Science of the Total Environment 733 (2020) 139193

Contents lists available at ScienceDirect

Science of the Total Environment
journal homepage: www.elsevier.com/locate/scitotenv

Effects of natural light and depth on rates of photo-oxidation of dissolved
organic carbon in a major black-water river, the Rio Negro, Brazil
Ora E. Johannsson a,⁎, Marcio S. Ferreira b, D. Scott Smith c, Anne Crémazy a,d, Chris M. Wood a,b, Adalberto L. Val b
a

Department of Zoology, University of British Columbia, Vancouver, BC V6T 1Z4, Canada
Laboratory of Ecophysiology and Molecular Evolution, Brazilian National Institute for Research of the Amazon, INPA, Manaus, AM, Brazil
Department of Chemistry and Biochemistry, Wilfrid Laurier University, Waterloo, ON N2L 3C5, Canada
d
Biological Sciences, University of New Brunswick, Saint John, NB E2L 4L5, Canada
b
c

H I G H L I G H T S

G R A P H I C A L

A B S T R A C T

• Photo-oxidation of DOC returns CO2 to
the atmosphere, importance in tropical
rivers?
• Surface photo-oxidation was high
(0.80–0.86 mg C l−1): areal,
28.8–39.3 mg C m−2 d−1
• Light controls rate of photo-oxidation
through seasonal cycle from dry to wet
season
• Complete photo-oxidation and absorbance losses extend to a maximum of
15 cm
• Partial photo-oxidation, seen as ﬂuorescence losses, extends to 35–43 cm depth

a r t i c l e

i n f o

Article history:
Received 28 January 2020
Received in revised form 9 April 2020
Accepted 1 May 2020
Available online 8 May 2020
Editor: Sergi Sabater
Keywords:
DOC
PARAFAC
Fluorescence
Absorbance
Partial photo-oxidation

a b s t r a c t
Systems rich in terrigenous dissolved organic carbon (DOC), like the Rio Negro, can contribute signiﬁcant
amounts of carbon dioxide back to the atmosphere and support important microbial communities. We investigated photo-oxidation in the Rio Negro: (1) the depth to which light causes complete photo-oxidation to CO2
and changes in DOC structure, (2) the daily rate of change of absorbance indices, (3) the relationship between
sub-surface rates of photo-oxidation to CO2 and light exposure, (4) the areal rates of photo-oxidation, and
(5) the stability of ﬂuorophore signals. Experiments were run in an outdoor pool of Rio Negro water, under natural sunlight during the dry seasons of 2015 and 2018. In 2018, rates of complete photo-oxidation and changes in
absorbance indices decayed exponentially, approaching their asymptotes between 9 and 15 cm depth. In 2015,
direct absorbance indices ceased changing at 14 cm depth. Fluorescence of humic acid-like moieties continued
to decrease, sometimes to 35–43 cm depth. This indicates that partial photo-oxidation of DOC, and thus interaction with the microbial community, occurs to greater depths than previously expected. Areal rates of CO2 production were 28.8 and 39.3 mg C m−2 d−1 (two experiments, October 2018). Sub-surface (1.1 cm) rates were
strongly related to light levels, reaching a maximum of 0.68 mg C l−1 d−1 in September. Complete photooxidation ceased below 29.6 mW cm−2 d−1 UV radiation, providing a daily baseline for observable production
of CO2. Absorbance indices changed by 9 to 14% d−1 at high light levels, except for R254/365 (4.4% d−1).

Abbreviations: UV-R, UVA + UVB radiation; ΔIndex(d=1), change in an absorbance or ﬂuorescence index over the ﬁrst day of radiation; λ, wavelength of light (nm); μ(λ), linear
attenuation co-efﬁcient of wavelength λ (cm−2); Abs(λ), absorbance of light wavelength λ over a distance of 1 cm; d, depth of penetration of λ into a water column (cm); dp, depth
down into the water column (cm); K, rate of change per unit of x-axis in exponential equation.
⁎ Corresponding author.
E-mail address: johannss@zoology.ubc.ca (O.E. Johannsson).
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Fluorophore emission ranges were stable between 2014 and 2018, indicating that emissions can be compared
across time and space. This study contributes to better estimates and understanding of photo-oxidation in tropical, black-water rivers, which will be useful for carbon modelling.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Returning carbon from aquatic systems to the atmosphere as CO2 is a
globally important carbon pathway (Cole et al., 2007; Koehler et al.,
2014). Cole et al. (2007) estimated that approximately 50% of carbon
entering freshwater systems is returned to the atmosphere as CO2.
Raymond et al. (2013) calculated that roughly 2.1 petagrams of carbon
are returned to the atmosphere from freshwater systems each year –
18% from lakes and reservoirs, the remaining 82% from rivers and
streams. Photo-oxidation of dissolved organic carbon (DOC) contributes
to this CO2 evasion. Koehler et al. (2014) calculated that roughly 10% of
all CO2 released back to the atmosphere from lakes and reservoirs was
through photo-oxidation of DOC. A similar estimate has not yet been derived for rivers and streams.
Aquatic systems with shorter residence times, like many rivers, have
more rapid photo-oxidation of DOC and production of CO2 than deeper
more static systems, due to their greater relative exposure of DOC to
light and fresher sources of DOC (Molot and Dillon, 1997; Porcal et al.,
2013a). Much of the photo-oxidation of terrestrially-derived DOC starts
in rivers (Cory et al., 2014; Porcal et al., 2013a). Thus, rivers, streams and
shallow water bodies with rapid turnover could also be important in
returning CO2 to the atmosphere through photo-oxidation (Molot and
Dillon, 1997; Cory et al., 2014; Lapierre and del Giorgio, 2014; Evans
et al., 2017). In tropical regions, such as the Amazon, rivers, streams
and ﬂooded forest are the dominant aquatic systems. For this reason,
we are interested in the extent and control of photo-oxidation in the
Rio Negro (Brazil) as an example of such processes in large forested,
tropical, black-water rivers.
The black waters of the Amazon Basin are DOC-rich systems
(Thurman, 1985). The great lengths of these rivers mean that the area
and amount of time for photo-oxidation are relatively large. In addition,
the warm temperatures and relatively low pH of these rivers and intense sunlight of the tropics can favour higher rates of photooxidation (Molot and Dillon, 1997; Granéli et al., 1998; Anesio and
Granéli, 2003; Porcal et al., 2015). Photo-oxidation of DOC in the Rio
Negro is of particular interest due to the large size of the river (the Rio
Negro is over 2000 km long with a discharge of 29,000 m3 s−1 (Ertel
et al., 1986; Latrubesse and Franzinelle, 2005)), the high levels of CO2
off-gassing observed from the river (Richey et al., 2002) and the importance of DOC in structuring and supporting a biologically diverse and
economically important ecosystem (Val and Almeida Val, 1995; Alho
et al., 2015; Beltrão et al., 2019).
The DOC of the Rio Negro has been characterized as particularly
high in humic substances (70%) with a low fulvic acid to humic
acid ratio (Thurman, 1985; Ertel et al., 1986). Such DOC is primarily
derived from forests and is more recalcitrant to biological degradation (Lapierre and del Giorgio, 2014). Amon and Benner (1996a)
found that the rate of photo-oxidation of this DOC was 7× greater
than the rate of bacterial DOC consumption. Rates of photooxidation of Rio Negro DOC have been measured on several occasions, with estimates of near-surface CO2 production ranging from
0.45 to 1.17 mg C l−1 d−1 (Amon and Benner, 1996a; Granéli et al.,
1998; Johannsson et al., 2017). However, the rates were not related
to environmental conditions. Each was a measurement in time.
None of the rates were normalized to DOC concentration (DOC was
not always measured), and methods varied. Only one study has estimated areal production (Remmington et al., 2011: 24 mg C m−2 d−1,
just upstream of Manaus): the authors consider the estimate to be
very conservative.

The environmental and chemical factors governing rates of photooxidation are locally variable, thus understanding needs to start with
local knowledge. Much is known about the relationships of photooxidation with light intensity (Vähätalo et al., 2000; Porcal et al.,
2013b) and the light spectrum (Granéli et al., 1998). However, water
transparency which is site- and time- speciﬁc, will modify the light environment experienced by DOC. The Rio Negro is an iron-rich river;
therefore, the low pH is expected to increase the rate of photooxidative processes (Küchler and Forsberg, 2000; Molot et al., 2005).
Less is known about the relationships between photo-oxidation and oxygen concentration and higher temperatures (N25 °C) (Anesio and
Granéli, 2003; Patel-Sorrentino et al., 2004; Molot et al., 2005; Porcal
et al., 2015).
In order to develop predictive models of photo-oxidation, a number
of relationships need to be determined. These include the maximum
depth at which light penetration no longer results in complete or partial
photo-oxidation as well as the relationship between a simple measure
of light intensity and the rate of photo-oxidation. Effects of environmental conditions such as temperature, oxygen and pH, on rates of photooxidation are also required. Some of this information is known, but
not completely or not for tropical systems. The ‘quality’ of the DOC –
its previous degradation history and degree of recalcitrance – will also
affect the degree of photo-oxidation. The present study focused on the
Rio Negro and aimed to understand the overall controls on DOC
photo-oxidation with the secondary view towards developing predictive models. The speciﬁc goals were:
(1) to determine the depths at which light ceased to cause measurable photo-oxidative changes in the DOC and to determine how
DOC responses were related to measures of surface UV radiation,
temperature and water transparency,
(2) to provide normalized rates of loss of DOC and of absorbance indices, and
(3) to determine the rate of photo-oxidation near the surface and its
relationship with UV light energy measured just above the water
surface,
(4) to determine areal rates of photo-oxidative CO2 production,
(5) to develop ﬂuorescence metrics for Rio Negro DOC to allow comparison of ﬂuorophores across time and space.

2. Methods
Photo-oxidation studies were undertaken during the dry season at
the Instituto Nacional de Pesquisas da Amazônia (INPA) in Manaus,
Brazil in mid-November-mid-December 2015 and in mid-Septembermid-October 2018. December is considered the start of the wet season.
2.1. Offshore water collection
Experimental water was collected offshore approximately 30 km
upstream from Manaus off of Praia do Açutuba (3° 04′ 17.7″S, 60° 20′
26.7 W) on November 14th 2015 and September 20th 2018 (Fig. 1).
Acid-cleaned, ultrapure water-rinsed carboys were submerged and
ﬁlled with water from approximately 10 cm depth. The carbouys were
brought back to INPA and stored at ≤4 °C. The experimental water was
ﬁltered within two days through a 0.45-μm ﬁlter (polyethersulfone ﬁlter, Membrane Solution, Dallas, TX, USA in 2015, or a cellulose-acetate
ﬁlter, Fisher Scientiﬁc, Ottawa, ON, Canada, in 2018). It was returned
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Fig. 1. Map of the Rio Negro River, Amazonas, Brazil, in the vicinity of Manaus. Experimental water was collected at the offshore of Praia do Açutuba (3° 04′ 17.7″S, 60° 20′ 26.7″W). Water
for the pool was collected upstream of Manaus at the nearshore site (3° 03′ 29.9″S).

to storage at ≤4 °C, and used within the next 28 days. Ultrapure water
was obtained from a Milli-Q Integral 5 Water Puriﬁcation System
(MilliporeSigma, Merck KGaA, Darmstadt, Germany). All containers
used in the experiments were acid-washed and ultrapure water rinsed.
2.2. Experimental setup
Experiments were run under as natural conditions as possible. A
plastic outdoor pool [150 cm × 205 cm × 50 cm depth] was ﬁlled with
1200 l of nearshore Rio Negro water. The pool water had been collected
from off a dock upstream of Manaus (3° 03′ 29.9″S, 60° 06′ 48.5″W)
(Fig. 1) and siphoned into the pool the same afternoon. The pool was
covered by a tent when experiments were not running in order to protect the DOC from photo-oxidation. During experiments, the pool was
covered by a tent during rain events and overnight due to possible
rain events at night. It was removed between 8:00 a.m. and 8:30 a.m.
The pool received uninterrupted sunlight from 8:30 a.m. until 3:30 p.
m. and light shade from 3:30 p.m. until 6:00 p.m. The water was
changed every two weeks to maintain natural absorbance characteristics. Adjustable metal racks were suspended in the water. The depths
of the racks, relative to the water's surface, could be set at the beginning
of each experiment and maintained at this depth using ground water to
counter evaporative losses. The ground water was virtually devoid of
DOC and colour (DOC = 0.34 mg l−1, Crémazy et al., 2016). Temperature ﬂuctuated diurnally in the pool. A chiller limited pool temperature

ﬂuctuations to 28.2–33.5 °C in 2015 and 28.6–35.8 °C in 2018. River surface water can reach temperatures of at least 34.5 °C by mid-day (O.E.
Johannsson, M.S. Ferreira, C.M. Wood and A.L. Val, unpublished data).
The pool water was well circulated with submersible pumps maintaining homogeneous temperatures throughout.
Two types of experimental containers were used: (1) 120-ml, ﬂintquartz bottles, 5-cm in diameter which were sealed with a ﬁlm of
saran wrap under a screw-top lid (2015) (saran wrap, S.C. Johnson &
Son, Inc., Brantford, Canada), and (2) 1.8-cm diameter, 35-ml, quartz
tubes which were sealed with silicone stoppers and Paraﬁlm (2018)
(Paraﬁlm, Amcor Corporate, Zürich, Switzerland). Flint-quartz and
quartz differ in their transparency to light. Quartz lets through ≥92% of
all UV radiation (http://www.technicalglass.com/fused_quartz_
transmission.html), while ﬂint-quartz only transmits wavelengths longer than 350 nm at N80% transmittance (Fig. 12 of Dias et al., 2010).
The ﬂint-quartz data are included because they corroborate a number
of the 2018 ﬁndings and provided information on light conditions at a
different time of year. Additionally, comparisons between the two
data sets indicated the relative importance of the lower wavelengths
to photo-oxidation.
When setting up the experiments, the ﬁltered, offshore Rio Negro
water was poured into Nalgene containers and warmed to room temperature – 25–27 °C (Nalgene, Nalge Nunc International Corporation,
Rochester, NY 14625, USA). The water was continuously mixed on a
stir plate. The oxygen concentration was measured with an YSI 550A-
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12 portable oxygen probe and meter (YSI INC., Yellow Springs, OH,
USA). Each experimental ﬂint-quartz or quartz container was ﬁlled to
overﬂowing by siphoning water from the Nalgene container, keeping
the inﬂow well below the water level to avoid changing the oxygen content. The containers were sealed without bubbles. They were placed in
the pool early in the morning and retrieved at the same time of day
two to four days later, depending on the amount of sun exposure.
Each experiment consisted of initial, light-exposed and dark-control
samples. Initial samples were collected when the experiment was set
up to record initial conditions. Light-exposed samples were exposed
to sunlight during the experiment and dark-control samples were
wrapped in aluminum foil and placed in the pool in parallel with the
light-exposed samples.
2.3. Experiments
A series of 9 experiments were run over the two ﬁeld seasons. The
experimental designs and physical conditions of each experiment are
presented in Table 1. Changes in absorbance and ﬂuorescence losses
with depth were investigated in experiments 1–4 (2015 – ﬂint quartz
bottles) and experiments 7 and 8 (2018 - quartz tubes) (goal 1). Experiments 1 and 2 delimited the depth range of detectible absorbance
losses. Experiments 4 and 8 ran bottles at 4 depths within that range
(surface to ̴10 cm) in order to better resolve the relationships between
absorbance and ﬂuorescence losses with depth. Fluorescence loss rates
in experiments 4 and 8 were conﬁrmed by examining the ﬂuorescence
loss rates in experiments 2, 3 and 7. The daily percentage changes of absorbance indices with depth were calculated for the data from experiments 4 and 8 (goal 2). Experiments 5–9 (in quartz tubes) examined
the response of photo-oxidation rates to changes in light intensity
(goal 3). In this analysis, the rate of photo-oxidation just below the surface (1.1 cm) was related to the mean daily ultraviolet radiation (UV-R)
exposure. In late September-early October, the sun is near its seasonal
equinox, and cloudy conditions were rare. Near the equator, the sun is
directly overhead at the equinoxes. Experiments 7 and 8 examined
how the rate of photo-oxidation changed with depth and estimated
areal rates of photo-oxidation (goal 4).
2.4. Measurements
During each experiment, measurements of temperature and surface
UV-AB radiation (UV-R) were collected every 30 min during sunlight
hours, using a UV513AB Digital Light Meter (General Tools and Instruments, New York, NY, USA). The photocell collects both UV-A and UVB radiation (280 nm–400 nm), although it is more sensitive to UV-A radiation (Suppl. Fig. S1). The General Tools light meter readings were
compared with those of a Radiometer system (UVX Radiometer ART
97-0015-02, Radiometer Canada, London, ON, Canada) with UV-A and

UV-B sensors to conﬁrm sensitivity and allow comparison to other
work (Suppl. Fig. S2A and B). The UV513AB Digital Light Meter was
also calibrated against a Licor quantum sensor which collects all light,
again to allow comparison to other work (Suppl. Fig. S2C and D). Each
experimental light reading consisted of ﬁve measurements read just
above the pool at one-minute intervals and averaged. The daily light exposure and daily temperature (experienced during the light period)
were calculated from the area under the curve of the point-in-time averages plotted against time of day. Unﬁltered pool water was collected
at the beginning of each experiment to measure its absorbance and
hence transmission of light.
At the end of the experiment, samples were analyzed for inorganic
carbon (IC) as soon as they were removed from the pool (2018 only)
to measure the amount of CO2 produced due to photo-oxidation. IC is
−2
the sum of dissolved CO2, H2CO3, HCO−
3 , and CO3 . It is a more sensitive
measure than DOC, thus providing better estimates of photo-oxidation.
After each IC measurement, a subsample of the remaining water was removed for later analysis of DOC concentration, and absorbance and ﬂuorescence proﬁles. All subsamples were stored in the dark at ≤4 °C.
Dissolved organic carbon and IC were measured on high temperature Shimadzu TOC-VCSH Total Organic Carbon (TOC) Analyzers
(Shimadzu, Kyoto, Japan). The TOC analyzers were calibrated each day
using standards made up from DOC and IC stock standard solutions.
The DOC stock standard was made from special grade potassium hydrogen phthalate (N99.8% pure, Nacalai Tesque Inc., Kyoto, Japan), as per
manufacturer's instructions. Inorganic carbon stock standard was
made up from special grade sodium hydrogen carbonate and sodium
carbonate (N99.5% pure, Nacalai Tesque, Kyoto, Japan) as per manufacturer's instructions. The DOC samples were removed from the fridge,
allowed to warm up to room temperature and analyzed in small
batches. As noted above, IC samples were not cooled but analyzed immediately after collection.
Absorbance proﬁles were measured on a SpectraMax Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, CA 94089, USA) in 2015,
and on a Genesys 10S UV–Vis Spectrophotometer (Daly City, California,
United States), in 2018. Reference proﬁles of ultrapure water were run
each day and subtracted from the experimental absorbance proﬁles before further analyses of the data. Absorbance indices (ABS250–550,
ABS340, Ka310, Ratio254/365, ABS250–550.DOC−1, SAC340, SACKa310) and
the Fluorescence Index (FI) provide information on DOC structure,
source, aromaticity, and potential photo-reactivity (Table 2).
Fluorescence was measured on a SpectraMax Plus 384 spectrophotometer with ﬂuorescence capabilities, in 2015. Ultrapure water controls were run each day and subtracted from the emission data.
September 2018 ﬂuorescence proﬁles were collected using a Horiba
Aqualog (Horiba Ltd., Kyoto, Japan). Parallel factor analyses (PARAFAC)
were performed in PLS Toolbox (Eigenvector Research, Wenatchee, WA,
USA) on a Matlab platform (The Mathworks, Inc., Natick, MA, USA)

Table 1
Experimental treatments and mean physical conditions within the nine experiments (Exp) conducted in 2015 and 2018. These experiments investigated the rate of photo-oxidation of
dissolved organic carbon in Rio Negro water and its relationships with light and depth. Depths are reported as the mid-depth of the experimental bottles in the water column. UV-R includes both UVA and UVB radiation. Temperature and light (UV-R) exposure were measured over the daylight hours so the daily average is for 12 h of daylight. n/a = data not available. See
Sections 2.3–4 for experimental details.
Year/month

2015 (Nov.–Dec.)

2018 (Sept.–Oct.)

Exp

1
2
3
4
5
6
7
8
9

Mid-depth

UV-R exposure

Temperature

Oxygen

of exposure

Total

Duration of experiment

Daily UV-R

Mean Daily

Initial

(cm)

(mW cm−2)

Daylight (h)

# of days

(mW cm−2 d−1)

(°C)

(mg O2 l−1)

2.75, 10.0, 22.5, 47.5
2.75, 7.5, 22.5,47.5
2.75, 7.5
2.75, 4.5, 6.0, 7.5
1.1
1.1
1.1, 4.6, 7.1
1.1, 2.1, 5.1, 8.1
1.1

107.1
170.5
122.7
131.2
101.7
131.1
117.3
123.4
128.2

21.3
32.1
34.2
25.1
18.0
19.0
18.8
18.9
18.8

2
2
3
4
3
2
2
2
2

53.6
56.6
30.8
43.4
50.8
65.6
58.7
61.7
64.1

31.8
32.2
29.7
30.9
31.4
31.2
31.5
32.2
32.8

9.32
7.98
8.35
7.75
6.96
8.04
9.15
n/a
7.06
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Table 2
Absorbance and ﬂuorescence indices, their calculation, relevance and source. Paraphrased from Johannsson et al. (2017)

Absorbance
Indices

Name

Calculation

Relevance

References

ABS250–550

Sum of absorbance of DOC from 250 to 550 nm

Measure of total absorbance

ABS250–550
DOC−1
ABS340

Sum of absorbance DOC−1

Measure of concentration-speciﬁc total chromophore absorbance

Johannsson et al.,
2017
Ibid

Absorbance at 340 nm

SAC340

The speciﬁc absorbance at 340 nm (2.303
∗ absorbance at 340 nm DOC−1 ∗ 1000)
Ratio of absorbance at 254 nm to 365 nm
Absorbance at 310 nm ∗ (2.303
∗ absorption310/pathlength (m))
Ka310 index per unit of DOC

Measure of aromaticity and protective potential of the DOC against
some metals and ionoregulatory disturbance at low pH
Same function, but now a concentration-speciﬁc characteristic of the
DOC
Index of the average molecular mass within the DOC
Related to the rate of oxygen radical (ROS) production during DOC
photo-oxidation
Measure of potential production of oxygen radicals
concentration-speciﬁc to DOC
Relative measure of the autochthonous vs allochthonous DOC source

R254/365
Ka310
SACKa310
Fluorescence
Index

FI

Ratio of the emission at 450 nm to 500 nm,
370 nm excitation

(DePalma et al., 2011; Al-Reasi et al., 2012). The selection of three
ﬂuorophore groups best resolved the 2018 data.

2.5. Fluorescence metrics
Goal 5, the development of ﬂuorescence metrics for the Rio Negro,
did not require a speciﬁc experiment. Dissolved organic carbon from
forested ecosystems is composed of high proportions of humic acidlike (HA) and fulvic acid-like (FA) compounds. They are often accompanied by lesser amounts of tryptophan-like (TRPY) and tyrosine-like
(TYR) components. Each set of compounds will ﬂuoresce in deﬁned regions of a ﬂuorescence excitation-emission matrix (FEEM) when

Dahlén et al., 1996
Scully et al., 1996
Molot et al., 2005
Ibid
McKnight et al., 2001

excited by speciﬁc wavelengths of light. These regions are referred to
as ﬂuorophores.
We used a published parallel factor analysis of Rio Negro water to
deﬁne our ﬂuorescence metrics (Johannsson et al., 2017). The water
had been collected from the Anavilhanas Archipelago 110 km upstream
of Manaus in December 2014. In 2015, the TYR response was not measured because it was outside the range of the ﬂuorometer used in the
present study. We picked four excitation wavelengths (250, 300, 325,
and 370 nm) that, in combination, would pass through regions of strong
emissions of each ﬂuorophore. From Fig. 2, we determined which emission wavelengths corresponded to each ﬂuorophore along each of the
four excitation wavelengths (Table 3). The metrics were calculated by
summing the ﬂuorescence emissions across these set ranges of emission

2018

2014
TRYP

450

Wood et al., 2011;
Al-Reasi et al., 2011
Ibid

HA

HA

400

excitatio n (nm )

350
300
250

TYR

450

FA

FA

400
350
300
250
300

400

500

300

400

500

300

400

500

emission (nm)
Fig. 2. Comparison of parallel factor analyses of Rio Negro water from 2014 and 2018. The 2014 water was collected offshore in the main channel of the Anavilhanas Archipelago in
December (Johannsson et al., 2017, by permission of Elsevier). The 2018 water was collected offshore of Praia do Açutuba (Fig. 1) in September. HA represents the emission spectrum
of humic acid-like substances, FA, fulvic acid-like substances, TRYP, tryptophan-like substances and TYR, tyrosine-like substances. Note that only the HA and FA panels are shown in
2018 as no TRYP or TYR signal was detected. The grey lines represent the four excitation wavelengths along which emission proﬁles were summed to calculate the ﬂuorescence
metrics (cf. Table 3).
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wavelengths for each of the four excitation wavelengths separately. Excitation at 250 nm captured strong HA and FA ﬂuorescence; 300 nm
captured strong TRYP and FA ﬂuorescence and to a lesser extent HA
ﬂuorescence; 325 nm captured FA and some HA ﬂuorescence; and
370 nm, only captured HA ﬂuorescence. Fluorescence at 370 nm was
also required to calculate the ﬂuorescence index (FI). FI is the ratio of
the emission at 450 nm to the emission at 500 nm when excited at
370 nm (McKnight et al., 2001).
In order to determine if Rio Negro ﬂuorescent regions and components were stable, we compared the 2014 and 2018 PARAFAC analyses.
The 2018 water had been collected mid-channel off of Praia do Açutuba
(offshore location in Fig. 1). If the ﬂuorescent regions were stable, emission strengths of samples analyzed on the same instrument, could be
quantiﬁed and compared over space and time.

2.6.1.2. Depth. Individual light wavelengths decay down a column of
water exponentially and can be represented linearly by a ln-linear relationship with depth on the x-axis (Wetzel, 1975). The x-intercept of the
relationship between ln(ΔIndex(d=1)) and depth would indicate the
depth at which photo-oxidation of dissolved organic carbon could no
longer be detected in this index. These depths were determined for absorbance and ﬂuorescence indices for experiments 4 (2015) and 8
(2018) which each had four depth treatments within the depth range
of photo-oxidative changes in absorbance.
2.6.2. Light transmission through water
The absorbance proﬁle of the pool water sets the distances that light
wavelengths penetrate the water.
Absorbance at wavelength ðʎÞ; AbsðʎÞ ¼ 0:4343 μ ðʎÞ d

ð6Þ

2.6. Calculations
All data were converted to daily estimates in order to assemble consistent data across experiments.

where, ‘d’ is the depth of light passage in cm, and μ(ʎ) is the linear attenuation coefﬁcient for a given value of ʎ in units of cm−1 (www.physics.
uoguelph.ca/~pgarrett/Teaching.html, 2016).

2.6.1. Daily rates of change of indices

μ ðʎÞ ¼ AbsðʎÞ=0:4343 at d ¼ 1 cm

2.6.1.1. Time. Experiments were run over two to four-day intervals. The
absolute decrease in absorbance and ﬂuorescence measures (and in
total DOC) should be related to the concentration of DOC in the experimental water. The concentration of DOC will decrease during the ﬁrst
day of exposure, meaning that on the second day a smaller absolute
amount of DOC (absorbance and ﬂuorescence measures) will be lost.
These proportionate decreases from day to day can be described by lnlinear relationships between the measure and time (days). We applied
these relationships to calculate the change in each measure at the end
of the ﬁrst day of light exposure. IC increases but is dependent on the
loss in DOC. Calculations determined that the correction for the exponential change in DOC was less than the SEM of the IC estimates. Therefore the estimates were divided by two, the number of days in these
experiments.
Using the absorbance measure Ka310, as an example:
The rate of change (% d−1) is given by the slope of the ln-linear relationship. This was calculated for both the dark controls and light treatments.
SlopeðKa310 darkÞ ¼
SlopeðKa310 lightÞ ¼




ln ðKa310 initial Þ− ln Ka310 dark ðd¼tÞ =t

ð1Þ




ln ðKa310 initial Þ− ln Ka310 light ðd¼tÞ =t

ð2Þ

where, ‘t’ is duration of the experiment in days, ‘d’ is day. ‘Light’ refers to
the light-exposed treatment, ‘dark’ refers to the dark control treatment,
and ‘initial’ refers to the Ka310 value at the start of the experiment,
which applies to both ‘light’ and ‘dark’ incubations. Change due to
photo-oxidation is the difference between the ‘dark’ and ‘light’
treatments.
At d = 1:
Ka310 dark ðd¼1Þ ¼ exp½ ln ðKa310 initial Þ−SlopeðKa310 dark Þ

ð3Þ



Ka310 light ðd¼1Þ ¼ exp ln ðKa310 initial Þ−Slope Ka310light

ð4Þ

Light decreases exponentially through the water column and the attenuation coefﬁcient is the slope of that relationship. The depth of 1%
light penetration of a speciﬁc wavelength is:
Depth of light penetration ðʎÞ ð1%Þ ¼ ð ln ð100Þ− ln ð1ÞÞ=μ ðʎÞ

Table 3
Fluorescence metrics. Excitation wavelengths and their corresponding portions of the
emission proﬁle used to capture the ﬂuorescence response of humic acid-like (HA), fulvic
acid-like (FA) and tryptophan-like (TRYP) compounds. Results are based on PARAFAC
analyses of Rio Negro water from the Anavilhanas Archipelago (Dec. 2014 Johannsson
et al., 2017), and offshore of Praia do Açutuba (September 2018) (c.f. Fig. 1). The 2014
based metrics were used throughout the present study.
Excitation

ð5Þ

Changes during the ﬁrst day of photo-oxidation will be referred to as
ΔIndex(d=1) when more than one measure is considered.

December 2014

September 2018

Emission
response
range (nm)

Composition

Emission
RESPONSE
RANGE (nm)

Composition

400–550

HA

400–600

HA

400–450
460–550
330–370
400–450
460–550
400–450
460–550

FA
HA
TRYP
FA
HA
FA
HA

370–450
460–600

FA
HA

370–460
470–600

FA
HA

370
325

ΔKa310 ðd¼1Þ ¼ Ka310 dark ðd¼1Þ −Ka310 light ðd¼1Þ ;

ð8Þ

2.6.3. Areal and surface IC production
In order to estimate IC production per day, daily light proﬁles were
corrected to include the 6:00 a.m.–8:30 a.m. period when the pool
was still covered by the tent. A graph of maximum UV-R values
throughout the study was plotted against time of day (Suppl. Fig. S3).
The light pattern over the day has a normal distribution, thus the values
from 3:30 p.m. until 6:00 p.m. can represent the missing early morning
hours as both periods were in light shade. The recorded UV-R exposure
was augmented to include the early morning light. The amount of light
received during the early morning hours was multiplied by the amount
of IC production per unit of UV-R observed during the experiment. This
value was added to the observed mg C l−1 produced during the experiment. All 2018 experiments, except experiment 7, ran for exactly
48 h. Similar techniques were used to convert the data from experiment
7 to a 48 h-basis.
Areal production (mg C m−2 d−1), the total amount of CO2 produced
by photo-oxidation under a square meter of river surface area, was

Wavelength (nm)

The change in absorbance of Ka310 due to photo-oxidation at the end
of the ﬁrst day of the experiment is:

ð7Þ

300

250

O.E. Johannsson et al. / Science of the Total Environment 733 (2020) 139193

7

Table 5
Comparison of literature rates of photo-oxidation of dissolved organic carbon from the Rio Negro. When rates were measured over the mid-day period only, they were corrected to whole
day estimates by dividing by 0.75 (Granéli et al., 1998). Hourly rates were converted to daily rates of 12 h.
Authors

Location

Method

Original
rate

Daily rate
(mg
C l−1
d−1)

Amon and
Benner
(1996a)
Granéli et al.
(1998)
Johannsson
et al. (2017)
Johannsson
et al. (2017)
Present study

Rio Negro 3 km upstream of Manaus

River water ﬂow-through system, not ﬁltered, mid-bottle depth approx. 4 cm,
pyrex bottles, 28 °C, whole day, Mar.-April 1993

4.5 μM C
h−1

0.65a

Rio Negro up stream of Manaus, DOC = 9.9
mgl.−1
Rio Negro 110 km upstream of Manaus, lake in
archipelago, DOC = 9.1 mg l−1
Rio Negro 110 km upstream of Manaus, main
channel, DOC = 10.6 mg l−1,
Rio Negro – upstream of Manaus, main channel,
DOC = 10.8 mg l−1

Pool on shore, 0.2-μm ﬁlter, quartz tubes half out of water lengthwise, 6 h, 35 °C,
mid-day period Jan 1996
River ﬂow through system in white trays, 0.45-μm ﬁlter, ﬂint quartz bottles just
below surface, 15.5 h, 30–32 °C, Dec. 11, 2014
Ibid, 10.3 h, 30–34 °C, Dec. 122,014

0.7 mg l−1
6 h−1
0.46 mg C
l−1 d−1
1.17 mg C
l−1 d−1
0.41–0.68
mg C l−1
d−1

0.93

a

Pool containing Rio Negro water, 0.45-μm ﬁlter, quartz tubes, 1.1 cm mid-bottle
depth, 48 h, n = 5, 29–36 °C, Sept. 22–Oct. 18, 2018

0.46
1.17
0.41–0.68

Not corrected for 50% loss of UVA and 20% loss of UVB in pyrex bottles.

calculated from the graph of the rate of production of IC versus depth in
the water column. Exponential decay curves were ﬁtted to the data:
Y = a(1- K)dp where ‘a’ is the y intercept (mg C.l−1.d−1), ‘dp’ is the
depth (cm) and K is the rate of change per cm of depth: The curves
were terminated at a depth of 20 cm based on the data from experiments 7 and 8. The area under this curve is the total CO2 production
due to photo-oxidation in units of mg C l−1 d−1 over 20 cm depth.
These data were converted to mg C m−2 d−1.

3. Results
3.1. DOC
The concentration and characteristics of DOC in collected Rio Negro
water differed between November 2015 and October 2018 (Suppl.
Table S1). The concentration of DOC was lower in November 2015
than in September 2018: 8.7 ± 0.1 (24) mg C l−1 compared with
10.8 ± 0.1 (48) mg C l−1.

2.7. Statistics

3.2. Depth of photo-oxidation (goal 1)

For all measures (IC, DOC, ﬂuorescence and absorbance), the lightexposed data were subtracted from the mean of the dark control data
(or the combination of dark and initial data if these were not signiﬁcantly different) in order to calculate the change due to light exposure.
Thus, positive changes are a loss or decrease and negative changes are a
gain or increase. The data for each treatment were checked for normality of distribution using the Shapiro-Wilk Normality Test, which determined whether parametric or non-parametric tests would be applied.
Parametric tests included ANOVA followed by Tukey's multiple comparison test, or Student's t-tests. Non-parametric tests included KruskalWallis one-way ANOVA on ranks followed by Dunn's multiple comparisons test or the Mann-Whitney U test for a two treatment comparisons.
Curves were ﬁtted to data using linear regression or exponential relationships. All analyses were carried out in Graphpad PRISM 7 (Graphpad
Software Inc., CA, USA). The signiﬁcance level was set at 0.05 and data
are reported as means ±1 SEM (n), unless otherwise noted.

Not all photo-oxidation is complete, ending in the production of CO2
and CO. Section 3.5 examines the depth pattern of complete photooxidation. Partial photo-oxidation results from changes in DOC when
it does not degrade sufﬁciently to produce CO2 and CO. Sections 3.2.1
and 3.2.3 look at the depth of photo-oxidation effects as seen through
changes in absorbance and ﬂuorescence. These changes were due to
both complete and partial photo-oxidation.
3.2.1. Absorbance
In both 2018 and 2015, daily rates of change (ΔIndex(d=1)) of absorbance indices decreased signiﬁcantly with depth. Note that the positive
values of ABS250–550, ABS340 and Ka310 indicate losses (Figs. 3 and 4A, B
and C), while the negative values of R254/365 indicate increases (Figs. 3
and 4D). The exponential decay relationship best captured the changes
in the indices in 2018 especially as some of the indices did not decrease
to zero. As mentioned in 2.6.3, Y approaches but does not reach the X-

Table 4
The effect of loss of UVB and shorter UVA wavelengths (280 nm–345 nm) on photo-oxidation. Speciﬁc rates of daily change (% d−1) of DOC (experiments 5–9) and absorbance indices
(experiment 8) due to photo-oxidation over depth. Mid-tube depths were 1.1 cm, 2.1 cm, 5.1 cm and 8.1 cm. Estimates for 2.75 cm depth, the mid-depth of ﬂint-quartz bottles (experiments 1–4), were either interpolated from the 2.1 cm and 5.1 cm data, or they were predicted from Eqs. (9) to (12) (Section 3.3), assuming 61.3 mW cm−2 UV-R, the daily UV-R of experiment 8. PR = percentage of the ﬂint-quartz response to the quartz response.
Index

Experiment

(% change d–1)

UV-R

–2

DOC
ABS250_550
ABS.DOC–1
ABS340
SAC340
Ka310
SACKa310
R254/365
a

6–9
8
8
8
8
8
8
8

Interpolated

Predicted

PR

2.75 cm

(%)

(mW cm )

1.1 cm

2.1 cm

2.75 cm

58.7–65.6
61.3
61.3
61.3
61.3
61.3
61.3
61.3

2.1–5.7a
12.0
9.3
13.7
11.1
13.9
11.3
4.4

3.0
9.6
6.9
11.1
8.4
11.1
8.4
3.8

1.8
8.4
5.7
10.0
7.3
9.9
7.2
3.3

3.1

36%

3.9

39%

3.7

37%

2.1

60%

5.1 cm

8.1 cm

1.6
5.3
3.8
6.2
4.7
5.9
4.4
2.1

0.0
2.2
2.2
3.5
3.5
3.1
3.1
2.0

DOC change in experiment 8 at 1.1 cm depth was low (2.1%) and did not follow the changes in IC. The speciﬁc rate of change of DOC in the other three experiments ranged from 3.0 to
5.7% at 1.1 cm depth. DOC data from experiment 5 were unavailable.
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A

E

B

F

C

G

D

Fig. 3. 2018 – Decay of absorbance indices with depth - experiment 8 (quartz tubes). Exponential decay models were ﬁtted to the data. n = 20 with the exception of (A) where n = 19. An
equation could not be ﬁtted to (A) when the excluded value (▲) was present in the analysis. ‘db’ is the depth in cm. Depths at which the response had declined by 95% are given in square
brackets. If the relationship plateaued signiﬁcantly above zero (i.e. N2SEM above zero) indicating that the DOC had become recalcitrant, then the plateau is give in {} brackets. (A) ΔABS(250–
−1
= 0.6213 (1–0.2082)db, SS = 0.0351, Sy.x = 0.0468, R2 = 0.9208, [14 cm]. (B) ΔABS340 d−1 = 0.0302 (1–0.2194)dp, SS ≤0.0001, Sy.x = 0.0018, R2 = 0.9491, [14 cm]. (C) ΔKa310
550) d
d−1 = 10.17 (1–0.2201)dp, SS = 4.642, Sy.x = 0.5225, R2 = 0.9628, [14 cm]. (D) ΔR254/365 d−1 = −0.2181 (1–0.3736)dp, SS = 0.0148, Sy.x = 0.0295, R2 = 0.6577, [8 cm,] {−0.0637}.
(E) ΔABS(250–550) DOC−1d −1 = 0.0495 (1–0.3303)dp, SS = 0.0004, Sy.x = 0.0050, R2 = 0.8452 [9 cm]. (F) ΔSAC340 d−1 = 5.962 (1–0.4002)dp, SS = 2.637, Sy.x = 0.3939, R2 = 0.9101
[8 cm] {1.165}. (G) ΔSACKa310 d−1 = 0.8741 (1–0.3908)dp, SS = 0.0438, Sy.x = 0.0438, R2 = 0.9354 [8 cm] {0.1386}.

axis (or plateau). The water depths at which change in the absorbance
index had decreased by 95% were 14 cm for ABS340, Ka310, and ABS250–
550 and 8.0 cm for the R254/365. These are within 1SEM of the estimate
of the asymptote; thus not signiﬁcantly different from zero change.
The daily rates of change of two absorbance indices standardized to
DOC concentration (SAC340, and SACKa310) reached a plateaued signiﬁcantly above Y = 0 (Figs. 3F and G), indicating that some of the DOC
was recalcitrant.

In 2015, the exponential relationship was statistically ‘ambiguous’,
and the data were ﬁtted well by linear and ln-linear relationships
(Figs. 4A to D) with R2 values of 0.5148 to 0.7705. We suspect the ambiguity of the exponential decay ﬁt may be related to large variability in
the data. One was added to the daily changes in most indices because
some of the daily changes were negative at depth and it is not possible
to calculate the natural logarithm of a negative number. The xintercepts ranged from 10 to 12 cm. The slopes of these relationships
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Fig. 4. 2015 – Decay of abundance indices with depth – experiment 4 (ﬂint bottles). Relationships between the ln(daily rates of change of absorbance indices) [ln (ΔIndex(d=1) + 1)] and
water column depth (cm). All F values were N 27 p values were b 0.0004 and df values were (1,25). X-intercepts appear in square brackets. (A) ln(ΔABS(250–550) d−1 + 1) = −0.007571 *
Depth + 0.09168, R2 = 0.5148 [12 cm]. (B) ln(ΔABS340 d−1 + 1) = −0.0004841 * Depth + 0.005056, R2 = 0.7705 [10 cm]. (C) ln(Δ Ka310 d−1 + 1) = −0.0710 * Depth + 0.9182, R2 =
0.7619 [13 cm]. (D) ln(ΔR254/365 d−1 + 1) = 0.007393 * Depth - 0.08855, R2 = 0.6155 [12 cm].

are the rates of change in ΔIndex(d=1) with depth. As DOC did not
change detectibly in 2015, these relationships also represented the
changes in SAC340, ABS250–550.DOC−1, and SACKa310 with depth.

3.2.2. Environmental inﬂuences on absorbance losses
Although UV-R, temperature and unﬁltered pool water transparency
were measured for each experiment in 2015, the three variables were

Fig. 5. Effect of UV-R exposure on daily changes in absorbance indices (ΔIndex(d=1)): experiment 4 (ﬂint bottles at 2.75 cm depth). (A) ΔABS(250–550) d−1 = 0.001624 ∗ UV-R
(mW cm−2) − 9.859e−005: F(1,18) = 16.02, p = 0.0004, R2 = 0.3639: (B) ΔABS340 d−1 = 6.771e−005 ∗ UV-R (mW cm−2) + 0.001118: F(1,27) = 19.36, p = 0.0002, R2 = 0.41.76:
(C) ΔKa310 d−1 = 0.3328 ∗ exp(0.0268 ∗ UV-R): SS = 1.364, Sx.y = 0.2248, R2 = 0.6194, n = 29. (D) ΔR254/365 d−1 = −0.0007638 ∗ UV-R (mW cm−2) − 0.027: F(1,26) = 9.641, p =
0.0046, R2 = 0.2705.
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highly correlated. The effect of temperature on changes in DOC absorbance was measured in the dark-control treatments: little or no changes
were observed in these samples indicating that temperature variation
amongst the experiments was not important. Pool water transparency
was likely a minor factor affecting surface water samples because only
0.5 cm of pool water covered the experimental bottles, which were
5 cm in diameter. This leaves light (UV-R) as the only likely variable
driving changes in absorbance in our experiments. The daily change in
absorbance indices in the near-surface (2.75 cm) samples increased signiﬁcantly with greater UV-R exposure, with R2 values of 0.2705 to
0.6194 (Fig. 5A–D).
3.2.3. Fluorescence
In 2018 (experiment 8), ﬂuorescence changes were best captured by
ln-linear relationships not exponential relationships. This is likely due to
the variability in the FI data, and to the short depth range studied, compared with the total depth range of HA losses in ﬂuorescence. Photooxidation caused a decrease in FI: the decreases became smaller with
depth and ceased by 10 cm. (the x-intercept in Fig. 6A). Humic acidlike ﬂuorescence losses, at 370 nm excitation, declined with depth
(Fig. 6B): the ln-linear relationship indicated that changes in ﬂuorescence extended down to 43 cm depth (Fig. 6B). The speciﬁc rate of
loss in the top 7.5 cm ranged from 6% d−1 at 1.1 cm depth to 3% d−1
at 8.1 cm depth. No signiﬁcant changes in HA with depth were observed
at 300 or 325 nm: in fact, most changes observed were not signiﬁcantly
different from zero. Fulvic acid-like ﬂuorescence increased when exposed to light at both 300 nm (ΔFA = 20 FU.d−1, speciﬁc rate of
change = 48% d−1) and at 325 nm (ΔFA = 33 FU d−1, speciﬁc rate of
change = 9% d−1) with no apparent relationship to depth (data not
shown).
In 2015, HA ﬂuorescence declined signiﬁcantly with depth at all four
excitation wavelengths (Fig. 7A, 8A–D). The ln-linear relationships of
HA ﬂuorescence loss, ceased at 35, 34, 25 and 25 cm, respectively,
where the relationships encountered the x-axis (Fig. 7A). FA and TRYP
generally lost ﬂuorescence at 2.75 and 4.5 cm depth, the exception
being FA at 250 nm, 4.5 cm depth, which showed no signiﬁcant change
(Fig. 8B, C, D and E). At deeper depths no gains or losses were detected
in FA or TRYP. FI decreased in the upper portions of the water column
(2.75 and 4.5 cm) and increased at depth (7.5 cm in experiment
4) (Fig. 8F). The patterns of loss in HA ﬂuorescence in experiments 2,
3 and 7 were similar to or greater than those in experiments 4 and 8.
HA x-intercepts were N 24 cm depth, with one exception (out of 14
HA depth series). In 2015, all FA x-intercepts were b 12 cm (data not
shown). No ﬂuorescence data were collected in experiment 1.
3.2.4. Pool light (UV-R) versus HA ﬂuorescence losses
Transmission of light through water is dependent on the length of
the wavelength of light, the longer wavelengths penetrating more

deeply. A plot of 1% UV-R penetration depths for experiment 4 pool
water (Fig. 7B), indicated that only the longest UV wavelengths could
reach 35 cm depth in the pool during experiment 4. At 35 cm depth,
the x-intercept at 370 nm excitation, wavelengths with 1% penetration
fell between 390 and 400 nm (highest UVA radiation). At 25 cm depth,
the wavelengths of 1% penetration fall between 380 and 390 nm (long
UVA radiation). At 10 to 12 cm depth, where absorbance indices cease
changing, wavelengths of 320–340 nm have declined to 1% penetration.
3.3. Speciﬁc rates of change (goal 2)
In the near-surface samples at 1.1 cm depth, speciﬁc rates of change
of the absorbance indices ranged from 9.3 to 13.9% d−1 and were higher
than those of DOC at ̴5% d−1 (Table 4). R254/365 was the exception with a
speciﬁc rate of change of 4.4% d−1 (Table 4). At 7.5 cm depth, the speciﬁc
rates of change fell to between 2.0 and 3.5% d−1 with the exception of
DOC which was below detection.
Speciﬁc rates of change in 2015 ranged from 1.9 to 3.8% d−1 at
2.75 cm depth (experiments 1 to 4), to 0.9 to 1.7% d−1 at 7.5 cm depth
(experiments 3 and 4) (Suppl. Table S2). Speciﬁc rates of change at
2.75 cm depth varied signiﬁcantly with the daily UV-R experienced
(Eqs. (9)–(12)). These relationships were employed to compare losses
in quartz tubes to those in ﬂint bottles which have reduced transmission
of UV-R.


−1
ΔABS250–550 %d
¼ 0:05025  daily UV−R þ 0:008799; Fð1;28Þ
¼ 15:89; p ¼ 0:0004; R2 ¼ 0:3620

ð9Þ



−1
¼ 0:05042  daily UV−R þ 0:8404; Fð1;27Þ
ΔABS340 %d
¼ 20:03; p ¼ 0:0004; R2 ¼ 0:429

ð10Þ



−1
¼ 0:06451  daily UV−R−0:2587; Fð1;27Þ
ΔKa310 %d
¼ 39:68; pb0:0001; R2 ¼ 0:5951

ð11Þ



−1
Y ¼ −0:02047  daily UV−R−0:7529; Fð1;26Þ
ΔR254=365 %d
¼ 9:417; p ¼ 0:0050; R2 ¼ 0:2659

ð12Þ

Speciﬁc rates of change in 2015 were estimated at the 2018 daily
UV-R of 61.3 mW cm−2 using Eqs. (9) to (12) above. They were compared with 2018 speciﬁc rates of change calculated for 2.75 cm depth,
as interpolated from the 2.1 cm and 5.1 cm data (Table 4). The midbottle depth of the ﬂint bottles was 2.75 cm. The speciﬁc rates of change
determined from the 2015 relationships were 37–39% of the values determined from the 2018 interpolation, with the exception of the speciﬁc
rate of R254/365 which was 60% of the 2018 value.

Fig. 6. 2018 Effect of depth on daily rates of change of (A) FI and (B) HA- experiment 8, (quartz tubes). (A) ln(ΔFI d−1 + 1) = −0.005847 ∗ Depth (cm) + 0.05557, F(1,2) = 244.1, p =
0.0042, R2 = 0.9919, x-intercept = 10 cm. (B) ln(ΔH·d−1) = −0.08507 ∗ Depth (cm) + 3.679, F(1,2) = 65.77, p = 0.0149, R2 = 0.9705, x-intercept = 43 cm.
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Fig. 7. (A). Effect of depth on daily rates of change of HA at four excitation wavelengths – 370 nm, 325 nm, 300 nm, and 250 nm - experiment 4 (ﬂint bottles). The x-intercept is given in [].
The linear regressions were: 370 nm, ln(ΔHA d−1) (FU) = −0.1245 ∗ Depth (cm) + 4.396: F(1,2) = 56.2, p = 0.0173, R2 = 0.9656, [35 cm]. 325 nm, ln(ΔHA d−1) (FU) = −0.1072 ∗ Depth
(cm) + 3.613; F(1,2) = 121.8, p = 0.0081, R2 = 0.9838, [34 cm]. 300 nm, ln(ΔHA d−1) (FU) = −0.1367 ∗ Depth (cm) + 3.368; F(1,2) = 134.4, p = 0.0074, R2 = 0.9853, [25 cm]. 250 nm, ln
(ΔHA d−1) (FU) = −0.1272 ∗ Depth (cm) + 3.235; F(1,2) = 40.8, p = 0.0236, R2 = 0.9533, [25 cm]. (B) The 1% penetration depth of ultraviolet and some PAR wavelengths in experiment 4
pool water. The dashed lines delimit the range of depths at which HA ﬂuorescence changes ceased along the four excitation wavelengths in experiment 4 (panel (A) above): 25 cm and
35 cm. See Section 2.6.2 for description of calculations.

3.4. Rates of photo-oxidation
3.4.1. Relationship of near-surface photo-oxidation and UV-R (goal 3)
Changes in DOC with photo-oxidation were too small to measure reliably in 2015, using measures of DOC concentration, therefore IC measurements were used in 2018.
The observed rates of daily photo-oxidation near the surface
(1.1 cm) in 2018 ranged between 0.39 ± 0.07 (n = 8) and 0.68 ±
0.07 (n = 4) mg C l−1 d−1 over the ﬁve experiments 5–9 (Fig. 9). A
strong relationship existed between daily IC production and daily UVR in 2018 (R2 = 0.9162) at the surface (1.1 cm). No photo-oxidation

was detected at UV-R levels below 29.6 mW cm−2 d−1. Given this
high x-intercept, we checked the low light sensitivity of the General
Tools Digital Light Meter by comparing it against the more wellknown Radiometer light meter with UVA and UVB sensors, and with
the LiCor quantum sensor which records all light. The linear relationships extended to the lowest readings (Suppl. Fig. S2A, B, C and D).
3.4.2. Areal rates of photo-oxidation (goal 1 and 4)
In the vertical proﬁle, photo-oxidation of DOC to IC decreased down
through the water column exponentially with an R2 of 0.9665 (experiment 8): and 0.9761 (experiment 7) (Fig. 10).Extending these graphs
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Fig. 8. 2015 Photo-oxidation induced changes in ﬂuorescence with depth - experiment 4 (ﬂint bottles). (A–D): responses of fulvic-like moieties (FA) (solid bars), and humic-like moieties
(HA) (open bars) to excitation at (A) 370 nm (B) 325 nm, (C) 300 nm, and (D) 250 nm: emission ranges given above the bars. (E) response of tryptophan-like moieties (TRYP) (330 nm to
370 nm) at 300 nm excitation, and (F) the ﬂuorescence Index (FI). Signiﬁcant differences within a component between depths are indicated by different letters above the bars.

12

O.E. Johannsson et al. / Science of the Total Environment 733 (2020) 139193

wavelengths, could be extended to 600 nm in new studies. Comparison
of emission proﬁles before and after photo-oxidation (experiment
9) showed that 450 nm is the correct divide between FA and HA components (Suppl. Fig. S4B, and C). FA and HA emission signals overlap between 400 and 500 nm, After photo-oxidation, the emissions
increased below 450 nm and decreased above 450 nm, at both 300
and 325 nm excitation, indicating that 450 nm was a natural divide
(Suppl. Fig. S4B and C). Overall, the ﬂuorophore regions were stable between 2014 and 2018.
4. Discussion

-2

-1

Fig. 9. Relationship between daily rate of photo-oxidation of DOC and daily UV-R at the
water's surface (1.1 cm depth). Collation of data from experiments 5–9 (quartz tubes).
Means ±1SEM (n = 3 to 8). Experiments were conducted in quartz tubes. Rate of
photo-oxidation (mg C l−1 d−1) = 0.01855 ∗ UV-R (mW cm−2 d−1) − 0.5491, F(1,3) =
32.80, p = 0.0106, R2 = 0.9162, x-axis intercept = 29.6 mW cm−2.

to the y-axis predicted that the rates of photo-oxidation at the surface
were 0.80 and 0.86 mg C l−1 d−1 in experiments 7 and 8 respectively.
The curves tended to but never reached zero: they approached this plateau between 9 and 15 cm depth. The rate of photo-oxidation had
decayed by 95% by this point. These depths are similar to or slightly
shallower than those for the loss of absorbance (Section 3.2.1). The
areal rates, calculated to a depth of 20 cm, were 28.8 and 39.3 mg C
m−2 d−1 for experiments 7 and 8 respectively. These represent a loss
of 1.33 to 1.82% of DOC C d−1 in the top 20 cm at the DOC concentration
of 10.8 mg C l−1. It should be noted that the pool water was changed immediately before the start of experiment 7 and was darker in colour
than on other occasions.
3.5. Fluorescence metrics (goal 5)
The individual excitation and emission wavelengths chosen to characterize the 2014 FA and HA signals, also captured the ﬂuorophores well
in 2018 (Fig. 2, Table 2). The 2014 PARAFAC analysis indicated an overlap of TRYP and FA emission signals between 370 nm and 400 nm
(Fig. 2). We deﬁned the end of the TRYP signal at 370 nm and the
start of the FA signal as 400 nm. HA ﬂuorescence at all excitation

39.3 mg C.m-2.d-1
28.8 mg C.m-2.d-1

Fig. 10. Decay of photo-oxidation with depth. Exponential decay models were ﬁtted to the
data from experiment 7 (▪) and experiment 8 (●). Experiment 7, rate of photooxidation = 0.80(1–0.3507)dp, R2 = 0.9761, df = 7; and experiment 8 rate of photooxidation = 0.86(1.0–0.2098)dp, R2 = 0.9665, df = 9. Dp = depth.

From climate change, to deforestation, farming practices, ﬁsheries
exploitation, and mining, strong forces are altering the Amazon Basin.
These forces can alter the processing of decaying plant material as
well as the types of terrestrial and aquatic plant material available for
decay. Our study was designed to provide present day, basic understanding of the process of photo-oxidation in the Rio Negro.
4.1. Rates of photo-oxidation
4.1.1. Comparison of ‘surface’ rates
Three previous studies have measured rates of photo-oxidation in
Rio Negro water under near-surface conditions (Amon and Benner,
1996a; Granéli et al., 1998; Johannsson et al., 2017) (Table 5). Estimates
range from 0.41 to 1.17 mg C l−1 d−1: Much of this variation is probably
due to differences in methodology and light intensity because DOC concentrations were likely similar - approximately 10 mg C l−1. The work
most comparable to the present study in technique and results was
that of Granéli et al. (1998). They situated quartz tubes horizontally at
the air/water interface in a pool with a ﬂow-through system (water
source not identiﬁed). Their surface rates of photo-oxidation were
0.93 mg C l−1 d−1 which is in line with the ‘at surface’ estimates of
0.80 and 0.86 mg C l−1 d−1 in the present study (Fig. 10).
Johannsson et al.'s (2017) study likely overestimated the rate of
photo-oxidation at 1.17 mg C l−1 d−1 at 2.75 cm depth, because they exposed their bottles to sunlight in shallow white trays which would have
reﬂected a signiﬁcant amount of light back into the bottles. They also
used ﬂint-quartz bottles with reduced UV transmittance (Section 2.2).
The rates observed by Amon and Benner (1996a) (0.65 mg C l−1 d−1
at ̴4 cm depth) were obtained by very different methods (Table 5).
Their experimental design should have resulted in rates lower than in
the present study due to the greater depth at which their experimental
pyrex bottles were held and the reduced transmittance of UV-R by
pyrex (Table 5). At the same time, the experimental water was not ﬁltered, allowing particulate organic carbon (POC) to be photo-oxidized
as well as the DOC. The data of Porcal et al. (2013b, 2015) support the
possibility that some POC, normally removed by 0.45-μm ﬁlters, is
photo-oxidizable. The relatively higher rate of photo-oxidation of
Amon and Brenner (1996) and the work of Porcal et al. (2013b, 2015)
suggest that estimates of CO2 production from DOC alone may underestimate the actual daily rates of photo-oxidation of organic carbon in the
river. Consequently, the rates of Granéli et al. (1998) and the present
study may underestimate the return of CO2 to the atmosphere via
photo-oxidation because POC degradation was excluded.
The surface and subsurface (1.1 cm water depth) rates of photooxidation of DOC from the present study, during the season of high
solar radiation are greater than or in line with literature estimates for
other natural water bodies. The speciﬁc rate of loss of DOC in the present
study were similar to those of Molot et al. (2005) and Porcal et al.
(2013a) for boreal streams (4 to 8% d−1 under peak conditions or 3 to
5% d−1 under maximum light conditions) vs 2.1 to 5.7% d−1 for the
Rio Negro under maximum light conditions (Table 4). Surface rates in
the present study (0.80 and 0.86 mg C l−1 d−1) were higher than summer surface rates of IC production for high latitude lakes in Sweden and
Finland of similar DOC content (Granéli et al., 1996 from Fig. 2,
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recalculated as 0.31 and 0.41 mg C l−1 d−1, DOCs = 9.7 and 11.2 mg l−1;
Vähätalo et al., 2000, from Fig. 3, maximum of 0.40 mg C l−1 d−1 in Lake
Valkea-Kotinen, DOC = 12.1 l−1). Rates of photo-oxidation of DOC in
the Rio Negro were higher than those measured by Suhett et al.
(2007) in a tropical lagoon on ﬁve of their six sampling occasions
when adjusted for a DOC of 10 mg l−1 (Figs. 2A, B in Suhett et al.,
2007,). These comparisons, particularly of rivers versus lakes/lagoons
support the hypotheses that photo-oxidation rates in rivers are greater
than those in lakes, that total photo-oxidation at the surface over a
whole day may be similar across latitudes at times of maximum solar radiation, and that in comparison with other freshwater sources, photooxidation in the Rio Negro can be a signiﬁcant source of atmospheric
CO2.
4.1.2. Depth proﬁles and areal rates of photo-oxidation
Photo-oxidation of DOC is a surface phenomenon due to its N50% dependence on UVB and UVA radiation, both of which are rapidly
absorbed by the DOC in the top few cm (Granéli et al., 1998; Vähätalo
et al., 2000). Indeed, in the present study, N60% of losses in absorbance
were due to wavelengths ≤350 nm (Table 4). The depth over which
photo-oxidation occurs will depend on the concentration and colour
of the DOC as well as the concentration of other chemicals and particles
in the water (e.g. Granéli et al., 1996; Vähätalo et al., 2000). Thus, it is
important to characterize individual systems. In the present case,
these data were important in visualizing the dynamics in the river and
in delineating the depth range of areal photo-oxidation experiments.
The majority of photo-oxidation and changes in absorbance indices occurred in the top 10 cm, and N 95% in the top 9 to 15 cm (Figs. 3, 4 and
10). These depth proﬁles are similar to those described by Vähätalo et al.
(2000) in Lake Volkea-Kotinen (Finland, 12 mg l−1 DOC) and by Granéli
et al. (1996) in Lake Skärshultsjon (Sweden, 11.2 mg l−1) for lakes of
similar DOC content. However, DOC can lose colour or be of a lighter colour, increasing the depth of photo-oxidation as seen in Lake Sträken in
Sweden, 9.2 mg l−1 DOC (Granéli et al., 1996).
Areal rates of photo-oxidation were measured in two experiments,
providing estimates of 28.8 and 39.3 mg C m−2 d−1 at average daily
UV-R exposures of 58.7 and 61.7 mW cm−2 d−1, respectively. These
are conservative estimates. Light shade covered the pool during dawn
and dusk periods, leaving 7 h of full sunlight while the river would
have received 12 h of full sunlight. Granéli et al., (1998) calculated
that 75% of photo-oxidation occurred during the 6 h period around
full noon in southern Swedish lakes. These data suggest that the decrease to the rates in the present study due to light shade and 7 h of direct sun exposure would be in the order of 10–15%. When applying the
rates of photo-oxidation to the whole river, the rates may also be conservative if nearshore waters (used in the pool) had lower light transmission than offshore waters. This may have been the situation,
particularly for experiment 7 (cf Section 3.4.2). In addition, as discussed
above in 4.1.1, the rates of return of CO2 to the atmosphere may be conservative as they did not include photo-oxidation of POC or production
of CO.
The only other areal estimate of DOC photo-oxidation in the Rio
Negro comes from the work of Remmington et al. (2011). They calculated that the annual average, daily rate of areal photo-oxidation of
Rio Negro DOC was 24 mg C m−2 d−1 (200 nm cm−2 d−1). They considered this estimate conservative due to experimental limitations and the
many assumptions they had to apply in their calculations. The present
study improves on their estimate in directly measuring rates of photooxidation with depth in order to calculate areal photo-oxidation, and
in recording simultaneous measures of UV-R exposure and temperature. Thus, our September–October estimates of photo-oxidation can
form the basis of a more extensive data set to model annual patterns
of photo-oxidation in the Rio Negro. The literature on seasonal changes
in DOC quality and photo-oxidation (Lindell et al. (2000), Suhett et al.
(2007), Rodrigues-Zuniga et al., 2008; Porcal et al. (2013a) and
Holland et al. (2017), amongst others) indicate that a seasonal study

13

of DOC characteristics and rates of photo-oxidation is required to better
understand the roles of DOC in carbon cycling in the Rio Negro
ecosystem.
Light intensity is a key variable controlling daily rates of areal photooxidation; consequently, rates in the tropics are not likely the highest in
the world. Although all regions of the globe receive the same number of
daylight hours during a year, their distribution changes with latitude.
The higher is the latitude, the longer are the summer days, increasing
the potential for high rates of daily photo-oxidation of DOC. The highest
rates of areal photo-oxidation come from the Arctic during summer
(35.8–296.4 mg C m−2 d−1) (Cory et al., 2014), followed by southern
Swedish lakes with rates similar to the lower rates in the Arctic
(44.3–171.1 mg C m−2 d−1) (Granéli et al., 1996). In September in
The Netherlands, an areal photo-oxidation rate of 22 mg C m−2 d−1
was measured in a peaty lake (De Haan, 1993). The rate in The
Netherlands under 12 h of sunlight was lower than in the tropics (present study) also under 12 h of sunlight. The solar cycle will tend to
smooth out seasonal difference across the year across latitudes.
Annual rates of photo-oxidation are secondarily controlled by seasonal patterns of precipitation which control the seasonal pattern of
light exposure and indirectly, the quality of DOC (e.g. Vähätalo et al.,
2000; Porcal et al., 2013a). In the north-west of the Amazon Basin
where the Rio Negro is situated, the wet season starts in December
and extends until May, although rain occurs throughout the year
(Espinoza Villar et al., 2009). In order to assess the impact of cloud
cover during the rainy season on rates of DOC photo-oxidation, we extended the relationship between UV-R and near-surface rates of
photo-oxidation (DOC = 10.8 mg l−1) (Fig. 9) to the lower UV-R levels
experienced in the 2015 November–December period (Table 1). Predicted daily rates of near-surface photo-oxidation ranged from 0.02 to
0.25 mg C l−1 d−1 in December compared with 0.46 and 0.50 mg C
l−1 d−1 in November and values of 0.39 to 0.68 mg C l−1 d−1 in
September–October 2018. This comparison assumes no change in DOC
concentration or quality and that the relationship between rates of
photo-oxidation and light is maintained in lower light levels. We did
note that changes in absorbance still occurred, although at a reduced
rate at the lowest UV-R (30.8 mW cm2 d−1) (Fig. 5). Thus, complete
photo-oxidation of DOC could be nearly extinguished during periods
of the rainy season. The December photo-oxidation rates might slightly
underestimate CO2 production because UV-R, particularly UVB, is removed more effectively by clouds than is PAR radiation which also contributes to photo-oxidation (Granéli et al., 1998). Considering the
impact of the rainy season on photo-oxidation and the fact that areal
rates of photo-oxidation vary less than concentrations of DOC (Granéli
et al., 1996), it may be that large rivers in tropical rain forests have
less annual CO2 release back to the atmosphere from photo-oxidation
per unit area than regions at higher latitudes which receive weaker sunlight (due to the greater distance light must travel through the atmosphere) but little summer cloud cover.
4.2. Partial photo-oxidation at depth
Losses in HA ﬂuorescence, at all excitation wavelengths, extended 10
to 25 cm further down into the water column than losses of absorbance
indices or of complete photo-oxidation. These observations were novel.
Terrestrially derived ﬂuorophores are quinone/semiquinone molecules
(Cory and McKnight, 2005). On photo-oxidation, quinone/semiquinone
molecules can produce singlet oxygen, a reactive oxygen species (ROS)
which rapidly degrades to more destructive forms of ROS, such as the
hydroxyl radical. Therefore, loss in HA ﬂuorescence can be associated
with changes to DOC structure due to ROS, including damage to the quinone/semiquinone group. Quinone molecules also act as redox systems
giving or receiving electrons. In the more oxidized state their ﬂuorescence is less intense and would be recorded as a loss. Therefore, loss of
ﬂuorescence may also represent a shift to a more oxidized state. Shift
in redox state will alter how the DOC interacts with dissolved metal
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ions. Thus, changes in ﬂuorescence indicate changes in DOC structure
and may include changes in average quinone/semiquinone redox state
(Patel-Sorrentino et al., 2004; Cory and McKnight, 2005; RodríguezZúñiga et al., 2008).
Does loss of deeper ﬂuorescence mean more available DOC for microorganisms? Will it shift microbial composition? Others have shown
that photo-oxidation can provide more-consumable DOC to the microbial community, particularly in humic systems (Amado et al., 2007;
Lapierre and del Giorgio, 2014). Therefore, the loss of ﬂuorescence
may indicate some increase in consumable DOC in the water surface
layer. Ward et al.'s (2017) studies indicate that the microbial community tends to evolve to consume the DOC that is present. The Rio
Negro is a deep, fast ﬂowing river which can stratify in periods of
calm. It has also been observed to be well mixed to depth (Johannsson
et al., 2017). It is unlikely that changes in the DOC composition in the
surface layer can signiﬁcantly alter the DOC structure available for
most bacteria or for a long period of time. Bacteria in the Rio Negro
grow better on the larger size fraction of the DOC (Amon and Benner,
1996b). This result suggests that photo-oxidation in the Rio Negro
does little to alter the microbial community.
4.3. Conclusions
The most observable forms of photo-oxidation, the loss of absorbance and CO2, occurred in the surface layer of the river, the top 9 to
15 cm. Yet we provide evidence of changes in DOC to more than double
that depth associated with loss of ﬂuorescence of humic-like substances. This is a novel ﬁnding. Fluorescence changes may have locally
important consequence in increasing DOC available for bacterial consumption, for DOC susceptibility to future photo-oxidation, and for
metal binding.
Areal rates of photo-oxidation, determined at the peak of seasonal
sunlight were 28.8 and 39.3 mg C m−2 d−1: DOC was 10.8 mg l−1.
These rates are conservative, but provide quantitative values determined under as natural conditions as possible. Our study also quantiﬁed
the relationship between UV radiation and near surface rates of photooxidation. Photo-oxidation estimates based on UV-R exposure in
September–October and November–December revealed a strong seasonal precipitation/cloud cover pattern that controls the annual rate of
photo-oxidation.
Climate change may modify the seasonal cycle. Inter-annual variability in precipitation will become higher and ‘periods of wetness’
more frequent (Duffy et al., 2015). Annual precipitation will increase
in the headwater region and decrease near the mouth of the Rio
Negro. We predict that stronger precipitation events with either reduced or no change in annual precipitation will lead to more hours of
sunshine and higher rates of annual photo-oxidation of DOC for the majority of the river.
There are a number of knowledge gaps which need to be addressed
before a seasonal model of photo-oxidation for the Rio Negro can be
constructed. These include seasonal patterns in light and surface water
temperature, as well as, photo-oxidation responses to low oxygen,
higher temperatures and pH. Other important knowledge gaps are the
seasonal variation in concentration and susceptibility of DOC to photooxidation, and the relationship between DOC concentration and rates
of areal photo-oxidation.
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