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Abstract The light field and its relationship with

biogeochemical variables were investigated in the

Solimões, Negro, Amazon, Madeira, Uatumã, Tromb-

etas, and Tapajós Rivers. In high suspended sediment

rivers, total suspended matter is the primary control on

light attenuation (r = 0.8), with colored dissolved

organic matter (CDOM) being secondary (r = -0.6)

due to scattering and absorption, respectively. Photo-

synthetically active radiation was the lowest (\100.0

lmol m-2 s-1 at the depth of half Z1%) and was

limited to depths of less than 1.0 m and confined to red

light. In low suspended sediment rivers, CDOM is the

primary control on light attenuation (r = 0.9). The

concentrations of chlorophyll a (Chla) and CDOM

cause variations among these rivers. High CDOM

rivers, Negro and Uatumã, are depleted (\0.5% of

incoming irradiance) of blue and green light at the

depth of half Z1%. The light spectra of low CDOM and

higher Chla waters, such as the Tapajós, Uatumã, and

Trombetas Rivers at rising water stage, are restricted

to green and red wavelengths, and marked by high

absorption at 620 and 670 nm, due to the presence of

Cyanophyceae.

Keywords Light attenuation � Underwater

irradiance � Phytoplankton � Sediment � Dissolved

organic matter � Rivers � Amazon

Introduction

In the Amazon, the rainfall, geology, soil, and

vegetation, as well as the physical and biogeochemical

processes occurring in the catchments, produce waters

with different concentrations of particulate and dis-

solved compounds, generally characterizing the water

bodies as white, black, or clear waters. Waters with

high concentrations of inorganic particulates have a

major portion of their drainage area in the Andes

Cordillera, where physical and chemical processes are

intense. Black water rivers drain from Precambrian

shields, which are characterized by permeable podsol

soils, thus resulting in large quantities of dissolved

organic matter in the rivers. Clear waters drain

weathered shields characterized by thick clay-rich

latosol soils, resulting in water that is low in dissolved

matter and suspended solids, and is nutrient poor

(Devol & Hedges, 2001). In fact, many of the
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Amazon’s rivers are a mixture of these three water

types (Walker, 1990).

Conversion of forest to agriculture (Thomas et al.,

2004) and conversion of forest and floodplains to

mining operations (Roland & Esteves, 1998; Mol &

Ouboter, 2003; Telmer et al., 2006), however, have

resulted in an increase in both physical and chemical

erosion, leading to higher concentrations of particu-

late and dissolved compounds in Amazonian waters.

For example, streams flowing through areas that have

changed from forest to pasture or agricultural land

have higher concentrations of total suspended partic-

ulate and dissolved compounds than streams flowing

through natural forested areas (Thomas et al., 2004).

Mining activities have increased suspended particu-

late concentrations as much as 50 mg l-1 since 1979,

when bauxite tailings were first discharged into the

originally clear waters of the Batata Lake, in the

watershed of the Trombetas River (Bozelli & Garrido,

2000). This has resulted in decreasing phytoplankton

abundance due to light limitation (Guenther &

Bozelli, 2004a) and possibly also due to algae-clay

aggregation (Guenther & Bozelli, 2004b). Since the

beginning of the gold rush in the 1970s, the Creporı́

River, in the Tapajós watershed, has changed from

clear waters with suspended solids of approximately

7 mg l-1 to highly turbid waters with concentrations

of about 500 mg l-1 (Telmer et al., 2006). In

Suriname, mining has resulted in increased concen-

trations of suspended particulates up to 2,468 mg l-1

in disturbed streams compared with approximately

30 mg l-1 in undisturbed streams (Mol & Ouboter,

2003). In French Guiana, small-scale gold mining

activities have caused changes in both the taxonomic

and functional structure of diatoms assemblage as a

function of increased water turbidity (Tudesque

et al., 2012).

Changes in the light field of Amazonian waters

occur due to changes in particulate and dissolved

matter caused by the different characteristics of the

rivers’ sub-basins, the biogeochemical processes, the

mixing of different types of water, the hydrology, and

human activities. However, these changes have been

reported mainly for lakes, and focussed on light

integrated in the photosynthetically active radiation

(PAR) spectrum (Furch et al., 1985; Roland &

Esteves, 1998; Melack & Forsberg, 2001; Guenther

& Bozelli, 2004a). From these studies, PAR has been

shown to limit phytoplankton primary production in

Amazonian lakes under low human impacts (Melack

& Forsberg, 2001), lakes affected by gold mining (Mol

& Ouboter, 2003), and lakes affected by bauxite

mining (Roland & Esteves, 1998; Guenther & Bozelli,

2004a).

PAR is attenuated at different rates in different

regions of the spectra for different types of waters, and

is important for understanding phytoplankton abun-

dance and distribution (Kirk, 1994; Arst et al., 2000);

therefore, it is important to spectrally resolve the

vertical attenuation coefficient and the underwater

irradiance for different Amazonian waters. Although

the general description of in-water PAR for some

Amazonian lakes has already been documented, there

is a gap in knowledge about the characteristics of the

spectral light field and associated water optical

constituents in large rivers of the Amazon basin. The

objective of this study was to investigate the spectral

light field and its relationship to the optical water

constituents in the Amazon River and six of its largest

tributaries at two stages of the hydrological cycle,

receding and rising waters. In order to accomplish this,

we quantified the relationship between spectral down-

welling attenuation coefficient, Kd(k), and in situ

measured biogeochemical variables, total suspended

solids (TSS), chlorophyll a (Chla), and absorption by

dissolved organic matter (aCDOM(440)). We further

analyzed the measured normalized downwelling irra-

diance, E0dðz;kÞ, and quantum irradiance over the PAR

range, qd(PAR,z), from just below the water surface

down to a depth at which PAR declined to 1% (Z1%).

This research presents the first detailed investigation

of the in-water light field and its relationship to

biogeochemical variables and the hydrology of large

Amazonian rivers, thus adding to our understanding of

Amazonian water optics and related biogeochemical

variables.

Methods

Study area

Seven of the major tributaries of the Amazon River

and several stretches of the Amazon River were

sampled (Fig. 1). We conducted sampling along an

800 km reach of the Amazon River, beginning

upstream from the Solimões and Negro confluence,

ending at the Tapajós River at Santarém. Samples
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were collected generally in the onset of the receding

waters (2005) and onset of the rising waters (2006) in

the following rivers: Solimões, Negro, Amazon (three

to four different stretches of the river), Madeira,

Uatumã, Trombetas, and Tapajós. The Amazon

mainstem samples were from locations downstream

of the confluences of the Negro/Solimões, Madeira,

Uatumã, and Tapajós Rivers. The tributary samples

were taken well upstream of confluences to avoid any

influence of the Amazon River.

General characteristics of the sampled rivers

The Solimões, Amazon, and Madeira Rivers originate

in the Andean Cordillera. Due to high relief, high

precipitation, and geology characterized by sedimen-

tary and metamorphic rocks, the Andean region is

characterized by high erosion rates, resulting in high

concentrations of suspended unweathered minerals,

clays, and dissolved ions in the rivers. These rivers are,

therefore, characterized as rich in nutrients, tend to

Fig. 1 Sampling locations on the Amazon River and its major

tributaries with their respective water level (continuous line) and

rainfall (bars) for the years 2005 and 2006. Mainstem sampling

locations are called Amazon 1 (3), Amazon 2 (5), Amazon 3 (7),

and Amazon 4 (10). Other sampled rivers are Negro (1),

Solimões (2), Madeira (4), Uatumã (6), Trombetas (8), and

Tapajós (10). Gauging station locations are represented as filled
circles and data was provided by Agência Nacional das Águas

(ANA). Stars represent time of field data acquisition
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have a neutral or basic pH, and are high in suspended

sediments, and high in alkalinity (Konhauser et al.,

1994). The Amazon River is 6,580 km long and,

together with its approximately one thousand tribu-

taries, drains a 6.5 9 106 km2 area of South America.

Seasonally, the Amazon discharge has a predictable

monomodal fluctuation that results from the precipi-

tation regimes in catchment areas of the large tribu-

taries (Irion et al., 1997). The maximum and minimum

discharge of the Amazon River, as measured at

Óbidos (eastern-most gauging station), is reported

as 203,000 m3 s-1 at high water (June) and

91,700 m3 s-1 at low water (December) (Richey

et al., 1986). The Solimões River, as the Amazon

River is called before its confluence with the Negro

River, has several tributaries originating in the Andes

and flowing through the lowlands. The Solimões

drains an area of approximately 990,780 km2 and the

annual mean discharge is 103,000 m2 s-1. The

Madeira River originates in the Bolivian Andes, and

drains the Brazilian shield and the Central Amazon

plain. It is the largest tributary of the Amazon River;

and together with the Solimões River, represents the

largest contributor of sediment to the Amazon River

(Leite et al., 2011). The Madeira River drains an area

of 1,420,000 km2 with an annual discharge of

32,200 m3 s-1 (Moreira-Turcq et al., 2003).

The Negro River has a drainage basin of

686,810 km2 and is characterized by an annual mean

discharge of 28,400 m3 s-1 (Moreira-Turcq et al.,

2003). The headwaters are in the Guyana Shield, and

the drainage basin is associated with highly weathered

lateritic and podsol soils. These hydromorphic soils

are sandy, nutrient poor, and permeable. Rainfall

interacts with forest litter and then percolates through

these soils, transporting large quantities of dissolved

organic matter into the rivers. The waters, therefore,

tend to be acidic, rich in dissolved humic substances,

and low in nutrients (Forsberg et al., 1988). The

Uatumã River drains an area of approximately

70,600 km2 and has a maximum discharge of approx-

imately 1,370 m3 s-1 in May/June. Uatumã’s tribu-

taries originate mostly in the Guiana Shield; as such, it

has physical–chemical water characteristics similar to

the Negro River.

The main tributaries of the Amazon lower course

are the Trombetas (drainage area of 128,000 km2 and

mean discharge of 2,555 m3 s-1) and Tapajós (drain-

age area of 490,000 km2 and mean discharge of

13,500 m3 s-1) rivers (Moreira-Turcq et al., 2003).

Their headwaters are found in the highly weathered,

low-gradient Guyana and Brazilian shields, respec-

tively. These Precambrian shields are not undergoing

strong physical erosion like that occurring in the

Andes; and, therefore, have developed thick, clay-rich

latosol soils. These soils retain water and organic

matter for an amount of time sufficient to complete

mineralization of dissolved organic matter. However,

due to the intense chemical weathering that has

produced these soils, dissolution of minerals is low,

and waters draining from them remain low in

dissolved solids. These rivers have low concentrations

of suspended solids, are nutrient poor, and are

characterized by high plankton production (Devol &

Hedges, 2001).

Water samples

Sampling strategies for the field campaigns of 2005

(receding waters) and 2006 (rising waters) were as

follows: in 2005, we collected subsurface (0.2 m

depth) water samples at three different locations in

each river, producing 27 discrete samples. In 2006,

water samples were similarly collected at three

different locations in each river, and additional

samples were collected at the euphotic depth (Z1%),

for a total of 66 discrete samples. For both sampling

campaigns, we averaged data from the three different

locations to represent a river. Immediately after

sampling, water was vacuum-filtered onboard the

boat, through pre-weighed and pre-ignited GF/F

0.7 lm glass-fiber membranes, for measuring the

concentrations of TSS and photosynthetic pigments.

Pigment samples were frozen at -80�C until HPLC

analysis.

TSS was determined by weight difference follow-

ing the method of APHA (1998). Pigments were

determined by high-performance liquid chromatogra-

phy (HPLC) using methods adapted from EPA (1997)

and Mantoura & Repeta (1997). We quantified the

following pigments using certified standards: chloro-

phyll a (Sigma-Aldrich Canada, Inc.) and b, zeaxan-

thin, alloxanthin, diadinoxanthin, peridinin, and

fucoxanthin (DHI Water and Environment). The

presence of these pigments was used as an indicator

of assemblage of phytoplankton groups in the different

rivers as per Wright & Jeffrey (2006), although the

limitations are known due to the lack of reliable
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published pigment ratios for defining fresh water

phytoplankton assemblages (Descy et al., 2009). Just

before HPLC analysis, the stored membranes were

removed from the freezer, placed in centrifuge tubes

with 90% acetone solution, ground, digested for 12 h

while kept cold and dark, and then centrifuged. The

extracts were filtered (0.45 lm membranes) into

amber autosampler vials, and kept chilled and dark

for imminent HPLC analysis. Analysis was done using

a refrigerated autosampler, an injection volume of

200 ll, and a Summit P680A HPLC (Dionex, Oak-

ville, ON, Canada) equipped with a programmable

gradient pump, reverse-phase C18 analytical and guard

columns (5 lm pore size, 120 Å, 4.6 9 250 mm), and

a 1,000 channel photodiode array UV/VIS detector.

For determination of absorbance due to colored

dissolved organic matter (CDOM), the filtrate that

passed through 0.2 lm membrane was collected in pre-

combusted amber glass bottles, and kept cold and dark

in coolers. We subsequently analyzed the filtrate

samples spectrophotometrically for absorbance at

440 nm using a 2000 USD spectrophotometer (Ocean

Optics, Dunedin, FL, US) with a 100 mm cuvette,

using Milli-Q water as a reference. The absorption

coefficient of CDOM (aCDOM(440) m-1) was calculated

from measured absorbance according to Kirk (1994):

aCDOMð440Þ ¼ 2:303Að440Þ=L ð1Þ

where A(440) is the absorbance at 440 nm and L is the

path-length of the cuvette in meters.

In situ optical data collection

At each of the 60 sampling locations (2005 and 2006

inclusive), we acquired vertical samples of planar

irradiance with the HyperPRO radiometer (Satlantic,

Halifax, NS, Canada) from subsurface to Z1%. The

HyperPRO has an in-water hyperspectral radiometer

(HyperOCR) to measure downwelling irradiance

(Ed(z,k)), and sensors for temperature, depth, and tilt

determinations. A second hyperspectral radiometer

was installed on a pole on the top of the boat to

measure the above-water downwelling irradiance

(Es(k)). Both radiometers operate in a calibrated

spectral range from 350 to 800 nm at a 10 nm spectral

resolution. All the measurements were simultaneously

taken through a computer interface, and sensors were

calibrated by the manufacturer just prior to data

acquisition. The in-water Ed(z,k) (180� field of view)

was mounted on a horizontal plane (T frame). We

mounted the profiling set on a downrigger on the side

of the boat, which was always oriented to keep the

sensors on the sunny side to avoid boat shading. The

sensor was slowly lowered in a continuous manner to

collect high rate vertical resolution (3 Hz sampling)

data and to prevent significant tilt. Additionally, all the

measurements were conducted at solar elevation

between 45� and 65�, under relatively clear sky

conditions, with wind speed lower than 2.0 m s-1 on

average. The solar angle range allowed us to assume

less than 10% difference in Kd values due to irradiance

differences (Kauer et al., 2010).

Based on in situ measured Es(k) and Ed(z,k), Z1%, the

depth in which the downwelling irradiance at the PAR

range falls to 1% of the surface irradiance at the PAR

range, defined as the euphotic depth (Kirk, 1994), was

measured in real time.

Processing of optical data

The raw data were filtered for tilt and synchronized

with depth and time, and the normalized downwelling

irradiance (E0dðz;kÞ), the quantum irradiance over the

PAR range (qd(PAR,z)), and the diffuse attenuation

coefficient (Kd(k)) were calculated. E0dðz;kÞ was defined

by normalizing Ed(z,k) to the incident irradiance Es(k).

We only considered data if the average coefficient of

variance (CV) of Es(k) over the time of acquisition for

the specific sample site was lower than 1%. High CVs

were mostly due to broken cloudy conditions. The

E0dðz;kÞ was then converted to percentage, thus repre-

senting light quality and avoiding possible interfer-

ence of differences in light intensity. We further

characterized the differences among the irradiance

curves by defining the following indices: the wave-

lengths of maximum light at subsurface (kmax_surf) and

at Z1% (kmax_Z1%), and the ratio in downwelling

irradiance between 650 and 550 nm (k650/550) and 550

and 490 nm (k550/490). These ratios enabled us to

capture the slope of the curves between the red-green

and the green-blue parts of the spectra, respectively.

Quantum irradiance in the water column over the

PAR range, qd(PAR,z) in lmol m-2 s-1, was defined as

qPAR ¼
Z700

400

Ed kð Þ k
hc0

dk ð2Þ
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where k is the wavelength of light, h is the Planck’s

constant 6.625 9 10-34 J s, and c0 is the speed of

light 3 9 108 m s-1 (Reinart & Arst, 1998).

Kd(k) was defined as the slope of the least-square

regression of ln[Ed(z,k)/Es(0-,k)] with respect to depth

over the depth interval just below the water surface to

Z1%, where most of the attenuation of solar energy

takes place (Kirk, 2003). This is a commonly used

method for a vertically homogenous water layer (Kirk,

2003; Paavel et al., 2006). The R2 values of the linear

regressions fit were consistently better than 0.98 for

the 450–750 nm range. Kd(k) values were not calcu-

lated below 450 nm because Ed(z,k) decreased very

quickly with depth, and the low irradiance levels were

beyond the sensitivity of the instrument. This was

particularly the case for rivers with high TSS concen-

trations, such as the Amazon, Solimões, and Madeira.

Similar problems have been reported for high turbidity

lakes in Estonia and Southern Finland (Reinart &

Herlevi, 1996; Reinart et al., 2004; Paavel et al., 2006).

We further removed the optical data acquired from the

Madeira River in 2006 because of very low levels of

measured Ed(z,k) and Es(k) values. The Es(k) values

varied considerably and were much lower than

expected for equatorial regions. We can only speculate

that there were technical issues at the time in which

measurements were taken. Field notes in regard to

maneuvering of the boat attest to that.

In order to analyze the influence of the water optical

constituents on spectral Kds variability, we defined the

statistical relationships (1) among the spectral Kds, and

(2) among spectral Kds and optical water constituents.

All analyses were conducted at a 99% significance

level.

Results

Hydrological setting and water temperature

Figure 1 shows time series of monthly water level and

precipitation at the sampled rivers (data from Agência

Nacional das Águas-ANA), between January 2005 and

December 2006. The water level for the Amazon

River is represented by data from Óbidos station,

which is the most downstream gauging station in this

river. The rivers show a monomodal variation in the

water level, with generally higher waters occurring in

April–May and lower in October–November. The

variations in water level are regulated by the seasonal

distribution of rainfall in the catchment area of the

rivers, with a general delay of about 2 to 3 months

between the start of the rainy season and the river

beginning to rise—generally in November–December

(Irion et al., 1997). Our sampling campaigns happened

after the 2005 maximum (onset of the receding waters

and the dry season) and the 2006 minimum (onset of

the rising waters and after the onset of the wet season)

(Fig. 1). Of special note is the below average rainfall

in the beginning of 2005, which caused rivers to drop

to recorded low water levels. This was the second most

severe drought to occur in the century, exceeded only

by the drought of 2010 (Marengo et al., 2011).

During both sampling periods, the temperature

profiles (measured ± 3 h of the solar noon) from the

surface to Z1% showed a 30�C average, and mostly

within 0.3�C of the surface temperature (Table 1).

Optically active constituents

While the concentrations of water optical constituents,

TSS, Chla, and aCDOM(440), at surface and at Z1% were

similar due to the well-mixed euphotic layer, the

variation in concentrations among rivers and between

the two seasons were noteworthy (Table 1). These

variations are in the same range reported by other

researchers (see Table 2 for comparisons). The

reduced number of comparisons with other studies is

related to differences in sampling procedures and

periods of the hydrological cycle. For instance, several

authors report concentrations derived from integrated

depth sampling (Meade, 1994; Dunne et al., 1998;

Leite et al., 2011). This can result in large variability in

published concentrations. For example, in the case of

TSS, the Amazonian rivers show concentrations that

are many times higher closer to the river bed than at

the surface (Meade, 1994).

The overall range of measured TSS was 1.6–66.9

and 3.2–217.2 mg l-1 for 2005 and 2006, respec-

tively. The seasonal increase in TSS mostly happened

in the Amazon, Solimões, and Madeira Rivers (an

average 46 and 150.0 mg l-1, respectively, for 2005

receding and 2006 rising). TSS also increased in the

Tapajós River in 2006 (4.1 mg l-1) compared with

2005 (1.6 mg l-1). Concentrations in the Negro and

Trombetas Rivers remained similar, whereas they

decreased considerably in the Uatumã River in 2006

compared with 2005. The highest TSS waters were
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found in the rivers with headwaters in the Andean

Cordillera: Solimões, Madeira, and Amazon Rivers.

Maximum concentrations ([170.0 mg l-1) in the

Solimões and Madeira Rivers happened at rising

waters (2006), with minimum concentrations

(*50.0 mg l-1) at receding waters (2005). The low

TSS waters (approximately 3.0 mg l-1) were found in

rivers with headwaters in the Brazilian and Guyana

shields: the Negro, Uatumã, Trombetas, and Tapajós

Rivers. One exception was the Uatumã waters in 2005,

in which TSS reached 12.1 mg l-1. This high con-

centration was likely a result of mixing with Amazon

River waters through myriad water pathways of the

wide floodplain.

Measured aCDOM(440) values varied markedly

among the different rivers and seasonally. Observed

ranges were from 1.6 to 10.7 and 1.5 to 10.3 m-1 for

2005 and 2006 waters, respectively (Table 1). Among

the sampled rivers, the highest aCDOM(440) values were

measured in the Negro (10.7 and 10.3 m-1 for 2005

receding and 2006 rising waters, respectively) and at

the Amazon after the confluence of the Negro and

Solimões (10.6 m-1 for 2005 receding). Intermediate

values were measured in the Solimões, Amazon,

Uatumã, and Madeira (*4.5 m-1), and the lowest

values were measured in the Trombetas and Tapajós

(3.2 and 1.8 m-1 for 2005 receding and 2006 rising

waters, respectively). The lower dissolved organic

matter in the waters of the Solimões, Madeira, and

Amazon Rivers compared with, for instance, the

Negro River, is a result of the high adsorption and

decomposition rates in the soil, groundwater inputs,

seepage from fringing wetlands, and in-channel pro-

cesses in these rivers (McClain et al., 1997). The high

dissolved organic matter of the Negro River is typical

of Amazonian rivers draining highly weathered later-

itic and podsol soils (Forsberg et al., 1988). The

Tapajós River showed one of the lowest aCDOM(440)

values (1.6 m-1) at receding waters, typical of Ama-

zonian rivers that drain highly weathered, low-gradi-

ent shield regions (Devol & Hedges, 2001; Moreira-

Turcq et al., 2003).

Contrary to the TSS and aCDOM(440) trends, the

Tapajós River exhibited the highest Chla concentra-

tions, especially at the rising water stage. Generally, at

receding water stage, Chla values were higher in the

Tapajós and Trombetas rivers (2.1 and 2.7 lg l-1,

respectively), and in the Negro and Uatumã rivers (1.8

and 1.2 lg l-1). The concentrations increased consid-

erably at rising waters in the Tapajós (*18.3 lg l-1)

and Uatumã (4.2 lg l-1), while they remained approx-

imately the same in the Trombetas River (1.5 lg l-1)

and decreased in the Negro River (0.6 lg l-1). The

waters of the Amazon, Solimões, and Madeira exhib-

ited the lowest Chla values (*0.4 lg l-1) during both

sampling periods (Table 1).

Figure 2 and Table 3 show the distribution patterns

of the following biomarker pigments: fucoxanthin,

diadinoxanthin, peridinin, Chlb, alloxanthin, and zea-

xanthin. Overall, the pigment concentrations and diver-

sity were higher in the waters of the Tapajós (highest

concentrations), Trombetas, Negro, and Uatumã rivers.

These waters exhibited higher concentrations of zeo-

xanthin (indicating the presence of Cyanophyceae),

fucoxanthin, and diadinoxanthin pigments (diatoms), as

well as alloxanthin pigment (Cryptophytceae), Chlb

(Chlorophyceae), and peridinin (Dinophyceae) (Wright

& Jeffrey, 2006), compared with waters from the

Table 2 Comparison of concentration of optical water constituents in Amazonian rivers according to different studies

Source Water stage Negro Solimões Amazon Madeira Uatumã Trombetas Tapajós

This study Receding 1.8/3.2 0.3/66.9 0.3/40.0 0.5/52.5 1.2/2.1 2.7/3.3 2.1/1.6

Rising 0.6/3.6 0.3/173.0 0.3/133.0 0.6/217.2 4.2/4.5 1.5/3.2 18.3/4.1

Moreira-Turcq et al. (2003) Receding –/8.8 –/17.6 – –/51.1 – –/15.8 –/2.0

Rising –/4.0 –/127.1 – – – –/14.8 –/3.5

Putz & Junk (1997) Receding 4.0/– – – – – – –

Low 2.0/– – – – – – –

Dustan (2009) High-receding – – 0.5/– – – – –

Fisher (1979) Low 2.0/– – 0.5/– – – – –

Rudorff et al. (2009) Receding – – 2.0/40.0 – – – 3.4/1.0

Concentrations are expressed as Chla (lg l-1)/TSM (mg l-1). Note that for the same reference, data is not available for all rivers.

Also, all concentrations represent surface samples
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Amazon, Madeira, and Solimões. For these rivers,

biomarker pigment concentrations were very low or

generally below the detection limit, except for zeaxan-

thin (dominant), Chlb, peridinin, and fucoxanthin in

some stations, and only at rising water stage, thus

indicating the presence of Cyanophyceae, Chlorophy-

ceae, Dinophyceae, and Bacillariophyceae, respectively

(Wright & Jeffrey, 2006). Our results on pigment

diversity are consistent with data reported in Saliot et al.

(2001) for similar rivers, thus confirming lower diversity

and concentrations of pigments in the Amazon,

Madeira, and Solimões, and higher diversity and

pigment concentrations in the Trombetas, Uatumã,

and Negro, with the highest in the Tapajós River.

Light climate

The light climate of the different water types was

analyzed according to the depth at which the down-

welling irradiance at the PAR range falls to 1% of the

Fig. 2 Pigment distribution expressed in relative abundance in relation to Chla for the different Amazonian rivers. a 2005 data—

receding waters and b 2006 data–rising waters. Note the different magnitude of the y axis

Table 3 Pigment concentrations (lg l-1) for the different Amazonian rivers collected in 2005 (receding) and 2006 (rising waters)

Rivers Tapajós Trombetas Negro Uatumã Solimões Amazon Madeira

2005 receding

Chla 2.1 2.7 1.8 1.2 0.3 0.3 0.5

Chlb 0.2 0.2 0.06 0.08 n.d. n.d. 0.04

Peridinin 0.01 0.01 0.01 n.d. n.d. n.d. n.d.

Fucoxanthin 0.1 0.1 0.1 n.d. n.d. n.d. n.d.

Alloxanthin 0.07 0.2 0.1 0.04 n.d. n.d. n.d.

Zeaxanthin 0.3 0.1 n.d. 0.05 n.d. n.d. n.d.

2006 rising

Chla 16.3 1.5 0.6 4.2 0.3 0.4 0.6

Chlb 0.3 0.1 0.05 0.5 0.06 0.07 0.1

Peridinin 0.5 0.05 0.04 0.2 0.04 0.02 0.04

Fucoxanthin 0.4 0.06 0.06 0.5 0.02 n.d. 0.09

Diadinoxanthin 0.1 0.04 0.01 0.2 n.d. n.d. n.d.

Alloxanthin 0.2 0.1 0.03 0.2 n.d. n.d. n.d.

Zeaxanthin 0.5 0.4 0.3 0.5 0.2 0.2 0.2

n.d. stands for not detected
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surface irradiance, the normalized in-water irradiance,

the quantum irradiance over the PAR range, and the

diffused attenuation coefficient (Table 1; Figs. 3, 4, 5,

respectively).

Z1% varied at two different times of the year and for

the different rivers (Table 1). At the receding waters of

2005, Z1% ranged between 0.9 and 1.9 m in the waters

of the Amazon, Madeira, and Solimões, and the waters

of the Negro and Uatumã rivers, respectively, com-

pared with 2.9–5.6 m in Trombetas and Tapajós. At

the rising waters of 2006, Z1% generally decreased to

about half of the depth measured in the receding

waters of 2005, except for the Negro, Uatumã, and

Trombeta rivers, where Z1% was higher.

Variations in the normalized downwelling irradi-

ance (E0dðz;kÞ) at subsurface (0.2 m) and reaching Z1%

for the different rivers and seasons are shown in Fig. 3.

The shape and magnitude of the irradiance curves

differed for the various rivers and the two different

sampling periods. At receding waters, the Uatumã,

Negro, Amazon, Solimões, Madeira, and Trombeta

rivers were characterized by a kmax at approximately

680–690 nm for both depths, subsurface (Fig. 3a) and

Z1% (Fig. 3b); while for the Tapajós River, it was

around 575 nm with secondary peaks at 640 and

690 nm at Z1%. At subsurface, the k650/550 and k550/490

of the sampled rivers indicated that generally red

irradiance was about 50% higher than green irradi-

ance, and green irradiance was about two times higher

than blue irradiance, respectively. Contrastingly, for

the Tapajós River, irradiance values at 490, 550, and

650 nm were similar, thus producing a flatter curve

(Fig. 3a).

At Z1%, the irradiance curves (Fig. 3b) showed

different steepnesses when compared with the sub-

surface curves (Fig. 3a). The k550/490 indicated blue

irradiance generally much lower than green, often

more than ten times lower. The k650/550 showed strong

depletion of green light, about five times less green

light compared with red light. Again, the exception

was the Tapajós River, where values of E0d at 650 and

550 nm were similar, and noticeable minimums were

defined at 620 and 670 nm (Fig. 3b).

At rising waters, the irradiance curves showed

differences in the quality of spectral light in the Uatumã,

Trombetas, and Tapajós Rivers when compared with

receding waters. In these rivers, E0dðkÞ exhibited three

maximum wavelengths at approximately 585, 645,

and 690 nm, while high TSS rivers remained with one

maximum, both at subsurface (Fig. 3c) and Z1%

(Fig. 3d). In these waters, k650/550 revealed that red and

green light had almost similar magnitude at subsurface,

while red irradiance was about five times higher than

green at Z1%. The largest irradiance differences between

the sampling periods occurred for the Uatumã and

Trombetas Rivers, where the profile of the subsurface

E0dðkÞ at rising waters resembled the Tapajós River—

similar kmax, k650/550, and k550/490. At Z1%, E0dðkÞ curves

showed more pronounced differences, with dominant

green light availability in the waters of the Uatumã,

Tapajós, and Trombetas Rivers (Fig. 3d).

The next set of data corresponds to the quantum

irradiance over the PAR range (qd(PAR,z)) for the

different rivers at the two sampling periods. In order to

allow for adequate comparative analysis of qd(PAR,z),

we first evaluated all the measured above-water

quantum irradiance over the PAR range qs(PAR). On

average, qs(PAR) values were 1,800 lmol m-2 s-1

(average difference among sites was 11%) and

1,686 lmol m-2 s-1 (difference among sites was

15%) for 2005 and 2006, respectively. The high and

similar qs(PAR) values for both sampling periods were

expected because light intensity near the equator is

mostly constant year around (Junk & Krambeck,

2000), and the optical measurements were conducted

with a narrow solar angular range around noon. The

similarity between measured qs(PAR) values for 2005

and 2006 allowed us to assume that the changes in

qd(PAR,z) were related to the optical water constituents

and not changes in illumination conditions. High TSS

waters exhibited the lowest qd(PAR,z) (Fig. 4a, b),

especially in 2006 (\41.1 lmol m-2 s-1 at the depth

of half Z1%) when the TSS concentrations were the

highest. In 2005, quantum irradiance was approxi-

mately 180.0 lmol m-2 s-1 for the Uatumã and

Negro, and 220.0 lmol m-2 s-1 for the Tapajós and

Trombetas (Fig. 4a). In 2006, the quantum irradiance

values in the Tapajós decreased to approximately

80.5 lmol m-2 s-1, while the Trombetas and Uatumã

remained similar (Fig. 4b).

The last set of data corresponds to the spectral

diffuse attenuation coefficients for downward irradi-

ance (Kd(k)) for 2005 (Fig. 5a) and 2006 (Fig. 5b).

Overall, attenuation was higher in the blue part of the

spectra, decreasing toward the green, and increasing

slightly into the near infrared spectra ([700 nm). For
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Fig. 3 Downwelling irradiance relative to incoming light

representative for the sampled Amazonian rivers. a 2005—

receding waters at sub-surface, b 2005—receding waters at Z1%,

c 2006—rising waters at sub-surface, and d 2006—rising waters

at Z1%. Note the magnitude difference between irradiance at

sub-surface and Z1%

Fig. 4 Quantum irradiance over the PAR range, qd(PAR,z), in lmol m-2 s-1 for sampled Amazonian rivers. a Receding waters—2005

and b rising waters—2006. Stars represent the depth of half Z1%
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ease of presenting the Kd behavior, we show three

representative wavelengths, 490 (Kd_B), 550 (Kd_G),

and 650 nm (Kd_R) (Table 1). For both sampling

periods, spectral Kd values were higher for the

Amazon, Madeira, and Solimões compared with the

waters of the Tapajós, Trombetas, Uatumã, and Negro.

At the receding waters of 2005, Kd_B exhibited the

highest values, decreasing in about the same magni-

tude toward the green and red wavelengths, except in

the Tapajós River, where Kd_G and Kd_R were similar.

At the rising waters of 2006, Kd values were generally

higher in any part of the spectra and the differences

between spectral Kds were lower compared with the

2005 coefficients.

We statistically correlated Kd_B, Kd_G, and Kd_R

with the predictor variables, aCDOM(440), TSS, and

Chla, to define the influence of the optical water

constituents on Kd variability. Predictor variables were

only accepted in the regression models at P \ 0.01.

The models were developed for the following group of

data: (i) all data combined (high and low TSS waters);

(ii) only low TSS waters (Negro, Uatumã, Tapajós,

and Trombetas); and (iii) only high TSS waters

(Amazon, Madeira, and Solimões). The division of

high and low TSS waters was done due to the Kd

differences between these waters, especially in the red

wavelengths (Fig. 5). Kd values at the red wavelengths

for the high TSS waters are systematically higher than

2.0 m-1 compared with low TSS waters (Fig. 6c).

This threshold is not well defined in the blue and green

part of the spectra because of the effects of high

CDOM absorption and inorganic particulate scattering

on the attenuation coefficients at these wavelengths.

For instance, the high CDOM waters of the Negro

River show Kd values similar to the Amazon River at

the blue and green wavelengths, but lower Kd at red

wavelengths where CDOM does not absorb light

efficiently (Fig. 5a). Table 4 shows the coefficient of

determination of linear regressions between spectral

Kds and water optical constituents.

The statistical analysis indicated that when all the

data were included (all rivers, both seasons), the fit of the

Kd models was the highest (r = 0.92–0.93) and TSS

was the significant predictor variable. However, a closer

analysis of the Kd variability of the Negro, Uatumã,

Tapajós, and Trombetas suggests that the statistical

models are not good predictors of the Kd for these

waters, in turn suggesting that some optical constituent

other than TSS alone defined light attenuation at these

waters. Accordingly, the Kd models generated with only

low TSS waters defined aCDOM(440) as the significant

predictor variable (Table 4), in particular, as expected,

for light attenuation in the green (r = 0.94) and blue

(r = 0.89) wavelengths. The statistical relationship

between Kd_R and aCDOM(440) decreased (r = 0.74),

likely due to the diminished influence of absorption by

CDOM at red wavelengths. The Kd models generated

for high TSS waters were mainly described by TSS

(r = 0.84 for all models), but aCDOM(440) had a signif-

icant secondary negative correlation (r = -0.62 and

-0.68) (Table 4). This negative correlation is a result of

the dominant influence of TSS scattering on the Kd

values of these waters. The highest TSS waters (highest

Kds), such as at the Amazon River at rising waters, are

Fig. 5 Diffuse attenuation coefficient (Kd(k)). a Receding waters—2005 and b rising waters—2006
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associated with lower aCDOM(440) values compared with

lower TSS waters such as at Amazon River at receding

waters (lowest Kds), which have higher aCDOM(440).

The relationship between TSS and Kd does not reveal

a saturation point for the measured TSS range

(*20.0–173.0 mg l-1, both sampling periods)

(Fig. 6). This is in agreement with current knowledge

of Kd (and scattering) variability with TSS for the similar

TSS range reported here (Squires & Lesack, 2003;

Loisel et al., 2007; Boss et al., 2009; Sun et al., 2009).

Discussion

Based on temporal (receding and rising sampling

periods) and spatial (eight large rivers) in situ data, we

analyzed optical variables that describe the underwa-

ter light field and their relationship with water

constituents of Amazonian fluvial environments. We

found that the spectral light attenuation; and, there-

fore, the quality and quantity of spectral light, differ

among sampled rivers and between seasons as a result

of the optical constituents in the water, which in turn

are a result of the source, physical processes, and

biogeochemical reactions in the rivers’ sub-basin, and

water mixing between rivers (Devol & Hedges, 2001).

In the sampled Amazonian rivers with headwaters

in the Andean Cordillera (Solimões, Madeira, and

Amazon Rivers), light attenuation limits the 1% level

of PAR to depths shallower than 1.0 m, especially at

the rising water stage. At the depth of half of Z1%,

quantum irradiance over the PAR spectra was the
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Fig. 6 Relationship between diffuse attenuation coefficient

(m-1) and total suspended matter (mg l-1) for all sampled rivers
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and open symbols represent low TSS waters. Note the lower
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waters, especially at 650 nm (inset graphic in c)
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lowest among all the sampled rivers: 106.2 and

41.1 lmol m-2 s-1 for receding and rising waters,

respectively (Fig. 4). Since quantum irradiance is

attenuated differently in different parts of the spec-

trum, the wavelength composition of the irradiance

changes with depth. Vertically, in these waters, the

Z1% depth for blue light was approximately at 0.5 m or

shallower, green light was present in very low

intensities, and red light was the least absorbed and,

therefore, defined the available quantum irradiance at

Z1% (Fig. 3b). The spectral dependence of light

intensity with depth is dominantly due to light

attenuation by both TSS scattering and CDOM

absorption processes, with the latter generally more

wavelength dependent. Together, these processes

defined the highest Kd values among all the sampled

rivers. Specifically, the scattering magnitude is a

function of the high concentrations and the dominant

inorganic nature of the suspended particulates (More-

ira-Turcq et al., 2003), and therefore characterized by

a high index of refraction. The mean Kd values were

maximal at rising waters, 12.7, 10.1, and 9.1 m-1 for

blue, green, and red light, respectively, when TSS was

the highest (Table 1). These values are among the

highest reported for turbid waters (Table 5). As TSS

concentrations decreased at receding waters, so did the

spectral Kds (7.0, 4.9, and 3.3 m-1 for blue, green, and

red spectra, respectively). Slightly lower measured Kd

values of sediment-laden waters only happened when

low TSS tributaries, such as the Tapajós River, mixed

with the waters of the Amazon River. For instance, for

the Amazon 4 station at receding water stage, Kd

values were Kd_B * 5.7 m-1, Kd_G * 4.2 m-1, and

Kd_R * 3.0 m-1 as a result of mixing with the low

TSS waters of the Tapajós River.

Seasonal and inter-annual variability of light

attenuation is expected for these waters due to

variability in TSS and DOM concentrations. The

seasonality in TSS concentrations is related to the

rivers’ discharge and described by the clockwise loop

pattern (Meade, 1994; Leite et al., 2011). For instance,

as the waters of the Madeira and Amazon rivers begin

to rise, high TSS concentrations ([100.0 mg l-1) are

observed as a result of resuspension of fine-grained

sediment from the river banks, channel, and floodplain

(Meade, 1994). According to the clockwise loop

pattern, at receding waters, TSS concentrations

(*50.0 mg l-1) are close to the yearly lowest, which

are observed at the lowest water stages (Leite et al.,

2011). Additionally, at receding waters, an increased

TSS downstream trend was also observed, likely

associated with the resuspension of sediment due to

changes in the surface slope of the main stem of the

Amazon, which is a result of slightly different timing

of peak water stages of the Amazon River and some of

its tributaries (Dunne et al., 1998; Meade, 2007) and

the exchange of sediments between the channel and

floodplain (Dunne et al., 1998).

Dissolved organic matter also varies seasonally in

these sediment-laden rivers. At the receding water

stage, in the Amazon mainstem channel, starting at the

sampling station downstream from the confluence of

the Solimões and Negro Rivers (Amazon 1 station—

Fig. 1), high inputs of CDOM from the high discharge

waters of the Negro River resulted in high aCDOM(440)

measurements (Amazon 1 aCDOM(440) = 10.6 m-1).

Further downriver, mixing processes and loss of

humic and fulvic acids due to sorption onto fine

suspended particles of sediment-laden rivers (Ertel

et al., 1986) resulted in a downstream decrease of

Table 4 Correlation results for the Kds and optical water

constituents

Kd_B Kd_G Kd_R

All data (N = 42)

Kd_B 1.0

Kd_G 0.97* 1.0

Kd_R 0.96* 0.99* 1.0

Chla -0.38 -0.37 -0.33

aCDOM(440) -0.04 -0.07 -0.16

TSS 0.92* 0.92* 0.93*

Low TSS (N = 18)

Kd_B 1.0

Kd_G 0.97* 1.0

Kd_R 0.92* 0.91* 1.0

Chla -0.02 -0.1 0.3

aCDOM(440) 0.89* 0.94* 0.74*

TSS 0.55 0.43 0.56

High TSS (N = 24)

Kd_B 1.0

Kd_G 0.93* 1.0

Kd_R 0.91* 0.99* 1.0

Chla -0.08 0.01 0.05

aCDOM(440) -0.62* -0.65* -0.68*

TSS 0.84* 0.84* 0.84*

* Correlation is significant at the 0.01 level
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aCDOM(440) (Amazon 4 = 5.9 m-1). Further, dis-

solved organic matter derived from the fringing

floodplain, i.e., allochthonous sources from leaching

of forest litter and aquatic vegetation, also contributes

to higher CDOM levels during receding waters

(McClain & Elsenbeer, 2001). At rising water stage,

the lower aCDOM(440) in the Amazon River is a result of

a lower load of dissolved organic matter and lower

discharge of the main tributaries: Negro, Madeira, and

Solimões (Moreira-Turcq et al., 2003). For instance, at

Amazon 1 station we measured lower aCDOM(440)

(3.6 m-1) at rising water compared with receding

waters (10.6 m-1) due to lower discharge of high

CDOM waters of the Negro River at that phase of the

hydrological cycle (Fig. 1). At the last Amazon station

(Amazon 4), downriver from the confluence with the

Tapajós River, aCDOM(440) values decreased to approx-

imately 2.6 m-1. Further, contributions from allo-

chthonous sources from vegetated flooded areas are

decreased at this period compared with the receding

water stage when large dissolved organic matter

contributions are expected (McClain & Elsenbeer,

2001).

In the sediment-laden waters, the measured high

attenuation due to scattering by inorganic particulates

and absorption by dissolved organic matter limits PAR

to depths shallower than 1.0 m, and consequently

prevents high productivity (here indicated as low

levels of Chla * 0.3–0.5 lg l-1) and lower phyto-

plankton community diversity. Table 3 shows lower

concentration of pigments—most below the detection

limit—in these sediment-laden waters. The low

autochthonous primary production in these Amazo-

nian rivers is well documented in terms of low

chlorophyll concentrations and productivity (Fisher,

1979; Putz & Junk, 1997; Melack & Forsberg, 2001).

According to our biomarker pigment results, the low

productivity is represented by Cyanophyceae and

Bacillariophyceae (in agreement with recent species

composition data for the Amazon from Casali et al.

(2012)), which are known to be adapted to low light

conditions (Dokulil & Teubner, 2000). Diatoms,

specifically, tend to show an increase in the concen-

tration of the light harvesting fucoxanthin pigment in

low light conditions (Descy et al., 2009). At the

sampling phases of the hydrological cycle, water

mixing allows phytoplankton to be exposed to spectral

light available at the shallow euphotic depth. How-

ever, given the depth of the water mixing (often close

to the bottom of the rivers, Dustan, 2009) and the

Table 5 Comparison of diffuse attenuation coefficient in aquatic systems according to different studies

Source Kd_490/Kd_550/

Kd_650nm (m-1)

Kd(PAR) (m-1) Location Water conditions Classification

This study 7.0/4.9/3.3 – Amazonian rivers 49.2/6.5/0.4 High TSS

12.7/10.1/9.1 154.6/2.6/0.4

This study 5.4/4.4/2.1 – Negro River 3.2/10.7/1.8 High CDOM

This study 1.3/0.8/0.7 – Tapajós River 1.6/1.6/2.1 High Chla

3.0/1.9/1.7 4.1/2.1/18.3

Kauer et al. (2010) 0.7/0.5/0.7 – Estonia lakes – Low Chla

6.0/3.0/3.0 – Estonia lakes – High Chla

8.0/5.0/2.0 – Estonia river High DOM

Arst et al. (2008) – *3.0 Estonia lakes – High Chla

Reinart et al. (2004) 5.5/3.5/2.5 – Estonia lakes –/–/*50.0 Turbid

2.0/1.0/1.0 – Estonia lakes 1.7/4.9a/6.9 Mesotrophic

Squires & Lesack (2003) – *7.0 Mackenzie Delta lakes *125.0/–/– High TSS

– *4.0 *50.0/–/– High TSS

Furch et al. (1985) – *1.0 Amazonian lake *3.0/–/– High CDOM

– *7.0 Amazonian lake *100.0/–/– High TSS

Note that some data are shown as Kd(PAR), others as spectral Kds. Spectral Kds are presented as Kd_490/Kd_550/Kd_650nm. Water

condition are represented as TSS (mg l-1)/aCDOM(440) m-1/Chla (lg l-1)
a aCDOM measured at 380 nm
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shallow euphotic depth (Table 1), the phytoplankton

is only exposed to this light for a very short time

(Fisher, 1979; Dustan, 2009), consequently the rate of

photosynthesis in the water column decreases (Kirk,

1994). Light can possibly still be detected below Z1%

due to the diffuse nature of the angular distribution of

the light field in scattering dominated waters, which

results in strong contribution of upward scattered light

to the total irradiance (Kirk, 1994; Bergmann et al.,

2004). However, in these waters we also have to

consider that light is not only highly scattered, but also

absorbed by CDOM (Table 4 for correlations). This

implies that at the same time when light is scattered,

thus making it more available for phytoplankton

absorption with little competition for photons, it is

also more available to be absorbed by CDOM, thus

making it less available for phytoplankton due to

competition for short blue wavelength radiation (Kirk,

1994). Total light availability for phytoplankton can

only be attested to by measuring underwater scalar

irradiance with depth, which is shown to be quite

different from planar irradiance, especially at shallow

depths (Arst et al., 2008).

Sampled rivers with low TSS (Negro, Uatumã,

Trombetas, and Tapajós) were generally character-

ized by lower and more variable Kd values compared

with the high TSS rivers. Statistically, aCDOM(440)

was the primary light attenuator in these waters

(Table 4). However, the low number of samples

representing a large range of, for instance, Chla

concentrations, likely diminished the importance of

this variable in the light attenuation process. Con-

sequently, Kd variability among these rivers is likely

a result of either aCDOM(440), Chla, or a combination

of both. In the Negro River, for instance, with the

highest CDOM and low Chla, light is mostly

absorbed by CDOM. Concentrations of dissolved

organic matter in this river are known to be very

high (Moreira-Turcq et al., 2003) as a result of the

characteristics of the river’s drainage basin, which is

covered by inundated forest on the Guyana Shield

and the lowlands, and highly weathered lateritic and

shallow podsol soils. This combination of inundated

forest and soils allows for quick percolation of rain,

resulting in large quantities of dissolved organic

matter transported to the river. The high magnitude

of dissolved organic matter depletes the light field of

blue and green light at very shallow depths. As a

result, the available irradiance is marked by red light

(690 nm—Fig. 3). At the depth of half of Z1%, we

measured 166.7 lmol m-2 s-1 of quantum irradi-

ance at receding waters, similar to the value

measured in the Uatumã River, and approximately

twice the quantum irradiance measured in high TSS

rivers (Fig. 4). In these highly absorbing waters,

inhibition of photosynthesis due to competition for

shortwave photons is likely happening, and photo-

synthetic activity relies mostly on absorption of

available red light. The phytoplankton groups (Din-

ophyceae, Cyanophyceae, and Bacillariophyceae—

similar to Fisher, 1979; Putz & Junk, 1997; Saliot

et al., 2001) indicated by the biomarker pigments are

probably using different strategies to photosynthe-

size in a low light environment and narrowed to red

light. For instance, Dinophyceae and Bacillariophy-

ceae are adapted to low light conditions, and the

biliprotein pigments found in Cyanophyceae absorb

strongly in the red part of the spectra (Kirk, 1994),

yet productivity in these waters is considerably low,

as indicated by the Chla level (\2.0 lg l-1).

Seasonally, the Uatumã River exhibited a different

spectral irradiance profile at rising waters when

compared with receding waters (Fig. 3). At the rising

water stage, E0dðkÞ shows three wavelength maximums

(585, 650, and 690 nm), and minimums at 620 and

670 nm, similar to the Trombetas and Tapajós Rivers

(Fig. 3c, d). The E0dðkÞ minimums are possibly a result

of light absorption by phycocyanin in Cyanophyceae,

which was one of the planktonic group indicated by

our biomarker pigment analysis, and have often been

reported during this season, especially in the Tapajós

River (Putz & Junk, 1997; Sa et al., 2010). In the

Tapajós River, an increase in algal abundance

(Chla * 18.3 lg l-1) resulted in higher light absorp-

tion and scattering, and consequently higher Kds

(Kd_B * 3.0 m-1, Kd_G * 1.9 m-1, and Kd_B *
1.7 m-1), lower quantum irradiance at the depth of

half Z1% (80.5 lmol m-2 s-1), and lower Z1% (2.6 m)

compared with the Trombetas River (Kd_B * 2.0

m-1, Kd_G * 1.2 m-1, and Kd_B * 1.1 m-1; qdPAR *
159.3 lmol m-2 s-1, and Z1% * 4.1 m) and Uatumã

River (Kd_B * 2.4 m-1, Kd_G * 1.4 m-1, and Kd_B *
1.0 m-1; qdPAR * 189.9 lmol m-2 s-1, and Z1% *
3.8 m). Blooms of Chla in the Tapajós waters have been

reported at the rising water stage, and are suggested to be

associated with increased cattle ranching in the floodplain

regions (Novo et al., 2006). However, the relationship
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between cattle ranching and concentrations of Chla needs

to be further investigated to be confirmed.

At receding waters, contrasting results from the

Negro and Uatumã Rivers, the light climate in the

Tapajós and Trombeta Rivers was characterized by the

highest Z1%, the lowest Kd values, and consequently

the highest quantum irradiance at the depth of half Z1%

(220.0 lmol m-2 s-1). While both rivers exhibited

similar quantum irradiance at the depth of half Z1%, the

spectral characteristics of the light field were different.

In the Tapajós River, irradiance was mostly dominated

by green (580 nm) and red (650–700 nm) light

(Fig. 3b); while in the Trombetas River, light was

marked by a defined peak at around 690 nm (Fig. 3b).

These differences are likely more related to water

mixing of the Trombetas River with the Amazon River

than with differences in the sub-basin characteristics

and biogeochemical processes. Both the Trombetas

and Tapajós Rivers are classically characterized by

low TSS and DOM due to the similarities of their

headwaters in Precambrian shields (Devol & Hedges,

2001; Moreira-Turcq et al., 2003). However, at

receding waters, measured concentrations of TSS

and aCDOM(440) in the Trombetas were about twice

those of the Tapajós waters, which could be a result of

mixing with Amazon waters flowing through the

intricate floodplain into the Trombetas River. Similar

optical mixing has been reported by studies of the

spectral reflectance of other Amazonian waters (Rud-

orff et al., 2009). The increased concentrations of

CDOM in the Trombetas waters lead to higher

absorption in the blue and green spectra, therefore,

increasing Kd_B (3.0 m-1) and Kd_G (2.0 m-1)

(Fig. 4a), and higher scattering in all wavelengths,

thus skewing the irradiance at Z1% to red light

(690 nm), similar to that of the high sediment waters

(Fig. 3b). In the Tapajós waters, however, the higher

Chla and low aCDOM(440) resulted in the lowest Kd

(Kd_B * 1.3 m-1, Kd_G * 0.8 m-1, and Kd_B *
0.7 m-1) of all sampled rivers at receding waters.

Accordingly, irradiance at Z1% was spectrally depleted

of blue light due to phytoplankton and CDOM

absorption and dominated by green and red light,

with marked minimums at 620 and 670 nm due to

Cyanophyceae pigment absorption.

We have shown the differences in the light field of

large Amazonian rivers as a function of the quantity

and quality of their optically active water constit-

uents. How the light condition might change as a

consequence of, for example, resource extraction in

the Amazon can be demonstrated with the data

presented here. For instance, numerous small-scale

gold mining activities in the watershed of the Tapajós

River since the 1950s have resulted in high concen-

trations of very fine grain latosol sediment being

injected into this river from different tributaries. One

of these tributaries is the heavily mined Creporı́ River,

which originally had waters as clear as the Tapajós

River and currently shows TSS of up to 500 mg l-1.

Concentrations of suspended solids in the Tapajós

River upstream of the confluence of Creporı́ River are

about 7 mg l-1, and concentrations are higher than

100 mg l-1 downstream of the confluence (Telmer

et al., 2006). We can speculate that the light field of the

affected tributaries and vast areas of the Tapajós River

have changed, with a considerable increase in light

scattering due to a higher concentration of suspended

solids resulting in a decrease in the quantity of light at

any depth and a shift from a green/red to a red

dominated light field in a narrower euphotic layer.

These changes are likely causing a decrease in

photosynthetic activity, and are almost certainly

leading to shifts in biological communities. Although

we have not yet quantified the light field changes in

waters under the influence of mining activities, it

surely occurs, as has been shown by studies reporting

decreases in phytoplankton (Guenther & Bozelli,

2004a) and fish diversity (Mol & Ouboter, 2003) in

other affected waters in the Amazon.

Other types of land-use change occurring in the

Amazon basin, such as the conversion of forest and

floodplain into pastureland or soy plantations (Thomas

et al., 2004) and hydroelectric power plants (present,

under construction, and planned) (Melack & Forsberg,

2001; Leite et al., 2011), must also affect the light field

in drainage waters, albeit the dynamics may be

different due to different seasonal and physical

forcings. We are not aware of any research investi-

gating this problem; however, it has been shown that

streams affected by land-use change do experience

increases in particulate matter (Thomas et al., 2004).

Given the estimated deforestation rates in the Amazon

forest of 19,000 km2 year-1 from 1997 to 2003

(INPE, 2004), and deforestation of the floodplain,

56% from 1975 to 2008 (Renó, 2010), changes in the

inputs to the rivers are undoubtedly already occurring,

and these must be driving changes in the water light

field.
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Summary and conclusion

Changes in both quality and quantity of in-water light

occur as a result of the variability of the water optical

constituents and the incoming light (Kirk, 1994). By

constraining the incoming light conditions—our data

was acquired at narrow solar elevation range and close

to the equator—we have shown the variability of the

spectral light field and associated optical water

constituents in large rivers of the Amazon Basin, at

receding and rising water stages. We recognize that

this is a spatially and temporally limited dataset,

sampling on seven large rivers and at only two stages

of the hydrological cycle. We also acknowledge

optical instrument limitations to perform accurate

measurements of short wavelength light (\450 nm) in

highly attenuated waters. Nonetheless, the presented

data provides the first investigation of the underwater

spectral light field and associated biogeochemical

variables in the Amazon main rivers. Our results have

demonstrated that the underwater spectral light field is

distinctly different among the Amazonian rivers and

between the two sampled water stages as a result of the

variability of the water optical constituents, which in

turn are linked to the sources, physical processes, and

biogeochemical reactions in the rivers’ sub-basin,

hydrology, and water mixing between rivers.

High concentrations of suspended matter of inor-

ganic nature and CDOM in rivers with headwaters in

the Andean Cordillera (Amazon, Solimões, and

Madeira) significantly affected the diffuse attenuation

coefficient due to non-selective light scattering and

blue/green light absorption. In the well-mixed shallow

euphotic water column, the light field was mostly

confined to red light, for both receding and rising

water stages. The noteworthy difference between the

two sampling periods was mostly related to higher

magnitudes of spectral attenuation coefficients at

rising water stage due to much higher concentrations

of suspended matter in the water and, as a result, light

diminished to the lowest levels and was limited to

shallower depths. Light restriction in these waters

limits primary production and phytoplankton commu-

nity diversity to low levels, as expressed by the low

Chla concentrations and pigment analysis, respec-

tively. This may account for the presence of Cyano-

phyceae, which have low light requirements and

contain photosynthetic pigments to take advantage of

available red light.

Rivers with headwaters in the Guyana (Negro,

Uatumã, and Trombetas) and Brazilian (Tapajós)

shields generally exhibited the lowest concentrations

of suspended matter among all the sampled rivers.

Noticeable biogeochemical variability among these

rivers included year-round high CDOM in the Negro

River, lower CDOM in the Uatumã and Trombetas at

rising waters, and higher Chla in the Uatumã, Tromb-

etas, and especially in the Tapajós River at rising

waters compared with receding waters. In these low

TSS waters, absorption by CDOM significantly

defined the attenuation of blue and green light.

However, the low number of samples representing a

larger range of Chla concentrations may have con-

tributed to the diminished role of phytoplankton as

light attenuator. For instance, the role of phytoplank-

ton as light attenuator was noticeable in the irradiance

curves of the Uatumã and Tapajós Rivers at rising

water stage when Chla concentrations were the

highest. The light field in these rivers exhibited less

absorption of green light when compared with the

Negro River, and also marked minimums at 620 and

670 nm as a result of light absorption by phycocyanin

in Cyanophyceae, a planktonic group indicated in the

biomarker pigment analysis. While the spectral curves

of both rivers were similar, the total PAR irradiance at

the depth of Z1% was about half in the Tapajós

compared with the Uatumã River as a result of higher

light absorption by Chla in the former. The effect of

CDOM absorption on the light field was mostly

notable at the receding waters of the Negro, Uatumã,

and Trombetas Rivers, when the light field was

spectrally confined to red wavelengths as the blue

and green wavelengths were selectively absorbed,

resulting in irradiance curves similar to the rivers with

headwaters in the Andean Cordillera. However, fewer

scattering processes due to lower TSS allowed light to

define a deeper Z1%. In these waters, inhibition of

photosynthesis due to competition for short wave-

length light is likely happening, and planktonic groups

such as Dinophyceae and Bacillariophyceae prevail

because of adaptation to low light conditions.

Land-use change in the Amazon, for instance,

forest and floodplain conversion into pasture and

farmland, mineral resources extraction, and hydro-

electric construction can potentially influence the in-

water light condition in the Amazonian rivers. We

hope that by presenting this dataset of the light field in

large Amazonian rivers, we are providing a valuable
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contribution for better understanding the ecology and

biogeochemistry of Amazonian rivers, and that con-

sequently the effects of human disturbances can be

better monitored and managed to minimize ecological

damage.
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