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ABSTRACT
We studied the effects of particulate and dissolved optically active components on the attenuation of 
photosynthetic active radiation (PAR) in a tropical lake. The temporal and spatial distribution of tripton, 
Chl-a and aCDOM(440)  and their relative contribution to the diffuse PAR attenuation coefficient (Kd) was 
investigated at 21 sites (dry and wet seasons and two intermediate periods) and at monthly interval at 
1 pelagic site. Higher values of ​​ Kd were observed during the mixing period, characterized by a higher 
concentration of tripton and Chl-a compared to the stratified rainy season. In the spatial sampling PAR 
attenuation was dominated by tripton absorption/scattering (average relative contribution of 79%), 
followed by Chl-a (average 11.6%). In the monthly sampling tripton and Chl-a accounted for most of 
the Kd with relative contributions of 47.8% and 35.6%, respectively. Multiple linear regression analysis 
showed that Chl-a and tripton in combination explained 97% of the monthly variation in Kd (p<0.001), 
but Chl-a had more influence (higher regression coefficient). Thus, although most of light attenuation was 
due to tripton, seasonal variations in phytoplankton abundance were responsible for most of the temporal 
fluctuations in Kd.
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INTRODUCTION

Availability of photosynthetically active radiation 
(PAR; 400 to 700 nm) in the water column provides 
the energy for primary producers and is a key 
determinant of the overall productivity of aquatic 
ecosystems (Parsons et al. 1984, Kirk 1994). 

While it is well known that PAR is attenuated 
exponentially with depth, little is known of the 
causes for temporal and spatial variability in the 
vertical diffuse attenuation coefficient for down-
welling PAR (Kd; m-¹) in tropical lakes.  

Light attenuation in aquatic ecosystems is 
basically the sum of light absorbing and scattering 
optically active components present in water. 
These components are phytoplankton pigments (of 
which chlorophyll-a dominates), colored dissolved 
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organic matter (CDOM), pure water and tripton 
(defined in this type of studies as non pigmented 
particulate matter) (Kirk 1994, Pfannkuche 2002, 
Branco and Kremer 2005, Kelble et al. 2005).

Studies aiming to determine the relative 
contribution of optically active components to Kd 
have previously concentrated on shallow lakes 
(Somlyody and Koncsos 1991, Blom et al. 1994, 
James et al. 1997, Van Duin et al. 2001, Pierson et 
al.2003, Zhang et al. 2007a, b, Balogh et al. 2009), 
estuaries and coastal lagoons (Phlips et al. 1995, 
Christian and Sheng 2003, Lund-Hansen 2004, 
Kelble et al. 2005, Yamaguchi et al. 2013), while 
little information about partition of Kd is available 
on deep (Effler et al. 2010) and tropical lakes 
(Loiselle et al. 2008). The partition of this optical 
property is based on the equation: 

Kd = KW + KCDOM + KTRI + KChl-a 	 (Equation 1)

where KW is the partial attenuation coefficient by 
pure water, KCDOM by CDOM,  KTRI  by tripton and 
KChl-a by Chl-a (Kirk 1994, Phlips et al. 1995).

The concentrations of optically active 
components and how these attenuate light in the 
water column determine the amount of light available 
for photosynthesis. Therefore, the available light 
restricts production, abundance, and distribution 
of pelagic and benthic primary producers, with 
implications for higher trophic levels in the 
ecosystem (Parsons et al. 1984, McMahon et al. 
1992, Gallegos and Moore 2000). Studies about Kd 
partition provide important understanding of how 
each component is responsible for the attenuation 
of light and this fact also allows predict the 
underwater light climate from the concentrations 
of these components (Zhang et al. 2007a). 

Spatial variations in PAR light attenuation 
coefficients are expected in large and dendritic 
lakes because of the differences in depth and 
proximity to the border, which leads to less 
stability of the water column and increased input 

of allochthonous matter. The shallower regions of 
the lakes are susceptible to wind driven sediment 
resuspension which increases the concentration of 
suspended matter in the water column and reduces 
light penetration and thus primary production 
(Somlyody and Koncsos 1991). These variations 
also differ between seasons due to higher input via 
rainfall (rain period) and due to mixing of water 
column (dry period). 

Lake Dom Helvécio (DH - Minas Gerais, 
Brazil) is a deep dendritic tropical lake located in 
a preserved area surrounded by Atlantic Forest. 
Although there is a greater input during rainy 
season, the water column stability in DH is large 
in this period (Brighenti et al. 2015) and the 
allochthonous matter coming with runoff from 
rains remains retained below the thermocline due 
to differences in water temperature (Reynolds 
2009). Redistribution of particulate matter into 
the upper mixed layers accordingly occurs during 
the dryer and colder season which therefore is 
characterized by less transparent water. Following 
these observations, our hypotheses are that: 1) 
the total suspended matter - TSM (Chl-a and 
tripton) present greater relative contribution in the 
attenuation of PAR radiation at all the sampling 
stations and seasons, as CDOM occurs at low 
concentrations in Lake DH and absorbs more in 
the range of ultraviolet spectrum; 2) the spatial 
variability in PAR attenuation coefficient values 
among the 21 sites can be explained by the influence 
of the lake shore in the closest sites (direct input of 
allochthonous organic matter and shalower water 
column compared to deeper sites); 3) the PAR 
attenuation coefficient is higher during the dryer 
mixing period due to elevated levels of suspended 
matter in the water column. In order to test these 
hypothesis, our objectives were to document the 
spatial and temporal contribution of tripton, Chl-a 
and CDOM in total PAR attenuation through Kd 
partition study at Lake DH and determine how 
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variations in optically attenuating conditions 
depend on the time and place of sampling.

MATERIALS AND METHODS

STUDY SITE

Dom Helvécio lake is located inside the Rio Doce 
State Park – PERD Southeast Brazil (S19°46.94’, 
W42°35.48’). The lakes complex in the Middle Rio 
Doce is one of the most important districts of lakes 
in Brazil, with approximately 130 lakes, 42 of them 
located inside the PERD area, which is the largest 
remnant of the Atlantic Forest in Minas Gerais, 
totaling 36000 ha (Maia-Barbosa et al. 2010) (Fig. 
1). This lake is one of the deepest natural lakes of 
Brazil (maximum depth: 39.5 m), surrounded by 
Atlantic forest. It is oligotrophic (total phosphorus: 
3.0-22.0 µg L-1, annual mean 11.2 µg L-1; Chl-a: 
0.5-11.0 µg L-1, annual mean 4.5 µg L-1), has a 
perimeter of 37.7 km, area equal to 5.27x106 m2 
and volume equal to 5.94x107 m3 (Bezerra-Neto 
and Pinto-Coelho 2008). Dom Helvécio is a warm 
monomictic lake, with thermal stratification period 
beginning in September and lasting until April 
(rainy period) and a mixed period from May to 
August (dry period) (Barbosa and Tundisi 1980). 

FIELD MEASUREMENTS

The spatial sampling was carried out in January 
(Summer), April (transition-Autumn), August 
(Winter) and December (transition-Spring) 2013 at 
21 sampling stations in the lake (Fig. 1c). Although 
in tropical environments the four seasons are not 
well defined and then are commonly separated 
into dry and rainy periods in aquatic studies, we 
included in this study the samplings during the 
transitions periods (autumn and spring) because 
they are important intermediate periods between 
the rainy and dry seasons. Temporal samples were 
taken monthly at a single station in the pelagic part 
of the lake (station 8, Fig. 1), from June 2011 to 
November 2012. Six data of temporal sampling 

and one of the spatial sampling stations (station 1 
in January 2013) were not included in the analysis 
because the Chl-a measurements were not analyzed 
in a timely manner and the values were of low 
accuracy.  

Upon monthly sampling at the central deep 
region (station 8) of the lake, vertical profiles of 
water column temperature (°C) were measured 
every meter from surface to 28 m using a Hydrolab 
DS5 probe. The surface irradiance (E0) was obtained 
by a solar radiation sensor (WE300, Global Water®) 
mounted just above lake surface on a buoy located 
at this station.

For spatial analysis, vertical profiles of 
photosynthetically active radiation (PAR) (between 
10:00 and 14:00) were performed using a radiometer 
(BIC Biospherical Instruments). 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 Instruments) while collecting 
radiation data PAR and depth during descent and 
ascent up of the probe. In the spatial sampling the 
maximum depth of measurement of radiation was 
defined on the field when PAR reached 1 µEinsteins 
m² s. For monthly analysis, light profiles were 
measured at depths 0.1, 1.0, 2.0 and 3.0 m using a 
model UA-002 light sensors (HOBO®). 

Water samples (0.5 m from the surface) were 
collected using a van Dorn bottle (5L) and filtered 
immediately for Chl-a (0.47μm Millipore filter) 
and TSM (AP040 Millipore 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 μm Millipore filter) and stored 
in amber glass bottles (pre-washed with distilled 
water and hydrochloric acid 10%) at 4°C in the 
dark.
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LABORATORY ANALYSIS AND CALCULATION OF 
THE OPTICAL PROPERTIES

The diffuse PAR attenuation coefficient (Kd) was 
calculated as the linear slope between depth and 
the natural logarithm of the measured downwelling 
PAR radiation. From Kd we calculated the depth 
of the euphotic zone (Zeu = 4.6 / Kd; m) where 1% 
of the radiation incident on the surface is reached 
(Kirk 1994). 

The measurement of concentration of Chl-a 
was obtained by acetone extraction (90%) measured 
in a spectrophotometer (UV-VIS Shimadzu) at 665 
and 750 nm and calculated according to APHA 
(1998). Total suspended matter (TSM; mg L-1) were 
determined by the gravimetric method, considering 
the difference between the dry weight of AP40 
Millipore filters (105°C for 2 hours) before and 
after the filtration of water samples (APHA 1998). 
The tripton represents the non-living fraction of the 
suspension material, but in this study it represents 
the non-pigmented part of TSM (non-phytoplankton 
particulate matter). This was obtained subtracting 
the dry weight of the phytoplankton from the TSM. 
The ratio between concentration of Chl-a corrected 
by pheophytin and the dry weight of phytoplankton 

was assumed 1:100 (Phlips et al. 1995). Thus, the 
concentration of the Chl-a corrected by pheophytin 
(mg L-¹)  was multiplied by 100 to obtain the dry 
weight of phytoplankton and then subtracted from 
TSM (mg L-¹) to obtain the concentration of tripton 
(mg L-¹) (Christian and Sheng 2003).

The DOC concentration (mg L-1) was obtained 
by catalytic oxidation method of high temperature 
using TOC Analyzer (Shimadzu TOC – 5000).

The spectral  absorpt ion of  CDOM 
was measured at 440 nm (aCDOM(440))  in a 
spectrophotometer (UV-VIS Shimadzu) using 5 cm 
quartz cuvette and Milli-Q water as a reference. 
The absorption spectra of each sample was 
performed in triplicate and determined using the 
Spectrum Pack Program software (Shimadzu Inc.). 
The absorption coefficients were derived from the 
absorption spectra (A) at 440 nm (m-¹) according to 
the equation 2 (Kirk 1994):

aCDOM(440)= 2.303A(440) l-1  	 (equation 2)

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 from the absorbance at 440 

Figure 1 - Location of Dom Helvécio lake in Minas Gerais (a), inside of the Rio Doce State Park (b), Middle Rio Doce and 
the spatial sampling stations (P1-P21) (c). The station P8 (c; underlined) also represents the location of monthly sampling. The 
numbers on the axes correspond to geographic coordinates.
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nm. The spectrophotometric absorption coefficient 
at 440 nm was used as an index of CDOM 
concentration (Williamson et al. 1996).

We used the software Lake Analyzer (Read et 
al. 2011) to determine the depth of the upper mixed 
layer (Zmix) and the water column stability (Schmidt 
Stability-St) from monthly temperature profiles. 
Mean available light in the upper mixed layer 
(Emean; mol photons m-2 d-1) was estimated from 
surface light, light attenuation and mixing depth 
as described in Staehr and Sand-Jensen (2007). 
Accumulated rainfall recorded at every three hours 
was obtained from a meteorological station located 
less than 2 km from the lake (http://sinda.crn2.inpe.
br/PCD/). 

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

PARTITIONING OF THE DIFUSE PAR  
ATTENUATION COEFFICIENT

The partition of Kd was performed for the spatial 
(integrating the spatial data from four seasons 
sampling in 2013) and temporal data (monthly 
sampling at site 8 in 2011 and 2012) separately, but 
using the same equations. 

The attenuation of the PAR radiation can be 
partitioned according to the following equation 3 
(Yamaguchi et al. 2013): 

Kd = KW + KCDOM + KTSM  	 (equation 3)

where KW, KCDOM and KTSM are the partial attenuation 
coefficient due to respectively pure water, 
aCDOM(440) and TSM in the PAR range (400 to 700 
nm). 

The light attenuation by the pure water (KW) 
was assumed to be constant at 0.027 m-1 (Smith 
and Baker 1978). The PAR attenuation by CDOM 
(KCDOM) was estimated according to the equation 4 

(Pfannkuche 2002, Lund-Hansen 2004, Zhang et 
al. 2007a):

KCDOM = 0.221 * aCDOM(440)	 (equation 4)

Where, aCDOM(440) is the value of the absorption 
coefficient measured at 440 nm and 0.221 is the 
specific absorption coefficient of CDOM at 440 
nm.

The light attenuation of TSM can be subdivided 
according to the equation 5:

KTSM = KChl-a + KTRI  	 (equation 5)

Where KChl-a and KTRI are the partial attenuation 
coefficients of phytoplankton (as measured by 
Chl-a) and tripton, respectively. To calculate the 
KTSM we subtracted the sum (KW + KCDOM) from Kd 

(Yamaguchi et al. 2013).
A simple linear regression analysis was 

performed between the KTSM (m-1) and the Chl-a 
concentration (µg L-1) to estimate the specific 
attenuation coefficient of the Chl-a, according to 
equation 6 (Yamaguchi et al. 2013):

KTSM = b * [Chl-a] + c	 (equation 6)

Where the slope b is the specific attenuation 
coefficient of Chl-a (K*Chl-a) and c is the intercept. 
The Chl-a absorption coefficient (KChl-a; m

-1) was 
obtained by multiplying K*Chl-a with [Chl-a]. The 
KTRI (light absorption by non-pigmented particulate 
matter) was finally obtained according to equation 
5 by subtracting KChl-a from KTSM (Yamaguchi et al. 
2013). 

Following the model in equation 1 is possible 
to calculate the relative contributions (%) of each 
component in the total Kd (100%).

STATISTICAL ANALYSIS

Kruskal-Wallis (One Way Analysis of Variance) 
and pair wise test (Tukey Test) were performed to 
assess seasonal differences in Kd values. Simple 
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and multiple linear regressions were made between 
concentrations of optically active components and 
partial and total coefficients of PAR attenuation. 
To demonstrate the spatial distribution of Kd and 
the optical components maps were made using 
a Kriging interpolation technique with Surfer 10 
software.

RESULTS

OVERALL PATTERNS IN LAKE PHYSICS AND 
WATER CHEMISTRY

Periods with full mixing occurred between June 
and August in all three years. The water surface 
temperature ranged from 21 to 31°C with lowest 
temperatures during the mixing period. The photic 
zone (Zeu) ranged from 3.9 to 14.3 m, reaching 
greater depths during the stratified rainy periods. 
Greater stability of the water column (Schmidt) 
was accordingly observed in the rainy season 
(mean Schmidt stability = 386.4 J m-2). The deep 
water temperature remained lower than the surface 
temperature during the entire rain period and was 
stable throughout the year (annual average 23.5ºC 
± 1ºC standard deviation). The depth of the mixing 
layer was greater in dry and colder period reached 
a maximum of 27.9 m, while during the warmer 
rainy season Zmix reached a maximum of 13.4 m 
(Table I and Fig. 2). 

DOC occurred in higher concentrations during 
the onset of the rains (December, spatial average 
6.5 mg L-1) and mixing in winter (spatial average 
6.5 and monthly average 5.9 mg L-1). The DOC 
concentration in the deeper hypolimnetic waters 
was higher during thermal stratification (4.9 in 
November and 5.1 mg L-1 in December 2012) than 
in the upper mixed surface waters (2.1 mg L-1 in 
November and 1.5 mg L-1 in December 2012) 
and elevated DOC levels were accordingly stored 
in the hypolimnion until the onset of mixing in 
June. Total nitrogen (TN) occurred in higher 
concentrations during the mixed dry period (spatial 

average 357.6 and monthly average 446.6 µg L-1) 
compared to conditions in the upper mixed layer 
during stratification (averages between 276.8 and 
351.7 µg L-1). The total phosphorus (TP) occurred 
in higher concentrations during winter, but only for 
the spatial sampling (average 12.8 µg L-1), and no 
difference was observed between dry and rainy in 
the monthly sample (Table I and Fig. 2a-h).

SPATIAL VARIATIONS IN OPTICAL PROPERTIES 

The coefficients of variation were used to 
estimate the variability of Kd and optically active 
components at each site. The spatial distribution 
of these coefficients of variation and mean values 
for each parameter in the four sampling periods 
are shown in Figs. 3 and 4. The largest variation 
observed for Kd occurred at sites 7 (CV = 0.38), 11 
(CV = 0.43) and 15 (CV = 0.35), while the lowest 
ocurred at sites 3 (CV = 0.10), 18 (CV = 0.14) 
and 21 (CV = 0.13). Chl-a presented coefficients 
of variation between 0.20 (site 12) and 0.83 (site 
9), tripton presented between 0.08 (site 6) and 
0.80 (site 1) and TSM ranged from 0.05 (site 7) 
to 0.56 (site 21). The highest variation occurred 
to aCDOM(440) ranging from 0.17 (site 21) to 2.00 
(sites 5 and 7).  There was no significant correlation 
( p > 0.05) among the coefficients of variation of all 
parameters measured or between the coefficients 
and the depth of the sites or proximity to shore.

The spatial variation of the Kd was also 
different for each sampling period, ranging from 
15 to 18% (measured by the coefficient of variation 
- CV = standard deviation / average) among sites 
in the spring (December - CV = 0.15) and summer 
(January - CV = 0.18), and less than 8% in autumn 
and winter (April - CV = 0.08; August - CV = 0.06). 
The spatial variation for Chl-a was higher in summer 
(56%) and less than 30% in other sampling periods 
(April - CV = 0.26; August - CV = 0.30; December 
– CV = 0.29) , while the variation of tripton was 
higher in winter (45%) and close at other periods 
(January - CV = 0.36; April - CV = 0.31; December 
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TABLE I 
Summary of parameters measured during temporal and spatial analyzes in the lake between 2011 and 2013.

    Spatial sampling Temporal sampling

     Summer                   
(Jan. 2013)

Autumn            
(Apr. 2013)

Winter  
(Aug. 2013)

 Spring 
(Dec. 2013) Dry  season Rainy  season

Kd(PAR) (m
-1)

Mean 0.46 0.64 0.78 0.52 0.91 0.66
Min-Max 0.32-0.59 0.51-0.74 0.68-0.91 0.41-0.68 0.66-1.33 0.37-1.26
std dev 0.08 0.05 0.05 0.08 0.26 0.26

Tripton    (mg L-1)
Mean 1.03 1.09 1.19 1.14 1.65 1.33
Min-Max 0.18-1.65 0.68-1.80 0.09-2.37 0.57-2.19 0.46-3.03 0.40-1.88
std dev 0.37 0.34 0.53 0.34 0.99 0.57

Chl-a (µg L-1)
Mean 3.31 6.98 4.81 2.94 6.15 3.28
Min-Max 0.47-6.90 2.68-10.91 2.10-7.22 1.13-4.80 1.69-8.91 0.59-6.11
std dev 1.86 1.82 1.47 0.87 3.20 2.20

aCDOM(440) (m-1)
Mean 0.16 0.10 0.11 0.12 0.36 0.28
Min-Max 0.00-0.30 0.00-0.30 0.00-0.40 0.00-0.40 0.10-0.60 0.10-0.40
std dev 0.10 0.08 0.10 0.11 0.19 0.11

TSM (mg L-1)
Mean 1.36 1.79 1.67 1.43 2.26 1.66
Min-Max 0.36-2.13 1.28-2.28 0.57-2.77 0.91-2.40 1.29-3.20 0.90-2.42
std dev 0.39 0.24 0.55 0.35 0.73 0.54

DOC (mg L-1)
Mean 4.30 3.09 6.46 6.47 5.87 5.24
Min-Max 3.31-5.05 2.49-3.46 5.25-8.32 4.10-8.47 2.38-11.21 1.92-8.73
std dev 0.44 0.29 0.98 0.89 3.08 2.04

Mixing layer (m)
Mean - - - - 17.73 7.25
Min-Max - - - - 8.40-27.90 5.00-13.40
std dev - - - - 7.61 2.16

Euphotic zone 
(m)

Mean 10.37 7.22 5.94 9.08 5.65 8.22
Min-Max 7.80-14.30 6.20-8.90 5.00-6.70 6.80-11.30 3.90-7.00 4.10-12.50
std dev 1.91 0.62 0.36 1.31 1.12 2.55

Surface 
Temperature (ºC)

Mean 30.00 28.73 25.40 31.00 24.27 27.41
Min-Max - - - - 20.90-25.70 24.50-31.40
std dev - - - - 1.58 1.89

Water column 
depth (m)

Mean 14.03 - 13.04 - 28.50 28.50
Min-Max 4.50-30.00 - 2.90-30.00 - 27.00-30.00 27.00-30.00
std dev 8.52 - 8.58 - 0.84 0.84

Total nitrogen             
(µg L-¹)

Mean 276.81 278.53 357.60 125.14 446.61 351.71
Min-Max 215.49-

424.10
242.62-
342.10 12.73-519.71 3.68-431.47 292.21-688.20 229.27-695.29

std dev 41.03 27.05 146.42 158.91 127.29 128.15

Total phosphorus     
(µg L-¹)

Mean 3.78 - 12.75 8.27 8.06 8.22
Min-Max 2.90-5.61 - 5.69-21.77 4.80-11.90 5.46-10.74 4.60-12.82
std dev 0.97 - 4.10 1.83 2.09 2.42

Schmidt stability               
(J m²)

Mean - - - - 124.16 386.43
Min-Max - - - - 31.90-282.90 142.30-621.90
std dev - - - - 82.72 167.89

– CV = 0.30). aCDOM(440) presented larger variation 
than other optically active components with a 
minimum of 64% in summer and between 85 and 
89% at other periods (April - CV = 0.85; August - 
CV = 0.89; December – CV = 0.88). 

We found a significant variation in Kd between 
sampling seasons (Kruskal-Wallis One Way 
Analysis of Variance, p <0.001), except between 
January (summer) and December 2013 (Tukey Test, 
p > 0.05). The Kd ranged from 0.32 m-1 (station P11 
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during the summer) to 0.91 m-1 (station P11 during 
the winter) during the entire period (average 0.60 
m-1). Higher values of Kd (average 0.78 m-1) were 
observed during the dry winter period, characterized 
by a fully mixed water column, while lower values 
(average 0.46 m-1) were observed during the warm, 
thermally stratified rainy season (January and 
December) (Table I and Fig. 3). The coefficients of 
determination (R²) for the calculation of Kd from 
light vs depth were always higher than 0.9 which 
indicates a vertically homogeneous water column in 
relation to the optically active components (Zhang 
et al. 2007a), even during the stratified period. 

The Chl-a concentrations varied 20 fold 
between 0.5 (station P15 in the summer) and 11.0 
µg L-1 (station 8 in the intermediate period in April) 
(average 4.5 µg L-1). In comparison the TSM 
concentrations varied 8 fold and ranged from 0.4 

(station P21 in the summer) to 2.8 mg.L-1 (station 
P21 in winter) (average 1.6 mg L-1). Higher Chl-a 
and TSM concentrations were observed in April and 
winter. The tripton concentration ranged from 0.1 
(station P8 in the winter) to 2.4 mg L-1 (station P21 
in winter) (average 1.1 mg L-¹ ). Although tripton 
concentrations reached similar levels as TSM, 
the spatial variation in tripton was much higher 
(26 fold), with the highest tripton concentrations 
also observed during winter where water column 
was fully mixed. The aCDOM(440) varied from 
0 to 0.4 m-1, average 0.1 m-1. Higher aCDOM(440)  
concentrations were observed in the summer rainy 
period (Table I).

Using the additive model (equation 1) tripton 
was found to contribute most to the attenuation 
of visible light all year round and at all sampling 

Figure 2 - Monthly variation of the (a) water temperature depth profile, (b) surface irradiance, (c) rainfall, (d) mixing layer depth 
(Zmix), euphotic zone depth (Zeu), mean light climate (Emean), (e) dissolved organic carbon, colored dissolved organic matter, (f) 
chlorophyll-a, (g) total suspended matter and (h) PAR attenuation coefficient  (Kd(PAR)) from June 2011 to December 2012.
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stations during spatial sampling (minimum 50%, 
maximum 91% and average 79%). The relative 
contribution of phytoplankton pigments estimated 
from Chl-a showed a minimum of 2%, maximum 
30.2% and average 11.6% for both seasonal and 
spatial variations. The aCDOM(440)  varied from 
a minimum contribution of 0% to a maximum 
of 15.6%,  and average of 4.8%. The pure water 
contribution ranged between 2.9% and 8.4%, with 
an average of 4.7% (Fig. 5). With increasing tripton 
concentration and its relative contribution to light 
attenuation, Kd also increased. In comparison the 
contributions of Chl-a and aCDOM(440)  to PAR 
attenuation were lower and tended to decrease with 
higher Kd values (Fig. 6). Since the absorption of 
pure water is constant its relative contribution to 
Kd decreased with increasing attenuation by the 

other optical components. The specific attenuation 
coefficients for each optically active component are 
shown in Table II.

Considering the four sampling events as 
replicates we did not observe significant relations 
among the spatial distribution of the concentration 
of optically active components - Pearson’s 
correlations between Chl-a and tripton (R = -0.22, p 
= 0.33); Chl-a and aCDOM(440) (R = -0.10, p = 0.65); 
tripton and aCDOM(440)  (R = -0.16, p = 0.47) (Fig. 
6). The spatial distribution of Kd was significantly 
correlated only with Chl-a (R = 0.31, p < 0.01) and 
we did not observe significant correlations between 
Kd and tripton (R = 0.13, p = 0.24) or aCDOM(440) 
(R = -0.04.22, p = 0.67). 

Figure 3 - Spatial variation of the attenuation coefficient of photosynthetically active radiation (m-¹) in the summer (January 2013 
- a), autumn (April 2013 – b), winter (August 2013 – c) and spring (December 2013 – d). Notice that the scales are not similar. The 
numbers on the axes correspond to geographic coordinates.
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MONTHLY TRENDS IN OPTICAL PROPERTIES

From our monthly sampling we found that Kd 

ranged from a minimum of 0.4 m-1 (November 

2011) to a maximum of 1.3 m-1 (July 2012) around 

an average of 0.8 m-1. Highest values were as 

previously described observed in the dry period 

with full mixing of the water column (average 0.9 

m-1), while in the warm stratified rain period had a 

lower average of 0.7 m-1 (Table I and Fig. 2-h).

The Chl-a concentrations ranged 16 fold (min 
December 0.6; max August 8.9 µgL-1) with an 
average of 4.5 µgL-1. Higher TSM concentrations 
occurred during dry periods and the concentrations 
ranged only 3.5 fold from 0.9 (April 2012) to 
3.2 (June 2011) (average of 1.9 mg L-1). Higher 
tripton concentrations were observed in dry periods 
(June and July 2011 and August 2012) and in two 
months of rain period (January and November 
2012), and ranged 8 fold (average 1.5 mg L-1). The 
aCDOM(440)  absorption ranged from 0.1 (November 

TABLE  II
Specific attenuation coefficients of Chl-a, tripton, CDOM and water and their contribution to PAR attenuation during 

monthly and spatial sampling.
 

      Specific attenuation coefficients (m-¹) Contribution to PAR 
attenuation (%)

Monthly sampling   Kd(PAR) KChl-a KTRI KCDOM KW KTSM KChl-a KTRI KCDOM KW

June-11 0.70 0.09 0.50 0.09 0.03 0.58 12 71 13 4
July-11 0.66 0.20 0.29 0.14 0.03 0.49 31 44 21 4
October-11 0.54 0.32 0.14 0.06 0.03 0.46 58 26 11 5
November-11 0.37 0.03 0.23 0.08 0.03 0.26 8 63 22 7
December-11 0.42 0.03 0.33 0.04 0.03 0.36 7 77 10 6
January-12 0.67 0.22 0.33 0.10 0.03 0.55 32 50 14 4
March-12 0.49 0.23 0.17 0.06 0.03 0.40 47 36 12 6
April-12 0.48 0.26 0.12 0.08 0.03 0.38 53 24 17 6
May-12 0.66 0.43 0.12 0.08 0.03 0.55 65 18 12 4
June-12 0.91 0.42 0.42 0.05 0.03 0.83 46 45 6 3
August-12 0.91 0.46 0.39 0.03 0.03 0.85 51 43 3 3
November-12 0.67 0.11 0.51 0.02 0.03 0.62 17 75 4 4

Spatial sampling   Kd(PAR) KChl-a KTRI KCDOM KW KTSM KChl-a KTRI KCDOM KW

January-2013 Mean 0.46 0.05 0.35 0.04 0.03 0.40 12 74 8 6
min 0.32 0.01 0.16 0.00 0.03 0.26 2 50 0 5
max 0.59 0.10 0.54 0.07 0.03 0.57 30 91 14 8
SD 0.08 0.03 0.10 0.02 0.00 0.08 8 11 5 1

April-2013 Mean 0.64 0.11 0.49 0.02 0.03 0.59 17 76 3 4
min 0.51 0.04 0.35 0.00 0.03 0.46 5 68 0 4
max 0.74 0.17 0.65 0.06 0.03 0.71 28 88 9 5
SD 0.05 0.03 0.07 0.02 0.00 0.06 4 5 3 0

August-2013 Mean 0.78 0.07 0.65 0.03 0.03 0.72 9 84 3 3
min 0.68 0.03 0.53 0.00 0.03 0.62 4 76 0 3
max 0.91 0.11 0.76 0.08 0.03 0.81 15 91 9 4
SD 0.05 0.02 0.06 0.02 0.00 0.05 3 4 3 0

December-2013 Mean 0.52 0.04 0.42 0.03 0.03 0.46 9 81 5 5
min 0.41 0.02 0.31 0.00 0.03 0.35 3 71 0 4
max 0.68 0.07 0.56 0.10 0.03 0.59 15 90 16 7

  SD 0.08 0.01 0.07 0.02 0.00 0.07 3 5 4 1
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Figure 4 - Mean values (left panel) and coefficients of variation (CV; right panel) of each sampling site during the four seasons 
for Kd (a, b), Chl-a (µg L-¹) (c, d), tripton (mg L-¹) (e, f) and aCDOM(440) (m-¹) (g, h). The numbers on the axes correspond to 
geographic coordinates.

Chl-a Chl-a
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Figure 5 - The contributions of pure water, phytoplankton, tripton and colored dissolved organic matter to Kd(PAR) during (a) 
summer, (b) autumn, (c) winter and (d) spring.
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2012) to 0.6 (July 2011) (average 0.3 m-1). Overall 
higher concentration of Chl-a, TSM, tripton and 
aCDOM(440)  occurred during the dry season of 2011 
and 2012.  The aCDOM(440)  absorption ranged 
from 0.1 (November 2012) to 0.6 (July 2011) 
(average 0.3 m-1). There was a noticeable fall in the 
concentration of DOC and aCDOM(440)  from June 
2011 to December 2012 (Table I and Fig. 2-e, f, g).

For the monthly and annual variations observed 
at the station P8 tripton was most predominant in 
June, July, November and December 2011, and 
January and December 2012. The contribution of 
tripton attenuation varied from a minimum of 18.3% 
(May 2012) to maximum of 77.2% (December 
2011) and an overall average of 47.8 % throughout 
the sampling period. In October 2011 and March 
to August 2012, Chl-a was the primary contributor 
to Kd. Throughout the period the Chl-a showed 
a minimum contribution of 6.8%, maximum of 
65.3% and an average of 35.6%. In June 2012, 
Chl-a and tripton contributed almost equally with 
45.6% and 45.5%, respectively. We observed that 
the Chl-a contribution increased in the dry mixing 
periods. The aCDOM(440)  contribution to Kd ranged 
between 3.4% and 22% with an average of 12%. 
Pure water contributed with only 4.6% on average 
(Table II and Fig. 7).

Using a multiple regression analysis we found 
that KChl and KTRIP together explained 97% of 
Kd (F(2,9) = 139.832, p < 0.001, R = 0.98, R² = 
0.97). The regression coefficient for Chl-a (0.96) 
was higher than for tripton (0.92), which means 
that while total PAR attenuation depended on a 
combination of optical conditions, the single most 
important component driving temporal variation in 
Kd was Chl-a (Fig. 8).

From the analysis of correlations between 
optical components and physical and chemical 
conditions characterizing changes at the central 
station in the lake we found significant correlations 
(p <0.05) between: 1) Kd and Chl-a (R = 0.66) and 
rainfall (R = -0.58); 2) TSM and tripton (R = 0.92), 
Zmix (R = 0.71) and Schmidt Stability (R= -0.61); 
3) Schmidt Stability and E0 (R= 0.74) and Emean (R 
= 0.71); 4) E0 and Zmix (R = 0.61) and DOC (R = 
-0.49); 5) tripton and Zmix (R = 0.62); 6) Zeu and 
rainfall (R = 0.62); 7) aCDOM(440)  and DOC (R = 
0.60); and 8) Chl-a and rainfall (R = -0.59). All 
correlations of these parameters are shown in Table 
III. These correlations indicate that the seasonal 

Figure 6 - The relative contributions of Chl-a (a), aCDOM(440) 

(b) and tripton (c) to Kd(PAR) during the spatial measurements. 
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changes in optical components affecting PAR 
attenuation are strongly linked to meteorological 
conditions as these affect water column stability 
and mixing conditions. The combination of these 
couplings are finally shown as responses in mean 
light available and the depth of the photic zone. 

DISCUSSION

SPATIAL SAMPLING AT 21 STATIONS

Considering the coefficients of variation, the 
optically active components and Kd varied among 
the 21 sampled sites, but these spatial variability 
were not significant related among them or 
explained by the sites depth or proximity with 
the lake shore as expected. Some deep stations 
(> 10 m) accordingly had variation in Kd values 
similar to stations located near the shore suggesting 
that other parameters such as complex internal 
movement of water driven by wind may control 
the spatial heterogeneity in PAR attenuation 
(Somlyody and Koncsos 1991). However, although 
there wasn’t relation between the coefficients of 
variation of Kd and the coefficients of variation of 
the other parameters, we found a significant and 
positive correlation between Kd values and Chl-a 
concentrations analyzing all sites and sampling 
periods together. In this way, although tripton had 
contributed more with the total PAR attenuation in 
all sites and seasons, the Chl-a concentration was 
the only parameter correlated with the variation of 
Kd. 

In addition to the spatial variability among 
sites, there were distinct spatial variability for 
Chl-a, tripton and aCDOM(440) also among sampling 
periods. During the dry and colder winter mixing 
period elevated levels of particulate matter 
(phytoplankton and tripton) caused overall higher 
PAR attenuation. However, the spatial variability of 
Kd in this period was lower (6%) than that observed 
in the summer (18%) and spring (15%), although 
the spatial variability of Chl-a and tripton in winter 

was 30% and 45%, respectively. It has previously 
been demonstrated that mixing of the water column 
causes resuspension of particulate matter increasing 
turbidity and tripton concentrations (Blom et al. 
1994, James et al. 1997, 2004, Phlips et al. 1995, 
Zhang et al. 2007b), which consequently would 
explain the higher values of Kd and the highest 
average contribution of tripton (83.9%) during the 
mixed dry season. Higher lake transparency (lower 
values of Kd) occurred in summer and spring, when 
concentrations of particulate matter were lower, 
but the aCDOM(440) higher and its contribution in 
Kd became more apparent in the sites (Fig. 5a, d). 
The higher spatial variability of Kd (15-18%) was 
observed in periods of more transparent waters 
(spring and summer), which coincided with the 
highest spatial variability of Chl-a during the 
summer (56%). Despite the increase in Chl-a and 
aCDOM(440)  contribution to Kd during summer, 
tripton was largely responsible for the attenuation 
of visible light when comparing all sites and 
sampling periods. Moreover, tripton contribution to 
the attenuation increased with increasing Kd value 
(see Fig. 6). The relationship between reduced 
Chl-a and aCDOM(440) contributions and increasing 
tripton contribution with the increase of Kd was 
also demonstrated by Zhang et al. (2007a). Other 
studies have similarly found a strong positive 
relationship between tripton and Kd and a great 
contribution of this component to PAR attenuation 
in lakes (Phlips et al. 1995, Christian and Sheng 
2003, Yang et al. 2005, Zhang et al. 2007a, Balogh 
et al. 2009) and estuaries and oceans (McMahon 
et al. 1992, Lin et al. 2009, Yamaguchi et al. 2013) 
(See Table IV).  In this way, the main component 
responsible for the PAR attenuation was tripton, 
followed by Chl-a, which is in agreement with our 
first hypothesis since most of the variability in Kd 
was due to the particulate matter.

The low contribution of aCDOM(440)  to 
Kd (maximum 15.6%) was expected since the 
aCDOM(440)  occurred at low concentrations in this 
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Figure 7 - (a) Temporal variation of the PAR attenuation coefficient in the water column.White, light grey, dark grey and black 
bars show the partial attenuation coefficients due to pure water (Kw), phytoplankton (KChl-a), tripton (Ktrip) and aCDOM(440) (KCDOM), 
respectively. The dashed line indicates the average of KdPAR through the study period (0.62 m-1). (b) Percentage contributions of the 
Kw, Kchla , Ktrip  and  KCDOM to  Kd(PAR)  during the same period.
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TABLE III
Pearson correlations of the parameters obtained in the analysis of temporal changes at central station in 2011 and 2012. 

Significant correlations are highlighted in bold. (St = Schmidt stability; E0 = irradiance; Z
 
= euphotic zone depth).

TSM  Chl-a Tripton 
aCDOM 
(440)

St E0 Emean Zeu Zmix DOC Rainfall

  (mg L-¹) (µg L-¹) (mg L-¹) (m-¹) (J m²)
(mol 

photons 
m-² d-¹)

(mol 
photons 
m-² d-¹)

(m) (m) (mg 
L-¹) (mm)

kd(PAR) 
(m-¹) 0.56 *0.66 0.24 -0.14 -0.48 -0.32 **-0.81 ***-0.82 0.41 -0.24 *-0.57

TSM   -0.07 ***0.92 0.15 *-0.61 -0.41 *-0.69 -0.52 **0.70 0.41 -0.12

Chl-a     -0.45 -0.13 -0.17 -0.12 -0.41 -0.49 0.02 -0.45 *-0.58

Tripton       0.19 -0.48 -0.32 -0.46 -0.28 *0.62 0.54 0.12

aCDOM 

(440)         -0.30 -0.49 -0.20 0.10 0.49 *0.60 -0.09

St           ***0.73 ***0.71 0.40 ***-0.71 -0.33 0.12

E0             ***0.82 0.39 **-0.61 *-0.49 0.11

Emean               ***0.71 ***-0.78 -0.25 0.37
Zeu                 -0.39 0.14 **0.62

*p< 0.05, **p< 0.01, *** p< 0.001.            

lake and its absorption decays with increasing 
wavelength (Green and Blough 1994, Kitidis et 
al. 2006), implying that the overall contribution of 
aCDOM(440)  absorption is higher in the ultraviolet 
part of the spectra (200-400 nm). 

MONTHLY SAMPLING AT THE DEEP CENTRAL 
STATION

In the monthly sampling at the deep central station 8 
(between 2011 and 2012), the contribution of Chl-a 
for the total light attenuation was more noticeable and 
higher than the tripton contribution in some periods 
(October-2011 and from March to August-2012). 
The majority of studies, predominantly in coastal 
waters, showed that the relative contribution of 
tripton to the PAR attenuation was always higher 
than that of Chl-a. This has been documented in 
Aarhus Bay, Kattegat (Lund-Hansen 2004), Florida 
Bay (Phlips et al. 1995, Kelble et al. 2005), Tampa 
Bay and Charlotte Harbor (McPherson and Miller 
1987, McPherson and Miller 1994) and in the 
Yellow Sea (Lin et al. 2009). While tripton is often 

dominate light attenuation, Zhang et al. (2007b) 
showed that increases in Chl-a during summer algal 
blooms makes light absorption by pigments a more 
dominant optical component than tripton in some 
regions of Taihu Lake (China). In hypereutrophic 
lakes Balogh et al. (2009) also observed higher 
Chl-a contribution to the PAR attenuation and 
Yang et al. (2005) in some regions of the Lake 
Donghu (China). Effler et al. (2010) in contrast, 
found that aCDOM(440)  was the primarily factor 
responsible for PAR attenuation in Lake Superior 
(USA). In our study, Chl-a and tripton together 
explained 97% (R², multiple linear regression) of 
the temporal variation of Kd but the Chl-a was the 
most responsible. Similar results were found by 
Yamaguchi et al. (2013) where although tripton 
have been the predominant component responsible 
for the Kd in percentage of attenuation, Chl-a was 
the main component that influenced the Kd monthly 
variation in Harima Sound (R² = 75%) (Eastern 
Seto Inland Sea, Japan). Obrador and Pretus (2008) 
also demonstrated that the main driver for seasonal 
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changes in Kd was phytoplankton (Chl-a) despite 
that DOC had a higher relative contribution. 
Reinforcing this conclusion, we found a smaller 
temporal variation in tripton concentration 
(coefficient of variation: CV = 0.51.) than in Chl-a 
(CV = 0.65), which suggests that although tripton 
contributed significantly to light attenuation, 
variations in Chl-a was the main driver for seasonal 
fluctuations in Kd values. This finding allows us to 
conclude that the main factor that attenuates light is 
not necessarily the same one that causes temporal 
variation of the light attenuation (Obrador and 
Pretus 2008) (see Table IV).

From our monthly sampling we found that 
higher irradiance and rainfall values in summer 
were positively related to the mean light available 
to primary production (Emean) and Schmidt stability 
while negatively related to the mixed layer depth 
(Zmix). In this period, the DOC and aCDOM(440) 
occurred in low concentrations in the photic zone 
suggesting high photobleaching caused by the 
high incident radiation. It is known that with rain 
allochthonous carbon enters the deeper layers 
of the lake and remains in the hypolimnion until 

mixing period, when it becomes distributed in the 
water column (Reynolds 2009). Corroborating this 
finding we observed higher DOC concentration at 
the bottom of the lake than at the subsurface in the 
rainy period (November and December 2012). With 
a lower incidence of solar radiation and cooling of 
surface waters during winter the depth of the mixed 
layer increased, causing a more homogeneous 
distribution of nutrients and particulate matter 
in the water column (Barbosa and Tundisi 1980, 
Petrucio and Barbosa 2004, Brighenti et al. 2015). 
This would explain the observed increase in Chl-a 
concentrations in the full mixing period in 2012 and 
its higher relative contribution in PAR attenuation 
(maximum 65% in May 2012). Brighenti et al. 
(2015) investigating the patterns of primary 
production in Dom Helvécio lake during 2011 to 
2012 demonstrated that during thermally stratified 
period, with higher surface light and lower light 
attenuation, coincided with a higher occurrence of 
photoinhibition of phytoplankton productivity. Also 
these authors found that the availability of nutrients 
and the highest phytoplankton biomass coincided 
with periods of lower photoinhibition (mixing 

Figure 8 - Simple linear regressions between  Kd(PAR) and partial attenuation coefficients of visible radiation due to TSM 
(triangles), tripton (crosses), Chl-a (black circles) and aCDOM(440) (white circles) during monthly sampling.
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periods). Thus, the increase of Chl-a combined with 
the increase of tripton concentrations in mixing 
period resulted in higher values of Kd at this time.

CONCLUSIONS

The present study demonstrated that is important 
to link temporal and spatial sampling in order to 
understand the role of the optical components 
influencing PAR attenuation, because the main 
component that attenuates light is not necessarily 
the same component responsible for the temporal 
variation of Kd. Optimally this should be combined 
with a high-frequency sampling of physical 
conditions characterizing water column mixing 
conditions. This combination allows better certainty 
of the importance of each optical component for the 
total attenuation of light and a better mechanistic 
understanding of the physical and chemical 
conditions driving temporal changes. Particularly, 
we found that there was a significant temporal 
and spatial variability in water transparency, and 
although most of PAR attenuation occured due to 
tripton concentrations, the variability of Kd was 
mainly associated to variation in the concentration 
of Chl-a. However, we did not find support for 
our expectation of higher variability in optical 
condition at near shore sites, suggesting that new 
studies on the variability in Kd must consider the 
hydrodynamic conditions in the distribution of 
optical components within the lake.
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