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a  b  s  t  r  a  c  t

Avena  fatua  is  a cosmopolite  weed  species  which  produces  severe  yield  losses  in small-grain  production
systems  in  temperate  and  semiarid  climates.  In  the  semiarid  region  of Argentina,  A.  fatua  field  emergence
patterns  show  great  year-to-year  variability  mainly  due  to the  effect  of  highly  unpredictable  precipitation
regimes  as  well  as a complex  seedbank  dormancy  behavior  regulated  by  both,  genetic  and  environmental
factors.  Previously  developed  models  for the  same  agroecological  system  based  on  Non-Linear  Regres-
sion techniques  (NLR)  and  Artificial  Neural  Networks  (ANN)  were  either  unable  to  accurately  predict  field
emergence  or  lacked  explanatory  power.  The  main  objective  of  the  present  work  is to  develop  a  simple  (i.e.
parsimonious)  model  for A.  fatua  field  emergence  prediction  for the  semiarid  region  of  Argentina  based
on the  disaggregation  of  the dormancy  release  phase  from  the germination/pre-emergence  growth  pro-
cesses,  using  easy  accessible  soil  microclimate  derived  indices  as  input  variables  and  observed  cumulative
field  emergence  data  as output  variable.  The  parsimony  and  predictive  capability  of  the  newly  developed
model  were  compared  with  NLR  and  ANN approaches  developed  by the  same  authors  for  the  same  agroe-
cological  system.  Specifically,  dormancy  release  was  modeled  as  a logistic  function  of  an  after-ripening
thermal-time  index  while  germination/pre-emergence  growth  was  represented  by a logistic  distribution
of hydrothermal-time  accumulation.  A total  of 528  input/output  data  pairs  corresponding  to  11  years
of  data collection  were used  in this  study.  Due  to its  implementation  simplicity  and  good  convergence
features,  a  Genetic  Algorithm  (GA)  was adopted  to solve  the  resulting  optimization  problem  consisting

on  the  minimization  of the  Mean  Square  Error  (MSE)  between  training  data  and experimentally  obtained
field  emergence  data. The  newly  developed  GA  based  approach  resulted  in a significantly  more  parsimo-
nious  model  (BIC  = −1.54)  compared  to ANN  (BIC  =  −1.36)  and  NLR  (BIC  = −1.32)  models.  Model  evaluation
with  independent  data  also  showed  a better  predictive  capacity  of the  GA  approach  (RMSE  = 0.07)  com-
pared  to NLR  (RMSE  =  0.19)  and  ANN  (RMSE  = 0.11)  alternatives.  These  outcomes  suggest  the  potential
applicability  of  the  proposed  predictive  tool  in  weed  management  decision  support  systems  design.
. Introduction

Avena fatua L. (wild oat) is a cosmopolite weed species which
roduces severe yield losses in small-grain production systems

n temperate and semiarid climates (Li and Foley, 1997; Scursoni
t al., 2011). A. fatua field emergence patterns observed around
he world are particularly interesting for weed scientists due to

heir challenging features from a forecasting perspective. For exam-
le, under highly variable soil thermal and moisture conditions, A.

atua shows multiple annual cohorts generating very irregular and

∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600.
E-mail address: ablanco@plapiqui.edu.ar (A.M. Blanco).

304-3800/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolmodel.2013.10.013
© 2013 Elsevier B.V. All rights reserved.

time-distributed field emergence patterns, as those observed in
semiarid southern regions of Argentina (Chantre et al., 2012). Con-
versely, in temperate environments with non-severe soil moisture
limitations during the emergence period, regular and concentrated
cumulative emergence curves are observed (Chauhan et al., 2006;
Page et al., 2006; Martinson et al., 2007; Chantre et al., 2013).

Such a behavior suggests that wild oat might have developed
specific ecological adaptations to different regional climatic con-
ditions basically modulated by the seed dormancy phenomenon
(Chantre et al., 2013). Naylor and Fedec (1978) suggested that

Avena fatua genotype-by-germination temperature interaction
has an adaptative ecological role that allows wild oat to colonize
diverse ecosystems. Genetic adaptations of natural populations of
A. fatua affecting duration of primary dormancy were previously

dx.doi.org/10.1016/j.ecolmodel.2013.10.013
http://www.sciencedirect.com/science/journal/03043800
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2013.10.013&domain=pdf
mailto:ablanco@plapiqui.edu.ar
dx.doi.org/10.1016/j.ecolmodel.2013.10.013


2 l Mod

d
N
e
v

f
d
d
d
m
t
o
a
m
a
i
o
P
m
w
a

t
a
s
2

d
w
g
t
K
t
s
o
a
r
r

b
t
f
i
o
m
w
o
(

(
b
e
t
e
a
w
o
w
l
a
t
o
a

G
t

94 A.M. Blanco et al. / Ecologica

ocumented in the literature (Naylor and Jana, 1976; Jana and
aylor, 1980; Adkins et al., 1986). In this regard, Fennimore
t al. (1999) proposed a genetic model to explain seed dormancy
ariability of A. fatua via selection of genes at three loci.

Seed dormancy reveals itself as a crucial mechanism to avoid
atal germination assuring seedling survival under highly unpre-
ictable climatic environments. As stated by Grundy (2003),
ormancy is the single most important feature of weed seedbank
ynamics and periodicity. Soil temperature is the major environ-
ental factor governing changes in the degree of dormancy in

emperate environments (Benech-Arnold et al., 2000). For the case
f Avena fatua, as for most winter annual weed species, a given
fter-ripening thermal-time requirement must be fulfilled for pri-
ary dormancy loss to occur (Bewley and Black, 1994; Baskin

nd Baskin, 1998). High temperatures during seed development
n the mother plants have also proven to increase germinability
f recently harvested wild oat seeds (Sawhney and Naylor, 1980;
eters, 1982). Conversely, for seeds induced into secondary dor-
ancy by anaerobic conditions, increments in dormancy levels
ith temperature were observed (Symons et al., 1986, 1987; Foley

nd Fennimore, 1998).
Due to the dormancy characteristics of A. fatua described above,

he estimation of field emergence is a challenging task. Both, mech-
nistic and empirical based models have been proposed by weed
cientists in order to forecast emergence of annual species (Grundy,
003).

Reductionist modeling approaches aim to provide a close
escription of the basic ecophysiological processes underlying
eed emergence (i.e. dormancy, germination and pre-emergence

rowth). Many mechanistic models based on the description of
he biophysical processes have been proposed (Vleeshouwers and
ropff, 2000; Colbach et al., 2005; Gardarin et al., 2012a). Although

hese models are desirable from a process-based knowledge acqui-
ition perspective, they require a large amount of often unavailable
r difficult to gather experimental information to be developed
nd validated. As remarked by Grundy (2003), the complexity of
eductionist models is associated to over-parameterization and the
eliance on large and complicated input data sets.

Empirical weather-based models seek to identify correlations
etween environmental variables and observed emergence pat-
erns. Such models provide a simpler and less complex modeling
ramework compared to reductionist models, thus becoming “eas-
ly adoptable” to support decisions such as spraying timing and type
f herbicide to use. However, an important weakness of empirical
odels is associated to the complexity of the interactions between
eather variables that sometimes can produce considerable under

r over-estimation of weed emergence, as highlighted by Grundy
2003).

Soil microclimate derived indices such as hydrothermal-time
�HT) and thermal-time (�T) have been used to quantify the effect of
oth, soil temperature (T) and soil water potential (� ) on weed field
mergence. They assume that emergence rates are proportional
o the amount by which soil temperature and soil water potential
xceed a given threshold value (Bradford, 2002). These thresholds
re basically the base or minimum temperature (Tb) and the base
ater potential (� b) for germination. Generally, these values are

btained from germination laboratory studies and in many cases
ithout explicitly considering the dormancy status of seed popu-

ation, which is expected to alter such cardinal values. However,
s stated by Bradford (2002), the implementation of the hydro-
hermal model remains a valid approach for integrating the effects
f both T and � toward germination under the assumption of Tb

nd � b to be constant.

Non-Linear Regression (NLR) sigmoidal shape models (Weibull,
ompertz, Logistic, etc.), based on �HT and �T indices are by far

he most widely adopted empirical approach for weed emergence
elling 272 (2014) 293– 300

prediction in the field (Forcella, 1998; Schutte et al., 2008; Haj
Seyed-Hadi and González-Andújar, 2009; Bullied et al., 2012;
Zambrano-Navea et al., 2013). Specifically for A. fatua, different
NLR models have been developed (Page, 2004; Page et al., 2006;
Martinson et al., 2007; Moschini et al., 2009). The major limitation
of NLR models is that they are sometimes not flexible enough to
capture complex features in the hydrothermal-time distribution,
as pointed out in Cao et al. (2011). This situation stems from their
univariate nature and fixed underlying non-linearity.

In order to cope with such limitations, Artificial Neural Networks
(ANN) have been recently developed by our work team for estimat-
ing weed emergence under field conditions (Chantre et al., 2012,
2013). ANN are flexible frameworks based on functional relations
which admit any number of explanatory variables and are trained
with a limited amount of data. Such empirical models are known
for their capacity to describe highly non-linear relationships among
variables thus showing a high potential applicability in ecological
systems (Lek and Guégan, 1999). However, despite the acceptable
predictive outcome of the developed ANN models, the approach
remains a “black-box” with limited explanatory power (Olden and
Jackson, 2002).

Regardless of the implemented approach, most of the pro-
posed empirical models share the same major simplification which
consists in visualizing the emergence process as “a-whole”, and
regressing observed cumulative emergence data as a function of a
single hydrothermal-time index (NLR models) or as a combination
of thermal-time and hydro-time indices (ANN models).

Colbach et al. (2005) highlighted the importance of avoiding
“black-box” models by disaggregating the ecophysiological com-
ponents of the emergence process. Thus, based on the importance
of seed dormancy as an adaptative ecological feature in A. fatua, we
hypothesize that the disaggregation of the dormancy release phase
from the germination/pre-emergence growth processes would
allow increasing the parsimony as well as the prediction capabil-
ity of the model compared to previously developed NLR and ANN
approaches for the same agroecological system (see Chantre et al.,
2012).

In order to quantify the effect of temperature and after-ripening
time on wild oat seed population dormancy status, an after-
ripening thermal-time index is implemented within a distribution
function. Index �AT allows quantifying the thermal-time accumu-
lation above a ‘base’ temperature required by a seedbank fraction
to lose its dormant condition. Many examples of this approach for
seed dormancy release quantification in winter annual species can
be found in the literature (Bauer et al., 1998; Bair et al., 2006;
Gianinetti and Cohn, 2007; Chantre et al., 2009, 2010). Similarly,
the germination/post-germination phase is modeled according to
another distribution which adopts a hydrothermal-time index as
explanatory variable, since soil water availability is a strong con-
ditional for germination (Bradford, 1990, 2002). Once a given
seedbank fraction accumulates enough after-ripening thermal-
time followed by the required hydrothermal-time accumulation
for germination and pre-emergence growth, seedlings emergence
occurs.

In order to estimate the involved parameters, a parameter
estimation problem has to be solved. Due to its implementation
simplicity and good convergence features, Genetic Algorithms (GA)
have been adopted lately to solve mean squares optimization prob-
lems. Genetic algorithms are stochastic optimization techniques
based on the evolution of sets of potential solutions according to
certain rules inspired in the natural selection process (Michalewicz,
1996). These techniques have demonstrated good global con-

vergence properties in non-linear, non-constrained models with
multiple local optima in many fields of science and engineering
(Rangaiah, 2010). They have also been used for weed seedling emer-
gence data fitting in Haj Seyed-Hadi and González-Andújar (2009).
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The objectives of the present work were to: (i) develop a simple
i.e. parsimonious) model for A. fatua field emergence prediction
n the semiarid region of Argentina based on the disaggregation of
he dormancy release phase from the germination/pre-emergence
rowth processes, using easy accessible soil microclimate derived
ndices as input variables and observed cumulative field emergence
ata as output; (ii) investigate the applicability of GA as optimiza-
ion tool to solve the proposed parameter estimation problem,
iii) compare the parsimony and predictive capability of the newly
eveloped model with NLR and ANN approaches developed by the
ame authors for the same agroecological system.

. Materials and methods

.1. Field experimental data

Avena fatua emergence data were collected from years 2000 to
010 at the experimental field of EEA INTA Bordenave (37◦50′ S;
3◦01′ W),  located in the south-west area of the semiarid region of
rgentina. The experiment was conducted on an undisturbed field
ith a high natural infestation of wild oat without crop presence.

eedling counting (destructive method) was performed at weekly
ntervals on three quadrats (1 m2 each) randomly distributed on
he field. At the end of each year of experimentation, the quadrats
ere removed and newly distributed at random into the remaining

rea of the 5 ha. experimental field. This way, the seedbank of a
articular year was not disturbed by the elimination of seedlings
uring the counting process of the previous years.

.2. Training and test sets

From the 11 years of experimentation, obtained data repre-
enting cumulative annual field emergence figures (N = 528) were
ivided into a train set (9 years, 82%) and a test set (2 years, 18%).

n this way, the independently generated yearly data sets were
sed for parameter estimation and evaluation purposes. It should
e mentioned that, although the environmental conditions of the
ifferent years were quite diverse, most of the data pool were
haracterized by moderate to extreme soil moisture availability
imitations for wild oat germination and emergence. Thus, the train
et was chosen to include a wide range of precipitation scenarios.
odel validation was performed on years 2006 and 2008 (test sets)

epresenting severe and moderate field soil moisture conditions
uring the emergence period, respectively.

.3. Estimation of soil temperature and soil water potential

The Soil Temperature and Moisture Model (STM2) developed
y USDA-ARS was used to estimate soil microclimate conditions
Spokas and Forcella, 2009). STM2 calculates soil moisture and
emperature based on soil composition and daily minimum and

aximum air temperature and precipitation. The model was  origi-
ally tested for many global sites in Spokas and Forcella (2009) and

urther validated in both temperate and Mediterranean type cli-
ates (Schutte et al., 2008; Masin et al., 2012). Specifically, for the

egion under study, STM2 outcomes were validated, showing a sat-
sfactory agreement between predicted and observed experimental
ata (Damiano et al., 2010).

STM2 was calibrated using soil site-specific parameters: soil
exture (sandy loam = 53% sand, 31% silt, 16% clay), organic mat-
er content (3.1%) and bulk density (1.2 Mg/m3). Daily mean soil
emperature (T) and water potential (� ) at 1 cm burial depth were

stimated using weather data registered at a meteorological station
ocated in the experimental field. In this work, 1 cm was consid-
red to be a representative seed burial depth for a non-tillage field
ondition (direct-drilled) since previous studies indicate that most
elling 272 (2014) 293– 300 295

of the seedbank is located within the first 0–5 cm of the soil pro-
file for untilled A. fatua field systems (Ghersa and Martínez-Ghersa,
2000). After natural seed dispersal, wild oat plants were mechan-
ically removed and the stubble was  used as soil surface coverage.
Residue cover represented by ‘% shade’ in STM2 was  set as 100%.

2.4. Model elements

2.4.1. Dormancy release
In order to quantify the effect of after-ripening time and

temperature on A. fatua seedbank dormancy release process, an
after-ripening thermal-time index (�AT) was  implemented. The
accumulation of after-ripening thermal-time units was  defined
according to the following equation:

�ATn =
∑
i=1,n

�Ai
(1a)

where

�Ai =
{

Ti − Tl if Tl < Ti

0 otherwise
(1b)

�ATn is the after-ripening thermal-time at day n, Ti is the estimated
mean daily soil temperature during the after-ripening time period,
and Tl is the base temperature below which after-ripening does not
occur.

2.4.2. Germination/pre-emergence growth
Most univariate weed emergence models have adopted

hydrothermal-time as explanatory variable since both T and �
have proven to be critical variables for seedling emergence.
Hydrothermal-time based models have shown to be more accu-
rate than thermal-time approaches under restrictive soil moisture
availability conditions during the emergence period of A. fatua
(Martinson et al., 2007). Therefore, an index that combines both T
and � is necessary for the development of univariate models under
the environmental conditions which prevail in semiarid regions. In
this work, the following hydrothermal-time definition was adopted
(Bradford, 2002; Martinson et al., 2007) to model germination in the
proposed emergence model:

�HTGn =
∑
i=1,n

�iHi (2a)

where

�i =
{

Ti − Tb if Ti > Tb

0 otherwise
(2b)

Hi =
{

1 if �i > �b

0 otherwise
(2c)

Ti is the estimated mean daily soil temperature and Tb is
the corresponding base temperature for germination. Similarly
� i is the daily soil water potential and � b is the corresponding
base water potential for germination. Notice that the definitions
of thermal-time, hydro-time and its combined expression (i.e.
hydrothermal-time) are functions of the cardinal parameters (Tl,
Tb and � b). In this contribution, such parameters were assumed to
be constant and fixed in values obtained from the literature. Specifi-
cally, Tb = 1 ◦C (Cousens et al., 1992) and � b = −1.2 MPa  (Page, 2004).
The calculation of after-ripening thermal-time accumulation was

based on Tl = 5 ◦C (Lodovichi, unpublished).

It should be acknowledged that in theory, pre-emergence
growth could have been modeled independently as an additional
distribution function. However, due to the superficial location of
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Fig. 1. Schematic representation of the proposed emergence model. By integrating
daily dormancy release (bars) accumulated dormancy release is obtained (dashed
line). Dotted lines represent accumulated germination/pre-emergence growth of
each non-dormant fraction. Note that as time increases, the dotted line reaches the
height of the bar, meaning that each non-dormant seedbank fraction germinates
96 A.M. Blanco et al. / Ecologica

he seedbank, the post-germination phase is not considered a bot-
leneck for emergence in the system under study. Therefore, we
pted not to model pre-emergence growth as an additional logis-
ic function depending on some thermal accumulation index, since
his would have introduced several additional adjustable param-
ters leading to a less parsimonious model. Rather, we  preferred
o integrate both: the germination and the post-germination sub-
rocesses into one logistic function in terms of hydrothermal-time
s explanatory variable.

.4.3. Distribution functions
Logistic functions (Eq. (3)) were adopted to model separately

eedbank dormancy release and germination/pre-emergence
rowth

 = �

1 + exp(−ı(x − �))
(3)

Y is the accumulated quantity (in proportion), x is the explana-
ory variable (�AT for dormancy release; �HTG for germination and
re-emergence growth) and � , � and � are model parameters.

It should be mentioned that many other distribution func-
ions might be used in modeling these processes, as suggested by

esgaran et al. (2013). Logistic distributions have the advantage of
roviding a simple explicit expression for the accumulated quan-
ity (Eq. (3)), compared for example with the normal distribution
hich involves the calculation of an integral with the associated

omputational burden. However, any distribution function could
e implemented within the proposed approach with minimum
rogramming modifications.

.5. Model structure

As previously mentioned, the proposed model disaggregates
ild oat seedling emergence into seed dormancy release (i.e.

fter-ripening process) and germination/pre-emergence growth
rocesses, considering them as independent phenomena that take
lace in series. Model assumptions are that each fraction of the
eedbank requires a certain amount of after-ripening thermal-time
ccumulation for dormancy release to occur. Thereafter, the differ-
nt fractions of the population must accumulate a given amount
f hydrothermal-time to allow germination and pre-emergence
rowth, finally leading to emergence.

Specifically, each fraction of the seedbank (AcDrn) accumulates
 certain amount of after-ripening thermal-time for dormancy
elease (�ATn) according to a logistic distribution (Eq. (4)). Following,
ach ‘non-dormant’ fraction of the seedbank has to accumu-
ate a certain amount of hydrothermal-time (�HTGm) distributed
ccording to a logistic law (Eq. (5)) to achieve germination and
re-emergence growth (AcGm) in order to finally emerge.

cDrn = 1
1 + exp(−ıdr(�ATn − �dr))

(4)

cGm = 1
1 + exp(−ıg(�HTGm − �g))

(5)

January 1st is arbitrarily chosen for after-ripening thermal time
ccumulation. There is experimental evidence that in this date the
eedbank is established with the contribution of the plants of the
revious season (seed rain), which in the southern hemisphere
akes place during the last months of the year (from mid-November
o late December).

In Fig. 1 the described logic is schematically depicted. Each day, a

pecific seedbank fraction loses its dormant condition due to after-
ipening thermal-time accumulation. The accumulated dormancy
elease distribution (described by Eq. (4)) is obtained by integrating
uch fractions along the year. Moreover, each specific non-dormant
along the following days according a specific distribution. Accumulated emergence
(solid line) is obtained by integrating each day the germinated/post-germinated
fraction corresponding to each non-dormant seedbank fraction.

fraction undergoes the germination/post-germination process by
accumulating hydrothermal-time according to Eq. (5). Finally,
accumulated emergence is obtained by integrating each day the
germinated/post-germinated fractions corresponding to the differ-
ent portions of the seedbank that lost dormancy during the previous
days.

Parameters �dr and �g were set to a value of 1 in Eqs. (4) and (5),
respectively, since they represent the asymptotic value of the distri-
bution which in both cases is 100%. The remaining parameters (ıdr,
�dr, ıg and �g) were estimated in the parameter estimation prob-
lem by allowing them to move within the following intervals: ı = [0,
0.1], � = [50, 2000]. These intervals correspond to broad bounds
around promising solutions (low mean square errors), identified
in previous computational experiments.

2.6. Genetic algorithms

Parameter estimation problems are special cases of optimiza-
tion problems. In parameter estimation problems the model
parameters are the optimization variables and Mean Square Error
type functions are usually adopted as objective functions. A dis-
tinctive feature of parameter estimation problems is the existence
of a large number of local minima. Stochastic optimization algo-
rithms have shown a good performance in parameter estimation
problems over their deterministic counterparts (Moles et al., 2003).
Their most attractive feature is a good balance between exploration
and exploitation of the search space which increases the chance of
convergence to global optima. Moreover, opposite to deterministic
algorithms where derivatives have to be provided, stochastic tech-
niques only use objective function values in the calculation, which
facilitates their computational implementation and broadens their
scope of application. Therefore, only a function that returns the
simulation results of the process to be optimized is required. This
feature provides a very flexible framework to experiment with arbi-
trary descriptive functions (nonlinear, discontinuous, etc.) with any
number of variables and parameters.

In particular, genetic algorithms (GA) are stochastic optimiza-
tion techniques based on the evolution of populations of solutions

according to operations inspired in the natural selection process
(Michalewicz, 1996). The involved operations in GAs are basically
selection, crossover and mutation. From an initial set of randomly
generated individuals (i.e. vectors of optimization variables), a
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3. For each ind ividual o f t he population (i. e. vec tors o f opt imization v ari ables ):

a. Calcul ate  aft er-ri penin g therm al-time  and  hydrot herm al-time indic es ( θATn and 

θHTm)

b. Calcul ate d aily ( n=2 to  365 ) seedb ank d orm ancy rele ase from Eq. (4 ) 

(DRn=AcDrn-AcDrn-1)

c. Calculate daily (m=n to 365) germination (Eq. 5) for each non-dormant 

seedb ank  fraction  as:  DGn,m=DRn(AcGm-AcGm-1)

d. Calculate daily (i=1 to 365) emergence as: AcEmi=∑j≤i ∑j≤ k≤i DGj,k

e. Calcul ate  MSE of t he tr ainin g set
δdr, λdr, δg, λg δdr, λdr, δg, λg 

Fig. 2. Genetic algorithm based parameter estimation scheme.

ubset of the best is selected according to their fitness value
objective function). Then, randomly chosen pairs of such selected
ndividuals are mathematically combined (crossed) in order to
enerate a new population of solutions (offspring). The crossover
peration emulates the exchange of genetic material between
omologous chromosomes that results in recombinant chromo-
omes. Finally, random modifications are introduced on some
ndividuals (mutations) in order to provide diversity. This pro-
edure is applied repeatedly on each population until some
ermination criterion is fulfilled, for example, a maximum number
f iterations (generations) is met  or the difference between the best
ndividuals of two successive iterations reaches a certain thresh-
ld value. There exist many different alternatives for each genetic
perator and each one has a specific set of tunable options. A com-
lete description of the different versions of genetic algorithms is
eyond the scope of this section. The interested reader is referred,
or example, to Michalewicz (1996), Rangaiah (2010) and Matlab
2013) for details on the methodology and implementation issues.

.7. Parameter estimation problem

In Fig. 2a schematic representation of the implemented param-
ter estimation problem based on a GA is presented. The Genetic
lgorithm block implements the operations performed on the
opulations of optimization variables (selection, crossover and
utation) and also checks for the termination criterion. The Objec-

ive Function Evaluator block predicts accumulated emergence for
ach individual and computes the corresponding MSE  value.

The GA option of the optimization tool of the MATLAB platform
Matlab, 2013), was used to solve the optimization problem. The
ermination criterion corresponds to whatever happens first: (i)

aximum number of generations (250) reached or (ii) weighted
verage change in the fitness function value over stall generations
50) less than function tolerance (1E−6).

The Objective Function Evaluator was programmed as a function
escribed by the pseudo-code of Fig. 3. In step 1 the population
f parameter values is read. The initial population is created by
andomly initializing each individual between their corresponding
ounds. In the subsequent iterations the population is generated
y the genetic algorithm. The training data sets are passed in
tep 2 as a 27-column matrix which provides daily mean tem-
erature, daily water potential and daily accumulated emergence
Ti, � i and AcEmi) for each one of the nine training years. This

atrix is read by the provided function to calculate the thermal

nd hydrothermal-time indices in step 3a (Eqs. (1) and (2)). In step
b daily dormancy release is evaluated from Eq. (4) by subtracting
o the ‘non-dormant’ seedbank fraction of day n, the fraction cor-
esponding to day n − 1. This can be done since the parameters of
4. Return  MSE of each ind ividual to  the GA

Fig. 3. Objective function evaluation.

Eq. (4) and the daily thermal accumulation index are available from
steps 1 and 3a, respectively. In a similar fashion, daily germination
is evaluated for each fraction of non-dormant seedbank from Eq. (5)
in step 3c. It should be stressed that germination is calculated for
each non-dormant fraction of the seedbank as a distribution over
the hydrothermal-time index, starting the day in which such frac-
tion loses its dormant condition. Following (step 3d), accumulated
emergence is calculated each day by integrating the seed fractions
germinated that day. Such germinated seedlings correspond to dif-
ferent fractions of the seedbank that lost dormancy in the previous
days. Finally, the objective function (MSE) is calculated for each
individual from the estimated emergence and the experimental
data from step 2 and returned to the GA block to proceed with
the optimization (step 4).

2.8. Model analysis

Goodness-of-fit measures were based on the Root Mean Square
Error (RMSE) of the training set. The predictive capability of the
developed models was  based on the RMSE of the test set. Com-
parisons between models were based on the Bayesian Information
Criterion (BIC) adopting the definition proposed by De  Gooijer and
Kumar (1992):

BIC = log(MSE) + md log(N)
N

(6)

where m is the number of parameters, N is the number of observa-
tions, d is a user defined constant which allows the tuning of the
penalty term. Granger (1993) proposes d > 1 for nonlinear models.
We selected 1 and 1.5 for evaluating purposes in this study.

In order to evaluate the performance of the proposed emer-
gence model, a comparison with previous developed models is
provided. Specifically, in Chantre et al. (2012), several univariate
and bivariate models were developed with the same experimen-
tal data utilized in this work. In all cases, accumulated emergence
(AcEm) was  adopted as output variable. Alternative definitions for
the explanatory indices than those used here were considered.
Specifically, the following univariate models were developed in
Chantre et al. (2012): AcEm = Weibull(�HT), AcEm = Logistic(�HT) and
AcEm = ANNhn=1,5(�HT). ANN stands for Artificial Neural Network
and hn represents the number of neurons in the hidden layer. Addi-

tionally, several bivariate models: AcEm = ANNhn(�T, �H) (hn = 1, 2, 3,
5, 6, 7) were also developed. In all cases �HT stand for hydro-thermal
time and �T and �H represent thermal-time and hydrothermal-time,
respectively. For details on the specifics see Chantre et al. (2012).
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Table 1
Optimal parameters of the proposed emergence GA model based on both dormancy release (AcDr) and germination/pre-emergence growth (AcG) logistic distributions. Mean
and  variance values of the corresponding �AT (◦Cd) and �HTG (MPa ◦Cd) distributions are reported.

Logistic models Optimization parameters Mean (�) Variance (�/ı)2/3
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AcDr(�AT) 0.003 1770.03
AcG(�HTG) 0.021 60.42

. Results

In Table 1, the parameters of the newly developed GA model are
rovided. By inspecting the variance parameter, it can be observed
hat the logistic function of the dormancy release process has a

uch broader distribution than the germination/pre-emergence
rowth phase, thus, indicating significant differences in the mean
fter-ripening thermal time requirement of the population among
ears.

In Fig. 4, simulation results for the two test years are pre-
ented. As observed in Fig. 4A, simulated emergence satisfactorily
epresented observed data for a year of severe soil availability
imitations, while for 2008 (Fig. 4B) the first cohort was  closely
epresented while the second was rather averaged.

In Table 2, results corresponding to the proposed GA emergence
odeling approach as well as selected models from Chantre et al.

2012) are reported for comparison purposes. According to the BIC
ethod, the best univariate (single-input) modeling alternative
ould be the NLR Weibull(�HT) model, while the ANN1(�HT) model

howed the best predictive performance based on the RMSE test.
he bivariate ANN6 model presented the lower BIC value for d = 1,
howing the lowest training error of all compared models. How-
ver, by imposing a heavier weight on the penalty term (d = 1.5),
IC criteria selects for model GA(�AT, �HTG). According to this index,
A(�AT, �HTG) model is clearly more parsimonious than the ANN6
lternative. In addition, it showed a superior predictive perfor-
ance as indicated by the RMSE test value (Table 2).

. Discussion

The newly developed model based on the genetic algorithms

ptimization method proved to be a simple modeling approach
onceptualized as a serial combination of logistic distributions to
escribe both seedbank dormancy release and germination/pre-
mergence growth, based on after-ripening thermal-time and

ig. 4. Observed vs. predicted A. fatua cumulative emergence curves for the GA(�AT , �HTG) 

eld  emergence data (close symbols) as well as models predictions for both seedbank dor
ine)  are presented. Calendar time (Julian days) was  used in the abscissas instead of soil m
1770.03 ◦Cd 365,540.4 ◦Cd
60.42 MPa ◦Cd 7460 MPa ◦Cd

hydrothermal-time accumulation as explanatory variables, respec-
tively. The GA model provided enough flexibility to closely
represent the complex emergence patterns of the analyzed test
sets, thus confirming our work hypothesis that the disaggregation
of the after-ripening process from the germination/pre-emergence
growth phases allowed increasing the parsimony as well as the
prediction capability of the wild oat emergence model compared to
previously developed NLR and ANN approaches for the same agroe-
cological system. As previously reported by our work team, the
implementation of bivariate ANN models based on thermal-time
and hydro-time as independent explanatory variables demon-
strated to be a superior approach compared to univariate (�HT

based) models for A. fatua field emergence prediction under semi-
arid environmental conditions (Chantre et al., 2012). However, the
ANN6 model selected as the best modeling alternative in such work
still failed to accurately predict wild oat emergence cohorts despite
its complexity in regard to the number of involved adjustable
parameters.

Observed differences in the mean after-ripening thermal time
requirement among years suggest that the seedbank dormancy
release phase is actually the dominating process under the irregular
climatic conditions of the system under study. As suggested by
Sawhney and Naylor (1980) and Peters (1982), the effect of a
heterogeneous maternal environment during A. fatua seed devel-
opment and maturation in the mother plant may  greatly influence
seed dormancy expression. Foley and Fennimore (1998) stated that
variability in seed dormancy among wild oat populations is about
50% genetic and 50% due to a combination of the influence of
the environment and genotype-environment interactions, a cru-
cial aspect that should be accounted for in the development of
predictive models.
An important feature of the present modeling alterna-
tive is that input variables (i.e. soil mean daily temperature
and soil water potential) are easily obtained soil microcli-
matic information which could be gathered from series of

model for both test years (independent data sets): 2006 (A) and 2008 (B). Observed
mancy release process (dashed line) and germination/pre-emergence growth (solid

icroclimatic indices to simultaneously present both explanatory variables.
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Table  2
Statistical results for the comparison of the GA model with previously developed NLR and ANN models for the same agroecological system.

Model Reference m Train set Test set

BIC RMSE

d = 1 d = 1.5

AcEm = Weibull(�HT) Chantre
et al.
(2012)

2 −1.32 −1.32 0.215 0.187
AcEm  = ANN1(�HT) 4 −1.29 −1.27 0.220 0.168
AcEm  = ANN6(�T , �H) 25 −1.93 −1.36 0.092 0.106
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AcEm  = GA(�AT , �HTG) This work 4 

, total number of model parameters; BIC, Bayesian Information Criterion with diff

eteorological data available from official weather stations
r obtained from web-based weather records (see for example
ttp://inta.gob.ar/documentos/informacion-agrometeorologica-1).

n addition, the modeling approach does not require the estima-
ion of the initial seedbank which is a highly complex and
ime-consuming input variable of most of mechanistic-based

odels (Colbach et al., 2005).
Future work involves the extension of the proposed approach to

tudy other systems. For example, in temperate environments with
on-severe soil moisture limitations where seedbank dormancy
oes not play a dominating role on the emergence dynamics, the
uperiority of bivariate models was also demonstrated (Chantre
t al., 2013). In such case, the improved performance is considered
o be based on the fact that a more accurate discrimination of germi-
ation and post-germination sub-processes was obtained, mainly
ssociated to the fact that germination and shoot growth are differ-
nt hydro-thermal driven process (Bradford, 1990, 2002; Gardarin
t al., 2012b). In this regard, the proposed modeling approach could
lso be applied to such systems, by representing the underlying
hases (i.e. germination and pre-emergence growth) as differ-
nt distributions of appropriate accumulated hydrothermal-time
ndices. Moreover, since the cardinal parameters of the accumula-
ion indices (Eqs. (1) and (2)) are usually associated to a normal or
og-normal distribution within the population, specific functional
elationships between the level of dormancy of a given weed pop-
lation and the above mentioned parameters might be established
Chantre et al., 2009, 2010). The proposed parameter estimation
rocedure, based on the genetic algorithm optimization technique

s considered to be flexible enough to address the identification of
he seed population distributions of each phase of the emergence
rocess while simultaneously considering the distributions of the
ardinal parameters of the population as functions of appropriate
escriptive variables.

Obtained results suggest that the development of this type of
odels offer an enormous potential to be implemented as weed

mergence predictors within management decision support tools
n order to assist farmers and agricultural professionals to deter-

ine the best time to apply a control measure. For example, as
ecently shown in Lodovichi et al. (2013), the technical decision
egarding the selection of herbicides to use and the optimal time
f intervention generated by an operational planning model highly
epends on an accurate estimation of the moment and magnitude
f weed emergence flushes.

Finally, the proposed modeling framework is considered gen-
ral for wild oat biotypes showing seed dormancy-based ecological
daptations. However, it should be stressed, that obtained param-
ters are considered to be representative only for the wild oat
ystem of the region under study. Careful extrapolation might be
ttempted to other agroecological regions. If data series from other

pecies and locations are available, specific models could be gener-
ted following a similar procedure. Model parameters, of course,
hould be evaluated for each specific case with the appropriate
xperimental data.
−1.56 −1.54 0.162 0.068

weights on the penalty term (d = 1 or d = 1.5); RMSE, Root Mean Square Error.
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