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Temporal variation in the biomass and nutrient status of
Azolla filiculoides Lam. (SALVINIACEAE) in a small shallow
dystrophic lake
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Abstract: Aim: This study determined the temporal variation of the biomass and the
concentrations of carbon, nitrogen and phosphorus in Azolla filiculoides Lam. in a small
(0.5 ha) shallow dystrophic lake located in the city of Rio Grande (Rio Grande do Sul
State, Brazil). Method: Sampling was conducted monthly between November 2000 and
October 2001. The macrophytes were collected randomly in three replicates with a circular
collector 0.3 m in diameter and subsequently washed with tap water and oven-dried at
60 °C for determination of the dry weight and the nutrient status (i.e., carbon, nitrogen
and phosphorus). Primary productivity was estimated by the variation in biomass among
successive samples. Results: A. filiculoides was present in the lake throughout the year
and occupied between 50 and 80% of the surface area. The biomass values ranged from
34.2 ¢ DW.m™, recorded in May (autumn), to 170.9 g DW.m™ in January (summer).
The highest rate of primary productivity was 3.3 g DW.m™.d", observed in June. The
concentrations of carbon, nitrogen and phosphorus in the plant ranged between 403
and 551 g.kg™', 13.4 and 25.7 g.kg™' and 0.5 and 1.9 g.kg™', respectively. The water N:P
ratio ranged between 19:1 and 368:1. Conclusion: The coverage of the surface of the
lake by A. filiculoides throughout the study period and the nutritional status of the plant
demonstrate the importance of the cycling of nutrients by macrophytes in this aquatic
environment. The higher N:P ratio in the water column, compared with other neighboring
environments without macrophytes, shows that the enrichment of the lake may result
from the biological N-fixation activity produced by A. filiculoides.
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Resumo: Objetivo: Este estudo determinou a variagio temporal da biomassa e as
concentrages de carbono, nitrogénio e fosforo de Azolla filiculoides Lam., em um pequeno
lago raso distréfico situado no municipio do Rio Grande (Rio Grande do Sul, Brasil).
Método: As amostragens foram realizadas mensalmente no periodo entre novembro de
2000 e outubro de 2001. As macréfitas foram coletadas aleatoriamente em trés repetigoes,
utilizando-se coletor circular de 0,3 m de diAmetro e posteriormente lavadas com 4gua
corrente e secas em estufa 60 °C para determinagio do peso seco e dos nutrientes: carbono,
nitrogénio e fésforo. A produgio primdria foi estimada pela variagio de biomassa entre
coletas sucessivas. Resultados: A. filiculoides esteve presente no lago durante todo o ano,
ocupando sempre entre 50 e 80% da superficie do lago. Os valores de biomassa variaram
entre 34,2 g PS.m, registrado em maio (outono) e 170,9 g PS.m™ em janeiro (verio).
A maior taxa de produtividade primdria foi 3,3 g PS.m™.d"" foi registrada em Junho. As
concentragdes de carbono, nitrogénio e fésforo na planta variaram entre: 403 ¢ 551 g. kg™,
13,4€25,7 gkg'e0,5¢1,9 g.kg™!, respectivamente. Os valores da relagio N:P na coluna
de 4gua variou entre 19:1 e 368:1. Conclusdo: A cobertura da superficie do lago por
A. filiculoides durante todo o periodo do estudo e o seu estado nutricional demonstram
sua importancia na ciclagem dos nutrientes neste ambiente aqudtico. A maior relagio N:P
na coluna de 4gua quando comparada a outro ambiente préximo sem a presenca desta
macrofita, apoia a ideia de que A. filiculoides pode ser a responsdvel pelo enriquecimento
do lago por meio da atividade de fixagao bioldgica de nitrogénio.

Palavras-chave: producdo primdria, macréfitas flutuantes, carbono, fésforo,
nitrogénio.
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1. Introduction

The role of aquatic macrophytes in providing
food and shelter to fish and invertebrates, cycling
nutrients and other elements, stabilizing flow
conditions and driving primary production in
lakes, rivers and coastal ecosystems worldwide has
been recognized (Carr et al. 1997; Trindade et al.,
2010; Kerr et al., 2011). In shallow lakes, the
vegetation furnishes a refuge from predation for
small animals, prevents the resuspension of the
sediment and changes the nutrient dynamics of the
system (Scheffer, 1998).

Azolla filiculoides Lam. is a free-floating
aquatic macrophyte with a broad geographical
distribution. It is found in aquatic ecosystems in
tropical, subtropical and warm temperate regions
(Sculthorpe, 1985), inhabiting still waters with
litcle flow and clay sandy or fertile soils (Pott
and Pott, 2000). Azolla species fix atmospheric
nitrogen in association with the cyanobacterium
Anabaena azollae (Kannaiyan and Venkataramanan,
1985; Carrapico, 2006; Pereira et al., 2006) and are
highly productive (Arora and Singh, 2003).

Because the macrophyte’s requirement for
nitrogen is satisfied by the symbionts, phosphorus
becomes the most important nutrient (i.e.,
is limiting) for Azolla (Biswas et al., 2005).
A phosphorus deficiency results in a general
failure of metabolism in plants and the ensuing
production of pigments (Adalberto et al., 2004).
In contrast, a high concentration of P increases C
and N accumulation by the plant and stimulates
the plant’s growth, favoring the development of
blooms (Carrapico et al., 2006; Cheng et al., 2010).
The vigorous vegetative propagation of this species
allows it to double every 3-6 days, and the species
can quickly cover the surface of aquatic systems
(Pott and Pott, 2000).

Due to efficient, rapid growth with high
rates of nitrogen fixation, species of Azolla have
been used extensively and effectively instead of
mineral fertilizers in rice fields in Asia for centuries
(Biswas et al., 2005). The contribution of Azolla
as biofertilizer has been the focus of many studies
(Lumpkin and Plucknett, 1980; Wagner, 1997;
Macale et al., 2002; Singh et al., 2010). The plant
has also been studied as a habitat for invertebrates
(Albertoni et al., 2005) and as a biological filter for
purifying water (Toledo and Penha, 2011).

The coastal plain of Rio Grande do Sul State
contains a variety of continental aquatic ecosystems,
including streams, coastal and inland lakes and large
expanses of wetlands (Prellvitz and Albertoni, 2004;
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Albertoni et al., 2005; Trindade et al., 2009). These
environments are characterized by shallow waters
that favor the development of extensive and diverse
stands of aquatic macrophytes, especially in the
coastal zone (Trindade et al., 2010). Approximately
400-500 species of macrophytes are recognized in
Rio Grande do Sul State, and 37.5% are unique to
the coastal plain region (Irgang and Gastal Junior,
1996).

Azolla filiculoides is commonly found in different
environments in southern Brazil, occurring in
areas of rice cultivation, wetlands, ponds and small
water bodies (Pedralli et al., 1985; Irgang and
Gastal Junior, 1996; Rolon and Maltchick, 2004;
Trindade et al., 2010). Knowledge of biological and
ecological aspects of this species could facilitate use
of the plant as a natural fertilizer in the region. The
objective of this study was to describe the temporal
variation in biomass and in the nutritional status

of A. filiculoides in a small dystrophic shallow lake.
2. Material and Methods

2.1. Study area

Negro Lake is located on the campus of the
Universidade Federal do Rio Grande (FURG)
(32°04 43” Sand 52° 10’ 03” W) in the city of Rio
Grande, Rio Grande do Sul State, Brazil (Figure 1).
Negro Lake is small and round, has a surface area of
approximately 0.5 ha and is shallower than 3 m. The
lake is surrounded by Ewucalyptus sp. This vegetation
produces a constant input of leaves, and it shades
the lake. During this study, Azolla was the most
abundant macrophyte, covering more than 50% of
the surface area of the lake. The peaks of macrophyte
biomass occurred during January and June, when
Azolla covered approximately 80% of the surface of
the lake. The regional climate is humid subtropical
(Cfa according to the Képpen classification) and is
characterized by intense humidity during the winter
and spring and by dry weather during the summer.

2.2. Methodology

Field sampling was performed monthly from
November 2000 through October 2001. Biomass
determination was performed according to Westlake
(1963, 1969). All samples were restricted to an area
of approximately 20 m? in the lake littoral zone. In
this area, the stand was always visually monospecific
and homogeneous in cover and density. Estimates
of mean biomass were calculated based on 3 plots.
The plots were 0.3 m in diameter and were sampled
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Figure 1. Location of Negro Lake (Carreiros Campus, FURG). Rio Grande, Rio Grande do Sul State, Brazil.

randomly. The coverage of A. filiculoides was visually
determined.

The samples of A. filiculoides were washed with
tap water and oven-dried at 60 °C for approximately
72 hours to reach a constant weight (allowing the
material to become brittle to the touch) for the
assessment of dry weight (DW). The DW values are
expressed in grams per square meter (g DW.m™).
Net primary production (NPP) was determined
according to Tieszen (1989) and Pozer and Nogueira
(2004). According to this method, macrophyte
productivity is calculated by determining the
biomass difference between two consecutive samples
and dividing this difference by the time in days
between the two samples. The results are expressed
ing DW.m=.d™".

Carbon was determined using the dichromate
oxidation method, nitrogen was determined
with the micro-Kjeldahl method (Allen et al.,
1974), and phosphorus was determined with the
spectrophotometric method (Tedesco et al., 1995).
The biomass results for all nutrients are expressed in
g.kg™! of dry weight. The chemical analysis of the
plant biomass was performed by the soil laboratory
of the Federal University of Pelotas.

The limnological variables, including dissolved
oxygen (DO), temperature (T), pH, electrical
conductivity (EC), total carbon (TC) total nitrogen
(TN) and total phosphorus (TP), were summarized
from the results in Albertoni et al. (2005), obtained
at the same locality and during the same period. The

air temperature and hours of solar radiation were
obtained from the Meteorological Station — FURG.

Statistical analysis was performed with InStat
3.0 software GraphPad™. A linear correlation
was used to analyze the relationships between the
limnological and climate variables and the biomass
and nutrient values for the macrophyte.

3. Results

The values of the environmental variables, water
nutrient content and N:P ratio are presented in
Table 1. The lowest solar radiation was recorded
in June (97.4 hours) and the highest in December
(253.2 hours). The seasonal air temperature values
were 20.7 °C (spring), 24.7 °C (summer), 17.6 °C
(autumn) and 16.1 °C (winter). The seasonal
water temperature values were 18.5 °C (spring),
24.3 °C (summer), 18.8 °C (autumn) and 11.8 °C
(winter). The dissolved oxygen concentrations
remained between 2.4 mg.L™' (in January) and
5.8 mg.L . The pH values ranged from 5.5 (May)
to 6.5 (January) and were slightly acid throughout
the study. The electrical conductivity reached its
minimum value in September (98.9 uS.cm™) and its
maximum in December (131.9 pS.cm™) (Table 1).
The water TN was very high, with values between
770 and 4100 pg.L™'. The water TP ranged from
10 to 70 pg.L™". The N:P ratio of the water ranged
from 19:1 (October) to 368:1 (June).

The total biomass values, net primary production,
and nutrient status are shown in Table 2. During
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Table 1. Environmental variables during the study period.

Date AT SR WT DO pH EC TN TP N:P
November 19.6 227.9 20.5 5.0 6.1 119.3 2540 10 254:1
December 225 253.2 24 4.0 6.3 131.9 2260 - -
January 24.7 227.7 24.5 24 6.5 120.0 2540 30 85:1
February 24.9 194.1 245 24 6.2 123.0 2540 70 36:1
March 245 192.3 21 35 6.0 1247 4100 40 103:1
April 204 163.0 18 3.3 6.0 126.4 3530 20 177:1
May 16.3 108.7 17.5 26 57 125.1 3530 30 118:1
June 16.0 97.4 10 5.8 5.9 112.0 3680 10 368:1
July 14.5 125.2 10.5 5.0 6.0 103.5 3090 26 118:1
August 17.6 168.4 15 3.1 5.8 102.3 840 20 42:1
September 16.4 127.2 15 5.1 5.7 98.9 950 40 24:1
October 19.9 154.3 20.5 3.6 55 115.9 770 10 19:1

AT: Air temperature (°C); SR: solar radiation (hours); WT: Water temperature (°C); DO: dissolved oxygen (mg.L™);
EC: electrical conductivity (uS.cm™); TN: total nitrogen (ug.L™); TP: total phosphorus (pg.L™); N:P: ratio nitrogen
and phosphorus of the water; (-) = were not measured (Albertoni et al., 2005).

Table 2. The biomass (B), net primary production (NPP), nutrient concentration (carbon, nitrogen and phosphorus)

and C:N:P ratio of Azolla filiculoides.

Month B NPP Nutrients concentration (g.kg™") C:N:P
g DW.m™2 g DW.m2.d"" c N P

November 78.3 0.0 490 25.7 1.4 350:18:1
December 141.2 3.0 482 20.5 1 482:21:1
January 170.9 1.1 457 17.4 0.8 571:22:1
February 1024 -2.5 455 13.4 0.5 910:27:1
March 124.2 0.8 403 14.6 0.6 672:24:1
April 45.0 -2.8 443 18.4 1.1 403:17:1
May 34.2 -0.4 551 23.4 1.5 367:16:1
June 110.7 3.3 477 221 1.9 254:12:1
July 98.4 -0.5 459 211 1.6 292:13:1
August 72.4 -1.1 483 21.8 14 358:16:1
September 54.9 -0.8 481 223 1.0 476:22:1
October 85.1 1.1 461 19.5 1.2 381:16:1

the study, A. filiculoides always covered more than
50% of the surface area of the lake. In January and
June, when the biomass values were higher, this
macrophyte covered approximately 80% of the
surface of the lake.

The greatest biomass values were registered
during the warmest months (summer), with values
ranging from 78.3 g¢ DW.m™ (November) to
170.9 ¢ DW.m™ (January). During this period, a
net primary productivity of 3.0 g DW.m=.d"" was
recorded in December. In January, the net primary
productivity was 1.1 g DW.m™2.d"". The smallest
biomass value was recorded in May (34.2 g DW.m™).
In June, the biomass was 110.7 ¢ DW.m™=. A
productivity of 3.3 g DW.m=2.d"!, the greatest
value observed during the study, was recorded
in June. The biomass values showed a significant

positive correlation with air temperature (r* = 0.34,
p = 0.0435) and with the number of hours of solar
radiation (1> = 0.33, p = 0.0501).

The biomass carbon concentration ranged from
403 to 551 g.kg™!, and the nitrogen concentration
ranged from 13.4 to 25.7 g.kg™'. The phosphorus
concentration showed marked variation, with a
minimum value of 0.5 g.kg™ (February) and a
maximum value of 1.9 g.kg™! (June). The biomass
N:P ratio ranged from 12:1 (June) to 27:1 (February).
The biomass showed a negative correlation with
the water TP (1> = 0.37, p = 0.0357). A negative
correlation was also found between the water TP
and the biomass TP (r* = 0.55, p = 0.0093). The
values of TN in the water showed no correlations
with the biomass or the concentration of TN in
the plant dissue.
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4. Discussion

The primary productivity of aquatic
macrophytes is controlled by several factors,
including temperature, photosynthetically active
radiation, water level, nutrients and organic carbon
availability (Camargo et al., 2003). In temperate
regions, macrophytes are influenced primarily by
variations in light and temperature. In the tropics,
the development of the macrophyte community
can be virtually constant, with growth and death
of individuals throughout the whole year, or it
can exhibit variations that depend on pulses of
flooding. For example, large differences in the
seasonal dynamics of the primary productivity of
macrophytes occur in flood plains in Brazil and
other tropical areas (Piedade et al., 1997; Esteves,
1998; Biudes and Camargo, 2008).

The metabolic rate of a plant depends on the
temperature and is higher at elevated temperatures.
Higher temperatures favor primary productivity by
increasing the rates of metabolic chemical reactions.
Accordingly, an ideal temperature exists for each
species. At its ideal temperature, a species can
function most effectively (Carr et al., 1997; Biudes
and Camargo, 2008).

The ideal temperature varies among and
within species, both seasonally and geographically.
The occurrence of such variation underscores
the need to study plant growth within a natural
setting and over the course of a season (Carr et al.,
1997). Previous studies of Azolla showed the
importance of temperature for growth and nutrient
incorporation (Sah et al., 1989; Cary and Weerts,
1992; Cheng et al., 2010). A study that compared
the productivity of different Azolla species found
a biomass production of 4.65 g (wet weight) for
A. filiculoides over 14 days at a temperature of
30 + 2 °C (Arora and Singh, 2003). In our study,
A. filiculoides occurred in the lake throughout the
year. Positive correlations occurred between biomass,
productivity and air temperature. However, the
highest value of productivity for A. filiculoides was
3.3 g DW.m%.d™", during June. The second highest
value of productivity, 2.99 g DW.m*.d™, occurred
in December. The finding of high productivity in
a period other than the summer months could be
explained by an atypical winter with moderate
air temperatures. It is probable that the growth
season of the macrophyte began during this period.
Results of studies of primary production in different
groups of aquatic macrophytes have demonstrated
high levels of interspecific variation. Emergent and
floating species generally show higher values of
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primary production than submersed species and
species with floating leaves (Camargo et al., 2003).

Plant growth in fresh water is limited by the
availability of essential nutrients, at least during the
growing season. The two principal nutrients that
determine plant growth are nitrogen and phosphorus
(Crawley, 1997; Esteves, 1998). The principal
source of nutrients for A. filiculoides is the water
column. Most of the nitrogen in the tissues of the
plant results from biological fixation performed by
cyanobacteria (Arora and Singh, 2003; Cheng etal.,
2010). Phosphorus is the principal limiting nutrient
(Sahetal., 1989; Biswas et al., 2005). Rapid growth
of another species, A. caroliniana, was observed at
high concentrations of phosphorus. The metabolism
associated with symbiotic nitrogen fixation by
A. caroliniana-Anabaena azollae declined due to
the stress induced by phosphorus deficiency, and
the reduction in the nitrogen-fixing cyanobacteria
caused lower levels of nitrogen to accumulate in
the tissues (Adalberto et al., 2004). The importance
of P limitation was also found by a study of the
growth of A. filiculoides in different habitats with
various phosphorus levels. Substantial variation in
productivity occurred, with values between 2.55 and
25.8 g DW.m=.d™" (Costa et al., 1997).

In our study, the highest productivity was
3.3 g DW.m™.d"". We found a significant inverse
correlation between phosphorus values in the water
column and biomass. This result showed that if
the plant increases the amount of this nutrient
in the tissues, the availability of the nutrient
decreases in the environment. The high coverage
of the lake surface by A. filiculoides (more than
50% throughout the year) supports the hypothesis
that this macrophyte is important for nutrient
regulation in this ecosystem. However, the lack
of a correlation between water nitrogen and plant
nitrogen suggested that this nutrient is supplied
through symbiosis with cyanobacteria. Many studies
have demonstrated the capacity of macrophytes
to accumulate N and P. These results highlight
the importance of the macrophyte compartment
for nutrient cycling. In the water column of the
floodplain lakes of the Central Amazon, 2.6 times
more N and 3.6 times more P occurred in the
tissues of macrophytes than in the water (Howard-
Williams and Junk, 1977). In the Lobo reservoir
in the State of Sio Paulo, Brazil, 3-6 times more N
and 10-13 times more P occurred in the tissues of
several macrophytes than in the water (Barbieri and
Esteves, 1991). Higher concentrations of N and P
(N =26.5 g.kg" and P = 8.7 g.kg™) in the biomass
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were found by Upadhyay et al. (2007) in a study of
Azolla pinnata in sewage treatment ponds in India.
It was also emphasized that intraspecific variation
may be associated with the trophic characteristics
of aquatic environments (Da Silva et al. 1994;
Henry-Silva and Camargo, 2002).

Variations in the Redfield ratio are commonly
used to infer the identity of the limiting nutrient
in phytoplankton studies, and this relationship has
been expanded for aquatic macrophytes. Freshwater
macrophytes in highly fertile environments have an
average N:P of 15:1, whereas those macrophytes
found in less fertile environments have a ratio of
30:1 (Gerloff and Krombholz, 1966). A N:P ratio
greater than 30 indicates a phosphorus deficiency,
and a N:P ratio less than 10 indicates a nitrogen
deficiency (Atkinson and Smith, 1983). Certain
factors could affect this ratio. For example, a
constant input of phosphorus from the discharge
of sewage frequently produced low N:P ratios (e.g.,
N:P ratios in Chara spp. Ranging from 19:1 to
47:1) (Palma-Silva et al., 2004). In view of the N:P
reference ratios presented in Atkinson and Smith
(1983), we suggest that A. filiculoides showed no
deficiency of either N or P

The high N:P ratios found in the water column
of Negro Lake are not common in the aquatic
environments of the region. N:P ratios differing
from these values were detected in Biguds Lake at
the time of the study. This lake lacks populations of
A. filiculoides and is located approximately 100 m
from Negro Lake (Palma-Silva et al., 2008). In
Biguds Lake, the N:P ratio varied between 8:1 and
21:1 (Palma-Silva et al., 2008). In contrast, the N:P
ratios for Negro Lake range between 19:1 (October)
and 368:1 (June).

The variation in the biomass and nutritional
status of A. filiculoides demonstrated the role of
the plant in nutrient storage. The N:P ratio did
not indicate any nutrient deficiency during the
study. The amounts of nitrogen in the biomass were
similar to those found in studies of another species
of Azolla. The substantial development and presence
of A. filiculoides throughout the year and the surface
coverage of A. filiculoides in the lake support the
view that the increased N level in the water column
of the lake could be a result of N fixation via
symbiotic activity. This perspective highlights the
importance of A. filiculoidesin nutrient cycling in
shallow aquatic environments.
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