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Summary

A better understanding of weed seed production is a
key element for any long-term management allowing
some weeds to shed seeds. The challenge with mea-
suring seed production in weeds is the large effort
required in terms of time and labour. For the weed
species Echinochloa crus-galli, it was tested whether
the number of seeds per panicle dry weight or per
panicle length can be used to estimate seed produc-
tion. Experiments were conducted in three maize
fields in north-eastern Germany. The effect of factors
that could influence this relationship, such as the time
of seedling emergence, the density of E. crus-galli, the
control intensity of other weeds, seed predation and
field, was included. A few days before maize harvest,
all panicles were removed and weighed, panicle length

was measured, and for a subsample of 178 panicles,
the number of seeds was counted manually. Panicle
dry weight predicted the number of seeds per panicle
better (R? = 0.92) than did panicle length (R> = 0.69).
The other factors except for ‘field” and ‘seed preda-
tion” had no effect on these relationships. The rela-
tionships between seed number and panicle dry
weight found in this study closely resembled those
reported in an earlier study. Based on our results, we
conclude that both plant traits are appropriate for
the estimatation of seed production, depending on
required level of precision and availablilty of re-
sources for the evaluation of sustainable weed man-
agement strategies.
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Introduction

Integrated weed management aims to maintain the
control over weeds while at the same time reducing the
use of herbicides whenever possible. Within this frame-
work, an important tool is to accept weeds below eco-
nomic thresholds (Barzman et al., 2015).
Consequently, in integrated weed management, some
weeds may survive and produce seeds at the end of the
season. Echinochloa crus-galli (L.) Beauv. (barnyard-
grass) is a common weed of maize (Zea mays L.)

(Maun & Barrett, 1986; de Mol et al., 2015; von Red-
witz & Gerowitt, 2018), the second most important
crop in Germany (Destatis, 2018). The effectiveness of
chemical control of E. crus-galli, the basis of weed
control in commercial maize cultivation, is threatened
by the high risk of herbicide resistance evolution
(Claerhout et al., 2016; Heap, 2018). Seeds shed from
weeds that survived control, either planned due to inte-
grated management or unplanned due to resistant bio-
types, challenge us to understand the seed production
of E. crus-galli. The seed production is important if we
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want to assess weed management methods and con-
cepts in their entirety (Norris, 2007; Norsworthy et al.,
2012). Data on seed production are also required
for long-term predictions of weed populations via sim-
ulation models (Holst et al., 2007; Freckleton & Ste-
phens, 2009), such as the one published by von
Redwitz et al. (2016) for E. crus-galli.

In weed population models that focus on a single
weed species, seed production usually appears to be
highly influential on population size (Gonzalez-Andu-
jar & Fernandez-Quintanilla, 2004). Unfortunately,
there are serious problems associated with the generali-
sation of the techniques used for estimating seed pro-
duction. Ignoring this problem could lead to
unrealistic model outcomes. The estimation of seed
production in experiments is often limited to condi-
tions of a single field and lack of accounting for the
plasticity of weed species caused by intra- and inter-
specific competition and delayed emergence (Norris,
2007). This applies to E.crus-galli, an example of a
plastic weed species that germinates and reproduces
throughout the entire maize cropping season (Maun &
Barrett, 1986; Norris, 1996). With delayed seedling
emergence, intra- and interspecific competition
increases (Bagavathiannan et al., 2012). This limits the
number of tillers and panicles per plant (Norris, 1992a,
1996; Clay et al., 2005) and length and biomass of
individual panicles (Maun & Barrett, 1986; Norris,
1996) and therefore the level of seed production of
E. crus-galli (Bosnic & Swanton, 1997; Norris, 2007).
Therefore, before applying techniques to estimate seed
production, proof of concept for the ability to deal
with the plasticity of the weed species is needed.

Another complicating factor when measuring seed
production is the immediate seed shed of E. crus-galli
as soon as seeds are ripe. Thus, the timing to measure
seed production becomes crucial. Gathering seeds too
soon and a certain proportion of the seeds will not be
ripe yet, gathering seeds too late and a certain propor-
tion of seeds has been shed already. Both can lead to
underestimation of (viable) seed production. A correct
estimation of seed production requires a measuring
technique that either involves the collection of all seeds
during the whole process of seed shed or that is inde-
pendent of the time of seed shed.

Direct methods to estimate seed production, such as
sticky boards or pans, are generally inexact due to seed
losses, especially at low seed densities (Norris, 2007).
An alternative is counting all seeds per plant or m>.
Because this method is extremely time-consuming,
researchers have been searching for more efficient
methods that are based on the allometry of plants, that
is the relationship between seed production and indi-
vidual vegetative or reproductive biomass (Thompson

& Stewart, 1981; Weiner et al., 2009), panicle dry
weight or panicle length (Norris, 1992b; Forcella et al.,
2000).

Norris (1992b) established relationships between seed
production and panicle length and panicle dry weight for
E. crus-galli when the plant was growing in a pure stand.
His experiments were conducted in the Mediterranean
climate of the Central Valley of California, USA. It is
unknown whether the relationships he found are applica-
ble to the conditions in north-eastern Germany, or
whether they are applicable for E. crus-galli grown under
competition with crops or other weed species. For a
methodology to be generally applicable, the relationships
between seed production and the panicle traits (e.g. pani-
cle length or panicle dry weight) need to be solid under a
range of field conditions.

Environmental differences between the two loca-
tions, California (USA) and north-eastern Germany,
and genetic differences between populations may alter
the relationships between seed number and panicle dry
weight/panicle length. Furthermore, the relationships
between seed number and panicle dry weight or length
is expected to be influenced by intra- and interspecific
weed competition because competition influences plant
morphology.

For the objective of the study, optimising the esti-
mation of seed production, data of the number of
seeds per panicle trait of E. crus-galli were compared
on two scales, that is large scale (USA vs. Europe) and
small scale (field within Germany). For seed produc-
tion per panicle, the relations determined by Norris
(1992b) were calibrated with experimental data from
different fields in north-eastern Germany. To estimate
the implications of using different relationships for
seeds per panicle, these relationships were applied to
more of our field experimental data, plants per area
and estimated their seed production.

Materials and methods

Field management

Field experiments were conducted in three commercial
maize fields that were minimally tilled and had been
under continuous maize cultivation for at least 3 years.
Field management was similar among all three fields.
On 4-7 May 2015, maize (9 seeds m 2) was sown in
rows 75 cm apart and 5 cm deep in the soil. Before
maize seeding, the seedbed was prepared, but only in
the rows, using a rotary tiller (16 cm width). This
ensured that the soil between rows remained undis-
turbed and that weed seeds moved neither horizontally
nor vertically. Similarly, to avoid movement of seeds,
no organic fertiliser was applied prior to crop sowing.
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The crop was fertilised with mineral fertiliser (field 1,
20 kg ha™' N and 40 kg ha™' P; field 2, 140 kg ha~'
N and 60 kg ha™' K; field 3, 70 kgha ' N and
70 kg ha™' P) approximately 4 weeks after sowing,
when the maize plants had three leaves. In the middle
of September 2015, the height of three randomly cho-
sen maize plants per plot (see below) was measured,
and the mean height (£SE) was calculated to be
168 £ 2 cm (n = 216) in field 1, 200 + 1 cm (n = 216)
in field 2 and 186 £ 2 cm (n = 211) in field 3. For
more details about field properties, such as soil types
and locations, see Pannwitt et al. (2017).

Experimental design

In 2015, seed production was measured in a com-
pletely randomised block design. Each field consisted
of six blocks (10.5 x 13.5m) with 12 plots
(1.5 x 1.5 m) each that were 10 m apart. Different
densities of seeds of E. crus-galli (300, 600, 1200, and
2400 seeds m~2; Appels Wilde Samen GmbH, Darm-
stadt, Germany) were applied to two plots per block
in August 2014. No seeds were added (control) in
four plots per block. Seed predators, such as carabid
beetles and rodents, can be active in the fields and
affect the density of applied seeds. Therefore, they
were excluded from half of the plots by a 60-cm-high
plastic frame.

In the spring and summer of 2015, following seed
addition in 2014, the effect of interspecific competition
with other weed species on seed production of E. crus-
galli was tested by (i) eliminating all other weeds
(treatment 1), or (i) allowing other weeds after the
crops had three leaves (treatment 2). For this purpose,
half the blocks were kept weed free (except for E. crus-
galliy by a combination of selective herbicide treat-
ments and hand weeding (see below), while in the
other half, weed management stopped after 1-4 June.
Two weeks before crop seeding, a non-selective herbi-
cide (Glyphosate, 450 g a.i. L™', Glyphos Supreme,
FMC, Germany) was applied in both treatments. This
treatment most likely had no effect on E. crus-galli
because at that time, no seedlings of E. crus-galli had
emerged. When the crop had developed three leaves
(1-4 June), leaf- and soil-active herbicides (Tritosul-
furon, 250 g a.i. kgfl, Arrat, BASF, Germany, and
Dicamba, 500 g a.i. kg’l, Dash, BASF, Germany)
were applied in both treatments. When the crop had
six leaves (29-30 June), a leaf-active herbicide (Bro-
moxynil, 225 g a.i. L™!, Bromotril 225 EC, ADAMA,
Germany) was applied additionally, but only to treat-
ment 1. After that, late-emerging weeds of species
other than E. crus-galli were manually cut to ground
level every second week in treatment 1.
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To test the effect of the timing of seedling emer-
gence (cohorts), seedlings of E. crus-galli were marked
using a differently coloured toothpick for each emer-
gence cohort, every second week. Cohort 1 included
individuals of E. crus-galli that had emerged before
maize planting on 4 May; cohort 2 included individu-
als counted from 5 May until 1 June; cohort 3
included individuals that emerged between 2 and 30
June; and cohort 4 included individuals that emerged
between 1 and 31 July. Seedlings that emerged in
August were not considered for analysis because these
plants did not produce seeds. Similarly, seedlings that
emerged immediately after sowing of E. crus-galli in
the autumn of 2014 were not considered because they
died in winter and produced no seeds.

Seed production

Panicles were checked for flowering from July to Octo-
ber 2015. Each flowering panicle was wrapped in a
perforated and air-permeable bag (Crispac bag,
150 x 305 mm, pores & 2.00 mm, Baumann
Saatzuchtbedarf, Waldenburg, Germany) to avoid seed
losses. All panicles were cut and collected a few days
before maize harvest. The number of adult plants, that
is plants that produced panicles, was counted per
cohort and plot. Panicles were separated from the culm
of the adult plants by cutting them approximately one
cm below their lowest rachis. Panicles were oven-dried
(30°C) for 24 h and stored at room temperature until
they were analysed.

A total of 6491 panicles of E. crus-galli were har-
vested. For each panicle, the dry weight was deter-
mined by weighing to an accuracy of +10 mg and
length was measured from the attachment point of the
lowest rachis to the tip of the panicle.

To determine the relationship between seed number
and panicle dry weight or length, a subsample of 178
panicles was drawn from all panicles. The sample was
not completely random; the subsample always included
small-, medium- and large-sized panicles from all treat-
ments and all cohorts. The number of caryopses per
panicle, which we refer to as seeds per panicle, was
determined by stripping the seeds from the panicles
and separating apparently broken or empty seeds from
intact (full, sound and heavy) seeds and counting the
intact seeds manually.

Data analysis

To select the best predictor of the number of seeds per
panicle, regression models of log-transformed panicle
dry weight and log-transformed panicle length were
analysed separately, including their respective second-
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degree polynomials. Seed predators were able to access
ripe, heavy panicles hanging outside the plastic frames
in field 1; therefore, plots with frames from field 1 were
excluded from regression analysis. Models that could
accommodate skewed error distributions were tested:
(1) a generalised linear regression model (GLM) with a
quasi-poisson distribution; (ii)) a GLM with a negative
binomial distribution; (iii) a linear regression model
(LM) after Box-Cox transformation of the response
variable; and (iv) a LM after log transformation of the
response variable. Explanatory variables included weed
cohort (1-4), field (1-3), weed seed density (300, 600,
1200 or 2400 seeds m ), interspecific competition with
other weed species (+), weed seed predation (4+) and
first-order interactions. Model selection was done via
backward selection using the F test (models 1, 3, and
4) or the chi-square test (model 2), with o < 0.01 as
the test criterion.

When all data were analysed together, panicle dry
weight did better than panicle length in describing seed
production per panicle. Therefore, further analyses
focussed on panicle dry weight as the main predicting
variable of seed count. Because of significant interactions
between field and panicle dry weight, further field-specific
model selection and subsequent analysis were carried
out. All final models met the model assumptions (linear
relationship assumption, normal distribution of residu-
als, homoscedasticity and absence of influential values).

Calibrating seed production data from Norris
(1992b)

To compare our E. crus-galli seed data from Germany
with data from California (Norris, 1992b), we com-
bined and converted Norris’s model equations. Norris
related the number of florets and the seed dry weight
per panicle to the structural dry weight of the panicle,
that is the dry weight without the seeds, as follows:

log(numflor) = 0.98 + 0.96 x log(strucbiom)
log(weightseeds) = 1.12 4+ 1.03 x log(strucbiom) [’

(1)
where numflor = number of total florets per panicle,
weightseeds = weight of seeds + aborted seeds per pan-
icle (mg per panicle), and strucbiom = panicle struc-
tural dry weight (mg per panicle).

From 1, it follows that the total panicle dry weight
(B), that is the sum of the dry weight of the structure,
the seeds and the aborted seeds, is

B = exp(1.12 + 1.03 x log(strucbiom)) + strucbiom.
(2)

Under the assumption that numflor is equal to the
number of seeds (S), it follows from 1 that

log(strucbiom) = (log(S)) — 0.98)/0.96. (3)

The insertion of Eqn 3 into Eqn 2, subsequent sim-
plification and changing the units to (g per panicle)
results in

log(B) = log((exp(1.073 x log(S) + 0.069)

+exp(1.042 x log(S) — 1.021))/1000) “)

Solving Eqn 4 for S 1is analytically impossible.
Therefore, Eqn 4 was used to compare Norris’s and
our results graphically (Fig. 1).

Using the regression models to estimate seed
production

To provide an example of an application of our regres-
sion models, the number of seeds produced per plant and
the number of seeds produced per m> were estimated.
This was done only for plots that excluded seed predators
and had been seeded with 600 seeds m > (six plots per
field). We had no information on the number of panicles
per individual adult E. crus-galli plant. However, for
each plot, information was available on (i) the number of
E. crus-galli plants per cohort and per m?, (ii) the pro-
portion of these plants that were adult, (iii) the number
of panicles per m? and to which cohort they belonged,
(iv) the dry weight of each of these panicles, and (v) our
regression lines relating panicle dry weight to seeds per
panicle based on a sample of these panicles. This allowed
the estimation of means and standard errors (n = 6). The
information was used as follows: the selected regression
lines relating panicle dry weight to the number of seeds
per panicle (Fig. 1) were used to estimate the number of
seeds for each panicle (n = 896) that was bagged in any
of the plots. This process was repeated using the relation-
ship established by Norris (1992b). Next, for each field,
seed production per cohort and per m” was calculated by
adding up the seeds produced by all panicles per field and
cohort and per m2. The number of seeds per plant is the
number of seeds per m? divided by the number of adult
plants per m” Then, the number of panicles per adult
plant was calculated as the number of panicles per m?
divided by the number of adult plants per m? per field
and cohort. The number of seeds per panicle was calcu-
lated by the number of seeds per adult plant divided by
the number of panicles per adult plant for each field and
cohort. The calculation of the number of seeds per pani-
cle and seeds per m? was repeated by using the relation-
ship established by Norris.

Statistic tools used

All analyses were done in R version 3.1.2 (R Core Team,
2017). The package ‘MASS’ (Venables & Ripley, 2002) was
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9 | log(S)="5.944 +0.707 log(B)
R?=0.947

Seeds per panicle (log number)

Field 2

log(S) = 6.238 + 1.200 log{B) — 1.189 (log(B))?
R*=0.857
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Field 3

log(S) = 6.168 + 0.937 log(B)
R?=0.849

1 3 5 -5 -3 -1 1 3 5

Dry weight per panicle (log g)

Fig. 1 Number of seeds (S) per panicle of E. crus-galli depending on panicle dry weight (B) in three fields. Regression line with 95%
confidence interval. The dotted lines display the relationship derived from Norris (1992b) (log(B) = log((exp(1.073 x log

(S) + 0.069) + exp(1.042 x log(S) — 1.021))/1000)).

used for the negative binomial model, and the package ‘em-
means’ (Lenth, 2018) was used to compare the slopes of dif-
ferent regression models.

Results

Relationship between panicle dry weight and seed
production on a small scale

Of all tested models, the LM with log transformation
was the most parsimonious and revealed the highest
R? or pseudo-R* (explained deviance of GLMs); thus,
further analysis focussed on LM. When data of all
fields were analysed together, the number of seeds per
panicle was best described by panicle dry weight
(R* = 92%). Using panicle length instead of dry weight
as an explanatory variable explained less of the vari-
ance (R> = 69%; Table 1). Analysis per field showed
that only the tested variable on panicle traits, namely
panicle dry weight and panicle length, could explain
the number of seeds per panicle. All other tested vari-
ables, that is weed cohort, weed seed density, inter-
specific competition with other weed species, weed seed
predation and first-order interactions, did not signifi-
cantly explain the number of seeds per panicle.
Field-specific models based on panicle dry weight
are shown in Fig. 1. In all fields, the number of seeds
increased with panicle dry weight, but the slopes of the

regression lines differed significantly among all three
fields (P (3% < 0.05). This indicates that plants differed
between fields in the allocation of resources to seeds.

Table 1 Analysis of variance of best-selected linear regression
model to describe the log number of seeds per panicle by plant
traits (panicle dry weight (B) or panicle length (L)) and other
explanatory variables (field (1-3), weed seed predation (4) and
first-order interactions)

Parameter df F value P value
Panicle dry weight

(R? = 92%)

Log(B) 1 1724.617 <0.001
Log(B?) 1 18.475 <0.001
Field 2 5.120 0.007
Weed seed predation (+) 1 0.622 0.431
Log(B) x field 2 21.741 <0.001
Log(B) x weed seed 1 12.878 <0.001
predation (&)

Log(B?) x field 2 9.412 <0.001
Residuals 167
Panicle length (R? = 69%)

Log(L) 1 309.163 <0.001
Log(L?) 1 8.910 <0.001
Field 2 0.882 0.144
Log(L) x field 2 5.506 <0.001
Log(L?) x field 2 3.064 0.001
Residuals 169
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Relationship between panicle dry weight and seed
production on a large scale

The confidence interval of our regression models dif-
fered significantly from the model described by Norris
(1992b) in two of the three fields. If the regression
model by Norris (1992b) would have been used, then
seed production would have been underestimated for
lighter panicles (<0.3 g panicle dry weight) and overes-
timated for heavier panicles (>0.7 g panicle dry weight)
in field 1. In contrast, in field 2, seed production would
have been overestimated for lighter panicles (<0.5 g
panicle dry weight) and underestimated for heavier
panicles (between 0.9 and 3.5 g panicle dry weight).

Using the regression models to estimate seed
production

Seed production by E. crus-galli differed between fields
as the adult plants in field 1 produced, on average, 590
(£ 161) seeds per plant (n = 6); those in field 2 produced
1638 (£ 403) seeds per plant; and those in field 3 pro-
duced 2483 (+ 341) seeds per plant. Lowest seed produc-
tion was obtained in field 1 (58 157 + 8064 seeds m ),
followed by field 2 (130 888 + 16 960 seeds m ), and
being highest in field 3 (203 643 + 37 739 seeds m ).
The total number of adult plants per m?, the number of
panicles per adult plant and the number of seeds per pani-
cle were higher in field 3 than in fields 1 and 2 (Table 2).
In field 2, the number of panicles per adult plant and the
number of seeds per panicle was higher than field 1
(Table 2).

In all three fields, the main contributor to seed pro-
duction per m? was the number of plants that emerged
in cohort 2 (field 1, 77%; field 2, 78%; and field 3,
54%), followed by the number that emerged in cohort
3 (field 1, 22%; field 2, 10%; and field 3, 46%). In field
2, seeds from plants that emerged in cohort 1 con-
tributed only 12% to seed production, and in field 1,
cohort 4 contributed only 1%. The number of panicles
per adult plant and number of seeds per panicle gradu-
ally decreased, comparing all fields, in the following
order: cohort 2 > cohort 3 =~ cohort 1 > cohort 4
(Table 2).

Discussion

The objective to optimise the estimation of seed pro-
duction calls for a solid method, delivering results not
affected by the plasticity of weed species due to compe-
tition or time of emergence, environmental variations
and genetic differences. Moreover, it should be easy to
handle. We first discuss how robust the methods based
on panicle traits, namely dry mass and length, are to

estimate seed production per panicle on a large scale
(i.e. across continents) and then compare the differ-
ences occurring on a small scale (i.e. across fields). We
then evaluate the methods to assess seed production in
light of its foreseen purpose of integrated weed man-
agement.

Relationship between panicle dry weight and seed
production on a large scale

Comparing Norris” model with the model we devel-
oped, the relationship between panicle dry weight and
seed production per panicle was equally closely related
among the two climates, different field managements,
differences in the competition with the crop and popu-
lations of E. crus-galli between the two continents
(Europe and USA) and was not influenced by the year
of the study (1992 vs. 2015). Panicle dry weight
explained seed production per panicle in both models
equally well. The models developed in this study,
describing the number of seeds per panicle as a func-
tion of panicle dry weight or length, were not influ-
enced by the plasticity of E. crus-galli, that is variation
in plant morphology due to intra- and interspecific
competition and time of emergence. Panicle dry
weight, however, predicted seed production per panicle
more precisely than did panicle length. Thus, on a
large scale, panicle dry weight resulted in a more
robust model for the estimation of seed production
than panicle length.

Relationship between panicle dry weight and seed
production on a small scale

However, when comparing the relationship between
panicle dry weight and seed production per panicle on
a small scale, the slopes of the relationship varied
between the three experimental sites. When seed pro-
duction was estimated in our fields using the model
developed by Norris, very different estimates were
obtained for two of the fields than when our own
models were used. Apparently, differences on a small
scale can have consequences for the total amount of
seeds produced. Seed production per m> would have
been overestimated by 41% and underestimated by
14% in fields 1 and 2, respectively, if the equation de-
veloped by Norris (1992b) would have been used.

On a small scale, competition by other weeds, seed
density or presence/absence of seed predators could
not explain differences in seed production. This indi-
cates that other factors influencing growing conditions
in each field altered the slope of the relationship
between seed number and panicle dry weight, resulting
in field-specific values. While growing conditions
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Table 2 Adult plants per m? panicles per adult plant, seeds per panicle and seeds per m? for each cohort (1, early May; 2, May until
the beginning of June; 3, June; and 4, July) of E. crus-galli in three fields (1, 2 and 3) at a sowing density of 600 seeds per m?

Plants Panicles Seeds Seeds Seeds in Norris Seeds in Norris
Field  Cohort (m~2) (plant™") (panicle™") (m~2) (panicle™") (m32)
1 2 31 + 5.232 2 +0.132 586 + 45 45 028 + 8732 862 + 81 65 941 + 13 232
3 66 + 12.426 1+0.138 192 + 47 12 934 4 2386 245 + 67 16 183 & 3285
4 9 + 2.996 1 + 0.066 22 + 6 195 + 92 12+ 5 109 + 63
2 1 16 £ 4.000 2 4+ 0.000 514 + 64 15 912 4 2054 444 + 47 13 824 £ 2050
2 48 + 9.179 3 + 0.660 761 + 78 102 284 + 16 027 651 + 63 87 466 + 13 226
3 15 + 3.040 1 + 0.359 517 + 103 12 692 + 5487 450 + 80 11 054 + 4642
3 2 22 + 8.983 4 + 0.877 852 + 101 109 462 + 50 090 830 + 100 1 066 87 + 48815
3 61 + 6.746 2 + 0.596 621 + 46 94 181 + 18 764 606 + 45 91718 + 18 278

Seeds per panicle and the number of seeds per m? were estimated by regression models in each field and the regression model from Nor-

ris (Fig. 1; n = 6; field 2, cohort 1, n = 2; mean + standard error).

appeared to alter panicle dry weight, the number of
seeds per panicle always remained closely related to
panicle dry weight. Different field conditions caused
shifts in the timing of seedling emergence, the number
of panicles per plant and the number of seeds per pani-
cle. As expected, the timing of seedling emergence
influenced seed production of the adult plants of
E. crus-galli. With delayed emergence, seed production
declined because late-emerging plants produced fewer
panicles per plant and fewer seeds per panicle. Similar
effects have been described for E. crus-galli in maize,
rice and cotton fields where late-emerging weeds had
to compete with the crop, especially for light (Norris,
1992a, 1996; Bosnic & Swanton, 1997, Clay et al.,
2005; Bagavathiannan et al., 2012). Thus, our analyses
showed that growing conditions clearly altered panicle
dry weight; but in each field, the number of seeds per
panicle was always closely related to the panicle dry
weight.

In summary, the relationship between panicle dry
weight and the number of seeds per panicle appears to
be surprisingly solid when compared at a large, conti-
nental scale, but can differ at a small, regional scale.

The objective to establish a reliable and straightfor-
ward method to estimate seed production is difficult to
achieve in the case of E. crus-galli. In this study, pani-
cle dry weight did better than panicle length in predict-
ing seed production per panicle. The difference in the
percentage of explained variance was substantial with
69% (panicle length) and 92% (panicle dry weight). In
contrast to the study by Norris (1992b), in this study,
the total panicle dry weight was measured by including
the dry weight of the seeds. This way of measuring
panicle dry weight requires a much better timing and
is more time consuming than simply measuring panicle
dry weight without seeds or panicle length, which can
be measured after seed shed. Alternatively, panicle dry
weight excluding the seeds is less time-consuming. Nor-
ris (1992b) waited until full seed shed, which lasted for

approximately 3 weeks, to measure the number of
seeds by panicle length and panicle dry weight without
seeds. By using either length or dry weight without
seeds as independent variables, Norris (1992b) found
no difference in the explained variance (94%) of the
models for seeds produced per panicle. Compared to
Norris’s study, the growth of E. crus-galli in the cur-
rent experiment was limited by several variables, such
as different densities of E. crus-galli, presence of the
crop, herbicide application and seed predation. During
model selection, each of these variables was dropped
one at a time. Intra- and interspecific competition,
however, changed the relationship between seeds per
panicle and panicle length in a way that made the
error in the model increase. Measuring panicle dry
weight including seeds, however, requires that all seeds
are still on the panicle. This method is more appropri-
ate for E. crus galli plants grown under arable crop-
ping conditions. Panicles of E. crus-galli were formed
over a period of up to 9 weeks and the seeds did not
mature simultaneously. This requires either frequent
sampling or bagging the panicles, as done in this
experiment. Seeds in this study did not fully shed until
harvest. Rubbing the panicle to separate fixed seeds is
again time-consuming and can partly destroy the pani-
cle structure.

Our study gives new insights into the pros and cons
of different methods that can be used to estimate seed
production in E. crus-galli. Both methods, that is
based on a relationship between seed number and pan-
icle dry weight or panicle length, have their advantages
and disadvantages, depending on the users demand for
precision and work load.

1 Panicle length can be used if the estimate of seed
production does not have to be very precise or seeds
have already shed. This method would be sufficient
if a quick and rough estimate of seed production is
required, for instance to compare the efficiency of
weed control measures within a field.
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2 Total panicle dry weight is a more precise estimator
of seed production. This method should be used
when high accuracy and precision is needed and suf-
ficient time and labour is available. We recommend
it as the method of choice in research if different
influences within one field on weed demography
should be modelled, such as crop management (e.g.
mechanical weed control) or seed losses caused by
seed predation (Pannwitt et al., 2017).

3 Applications of population dynamic simulation models
intend to predict long-term developments. Field-specific
calibration of seed production is an unfulfillable request
for this type of application. Even so, long-term simula-
tion models can profit from the results of this study, as
the correspondence of estimated seeds per panicle with
Norris and our data are good news for these applica-
tions. Predicting seed production very precisely and
accurately is valuable in itself, but cannot replace weak
data on numerous other life-cycle parameters requested
in these simulation models. We conclude that the accu-
racy in predicting seed production based on panicle
traits is satisfying for their purposes. In long-term sce-
nario applications, research resources should be allo-
cated sensibly to quantify all population dynamic
parameters.

Acknowledgements

We would like to thank the farmers Florian Wulff,
Enrico Wessler, Jochen Walther, Ralf Lampe, Iman
Geluk and Sebastian Eckhard for generously allowing us
to use their fields. Also, many thanks to Christian Selig,
Ingolf Gliege, Rosa Minderlen, Louise Weinel, Juliane
Liitke, Peter Hoft and Jennifer Scheel for their assistance
in the field and laboratory. We thank the German
Research Foundation (DFQG) for financial support of the
project (WE 5040/2-1) ‘Testing for the weed control
potential of seed predators in agroecosystems’. We thank
Laurie Anne Koning for editing the manuscript’s gram-
mar with her native English language skills.

References

BAGAVATHIANNAN MV, NorsworTHY JK, SMiTH KL & NEVE
P (2012) Seed production of barnyardgrass (Echinochloa
crus-galli) in response to time of emergence in cotton and
rice. The Journal of Agricultural Science 150, 717-724.

BarzmaN M, BArBERI P, BircH ANE er al. (2015) Eight
principles of integrated pest management. Agronomy for
Sustainable Development 35, 1199-1215.

Bosnic AC & SwantoN CJ (1997) Influence of barnyardgrass
(Echinochloa crus-galli) time of emergence and density on
corn (Zea mays). Weed Science 45, 276-282.

CraerHOUT S, DEWAELE K, DE Riek J, REHEUL D & DE
CAUWER B (2016) Morphological and genetic variability of

local Echinochloa accessions and the link with herbicide
sensitivity. Weed Research 56, 137-148.

CrLay SA, KLEINJIAN J, CLAY DE, ForceLLA F & BATCHELOR
W (2005) Growth and fecundity of several weed species
in corn and soybean. Agronomy Journal 97, 294—

302.

Destatis (2018) Statistisches Bundesamt. Feldfriichte und
Griinland. Available at: https://www.destatis.de/DE/Zahle
nFakten/Wirtschaftsbereiche/LandForstwirtschaftFischerei/
FeldfruechteGruenland/Tabellen/FeldfruechteZeitreihe.html
(last accessed 26 January 2018).

ForceLrLA F, CoLBacH N & Kecope GO (2000) Estimating
seed production of three Setaria species in row crops.
Weed Science 48, 436-444.

FrEckLETON RP & StePHENS PA (2009) Predictive models
of weed population dynamics. Weed Research 49, 225-
232.

GoNzALEZ-ANDUJAR JL & FERNANDEZ-QUINTANILLA C (2004)
Modelling the population dynamics of annual ryegrass
( Lolium rigidum) under various weed management systems.
Crop Protection 23, 723-729.

Hear I (2018) The international survey of herbicide resistant
weeds. Available at: http://www.weedscience.org (last
accessed 26 January 2018).

Horst N, RasmusseN TA & Bastiaans L (2007) Field weed
population dynamics: a review of model approaches and
applications. Weed Research 47, 1-14.

LentH R (2018) Emmeans: estimated marginal means, aka
least-squares means. R package version 1.1.2. Available at:
https://CRAN.R-project.org/package =emmeans (last
accessed 6 July 2018).

Maun MA & Barrert SCH (1986) The biology of Canadian
weeds. 77. Echinochloa crus-galli (L.) Beauv. Canadian
Journal of Plant Sciences 66, 739-759.

pE Mol F, voN Repwitz C & GeErOwITT B (2015) Weed
species composition of maize fields in Germany is
influenced by site and crop sequence. Weed Research 585,
574-585.

Norris RF (1992a) Case history for weed competition/
population ecology: barnyardgrass (Echinochloa crus-galli)
in sugarbeets (Beta vulgaris). Weed Technology 6,
220-227.

Norris RF (1992b) Relationship between inflorescence size
and seed production in barnyardgrass (Echinochloa crus-
galli). Weed Science 40, 74-78.

Norris RF (1996) Morphological and phenological variation
in barnyardgrass (Echinochloa crus-galli) in California.
Weed Science 44, 804-814.

Norris RF (2007) Weed fecundity: current status and future
needs. Crop Protection 26, 182—188.

NorsworTHY JK, WARD SM, SHaw DR et al. (2012)
Reducing the risks of herbicide resistance. Best
management practices and recommendations. Weed
Science 60, 31-62.

Pannwitt H, WESTERMAN PR, DE MoL F, SeLiGc C &
GerowITT B (2017) Biological control of weed patches by
seed predators; responses to seed density and exposure
time. Biological Control 108, 1-8.

R Core Team (2017) R: A language and environment for
statistical computing. Available at: https://www.R-project.
org/ (last accessed 2 March 2018).

© 2019 The Authors. Weed Research published by John Wiley & Sons Ltd on behalf of European Weed Research Society 59, 437-445


https://www.destatis.de/DE/ZahlenFakten/Wirtschaftsbereiche/LandForstwirtschaftFischerei/FeldfruechteGruenland/Tabellen/FeldfruechteZeitreihe.html
https://www.destatis.de/DE/ZahlenFakten/Wirtschaftsbereiche/LandForstwirtschaftFischerei/FeldfruechteGruenland/Tabellen/FeldfruechteZeitreihe.html
https://www.destatis.de/DE/ZahlenFakten/Wirtschaftsbereiche/LandForstwirtschaftFischerei/FeldfruechteGruenland/Tabellen/FeldfruechteZeitreihe.html
http://www.weedscience.org
https://CRAN.R-project.org/package=emmeans
https://www.R-project.org/
https://www.R-project.org/

voN Repwitz C & Gerowitt B (2018) Maize-dominated
crop sequences in northern Germany: Reaction of the
weed species communities. Applied Vegetation Science 21,
431-441.

voN Repwitz C, PANNWITT H & GEROWITT B (2016)
About the interplay of sensitive and resistant biotypes
in weed populations - simulation exercises for
Echinochloa crus-galli in maize crops. Julius-Kiihn-
Archiv 452, 93-99.

Estimating seed production in barnyardgrass 445

THompsoN K & STEWART AJA (1981) The measurement and
meaning of reproductive effort in plants. The American
Naturalist 117, 205-211.

VENABLES WN & RipLEY BD (2002) Modern Applied Statistics
With S, 4th edn. Springer, New York, NY, USA.

WEINER J, CampPBELL LG, PiNno J & EcHARTE L (2009) The
allometry of reproduction within plant populations.
Journal of Ecology 97, 1220-1233.

© 2019 The Authors. Weed Research published by John Wiley & Sons Ltd on behalf of European Weed Research Society 59, 437-445



