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ARTICLE INFO ABSTRACT

Keywords: Increasing rice production to feed the world’s growing population while protecting the environment requires
Green manure more optimal use of fertilizers. In China, the current high input, high output and high reliance on synthetic
Duckweed

nitrogen (N) fertilizer in agriculture has resulted in high N losses, especially ammonia (NH3) emission. Urea
combined with green manure (GM) might be a promising approach to improve N fertilizer management.
However, few studies have evaluated duckweed in this manner. Duckweed does not require arable land for
cultivation and thus avoids competition with food crops. Therefore, a field experiment was conducted for three
years with five treatments (CK, no N-fertilizer; CT, conventional practice, urea alone at 300 kg N ha~!; CTD,
urea combined with duckweed at 300 kg N ha~%; RN, urea alone at 225 kg N ha~!; and RND, urea combined
with duckweed at 225 kg N ha™') in an intensive rice cropping system in the Taihu Region of China. The results
for two years showed that urea combined with duckweed cover reduced NHj loss by 36-52% over CT. This
reduction was attributed primarily to the formation of a physical barrier and the uptake of NH, " by duckweed.
The '®N recovery for '°N balance conducted for one year was 38% higher and the N loss was 16% lower for
CTD than that of CT. Furthermore, urea combined with duckweed increased N accumulation in the aboveground
plants by 14-25% over CT for the 3 years. As a result, urea combined with duckweed achieved higher rice yield
by 9-10%, and higher net economic benefit by 10-11% over CT for the 3 years; however, using the conventional
rate of 300 kg N ha™! did not increase rice yield over using the reduced N rate of 225 kg N ha ™!, with or without
duckweed. Thus, duckweed as GM combined with chemical fertilizer application provided an approach for
increasing the rice yield without increasing inputs of N fertilizer and thereby provided a financially attractive
option for farmers to achieve environmental integrity and ensure food security in rice production.

N use efficiency
Ammonia volatilization
15N recovery

1. Introduction

Globally, agriculture is currently facing unprecedented challenges
for nourishing the increasing population without devastating the en-
vironment (Chen et al., 2014; Zhang et al., 2015). On the one hand,
crop production needs to be doubled by 2050 to meet global food de-
mand. On the other hand, anthropogenic reactive N (Nr) loss to the
environment has already exceeded a proposed planetary boundary
(Zhang et al., 2015). China is the largest N fertilizer producer and
consumer in the world and plays a major role in global food security
(Galloway et al., 2008). The annual application of N fertilizer reached
27 Tg yr~ ! for crop production during 2001-2010 in China (Yan et al.,
2014). Current Chinese agriculture is highly fertilized and depended on
synthetic fertilizer, which results in high Nr emissions and adverse
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effects of soil fertility (Chen et al., 2016). Inevitably, the overuse and
misuse of fertilizer makes China the world’s largest Nr producer (Gu
et al., 2015).

Ammonia (NH;3) emission is a major component among Nr loss and
agriculture is the main source of NH3 emission. The total health damage
related to atmospheric Nr emissions accounted for US$19-62 billion in
2008 in China, and 52-60% were derived from NH3 emission (Gu et al.,
2012). NH; volatilization from agriculture represents the inefficient use
of fertilizers and causes the formation of particulate matter, the eu-
trophication of aquatic systems, soil acidification, and indirect N,O
emission (Saggar et al., 2013). Therefore, improving N fertilizer man-
agement is crucial for feeding the growing population while reducing
adverse environment and health impacts.

Paddy rice fields account for 33% of the total arable land in China,
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Fig. 1. Mean daily air temperature and precipitation during 2014-2016 rice seasons.

which occupy 29% of global rice output and supply food for more than
65% of the Chinese people (Zhao et al., 2015a). NH; volatilization from
paddy fields is considered the major N loss pathway and is greater than
from other crop systems (Zhu, 1997). The average NH; volatilization
rate was 17% in Chinese rice fields (Wu et al., 2015). To make matters
worse, grain yields in China have suffered from stagnation in 79% of
the national rice area, but the consumption of N fertilizer will continue
to increase by 25% in 2030 due to population growth and diet changes
(Ray et al., 2012; Shen et al., 2013). Fortunately, in 2015, the Chinese
Ministry of Agriculture announced a “Zero Increase Action Plan” for
national fertilizer use by 2020, with the aim of reducing the environ-
mental damage costs while simultaneously increasing crop yields
without a further increase of fertilizer use (Liu et al., 2016). Therefore,
it is imperative to reduce NHj loss and improve rice yields without
increasing N inputs. Many efforts have been made to achieve these
goals such as applying site-specific N management, optimizing N ap-
plication methods (increasing splitting frequency and adjusting the N
rate and time), using enhanced efficiency of N fertilizers (controlled-
release fertilizer and urease inhibitors) and combining synthetic N
fertilizer with organic fertilizer or biochar. However, more labor or
knowledge requirements or higher prices in the enhanced efficiency of
N fertilizers have restricted the expansion of these approaches (Linquist
et al., 2013; Chen et al., 2016).

The application of N chemical fertilizer in combination with green
manure (GM) is an alternative approach to enhance crop production, N
use efficiency (NUE) and soil fertility with less chemical inputs (Li et al.,
2015). GM is generally eco-friendly, economically viable and renewable
for sustainable agriculture.

Previous studies of GM are mainly focused on leguminous plants;
however, very little information is available regarding duckweed as GM
(the widespread floating aquatic plant), which includes 37 species in 5
genera (Spirodela, Lemna, Landoltia, Wolffia and Wolffiela) within the
family Lemnaceae and with doubling times of 1.34-4.54 days and yield
ranges between 8.8-117 t dry weight ha™! year ' (Cheng et al., 2002;
Forni and Tommasi, 2016).

Over the last 40 years, research regarding duckweed mainly focused
on phytoremediation and nutrient recovery from wastewater and for
animal feedstock and the production of biofuels, due to its high growth
rate, high biomass yield, excellent nutrient uptake ability, and tolerance
to high nutrient levels (Cheng et al., 2002; Mohedano et al., 2012). It is
worth noting that duckweed can grow well in paddy fields (Wu et al.,
2012); however, the performance of duckweed in paddy rice agri-
culture has been rarely studied. So far, few studies have examined the
influence of duckweed on NHj volatilization (Zimmo et al., 2003; Li

et al., 2009; Sun et al., 2015), and only Li et al. (2009) reported that
duckweed cover combined with urea could effectively increase rice
yield at 90 and 180 kg N ha™!. Meanwhile, the current Chinese agri-
culture systems are highly fertilized, few studies have comprehensively
accessed the agronomic and economic benefits and >N balance of urea
combined with duckweed in current intensive rice cropping systems.

The Taihu Region is one of the five major rice growing regions in
China and is considered to be the most typical rice production area in
China because of a long rice cultivation history (> 7000 years) and is
one of the most densely populated and intensive agricultural areas in
China. This area is located in the middle and lower reaches of the
Yangtze River paddy soil region of China (Zhao et al., 2012). This re-
gion covers 36,500 km? and 75% of its total land area is under rice
cultivation. The average N application rate in this region reached
300 kg ha™?!, which is the highest among the rice growing regions
(Hofmeier et al., 2015; Wu et al., 2015), but the rice yield has already
plateaued (7.5 tha™1) (Ju et al., 2009; Zhao et al., 2015a). The NH;
loss can be as high as 40% of the total applied N, due to the strong
sunlight and high temperatures in the summer (Cai et al., 1988).
Therefore, a field experiment was conducted for three years in the
Taihu Region with the aims of assessing the benefits of urea combined
with duckweed on NHj volatilization, crop yield and net economic
benefit (NEB), and '°N balance in paddy rice fields.

2. Materials and methods
2.1. Experimental site

The field experiment was conducted at the Changshu
Agroecosystem Experimental Station (31°1515”N, 120°57’43”E),
Chinese Academy of Sciences, located in the Taihu Region of China. The
rice-wheat crop rotation has been cultivated in this region for thou-
sands of years. The climate is characterized by humid subtropical
monsoon with an average air temperature of 15.5 °C and a mean annual
precipitation of 1038 mm. The soil is classified as Gleyi-Stagnic
Anthrosol developed from lacustrine sediments. The pH (H,0) of the
topsoil (0-20 cm) is 7.35, the soil contains 35 g kg ! organic matter;
2.09 gkg ™! total N; 0.93 gkg™! total P; 121.3 mgkg ™! available K;
and 17.7 cmolkg™! CEC. The mean daily air temperature and pre-
cipitation during the experimental period from 2014 to 2016 are shown
in Fig. 1.
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Table 1
Date and rate of urea applications and water management regimes.

Code N rate Duckweed Basal First Second
(kgNha™')  (t fresh fertilization topdressing topdressing
weight (kgNha"!') (kgNha™!) (kgNha™ 1)
ha b
CK 0 0 0 0 0
CT 300 0 120 60 120
CTD 300 2 120 60 120
RN 225 0 90 45 90
RND 225 2 90 45 90
Application date Basal First Second
fertilization topdressing topdressing
2014 Jun 26 Jul 5 Aug 15
2015 Jun 24 Jul 7 Aug 14
2016 Jun 24 Jul 7 Aug 8
Water management Pre-flooding ~ Mid-season Final
irrigation aeration drainage
2014 Jun 19 Jul 23-Aug1 Oct 21
2015 Jun 17 Jul 20-Aug 3  Oct 20
2016 Jun 17 Jul 21-Aug 4 Oct 20

2.2. Experimental design

Field experiments were conducted for 3 consecutive rice cropping
seasons from 2014 to 2016. The five treatments were CK (a control
following local practice with no N-fertilizer without duckweed), CT (the
current traditional practice without duckweed), CTD (the current tra-
ditional practice with duckweed cover), RN (a reduced N dose of 25%
without duckweed) and RND (a reduced N dose of 25% with duckweed
cover). The rates and timing of fertilizer application for the five treat-
ments are shown in Table 1. The experimental design was an un-
balanced split plot design with four blocks and with N rates (0, 225 and
300 kg N ha™!) as the main plot; the N sources (urea alone and urea
combined with duckweed) were used as subplots.

The dimension for the main plot was 6 m X 7m, and it was
2m X 2m for the split plot (CTD and RND). Each main plot was se-
parated by a 30 cm wide earthen ridge. The CTD and RND plots were
bounded by polyvinyl chloride plastic frames. The frames were buried
23 cm deep and protruded 10 cm above the soil to prevent any runoff or
run-on water from removing or adding N fertilizer. Water pipes were
installed in the frames for irrigation. The rice seedlings (30 days of age)
were transplanted into well-puddled soils at a spacing of
20 cm X 20 cm for all treatments. The rice cultivar was Oryza sativa L.,
cv. Nanjing 46. The synthetic fertilizers used were prilled urea (N, 46%),
superphosphate (P,0s, 12%), and potassium chloride (K,0, 60%). Pre-
flooding irrigation for each plot was performed one week prior to rice
transplanting. Floodwater was continuously maintained at a depth of
3-5 cm in all plots, except during the mid-season aeration and the final
drainage before crop harvest (Table 1). All irrigation events were co-
ordinated with precipitation events, and in the 2015 and 2016 rice
seasons, the same irrigation practices were followed. Pesticide and
herbicide applications were the same for each plot. Rice was harvested
on November 5, 2014, November 5, 2015 and November 3, 2016.

As shown in Table 1, N fertilizer was applied as a basal application
(40%), first topdressing (20%) and second topdressing (40%) in the CT,
RN, CTD and RND plots, and the urea was homogeneously broadcast
onto the surface water. P,Os-fertilizer (90 kg ha™1) and K,O-fertilizer
(120 kg ha~!) were broadcast as basal fertilizers in all treatments. The
duckweed (Spirodela polyrhiza (L.) Schleid.) was collected from ponds
near the experimental station and applied to CTD and RND plots as a
dual crop along with rice before basal fertilizer application, with 200 g
fresh weight m~2 (about 80% coverage of surface water), the water
content of the duckweed was 97.1% and its total N content was
52.5 gkg ™! (dry weight).
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2.2.1. Experiment I: the measurement of NH3 volatilization, rice yield, crop
N and net economic benefit

The NHj volatilization was monitored by a dynamic chamber
method, which was composed of a dynamic chamber, a vacuum pump,
and an acid solution to capture gaseous NH;3 (Cao et al., 2013; Zhao
et al., 2015a). The cylindrical chamber was made from poly-methyl
methacrylate, with an inner diameter of 20 cm and a height of 15 cm.
Ambient air located at 2.5 m above the surface water was pumped to
complement the inner air in the chamber. When collecting NH3 vola-
tilization, the chamber was inserted into the surface water and soil to a
depth of approximately 10 cm, and the NH; in the chamber was then
trapped in a glass bottle containing 60 ml of sulfuric acid solution
(0.05 mol L™1). The air flow rate through the chamber was set to 15-20
headspace min ~'. NH; volatilization was measured twice per day in the
morning (7:00-9:00) and afternoon (15:00-17:00). The volatilization of
NH; was continually measured until NH; was no longer detected. The
concentration of NH4*-N in the acid trap was measured by the in-
dophenol blue method (Novozamsky et al., 1974). The cumulative NH3
volatilization flux was the sum of the NH; volatilization fluxes on
sampling days. The surface floodwater of each plot was collected and
filtered when the NH; volatilization was sampled. Floodwater NH,*-N
concentration, NO3; ™ -N concentration and pH were measured by the
indophenol blue method, the ultraviolet spectrophotometer method
(HJ/T 346-2007) and a portable pH meter (Germany Sartorius PB-10),
respectively.

At crop maturity, above-ground plant biomass was harvested from a
3m? sample area away from the plot boundaries in all of the plots.
Straw and grain were separated, air-dried, and weighed to calculate the
dry matter yield (Cao et al., 2013; Zhao et al., 2015a). Grain and straw
were oven-dried at 80 °C for 24 h, and then powdered by a grinder and
passed through a 150-um screen to determine the N concentration by
the Kjeldahl method. The crop N accumulation was calculated de-
pending on the N concentration and the oven-dried weight. The net
economic benefit (NEB) was calculated as the difference between the
value of the harvest grain and costs of N, P and K fertilizers and
duckweed inputs. The NUE in terms of recovery efficiency of N fertilizer
(REy) and agronomic N use efficiency (AEy) and the N surplus were
calculated only for CT and RN treatments (Ladha et al., 2005).

NEB = l)yield - Cinput

Nyielq in fertilized treatment — Nyjeq in CK

REN =
Ninpm

AE Grain yield in fertilized treatment — Grain yield in CK
N =

Ninput

N surplus = Nigput — (Nyierq in fertilized treatment — Ny;eiq in CK)

where Pyiq is value of the grain (3 ¥ kg~ rice grain); and Cinput 18
input cost (4 ¥ kg ™! urea-N; 3 ¥ kg ™! P,Og; 4 ¥ kg ™! K,0; 400 ¥ ha™!
time ™! for fertilizer broadcast application, 800 ¥ ha™! time™! for
duckweed collection and application) (Xia et al., 2016); Njppy, is total
fertilizer N input; Ny;e1q is crop N accumulation.

2.2.2. Experiment II: the "°N balance under duckweed cover

Microplots were established in the CT and CTD plots during the
2014 rice season. The polyvinyl chloride plastic columns were inserted
to a soil depth of 23 cm and protruded 10 cm above the soil; the inner
diameter of the columns was 60 cm with four rice hills. The '>N-labeled
urea (*°N abundance was 10%) was provided by the Shanghai Research
Institute of Chemical Industry and was applied at the same times and
rates as the urea in the larger plots. The rice plant, duckweed and soil
samples were collected after crop maturation. The duckweed and all
rice roots from the 0-20 cm soil layer of each microplot were collected
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and washed, and the rice plant samples were divided into straw, root
and grain. Four soil cores from 0-5 and 5-20 cm were collected from
each microplot using a steel auger and mixed well into a single soil
sample. Straw, root, grain, duckweed and soil were oven-dried for 24 h
at 80 °C, and then powdered and passed through a 150-um screen to
determine the N concentration by the Kjeldahl method. The '°N
abundance was analyzed using an isotope ratio mass spectrometer
(Flash EA Delta V Advantage, Thermo Fisher Scientific Inc., Waltham,
MA, USA).

All 5N was expressed as the atom percent excess and corrected for
the background abundance (i.e., 0.366%). The percentage of I5N re-
covery were calculated according to Hauck and Bremner (1976).

5N recovery (% ) = i_: x 100

where A is the natural abundance of °N; B is the '°N atom percent in
the plant or soil; and C is the >N atom percent in the fertilizer N.

2.3. Data analysis

Before conducting the statistical analysis, all of the data were tested
for normality using the Shapiro-Wilks test and homogeneity of var-
iances using Bartlett’s test. Differences in the main effects of years
(2014, 2015 and 2016), treatments (CK, CT, CTD, RN and RND), N rates
(0, 225 and 300 kg N ha™1), N sources (urea alone and urea combined
with duckweed) and block, and their interactions were tested using
general linear model in SPSS 19.0 (SPSS China, Beijing, China). In the
model, the years, treatments, N rates and N sources were fixed factors,
and the block was the random factor; and Duncan method was applied
for multiple comparisons. The t-test was applied to test for the sig-
nificance of the effects of duckweed on the recovery of '°N in the crop
and soil as well as *®N loss. The correlation between daily NH; flux and
daily floodwater NH,*-N concentration and pH was analyzed by
Pearson correlation. The graphs were prepared with Origin 8.5 software
(Origin Lab Ltd., Guangzhou, China).

3. Results

3.1. Seasonal cumulative NH3 volatilization, and daily NH3 fluxes,
floodwater NH,*-N and NOs ™ -N contents and pH

Urea combined with duckweed cover (CTD and RND) significantly
decreased the cumulative NH3 loss and NHj3 intensity over the 2 years

(Table 2). The CTD and RND lowered the cumulative NH;3 loss by 36%

Table 2
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and 52% over CT (p < 0.05) for the 2 years, respectively. In contrast,
the RN only significantly reduced the NH; loss by 37% over CT in 2014
(p < 0.05), and there was no significant difference between them in
2015 (p > 0.05). NHj volatilization mainly occurred during the basal
fertilization (BF) period in 2015 for all of the fertilized treatments,
whereas it primarily occurred during the first topdressing (T1) period
(except CTD and RND) in 2014. Urea combined with duckweed cover
significantly decreased the NH; loss of the T1 period compared to the
urea application alone (p < 0.05) over the 2 years. The CTD re-
markably lowered the NH; loss of the second topdressing (T2) periods
for the 2 years and only reduced the NHj; loss of BF in the 2014 rice
season over CT, whereas the RND only significantly reduced the NH3
loss of the T2 periods in the 2015 rice season over RN (p < 0.05).
Moreover, urea combined with duckweed cover remarkably decreased
the NH; intensity by 44% at 300 kg N ha™! and 59% at 225 kg N ha !
compared with CT over the 2 years (p < 0.05). In contrast, the RN
only significantly reduced the NHj intensity in 2014 over CT.

The daily NH; fluxes peaked 1-3 days after each fertilizer applica-
tion, lasted approximately one week, and then dropped to relatively low
levels (Fig. 2a-b). Urea combined with duckweed cover could sig-
nificantly lower the peak values of daily NH; fluxes compared with the
urea application alone (CT and RN) (p < 0.05). Meanwhile, the
average daily NHj3 fluxes of the 2 rice seasons in the CTD and RND
treatments were lowered by 36% and 52% over the urea application
alone treatments, respectively.

Similar to daily NH; fluxes, the daily floodwater NH,*-N contents
exhibited the same pattern for the 2 years (Fig. 2c—d). The floodwater
NH,"-N contents peaked 1-3 days after each fertilizer application.
Compared with the urea application alone, urea combined with duck-
weed cover resulted in similar and even lower floodwater NH,*-N
concentration at the date of the peaks of daily NH; flux. After the peaks
of daily floodwater NH,"-N concentration, the urea combined with
duckweed cover resulted in the similar and even higher floodwater
NH,*-N contents over the urea application alone.

The daily floodwater pH varied during the rice growing season for
all of the treatments (Fig. 2e-f). The trends in floodwater pH were
comparable across treatments, and the effect of duckweed on flood-
water pH was relatively small, the average floodwater pH were only
reduced by 0.1-0.2 unit at 300kgNha™' and 0.2-0.3 unit at
225 kg N ha™! over CT for the 2 years. The daily floodwater NO5 ™ -N
concentrations exhibited seasonal variation in duckweed cover treat-
ments (Fig. 2g-h), the significantly higher floodwater NO; ~-N contents
in duckweed cover treatments mainly occurred at T1 period, with
average values of 2.4 (2014) and 2.8 (2015) mg N L~ at 300 kg N ha™!

Cumulative NHj volatilization and NHj3 intensity from the different treatments during the 2014-2015 rice growing seasons.

Code N rate (kg N ha™?!) Cumulative NH; loss (kg N ha™!) Decrease in NHj loss relative to CT (%) NHj intensity (kg NH3-N t ! grain)®
BF T1 T2 Total

2014

CK 0 0.7¢ 1.7¢ 0.7¢ 3.1e 0.7d
CT 300 18.4a 20.1a 10.9a 49.4a 6.4a
CTD 300 18.3a 12.5b 7.9b 38.7b 22 4.4b
RN 225 10.7b 12.9b 7.4b 30.9¢ 37 4.0b
RND 225 11.9b 4.4c 7.0b 23.3d 53 2.7¢
2015

CK 0 0.9¢ 0.6¢ 0.4d 1.9¢c 0.4c
CT 300 11.4a 9.4a 8.0a 28.7a 3.2a
CTD 300 7.1b 3.1b 4.2bc 14.4b 50 1.4b
RN 225 8.2b 8.0a 6.3ab 22.4a 22 2.5a
RND 225 7.5b 3.0b 3.4c 13.9b 52 1.3b

CK, no N-fertilizer; CT, urea broadcast alone at 300 kg N ha~*; CTD, urea broadcast combined with duckweed at 300 kg N ha™’; RN, urea broadcast alone at 225 kg N ha™; RND, urea

broadcast combined with duckweed at 225 kg N ha™'.
BF, basal fertilization period; T1, first topdressing period; T2, second topdressing period.

The values followed by the different letters are significantly different at the level of LSD0.05 within the same column for a given year.

% NH3 intensity is the total NH3-N loss divided by the rice yield.
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and 1.9 (2014) and 2.4 (2015) mg N L~ ! at 225 kg N ha~!. In contrast,
the floodwater NO5; ™ -N contents in urea application alone treatments
remained stable, no more than 3 mg N L™ ? for the 2 years, with average
values of 1.5 (2014) and 1.8 (2015) mg NL ™' at 300 kg N ha~! and 1.3
(2014) and 1.6 (2015) mg N L™ ! at 225 kg N ha™'.

The daily floodwater NH,*-N concentrations was significantly po-
sitive correlated with daily NH; fluxes for each fertilized treatment
(p < 0.05) (Table 3), and daily floodwater pH was positive correlated
with daily NHj fluxes in the urea alone treatments (CT and RN), but
there was no correlation between the daily floodwater pH and daily
NHj; fluxes for the duckweed cover treatments.
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2015 Fig. 2. Seasonal changes in NHj fluxes (a-b),
floodwater NH,*-N contents (c—d), pH (e-f) and
(b) >— CK NO;3 ™ -N contents (g-h) from different treatments in

rice seasons of 2014 and 2015. The arrows denote
fertilizer application. The values are the means
(n = 4) with their standard deviations (vertical
lines).

Aug 14
Aug 17
Aug 20
Aug 23
Aug 26
Aug 29

3.2. Yield, NEB, crop N, NUE and N surplus at harvest

During the 3 rice seasons, the years, treatments, N rates and N
sources had significant influences on rice yield, NEB, straw biomass,
crop N, REy, AEy and N surplus at harvest (Tables 4-6).

The interactions of N rates X N sources X years, N rates x N
sources, and N sources X years were not significant. The only sig-
nificant interactions were N rates X years and treatments X years for
yield and NEB (Tables 4 and 5). For the N rates X years interaction, the
yield and NEB increased with N rate up to 225 kg N ha™? for each year,
and their responses to N rate were the greatest in 2015 (Table 4); as for
treatments X years interaction, the yield and NEB for fertilized treat-
ments increased under duckweed cover, and urea combined with
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Table 3
The relationship between NHj volatilization and floodwater NH4 " -N content and pH.

Code Correlation between NHj volatilization ~ Correlation between NH3
and NH,"-N volatilization and pH
2014 2015 2014 2015
CK 0.16 —-0.06 0.47 0.13
CT 0.49 0.70 0.47 0.54
CTD 0.59 0.71 0.50 0.53
RN 0.59 0.71" 0.58 0.61
RND 0.64 0.41 0.37 0.34

CK, no N-fertilizer; CT, urea broadcast alone at 300 kg N ha™!; CTD, urea broadcast
combined with duckweed at 300 kg N ha™'; RN, urea broadcast alone at 225 kg N ha™;
RND, urea broadcast combined with duckweed at 225 kg N ha™'.

* Significant correlation at the 0.05 level (two-tailed).

** Significant correlation at the 0.01 level (two-tailed).

Table 4
N rates X years interaction for rice yield and NEB at harvest.

N rate (kg Nha™') 0 225 300
Yield (tha™")

2014 4.88 8.23 8.24
2015 4.58 9.67 9.62
2016 4.91 8.92 9.10
LSD (0.05)" 0.93

NEB (x 1000 ¥)"

2014 13.5 21.9 21.8
2015 12.6 26.2 26.0
2016 13.6 24.0 24.4
LSD (0.05) 3.23

@ The least significant difference for N rates X years interaction at the 0.05 probability
level.

P NEB is the difference between the value of the harvest grain and the costs of N, P and
K fertilizers and duckweed inputs.

Table 5
Treatments X years interaction for rice yield and NEB at harvest.

Treatment CK RN RND CT CTD
Yield (tha~")

2014 4.88 7.80 8.66 7.68 8.80
2015 4,58 8.99 10.35 8.99 10.25
2016 4.91 8.32 9.51 8.75 9.44
LSD (0.05)" 0.53

NEB ( x 1000 ¥)"

2014 13.5 21.0 22.8 20.6 23.1
2015 12.6 24.6 27.9 24.5 27.4
2016 13.6 22.6 25.6 23.8 25.0
LSD (0.05) 2.87

CK, no N-fertilizer; CT, urea broadcast alone at 300 kg N ha~'; CTD, urea broadcast
combined with duckweed at 300 kg N ha™'; RN, urea broadcast alone at 225 kg N ha™;
RND, urea broadcast combined with duckweed at 225 kg N ha™'.

@ The least significant difference for treatments X years interaction at the 0.05 prob-
ability level.

P NEB is the difference between the value of the harvest grain and the costs of N, P and
K fertilizers and duckweed inputs.

duckweed cover treatments had higher yield and NEB than urea alone
treatments. However, there were no significant differences in yield and
NEB between CT and RN and between CTD and RND (p > 0.05); and
the yield and NEB in 2015 was the greatest for the fertilized treatments
(Table 5).

The CTD and RND achieved significantly higher rice yield by 10 and
9% compared to CT (p < 0.05) (Table 5), respectively. Accordingly,
the CTD and RND resulted in higher NEB by 10 and 11% over CT
(p < 0.05), respectively.

The highest straw biomass and crop N occurred in 2016 (p < 0.05)
(Table 6). The duckweed cover treatments had higher straw biomass
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over the urea alone treatments (p < 0.05). The CTD and RND gave
higher crop N by 25 and 14% over CT (p < 0.05). In addition, the RN
produced higher REy and AEy and gained lower crop N and N surplus
over CT (p < 0.05).

The biomass and N accumulation of duckweed had similar trends
during the rice season (Fig. 3). The N accumulation by duckweed in-
creased rapidly from 3.1kgNha™! at the initial stage to 18.3 and
18.1kg Nha™! for CTD and RND at the BF period (Fig. 3b), respec-
tively, After the mid-season aeration (from July 20 to August 1), most of
the duckweed died and the total N content of duckweed declined to 5.1
and 5.2 kg N ha™*! for CTD and RND on August 23, respectively. The N
accumulation by duckweed increased again after the second topdres-
sing and gradually declined to 2.4 kg N ha~! at harvest.

3.3. The '°N balance

The ®N balance at harvest in the 2014 rice season was shown in
Table 7. The '°N recovery by aboveground rice plants was 38% higher
and the >N loss was 16% lower in CTD than that of CT, respectively
(p < 0.05). For CTD, the 15N accumulation in the aboveground rice
plants reached 33% of applied N (11% in the straw, 22% in the grain) at
harvest. The soil residual >N was mainly found in the 0-5 cm soil depth
and was similar in the CTD and CT (p > 0.05). The *N accumulation
by duckweed only accounted for 1% of the applied N.

4. Discussion
4.1. NH; volatilization during the rice seasons

The daily NH; fluxes peaked within 1-3 days after urea broad-
casting in this study due to the high NH,*-N content in the floodwater
resulting from strong sunlight as well as high temperature and high pH
in the field (Cai et al., 1988; Cao et al., 2013). The NH; volatilization
was more likely to occur during the BF period in 2015, which was si-
milar to previous studies (Cao et al., 2013; Zhao et al., 2015a), whereas
it mainly occurred during the T1 period in 2014 (except CTD and RND).
This discrepancy was mainly attributed to the different weather con-
ditions (Fig. 1), more frequent rainy days occurred during the BF period
over the T1 period in 2014.

There have been limited studies that have documented the reduc-
tion of NH; loss by duckweed cover in the paddy fields. It was clearly
indicated that the urea combined with duckweed cover could sub-
stantially reduce NHj loss at 225 and 300 kg N ha™! compared with
urea alone (Table 2), and as a result, the NHj3 intensity were remarkably
decreased. Li et al. (2009) have reported that the duckweed (Lemna
minor) cover could obviously reduce NH; loss at 90 and 180 kg N ha ™!
compared with urea alone. In contrast, only reducing the N dose (RN)
could not effectively reduce the total NH3 loss (Table 2). In 2015, the
RN only significantly reduced the NH; loss during the BF period com-
pared with CT; however, there were no significant differences for the
NH; loss during the T1 and T2 periods between them, which might be
derived from the similar floodwater pH values between them (Fig. 2h)
and the floodwater pH determined the transformation of NH," to NHs.

In the present study, we adopted the enclosure chamber method for
measuring NHj3 loss because it is more useful for comparing NH; losses
from several different fertilizer treatments since only small plot areas
are required for each treatment. However, the errors are inevitable for
measuring NH; volatilization by the enclosure chamber method, pre-
vious studies also suggested the exchange fluxes of NH3; above emitting
surfaces are stable when air exchange rates are assured with air flow
rates of 15-20 headspace min~! to replacement volumes (Li et al.,
2008; Cao et al., 2013). In our study, the vacuum pump assured the air
velocity at a rate of 15-20 headspace min~ ' through the chamber; in
this way, the errors can be minimized.
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Table 6
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Straw biomass, crop N, NUE and N surplus for the different treatments at harvest in 2014- 2016 rice seasons.

Variable Straw biomass (t ha™!) Crop N (kgNha™!) REy (%)* AEy (kg kg™ b N surplus (kg N ha=")°
Year 2014 6.8c 144b 26b 11c 195b

2015 7.7b 143b 30b 17a 188b

2016 8.4a 179a 39a 14b 167a
Treatment CK 5.1c 76e - - -

CT 8.0b 163c 30b 12b 213a

CTD 8.8a 203a - - -

RN 7.6b 148d 44a 16a 173b

RND 8.7a 186b - - -

CK, no N-fertilizer; CT, urea broadcast alone at 300 kg N ha~*; CTD, urea broadcast combined with duckweed at 300 kg N ha™’; RN, urea broadcast alone at 225 kg N ha™; RND, urea

broadcast combined with duckweed at 225 kg N ha™*.

Values followed by the different letters are significantly different at the level of LSD, ¢s within the same column for a given variable.

@ The REy is apparent N recovery efficiency for CK, CT and RN.
 The AEy is agronomic N use efficiency for CK, CT and RN.

¢ The N surplus is the difference between the total fertilizer N input and fertilizer N accumulation by rice plant for CK, CT and RN.
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Fig. 3. Seasonal changes in duckweed biomass (a) and duckweed N accumulation (b) in
2014 rice season. The arrows denote fertilizer application. The values are the means with
their standard deviations (n = 4).

4.2. NHj3 mitigation effects under duckweed cover

In this study, the reduced NHj; volatilization under duckweed cover
treatments was mainly attributed to the formation of a physical barrier
and the uptake of NH,* by duckweed. Urea combined with duckweed
cover effectively reduced the NHj loss in the T1 period for 2 years.
During the T1 period, the surface water was fully covered by duckweed
in CTD and RND; thus, duckweed formed a densely physical barrier,
which could inhibit the NH3 escaping from floodwater (Li et al., 2009).

Table 7

Meanwhile, the uptake of NH," by duckweed was also responsible for
decreasing the NHj volatilization. The maximum N assimilation by
duckweed reached 18 kgNha~! in the late BF period in this study
(Fig. 3), and 70-73% was derived from fertilizer N (data not shown).
Duckweed has a preferential uptake of NH,*-N over other source of N
as its assimilation requires less energy (Zimmo et al., 2004). It has been
proven that duckweed can show tolerance to high nutrient levels and
has great NH,* uptake efficiency over a short period of time in was-
tewater (El-Shafai et al., 2007; Ansal et al., 2010; Zhao et al., 2014;
Forni and Tommasi, 2016). Meanwhile, duckweed also shows NHj
preference uptake and it has the ability of direct absorption of NH3 from
the water. This is because the un-dissociated NH; molecule is lipid-
soluble and thus easily enters plant cells of duckweed through its
membrane (Landolt, 1997; Mohedano et al., 2012; Selvarani et al.,
2015). Furthermore, it has been recorded that the maximum NHs re-
moval efficiency of L. minor achieved 96% in wastewater (Selvarani
et al., 2015). For the BF period, the reduction of NH;3 loss in duckweed
cover treatments were not significant compared with urea alone, which
might be attributed to the highest NH; volatilization rate at the first
1-3 days accompanied by the weak uptake of NH,-N of duckweed
during the first 2 days after broadcasting urea. It was found that
duckweed had very little uptake of NH, " -N during the first 2 days, and
after this lag period, the duckweed performed a rapid rate for NH,*-N
uptake (Zhao et al., 2014). Meanwhile, maintaining fully coverage of
the water surface by duckweed is critical to achieve a high N recovery
efficiency (Alaerts et al., 1996; El-Shafai et al., 2007; Xu and Shen,
2011). Xu and Shen (2011) noted that 80% surface coverage will take
3 days for the duckweed to fully cover the wastewater. The initial
surface coverage was approximately 80% in this study and thus it made
NH; escape possible at the BF period. Therefore, the pre-culture of
duckweed in paddy fields before rice transplantation or the initial full
coverage of the surface water might be more efficient for reducing the
NH; loss of the BF period. In addition, duckweed cover treatments
lowered the NH; loss of the T2 period (Table 2). Although a large
amount of duckweed died after the mid-season aeration event, duck-
weed could survive dry conditions through turion (a small dormant
bud) formation and renewed vegetative growth after re-flooding
(Landolt, 1997; Lam et al., 2014), which resulted in its re-covering of

Percent recovery of applied N (**N-labeled urea) and '°N loss at harvest in the 2014 rice season.

Code Straw Grain Root Duckweed Soil (0-5 cm) Soil (5-20 cm) Total in aboveground plants 15N loss
CT 8b 16b la - 17a la 24b 58a
CTD 11a 22a la 1 17a la 33a 48b

CT, urea broadcast alone at 300 kg N ha™'; CTD, urea broadcast combined with duckweed at 300 kg N ha™". The different letters within the same column indicate significant differences

among the different treatments for a given year, at p < 0.05.
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the water surface at the initial T2 period; thus, the rapid N uptake of the
rice plant in combination with NH,;*-N recovery by duckweed reduced
the risk of NHj3 loss of the T2 period.

The floodwater pH determined the NH3/NH4* ratio and lower pH
could prevent NH,* dissociation in the floodwater (Fillery et al., 1984).
Abundant nutrient supplies in floodwater favored photosynthetic ac-
tivity by algae under the urea application alone, which could result in
depletion of dissolved CO, and an elevated pH of floodwater (Buresh
et al., 2008), and thereby, higher NH; loss occurred in the urea appli-
cation alone treatments. In contrast, duckweed cover could absorb
NH,* and intercept the incoming light, which made it difficult for algae
growth and survival (Forni and Tommasi, 2016), and thereby, the lower
floodwater pH trends appeared under duckweed cover (Fig. 2e-f). To
prevent the growth of algae, a minimum initial duckweed coverage of
60% is recommended by Xu and Shen (2011). Similarly, it was also
found by previous studies that duckweed could effectively lower the
floodwater pH (Zimmo et al., 2003; Li et al., 2009). In addition, the
duckweed cover could lower the floodwater temperature by 1-2 °C due
to less light energy that penetrated into the floodwater (Alaerts et al.,
1996; Zimmo et al., 2003; Li et al., 2009). In the presence of duckweed
cover, the rapid heating of floodwater from morning until midday was
prevented. A decrease of temperature in duckweed-covered plots might
have decreased the potential of NH; loss.

The average floodwater NO3; -N contents in duckweed cover
treatments were higher than those of the urea alone treatments, espe-
cially during the T1 period (Fig. 2g-h), which might be attributed to the
establishment of nitrification microbial community and excessive
NH,4*-N in floodwater, and as a result, the nitrification process was
enhanced under duckweed cover (Srivastava et al., 2016). Enhanced
nitrification efficiency under duckweed cover might be driven by sev-
eral factors including the attachment of epiphytic microorganisms
(especially ammonia-oxidizing bacteria of Nitrosomonas) at the root and
abaxial fronds of duckweed (Zhao et al., 2015b), aerobic zones always
being present through duckweed root radial oxygen loss, the avail-
ability of root exudation for microbes, and optimal pH and temperature
(Mohedano et al., 2012; Srivastava et al., 2016). However, the magni-
tude of nitrification-denitrification under duckweed cover is not clear
so far.

The >N loss reached 58 and 48% in CT and CTD, respectively, of
which denitrification and NHj volatilization might be the primary N
loss pathways. A field experiment conducted by Wang et al. (2017) at
the same experiment site showed that the N loss caused by deni-
trification could reached 13.3-21.1% of the applied N for
270 kg N ha™! during the rice season. Therefore, further studies are
needed to explore the influence of duckweed cover on nitrification-
denitrification processes.

4.3. Improvement of the rice yield by duckweed cover

Urea combined with duckweed cover treatments effectively en-
hanced rice yield over urea alone treatments (Table 5). There is limited
information on the effects of duckweed in rice production, and only Li
et al. (2009) have reported that the duckweed cover could increase
grain yield by 9.8 and 9.4% at 90 and 180 kg N ha ™! over urea alone. It
was found that the frames had no influence on the rice yield (an un-
published experiment conducted in RN plots). The higher rice yields in
the duckweed cover treatments were mainly attributed to the reduced N
loss (Tables 2 and 7) and enhanced crop N accumulation (Table 6).

Urea combined with duckweed cover effectively reduced '°N loss
(Table 7) and NHj3 loss (Table 2), and thereby, more N was available for
rice plants under duckweed cover. Moreover, the NH,*-N uptake by
duckweed and its release was also responsible for the enhanced crop N
accumulation under duckweed cover treatments. Duckweed can act as
an excellent “nutrient sink” for harvesting nutrients over a short period
of time when a large amount of NH,*-N is available (Cheng et al.,
2002; El-Shafai et al., 2007; Ansal et al., 2010). The N accumulation by
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duckweed increased rapidly during the early rice growing stage
(Fig. 3b) due to its high multiplication rate under sufficient nutrient
supply in floodwater and the open rice canopy. Despite the duckweed
cover treatments obtained similar and even lower floodwater NH,*-N
concentrations at the date of the peaks of daily NH; flux (Fig. 2c—d),
they gave higher trends of floodwater NH, " -N content after the date of
the peaks of daily NH; flux, which might be attributed to the NH,*-N
release from decomposing duckweed. As a result, duckweed cover re-
markably promoted the development of rice roots in the soil surface
layer and increased tiller numbers by 18-21% compared to those of
urea alone (data not shown). The total N content of duckweed declined
during the mid rice season due to the large amount of duckweed death
caused by the mid-season aeration event (Fig. 3b). This indicated that
the duckweed had a rapid decomposition rate and that a considerable
amount of the N accumulated by duckweed was released into flood-
water or soil; thus, more N is available for rice plant in the duckweed
cover treatments. An unpublished duckweed decomposition experiment
showed that the mass loss and N content of duckweed decreased to
approximately half of the initial values after 7 days due to its low fiber
content of 6-16% and high protein content of 15-45% (Timmerman
and Hoving, 2016). Meanwhile, duckweed cover treatments produced
higher trends of floodwater NH,*-N content at the late T2 period; and
the total N in duckweed gradually declined during the late rice growing
season (Fig. 3), which implied that N was released again from decom-
posing duckweed, which were beneficial for increasing pre-heading N
accumulation and post-heading dry matter accumulation, and hence,
the rice yield was enhanced. The '°N experiment revealed that only 1%
of applied '°N was retained in duckweed for CTD at harvest (Table 7). A
considerable N accumulation by duckweed at the early rice growing
stage and the small N retained in duckweed at the late rice growing
stage (Fig. 3b) and the higher rice yield under duckweed cover
(Table 6) suggested that the benefits of duckweed conserving N ferti-
lizer outweighed competition for the applied N. Therefore, duckweed
appears to act as slow release fertilizer and the duckweed cover ex-
hibited positive effects on improving the crop N accumulation and
hence increasing rice yield.

In addition, a large amount of the biomass accumulation by duck-
weed may improve soil properties due to its carbon fixation though
photosynthetic activity. The seasonal changes in duckweed biomass
were similar to the seasonal changes of N accumulation of duckweed
(Fig. 3a). It was found that the maximum carbon fixation of S. polyrhiza
could achieve 5.4 g m~! 4! (Wang et al., 2015); thus, duckweed
growth can promote carbon sequestration in paddy fields and increase
the soil organic carbon pool which can significantly improve soil
properties through improvement in soil microbial activities. Mean-
while, duckweed cover can reduce the use of N by weeds due to the
suppression of weed growth through the interception of light by
duckweed cover and can decrease the sheath blight disease of rice
plants (Huang et al., 2003). Furthermore, duckweed-microbe interac-
tion may have significant effects on N transformation in paddy fields
(Srivastava et al., 2016), and the higher floodwater NO; ™ -N contents in
duckweed cover treatments provided another form of N for rice plants
(Fig. 2g-h). As a result, urea combined with duckweed could better
synchronize the crop N demand and N supply.

The N rate of 300 kg N ha™! did not increase rice yield and NEB
compared to the N rate of 225 kg N ha™?! (Table 4). The yield potential
in this region is 11.7tha™! (Zhao et al., 2015a), whereas the CT
treatment only achieved 72% of the yield potential, although N rates
with an application of urea in CT already exceed crop needs for N. The
continuous increasing input of synthetic fertilizer N cannot promise a
proportionate increase in crop productivity because of diminishing re-
turns. The low crop N accumulation at harvest and high N loss in CT
implied that the N supply and crop N demand was not better syn-
chronized. The similar yield and NEB in RN and CT implied that only
reducing the N dose could not promote rice production and did not
result in more financial benefit to farmers and hence it is unlikely to be
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sufficiently attractive to farmers. However, the use of duckweed, with a
reduction of 25% of the N dose, was financially attractive and was able
to increase rice yield and reduce N loss, which could achieve the “Zero
Increase Action Plan” announced by the Ministry of Agriculture in
China. The responses of rice yield and NEB to N rate were the greatest
in 2015 (Table 4) due to the favorable weather condition during the rice
growing season (Fig. 1). In 2015, less rainfall occurred at the late rice
growing stage, which could beneficial for rice filling. In addition, in-
ducing turion formation of duckweed by abscisic-acid at the late stage
of the first rice season may be an alternative strategy to keep duckweed
survival until the next rice season (Smart and Trewavas, 1983), which
can lower the input cost of duckweed application.

5. Conclusions

Despite concerns regarding the detrimental effects of excess ferti-
lizer N on the environment and the ability to achieve comparable rice
yields with less N (Table 6), the reduction in urea use and potential
benefits to the environment do not significantly increase the financial
benefits for farmers and is not enough to ensure food security. An in-
crease in crop yield with little or no added cost is required to increase
the financial benefits for farmers. The use of duckweed was able to
substantially increase rice yield, and was financially attractive despite
the added costs for collection and application. The aim of the Chinese
government is to lower the N rate while ensuring food security and
reducing environmental harms, and farmers are willing to accept fi-
nancially attractive practices. Notably, the RND has the ability to lower
N fertilizer use by 25% while simultaneously increasing rice yield and
reducing NH; loss. The ability to achieve higher yield with duckweed
cover mainly attributed to reduced N loss and enhanced crop N accu-
mulation. The reduced N loss under duckweed cover, especially NH3
volatilization, mainly resulted from the formation of a physical barrier
and the uptake of NH,* by duckweed. The enhanced crop N accumu-
lation with duckweed cover was mainly derived from the recycling of N
by duckweed, temporarily recovering a considerable amount of NHj3
and NH," and later releasing it for rice plants, and improving soil
properties, reducing the use of N by weeds, and providing another form
of N (NO3;™-N) for rice plants through the interaction of duckweed-
microbe.

An attractive feature of duckweed is its capability to adapt to di-
verse climate conditions and it is an excellent “nutrient sink”. In ad-
dition, it does not require arable land for cultivation and can be easily
found and collected in ponds or creeks. Inducing turion formation of
duckweed may be an alternative strategy for self-reproduction until the
next rice season, which can reduce the cost of collection and application
of duckweed. In addition, Chinese paddy fields are distributed in a
variety of climatic zones; thus, it is needed to select proper duckweed
species adapted to different growing conditions.
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