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Abstract  
 
Cover crops used in conservative cropping systems can accumulate large amounts of nutrients, reducing nutrient losses from the 
soil-plant system and improving the nutrient use efficiency in crops. However, recent researches demonstrated that herbicides 
used to kill cover crop could decrease N status in the straw, reducing the nutrient availability to the cash crop. In this context, the 
aim of this work was to investigate the effect of glyphosate or glufosinate-ammonium application in K, P, Ca, Mg, S and C status in 
plant´s tissues of  black oat (Avena strigosa) and peal millet (Pennicetum glaucum)  desiccated with herbicides. An experiment was 
carried out under greenhouse conditions using a factorial design 2x3. The evaluated factors were cover crop (black oat or peal 
millet) and cover crop management (1-Control- mechanical cut, without herbicide application; 2-Glyphosate- cover crop desiccation 
with glyphosate; 3-Glufosinate- cover crop dessication with ammonium-glufosinate). Dry mass production, nutrients accumulation 
in plants part and entire plants and the nutrient´s utilization efficiencies were determined. The nutrients accumulation in plants 
was not reduced by herbicides; however, a lower dry matter and C accumulation was observed after herbicides application. 
Glyphosate increased K, P, S and C remobilization from leaves to stalks, but glufosinate did not affect it, suggestion a lower effect of 
this herbicide in nutrients availability to cash crop. Herbicides did not affect K, P, Ca, Mg and S losses from plants, thus the total 
amount of these nutrients in the system should be not affected by glyphosate or ammonium glufosinate utilization. However, since 
glyphosate changes these nutrients distribution among plant´s parts, increasing nutrients in the stalks and reducing nutrients in the 
leaves of pearl millet, it may affect  nutrient availability to cash crops, since leaves mineralization is faster than stalks mineralization 
on soil. In this sense, the herbicide application is a practice that should be considered for prediction of nutrients availability in soil-
plant systems, aiming improve the nutrient´s use efficiency.  
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Introduction 
 
In Brazil, Black Oat (Avena strigosa) and Pearl Millet 
(Pennicetum glaucum) are some of the most used cover 
crops in conservative cropping systems, as no-tillage.  Since 
they have high dry mass production (Sá, 1996), promoting a 
good soil coverage (Ros and Aita, 1996, Lara Cabezas et al., 
2004) and they have high accumulation of nutrients, these 
cover crops prevent both soil losses and nutrients leaching 
(Braz et al., 2004; Fageria 2007). Tropical soils usually have 
low nutrient holding capacity, which together with heavy 
rainfall, increases the nutrients leaching potential, resulting  
in a reduction of nutrient use efficiency in cropping systems 
(Pacheco et al., 2011). 
The nutrient accumulation in cover crops is an important 
strategy to reduce nutrient losses, since nutrients are 
released slowly, during the cash crop growth season 
(Ambrosano et al., 2013). However, many factors can affect 
nutrient accumulation in cover crops, such as the plant 
species, plant´s stage of development and nutrient supply. 
Moreover, recent studies demonstrated that the N content 

in some plant species could be affected by herbicide 
application (Manderscheid et al., 2005; Damin et al., 2008, 
2010, 2016; Pacheco et al., 2017), reducing the 
mineralization of cover crop residues and N availability to 
the cash crop (Damin et al., 2012), and reducing other 
important organisms´ services (Zaller et l., 2014).  
Herbicides are usually used to cover crop desiccation prior to 
the cash crop sowing. Glyphosate is the most used herbicide 
in the world (Benbrook, 2016), being used for cover crop 
desiccation, weed control and pre-harvest application 
(Benbrook, 2016). Glufosinate-ammonium is also used for 
these purposes (Shaner, 2014).  Herbicide application on 
cover crops induces senescence and may favor both nutrient 
losses and remobilization (Pacheco et al., 2017), changing 
the nutrient status in plants residues and, therefore, the 
nutrient availability to the cash crop (Damin et al., 2009 and 
2012). Moreover, some herbicides, like glyphosate, may 
changes nutrients availability in plants tissues since it can 
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chelate some cations, as Mn
2+

, Cu
2+

, Fe
3+

, Ca
2+

 and Mg
2+

; 
however this process may not occur frequently (Duke, 2012) 
Studies evaluating herbicide effects on nutrient´s status in 
cover crops are rare and usually focused on N (Vieneau et 
al., 2004; Damin et al., 2012). Since the herbicide effect in 
nutrients status in cover crop is unknow, , the aim of this 
work was to investigate the effect of glyphosate or 
glufosinate-ammonium application on Black Oat or peal 
millet in the nutrient´s status (C, N, K, P, Mg, Ca, S and the 
C:P and C:S ratio) on plant´s tissues . This results can help to 
develop management strategies that guarantee a better 
exploitation of nutrients in conservative systems (as no-
tillage), which can reduce costs and the environmental 
impacts associated with fertilizers usage. 
 
Results 
 
Dry mass production and nutrients accumulation in black oat 
and pearl millet 
 
The average dry mass production was 56.5 g per pot (equivalent 
to 14.8 Mg ha

-1
) for pearl millet and 37.8 per pot (equivalent to 

9.9 Mg ha
-1

) for black oat. Glufosinate-ammonium reduced dry 
mass production in pearl millet and glyphosate reduced it in 
black oat (Fig 1).  
In Pearl millet, potassium (K) and calcium (Ca) accumulation in 
leaves and stalks did not change after herbicide application (Fig 
2). After glyphosate application, phosphorus (P) accumulation in 
leaves was reduced, following an increase of this nutrient in 
stalk. Magnesium (Mg) accumulation was higher in leaves after 
glyphosate application, but it did not modify Mg accumulation in 
the stalks. After glyphosate application was observed higher 
sulphur (S) accumulation in stalks, but no differences were 
observed in leaves. Both herbicides reduced carbon (C) 
accumulation in leaves and roots, while no differences were 
observed in stalks C accumulation. Herbicides application also 
reduced K and Mg accumulation in roots, but it not changes P 
and S accumulation in roots. Ca accumulation in roots was higher 
after herbicides application on Pearl millet. 
In Black oat, glyphosate or glufosinate-ammonium application 
enhanced P, Ca and Mg accumulation in shoots, while S 
accumulation was increased only in Glyphosate treatment (Fig 
3). Both herbicides reduced C amount in shoots.  In roots K, P, 
Mg, S and C amount were lower after glyphosate application, 
probably due root detachment, since the concentration of these 
nutrients were not decreased by herbicide application (data not 
showed).  
In entire plant of pearl millet, P and K accumulation were not 
affected by herbicides application; while was observed higher Ca 
accumulation after glyphosate application and lower Mg 
accumulation after glufosinate application (Fig 4). In Black oat, P, 
K were increased after glufosinate application and Ca and Mg 
accumulation were increased by both herbicides. In both cover 
crops, glyphosate reduced the C accumulation in entire plant, 
but only in pearl millet glufosinate reduced it. S accumulation 
was not affected by herbicides application.  
 
Nutrients ratio (C:P, C:S ) and nutrients utilization efficiencies  
 
Pearl millet accumulated higher amounts of nutrients than black 
oat. In both cover crops, C:P and C:S from aboveground portion 

and entire plant ratio were reduced by herbicides application. In 
roots C:P and C:S ratio were not affected by herbicides (Table 1). 
The efficiency of use of K, P, Ca, Mg and S for conversion to 
dry matter (UTef) was reduced after herbicides application 
on black oat; while only glyphosate reduced it on Pearl 
millet. Herbicides did not affect the UTef of C in both cover 
crops (Fig 5). 
  
Nutrients remobilization index in pearl millet 
  
The remobilization index (RI) in Control was positive for K 
and P, since these nutrients accumulation were higher in 
leaves related to the stalks, while for Mg, S and C were 
obtained negatives RI, due a lower accumulation of these 
nutrients in leaves related to the stalks. The glyphosate 
application reduced the K, P S and C RI, evidencing that 
glyphosate changes these nutrients partition in plants; 
glufosinate-ammonium did not affect RI (Table 2).   
 
Discussion 
 
Pearl millet accumulated more nutrients than black oat; 
moreover, it showed a better capacity to convert nutrients 
in dry mass, i.e. higher utilization efficiency than black oat, 
except for Mg. In high weathering soils, like Brazilian soils, 
which have a low cation exchange capacity (CEC), the use of 
cover crops is an important strategy to improve the nutrient 
use efficiency since it avoids nutrient losses and provide a 
slow release of nutrients to the main crop uptake (Pacheco 
et al., 2011; Oliveira et al., 2002; Braz et al., 2004). 
Moreover, pearl millet showed a higher dry mass production 
than black oat, providing a better soil cover and avoiding 
losses of water. 
Except for C, herbicides did not reduce the nutrient 
accumulation by cover crops; however, it consistently 
reduced the UTef of  P, Ca and Mg, evidencing that although 
nutrient uptake was not immediately blocked, these 
nutrients were not converted to dry mass after herbicides 
application.  Herbicides also affected C/P and C/S, which 
were reduced, suggesting that the straw mineralization may 
be accelerated by herbicide application. However, Damin et 
al., (2009 and 2012) evaluated the mineralization of pearl 
millet and black oat straw treated with herbicides and 
concluded that mineralization was decreased by herbicides 
application; these results were attributed to the increase of 
N losses by soil-plant system, since it reduced N status on 
cover crops (Damin et al., 2008, 2010). 
In both cover crops Ca, Mg and S accumulation in 
aboveground portion were consistently increased after 
glyphosate, probably because the nutrients uptake did not 
stop immediately after the herbicide application. Fernandez 
et al. (1994) and Fuchs et al. (2002) demonstrated that there 
is a progressive inhibition of photosynthesis and 
transpiration, reaching total photosynthetic inhibition 
five/seven days after glyphosate application. 
Both herbicides reduced C accumulation in cover crops; 
during senescence, the degradation of photosynthetic 
apparatus is an early event, decreasing photo-assimilate  
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Table 1. Carbon - phosphorus (C/P) and carbon-sulphur (C/S) ratio in entire plant after herbicides application on Pearl Millet and 
Black Oat.  

Treatments Pearl Millet Black Oat 

 C:P C:S C:P C:S 
Control 77.7 a 76.6 a 85.9 a 82.0 a 
Glyphosate 65.9 b 55.9 b 67.3 b 61.8 b 
Glufosinate 66.4 b 56.2 b 76.2 ab 76.5 a 
P * ** ** ** 
CV (5%) 17,4 15,1 11,3 15,8 

*Means followed by different letters, in columns, differ from each other by Tukey’s Test (α = 0.05). **Means followed by different letters, in columns, differ from each 
other by Tukey’s Test (α = 0.01). ns = test F not significant.  

 
 

 
Fig 1. Entire plant dry mass after glyphosate and glufosinate-ammonium application on Pearl Millet and Black Oat. **=P<0.01. 
 
 
Table 2. Nutrients remobilization index after herbicides application on Pearl Millet. 

Treatment K P Ca Mg S C 

Control 0.11 a 0.18 a 0.32 a -0.33 a -0.28 a -0.04 a 
Glyphosate -0.24 b -0.12 b 0.24 a -0.24 a -0.46 b -0.21 b 
Glufosinate 0.12 a 0.16 a 0.30 a -0.27 a -0.21 a -0.09 a 
P ** ** ns ns * ** 
*Means followed by different letters, in columns, differ from each other by Tukey’s Test (α = 0.05). **Means followed by different letters, in columns, differ from each 
other by Tukey’s Test (α = 0.01). ns = test F not significant.  
 

 
 

 
Fig 2. Nutrient accumulation in leaves, stalks or roots of Pearl Millet after glyphosate or glufosinate-ammonium application. 
**=P<0.01 and *=P<0.05. 
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Fig 3. Nutrient accumulation in aboveground portion and roots of Black Oat after glyphosate or glufosinate-ammonium application. 
**=P<0.01 and *=P<0.05 
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Fig 4. Nutrient accumulation in entire plant of Pearl Millet and Black Oat after glyphosate or glufosinate-ammonium application. 
**=P<0.01 and *=P<0.05 
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Fig 5. Efficiency of use of nutrients for conversion to dry mass (UTef) of Pearl Millet and Black Oat after glyphosate or glufosinate-
ammonium application. **=P<0.01 and *=P<0.05 
 
 
production and increasing the exportation of C to sinks 
(Lemoine et al., 2013) 
In pearl millet, C, K, P and S were remobilized from leaves to 
stalks after glyphosate application, as demonstrated by the 
remobilization index. Macronutrients except for Ca (i.e., N, 
P, S, K, and Mg) are known to be highly mobile in the phloem 
(White, 2012). In A. thaliana, the K, P and S levels in leaves 
drop up to 40% during senescence s (Himelblau and 
Amasino, 2001). Potassium forms only week complexes that 
are easily exchangeable. In fact, many studies reported K 
remobilization in significant quantities from senescing 
tissues (Tyler, 2005). There are no many studies evaluating 
the amount of P remobilized from senescing tissues, 
however, Snapp and Lynch (1996) demonstrated that more 
than a half of the P in bean seeds came from P 
remobilization from senescing leaves. Sulphur remobilization 
has been shown in the literature; however, the extent of this 
process may change with some factors, such as N status and 
plant´s species (White, 2012).  
Even though glyphosate increased these nutrients 
remobilization in pearl millet, glufosinate-ammonium did 
not modify it. Photosynthesis is rapidly inhibited by 
glufosinate-ammonium. Kempenaar et al., (2010) comparing 
the effect of some herbicides in photosynthesis showed that 

only 2 days after glufosinate-ammonium application the 
photosynthesis rates were drastically reduced; they also 
investigated the glyphosate effect on it and observed that 
photosynthesis rates declined 4 days after herbicide 
application. In fact, injury symptoms following treatment 
with glyphosate are often slow in developing, so plants may 
be metabolically active during more time after glyphosate 
than glufosinate-ammonium application.   
Unsurprising, Ca accumulation was increased and Ca 
remobilization was not affected after herbicides application, 
since this nutrient is the least mobile of all macrunutrients 
(White, 2012). Magnesium remobilization was not observed 
as well, despite the fact that this nutrient is considered 
moderate phloem mobile (Maillard et al., ,2015 ). Similar 
results were observed by Killingbeck, (2004), who 
demonstrated that there is a tendency of accumulation of 
Mg during leaves senescence. In fact, Maillard et al., (2015) 
reported that K, P, S, and Mg remobilization can be highly 
dependent of plant´s species. 
The results obtained in this research demonstrated that had 
a reduction on dry mass content and some changes in 
nutrient partition in cover crops after glyphosate 
application; however only C accumulation was reduced in 
pearl millet after herbicides application, which should not 

aB 
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affect the cover crops capacity to provide nutrients to the 
cash crop.  
 
Materials and Methods 
 
Experimental condition and design 
 
An experiment was carried out under greenhouse 
conditions, at Centro de Energia Nuclear na Agricultura 
(CENA/USP), Piracicaba, SP. The experiment was developed 
between August and November when the temperature 
ranged from 17 to 27ºC, and with 13 h/11 h day/night cycles 
provided by natural sources.  
A completely randomized design (CRD) was adopted, in a 
3x2 factorial scheme, with 3 cover crops management 
conditions (Control: mechanical cut, without herbicide 
application, Glyphosate: cover crops desiccation with 
glyphosate and Glufosinate: cover crops desiccation with 
glufosinate-ammonium) and two cover crops (pearl millet or 
black oat), with 8 replicates per treatment.  
Each pot was filled with 7 kg of soil from a 0-0.2 layer of a 
Quatzpsamment (Soil taxonomy, 2006) soil, with 122 g/kg of 
clay, 8 g/kg of silt, and 870 g/kg of sand. The chemical 
properties were determined according to Raij et al. (2001) 
and included the following: pH=4.1, O.M.=4.0 g/kg, CEC=3.2 
cmolc/dm, base saturation=21.8%, aluminum saturation= 
25%, P= 1.0 mg kg

-1 
and S=7 mg kg

-1
. Before sowing, soil 

acidity and fertility was corrected using 3.5 g per pot of lime, 
100 mg pf P per kg of soil and 100 mL per pot of a solution 
containing 800 mg of potassium, 0.12 mg of zinc, 0.06 mg of 
B and 0.08 mg of Cu. Then, soil humidity was corrected to 
70% of the maximum soil water retention capacity and pots 
were incubated for 15 days 
At the end of the incubation period, 40 seeds of Black Oat 
and 5 of Pearl Millet were manually seeded in each pot. 
After germination, the seedlings were thinned in order to 
have 30 plants per pot of Black Oat or one plant per pot of 
millet. Then, ammonium sulfate was applied at a rate of 100 
mg per kg of soil. Daily irrigations were performed and the 
soil moisture was kept at approximately 60% of the 
maximum water retention. 
At the pre-flowering stage (less than 5% of panicle emission), 
control plots were harvested (aboveground part was cutted 
near to the soil surface and roots were separated from soil 
and washed) and herbicide application was performed. 
Glyphosate was applied at a rate of 4 L/ha (480 g of a.i. per 
L), using the Roundoup® formulation; and glufosinate-
ammonium was applied at a rate of 2 L/ha (200 g de i.a. per 
L) using the commercial formulation Finale®. The directed 
herbicide applications were performed with a CO2 
pressurized backpack sprayer equipped with a 2 m-wide 
boom and four flat-fan nozzles.  
Pots from Glyphosate and Glufosinate treatments were 
harvested 13 days after herbicide application, when plants 
died. The aboveground portion was cut off, and then Pearl 
Millet aboveground was separated into leaves and stalks. 
The soil was sieved (2 mm-mesh) to separate the roots. 
Roots were washed to remove soil excess, and then the 
plant´s tissues were oven-dried at 65% to measure the dry 
mass (DM). The K, P, Ca, Mg, S and C accumulation was 
measured according to Malavolta et al., (1997).  
The efficiency of use of nutrient for conversion to dry mass 
(UTef) was calculated by the expression: 

𝑈𝑇𝑒𝑓 =
𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑔 𝑝𝑒𝑟 𝑝𝑜𝑡)]2

total nutrient accumulation (mg per pot)
 

 
 
The remobilization index (RI) was calculated by the 
expression: 
 

𝑅𝐼 =
 (nutrient accumulation in leaves –  nutrient accumulation in stalks (mg per pot)

𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑏𝑜𝑣𝑒𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (𝑚𝑔 𝑝𝑒𝑟 𝑝𝑜𝑡)
 

 

 
The data values obtained were compared by Tukey´s test 

(=0.05), using the statistical program R.  
 
Conclusion  
  
Herbicides do not affect K, P, Ca, Mg and S losses from 
plants, thus the total amount of these nutrients in the 
system should be not affected by glyphosate or ammonium 
glufosinate utilization. However, since glyphosate changes 
these nutrients distribution among plant´s parts, increasing 
nutrients in the stalks and reducing nutrients in the leaves of 
pearl millet, it may affect nutrient availability to cash crops, 
since leaves mineralization is faster than stalks 
mineralization on soil. In this sense, the herbicide application 
is a practice that should be considered for prediction of 
nutrients availability in soil-plant systems, aiming improve 
the nutrient´s use efficiency.  
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