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Abstract
Purpose Recovery of nutrients from water using duckweed and their reuse has significance in closing the loop on nutrient 
transfer from anthropogenic sources. This study investigated the effect of rate of application and pre-incubation period of 
duckweed on biomass and nutrient uptake of Swiss chard (Fordhook giant).
Methods Two glasshouse experiments were laid out in randomized complete block designs with three replicates. In the 
first experiment, Swiss chard was grown on two soils (ferralsol and regosol) amended with Wolffia arrhiza biomass at 0, 50, 
100 and 200% of the recommended nitrogen rate. In the second experiment, the same vegetable was grown on the ferralsol 
amended with W. arrhiza and Lemna minor at recommended nitrogen rate, with pre-incubation periods of 0, 14 and 28 days.
Results Application of W. arrhiza biomass increased Swiss chard dry matter by 23–45% compared to the negative control. 
The positive control (urea at 100 kg N ha−1 rate) had highest Swiss chard biomass. Higher rates than 100 kg N ha−1 had 
no added benefit on dry matter accumulation and nitrogen uptake of Swiss chard. Pre-incubation of duckweed for 28 days 
improved nutrient uptake, resulting in higher dry matter than shorter periods. The Swiss chard dry matter after pre-incubation 
for 28 days was similar to that from urea application.
Conclusion Findings from this study suggest that duckweed is a resource with beneficial use for nutrient supply to vegetables, 
especially when appropriate rates are used with pre-incubation.
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Introduction

Nutrient transfer caused by anthropogenic activities from 
land to aquatic systems has been reported worldwide (May 
et al. 2006; Wang et al. 2007; Dubois et al. 2018). The nutri-
ent transfer continuum model, comprising source–mobiliza-
tion–delivery–impact phases, has been used to conceptualize 
this non-point nutrient transfer (Haygarth et al. 2005). How-
ever, Quilliam et al. (2015) criticized the model for failing to 
extend beyond impact (eutrophication), and advocated for, 
as part of the model, the inclusion of the phase on nutrient 
recovery for returning to land and reuse. This has signifi-
cance partially in closing the loop on nutrient transfer from 
anthropogenic sources. Excessive growth of aquatic plants 

on the nutrient rich water has potential to upset such eco-
systems (Chislock et al. 2013). Meanwhile, evolving policy 
and regulatory imperatives that were designed to ensure 
long-term protection of ecosystems, health and wellbeing 
of society, have created new challenges and opportuni-
ties for efficient and cost-effective resource recovery from 
a wide range of waste streams (Heathwaite 2010; Shurin 
et al. 2013). While it is already a common practice to harvest 
aquatic plant biomass in heavily impacted freshwater bodies 
to facilitate drainage, flood conveyance, water quality, visual 
appeal, navigation and recreational amenities (Quilliam et al. 
2015), there are limited studies on nutrient recovery from 
aquatic plants and their use as sources of plant essential 
nutrients.

The Midlands Region of KwaZulu-Natal province is one 
of the key agro-ecological regions of South Africa expe-
riencing high nutrient loads in water bodies from anthro-
pogenic activities (Isikhungusethu Environmental Services 
2012; Hitayezu et al. 2016). In this region, a group of aquatic 
macrophytes called duckweeds is increasingly colonizing 
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fresh and wastewater bodies. Duckweeds are among the 
floating aquatic macrophytes with huge capacity to absorb 
and even hyper-accumulate nutrients by doubling their bio-
mass in 16–24 h under conducive environments (Leng 1999; 
Chaiprapat et al. 2005). They belong to the family of Lem-
naceae with five genera and more than 37 species (Verma 
and Suthar 2015). Due to their desirable chemical and 
physiological traits, duckweeds have potential for phytore-
mediation of wastewater, energy production, feed supple-
ment, bioplastics and phytotoxicity tests (Wang 1990; Radić 
et al. 2011; Kufel et al. 2012; Zeller et al. 2013; Gwaze and 
Mwale 2015). Although several studies have recommended 
duckweed biomass as an organic fertilizer based on its com-
position (Iqbal 1999; Leng 1999; Kostecka and Kaniuczak 
2008), there is a paucity of literature on its use for soil fertil-
ity improvement. The use of duckweeds as a fertilizer could 
be an environmentally friendly option, although the suit-
ability of duckweed species to supply nutrients to various 
crops on different soils has not been assessed.

Limited studies have been conducted to examine the 
potential of duckweed Lemna minor to support sorghum 
growth (Kraider 2015; Pulido 2016) and these studies concur 
that duckweeds may be viable sources of organic fertilizer, 
particularly supplying nitrogen (N) and phosphorus (P) to 
sorghum plants. Ahmad et al. (1990) applied L. minor as a 
complementary source of N and recorded increased plant 
height, straw and grain yields accompanied by increase in 
N, P and potassium (K) content of the rice plants. How-
ever, growth of duckweeds is affected by nutrient content 
and pH of the medium they thrive in, sunlight, temperature 
and species type (Landolt and Kandelar 1987). These fac-
tors, in turn, affect their elemental tissue composition. The 
differences in elemental composition of duckweeds could 
affect their effectiveness as sources of plant nutrients. Our 
preliminary studies have shown that the most common duck-
weed species found in the Midlands Region of KwaZulu-
Natal province are L. minor and W. arrhiza, with the latter 
having a higher N content. Conversely, Swiss chard (Beta 
vulgaris) is a highly valued vegetable grown at a tempera-
ture range of 7–24 °C in this province (Directorate Agri-
cultural Information Services 2008). The leafy vegetable 
has considerable amounts of vitamin C, potassium, calcium 
(Ca) and magnesium (Mg), (Brito et al. 2012). In South 
Africa, some studies reported enhanced cumulative yields 
of 50 t ha−1 of Swiss chard, in a prolonged growth season, 
using organic amendments such as compost and chicken 
manure (Agriculture Research Council 2013). To the best 
of our knowledge, no studies are available on growth per-
formance of Swiss chard in soil amended with duckweed 
biomass. There is need for studies to provide answers to 
questions such as “Could the use of duckweed biomass, 
as an organic amendment, reduce the impact of non-point 
pollution from anthropogenic sources to adjacent water 

bodies, and benefit agro-ecosystems through plant nutrient 
supply? Does a period of pre-incubation of biomass of dif-
ferent duckweed species in soil improve their effectiveness 
as plant nutrient sources, given their low carbon (C) to N 
(C/N) ratio?” The objective of this study was to determine 
the effect of (1) duckweeds (W. arrhiza) as nitrogen source 
and (2) pre-incubation period of W. arrhiza and L. minor in 
soil, on Swiss chard biomass and nutrient uptake.

Methods and materials

Soil and duckweeds

The study was conducted at University of KwaZulu-Natal in 
Pietermaritzburg (29°37′33.9″S; 30°24′14″E), South Africa. 
The soil samples used for the glasshouse study were col-
lected from Baynesfield Estate (29°45′S; 30°20′E) and Ukul-
inga (29°39′S; 30°24′E) research farm of the University of 
KwaZulu-Natal, in the Midlands region of KwaZulu-Natal 
province. Soil from Baynesfield Estates, classified as Rhodic 
Ferralsols (Dominy and Haynes 2002), was collected from 
land previously under maize and soyabean rotations for over 
10 years. The soil from Ukulinga, classified as Dystric Rego-
sols (McGranahan et al. 2016), was sampled from a piece of 
land that was fallow for the previous 5 years. Soil sampling 
was at the 0–20-cm depth, using picks and shovels. After air-
drying, the soil was sieved (< 2 mm) before analyses. Prior 
to pot experiments, each soil was analyzed using composite 
samples replicated three times, following methods in the 
section on duckweeds, Swiss chard and soil analyses below, 
with results presented in Table 1.

Table 1  Means of selected physico-chemical properties of soils used 
for pot experiments

EA exchangeable acidity, Regosol Ukulinga soil, Ferralsol Baynes-
field soil, Se standard error

Parameter Regosol Ferralsol Se

Clay (%) 26.7 43.3 3.73
pH (KCl) 4.8 4.6 0.10
Total C (%) 1.69 2.88 0.27
Total N (%) 0.16 0.25 0.02
Available P (mg kg−1) 10.6 13.7 0.85
K  (cmolc  kg−1) 0.18 0.48 0.07
Ca  (cmolc  kg−1) 7.47 4.85 0.60
Mg  (cmolc  kg−1) 3.82 1.75 0.47
Mn (mg kg−1) 53.7 43.2 4.71
Zn (mg kg−1) 5.07 6.53 0.34
Cu (mg kg−1) 6.16 5.89 0.25
EA  (cmolc  kg−1) 0.07 0.19 0.05
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At Baynesfield Estate, about 70-kg wet mass of duck-
weeds W. arrhiza and L. minor were randomly sampled from 
a pond that received an overflow of runoff water from upland 
fields and slurry lagoons. These upland fields were irrigated 
with pig slurry. The duckweeds were transported to the labo-
ratory as a dense suspension, and extraneous materials such 
as insects, grass and small sticks were removed by pass-
ing the suspension through a set of sieves (2000–1000 µm), 
before rinsing with distilled water. Separation of L. minor 
from W. arrhiza was by the 1000-µm screen that only 
allowed the latter to pass through. The biomass was oven 
dried at 60 °C to constant weight. Three composite samples 
of each of the duckweed species were analyzed following 
methods in the section on duckweeds, Swiss chard and soil 
analyses below, and results are presented in Table 2.

Pot experiment 1

A 2 × 5 factorial experiment, laid out in a randomised block 
design with three replicates, was set in a glasshouse. The 
components of the two factors used in this experiment were 
two soil types (ferralsol and regosol) and five rates of W. 
arrhiza biomass, as soil amendment. Blocking of moisture 
and temperature gradients was based on distance from the 
walls of the glasshouse humidifier. The soils were weighed 
(3.0 kg) into pots, with inner diameter of 20 cm and height 
of 17 cm. Biomass of W. arrhiza was added at 0, 50, 100 and 
200% of the N recommended rate for Swiss chard. The Soil 
and Analytical Services Laboratory of the KwaZulu-Natal 
Department of Agriculture provided the N recommendation 
(100 kg N ha−1). Urea fertilizer was included as a positive 
control at 100 kg N ha−1, split-applied with 50% application 
at transplanting and 3 weeks later. The rate per pot was con-
verted into mass basis by matching the total N in duckweed 

or urea to the required treatment level using the recom-
mended N rate per hectare and soil bulk density of 1.50 
and 1.62 g cm−3 (ferralsol and regosol, respectively), for 
the 0–20-cm depth. The P and K for Swiss chard were sup-
plemented as the difference between the recommended rates 
based on soil test values from the ammonium bicarbonate 
extraction method (The Non-Affiliated Soil Analysis Work 
Committee 1990) and duckweed tissue P and K content, 
using sodium dihydrogen phosphate and potassium chloride.

Swiss chard (Fordhook giant) seedlings were obtained 
from Sunshine seedlings. Two seedlings (56 days old) per 
pot were transplanted. Thinning to a single plant was after 
2 weeks. The minimum and maximum temperatures in the 
glasshouse were 18 and 23 °C, respectively. The pots were 
watered periodically to prevent drought stress of the plants. 
Care was taken to avoid over watering, facilitated by general 
guidance from field capacity values of 25 and 30% for fer-
ralsol and regosol, respectively, as determined in a separate 
study. Weeds were handpicked and incorporated into the 
soil. At 8 weeks after transplanting, shoots were harvested 
and dried at 60 °C to constant weight and ground. The soil 
was air dried and roots were separated using a set of sieves.

Pot experiment 2

The second pot experiment was set up in a randomised com-
plete block design (for one-way analysis of variance) with 
eight treatments and replicated three times in a glasshouse. 
The treatments included combinations of two duckweed spe-
cies (W. arrhiza and L. minor) at three pre-incubation peri-
ods and two controls. The ferralsol was used in this experi-
ment and was weighed (2 kg) into pots with inner diameter 
of 20 cm and height of 17 cm. Duckweed treatments were 
added at the recommended rate of 100 kg N ha−1. The 
amended soils were pre-incubated for 0, 14 and 28 days 
before planting Swiss chard seedlings, while maintaining 
moisture at field capacity. The periods were selected on 
the basis of a preliminary incubation study that indicated 
increase in nitrate levels after 28 days (Chikuvire et al. 
2018). The pre-incubation was timed in such a way that all 
planting was done at the same time. The controls were not 
pre-incubated. Urea fertilizer was included as a positive con-
trol at 100 kg N ha−1, split-applied with 50% application 
at transplanting and 3 weeks later. No N was added to the 
negative control. The P and K for Swiss chard were sup-
plemented as in pot experiment 1. Transplanting, watering, 
weed control, harvesting and soil and plant analyses were as 
in pot experiment 1.

Duckweeds, Swiss chard and soil analyses

Duckweed, soil and Swiss chard samples were analyzed 
for C and N using the LECO Trumac CNS Auto-analyser 

Table 2  Means (± se) of elementary composition of duckweed spe-
cies

Means followed by the same letter in a row are not significantly dif-
ferent at p < 0.05

Element Wolffia arrhiza Lemna minor

C/N 8.38 ± 0.01a 8.81 ± 0.15a

N (%) 5.01 ± 0.003a 4.58 ± 0.009b

Ca (%) 0.50 ± 0.003b 1.12 ± 0.007a

Mg (%) 0.49 ± 0.003a 0.50 ± 0.006a

K (%) 2.81 ± 0.02a 1.92 ± 0.02b

P (%) 0.62 ± 0.003b 0.67 ± 0.006a

Al (mg kg−1) 1511 ± 18b 7394 ± 38a

Fe (mg kg−1) 3517 ± 50b 6201 ± 43a

Mn (mg kg−1) 277 ± 2a 237 ± 1b

Zn (mg kg−1) 61 ± 5b 142 ± 1a

Cu (mg kg−1) 19 ± 5a 10 ± 2b
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Version 1.1x (LECO Corporation, 2012). Selected physico-
chemical properties of soil, residual pot soil analyses and 
tissue P, K, Ca, Mg, iron (Fe), manganese (Mn), zinc (Zn) 
and cupper (Cu) were determined, in triplicate. Ammonium 
bicarbonate extraction solution was used for soil analyses 
(The Non-Affiliated Soil Analysis Work Committee 1990) 
and nitric acid for plant tissue digestion. The P and metal 
concentrations were measured by an inductively coupled 
plasma-optical emission spectrometer (Varian 720-ES ICP-
OES). Swiss chard uptake results were obtained from the 
product of tissue nutrient concentrations and dry matter (g 
 pot−1).

Data analysis

All data were subjected to analysis of variance (ANOVA) 
using GenStat 14th edition. Least significant differences 
(LSD) (at p < 0.05) were used to separate the treatment 

means of the first experiment. Multiple comparisons of 
means using Tukey’s honest significance test were car-
ried out for the second experiment, where the LSD was not 
appropriate, since the treatments exceeded six (Gomez and 
Gomez 1984).

Results and discussion

Shoot dry matter and elemental uptake of Swiss 
chard

There were no significant interaction effects of soil type 
and rate of duckweed application on dry matter yield and 
uptake for most nutrients. Effects of rates of application 
of duckweed biomass and soil type, as main factors, were 
significant on Swiss chard dry matter and uptake of N, 
Ca, Mg, Mn, Zn and Cu (Fig. 1, Tables 3, 4). The increase 

Fig. 1  Effect of rate of duck-
weed application on dry matter 
and N uptake (mg  pot−1) of 
Swiss chard. Vertical error bars 
represent standard errors
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Table 3  Effect of rates of 
duckweed application on means 
(± se) of nutrient uptake of 
Swiss chard

Means followed by the same letter in a column are not significantly different at p < 0.05

Rate (kg N ha−1) P Ca Mg Mn Zn Cu
(mg  pot−1)

0 31 ± 4.1a 66 ± 9.5c 54 ± 6.4d 3.85 ± 0.4b 0.94 ± 0.1d 0.09 ± 0.01b

50 36 ± 5.6a 77 ± 10.2bc 65 ± 7.6cd 4.40 ± 0.3b 1.15 ± 0.1c 0.11 ± 0.01ab

100 35 ± 5.7a 88 ± 12.1ab 76 ± 9.1bc 5.18 ± 0.4a 1.27 ± 0.1cb 0.12 ± 0.01a

200 36 ± 5.5a 93 ± 13.5ab 80 ± 9.2b 5.20 ± 0.5a 1.34 ± 0.1b 0.12 ± 0.01a

100 (Urea) 32 ± 4.6a 97 ± 14.4a 97 ± 10.1a 5.63 ± 0.3a 1.54 ± 0.2a 0.13 ± 0.01a

Table 4  Effect of soil type on means (± se) of dry matter yield and uptake of N, Ca, Mg, Mn, Zn and Cu (mg  pot−1) by Swiss chard

Means followed by the same letter in a column are not significantly different at p < 0.05
DM dry matter

Soil DM N P Ca Mg Mn Zn Cu
uptake

Ferralsol 7935 ± 347a 160 ± 7.3a 20 ± 1.0b 114 ± 6.1a 94 ± 5.3a 5.56 ± 0.22a 1.59 ± 0.06a 0.13 ± 0.006a

Regosol 4357 ± 297b 89 ± 5.8b 48 ± 1.8a 55 ± 3.2b 54 ± 3.5b 4.14 ± 0.25b 0.90 ± 0.05b 0.09 ± 0.004b
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in Swiss chard biomass with rates of application of duck-
weed biomass could be explained by relative increase in 
nutrient uptake, compared to the control. Application of 
duckweed biomass in all treatments significantly increased 
the Swiss chard dry matter by 23–45% compared to the 
negative control (Fig. 1).

The positive control produced the highest Swiss chard 
dry matter. Application of duckweed at an equivalent rate 
of 200 kg N ha−1 produced significantly higher dry mat-
ter than at 50 kg N ha−1 and negative control. The recom-
mended N rate (100 kg N ha−1) had similar dry matter as 
the 50 and 200 kg N ha−1 rates. The difference between the 
dry matter of Swiss chard from the positive control and at 
duckweed rates of 100 and 200 kg N ha−1 was due to the 
type of the N source. Hammad et al. (2007) reported that 
nitrogen levels and sources influenced dry mass of spinach, 
while other studies generally maintained that the source of N 
did not influence the yield of leafy vegetables (Wang and Li 
2004; Engelbrecht et al. 2010). Increasing duckweed rate of 
application to an equivalent of 100 kg N ha−1 improved the 
dry matter of Swiss chard compared to the negative control 
but it remained lower than that of the positive control. This 
suggested that some N was yet to mineralize. Application of 
urea as a straight fertilizer provided readily available N for 
uptake (Brito et al. 2012), resulting in highest dry matter of 
the positive control.

The 100 and 200 kg N ha−1 rate had similar N uptake by 
Swiss chard that was lower than that of the positive control. 
The negative control had the lowest N uptake rate. Nitrogen 
uptake of Swiss chard generally increased from the negative 
control, emphasizing the essential role of N in plant growth 
as highlighted by Engelbrecht et al. (2010). The similarity of 
uptake of nutrients at the 100 and 200 kg N ha−1 implied that 
N uptake generally influenced the growth of the vegetable 
and affected uptake of other nutrients (Table 3) in a similar 
pattern, such that there was no comparative improvement 
of dry matter yield at 200 kg N ha−1. This observation is 
supported by studies that reported lack of improvement of 
Swiss chard dry matter yield at high N rates between 150 
and 200 kg N ha−1 (Kołota and Czerniak 2010) and also 
absence of substantial yield enhancement after increments 
of N dose from 100 to 200 kg N ha−1 (Kołota et al. 2017). 
The increased availability of N from the decomposition of 
duckweed at high rates and the positive control enhanced 
plant growth that facilitated higher uptake of other essential 
nutrients. At low application rates, uptake of K, Ca, Mg, 
Mn and Zn declined, resulting in limited biomass accumula-
tion. While the positive control had higher Ca uptake than 
the 50 kg N ha−1 rate, the negative control had lower levels 
than the 200 kg N ha−1 rate and the positive control. The 
positive control had the highest uptake of Mg. Uptake of 
Mg at 200 kg N ha−1 was higher than at 50 kg N ha−1 and 
the negative control.

Uptake of Mn at 50 kg N ha−1 and negative control was 
lower than the rest of the treatments. Copper uptake of the 
negative control was lower than that of the positive control 
and 100 and 200 kg N ha−1. Rates of duckweed application 
did not affect P uptake of Swiss chard.

The ferralsol had significantly higher Swiss chard dry 
matter and uptake of N, Ca, Mg, Mn, Zn and Cu than the 
regosol (Table 4). Uptake of P by Swiss chard was higher 
for the regosol than the ferralsol. The high nutrient uptake 
on ferralsol was consistent with its relatively higher fertility 
status than the regosol (Tables 1, 4). Uptake trends of Fe 
by Swiss chard were not influenced by N rates for rego-
sol possibly due to low soluble Fe at the prevailing soil pH 
(Ranade-Malvi 2011; Brady and Weil 2008). This sugges-
tion is supported by relatively higher uptake of P in the rego-
sol than ferralsol, where availability could have been limited 
by fixation. The relatively low soil pH, high clay content 
and availability of soluble Fe and Al could have resulted 
in more P fixation (Lucas and Davis 1961) of ferralsol than 
the regosol. Relative to the control, addition of high rates of 
N from duckweed and urea contributed to soil acidification 
due to possible nitrification. Sanchez-Monedero et al. (2001) 
observed a decline in pH during organic waste composting 
due to nitrification and Turmel et al. (2015) confirmed that 
the overall effect of N mineralization is acidifying.

Significant interactions of rates of application of duck-
weed biomass and soil type existed for Swiss chard uptake 
of K and Fe (Fig. 2). Uptake of these two elements was 
higher in the ferralsol than the regosol. For regosol, uptake 
of K by Swiss chard at the 200 kg N ha−1 rate and posi-
tive control was higher than that of the negative control 
and 50 kg N ha−1. The regosol amended with duckweed 
at 100 kg N ha−1 had similar K uptake to that at 50 and 
200  kg  N  ha−1. For ferralsol, the highest Swiss chard 
uptake of K was from the positive control, while the low-
est was from the negative. Uptake of K from ferralsol at 
50 kg N ha−1 was similar to that at 100 and 200 kg N ha−1. 
Uptake of Fe was not significantly different at all rates 
on regosol. However, for ferralsol, it was higher for 50, 
200 kg N ha−1 and positive control than the negative con-
trol; while that at 100 kg N ha−1 was similar to other rates.

Residual soil chemical properties after growth 
of Swiss chard

Interaction effects of soil type and rates of application of 
duckweed biomass were significant on residual soil N, P, K, 
Ca and Cu but not on C, Zn and exchangeable acidity. This 
implied that the levels of most residual nutrients depended 
on the soil type and rates of application of duckweed bio-
mass. The low uptake of these elements in treatments with 
little dry matter resulted in elevated levels of these elements 
in the residual soils. The residual N content of ferralsol was 
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higher than that of the regosol at all rates except the negative 
control, which had a similar level (Fig. 3a). The regosol’s 
residual N was similar at all rates except for the negative 
control that had higher levels. The increase in supplied N, 
as a result of duckweed addition, generally made N more 
available for plant growth with limited effects on residual 
levels. Malepfane and Muchaonyerwa (2018) reported a 
decrease in residual nutrients related to vigorous growth of 
plants, resulting in uptake of these nutrients from the soil. 
The ferralsol had the highest residual N in the negative con-
trol treatment, while the 50 kg N ha−1 rate had the lowest, 
with the remaining rates having similar levels. The residual 

soil P was similar for both soils at all rates except at the 
positive control where the regosol had higher levels than the 
ferralsol (Fig. 3b). The residual soil P of the negative control 
for the regosol was higher than that of the positive control, 
50 and 200 kg N ha−1 rates. Soil at the 100 kg N ha−1 rate 
had higher residual N than at 200 kg N ha−1. For ferralsol, 
the lowest residual P was from the positive control followed 
by the 200 kg N ha−1, while the negative control had the 
highest. The residual soil K was higher for ferralsol than 
regosol at all rates except for the positive control, where the 
two soils had similar levels (Fig. 3c). The negative control 
of the regosol had residual K that was higher than that of the 

Fig. 2  Effect of soil and rate of 
application of duckweed and 
urea on K and Fe uptake of 
Swiss chard. Vertical error bars 
represent standard errors
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positive control and the 200 kg N ha−1 rate. Treatments of 
the ferralsol that incorporated duckweed had similar residual 
K, while it was lowest for the positive control and highest for 
the negative control. Residual soil Ca at all rates was higher 
for the regosol than ferralsol (Fig. 3d). At the 200 kg N ha−1 
rate, the residual Ca for the regosol was similar to that at 
100 kg N ha−1 and higher than that of both controls and 
50 kg N ha−1. At this rate (200 kg N ha−1), residual Ca 
for the ferralsol was lower than that of the positive con-
trol, 50 and 100 kg N ha−1 rates. The regosol had higher 
residual Cu than the ferralsol at all rates (Fig. 3e) but was 
similar at 50 and 100 kg N ha−1. Residual Cu for ferralsol at 
200 kg N ha−1 and positive control was significantly lower 
than that of the negative control.

Rates of duckweed application had no significant effect 
on residual soil C content and Zn (Table 5). This might be 
due to contribution by the Swiss chard’s below ground bio-
mass, despite separation of roots, and low levels of Zn taken 
up by the plants relative to quantities in soil.

Residual Mg from the negative control and 50 kg N ha−1 
was similar and significantly higher than that of the 
100 kg N ha−1 and positive control. At 200 kg N ha−1, it 
was similar to that at 100 N ha−1 and positive control. At 
100 kg N ha−1, residual Mn was significantly higher than at 
200 kg N ha−1 and the positive control. The residual exchange-
able acidity of the positive control was higher than the nega-
tive control due to nitrification. The residual soil pH of the 
negative control was higher than at 100 and 200 kg N ha−1 
rates, while the positive control had the lowest. Treatments of 
duckweed biomass had similar residual soil pH values.

Soil type had significant residual effects on C, Mg, Mn, 
exchangeable acidity and pH after growth of Swiss chard 

(Table 6). The regosol had significantly higher Mg, Mn and 
pH than ferralsol, while the later soil had significantly higher 
C and exchangeable acidity. The residual Zn levels were 
similar for both soils. These trends were consistent with 
those of the initial levels in the soils.

Shoot dry matter and nutrient uptake of Swiss chard 
after pre‑incubation of duckweed

Pre-incubation of duckweed biomass had a significant effect 
on dry matter of Swiss chard (Table 7). W. arrhiza and L. 
minor biomass pre-incubated for 28 days produced similar 
Swiss chard dry matter to that of the positive control. Pre-
incubation of W. arrhiza for 28 days had higher Swiss chard 
dry matter than other treatments, besides the positive control 
and L. minor pre-incubated for the same duration.

Pre-incubation of L. minor for 28 days produced Swiss 
chard dry matter that was higher than that of the negative con-
trol and both duckweed species that were not pre-incubated. 
The highest Swiss chard N uptake was after pre-incubating 
W. arrhiza for 28 days followed by the positive control and L. 
minor pre-incubated for the same duration. Pre-incubation of 
duckweed for 28 days might have been essential in facilitat-
ing uptake of N and other nutrients, resulting in dry matter of 
Swiss chard that was similar to the positive control. The incu-
bation period was appropriate for mineralization of N in duck-
weed, as most nutrients were initially unavailable and had to 
be slowly released through microbial degradation (Brito et al. 
2012). This observation was confirmed by low dry matter con-
tent of Swiss chard that was similar to that of the negative 
control, after incorporation of biomass from both duckweed 
species at planting. The finding indicates that a relatively long 

Table 5  Effect of rates of duckweed application on means (± se) of residual soil C, Mg, Mn, Zn, exchangeable acidity and pH

Means followed by the same letter in a column are not significantly different at p < 0.05
EA exchangeable acidity

Rate (kg N ha−1) C (%) Mg  (cmolc  kg−1) Mn Zn EA pH
(mg kg−1) (cmolc  kg−1)

0 2.25 ± 0.17a 2.56 ± 0.32a 46.61 ± 5.89ab 6.10 ± 0.37a 0.20 ± 0.04b 4.45 ± 0.09a

50 2.26 ± 0.17a 2.55 ± 0.33a 49.53 ± 7.00ab 6.22 ± 0.32a 0.22 ± 0.05ab 4.43 ± 0.09ab

100 2.32 ± 0.17a 2.45 ± 0.32b 50.64 ± 7.65a 6.30 ± 0.46a 0.21 ± 0.05ab 4.41 ± 0.09b

200 2.22 ± 0.16a 2.53 ± 0.32ab 46.55 ± 6.23b 5.67 ± 0.07a 0.23 ± 0.05ab 4.41 ± 0.10b

100 (Urea) 2.22 ± 0.17a 2.43 ± 0.32b 46.16 ± 5.83b 6.59 ± 0.68a 0.24 ± 0.05a 4.34 ± 0.09c

Table 6  Effect of soil type on 
means (± se) of residual Soil 
C, Mg, Mn, Zn, exchangeable 
acidity and pH

Means followed by the same letter in a column are not significantly different at p < 0.05
EA exchangeable acidity

Soil C (%) Mg  (cmolc  kg−1) Mn Zn EA  (cmolc  kg−1) pH
(mg kg−1)

Ferralsol 2.74 ± 0.02a 1.54 ± 0.02b 28.9 ± 0.40b 6.33 ± 0.20a 0.37 ± 0.01a 4.14 ± 0.01b

Regosol 1.77 ± 0.01b 3.47 ± 0.03a 66.9 ± 1.51a 6.03 ± 0.32a 0.07 ± 0.004b 4.69 ± 0.01a
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pre-incubation period is required to derive maximum ben-
efits from duckweed as a nutrient source. Pre-incubation for 
14 days proved to be less effective at influencing Swiss chard 
dry matter probably due to low initial amounts of mineralized 
nutrients and lack of synchrony between N crop demand and 
N mineralization (Sainju et al. 2006).

There were no significant differences in uptake of P and 
Fe for all treatments. The non-responsive uptake of these 
nutrients by Swiss chard over the period of pre-incubation 
indicated limited ability of the plant to utilize P and rela-
tive abundance of Fe in soil. High Fe and Al levels in the 
ferralsol, at relatively low pH, coupled with additions from 
duckweed decomposition and the acidifying nature of the 
nitrification process resulted in P fixation on Al and Fe 
oxyhydroxide surfaces and precipitation of Al and Fe phos-
phates (Chikuvire et al. 2018). This might have affected P 
uptake values that were even lower for the 28-day incubation 
period. This observation agrees with Ahmadil et al. (2010) 
who reported an increase in Ammonium-N application 
resulting in a decrease in P uptake by spinach.

The uptake of K after pre-incubation of W. arrhiza for 
28 days was higher than that for both duckweed species with-
out pre-incubation. Although all treatments were corrected for 
K, Swiss chard had higher K uptake from soil pre-incubated 
with W. arrhiza for 28 days than that not pre-incubated, as a 
result of synergistic effects with higher N released through 
mineralisation (Ranade-Malvi 2011). This trend is not exhib-
ited with L. minor treatments possibly due to high Ca levels, 
released from its biomass, that antagonized uptake of K. The 
Ca and Mg uptake after pre-incubating W. arrhiza for 28 days 
was higher than the rest of the treatments besides the positive 
control and the L. minor pre-incubated for the same duration. 
Magnesium uptake from soil pre-incubated for 28 days with 
L. minor was higher than the negative control, L. minor pre-
incubated for 14 days and both duckweed species without pre-
incubation. The uptake of Mn from W. arrhiza pre-incubated 

for 28 days was higher than that for W. arrhiza incorporated 
at transplanting and L. minor pre-incubated for 14 days. Pre-
incubation of both duckweed species for 28 days resulted in 
higher Swiss chard uptake of Zn than all treatments except 
the positive control. The uptake of Cu for the positive control 
and W. arrhiza pre-incubated for 28 days was higher than 
for L. minor pre-incubated for 14 days and for both species 
without pre-incubation. Generally, high uptake of nutrients 
by Swiss chard after pre-incubation of W. arrhiza for 28 days 
could partly be explained by the amendment’s elemental com-
position. W. arrhiza had a narrower C/N ratio and higher N 
content than L. minor. This could have facilitated more rapid 
decomposing of W. arrhiza and release of nitrogen (Kumar 
and Goh 2000; Tejada et al. 2008) that was readily taken up 
by the plants, thereby influencing uptake of most nutrients.

Residual soil chemical properties after growth 
of Swiss chard

Pre-incubation of duckweed had no significant residual 
effect on soil C, N, K, Ca, Mn, Cu and exchangeable acid-
ity (Table 8). The high dry matter content of Swiss chard at 
longer pre-incubation periods, in response to greater min-
eral N, resulted in greater uptake of other plant essential 
nutrients including K, Ca, Mg, Mn and Zn from the soil, 
especially where W. arrhiza biomass was incorporated. This 
might have resulted in lack of effect of pre-incubation period 
on most residual soil nutrients.

The residual soil P after L. minor pre-incubated for 
14 days was higher than that of the two duckweed species 
pre-incubated for 28 days. Residual soil Mg for the nega-
tive control and L. minor incorporated at transplanting (not 
pre-incubated) were significantly higher than that of both 
duckweed species pre-incubated for 28 days. The two duck-
weed species incorporated on the day of transplanting had 
higher residual soil pH than the positive control and both 

Table 7  Effect of period of 
duckweed incorporation on 
dry matter yield and elemental 
uptake (mg  pot−1) by Swiss 
chard grown in the ferralsol

Means followed by the same letter in a column are not significantly different at p < 0.05 using Tukey’s hon-
est significance test
Tr treatment, Pre-inc pre-incubation period, LM Lemna minor, WF Wolffia arrhiza, − Control no addition 
of amendment, + Control urea applied at recommended rate at transplanting and 3 weeks after transplant-
ing, Se pooled standard error of the mean

Tr Pre-inc (days) DM N P K Ca Mg Mn Zn Cu Fe

− Control 0 4940cd 76cd 18a 345ab 59b 56c 3.95ab 0.96b 0.11ab 3.72a

+ Control 0 6753abc 124b 15a 443ab 89ab 98abc 5.29ab 1.31ab 0.15a 5.25a

LM 0 4164d 67d 17a 310b 55b 54c 3.45ab 0.90b 0.08b 3.23a

LM 14 5444bcd 93c 16a 398ab 65b 63c 3.35b 0.96b 0.08b 2.77a

LM 28 7385ab 137b 15a 442ab 109ab 120ab 4.82ab 1.75a 0.14ab 4.43a

WF 0 4384d 78cd 15a 330b 54b 54c 3.23b 0.78b 0.08b 3.32a

WF 14 5994bcd 95c 13a 385ab 75b 79bc 4.02ab 0.90b 0.11ab 2.34a

WF 28 8218a 177a 14a 483a 145a 144a 5.81a 1.88a 0.16a 2.04a

Se 353 8 0.7 15 7 7 0.2 0.09 0.07 0.4
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duckweed species pre-incubated for 28 days. The ferralsol 
was highly weathered, well drained and fertile (Table 1) 
and facilitated nitrification, as confirmed by residual soil 
pH that mostly declined when duckweed was pre-incubated 
for 28 days. The residual soil Zn for W. arrhiza and L. 
minor incorporated at the day of transplanting was similar 
and among the highest levels due to depressed plant uptake.

Conclusion

Swiss chard’s nutrient uptake and dry matter, together with 
residual concentrations of soil nutrients, depended on initial 
soil properties, elemental composition and rate of duckweed 
application and pre-incubation period. The relatively high 
N content in duckweed species W. arrhiza makes it a suit-
able organic N source to improve Swiss chard yield. Higher 
application rates of duckweed than 100 kg N ha−1 had no 
added advantages on dry matter accumulation and N uptake 
by Swiss chard. Pre-incubation of duckweed biomass for 
at least 28 days improved nutrient availability and uptake, 
resulting in dry matter of Swiss chard that was as good as 
that from the positive control (urea application). Although 
duckweed had a low C/N ratio, findings suggest that syn-
chronization of crop nutrient demand with nutrient release 
from duckweed is critical for use of this resource. In addi-
tion, further assessment of field experiments on different soil 
types should provide important insight.
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