparition des feuilles du vulpin pour la population étudiée.

Alopecurus myosuroidekluds. / mauvaise herbe / développement / phyllochrone / température de base

1. Introduction The objectives of the present study were to eval-
uate, for one black-grass population, patterns and
variability in its development by documenting the

Since 1960, black-grass Alopecurus rates of appearance of leaves and primary tillers on
myosuroidesHuds.) has been a common annual the main stem. The variations among rates were
grass weed in autumn-sown crop rotations in determined for a range of growth temperatures and

Atlantic European countries. Intensive cultural photoperiods obtained by different sowing dates

practices seem to have contributed to the spread ofboth in the field and in the greenhouse. A daily

this species, which is characterized by a high thermal time scale was used for assessing weed
reproductive capacity of relatively non-dormant development. First, we assessed the phyllochron
seeds. In most cases, black-grass has only beermand the rate of tillering according to temperature,

controlled by intensive chemical treatments, which and then compared the black-grass development
in recent years have unfortunately induced the suc- described by the relationship between the main

cessive development of different herbicide-resis- stem development and primary tiller appearance to
tant populations [18, 33]. However, control of the the models developed for cultivated grass crops
weed populations can be obtained by cultural prac- such as wheat.

tices, associated with appropriate herbicide treat-

ments, in order to limit weed growth and reduce

seed production [35]. 2. Materials and methods

As for other annual weeds, seed production is
the only way for black-grass population survival
and propagation. A knowledge of the biology of
this weed would, therefore, be useful for predicting
its field response according to climatic conditions
and cropping systems. Although some demograph-
ic models on black-grass have appeared in the liter-
ature [11, 34, 44], very little investigation has been

The black-grass population studied was collect-
ed in a wheat field in the north of France
(Department of Pas de Calais, 50°3' N, 2°1' E) in
1994. Seeds were harvested in the field from at
least 50 randomly chosen ripened ears. All studies
were conducted from this seed stock containing

carried out on the effects of cultural practices on its about 150 g of spikelets (about 100000 spikelets

development and growth. In fact, as for other grass [12]).

weeds, data have been collected on black-grass Trials were conducted in the field and in the
biology and ecology [5, 34, 36, 41], but little greenhouse (Tab. I). For the greenhouse trials, 3-g
research has been conducted on its developmentsamples of wet seeds were vernalized in a fridge
and growth requirements. Furthermore, these for 3 weeks at 4 °C in the darkness. Six seeds were
results are not easy to interpret for modelization sown 1 centimeter (cm) deep in pots (diameter:
due to the high variability in the response of this 7 cm, volume: 1 L) filled with sandy clay soil. Pots
species, and either a lack of information about, or were distributed randomly in the greenhouse with
too much variability regarding growth conditions. 44 pots per square meter. Seedlings were thinned



Developmental patterns of black-grass leaves 249

Table I. Description of the trials set up to study developmental processes in black-grass.

Trial No. Emergence End of Mean Mean No. Type of
date development temperature radiation of plants trial
measures (°C) (MJ/#p studied
1 January 96 April 97 13.6 805 160 Greenhouse
2 March 96 June 97 18.2 1867 280 Greenhouse
3 August 96 April 97 7.2 813 15 Field
4 October 96 April 97 5.8 727 15 Field
5 November 96 May 97 6.4 929 15 Field
6 March 97 June 97 12.6 1693 15 Field
7 March 97 June 97 12.9 1759 15 Field
8 April 97 July 97 14.7 1845 15 Field
9 May 97 August 97 17.5 1853 15 Field
10 May 97 August 97 18.2 1876 15 Field
11 January 98 April 98 13.6 935 40 Greenhouse
12 December 97 May 98 7.2 922 20 Field
13 March 98 June 98 13.1 1640 20 Field

to 1 per pot at the first leaf stage. Only seedlings and in the greenhouse, a new leaf was recorded
that had emerged on the same date were retained tavhen its lamina tip was observed pointing over the
obtain a uniform date of emergence for each trial. ligule of the last leaf.
Plants were watered twice daily with Hoagland
nutrient solution. Because of the spacing between
pots, competition for light between plants due to
leaf interception was very low before stem elonga-
tion. In the greenhouse, the appearance of leaves
(between leaf numbers 2 and 7) and primary tillers
(between tiller numt_)ers 1 and 6)_on the main stem solar radiation was measured with a pyranometer
was recorded daily. Coleoptile tillers were

: . (CIMEL CE-180).
observed in a very few cases. Temperature regimes
and photoperiods were natural, with a minimum The base temperature suitable for describing
temperature of 10 °C. To minimize the effects of black-grass development was estimated using the
light and temperature variability in the greenhouse, least variability method [3, 14, 23]. A range of
pots were rotated each week. base temperatures from — 5 to + 7 °C was tested in
1 °C increments. For each trial and for each base
temperature, the phyllochron (time between visual
appearance of successive leaves) was determined,
and the base temperature selected was that for
which the coefficient of variation of the phyl-
lochron was the lowest. The same base temperature
determined for the phyllochron was used for calcu-
lation of the rate of tiller appearance.

Accumulated degree days (the sum of mean
daily temperatures minus the base temperature)
from seedling emergence were calculated using air
temperatures obtained directly in the greenhouse
and from a local weather station less than 1 km
away from the site of the field experiment. Global

The second set of trials was conducted in the
field (INRA Experimental Station in Dijon;
47°20° N, 5°2’ E). A range of growth temperatures
and photoperiods was obtained by varying the
sowing date (Tab. I). For each sowing date, seeds
were sown in 15 clusters in a row 30 cm apart.
Each cluster consisted of 10 seeds; seedlings were
quickly thinned to one (2-leaf stage) after emer-
gence to avoid competition for light. Plants were Rates of leaf and tiller appearance were calculat-
watered once a week. In the field trials, emergence ed plant by plant to obtain a mean rate for each
of leaves and tillers on the main stem was recorded trial. The effects of growth conditions were com-
periodically 2 to 3 times a week. Both in the field pared using the general model linear procedure

Agriculture and Environment
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(GLM procedure), using the Student-Newman-
Keuls multiple range test with SAS statistical soft-
ware [39].

3. Results

3.1. Determination of base temperature

For the thermal time scale, a simple linear model
could be used to describe developmental processes
in black-grass (Fig. 1).

According to the least variability method [3], the
base temperature determined in the studied black-
grass populations in the various trials was 1 °C

(Fig. 2).
3.2. Variability

To compare tiller and leaf appearance in the dif-
ferent experiments, we estimated the thermal time
(in °C, base temperature of 1 °C) required for the
appearance of each leaf (between leaf numbers 2

B. Chauvel et al.
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and 7) and tiller (between tiller numbers 1 and 6, Figure 1. Emergence of leaves according &) @ day-time
when possible). The rate of appearance of leaves scale andk) a thermal-time scale, in trial 5. A linear model

and tillers varied between 59 to 98 °C and 62 to
95 °C respectively (Tab. Il). The variability was
low between plants within a trial, but environmen-

was fitted to data inb) (y = 87.29x — 74.232r= 0.99).

tal conditions appeared to strongly influence devel- (Fig. 3). Black-grass phyllochron variability could
opmental processes in black-grass; i.e., leaf be explained by environmental factors. In the field,
appearance was always a linear function of thermal leaf appearance rate decreased when the emer-
time, but the slope of the relation depended on gence date was delayed from February to
growth conditions and emergence dates in the trial November (Fig. 4). Nevertheless, phyllochron
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Figure 2. Coefficient of variation of thermal time
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for phyllochrons of leaves on the main stem of
black-grass according to the base temperature
selected in the calculation.
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Table Il. Mean values for rate of organ appearance (in degree days, base temperature of 1 °C). Values followed by dife<
ferent letters are significantly different at P = 0.05 as determined by Student-Newman-Keuls test.

Trial No. Time between Standard error Time between Standard error
two leaves of the mean two tillers of the mean
appearance appearance

(°Clleaf) (°Cltiller)

1 98.77 1.83 a 85.16 1.68 ab
2 78.76 1.13 c 79.93 1.29 bc
3 78.57 3.51 c 89.80 4.57 ab
4 78.90 1.79 c 95.03 3.80 a

5 87.64 2.56 b 93.63 3.88 a

6 65.20 1.36 de 67.72 3.27 de
7 59.43 1.84 e 66.30 2.67 de
8 63.63 2.06 de 66.44 2.31 de
9 70.06 1.24 d 71.71 3.50 cde

10 76.59 2.41 c 79.55 2.99 bc

11 88.56 1.02 b 94.70 1.33 a

12 71.04 2.05 d 61.80 3.56 e

13 63.63 1.80 de 74.20 2.86 cd

600 Thermal time (°C)

500
400
300
200
100

100

90 |

80

70

60

50 |

40

01

"0

2 3 Numb4er of leaves S
Phyllochron values (°C)
a

Figure 3. Relationship between leaf number and time of
emergence (thermal scale °C, base temperature of 1 °C)
for trial 1: o ; trial 5:m; trial 7:0; trial 9: 0. Fitted equa-
tions were as follows: trial 1: y = 94.51x — 51.86,
r2 = 0.98; trial 5: y = 87.29x — 74.23 ¥ 0.99; trial 7:

y = 58.50x — 38.50,2r= 0.99; trial 9: y = 67.92x — 43.94,

r2=0.99.

02 03 04 05 06 07

08

Emergence month

10

! Figure 4. Relationship between phyl-
12 lochron values and month of emergence

(field trials: @ ; greenhouse trialct).
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Thermo photo ratio (degree/hour) y =34.57x + 43.51,2= 0.59.
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tive solar global radiation
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Solar radiation summation (MJ/m?)

values for greenhouse trials apparently did not
respond in the same way. As phyllochron variabili-
ty is poorly related with photoperiod (data not
shown), phyllochron values were analyzed in terms
of the ratio of temperature to photoperiod [7]
(Fig. 5). Data from the greenhouse and from the
field responded in the same way, but the correla-
tion was low (f = 0.59). A better relationship was
obtained for data from all the experiments when
global solar radiation (cumulative radiation
between emergence to leaf number %7:10.72)
was used (Fig. 6); i.e., phyllochron values
decreased with the quantity of radiation accumulat-
ed during this stage of development. From these

Fitted equation was y = —0.005x
+101.84,%=0.72.

different results, it appeared that two different
phyllochron values could be used to predict black-
grass development in the field for this population
according to the season in the field (Fig. 4). About
80 °C were necessary to develop a new leaf under
low cumulative radiation conditions and a decreas-
ing photoperiod (as for black-grass seedlings in a
winter crop), and about 65 degree days were neces-
sary under increasing light conditions and high
cumulative radiation (as for black-grass seedlings
in spring crops). Our results suggest that the com-
bined action of environmental factors (temperature,
radiation and daylength) could directly or indirect-
ly influence black-grass leaf appearance.
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Tiller appearance (°C, base temperature 1) 11

. o
90 | °
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80 L .
[ ]
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60 o
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40 1‘ | l | | y Figure 7. Relationship between tiller appear

40 50 60 70 80 %0 100 ance and leaf appearance (in °C, base tem-

Leaf appearance (°C; base temperature 1) perature of 1 °C).

3.3. Relationship between leaf Nevertheless, development of sustainable agricul-
and tiller appearance ture will require such approaches to develop long-

and short-term strategies for pest management

The observed values of tiller appearance tended [19]- Weeds are certainly among the major limiting
to be higher than phyllochron values (Fig. 7). factors for this type of agriculture due to the long-
Nevertheless, the observed relationship (y = 0.80x term effects of cultural practices on the seed bank.

+ 18.84) was not statistically different to the bisec- 10 incorporate black-grass developmental process-
trix. es into any model of crop development would help

_ _ to improve our understanding of the interactions
For the greenhouse experiments (trials 1, 2 and petween cereal crops and this weed, and thereby
11, in which conditions were more controlled), we  prevent weed infestation. Cultural practices such as
compared primary tiller appearance on the main crop cultivar choice or sowing date could be
stem in comparison with leaf appearance. For theseimproved by models that simulate weed growth.
3 experiments, the same relationship was observed aithough in the literature on weeds data or models
and a half subsequent leaves were expanded.deyelopment [24, 40], or vegetative growth [6],
Afterwards, 1 tiller appeared for every expanding they are not conventionally used in demographic
leaf. The same relationship has been observed models and in crop-weed competition models. This
practices are often not satisfactorily described or
controlled [13].

In this study, we assessed the efficiency of
describing black-grass development using classical
methods developed for crops such as wheat. The
determined base temperature of 1 °C is in accor-
dance with the ecology of this preferentially winter
weed [41], which is capable of early spring germi-
nation [36]. Base temperatures change with sowing
date [27] and growth conditions. In the literature,
base temperatures for weeds are highly variable. A

Heat unit accumulation or temperature optima low base temperature (0 °C) has been identified for
are rarely used to describe weed demography. the germination stage of another winter weed,

4. Discussion

Few models in the literature describe annual
weed developmental processes using cumulative
temperature or temperature thresholds when com-
pared with the numerous models that have been
used to describe crop species [20, 22, 25], forage
grasses [16], insect pests [38] or parasites [1].

Agriculture and Environment



254 B. Chauvel et al.

Number of leaves and tillers on the main stem - Leaf
7 - [, S
6 ) Essayv‘] 777777777777777777777777777777777777
L 0
4 | ... . [ ‘;
< J = DU [ ]\
| P U Rl I ,_,,,‘ I
2 I | Thermal time
o U O P A l ,,,,,,, ‘ ‘ (QC)
0| : :
400 | 500 ioo ¢ 700

+ A\ A A /
[F3] {'VI'177HF4 F5 T.ﬂ F6 T4 F T5>

Number of leaves and hllers on the main stem Leaf
7 -
6 _Essay2 :
| Tiller
- S50 - .
= /LT
4 :
2.l el
L I Thermauume
0 : L ; ; | ( C)
0 100 200 00 i 400 500 600 } 700
Y
[Em”m]nj 'F5]T3y FT‘T4HF7 Tﬂ
Number of leaves and tillers on the main stem Leaf
28 . RO
6 _ Essay 11 o
50 ~ Tiller
4
3
1 . oot [ S R T N | Thermal time
0ol ] €0
‘ ‘ ‘ T ‘ Figure 8. Appearance of leaves | and
0 100 200 Qf i sf ¢ 6 + 800 primary tillers 6) on the main stem (tri-
YyYv vy A4 als 1, 2 and 11) in relation to thermal
[F3|T1[F4| T2 [ T3|[F6| 1 T4[F7| [T5] time (base temperature of 1 °C).

Ranunculus repenk. [23]. Generally, the base eral field observations, which indicate that the veg-
temperature values selected are rather high (aboutetative development of this weed occurs during the
10 °C) for summer weeds (C4 photosynthetic sys- winter season [36].

tem) such agsmaranthus hybridu&. or Solanum

nigrumL. [30] and lower (0 to 6 °C) for winter and Contrary to the data obtained for growth stages
early spring weeds (generally having C3 photosyn- [10, 34, 36], the duration of the developmental
thetic systems) such &henopodium alburf?]. stages for black-grass shows low variability

The base temperature of 0 °C is usually used for between plants. Rates of leaf and tiller develop-
forage grasses, annual grass weeds and crops likement had a low standard error of the mean within a
wheat and barley [4, 16]. The 1 °C base tempera- given trial. Our data suggest that there is a varia-
ture for black-grass is also in accordance with gen- tion in leaf appearance with sowing date which
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cannot solely be related to temperature. Certainly,
as for cultivated plants, the black-grass phyl-
lochron may be influenced by a number of factors
such as water, soil compaction or light [26, 42]. It

has been demonstrated that leaf appearance rate

varies with sowing date, and that leaves of late-
sown crop plants generally appear more rapidly

[27]. Leaf rate seems to be determined early in the

plant life cycle, and is dependent on environmental
conditions during the emergence stage [26].

Influence of daylength has also been demonstrated
for wheat [9], and other have authors suggested
that use of a photothermal scale can improve leaf

number prediction [29]. In our case, the relation-
ship of black-grass phyllochron to the

thermo/photo ratio scale is lower than for wheat or
barley [7]; and in contrast to the data obtained for

255

faster development and an earlier seed production
in spring cereals. This annual weed is suited to pro-
duce seeds in either winter crops or spring crops
with a lower amount of degree days [10].

The hierarchy of tiller development on the main
stem observed for this weed is similar to that
observed for wheat [28] or perennial grasses [32].
For wheat, the first tiller appears on the main stem
when two leaves are expanded after its subtending
leaf [28]. The low shift in appearance of the tillers
from the leaves could be explained by the fact that
the visual appearance of a new primary tiller
emerging from the leaf sheath is physically delayed
in comparison with the appearance of a new leaf
on the main stem, which is more immediate despite
the presence of a rolled shoot. The tiller appear-
ance of black-grass is influenced, similarly to

these same crop species, black-grass phyllochronyheat by several environmental abiotic factors

increases with daylength [7]. Surprisingly, global

[31] and crop competition. Our studies, both in the

solar radiation seems to be one of the main factors fig|g and in the greenhouse, were conducted with

explaining phyllochron variation in this study. In

general, radiation in terms of quality or quantity is
described as a factor which influences leaf primor-
dia appearance (plastochron), but which is without
effect on leaf appearance (phyllochron) [17, 37].

low levels of competition for light among plants.
For this reason, very few differences in culm
appearance were observed.

Leaf and tiller emergence rates could be used to

For black-grass, one hypothesis would be that the direct herbicide applications [15, 20]. If new foliar

of the last leaf, is linked not only to developmental
but also to growth processes. As early leaf growth
stages (cell multiplication and cell expansion) are
influenced by light, the relationship between the
phyllochron and global radiation observed in this
study could be interpreted as an indirect effect of
growth processes. Further studies will have to con-
firm these preliminary interpretations. Differences
in plant vernalization between experiments could
also have influenced the black-grass phyllochron,
although cold induction does not modify the phyl-
lochron in wheat [8]. In Francéy. myosuroides
Huds. is a weed that germinates in winter crops

tillered plants, their dosage is strongly linked with
the tillering development of the weed. The cumula-
tive temperature after seedling emergence could
allow a better estimation of the right time for appli-
cation and dosage. Low doses of herbicide (sub-
dosages) lead, at least in part, to the development
of resistant black-grass populations [18], whereas
too high doses of herbicide increase water pollu-
tion and cost for farmers.

This study concerns only one sample of black-
grass seeds collected from one field. Other weed
populations could display different behavior from
that observed in this study. These results provide a

such as wheat or rape, and in spring crops such aspasis for future work in modeling black-grass

barley or pea [41]. This ability, which limits the
efficiency of control by rotation, occurs simultane-

development. Future studies will include the influ-
ence of abiotic and biotic factors such as vernaliza-

ously with a change in the rate of leaf appearance tion or genetic effects. The latter will be

due to sensitivity towards combined environmental approached by comparing different populations
factors. The higher appearance rate of black-grasssampled within fields from several geographic
leaves for early spring germination facilitates a areas with different cropping systems.

Agriculture and Environment
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