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Abstract: Sorghum halepense (L.) Pers is a common and noxious worldwide weed of increasing
distribution in many European countries. In the present review, information on the biology, ecology,
agricultural, economic and environmental impact of johnsongrass is given, and the current status of
this weed in Europe is discussed. Furthermore, special attention is given to the important role of field
trials using glyphosate to control weeds in arable and perennial crops in many European countries.
Some of the factors which affect control efficacy and should be taken into account are also discussed.
Finally, several non-chemical alternative methods (cultural, mechanical, thermal, biological, etc.) for
johnsongrass management are also presented. The adoption of integrated weed management IWM)
techniques such as glyphosate use, crop rotation, and deep tillage is strongly recommended to control
plant species that originate from both seed and rhizomes.
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1. Johnsongrass Distribution, Ecology and Impacts

Johnsongrass (Sorghum halepense) is one of the most common and troublesome weeds with a
worldwide distribution. It is considered a serious weed in more than 53 countries, causing increases
in the costs of production as well as important yield losses in a wide range of field crops including
corn, grain sorghum, soybean, sunflower, sugarcane, cotton, pastures and alfalfa but also in several
perennial crops [1]. Johnsongrass is also an alternate host of numerous pathogen species [2] and can be
toxic to livestock [3,4]. Knowledge of the biology, ecology, and agricultural impact of this weed species
is necessary to ensure the efficacy and sustainability of control strategies [5,6].
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Its origin remains unclear, but some authors have suggested that it originated from the
hybridization of Sorghum arundinaceum and Sorghum propinquum through chromosome doubling
(chromosomes: 2n = 4x = 40) [7]. It is now found from latitude 55° N to latitude 45° S, where it infests
all continents except Antarctica [8]. It is mostly associated with sites with high moisture, such as along
irrigation canals, cultivated fields, field edges, orchards, and pastures [9]; however, it is under water
stress conditions that plants originating from rhizomes are more drought-resistant and competitive than
crops [10]. S. halepense can survive in diverse ecological habitats. Its widespread distribution in many
countries in Europe, including Greece, Spain, Italy, Albania, Bulgaria, Austria, Slovenia, Serbia, Croatia,
Bosnia—Herzegovina, Czech Republic, Denmark, France, Belgium, Netherlands, Latvia, Lithuania,
Belarus, Poland, Switzerland, UK, Ukraine, Russia, Romania and Hungary [11-21] highlights the
importance of that highly invasive species. Lately, researchers reported the spread of this serious weed
in many agricultural habitats in Europe [22], while Follak and Essl [18] reported a progressive change
of S. halepense habitat affiliation and a dispersal to other areas of central Europe, probably and partially
due to climate change. Furthermore, modeling has shown that all the main agricultural areas of Europe
will become ecologically suitable for S. halepense by 2050 [23].

Johnsongrass reduces native species diversity [24,25]. Moreover, its hybridization with cultivated
Sorghum spp. [26-28] has been reported. Holm et al. [8] suggested that the poor germination and
growth of some crops on infested land is the result of toxic exudates from roots or decaying vegetation.
This hypothesis has also been supported by more recent studies [29-31]. The latter authors have
recorded more allelopathic damage to cotton (up to 86% of crop loss) than to maize (up to 64% of loss).
A high level of allelopathic activity has also been found in the root exudates of S. halepense [32].
Nouri et al. [31] mentioned that extracts of different tissues of johnsongrass reduced the fresh weight
of wheat seedlings. In addition, Rout and Chrzanowski [33] suggested that nitrogen-fixing activity is
associated with S. halepense and reported that this may enhance the ability of S. halepense to invade and
persist by altering fundamental ecosystem properties via changes in soil biogeochemistry. The presence
of S. halepense in the field can cause allelopathic effects on several subsequent crops like soybean
and maize [34,35], and, consequently, the agronomic impacts of this weed cannot be limited only to
competition during a single growing season—the allelopathic effects of the roots and residues during
one or more growing seasons also have to be taken into account.

Johnsongrass can reproduce via seed through self- or cross-pollination and vegetatively via an
extensive rhizome network [36]. Its reproductive ability is enormous since it can produce up to
70 m of rhizomes per plant in one growing season, and it can produce 28,000 seeds per plant [37] or
even more (up to 80,000 seeds per plant [38]). Johnsongrass can disperse by seeds and vegetative
organs. Seed production has the greatest potential for the establishment and spread of S. halepense [39],
as johnsongrass forms a long-term soil seed bank. However, plants that emerge from rhizomes have
higher growth rates, even when they are stressed, and, as a result, these plants are more competitive
compared to the seedlings [10]. According to Loddo et al. [40], predictive models based on the effect of
temperature on rhizome performance can generate important information about the seasonal dynamics
of the plants and the timing of control operations.

Seed dormancy can be a key factor in the seed life span and viability of johnsongrass by enabling its
re-establishment after unfavorable growing seasons [41]. Bennett [42] reported on physical dormancy
due to the mechanical restriction of the seed coat, which contains tannin compounds that reduce
permeability to water. In addition to that, Hamad et al. [43] described dormancy imposed by chemical
substances present outside or inside the embryo. Dormancy strongly interacts with environmental
factors, such as temperature, humidity and light [44]. For instance, seed exposure to high temperature
and light regimes has been shown to be effective in breaking seed dormancy in johnsongrass [45].
All the above-mentioned biological and ecological traits and distributional characteristics of this weed
species explain why it is considered a major threat to agricultural production. Hence, it may be argued
that further spread could limit the efficient control of johnsongrass in Europe.



Agronomy 2019, 9, 717 3o0f12

The agronomic and economic impacts of the weed can be highly variable and often reach very
high levels, ranking johnsongrass as the world’s sixth worst weed [46]. Its effects include severe
yield losses in economically important crops including field crops (annual spring crops), vegetables
and perennial crops [1,20,47]. For instance, in the cotton crop in Turkey, only a single johnsongrass
plant per 8 m of cotton row has been found to decrease yield by 4.82% and 9.42% in 1997 and 2002,
respectively [48]. In another study, Dogan and Boz [49] reported that a whole season johnsongrass
competition caused approximately 65% of cotton yield losses. In Southern Austria, the invasion of
johnsongrass has put risks of yield losses of approximately 40% for grain maize and pumpkin-oil
fields [18], and similar effects have been reported for crops such as the sunflower in Hungary [50].
Similarly, maize without the efficient control of johnsongrass has led to yield reductions of 12-88% in
several countries [51-54]. Kleinbauer [23] classified S. halepense as a medium risk weed for the German
and the Austrian regions, while Novék et al. [13] described S. halepense as the 11th most dominant
weed species in Hungary. In other countries such as Slovakia, S. halepense has been considered rare
in the past, appearing in less than 5% of areas but lately increasing [55,56]. Vasilakoglou et al. [30]
showed that in Greece, cotton growth and yield were reduced due to johnsongrass (at a density of
150 stems m~2) season-long interference by 64% and 86%, respectively. The corresponding maize yield
losses were 62% and 41%, respectively. This study confirmed the different effects of johnsongrass on
maize and cotton, which could be merely attributed to the different growth rate and competitive ability
of the two crops. In another study conducted by Mitskas et al. [53], johnsongrass plants emerging from
rhizomes resulted in yield loss ranging from 76-90% in maize, while seedlings resulted in 60-77% yield
losses. Consequently, it seems that the origin of johnsongrass (from seed or rhizomes), the time of weed
emergence, the crop or even cultivar/hybrid could significantly affect competition and yield loss [5].

In all cases, and despite variability, the impacts of S. halepense remain huge, with losses in soybean
in countries such as Argentina amounting to $300 million per year [57]. Johnsongrass control costs have
been evaluated at 165 million Euros, and profit losses have been estimated at 227 million Euros [58].
Indicative of the huge agronomic impacts of johnsongrass is the fact that several methods based
on canopy attributes have been developed in order to accurately predict crop yield losses caused
by S. halepense in crops such as maize and soybean [59,60]. In Europe and the rest of the world,
johnsongrass is therefore among the most serious weeds; consequently, its adequate control is of
major importance.

2. Aspects of Integrated Management of Johnsongrass

Integrated weed management systems combine several weed control methods. In particular,
the management of johnsongrass requires the effective control of both plants emerged from seeds and
plants emerged from rhizomes. Since the rhizome system of johnsongrass is extremely extensive and
spreads very quickly in the first year, it is really crucial to take action as early as possible. Thus, killing
the below-ground tissues and depleting their carbohydrate stores is usually the primary goal of its
chemical control. In a consistent, integrated program preventive, cultural, mechanical, and chemical
methods should be used together. It is also crucial to prevent the transport of seeds and rhizomes from
infested fields to uninfected fields. However, the adequate control of S. halepense is very difficult without
the use of herbicides, with repeated treatments being necessary to maintain long term control [1,49].
Van Esso and Ghersa [61] evaluated the efficacy of control practices for johnsongrass in soybean and
sunflower cropping systems where the timing of cultural and chemical control practices was adjusted
to weed phenological stages by using visually estimated indices and with a thermal calendar model
to forecast the crucial period for johnsongrass propagation (when the population’s rhizome mass is
minimal). The results revealed that visually estimated indices had an effect only in the sunflower, while
with the thermal calendar, weed infestation was reduced in both cropping systems by more than 90%
in one growing season and johnsongrass was eradicated in two growing seasons [61]. The advantages
of using the thermal calendar model to determine the time of herbicide application and the possible
influence of the distribution of the rhizome population in the soil profile on the predictions of the model
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were discussed by Ghersa et al. [62]. However, the use of models remains uncommon, and johnsongrass
has already developed resistance to several herbicides [63], with the majority of them (more than
85%) being selective (mostly ACCase and ALS inhibitors). Consequently, the role of other selective
and especially non-selective herbicides (such as glyphosate) could be significant, especially under the
view of reduced or minimum tillage systems which have been widely adopted lately. In systems like
these, weed control is mostly based on the use of non-selective herbicides such as glyphosate. In the
section below, the focus is narrowed to glyphosate as an important tool for the effective control of
johnsongrass in Europe, mainly due to its high efficacy before crop establishment or after crop harvest
and the absence of any glyphosate resistance cases [63]. Some other available chemical options are
also discussed.

2.1. Chemical Control of Johnsongrass with Emphasis to Glyphosate

Johnsongrass management in European countries has been mainly based on the POST-emergent
application of sulfonylurea and other ALS and ACCase inhibiting herbicides; however, due to
the lack of other modes of action and the overuse of herbicides with the same mode of action,
herbicide-resistant biotypes have occurred and dramatically increased across Europe [63]. The control
of both the seedlings and rhizomes of johnsongrass has been achieved in many crops when sprayed
with products containing glyphosate [64]. Globally, many studies have confirmed the high efficacy
of glyphosate against S. halepense, which is typically used as a late-summer or fall treatment for
postharvest johnsongrass control [65-67]. Tillage has not been found to be necessary to obtain the
effective control of S. halepense with foliar applications of glyphosate [68]. Furthermore, in a study
conducted to determine the duration of time after herbicide treatment required to render johnsongrass
physiologically noncompetitive, Ferrell et al. [69] concluded that glyphosate most readily rendered
S. halepense noncompetitive (4.3 days after treatment) compared to other herbicides (nicosulfuron,
imazapic and clethodim), which also resulted in high efficacy against johnsongrass.

Below, a brief selection of studies completed in several European countries illustrates the significant
role of glyphosate for the control of S. halepense. In Hungary, stubble treatment with glyphosate (mainly
in the middle of July) is a common practice when S. halepense appears. That method allows glyphosate
to control the rhizomes of S. halepense, but it does not affect the seeds. As Kukorelli showed, three to
four years after the glyphosate stubble treatment, the rhizome form of S. halepense spreads again in
the fields, and it is consequently necessary for the treatment to be repeated. As mentioned above,
johnsongrass management has mainly been based on the POST application of sulfonylurea herbicides
like nicosulfuron, foramsulfuron and rimsulfuron. However, the multiyear cropping systems of maize
and the large number of sulfonylurea applications has resulted in the selection of herbicide-resistant
biotypes. The high efficacy of glyphosate to control ALS-resistant johnsongrass has also become
evident. The results of a study conducted by Kukorelli in 2017 (personal communication) have shown
that a rate of 1.44-1.8 kg a.e./ha of glyphosate provides the highest efficacy against S. halepense in
stubble, with new plants emerging only from seed.

In Spain, johnsongrass tripled its total distribution in 2010 compared to 2009 in the absence of control
measures [70]. Glyphosate is very effective in controlling S. halepense at the standard recommended rate
(2.16 kg a.e./ha) when plants are higher than 40 cm. It has to be noted that in September and October,
a glyphosate rate of 1.8 kg a.e./ha is adequate for johnsongrass control due to the fact that the plant
translocates and assimilates the herbicide towards the rhizomes [69,70]. The first reports on the low
efficacy of ALS inhibitors against S. halepense in Spain were recorded in 2014. Several dose-response
studies were conducted, and resistance was confirmed in vitro. In more than 20 fields studied,
a mutation in the position Trp574 of the ALS gene of S. halepense was found. This point mutation causes
resistance to all ALS inhibitors, and, for that reason, crop rotation was one of the main recommendations
to the Spanish farmers. The Committee for Preventing Weed Resistance (CPRH) to herbicides published
a booklet in 2016 (semh.net/wpcontent/uploads/2015/09/Diptico-Sorghum-halepense.pdf) with several
recommendations to achieve a sustainable management of S. halepense. One noticeable recommendation



Agronomy 2019, 9, 717 50f12

by the CPRH was to shorten the crop cycle in order to be able to harvest earlier and spray glyphosate
on johnsongrass patches before the winter. Johnsongrass is also one of the most troublesome weeds in
Serbian field crop production [71]. The continuous use of some ALS and ACCase inhibitors over many
years in monocultures of soybean, maize and other crops has resulted in the selection of johnsongrass
biotypes with multiple resistances [72]. In particular, it has been estimated that the ALS-resistant
populations of S. halepense are infesting more than 150,000 ha of crop fields in Serbia, and control
measures are urgently needed. According to MalidZa et al. [73], the application of glyphosate after
the harvest of small grains and subsequent soil tillage are highly recommended since they could
be very effective against these resistant biotypes. In Greece (like in other Mediterranean countries),
johnsongrass is a serious and troublesome weed in all the summer crops (e.g., maize, cotton, sunflower,
soybean, and sugar beet) and perennial crops (e.g., olives, vines, citrus, and apple) causing yield
losses up to 90% and 45%, respectively (Travlos, unpublished data from recent surveys). Several
biotypes have been confirmed to be ALS- and ACCase-resistant, making the control of S. halepense
even more challenging. In recent experiments, it has been shown that with the use of short growth
cycle maize hybrids (FAO maturity group < 400), subsequent deep tillage and two applications of
glyphosate (one in the stubble (summer) and one after plowing, rhizome drying and late sprouting
(autumn)), the density of the weed is significantly reduced for the next few years. In a field trial
conducted in olives in Greece, it was shown that glyphosate was very effective against johnsongrass,
giving 80% control even at a rate of 1440 g ae/ha [74]. Moreover, previous studies have shown
that the application of glyphosate with adjuvants after seedhead emergence can significantly reduce
S. halepense regrowth [75]. In a study conducted with a stale seedbed treatment of glyphosate in Turkey,
johnsongrass was successfully controlled [64]. In particular, the cover and biomass of the weed were
reduced by 61-75% and 60—-69%, respectively after glyphosate application at 2.8 kg a.e./ha [64]. Similar
results were also obtained in ongoing stale seedbed field trials in Greece (in soybean and groundnut)
by Travlos et al. (unpublished data).

2.2. Non-Chemical Control of Johnsongrass

In organic and other low-external-input (LEI) farming practices, the approach to weed management
involves the whole cropping system [76] and a long-term approach. Therefore, several non-chemical
weed control measures need to be integrated with cultural practices because one single method cannot
be satisfactory, and the weed often continues to cause significant yield losses [77].

Prior to the extended use of herbicides, planting pasture grasses in an area with a serious infestation
has been shown in some cases to be an effective method against johnsongrass. These grasses have
then been repeatedly mowed or grazed during the first season, resulting in the shallow rooting of
johnsongrass [78]. This system was carried out for at least a year and was followed by shallow tillage
along with using a cash crop or a bare fallow to kill the weakened perennial weeds. Multiple passes of
a cultivator with sweeps can bring rhizomes to the soil surface during the summer months, allowing
them to dry out [79,80]. Mowing and tillage can be combined in order to control johnsongrass [81].
Warwick and Black [36] indicated that mowing can also be an alternative and effective management
technique that reduces the growth of rhizomes and seed onset. The optimum timing for mechanical
weed control is influenced by the competitive ability of the crop [82] and the growth stage of the
weeds [83]. Hand hoes, push hoes and hand-weeding are still used in order to prevent the weed from
spreading and dominating [84]. Hand-weeding may also be used after mechanical inter-row weeding
to control weeds left in the crop rows [85].

In general, multiple tillage operations can deplete johnsongrass stands if seedlings and sprouts
are regularly uprooted and rootstocks are desiccated. Sharp tools set at the proper depth and operated
to overlap are needed to uproot all the johnsongrass. Repeated and deep summer tillage before
S. halepense grows to a height of 20 cm reduces stands and sometimes eradicates it, while usual
seedbed preparations retard the spread of johnsongrass but do not affect its stands [86]. Growing
early-maturing crops, plowing immediately after harvest, and precise tilling are common methods to
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break up rhizomes and weaken johnsongrass stands in cultivated areas. Early crop sowing has also
been associated with lower competition by S. halepense in maize and cotton [87]. Johnsongrass responds
to tillage like most perennial weeds. Intensive tillage is needed, as moderate tillage only breaks and
spreads rhizomes and allows johnsongrass to thrive. Johnsongrass spreads relatively slowly in true
no-till regimes; however, after some time, infestations may still become severe [88].

Deep plowing during late fall or early winter seems to significantly reduce johnsongrass stands.
Where possible, plowing should be conducted in a way to bring the majority of rhizomes to the surface
and expose them to winter freeze [88]. It is believed that continuous cultivation throughout the winter
is particularly effective in controlling johnsongrass, although most fields are usually too wet [89].
Additionally, deep disking throughout the summer can control johnsongrass—especially during dry
summers [1]. The effectiveness of frequent disking is directly related to rhizome dehydration [90],
while rhizome depth has already been recognized as the critical factor in the winter survival of
S. halepense [91].

Grazing has also been recognized as an effective method for the adequate control of johnsongrass.
In addition, this technique makes the weed more vulnerable to other methods [92]. Pasturing has long
been recognized as a method of controlling johnsongrass, but effective control from pasturing usually
requires two or more seasons. In general, frequent grazing for two or more years weakens johnsongrass
plants because rhizomes tend to be formed near the soil surface [89]. Geese are sometimes used to
graze johnsongrass in cotton. The geese feed on the young grass without injuring cotton. Best results
are obtained when both the grass and cotton plants are small (johnsongrass height < 13 cm) and before
the hottest part of the season. According to Hauser and Arle [92], the control of S. halepense requires a
geese density at a rate of 1-3 per acre, depending on the amount of grass present in the field. Cattle
have been also used to graze johnsongrass and other weeds in cotton without any significant reduction
of the johnsongrass stand [86]. Moreover, major risks of poisoning are associated with this weed,
mostly in cattle and sheep [20].

Cultural weed control practices were used for the control of johnsongrass before the extended
use of herbicides [93]. The growth and reproduction of a troublesome weed species like johnsongrass
may be actively discouraged by introducing several crops and practices into a rotation [14,94,95].
The inclusion of cover crops in the rotation also suppresses weed development [74]. An effective crop
rotation consists two-to-four years of alfalfa, two years of cotton (or other row crop), and one or two
years of small grain. If the infestation of johnsongrass is heavy, either pasture or summer fallow and
disking or plowing frequently during the summer can be effective [92,96]. Alfalfa and other frequently
mowed or grazed crops grown for three or more consecutive years deplete johnsongrass seed stocks in
the soil [86]. Several Brassicaceae species can be used as part of the rotation or as cover crops against
johnsongrass [14]. DeGregorio and Ashley [97,98] and Else and Ilnicki [99] found that clover mulches
can provide weed control comparable to commercial herbicide programs in maize, sweet corn and
snap beans. Another cultural method is the application of fertilizers along with or near the crop row
in order to increase the uptake of nutrients by the crop and their competitive ability against weeds
such as johnsongrass [100]. Crop row spacing can be also modified and used as an additional cultural
method against S. halepense. For instance, Bendixon (1988) recorded a significantly lower density of
johnsongrass in soybean seeded in 25 cm rows compared with those of 76 cm [101].

Johnsongrass, like other perennial species, has also been documented as being susceptible to
solarization [102-104]. To maximize control and reduce the regrowth of weeds at the edges of the
fields a full coverage with polyethylene is suggested [102]. Law et al. [105] showed that solarization
with or without previous tillage reduced johnsongrass populations by more than 56% compared
with the untreated plots (bare fallow). Flaming has also been used against johnsongrass; however,
many applications are required, and treatments needed to be done at specific weed and crop growth
stages [92]. Flooding soil with 5-10 cm of water for one-to-two weeks is also a good alternative way to
control johnsongrass plants and rhizomes [89,106]; however, it is not always feasible. Anddjar et al. [95]



Agronomy 2019, 9, 717 7 of 12

also found that furrow irrigation systems allowed for the establishment of large patches of johnsongrass
with a high plant density, while patches were smaller and less dense with the sprinkler irrigation system.

Millhollon [107], Chandramohan and Charudattan [108] and Tilley and Walker [109] have
highlighted the potential of several biological agents for the control of johnsongrass, but more research
is obviously needed towards the development of bioherbicides. Moreover, Bridges and Chandler [110]
found significant differences in the competitiveness between three cotton cultivars against johnsongrass,
and more research is necessary in order to evaluate more crop varieties and hybrids under different
soil and climatic conditions [5].

3. Conclusions

Conclusively, information on the biology, ecology, agricultural and economic impact of
johnsongrass is necessary to increase the sustainability of control strategies. High growth rates
coupled with high biomass production both above ground and in rhizomes, seed dormancy, prolific
seed production, adaptability over a wide range of soil and climatic conditions, strong allelopathic
potential and competitive ability, as well as resistance to several ALS and ACCase inhibiting herbicides,
make S. halepense a major threat to European agricultural production. Changes in crop management
practices, improved tillage management, and diverse chemical-based techniques are among the best
options for the effective control of S. halepense. A number of these effective techniques could be
used in combination with herbicides. Glyphosate is an important tool for the effective control of
johnsongrass in Europe, either before crop establishment or after crop harvest, while the absence of
glyphosate resistance up to now is another advantage which should be kept as long as possible by the
means of the adoption of integrated weed management methods and not an overreliance of a single
method. More studies are needed on long-term management strategies that integrate chemical and
non-chemical approaches in a sustainable manner in order to prevent the widespread invasion of this
troublesome weed.
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