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Abstract – Several ecological services and functions are attributed to macrophytes, which may represent
valuable resource for the ecological intensiﬁcation of tropical ﬁsh farming. However, considering the
multiple potential eco-services provided by macrophytes, the choice of the most appropriate species requires
multiple criteria to assess these eco-services. Five ﬂoating macrophytes (Eichhornia crassipes, Lemna
minor, Azolla ﬁliculoides, Salvinia molesta and Salvinia spp.) were selected for this study. The six ecoservices parameters compared among these macrophytes were: productivity (in % of seeded macrophytes),
risk of non-productive cycles, nutritional value, impact on water quality, palatability (expressed as the
percentage of plant ingested in 4 h) and ease of use. Experiments to determine these indicators were carried
out in simple devices (net cages and plastic tanks) partially immerged in earthen ponds. The palatability of
fresh macrophytes (whole or chopped) was studied in ponds using Osphronemus goramy juveniles. All
indicators were scored from 1 to 5, and the highest score was assigned to the highest performer. These scores
corresponded either to the evaluation of a single parameter (e.g. productivity) or to the average from scores
of several parameters (e.g. nutritional score). Multiplier coefﬁcients were applied for nutritional value and
palatability. Azolla ﬁliculoides showed the best scores for productivity; L. minor for nutritional value and
palatability, and E. crassipes for the lowest risk of non-productive cycles and a positive impact on water
quality. After integrating the scores in a multi-parameter matrix, A. ﬁliculoides had the best overall score.
The results of this approach to select macrophytes are discussed in light of the eco-services provided by
macrophytes which may, in turn, promote the ecological intensiﬁcation of tropical small-scale aquaculture.
Keywords: Ecological intensiﬁcation / tropical aquaculture / macrophytes / small-scale / alternative feed /
eco-services

1 Introduction
The aquaculture production, amounting about 110 million
tons and worth 243 billion USD, has surpassed ﬁshery
production and contributes now to more than half of the total
human consumption of ﬁshery products. Almost 90% of this
production occurs in Asian countries (FAO, 2018). In future,
the world demand in aquatic products for human consumption
is expected to increase signiﬁcantly. Considering the stagnation of global wild-caught ﬁsh resources, this demand is
*Corresponding author: domenico.caruso@ird.fr

expected to be satisﬁed through aquaculture production. This
global rise in the worldwide demand for ﬁsh intended for
human nutrition poses a double challenge for aquaculture:
higher production to meet the growing demand for aquatic
products and environmental preservation. On a broader level,
aquaculture needs to develop in a sustainable way. It is forecast
that aquaculture production will adapt to the fast growing
demand of aquatic products by increasing its current
production level. Because the expansion of productive areas
and the availability of water are limited, this increase
will probably occur through an intensiﬁcation of current
traditional production systems (Bosma and Verdegem, 2011).
As for other agro-ecosystems, intensiﬁcation of conventional
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aquaculture goes hand in hand with a simpliﬁcation of the
productive system replacing biological functions with massive
use of feed, fertilizer and other industrial inputs (Aubin et al.,
2017). According Tacon and Metian (2015), more than 70% of
global aquaculture depends on external feed inputs. Therefore,
small-scale ﬁsh farming, which represents a large part of the
worldwide aquaculture production, must cope with increasing
production costs, commercial competition and limited technical resources, all of which may reduce its sustainability. In
Indonesia, small scale ﬁsh farming is prominent and represents
more than 80% of aquaculture farms (Phillips et al., 2015).
Nevertheless it is considered as vulnerable and small scale ﬁsh
farming faces several challenges in terms of sustainability,
particularly regarding quality and availability of ﬁsh feeds
(Elﬁtasari and Albert, 2017). Despite a relatively low level of
individual production (1.4 tons per year per ﬁsh farmer in
Indonesia), small-scale farming is, in Indonesia such
elsewhere, considered as a “cash-crop” production (Kawarazuka and Béné, 2010) and ﬁsh and shellﬁsh generally
represent a signiﬁcant part of consumer expenditures in lowincome countries (Tacon and Metian, 2018). Furthermore,
considering the positive impact of rural aquaculture on social
structure, development and sustainability, enhancing smallscale ﬁsh farming is a major issue for these countries (Bosma
and Verdegem, 2011). For small-scale ﬁsh pond producers, a
possible alternative to conventional intensiﬁcation may be
“ecological intensiﬁcation”. Derived directly from the
principles of agroecology, ecological intensiﬁcation involves
either the limitation of anthropogenic inputs without impairing
crop productivity or increased productivity without using
supplementary exogenous inputs, through a better use of
endogenous resources or functions of the ecosystem (Soto
et al., 2008; Bommarco et al., 2013; Aubin et al., 2014, 2017).
Ideally, an innovative productive system, well adapted to
small-scale ﬁsh farming, is little dependent on external inputs
and favours the utilization of renewable resources to ensure
their regeneration. Such systems, deﬁned by Griffon (2010) as
“ecologically intensive”, are common in tropical aquaculture.
In this human-made agro-(aqua-) ecosystem, generally highly
productive, macrophytes can beneﬁt from very favourable
conditions for their growth. Macrophytes are a very interesting
source of feed for omnivorous/herbivorous ﬁsh (Hasan and
Rina, 2009) and they can contribute to the diet of many farmed
ﬁsh species in tropical areas (Yılmaz et al., 2004; Fiogbé et al.,
2004; Velásquez, 2016). Furthermore, ﬂoating macrophytes
may have positive effects for improvement of water quality
and remediation of aquaculture efﬂuents (Sipa
uba-Tavares
et al., 2002; Henry-Silva and Camargo, 2006; Carlozzi and
Padovani, 2016). These eco-services may be beneﬁcial for
increasing the sustainability of ﬁsh farming, especially for
small-scale ﬁsh farming in tropical countries. In Indonesia, the
giant gourami (Osphronemus goramy) is one of the main
freshwater commodities and it has been reared for decades in
West Java in traditional small-scale aquaculture ponds.
Although, this ﬁsh species has an omnivorous diet with a
strong vegetarian component, our observations (Caruso,
unpublished data) indicated that ﬂoating macrophytes are
only sporadically used by ﬁsh farmers to feed ﬁsh and this
practice is largely empirical. Fish farmers do not perceive the
ecosystem services offered by macrophytes as an opportunity,
and generally have low consideration for this natural resource

that may increase the efﬁcacy and reduce inputs (ﬁsh feed) of
their own production system. This disregard may explain, at least
in part, the low integration of macrophytes in farm. Additionally,
the use of macrophytes by ﬁsh farmers may depend on several
factors such as their consistent availability, nutritional value and
acceptance by ﬁsh. These factors may greatly vary according to
production systems, ecological conditions, and also to the
speciﬁc priorities of each ﬁsh farmer. Therefore, the choice of
macrophyte depends on multiple factors that need to be
objectively evaluated and scored. In this study, we developed
a multi-factor screening method to help choose the most
appropriate species amongst a panel of ﬂoating macrophytes and
promote their rational use for ecological intensiﬁcation in
tropical small-scale ﬁsh farming.

2 Materials and methods
Five ﬂoating macrophytes species were considered in this
study. Although some are not native species, all are well
established in most aquatic ecosystems of West Java.
Macrophytes studied were the water hyacinth (Eichhornia
crassipes), duckweed (Lemna minor), azolla (Azolla ﬁliculoides) and two types of salvinia (Salvinia molesta; Sm1, Sm2)
differing in size; the smallest was called Sm2. Species
identiﬁcation was conﬁrmed by botanists from the Department
of Fisheries Resources Utilization, Bogor Agricultural
University in Indonesia.
Experiments on macrophyte productivity and their impact
on water quality were carried out in an earthen pond, without
ﬁsh, located in a ﬁsh farm of the village of Babakan (6°280 S;
106°420 E; altitude 125 m), West Java, Indonesia. The pond
(200 m2, depth 0.33 m) was emptied, cleaned of its mud, limed
(25 kg), then fertilized with chicken manure mixed with rice
bran (125 kg) and urea (5 kg). One week later, the pond was
ﬁlled with water from the Setu Cilala Reservoir, and then
macrophytes were seeded in two types of experimental
receptacles as detailed below.
The ﬁrst receptacle consisted of nylon net cages reinforced
by a PVC frame (inner dimensions 0.8  0.8  0.5 m). The
mesh size used was small (1 mm), to avoid the loss of small
macrophytes, particularly L. minor. Fifteen similar net cages (3
replications for each macrophyte tested) were set in the pond
using bamboo poles. Each cage was seeded with one the ﬁve
tested macrophyte taxa, then harvested every three days. This
time period corresponds to the duration of one cycle of
production. Two seeding quantities were tested (200 and
400 g m2 respectively) for all macrophytes except the water
hyacinth. For this macrophyte, four seeding quantities were
tested (200, 400, 500 and 1000 g m2).
In this device, the following indicators were assessed:
– Productivity, deﬁned as the weight gain of macrophytes in
g m2 day1 expressed in percent of seeded macrophyte
biomass
– Risk of non-productive cycles, deﬁned as the probability of
risk of a productivity of 0% of seeded macrophyte
biomass. It was calculated by dividing the occurrence of
this event by the total number of production cycles. Its
value varies between 0 and 1.
– Nutritional value, determined from three proximate
analyses of macrophytes. Analyses were performed

Page 2 of 9

J. Slembrouck et al.: Aquat. Living Resour. 2018, 31, 30

following AOAC methods (1999). Moisture was determined by weight loss upon drying at 105 °C for 3 h. Crude
protein was determined using the standard Kjeldahl
procedure (Foss Tecator Kjeltec 8400 and Kjeltec Bucchi);
lipid content after acid hydrolysis was determined using the
Weibull–Stoldt method; crude ash by determining residue
after heating at 550 °C for 4–5 h in a mufﬂe furnace and
crude ﬁbre was determined as follows: macrophytes were
extracted with 1.25% H2SO4 and 1.25% NaOH, then dried
and samples were weighed, incinerated and reweighed.
Gross energy content was calculated using energy value
coefﬁcients of 9 kcal for crude fat and 4 kcal for crude
protein and carbohydrates.
The second type of experimental receptacle was set up
using a half plastic drum (cut along its length; 50 L, 0.43 m2)
partially immerged in the pond and maintained by bamboo
poles. Eighteen of these receptacles (3 repetitions for each
macrophyte and for control without macrophytes) ﬁlled
with water from the pond were used to determine the effects
of macrophytes on the physico-chemical parameters of water
(water remediation indicator). Water samples (500 mL)
from each plastic drum were collected every 3 days (between
08:00 and 09:00 a.m.) for 15 consecutive days. The water
parameters listed below were considered as indicators of water
remediation:
– Water remediation. Dissolved oxygen (DO), temperature,
pH, total dissolved solids (TDS) and turbidity were
measured in situ using a multi-parameter probe (HI 9829
Hanna). Water samples were collected and stored in a
cooler at 4–5 °C, then analysed at the laboratory less than
6 h after sampling. Ammonium nitrogen (NH4þN),
ammonia nitrogen (NH3–N), nitrite (NO2N), nitrate
(NO3N), orthophosphate (PO3
4 ) were determined
using a spectrophotometer (Hach DR/2010). Results
observed in the drums with macrophytes were compared
with those obtained in the control without macrophytes.
A speciﬁc experiment, repeated 10 times, was designed to
determine the relative acceptance of macrophytes by giant
gourami juveniles. To do so, 216 ﬁsh (body mass 56.5 ± 1.3 g;
total length 14.9 ± 0.12 cm) were placed in a concrete pond
(7.5  5.5  0.65 m). In the same pond, 200 g of each
macrophyte were placed in ﬁve different ﬂoating frames
(0.8  0.8 m), to make all macrophytes equally accessible to
the ﬁsh. To avoid habituation related to the (relative) position
of macrophytes, their distribution was randomly changed for
each frame every day. The two following indicators were
considered:
– Palatability, deﬁned as the quantity of macrophyte
ingested by ﬁsh during a given period of time (expressed
in % of quantity given). Here, this period lasted 4 h,
because giant gourami do not have gluttonous behaviour.
– “Ease of use”, evaluated both from the structure and size of
the macrophytes and the work needed by farmer to provide
appropriate macrophyte size to ﬁsh, i.e. involving cutting,
crushing and/or grinding leaves or raw plants. Since these
processes are tedious and require manpower, this
additional work may deter ﬁsh farmers. The indicator
“ease of use” was evaluated qualitatively for the relative
ranking of macrophytes.

2.1 Statistics and scoring evaluation

Normality and equal variance conditions were tested
respectively using the Shapiro–Wilks test and Brown–Forsythe
test. Correlation between initial amount of seeded macrophytes
and productivity expressed as g m2 day1 in percentage of
seeded macrophyte biomass was tested using Spearman
correlations. For parameters of proximate analysis of macrophytes, differences between macrophytes were tested using a
one-way ANOVA followed by Tukey's post hoc test. When the
conditions of normality and equal variance were not met, the
Kruskal–Wallis one-way ANOVA on ranks and Dunn's post-hoc
test were used for productivity, palatability water parameters and
the different levels of initial seeding in E. crassipes. The Mann–
Whitney rank sum test was applied to test the two seeding levels
(200 and 400 g m2) of all the other macrophytes. For all tests, a
was 0.05. To provide a synthetic indication of the best aquatic
macrophytes, a matrix of the scores obtained by the six indicators
was constructed. For each quantitative indicator, the score of
each plant was directly attributed according to its median or
mean value, instead of considering statistical result comparisons,
in order to maximize the discriminant power of the indicators.
The different macrophyte species were then ranked from 1 to 5
giving the highest score for the best condition. The indicators
were represented either by a single parameter (productivity, risk
of non-production, palatability and ease of use scores) or by the
average of the respective scores of several parameters
(nutritional value and water remediation). Because feeding
characteristics are considered as the main constraints for ﬁsh
culture, the two indicators related to the feeding value
(nutritional score and palatability) were weighted by a
coefﬁcient of 1.5.

3 Results
3.1 Nutritional value

The average results of proximate analyses on macrophytes are presented in Table 1. Signiﬁcant differences
between macrophytes were found for mean energy content
(ranging from 12.3 to 15.4 MJ kg1; P = 0.021), protein
content (ranging from 14.6 to 34.8% DM; P = 0.019) and ash
(ranging from 16.7 to 29.1% DM; P = 0.033). To score the
macrophytes for their nutritional values, four parameters
were selected: energy in MJ kg1 (Dry Matter; DM), protein
content, crude fat (ether extract) and crude ﬁbre in % DM.
The content of plants in carbohydrates was not considered
for ranking macrophytes since they may correspond either to
useful nutrients or to indigestible materials such as
cellulose. Fibres are considered as an anti-nutritional factor;
therefore, the ﬁbre content was ranked as a negative
characteristic, giving the highest score to the lowest level of
crude ﬁbre. The corresponding scores attributed to the
macrophytes for their nutritional value are summarized in
Table 1.
3.2 Productivity

A total of 403 production cycles were harvested during the
study. Among them, 330 cycles led to a positive production and
the productivity of macrophytes was calculated on all
production cycles except those having negative production
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Table 1. Proximate analysis of ﬁve ﬂoating aquatic macrophytes and relative scores related to nutritional value. Except for crude ﬁbre (*), all
data are expressed as the mean ± SEM (standard error of the mean; n = 3) and are expressed in percentage of dry matter (% DM). Values in the
same column with the same letter are not signiﬁcantly different at P > 0.05. (*) Only one analysis.
Macrophytes

Total
energy
MJ kg1

Score Dry
matter

Azolla ﬁliculoides
Lemna minor
Echhornia crassipes
Salvinia molesta Sm1
Salvinia molesta Sm2

15.4 ±0.9a

5

14.4
14.1
13.1
12.3

ab

±3.0
±3.1ab
±6.4ab
±3.8b

6.9

4
3
2
1

7.2
6.3
10.3
7.3

Crude protein
score

±0.7 29.4
±0.4
±0.7
±1.8
±0.4

34.8
24.0
23.4
14.6

±2.6ab
a

±5
±1.2ab
±1.5ab
±4.6b

Score Crude fat

4
5
3
2
1

Score Carbohydrates

6.7 ±2.5a 5
5.8
2.9
2.9
2.0

a

±2.2
±2.1a
±1.5a
±0.4a

4
2
2
1

38.3
47.2
53.7
48.2
54.3

±2.2

a

±4.4
±4.0
±1.9
±5.8

a
a
a
a

Crude score Ash
ﬁbre
15.0
12.5
22.6
35.5
35.5

4
5
3
1
1

Average
score

16.7 ±2a
21.1
19.4
25.4
29.1

4.5
ab

±4.3
±0.8ab
±2.0ab
±1.8b

4.5
3.0
1.8
1.0

Table 2. Characteristics of productivity observed during the production cycles of aquatic macrophytes in tropical aquaculture ponds. Values in
the same column with the same letter are not signiﬁcantly different at P > 0.05 (Kruskal–Wallis ANOVA).* For E. crassipes, leaf biomass is
given in parentheses.
Macrophytes

Productivity g m2 day1
Median

A. ﬁliculoides
L. minor
S. molesta Sm1
S. molesta Sm2
E. crassipes

a

11.3
8.2ab
4.9c
6.5bc
7.5ab (0.96)*

Risk of non-productive cycle
Score

Median
bc

5
4
2
3
1

levels (n = 73). Productivity of macrophytes varied between
4.9 and 11.3 g m2 d1 and showed signiﬁcant differences
(median, ANOVA on ranks, P < 0.001; Table 2). The highest
score was attributed to A. ﬁliculoides, and the ranks attributed
to other macrophytes decreased with decreasing productivity.
However, in the case of E. crassipes, only leaves could be used
to feed ﬁsh and they represented only 12.8 ± 0.42% of the
biomass produced by the plant. Given this low amount of
edible parts, E. crassipes was given the lowest score (1).
However, overall, the initial amount of seeded material was not
correlated with daily production (0.066/0.235 Spearman
correlation). Individually, duckweed and water hyacinth
showed signiﬁcantly different daily production between initial
seeding amounts, but differences were not signiﬁcant for the
three other macrophytes (Fig. 1).
3.3 Risk of non-productive cycles

There was high variability in the risk of non-productive
cycles and, overall, macrophyte production collapsed in 18%
of production cycles. The risk of no production varied between
0.04 and 0.32 (median values) and differed signiﬁcantly
between macrophytes (ANOVA on ranks, P < 0.05; Table 2).
For this indicator, the score attributed to every macrophyte
decreased with the increased risk of non-production.
3.4 Palatability

The percentages of macrophyte ingested by gourami
ﬁngerlings in 4 h as a function of the plant distributed are

0.18
0.19bc
0.17b
0.32c
0.04a

Score
3
2
4
1
5

presented in Figure 2. Lemna minor was highly appreciated by
gourami and was always completely eaten by ﬁsh. The
palatability of L. minor was clearly greater than that of all other
macrophytes (ANOVA on ranks; P < 0.001) except A.
ﬁliculoides (P = 0.090; Fig. 2). There was no effect related
to the position of the distribution of macrophytes in the pond
(ANOVA on ranks; P = 0.750). The macrophytes were scored
as a function of their respective rank of palatability.
3.5 Water remediation
The results of the water parameters NHþ
4 N, NO3 N,
DO, pH, and TDS, for which a signiﬁcant difference was found
relative to the control, are shown in Table 3. Since a decrease in
DO relative to the saturation value (7.3–7.9 mg L1) may have
a negative impact on ﬁsh well-being and health, the score was
ranked from high to low DO values. Conversely, the increase in
NHþ
4 N, NO3 N or TDS levels was scored negatively, the
lowest score being given to the highest value. Due to large
variations in pH observed in the control, this parameter was
excluded from the scoring matrix.

3.6 Ease of use

Only L. minor and A. ﬁliculoides were used whole owing to
their small size; the roots of E. crassipes and S. molesta (Sm1,
Sm2) were removed and the leaves of E. crassipes were cut
into pieces. Consequently, the score attributed to the latter
macrophyte was the lowest (1). A score of 2 was given to
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Producon g m-2 day-1 (% seeded macrophyte)

40
a

35
30

a
a

25
20

b

b

a

15

a

ab
a

b

10

a

a

5
0
Ec Ec Ec Ec
200 400 500 1000

Lm Lm
200 400

Af Af
200 400

Sm1 Sm1
200 400

Sm2 Sm2
200 400

Fig. 1. Production (g m2 day1) in % seeded macrophytes according to level of seeding. Lm: Lemna minor; Af: Azolla ﬁliculoides; Sm1:
Salvinia molesta type1; Sm2: Salvinia molesta type 2; Ec: Echhornia crassipes. Data are expressed as the median and 25% and 75% quartiles.
Treatments with the same letter indicate no difference between seeding levels for a given taxon (P = Kruskal–Wallis ANOVA on ranks for Ec;
Mann–Whitney rank sum test for all other macrophytes).

3.7 Cumulative scoring

The results of the multi-parameter evaluation of ecoservices for the tested ﬂoating macrophytes are presented in
Figure 3. Azolla ﬁliculoides appears as the macrophyte with the
highest potential for ecological intensiﬁcation of gourami
grow-out ponds with a total score of 28, followed very closely
by L. minor (27). Eichhornia crassipes presented an
intermediate ranking with a score of 20. The two S. molesta,
Sm1 and Sm2, ranked far behind with global scores of 16 and
13, respectively.

4 Discussion
With the rising cost of feed and concerns about the
sustainability of aquaculture, the use of macrophytes has
gained attention and may be a very interesting option for
feeding omnivorous/herbivorous ﬁsh (Mandal et al., 2010;
Akmal et al., 2014). Floating macrophytes can be a valuable
way to increase or enhance the use of the ecological
processes and natural resources. In aquaculture systems,
macrophytes can be considered either for ﬁsh feeding or for
water remediation, both may help to improve the ecosystem
integration of aquaculture production. For example, Azolla
sp. are recognized as important biological sources of
nitrogen for agriculture and the animal industry. They have

100

c

90

% ingested macrophytes

S. molesta Sm1, a score of 3 was attributed to S. molesta Sm2
with smaller leaves than Sm1. A score of 4 was given to A.
ﬁliculoides and the best score (5) was given to L. minor, which
was the smallest macrophyte tested and the easiest for ﬁsh to
consume.

80
70
60
50

bc

40

ab

30

ab
a

20
10
0

Lm

Af

Ec

Sm1

Sm2

Fig. 2. Palatability of ﬁve ﬂoating macrophytes for the giant gourami
(Osphronemus goramy) in % ingested macrophytes over a period of
4 h. Data are shown as the median and 25% and 75% quartiles. Lm:
Lemna minor; Af: Azolla ﬁliculoides; Sm1: Salvinia molesta type1;
Sm2: Salvinia molesta type 2; Ec: Echhornia crassipes. Treatments
with the same letter are not signiﬁcantly different (Kruskal–Wallis
ANOVA).

a good potential for water bioremediation and can greatly
mitigate agricultural greenhouse gas emissions, particularly
in ﬂooded rice ecosystems (Kollah et al., 2016). In our multiparameter evaluation, A. ﬁliculoides attained the best overall
value, although it did not have the best score for all the
parameters studied here. There are reports that its
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Table 3. Median values of water quality parameters differing signiﬁcantly between ﬂoating macrophyte treatments (n = 15; Kruskal–Wallis
ANOVA). Asterisks indicate signiﬁcant differences compared with the control (without macrophytes): Dunn's methods. pH was not scored due
to its high variability in the control (see text).
Macrophytes

NH4þN
(mg L1)
P = 0.013

Score

NO3N
(mg L1)
P = 0.005

Score

Dissolved
oxygen (DO)
(mg L1)
P < 0.001

Score

pH
P < 0.001

Total dissolved
solids (TDS)
(mg L1)

Score
P < 0.001

Average
score

Lemna minor
Azolla ﬁliculoides
Salvinia molesta Sm2
Salvinia molesta Sm1
Echhornia crassipes
Control

0.09
0.17*
0.16
0.13
0.04
0.05

4
1
2
3
5
–

0.30**
0.10
0.20*
0.10
0.20
0.10

1
5
3
5
2


5.78***
5.57***
5.87***
6.69*
7.27
8.82

2
1
3
4
5


7.16**
6.59***
6.77***
7.26**
7.06***
8.87

40
19***
33**
32*
26***
46

1
5
1
2
4
–

2.0
3.0
2.3
3.3
4.0
–

***

P < 0.001;

**

P < 0.01; *P < 0.05

Ease of use score

Water remediaon score

Risk of non-producve cycles score

Producvity score

Palatability score x 1.5
30

Nutrional score x 1.5

Cumulave score

25

20
15
10
5
0
Af

Lm

Ec

Sm1

Sm2

Fig. 3. Multi-parameter evaluation of eco-services and quality of
ﬂoating macrophytes tested. Palatability determined for giant gourami
(Osphronemus goramy). Af: Azolla ﬁliculoides; Lm: Lemna minor;
Ec: Echhornia crassipes; Sm1: Salvinia molesta type1; Sm2: Salvinia
molesta type 2.

productivity may exceed 20 t (DM) per hectare per year
(Muradov et al., 2014). However, this very high level of
biomass production is observed in water sewage systems,
where water quality is not compatible with aquaculture. In
comparison, plant productivity would probably be much
lower if ﬂoating macrophytes are co-cultured in an
aquaculture pond ecosystem. According to our observations,
production can exceed 6 t (DM) dry matter of A. ﬁliculoides
per ha year1. This value is similar to that reported by
Redding et al. (1997) but slightly less than that reported by
Reddy and De Busk (1985) for A. caroliniana. In rearing
conditions with regular inputs of nutrients from ﬁsh feeding
and their metabolic wastes, higher levels of production can
be realistically obtained. All macrophytes showed production collapses in at least one trial. For A. ﬁliculoides, Shiomi
and Kitoh (2001) suggested that a decrease in biomass
production in pond water may arise from a deﬁciency in
phosphorus and magnesium. These elements may be

involved in our study in light of the non-renewal of water
and the lack of new nutrient inputs. Other factors such as
macrophyte density, light, wind and water ﬂow are also
involved in the regulation of macrophyte growth (Barko
et al., 1982; Carr et al., 1997; Iqbal, 1999). High variability
in production level will probably be the rule when
co-culturing ﬂoating macrophytes in an aquaculture ecosystem, because many environmental factors regulate their
growth (Hasan and Rina, 2009).
In terms of nutritional value, gross energy content is an
important requirement for ﬁsh feed and here the level of crude fat
in macrophytes was considered positively because it increases
the energy content, which is generally low for macrophytes in
comparison with other sources of feed used in tropical
aquaculture. Carbohydrates in green macrophytes are mainly
composed of cellulose, hemicellulose and other complex
carbohydrates that can negatively affect the digestibly of plants
by ﬁsh. However, simple sugars are also present and can be a
good source of energy even if their digestibility may vary. Dry
matter depends on water content, and low levels may indicate
lower nutritional value of macrophytes; however, in the case of
plants, high levels may also correspond to high content of
indigestible ﬁbre. Thus, we excluded carbohydrate content from
scoring evaluations. By contrast, crude ﬁbre content was
considered as a negative component because it corresponds
mainly to true cellulose and lignin, both indigestible for ﬁsh.
Although more accurate analyses would be useful (Neutral
Detergent Fiber NDF, Acid Detergent Fiber ADF, lignin), crude
ﬁbre provides a global view and is more easily determined by
non-specialized laboratories. Despite data on the chemical
composition of the main aquatic macrophytes available in
literature, analyses must be carried out because the composition
of ﬂoating macrophytes undergo signiﬁcant variability according to the areas and conditions of production (Goopy and Murray,
2003). It is well known that plant-derived feed may contain
several anti-nutritional factors (ANF), such as trypsin, protease
inhibitors, lectins, tannin, oligosaccharides, soy antigens,
phytoestrogens, phytic acid, antivitamins and saponins
(Dersjant-Li, 2002; Drew et al., 2007), all and any of which
may impair the nutritional value of plant-based feed. The
presence of similar compounds in macrophytes is not well
known, and speciﬁc investigations may be required to better
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characterize the presence and effects of ANF for macrophytes
used as ﬁsh feed. Digestibility and absorption of nutriments of
macrophyte origin clearly require more in-depth studies,
particularly to elucidate interactions between digestibility,
enzymatic processes and microbiome activity involved in the
degradation and absorption of macrophytes (Gaitlin et al., 2007).
Information on palatability of macrophytes or raw plants
remain scarce ﬁsh. Fish taste preferences are related to a
complex mechanism involving mainly genetic proﬁling,
environmental conditions and dietary characteristics of feed
composition (for review, see Kasumyan and Döving, 2003;
Gaitlin et al., 2007). Our study has shown that when the giant
gourami has a choice of macrophytes, L. minor has the highest
palatability. Nevertheless, when no choice was given, A.
ﬁliculoides and L. minor had similar palatability (data not
show). Complementary observations indicated that chopping
the leaves improved the palatability of the plants, and this
processing was very efﬁcient especially for E. crassipes and
Salvinia spp. Other processing methods, particularly the
fermentation of fresh ﬂoating macrophytes, may improve
digestibility and intake by ﬁsh (Bairagi et al., 2002).
Fermentation is required to increase the level of macrophyte
incorporation in tilapia diets (El-Sayed, 2003; Velásquez,
2016). Clearly, the palatability of macrophytes depends on the
ﬁsh species and can be enhanced through different types of
processing. Small size macrophytes, such as Azolla and Lemna,
which can be ingested whole even by small ﬁshes, have an
obvious advantage over larger macrophytes that need to be
processed. Generally, small size macrophytes can be used to
feed a broader range of ﬁsh of different sizes than bigger plants.
Due to their large immerged root structures making access to
their edible aerial leaves difﬁcult, E. crassipes was not ingested
at all by gourami juveniles. Thus, their roots and stems had to
be discarded and their leaves cut before being distributed to and
ingested by the ﬁsh. The reduced edible portion and the need to
cut leaves before distribution compromised the “productivity”
and “ease of use” scores assigned to this macrophyte.
Ultimately, the “ease of use” indicator may comprise a high
practical value and represent a major criterion for the ﬁnal
choice of macrophyte by ﬁsh farmers.
Eichhornia crassipes had the highest positive effects on
water quality. This result is consistent with the review of Dhote
and Dixit (2009) and with observations of Henry-Silva and
Camargo (2006) who reported that this macrophyte has higher
potential than S. molesta to reduce nutrients from tilapia pond
efﬂuents. Several other studies have demonstrated that smaller
macrophytes, such as Azolla and Lemna, also have high
bioremediation potential, particularly with regard to dissolved
nitrogen and phosphorus (Madsen and Cedergreen, 2002;
Ferdoushi et al., 2008). Absorption of nutrients by aquatic
macrophytes is inﬂuenced both by the increase in biomass and
by the concentration of nutrients in plant tissues. However,
nitrogen absorption from water by A. ﬁliculoides was the worst
among the plants tested here. This result is probably strongly
related to the symbiotic association of Azolla with Anabaena
sp., a cyanobacterium which can ﬁx atmospheric nitrogen
(Newton and Herman, 1979). Interestingly, in control tanks,
the water quality parameters were often better than in
macrophyte tanks. This may be related to a higher
phytoplankton activity due to a higher light penetration in

the water column. Phytoplankton and periphyton activity can
be very efﬁcient to reduce nitrogen and phosphorus levels
in water, often more efﬁcient than that of E. crassipes or other
macrophytes (Crispim et al., 2009). Special attention should be
paid to prevent the complete covering of the water surface by
plants because this can reduce phytoplankton growth. It is also
important to regularly harvest aquatic plants (Azolla or other
macrophytes) to reduce their decomposition in the pond. Their
decay may release nutrients (N and P), thereby signiﬁcantly
and paradoxically contributing to pond water pollution.
Equilibrium between harvest and the maintenance of sufﬁcient
coverage ensuring production compatible with the expected
eco-services is required for good macrophyte management.
Despite the interesting perspectives and potential of
integrating ﬂoating macrophytes in small-scale ﬁsh farming,
their use in aquaculture remains limited. Floating macrophytes
are often perceived as a nuisance, particularly if their
dispersion in the environment is not controlled. Although
sometimes used by ﬁsh farmers, three of the macrophytes
species studied here (E. crassipes, S. molesta Sm1 and Sm2)
are listed in the top 100 of worst invasive species (ISSG, 2015).
Beyond the ecological impacts that macrophytes can have in
these conditions, their rapid growth may induce competition
for water surface and require more complex ﬁsh-farm
management to control their proliferation. Nonetheless,
promoting the co-production of macrophytes in an aquaecosystem may signiﬁcantly reduce the negative economic and
environmental impacts caused by the use of industrial ﬁsh
feed, and may thus help promote sustainable development,
equity and resilience of interlinked social and ecological
systems MEA, 2005. The feasibility of co-culturing aquatic
macrophytes within an aquaculture ecosystem strongly
depends on local administration, local conditions and the
macrophyte and ﬁsh species present in the aqua-ecosystem.
For example, E. crassipes appears to be much more adapted to
water quality remediation than to being a ﬁsh feed supplement.
Conversely, Azolla and Lemna, which led to similar scores in
our study, appear particularly well adapted for the partial
substitution of ﬁsh feed. This is in agreement with previous
studies showing the interest of those macrophytes as ﬁsh feed
(Velásquez, 2016; Asimi et al., 2018; Das et al., 2018).
Considering the limited impacts of macrophytes on water
quality in our experimental pond conditions and commercial
ﬁsh feed cost, the partial substitution of ﬁsh feed by
macrophytes co-produced in situ would be a promising way
to enhance sustainability of small scale ﬁsh farming.
Conditions of co-culture, mode of distribution to the ﬁsh
and impacts of macrophytes on ﬁsh performances and welfare
should be determined in each speciﬁc system. Ultimately, the
choice of macrophyte will vary according to the eco-services
required (bio-remediation, ﬁsh feeding, fodder production) and
needs to be done according to the local ﬁeld conditions. In this
perspective, the methodology proposed here for choosing
macrophytes can be considered as a generic approach,
applicable to a wide panel of aquaculture ecosystems.
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