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Abstract

Silverleaf nightshade (Solanum elaeagnifolium Cav.) has become a highly troublesome weed in
irrigated summer crops in Israel. Because herbicide-based options to control this weed are lim-
ited, the best way to improve weed control is through a study of its biology, particularly its
germination dynamics. The main objective of this study was to determine the impact of temper-
ature on the seed germination dynamics of S. elaeagnifolium and to develop a temperature-
based (thermal) prediction model for three S. elaeagnifolium populations growing in different
ecosystems in Israel. To this end, a laboratory study was undertaken in which the germination
proportion of S. elaeagnifolium seeds was monitored under seven temperature regimes: 2/8, 7/
13, 12/18, 17/23, 22/28, 27/33, and 32/38 C (night/day). In addition, the impact of alternating
temperature regimes between night and day temperatures (of 0, 2, 4, 6, 8, and 10 C), averaged
over 20 and 25 C, was determined. It was found that the three populations shared similar ger-
mination characteristics and dynamics. An alternation of >6 C between night and day temper-
atures was needed for optimal germination, with no germination taking place under constant
temperatures. In all three populations, the minimal requirement for germination was a 12/18 C
(night/day) regime, with the final germination proportion lying between 0.25 and 0.36. The
highest final germination proportion of >0.8 was observed for the 17/23 C regime in all three
populations. Modeling the germination rate as a function of temperature allowed us to deter-
mine cardinal temperatures for all three populations taken together, with the values being
Ty, = 10.8 C (base temperature), T, =23.8 C (optimal temperature), and T. =35.9 C (ceiling
temperature). These biological parameters allowed accurate (root mean-square error < 0.06%)
prediction of S. elaeagnifolium seed germination over the entire temperature range.

Introduction

Silverleaf nightshade (Solanum elaeagnifolium Cav., Solanaceae) is considered one of the most
invasive weeds worldwide. It is mainly found in arid and semiarid bioclimatic regions with tem-
perate to warm winters (Balah and Abdel Razek 2020). Solanum elaeagnifolium is indigenous to
the western United States and northern Mexico, but has spread to other parts of the world,
including Australia, Greece, Morocco, and parts of southern Europe and the Mediterranean
region (Brunel 2011; Mekki 2007; Stanton et al. 2009; Uludag et al. 2016; Zernov and
Mirzayeva 2016). It is a perennial weed that reproduces both sexually, through seed production,
and asexually, through vegetative growth of rhizomes (Hardin et al. 1972; Knapp et al. 2017). By
virtue of these characteristics, S. elaeagnifolium is a highly noxious weed that can colonize and
thrive in various ecological niches, such as natural reservations, riverbanks, and cultivated fields
(Ilcim and Behget 2007; Krigas et al. 2021; Uludag et al. 2016). Solanum elaeagnifolium was
introduced into Israel in the 1950s and since then has spread throughout the country, becoming
a serious problem in fields of irrigated summer crops, such as cotton (Gossypium hirsutum L.),
processing tomato (Solanum lycopersicum L.), and watermelon [Citrullus lanatus (Thunb.)
Matsum. & Nikai], and often causing significant economic losses (Stanton et al. 2009).

The control of S. elaeagnifolium is highly challenging due to its vigorous vegetative growth
and extensive root system (Qasem et al. 2019). Although glyphosate and ammonium sulfate can
provide effective control (Gitsopoulos et al. 2017), the lack of selectivity of the two herbicides
limits their usage for control scenarios such as preemergence and direct spraying. Other herbi-
cides that have shown efficacy (e.g., imazapyr, aminopyralid, and picloram) are not suitable for
agricultural purposes (Wu et al. 2016). Furthermore, mechanical control tools, such as tillage
and cultivation, are not practicable for S. elaeagnifolium, because the use of mechanical
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machinery can break the root system and spread the propagules
throughout the field (Gitsopoulos et al. 2017; Qasem et al. 2019;
Wu etal. 2016). These limitations create the need for novel ecologi-
cally based control approaches that can be integrated into the cur-
rently used control methods. However, the development of such
methods will require extensive biological and ecological knowledge
about the weed (Bajwa et al. 2015).

Ecological control tools are based on data about key phases in a
weed’s life cycle and phenology, such as the timing and magnitude
of seed germination, which determine the establishment of the
weed in the field (Forcella et al. 2000; Grundy et al. 2003;
Rodriguez et al. 2020). Because S. elaeagnifolium typically produces
up to 9,000 seeds per plant (Boyd and Murray 1982), effective con-
trol of young seedlings can make a significant contribution to the
overall management of this weed. Seed germination is affected by
various environmental conditions, with temperature being the
most important of these under irrigated field conditions
(Derakhshan et al. 2014; Garcia-Huidobro et al. 1982; Guillemin
et al. 2013; Shrestha et al., 1999). Nonetheless, studies investigating
the impact of temperature on germination in S. elaeagnifolium are
scarce. Among those that have been conducted, Boyd and Murray
(1982) evaluated the germination of S. elaeagnifolium under vari-
ous environmental conditions. They found increased germination
rates under an alternating temperature regime, with a maximal rate
of 57% under a 20/30 C regime. Similar results were obtained by
Balah et al. (2021), who showed optimal germination under an
alternating temperature regime of 20/30 C, but at a lower rate of
33%. A slightly different germination pattern was revealed by
Stanton et al. (2012), with 15/25 C as the optimal temperature
regime for germination. These studies provided descriptive data
about the impact of temperature on S. elaeagnifolium germination,
but they lacked information on cardinal temperatures that could
facilitate smart decision making regarding the control of this weed,
for example, temperature-based germination prediction models.

Temperature measurements establish the basis for a number of
weed germination predictive models, many of which use an empir-
ical approach (Cochavi et al. 2018; Doyle 1991; Hosseini et al.
2017). The concept of these empirical models is based on thermal
time units, that is, summing heat units above minimal temperature
thresholds to predict the germination dynamics (Trudgill et al.
2005). The development of these predictive models is based on pre-
liminary data about the temperature thresholds (i.e., cardinal tem-
peratures) for weed germination, such as the base temperature (at
or below which germination does not occur), the optimal temper-
ature (which supports the maximal germination rate), and the ceil-
ing temperature (at or beyond which germination is zero)
(Goldwasser et al. 2016; Hardegree 2006; Mesgaran et al. 2017).
However, no previous study has determined cardinal temperatures
for S. elaeagnifolium, and hence there are no predictive models for
S. elaeagnifolium seed germination. In addition, germination pat-
terns in different S. elaeagnifolium populations have not been
examined, and more information is needed at the local level about
the variation of cardinal temperatures for S. elaeagnifolium popu-
lations in different climate zones in Israel.

The main objective of this study was to determine the effect of
temperature on seed germination in three specific S. elaeagnifolium
populations growing in different environments in Israel. To this
end, the specific objectives of the study were: (1) to estimate the
germination proportion and dynamics of S. elaeagnifolium under
constant temperatures and under different alternating temperature
regimes; (2) to determine the cardinal germination temperatures
for three specific populations of S. elaeagnifolium; and (3) to
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develop a prediction model for S. elaeagnifolium germination
dynamics and compare the germination patterns and cardinal tem-
peratures for the three populations growing under different envi-
ronmental conditions.

Material and Methods
Plant Material

Berries were collected from three populations of S. elaeagnifolium
growing in fields located at Kibbutz Kfar Blum in the Hula Valley
(33.16°N, 35.59°E), at the Newe Ya’ar Research Center in the
Jezreel Valley (32.70°N, 35.18°E), and at Kibbutz Urim (31.30°
N, 34.52°E) in the Negev Desert. The berries were removed from
the plants and crushed, and the seeds were washed out and col-
lected on a sieve under running water. The seeds were air-dried
in a net house for 2 wk and stored at 4 C until use.

Experimental Setup

All experiments were conducted in the laboratory at the Newe
Ya’ar Research Center from July to September 2019. Seed germi-
nation was evaluated by placing batches of 25 S. elaeagnifolium
seeds in 90-mm-diameter petri dishes on filter paper (Whatman
No. 1, Whatman, Maidstone, UK) presoaked for 24 h in deionized
water. The photoperiod was maintained at 12 h:12 h (light:full
darkness), according to Stanton et al. (2012). Germinated seeds
in each petri dish were counted each day at 11:00 AM. and then
removed, until no additional germinations were observed over a
period of 4 d. Seeds were considered to be germinated when the
observed radicle was longer than 1 mm. All experiments were per-
formed for all three populations. Experiments were arranged in a
complete randomized design with four replications of treatments
for both experiments. The experiments were repeated once. There
was no experiment by treatment interaction; therefore, the data
from both experiments were pulled and presented as eight replica-
tions of each treatment. All statistical analyses were performed
using the R statistical environment (R Core Team 2020) together
with the following packages: DRC (Ritz et al. 2015) and
DRCSEEDGERM (Onofri et al. 2018).

Impact of an Alternating Temperature Regime on
Germination

For this experiment, different alternating (12 h/12 h) temperature
regimes based on two optimal average germination temperatures,
20 and 25 C, were tested (Balah et al. 2021; Stanton et al. 2012). For
each of these optimal temperatures, temperature regimes were set
such that the difference between the day and night temperatures
was 0, 2, 4, 6, 8, or 10 C, resulting in the following 12 regimes:
20/20, 19/21, 18/22, 17/23, 16/24, 15/25 C and 25/25, 24/26, 23/
27, 22/28, 21/29, 20/30 C. The petri dishes containing the seeds
were placed inside a growth chamber under these 12 alternating
temperature regimes. In total, 144 petri dishes were examined (3
populations X 4 replicates X 6 temperature regimes X 2 optimal
temperatures).

The data collected for each petri dish and temperature regime
were used to parameterize a time-to-event model (Jensen et al.
2020). For each S. elaeagnifolium population, the relationship
between the cumulative seed germination and time (in days) under
the 12 alternating temperature regimes were analyzed using a log-
logistic equation:
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Y(t) = d/(1 + exp{bllog(t) — log(e)]}) (1]

where Y is the proportion of germinated seeds at time ¢, d is the
proportion of maximum germinated seeds when t — oo, e is the
median germination time, and b is the steepness of the curve in
the inflection point. Finally, the extracted d parameters were incor-
porated into the general linear model (GLM) with a binomial dis-
tribution and logit link. The S. elaeagnifolium population, average
temperature (20 and 25 C), and alternating temperature range
(0,2, 4, 6, 8, and 10 C) were used as the main parameters.

Development of the Germination Model

For this experiment, the petri dishes were placed in growth cham-
bers for 30 d under the following alternating temperature regimes:
2/8,7/13,12/18,17/23,22/28,27/33, and 32/38 C (12 h:12 h), for a
total of 168 petri dishes (3 populations X 8 replicates X 7 temper-
ature regimes). The data collected were used to parameterize a
time-to-event model for each S. elaeagnifolium population, in
which the response of germination to the particular alternating
temperature regime was estimated using a three-parameter
Weibull equation:

Y(1) = dexp(— exp{bllog(t) — log(e)]}) 2l

where Y is the proportion of germinated seeds at time ¢, d is the
proportion of germinated seeds when t — o0, e is the location of
the inflection point, and b is the steepness of the curve at the inflec-
tion point. The Weibull equation was preferable over the log-logis-
tic Equation 1 following Akaike information criterion (AIC)
evaluation (data not shown).

Thereafter, the germination rate (GR) values (the inverse of the
time needed for germination) derived from the fitted models
(Equation 2) were used to develop germination prediction models.
Such models use the cardinal temperatures—base temperature
(Ty), optimal temperature (T,), and ceiling temperature (T.)—
to quantify the impact of temperature on seed germination
(Bradford 2002). Because GR tends to vary within populations,
GRs were estimated for the different percentiles (subpopulations)
of each population. Thus, in this study, GR values were estimated
for the 10th, 15th, 20th, and 25th percentiles (GR9, GR;5, GRy,
and GR,s). The lowest final germination proportion observed in
our study was 0.25 in the 12/18 C regime. This proportion was
therefore set as the maximal percentile of GR, and higher percen-
tiles were omitted. As suggested by Bradford (2002), the germina-
tion data were not normalized relative to the maximal, and the
absolute values were used. Additionally, Bradford observed differ-
ent values of maximal GR in the different percentiles. These obser-
vations suggest the use of an addition parameter, b, which
represents this maximal value. The derived GR values were used
to fit a four-parameter model, as described by Mesgaran (2019):

T-T, .

(ﬁ) b ampif o< T<T,

GR(T,g) = (%) by ampifT,<T<T, Bl
c(g) ~4o(g)

amp; otherwise.

g)

where T is the temperature, subscript g represents the population
percentile, Ty, is the base temperature, T, is the optimum temper-
ature, T is the ceiling temperature, and b is a parameter that rep-
resents the maximal value of GR. Here, the average temperature for
each regime was used for the model development (average of the
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two temperatures in the interval) as an independent variable
(Masin et al. 2017). This so-called segmented model facilitates
the estimation of different parameter values for each percentile,
g resulting in a total number of 16 cardinal temperature parame-
ters in this study.

Previous studies have demonstrated how the number of param-
eters in the prediction model can be reduced by setting the same
value for some/all of the parameters across different percentiles
(Ottavini et al. 2019). Similarly, Mesgaran (2019) set the cardinal
temperature parameters across the percentiles to a fixed value and
used the following equation to predict GR:

(F5)be ampsif To< T< T,

GR(T,g) = (;j )% ampiif Ty< T<T, 4
0

amp; otherwise.

This model is based on a negative relationship between percen-
tiles and GR values; thus, only the b parameter varied across per-
centiles. It has a total number of seven parameters.

Two additional models, both having a total number of 10
parameters, were tested in this study based on Equation 4. The first
assumed a variable T, parameter across the percentiles, according
to Bradford (Bradford 2002), and the second assumed a variable T,
parameter across the percentiles (Mesgaran et al. 2017). For the
sake of simplicity, we refer to the four models as follows: the
16-parameter model with different cardinal temperatures and b
parameter as the “variable model,” the 7-parameter model as the
“fixed T. model,” and the two 10-parameter models as the “variable
T. model” and “variable T, model,” as relevant.

To compare the goodness of fit and the prediction ability of the
models, two evaluation methods were used, one based on the root
mean-square error (RMSE) and the other on the AIC. The RMSE
represents the mean differences between the predicted values of the
model and the observed values, and the AIC method integrates the
reduction of the residual sum of squares (RSS) and the model com-
plexity (Burnham and Anderson 2004):

AlCamp; = 2n ln(g) + 2k [5]

where # is the number of observations, and k is the number of
parameters used in the model. In addition, the 95% confidence
interval (CI) bounds of the cardinal temperatures were estimated.

To develop a full thermal-time germination predictive model
for the different populations, the cardinal temperatures from the
model that provided the best fit according to RMSE and AIC were
used, and the accumulated growing degree-day (GDD) values over
time (n) were estimated for each population by using the following
equation (Mesgaran 2019):

vy (F2R) (T = T) ampsif T, <T < T,

To—Ty
DD =\ S, (F7) (1, ~ 1) ampif T,<1 <7, [0
0 amp; otherwise.

where T; is the average daily temperature for day ith, and 7 is the
total number of days for which GDD is to be calculated. Equation 6
takes into consideration the sub- and supra-optimal temperatures
ranges in the GDD accumulation.

The response of S. elaeagnifolium germination to GDD was
analyzed using Equation 1. The RMSE value was calculated for
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Table 1. Coefficients, their SEs, and P-values describing the relationship between the germination of three Solanum elaeagnifolium populations (Kfar Blum [KB], Newe

Ya’ar [NY], and Urim [UR]) and temperature.

Population Temperature regime Coefficient
C b P-value (b) d P-value (d) e P-value (e)
KB 20/20 — — — — — —
19/21 — — — — — —
18/22 —6.48 (0.99) <0.001 0.32 (0.04) <0.001 13.97 (0.65) <0.001
17/23 —5.45 (0.61) <0.001 0.90 (0.03) <0.001 14.06 (0.53) <0.001
16/24 —7.28 (0.73) <0.001 0.93 (0.02) <0.001 10.94 (0.33) <0.001
15/25 —9.19 (0.86) <0.001 0.95 (0.02) <0.001 10.78 (0.29) <0.001
NY 20/20 — — — — — —
19/21 — — — — — —
18/22 —5.08 (1.05) <0.001 0.20 (0.04) <0.001 13.11 (0.77) <0.001
17/23 —5.26 (0.52) <0.001 0.91 (0.03) <0.001 13.86 (0.50) <0.001
16/24 —6.59 (0.60) <0.001 0.91 (0.02) <0.001 11.51 (0.36) <0.001
15/25 —7.63 (0.68) <0.001 0.94 (0.02) <0.001 11.32 (0.31) <0.001
UR 20/20 — — — — — —
19/21 — — — — — —
18/22 —5.39 (0.93) <0.001 0.22 (0.04) <0.001 14.15 (0.84) <0.001
17/23 —7.15 (0.71) <0.001 0.87 (0.03) <0.001 13.65 (0.36) <0.001
16/24 —7.11 (0.65) <0.001 0.95 (0.02) <0.001 11.04 (0.26) <0.001
15/25 —9.67 (0.87) <0.001 0.95 (0.02) <0.001 11.34 (0.21) <0.001
KB 25/25 — — — — — —
24/26 — — — — — —
23/27 —4.71 (0.70) <0.001 0.38 (0.05) <0.001 12.46 (0.72) <0.001
22/28 —5.33 (0.53) <0.001 0.80 (0.04) <0.001 10.32 (0.36) <0.001
21/29 —5.66 (0.53) <0.001 0.89 (0.03) <0.001 9.64 (0.27) <0.001
20/30 —5.45 (0.49) <0.001 0.90 (0.03) <0.001 9.24 (0.30) <0.001
NY 25/25 — — — — — —
24/26 — — — — — —
23/27 —5.22 (0.77) <0.001 0.36 (0.05) <0.001 13.15 (0.28) <0.001
22/28 —5.88 (0.59) <0.001 0.80 (0.04) <0.001 11.89 (0.35) <0.001
21/29 —5.67 (0.54) <0.001 0.90 (0.03) <0.001 10.73 (0.37) <0.001
20/30 —6.13 (0.53) <0.001 0.94 (0.02) <0.001 9.47 (0.70) <0.001
UR 25/25 — — — — — —
24/26 — — — — — —
23/27 —5.66 (0.85) <0.001 0.33 (0.05) <0.001 15.25 (0.92) <0.001
22/28 —5.54 (0.55) <0.001 0.77 (0.04) <0.001 10.08 (0.36) <0.001
21/29 —5.00 (0.48) <0.001 0.84 (0.03) <0.001 11.01 (0.39) <0.001
20/30 —4.94 (0.47) <0.001 0.86 (0.03) <0.001 10.45 (0.40) <0.001

2The temperature regimes were set at averages of 20 C and 25 C with an increasing alternating temperature range of 0, 2, 4, 6, 8, and 10 C between the day and night temperatures. The time-to-
event-method, three-parameter log-logistic equation was used: f[t, (b, d, e)] = d/(1 + exp(b(log(t) — log(e)), where d is maximal germination; b is the slope at the inflection point (reflects the

steepness of the curve at median germination); and e is the median germination time.

each population model to compare the goodness of fit (Lati et al.
2011). Finally, the cardinal temperatures were estimated for the
three populations together by using the fixed T. model, followed
by the development of a separate germination prediction model
for each population as described at the beginning of this section.

Results and Discussion

Impact of the Alternating Temperature Regime on Seed
Germination

For all populations and for all tested temperature regimes, the log-
logistic time-to-event model properly described the germination
pattern of S. elaeagnifolium (Supplementary Figure S1), and P-val-
ues of <0.001 were obtained for all parameters, confirming the
goodness of fit (Table 1). The GLM analysis that used the d param-
eter revealed that the only factor that significantly affected the ger-
mination proportion was the range of the alternating temperatures
(P <0.001). For all populations, no germination was observed
under constant temperatures, whether 20 or 25 C, or at the min-
imal differences between alternating day and night temperatures,
that is, at 19/21 or at 24/26 C (Table 1). The difference of 4 C in
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alternating temperatures, that is, 18/22 and 23/27 C, gave the low-
est proportions of germination (Table 1), and the highest propor-
tions were observed for the alternating temperature differences of
6, 8, and 10 C, with the d parameter ranging between 0.77 and 0.95.

In terms of the time needed for 50% of the seeds to germinate, as
reflected by the e parameter (Equation 1), the higher alternating
temperature differences of 8 and 10 C resulted in lower values
of this parameter than for the smaller differences of 4 and 6 C.
This trend was observed in both alternating temperature ranges
(based on 20 C and 25 C).

The ability of S. elaeagnifolium seeds to germinate over a wide
range of temperatures (between 10 and 36 C) serves as an indica-
tion of the plasticity of this weed (like other invasive weeds) and its
high adaptability to various climates (Brunel 2011; Mekki 2007).
However, as shown in this study, temperature alternation is essen-
tial for the germination of this weed, with wider alternation ranges
(6, 8, and 10 C) resulting in higher germination proportions and
rates (Table 1). These results are in agreement with previous stud-
ies on S. elaeagnifolium populations in Egypt and Australia (Balah
etal. 2021; Stanton et al. 2009, 2012). They are also in keeping with
the soil temperature measurements at six locations in Israel that
revealed a wide amplitude range in the main germination period
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Figure 1. Time-to-event-method, three-parameter Weibull equation: f(¢, (b, d, e)) = d (exp(—exp/[b(log(t) — log(e)]) showing the relationship between temperature and ger-
mination of three (Kfar Blum [KB], Newe Ya’ar [NY], and Urim [UR]) Solanum elaeagnifolium populations. Symbols show the observed data, while lines show the fitted curves.

Coefficients for the equation parameters are presented in Table 2; n=8.

of S. elaeagnifolium (between March and May; Supplementary
Figure S2). Such germination characteristics suggest that soil till-
age, which will move the seeds into deeper soil layers with low-tem-
perature amplitudes, may reduce S. elaeagnifolium germination
and establishment and thus improve its management (Bergkvist
et al. 2017; Curran et al. 1994; Hossain et al. 1999). As the average
minimum/maximum temperature alternation range for all six
locations in Israel was 6.6 C, an alternation value of 6.0 C between
day and night temperatures was used for developing the temper-
ature-based S. elaeagnifolium germination dynamics predic-
tion model.

Germination Dynamics Model

For all populations at all tested temperatures, the Weibull time-to-
event model properly described the germination pattern of S.
elaeagnifolium (Figure 1), and P-values smaller than 0.008 were
obtained for all populations and temperature regimes (Table 2).
Furthermore, the germination characteristics and the critical tem-
perature ranges were similar for all three S. elaeagnifolium popu-
lations. The germination proportion was zero at the low-
temperature regimes (2/8 C and 7/13 C) for all three populations,
whereas for the 12/18 C temperature regime, germination was
observed in all three populations. For the Kfar Blum population,
the final germination proportion for this regime, as reflected by
parameter d, was 0.36, while for the Newe Ya’ar and Kibbutz
Urim populations, the germination proportion fell to lower values
of 0.25, and 0.26, respectively (Table 2). The highest germination
proportions were observed for the 17/23 C regime in all three pop-
ulations, with parameter d reaching values of 0.86, 0.89, and 0.80
for the Kfar Blum, Newe Ya’ar, and Kibbutz Urim populations,
respectively. At the higher temperature regime (22/28 C) param-
eter d values were slightly lower, being >0.74, but the germination
proportion was still high. The decreasing trend in the germination
proportion continued in the 27/33 C temperature regime, with val-
ues falling to ~0.40 in all populations. No germination was
observed for the 32/38 C regime (Table 2). The similarities in
the germination characteristics among the three S. elaeagnifolium
populations were also reflected by the e parameter (Equation 2),
which represents the location of the inflection point. This param-
eter was the highest for all three populations under the 12/18 C
temperature regime, with values of 20.6, 15.5, and 18.8 for the
Kfar Blum, Newe Ya’ar, and Kibbutz Urim populations, respec-
tively (Table 2). The lowest value of this parameter was observed
for the 22/28 C temperature regime in all three populations, being
10.0, 10.0, and 9.9 for the Kfar Blum, Newe Ya’ar, and Kibbutz
Urim populations, respectively (Table 2). These results are in
agreement with previous studies that demonstrated optimal S.
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elaeagnifolium germination occurs between 20 and 25 C (Balah
et al. 2021; Stanton et al. 2012).

Modeling Germination Rate as a Function of Temperature

The fitted curves were used to derive the germination rates for the
10th, 15th, 20th, and 25th percentiles (GR;5, GR;s, GRy, and
GR,s), which were wused to parameterize Equation 3
(Supplementary Figure S3). By regarding the percentile g as a factor
and allowing different parameters for different percentiles, we
reached a total number of 16 parameters. However, consistent with
the literature (Bradford 2002; Rowse and Finch-Savage 2003), we
tested three other modeling approaches, one with 7 parameters
(Washitani 1987) and two with 10 parameters (Mesgaran et al.
2017), which adjust constant cardinal temperatures for all
percentiles.

The computed RMSE values were similar for all four modeling
approaches, being <1%. This trend was observed for all three pop-
ulations (Table 3). However, when the AIC was used, some
differences were observed between the different model approaches.
As Table 3 shows, the variable model (variable Ty, T, T., and b)
provided the worst fit with the highest AIC value for the Newe
Ya’ar and Kibbutz Urim populations (Table 3). The computed
AIC values for the Kfar Blum population were —127, —134,
—121, and —121 for the variable model, fixed T, variable T,
and variable T, approaches, respectively. The fixed T. approach
provided the best fit with the lowest AIC values in all populations,
with the extracted values being —136, —134, and —145 for the
Kibbutz Urim, Kfar Blum, and Newe Ya’ar populations, respec-
tively (Table 3).

When the computed cardinal temperatures were compared
across the modeling approaches with the constant cardinal tem-
peratures (fixed T, variable T, and variable T,), similar values
were observed, with negligible differences of 0.01 C between them.
These findings coupled with the lowest AIC value observed in the
fixed T. model and the smallest number of parameters (parsimony
rule) motivated us to select this model for the later stages of
analysis.

When the fixed T, model was used, the three cardinal temper-
atures were not significantly different between the three S. elaeag-
nifolium populations, and overlapping 95% CIs were observed
(Figure 2; Table 4). For example, the estimated T}, values and their
respective 95% ClIs for the Kfar Blum, Newe Ya’ar, and Kibbutz
Urim populations were 10.95 £ 1.31, 9.99 * 0.45, and 10.85 £
1.17, respectively. In addition, the b parameter decreased with
the percentiles in all three populations, suggesting a higher GR
in the lowest percentiles (Table 4). The values of the b parameter
ranged between 0.155 to 0.117 for all populations, and for the Newe
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Table 2. Coefficients, their SEs, and P-values describing the relationship between the germination of three Solanum elaeagnifolium populations (Kfar Blum [KB], Newe

Ya’ar [NY], and Urim [UR]) under seven temperature regimes.?

Population Temperature regime Coefficient
C b P-value (b) d P-value (d) e P-value (e)
KB 2/8 — — — — — —
7/13 - = = = = =
12/18 —2.76 (0.59) <0.001 0.36 (0.076) <0.001 20.60 (2.01) <0.001
17/23 —2.99 (0.23) <0.001 0.86 (0.033) <0.001 11.90 (0.37) <0.001
22/28 —3.06 (0.23) <0.001 0.82 (0.030) <0.001 10.00 (0.29) <0.001
27/33 —5.92 (0.50) <0.001 0.48 (0.035) <0.001 10.62 (0.19) <0.001
32/38 — — — — — —
NY 2/8 — — — — — —
7/13 — — — — — —
12/18 —5.62 (0.78) <0.001 0.25 (0.031) <0.001 15.51 (0.44) <0.001
17/23 —2.52 (0.22) <0.001 0.89 (0.040) <0.001 12.35 (0.49) <0.001
22/28 —2.97 (0.23) <0.001 0.79 (0.032) <0.001 10.06 (0.31) <0.001
27/33 —4.27 (0.42) <0.001 0.37 (0.034) <0.001 11.93 (0.36) <0.001
32/38 — — — — — —
UR 2/8 — — — — — —
7/13 == = - - = =
12/18 —4.88 (0.75) 0.008 0.26 (0.035) <0.001 18.82 (0.71) <0.001
17/23 —3.22 (0.25) <0.001 0.80 (0.034) <0.001 12.25 (0.36) <0.001
22/28 —3.11 (0.24) <0.001 0.74 (0.033) <0.001 9.94 (0.29) <0.001
27/33 —5.60 (0.49 0.001 0.46 (0.035) <0.001 11.53 (0.23) <0.001
32/38 — — — — — —

2The time-to-event-method, three-parameter Weibull equation: f(t, (b, d, e)) = d (exp(— exp /[b(log(t) — log(e)]) was used, where d is maximal germination; b is the slope around the inflection
point (reflecting the steepness of the curve at median germination), and e is the location parameter.

Table 3. Akaike information criterion (AIC), root mean-square error (RMSE), degrees of freedom (df), and number of parameters of the four models used (reference in
parentheses) to describe the relationship between germination rate (GR) and temperature of three Solanum elaeagnifolium populations (Kfar Blum [KB], Newe Ya’ar

[NY], and Urim [UR]).

Tested model®

Tc Tc To Tb: To: 7—c
constant variable variable variable
Population (Washitani 1987) (Bradford 2002) (Mesgaran et al. 2017) (Parmoon et al. 2015)
C
KB AIC —134 —121 —-121 —127
RMSE 0.012 0.012 0.012 0.015
NY AIC —145 —139 —140 —133
RMSE 0.008 0.008 0.008 0.012
UR AIC —-136 —130 —130 —127
RMSE 0.01 0.01 0.01 0.014
df 8 11 11 17
No. of parameters 7 10 10 16
T, ceiling temperature; T,, optimum temperature; Ty, base temperature.
15 KB NY UR
g o g o ) Porcontio
s ,-; ; 10th
E g : 25t
8 8 &
Temperatars (©) orperators () b Hamparshrs ( €)

Figure 2. Relationship between germination rates (GR) of different percentiles (g) and temperature for three Solanum elaeagnifolium populations (Kfar Blum [KB], Newe Ya’ar
[NY], and Urim [UR]). Symbols show the observed data, while lines show the fitted curves (Equation 4), with the parameters of Table 4.

Ya’ar population, the computed values of by, b;s, b2, and b, were
0.153, 0.141, 0.131 and 0.117, respectively.

The modeling approaches used in this study take into consid-
eration the different germination characteristics of the various
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percentiles within the populations. These differences were reflected
by the b parameter in Equation 4, which represents the maximal
value of GR (Covell et al. 1986; Ordoifiez-Salanueva et al. 2015;
Rowse and Finch-Savage 2003). The insight gained into the
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Table 4. Cardinal temperatures, namely, base temperature (T,), optimum temperature (T,), and ceiling temperature (T), and maximal germination rate (GR) value (b)
of the different percentiles of three Solanum elaeagnifolium populations (Kfar Blum [KB], Newe Ya’ar [NY], and Urim [UR]), their SEs (in parentheses), lower and upper
95% confidence intervals (Cls), and P-values that were estimated from the Washitani model (Washitani 1987) in Equation 4.

Population Parameter Estimate Lower CI Upper Cl P-value
KB Ty (C) 10.95 (1.31) 8.17 13.72 <0.001
T, (C) 23.87 (0.70) 22.38 25.37 <0.001
T. (C) 36.04 (0.64) 34.68 37.40 <0.001
b (10t) 0.155 (0.01) 0.128 0.182 <0.001
b (15t 0.145 (0.01) 0.118 0.171 <0.001
b (20t) 0.136 (0.01) 0.109 0.162 <0.001
b (25t 0.128 (0.01) 0.101 0.154 <0.001
NY Ty (C) 9.99 (0.45) 9.02 10.96 <0.001
T, (C) 23.75 (0.40) 22.91 24.60 <0.001
T. (C) 35.61 (0.42) 34.71 36.50 <0.001
b (10t) 0.153 (0.01) 0.136 0.17 <0.001
b (15t) 0.141 (0.01) 0.124 0.158 <0.001
b (20t) 0.131 (0.01) 0.114 0.147 <0.001
b (25t) 0.117 (0.01) 0.101 0.134 <0.001
UR Ty (C) 10.85 (1.17) 8.36 13.33 <0.001
T, (C) 24.03 (0.61) 22.73 25.34 <0.001
T. (C) 35.85 (0.53) 34.73 36.97 <0.001
b (10t) 0.148 (0.01) 0.126 0.171 <0.001
b (15t 0.138 (0.01) 0.116 0.161 <0.001
b (20t") 0.130 (0.01) 0.107 0.152 <0.001
b (25t 0.120 (0.01) 0.1 0.142 <0.001

germination dynamics of different S. elaeagnifolium percentiles
can facilitate optimal decision making regarding control activities.
Revealing such dynamics enables control activity to be targeted to
the time when most of the population has emerged and prevent
early or late applications. These nonoptimal timings may result
in uncontrolled germination flashes or highly developed weeds
that are not adequately controlled, respectively. However, no sig-
nificant differences were observed in the percentiles of the different
populations, which suggests similar germination patterns.

The fixed T, model allowed accurate prediction of S. elaeagni-
folium germination across the entire temperature range with a high
level of accuracy (Figure 3). It takes into consideration the
decreased germination rate above the optimal temperatures (22/
28 C) and is thus superior to the so-called linear models that exhibit
limited prediction accuracy for the optimal temperature range
(Cochavi et al. 2016). These models take into consideration a wide
range of temperatures (Parmoon et al. 2015) to provide a robust
tool for describing weed germination dynamics for various weed
species (Forcella et al. 2000; Mesgaran et al. 2017). Prediction mod-
els can be employed to improve decision making regarding the
nature and timing of weed control tools. For example, the results
of any control tactic (e.g., herbicides, cultivation, or flaming) are
affected by weed growth stage and density at the time of application
(Lati et al. 2012).

Development of the Solanum elaeagnifolium Germination
Dynamics Model

To develop a thermal time model for estimating cumulative S.
elaeagnifolium germination, data from all temperature regimes
were combined. For each population separately, the chronological
time (days) was converted to thermal time (GDD) by using
Equation 6 and the computed cardinal temperatures. As
Figure 3 and Table 5 show, the three-parameter log-logistic equa-
tion adequately described the germination dynamics of all S.
elaeagnifolium populations, with P-values <0.001. The resulting
RMSE values for all three populations were <0.07%, and the P-val-
ues for the three parameters, b, d, and e, were highly significant
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(P <0.001). Furthermore, the values of the estimated parameters
were similar for the three populations. The approximate difference
of 10 GDD units in the value of the e for the Newe Ya’ar population
is negligible, being equivalent to half a day under spring-summer
temperatures (Table 5).

Finally, by virtue of the lack of significant differences between
the S. elaeagnifolium populations in terms of cardinal temperatures
and predictive models, all data were pooled. The cardinal temper-
atures were then re-estimated using the fixed T. model and were
used for development of the prediction model. Here, the estimated
cardinal temperatures were 10.82, 23.86, and 35.9 C for T, T,, and
T., respectively. As Figure 3 shows, the log-logistic equation
adequately described the germination dynamics of all three popu-
lations taken together (P < 0.001), with the RMSE value being sim-
ilar, 0.064%, compared with the values computed for each
population separately. These results indicate the accurate germina-
tion prediction ability offered by the cardinal temperatures that
were evaluated by the fixed T. model, with the computed cardinal
temperatures not being significantly different between the three
populations (Table 4). They also provide support for the similarity
of the germination patterns of the three examined populations,
which were collected from various regions in Israel, over a250 -
km range from the north (Kfar Blum) to the south (Kibbutz
Urim). Despite the fact that Kibbutz Urim is located in what is con-
sidered to be an arid region, Supplementary Figure S4 shows that,
in terms of temperature, Kfar Blum, Newe Ya’ar, and Kibbutz
Urim share similar values and that the average temperatures
between March and May (main germination period of S. elaeagni-
folium) are similar. Kfar Blum has a cooler autumn-winter season
(September to February) than Kibbutz Urim, with a temperature
difference of approximately 4 C. Nonetheless, this difference in
environmental conditions was not reflected in a lower Ty, and even
the 95% ClIs for the temperature ranges of these two populations
were similar, lying between 8 and 14 C. The lack of differences in
the cardinal temperatures offers an agronomic advantage. Any
decision making regarding the control of this weed that is based
on these temperatures will be identical for all regions. However,
the three locations do differ in amounts of precipitation, with
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Table 5. Estimated parameters of the three-parameter log-logistic equation describing the germination dynamics of Solanum
elaeagnifolium in relation to growing degree days (GDD): f(GDD, (b,d,e)) = d/(1 + exp(b(log(GDD) — log(e)), where d is maximal ger-
mination, b is the steepness of the curve at the inflection point, and e is the median germination GDD.

Population Parameter? Estimate P-value

KB d 0.84 (0.03) <0.001
b —3.25 (0.28) <0.001
e 125.14 (5.36) <0.001
RMSE 0.071

NY d 0.92 (0.04) <0.001
b —2.79 (0.19) <0.001
e 134.18 (6.08) <0.001
RMSE 0.057

UR d 0.77(0.02) <0.001
b —3.49 (0.26) <0.001
e 128.03 (4.34) <0.001
RMSE 0.061

2RMSE, root mean-square error.
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cumulative germination (%) = d/(1 + exp(b(log(GDD) — log(e)), where d is maximal germination, b is the steepness of the curve at the inflection point, and e is the median
germination GDD. The model was fit for all three populations separately, namely: (A) Kfar Blum (KB), (B) Newe Ya’ar (NY), and (C) Urim (UR); and (D) for all three populations
for all the temperature regimes. The evaluated parameters (d, b, and e), the cardinal temperatures (base temperature [T,], optimum temperature [T,], and ceiling temperature
[T]), P-value, and root mean-square error (RMSE) value were: d =0.85, b = —3.06, e =129.3, T, =10.82 C, T, =23.86 C, T.=35.9 C, p < 0.001, and RMSE = 0.064.

Kibbutz Urim having significantly lower rainfall than the other two
locations. As this environmental parameter plays a crucial factor in
seed germination (Jami Al-Ahmadi and Kafi 2007), future research
will have to develop a hydrothermal germination dynamics model
(Alvarado and Bradford 2002; Mesgaran et al. 2017; Onofri et al.
2018). Such a model would be relevant for nonirrigated fields,
natural reserves, and other niches where water is a limiting factor
that may inhibit seed germination.

To best of our knowledge, this is the first study to estimate car-
dinal temperatures for S. elaeagnifolium germination. The
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estimated temperatures are in agreement with those for other weed
species originating from the southern United States and Central
America that are associated with warm and dry climates. For exam-
ple, the T}, value (10.82 C) revealed in our study is within the range
of other typical “summer” weeds, between 7.5 C (common purs-
lane [Portulaca oleracea L.]) and 169 C (Palmer amaranth
[Amaranthus palmeri S. Watson]) (Cochavi et al. 2018).
Furthermore, the optimal germination temperature of 23.8 C
and high ceiling temperature of 35.9 C, which are typical for the
Israeli early and midsummer, respectively, can explain the
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adoption of this weed over wide areas in the Mediterranean region.
However, our results were driven by controlled conditions, and
further validation under field conditions with a varying range of
temperature fluctuations are needed to ensure robustness.

In conclusion, S. elaeagnifolium is a troublesome weed that
poses a threat to agricultural summer crops and natural ecological
niches in Israel and other parts of the world (Boyd et al. 1984;
Mekki 2007; Qasem et al. 2019; Travlos 2013). Herbicide-based
options to control S. elaeagnifolium are limited (Wu et al. 2016);
thus, extensive biological knowledge about this weed is a prerequi-
site for improving its control. The main objectives of this study
were therefore to determine the cardinal temperatures for the ger-
mination of this weed and to develop a prediction model for its
germination. It was found that the seed germination characteristics
of the three examined local S. elaeagnifolium populations were
similar, including the impact of alternating temperature regimes
on cumulative germination (proportion and rate) and cardinal
temperatures. Solanum elaeagnifolium germination will not occur
under constant temperatures, and an alternation range of >6 C is
needed for optimal germination. The cardinal temperatures for
seed germination of S. elaeagnifolium were found to be 10.8,
23.8, and 35.9 C for the base, optimal, and ceiling temperatures,
respectively. These biological parameters can be used to accurately
predict S. elaeagnifolium seed germination under different temper-
ature regimes. The biological data presented here regarding the
impact of temperature on S. elaeagnifolium germination can be
used to improve the control of this weed through smart decision
making regarding tilling, timing of weed control, and weed control
tool(s).

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/wsc.2022.19.
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