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Viable weed seed density and diversity in soil were assessed in an experiment that comprised two types of crop
rotation [rice-wheat and rice-maize], two crop residue management (without residue and with residue), and four
tillage techniques: conventional tillage (CT) transplanted puddled rice (TPR) – CT wheat/maize (CTTPR-CT),
unpuddled transplanted rice – zero tillage (ZT) wheat/maize (UPTPR-ZT), ZT transplanted rice (ZTTPR) – ZT
wheat/maize (ZTTPR-ZT), and ZT dry seeded rice (ZTDSR) - ZT wheat/maize (ZTDSR-ZT). The aim was to
investigate the density and community composition of viable weed seed in soil in UPTPR-ZT, ZTTPR-ZT, and
ZTDSR-ZT systems with and without crop residue, using the seedling germination method. The soil seed density
was assessed in 2013-14 and 2014-15 after 4th and 5th year crop cycles established on a sandy loam soil of
Patna, India. Total viable seed density was the highest for Cyperus iria L. irrespective of the treatment in both
years. Rice-wheat system recorded 4% higher (mean of two years) seed density over the rice-maize system.
Residue management practices did not differ for total viable seed density in both years. The ZTDSR-ZT, UPTPRZT, and ZTDSR-ZT systems resulted in significantly higher Shannon-Wiener, Simpson, and evenness indices
compared to the CTTPR-CT system. Total viable seed density was the lowest for ZTDSR-ZT compared to the
remaining tillage practices in both years. The sequence for Leptochloa chinensis (L.) Nees emergence was ZTTPRZT > ZTDSR-ZT > UPTPR-ZT > CTTPR-CT in 2014-15 (P < 0.05), signifying the more dominance of mono
cotyledons in ZT systems. The density of total aboveground weed density (no. m 2) was higher in ZTDSR-ZT in
2013-14 and lower in 2014-15 compared with remaining tillage techniques at 65 days after sowing. Thus, higher
aboveground weed density in ZTDSR-ZT system minimized the soil seed density over time. Complete ZT-based
practices (ZTDSR–ZT, ZTTPR–ZT) with crop residue significantly enhanced the grain yield of component crops
over the CTTPR–CT. Thus, it implies that exhaustion of soil seedbank in ZTDSR-ZT system after 5 years can
reduce the aboveground weed infestation and attain the higher grain yield compared to the CTTPR-CT system.

1. Introduction
Seedbank is the source of the above-ground weed community in most
cropping systems. The seedbank comprises weed seed recently shed and
older seeds that originate from earlier years. In agronomic crop pro
duction systems, the soil seedbank (viable þ dormant seeds) is the pri
mary source of new infestation of annual weeds in each year, and
represents the majority of weed species. Buhler et al. (1997) highlighted
that understanding of soil weed seed dynamics is essential to develop

improved weed management system. In fact, alteration in crop man
agement practices such as crop rotation and tillage practices influence
the viable weed seed density and dynamics by smothering and igniting
the emergence of weeds (Dorado et al., 1999). Ball (1992) reported that
cropping sequence was the most dominant factor influencing the weed
species composition in soil, partly due to herbicide use in each cropping
sequence producing a shift in the weed species in favor of species less
susceptible to applied herbicides. Further, Carter and Ivany (2006) from
Canada revealed that weed seedbank size had a critical impact on major
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emergence, dominance, and diversity, because of ecological favor to
ward few weeds or hindrance to some other weeds (Swanton et al.,
2000). The conventionally tilled (CT) transplanted puddled rice (Oryza
sativa L.) (CTTPR) followed by CT wheat (Triticum aestivum L.) is a
common practice in the South Asian countries including India. The
transplanted puddled rice requires a high input of labor and water, and
results in emission of greenhouse gases (Nath et al., 2017a). Henceforth,
continuous adoption of this system resulted in over exploitation of
ground water, yield stagnation, deterioration in soil and environment
quality (Nath et al., 2017b). Unpuddled transplanted rice (UPTPR), zero
tilled (ZT) transplanted rice (ZTTPR), and ZT dry seeded rice (ZTDSR)
are tillage techniques under the umbrella of conservation agriculture.
The severe weed infestations in conservation agriculture jeopardize its
sustainability (Ghersa and Martinez-Ghersa, 2000; Chauhan et al.,
2006). The previous studies of Bilalis et al. (2003), Chauhan et al.
(2006), Lal et al. (2016), and Ranaivoson et al. (2018) reported the shift
in weed species with adoption of ZTDSR, with monocotyledons partic
ularly increasing in density. Recent result of Nandan et al. (2018a)
revealed the higher aboveground weed emergence under UPTPR,
ZTTPR, and ZTDSR systems than under CTTPR. The conservation agri
culture based technologies cannot be overly generalized across the
ecosystems (Hobbs, 2007). Hence, assessment of viable weed seed
density in soil will provide a prompt answer for what will be the
dominant weed flora in specific production ecology and its subsequent
management under conservation agriculture.
However, effect of UPTPR, ZTTPR, and ZTDSR with and without crop
residue under different cropping systems on weed seed dominance and
diversity in soil of rice-based systems is not yet studied. Hence, the ob
jectives of present study were to evaluate the density and diversity of
viable weed seed in soil, using the seedling germination method, and to

Table 1
Tillage practices followed in rice, wheat, and maize crops.
Treatment
notation

Details
Rice

Wheat/maize

CTTPR-CT

Conventional tillage
transplanted puddled rice: 3
times harrowing, 2 times
cultivator in standing water and
finally 1 planking;
Unpuddled transplanted rice. 3
times harrow operations and 1
time planking. No tillage
operations in standing water.
Zero tillage transplanted rice.
One day flooding prior to
seedlings transplant without
any soil disturbance.
Zero tillage direct seeded rice.
Direct drilling of seeds using
zero-till seed cum fertilizer drill
without any tillage operations
at 20 cm distance.

Conventional tillage: 2 times
harrow operations, cultivator
operation for once and finally 1
planking.

UPTPR-ZT

ZTTPR-ZT

ZTDSR-ZT

Zero tillage: no soil disturbance
and zero till happy-seeder was
used for sowing.
Zero tillage: as mentioned
above.
Zero tillage: as mentioned
above.

change in weed community, and found that diversity of weed species
was slightly lower for mouldboard plough than under direct drilling.
However, Conn (2006) from Alaska reported higher total seed density
under no-till than under chisel plough. These findings indicate that the
compositions of weed seed in agricultural lands vary greatly, and need to
be studied in different agro-ecosystems.
It is obvious that changes in crop establishment practices and
adoption of conservation agriculture can alter the periodicity of weed

Table 2
Effect of cropping systems, residue management, and tillage techniques on total seed density (no. m 2) of individual weed in 2013-14.
Weed species
Echinochloa colona L.
Leptochloa chinensis L.
Cyperus iria L.
Cyperus rotundus L.
Caesulia axillaris Roxb.
Alternanthera philoxiroides Griseb.
Euphorbia hirta L.
Physalis minima L.
Amaranthus viridis L.
Portulaca oleracea L.
Trianthema portulacastrum L.
Cyanotis axillaris L.
Ageratum conyzoides L.
Eclipta prostrata L.
Ammania baccifera L
Ludwigia hyssoypifolia G. Don
Corchorus olitorius L.
Oldenlandia corymbosa L.
Phyllanthus niruri L.
Boerhavia diffusa L.
Melilotus indicus L.
Achyanthes aspera L.
Rumex dentatus L.
Sonchus oleraceous L.
Oxalis corniculata L.
Medicago denticulata L.
Chenopodium album L.
Coronopus didymus Zinn
Solanum nigrum L.
Anagalis arvensis L.
Circium arvense L.
Vicia sativa L.

Cropping system*

Residue management

Tillage techniques

Rice-wheat

Rice-maize

Without residue

With residue

CTTPR-CT

UPTPR-ZT

ZTTPR-ZT

ZTDSR-ZT

11.2 � 1.5
0.71 � 0.0
27.5 � 1.3
4.21 � 1.5
9.6 � 0.9
10.1 � 1.1
4.6 � 0.9
22.2 � 3.9
3.16 � 0.9
3.93 � 0.3
3.99 � 0.7
1.02 � 0.3
2.07 � 0.6
4.49 � 1.8
4.47 � 1.4
6.49 � 1.9
1.73 � 0.8
9.8 � 2.8
1.34 � 0.3
20.8 � 2.6
5.01 � 1.2
2.95 � 1.2
9.4 � 1.3
1.34 � 0.6
18.0 � 2.5
6.1 � 2.1
14.1 � 2.6
6.4 � 2.7
6.4 � 2.0
1.27 � 0.5
1.02 � 0.3
0.71 � 0.0

7.9 � 0.9
1.34 � 0.6
24.6 � 2.0
2.67 � 0.9
7.2 � 1.4
15.6 � 2.6
6.5 � 0.8
9.0 � 2.3
5.71 � 1.6
2.78 � 0.6
6.03 � 1.8
1.48 � 0.7
2.42 � 0.2
4.90 � 2.2
3.01 � 1.3
4.07 � 2.4
0.71 � 0.0
9.4 � 2.3
0.71 � 0.0
14.1 � 6.4
1.65 � 0.5
1.16 � 0.4
7.8 � 2.0
0.71 � 0.0
15.9 � 2.9
7.0 � 2.8
28.0 � 1.9
6.2 � 1.2
9.6 � 1.2
0.71 � 0.0
1.96 � 0.4
0.71 � 0.0

11.5 � 1.0
1.34 � 0.7
26.0 � 2.1
4.07 � 0.6
7.9 � 1.3
12.5 � 2.9
6.0 � 0.3
14.8 � 2.9
3.55 � 1.4
3.55 � 0.9
4.45 � 0.8
1.48 � 0.7
2.42 � 0.8
3.39 � 1.6
4.01 � 2.4
3.98 � 1.7
1.16 � 0.4
9.3 � 2.5
0.71 � 0.0
14.9 � 0.7
2.28 � 1.1
2.32 � 1.2
7.9 � 1.9
1.02 � 0.3
17.1 � 2.2
7.8 � 2.7
22.9 � 1.9
6.7 � 2.4
8.3 � 1.0
1.27 � 0.5
1.65 � 0.5
0.71 � 0.0

7.7 � 1.5
0.71 � 0.0
26.1 � 1.0
2.81 � 0.3
8.9 � 0.3
13.1 � 2.0
5.1 � 1.9
16.4 � 3.2
5.32 � 0.9
3.16 � 1.1
5.57 � 1.6
1.02 � 0.3
2.07 � 0.4
6.01 � 2.3
3.47 � 1.3
6.58 � 2.1
1.27 � 0.5
9.9 � 2.6
1.34 � 0.3
20.0 � 2.1
4.38 � 0.4
1.79 � 0.5
9.4 � 2.6
1.02 � 0.3
16.7 � 3.2
5.3 � 2.3
19.3 � 3.2
5.9 � 1.9
7.7 � 0.9
0.71 � 0.0
1.34 � 0.3
0.71 � 0.0

13.0 � 0.8
0.71 � 0.0
29.2 � 3.6
2.81 � 1.3
13.2 � 2.1
8.6 � 1.6
1.3 � 0.6
13.1 � 2.6
4.85 � 2.1
3.09 � 0.5
5.61 � 2.1
0.71 � 0.0
1.34 � 0.6
5.94 � 1.5
4.80 � 1.2
2.46 � 1.7
0.71 � 0.0
10.1 � 3.0
0.71 � 0.0
14.7 � 2.8
4.13 � 1.5
2.81 � 1.1
8.5 � 2.2
0.71 � 0.0
21.4 � 3.1
6.1 � 1.6
24.5 � 3.5
4.2 � 1.6
5.8 � 2.0
0.71 � 0.0
2.59 � 1.0
0.71 � 0.0

8.5 � 1.5
0.71 � 0.0
20.8 � 0.8
4.91 � 0.4
8.1 � 1.0
13.5 � 1.5
8.6 � 2.8
22.0 � 5.4
2.87 � 1.3
0.71 � 0.0
3.85 � 0.6
0.71 � 0.0
3.73 � 1.0
3.37 � 1.3
3.50 � 1.4
3.72 � 1.1
1.62 � 0.9
8.6 � 2.9
0.71 � 0.0
18.9 � 1.9
3.09 � 1.5
2.75 � 0.2
10.5 � 1.3
0.71 � 0.0
18.4 � 1.5
6.6 � 2.1
23.2 � 2.0
7.6 � 2.2
9.4 � 1.2
0.71 � 0.0
1.34 � 0.6
0.71 � 0.0

9.2 � 2.5
1.34 � 0.7
25.6 � 3.3
1.96 � 0.6
2.9 � 1.1
18.0 � 3.2
8.8 � 0.6
16.1 � 4.4
6.50 � 0.9
6.74 � 1.5
6.17 � 0.4
2.25 � 0.8
2.59 � 1.8
6.38 � 2.0
3.22 � 1.5
6.52 � 2.1
1.84 � 1.1
9.2 � 2.2
0.71 � 0.0
16.1 � 0.5
2.87 � 2.1
1.34 � 0.6
10.0 � 0.7
0.71 � 0.0
12.8 � 1.3
7.8 � 2.8
19.0 � 3.8
6.7 � 2.7
7.1 � 1.9
0.71 � 0.0
0.71 � 0.0
0.71 � 0.0

7.6 � 0.9
1.34 � 0.7
28.6 � 2.8
4.07 � 1.1
9.4 � 0.7
11.2 � 2.7
3.4 � 1.4
11.2 � 1.5
3.50 � 1.6
2.87 � 1.3
4.41 � 0.9
1.34 � 0.6
1.34 � 0.6
3.09 � 1.5
3.44 � 1.7
8.42 � 2.2
0.71 � 0.0
10.6 � 3.6
1.96 � 0.6
20.2 � 1.3
3.22 � 0.6
1.34 � 0.6
5.5 � 1.1
1.96 � 1.2
15.1 � 2.1
5.7 � 1.5
17.8 � 3.4
6.7 � 2.4
9.7 � 2.6
1.84 � 1.0
1.34 � 0.6
0.71 � 0.0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Data were subjected to square square-root ( ðx þ 0:5Þ) transformation. Mean values of cropping systems are averaged over residue and tillage treatments. Values are
expressed as mean � standard error of mean.

2

R. Nandan et al.

Crop Protection 136 (2020) 105210

Table 3
Effect of cropping systems, residue management, and tillage techniques on total seed density (no. m 2) of individual weed in 2014-15.
Weed species
Echinochloa colona L.
Leptochloa chinensis L.
Cyperus iria L.
Cyperus rotundus L.
Caesulia axillaris Roxb.
Alternanthera philoxiroides Griseb.
Euphorbia hirta L.
Physalis minima L.
Amaranthus viridis L.
Portulaca oleracea L.
Trianthema portulacastrum L.
Cyanotis axillaris L.
Ageratum conyzoides L.
Eclipta prostrata L.
Ammania baccifera L
Ludwigia hyssoypifolia G. Don
Corchorus olitorius L.
Oldenlandia corymbosa L.
Phyllanthus niruri L.
Boerhavia diffusa L.
Melilotus indicus L.
Achyanthes aspera L.
Rumex dentatus L.
Sonchus oleraceous L.
Oxalis corniculata L.
Medicago denticulata L.
Chenopodium album L.
Coronopus didymus Zinn
Solanum nigrum L.
Anagalis arvensis L.
Circium arvense L.
Vicia sativa L.

Cropping system*

Residue management

Tillage techniques

Rice-wheat

Rice-maize

Without residue

With residue

CTTPR-CT

UPTPR-ZT

ZTTPR-ZT

ZTDSR-ZT

17.1 � 2.0
2.91 � 0.6
27.6 � 1.2
3.72 � 1.3
7.9 � 0.8
12.0 � 1.6
4.3 � 0.6
20.1 � 2.3
2.68 � 0.7
3.30 � 1.8
3.99 � 1.2
2.20 � 0.2
1.81 � 0.7
3.75 � 1.0
3.73 � 1.5
5.38 � 1.2
1.94 � 1.2
8.1 � 2.1
1.21 � 0.2
17.0 � 2.1
4.16 � 1.0
2.51 � 0.8
13.5 � 2.0
1.62 � 0.3
23.4 � 2.3
9.8 � 1.1
13.1 � 2.1
6.5 � 1.2
7.2 � 2.1
1.16 � 0.5
1.79 � 0.7
3.54 � 1.4

12.3 � 1.3
5.56 � 0.8
23.7 � 2.2
2.28 � 0.8
5.9 � 1.1
14.9 � 2.2
6.1 � 0.5
8.0 � 1.8
6.53 � 1.7
3.20 � 1.0
6.81 � 1.4
3.01 � 0.8
2.49 � 0.9
4.09 � 0.8
2.56 � 0.9
3.41 � 0.5
1.30 � 0.6
7.8 � 1.9
0.71 � 0.0
11.7 � 2.8
1.46 � 0.4
1.07 � 0.3
12.4 � 2.0
0.71 � 0.0
25.9 � 1.2
10.9 � 2.3
23.3 � 1.1
6.5 � 0.6
10.8 � 2.1
0.71 � 0.0
1.71 � 0.5
6.20 � 2.4

14.7 � 1.4
3.87 � 0.8
25.3 � 0.7
3.41 � 0.5
6.5 � 1.0
11.7 � 1.7
5.5 � 0.5
13.6 � 2.3
3.82 � 1.3
3.40 � 0.9
3.95 � 0.7
2.59 � 0.9
2.08 � 1.0
2.86 � 1.9
3.37 � 1.3
3.34 � 0.9
1.67 � 0.9
7.7 � 2.0
0.71 � 0.0
12.4 � 0.7
1.97 � 0.9
2.01 � 1.3
13.8 � 2.5
1.37 � 0.4
23.5 � 0.5
11.2 � 2.5
19.6 � 2.1
6.8 � 1.7
10.4 � 0.7
1.16 � 0.5
1.46 � 0.5
7.20 � 2.0

14.7 � 1.7
4.59 � 1.7
26.0 � 2.3
2.60 � 0.4
7.3 � 0.3
15.2 � 1.9
4.8 � 1.4
14.5 � 2.4
5.38 � 1.2
3.10 � 1.2
6.86 � 2.3
2.61 � 0.6
2.23 � 0.9
4.97 � 1.8
2.93 � 1.7
5.44 � 0.8
1.58 � 0.9
8.2 � 1.9
1.21 � 0.2
16.4 � 1.1
3.66 � 0.3
1.58 � 0.4
12.1 � 1.8
0.96 � 0.3
25.8 � 1.5
9.5 � 0.9
16.8 � 2.5
6.3 � 1.7
7.7 � 0.1
0.71 � 0.0
2.04 � 0.9
2.54 � 1.3

15.0 � 1.3
2.36 � 0.8
27.6 � 2.6
2.40 � 1.0
10.8 � 1.7
9.9 � 1.6
2.0 � 0.7
11.2 � 1.7
4.05 � 1.6
2.62 � 0.4
6.29 � 1.3
2.36 � 0.8
1.21 � 0.5
4.92 � 2.5
4.01 � 1.4
2.12 � 0.1
0.71 � 0.0
8.3 � 1.4
0.71 � 0.0
12.3 � 2.5
3.45 � 1.2
2.40 � 0.6
15.3 � 2.5
0.71 � 0.0
25.9 � 2.8
7.2 � 2.2
21.3 � 3.1
5.2 � 1.5
6.3 � 1.7
0.71 � 0.0
2.22 � 0.5
11.6 � 2.5

13.7 � 1.5
2.36 � 0.8
21.6 � 1.8
4.09 � 0.3
6.7 � 0.8
15.9 � 0.7
7.1 � 1.3
19.6 � 2.8
4.08 � 1.5
1.53 � 0.8
4.42 � 1.5
1.53 � 0.8
3.98 � 1.0
2.86 � 1.3
2.95 � 0.9
3.13 � 1.9
2.63 � 1.2
7.0 � 1.3
0.71 � 0.0
15.5 � 1.5
2.62 � 1.2
2.35 � 0.8
12.1 � 1.3
0.71 � 0.0
26.4 � 1.7
10.1 � 1.3
19.3 � 1.8
7.5 � 1.9
11.4 � 0.8
0.71 � 0.0
1.21 � 0.9
2.36 � 0.8

16.2 � 2.6
7.32 � 1.6
27.0 � 0.7
1.71 � 0.5
2.4 � 0.9
15.0 � 2.4
8.4 � 0.6
14.0 � 3.4
5.67 � 1.6
5.57 � 1.2
6.73 � 1.1
3.65 � 1.9
2.22 � 1.0
5.27 � 2.0
2.72 � 0.7
5.38 � 0.9
1.62 � 0.9
7.6 � 1.7
0.71 � 0.0
13.2 � 0.5
2.45 � 0.7
1.21 � 0.5
12.9 � 1.7
0.71 � 0.0
24.4 � 1.5
12.6 � 2.1
16.6 � 2.9
6.3 � 1.6
9.3 � 1.5
0.71 � 0.0
1.53 � 0.8
3.19 � 1.4

13.8 � 3.1
4.88 � 1.3
26.4 � 2.5
3.81 � 1.2
7.7 � 0.5
13.1 � 1.1
3.2 � 1.3
11.4 � 3.9
4.60 � 0.8
3.27 � 1.8
4.17 � 1.7
2.86 � 1.2
1.21 � 0.5
2.62 � 1.0
2.91 � 0.9
6.95 � 0.8
1.53 � 0.8
8.7 � 1.8
1.71 � 0.5
16.5 � 1.8
2.72 � 0.5
1.21 � 0.5
11.5 � 1.3
2.54 � 0.9
22.0 � 2.1
11.6 � 1.1
15.7 � 2.3
7.2 � 1.1
9.2 � 0.9
1.62 � 0.9
2.04 � 0.7
2.36 � 0.8

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Data were subjected to square square-root ( ðx þ 0:5Þ) transformation. Mean values of cropping systems are averaged over residue and tillage treatments. Values are
expressed as mean � standard error of mean.

determine if the adoption of UPTPR, ZTTPR, and ZTDSR systems influ
ence the seed density and community composition relative to the CTTPR
system has been studied. It was hypothesized that the total viable seed
density and cumulative emergence is lower in ZTDSR-ZT system than in
TPR based systems (CTTPR, UPTPR, and ZTTPR).

2. Materials and methods
2.1. Site and soil characteristics
The field study was conducted at the Research Complex for Eastern

Fig. 1. Effect of different management practices on total viable seed density (no. m 2) in soil in 2013-14 and 2014-15. Data were subjected to square square-root
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
( ðx þ 0:5Þ) transformation. Error bars are standard error of mean; for details of tillage treatments see Table 1.
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Table 4
Effect of cropping systems, residue management, and tillage techniques on soil weed seed diversity in 2013-14 and 2014-15.
Treatment

Species richness

Shannon index

Simpson index

Evenness index

Richness index

Ecological dominance

Cropping system
Rice-wheat
Rice-maize
SEd
LSD (P ¼ 0.05)
Residue management
Without residue
With residue
SEd
LSD (P ¼ 0.05)
Tillage techniques
CTTPR-CT
UPTPR-ZT
ZTTPR-ZT
ZTDSR-ZT
SEd
LSD (P ¼ 0.05)

2013–14
13.8a
12.8a
0.5
ns
2013–14
13.1a
13.5a
0.5
ns
2013–14
12.8a
13.8a
13.8a
12.8a
0.6
ns

2013–14
1.424a
1.363a
0.07
ns
2013–14
1.394a
1.392a
0.01
ns
2013–14
1.371d
1.398b
1.389c
1.415a
0.01
0.03

2013–14
0.957a
0.959a
0.005
ns
2013–14
0.961a
0.956a
0.002
ns
2013–14
0.947b
0.957a
0.963a
0.965a
0.004
0.008

2013–14
0.903a
0.916a
0.025
ns
2013–14
0.919a
0.900a
0.015
ns
2013–14
0.868c
0.903bc
0.915ab
0.950a
0.022
0.046

2013–14
1.440a
1.348a
0.01
0.02
2013–14
1.376a
1.412a
0.06
ns
2013–14
1.306d
1.419b
1.409c
1.442a
0.05
0.09

2013–14
0.041a
0.043a
0.003
ns
2013–14
0.040a
0.043a
0.002
ns
2013–14
0.048a
0.043a
0.042a
0.033b
0.004
0.007

2014–15
15.5a
15.1a
0.7
ns
2014–15
15.1a
15.5a
0.6
ns
2014–15
14.6a
15.5a
15.9a
15.3a
0.7
ns

2014–15
1.489a
1.502a
0.05
ns
2014–15
1.503a
1.488a
0.06
ns
2014–15
1.449d
1.461c
1.512b
1.560a
0.04
0.09

2014–15
0.963a
0.958a
0.004
ns
2014–15
0.964a
0.957a
0.006
ns
2014–15
0.955bc
0.954c
0.962ab
0.970a
0.004
0.008

2014–15
0.864a
0.860a
0.022
ns
2014–15
0.871a
0.853a
0.018
ns
2014–15
0.826b
0.867a
0.870a
0.883a
0.017
0.034

2014–15
1.626a
1.610a
0.04
ns
2014–15
1.599a
1.637a
0.05
ns
2014–15
1.500d
1.601c
1.647b
1.726a
0.07
0.20

2014–15
0.038a
0.046a
0.007
ns
2014–15
0.038a
0.047a
0.006
ns
2014–15
0.046a
0.045a
0.038b
0.039b
0.002
0.005

For details of tillage treatments see Table 1. *Different letters (a-b) in same columns designate that means are significant at P < 0.05. SEd: standard error of difference.
The degree of freedom for cropping system ¼ 1, residue management ¼ 1, crop establishment practices ¼ 3. ns ¼ non-significant.

Region, Patna, Bihar (25� 370 N, 85� 130 E), India for six years (2009-10 to
2014-15). The average annual rainfall of the studied region was 1130
mm. The average annual minimum and maximum temperature in the
study site ranged between 7 and 9 � C and 36–41 � C, respectively. The
soil (pH 7.11 and 0.49% organic carbon) of the experimental field comes
under the Inceptisol order with sandy loam texture. The soil was cate
gorized as low in available nitrogen (135.2 kg N ha 1), high in available
phosphorus (35.2 kg P ha 1), and medium in available potassium
(239.2 kg K ha 1).

performed in CT plots. A recommended dose of 120:60:40, 120:60:40,
and 150:75:50 kg ha 1 of nitrogen:phosphorus:potasssium was applied
in rice, wheat, and maize crops, respectively. Urea for nitrogen, dia
mmonium phosphate for phosphorus, and muriate of potash for potas
sium were used for fertilization. The 18% of required nitrogen with full
phosphorus and potassium were applied as basal in rice. While, two split
applications were performed for rest of the nitrogen. The 20% of
required nitrogen, along with full phosphorus and potassium were
applied as basal in wheat and maize crops. The rest of the nitrogen was
applied in three equal splits. The grain yield from a net plot area of 3 m
� 3 m was manually harvested leaving the border area and threshed and
analyzed for the grain moisture content (in hot air oven) in each plot.
The net plot grain yield was adjusted at 14% moisture and expressed as t
ha 1.
Pretilachlor 400 g a.i. ha 1 (Rifit 50 EC, Syngenta) as pre–emergence
was used in CTTPR and UPTPR treatments without applying any post
–emergence herbicide. While, pendimethalin 750 g a.i. ha 1 (Stomp
330 EC, BASF) as pre–emergence and bispyribac sodium 20 g a.i. ha 1
(Nominee Gold 10% SC, PI Industries Ltd.) at 25 days after sowing (DAS)
were applied in ZTTPR and ZTDSR treatments. One hand weeding was
performed in rice irrespective of treatment at 65 DAS. Glyphosate 1.5 kg
a.i. ha 1 (Glycel 41% SL, Excel Crop Care) was sprayed before wheat and
maize sowing under ZT plots. However, no pre–sowing glyphosate was
applied in CT plots. Sulfosulfuron (75% WG) þ metsulfuron methyl (5%
WG) 32 g a.i. ha 1 (Ready-mix Total 80 WG, UPL Ltd.) was applied in
wheat crop at 25 DAS. Atrazine 1.25 kg a.i. ha 1 (Atrataf 50 WP, Rallis
India Ltd.) was applied at 25 DAS in maize. Herbicides were applied
with 500 L ha 1 water for pre-emergence herbicides and 400 L ha 1
water for post-emergence herbicides using knapsack sprayer (200 kPa
pressure) fitted with a flat fan nozzle.

2.2. Treatment details and experimental design
The study was carried out in split-split plot design with three repli
cations comprising two types crop rotation [rice - wheat and rice - winter
maize (Zea mays L.)] in main plot, two crop residue management prac
tices (without residue and with residue) in subplot, and four tillage
techniques: CT transplanted puddled rice (CTTPR) - CT wheat/maize
(CTTPR-CT), unpuddled transplanted rice – ZT wheat/maize (UPTPRZT), ZT transplanted rice - ZT wheat/maize (ZTTPR-ZT), and ZT dry
seeded rice (ZTDSR) - ZT wheat/maize (ZTDSR-ZT) in sub-subplot
having a fixed plot in each year (Nandan et al., 2018a, 2018b). For
field experimentation, each main plot (crop rotation) was divided into
two sub-plots for residue management treatments, and each subplot was
divided into four sub-subplots for accommodating tillage techniques
(Supplementary Fig. S1). The treatment ZTDSR-ZT delineates the con
servation agriculture practice. The field was prepared as per tillage
practices in sub-subplot (Table 1). In ZTTPR practice, plots were flooded
one day prior to seedling transplant without any soil disturbance. Then,
seedlings were transplanted with gentle pressure with thumb. In residue
added treatments, crop residue was retained on soil surface in all ZT
plots, and incorporated with cultivator in CT plots. In no residue plots,
crop residue after harvest of rice, wheat, and maize crops were removed.
The dimension of each main, sub, and sub-sub plot was 21 m � 32 m,
10.5 m � 32 m, and 10.5 m � 7.5 m, respectively.

2.4. Soil sampling and viable weed seed density estimation
The field experiment was initiated in 2009. For assessing the viable
weed seed density in soil, sampling was performed in 7th May 2013 and
10th May 2014 (once in every year) at the end of 4th and 5th year
cropping cycles i.e. after harvest of wheat in rice-wheat system and after
maize in rice-winter maize system. The soil sampling and emergence
study was performed in two years (2013-14 and 2014-15) for repetition
and validation of the study. Soil samples were collected from five sites in
each sub-sub plot (10.5 m ˣ 7.5 m area) at 0–15 cm soil depth in a W
shaped pattern with a post-hole auger (15 cm height and 7.5 cm diam
eter). The sampled soil from five sites was mixed thoroughly and passed
through 4 mm sieve to remove large debris and soil clods, and air-dried.
Finally, 4 kg soil for individual treatment of each replicate (sampling

2.3. Crop and weed management
Zero–till happy–seeder with inclined plate seed metering system
(machine company ‘Dasmesh’; manufacturer: Dashmesh Group; Mal
erkotla, Punjab, India) was used for sowing of rice (variety ‘Arize Tez’),
wheat (variety ‘HD 2967’), and maize (variety “Decalb 9120”) in ZT
plots. While, 21 days old rice seedlings (variety ‘Arize Tez’) were
transplanted in CTTPR-CT, UPTPR-ZT, and ZTTPR-ZT plots. Manual
broadcasting for wheat and dibbling for maize (manual placement of
seeds in a hole at specified distance of 20 cm seed to seed) were
4
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Fig. 2. Emergence pattern of major rainy season weeds (no. m 2) in both years under cropping system, residue management, and tillage techniques (cumulative of
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
three rainy season flushes in each year); Data were subjected to square square-root ( ðx þ 0:5Þ) transformation. Error bars are standard error of mean; For details of
tillage treatments see Table 1.

area 10.5 m ˣ 7.5 m) was kept in plastic trays (dimension: 375 mm ˣ 300
mm ˣ 75 mm) in a non-heated greenhouse. The relative humidity of
70–90% was experienced inside the greenhouse throughout the year. As
the experiment was in split-split plot design, having two main plots, two
subplots, and four sub-subplots, a total of 48 trays [(2 ˣ 2 ˣ 4) ¼ 16
treatment combinations ˣ 3 replications)] were kept for assessing the
weed seed density. Occasional water was applied in trays to keep moist
for germination. In this investigation, weed seedling germination
method was used to assess the viable weed seed density and composition
(Barberi and Cascio, 2001; Moonen and Barberi, 2004; Carter and Ivany,
2006; Lal et al., 2016). This method can underestimate the absolute
weed seedbank (viable þ dormant) size, but provides a relative com
parison to assess the viable weed seed density under different crop

management practices (Lal et al., 2016). To break seed dormancy,
application of water was suspended every 4 months for a period of 15
days. Two months prior to the termination of experiment in each year,
soils were treated with 1000 mg L 1 solution of potassium nitrate
(KNO3) to expedite the germination of remaining viable seeds (Barberi
and Cascio, 2001). Weed seedling emergence study was performed for
2013-14 (May 7, 2013 to April 7, 2014) and 2014-15 (May 10, 2014 to
April 10, 2015). During each year, six flushes of weed emergence were
assessed. Emerged weed seedlings were identified, counted, and
removed in each flush. After each count, soil was pulverized and
sprinkled with water for further emergence. After completion of first
year observations (May 7, 2013 to April 7, 2014), the soil was removed
from trays and trays were refilled with soil from experimental field for
5
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Fig. 3. Emergence pattern of major winter season weeds (no. m 2) in both years under cropping system, residue management, and tillage techniques (cumulative of
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
three winter season flushes in each year); Data were subjected to square square-root ( ðx þ 0:5Þ) transformation. Error bars are standard error of mean; For details of
tillage treatments see Table 1.

2014-15 observations for repetition (May 10, 2014 to April 10, 2015) of
the study. The aboveground weed density in field was counted with two
1 m � 1 m quadrats/treatment at the centre of plot in 2013-14 and
2014-15 in each crop of rotations at 65 DAS. The identified weeds were
divided into grasses, sedges, and broad-leaved. The diversity indices, viz.
Shannon-Wiener index, Simpson index, evenness index, richness index,
and ecological dominance were calculated using the formulae described
in Nkoa et al. (2015) and Nandan et al. (2018a).

performed on year wise raw data of viable weed seed density and
aboveground weed density m 2 basis after converting through square
root () transformations. Total seed density of individual weed for
respective treatment combination was analyzed through principal
component analysis using the PAST 3.11 window based software. Least
significance difference test was applied to compare the treatment means
at the 5% level of significance.
3. Results

2.5. Data analysis

3.1. Density of viable weed seed

The viable weed seed density in soil was expressed as number of
seedling emerged m 2 (no.m 2) from the germination study. Data were
analyzed using the general linear model (GLM) procedure (Supple
mentary Fig. S2) of SAS (SAS Institute Inc. version 9.2, 2014) for splitsplit plot design (Supplementary Tables S1 and S2). Analyses were

Weed species belonging to different botanical families were emerged
in two years (2013-14 and 2014-15) (Tables 2 and 3). Of the total 33
weed species, 15 species were present abundantly in all treatments.
While, remaining 18 species were emerged lesser in number in few
6
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Fig. 4. Category-wise total aboveground weed density (no. m 2) under different treatments in 2013-14 and 2014-15. Cumulative of rainy and winter season weeds in
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
each year were subjected to square square-root ( ðx þ 0:5Þ) transformation. Different letters (a–c) between columns are significant at P � 0.05.

treatments under study. The extent of weed seed emergence differed
(0.7–29 m 2 in 2013-14 and 0.7–27 in 2014-15) among treatments.
Density was the lowest for Sonchus oleraceous L., Anagalis arvensis L.,
Phyllathus niruri L., and the highest for Cyperus iria L. The total weed seed
emergence was higher in rice-wheat rotation over rice-maize system in
both years (Fig. 1). On average, treatment receiving crop residue had the
higher seed density over no-residue application. The total weed seed
density in ZTTPR-ZT, UPTPR-ZT, and CTTPR-CT did not differ, however,
they significantly recorded 4.8, 4.1, and 3.4% higher emergence (mean
of two years) over ZTDSR-ZT, respectively (Fig. 1).

evenness, and richness indices over the CTTPR-CT system in 2013-14
and 2014-15. However, UPTPR-ZT and ZTDSR-ZT systems did not
differ (P > 0.05) for these indices. Whereas, CTTPR-CT system led to the
higher ecological dominance than that of ZTDSR-ZT system (P < 0.05).
3.3. Weed emergence pattern
3.3.1. Rainy season weed emergence
The higher C. iria emergence was observed in rice-wheat system over
rice-maize system (Fig. 2). In 2013, C. iria and Echinochloa colona (L.)
Link were higher in without residue treatment, but it was reverse in
2014. In 2013, the emergence of C. iria and E. colona followed the
sequence of CTTPR-CT > ZTDSR-ZT > ZTTPR-ZT > UPTPR-ZT (P <
0.05). While in 2014, ZTTPR-ZT system recorded the significantly
higher C. iria and E. colona density, compared to the remaining tillage
practices. In both years, rice-wheat without crop residue recorded the

3.2. Weed diversity indices
The tillage practices in rice ecology significantly influenced the weed
seedbank diversity and dominance (Table 4) in both years. The UPTPRZT and ZTDSR-ZT systems recorded significantly higher Shannon,
7
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Table 5
Effect of different management practices on component crop grain yield (t ha 1).
Treatment
Cropping system
Rice–wheat
Rice–maize
SEd
LSD (P ¼ 0.05)
Residue management
Residue removal
Residue retention
SEd
LSD (P ¼ 0.05)
Tillage practice
CTTPR–CT
UPTPR–ZT
ZTTPR–ZT
ZTDSR–ZT
SEd
LSD (P ¼ 0.05)

Rice (t ha 1)

Wheat (t ha 1)

2013–14

2014–15

4.85a
4.75a
0.05
Ns

4.58a
4.53a
0.07
ns

4.61b
4.99a
0.04
0.12
4.49c
4.60c
4.87b
5.23a
0.11
0.22

Maize (t ha

1

)

2013–14

2014–15

2013–14

2014–15

4.48b
4.62a
0.05
0.13

5.02b
5.29a
0.03
0.16

5.12b
5.68a
0.04
0.16

6.90b
7.62a
0.06
0.25

6.85b
7.32a
0.05
0.24

4.19c
4.19c
4.61b
5.22a
0.11
0.23

4.59c
5.07b
5.34ab
5.62a
0.19
0.41

4.67b
5.51a
5.62a
5.73a
0.18
0.40

6.75b
7.16ab
7.53a
7.58a
0.19
0.43

6.66c
6.91b
7.34a
7.42a
0.11
0.24

For details of tillage treatments see Table 1.
Different letters (a-c) in same columns designate that means are significant at P � 0.05. SEd: standard error of difference. The degree of freedom for cropping system ¼
1, residue management ¼ 1, crop establishment practices ¼ 3. ns ¼ non-significant.

3.5. Community structure of viable weed seed

higher Physalis minima L. emergence over rice-maize system with residue
addition. While, P. minima emergence was higher under UPTPR-ZT,
ZTDSR-ZT, and ZTTPR-ZT systems than under CTTPR-CT in 2013 and
2014 (Fig. 2).

Component I and II occupied 38.8 and 17.5% interventions for
seedbank density, respectively (Fig. 5) in the principal component
analysis. Importantly, rice-wheat system distinctly situated from ricemaize system in the coordinates. Also, weed community in CTTPR-CT
and UPTPR-ZT systems considerably differed from ZTDSR-ZT and
ZTTPR-ZT systems. Present study revealed that cropping systems, res
idue management, and tillage practices divided weed seedling emer
gence into different groups: (1) O. corniculata, R. dentatus (2) S. nigrum,
A. philoxiroides, C. album, (3) B. diffusa, and C. iria (Fig. 5). Remaining
weed species showed little similarity in emergence pattern, as they were
present in a cluster in the principal component analysis.

3.3.2. Winter season weed emergence
Among the 5 dominant weed species of winter season, all belonged to
the broad-leaved (Fig. 3). In 2014-15, rice-maize system recorded the
significantly higher Oxalis corniculata L. emergence over rice-wheat
system by 64%, whereas, with residue treatment recorded 32% higher
O. corniculata emergence over without residue addition (P < 0.05). The
UPTPR-ZT, ZTTPR-ZT, and ZTDSR-ZT systems recorded the lower O.
corniculata seed density in 2013-14 by 37, 62, and 61%, respectively,
over the CTTPR-CT. However, CTTPR-CT system had higher Chenopo
dium album L. and Rumex dentatus L. emergence over the other practices,
in both years (Fig. 3). Solanum nigrum L. seed density was higher in ricemaize system without residue addition. Among tillage practices, ZTTPRZT and UPTPR-ZT recorded higher S. nigrum emergence over CTTPR-CT
in both years.

4. Discussion
Present study revealed that shifting from CTTPR-CT to UPTPR-ZT
and ZTDSR-ZT systems in rice-maize and rice-wheat systems signifi
cantly influenced the weed seed density and diversity. Fifteen weed
species were abundantly present, and 5 species were in high frequency
in all the treatments out of total 33 weed species in the seedbank. It
indicated that manipulation in crop management practices can alter the
abundance of weed species. Moreover, C. iria, P. minima, O. corniculata,
C. album, and B. diffusa were present in huge density in all the treat
ments. Hence, these weed species in seedbank can be the most dominant
weed flora in these ecologies in future. The soil micro climate was not
favorable for their germination in the field or low sensitivity of these
weeds to the cropping systems and tillage techniques kept these weeds
dormant in field (Nandan et al., 2018a). Weed emergence pattern
showed that C. iria population was higher in rice-wheat cropping system
(Fig. 2). Generally, maize is a wider row crop, allowing more C. iria
infestation in the field, whereas in wheat, less infestation of C. iria
caused more emergences in natural germination study. The result is
supported by aboveground weed density, which showed that
narrow-leaved weed density was higher under rice-maize system than
under rice-wheat in 2013-14 (Fig. 4). While, higher E. colona seed
density was higher in rice-wheat system, might be due to the higher
association of E. colona in rice-wheat ecology. In winter season,
rice-maize system recorded higher R. dentatus and C. album seed density
(Fig. 3). The wider spacing in winter maize crop caused dominance of
broad-leaved weeds, which restored the soil seedbank with these weeds.
Interestingly, added crop residue recorded higher weed seedbank

3.4. Aboveground weed density and grain yield of crops
In 2014-15, narrow-leaved weed density was higher in without res
idue treatment than in residue addition at 65 DAS (P < 0.05) (Fig. 4).
The sequence of aboveground narrow-leaved weed density for tillage
practices was ZTDSR-ZT > CTTPR-CT > ZTTPR-ZT > UPTPR-ZT (P <
0.05) in 2013-14, while, in 2014-15 the sequence was ZTTPR-ZT >
ZTDSR-ZT > CTTPR-CT ¼ UPTPR-ZT.
Cropping systems did not differ for rice grain yield during 2013-14
and 2014-15 (Table 5). Added crop residue enhanced the grain yield
of maize, wheat, and rice by 7–10%, 5–11%, and 3–8%, respectively,
over without residue in different years. The ZTDSR–ZT system recorded
significantly higher rice grain yield over remaining tillage practices by
7–17% in 2013-14, and 13–25% in 2014-15. Wheat grain yield followed
the sequence of ZTDSR–ZT > ZTTPR–ZT > UPTPR–ZT > CTTPR–CT in
both years. These alternate tillage systems enhanced wheat yield by
16–23% in 2013-14, and 20–23% in 2014-15, compared to that in
CTTPR–CT (Table 5). Similar trend was also noticed for maize grain
yield.
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Fig. 5. Principal component analysis showing community structure of viable weed seed in soil and treatment combinations.C1: Rice-wheat; C2: Rice-maize; R1:
Without residue; R2: With residue; E1: CTTPR-CT; E2: UPTPR-ZT; E3: ZTTPR-ZT; E4: ZTDSR-ZT; For details of tillage treatments see Table 1.

density compared to that of without residue. Surface-laden crop residue
affected seed germination by shading and alteration in chemical prop
erties in soil seed zone (Nath et al., 2017c). Further, inhibition and
delaying in field weed emergence in residue added treatments main
tained more viable weed seed in the soil profile, which emerged in
natural seedling emergence study.
It is important to mention that adoption of ZTDSR-ZT reduced the
weed seed density (Fig. 1). Basically, weed seedling emergence study
was undertaken at the end of 4th and 5th years of crop rotation,
therefore, surface laden weed seed under ZTDSR-ZT practice already
germinated in 4 years in field (Nandan et al., 2018a; Susha et al., 2018).
Many of the previous workers reported more weed infestation in field
under ZT systems during initial years as weed seeds reside at top 2 cm
soil profile (Chauhan and Johnson, 2009; Nath et al., 2017c). Hence,
higher field weed emergence might have exhausted the weed seed in soil
in ZTDSR-ZT system compared to that in CT system. Further, weed seed
become more susceptible to predation in conservation agriculture
(Crutchfield et al., 1986), leading to reduction in seed reservoir and seed
viability. Field weed emergence result recorded lesser weed density
during cropping season in CTTPR-CT system (Fig. 4). Therefore, this
system recorded higher seedling emergence because of viable weed seed

in the soil profile germinated in greenhouse study.
The ZTDSR-ZT and UPTPR-ZT systems recorded significantly higher
Shannon, evenness, Simpson, and richness indices over CTTPR-CT sys
tem (Table 4). Tillage operations in CTTPR-CT system affected the
vertical distribution of weed seed based on frequency and type of tillage
implement used. The soil pulverization in CT system buried weed seed in
deeper soil depth. These buried weed seed could not expose to sunlight
and did not germinate. Hence, certain weed emerged at field scale,
keeping the remaining seed in soil. Seed that could not germinate in
field, germinated in natural emergence maintaining less uniformity in
germination. On the contrary, ZTDSR-ZT, ZTTPR-ZT, and UPTPR-ZT
systems provided equal chance to all weed seed to emerge because of
unbiased seed deposition of all weeds on the soil surface. Principal
component analysis also confirmed the distinct variation in weed com
munity composition among CTTPR-CT and ZTDSR-ZT systems (Fig. 5),
as they distantly situated in the ordinates. Further, significantly higher
ecological dominance index in CTTPR-CT system further confirmed the
severity of few weeds and non-uniformity in the weed flora.
Present study also suggested that narrow-leaved weeds have a ten
dency to dominate in ZT systems over time, as the seed density of
E. colona and C. iria were high under ZTDSR-ZT and ZTTPR-ZT systems
9
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than under CTTPR-CT system. Adoption of different tillage techniques
may suppress or encourage the emergence of weeds, as germination of
few weeds is influenced by previously germinated weeds, because of
inter-specific competition. The principal component study confirmed
that emergence pattern of O. corniculata, C. album, and C. iria were
mainly influenced by crop management practices. On the contrary, the
preponderance of E. colona, C. iria, P. minima, and A. philoxiroides in the
rainy season and O. corniculta, C. album, R. dentatus, C. didymus, and
S. nigrum in winter season gives a direction of future weed management
strategies. The CTTPR-CT system recorded higher seed density as
compared to that of ZTTPR-ZT and ZTDSR-ZT systems (Fig. 1). The
recommended herbicide schedule was adopted in different tillage sys
tems in field study. It can be speculated that pre-sowing application of
glyphosate 1.5 kg a.i. ha 1 in ZT systems did not allow weeds to recharge
seedbank in between crop season. However, no application of glypho
sate in CTTPR-CT system allowed seedbank to recharge with new seeds.
It resulted in more seed density in CTTPR-CT system than that of ZTDSRZT in both years. Therefore, crop rotation with adequate pre-planting
and post–emergence herbicides application might limit the weed seed
density in ZTDSR-ZT system. Long-term adoption of conservation
tillage/agriculture practices (ZTTPR-ZT and ZTDSR-ZT) can minimize
the weed severity and can be a sustainable crop management practice, as
higher weed density in the initial years can exhaust the seedbank.
Hence, our hypothesis that total seed density and cumulative emergence
is lower in ZTDSR-ZT system than in CTTPR system holds true, and
accepted. Conservation agriculture practice (~ZTDSR–ZT) and new
generation tillage practices (UPTPR-ZT and ZTTPR-ZT) attained higher
grain yield of component crops over CTTPR-CT system (Table 5). Better
crop management, added crop residue, and better soil microclimate in
ZT-based practices resulted in the higher grain yield of component
crops. Further, added crop residue suppressed weed density, and
reduced crop-weed competition, resulted in higher crop growth, yield
attributes, and finally yield. The findings recommend that conservation
agriculture (~ZTDSR–ZT) and alternate tillage practices (UPTPR-ZT and
ZTTPR-ZT) can suppress the weed density and attain higher yield than
CTTTR-CT over time.

CRediT authorship contribution statement
Rajiv Nandan: Supervision. Vikram Singh: Supervision. Virender
Kumar: Supervision. S.S. Singh: Supervision. K.K. Hazra: Supervision.
C.P. Nath: Formal analysis, Writing - original draft. R.K. Malik: Writing
- review & editing. S.P. Poonia: Writing - review & editing.
Acknowledgement
We sincerely thank the Cereal Systems Initiative for South Asia
(CSISA) for financial support and Research Complex for Eastern Region,
Patna for providing field.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cropro.2020.105210.
References
Ball, D.A., 1992. Weeds seedbank response to tillage, herbicides, and crop rotation
sequence. Weed Sci. 40, 654–659.
Barberi, P., Lo Cascio, B., 2001. Long-term tillage and crop rotation effects on weed
seedbank size and composition. Weed Res. 41, 325–340.
Bilalis, D., Sidiras, N., Economou, G., Vakali, C., 2003. Effect of different levels of wheat
straw soil surface coverage on weeds flora in vicia faba crops. J. Agron. Crop Sci. 189,
233–241.
Buhler, D.D., Hartzler, R.G., Forcella, F., 1997. Weed seed bank dynamics: implications
to weed management. J. Crop Prod. 1, 145–168.
Carter, M.R., Ivany, J.A., 2006. Weed seed bank composition under three long-term
tillage regimes on a fine sandy loam in Atlantic Canada. Soil Tillage Res. 90, 29–38.
Chauhan, B.S., Gill, G., Preston, C., 2006. Seedling recruitment pattern and depth of
recruitment of 10 weeds species in minimum tillage and no-till seeding systems.
Weed Sci. 54, 658–668.
Chauhan, B.S., Johnson, D.E., 2009. Influence of tillage systems on weeds seedling
emergence pattern in rainfed rice. Soil Tillage Res. 106, 15–21.
Conn, J.S., 2006. Weed seed bank affected by tillage intensity for barley in Alaska. Soil
Tillage Res. 90, 156–161.
Crutchfield, D.A., Wicks, G.A., Burnside, O.C., 1986. Effect of winter wheat (Triticum
aestivum) straw mulch level on weeds control. Weed Sci. 34, 110–114.
Dorado, J., Del monte, J.P., Lopez-Fando, C., 1999. Weed seed bank response to crop
rotation and tillage in semiarid agro-ecosystems. Weed Sci. 47, 67–73.
Ghersa, C.M., Martinez-Ghersa, M.A., 2000. Ecological correlates of weeds seed size and
persistence in the soil under different tilling systems: implications for weeds
management. Field Crop. Res. 67, 141–148.
Hobbs, P.R., 2007. Conservation agriculture: what is it and why is it important for future
sustainable food production? J. Agric. Sci. 145, 127.
Lal, B., Gautam, P., Raja, R., Tripathi, R., Shahid, M., Mohanty, S., Panda, B.B.,
Bhattacharyya, P., Nayak, A.K., 2016. Weed seed bank diversity and community shift
in a four-decade-old fertilization experiment in rice–rice system. Ecol. Eng. 86,
135–145.
Moonen, A.C., Barberi, P., 2004. Size and composition of the weed seedbank after 7 years
of different cover-crop-maize management systems. Weed Res. 44, 163–177.
Nandan, R., Singh, S.S., Kumar, V., Singh, V., Hazra, K.K., Nath, C.P., Malik, R.K.,
Poonia, S.P., Solanki, C.H., 2018b. Crop establishment with conservation tillage and
crop residue retention in rice-based cropping systems of Eastern India: yield
advantage and economic benefit. Paddy Water Environ. https://doi.org/10.1007/
s10333-018-0641-3.
Nandan, R., Singh, V., Singh, S.S., Kumar, V., Hazra, K.K., Nath, C.P., Poonia, S.P.,
Malik, R.K., 2018a. Comparative assessment of the relative proportion of weed
morphology, diversity, and growth under new generation tillage and crop
establishment techniques in rice-based cropping systems. Crop Protect. 111, 23–32.
Nath, C.P., Das, T.K., Rana, K.S., Bhattacharyya, R., Pathak, H., Paul, S., Meena, M.C.,
Singh, S.B., 2017a. Weeds and nitrogen management effects on weeds infestation
and crop productivity of wheat–mungbean sequence in conventional and
conservation tillage practices. Agric. Res. 6, 33–46.
Nath, C.P., Das, T.K., Rana, K.S., Bhattacharyya, R., Paul, S., Singh, S.B., Meena, M.C.,
Hazra, K.K., 2017c. Tillage and nitrogen management effects with sequential and
ready-mix herbicides on weeds diversity and wheat productivity. Int. J. Pest Manag.
https://doi.org/10.1080/09670874.2017.1415487.
Nath, C.P., Das, T.K., Rana, K.S., Pathak, H., Bhattacharyya, R., Paul, S., Meena, M.C.,
2017b. Greenhouse gases emission, soil organic carbon and wheat yield as affected
by tillage systems and nitrogen management practices. Arch. Agron Soil Sci. 63 (12),
1644–1660.
Nkoa, R., Owen, M.D.K., Swanton, C.J., 2015. Weeds abundance, distribution, diversity,
and community analyses. Weed Sci. 63 (spl), 64–90.

5. Conclusion
It is evident that weed emergence pattern is affected by tillage
techniques, crop residue management, and crop rotations. C. iria,
C. rotundus, P. minor, P. minima, B. diffusa, A. philoxiroides, O. corniculata,
C. album, R. dentatus, C. didymus, and S. nigrum are the dominant weeds
in this ecology and showed a variable emergence pattern. Present study
emphasizes that ZTDSR-ZT, ZTTPR-ZT, and UPTPR-ZT could stimulate
the emergence of some new weeds in the production ecology. Hence,
weed community composition may vary from existing weed flora, as
seedbank is recharged with newly emerged weeds. This information will
help to develop strategic weed management for conservation agriculture
and other tillage practices. Importantly, total weed seed density was
lower under ZTDSR-ZT and ZTTPR-ZT systems than under CTTPR-CT
system. It indicates that ZTDSR-ZT and ZTTPR-ZT systems can mini
mize weed infestation over time as long as there a high standard of weed
management that minimizes seed return. Hence, conservation agricul
ture (ZTDSR-ZT and crop residue retention) is a sustainable practice for
weed management and higher productivity in rice–based cropping
systems.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

10

R. Nandan et al.

Crop Protection 136 (2020) 105210

Ranaivoson, L., Naudin, K., Ripoche, A., Rabeharisoa, L., Corbeels, M., 2018. Is mulching
an efficient way to control weeds? Effects of type and amount of crop residue in
rainfed rice based cropping systems in Madagascar. Field Crop. Res. 217, 20–31.
Susha, V.S., Das, T.K., Nath, C.P., Pandey, R., Paul, S., Ghosh, S., 2018. Impacts of tillage
and herbicide mixture on weeds interference, agronomic productivity and

profitability of a maize–wheat system in the North-western Indo-Gangetic Plains.
Field Crop. Res. 219, 180–191.
Swanton, C.J., Shrestha, A., Knezevic, S.Z., Roy, R.C., Ball-Coelho, B.R., 2000. Influence
of tillage type on vertical weed seed bank distribution in a sandy soil. Can. J. Plant
Sci. 80, 455–457.

11

