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INTRODUCTION

Forest systems play a key role in the sequestration of
atmospheric carbon and are the main regulators of carbon
dynamics in ecosystems. Carbon in aquatic ecosystems is
mainly derived from processes that occur in terrestrial
ecosystems (Finlay, 2003). The organic matter that sustains
the dissolved carbon flux from terrestrial aquatic
ecosystems can originate from processes that occur in soil,
riparian vegetation, and landscape (Dahn, 1981; Hillman
et al., 2004; Wilson and Xenopoulos, 2008). In addition,
the importance of aquatic environments in the terrestrial
carbon cycle has been increasing, since there is a global
flow between terrestrial-aquatic environments of about 1.9
Pg C year–1 (Öquist et al., 2009). The flux of organic matter
from terrestrial to aquatic environments occurs mainly
vertically or lateral way (Bampi et al., 2017; Tonin et al.,
2017). In addition, biotic (e.g. phenology; Capellesso et al.,
2016) and abiotic factors (e.g. precipitation; Tonin et al.,
2017) contribute decisively to input of allochthonous
organic matter into aquatic environments.

The riparian forests, composed of native vegetation,
have greater biodiversity and, consequently, accumulate
more carbon in their biomass (Allan and Castillo, 2007;
Rezende et al., 2008). Furthermore, it is important to note

that there is a correlation between the number of tree
species and the amount of organic matter in the soil
(Buonocore et al., 2014; Corral-Fernández et al., 2013).
The plant species with varied chemical composition
compose a litter that can chemically influence the soil,
since the leaves can leach different chemical compounds
(Duan et al., 2014; Capellesso et al., 2016). Besides that,
the leaf litter can leach different chemical compounds in
different quantities and periods of the year (Duan et al.,
2014). These chemical variabilities alter the structure and
dynamics of nutrient cycling, especially that of carbon
(Canhoto and Laranjeira, 2007; Huang et al., 2013).

The organic matter input to the small-order streams
ensures the supply of matter and energy to these
environments inducing changes in communities and food
webs (Wallace et al., 1997; Kominoski and Rosemond,
2012). In this region, the canopy is responsible for
covering more than 80% of the stream (Bambi et al.,
2012) and shading makes primary production impossible,
making riparian vegetation allochthonous the main source
of energy for streams (Vanotte et al., 1980). Thus,
allochthonous organic matter is important to trophic webs
of these streams depend on the riparian vegetation for
obtaining nutrients, which is fundamental for the aquatic
communities (Naimann and Décamps, 1990; Richardson
and Sato, 2015; Schulz et al., 2015). The organic matter
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that enters the streams is composed of leaves, branches,
needles, bark, fruits, seeds, and other plant components
(Lamberti and Gregory, 2007; Gonçalves and Callisto,
2013). Once in the stream, coarse particulate organic
matter undergoes numerous physical, chemical, and
biological transformation processes until it is converted
into fine particulate organic matter and dissolved material
(Graça, 2001).

Leaching is the abiotic removal of water-soluble
constituents from litter plant (Moorhead et al., 1996;
Bärlocher, 2005). The leaching of the soluble compounds
occurs rapidly in the stream, which may last a few hours
and days (Duan et al., 2014). The release of soluble
compounds is important for aquatic ecosystems, since
senescent biomass is in permanent contact with water
(Polunin, 1984). As such, water-soluble substances are
rapidly incorporated into dissolved organic matter
(DOM), increasing the potential for use by microbial
metabolism (Wetzel, 1995). The decomposition of the
DOM results in dissolved inorganic carbon (DIC) and
dissolved organic carbon (DOC) that is recognised as a
major component in the global carbon cycle (Yamashita
et al., 2011).

The DIC is related to CO2 production in the soil,
microbial respiration and by plant roots (Finlay, 2003). In
addition, there is a relationship with the atmospheric CO2

flow (Cole et al., 1994), attributing a biogeochemical
importance to this chemical element and ecosystems. On
the other hand, DOC, which constitutes mainly humic
substances resulting from chemical decomposition, is
chemically heterogeneous and has a high molecular weight
(Mcknight and Aiken, 1998; Lennon and Pfaff, 2005).

The chemical composition of leaves, especially the
concentration of carbon, may be the main factor regarding
the leaching of DIC and DOC from the leaf litter of
different forest systems. On one hand, leaves are
composed of carbohydrates, which are produced during
photosynthesis, that provide material for the biosynthesis
of all organic molecules that are mainly in cellulose
(Cunha-Santino et al., 2003). Polyphenols are important
cellular support materials and form the structure of cell
walls (Strak, 1997). Thus, one of the ways to better
understand the processing of organic matter in aquatic
environments is to study the different steps of the process
under controlled conditions (i.e., in the laboratory). The
evaluation of leaching in a controlled experiment with
debris produced by different forest systems (e.g., native
and non-native) can provide information on carbon
dynamics in aquatic environments.

The practice of replacing native species in riparian
areas has become problematic on a global scale (Giling et
al., 2014). It is estimated that reforestation occupies 264
million hectares worldwide. In Brazil, the amount of
cultivated area has continuously increase, reaching 7.7

million hectares, while the amount of native areas has
decreased by 40 million hectares since the year 2000
(Oliveira, 2015). Of these cultivated areas, a majority of
non-native species are either Eucalyptus or Pinus. This
anthropogenic activities may affect aquatic ecosystems by
altering water characteristics, main the concentrations of
dissolved organic matter, nutrients, and other elements
(Hillman et al., 2004). Thus, changes in vegetation
structure in riparian areas of small streams affect supplies
of allochthonous organic matter (e.g., DOC and DIC) that
contribute as an energy source to the aquatic biota.

However, the knowledge about the relationships
between riparian zones and the concentrations of DIC and
DOC leached from native or non-native allochthonous
organic matter is incipient. Thus, our main motivation was
to elucidate aspects related to ecological processes helps
in understanding the mechanisms of inventory and carbon
flows in riparian systems. In this study, we evaluated the
leaching of DIC and DOC of leaf litter from native plant
species of the Atlantic Forest and non-native forestry of
Pinus elliottii (Engelm.) and Eucalyptus grandis (Hill ex
Maiden). Our hypothesis is that the native leaf litter will
leach higher amounts of DIC, because it is a mix of plant
species from the riparian zone of streams. Further, we
expect that DOC leaching will be higher in E. grandis
because it is a species with a large amount of water-
soluble compounds (e.g., phenols). Finally, we believe
that the leaching depends on the season of the year,
because the chemical characteristics of the leaves vary
annually according to their senescence. Therefore, with
an experimental approach, we try to understand how the
leaching dynamics of DOC and DIC from native and non-
native litter plant occur. Finally, we seek to generate
information that contributes to the understanding of the
processes that involve the carbon cycle in streams and the
impacts of the native substitution by non-native species.

METHODS

Sampling site

We performed an ex situ study using leaves collected
in riparian zones of streams located in the extreme
southern portion of Brazil. The landscape of the region is
fragmented, with a predominance of agricultural activities
(approximately 70%) and forest remnants in the
secondary stage. The climate type (c.f. Köppen) is Cfa
(temperate subtropical), with an average annual
temperature of 18°C, an average annual rainfall of 1800
mm (Alvares et al., 2013), and an average altitude of 734
m above sea level. The vegetation is characterised as a
transition between Semideciduous Atlantic Forest and
Atlantic Forest with Araucaria angustifolia (Bertol.
Kuntze) (Oliveira-Filho et al., 2015). The riparian
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vegetation of most streams in the region is composed
mainly of Campomanesia xanthocarpa (O. Berg),
Cupania vernalis (Cambess.), Ocotea puberula (Rich.)
Nees, Sebastiania brasiliensis (Spreng.), and Nectandra
megapotamica (Spreng.) Mez, among others (Oliveira-
Filho et al., 2015).

Sampling of vegetative material

We collected leaves monthly from January to
December 2013 in three first-order streams along a
distance of approximately 100 m subdivided at three
points (a distance of approximately 30 m along the 100
m length) for each stream. We installed 90 collectors (0.04
m² collection area, total area of 3.6 m²) suspended about
1 m from the streambed at each site. We inspected the
collectors monthly for 12 months, and the material
retained in the collectors was taken to the laboratory and
oven-dried (40±5°C for 72 h). Each of the streams was
surrounded by different plant formations. The stream with
native vegetation (27°32’59’’S, 52°07’16’’W) was
surrounded by vegetation characteristic of Mixed
Ombrophilous Forest; the second stream was surrounded
by P. elliottii trees (27°36’5”S, 52°11’15”W), and the
third stream was surrounded by E. grandis trees
(27°36’3”S, 52°11’14”W).

Leaching experiment

We transported the leaves in the samplers to the
laboratory where they were dried at room temperature for
5 days. After drying, we assembled reactors with 0.5±0.1
g of vegetative material and 50 mL of sterile water for
each forest system (native, E. grandis, and P. elliottii). We
placed the reactors in an orbital shaker at 18±1°C at a
constant rotation of 80 rpm. We defined the temperature
and agitation conditions from the physical and chemical
characteristics of the streams in the study region (Tonin
and Hepp, 2011). However, the reactors with the plant
material and the water used for the leaching were closed
to avoid contact with the atmospheric air.

After 1/4 h, 1 h, 4 h, 12 h, 24 h, and 48 h of incubation,
the three reactors of each forest system in the orbital
agitator were evaluated for their temporal variations of
DIC and DOC leachate. We quantified the concentrations
of DIC and DOC using a TOC-VCS-H (Shimadzu®)
analyser. Prior to the analyses, the samples were filtered
through a 0.22-μm porosity Millipore® filter to determine
the dissolved fractions of carbon.

Data analysis

We evaluated the concentrations of the DIC and DOC
leachate in each forest system for all four seasons of the
year using a two-way analysis of variance (two-way
ANOVA). The forest systems (three levels) and seasons

(four levels) were the categorical factors used in the
analysis. We used a posterior Tukey test as a contrast
analysis. To evaluate the temporal dynamics (48 h) of
DOC and DIC leaching, we used analysis of covariance
(ANCOVA), considering the time of leaching as a
covariate. We performed all analyses using R software (R
Core Team, 2013).

RESULTS

After 48 h of the experiment, we observed that the
concentrations of leached DIC and DOC varied among the
forest systems. However, this variation was attenuated,
depending on the period of the year the leaf litter was
obtained (Fig. 1; Tab. 1). The DIC was significantly more

Fig. 1. Mean ±standard error of the dissolved inorganic carbon
(DIC) and dissolved organic carbon (DOC) leaf leaching of native
forest and P. elliottii and E. grandis forestry systems in the seasons
of the year. Lowercase letters indicate differences (Tukey test,
P<0.05) among forest systems in the seasons. Capital letters
indicate differences among seasons (Tukey test, P<0.05).
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leached in the native forest system in the autumn (two way
ANOVA, F(2, 24)=51.5, P<0.001; Fig. 1). On the other hand,
the concentrations of DIC leached by the forest systems of
E. grandis and P. elliottii were similar (Fig. 1). The DOC
was significantly leached in greater amounts of E. grandis
(two way ANOVA, F(2, 24)=94, P<0.001; Fig. 1) in the
summer. The DOC leached from the leaf litter from the
native and P. elliottii systems were similar (Fig. 1).

The leaching dynamics of DIC and DOC in the period
of 48 h of experimentation varied among forest systems
depending on the period of the year (Fig. 2). The DIC
leaching was increased in the first 12 h of experiment, and
after 24 h, the concentration of leached DIC was decreasing
(Fig. 2). The vegetal material of the spring and autumn of
native system leached significantly more DIC compared to
E. grandis and P. elliottii (ANCOVA; F(3; 50)=4.5, P=0.006
and F(3; 50)=2.9, P=0.043, respectively) (Fig. 2). In the
spring, summer and autumn, DOC leached significantly
more quantity by E. grandis (ANCOVA, F(3; 50)=28.6,
P<0.001; F(3; 50)=35.5, P<0.001; and F(3; 50)=21.8, P<0.001,
respectively) (Fig. 3). The DOC leaching showed an
increasing pattern throughout the 48 h of the experiment.

DISCUSSION

Our study demonstrated that the composition of
riparian vegetation is important to dynamics of carbon in
aquatic environments. As small-order streams are
dependent of the allochthonous sources to maintain their
energy demands, the input organic matter is critical to
sustaining aquatic communities. The native litter
contributed with the highest concentrations of DIC, while
the litter of E. grandis contributed DOC. As the variation
of DIC and DOC leached by the different leaf litter (i.e.,
native and non-native) varied significantly, our results
highlight the importance of carbon leaching to aquatic
environments, contributing to the understanding of the
ecological processes in the aquatic cycling of nutrients.

Our results demonstrated that the replacement of native
species in riparian zones by non-native forest monocultures
could alter the chemical composition of the water. The litter
is an important source of carbon for streams as it is rapidly
leached when it comes into contact with stream water
(Fröberg et al., 2005). In addition, the variation of the
carbon composition of the plants depended on the annual
periodicity, since variations in the concentrations of the
DIC and DOC leachate were observed in the different
seasons. Some phytophysiological characteristics of the
species studied explain these variations. The native forest
is composed of a high variety of plant species, especially
in the region studied. According to Duan et al. (2014) the
variety and amount of litter entering the aquatic
environment contributes to the chemical composition of the
water, especially to dissolved carbon and nitrogen. The
study area includes a transition zone of the Atlantic Forest,
where there are species characteristic of both Mixed and
Semideciduous Ombrophilous Forest (Oliveira-Filho et al.,
2015). This feature causes the forest remnants observed in
the Upper Uruguay region to be composed of species with
very broad phenological variability. Thus, it is expected that
the organic matter input of these species to streams will
vary throughout the year (Capellesso et al., 2016);
consequently, the streams will vary chemically (Tonin et
al., 2014).

The presence of DOC in streams is important for the
nutrient dynamics of these environments, supporting
metabolism and aquatic functioning (Stanley et al., 2012).
The concentration of DOC in streams is related to the
surrounding landscape, especially the vegetation that
composes the riparian zone (Laudon et al., 2011). We
observed high DOC concentrations leached from E.
grandis detritus. As this species has leaves with large
amounts of hydrosoluble compounds, the presence of
debris of this species is an important source of COD for
aquatic environments. According to Wymore et al. (2018)
leaves with high concentrations of tannins and lignins
(e.g., E. grandis) may contribute decisively to greater

Tab.1. Results of the two-way ANOVA to dissolved inorganic carbon and dissolved organic carbon leaf leaching of native forest and
non-native P. elliottii and E. grandis forestry systems.

                                                                                                df                        SS                       MS                        F                        P-value

Dissolved inorganic carbon
Forest system                                                                         2                        1.01                     0.51                     51.5                      <0.001
Seasons                                                                                   3                        0.52                     0.17                     17.7                      <0.001
Forest system: seasons                                                           6                        0.58                     0.09                      9.8                       <0.001
Residuals                                                                               24                       0.23                     0.01

Dissolved organic carbon
Forest system                                                                         2                      18061                   9030                     94.0                      <0.001
Seasons                                                                                   3                       1321                     440                       4.6                        0.011
Forest system: seasons                                                           6                      10013                   1669                      1.4                       <0.001
Residuals                                                                               24                      2305                      96
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release of DOC to the aquatic system. The slower DOC
leaching observed for P. elliottii is associated with the
amount of resins and lignin in the needles that occurs in
this species. These results corroborate those of Huang et
al. (2013), who observed similar patterns of DOC released
from Pinus spp.

The native forest system contributed the highest
amount of DIC leachate. According to Öquist et al. (2005)
the amount of DIC in the streams is dependent of the
riparian vegetation. In diverse riparian systems (e.g.
native trees composition), the leaves are usually more
malleable and thinner, with lower concentrations of
structural nutrients in relation to those of the non-native
species (Tonin et al., 2014). In addition, the leaching of
DIC occurred in the first 12 h, suggesting that there was
greater dissolution of soluble inorganic substances in the
initial period of the experiment. The DIC is an important

component for the carbon balance in streams because CO2

production is often insignificant in lotic systems (Öquist
et al., 2005). In this way, the input of allochthonous
organic matter sources as a subsidy of DIC to the systems
is fundamental for carbon balance. The ionic bonds of
inorganic compounds are more susceptible to interactions
with water, contributing to their faster release than organic
compounds (Canhoto and Laranjeira, 2007). The
mineralization of organic matter depends on physical (e.g.
leaching) and biological (e.g., microorganisms and
shredders) action (Albariño and Balseiro, 2002). Thus, the
input of diversified litter plants into the stream facilitates
the complete mineralization of organic matter (CO2

production), since these litters can present varying
amounts of organic and inorganic compounds which
facilitate the action of decomposing organisms. The litter
production of P. elliottii and E. grandis is constant

Fig. 2. Dynamic of the leaching of dissolved inorganic carbon (DIC) in native forest and P. elliottii and E. grandis forestry systems in
the seasons of the year. The points represent the mean values and the bars represent the standard error.
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throughout the year due to their phenological
characteristics. Thus, with a constant input of organic
matter into the streams, the chemical composition of the
water may be subject to significant modifications. Litter
from P. elliottii and E. grandis contains large amounts of
phenolic compounds, organic acids, and other substances
that exert negative effects on microrganisms and aquatic
biota (Hepp et al., 2009). Considering that many other
substances are leached from plant debris, not just DIC and
DOC, the negative effects of non-native litter plant on
ecological functioning and integrity may be significant
(Albariño and Balseiro, 2002). Even though the
contribution in terms of carbon sequestration by non-
native species is high, the damage caused by these species
is significant and should be considered (Hepp and
Gonçalves, 2015).

A recent meta-analysis demonstrated the negative

effects of replacing native forests with monocultures on
the ecological processes in streams (Ferreira et al., 2016).
In this study, the authors noted that Eucalyptus spp. causes
serious damage to the processing of organic matter in
streams. In addition, E. grandis plantations reduced about
45% of the aquatic invertebrate biodiversity in the
streams, while P. elliottii plantations reduced about 75%
of the biodiversity of these organisms. If we consider that
aquatic invertebrates are links in the aquatic trophic
chains, variations in higher levels of these food chains can
be expected.

CONCLUSIONS

Our study considered only one stage of the
decomposition process (leaching). The leaching of soluble

Fig. 3. Dynamic of the leaching of dissolved organic carbon (DOC) in native forest and P. elliottii and E. grandis forestry systems in
the seasons of the year. The points represent the mean values and the bars represent the standard error.
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compounds is the first step in the process of
decomposition of allochthonous organic matter in
streams. This step is important for the release of soluble
compounds (e.g., phenols), which may influence
microbial colonization and subsequent fragmentation. In
addition, the dissolved fractions of carbon are
fundamental for the direct incorporation by aquatic plants
and microorganisms. In addition, the results presented in
this paper reinforce the need for a more careful look at
ecological processes. Integrated ecosystem assessment,
considering both the structural and functional aspects, as
well as physical, chemical, and biological factors would
lead to a more complete assessment of the actual
environmental conditions of habitats.
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