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ABSTRACT
Characterization of humic substances from five macrophyte species decomposed under different nutrient conditions

Macrophyte detritus contribute up to 50 % of carbon available for humic substances (HS) synthesis in aquatic ecosystems
which influence the carbon supply for many ecological processes. This study reports on a qualitative characterization of the HS
from five aquatic macrophytes species with different traits (free-floating: Eichhornia crassipes, Pistia stratiotes, and Salvinia
auriculata; emerged: Sagittaria montevidensis; amphibian: Urochloa arrecta) decomposed under oligotrophic and eutrophic
conditions. To do this, we performed a decomposition experiment using the litter bag technique in two tropical reservoirs (Rio
de Janeiro State, Brazil). The nutrient and fiber content in the plant tissues used in the decomposition assays were analyzed.
From the remaining detritus in the litter bags, the HS were extracted using analytical procedures based on their solubility in
different pH ranges. The HS ratios were calculated considering the ratio of non-humified and humified materials (Humification
Index — HI), the percentage of humic acid (HA) and the relationship between humic acid and fulvic acid (Polymerization
Degree — PD). The amphibian and emerged species showed the highest cell wall content and the lowest and the highest C:N:P
ratios, respectively. Eutrophication increased the HI values of all plant detritus. The detritus from the amphibian macrophyte
showed the highest HA proportion (oligotrophic: 25.2 %; eutrophic: 21 %) and E. crassipes detritus the lowest HA yields
(oligotrophic: 13 %; eutrophic: 11.4 %). The PD values were directly related to the HA percentage and the detritus from E.
crassipes and P. stratiotes showed the lowest values. The C:N and C:P ratios and the macrophyte life form had minor impor-
tance in the HS genesis. The fiber content in the plant tissues predicted the HA yields and therefore the PD that increased in the
eutrophic reservoir. The non-humic material was the main fraction of detritus in both reservoirs suggesting carbon accumula-
tion mainly in the eutrophic reservoir with high macrophyte biomass.
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RESUMO

Caracterizagdo das substincias hiumicas derivadas de cinco espécies de macrdfitas decompostas em diferentes condicées
de trofia

Os detritos de macrdfitas contribuem com até 50 % do carbono disponivel para a sintese de substdncias humicas (SH) em
ecossistemas aquaticos, as quais influenciam o suprimento de carbono para muitos processos ecologicos. Este estudo descre-
ve, por meio de razoes especificas, a caracterizagdo qualitativa das SH derivadas de cinco espécies de macrofitas aquaticas
com diferentes caracteristicas (livres-flutuantes: Eichhornia crassipes, Pistia stratiotes e Salvinia auriculata; emersa: Sagitta-
ria montevidensis, anfibia: Urochloa arrecta) sob decomposicdo em diferentes estados tréficos (oligotrofico e eutrdfico).
Experimentos de decomposi¢do foram realizados usando-se a técnica dos litter bags em dois reservatorios tropicais (Rio de
Janeiro, Brasil). O conteudo de fibras e a concentragdo de nutrientes dos tecidos das plantas usadas nos ensaios de decompo-
si¢do foram analisados. A partir dos detritos remanescentes nos litter bags, as SH foram extraidas por meio de procedimen-
tos analiticos baseados na solubilidade das SH em diferentes classes de pH. Para caracteriza¢do das SH considerou-se a
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relagdo entre materiais ndo-humificados e humificados (Indice de Humificagdo — HI), a porcentagem de dcido hiimico (HA)
e a relagdo entre acido humico e acido fulvico (Grau de Polimerizac¢do — PD). As espécies anfibia e emersa apresentaram
maior conteudo de fra¢do celular, bem como menor e maior relagdo C:N:P, respectivamente. A eutrofiza¢do aumentou o HI
dos detritos de todas as espécies de plantas. A macrdfita anfibia apresentou a maior proporg¢do de HA (oligotrofico: 25.2 %,
eutrofico: 21 %) e E. crassipes os menores rendimentos de HA (oligotréfico: 13 % e eutrofico: 11.4 %,). Os valores de PD
Jforam diretamente relacionados as porcentagens de HA e as espécies E. crassipes e P. stratiotes apresentaram os menores
valores de PD. As relagées C:N e C:P e a forma de vida das macrdfitas ndo foram importantes para a formagdo de SH. O
conteudo de fibras nos tecidos das plantas in fluenciou o rendimento de HA e, consequentemente, os valores de PD que
aumentaram no reservatorio eutrdfico. O material ndo-humico foi a principal fragdo dos detritos em ambos os reservatorios,

sugerindo acumulo de carbono, principalmente no reservatorio eutréfico com maior biomassa de macrofitas.

Palavras chave: dcido humico, COD, ecossistemas aqudticos, eutrofizagdo, reservatorio tropical

INTRODUCTION

In the Neotropics, macrophytes are an important
organic matter source for aquatic ecosystems due
to their species richness (Chambers et al., 2008).
The organic matter derived from macrophytes
encompasses about 80 % of particulate organic
matter (POM) and 20 % of dissolved organic
matter (DOM) (Uselman et al., 2012). In tropical
freshwater ecosystems and in some wetlands, 50 %
of POM derived from macrophytes are particulate
carbon (Particulate Organic Carbon — POC — in
dry mass basis (Moran & Hodson, 1989).

POC is the main precursor of the HS synthesis
that comprises the rearrangement of carbon poly-
mers due to biotic and abiotic factors (Piccolo et
al., 2000) leading to the formation of humic acids
(HA), fulvic acids (FA) and humin (HU). The HS
yields are conditioned by environmental condi-
tions, macrophyte traits (i.e. macrophyte life
form) and POC chemical properties (e.g. fiber
content in the plant tissue).

Temperature, oxygen and nutrients availabili-
ty, pH, influence the HS yields in aquatic ecosys-
tems (Piccolo et al., 2000; Assungdo et al., 2018).
Eutrophication also induces the HS yields by
increasing the immobilization (i.e. transformation
of inorganic compounds into organics) or miner-
alization (carbon respiration) but both processes
depend on the intrinsic characteristics of the
macrophytes (Bottino et al., 2016).

The environmental conditions are directly
related to the macrophyte traits and their struc-
ture (Pan et al., 2017; Schneider et al., 2018).
The life form of macrophytes (e.g. emerged,
submerged and free-floating) shows different
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constitutions of their tissues with different intrin-
sic characteristics (e.g. nutrient and fiber
content) (Schneider et al., 2018). Emerged
macrophyte species show higher HS yields than
the free-floating ones due to their high fiber
content, representing an important source of HS
for tropical aquatic ecosystems (Assuncdo et al.,
2016; Bottino et al., 2019). Moreover, low C:N:P
ratios that indicates high detritus quality (Enri-
quez et al., 1993) are supposed to increase the
decomposition since attends the microbial
metabolism requirements (ecological stoichiom-
etry) leading consequently to the exposure of
fibers (Assuncdo et al., 2018).

HS transformations into HA and/or FA are
concurrent processes and are related to the POC
chemical properties (e.g. molecular weight,
concentration of dissolved carbon and nutrients
in the plant tissues) that determine their biodegra-
dability and consequently their fate and role in
aquatic ecosystems (Scofield et al., 2015). The
main fraction of HS in aquatic ecosystems is the
FA that are more bioavailable than HA, exhibit-
ing low molecular weight and aliphatic structure
(Schellekens et al., 2017). The formation of HA
is a long-term process due to their high aromatici-
ty and low solubility. Both HA and FA were
considered macromolecules responsible for
carbon accumulation in ecosystems. However, a
range of studies show these molecules are organ-
ic resources susceptible to microbial respiration
contributing to the organic pool in aquatic
ecosystems (Tranvik, 1998; Farjalla et al., 2009;
Schellekens et al., 2017; Assuncgao et al., 2018).
In contrast, HU is an insoluble material not
considered as HS and it is stored within the
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sediments due to its low biodegradability (Olk et
al.,2019).

Understanding the different types of carbon
sources (HA, FA and HU) in a range of environ-
ments and their origin (macrophyte traits and
trophic status) is important to predict the carbon
cycling and energy flow in aquatic ecosystems
mainly in humic-rich systems that are usually nutri-
ent limited. In the tropics, it has particular impor-
tance since freshwater environments are intensive-
ly colonized by different macrophyte species and
the decomposition has predominant conditions to
be faster than in the temperate ecosystems.

Our study aimed to analyze how the life strat-
egy of macrophytes and the trophic status of
aquatic ecosystems influence the formation of HS
during the aquatic decomposition. We hypothe-
size high nutrient concentration in the eutrophic
reservoir will enhance the decomposition of
macrophytes, and thus increase the humication of
organic matter and reduce the accumulation of
POC in the sediments that is expected to increase
in oligotrophic systems.
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MATERIAL AND METHODS
Sampling site description

Macrophyte sampling and decomposition experi-
ments were carried out in two tropical reservoirs
in Rio de Janeiro State (Brazil). The Lajes Reser-
voir (22° 42° 02" S; 43° 52° 54" W) is an
oligo-mesotrophic ecosystem, which has a
hydraulic retention time of 287 days, and water
column transparency of about 5.5 m. The Vigario
Reservoir (22° 40° 18" S; 43° 52° 78" W) is a
eutrophic system with 30 days of hydraulic reten-
tion time and 1.0 m of water column transparency
(Rocha, 2012). Both reservoirs have warm and
rainy summers and dry winters (Aw according to
Koppen classification) with a mean annual air
temperature ranging from 17 to 24 °C. The physi-
cal and chemical limnological variables of the
water column were similar for water temperature,
dissolved oxygen (DO) in both reservoirs, but
electrical conductivity and phosphorus concen-
trations were higher in the Vigario than in the

Table 1. Limnological variables (mean =+ standard deviation)** measured during the decomposition experiment in Vigario and Lajes
Reservoirs. T = water temperature; DO = dissolved oxygen; ORP = oxi-reduction potential; CE = electrical conductivity; TP = total
phosphorus; SRP = soluble reactive phosphorus; NO,~ = nitrite; NO3~ = nitrate; Zgp = Secchi Disc Depth. *Not detectable. **Data
obtained from Rocha, 2012. Variaveis Limnologicas (média + desvio padrdo)** medidas durante o experimento de decomposi¢do os
reservatorios Lajes e Vigario. T = temperatura da agua; DO = oxigénio dissolvido; ORP: potencial de oxi-redug¢do,; CE = condutivi-
dade elétrica; TP = fésforo total; SRP = fosforo soluvel reativo; NOy~ = nitrito; NO3~ = nitrato. Zgp = Profundidade do Disco de

Secchi. * Ndo detectado. ** Dados obtidos de Rocha, 2012.

Lajes Reservoir

Vigario Reservoir

Variable (Oligotrophic) (Eutrophic)
T (°C) 23.84+£1.98 23.22+1.74
DO (mg/L) 7.74 +0.7 7.11 £0.88
pH 7.87+0.18 6.84 +0.12
ORP (mV) 169.91 £45.8 159.43 +37.01
CE (uS/cm) 30.66 +1.43 75.83 £6.87
TP (ng/L) 4.72+1.97 59.97 +£23.43
SRP (ng/L) 2.32+£0.42 30.1 £5.18
NO> (mg/L) * 0.083 £0.031
NO; (mg/L) 0.42+0.43 5.82+1.26
Zsp (m) 3.78£0.32 0.77+£0.35
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Lajes Reservoir. However, the pH values were
higher in the Lajes than in the Vigario Reservoir
(Table 1).

Decomposition of macrophytes and POC
obtention

Four macrophyte species were collected from the
coastal regions of Vigario Reservoir (Eichhornia
crassipes (Mart.) Solms., Pistia stratiotes (L.),
Sagittaria montevidensis (Cham. & Schitdl.)
Kuntze and Urochloa arrecta (Hack. & Schinz)
Morrone & Zuloaga). Salvinia auriculata (Aubl.)
was collected from the Lajes Reservoir where
only this one species was found. E. crassipes, P.
stratiotes and S. auriculata are free-floating
species, S. montevidensis and U. arrecta are
emerged and amphibian species, respectively.

The plants were washed to remove the
attached coarse material and dried (50 °C) to
constant mass. The decomposition experiment
was carried out in litter bags (20 % 35 cm; 0.2 mm
mesh size) with approximately 20 g of the dried
plant material of each plant species (n =300). The
litter bags were incubated (depth: 2.5 m) for 120
days in the Lajes (n = 150) and in Vigario reser-
voirs (n = 150). Three litter bags of each macro-
phyte species were removed randomly from the
water column in 10 sampling occasions (1, 3, 5,
10, 15, 20, 30, 60, 90 and 120 days). The remain-
ing detritus in each litter bag (considered as
remaining POM) were dried (50 °C) to constant
mass, weighed, triturated and stored in polypro-
pylene bags.

Chemical composition of the macrophytes

The initial macrophyte tissue content of nitrogen
(N) and phosphorus (P) were analyzed according
to Allen ef al., (1974) and Rocha et al., (2014),
respectively. Measurements of carbon (C) content
in the plant tissues were performed by the calci-
nation method (550 °C; 2 h) (Wetzel & Likens,
1990). From the nutrient and carbon contents in
the macrophyte tissues, the proportions of C:N,
C:P and N:P were calculated in terms of mass
ratio. The initial content of lignin was determined
using the gravimetric method after acid digestion
(Allen et al., 1974) and the cell wall fraction was
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measured using the neutral detergent method
(Van Soest &Wine, 1967). According to the
neutral detergent method, the cell wall fraction is
the association of fibers (hemicellulose, cellulose
and lignin), including ashes and some degraded
proteins (Van Soest & Wine, 1967).

Humic Substance extraction

The HS extraction was performed on 1.0 g of the
POC (dry mass) using NaOH (0.5 mol/L) and
analytical procedures based on their solubility in
different pH ranges (Hayes & Swift, 1978; Hayes
et al., 2010). The alkaline samples were stirred
(1 h per day), centrifuged (2740 g for 25 min) and
the soluble material was filtered (® = 0.45 pm).
This procedure was repeated over time until
absorbance < 0.1 (A: 450 nm) (Ultrospec 2100
Pro, Sweden). HS were fractioned into HA and
FA by lowering the pH to = 1.0 (HCI 2N) and then
were centrifuged (2740 g for 25 min). The pH of
the HA and FA solutions was adjusted to 5.0 and
8.0, respectively. The remaining material that was
not extracted by alkali was considered HU (non
humic material). The total organic carbon (TOC)
concentration in the dissolved samples of HA, FA
and HU was measured using a carbon analyzer
(TOC-L CPH, Shimadzu, Japan).

Qualitative Measurements of HS (HS ratios)

The Humification Index (HI) was calculated
according to Dudal & Roy (1993) (Equation 1).
The HA percentage (Equation 2) was proposed by
Senesi (1989) and Polimerization Degree (PD)
was calculated according to Equation 3 (Senesi,
1989; Iqdal et al., 2010):

gl = —NH__ (1),
(FA+HA)
—_Ha 2),
HA (%) = s X 100 @)
pp =24 (3).
FA
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where:

NH = Non-Humic Material (i.e. HU);
HA = Humic Acid;
FA = Fulvic Acid.

The remaining mass in the litter bags (remain-
ing POM — dry mass) was used to represent the
relationship between the decomposition and the
HS synthesis (indicated by HI values).

Statistical analysis

After the log transformations, the data fulfilled
the normality and homoscedasticity assumptions.
The comparisons of the ratios in different nutrient
conditions and among the plants were performed
using the repeated measures ANOVA and Tukey
post-hoc tests. We also performed linear regres-
sions to compare the HS ratios between
oligotrophic and eutrophic conditions. The statis-
tical significance was set as 0.05. The analyses
were performed using Statistica 7.

RESULTS

Macrophyte Traits

The carbon (C) content in the free-floating plant
tissues ranged from 37 % to 44 %. In the

emerged and amphibian species, the C content
was 46 % and 45 %, respectively. The highest
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C:N and C:P ratios were accounted for by the
amphibian macrophyte and the lowest for the
emerged plant. Amphibian species also showed
the highest lignin and cell wall fraction and the
lowest values were recorded for the free-floating
P. stratiotes (Table 2).

The free-floating species showed the highest
HI values (P. stratiotes — maximum: 5.1 by day
120) and the lowest values (E. crassipes and S.
auriculata — maximum: 2.62 and 1.33, respec-
tively). There were significant differences in the
temporal variation of HI formation for each
macrophyte species (p < 0.01). For HA and PD,
the amphibian species showed the highest values
(maximum: 25.25 for HA and 0.33 for PD) and
the free-floating E. crassipes the lowest (maxi-
mum: 12.21 for HA and 0.14 for PD). The lowest
PD values showed a gradient among the detritus
derived from free-floating species (E. crassipes <
P. stratiotes < S. auriculata). The HA ranged
significantly over time for all macrophyte species
(p<0.01).

Reservoir nutrient conditions

The HI values were higher in the eutrophic
reservoir than in the oligotrophic ecosystem for
all the plants (Fig. 1) with significant differences
(p = 0.03). In general, the HI increased for all the
plant species from day 20 in both oligotrophic
and eutrophic environments. Comparing both
reservoirs, E. crassipes showed the highest varia-

Table 2. Tissue contents of five macrophyte species (Mean + SD). C: initial carbon content; P: initial phosphorus content; L: Lignin
initial content; C:N, C:P and N:P — ratios (on percentage basis); CWF: cell wall fraction; SD: Standard Deviation. Conteudo do tecido
de 5 espécies de macdfitas (média + Desvio Padrdo). C: conteudo inicial de carbono; P: conteudo inicial de fosforo; L: contetido
inicial de lignina; relag¢des C:N, C:P e N:P (em porcentagem); CWF: fracdo da parede celular; SD: Desvio Padrao.

Plant Species and Life form

Variable Free-floating Emerged Amphibian
E. crassipes P. stratiotes S. auriculata S. montevidensis U. arrecta
C (%) 37.3+0.6 41.8+0.2 44.0+ 0.6 45.8+0.7 45.0+04
C:N 24.8 24.1 33.1 21.8 49.6
C:P 382.8 315.2 819.9 140.1 1085
N:P 15.5 13.1 24.8 6.4 22
L (%) 35.0+6.0 286+1.2 49.0+13 448+2.5 523+19
CWF (%) 46.3+5.8 56.0+7.1 56.9+29 62.8+1.9 80.4+2.9
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Figure 1. Temporal variation of Humification Index (HI), Acid Humic Percentage (HA) and Polymerization Degree (PD) of five
macrophyte species from oligotrophic and eutrophic reservoirs. The vertical bars are standard deviation. Free-floating species: E.
crassipes, P. stratiotes and S. auriculata; Emerged species: S. montevidensis; Amphibian: U. arrecta. Variagio Temporal do Indice de
Humificagdo (HI), Porcentagem de Acido Hiimico (HA) e Grau de Polimerizacdo (PD) de cinco espécies de macrdfitas derivadas de
reservatorio oligotrofico e eutrofico. As barras verticais indicam o desvio padrdo da média. Espécies livres flutuantes: E. crassipes,
P. stratiotes e S. auriculata,; Espécie emersa: S. montevidensis, Espécie Anfibia: U. arrecta.

tion of HI mainly from day 60 (0.6 and 1.21 in
oligotrophic and eutrophic conditions, respective-
ly). For the amphibian species, the variation
between both reservoirs was lower than for other
species (Fig.1).

Comparing the plants species in both environ-
ments, the HI values were similar, except for P.
stratiotes, which was different from E. crassipes
(p = 0.001 for both environments), and from S.
auriculata (p = 0.03 in the oligotrophic and p = 0.01
in the eutrophic reservoir). The HI values were
4.5 times higher for E. crassipes and 2.2 times
higher for P. stratiotes in the eutrophic environ-
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ment. Considering all the plants, in the eutrophic
reservoir, the HI values were 30 % higher than
in the oligotrophic reservoir (t = 0.4, r2 = 0.65,
p <0.001).

In general, the pattern of temporal variation of
the HA percentage was similar in both environ-
ments with the highest values from day 60. Howev-
er, there were significant differences between both
reservoirs (p = 0.008; Table 3) and eutrophic reser-
voir showed the highest HA. The maximum HA
yield from U. arrecta was 25.2 % in the oligotroph-
ic and 21% in the eutrophic conditions on day 120
of incubation. For E. crassipes, the maximum
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Table 3. Statistical parameters (SS: Sum of Squares, F and p values) derived from the ANOVA Repeated Measures analyses of
Humification Index, Humic Acids and Polymerization Degree of different plant species. Statistical significance was set at 5 %. TS:
Trophic statuses (oligotrophic and eutrophic), MS: Macrophyte Species, T: Time. Pardmetros estatisticos (SS: Soma dos quadrados,
valores de F e p) derivados da ANOVA de Medidas Repetidas para o indice de Humificagdo, Acidos Hiimicos e Grau de Polimerizagéo
das diferentes espécies de plantas. A significancia estatistica foi estabelecida em 5 %. TS: Estado Trofico (oligotrofico e eutrofico);

MS: Espécies de Macrdfitas; T: Tempo.

Variable Anova Effect SS F P
TS 16 10.64 0.003
MS 625 104 0.00001
T 39.7 3 0.002
HI TS*MS 34 6 0.003
TS*T 49.5 4 0.0002
MS*T 155 3 0.00002
TS*MS*T 107 2 0.001
TS 385 24 0.008
MS 435 37 0.0001
T 1140 4.2 0.0005
HA TS*MS 1380 22 0.00001
TS*T 940 3.5 0.0005
MS*T 300 2.7 0.000005
TS*MS*T 1587 1.47 0.05
TS 0.7 7.8 0.01
MS 0.64 164 0.00001
T 0.9 7.6 0.00001
PD TS*MS 0.34 0.88 0.48
TS*T 0.1 0.87 0.55
MS*T 0.12 3.0 0.0002
TS*MS*T 0.7 1.48 0.07

yields of HA were 13 % in the oligotrophic and
11.4 % in the eutrophic system on day 120. The
comparison of the HA percentages showed differ-
ences only between U. arrecta and other species in
the oligotrophic reservoir. In the eutrophic environ-
ment we only found differences between U. arrec-
ta and E. crassipes and P. stratiotes.

The PD values (Fig. 1) showed significant
differences in both the nutrient condition (p = 0.01,
except for P. stratiotes and S. auriculata, p = 0.03).
The U. arrecta detritus showed the highest values
ranging from 0.18 to 0.33 in the oligotrophic and
from 0.19 to 0.31 in the eutrophic reservoirs. E.
crassipes had the lowest PD values, ranging from
0.08 — 0.15 in the oligotrophic and from 0.07 to
0.14 in the eutrophic reservoirs. The significant
differences in the oligotrophic system occurred

between U. arrecta and the other plants (p =0.017
for the interactions with E. crassipes and P.
stratiotes; p = 0.01 for the interaction with S.
auriculata and S. montevidensis). In the eutrophic
reservoir, the plant detritus was significantly
different (p < 0.01 for all the macrophytes and for
P. stratiotes and S. auriculata, p = 0.03), except
for E. crassipes and P. stratiotes and S. mon-
tevidensis and S. auriculata (Table 3). There
was a positive relationship between PD values
in the oligotrophic and in the eutrophic reser-
voirs (t=36.7; r2=0.8; p < 0.01) indicating that
polymerization was faster in the eutrophic reser-
voir (ca. 4 %).

The results suggest that, regardless of the
condition of the nutrient, the detritus with the
lowest remaining mass (POM after 120 days of

Limnetica, 40(2): 267-278 (2021)
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Figure 2. Relationship between remaining POC and HI for all
macrophyte species in both reservoirs. Rela¢do entre COP
remanescente e HI para todas as espécies de macrofitas em
ambos os reservatorios.

decomposition) has the highest HI values (Fig. 2),
that is, the recalcitrant remaining material is
processed slowly and tends to increase the accu-
mulation of non-humic material (HU) in these
reservoirs. It is important to consider that the HI
is qualitative, and therefore does not reflect the
total remaining mass.

DISCUSSION

HS play an important role in aquatic ecosystems
(e.g. binding pollutants, influencing biogeochemi-
cal processes, affecting light availability in the
water column and microbial respiration) (Stein-
berg et al., 2006; Olk et al., 2019). For aquatic HS
derived from macrophytes detritus, the plant traits
(life form, nutrient and fiber contents) and the
limnological characteristics growing environment
of the plants influence the detritus processing (Li et
al., 2013). The microbial activity on the detritus
causes the temporal variation of the relationship
between humic and non humic materials (Olk et
al., 2019). In general, non-humic material increase
over time (high HI values), decreasing the HS
yields indicating that the main fate of POM is the
accumulation in the aquatic ecosystems. There-
fore, we reject the hypothesis that eutrophic status
would enhance the humification of organic matter.
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The nutrient content in the macrophyte tissues
predicts the detritus nutrient quality and is
considered a major driver of the decomposition
(Li et al., 2012). Detritus with low carbon and
high N and P contents, and consequently low C:N
and C:P ratios, respectively are supposed to have
high detritus quality and improve the action of
biota on detritus processing (Enriquez et al.,
1993; Li et al., 2012). Low C:N and C:P ratios of
floating species and low fiber content such as E.
crassipes and P. stratiotes, receptively supported
plant detritus processing during the decomposi-
tion decreasing the carbon available to HS
synthesis. We suppose that P. stratiotes detritus is
highly leachable (Bianchini Jr. ef al., 2010) and
the remaining POC shows low degradability
increasing its potential of accumulation.

On the other hand, the free-floating S. auricu-
lata, showed low detritus quality and high fiber
content. Floating plants growing in oligotrophic
environment show low detritus quality suggest-
ing a high rate of nutrient reabsorption in plants
growing in a poor nutrient condition (Rejmank-
ova & Houdkova, 2006) indicating that the nutri-
ent condition of the reservoir influences the detri-
tus C:N:P ratio. Moreover, Salvinia sp. detritus
are recalcitrant and have a high potential of HA
formation (Assungdo et al., 2017). Therefore,
considering the free-floating macrophytes, the
SH synthesis prevailed over non-humic material
formation for high quality detritus (E. crassipes)
and high fiber content detritus (S. auriculata)
indicating that macrophyte traits are important for
POC transformations within aquatic ecosystems.

Recent studies (Assuncdo et al., 2018; Bottino
et al., 2019) showed that the decomposition of
floating macrophytes yielded from 60 % to 89 %
of POC that was converted into HS generating
0.9 - 1.1 % of HA and 1.0 — 7.5 % of FA. For
emerged species, the detritus corresponded to
75 — 92 % of POC yielding up to 5 % of HA and
30 % of FA. Therefore, the main fraction generat-
ed from POC decay is the non humic material
(HU in this study). HU is considered a refractory
compound with high molecular weight formed by
lipoprotein, waxes, long-chain fatty acids that
decrease its potential of reaction, and consequent-
ly is accumulated in the sediments (Chang et al.,
2014; Zhang et al., 2015). The recalcitrance of
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some compounds is due to the different carbon
types that can act as an electron donor in the
long-term in specific conditions of dissolved
oxygen availability, pH, electrical conductivity
and microorganism’s metabolic diversity (Zhang
etal., 2015, Roden et al., 2010; Liu et al., 2017).

In this study, we consider HU as a fraction that
is not operationally obtained using the extraction
methods in different pH ranges. However, this
fraction may be susceptible to abiotic and biotic
transformations in the long-term (for example,
the complete HS synthesis depends on the exposi-
tion of the fibers, which is a long-term process).
Therefore, the HU prevalence over HS may be
due to the high recalcitrant content in the tissues
of the plants (cellulose and lignin, for example)
that are processed over time due to the enzyme
activity of specific organisms. Many aspects
influence the microbial enzymatic activity, for
example, some polymers such as lignin is tightly
packed than cellulose and hemicellulose are and
therefore it is decomposed in the long term (Pérez
et al., 2001). The highest HI in eutrophic (higher
HU than HS formation) is probably due to the
fastest decomposition rates in nutrient-rich envi-
ronments (Gullis et al., 2006) that increase the
amounts of secondary metabolites in the detritus
possibly affecting the humus formation.

The main fraction of HS is the FA due to its
low aromaticity and low molecular weight. How-
ever, the FA conversion into microbial biomass
or CO; (immobilization and mineralization,
respectively) is a high-speed process in aquatic
ecosystems, suggesting that FA act as a terminal
electron acceptor (Kliipfel et al., 2014; Bottino et
al., 2019). In general, the HA percentage
increased over time in both environments for all
the plant species indicating the availability of
precursors of HA (exchange between HA and FA
for example; Thurmann, 1985).

The structural compounds were the main
driver of HA formation. In general, the amphib-
ian macrophyte showed the highest C:N:P ratio
and the highest lignin content and cell wall
fraction contributing to the formation of HA
suggesting the plant traits were important to HS
(HA + FA) vyields. The highest PD values
reinforces the statement that U. arrecta is the
main species contributing to the carbon cycling
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through the HA formation. In absolute terms, in
the Lajes reservoir the emerged species supported
the HS synthesis and in relative terms, the
oligotrophic condition improved the HA forma-
tion from U. arrecta detritus. Therefore, the low
nutrient availability contributed to the HA as the
main carbon source in the ecosystem. The decay
of the autochthonous carbon sources produces a
stable type of carbon, i.e. HA that comprise one
route of carbon cycling in freshwater systems.
Considering that U. arrecta is an invasive species
in Brazil, it is important to know how its refracto-
ry carbon impacts the carbon cycle within tropi-
cal reservoirs.

Our results showed that the HS genesis
depends on macrophyte traits (life form, C:N:P
ratio and fiber content) in different ways. While
life forms of the macrophytes had a minor impor-
tance to the humification there was not a clear
pattern for the C:N:P ratio role. However, the
fibers predicted a slow route of less bioavailable
compound synthesis (HA yields) with molecules
and a high chemical complexity (high PD) mainly
for amphibian species. The eutrophication
increased the non-humic material that may be
stored within the sediments and contribute to the
diagenetic processes. However, in a nutrient rich
reservoir, the HA genesis increased along with
the PD (free-floating < emerged < amphibian)
indicating the HS in this ecosystem is less availa-
ble for heterotrophic respiration. In the
oligotrophic reservoir, the non-humic fraction
also prevailed but the HA formation was slightly
slow over time. Overall, the remaining detritus
mass from decomposition seems to influence the
HS synthesis but further studies should address
the quantitative aspects of this relationship.
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