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Abstract: In 2002, a survey carried out in rice paddies in the Rio Grande do Sul (RS) state reported the
occurrence of nine species of jointvetch (Aeschynomene). Due to their semi-aquatic habit, some species
adapted to irrigated rice fields, which led to their being considered the worst broadleaf weed in RS.
Although farmers have successfully implemented weed management practices, Aeschynomene plants
have reportedly escaped chemical control. This study aims to identify the species of Aeschynomene
that occur in rice fields in RS and to evaluate the reasons why escapes are occurring. A survey
was carried out by collecting mature seeds from individual adult plants. A questionnaire on the
management practices employed in each field was administered to 54 farmers and 18 extension
agents, each of whom was responsible for one of the surveyed rice fields. This survey found four
species of Aeschynomene are present in rice fields in RS: A. denticulata, A. indica, A. rudis, and A. sensitiva.
The results suggest that the explanation for escapes may lie in the management practices adopted
by farmers, which are focused on the control of weedy grasses. Escapes are also associated with
problems such as the lack of irrigation uniformity and out-of-stage, late herbicide applications.

Keywords: jointvetch; lowlands; species identification; survey

1. Introduction

The plant genus Aeschynomene (Fabaceae, Papilionoideae) is composed of approxi-
mately 180 species, of which 84 are distributed through the American continent and 49
occur in Brazil [1,2]. These plants are herbaceous annuals that develop as small to true
bushes with peltate stipules, papilionaceous flowers, and articulate loments united by
septa [3]. In 2002, a previous survey carried out in the Rio Grande do Sul (RS) state, the
southernmost state of Brazil, reported the presence of nine species belonging to this genus:
A. denticulata, A. elegans, A. falcata, A. fructipendulata, A. histrix, A. indica, A. monteviden-
sis, A. selloi, and A. sensitiva, which are regionally known as “angiquinho” in Brazilian
Portuguese and jointvetch in English [4].

Due to its semi-aquatic habit, some jointvetch species are well-suited to the conditions
of irrigated rice cultivation, to the point that they are the crop’s main broadleaf weed and
the third most likely to escape chemical control, behind only weedy-rice and species of
Echinochloa [5]. Despite not germinating under flooded conditions [6,7], once established,
this weed affects crop productivity by competing for resources, as well as indirectly by
hampering harvest operations and diminishing grain and seed quality [8-11].

Differentiating between species of Aeschynomene in rice paddies is extremely difficult.
This is due to the similarity of morphological characteristics between the species and
because no survey has been carried out to date concerning the occurrence and description
of Aeschynomene in rice fields.
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Irrigated rice is widely cultivated in the lowlands of the southern region of RS. Due to
the high suitability of the region’s soil and climate conditions, farmers are able to grow rice
year after year, generally rotated with livestock during the winter [12]. Around 70% of the
state’s rice is cultivated under minimum-tillage practices, with low soil movement, though
other seeding methods, including conventional, no-tillage, and water-seeded systems, are
also common [13]. The Clearfield® technology for weed control is extensively used in
irrigated rice, being present in 87% of the fields, mainly because of the wide spectrum
of weeds controlled [14,15]. However, due to the emergence of several imidazolinone-
resistant species, farmers have been forced to adopt resistance management practices such
as crop rotations, cultivation of winter cover crops, rotating herbicides, and herbicide
mixtures with different modes of action [16,17]. Though some farmers have successfully
implemented these practices, professionals involved in rice production have reported the
escape of Aeschynomene plants from their fields, therefore leading to uncertainty regarding
which species are, in fact, becoming more problematic. It is important to mention that
biotypes resistant to ALS inhibitors and synthetic auxins, the main herbicides used to
control jointvetch, have not been reported so far in Brazil.

The objective of this study was to identify species of Aeschynomene in rice fields in RS,
to verify their distribution in rice production zones, and to find relationships between the
agronomic practices and the presence of the different Aeschynomene species.

2. Materials and Methods
2.1. Aeschynomene spp. Identification and Distribution in Rice Fields in the Rio Grande do Sul
(RS) State

To identify the species of Aeschynomene that occur in rice fields in RS, mature seeds
were collected from adult plants that escaped weed control measures during the rice-
growing season. The seeds that made up each sample were collected from five adult
plants in each surveyed field, which had their geographic coordinates recorded using
a global positioning system (GPS) equipment. Seeds were collected between February
and April 2019. Collections were carried out in the three municipalities with the highest
rice yield in the previous cropping season, in each of the six rice-producing regions of
RS (Campanha, Central Region, External and Internal Coastal Plains, Southern Zone,
and Western Border, indicated with different colors in Figure 1, while the municipalities
included are identified with a number on the map), according to the survey conducted by
the Rio-Grandense Rice Institute (IRGA) [18]. In each municipality, we scouted three rice
paddies with a reported jointvetch escape problem, totaling 54 fields, and identified five
adult plants in each paddy site using morphological keys [3,4]. We sampled their seeds,
which were packed in individual paper bags and identified with a unique code, totaling
270 samples.

The main morphological characteristics used to identify these species in the field are
listed in Table 1. The characteristics that distinguish A. denticulata from the other species
are its serrated leaflet margins, branches and stem densely covered by trichomes, yellow-
orangish flowers, and parallel loment margins (Table 1, Figure A1). Furthermore, all the
structures that are covered with trichomes release a kind of wax, which easily adheres to
hands and gives off an unpleasant smell.

Table 1. Morphological characteristics used to distinguish Aeschynomene species at rice fields.

Characteristic A. denticulata A.indica A. rudis A. sensitiva

Leaflets Serrated Entire Entire Entire
Touch sensibility ! No No No Yes
Branches Densely trichomatous Glabrous Sparse trichomes Glabrous
Stem Densely trichomatous Glabrous Sparse trichomes Glabrous

Flower color Yellow-orangish Yellow-whitish Yellow-orangish Yellow
Loments Parallel margins Sinuous bottom margin ~ Sinuous bottom margin  Sinuous bottom margin
Articles Velvety Rough Ridged Compressed

1. After a slight touch of the petiole, the leaflets are induced to close toward the leaf center. Adapted from [3,4,7].
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Figure 1. Municipalities visited for seed sampling of Aeschynomene spp.: 1-Alegrete, 2-Uruguaiana,
3-Itaqui, 4-Restinga Seca, 5-Sao Sepé, 6-Cachoeira do Sul, 7-Dom Pedrito, 8-Sao Gabriel, 9-Rosario do
Sul, 10-Camaqua, 11-Arambaré, 12-Tapes, 13-Mostardas, 14-Palmares do Sul, 15-Viamao, 16-Santa
Vitéria do Palmar, 17-Arroio Grande, and 18-Rio Grande.

Aeschynomene indica distinguishes itself from other species most visibly by the coloring
of its flowers, which are yellow-whitish, and by the presence of loments with sinuous
bottom margin and articles with a rough surface (Table 1, Figure A2). During its vegetative
growth stages, this species is very similar to A. sensitiva since both have entire leaflet mar-
gins and glabrous branches and stem. One of the few vegetative features that differentiate
the two species is sensitivity to touch, present in the leaves of A. sensitiva, which close at a
slight touch to the petiole, whereas those of A. indica do not. Another distinctive vegetative
characteristic is the plentiful ramification produced by A. indica, which starts at the stem
base, while A. sensitiva exhibits an intense vertical growth, reaching up to four meters
high, with few branches at the top of the stem with small vivid yellow flowers. Finally, the
stem of A. sensitiva is considerably thicker and acquires a dark-brownish color at the base
(Table 1, Figure A3).

The characteristics that enable A. rudis to be differentiated from other species of the
genus are its entire leaflet margins, which are also observed in A. indica and A. sensitiva,
while its branches and stem are covered with sparse trichomes, which are longer and stiffer
than those found on A. denticulata. Its flowers are yellow-orangish, exhibiting a distinct red
trace on the petals. The loments of A. rudis also have a sinuous bottom margin and articles
with a ridged surface due to the presence of several protrusions (Table 1, Figure A4).

After collection, the seeds were dried, cleaned, and stored for two weeks in a fridge
(7 °C) and then in a cold chamber, with a stable temperature of 17 °C. This procedure was
performed to control stored-product insects that might damage the seeds, making them
unfeasible for use during the subsequent steps of this study.

During the spring and summer of 2019, five seeds from each sample were sown after
their article was removed, and they were mechanically scarified using 180 grit sandpaper.
To standardize the strength applied over the seeds in this process, a cup filled with 750 g of
sand was settled over the sandpapers, and then the whole apparatus was turned around
its center twice. At least one plant from each sample was grown in a greenhouse in 10 L
buckets filled with 8 kg of soil. The morphological characteristics were then photographi-
cally recorded to illustrate the characteristics that were used for identification in the field
and to determine additional features that would allow an easier differentiation between
the species.
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2.2. Weed Management Overview

Immediately during or right after seed collection in the field, the 54 farmers and 18 ex-
tension agents responsible for each rice field answered questions about the management
practices used on the sampled areas, relating them to the presence of Aeschynomene. Farm-
ers were asked about the time of continuous rice cultivation, the main cultivation method
on the farm (type of tillage and sowing), the level of adoption of Clearfield® technology, the
number of herbicide applications in a season, the adoption of the “needle-point” burndown
technique [19], specific practices to manage resistant weeds, and which herbicides were
sprayed at pre- and post-emergence. Extension agents were asked about their opinion on
the escape and presence of Aeschynomene plants in the fields.

2.3. Statistical Analysis

The results were analyzed using descriptive statistics and the values presented
as percentages.

A multinomial logistic regression was performed to ascertain the effects of some
agronomic practices (independent variables) on the likelihood of finding the different
Aeschynomene species (A. denticulata, A. indica, and A. rudis) (categorical dependent variable)
on the surveyed area. Aeschynomene sensitiva was excluded from the analysis as it was only
found in a single field.

The agronomic practices considered were: continuous time of rice cultivation, number
of herbicide applications through the growing season, predominant cultivation system
with three levels (conventional tillage, minimum tillage, and water seeding), use of crop
rotations (yes, no), use of winter cover crops (yes, no), use of herbicide mixtures (yes no),
use of rotation of herbicides with different mode of action (yes, no), use of increased
herbicides doses (yes, no), absence of weed management (yes, no), use of the needle-
point burndown application (yes, no). All the independent variables were categorical
dichotomous or polytomous (management) and were considered as a factor in the analysis,
except for number of herbicide applications and continuous time of rice cultivation, which
were continuous.

The model was run initially with all the abovementioned variables and then the model
was re-run with only the variables that were significant in the previous analysis for at
least one of the species. The non-significant discarded final variables were continuous
time of rice cultivation, use of crop rotation, and the needle-point burndown. Independent
variables were considered significant at p < 0.05. The reference category of the dependent
variable was the species A. denticulata.

The analysis was conducted by using the multinom function of the package nnet of
the statistical program R [20].

3. Results
3.1. Aeschynomene spp. Identification and Distribution in Rice Fields in RS

Figure 2 displays as black dots the locations of the fields in which Aeschynomene plants
were identified. Of the 270 Aeschynomene samples, 161 were identified as A. denticulata
(59.6%), 97 as A. indica (35.9%), nine as A. rudis (3.3%), and three as A. sensitiva (1.1%),
according to keys [3,4].

Aeschynomene denticulata was the only species present in all municipalities visited, as
well as the only species found in the rice fields surveyed in the Western Border (Figure 2a).
In the other rice production zones, a higher diversity of Aeschynomene species was found,
though A. denticulata predominated in the Central Region and Campanha as well. The
predominant species in the Internal and External Coastal Plains was A. indica (Figure 2b).

There was a high variability of Aeschynomene species in the External Coastal Plains
and Southern Zone, especially in the municipalities of Viamao and Arroio Grande, where
three species (A. denticulata, A. indica, and A. rudis) were found in a single rice field. This
paper represents the first verified report of A. rudis at rice fields in RS (Figure 2c). This
species is frequently mistaken for A. denticulata, with which it shares certain similarities, as
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well as with A. virginica, an endangered species that only occurs in a restricted area of the
United States of America [8,21].

The only production zone in which A. sensitiva occurred was the Central Region, in
the city of Restinga Seca, in a field cultivated under the water-seeded system. No herbicide
was sprayed prior to the day that it was found (Figure 2d).
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Figure 2. Geographic coordinates of rice fields where at least one plant of (a) A. denticulata, (b) A. in-
dica, (c) A. rudis, and (d) A. sensitiva were found.

3.2. Weed Management Overview

The results from the questionnaires administered to farmers and extension agents
provide an overview of the current context of the weed and crop management practices
adopted in rice production systems in RS. Of the fields surveyed, 18% had been cultivated
with rice for ten consecutive years, and 30% had been cultivated for more than five con-
secutive years (Figure 3a). Meanwhile, 30% had only been cultivated for two consecutive
years, and 22% were first-year rice fields (which had just come from a fallow period or
which had been cultivated with other crops). Rotation with other crops aims to reduce the
weed seedbank in the soil since the continuous cultivation of rice, year after year, creates
favorable conditions for a wide range of species to persist [22,23].

Over half of the rice fields (51%) used minimum tillage (Figure 3b). There are certain
advantages to this method, including minimal soil turnover, which reduces the cost of
tillage operations and allows rice seeding to be carried out during the most favorable period.
Minimum tillage also facilitates the use of pre-emergence weed control, ensuring reduced
infestation of weeds during the critical establishment stages of the crop [24,25]. Another
38% of the rice fields surveyed still use conventional tillage (several plow and harrow
operations), which aims to eliminate weeds that have already emerged mechanically and
to level the soil. A small percentage of the surveyed fields (11%) were planted using a
water-seeded system, in which cultivated areas are kept flooded during the winter, and
tillage is carried out in wet soil [26].
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Figure 3. (a) Continuous time of rice cultivation and (b) predominant cultivation system at rice fields in which Aeschynomene

seeds were sampled. In (a), no field was continuously cultivated with rice for 3 or 4 consecutive years.

Clearfield® technology (CL) was introduced in RS in the 2003-2004 growing season,
marketed as the first imidazolinone-resistant rice variety for use with herbicides to control
weedy-rice [27,28]. CL rice was used in 87% of the rice fields surveyed, which demonstrates
the importance of the technology, even despite the wide distribution of ALS-resistant weed

species in rice fields in southern Brazil [29,30].

One method used by rice farmers to manage hard-to-control weeds is a burndown
application using a non-selective herbicide, usually glyphosate, as soon as the crop reaches
the phenological stage S3 (emergence of prophyll from coleoptile), popularly known in RS
as a “needle-point” burndown [19,31]. This practice was adopted by 72% of the farmers
interviewed. Given that 11% of the surveyed rice fields used a water-seeded system, in
which this method is not practical because the seeds are sown beyond S3, only 17% of the
scouted rice fields do not adopt this practice, highlighting its importance.

Of the farmers surveyed (Figure 4a), 70% of them perform weed control measures at
least three times during the growing season: a burndown for weeds that emerged before
seeding, one pre-emergence, and one post-emergence application of herbicide, the latter
of which is applied one or two days before the field is flooded. A lower proportion (6%)
of the farmers perform a fourth herbicide spraying, called late post-emergence, aiming to
control weed escapes, while another 24% of farmers spray herbicides only twice, which
can happen at a variety of different moments during the growth season, as a burndown,

pre-, early post-, or late post-emergence application.

(a.) Four (b) Winter cover crops None
()”n 4“" 4 ‘n

Crop rotation X
17% \\
\

Increased

Three
70%
doses

19%

Mode of
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rotation

29%

Herbicide

mixture
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Figure 4. (a) Number of herbicide applications during the rice-growing season and (b) specific practices adopted to manage

resistant weeds in surveyed fields in which Aeschynomene seeds were sampled.
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Almost all farmers surveyed (98%) indicated that they used specific practices to
manage herbicide-resistant weedy-rice and barnyardgrass, which can contribute to avoid
selecting herbicide-resistant jointvetch biotypes. They adopt at least one or two of the
options listed in Figure 5b. The two most frequently mentioned strategies, both of which
are adopted in 29% of the surveyed rice fields, were related to chemical control: rotation
of the mode of action and herbicide mixtures. The percentage of farmers that do not
rotate modes of action is still high, while another 19% of farmers use doses that are higher
than the label dose (Figure 5b), a practice that increases the overall cost and the selection
pressure for resistant weeds [32]. Of the options that do not involve chemical control,
only two cultural methods are adopted. Currently, only 17% of fields use crop rotation,
while winter cover crops are grown on just 4% of the fields surveyed. The benefits of these
practices extend beyond integrated weed management, with the potential to reduce disease
and pest occurrence, tillage expenses, and soil fertility improvements [33]. However,
due to the physical characteristics of soils in which rice is cultivated in RS, farmers must
make a number of adjustments to improve the root environment and ensure the viability
of rotations with soybean, corn, winter cereals, and livestock-integrated systems. These
adjustments include the use of drainage and irrigation systems, land leveling, pH correction,
and soil decompaction [34].

(a)

62%

DOXP Inhib.

(b) ACCase Inhib.

20%

ALS Inhib.
29%

Synt. Aux.
16%

PSII Inhib.

Microtubule . :
. ALS Inhib. =
Assemb. Inhib. 599 None DOXP Inhib.

n=>54 5%, 4% 2% n=54 3%

Figure 5. (Percentage of farmers that perform herbicide applications at (a) pre-emergence and (b) post-emergence and the

most frequently reported herbicide modes of action used in the rice fields in which Aeschynomene seeds were sampled.

Since chemical control strategies are the most commonly adopted by rice farmers in
the surveyed fields, the herbicide program used by each farm was identified to determine
the most common options for pre- and post-emergence applications (Figure 5a,b). Only
5% of the farmers indicated that they did not spray prior to emergence (Figure 5a). Of
the farmers who do apply pre-emergence herbicides, 62% use clomazone, a 1-deoxy-D-
xylulose 5-phosphate (DOXP) inhibitor [35]. ALS-inhibiting herbicides are the next most
common, with 14% using imazapyr + imazapic and 1% using imazethapyr + imazapic,
both of which are labeled only for use on Clearfield® varieties. Clomazone and imazapyr +
imazapic thus represent 76% of all pre-emergence herbicide applications, which primarily
aim to control Echinochloa species and weedy-rice. The chemical options used to control
Aeschynomene species at pre-emergence are penoxsulam (adopted by 4% of farms) and
imazapyr + imazapic since pendimethalin (adopted by 3% of farms), a microtubule as-
sembling inhibitor, is only effective at controlling grass weeds, and neither imazethapyr
alone nor as imazethapyr + imazapic mixture is effective at controlling broadleaf weeds
in irrigated rice [36-38]. Thus, when Aeschynomene is present it may be necessary to
spray a different herbicide to complement the action of imazapyr + imazapic, especially at
advanced development stages, as the species is tolerant to imazapic [39].
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In most of the rice fields surveyed (98%), farmers perform at least one post-emergence
herbicide application (Figure 5b), of which 52% use ALS inhibitors. Specifically, by decreas-
ing the order of frequency, farmers use imazapyr + imazapic (25%), imazethapyr (14%),
penoxsulam (9%), metsulfuron-methyl (1%), bispyribac-sodium (1%), ethoxysulfuron-ethyl
(1%), and imazethapyr + imazapic (1%). ACCase-inhibiting herbicides are used by 20%
of the interviewed farmers, with cyhalofop-butyl (17%) predominating due to its high
selectivity toward rice [40]. A small percentage of farmers used fenoxaprop (3%) against
weedy grasses. The synthetic auxins quinclorac and picloram are used by 13% and 3%
of the interviewed farmers, respectively, as they are effective at controlling Aeschynomene
species. The main use of quinclorac is to control Echinochloa species, as it is highly selective
to rice [41]. Two photosystem II inhibitors, bentazone and propanil, are used by 6% and
1% of the interviewed farmers [42], respectively, to control sedges and Echinochloa species.
Clomazone, a DOXP inhibitor, is used at post-emergence by 3% of the interviewed farmers
to obtain an overlay of residual effects.

When asked about the escape of Aeschynomene in the rice fields despite the manage-
ment practices implemented, 45% of extension agents mentioned irrigation deficiency as
the main problem (Figure 6). This is justified by the spatial clustering of paddies, which
makes it challenging to keep the water level stable. In such situations, or when flooding is
sub-optimal due to operational problems with generators interrupting water supply, an
opportunity exists for a new cohort of Aeschynomene to emerge, a situation in which the
weed becomes established and develops until the end of the rice-growing season. Other
factors explaining the presence of species of Aeschynomene at the end of the rice-growing
season is the low rate of success of late herbicide application specifically devoted to control-
ling this weed (30%). Some extension agents also mentioned innate tolerance to herbicides
(12%) and low label doses (8%) as other reasons for Aeschynomene species to be present at
the end of the rice-growing season, and a few of them (5%) suspect that there are already
herbicide-resistant biotypes in the rice fields.

Resistance
Low label dose 59,
8% Irrigation
g s deficiency
H(,‘_rblCldC 459%
inefficiency
12%

Advanced
weed stage

3000

Figure 6. Perception of extension agents regarding the escape and presence of Aeschynomene plants at
the rice fields despite the management practices adopted.

The applied model performed to find relationships between the agronomic practices
and the presence of a certain Aeschynomene species correctly classified 63% of cases.



Agronomy 2021, 11, 453

9of 17

The confusion matrix highlighted that the model was able to classify correctly about
62% of the observations of A. denticulata and 67% of A. indica (Table 2). The model mis-
classified all the observations related to A. rudis, probably because very few observations
were present.

Table 2. Classification results after the calculation of confusion matrix for the three Aeschynomene
species.

Species Number of Number of Misclassified Success Rate (%)

P Observations Observations °
A. denticulata 66 41 62%
A. indica 12 8 67%
A. rudis 5 0 0%

In the multinomial logistic regression analysis, by default, the first category of a
dichotomous or polytomous variable is used as the reference category and consequently
does not appear in the results (Tables 3 and 4). For polytomous variables, the effect of
the second and third categories are compared separately with the first category, while for
dichotomous variables, the effect of the second category is compared with the first. In
our study, the variables and related default reference categories were cultivation system
(conventional), use of cover crop (yes), herbicide mixtures (yes), modes of action (MoA)
rotation (yes), increased doses (no), and absence of weed management (yes).

The odds ratio highlighted that a higher probability of finding A. indica instead of
A. denticulata (reference species) was associated with water seeding (1.3 times higher for
A. indica) and with the use of some practices to control weeds (7.66 x 10? times higher for
A. indica) (Table 3). On the contrary, the absence of using rotation with herbicides having
different modes of action (MoA) rotation increased the probability of finding A. denticulata
instead of A. indica, as suggested by the negative value of the coefficient (Table 3). The same
effect, even with a lower degree (0.50 times), was estimated for not using the cover crops.

Table 3. Multinomial logistic regression predicting the likelihood of finding Aeschynomene indica instead of A. denticulata

based on different agronomic practices.

Variables Coefficient SE! Wald (z) Df 2 4 Odds Ratio
number of herbicide applications 0.41 0.62 0.67 1 0.501 1.52
cultivation system = minimum tillage 0.26 0.59 0.44 1 0.658 1.30
cultivation system = water seeding 84.77 269 x 10714 3.15 x 101 1 0.000 6.55 x 10%
cover crops = no —0.69 0.88 -0.78 1 0.434 0.50
herbicide mixtures = no 1.63 1.33 1.23 1 0.220 5.11
MoA rotation * = no —50.12 261 x 1071 -1.92 1 0.000 1.70 x 1072
increased doses = no 0.46 0.59 0.78 1 0.435 1.59
absence of weed management = no 68.81 112 61.29 1 0.000 7.66 x 10%

1: Standard error. 2: degrees of freedom. : rotation of herbicides with different modes of action.

The probability of finding A. rudis instead of A. denticulata increased with the number
of herbicide applications by 9.73 x 10° times, with the adoption of minimum tillage by
3.40 x 10°, if cover crops were not used by 2.71 x 1013, if herbicide mixtures were not used
by 2.68 x 10%, and if increased doses were not used by 5.08 x 108 (Table 4). However, the
model was not able to correctly classify any of the A. rudis observations (Table 2).
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Table 4. Multinomial logistic regression predicting the likelihood of finding Aeschynomene rudis instead of A. denticulata

based on different agronomic practices.

Variables Coefficient SE! Wald (z) df? p Odds ratio
number of herbicide applications 16.09 0.46 34.63 1 0.000 9.73 x 10°
cultivation system = minimum tillage 15.04 1.00 15.03 1 0.000 3.40 x 10°
cultivation system = water seeding —22.49 8.55 x 10716 —2.63 x 1016 1 0.000 1.71 x 1010
cover crops = no 30.93 0.15 199.77 1 0.000 2.71 x 10%3
herbicide mixtures = no 21.71 0.85 25.65 1 0.000 2.68 x 107
MOoA rotation 3 = no —56.97 8.55 x 10716 —6.66 x 101° 1 0.000 1.81 x 1072
increased doses = no 20.05 0.82 2448 1 0.000 5.08 x 108
absence of weed management = no —38.49 0.15 —248.48 1 0.000 1.92 x 10~17

1. Standard error. %: degrees of freedom. 3: rotation of herbicides with different modes of action.

4. Discussion

This study identified the four following Aeschynomene species in the rice fields sur-
veyed: A. denticulata, A. indica, A. rudis, and A. sensitiva. The most common species was
A. denticulata, found in all the six rice production zones of the state. The wide distribution
and predominance of this species in RS has been suggested by other authors [6] and was
confirmed in this study. As for A. indica, in addition to being present in the Central Region
and Campanha, it is the predominant species in the External and Internal Coastal Plains
and the Southern Zone. Reports from previous surveys indicate that this species is pri-
marily distributed in the coastal and central regions of RS, supporting the results of this
study [43]. Aeschynomene rudis was only present in the External Coastal Plain and South
Zone, while A. sensitiva was observed only in the Central Region. Although this survey was
carried out systematically and following a pre-defined methodology, it should be noted
that the possibility remains of other Aeschynomene species being present at rice fields in RS.
Additionally, the chance cannot be ruled out that the species mentioned in this study may
be present in rice production zones where no individuals were found in this survey.

The results from this survey show that there might be other reasons other than germi-
nation and establishment of Aeschynomene plants under flooded conditions that explain
why escapes occur despite the management practices adopted. Problems in maintaining
constant irrigation, either because of land-level or water supply issues, can reduce the
effectiveness of management practices and result in moments of high oxygen availability
and increased temperature that allow the weed to establish itself and grow. This effect
is well documented for other weed species occurring on rice fields [44—46], constituting
a major problem for weed management on the crop worldwide; therefore, attention is
required to avoid further problems with the Aeschynomene species described in this work.

Another aspect that stands out in the results is that the reliance on chemical control
options are not well suited to manage the Aeschynomene species identified. Since most of
the herbicides used have the objective to control grass weeds, a broadleaved-weed selection
pattern starts to emerge [47,48]. Therefore, a change on the chemical options used might be
considered, choosing herbicides with a wider control spectrum and, as the multinomial
logistic regression results indicated, that the absence of mode of action rotation can be one
of the reasons for the predominance of A. denticulata.

More in general, the multinomial logistic regression results may provide useful indi-
cations for predicting the effects on the predominance of one Aeschynomene species of the
adoption of practices that deserve to be encouraged: for example, the adoption of winter
cover crops maintains the soil covered during the whole year, creating an opportunity
to no-tillage systems and interfering on early weed establishment during rice growing
season [49].
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Studies are currently being carried out with a focus on the biology and ecophysiology
of Aeschynomene spp., aiming to confirm whether its germination and emergence occur
under flooded or only dry soil conditions. Other lines of research include studies on seed
dormancy and longevity. There are demands for future investigations to examine whether
these species display differential herbicide sensitivity, as well as screening populations of
these species for herbicide resistance, aiming to manage the resistant biotypes in rice fields
in RS.

In an entirely distinct but important field of study, acquiring more in-depth knowledge
of these leguminous species may be valuable, such as considering their use to biologically
fix nitrogen through symbiosis with bacterial strains [50]. While certainly a challenge, such
use of Aeschynomene species might re-engineer its role in the production system. Rather
than being a noxious weed, it could be used as effective green manure for hydromorphic
soils, helping to increase the sustainability of lowland agricultural systems.

5. Conclusions

Four Aeschynomene species were present in rice fields in RS: A. denticulata, A. indica,
A. rudis, and A. sensitiva. The results of this study indicate that the effectiveness of man-
agement practices adopted by farmers, focused on grass weed control, are hampered by
problems in maintaining stable flooding and late herbicide spraying when weeds are at
advanced development stages, which may explain why escapes are occurring. Even though
this work was conducted in Brazil, the results can be useful in other countries in which
these species are problematic for rice production and where the management practices
are similar.
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Appendix A

Figure Al. Aeschynomene denticulata. (a) Seedling and detail of serrated leaflet margins and stem covered by trichomes.
(b) Branches and stem covered by trichomes. (c) Leaf and detail of serrated leaflet margins. (d) Flower. (e) Ripening and
(f) mature loments and articles.
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Figure A2. Aeschynomene indica. (a) Seedling. (b) Glabrous branches and stem. (c) Leaf and leaflets with entire margins.
(d) Flower. (e) Ripening and (f) mature loments and articles.



Agronomy 2021, 11, 453 14 of 17

Figure A3. Aeschynomene sensitiva. (a) Seedling. (b) Branches and dark stem, both glabrous. (c) Leaf and leaflets with entire
margins. (d) Flower. (e) Ripening and (f) mature loments and articles.
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Figure A4. Aeschynomene rudis. (a) Seedling. (b) Branches and stem covered by trichomes. (c) Leaf and leaflets with entire
margins. (d) Flower with distinct red trace. (e) Ripening and (f) mature loments and articles.
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