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Abstract The present study aimed to assess not only the
efficacy of sap from two seaweeds Kappaphycus alvarezii
(K-sap) and Gracilaria edulis (G-sap) on productivity and
quality of Zea mays under rain-fed condition, but also to
quantify whether sap application is beneficial in terms of
lowering the carbon and phosphate footprint of mineral fer-
tilizers per unit of produce. Field experiment was carried out
to test 18 treatments, viz., 5 concentrations (2.5, 5.0, 7.5, 10
and 15 %) each of K-sap and G-sap applied along with rec-
ommended rate of fertilizers (RRF); 3 concentrations (7.5, 10
and 15 %) of each of the two types of sap applied along with
50 % RRF; alongside 2 control treatments T1 (water spray
along with 100 % RRF) and T18 (water spray along with
50 % RRF). The optimal treatments that enhanced the grain
productivity of maize were 5 % G-sap or 7.5 % K-sap applied
in conjunction with 100 % RRF and the grain yield enhance-
ments ranged from 21.4 to 29.8 % as compared to T1.
Significant increase in P (35.5 %) and K (14.4 %) content
in grains was observed through G-sap application, suggesting
bio-stimulation in absorption of these elements. Notably, sto-
ver yield production at reduced RRF in certain combinations
with sap was at par with T1 suggesting a possible saving on

fertilizer requirement for fodder production under rain-fed
conditions. Compared to T1, there was marked reduction of
17.5 and 23.1 % in global warming potential per unit of
produce when 7.5 % K-sap and 5 % G-sap were used respec-
tively in conjunction with 100 % RRF.

Keywords Seaweed extract . Growth indices . Economics .

Zeamays . Life cycle assessment . Carbon footprint .
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Introduction

Maize is the leading cereal crop worldwide (Ranatunga et al.
2009) grown in more than 160 countries, mainly for feed
followed by food and raw material for industries. It is the
principal staple food for the people in South America, Africa
and some parts of Asia and is also used as fodder crop for
livestock in the developing countries including India. Thus
maize is the largest single source of dietary protein for mil-
lions of people around the globe. Increasing maize productiv-
ity is thus a priority in view of burgeoning feed, food, fodder
and industrial demand in contrast to near-constant land re-
source (Dass et al. 2008; Chaudhary et al. 2014). In reality,
the reverse trend is being observed as average annual rates of
change in global maize yields has been much slower in recent
decades when compared to that in 1960s and 1970s (FAO
2014). Part of this problem may be attributed to the shift from
biological to chemical-based N management which brought
out marked improvement in yield of maize but was simulta-
neously associated with marked decline in soil carbon status
over the last five decades (Khan et al. 2007). Increasing crop
productivity in a sustainable manner without impairing soil
health and with minimum carbon foot print should be the
focus of the approaches to meet the increasing demand for
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maize production. Crops like maize are heavy feeder of nutri-
ents; hence, the crop nutrient demand is high. However, the
poor socio-economic conditions of farmers in the developing
countries prevent them from applying fertilizers even at the
recommended rates to realize optimum yields. This is evident
from the fact that estimated yield gaps—expressed as a per-
centage of potential yields—surpass 50 % in most developing
regions of the world, which, if reduced, can manifest into
better food security, nutrition and livelihood of the rural folk
(FAO 2014).

Seaweed-based extracts can be effective in improving
maize productivity under such nutrient and soil moisture lim-
iting situation. Besides being able to partly offset the require-
ment of chemical fertilizers due to the presence of some
macro- and micro-nutrients (Mondal et al. 2013; Pramanick
et al. 2013), the seaweed extracts can enhance the yield of
crops due to the presence of plant growth regulators like
IAA, kinetin, zeatin and gibberellins (Crouch and Van
Staden 1993; Khan et al. 2009; Thirumaran et al. 2009;
Zodape et al. 2009; Prasad et al. 2010; Briceño-Domínguez
et al. 2014). Further, the presence of quaternary ammonium
compounds like glycine betaine and choline chloride
(Blunden et al. 1986; Mondal et al. 2015) may impart toler-
ance during environment stress conditions (Ashraf and Foolad
2007; Sharma et al. 2014), especially under rain-fed condi-
tions. Apart from improving crop productivity, seaweed ex-
tracts have also been beneficial in improving the germination
of seedlings as well as the post-harvest shelf life of perishable
products (Khan et al. 2009; Hernández-Herrera et al. 2014).

Technologies have been developed for large-scale cultiva-
tion of the two seaweeds, Kappaphycus alvarezii and
Gracilaria edulis (Eswaran et al. 2005, Ganesan et al. 2011).
Improvements in productivity and quality of many crops have
been reported through foliar application of sap (liquid sea-
weed extract) of K. alvarezii (Zodape et al. 2010; Shah et al.
2013). Rathore et al. 2009 have reported a 57 % increase in
yield of soybean, under rain-fed conditions over control fol-
lowing 15 % Kappaphycus seaweed extract application.
Recently, Pramanick et al. 2013 have reported a 39 and
34 % increase in yield of green gram over control following
application of 15 % Kappaphycus and Gracilaria sap in com-
bination with mineral fertilizers, respectively. Similarly,
Dwivedi et al. 2014 have also reported a 49.2 and 37.8 %
improvement in yield of black gram over control following
application of 15 % Kappaphycus and Gracilaria sap in com-
bination with mineral fertilizers, respectively. However, re-
ports elucidating the influence of seaweed extracts on maize
quality and productivity are very limited. Recently, our efforts
to assess the efficacy of seaweed extracts in enhancing the
productivity and quality of maize in north-east India, a
nutrient-deficient region with an average productivity of
1.5 t ha−1, has revealed that application of Kappaphycus and
Gracilaria seaweed extracts have improved the yield by 10.5–

13.1 %, respectively, when applied along with chemical fer-
tilizers at the recommended rate (Layek et al. 2014; Layek
et al. 2015). Further, we have recently reported that one of
the formulations prepared by removing gibberellins from the
Kappaphycus sap improved stover yield of maize without
compromising on grain productivity (Mondal et al. 2015).
However, there are no reports that evaluate the efficacy of
Kappaphycus andGracilaria seaweed sap under rain-fed con-
ditions. Moreover, in the previous studies, the improvement in
yield was not explained in relation to various growth indices,
which was one of the objectives for carrying out the present
study.

It has been conjectured that seaweed extracts can partially
substitute for the requirement of chemical fertilizers
(Hernández-Herrera et al. 2014) when applied concomitantly.
The manufacture of chemical fertilizers accounts for various
environmental impacts and has a definite carbon foot print.
Life cycle assessment is an important tool to evaluate the
various environmental impacts including carbon foot print in
a process chain. Thus, any improvement in crop productivity
over and above that produced under the recommended rate of
chemical fertilizers following application of seaweed extract
would result in reduction of carbon foot print and other envi-
ronmental impacts per unit of produce which we intended to
quantify. Thus the specific objectives of the present study
were to (1) evaluate the efficacy of Kappaphycus and
Gracilaria seaweed saps on growth, productivity and nutri-
tional quality of rain-fed maize under recommended and re-
duced fertilizer application regime; and (2) to deduce the gains
in terms of global warming potential and eutrophication po-
tential on account of mineral fertilizer per 100 kg of maize
grain produced using sap application as an agro-practice.

Materials and methods

Experimental site, design and treatment

The field trial was carried out at Birsa Agricultural University
farm, situated in Chhotanagpur Plateau of Jharkhand state in
India during kharif season (July–October) of 2012. The ex-
perimental site was located at 23°17′ N latitude and 85°19′ E
longitude at an altitude of 625 m above mean sea level. The
mean maximum temperature varied from 28.8 to 30.2 °C and
minimum temperature from 16.9 to 20.6 °C, while the average
relative humidity was 76 % during the crop period. The soil at
the experimental site was well-drained sandy loam alfisols,
classified according to the USDA soil taxonomy as hyperther-
mic, mixed-type Paleudtalf. The initial soil pHwas 5.5 with an
organic carbon content of 0.45 %, while the available N, K
and P contents were 235, 179.2 and 11.7 and kg ha−1, respec-
tively. The experiment was laid out in a randomized block
design with 18 treatments with each treatment replicated 3
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times. The net plot size was 5 m×4.8 m. A spacing of 60 cm×
25 cm was maintained in each plot with a plant density of
6.67×104 ha−1. A total of 18 treatments comprising of two
seaweed saps (K. alvarezii and G. edulis, henceforth referred
to as K-sap and G-sap, respectively), each of which was ap-
plied at five different concentrations (2.5, 5.0, 7.5, 10 and
15 % v/v of seaweed sap with water) in conjunction with
recommended rate of fertilizers (150:60:40 kg N:P2O5:K2O
ha−1, henceforth abbreviated as 100 % RRF) and three con-
centrations (7.5, 10 and 15 % v/v of seaweed sap with water)
of both the saps along with 50 % recommended rate of fertil-
izers (50 % RRF) along with two controls (T1-water spray
with 100 % RRF and T18- water spray with 50 % RRF),
respectively. With 50 % RRF, only higher concentrations of
sap (7.5% onwards) were taken with the hypothesis that lower
concentration of sap with lower level of fertilizer (50 % RRF)
may not respond, as is also evident from previous preliminary
trials.

Extraction of sap from seaweeds

The K. alvarezii and G. edulis seaweeds were cultivated in
Tamil Nadu, India. The sap from K. alvarezii (commercially
available as Aquasap, manufactured by M/s Aquagri
Processing Pvt. Ltd, the licensee of CSIR-Central Salt &
Marine Chemicals Research Institute’s sap technology) was
expelled mechanically by milling under ambient conditions
from its fresh biomass after washing the seaweed with fresh
water. The resultant slurry obtained by milling was clarified
by centrifugation in order to obtain the seaweed sap following
which it was preserved (Eswaran et al. 2005). On the other
hand, G-sap was prepared by mechanically expelling the sap
from its fresh biomass after washing the seaweed with seawa-
ter at pilot plant located at regional station of CSIR-CSMCRI
in Tamil Nadu, which was followed by filtration throughmesh
size of approximately 20–50 μm. This sap was preserved
using a mixture of 0.02 % propyl paraben, 0.2 % methyl
paraben and 0.1 % potassium benzoate. The liquid filtrates
obtained in the above manner were considered as 100 % con-
centration of each sap and further diluted as per the treatments.
The estimation of inorganic constituents, plant growth regula-
tors and quaternary ammonium compounds in sap was deter-
mined as per the procedure described in Mondal et al. (2015).
The sap composition used for the present study were from the
same lot as that described earlier by us in Layek et al. (2015)
(Table 1).

Field management, soil sampling, plant measurements
and analysis

The maize variety used was HQPM-1 under rain-fed condi-
tions. Initially, the land was prepared by ploughing twice
followed by planking. Earthing up was carried out at 25 days

after sowing (DAS). Irrigation was not applied as the crop was
totally rain-fed. The total rainfall received during the crop
period was 856 mm. A total of three sprays of K- and G-sap
were applied in the morning around 8 a.m. at 20 days interval
starting from 30 DAS at the knee high stage, the second
being at tasseling stage (50 DAS) and finally the third
spray applied at grain filling stage (70 DAS). The spray
volume was 500 L ha−1 for the first spray while it was
700 L ha−1 for the second and third sprays. Foliar application
was carried with the required concentrations of different saps
using a manually operated knapsack sprayer. Similarly, in
control treatment instead of sap, equivalent volume of
water was sprayed and the crop was fertilized as per
treatment through urea, di-ammonium phosphate (DAP)
and muriate of potash (MOP). Pond water having a pH of 7.2
was used in the experiment for dilution of saps and it had the
following chemical composition: 4.5 mmol L−1 bicarbonates,
0.29 mmol L−1 calcium, 0.24 mmol L−1 magnesium,
0.13 mmol L−1 nitrate, 3 mmol L−1 chloride, 0.08 mmol L−1

potassium and 0.09 mmol L−1 sulphur. Half dose of N and full
dose of P andKwere applied initially and remaining dose of N
was top dressed in two splits at 35 and 50 DAS.

Soil samples were collected from a depth of 0–15 cm from
each plot before sowing and after harvest of the crop. The
available nitrogen was determined by alkaline permanganate
method (Subbiah and Asija 1956), whereas potassium was
extracted by neutral normal ammonium acetate method

Table 1 Composition of K. alvarezii and G. edulis sap [Source: Layek
et al. (2015)]

Constituents Amount in mg L−1

Kappaphycus alvarezii sap Gracilaria edulis sap

Indole 3-acetic
acid (IAA)

27 8.7

Zeatin 20 3.1

Gibberellin (GA3) 24 ND

Choline 57 36

Glycine betaine 79 63

Betain aldehyde Present Present

Na+ 198 1,952

K+ 33,654 682

Ca2+ 321 352

Mg2+ 1,112 311

Zn 2+ 4.7 0.63

Mn 2+ 2.1 33

Fe2+ 86 13

Cr3+ 32 0.20

Cu2+ 0.65 0.04

Ni 3+ 3.5 0.21

P3+ 17 ND

ND Not detected
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(Hanway and Heidel 1952) and phosphorus by Bray P-1 re-
agent (Jackson 1973) and estimated by flame photometry and
spectrophotometry, respectively. Organic carbon was deter-
mined according to the Walkley and Black method, as de-
scribed in Nelson and Sommers (1982). Plant height was mea-
sured from base to top leaf in centimeters (cm) from 5 plants in
each plot during 3 different growth stages at 35, 55 and 75
DAS and also at maturity. Leaf surface area of one plant per
plot was estimated by gravimetric method on the basis of leaf
area ratio (leaf area per unit dry weight of leaf) and ground
area of 0.1625 m2 was used to compute the LAI values. Dry
matter production was also measured periodically by
destructive sampling of 1 plant from each of the 54
plots at 35, 55, 75, 95 DAS and at maturity using which crop
growth rate (CGR), relative growth rate (RGR) and net
assimilation rate (NAR) were computed as per the for-
mula given below and described in Radford (1967) at
particular stages of growth and expressed in g m−2 day−1, g
g−1 day−1 and g m−2 day−1 respectively.

CGR ¼ W 2−W 1=t2−t1

RGR ¼ Ln W 2ð Þ‐Ln W 1ð Þ=t2− t1

NAR ¼ W 2− W 1ð Þ LnL2‐ LnL1ð Þ½ �= t2− t1ð Þ L2− L1ð Þ½ �

Where,W1=dry weight of plant at time t1,W2=dry weight
of plant at time t2; L2 and L1 are the leaf area per unit area at
time t1 and t2, respectively, and LnW1 and LnW2 are the natural
logarithm of total dry weight of plant at the time interval t2 and
t1, respectively.

All the cobs of the net plot area were harvested after matu-
rity of plants and expressed in no of cobs per hectare. After
drying for 3 days, seeds were removed manually and counted
and expressed as number of seeds per cob. Average weight of
100 seeds was also determined from each treatment of the
experiment. Grain, stone and stalk yield were expressed in
kg ha−1 for every individual treatment. The mineral contents
(P, K, Ca, Mg, S, Cu and Zn) of maize grains were determined
by WD-X-Ray Fluorescence method (Patidar et al. 2013).
Briefly, 3 g of powdered sample was mixed with 1 g of boric
acid, pelletized in 40-mm aluminium cups with a Pelletizer
(Kimaya engineers, India) at 20 t pressure with 10 s dwelling
time. Elemental concentrations in these pellets were than an-
alyzed in WD–XRF spectrophotometer, S4 pioneer (Bruker
AXS, Germany) equippedwith advanced optical systems, two
detectors (Flow and Scintillation), 4–5 crystals, Rh anode and
SPECTRAplus Software.Measurement conditions for each an-
alyte were optimized from calibration curves obtained using
certified reference materials viz., SRM 1515 apple leaves and
SRM 1573a tomato leaves obtained from National Institute of
Standards and Technology, USA. N content of the maize grain

was determined by Kjeldahl method and nitrogen use efficien-
cy (NUE) was calculated from crop yield and applied N.
Partial factor productivity of applied N, abbreviated as nitro-
gen use efficiency (expressed as kg harvest product per kg N
applied) was determined as described by Dobermann (2005).
Carbohydrate was extracted (Smith et al. 1964) and deter-
mined using UV-Vis spectrophotometer (Analytical
Instruments, Model TD-60) (Murphy 1958) while protein
content was determined by using Bradford method
(Bradford 1976).

Life cycle impact assessment

Life cycle impact in terms of global warming potential (GWP)
and eutrophication potential (EP) of the mineral fertilizers was
determined using GaBi software (version 6.0). The goal of the
life cycle impact assessment (LCIA) was to determine the
carbon foot print of the various mineral fertilizers used in the
present study from cradle to gate with system boundaries as
depicted in Fig. 1. As relevant datasets for the same were not
available for the Indian conditions, datasets from the
Ecoinvent database (version v 2.2) were used as a substitute.
The datasets for urea as N production, DAP production both in
terms of N and P2O5 and MOP as K2O were used inclusive of
their transport to regional storage. Further the bulk transport of
potassic fertilizer through oceanic transport assuming a dis-
tance of 5,500 nautical miles was also included as MOP is
entirely imported in India. However, the use phase of the
various fertilizers was not considered. LCIA of sap production
was however, not carried out. The functional unit of the pres-
ent study was the application of 100 % RRF or 50 % RRF per
hectare as mentioned in BExperimental site, design and
treatment^. The impacts were calculated using LCIA-CML
2001 Nov 2010 procedure and expressed as kg CO2 equiva-
lents per 100 kg of maize grain yield for GWP (100 years) and
kg phosphate equivalents for EP per 100 kg of maize grain
yield, respectively.

Fig. 1 System boundary for the life cycle assessment of fertilizers at
regional storage
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Economic analysis

Benefit:cost ratio (B:C ratio), which is the ratio of net return on
investment to the total cost of cultivation was used in order to
explain the economics of maize cultivation. The prevailing
market price for maize grain (INR 11,750 t−1), stalk (INR
200 t−1) and stone (INR 1,000 t−1) were used to calculate the
economic returns from the produce. The common per hectare
cost of cultivation excluding the fertilizer cost was INR
15543. The variable cost was attributed to different fertilizer
and sap doses, which varied according to the treatment. While
the cost of 100 % RRF was INR 6524, that of both the sea-
weed saps was taken as INR 30 L−1.

Statistical analysis

Linear mixed model was employed for analysis of variance
(ANOVA) by REML computational procedure in Systat 13.0
software using the treatments as fixed effects and the replica-
tions as random effects. Post hoc comparison of means was
carried out using least significant difference (LSD) at the prob-
ability level of 5 %.

Results

Composition of seaweed saps Table 1 shows the composition
of the two seaweed saps used in the present study. It can be
seen that both the saps contain significant amounts of quater-
nary ammonium compounds (glycine betaine and choline
chloride) besides various plant growth regulators, macro-
and micro-nutrients. Interestingly, potassium content in
Kappaphycus sap is considerably higher than Gracilaria
sap, while the sodium content is much lower.

Growth attributes The results on growth attributes, viz.,
plant height, dry matter accumulation and leaf area index re-
corded at periodic intervals are presented corresponding to the
different treatments (fixed effects) in Table 2. The results re-
vealed that increase in plant height was observed only in the
treatment receiving 100 % RRF in conjunction with foliar
spray of 7.5 % K-sap concentration (T4), when compared to
that receiving 100 % RRF only (T1), while no significant
effect on plant height was obtained by Gracilaria sap appli-
cation at any of the concentrations when applied in conjunc-
tion with 100 % RRF (Table 2). The results were same at all
the days of observation except at 35 DAS when all the treat-
ments were at par. Application of either of the sap at any of the
concentrations could not increase the plant height when con-
jugated with 50 % RRF, when compared to 50 % RRF appli-
cation only (T18).

At all the days of observations, higher dry matter accumu-
lation over 100 % RRF (T1) was observed in T4 (+100 %

RRF+ 7.5 % K-sap) and T11 treatments (100 % RRF+5 %
G-sap) with T4 and T11 being at par with one another. When
applied along with 100 % RRF, all other doses of K- or G-sap
except 15 % were superior to T1, but lower than T4 and T11
(Table 2). Application of 15% of either of the saps with 100%
RRF did not increase the DMA over T1. Except at 35 DAS,
DMA gradually increased with increasing concentration of K-
sap up to 7.5% and up to 5 % G-sap with 100 % RRF, while
decreasing thereafter indicating inhibitory effect at higher con-
centrations. Similarly, treatments 7.5 % K-sap (T7) and 7.5 %
G-sap (T15) in combination with 50 % RRF enhanced DMA
over 50 % RRF (T18); however, further increase beyond this
dose had no effect. Leaf area measurements at 35, 55 and 75
DAS revealed that in combination with 100 % RRF, LAI
increased with increasing concentration up to 7.5 % of K-
sap (T4) and 5% ofG-sap (T11), following which it decreased
(Table 2). Both these treatments were at par for LAI at all the
stages of the plant growth. At 35 DAS, LAI increased signif-
icantly over 50 % RRF by application of K-sap with 50 %
RRF, while at 55 DAS, the advantage was maintained only
with 7.5 % G-sap. Compared to all other treatments, highest
crop growth rate was observed at all the crop stages by appli-
cation of 7.5 % K-sap and 5 % G-sap, respectively, along with
100 % RRF which were at par with one another (Table 3).
Improvement in CGR by the two saps along with 50 % RRF
application, when compared to RRF alone were not observed
between 55 and 75 days of crop growth. In agreement to CGR,
T4 and T11 were at par and also recorded the maximum
values of RGR at all the crop stages. Comparing over 50 %
RRF only, maximum increase in RGR was found only be-
tween 75 and 95 DAS using 7.5 % K-sap+50 % RRF, while
7.5 % G-sap in conjugation with 50 % RRF recorded increase
only between 95 DAS and harvest. During all the observed
intervals, T4 and T11 gave the highest net assimilation rate
that was unmatched with any of the other treatments and both
these treatments were at par. All the treatments involving com-
bination of either of the saps with 50 % RRF showed higher
NAR over its control (T18) while being at par with one
another.

Yield attributes Among the yield attributing parameters, the
plant population as well as number of cobs per unit area did
not differ significantly due to the treatments (Table 4).
However as compared to RRF, grains per cob increased with
increasing concentration of sap from 2.5 to 7.5 % of K-sap
(T4) and up to 5 % of G-sap (T11) when they were applied in
conjunction with 100 % RRF. Both T4 and T11 were at par.
Beyond these dosages, there was decrease in number of seeds
formed, which was at par with 100 % RRF only in case of K-
sap but significantly higher in case of G-sap till the highest
concentration. In combinations involving 50 % RRF, increase
over 50 % RRF was only found at 7.5 % concentration of
either of the saps and further increase in their concentrations
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decreased the number of grains formed per cob. Only 7.5 % of
K-sap or 5 % of G-sap, respectively, in combination with
100 % RRF resulted in improvement in test weight over
100 % RRF only while all other sap doses with 100 % RRF
were at par with T1. K-sap or G-sap applied at 7.5 % in
combination with 50 % RRF was the only treatment that re-
sulted in higher test weight compared to 50 % RRF only.

In agreement with yield attributes, compared to 100 %
RRF, the grain yield of maize also significantly increased with
increasing level of sap concentration up to 7.5 % in case of K-
sap and 5% in case of G-sap when applied in conjunction with
100 % RRF, which decreased with further increase of the sap
concentrations (Table 4). The highest maize yield was obtain-
ed by application of 5 % G-sap along with 100 % RRF (4,
375 kg ha−1) and this treatment (T11) was superior to all other
treatments, except application of 7.5 % K-sap along with
100 % RRF (T4). Compared to T1, the improvement in grain
yield was 29.8 and 21.4 % through G-sap and K-sap conjuga-
tion, respectively with 100 % RRF (Table 4). Under nutrient
limiting situation, i.e. compared to the treatment where 50 %
RRFwas applied, the only improvement in yield was obtained
when this fertilizer regime was applied along with 7.5 % con-
centration of either K- or G-sap. The corresponding yield in-
creases over T18 through K- and G-sap were 22.5 and 28.0 %,
respectively, through K- and G-sap conjugation with reduced

RRF (Table 4). The stone and stalk yield of maize followed
similar pattern as that for grain yield for T4 and T11 treat-
ments. Compared to T18, 50 % RRF conjugated with 7.5 %
of G-sap could only bring about improvement in stalk yield.
K-sap in combination with 50%RRF did not improve in stalk
yield at any of the doses. There was no significant change in
harvest index (Table 4) due to conjugation of different saps
applied at different concentrations over and above either
100 % RRF or 50 % RRF.

Nutritional quality of grains There was no statistical differ-
ence in the grain mineral content with respect to Ca,Mg, S, Cu
and Zn due to any of the sap and fertilizer conjugation treat-
ments when compared to their respective base treatments
(Table 5). There was an increase in K content in case of com-
bined use of 5 %G-sap and 100%RRF over T1. Use of 7.5 %
K-sap in conjunction with 50% RRF brought an increase in K
content in maize grains when compared to that in 50 % RRF
use only.

The application of both the types of seaweed saps in con-
jugation with RRF increased carbohydrate content in grains
significantly with increasing concentrations up to the highest
level of 15 %, as compared to T1. At 15 % concentration+
100 % RRF level, K-sap was significantly superior to G-sap.
Application of either of these saps at any of the concentrations

Table 2 Influence of different combination and concentrations of seaweed saps and fertilizers on plant height, dry matter accumulation and leaf area
index of maize

Treatment Plant height (cm) Dry matter accumulation (g m−2) Leaf area index

35DAS 55DAS 75DAS At maturity 35DAS 55DAS 75DAS 95DAS Harvest 35DAS 55DAS 75DAS

T1 - 100 % RRF+water 133a 206bcde 216bcde 217bcdef 71defg 310f 755fg 954e 1,028f 2.3ef 3.6d 4.9cde

T2 - 100 % RRF+2.5 % K-sap 145a 227abc 227abc 230abcd 77bcd 386cd 991c 1,243c 1,364cd 2.5def 4.5abc 5.5abc

T3 - 100 % RRF+5.0 % K-sap 148a 229ab 227abc 232abc 75cde 452b 1,158b 1,468b 1,616b 2.9bc 4.5abc 5.5ab

T4 - 100 % RRF+7.5 % K-sap 149a 233a 239a 240a 81abc 498a 1,328a 1,739a 1,922a 3.5a 4.6ab 5.8a

T5 - 100 % RRF+10 % K-sap 143a 221abcd 225abcd 225abcde 86ab 397cd 989c 1,229c 1,339cd 2.4def 4.5abc 5.3abc

T6 - 100 % RRF+15 % K-sap 141a 212abcde 219abcde 221bcde 75cdef 328ef 817ef 1,011e 1,091f 2.4def 3.8d 5.3abc

T7 - 50 % RRF+7.5 % K-sap 138a 204cde 209cdef 211def 69defg 304f 667h 827f 882g 2.3ef 3.6de 4.6def

T8 - 50 % RRF+10 % K-sap 136a 202de 205def 208ef 68defg 298f 641h 773f 823g 2.3fg 3.5de 4.4f

T9 - 50 % RRF+15 % K-sap 133a 200de 202ef 208ef 73cdefg 296fg 633h 742fg 790gh 2.3fg 3.5de 4.3f

T10 - 100 % RRF+2.5 % G-sap 138a 220abcde 222abcde 223abcde 73cdefg 360de 900de 1,114d 1,213e 2.6cde 4.4bc 5.1bcd

T11 - 100 % RRF+5.0 % G-sap 146a 229ab 232ab 235ab 88a 512a 1,312a 1,744a 1,935a 3.2ab 4.8a 5.6a

T12 - 100 % RRF+7.5 % G-sap 143a 221abcd 224abcd 224abcde 75cde 387cd 981cd 1,211cd 1,322d 2.7cd 4.7ab 5.4abc

T13 - 100 % RRF+10 % G-sap 145a 223abcd 227abc 227abcd 78bcd 410c 1,035c 1,298c 1,435c 3.0bc 4.8a 5.5ab

T14 - 100 % RRF+15 % G-sap 137a 216abcde 222abcde 223abcde 65g 329ef 811f 999e 1,069f 2.4def 4.2c 5.0bcd

T15 - 50 % RRF+7.5 % G-sap 136a 204cde 214bcdef 216cdef 72cdefg 307f 679gh 823f 887g 2.3ef 3.6d 4.4ef

T16 - 50 % RRF+10 % G-sap 136a 202de 214bcdef 215cdef 67efg 297f 658h 801f 858g 2.3ef 3.5de 4.3f

T17 - 50 % RRF+15 % G-sap 131a 200de 213bcdef 213def 69defg 296fg 650h 785f 841g 2.3efg 3.5de 4.3f

T18 - 50 % RRF+water 131a 197e 194f 200f 66fg 258g 546i 656g 694h 1.9g 3.2e 4.1f

Values followed by different letters in columns are significantly different at p<0.05 by LSD

DAS days after sowing, RRF Recommended rate of fertilizer

2104 J Appl Phycol (2016) 28:2099–2112

Author's personal copy



in conjunction with reduced fertilizer dose also improved the
grain carbohydrate content with respect to T18 up to the
highest dose. However, in agreement with the grain yield im-
provement, the highest carbohydrate productivity was found
in treatment where 100 % RRF was combined either with
7.5 % K-sap or with 5 % G-sap. Compared to T18, significant
improvement in carbohydrate productivity was observed in
treatment with 7.5 % K-sap or G-sap applied along with
50 % reduced fertilizer dose (Table 5).

In sharp contrast with carbohydrate content, the protein
content in maize grains was highest at 5 % K-sap (T3) and
2.5 % G-sap (T10) concentrations when applied along with
100 % RRF as compared to T1. T3 and T10 were at par with
respect to each other. The grain protein content was also found
to be highest in T3; however, this treatment was at par with
100 % RRF+7.5 % K-sap application, which also recorded
the maximum grain yield. Significant improvement in protein
productivity with reduced fertilizer dose was obtained only at
7.5 % concentrations of either of the saps and in no case was
the protein yield significantly decreased over T18 (Table 5).

Economics of maize cultivation using seaweed sap, soil
fertility status and nitrogen use efficiency Cost of cultiva-
tion of maize varied due to fertilizer level and concentrations
of the two types of seaweed sap applied. Maize fertilized with

100 % RRF and sprayed with 15 % concentration of seaweed
sap incurredmaximum cost of cultivation.Maize sprayedwith
7.5 % K-sap or 5 % G-sap at 100 % RRF had similar gross
return. However, 5 % G-sap along with 100 % RRF
gave highest net return and benefit: cost ratio and had
greater advantage over 7.5 % K-sap at 100 % RRF. A
higher return per unit investment was apparent when the sap
spray was combined with 100 % RRF as compared to 50 %
RRF (Table 6).

Soil fertility status after harvest of the crop measured
in terms of available P and K was positively influenced
by the different treatments. Foliar spray of seaweed sap
and fertilizer level did not influence the soil organic
carbon and available N. Compared to that in RRF, the
available phosphorous increased with the application of
5 % G-sap along with 100 % RRF and this treatment
was at par with 7.5 K-sap along with 100 % RRF. Available K
status of soil considerably declined in all the treatments to its
initial status. Different concentrations of both the saps, when
conjugated with mineral fertilizers at 100 % or 50 % RRF, did
not influence the available potassium status of soil (Table 7).
At similar concentrations of sap, 50 % RRF always had
higher NUE. Compared over T1, significant enhancement in
NUE were found in T4 and T11, which themselves were
found at par (Table 7).

Table 3 Effect of different combination and concentrations of seaweed sap and fertilizer levels on periodic crop growth rate, relative growth rate and
net assimilation rate of maize

Treatment Crop growth rate (g m−2 day−1) Relative growth rate (g g−1 day−1) Net assimilation rate (g m−2 day−1)

35–55
DAS

55–75
DAS

75–95
DAS

95DAS-
harvest

35–55
DAS

55–75
DAS

75–95
DAS

95 DAS-
harvest

35–55
DAS

55–75
DAS

T1 - 100 % RRF+water 12.0fg 22.3ef 9.9efg 3.7ef 0.0321efg 0.0193abcde 0.0051bc 0.0016fgh 4.13e 5.30e

T2 - 100 % RRF+2.5 % K-sap 15.5cd 30.3c 12.6cd 6.1c 0.0351cdef 0.0205ab 0.0049bcd 0.0020bcd 4.61c 6.12c

T3 - 100 % RRF+5.0 % K-sap 18.8b 35.3b 15.5b 7.4b 0.0390ab 0.0204abc 0.0052bc 0.0021abc 5.16b 7.07b

T4 - 100 % RRF+7.5 % K-sap 20.9a 41.5a 20.6a 9.1a 0.0396a 0.0213a 0.0059ab 0.0022ab 5.19a 8.03a

T5 - 100 % RRF+10 % K-sap 15.6cd 29.6c 12.0cde 5.5cd 0.0333befg 0.0198abcde 0.0047cd 0.0019cdef 4.69c 6.07c

T6 - 100 % RRF+15 % K-sap 12.7efg 24.4be 9.7fg 4.0e 0.0322efg 0.0198abcde 0.0046cd 0.0017fgh 4.20e 5.44e

T7 - 50 % RRF+7.5 % K-sap 11.7fg 18.2fg 8.0ghi 2.7hi 0.0320efg 0.0171bcde 0.0047cd 0.0014hij 4.03f 4.50f

T8 - 50 % RRF+10 % K-sap 11.5fgh 17.1g 6.6ij 2.5ij 0.0317fg 0.0168cde 0.0041de 0.0014hij 3.99f 4.41f

T9 - 50 % RRF+15 % K-sap 11.2gh 16.9g 5.5j 2.4ij 0.0305g 0.0165de 0.0035e 0.0013ij 3.96f 4.42f

T10 - 100 % RRF+2.5 % G-sap 14.4de 27.0cd 10.7df 5.0d 0.0348cdef 0.0199abcde 0.0046cd 0.0019def 4.20d 5.74b

T11 - 100 % RRF+5.0 % G-sap 21.2a 40.0a 21.6a 9.6a 0.0383abc 0.0205abc 0.0062a 0.0023a 5.42a 7.71a

T12 - 100 % RRF+7.5 % G-sap 15.6cd 29.7c 11.5cdef 5.6cd 0.0356bcde 0.0201abcd 0.0046cd 0.0019cde 4.31cd 5.91cd

T13 - 100 % RRF+10 % G-sap 16.6c 31.2bc 13.1c 6.8b 0.0361abcd 0.0201abcd 0.0049bcd 0.0022ab 4.39c 6.09c

T14 - 100 % RRF+15 % G-sap 13.2ef 24.1de 9.4fgh 3.5efg 0.0354bcde 0.0196abcde 0.0045cd 0.0015ghi 4.15e 5.25e

T15 - 50 % RRF+7.5 % G-sap 11.7fg 18.6fg 7.2hij 3.2fgh 0.0315fg 0.0172bcde 0.0043cde 0.0016efg 4.04f 4.67f

T16 - 50 % RRF+10 % G-sap 11.5fgh 18.0fg 7.2hij 2.9ghi 0.0323efg 0.0172bcde 0.0043cde 0.0015ghi 4.01f 4.65f

T17 - 50 % RRF+15 % G-sap 11.3fgh 17.7fg 6.8ij 2.8hi 0.0315fg 0.0172bcde 0.0041de 0.0015ghi 3.99f 4.60f

T18 - 50 % RRF+water 9.6h 14.4g 5.5j 1.9j 0.0297g 0.0163e 0.0040de 0.0012j 3.82g 3.95g

Values followed by different letters in columns are significantly different at p<0.05 by LSD

DAS- Days after sowing, RRF Recommended rate of fertilizer
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Environmental impact Compared to RRF, there was a
marked reduction of 17.5 and 23.1 % in global warming po-
tential on account of mineral fertilizer per 100 kg of maize
grain producedwhen 7.5 %K-sap and 5%G-sap were used in
conjunction with 100 % RRF (Fig. 2a). Similarly use of sea-
weed saps in increasing maize yield resulted in reduction of
0.66–0.88 g P-equivalent per 100 kg of grains produced, thus
contributing to a favourable impact on aquatic eutrophication
potential (Fig. 2b).

Discussion

Growth and yield attributesCrop production primarily deals
with yield of harvestable economic products and the aim was
to study how growth and development of crop plants take
place and finally end up with the maximum proportion of
harvestable economic parts of the total dry matter so pro-
duced. The results revealed that vegetative growth was signif-
icantly higher over RRF when the crop was applied the RRF
and as well sprayed with either 7.5 %K-sap (T4) or 5 %G-sap
(T11), both of which were statistically equivalent. The en-
hanced DMA at harvest (86.9 % higher over RRF) in the
treatment using 7.5 % K-sap along with 100 % RRF was
attributed to maintenance of 16.9–49.5 % higher leaf area

index (Table 2), higher CO2 assimilation rate evident by
1.7–2.5 fold higher crop growth rate, 10.2–33.2 % higher
relative growth rate and 25.8–51.5 % higher net assimilation
rate, during the different crop growth stages observed
(Table 3). The increased DMA (88.2 % higher over RRF at
harvest) by 5 % G-sap+RRF might be explained by similar
improvements in growth indices, viz., 14.5–35.2 % higher
LAI (Table 2), 1.8–2.6 folds higher CGR, 5.8–38.7 %
higher RGR and 31.4–45.4 % higher NAR during different
growth phases (Table 3). Crop production is determined by
CGR which is a linear function of intercepted irradiance
(Whigham 1983). Higher LAI leads to increased DMA due
to higher CGR (Shibles and Weber 1965) and consequently
higher grain yield (Patra et al. 1995). The observed enhanced
vegetative growth of maize plants due to the two seaweed saps
may be attributed to the presence of plant growth hormones
like cytokinins in them which promote cell division and cell
enlargement (Blunden et al. 1979; Crouch et al. 1990; Crouch
and Van Staden 1993; Mondal et al. 2015). According to
Stevens and Westwood (1984), cytokinins play an important
role towards enhanced translocation of nutrients from roots to
other plant parts. Interestingly, our studies revealed that com-
pared to RRF only, T4 and T11 treatments led to significant
improvement in the photosynthetic surface area as indicated
by enhancement of leaf area index (29.1 and 33.5 % higher,

Table 4 Influence of different combinations and concentrations of seaweed saps and fertilizers on yield and yield attributing characters in maize

Treatment Yield attributing characters Yield

Plant population ha−1

at harvest (×104)
No. of cobs
ha−1 (×104)

No. of
grains cob−1

100- seed
weight (g)

Grain yield
(kg ha−1)

Stone yield
(kg ha−1)

Stalk yield
(kg ha−1)

Harvest
index (%)

T1 - 100 % RRF+water 5.5a 5.31a 378ef 25.7b 3,371d 691cd 6,556cdefg 31.8abcde

T2 - 100 % RRF+2.5 % K-sap 5.5 a 5.26a 421bcd 26.0b 3,699bc 750bc 6,922abcde 32.6abc

T3 - 100 % RRF+5.0 % K-sap 5.3 a 5.01a 426bc 26.2b 3,759b 766b 7,121abcd 32.3abcd

T4 - 100 % RRF+7.5 % K-sap 5.5 a 5.19a 445ab 28.1a 4,092a 850a 7,534ab 32.8ab

T5 - 100 % RRF+10 % K-sap 5.5 a 5.32a 402cde 25.9b 3,608bcd 729bcd 6,853abcde 32.3abcd

T6 - 100 % RRF+15 % K-sap 5.5 a 5.25a 391de 25.8b 3,421cd 696bcd 6,557cdefg 32.3abcd

T7 - 50 % RRF+7.5 % K-sap 5.5 a 5.13a 369efg 25.5b 2,909fg 671de 5,913fghi 30.8abcde

T8 - 50 % RRF+10 % K-sap 5.4 a 5.12a 351fgh 23.8d 2,519h 575fg 5,558hi 29.3bcde

T9 - 50 % RRF+15 % K-sap 5.4 a 5.08a 347fgh 24.0d 2,405h 540g 5,359hi 29.1cde

T10 - 100 % RRF+2.5 % G-sap 5.3 a 5.05a 426bc 25.9b 3,356de 692cd 6,642bcdef 31.5abcde

T11 - 100 % RRF+5.0 % G-sap 5.5 a 5.21a 477a 28.7a 4,375a 889a 7,703a 33.8a

T12 - 100 % RRF+7.5 % G-sap 5.4 a 5.17a 434bc 26.1b 3,728bc 757bc 7,255abc 31.9abcde

T13 - 100 % RRF+10 % G-sap 5.3 a 5.03a 440b 26.4b 3,738bc 767b 7,389abc 31.5abcde

T14 - 100 % RRF+15 % G-sap 5.4a 5.08a 415bcd 25.8b 2,939f 612ef 6,186efghi 30.3abcde

T15 - 50 % RRF+7.5 % G-sap 5.2 a 4.87a 370efg 25.4bc 3,039ef 696bcd 6,244defgh 30.5abcde

T16 - 50 % RRF+10 % G-sap 5.3 a 4.95a 338gh 24.1cd 2,592gh 598fg 5,862fghi 28.8de

T17 - 50 % RRF+15 % G-sap 5.3 a 4.94a 321h 24.1cd 2,480h 594fg 5,720ghi 28.3e

T18 - 50 % RRF+water 5.3 a 5.05a 317h 23.0d 2,375h 581fg 5,291i 28.7de

Values followed by different letters in columns are significantly different at p<0.05 by LSD

RRF recommended rate of fertilizers
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Table 6 Economic aspects of
maize as influenced by different
combination and concentrations
of seaweed saps and fertilizers

Treatment Cost of cultivation
(INR2 ha−1)

Gross return
(INR ha−1)

Net return
(INR ha−1)

B:C ratio

T1 - 100 % RRF+water 22,067a 41,609d 19,542cde 0.89bc

T2 - 100 % RRF+2.5 % K-sap 23,892a 45,598bc 21,707bc 0.91b

T3 - 100 % RRF+5.0 % K-sap 25,317a 46,360b 21,043bcd 0.83bcd

T4 - 100 % RRF+7.5 % K-sap 26,742a 50,437a 23,695b 0.89bc

T5 - 100 % RRF+10 % K-sap 28,167a 44,497bcd 16,330efg 0.58efg

T6 - 100 % RRF+15 % K-sap 31,017a 42,208cd 11,191h 0.36h

T7 - 50 % RRF+7.5 % K-sap 23,480a 36,031fg 12,552gh 0.53g

T8 - 50 % RRF+10 % K-sap 24,905a 31,286h 6,381jk 0.26hij

T9 - 50 % RRF+15 % K-sap 27,755a 29,866h 2,111l 0.08k

T10 - 100 % RRF+2.5 % G-sap 23,892a 41,448de 17,557def 0.73cde

T11 - 100 % RRF+5.0 % G-sap 25,317a 53,835a 28,518a 1.13a

T12 - 100 % RRF+7.5 % G-sap 26,742a 46,011bc 19,269cde 0.72def

T13 - 100 % RRF+10 % G-sap 28,167a 46,162b 17,995cdef 0.64efg

T14 - 100 % RRF+15 % G-sap 31,017a 36,381f 5,364jkl 0.17ijk

T15 - 50 % RRF+7.5 % G-sap 23,480a 37,658ef 14,179fgh 0.60efg

T16 - 50 % RRF+10 % G-sap 24,905a 32,229gh 7,324ij 0.29hi

T17 - 50 % RRF+15 % G-sap 27,755a 30,878h 3,123kl 0.11jk

T18 - 50 % RRF+water 18,805a 29,546h 10,741hi 0.57fg

Benefit:cost ratio is the ratio of net return on investment to the total cost of cultivation. Values followed by
different letters in columns are significantly different at p<0.05 by LSD

RRF Recommended rate of fertilizers; INR Indian Rupee; B:C benefit:cost ratio

Table 7 Post-Harvest soil fertility status and nitrogen use efficiency as affected different combinations and concentrations of seaweed saps and fertilizers

Treatment organic
carbon (%)

available
N (kg ha−1)

available
P (kg ha−1)

available
K (kg ha−1)

NUE (kg harvest product
per kg N applied)

T1 - 100 % RRF+water 0.39a 238.9a 20.1ef 129.2abc 22.47fg

T2 - 100 % RRF+2.5 % K-sap 0.40a 250.2a 21.5def 132.3ab 24.66ef

T3 - 100 % RRF+5.0 % K-sap 0.44a 251.6a 24.3bc 136.0ab 25.06ef

T4 - 100 % RRF+7.5 % K-sap 0.42a 258.6a 26.2ab 139.6ab 27.28de

T5 - 100 % RRF+10 % K-sap 0.39a 249.8a 22.5cde 130.8ab 24.06f

T6 - 100 % RRF+15 % K-sap 0.45a 246.2a 21.1def 130.2abc 22.81f

T7 - 50 % RRF+7.5 % K-sap 0.42a 229.5a 17.2gh 116.9cde 38.78a

T8 - 50 % RRF+10 % K-sap 0.46a 227.3a 15.1hi 114.2e 33.59b

T9 - 50 % RRF+15 % K-sap 0.47a 226.6a 14.5hi 113.1e 32.06bc

T10 - 100 % RRF+2.5 % G-sap 0.44a 247.0a 19.0fg 128.8abc 22.37fg

T11 - 100 % RRF+5.0 % G-sap 0.41a 260.5a 27.9a 141.6a 29.17cd

T12 - 100 % RRF+7.5 % G-sap 0.46a 251.0a 22.4cde 132.2ab 24.85ef

T13 - 100 % RRF+10 % G-sap 0.41a 251.4a 23.8bcd 134.5ab 24.91ef

T14 - 100 % RRF+15 % G-sap 0.42a 239.6a 18.9fg 128.1bcd 19.59g

T15 - 50 % RRF+7.5 % G-sap 0.42a 229.4a 15.1hi 115.3de 40.53a

T16 - 50 % RRF+10 % G-sap 0.47a 227.3a 13.5i 115.2de 34.56b

T17 - 50 % RRF+15 % G-sap 0.41a 224.8a 12.4i 112.8e 33.07b

T18 - 50 % RRF+water 0.43a 223.2a 12.3i 112.6e 31.67bc

Values followed by different letters in columns are significantly different at p<0.05 by LSD

RRF Recommended dose of fertilizer; NUE Nitrogen use efficiency
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respectively by K- and G-sap over control at 55 DAS), how-
ever, the magnitude of increase was not commensurate with
the observed crop growth rate which was found to be much
higher. This connotes enhanced efficiency of photosystem by
K- and G-sap application which was also corroborated by
45.4–51.5 % higher net assimilation rate observed during
55–75 DAS in these treatments when compared with the
control receiving RRF only (Table 3). Moreover, the

percentage of increase in LAI was higher during the early
stages of crop growth than at the later stages (Table 2), indi-
cating that higher photosynthate accumulation rate might have
been maintained starting from early vegetative stage culminat-
ing in higher dry matter accumulation in these treatments.
Although photosynthesis was not studied in the present exper-
iment, earlier studies confirmed enhanced net photosynthetic
rate and other gas exchange parameters inmaize by application
of Kappaphycus-based sap formulations (Mondal et al. 2015).
Improvements in NARmight have been due to the presence of
phytohormones such as gibberellic acid (GA3) in the seaweed
saps which accelerated the mobilization of photosynthates
from leaves to stem (Alvim 1960). The seaweed saps contain
GB/choline in substantial amounts (Mondal et al. 2015) which
are known to play a profound role in enhancing photosynthetic
activity by maintaining higher levels of photosynthetic pig-
ment (Blunden et al. 1996; Guinn et al. 2011). Comparing
the effect of K- as well as G-saps along with RRF at 5 %
concentration, it is evident that G-sap treated plants accumu-
lated higher dry matter compared to K-sap treated ones
(Table 2). Differences in hormone concentration might be the
possible reason for this difference in efficacy of the two sea-
weed saps. It can be seen that gibberellic acid was not detected
in the G-sap because of which reciprocal interactions with
cytokinins and other growth regulators might have been
prevented leading to enhanced efficacy of G-sap in increasing
the vegetative growth at lower concentration. Antagonistic in-
teraction of gibberellic acid with zeatin and kinetin has been
earlier reported in maize by Mondal et al. 2015. Weiss and Ori
(2007), Greenboim-Wainberg et al. (2005) and Fleishon et al.
(2011) have also proposed cross talk between these hormones.

There was no significant difference in number of cobs
formed per unit area due to the different sap and fertilizer
combinations and the yield enhancement was primarily attrib-
uted to improvement in number of grains formed in each of
the cobs and weight of individual seeds (Table 4). Though
7.5 % K-sap (T4) or 5 % G-sap (T11) when applied together
with 100 % RRF resulted in the maximum improvement in
grain number, lower doses were also superior to 100 % RRF
(Table 4). In contrast, for 100-seed weight, none of the sap
concentrations led to larger grains other than T4 and T11,
indicating specificity of dosage requirement for achieving
grains (Table 4). The fact that no significant change was evi-
dent in harvest index (Table 4) due to conjugation of different
saps applied at different concentrations over and above either
100 % RRF or 50 % RRF connoted an identical pattern of
photosynthate partitioning between vegetative and reproduc-
tive parts in these treatments. This observation is supported by
the fact that the treatments recording maximum stalk yield
(Table 4) followed the same trend as found in grain yield
parameter. However, most interestingly, stalk yield obtained
by application of 50 % reduced fertilizer dose in conjunction
with any of the G-sap concentration and 7.5 % K-sap

Fig. 2 Graph depicting a fertilizer global warming potential per unit of
maize grain production (kg CO2-equivalents 100 kg−1); and b fertilizer
eutrophication potential per unit of maize grain production (kg PO4-
equivalents 100 kg−1) of the various treatments. LSD at 5 %=1.5 for
Fig. 1a and 0.01 for Fig. 1b. Treatment legends are those as described
in the tables
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concentration applied was found at par with that obtained with
100 % RRF (Table 4). These observations suggest possible
saving on chemical fertilizer requirement to a large extent
under rain-fed conditions for stalk (used as a fodder)
production.

The enhanced grain and stover yield thus correlated well
with the higher vegetative growth parameters discussed
earlier. Similar to the results obtained in this study, Mondal
et al. (2015) also attributed the yield improvement in maize to
an increase in number of grains per plant which was brought
about by enhanced cob length and consequent greater kernel
set, although no improvement in single seed weight was ob-
served in that study. The higher rate of photosynthate accu-
mulation combined with delay in senescence of the leaves
leading to pronounced retardation in loss of green colour
may be attributed to the presence of cytokinins. This might
have boosted the photosynthate supply to the grains forming
larger seeds which ultimately resulted in realizing higher grain
yield (Beckett and Van Staden 1990). In addition, the seaweed
saps contain KCl and glycine betaine and beneficial effect of
their combined presence was conjectured to be responsible for
conferring protection against photosynthetic enzyme inactiva-
tion, eventually leading to higher productivity of maize
(Mondal et al. 2015). GB is known to play a vital role towards
osmotic adjustment in plants, especially during stress
(Blunden et al. 1996; Guinn et al. 2011). In addition, seaweed
extracts have been ascribed to enhance antioxidant and activ-
ity of free radical scavenging enzymes imparting protection
from cell damage (Khan et al. 2009) at times of day-to-day
abiotic stress experienced by crops grown under uncontrolled
field conditions (Layek et al. 2015), which often is the case in
rain-fed agriculture. The results of the present experiment
showed enhancement in grain yield and quality at even low
doses, especially, 5 % G-sap in conjunction with RRF gave
significantly higher improvements in many parameters.
However, all the lower concentrations were not tested in con-
junction with 50 % RRF in the present experiment and thus
need to be addressed in future studies.

Nutritional quality of grains In spite of realizing greater
yield in the treatments receiving 100 % RRF along with either
7.5 % K-sap or 5 % G-sap, there was no significant reduction
over 100 % RRF with respect to mineral composition studied,
viz., P, K, Ca, Mg, S, Cu and Zn, in the grains due to dilution
effect (Table 5). On the contrary, there was an increase in K
(14.4 %) content in case of combined use of 5 % G-sap and
100 % RRF, suggesting bio-stimulation in absorption of this
mineral element (Table 5). In our study, K-sap contributed to
the increase in carbohydrate and protein content of grain as
well as their yields. Such enhancement might be attributed to
the protective effect of the quaternary ammonium compounds
like glycine betaines which are present in sap. These com-
pounds may reduce the degradation of macromolecules like

complex proteins, enzymes and offer stability to membranes
in response to environmental stress, which might increase
photo-assimilation rate eventually leading to enhancement of
protein and carbohydrate (Layek et al. 2015). Our results cor-
roborate with the findings of Anantharaj and Venkatesalu
(2002) and Sivasankari et al. (2006), where sugar content of
leguminous plants were increased by liquid seaweed extracts.
Pise and Sabale (2010) also reported significant influence of
seaweed extract on protein content of fenugreek and attributed
this to the promoter effects of these extracts on root prolifer-
ation stimulating better nutrient uptake, especially of those
which are constituents in protein synthesis (nitrogen, phos-
phorus and sulphur). Similar findings were also reported for
okra and wheat by Zodape et al. (2009).

Economics of maize cultivation using seaweed sap, soil
fertility status and Nitrogen use efficiency The enhanced
quantity and quality of maize using seaweed sap was also
complemented by higher monetary returns. Our results indi-
cated that the highest net return and benefit: cost ratio were
obtained by applying 5 % G-sap along with 100 % RRF, thus
indicating that G-sap outperformed K-sap (Table 6).

Foliar spray of seaweed sap and fertilizer level did not
influence the soil organic carbon and available N
(Table 7) which indicated that decomposition and accumu-
lation of soil organic matter was maintained at equilibrium
state. Soil phosphorous increased significantly with the
application of 5 % G-sap or 7.5 K-sap along with
100 % RRF (Table 7). Since 5 % G-sap in conjunction
with 100 % RRF showed higher P content in grain
(Table 5), it may be possible that the increase in available
P content in soil may have been probably due to higher
phosphorus solubilization on account of soil enzymatic
processes. Soil biochemical changes influenced by sap
might be an important aspect of study, especially because
a significant amount of sap gets into the soil by drift
during foliar spray. Thus effect of sap on biological chem-
ical and biochemical activity in different layers of soil up
to the full root zone of the crop should be studied to
understand any such nutrient transformation processes tak-
ing place. NUE was found improved in some treatments
receiving sap in conjugation with 100 % (T4 and T11) or
50 % RRF (T7 and T15) indicating better utilization of
nitrogen supplied (Table 7). Other NUE indices were not
assessed since unfertilized plots were not considered in
the study. Given the encouraging results, future experiments
should also assess the other NUE indices. Comparing the
treatment employing 50 % RRF only, significantly highest
NUE was obtained in the treatments where 50 % RRF was
combined either with K-sap or G-sap at 7.5 % concentration.
At similar sap concentrations for both the saps, NUE were
found significantly higher on conjunction with 50 % RRF
than 100 % RRF.
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Environmental impact Globally, the agricultural sector con-
tributes significantly to carbon emissions due to usage of vary-
ing nitrogen fertilizers (Hillier et al. 2009). Apparently, the
magnitude of improvement in yield on account of seaweed
sap application brought out a significant reduction in fertilizer
carbon footprint and eutrophication potential per 100 kg of
produce, thus demonstrating positive influence on environ-
ment. These reductions amounted to savings of 3.11 and
4.11 kg CO2-equivalent per 100 kg of grain production
through K-sap and G-sap, respectively. The sap from the sea-
weeds are having a minimal carbon footprint as cultivation of
these seaweeds does not require any fossil inputs like mineral
fertilizers and pesticides or any resources like fresh water
(Layek et al. 2015) and as a result the incremental yield and
quality enhancement is achieved in a green manner. The en-
vironmental impact of the use of seaweed sap in agriculture
would be still more favourable if the use phase of the mineral
fertilizers in soil is considered as the present study has not
taken into account the losses in the form of N2O, NH4 emis-
sions which have significant greenhouse gas potential.
Enhanced carbon sequestration potential through productivity
increase due to seaweed sap application was also earlier re-
ported by Mondal et al. (2015).

Conclusion

The foliar spray of K. alvarezii and G. edulis seaweed saps
significantly improved the yield and quality of maize grains
which was attributed to increased dry matter accumulation
because of higher photosynthetic capacity and net assimilation
rate brought about by the effect of different plant growth reg-
ulators as well as other constituents present in these seaweed
saps. Application of 5 %G. edulis along with the recommend-
ed rate of fertilizer was found to be the most remunerative
giving the highest net return and benefit:cost ratio, thus
outperforming both economically and environmentally. The
increase in stalk productivity in some treatments involving
combinations of either of the saps with reduced rate of fertil-
izers over the recommended rate suggests a possible saving on
chemical fertilizer requirement under rain-fed conditions for
stalk production which can serve as fodder. A significant re-
duction observed in fertilizer carbon footprint and eutrophica-
tion potential per unit of produce suggests that seaweed-based
saps can not only prove to be excellent organic fertilizers for
enhancing productivity but can also play a beneficial role in
the arena of global warming and sustainability.
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