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ABSTRACT

We investigated how allochthonous and autochthonous sources of dissolved organic matter (DOM) affected the optical conditions and
chemical characteristics of two contrasting tropical freshwater systems (Dom Helvécio-DH and Pampulha Reservoir) in a dry and rainy
periodin 2013. We analyzed PAR (photosynthetically active radiation) and UV (ultraviolet) attenuation coefficients, nutrients, chlorophyll-
a (Chl-a), dissolved organic matter (DOC) and spectral characteristics of CDOM (colored dissolved organic matter). Significant differences
in CDOM sources and quantity were observed, with a dominantly terrestrial input in DH during the rainy period with approximately 50%
higher DOC and Chl-a levels, and a doubling in total nitrogen (TN) and total phosphorus (TP) compared to the dry winter period. The eu-
trophic Pampulha had several fold higher levels of DOC, Chl-a, TN and TP, with organic matter of mostly originating from phytoplankton
in both seasons. Differences in source and quantity had strong implications on water transparency, DOC concentrations, CDOM quality
and its susceptibility to photo- and biodegradation. DH was several fold clearer in both the UV and PAR spectrum. In DH transparency to
both UV and PAR radiation was highest during the summer, suggesting elevated photo- and biodegradation during stratification. Pampulha
was most transparent in the dry period even during period of algal bloom. In both systems we observed seasonal variations in concentrations
of nutrients and Chl-a, and in DH differences were also found in DOC concentrations as well as the specific UV absorbance (SUVA,;,)
and molecular size (M). Our results documents that different sources of DOM and seasonal inputs reflect in the seasonality of apparent

and inherent optical properties and nutrients availability with implications for water quality and aquatic community.
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INTRODUCTION

The dissolved form of organic matter (DOM) consti-
tutes about 90% of the total pool of organic matter (Tran-
vik and Wachenfeldt, 2009), and understanding of the
production and transformation of DOM is of key impor-
tance in studies of carbon cycling in lakes (Thurman,
1985; Bertilson and Tranvik, 2000). DOM represents a
complex of compounds and derives from main sources:
allochthonous material produced from degradation of
humic substances coming from runoff of terrestrial origin
(Kieber et al., 2006; Miller et al., 2009); and autochtho-
nous material, produced by autotrophic and heterotrophic
in situ activities, but mainly by the bacterial degradation
of phytoplankton and macrophytes (Kritzberg et al., 2004;
Hanamachi et al., 2008; Henderson et al., 2008; Guil-
lenette and Del Giorgio, 2012). The two different sources
of DOM can be distinguished from differences in their op-
tical and chemical characteristics. The DOM from au-
tochthonous source is furthermore more biologically
labile than the DOM from allochthonous origin, which
absorbs more solar radiation, has higher molecular weight
due to the more complex aromatic molecules in its com-
position (McKnight et al., 1994; Benner, 2002).
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CDOM is the chromophoric or colored part of the
DOM and also an optically active component which plays
an important role in freshwater systems. CDOM absorbs
solar radiation reducing exponentially the penetration of
light in the water column and the absorption increases from
long to short wavelengths being higher in the ultraviolet
(UV) range (Twardowski et al., 2004). The CDOM absorp-
tion is due to photo-oxidation (known as photodegradation)
of the molecules that can originate photo products or can
be completely mineralized to CO,, affecting the amount of
CO, emission to the atmosphere (Arrigo et al., 2011). This
phenomenon restricts the available light for production,
abundance and distribution of pelagic and benthic primary
producers, with consequences for higher trophic levels in
the ecosystem (McMahon e? al., 1992; Gallegos and Moore
2000). Moreover, it significantly reduces harmful effects of
UV radiation on aquatic organisms (Zhang et al., 2011b).
Several studies in temperate aquatic systems have demon-
strated the role of CDOM in the light attenuation (Christian
and Sheng, 2003; Balogh ef al., 2009; Yamaguchi et al.,
2013), but the effect of CDOM in tropical systems still re-
quires effort (Obrador and Pretus, 2008) especially in lakes.
DOM is furthermore an energy source for the bacterial pro-
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duction, which is responsible for the regeneration of nutri-
ents in the water (Lonborg et al., 2010). It also operates in
the physical, chemical and biological processes of transport
and availability of nutrients and the development of blooms
of phytoplankton in eutrophic lakes (Qualls and Richard-
son, 2003; Coble, 2007; Stedmon et al., 2007) and it is an
important component to estimates and effective manage-
ment of water quality and eutrophication control (Zhang et
al., 2011a). Understanding the environmental conditions
and physical, chemical and biological processes involved
in the production and mineralization of DOM, is therefore
also of great importance to assess the role of lakes in carbon
cycling at regional and global scale (Bertilsson and Tranvik,
2000; Johannessen ef al., 2007). Although the importance
of distribution and cycling of DOM is well known, the ori-
gins, transport and transformations are not well understood
(Zhang et al., 2009), especially in tropical environments.
The composition and concentration of DOM in aquatic
ecosystems depends mainly on the spatial and seasonal vari-
ability of its sources and the availability of nutrients and ra-
diation, which also affects the rates of photo- and microbial
degradation (biodegradation) of these compounds (Brac-
chini et al., 2009; Zhang et al., 2011a). The spatial variation
is given by the heterogeneity of the environment, as the
presence or absence of macrophytes, different depths and
the proximity to the borders which increases the impact by
the input of allochthonous matter and nutrients by runoff
(Wetzel, 1992; Tao, 1998; Obrador and Pretus, 2013). The
seasonal variation derives from changes in DOM sources,
such as higher input of allochthonous organic matter in the
lake during the rainy season and the highest incidence of ra-
diation in spring and summer, which can increase pho-
todegradation rates of CDOM and still favor the lability of
the molecules through the breakage part, facilitating micro-
bial degradation (Bertilsson and Tranvik, 1998; Neale et al.,
2007; Fasching and Battin, 2012; Catalan et al., 2013). Fur-
thermore, CDOM degradation is also affected by the avail-
ability of nutrients throughout the year, a limiting factor for
microbial degradation. In eutrophic lakes, degradation of
phytoplankton is an important source of CDOM and regen-
eration of nutrients for bacteria and also the phytoplankton
community, especially after seasonal blooms of these organ-
isms (Bracchini et al., 2009; Zhang et al., 2009, 2013b).
The CDOM spectrophotometry and fluorescence
spectroscopy are important tools in studies of composition
and origin of organic matter (Helms et al., 2008). There
are currently some metrics extracted from the CDOM ab-
sorbance spectrum that provide information about the
chemical characteristics and quality of its composition.
The increase of the specific UV absorbance (SUVA,;s,. mg
C L' m™) indicates an increase of compounds of higher
aromaticity (Weishaar et al., 2003). The spectral slope
S,75.005 (nm!) indicates different sources of CDOM and
changes related to photodegradation and molecular size,

while S;50.400 (nm™) indicates changes in CDOM related
to biodegradation (Helms ef al., 2008). Sy is a ratio be-
tween both spectral slopes (S,75505:S550.400) @nd indicates
the relationship between photodegradation and biodegra-
dation of CDOM (Helms et al., 2008). The estimated ap-
parent molecular size (M) is obtained by the ratio of two
absorption coefficients (a250:a365), based on the fact that
declining ratio indicates increasing of molecular size (De
Haan, 1987; Peuravuori and Pihlaja, 1997). In recent
decades researchers have used these spectral metrics to
investigate the optical properties in temperate aquatic sys-
tems (Zhang et al., 2007a, 2007b, 2009; Helms et al,,
2008; Bracchini et al., 2010), but studies using this ap-
proach in tropical environments are still scarce and little
is known to Brazilian aquatic systems (Teixeira et al.,
2011, 2013; Bittar et al., 2015).

The aim of the study was to investigate the effects of
CDOM sources on the light environment and nutrient avail-
ability in the two contrasting tropical freshwater systems.
Specifically we focus on DOM properties obtained from
the CDOM spectral absorbance (absorbance coefficient
(a350), spectral slopes (S,75.29s, S3s0.400)»> SlOpe ratio (Sg), mo-
lecular size (M)). Dom Helvécio-DH (Middle Rio Doce,
MG, Brazil) is a warm monomictic, deep (max 39.5 m),
dendritic, oligotrophic and natural lake located in a natural
Atlantic forest. The input of DOM and nutrients to DH oc-
curs via runoff during the rainy season, when the environ-
ment is thermally stratified (Petrucio et al, 2005).
However, most of the DOM remains below the thermocline
due to temperature differences (Reynolds, 2009) and be-
comes dispersed into the entire water column during the
mixing of water in the dry season, increasing the DOC and
CDOM concentrations in surface waters (Brighenti ef al.,
2015). In contrast, Pampulha (Belo Horizonte, MG, Brazil)
is a shallower (max 17 m) and less dendritic eutrophic
reservoir with reoccurring phytoplankton blooms through-
out the year, especially in the summers during thermal strat-
ification. As in other eutrophic lakes, concentrations and
quality of the DOM are strongly influenced by the high
phytoplankton abundance (Torres ez al., 1998; Bracchini ez
al., 2009; Zhang et al., 2009, 2013b). Considering that the
main source of dissolved organic matter in the eutrophic
Pampulha reservoir comes from degradation of phyto-
plankton, especially after an algal bloom, while the main
source of DOM in DH Lake comes from allochthonous ma-
terial from the forest in rainy season, we hypothesized that:
a) The different sources of DOM (allochthonous in DH and
autochthonous in Pampulha) provide different optical qual-
ities of CDOM, which alters the under-water light climate
and the availability of nutrients; b) The lakes have seasonal
differences in their inherent and apparent optical properties.
The autochthonous organic matter in the Pampulha reser-
voir is expected to increase with the increase of phytoplank-
ton abundance during higher availability of nutrients, which
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will reduce the attenuation of visible and ultraviolet radia-
tion by algae and CDOM absorption and also light disper-
sion by the phytoplankton community. In opposition to this
we expect that DH Lake will show higher water trans-
parency during the rainy season because of intense photo-
bleaching in the epilimnion, and because most of the
organic matter coming from the catchment remains in the
hypolimnion until the mixing in winter.

METHODS
Study area

Lake Dom Helvécio (DH) is located inside the Rio
Doce State Park - PERD (Middle Rio Doce, MG, Brazil).
The lake complex in the Middle Rio Doce is one of the
most important districts of lakes in Brazil, with approxi-
mately 130 lakes, 42 of them located inside the PERD
area, which is the largest remnant of the Atlantic Forest in
Minas Gerais, totaling 36,000 ha (Maia-Barbosa et al.,
2010) (Fig. 1a). This lake is one of the deepest natural
lakes in Brazil (maximum depth: 39.5 m), surrounded by
Atlantic forest. It is oligotrophic [total phosphorus: 3.0-
22.0 pg L', annual mean 11.2 pg L!; Chlorophyll-a (Chl-

a): 0.5-11.0 pg L', annual mean 4.5 pg L], has a perime-
ter of 37.7 km, area equal to 5.27x10° m? and volume equal
to 5.94x107 m*® (Bezerra-Neto and Pinto-Coelho, 2008).
DH is a warm monomictic lake, with a stable thermal strat-
ification period beginning in September and lasting until
May (rainy period) and a mixed period from June to Au-
gust (dry period) (Barbosa and Tundisi, 1980; Henry and
Barbosa, 1989; Briguenti et al., 2015).

The Pampulha reservoir was inaugurated in 1938 and
rebuilt in 1957 following a dam rupture, and is together
with its architectural set an important tourist area in the
metropolitan region of Belo Horizonte, Minas Gerais,
Brazil. This reservoir is eutrophic (total phosphorus: 135-
819 ug L, annual mean 6500 ug L'; Chl-a: 10-315 ug
L', annual mean 75 pg L), has an original perimeter of
21 km, maximum depth of 17 m, and receives domestic
and industrial sewage and other pollutants that contribute
to poor water quality and exacerbate eutrophication
(Champs, 1992; Novais, 1992, Pinto-Coelho, 1998, Resck
etal, 2007) (Fig. 1b). Pampulha remains thermally strat-
ified between September and April (rainy period) and the
mixing water begins in May until August (dry period)
(Figueredo and Giani, 2001; Pinto-Coelho et al., 2003).
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Fig. 1. Location at (a) Rio Doce State Park (PERD) and (b) Dom Helvécio Lake, and (c) Pampulha Reservoir in Belo Horizonte, Minas

Gerais (MG), Brazil.




Optical properties in tropical systems 511

Field measurements and laboratory analysis

The sampling was carried out in January (rainy sum-
mer) and August (dry winter) 2013 in 21 sampling stations
in DH Lake and in March (rainy autumn) and July (dry
winter, during a bloom of cyanobacteria) 2013 in 16 sam-
pling stations in Pampulha reservoir (Fig. 1 a,b).

For characterization of the systems vertical profiles of
water column temperature (°C) at the central point were
measured every meter from surface to the bottom using a
probe Hydrolab DS5 (Hach Inc., Loveland, CO, USA).

Vertical profiles of photosynthetically active radiation
(PAR) and ultraviolet radiation (UV) (between 10:00 and
14:00) were performed using a radiometer BIC (Biospher-
ical Instruments) in each site sampling. The profiles were
made on the sun side of the boat avoiding shadows and
measurements during days with great clouds were
avoided. The radiometer was attached to a battery and
notebook with the software LoggerLight ™ (Biospherical
Intruments, San Diego, CA, USA) while collecting radi-
ation data PAR and UV (305, 340 nm) and depth during
descent and ascent up of the probe. Water samples (0.5 m
from the surface) were collected using a van Dorn bottle
(5L). These samples were filtered immediately after sam-
pling for Chl-a (0.47 pm filter) and TSM (AP040 filter)
and the filters were frozen until analysis. Water samples
were also filtered for analysis of dissolved organic carbon
(DOC) and colored dissolved organic matter (CDOM)
(0.22 um Millipore filter) and stored in amber glass bot-
tles (pre-washed with distilled water and hydrochloric
acid 10%) at 4°C in the dark. The chlorophyll-a concen-
tration corrected by pheophytin (Chl-a) was obtained by
acetone extraction (90%) measured in a spectrophotome-
ter (UV-VIS, Shimadzu Inc., Columbia, MD, USA) at 665
and 750 nm and calculated according to APHA (1998).
The DOC concentration (mg L") was obtained by cat-
alytic oxidation method of high temperature using TOC
Analyzer (Shimadzu TOC-5000). Total suspended solids
(TSM) were determined by the gravimetric method, con-
sidering the difference between the dry weight of AP40
Millipore filters (105°C for 2 h) before and after the fil-
tration of water samples (APHA, 1998).

Unfiltered water samples were taken for analysis of total
nitrogen - TN (TOC Analyzer, Shimadzu TOC-5000) and
total phosphorus - TP (according to Mackereth et al., 1978).

Calculation of the optical properties

The diffuse PAR and UV attenuation coefficients
(Kyparyand Ky y)) were calculated as the linear slope be-
tween depth and the natural logarithm of the measured ra-
diation.Absorption spectra were obtained between 250 nm
and 700 nm at 1 nm intervals in a spectrophotometer (UV-
VIS Shimadzu) using 5 cm quartz cuvette and Milli-Q
water as a reference. The absorption spectra of each sam-

ple was performed in triplicate and determined using the
Spectrum Pack Program software (Shimadzu Inc.). The
absorption coefficients (al) were derived from absorbance
measurements (AL) according to the equation a(A)m-
1=2,303A (L)L, where L is the optical path of the cuvette
(in meters). Absorption coefficients were corrected for
backscattering by subtracting the value of the coefficient
at 700 nm. The spectrophotometric absorption coefficient
at 350 nm (m™') was used as an index of CDOM concen-
tration (Zhang et al., 2011a).

The spectral slope S (nm™!) was calculated for wave-
lengths between 275-295 nm and 350-400 nm (Helms et
al., 2008) and it was estimated using linear adjustment
technique between log values of the absorption coeffi-
cients and the specific wavelength range. The slope ratio
(Sg) was obtained by the equation Sg=S,755050m/ S350-400nms
where S is the spectral slope. The estimated apparent
molecular size (M) was obtained by the ratio of the ab-
sorption coefficients at 250 and 365 nm (a250 / a365)
(De Haan, 1987; Peuravuori and Pihlaja, 1997). The spe-
cific UV absorbance (SUVA,s,) (mg C L' m™') was cal-
culated dividing the value of the absorption coefficient
at 254 nm by the concentration of DOC (mg L)
(Weishaar et al., 2003).

Statistical analysis

Differences in parameters between seasons were as-
sessed by independent sample #-test (for parametric data)
and Mann-Whitney (for non parametric data) (significant
P<0.05), and differences between freshwater systems
were assessed with Two-way Analysis of Variance (sig-
nificant P<0.05). Pearson correlations were made to ex-
amine the relationships between all the parameters
measured (significant P<0.05).

RESULTS

Differences between the two contrasting freshwater
systems

The hyper eutrophic Pampulha reservoir had signifi-
cantly higher concentrations of nutrients (21 times higher
for TN and 28 for TP), Chl-a (5.8 times) and DOC (1.4
times) compared to the oligotrophic DH Lake. As Pam-
pulha also had higher CDOM;;, absorbance (3.3 fold
higher), both PAR and UV attenuation was significantly
higher than in DH. Indices of CDOM quality or compo-
sition furthermore indicated DOM of different origin as
Pampulha had DOC of higher specific UV absorbance
(SUVA,s,), smaller spectral slopes (S,75.29s, S3s50-400), lOWEr
spectral slope ratio (Sy) and higher molecular size of
CDOM (lower M) than DH (Tabs. 1 and 2, Figs. 2 a-d and
3 a-d). CDOM absorption was generally higher over the
entire spectrum in Pampulha, especially in the UV range
(Fig. 4 a,b).
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Seasonality in optical properties

Concentration of nutrients, Chl-a and DOC were sig-
nificantly higher in the fully mixed dry season in DH (Fig.
2 a-d). The PAR, UV-A and UV-B attenuation were also
higher during dry period (Fig. 5a). In this lake, only
SUVA,;, and M values (Fig. 3a) were higher in rainy pe-
riod. In Pampulha we found that concentrations of TP
(Fig. 2b), PAR and UV attenuation (Fig. 5b) were signif-
icantly higher during the rainy season. Only Chl-a and TN
concentrations were higher in dry period (Fig. 2d) in this
reservoir (Tabs.1 and 2).

Analysing the CDOM absorption spectrum at 21
points in DH and at 16 in Pampulha, during a rainy and a
dry period we noticed that the spatial variation in each en-
vironment was smaller during the rainy period compared
with the dry period. For DH, the mean absorption spec-
trum (black line in Fig. 4a) was higher in the dry period
for absorption at wavelengths shorter than 350 nm. For
Pampulha the mean absorption (black line in Fig. 4b) was
equal in both seasons.

L.PM. Branddo et al.

Significant and positive Pearson correlation was ob-
served to DH between S;5,_4,, and nutrients concentrations
(TN; r=0.52, P<0.015; TP; r=0.82, P<0.000) only for
rainy period data, which indicates that biodegradation
might be limited by nutrients in this time. In the Pampulha
reservoir, we found significant Pearson correlations be-
tween CDOM;;, and Chl-a in the dry period (r=0.88,
P<0.000), when there was an algal bloom. The CDOMj;,
was also positively correlated with the coefficients of at-
tenuation of PAR only in the dry period (Kypar); 1=0.80,
P<0.000) and with UV radiation in both periods (dry pe-
riod: K05, =0.81, P<0.000; K349y r=0.90, P<0.000;
rainy period: Kysgs); 1=0.52, P=0.037; K345 1=0.76,
P<0.000). In addition, the TSM was positively correlated
with Chl-a only in the dry period (r=0.91, P<0.000).

DISCUSSION
Sources of DOM and underwater light climate

The large difference between the quantity and quality

Tab. 1. Summary of parameters measured during spatial-seasonal analyses in Dom Helvécio Lake and Pampulha Reservoir, MG, Brazil.

Surface temperature (°C) Min-Max 30.0 25.4 26.0-28.3 22.5-23.7
Mean+SD 3040 25.4+0 27.4+0.8 23.3+0.5
Water column depth (m) Min-Max 4.5-30.0 2.9-30.0 1.0 - 10.0 0.6-9.5
Total suspended matter (mg L) Min-Max 0.4-2.1 0.6-2.8 16.7-31.2 32-242
Mean+SD 1.4+0.4 1.7£0.6 24.7£3.6 7.24£5.6
Total nitrogen (ug L) Min-Max 215.5-424.1 129.0 - 519.7 3000.0 - 8400.0 6300.0 - 15500.0
Mean+SD 276.8+41.0 393.2498.9 5680.0+1100.0 8615.0+3300.0
Total phosphorus (ug L) Min-Max 1.4.13.6 5.7-21.8 176.3 - 425.9 135.3-819.2
Mean+SD 6.0£3.4 12.7+4.1 292.3+67.7 232.8+165.5
Chlorophyll @ (ug L") Min-Max 0.5-6.9 2.1-72 10.7-96.2 56.1-315.4
Mean+SD 3.3+x1.9 4.8+1.5 35.6+21.4 111.6+£71.8
DOC (mg L) Min-Max 33-54 53-83 7.1-10.1 6.8-10.7
Mean+SD 4.4+0.5 6.5£1.0 7.9+0.8 7.8+0.9
agso) (M) Min-Max 0.7-1.8 0.7-13 29-39 2.8-48
Mean+SD 1.0+0.2 1.0+£0.2 3.340.3 3.440.6
Kd g, (M) Min-Max 0.3-0.7 0.7-0.9 4.0-6.8 1.9-5.9
Mean+SD 0.540.1 0.8+0 5.240.8 3.0£1.0
TRy @) Min-Max 1.5-2.7 2.7-4.1 11.1-30.7 10.0 - 28.8
Mean+SD 2.1+0.3 3.4+0.5 16.4+5.3 13.1+£5.3
Kd g 30s) (M) Min-Max 28-54 35-72 14.6 - 37.5 9.5-50.7
Mean+SD 3.7+0.7 5.1-0.9 20.7+£5.6 18.6+9.4
Sy75.205 (N 1) Min-Max 0.02 - 0.04 0.03 - 0.03 0.02 - 0.02 0.02 - 0.02
Mean+SD 0.03+0 0.03+0 0.02+0 0.02+0
Sas0400 (N Min-Max 0.01 - 0.05 0.02 - 0.03 0.02 - 0.02 0.02 - 0.02
Mean+SD 0.02+0.01 0.02+0 0.02+0 0.02+0
Sr Min-Max 0.7-2.1 1.0-1.7 1.0-1.2 1.0-12
Mean+SD 1.4+0.4 1.3+£0.2 1.0+0.1 1.04£0.1
SUVA (mg C L' m™) Min-Max 1.8-2.5 09-1.8 20-24 1.6-3.0
Mean+SD 2.1+£0.2 1.3+0.3 2.240.1 2.240.3
Molecular size (M) Min-Max 9.6-22.6 7.8-16.5 6.4-8.0 59-8.1
Mean+SD 13.743.1 11.8+2.1 7.3£0.4 7.0£0.7

n, number of sampling stations.
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of DOM in the two studied freshwater systems indicated
a terrestrial input of organic matter in DH Lake occurring
mostly during the rainy period in the summer, compared
to a strong autochthonous phytoplankton contribution in
Pampulha reservoir related to an algal bloom especially
evident in the dryer winter period.

The differences in the S,5,95 values between the sys-
tems suggest that DOM originated from different sources
(Helms et al., 2008). The increase of aromatic DOC
(higher SUVA) during rainy period in DH strongly sug-
gests an allochthonous source of DOM from the forested
catchment around DH primarily entering the lake during
this time. In Pampulha, increases in CDOM absorbance
was positively correlated with increasing of Chl-a during
an algal bloom in dry winter indicating an autochthonous
input of DOM. Other studies have linked DOM source
from phytoplankton degradation considering the positive
correlations between CDOM absorption and Chl-a (Kahru
and Mitchell, 2001; Rochelle-Newall and Fisher, 2002;
Zhang et al., 2013b).

The DOM source affects some characteristics of lakes,
as their transparency to UV and PAR radiation, and re-
cently some studies have compared the differences in op-
tical quality between DOM from autochthonous and
allochthonous sources (Spencer et al., 2009; Bracchini et
al., 2010; Shank et al., 2010; Catalan ef al., 2013; Zhang
et al., 2013a). The PAR and UV attenuation in Pampulha
were much higher than in DH. In Pampulha we observed
that the predominantly autochthonous DOM was coupled

to the attenuation of PAR (positive correlation between
CDOM,,,and PAR attenuation coefficients only in dry pe-
riod) and ultraviolet radiation (positive correlations in dry
and rainy period). A similar relation was not found for the
allochthonous DOM in DH, and it was already observed
for this lake that PAR and UV attenuation were strongly
dependent on light absorption by particulate matter (tripton
and phytoplankton) while CDOM only contributed with
less than 22% in total attenuation during monthly and spa-
tial sampling in 2013. However, when the CDOM comes
from phytoplankton degradation, as in eutrophic environ-
ments like Pampulha, it may greatly increase its contribu-
tion to the attenuation of radiation and CDOM absorbance
(CDOM;;5, higher in Pampulha) during blooms (Zhang et
al., 2007a). The different DOM sources in these systems
also alter the importance of DOM degradation processes,
as allochthonous terrestrial carbon is known to be more
humic consisting of heavier and more aromatic molecules
being typically more photodegraded. In contrast, the au-
tochthonous microbial/algal derived DOM consisted as ex-
pected by simpler molecules of low molecular weight, less
affected by photodegradation but more susceptible to
biodegradation (McKnight et al, 1994; Benner, 2002;
Catalan et al., 2013, Zhang et al., 2013Db).

Seasonality of optical properties between
the contrasting systems

Seasonal variations were observed for nutrients and
Chl-a concentration and UV and PAR attenuation for both

Tab. 2. Results of the two-way analysis of variance comparing the seasons (rainy and dry) and the freshwater systems and results of the

t-test and Mann-Whitney comparing the seasons within each system.

Total nitrogen (ng L") 425.45%%* 21.33%** 18.20%** **xD **2
Total phosphorus (ug L") 169.67*** 1.84 2.90 Saa] WA
Chlorophyll a (ug L) 10.68** 5.25% 5.03* **] *EXD
DOC (mg L") 155.63%** 25.76%** 32.83%** D) ns2
a3s0) (M) 887.87*** 0.26 1.32 ns 2 ns 2
Kdpar, (m) 651.92%** 48.44%** 85.07*** sl HEED)
Kd v 340) (M) 217.67%** 1.53 8.26%* *xx2 **2
Kdwvs 305) (m™) 163.16%** 0.08 2.16 R 2
S175.205 (NM) 383.27%** 1.85 0.11 ns2 ns |
Sss0400 (M) 9.86%* 0.21 0.07 ns 2 ns 1
Sy 28.58%** 0.63 0.35 ns | ns 1
SUVA (mg CL ' m™) 4.26%** PISSESES 2.89%** SR ns 2
Molecular size (M) 140.91%%* 5.54* 2.85 **2 ns 1

DH, Dom Helvécio; PA, Pampulha; *P<0.05; **P<0.01; ***P<0.001, ns, not significant; 1, parametric data and t-test was used, 2, non-parametric

data and Mann-Whitney was used.
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systems and also seasonal differences only to DH Lake in
relation to the DOC concentration and the quality of
CDOM (SUVA,;, and M). Seasonal changes in the quality
and quantity of DOM in DH suggest linkages with rainfall
events and water column mixing. In contrast, the reduced
seasonality in Pampulha seems attributed to reoccurring
algal blooms in this reservoir, which causes several events
of autochthonous production of DOM throughout the
year, although most prevailing during the well mixed
dryer winter period.

As we expected, the water column in DH was most
transparent (both PAR and UV radiation) during the rainy
season when the water column was stratified and with
DOM components of a more aromatic structure (higher
SUVA) and more susceptible to photobleaching (Weishaar
etal., 2003; Helms et al., 2008; Catalan et al., 2013; Zhang
et al., 2013a). Positive correlations between Sss.4, and nu-
trients (TP and TN) only during the rainy season suggest
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that microbial degradation in the epilimnion might be lim-
ited by nutrients during thermal stratification. Nutrient lim-
itation of primary production during the rainy season in
DH Lake was observed by Brighenti ef al. (2015) in a two
year study of lake metabolism. In agreement with this Chl-
a concentrations were lower in the rainy period in DH. Fur-
thermore, nutrient limitation of phytoplankton growth
raises light transparency and is expected to explain ele-
vated levels of photoinhibition during summer (Brighenti
etal., 2015). While our results showed that the increase of
aromatic DOM originates from surface runoff during rainy
period, DOC and nutrients concentrations were lower in
the epilimnion in this period, indicating that much of the
newly introduced DOM remained in the hypolimnion until
later mixing of the water column in the dry and cooler win-
ter period (Reynolds, 2009), when their concentrations in-
creased in the water surface (Barbosa and Tundisi, 1980;
Petrucio and Barbosa, 2004). Corroborating with this, we
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Fig. 2. Seasonal variations (center line-median, outer grey-5th/95th percentiles, bars- 95% confidence level, black circles- outlier) in
the concentrations of (a) total nitrogen, (b) total phosphorus, (c) dissolved organic carbon and (d) chlorophyll-a at 21 sites in Dom
Helvécio Lake and 16 in Pampulha Reservoir collected in a dry and rainy period in 2013.
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observed DOM characterized by higher molecular size
compounds (lower M) during the mixed winter period
(Peuravuori and Pihlaja, 1997; Helms ef al., 2008). Impor-
tantly, most of the sampling in DH Lake was made in areas
where total depth exceeded 10 meters thus allowing a sta-
ble hypolimnion to develop over longer period of anoxia
during thermal stratification from September to May. Such
conditions seem favorable for the changes in DOM quality
observed after full mixing of the water column. Contrary
to what we expected, the Pampulha reservoir was most
transparent (both UV and PAR radiation) in the dry mixing
winter although it did experience a bloom of cyanobacte-
ria. The bloom in this period can be explained by the
higher concentration of nitrogen and the lower water level
(approximately 1 meter), and also by the high incidence
of solar radiation throughout the year. We expected that an
increase of phytoplankton would increase the light atten-
uation coefficients (K,), especially the Kpa), but the op-
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posite occurred in Pampulha. Although at high concentra-
tions, the autochthonous carbon from phytoplankton
degradation tends to be less chromophoric and attenuates
radiation less, especially in the UV range (McKnight et al.,
1994; Benner, 2002). The concentration of TSM during
the dry-mixing period was however, lower than in the
rainy season, during which TSM was uncorrelated with
Chl-a and accordingly a greater amount of non-algal ma-
terials (tripton) occurred in the TSM.

In agreement with other studies it therefore seems that
tripton must have accounted for most of the PAR attenu-
ation during the rainy stratified summer (Phlips ef al.,
1995; Christian and Sheng, 2003; Zhang et al., 2007b).

CONCLUSIONS

As the presence of chromophoric carbon in the water
protects the aquatic organisms from harmful ultraviolet
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Fig. 3. Seasonal variations (center line-median, outer grey-5th/95th percentiles, bars- 95% confidence level, black circles- outlier) in
(a) M, (b) spectral slope S25 545, (¢) absorbance of colored dissolved organic matter at 350 nm (a,5,) and (d) slope ratio Sy at 21 sites in
Dom Helvécio Lake and 16 in Pampulha Reservoir collected in a dry and rainy period in 2013.
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radiation and from the excessive incidence of solar radi-
ation (Zhang et al., 2007a), our results suggest that the
photoinhibition of phytoplankton primary production ob-
served in DH during summer by Brighenti e al. (2015) is
directly linked with the seasonal pattern of photobleach-
ing of CDOM and nutrients availability, where both de-
pendent of the sources and quality of DOM. Thereby, we
demonstrated that the main source of DOM in DH come
from the terrestrial input during the rainy period, reinforc-
ing the importance of preserving the original forest sur-
rounding the lakes to the global carbon cycle. In
Pampulha reservoir we observed that degradation of phy-
toplankton is an important source of DOM and most likely
also to the regeneration of nutrients, which has already
been demonstrated for other eutrophic systems (Zhang et
al., 2009, 2013, 2013b). We also found that autochthonous
production of CDOM can increase the PAR and UV at-
tenuation, as observed in the positive correlations between
CDOM and attenuation coefficients only in Pampulha and
during an algal bloom.

In conclusion, our results documents that tropical
freshwater systems can have a clear seasonality in carbon
quality and concentration related to trophic status and sea-
sonal differences in DOM inputs, degradation and distri-
bution in the water column. Our finding supports recent
findings of a strong seasonality in primary production and
organic matter decomposition in tropical lakes and has
implications on our understanding of PAR and UV atten-
uation and water quality in such systems.
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