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Abstract This studymanipulated the carbon-to-nitrogen ratio
(C:N) of seaweed composts by varying the proportion of high
N green seaweed (Ulva ohnoi) and high C sugarcane bagasse
to assess their quality and suitability for use in agricultural
crop production. Seaweed-bagasse mixes that had an initial
C:N ratio greater than 18:1 (up to 50:1) could be transformed
into a mature compost within 16 weeks. However, only com-
posts with a high seaweed content and therefore low initial
C:N (18 and 22:1) supported a consistently high rate of plant
growth, even at low application rates. Sugarcane grown in
these high seaweed composts had a 7-fold higher total
above-ground biomass than low seaweed composts and a 4-
fold higher total above-ground biomass than sugarcane grown
in commercial compost that did not contain seaweed. Overall,
the optimal initial C:N ratio for seaweed-based compost was
22:1 which corresponds to 82 % seaweed on a fresh weight
basis. This ratio will produce a high quality mature compost
whilst also ensuring that a high proportion of the nitrogen
(>90 %) in the Ulva biomass is retained through the
composting process.
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Introduction

Land-based aquaculture is an important component of the
global production of seafood withmore than 65million tonnes
of fish, crustaceans and molluscs cultivated annually in land-
based systems (FAO 2014). The intensive production of fish
and crustaceans in these systems is reliant on high-protein feed
to facilitate the rapid growth of animals. However, the food
conversion ratios of these animals are relatively inefficient
resulting in nutrient-rich waste (Crab et al. 2007). For exam-
ple, in intensive prawn production, only 22 % of the input
nitrogen is converted to harvested shrimp whilst the majority
(>50 %) is discharged in waste water (Jackson et al. 2003). If
released directly into the environment, these waste nutrients
can cause significant environmental degradation through ni-
trogen enrichment and lead to the proliferation of algal growth
(Anderson et al. 2012). Therefore, the treatment of waste from
land-based aquaculture typically involves a number of steps to
manage the breakdown of organic wastes into dissolved inor-
ganic waste products, primarily mineralised nutrients such as
nitrogen and phosphorus, which can then be assimilated by
algae prior to release of the water (Castine et al. 2013).

Algae, including marine macroalgae (seaweeds), can rap-
idly increase in biomass when excess nutrients are available.
As such, seaweeds can be cultivated in aquaculture waste
water to recover a high proportion of these waste nutrients,
whilst simultaneously creating a biomass resource (Mata et al.
2010). The integration of seaweed cultivation with land-based
aquaculture for nutrient remediation has been successfully
demonstrated at a research level numerous times (Neori
et al. 1991, 2003; Msuya and Neori 2008; Mata et al. 2010),
although rarely implemented commercially (Bolton et al.
2009). One of the major reasons for this is that the seaweed
biomass produced requires a market, or on-site use, otherwise
the seaweed biomass itself can become a waste product and
liability. As such, the viable recovery of nutrients requires the
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development of techniques to convert the nutrients within the
seaweed biomass into a stable and commercially useable
form.

One of the lowest cost approaches to nutrient stabilisation
is composting, which is the aerobic decomposition of organic
material by successive microbial communities. To successful-
ly compost any organic waste, the carbon-to-nitrogen ratio of
the material needs to be balanced. This ratio has some flexi-
bility but most land-based waste is composted using a C:N
ratio of between 25:1 and 35:1 (Bishop and Godfrey 1983;
Bernal et al. 2009; Han et al. 2014). To achieve this ratio, a
high nitrogen biomass such as seaweed can be mixed with a
high carbon material, and in many regions agricultural crop
residues are an abundant source of carbon-rich biomass. In
tropical sugar growing regions, approximately 280 kg of sug-
arcane bagasse, a fibrous by-product of the sugar extraction
process, is produced for every ton of sugarcane material
(Cerqueira and Meireles 2007). Utilising agricultural crop res-
idues is also beneficial as the nutrients recovered through sea-
weed composting can be applied to the next crop cycle.

As seaweed is a relatively novel feedstock for composting,
it is unknown as to how the initial C:N ratio of seaweed-based
composts will influence the composting process and the qual-
ity of the mature compost. Previous studies that have
composted seaweeds have used volumetric proportions on a
fresh weight basis, with seaweed accounting for between 5
and 85 % of these mixes (Mazé et al. 1993; Cuomo et al.
1995; Eyras et al. 1998; Wosnitza and Barrantes 2006;
Winberg et al. 2013). In general, these studies have success-
fully composted seaweed with a range of materials; however,
the use of fresh weight proportions is problematic as both the
moisture and nitrogen content of the seaweed biomass will
vary. This makes it difficult to either replicate these findings
or understand how variation in the initial C:N ratio of
seaweed-based composts influences the quality of the mature
compost. A thorough understanding of how the initial C:N
ratio of the compost mix influences the quality of the mature
compost will enable seaweed composting to be applied to any
source of seaweed in any location and will facilitate the pro-
gression towards the commercial scale production of seaweed
composting that produces a consistent and high quality prod-
uct. This is especially relevant considering the large degree of
uncertainty surrounding the quality of mature seaweed com-
posts, including concerns as to whether the high salt content of
seaweed composts will have negative effects on crop health
and yields (Eyras et al. 2008; Michalak and Chojnacka 2013;
Winberg et al. 2013).

The overall aim of this study was to determine if the trop-
ical green seaweed Ulva ohnoi (Chlorophyta) cultivated in
high-nutrient waste water from prawn (shrimp) farming can
be composted with sugarcane bagasse to recover nitrogen and
phosphorous from aquaculture effluents for agricultural appli-
cations in the co-located sugarcane industry. Specifically, this

study firstly investigates how the initial C:N ratio of the
seaweed/bagasse mix influences the composting process, time
to maturity and the amount of nitrogen and phosphorous lost
during the composting process, and secondly, assesses the
quality of each of the finished composts and determines
whether seaweed-based compost is suitable for use as a plant
growth medium and fertiliser.

Methods

Compost feedstocks and procedure

The green seaweedU. ohnoi (commonly known as sea lettuce
and hereafter referred to as seaweed) was cultured in six 34 m
(L)×4 m (W) raceways using the discharge water of an inten-
sive prawn aquaculture facility (Pacific Reef Fisheries Ltd.
S19°28′46″, E147°29′18″) in North Queensland, Australia.
This biomass was harvested with nets and transported to
James Cook University, arriving within 4 h of harvesting.
The sugarcane bagasse was supplied from the Home Hill sug-
ar processing facility (S19°39′40″, E147°24′50″) in North
Queensland, Australia.

To determine the elemental composition of both the sea-
weed and bagasse, representative samples were collected prior
to the compost trials, dried overnight at 60 °C and analysed for
total nitrogen and carbon analysis (OEA Labs, UK). An addi-
tional 24 elements including phosphorous were analysed
using Inductively Couple Plasma Optical Emission
Spectrometry (ICP-OES) by the Advanced Analytical Centre
at JCU (Table 1). To understand how seaweed biomass com-
posts and what proportion of bagasse is required to produce a
stable decomposition process, eight compost piles were creat-
ed. The seaweed and bagasse were combined in pre-
determined dry weight (DW) equivalent proportions based
on the total amount of carbon and nitrogen available in each
type of biomass. This gave an initial carbon-to-nitrogen ratio
of the composts of 11:1, 18:1, 22:1, 26:1, 30:1, 34:1, 40:1 and
50:1. The proportion of seaweed biomass on a DW basis in
each compost ranged between 21 and 84 %, which equates to
a fresh weight (FW) basis between 55 and 96 % (Table 2).
Each of these composts were manually mixed and then added
to a 400 L Aerobin static compost bin with a passive aeration
pipe in the centre of the bin and a 15-L leachate collection tray
in the bottom. Each bin was topped up weekly with fresh
seaweed and bagasse at the appropriate ratio, for the first
3 weeks, to account for material compaction.

Compost parameters

During the composting period, the temperature, bulk density
(BD), electrical conductivity (EC) and pH were monitored
weekly on the wet compost biomass. Temperature was
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measured using a 61 cmHeavy Duty Reotemp thermometer at
two depths (25 and 50 cm) with three measurements taken at
each depth. These six samples were used to provide an aver-
age temperature of the entire compost. BD is the measure of
the mass (M) of material within a given volume (V) and was
calculated on the wet compost using the equation BDwet=
Mwet/Vwet, where a 5 L bucket was filled with non-compacted
compost material from a depth of 30 cm, excess material was
removed until level with the top of the container. This process
was replicated three times for each compost treatment. The EC
and pH were measured using a HACH HQ40d portable probe
using the fresh compost in a 1:10 weight to volume dilution
using deionised water. This is the recommended dilution for
soils high in organic matter (Carter 1993).

To determine the percentage ash, organic matter, nitrogen
and carbon content, a 20 g sample from a depth of 30 cm was
taken weekly from each compost and dried overnight at 60 °C
and milled to a fine powder. To account for residual moisture
in the dried compost samples, a 3 g subsample was heated at
110 °C in a moisture balance until constant weight was
reached. The ash content of this biomass was then quantified
in duplicate through the combustion of 500 mg of each sub-
sample at 550 °C in a muffle furnace until constant weight was
reached. The proportion of organic matter in these subsamples
is the fraction that is lost on ignition and is calculated as the
difference between initial and final weight of the sample. At
the end of the composting period (16 weeks), a further 2 g
sample was taken from each compost for elemental analysis
by Inductively Couple Plasma Optical Emission Spectrometer
(ICP-OES) (Advanced Analytical Centre, JCU, Australia).

To determine the amount of nitrogen and phosphorous that
was leached from the compost, the leachate tanks were
drained weekly, the total volume measured and a 100 mL
sample taken to determine the concentration of ammonium-,
nitrite- and nitrate-nitrogen and total phosphorous (Australian
Centre for Tropical Freshwater Research, JCU, Australia). To
determine the importance of the initial C:N ratio as a predictor
of the final quality of the compost, linear regression analysis
was used to examine the relationship between the independent
variable (initial C:N ratio) and the response variables (bulk
density, electrical conductivity, pH, organic matter, carbon
content, nitrogen content, and the final C:N ratio) of the ma-
ture compost.

Sugarcane growth trial

To examine whether the mature seaweed composts were suit-
able to use as a soil additive for the sugarcane industry, a pot
plant growth trial was undertaken. This growth trial was car-
ried out using pots made from 20 cm long, 10 cm diameter
PVC tubes. Each pot was filled with either 100 % compost or
a compost:sand mixture based on the volumetric proportions
of 25, 50 and 75 % compost. Five replicate pots were used per
compost treatment combination. A commercial compost prod-
uct (King Brown Compost, Mareeba, Australia) made from a
mix of chicken manure, bagasse and council green waste was
used as a positive control. Each of the five replicate pots were
filled with the compost or compost:sand mix, wet to water
holding capacity and then allowed to stabilise for 7 days. To
determine the concentration of soluble salts in the composts
that were leached during this period, 21 additional pots were
prepared and filled with 100 % compost from each of the
seven mature seaweed composts (n=3). After these pots had
stabilised for 7 days, the compost was sampled for pH, EC and
salinity.

Forty mature stalks of the Australian commercial sugarcane
variety Q253 were freshly cut by the Burdekin Productivity

Table 1 Chemical and physical characteristics of the green seaweed
U. ohnoi and sugarcane bagasse biomass used to make compost.
Moisture content is based on fresh biomass, whilst all other analyses
have been performed on dried biomass

Ulva ohnoi Bagasse Units

Carbon 22.27 41.5 wt %

Nitrogen 2.99 0.36 wt%

Moisture content 85 30 wt%

Electrical conductivity 7.15±0.22 0.28±0.03 mS.cm−1

pH 7.19±0.34 4.56±0.12 –

Organic matter 63.17±0.48 83.49±2.53 wt%

Ash content 36.83±0.64 16.51±2.62 wt%

Na 52.33±1.0 0.42±0.10 g Kg-1

S 49.23±0.73 1.18±0.47 g Kg-1

Mg 39.13±0.88 0.58±0.23 g Kg-1

K 30.50±5.67 1.04±0.26 g Kg-1

Ca 4.65±0.47 1.47±0.21 g Kg-1

P 1.59±0.11 0.24±0.002 g Kg-1

Fe 0.78±0.21 2.38±0.75 g Kg-1

Al 0.34±0.089 2.33±0.77 g Kg-1

Mn 53.83±11.84 69.23±19.99 mg kg-1

B 47.97±6.52 ≤0.1 mg kg-1

Sr 76.8±9.1 9.28±1.91 mg kg-1

Zn 14.07±2.59 11.84±3.63 mg kg-1

Cu 6.63±0.78 7.41±2.68 mg kg-1

Se 3.44±0.03 ≤1 mg kg-1

Cr 2.43±0.11 8.57±3.38 mg kg-1

Ba 2.09±0.32 14.37±3.51 mg kg-1

Ni 1.67±0.11 3.48±1.47 mg kg-1

V 1.49±0.23 5.25±1.29 mg kg-1

As 1.18±0.06 ≤1 mg kg-1

Co 0.37±0.07 0.86±0.23 mg kg-1

Pb 0.12±0.01 1.44±0.45 mg kg-1

Mo 0.11 ≤0.1 mg kg-1

Cd 0.06±0.001 ≤0.05 mg kg-1

Hg ≤0.5 ≤0.5 mg kg-1
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Services and transported to JCU. These mature stalks were
then cut into single-eye sets and germinated in seedling trays
(400×400×90 mm) containing washed river sand. Once these
plants were between 100 and 170 mm high, 160 uniform
seedlings were randomly transplanted into the compost mix-
tures. The initial size of cane seedlings did not differ signifi-
cantly between treatments groups (PERMANOVA F31, 128=
0.66, P=0.92). The trial was undertaken in a shade house
(50 % shade cloth), to provide uniform diffuse sunlight to all
pots. This trial was conducted over a 10 week period between
8 April and 17 June 2014 and during this period, the daily air

temperatures ranged between 19.4 and 30.1 °C and mean dai-
ly photosynthetic active radiation of 21.2 (±1.1) mol photons
m−2, (range: 4.7–41.7 mol photons m−2) with daily (0600–
1800 hours) peaks ranging between 354.4 and 2,025.8 μmol
photons m−2 s−1.

At the end of the growing period, the total height (measured
from the base node to leaf tip), the number of cane stalks per
plant and the width of the main stalk (at its widest point) were
measured. The plant was then cut from the base node and air-
dried at 60 °C and weighed to give the total above-ground
biomass. To account for variation in the initial biomass of

Table 2 Physical and chemical characteristics of the seven mature seaweed composts and a qualitative score (high, medium, low) based on the overall
quality of the compost and their suitability as a soil amendment for agricultural use

Initial C:N 18:1 22:1 26:1 30:1 34:1 40:1 50:1 –

Compost quality High High Medium Medium Medium Low Low –

Ulva (%DW)* 60 50 44 38 33 28 21 %

Ulva (%FW)** 87 82 78 74 70 64 55 %

Final C:N 13.78 13.59 19.88 17.85 18.89 24.29 27.96 –

Nitrogen 1.91 1.93 1.30 1.53 1.44 1.09 1.05 wt%

Carbon 25.97 26.36 25.35 27.43 25.86 24.63 27.67 wt %

Electrical conductivity 10.31 9.37 10.17 9.23 10.15 10.18 8.37 mS.cm−1

pH 8.9 5.88 6.06 5.9 6.9 6.8 6.5 –

Organic matter 58.6 56.3 55.6 59.4 58.7 58.5 56.4 wt%

Na 28.87 28.01 27.06 23.96 18.61 16.79 10.60 g kg-1

Mg 27.27 24.8 22.67 18.97 14.90 15.20 10.80 g kg-1

S 25.80 23.3 23.6 19.43 15.69 24.33 11.92 g kg-1

K 15.90 15.6 16.17 13.10 10.40 15.50 7.96 g kg-1

Ca 5.10 4.46 4.16 3.26 3.80 2.80 3.05 g kg-1

Fe 3.60 3.71 3.35 3.13 3.80 3.02 4.14 g kg-1

Al 3.86 3.77 4.00 4.01 4.50 3.51 4.68 g kg-1

P 1.29 1.23 1.11 1.05 0.99 0.96 0.76 g kg-1

Mn 110.67 104.24 99.17 100.13 135.0 97.23 119.00 mg kg-1

B 95.13 88.62 38.87 43.07 21.19 39.57 37.30 mg kg-1

Sr 59.5 50.31 44.50 40.47 38.76 39.2 29.90 mg kg-1

Zn 31.43 21.12 23.93 21.40 24.03 45.57 21.97 mg kg-1

Cr 9.60 10.78 13.80 12.56 17.73 26.27 42.27 mg kg-1

Ba 17.2 16.1 19.23 18.17 23.53 18.23 23.33 mg kg-1

Cu 9.79 9.52 9.27 8.75 8.77 8.03 8.04 mg kg-1

V 8.80 9.16 10.62 9.62 11.3 10.65 11.38 mg kg-1

Ni 7.64 6.62 5.77 4.71 5.35 6.61 9.86 mg kg-1

Se 1.91 2.39 1.60 1.49 0.99 1.58 0.85 mg kg-1

As 1.87 1.62 1.56 1.36 1.45 1.42 1.45 mg kg-1

Co 1.86 1.50 1.66 1.52 2.00 1.53 2.43 mg kg-1

Pb 1.6 1.58 1.53 1.47 1.89 2.01 2.07 mg kg-1

Mo 0.40 0.38 0.29 0.34 0.42 0.25 0.36 mg kg-1

Cd 0.08 0.06 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 mg kg-1

Hg ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 mg kg-1

*Proportion of Ulva in the initial compost mix based on the dry weights of both Ulva and bagasse

**Proportion of Ulva in the initial compost mixes based on as received fresh weight, Ulva 85 % moisture, bagasse 30 % moisture content
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the transplanted cane seedlings, a height to DW relationship
was determined for the germinated cane plants (n=78) that
were not used in this experiment, these cane plants spanned
a height of 60–300 mm. Cane plant height explained 69 % of
the variation in DW (Supp. A), using the equation y=0.001x+
0.61, an estimate of the initial DW was subsequently calculat-
ed for each of the 160 cane seedlings used in the growth trial,
with this amount subtracted from the final weight of above-
ground biomass from each replicate. The relative quality of
each compost mixture was compared using DW growth rates
(g DWday−1) that were calculated by dividing the total above-
ground DW biomass by the length of the growth trial
(70 days). The roots and soil could not be satisfactorily re-
moved to give an accurate measure of below-ground biomass
but the relative difference in the mass of the root ball in each
compost treatment can be seen in Supp. (B).

We used a two-factor permutational analysis of variance
(PERMANOVA) to analyse the effects of initial C:N ratio of
the compost and the proportion of compost in pots, regarded
as fixed factors, on four variables: the total height, width of the
main stalk, total number of stalks per plant and the total above-
ground biomass of sugarcane plants. PERMANOVA is a tech-
nique to partition total sums of squares from a single or mul-
tifactorial experimental design using multivariate data and to
test for statistical differences between groups (Anderson 2001,
McArdle and Anderson 2001). The method is nonparametric,
estimates a distance-based pseudo-F statistic, and subsequent-
ly determinesP values based on permutational procedures. All
PERMANOVA tests presented here are based on 10,000 per-
mutations, using type III sums of squares and permutation of
residuals under a reduced model undertaken using Primer 6
and the PERMANOVA+add on (Anderson et al. 2008). Due
to the number of potential pairwise comparisons (156 per
plant response variable) in the experimental design, we have
not presented individual comparisons when significant inter-
actions were detected but instead use variance components (%
variance explained: η2) to interpret the relative importance of
the significant terms in the models.

Results

Compost feedstock

Seaweed (U. ohnoi) and sugarcane bagasse had very different
physical and chemical compositions (Table 1). Seaweed had a
mean (±1 standard error) nitrogen content of 2.99 (±0.24) %,
carbon content of 22.27 (±0.99) % and a C:N ratio of 7.5:1.
This seaweed was also characterised by a high EC (7.15
mS.cm−1), a neutral pH (7.19±0.34) and a relatively high
ash content of 36.83 (±0.64) %, predominantly composed of
sodium, sulphur, magnesium and potassium (Table 1). In con-
trast, the sugarcane bagasse had a very low nitrogen content of

0.36 (±0.05) %, a high carbon content of 41.5 (±0.84) % and a
C:N ratio of 115:1. The bagasse was characterised by a low
EC (0.28±0.03 mS.cm−1) and an acidic pH (4.56±0.12). The
ash content of the bagasse was also relatively low and aver-
aged 16.51 (±2.62) % with the main elements in this ash being
iron, aluminium, calcium, sulphur and potassium (Table 1).
Sodium, sulphur, magnesium and potassium concentrations in
seaweed were between 30 and 125 times that of the bagasse,
whereas iron and aluminium concentrations in bagasse were
between 3 and 7 times that of the seaweed.

Compost parameters

Of the eight seaweed-bagasse mixtures, all but one was suc-
cessfully converted into mature compost. The compost mix
with an initial C:N ratio of 11:1 (84 % seaweed DW) became
anoxic and putrid and was terminated after 8 weeks. The re-
maining seven seaweed-bagasse combinations all produced
viable mature compost within 16 weeks, although the physical
parameters during the composting process varied along with
the mature compost profiles (following section).

The temperature profiles of all seven composts were very
similar with temperatures ranging between 45.3 (±3.8) and 51.6
(±3.7) °C for the first 21 days of decomposition (Fig. 1a). There
was a slight trend of increasing temperatures with increasing
proportion of seaweed (decreasing initial C:N ratio) although
this was predominantly driven by the highest bagasse treatment
(initial C:N 50:1) which consistently had the lowest tempera-
tures. Regardless, this compost mixture still maintained a tem-
perature above 45 °C for the first 21 days of decomposition. All
compost mixes cooled steadily between days 21 and 56 until
they reached the average ambient daytime temperature of 31 °C
where they remained for the remainder of the composting pe-
riod (Fig. 1a). The compost with an initial C:N ratio of 18:1
took the longest to cool with temperatures up to 35.3 (±0.6) °C
still recorded at day 70 and this compost was consistently
1–2 °C warmer than the other piles up to day 100 (Fig. 1a).

The EC was high in all of the compost treatments. The
initial EC of the seven compost treatments ranged between
4.43 (±0.45) and 9.11 (±0.41) mS.cm−1 and increased through
the composting period to a stable conductivity for each com-
post that ranged between 8.37 (±0.24) and 10.31 (±0.68)
mS.cm−1, with the highest conductivities in the compost treat-
ments with the highest proportions of seaweed, i.e. those with
the lowest initial C:N ratios, although this effect was not sig-
nificant (regression, R2=0.31, P=0.20) (Fig. 1b).

The pH of the compost treatments showed slightly more
divergence than temperature and EC (Fig. 2a). During the first
42 days of composting the pH ranged between 5.33 (±0.01)
and 8.98 (±0.01). After this time point, the pH of the composts
separated into two groups, the high seaweed compost (initial
C:N of 18:1) maintained a high pH that ranged between 8.71
(±0.01) and 9.03 (±0.02). In comparison, the variation in pH
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measurements among the remaining six compost treatments
reduced greatly beyond day 42 and converged on a final pH
that ranged between 5.98 (±0.03) and 6.93 (±0.01) (Fig. 2a).
The initial C:N ratio of the composts did not have a significant
effect on the pH of the mature composts (regression, R2=0.08,
P=0.540).

The bulk density was highly variable both among and with-
in compost treatments during the initial composting period.
On day 0, bulk density ranged between 259.60 (±17.8) and
399.01 (±14.53) kg.m−3 and generally increased through time
(Fig. 2b). The between treatment variation in bulk density was
highest on day 28, ranging between 367.67 (±14.67) kg.m−3

in the low seaweed (50:1) compost to 824.44 (±21.37) kg.m−3

in the high seaweed (18:1) compost treatment. However, the
variation in these measurements decreased rapidly after day
42 and by day 77 the bulk density had stabilised with very
little change beyond this point (Fig. 2b). The final bulk density
of the seven composts ranged between 355.87 (±9.48) kg.m−3

and 609.47 (±6.69) kg.m−3 and was significantly affected by

the initial C:N ratio of the composts (regression, R2=76,
P=0.011). In general, the lower the initial C:N ratio or the
higher the proportion of seaweed in the compost mix then
the higher the final bulk density (Fig. 2b).

The proportion of organic matter in each of the composts
exhibited a steady 5–15 % decline over the 112-day
composting period. At day 0, the composts had an organic
matter content that ranged between 59.21 (±0.19) and 67.15
(±0.82) % and ended the composting period with an organic
matter content that ranged between 55.64 (±1.79) and 59.35
(±2.09) % (Table 2). The final organic matter content of the
composts was not dependent on the initial C:N ratio (regres-
sion, R2=0.002, P=0.92)

Mature compost profiles

The initial C:N ratio had no significant effect (regression,
R2=0.06, P=0.6) on the carbon content in the mature com-
posts, with all seven seaweed composts having a carbon
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content that ranged between 25.35 (±0.77) and 27.67 (±0.69)
%. In contrast, the nitrogen content (regression, R2=0.76,
P=0.01) and the final C:N ratio (regression, R2=0.90,
P=0.0001) of the mature composts were correlated with the
initial C:N ratio of each compost and, in general, both the final
C:N ratio and the nitrogen content in the mature composts
decreased as the initial C:N ratio of the compost mixes in-
creased (Table 2). The seven composts could be split into three
distinct groups based on the total nitrogen content of the ma-
ture composts. Firstly the highest quality composts with an
initial C:N ratio of 18 and 22:1 had the highest nitrogen con-
centrations, with 1.91 (±0.01) and 1.93 (±0.01)% DWof these
composts consisting of nitrogen. These two composts had a
final C:N ratio of 13.78 (±0.2) and 13.59 (±0.2):1 respectively.
The second group of composts was of medium quality, with
an initial C:N ratio of between 26 and 34:1 had a final nitrogen
content that ranged between 1.30 (±0.02) and 1.53 (±0.02) %.
These composts had a final C:N ratio that ranged between
17.85 (±0.7):1 and 19.88 (±0.9):1. The final group was the
low quality compost which consisted of the high bagasse

composts that had an initial C:N of 40 and 50:1, had a final
nitrogen content of 1.09 (±0.1) and 1.05 (±0.1)% DW respec-
tively and a final C:N ratio of 24.29 (±2.8):1 and 27.96
(±1.6):1 (Table 2). The total phosphorous concentration in
the mature composts exhibited a similar pattern to nitrogen
and increased as the proportion of seaweed in the composts
increased. The concentration of phosphorous in the mature
composts ranged from 1.23 (±0.31) and 1.29 (±0.21) g.kg−1

in the high quality composts to a low of 0.76 (±0.21) g.kg−1 in
the low quality compost (initial C:N 50:1) (Table 2).

The elemental composition of the mature composts were
broadly similar (Table 2), although all of the elements that
were naturally high in the seaweed biomass; sodium, magne-
sium, sulphur, potassium and calcium, increased in the com-
posts as the proportion of seaweed increased. Sodium, magne-
sium and sulphur were the three most abundant mineral ele-
ments in the mature composts. The concentrations of sodium,
magnesium and sulphur ranged from highs of 28.87 (±2.09),
27.27 (±1.93) and 25.8 (±0.81) g.kg−1 in the high seaweed
compost (initial C:N of 18:1) to lows of 10.60 (±0.22), 10.80
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(±0.12) and 11.92 (±0.78) g.kg−1 in the high bagasse composts
respectively (Table 2). The composts with the highest propor-
tions of bagasse (initial C:N, 40 and 50:1) had higher concen-
trations of the major elements iron and aluminium but also
much higher chromium and relatively high lead, vanadium
and cobalt, relative to the trace elements in other composts.

Nitrogen and phosphorous accounting

The total amount of nitrogen added to each of the 7 composts
ranged from 0.4 kg per mix in the compost with a C:N of 50:1
to 1.37 and 1.32 kg in the composts with an initial C:N ratio of
18 and 22:1. Each of the mature composts lost nitrogen
through the composting process, with the amount and propor-
tion of nitrogen lost increasing as the initial C:N ratio de-
creased. The largest amount of nitrogen was lost from the
compost with an initial C:N ratio of 18:1, with this compost
losing 678 g (48.6 %) of its initial nitrogen, whilst the com-
posts with a starting ratio of 22, 26 and 30:1 lost 108.0 g
(8.0 %), 308.8 g (27.5 %) and 103.4 g (8.5 %) of their initial
nitrogen respectively. The composts that had an initial C:N
ratio higher than 30:1 lost less than 20 g of nitrogen through
the composting process. Of this lost nitrogen only a small
fraction (<5 %) was lost through leaching. However, the
amount of nitrogen leached did increase as the initial C:N ratio
decreased. The total amount of nitrogen lost via leaching was
52, 27.8, 5.2 and 10.2 g for the composts with an initial C:N
ratio of 18, 22, 26 and 30:1 respectively. No nitrogen was lost
through leaching for the composts that had an initial C:N ratio
greater than 30:1. The majority of nitrogen (>95 %) that was
lost from the composts was unaccounted for and was most
likely volatilised. All composts that had an initial C:N ratio
of less than 30:1 had a strong ammonia aroma during the
composting period with the strength of the ammonia aroma
increasing as the C:N ratio decreased.

The initial amount of phosphorous in each of the composts
ranged from a low of 24.2 g in the compost with the highest
proportion of bagasse to highs of 70.1 and 75.3 g in the high
seaweed composts. Phosphorous was leached from all of the
composts that had a starting C:N ratio of less than 30:1, with
the amount of phosphorous leached increasing as the propor-
tions of seaweed in these composts increased. The composts
that had an initial C:N ratio of 18 and 22:1 leached 302 and
276 mg over the composting period. The remaining two com-
posts that leached phosphorous had an initial C:N ratio of 26
and 30:1 with each leaching 127 mg of phosphorous over the
composting period. These losses represent between 0.18 and
0.75 % of the total phosphorous added to these composts.

Sugarcane growth trial

The characteristics of each compost changed during the 7 days
after being added to the pots and wet to water holding

capacity. The pH of these composts after stabilising generally
increased and approached a neutral pH, with a final pH rang-
ing between 6.5 and 8.2. The salinity decreased from 4.6–
7.1 ppt to between 0 and 1.3 ppt and the EC of each compost
decreased by between 4 and 12 fold, with all composts having
a final EC of less than 2.7 μS.cm−1, with the largest decrease
in the high seaweed composts (Supp. C).

All seven seaweed composts were suitable substrates for
sugarcane growth. However, there was a significant interac-
tion between the initial C:N ratio of the composts and the
proportion of compost that was added to each pot which in-
fluenced the height of sugarcane plants (PERMANOVA,
F21,128=3.42, P<0.001), the width of the main stalk
(PERMANOVA, F21,128=2.62, P<0.001), the number of
stalks per plant (PERMANOVA, F21,128=2.07, P<0.001)
and the total above-ground DW biomass (PERMANOVA,
F21,128=4.59, P<0.001) (Supp. D). In general, all of the
growth parameters increased as the proportion of seaweed in
the initial compost mix increased, with the exception that all
growth parameters were depressed using compost with an
initial C:N ratio of 26:1 relative to the other composts
(Figs. 3, 4). In this compost the total above-ground biomass
(DW) was 3 times lower than the composts that had an initial
C:N ratio of 18, 22 and 30:1 (Fig. 3). Due to the large number
of pairwise comparisons in the experimental design, we have
not presented individual comparisons. Even though there were
significant interaction terms for each variable (meaning that
individual pairwise comparisons are inappropriate), it is clear
that the driving force of the interaction is consistently the
effect of 26:1 and 100 % compost (Total above-ground bio-
mass=6.06 g (26:1) vs 23.02 and 16.44 g in the 22 and 30:1
treatments)(Figs. 3 and 4). The majority of the variance for
each response variable, between 71 and 81 %, was in each
case explained by the main effect of the initial C:N ratio of the
compost, whilst only 15–23 % of the variance in sugarcane
growth was explained by the proportion of compost in each
pot which is shown in the full output (Supp. D).

In each compost treatment the sugarcane grown in 100 %
compost outperformed the treatments mixed with sand, with
this effect most pronounced in the low seaweed composts
that had an initial C:N ratio of more than 34:1 (Figs. 3, 4).
This effect can also be seen in the size of the root mass
which decreased as both the proportion of seaweed in the
initial compost mix decreased and as the proportion of sand
in the pots increased (Supp. B). Sugarcane grown in 100 %
compost (no sand treatments) had a total plant height that
ranged between 865 (±24.9) mm in the low seaweed com-
posts to 1,551.0 (±21.8) mm and 1,588.2 (±30.6) mm in the
high seaweed composts that had an initial C:N ratio of 18
and 22:1 (Fig. 3a). The width of the main stalk of the sug-
arcane doubled from 9.3 (±0.4) mm in the low seaweed
compost to 17 (±0.5) mm and 18.1 (±0.5) mm in the high
seaweed composts (Fig. 3b). Likewise, the average number
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of stalks per plant increased 4-fold from 1.2 (±0.2) to 4.6
(±0.5) stalks between the low and high seaweed composts
respectively (Fig. 4a). The total above-ground biomass in-
creased sevenfold from 3 (±0.2) g DW in the low seaweed
compost to highs of 20.8 (±2.8) and 23.2 (±1.6) g DW in the
two composts with the highest proportions of seaweed
(Fig. 4b). This gave a net rate of above-ground growth that
ranged between lows of 0.04 (±0.003) g DW.day−1 in the
low seaweed compost to highs of 0.29 (±0.03) and 0.33
(±0.02) g DW.day−1 in the high seaweed composts. In com-
parison, the control compost (no seaweed) was similar to the
intermediate seaweed composts which had an initial C:N
ratio that was greater than 34:1. Sugarcane grown in
100 % control compost had an average plant height of 1,
195.6 (±41.6) mm, a stalk width of 11.2 (±0.2 )mm, 1.4
(±0.2) stalks per plant, a total above-ground biomass of

5.54 (±0.43) g DW and net rate of above-ground biomass
production of 0.08 (±0.01) g DW.day−1.

In general, all of the sugarcane growth metrics exhibited a
linear decline as the proportion of sand in the compost:sand
mix increased, with this effect greatest in the low seaweed
composts which had a high initial C:N ratio (Figs. 3, 4). The
exception to this were the two composts that had the highest
proportions of seaweed (initial C:N of 18 and 22:1) which had
very little difference in stalk length and width between the
four compost sand mixes (Fig. 3a, b), but there was still a
30–40 % reduction in the total above-ground biomass
(Fig. 4b). Moreover, in these high seaweed composts, a
25 % compost:sand mix resulted in an equivalent or
higher rate of growth than many of the sugarcane plants
grown in the 100 % compost treatments of the low sea-
weed composts (Figs. 3, 4). Sugarcane grown in the
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25 % high seaweed composts had a total above-ground
biomass of 13.3 (±0.6) and 13.5 (±1.1) g DW which was
between 1.5- and 3-fold higher than the sugarcane grown
in 100 % of either the low seaweed composts or the
control compost (Fig. 4b).

Discussion

This study has demonstrated that the nutrients from seaweed
cultivated in the waste water of land-based aquaculture can be
successfully transformed through composting into a high
quality soil additive within 16 weeks. The regular application
of compost to soil can improve its physical, chemical and
biological characteristics (Flavel and Murphy 2006).
However, for these benefits to occur, the quality of the com-
post needs to be high. In this study, the initial C:N ratio of each
compost was a significant predictor in the quality of the

mature compost as demonstrated by the clear trend of the
decreasing final C:N ratio and increasing nitrogen content in
the mature compost as the initial C:N ratio was decreased.
Both the total nitrogen content and the final C:N ratio are
important determinants of the usefulness of compost as a
source of nitrogen for crop production (Flavel and Murphy
2006). Previous work on plant- and manure-based composts
has demonstrated that composts with a final C:N ratio of more
20:1 can limit the amount of nitrogen that is available to
plants, as any mineralised nitrogen is rapidly incorporated into
the microbial biomass, which in turn use it to continue the
breakdown of carbon (Mathur et al. 1993; Bernal et al.
2009). In contrast, when the final C:N ratio of composts is
less than 20:1, the growth of microbial biomass is slowed
and plants are able to access the mineralised nitrogen
(Harada et al. 1981; Tognetti et al. 2007). In this study, five
of the mature composts had a final C:N ratio that was less than
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20:1, but only two of these composts, those with the highest
proportions of seaweed, consistently resulted in a large posi-
tive effect on sugarcane growth. Moreover, as the final C:N
ratios of these five composts increased towards 20:1, the
growth of sugarcane decreased considerably. This indicates
that the final C:N ratio of seaweed-based compost should, as
a minimum, be less than 18:1 to be useful as a soil additive and
ideally less than 14:1. In this study, only two composts, those
with the highest initial proportions of seaweed, achieved these
desired ratios (Table 2).

The initial C:N ratio of the seaweed-based composts also
had a major influence on the proportion of nitrogen that was
lost during the composting process, which should be consid-
ered if the efficiency of nutrient recovery from the waste water
is important. Very little nitrogen was lost through leaching but
a considerable fraction of the input nitrogen was volatilised in
some of the seaweed composts. This was most pronounced in
the compost that had the highest proportion of seaweed (initial
C:N, 18:1) which lost just under half of the total nitrogen
added to this compost. Despite this, the other high seaweed
compost (initial C:N, 22:1) performed considerably better,
losing only 8 % of its initial nitrogen content. Several factors
can influence the proportion of nitrogen lost to the atmo-
sphere. Nitrogen in the form of ammonia (NH3) is more likely
to be volatilised at higher pH levels (>7.5), with temperature
accelerating this process (Paredes et al. 2000; Sánchez-
Monedero et al. 2001). The main difference between the two
high seaweed composts in this study was their pH. The com-
post with the highest nitrogen losses had a pH that was con-
sistently high and ranged between 8 and 9. In contrast, the
high seaweed compost which had a low loss of nitrogen had
a more variable, but lower pH through time, decreasing to just
below 6 as this compost matured. Despite the large variation
in the total amount and proportion of nitrogen that was lost
between the composts, these seaweed composts compare rel-
atively well to those made from animal manures, which can
lose from 5 to 85 % of their nitrogen during decomposition
(Barrington et al. 2002; Ogunwande et al. 2008; Bernal et al.
2009). As such, the nutrient recovery from waste water by
seaweed and their subsequent transformation through
composting is a relatively efficient technique and can be en-
hanced by controlling the pH through the addition of sufficient
bagasse.

All seven mature seaweed-based composts had a high EC
(8–10.4 mS.cm−1); however, this did not ultimately affect the
growth rate of sugarcane plants. Notably, the soluble salts
were rapidly leached as they were not bound to the matrix of
organic compounds in the compost. It is expected that a sim-
ilar leaching of salts would occur on any free draining soil but
in poorly drained clay or sodic soils or in areas with low
natural rainfall these soluble salts, especially the high sodium
concentrations, could be problematic (Qadir and Oster 2004).
In an attempt to reduce this problem previous studies have

washed the seaweed biomass prior to composting in an effort
to reduce the total amount of salt entering the compost
(Cuomo et al. 1995; Wosnitza and Barrantes 2006; Mohee
et al. 2013). In these studies washing reduced the conductivity
of their composts by as much as 50 %, however, the EC were
still relatively high (3–14 mS.cm−1) and the total amount of
freshwater consumed in this process is excessive and unsus-
tainable (Cuomo et al. 1995; Wosnitza and Barrantes 2006;
Mohee et al. 2013). Moreover, whilst the EC of our composts
were high, they are comparable to many terrestrial based com-
posts that have been produced using municipal wastes, which
range between 1 and 9 mS.cm−1 (Hargreaves et al. 2008) or
from animal manures which can range between 3 and 21
mS.cm−1 (Wang et al. 2004; Bustamante et al. 2008; Ko
et al. 2008). An alternative technique to reduce the EC of all
of these composts could be to increase the cation exchange
capacity of the composts through the addition of biochar
(Zhang and Sun 2014). Biochar is a stable recalcitrant form
of carbon that has a very high surface area and subsequently a
large number of bonding sites for cations. Importantly, in-
creasing the cation exchange capacity would not inhibit the
leaching of sodium, which as a strongly hydrated monovalent
cation is relatively mobile in soils and is preferentially
displaced on these bonding sites by the cations of calcium,
magnesium and potassium (Arienzo et al. 2012) which are
important elements that can improve soil structure and pro-
mote plant growth (Qadir and Oster 2004; Laird et al. 2010).

Agriculture is a major consumer of nitrogen fertiliser and
although compost has been recognised as a potential alterna-
tive to synthetic fertilisers, concerns about the cost, consisten-
cy and quantities required have resulted in only limited use of
compost as a source of nitrogen in agricultural production
(Quilty and Cattle 2011). In tropical Australia, the two main
agricultural crops, sugarcane and bananas, both consume large
quantities of nitrogen fertiliser, typically in the form of urea
(46 % N) as it is the most cost effective source (Armour et al.
2013). The recommended guidelines for nitrogen application
vary between regions, but the mean annual application rates in
tropical Australia are 138 kg.ha−1 for sugarcane and
310 kg.ha−1 for bananas (Armour et al. 2013; Thorburn and
Wilkinson 2013). To provide the equivalent nitrogen to these
crops as urea, the optimal seaweed compost (1.93 % N DW)
would need to be applied at a rate of 7.2 t DW.ha−1 for sugar-
cane and 16 t DW.ha−1 for bananas. The moisture content of
the composts was ~65 %, which equates to a fresh weight rate
of application of 20.6 and 45.7 t.ha−1 or roughly 34.3 and
76.2 m3.ha−1 for sugarcane and bananas respectively.
However, basing the application rate on replacing the nitrogen
in urea is problematic as a major fraction, up to 65 %, of the
applied nitrogen in urea is not utilised by crops but rather is
lost to the atmosphere through volatilisation or leached into
the groundwater (Armour et al. 2013; Thorburn and
Wilkinson 2013). Moreover, a large fraction of the nitrogen
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in compost is incorporated into organic compounds and in
contrast to synthetic fertilisers is not released as a pulse of
mineralised nitrogen (Raun and Johnson 1999; Golabi et al.
2007). This creates two major advantages relative to synthetic
nitrogen sources, firstly it reduces the proportion of nitrogen
that is held in a leachable form and secondly it means that
compost effectively acts as a slow release fertiliser with the
potential of providing nitrogen over a much longer timeframe
(Flavel andMurphy 2006). In general approximately 15–30%
of the nitrogen in composts is available for plants within the
first year, with nitrogen mineralization rates of 2–8 % occur-
ring for the next several years (Flavel and Murphy 2006).

Australian agricultural soils are in general old, weathered
and typically have low natural fertility. To maintain agricul-
tural productivity on these soils numerous elements in addi-
tion to nitrogen need to be supplied (Naidu and Rengasamy
1993; Tilman et al. 2002; Lambers et al. 2008). Seaweed com-
post is a relatively novel way to supply a range of macro- and
micro-nutrients, and trace elements to cropland soils. If the
seaweed-based composts were applied to sugarcane at the
above rates they would also supply 9.3 kg.ha−1 or phospho-
rous, 114.5 kg.ha−1 of potassium, 196.3 kg.ha−1 of magne-
sium, 185.8 kg.ha−1 of sulphur, 36 kg.ha−1 of calcium and
25.9 kg.ha−1 of iron, all important nutrients for plant produc-
tion (Kirkby 2012). The high seaweed composts are also a
good source of several trace elements such as manganese, zinc
and boron which are all important for sugarcane production
(Evans 1959; Alloway et al. 2008). Unfortunately, at these
application rates the high seaweed composts will also supply
207.8 kg.ha−1 of sodium to the soil. However, this may not
necessarily be detrimental to crops. At these application rates,
compost ploughed into the top 30 cm of soil will on a propor-
tional basis account for less than 1 % of the total soil mass
with the sodium cations rapidly leached from free draining
soils (Rengasamy 2002). As sugarcane is a multi-year crop a
potential management practice could be to apply seaweed-
based composts in the first year of planting and subsequently
apply a smaller quantity of urea to meet demand for each
subsequent ratoon crop. Moreover, the application of this
compost could be managed such that it was applied prior to
planting following a fallow period or a cover crop where it
could potentially act as a mineral herbicide, killing weeds
prior to being ploughed into the soil and sugar cane subse-
quently planted.

Another aspect of seaweed that has gained significant at-
tention in the literature is the use of seaweed extracts to en-
hance plant growth rates (Craigie 2011; Calvo et al. 2014).
Seaweeds contain hormones and sterols, such as cytokinins,
auxins and gibberellins among others, that stimulate growth in
the seaweed (de Nys et al. 1991; Stirk et al. 2009) and can also
act as growth promoters in terrestrial plants (Khan et al. 2009;
Craigie 2011; Calvo et al. 2014; Stirk and Van Staden 2014).
Importantly these seaweed extracts are applied at low rates

and these effects are not linked to the increased supply of
macro- and micro-nutrients (Stirk et al. 2014). In this study,
as the proportion of seaweed in the composts increased, the
beneficial effects on sugarcane growth rates also increased.
This effect was most pronounced for the composts with the
highest proportions of seaweed for which, even at low appli-
cation rates (25% compost), the growth response of sugarcane
was 1.5–3 times higher than that of sugarcane grown in 100%
of either the control or low seaweed-based composts (Fig 4b).
Although the relative differences in nitrogen content and
availability between the composts are likely to have influ-
enced this result, the magnitude of this growth effect indicates
that it is unlikely to be the sole cause. Rather it indicates that
the growth promoting compounds in seaweeds are conserved
during the composting process and are bioavailable through
the soil. This suggests that the benefits to agriculture from the
application of seaweed composts could be considerably
higher than merely a mechanism to recover and supply nitro-
gen, and phosphorus to crops.

In conclusion, this study has demonstrated that unpro-
cessed seaweed biomass, produced in the nutrient-rich waste
water of an intensive prawn farm can be combined with a high
carbon agricultural waste product and transformed within
16 weeks into a compost of high quality. This study has iden-
tified the optimal initial C:N ratio for seaweed-based com-
posts to be 22:1, which corresponds to seaweed accounting
for 82 % of the compost on a fresh weight basis. The use of
these ratios will ensure that both the quality of the mature
compost is high and that nitrogen in the seaweed biomass is
conserved, with less than 10 % of this nitrogen lost during the
composting process. Reducing the initial C:N ratio to 18:1
will still produce a high quality compost but the proportion
of nitrogen that is volatilised increases and represents a rela-
tively inefficient use of the seaweed bioresource. These results
should also apply to the use of other sources of seaweed bio-
mass including those collected from the wild or as beach
wrack; however, care must be taken when using these sources
of biomass which typically have lower nitrogen contents
(Lourenço et al. 2002) and will require a higher proportion
of seaweed biomass to achieve the ideal initial C:N ratios of
22:1. It is inadvisable to compost seaweed biomass without
knowing the carbon, nitrogen and C:N ratio of the individual
feedstocks as without this information, the quality of the com-
post cannot be guaranteed and it represents an inefficient use
of the seaweed resource. The high total nitrogen content of our
seaweed-based composts and the positive effect these com-
posts had on sugarcane growth demonstrates that seaweed
composts can be used as an alternative source of nitrogen for
the production of agricultural crops. However, the key out-
come of this study is that by linking aquaculture and agricul-
tural waste streams, we have demonstrated a simple integrated
approach to recover and transform wastes into a useful input
resource for the production of agricultural crops.

640 J Appl Phycol (2016) 28:629–642



Acknowledgments This research is part of the MBD Energy Research
and Development programme for Biological Carbon Capture and Stor-
age. The project is supported by the Australian Renewable Energy Agen-
cy (ARENA) and the Advanced Manufacturing Cooperative Research
Centre (AMCRC) funded through the Australian Government’s Cooper-
ative Research Centre Scheme. We thank Jonathon Moorhead, Tom
Mannering, Lewis Anderson and Giovani Del Frari for assistance with
experiments and the Burdekin Productivity Services for supplying the
sugarcane stalks.

References

Alloway BJ, Graham RD, Stacey SP (2008) Micronutrient deficiencies in
Australian field crops. In: Alloway BJ (ed) Micronutrient deficien-
cies in global crop production. Springer, Netherlands, pp 63–92

Anderson MJ (2001) A new method for non-parametric multivariate
analysis of variance. Austr Ecol 26:32–46

Anderson MJ, Gorley RN, Clarcke KR (2008) PERMANOVA+ for
PRIMER: guide to software and statistical methods. PRIMER-E,
Plymouth

Anderson DM, Cembella AD, Hallegraeff GM (2012) Progress in under-
standing harmful algal blooms: paradigm shifts and new technolo-
gies for research, monitoring, and management. Annu Rev Mar Sci
4:143–176

Arienzo M, Christen EW, Jayawardane NS, Quayle WC (2012) The
relative effects of sodium and potassium on soil hydraulic conduc-
tivity and implications for winery wastewater management.
Geoderma 173–174:303–310

Armour J, Nelson P, Daniells J, Rasiah V, Inman-Bamber N (2013)
Nitrogen leaching from the root zone of sugarcane and bananas in
the humid tropics of Australia. Agric Ecosyst Environ 180:68–78

Barrington S, Choinière D, Trigui M, Knight W (2002) Effect of carbon
source on compost nitrogen and carbon losses. Bioresour Technol
83:189–194

Bernal MP, Alburquerque JA, Moral R (2009) Composting of animal
manures and chemical criteria for compost maturity assessment. A
review. Bioresour Technol 100:5444–5453

Bishop P, Godfrey C (1983) Nitrogen transformations during sludge
composting. Biocycle 24:34–39

Bolton J, Robertson-Andersson D, Shuuluka D, Kandjengo L (2009)
Growing Ulva (Chlorophyta) in integrated systems as a commercial
crop for abalone feed in South Africa: a SWOT analysis. J Appl
Phycol 21:575–583

Bustamante MA, Paredes C, Marhuenda-Egea FC, Pérez-Espinosa A,
Bernal MP, Moral R (2008) Co-composting of distillery wastes with
animal manures: carbon and nitrogen transformations in the evalu-
ation of compost stability. Chemosphere 72:551–557

Calvo P, Nelson L, Kloepper JW (2014) Agricultural uses of plant
biostimulants Plant Soil 383:1–39

Carter MR (1993) Soil sampling and methods of analysis. CRC Press,
Boca Raton, 823pp

Castine SA, McKinnon AD, Paul NA, Trott LA, de Nys R (2013)
Wastewater treatment for land-based aquaculture: improvements
and value-adding alternatives in model systems from Australia.
Aquac Environ Interactions 4:285–300

Cerqueira DA, Meireles CS (2007) Optimization of sugarcane bagasse
cellulose acetylation. Carbohydr Polym 69:579–582

Crab R, Avnimelech Y, Defoirdt T, Bossier P, Verstraete W (2007)
Nitrogen removal techniques in aquaculture for a sustainable pro-
duction. Aquaculture 270:1–14

Craigie JS (2011) Seaweed extract stimuli in plant science and agricul-
ture. J Appl Phycol 23:371–393

Cuomo V, Perretti A, Palomba I, Verde A, Cuomo A (1995) Utilisation of
Ulva rigida biomass in the Venice Lagoon (Italy): biotransformation
in compost. J Appl Phycol 7:479–485

deNys R, Jameson P, BrownM (1991) The influence of cytokinins on the
growth ofMacrocystis pyrifera. Bot Mar 34:465–468

Evans H (1959) Elements other than nitrogen, potassium and phosphorus
in the mineral nutrition of sugar cane. In: Proceedings of the 10th
Congress of the International Society of Sugar Cane Technologists.
pp 473–508

Eyras MC, Rostagno CM, Defossé GE (1998) Biological evaluation of
seaweed composting. Compost Sci Util 6:74–81

Eyras M, Defosse G, Dellatorre F (2008) Seaweed compost as an amend-
ment for horticultural soils in Patagonia, Argentina. Compost Sci
Util 16:119–124

FAO (2014) The state of the world fisheries and aquaculture 2014.
Fisheries and Aquaculture Department. FAO, Rome

Flavel TC, Murphy DV (2006) Carbon and nitrogen mineralization rates
after application of organic amendments to soil. J Environ Qual 35:
183–193

Golabi MH, Denney M, Iyekar C (2007) Value of composted organic
wastes as an alternative to synthetic fertilizers for soil quality im-
provement and increased yield. Compost Sci Util 15:267–271

Han W, Clarke W, Pratt S (2014) Composting of waste algae: a review.
Waste Manag 34:1148–1155

Harada Y, Inoko A, Tadaki M, Izawa T (1981) Maturing process of city
refuse compost during piling. Soil Sci Plant Nutr 27:357–364

Hargreaves JC, Adl MS, Warman PR (2008) A review of the use of
composted municipal solid waste in agriculture. Agric Ecosyst
Environ 123:1–14

Jackson C, Preston N, Thompson PJ, Burford M (2003) Nitrogen budget
and effluent nitrogen components at an intensive shrimp farm.
Aquaculture 218:397–411

Khan MA, Ansari R, Ali H, Gul B, Nielsen BL (2009) Panicum
turgidum, a potentially sustainable cattle feed alternative to maize
for saline areas. Agric Ecosyst Environ 129:542–546

Kirkby EA (2012) Introduction, definition and classification of nutrients.
In: Marschner P (ed) Mineral nutrition of higher plants, 3rd edn.
Academic Press, Boston, pp 3–5

Ko HJ, Kim KY, Kim HT, Kim CN, Umeda M (2008) Evaluation of
maturity parameters and heavy metal contents in composts made
from animal manure. Waste Manag 28:813–820

Laird D, Fleming P, Wang B, Horton R, Karlen D (2010) Biochar impact
on nutrient leaching from a Midwestern agricultural soil. Geoderma
158:436–442

Lambers H, Raven JA, Shaver GR, Smith SE (2008) Plant nutrient-
acquisition strategies change with soil age. Trends Ecol Evol 23:
95–103

Lourenço SO, Barbarino E, De‐Paula JC, Pereira LOS, Marquez UML
(2002) Amino acid composition, protein content and calculation of
nitrogen‐to‐protein conversion factors for 19 tropical seaweeds.
Phycol Res 50:233–241

Mata L, Schuenhoff A, Santos R (2010) A direct comparison of the
performance of the seaweed biofilters, Asparagopsis armata and
Ulva rigida. J Appl Phycol 22:639–644.

Mathur S, Owen G, Dinel H, Schnitzer M (1993) Determination of com-
post biomaturity. I. Literature review. Biol Agric Hortic 10:65–85

Mazé J, Morand P, Potoky P (1993) Stabilisation of ‘Green tides’Ulva by
a method of composting with a view to pollution limitation. J Appl
Phycol 5:183–190

McArdle BH, Anderson MJ (2001) Fitting multivariate models to com-
munity data: a comment on distance-based redundancy analysis.
Ecology 82:290–297

Michalak I, Chojnacka K (2013) Algal compost—toward sustainable
fertilization. Rev Inorg Chem 33:161–172

J Appl Phycol (2016) 28:629–642 641



Mohee R, Mudhoo A, Peryagh C, Somaroo GD (2013) Composting of
washed Ulva reticulata seaweed: process parameter variations and
compost quality. Int J Env Waste Manag 12:89–111

Msuya F, Neori A (2008) Effect of water aeration and nutrient load level
on biomass yield, N uptake and protein content of the seaweedUlva
lactuca cultured in seawater tanks. J Appl Phycol 20:1021–1031

Naidu R, Rengasamy P (1993) Ion interactions and constraints to plant
nutrition in Australian sodic soils. Soil Res 31:801–819

Neori A, Cohen I, Gordin H (1991) Ulva lactuca biofilters for marine
fishpond effluents. II. Growth rate, yield and C:N ratio. Bot Mar 34:
483–490

Neori A, Msuya FE, Shauli L, Schuenhoff A, Kopel F, Shpigel M (2003)
A novel three-stage seaweed (Ulva lactuca) biofilter design for in-
tegrated mariculture. J Appl Phycol 15:543–553

Ogunwande G, Osunade J, Adekalu K, Ogunjimi L (2008) Nitrogen loss
in chicken litter compost as affected by carbon to nitrogen ratio and
turning frequency. Bioresour Technol 99:7495–7503

Paredes C, Roig A, Bernal M, Sánchez-Monedero M, Cegarra J (2000)
Evolution of organic matter and nitrogen during co-composting of
olive mill wastewater with solid organic wastes. Biol Fertil Soils 32:
222–227

Qadir M, Oster JD (2004) Crop and irrigation management strategies for
saline-sodic soils and waters aimed at environmentally sustainable
agriculture. Sci Total Environ 323:1–19

Quilty J, Cattle S (2011) Use and understanding of organic amendments
in Australian agriculture: a review. Soil Res 49:1–26

Raun WR, Johnson GV (1999) Improving nitrogen use efficiency for
cereal production. Agron J 91:357–363

Rengasamy P (2002) Transient salinity and subsoil constraints to dryland
farming in Australian sodic soils: an overview. Anim Prod Sci 42:
351–361

Sánchez-Monedero M, Roig A, Paredes C, Bernal M (2001) Nitrogen
transformation during organic waste composting by the Rutgers
system and its effects on pH, EC and maturity of the composting
mixtures. Bioresour Technol 78:301–308

Stirk WA, Van Staden J (2014) Plant growth regulators in seaweeds:
occurrence, regulation and functions. In: Bourgougnon N (ed) Sea
plants. Academic Press, Waltham, pp 125–153

Stirk WA, Novák O, Hradecká V, Pĕnčík A, Rolčík J, Strnad M, Van
Staden J (2009) Endogenous cytokinins, auxins and abscisic acid
in Ulva fasciata (Chlorophyta) and Dictyota humifusa
(Phaeophyta): towards understanding their biosynthesis and
homoeostasis. Eur J Phycol 44:231–240

Stirk WA, Tarkowská D, Turečová V, Strnad M, Van Staden J (2014)
Abscisic acid, gibberellins and brassinosteroids in Kelpak®, a com-
mercial seaweed extract made from Ecklonia maxima. J Appl
Phycol 26:561–567

Thorburn PJ, Wilkinson SN (2013) Conceptual frameworks for estimat-
ing the water quality benefits of improved agricultural management
practices in large catchments. Agric Ecosyst Environ 180:192–209

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002)
Agricultural sustainability and intensive production practices.
Nature 418:671–677

Tognetti C, Mazzarino MJ, Laos F (2007) Improving the quality of mu-
nicipal organic waste compost. Bioresour Technol 98:1067–1076

Wang P, Changa C, Watson M, Dick W, Chen Y, Hoitink H (2004)
Maturity indices for composted dairy and pig manures. Soil Biol
Biochem 36:767–776

Winberg P, de Mestre C, Willis S (2013) Evaluating Microdictyon
umbilicatum bloom biomass as a compost conditioner for
Australian, native coastal plants, Rhagodia candoleana and
Banksia integrifolia. Compost Sci Util 21:64–74

Wosnitza TMA, Barrantes JG (2006) Utilization of seaweed Ulva sp. in
Paracas Bay (Peru): experimenting with compost. J Appl Phycol 18:
27–31

Zhang L, Sun X (2014) Changes in physical, chemical, and microbiolog-
ical properties during the two-stage co-composting of green waste
with spent mushroom compost and biochar. Bioresour Technol 171:
274–284

642 J Appl Phycol (2016) 28:629–642


	Seaweed compost for agricultural crop production
	Abstract
	Introduction
	Methods
	Compost feedstocks and procedure
	Compost parameters
	Sugarcane growth trial

	Results
	Compost feedstock
	Compost parameters
	Mature compost profiles
	Nitrogen and phosphorous accounting
	Sugarcane growth trial

	Discussion
	References


