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Abstract: Characterizing the specific inherent optical properties (SIOPs) of water
constituents is fundamental to remote sensing applications. Therefore, this paper
presents the absorption properties of phytoplankton, gelbstoff and tripton for three small,
optically-diverse South African inland waters. The three reservoirs, Hartbeespoort,
Loskop and Theewaterskloof, are challenging for remote sensing, due to differences in
phytoplankton assemblage and the considerable range of constituent concentrations.
Relationships between the absorption properties and biogeophysical parameters,
chlorophyll-a (chl-a), TChl (chl-a plus phaeopigments), seston, minerals and tripton,
are established. The value determined for the mass-specific tripton absorption coefficient
at 442 nm, a∗tr(442), ranges from 0.024 to 0.263 m2·g−1. The value of the TChl-specific
phytoplankton absorption coefficient (a∗φ) was strongly influenced by phytoplankton species,
size, accessory pigmentation and biomass. a∗φ(440) ranged from 0.056 to 0.018 m2·mg−1

in oligotrophic to hypertrophic waters. The positive relationship between cell size and
trophic state observed in open ocean waters was violated by significant small cyanobacterial
populations. The phycocyanin-specific phytoplankton absorption at 620 nm, a∗pc(620),
was determined as 0.007 m2·g−1 in a M. aeruginosa bloom. Chl-a was a better indicator
of phytoplankton biomass than phycocyanin (PC) in surface scums, due to reduced
accessory pigment production. Absorption budgets demonstrate that monospecific blooms
of M. aeruginosa and C. hirundinella may be treated as “cultures”, removing some
complexities for remote sensing applications. These results contribute toward a better
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understanding of IOPs and remote sensing applications in hypertrophic inland waters.
However, the majority of the water is optically complex, requiring the usage of all the
SIOPs derived here for remote sensing applications. The SIOPs may be used for developing
remote sensing algorithms for the detection of biogeophysical parameters, including
chl-a, suspended matter, tripton and gelbstoff, and in advanced remote sensing studies for
phytoplankton type detection.

Keywords: remote sensing; inherent optical properties; inland waters; absorption;
phycocyanin; tripton; phytoplankton; South Africa

1. Introduction

Knowledge of the inherent optical properties (IOPs), including the absorption of phytoplankton,
gelbstoff (or chromophoric dissolved organic matter) and tripton (non-living minerals and detritus), is
critical to water remote sensing. IOPs are required for remote sensing algorithm development and for
physically-based bio-optical models simulating the behavior of light in water (e.g., [1]). Physically-based
water constituent retrieval remote sensing algorithms, especially those targeting specific water types or
classes, rely heavily on IOPs, as do biogeochemical models. As a result, much attention has been
given to determining the variability in the absorption properties of coastal and open-ocean marine
waters (e.g., [2–4]). Recent studies have also sought to characterize the absorption properties of
optically-complex inland and estuarine waters (e.g., [5–10]). However, there is an ongoing need to
investigate the variability that might be encountered across these diverse systems, especially those that
are hypertrophic. This poses an ongoing challenge for satellite-based remote sensing applications aimed
at characterizing the phenology and ecological state of Earth’s precious and vulnerable fresh waters.

In water-scarce South Africa, man-made reservoirs provide an essential source of potable water to a
growing urban population. Widespread eutrophication and cyanobacterial blooms have degraded water
quality in many of these reservoirs, posing a potential health threat to millions of consumers, as well
as for industrial and commercial users [11]. Data on the optical characteristics and variability of these
reservoirs is lacking, hindering present and future monitoring efforts using remote sensing. This paper
aims to describe the variability in the absorption properties of phytoplankton, gelbstoff and tripton
of three optically-diverse South African reservoirs. It describes the relationships between absorption
and biogeophysical variables, chlorophyll-a (chl-a), seston (total suspended solids) and mineral dry
weight. The chl-a-specific absorption coefficients (a∗φ) are determined for the diverse phytoplankton
assemblages and discussed with reference to typical values reported in Case 1 waters. The variability
of the phycocyanin (PC)-specific absorption at 620 nm, a∗pc(620), used in semi-analytical algorithms
aimed at the detection of PC (e.g., [12,13]), is also determined for cyanobacterial blooms and in
surface scums of Microcystis aeruginosa. The mass-specific tripton absorption coefficients (a∗tr) are
determined using a modified technique and the results compared to reported values from inland and
coastal waters. Finally, absorption budgets are presented for each of the reservoirs. The aims of
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the paper are to provide a thorough description of the range of variability in absorption properties
that might typically be encountered in South African inland waters, and to provide IOPs for use in
remote sensing radiative transfer studies and physically-based water constituent retrieval algorithms
(see Matthews and Bernard [14]).

Figure 1. The geographical location and shapes of the three reservoirs, Loskop,
Hartbeespoort and Theewaterskloof. Sample points are indicated with labeled dots (see text
for details).
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2. Methods

2.1. Study Areas and Sampling Strategy

The three study areas, Hartbeespoort, Loskop and Theewaterskloof reservoirs, were chosen in order
to capture some of the diverse range of water types and blooms occurring in South African inland waters
(Figure 1). Sampling campaigns were undertaken at each of the lakes for a three week period: at
Hartbeespoort in October 2010, at Loskop in July/August 2011, and at Theewaterskloof in April 2012.
Sample points (see Figure 1) were located so as to capture the diversity of water conditions occurring in
each of the reservoirs. Surface water samples were collected in 1 L plastic containers or in 5 L opaque
plastic buckets following thorough rinsing with lake water. Every effort was made to avoid disturbing
the dense aggregations of cyanobacteria on the water surface (when present) by gently collecting water
into containers held horizontally. Samples were kept in the dark and on ice until analysis. Water clarity
was measured using a Secchi disk, zsd, using the mean of the depth at which the disk disappeared and
then re-appeared.

Of the three study areas, Hartbeespoort is the most extensively studied, followed by Loskop, while
Theewaterskloof is almost undescribed in the scientific literature. Detailed information on the limnology
and phytoplankton dynamics of Hartbeespoort is available (e.g., [15–17]). It is one of the most productive
reservoirs in the world, with so-called hyperscums of Microcystis Aeruginosa [18]. Measurements
of its optical properties, however, are limited to light attenuation [19,20]. The water quality and
phytoplankton assemblage of Loskop has previously been described [21–23]. Situated on the Olifants
River, Loskop has very diverse water types, due to its longitudinal zonation, with pronounced riverine,
transitional and lacustrine zones [22]. The water is affected by acid mine drainage and has high
concentrations of heavy metals and nutrients (ibid.). However, no detailed limnological study of the
reservoir has been undertaken, and information on its light environment is limited to a Secchi disk.
Theewaterskloof is located in the western winter rainfall region of South Africa and is one of the primary
water supply reservoirs for the Cape Town region through an inter-basin transfer scheme. The reservoir
is divided into two basins by a narrow channel crossed by a bridge; the western basin contains the
inlet from the Sonderend River and the eastern basin, the dam wall. Despite its great importance as a
potable water supply, there is no published information on its limnology, phytoplankton assemblage or
light environment.

2.2. Phytoplankton Pigments

Water samples were filtered under low pressure (>10 mm mercury pressure) through
Whatmann GF/F filters on the same day as collection. The concentrations of chl-a and
phaeopigments were determined spectrophotometrically using an extraction solution of 90% boiling
ethanol after Sartory and Grobbelaar [24], due to the improved extraction efficiency of ethanol with
freshwater phytoplankton assemblages containing cyanobacteria. TChl is defined as the sum of chl-a
and phaeopigments. Phycocyanin (PC) and allo-phycocyanin (APC) pigments were measured when
cyanobacteria made up a significant portion of the phytoplankton assemblage. Cyanobacteria have very
resistant cell walls that must be broken to release the water soluble phycobiliproteins. Various methods
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may be used to break the cell walls, including freezing and thawing [25], enzymatic attack [26], osmotic
shock [27], attack by N fixing bacteria [28], acid, nitrogen cavitation and french press (see [28,29]
for details). However, the most efficient methods appear to be freeze-thaw and enzymatic attack [28].
Therefore, a combination of these techniques was used after Beutler [30] to optimize extraction efficiency
and to reduce the amount of time required for analysis in the field. Filter papers were frozen for at least
24 h in 15 mL screw capped tubes. If samples were being transported, they were stored in liquid nitrogen
and, then, at −70 °C. After thawing, an extraction solution of 0.25 M Trizma Base, 10 mM disodium
EDTA (Ethylenediaminetetraacetic acid) and 2 mg·mL−1 lysozyme was added. After grinding with a
glass rod, the filter paper was incubated in the dark for 2 h at 37 °C and, then, stored in the cold for at
least 20 h to allow for extraction. The samples were then diluted with Milli-Q water and centrifuged at
3,600 g for 15 min. to reduce turbidity. The supernatant was initially filtered through a 0.2 µm pore size
membrane filter; however, this may interfere with the phycobiliproteins so subsequent analyses did not
filter the supernatant [69]. The sample was read in the spectrophotometer using 1 cm matched quartz
cuvettes using the extraction solution as the reference, and the PC concentration was calculated according
to Bennett and Bogorad [31]. All pigment analyses were done in triplicate using the mean as the
final value.

2.3. Seston, Minerals and Tripton Concentrations

Seston dry mass was determined using pre-ashed Whatmann GF/F filter papers following the
gravimetric technique [32]. The inorganic component (here, referred to as minerals) was determined
by burning the filter pads in a muffle furnace at 500 °C and re-weighing. All analyses were done in
triplicate using the mean as the final value.

Tripton corresponds to the de-pigmented matter measured by the quantitative filter technique (QFT,
see below). However, it is difficult to separate out the living phytoplankton component of seston in
order to measure tripton dry mass. Determination of a∗tr is useful for bio-optical models, because it
allows for the particulate detrital and mineral components to be handled simultaneously and separately
from living phytoplankton. Seston dry mass might be partitioned most simply into its tripton and
phytoplankton components according to: tripton = seston− β × chla, where β is a conversion factor
to estimate phytoplankton dry mass from chl-a. Most studies using this technique assume a constant
value of β, most often equal to 0.07 g·mg−1 (e.g., [33–35]). However, the value of β varies widely
in nature, according to the intracellular chl-a concentration, which is dependent on the species and
the light and nutrient environment. For cyanobacteria P. hollandica and O. limnetica cultured under
a range of light and nutrient conditions, Gons et al. [36] determined the value of β to range between
0.02–0.3 g·mg−1, mean = 0.046 g·mg−1. Zhang et al. [37] determined a value of 0.09 g·mg−1 for an
assemblage dominated by Microcystis and Scenedesmus in lake Taihu, China. Desortová [38] determined
that the chl-a content per unit fresh phytoplankton biomass for various lakes was between 0.14% and
3.41%, which corresponds to a β of 0.029–0.71 g·mg−1. The range of variability was primarily related
to seasonal variation in solar radiation, with larger values being attributed to low-light conditions (winter
months). Natural populations of individual cells of various species have mean values ranging from
0.0496 to 0.21 g·mg−1 (calculated from Table 1.3 in [39]).
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In this study, values of β were determined by investigating the ratio of phytoplankton to detritus,
Rpd. In steady-state conditions (i.e., loss rate = growth rate), Rpd should be constant, irrespective of
the trophic state, with a value near 0.3 [36]. This is in agreement with reported values of Rpd in lakes,
which are typically between 20% and 35% (e.g., [40,41]). In non-steady-state conditions, Rpd may
vary; however, its value is expected to be less than one for almost all growth conditions [36]. The
existence or non-existence of steady-state conditions was determined by examining the variability of
the chl-a:seston ratio in time [36]. For conditions deemed to be in steady-state, values for β were
selected where the corresponding Rpd values were near 0.3. On average, phytoplankton contains
10% mineral content (ash dry mass) [39]. Therefore, detrital dry weight was calculated according to:
detritus = seston−0.9×minerals−β×chla. Rpd was calculated using the detrital and phytoplankton
dry mass calculated for a range of β values. Since ash dry weight was not determined in Hartbeespoort,
minerals were assumed to be zero, which, in this case, might be a reasonable assumption (see results).

2.4. Absorption Coefficients of Particulate, Pigmented and Dissolved Substances

The QFT was used to determine the absorption of total particulate matter (seston) and de-pigmented
matter (tripton) after Mitchell et al. [42]. Water samples were stored in the dark and analyzed on
the same day as collection. The sample was filtered under low vacuum pressure (>10 mm mercury
pressure) through a pre-ashed Whatman GF/F filter paper pre-washed with Milli-Q water, adjusting the
volume according to the turbidity of the sample. In cases of very high biomass, such as Hartbeespoort
(chl-a > 10,000 mg·m−3), as little as 2.5 mL was filtered, while for chl-a < 1 mg·m−3 in Loskop, up to
1 L was filtered to obtain sufficient material on the filter. Blank filter papers were treated identically to
the sample, by simultaneously filtering the same volume of Milli-Q water as the sample. Care was taken
to not run the blank filters dry. Filter papers were kept in labeled Petri dishes with a drop of water until
analysis to ensure hydration.

The optical density (OD) of the particulate and blank filter paper between 350 and 850 nm was
measured using a Shimadzu UV-2501 spectrophotometer using an ISR-2200 integrating sphere. The
mean OD of the filter relative to the blank was near 0.5 for all samples. In the case of Hartbeespoort,
however, the value was unavoidably higher, owing to the extremely high biomass. The mean OD of the
blank measurements was subtracted from the particulate OD measurements and the absorption calculated
using a pathlength amplification factor β = 2 [43]. A null subtraction was performed at the highest
wavelength of measurement (=850 nm) as the assumption of no absorption from particulate matter at
750 nm does not hold in highly turbid inland waters. Duplicate particulate absorption measurements
were performed for each sample, using the mean of the two spectra as the final value.
atr was determined by two methods, sodium hypochloride (NaClO) oxidation and, in the case

of Theewaterskloof, boiling methanol extraction. Both of these techniques have been used for
freshwater samples (e.g., [9,44]), but little information exists on what quantitative errors each of these
methods might introduce. Since both methods remove non-chlorophyllous pigments (carotenoids and
phaeopigments), the phytoplankton absorption will tend to be overestimated. The NaClO technique
has two advantages in that it bleaches the water soluble phycobilipigments and resistant cells (e.g.,
chlorophytes), and it may be performed more rapidly in the field [45]. However, there is some evidence
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to suggest that NaClO treatment of samples with high dissolved organic matter may cause bleaching
of colloidal/particle-bound organic matter, leading to overestimates of phytoplankton absorption in the
blue spectrum [9]. Furthermore, NaClO is unsuitable for waters with a high abundance of heterotrophic
bacteria, due to the production of a yellow cytochrome byproduct deposited on the filter [46]. Techniques
using organic solvents methanol or ethanol (e.g., [12]) might avoid these effects, although it is uncertain
to what degree phycobilipigments are removed, even when related absorption peaks are not visible in
the absorption spectrum. Measurements were performed using both techniques in order to quantify
and elucidate these errors. Complete pigment bleaching/extraction was assessed by the absence of the
675 nm chl-a absorption peak. In cases of insufficient bleaching/extraction, the filter paper was gently
subjected to further bleaching/extraction until the 675 nm peak disappeared. The filters were thoroughly
rinsed with Milli-Q water to remove contamination by NaClO in order to perform readings <400 nm.
Blank filter papers were treated identically to samples. The mean bleached blank OD was subtracted
from the bleached particulate OD to calculate the tripton absorption. The tripton absorption curves were
fitted to an exponential function [47], and the slope coefficient, Str, was computed using a reference
wavelength of 442 nm.

The phytoplankton absorption component was then computed as aφ = ap − atr. The specific
absorption coefficients, a∗φ and a∗tr, were determined by dividing aφ and atr by the concentration of
TChl and tripton, respectively. In order to calculate the PC-specific absorption coefficient, a∗pc(620),
a correction needs to be applied to aφ(620) in order to remove the effect of residual chl-a absorption,
termed achl(620). Simis et al. [12] determined the value of achl(620) from aφ(665) using a ratio term,
ε = 0.24. The absorption exclusively due to PC is then calculated by apc(620) = aφ(620)− ε× aφ(665).
a∗pc(620) is then calculated by apc(620)/PC. The value of ε determined by Simis et al. [12] is generally
suitable for use in cyanobacteria-dominated waters and, therefore, is used here. No attempt was made
to correct for algae containing other pigments influencing absorption near 665 and 620 nm (e.g., [48]).
The absorbance due to gelbstoff, ag, was read between 340 and 750 nm in the spectrophotometer using
matched 10 cm quartz cuvettes using room temperature Milli-Q water as the reference. A null-point
correction at 750 nm was implemented and the absorption calculated according to Mitchell et al. [42].
The curves were fitted to an exponential function [47] between 350 and 500 nm, and the slope coefficient,
Sg, was computed using a reference wavelength of 442 nm.

3. Results and Discussion

3.1. General Characteristics of Reservoirs

There was extremely large variability in biogeochemical and optical parameters between and within
the three systems studied (Table 1). Figure 2 shows scatter plots of some parameters illustrating this
variability, and the correlation coefficients for the entire dataset are shown in Table 2. Chl-a and seston
are highly correlated (r = 0.92), with concentrations varying over six and five orders of magnitude,
respectively (Figure 2A). The extremely high chl-a values >1,000 mg·m−3 were measured in surface
scum conditions in Hartbeespoort. The greatest trophic range is found in Loskop, with chl-a varying
from 0.5 to 500 mg·m−3, while Theewaterskloof has the least range. The organic component of seston,



Remote Sens. 2013, 5 4377

calculated as the difference between seston and minerals, is highly correlated with chl-a (r = 0.85,
Figure 2B). Weak correlations between gelbstoff absorption at 442 nm, ag(442), and chl-a and seston
are apparent (r = 0.63 and 0.54, respectively, Figure 2C,D). However, the considerable scatter implies
that the relationship is reservoir-specific and that ag is largely controlled by catchment-related factors,
rather than phytoplankton biomass or seston [49]. Water clarity (zsd) is inversely correlated to seston
(r = −0.43) and its mineral and organic components and phytoplankton pigments (chl-a, r = −0.27,
Figure 2E,F). These relationships might be applied between reservoirs, given the general inverse trend.

Table 1. Variability in biogeophysical and optical parameters for each reservoir. Chl-a,
chlorophyll-a.

Chl-a PC Seston Minerals zsd TChl ag (442 nm) Sg ap(442 nm) atr (442 nm) Str aφ(442 nm)
mg·m−3 mg·m−3 g·m−3 g·m−3 cm mg·m−3 m−1 nm−1 m−1 m−1 nm−1 m−1

Hartbeespoort
Min. 33.0 84.3 6.0 - 1.0 38.9 0.63 0.014 2.03 0.07 0.0092 1.73
Max. 25,978.3 43,143.9 2,100.0 - 201.0 2,8466.6 4.13 0.021 456.24 1.74 0.0098 455.32
Mean 3,872.6 4,462.9 573.1 - 61.9 4,260.8 1.55 0.017 87.48 0.51 0.0095 86.98
St. dev. 5,703.3 8,225.8 685.4 - 51.8 6,208.0 0.77 0.002 133.16 0.47 0.0004 132.83
Median 1,503.3 1,190.7 225.0 - 61.0 1,599.3 1.30 0.017 27.97 0.39 0.0095 27.61
N 39 39 35 - 39 39 34 34 19 19 2 19

Loskop
Min. 0.5 25.1 0.9 0.0 37.5 1.3 0.75 0.013 0.16 0.10 0.0078 0.05
Max. 512.9 73.5 48.9 5.7 870.0 856.3 1.87 0.022 12.58 1.57 0.0126 11.12
Mean 86.7 49.3 9.5 1.5 263.5 151.8 1.11 0.017 2.07 0.53 0.0103 1.56
St. dev 139.5 34.2 11.3 1.5 203.8 245.3 0.24 0.002 2.72 0.39 0.0013 2.43
Median 10.1 49.3 3.3 0.9 224.0 20.6 1.07 0.017 0.62 0.42 0.0102 0.29
N 48 2 55 55 56 49 57 57 57 57 57 56

Theewaterskloof
Min. 5.1 8.1 7.1 3.2 45.0 6.9 1.22 0.012 1.13 0.51 0.0084 0.41
Max. 69.7 70.3 29.1 22.8 108.0 118.4 2.49 0.015 3.65 2.26 0.0130 2.43
Mean 22.2 20.4 16.4 9.3 68.2 34.7 1.85 0.014 2.07 1.18 0.0098 0.89
St. dev. 16.3 15.1 6.0 4.6 17.7 25.5 0.45 0.001 0.72 0.44 0.0011 0.49
Median 16.3 14.9 16.4 8.0 66.0 23.0 1.86 0.014 2.18 1.05 0.0095 0.74
N 33 19 32 32 33 33 19 19 19 19 19 19

During the sampling period, M. aeruginosa composed more than 90% of the phytoplankton
assemblage in Hartbeespoort (see Table 3). Bright green surface accumulations (10–50 cm thick) were
present over most of the lake surface area. The concentration of chl-a and phycocyanin pigments were
extremely high (up to 26,000 and 43,000 mg·m−3, respectively). In Loskop, the dinoflagellate, Ceratium
hirundinella, is dominant throughout the reservoir in terms of biovolume, although cyanobacteria (in
isolated blooms) and other species may be abundant (Figure 3B, Table 3). Working upstream, the main
basin (point MB) is typically oligotrophic (chl-a< 1) and very clear, with a mixed population of diatoms,
chlorophytes and dinoflagellates. The lacustrine zone (point LS) is oligotrophic (chl-a < 10), with
slightly decreased water clarity. The transitional zone where a bio-optical buoy was moored (point BY)
is more variable, due to mixing (1 < chl-a < 30). A dense bloom of the large-celled dinoflagellate
C. hirundinella was present at point CT (Ceratium) , turning the water dark brown, with chl-a values
in excess of 200 mg·m−3. C. hirundinella blooms are common in South African reservoirs, causing a
nuisance for water treatment [50,51]. A dense bright green surface bloom of M. aeruginosa was present
further upstream at point MC (Microcystis) . In summer, as water temperatures rise, the cyanobacteria
become more abundant, and blooms extend downstream towards the transitional zone [22]. It appears
that M. aeruginosa and C. hirundinella are competing species in the riverine zone. The inlet of the
Olifants River at point RI (river input) is clear, with chlorophytes and diatoms being present. Loskop is,
therefore, extremely diverse from both a trophic and color perspective.
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Figure 2. Scatter plots for (A) seston versus chl-a; (B) organic matter versus chl-a; (C)
ag(442) versus chl-a; (D) ag(442) versus seston; (E) zsd versus seston; and (F) zsd versus
chl-a. Note logarithmic scales.

Table 2. Pearson correlation coefficients for entire dataset. The variables are
non-normally distributed. PC, phycocyanin; TChl, chl-a plus phaeopigments.

chl-a PC Seston Minerals Organic Matter zsd ag(440) TChl

chl-a 1
PC 0.86 1.00
Seston 0.92 0.68 1.00
Minerals −0.10 −0.21 0.57 1.00
Organic matter 0.85 0.88 0.88 0.13 1.00
zsd −0.27 −0.43 −0.31 −0.52 −0.47 1.00
ag(440) 0.63 0.67 0.54 0.76 0.34 −0.43 1.00
TChl 1.00 0.87 0.92 −0.12 0.84 −0.28 0.64 1.00
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Theewaterskloof is more uniform and turbid, with a mixed phytoplankton assemblage (Table 3) and
a high mineralic component of dry weight (Table 1). The reservoir is affected by strong prevailing
SE and NW winds (gusts up to 7.5 m·s−1 were measured), which means it is generally well-mixed.
Blooms of filamentous cyanobacteria Anabaena ucrainica and a high abundance of diatom species, in
particular, Aulacoseira ambigua and Asterionella formosa, are characteristic for the lake. The high
mineralic component of dry weight might be related to the presence of these diatom species, which
contain >40% ash weight of dry weight [39].

Table 3. Predominant phytoplankton species present in this study (>5,000 cells·L−1).
HB, Hartbeespoort; LK, Loskop; TW, Theewaterskloof; p, present.

HB LK TW HB LK TW

Bacillariophyceae Scenedesmus acutiformis p
Melosira varians p Cyanophyceae
Fragilaria crotonensis p Microcystis aeruginosa p p p
Fragilaria crotonensis p Microcystis aeruginosa p p p
Aulacoseira granulate p Anabaena ucrainica p
Diatoma vulgaris p Dinophyceae
Asterionella formosa p Ceratium hirundinella p
Aulacoseira ambigua p Peridium bipes p
Navicula capitatoradiata p Sphaerodinium fimbriatum p
Chlorophyceae Euglenophyceae
Coelastrum reticulatum p Trachelomonas volvocina p
Pandorina morum p Cryptophyceae
Staurastrum paradoxum p Cryptomonas ovata p

Figure 3. Mean biovolume (left-most bar) and abundance (center bar) of phytoplankton by
group, and zsd (right-most bar) for sample points in (A) Theewaterskloof and (B) Loskop.
The legend is the same in A and B. Cyanophyceae count for Loskop point MC has been
scaled by a factor of 0.1. zsd is also scaled by a factor of 0.1 in B.
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A general pattern of increasing turbidity and phytoplankton biomass can be observed from the eastern
basin towards the western basin, near the inflow of the Sonderend River (Figure 3A). The eastern basin
is mesotrophic (chl-a ≈ 10 mg·m−3). At the bridge (point BR), the water is typically meso-eutrophic
with mixed blooms of cyanobacteria, chlorophytes and diatoms. The western basin (points SW and
NW) is hyper/eutrophic with decreased water clarity (meanzsd = 50 cm) associated with the presence of
a mixed bloom of Anabaena ucrainica and Sphaerodinium fimbriatum (Figure 3A). These species are
co-dominant in terms of biovolume. During strong wind, sampling was carried out at point PS (pump
station) near the water abstraction pump station.

3.2. Absorption by Gelbstoff

From an optical perspective, phytoplankton biomass and suspended particles appear to have greater
influence on water clarity than dissolved organic matter, based on the observed water color. The
measured ag curves are relatively consistent with an exponential function (straight lines in Figure 4A).
ag(442) varies in a relatively narrow range from 0.63 to 4.13 m−1 (Table 1). Despite its large trophic
gradient, Loskop has the most narrow range, from 0.75 to 1.87 m−1. Therefore, ag is essentially
independent of trophic status. The widest range of values is found in Hartbeespoort (0.63 to 4.13 m−1),
likely associated with extremely variable cyanobacterial biomass. Theewaterskloof has the highest
average value of 1.9 m−1, which is consistent with the geological and floral environment associated with
brackish Cape waters. An inverse relationship is generally present between Sg and ag(442); however,
greater variability is associated with smaller values of ag(442) (see [3] Figure 4B). Sg ranges between
0.012 and 0.022 nm−1, within the range reported in coastal [3] and inland waters [49]. Mean values
determined for Loskop and Hartbeespoort are 0.017 nm−1, while that for Theewaterskloof is 0.014 nm−1.

Figure 4. (A) ag curves on the log scale axis; (B) ag(442) versus the exponential slope
coefficient, Sg. The legend colors are the same in A and B.
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3.3. Absorption by Seston

Figure 5 shows the measured ap spectra, which vary over more than four orders of magnitude.
Extremely high ap values were measured in surface scum in Hartbeespoort (Table 2, Figure 5A). These
spectra have shapes that indicate that the contribution of phytoplankton to ap is overwhelming. The
spectra for Loskop are divided into two groups to facilitate comparison—the first is from the high
biomass C. hirundinella bloom at sampling point CT (Figure 5B) and the second is from other sample
points (Figure 5C). The spectra from point CT are strongly dominated by phytoplankton absorption,
while the remainder have more exponential shapes, evidence of relatively larger tripton influence. ap
spectra measured in Theewaterskloof (Figure 5C) appear to be influenced by significant contributions of
both tripton and phytoplankton, with strong exponential shapes at wavelengths < 500 nm.
ap(442) is most variable in Hartbeespoort and Loskop (0.16–456.24 m−1) and was least variable in

Theewaterskloof (1.13–3.65 m−1). ap(442) is highly covariant with seston and chl-a concentrations
(Figure 6). A null intercept linear function (y = ax) was used to fit the data. The relationship
ap(442) = 0.23× seston was determined for Loskop (r2 = 0.91, SE (standard error)= 1.03, N = 56),
similar to that determined for Theewaterskloof, ap(442) = 0.12× seston (r2 = 0.97, SE = 0.38,
N = 19). For combined Theewaterskloof and Loskop data, the relationship is ap(442) = 0.19× seston
(r2 = 0.85, SE = 1.22, N = 75). The variation in the regression coefficient, a, demonstrates the
variability in the underlying IOPs. ap(442) was better described by chl-a in Hartbeespoort according
to ap(442) = 0.026× chl-a (r2 = 0.82, SE = 67.9, N = 19). The combined dataset was described by
ap(442) = 0.15× seston (r2 = 0.68, SE = 40.25, N = 91), and ap(442) = 0.026× chl-a (r2 = 0.82,
SE = 29.9, N = 94). The significance of the regressions is affected by the very high seston and chl-a
concentrations in Hartbeespoort.

Figure 5. ap spectra measured in (A) Hartbeespoort (gray lines scaled by 0.1 to facilitate
comparison), (B) Loskop for ap(442) > 2 m−1 and (C) Theewaterskloof (black lines) and
Loskop for ap(442) < 2 m−1 (gray lines).
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Figure 6. ap(442) versus (A) seston showing linear fits for Loskop (- -), Theewaterskloof
(-·) and combined data (–), and (B) chl-a showing the linear fit for Hartbeespoort (–). Note
the log scales.

3.4. Absorption by Tripton

Figure 7 shows atr spectra from a single sample with a mixed cyanophyte/diatom/chlorophyte
assemblage from Theewaterskloof determined by both hot methanol extraction and NaClO bleaching
methods. The differences in magnitude of ap in Figure 7A are due only to the expected differences
between duplicate samples. However, after normalizing at 410 nm (Figure 7B), appreciable spectral
differences are present, as well as in the corresponding aph spectra. Although no apparent residual PC
absorption peak at 620 nm is visible in the spectra, the methanol determined atr:ap ratio spectrum reveals
that residual phycobilipigments are present in the region 500–650 nm, when compared to that determined
by NaClO (Figure 7C). The difference between the atr:ap ratio spectra of the two methods shows that
the hot methanol method leads to a 15%–20% underestimate of aφ (or overestimate of atr) in the region
between 500 and 650 nm (Figure 7D). The shoulders near 420 and 650 nm are likely associated with
residual chl-b pigment from Chlorophyceae, which also results in a ±4% difference in the 675 nm chl-a
absorption peak. Some evidence of bleaching of organic detritus by NaClO is visible from 700 to 750 nm
(although not <440 nm), with both methods being roughly equivalent from 800 nm onwards. Therefore,
in this example, the hot methanol technique resulted in residual phycobili and chlorophyte pigments in
atr, while there was bleaching of organic detritus by NaClO in the near infra-red (NIR) region.

Some selected examples further illustrate these and other unusual features present in the measured
atr spectra (Figure 8). In Theewaterskloof, a strong absorption feature near 450–550 nm, which
is likely to be associated with iron oxides, was visible [52]; some residual chl-a absorption is also
apparent (Figure 8A). In a few examples, residual phycobilipigment features were clearly visible
(Figure 8B). To overcome this methodological error in the Theewaterskloof data, Str was calculated
using an exponential function fitted between 360 and 500 nm. Another unusual feature was a flattening
<440 nm for atr measured at point MB in Loskop (Figure 8C), the origin of which is unknown
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(see similar feature in Baltic spectra in [3]). For these data, an exponential function fitted between
440–600 nm was used to calculate Str. Iron oxide features (less obvious) were also present for some
spectra in Loskop (Figure 8D). In Hartbeespoort, unusually steep slopes affecting wavelengths <450 nm
were clearly visible (Figure 8E). Heterotrophic bacteria are known to be present in Hartbeespoort and
other hypertrophic lakes in high abundance [53]. Therefore, the effect is likely to be caused by yellow
cytochrome byproducts from NaClO bleaching, which are deposited on the filters [46]. All but two
of the measured atr spectra in Hartbeespoort were contaminated by this effect. Therefore, Str was
only computed for two uncontaminated spectra in Hartbeespoort, which also displayed some iron oxide
effects (Figure 8F). Corrected atr spectra were computed by extrapolating the value at 460 nm using
an exponential function with a slope coefficient = 0.009 nm−1. The extremely high biomass and the
presence of heterotrophic bacteria in M. aeruginosa blooms in Hartbeespoort meant that determination of
atr was challenging. Obvious residual phycobilipigment features were also sometimes present, resulting
from inefficient NaClO bleaching. Therefore, determination of atr in hypertrophic waters or surface
scum is perhaps better performed using a numerical technique (e.g., [44]). However, the contribution of
tripton to ap was very small (see below).

Figure 7. Comparison between NaClO and hot methanol methods for determining atr.
(A) ap and atr determined using both methods for a single sample from Theewaterskloof;
(B) ap and atr normalized at 410 nm; (C) atr:ap ratio in percent; (D) percent difference
between hot methanol and NaClO determined atr:ap ratios shown in (C).
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Figure 8. Selected atr examples showing measured data (solid line) and the corresponding
exponential fit (dashed line). The sample point ID is shown in brackets.

The complete set of measured atr curves are shown in Figure 9 alongside histograms for Str and
atr(442). In general, an exponential function closely fitted the data, evident by the straight lines on
the log-scale plot (Figure 9A). Of the three reservoirs, Theewaterskloof has the highest mean atr(442)
value (=1.18 m−1), nearly twice that of Loskop and Hartbeespoort (see Table 1). atr(442) also has the
highest range (= 1.75 m−1) in Theewaterskloof. This might be related to the high mineralic component
of seston and the windy climatology of the reservoir. The range of atr(442) values for Hartbeespoort
and Loskop are very similar (mean = 0.51 and 0.53 m−1, respectively), despite the extremely variable
trophic conditions. This is because the variability in atr(442) is only weakly influenced by phytoplankton
biomass (see below). The distributions of atr(442) for Hartbeespoort and Loskop are skewed towards
smaller values and may generally be described by an inverse-Gaussian function (Figure 9C). Therefore,
there is an increased probability of encountering atr(442) values < 0.5 m−1 in these systems, while
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it is also unlikely to encounter values >2 m−1. The Theewaterskloof data conforms more closely to
a normal distribution with an increased likelihood of encountering atr(442) values near 1.0 m−1. The
values determined for Str vary in a narrow range between 0.008 and 0.013 nm−1, with a mean value
of 0.010 nm−1 for all reservoirs (Table 1, Figure 9B). These are typical of those measured in other
inland and coastal waters (e.g., [3,9,37]). The distribution of Str generally follows the shape of a normal
distribution; therefore, the highest probability value is near 0.010 nm−1.

Figure 9. (A) atr spectra for all reservoirs using the log-scale y-axis; (B) histogram of
the exponential slope coefficient, Str, for each reservoir showing normal distributions with
integrals equal to the data; (C) histogram of atr(442) for each reservoir showing fitted
inverse-Gaussian and normal distributions with integrals equal to the data. The legend is
the same in all panels.

Figure 10. atr(442) versus (A) seston, showing the fit for combined Theewaterskloof and
Loskop data (–) and that from Binding et al. [9] (- -); (B) chl-a; and (C) minerals showing the
fit for combined Theewaterskloof and Loskop data (–). The legend is identical in all plots.
Note log-scales.
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atr(442) is significantly positively correlated with seston for Theewaterskloof and Loskop; the
relationship is best described by a power-law fit as atr(442) = 0.17×seston0.62 (r2 = 0.81, N = 74)
(Figure 10A). A null-point linear fit, such as those determined by Binding et al. [9] in lake Erie (drawn
in Figure 10A) and Babin et al. [3] in European coastal waters, poorly describes the lower range of
the data. In Hartbeespoort, the relationship is poor (r2 = 0.32, N = 16). This could result from
errors in the corrected atr(442) values or methodological errors associated with atr determination in
surface scum conditions. However, it may also be more simply explained by tripton making up an
insignificant proportion of the dry weight, the majority of which is living cells. There is considerable
scatter between atr(442) and TChl, which varies over six orders of magnitude (Figure 10B). Weak
positive correlations are apparent within the reservoirs, indicating that trophic status weakly covaries
with atr(442) within the systems. The significant offset for Hartbeespoort data indicates that in surface
scum conditions, the tripton:phytoplankton ratio is significantly lowered. In contrast, the grouping of
Theewaterskloof data towards the left of the plot is indicative of an enlarged tripton:phytoplankton
ratio, in this case, presumably resulting from a higher mineralic component. Mineral (ash) dry
weight and atr(442) are highly correlated with a fit for combined Loskop and Theewaterskloof data of
atr(442) = 0.0.41×minerals0.51 r2 = 0.77, N = 70 (Figure 10C). The clustering of the Theewaterskloof
data towards the top right of the plot is evidence of the high mineral content of seston (mean mineral
contribution to seston = 57%). This may be a result of the high silica content of abundant diatom species.

Figure 11. Scatter plots of atr(442) versus ap(442) for (A) Theewaterskloof and Loskop,
with ap < 2 showing the linear fit (–), and (B) Hartbeespoort and Loskop with ap > 2. Color
bars display the ratio of atr:ap. (C) TChl versus the ratio atr:ap, showing the power-law fit
for Loskop. Note the log-scaled axes in (B,C).

The variability in the contribution of tripton to ap between and within the reservoirs warrants closer
investigation. For samples with ap(442) < 2, a positive linear relationship between atr(442) and ap(442)
exists: atr(442) = 0.56 × ap(442), r2 = 0.94, SE = 0.2, N = 58 (Figure 11A). Mean atr(442):ap(442)
ratios for these data are 0.65 for Theewaterskloof (range = 0.35–0.75) and 0.7 (range = 0.4–0.9) for
Loskop. Tripton, therefore, has a large contribution to particulate absorption for these data. For
high biomass Loskop and Hartbeespoort waters, the relationship between atr and ap breaks down
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(Figure 11B). In these waters, atr is an insignificant contributor to ap, with atr(442):ap(442) ratios of
0.1–0.35 in Loskop and <0.15 in Hartbeespoort. When investigating the change in the atr(442):ap(442)
ratio relative to phytoplankton biomass (TChl), we find a general inverse correlation, which is specific to
each lake (Figure 11C). In Loskop, the relationship is described by atr(442):ap(442) = 0.99×TChl−0.28

(r2 = 0.76, N = 47), while in Hartbeespoort, it is atr(442):ap(442) = 0.37×TChl−0.50 (r2 = 0.62,
N = 14). In Theewaterskloof, the relationship was much weaker (r2 = 0.2 for a linear fit), signifying
that phytoplankton biomass does not dictate the contribution by tripton to particulate matter. Evidently,
tripton typically contributes more towards ap(442) as phytoplankton biomass decreases. Therefore,
phytoplankton biomass exerts a controlling influence on the contribution that tripton makes to particulate
absorption (although less so for Theewaterskloof). The converse effect is visible in a weak positive
correlation between minerals and the atr(442):ap(442) ratio (not shown). There is no apparent
relationship between the ratio and seston concentration.

3.5. Mass-Specific Tripton Absorption

The chl-a content of seston (chl-a:seston ratio) might be used to test for steady state conditions [36].
Figure 12A shows the mean chl-a:seston ratio determined for different sample points in Loskop and for
Theewaterskloof and Hartbeespoort as a whole. Non-steady-state conditions were indicated by widely
variable ratios at point CT in Loskop (6–18 mg·g−1) and in Hartbeespoort (4–11 mg·g−1). Variability
elsewhere was relatively small. Therefore, non-steady-state conditions are associated with the high
biomass blooms in Loskop and Hartbeespoort. Rpd is, therefore, expected to be larger than 0.3 in these
blooms, but should be near 0.3 elsewhere, regardless of the trophic state.

The Rpd values calculated using β ranging between 0.01–0.1 g·mg−1 and averaged by the sample
point/reservoir are shown in Figure 12B. For steady-state Loskop sample points, BY (buoy), LS and MB,
values of β corresponding toRpd ≈ 0.3 are approximately 0.04, 0.055 and>0.1 g·mg−1, respectively. By
choosing a single value of β = 0.04 g·mg−1 for Loskop, the corresponding Rpd values become 0.29, 0.20
and 0.04. This is in the acceptable range of values encountered in steady-state conditions considering
that chl-a at point MB was very small, >1 mg·m−3. The value determined for β is lower than the
mean value for C. hirundinella (=0.079 g·mg−1 [39]), but is within the lower range determined for
natural populations of flagellates (=0.037–0.714 g·mg−1 [38]). Assuming the same value for β can be
used for the bloom at point CT, the corresponding Rpd is 1.3. Such a high value might be acceptable,
since negative Rpd values are observed for β values > 0.05 g·mg−1 at point CT. This is a result of
phytoplankton dry mass calculated using β exceeding seston dry weight.

Because of the difficulty in measuring parameters in surface scum conditions, only samples with
chl-a< 500 mg·m−3 were used in the calculations. The value for β determined in Hartbeespoort is
approximately 0.03 g·mg−1 (Figure 12B), just under the range of 0.033–0.769 g·mg−1 determined
by Desortová [38] for blue-green assemblages. However, a Rpd value of 0.3 is likely
too low for the non-steady-state bloom conditions. The average literature value of β for
M. aeruginosa = 0.09 g·mg−1 [37,39] gives a Rpd = 1.83 (one negative value was removed from the
calculations, N = 17). This Rpd is similar to that obtained at point CT in Loskop. Theoretically, however,
β could lie anywhere between 0.03 and 0.09 g·mg−1 in Hartbeespoort. In Theewaterskloof, a β value of
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0.09 g·mg−1 was determined. This is close to literature values for Anabaena = 0.063 g·mg−1 and lower
than those for diatoms Asterionella and Aulacoseira (β = 0.18 and 0.12 g·mg−1) [39], both of which are
present in Theewaterskloof. In summary, β values for Loskop, Hartbeespoort and Theewaterskloof were
finally chosen as 0.04, 0.09 and 0.09 g·mg−1, respectively.

Figure 12. (A) Mean chl-a:seston values and (B) mean Rpd values calculated for values
of β between 0.01 and 0.10 g·mg−1 for sample points in Loskop, Theewaterskloof and
Hartbeespoort; (C) histograms of a∗tr(442) for each reservoir; (D) the mean a∗tr spectrum
showing standard deviations (··) for each reservoir.

The a∗tr(442) values determined using the aforementioned β values are shown in Figure 12C, and
the mean a∗tr spectrum for each reservoir in Figure 12D. a∗tr(442) ranges from 0.025 to 0.263 m2·g−1 in
Loskop, 0.054 to 0.105 m2·g−1 in Theewaterskloof and from 0.024 to 0.048 m2·g−1 in Hartbeespoort.
The mean values are 0.119, 0.078 and 0.037 m2·g−1, respectively. These values compare favorably
with those reported in other fresh inland waters (e.g., [6,33,37]). In particular, values of a∗tr(550) for
various lakes in Queensland Australia varied between 0.014 and 0.145 m2·g−1 [6]. The mean spectrum
for Theewaterskloof is evidently mineral-rich and affected by iron oxide absorption effects near 500 nm.
The specific absorption coefficients of terrigenous mineral-rich particulate matter vary over a wide range
from <0.1 to 1 m2·g−1 (e.g., [54,55]). Therefore, the values determined here appear to be consistent
within the variability present in the literature. A brief investigation of the sensitivity of a∗tr(442) to the
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value of β shows that in Hartbeespoort, mean a∗tr(442) values produced by β of 0.03 and 0.09 g·mg−1

are 0.0145 and 0.0374 m2·g−1, respectively. Therefore, the value of β has an appreciable influence on
a∗tr(442) and should, therefore, be chosen with care, for example, using the method presented here.

3.6. Absorption by Phytoplankton

aφ for Theewaterskloof was calculated without correcting the atr spectra for residual
phycobilipigment, because of the strong iron oxide absorption feature. Therefore, aφ may be
underestimated by a maximum of 15% in the region 550–650 nm for these data. In the case of
Hartbeespoort, an exponential function with slope Str = 0.010 (the mean value determined for
uncontaminated spectra) was used with the value of atr determined at 460 nm to calculate aφ. This
was because atr was contaminated by NaClO bleaching of heterotrophic bacteria. As the contribution to
ap by tripton was so small relative to phytoplankton (see Figure 11), the effect of this correction on aφ
is insignificant.

Figure 13. Spectral aφ for (A) Hartbeespoort (gray lines scaled by 0.1); (B) Loskop for
ap(442) > 1; (C) Theewaterskloof; and (D) Loskop for ap(442) < 1.

The diversity of trophic states and phytoplankton assemblages between and within the reservoirs
was evident in aφ spectra that vary widely in shape and magnitude (Figure 13). Extremely high aφ

values > 400 m−1 were measured in M. aeruginosa surface scums in Hartbeespoort (Figure 13A).



Remote Sens. 2013, 5 4390

The spectral shapes have typical chl-a absorption peaks along with strong phycobilipigment features
between 550–650 nm (phycocyanin and phycoerethrin) and shoulders associated with the carotenoids
myxoxanthophyll, zeaxanthin and echinenone (400–500 nm) [56,57]. The spectra from Loskop are
much smaller in magnitude, with significantly different pigmentation features associated mainly with
C. hirundinella. These have absorption shoulders in the region 400–500 nm from chlorophylls
c1 + c2 (440 nm), the carotenoids, peridinin (460 nm) and, possibly, fucoxanthin (440–460 nm), and
xanthophylls (diadinoxanthin, diatoxanthin) [57]. The presence of UV photoprotective mycosporine-like
amino acids (MAAs) typical of dinoflagellates is strikingly evident < 400 nm [58]. aφ spectra from
Theewaterskloof have a mix of dinoflagellate and cyanobacterial pigment absorption features, both
species being co-dominant. These and other features are described further in Figure 14.

Figure 14. Selected examples of a∗φ for (A) oligotrophic, (B) mesotrophic and
(C) hypertrophic waters. Spectra are labeled with dominant phytoplankton type(s), reservoir
and TChl concentration. (D) The mean and standard deviation (··) of a∗φ for each reservoir.
Loskop data were divided into sample point CT and all other points.
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Five of the aφ spectra for Loskop determined using NaClO bleaching had shapes that increased
exponentially towards the blue. These spectra were associated with low chl-a values (<1 mg·m−3)
and relatively high gelbstoff concentrations (ag(440) = 0.94–1.5 m−1). It is possible that this affect may
be caused by NaClO bleaching of dissolved organic matter (DOM) in the presence of relatively high
gelbstoff absorption [9]. However, because of the presence of a strong signal from MAAs < 400 nm,
it is difficult to ascertain whether bleaching did in fact occur (see Figure 7). For example, a similar
effect was also visible in two spectra from Theewaterskloof. Since these were determined using boiling
methanol, the effect cannot be caused by NaClO bleaching and is probably better attributed to accessory
pigments (MAAs), methodological errors or an unknown source. There was no further evidence of
bleaching of DOM by NaClO.

3.6.1. TChl-Specific Phytoplankton Absorption

The relationship between aφ(440) and TChl is affected by pigment packaging (cell size) and accessory
pigments, the former of which has the greatest effect [4,59]. In Case 1 ocean waters, there is a
general relationship between cell size and trophic state, with larger cells occurring at higher TChl
values. Therefore, the aφ to TChl ratio (or the specific absorption a∗φ) decreases with increasing TChl,
due to pigment packaging, which is manifest by an exponential relationship between aφ and TChl.
Similarly, the influence of non-photosynthetic pigments relative to chl-a, measured as the ratio of blue
to red phytoplankton absorption, tends to decrease as TChl increases. This also contributes to the
effect. However, in coastal waters, accessory pigments, such as phaeopigments and phytoplankton size
dynamics, are responsible for large variations in aφ (e.g., [3,60]). The influence of phaeopigments is
significant in both Loskop and Theewaterskloof (chl-a:TChl ≈ 0.5 and 0.7, respectively) and less so in
Hartbeespoort (Figure 15). Therefore, it is expected that variable accessory pigments and size will also
cause large variations in aφ in lakes.

Figure 15. Frequency distribution of the chl-a to TChl (chl-a + pheo) ratio for each reservoir.
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Figure 16. (A) aφ versus TChl at 440 nm and (B) 675 nm showing the best fit line (–);
(C) aφ(442) versus aφ(675); (D) aφ(442):aφ(675) versus TChl; (E) a∗φ versus TChl at 442 nm
and (F) 675 nm. Dotted lines show the fits from Case 1 marine waters [4]. The legend is the
same in all panels. Note the log scales.

Figure 16A shows the relationship between aφ(440) and TChl, which is best described by
aφ(440) = 0.031TChl0.89 (r2 = 0.95, N = 82). For TChl < approximately 30 mg·m−3, the data are
in general agreement with Case 1 estimates, after which they are positioned above the extrapolated line
(maximum TChl value in Bricaud et al. [4] = 25 mg·m−3). The reasons for the deviation are most
easily explained by looking at each reservoir in turn. In Loskop, the explanation is not likely related
to cell size (the package effect), since the dominant species is the large-celled C. hirundinella. A more
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plausible explanation is the presence of strong accessory pigments (Figure 15). The aφ blue:red ratio
decreases only slightly with increasing TChl values (Figure 16C,D), evidence of significant accessory
pigment influence at high TChl values. This is not inside expectations for typical Case 1 waters.
For aφ(675), however, the data are in close agreement with Bricaud et al. [4], where the influence of
accessory pigments is reduced (aφ(675) = 0.018TChl0.91, r2 = 0.97, N = 82) (Figure 16B). Therefore,
accessory pigments are the cause of large deviations from Case 1 results in the blue spectrum. The
same explanation might be given for the same effect observed for Theewaterskloof data, since the
phytoplankton assemblage is also generally dominated by a mix of large-celled species.

It is apparent in Figure 15A,B that the Hartbeespoort data are consistently above those of
Theewaterskloof and Loskop. Accessory pigments alone cannot explain this large deviation from
classical Case 1 results. A more likely cause is the small cell size of the dominant species, M.
aeruginosa (d = 5 µm), leading to reduced pigment packaging. Although M. aeruginosa exists in
colonial aggregations of large size, the affect on the bulk IOPs appears to be consistent with small
cells. Despite the extremely high TChl values, accessory pigments also appear to have a significant
impact in blue wavelengths (Figure 16C,D). Therefore, it is apparent that the M. aeruginosa blooms
violate both of the assumptions of Case 1 waters, especially that cell size increases with trophic state.
This is also likely to be the case for many other fresh waters dominated by small-celled cyanobacteria,
resulting in wide inter- and intra-lake variability in a∗φ. The corresponding a∗φ versus TChl scatter plots
demonstrate this variability (Figure 16E,F). a∗φ(440) values are expectedly larger than those typically
observed in Case 1 waters; however, the agreement is better for a∗φ(675) (for the reasons given above).
The increase in a∗φ induced by small cell size is evident for Hartbeespoort. The wide ranging a∗φ values
for TChl > 1,000 mg·m−3 might be a result of the difficulty of measuring both absorption and TChl
in ”scum” conditions—methodological errors are prone to become greatly enlarged in both techniques.
The lake-specific exponential fits for a∗φ versus TChl are shown in Table 4.

Table 4. Exponential fit between a∗φ and TChl at selected wavelengths for each reservoir.

Reservoir Power Fit r2 N

TW a∗φ(440) = 0.129TChl−0.48 0.64 19
TW a∗φ(675) = 0.039TChl−0.29 0.52 19
LK a∗φ(440) = 0.039TChl−0.23 0.63 49
LK a∗φ(675) = 0.021TChl−0.17 0.62 49
HB a∗φ(440) = 0.050TChl−0.11 0.18 14
HB a∗φ(675) = 0.038TChl−0.14 0.28 14

Figure 14 provides selected examples of a∗φ spectra arranged by trophic class, as well as the mean
for each reservoir. Table 5 gives statistics for a∗φ(440) arranged by trophic class, as well as for the
M. aeruginosa and C. hirundinella monospecific blooms. The statistics show that the mean value
of a∗φ(440) decreases from oligotrophic to hypertrophic classes (from 0.056 to 0.018 m2·mg−1), in
agreement with expectations. The variability (indicated by the standard deviation) also decreases with
TChl (excluding the Hartbeespoort M.aeruginosa data). a∗φ spectra from oligotrophic waters have spectra
that occasionally slope upwards towards the blue (Figure 14A). This effect is likely related to strong
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accessory pigments at low TChl concentrations or possible DOM bleaching, in the case of Loskop.
Meso-eutrophic waters associated with Loskop and Theewaterskloof typically have a∗φ(440) values near
0.02 m2·mg−1 and similar shapes, due the presence of large-celled dinoflagellates in both reservoirs
(Figure 14B). Figure 14C,D shows large differences in magnitude and spectral pigmentation for the
C. hirundinella and M.aeruginosa blooms (mean a∗φ(440) = 0.011 and 0.024 m2·mg−1, respectively). The
wide variability of a∗φ(440) for M. aeruginosa is most likely due to measurement difficulties associated
with the extremely high biomass. These data represent the extrema of dinoflagellate and cyanobacteria
dominance. The high variability in a∗φ is related to the wide trophic range and variable phytoplankton
populations in and between the reservoirs. This highlights the difficulty of applying generalized IOP
models to lakes and the need for lake-trophic class and/or species-specific IOPs.

Table 5. General statistics for a∗φ(440) (m2·mg−1) according to trophic class and
mono-specific blooms.

Trophic Class Min. Max. Range Mean ± St. Dev. Median N

Oligotrophic (TChl < 5) 0.021 0.084 0.062 0.056 ± 0.020 0.051 8
Oligotrophic (TChl < 10) 0.010 0.084 0.074 0.035 ± 0.021 0.028 16
Mesotrophic (10 < TChl < 20) 0.013 0.046 0.034 0.025 ± 0.009 0.024 12
Eutrophic (20 < TChl < 30) 0.012 0.033 0.021 0.022 ± 0.007 0.022 11
Hypertrophic (TChl > 30) 0.005 0.045 0.039 0.018 ± 0.010 0.015 42
C. hirundinella (TCh > 30) 0.005 0.017 0.012 0.011 ± 0.003 0.011 17
M. aeruginosa (TChl > 30) 0.010 0.045 0.035 0.024 ± 0.011 0.023 15

3.6.2. Phycocyanin-Specific Phytoplankton Absorption

Phycocyanin pigment was determined for samples where cyanobacteria made up a significant
proportion of the phytoplankton population. PC might give a better indication of cyanobacterial biomass
than chl-a, given that it is the primary light harvesting pigment in cyanobacteria [61]. It is also a very
distinctive pigment that may be used to discriminate cyanobacteria from other algal populations [62].
The relationship between PC and chl-a is best described by PC = 8.7 × chla0.74 for Hartbeespoort
(r2 = 0.87, N = 34) and PC = 4.70× chla0.4199 for Theewaterskloof (r2 = 0.32, N = 19) (Figure 17A).
The Theewaterskloof data are from a mixed algae/cyanobacteria population. Therefore, chl-a originates
from algae, as well as cyanobacteria, resulting in a reduced PC:chl-a ratio, as observed in Figure 17A. In
contrast, the Hartbeespoort data are from a monospecific M. aeruginosa bloom. These data demonstrate
that as cyanobacterial biomass increases, the production of PC is reduced relative to chl-a. A similar
effect is observed in Hartbeespoort for accessory pigments allophycocyanin (APC = 11.2 × chla0.59,
r2 = 0.68, N = 34) and pheophytin (Pheo = 0.16×chla0.9522, r2 = 0.95, N = 38). Accessory pigments are
modulated either by high light and nutrient exposure (e.g., [63]) or through other physiological processes
reflected by changes in gross biomass.

The equations for the PC:chl-a ratio versus chl-a were derived mathematically from the power-law
function and are, therefore, not a result of “spurious correlation” [64]. According to the relationship,
8.7chla−0.26 (Figure 17B), the PC:chl-a ratio decreases from three at chl-a = 100 mg·m−3 to 0.7 at
chl-a = 10,000 mg·m−3 in Hartbeespoort. This effect might be related to nitrogen limitation as cell
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abundance increases [65]; however, nutrient data acquired simultaneously reveal no shortage of total
nitrogen (or other nutrients) associated with reduced PC:chl-a ratios (Figure 17C). An alternative
explanation is that phycobilipigment production is reduced in high light, shallow mixed surface scum
layers [63,66] or in fast growth scenarios. While a precise explanation for this effect remains somewhat
unknown, the observation has some important implications for extremely high biomass and surface scum
scenarios. If the production of accessory pigment PC is reduced relative to chl-a in surface scums, then
chl-a might be a better indicator of biomass in these extreme conditions. Secondly, when interpreting
measurements made in surface scums, the reduced accessory pigment production might be used to
explain some unusual effects in the PC-specific absorption.

Figure 17. (A) chl-a versus PC showing the best fit lines for HB and TW; (B) The PC:chl-a
ratio versus chl-a showing best fit lines for HB and TW; (C) The PC:chl-a ratio versus total
nitrogen concentration; (D) apc(620) versus PC showing the power-law best fit line; (E) the
PC:chl-a ratio versus a∗pc(620); (F) TChl-a versus a∗pc(620) showing the power-law best fit
line for HB. The legend is the same in all plots. Note the log scales.
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apc(620) and PC are related by apc(620) = 0.0146 × PC0.929 (r2 = 0.97, N = 36). Clustering in the
data around 10–20 mg m−3 PC resulted in a reduced coefficient of determination for Theewaterskloof
alone (r2 = 0.61), while PC varies by more than three orders of magnitude in Hartbeespoort
(r2 = 0.93). The reduced goodness of fit in Theewaterskloof is likely the result of a strong influence
near 620 nm of chl-c and chl-b from diatoms and chlorophytes. This is substantiated by relatively
low PC:TChl ratios in Theewaterskloof (median = 0.53, see Figure 17E). An inverse relationship is
present between the PC:TChl ratio and a∗pc(620) (y = 0.0088x−0.451, r2 = 0.63, N = 31, Figure 17E),
similar to that observed by Simis et al. [12]. The variability in a∗pc(620) is typically attributed to the
contribution of cyanobacteria to the total phytoplankton population [48]. While this is probably the
case for Theewaterskloof, the variability observed in Hartbeespoort can only be caused by biomass
related variable accessory pigment (PC) production. Therefore, a∗pc(620) varies not only according to the
relative contributions of cyanobacteria/algae, but also with physiological processes related to biomass
affecting the PC:chl-a ratio within monospecific blooms (Figure 17B). Figure 17F provides some further
evidence for biomass-induced changes in a∗pc(620) in Hartbeespoort. A positive correlation is present
between TChl and a∗pc(620) (y = 0.0024x0.1627, r2 = 0.48, N = 14). No such relationship is apparent
for Theewaterskloof. Therefore, the variability in a∗φ(620) in Hartbeespoort appears to be caused, at
least partially, by biomass-related phenomena related to reduced PC production in high light surface
scum conditions.

The value for in vivo a∗pc(620) was recently experimentally determined as 0.007 m2·mg−1 for a wide
variety of cultured cyanobacteria [67]. The median values for a∗pc(620) determined in Theewaterskloof
and Hartbeespoort are 0.0122 and 0.0085 m2·mg−1, respectively. This is within the range of those
previously measured in natural populations [12]. For PC:TChl ratios > 0.5 the value in Theewaterskloof
is reduced to 0.010 m2·mg−1. For Hartbeespoort data not affected by large biomass effects, i.e.,
TChl < 1,000 mg·m−3, the median value for a∗pc(620) is 0.0067, and the mean is 0.0072 m2·mg−1,
which is nearly identical to that of Simis et al. [48] and Simis and Kauko [67]. This also demonstrates
that the method for PC extraction used in this study is probably efficient.

3.7. Absorption Budgets

The ternary plots in Figure 18 show the relative contributions by gelbstoff, phytoplankton and tripton
towards the total absorption budget of each reservoir. At 442 nm (Figure 18A), there is a strong
influence by all components. The clustering of data from Hartbeespoort towards the phytoplankton apex
is indicative of an overwhelming dominance of phytoplankton absorption. Therefore, Hartbeespoort
waters (or the M. aeruginosa bloom) might strictly be classified as Case 1, i.e., phytoplankton are the
dominant contributor to absorption [68]. Similarly, the cluster of Loskop data from the C. hirundinella
bloom towards the phytoplankton apex might also be classified as Case 1: more than 80% of the
absorption is attributed to phytoplankton. It should be noted, however, that while strictly speaking,
these can be classified as Case 1 waters, the reflectance features of Case 1 green waters described
by Morel and Prieur [68] will be substantially different to those described here. This might mean that
some complexities regarding remote sensing applications are removed, and the blooms of M.aeruginosa
and C. hirundinella can essentially be treated as ”cultures”, (i.e., the minimal influence of constituents



Remote Sens. 2013, 5 4397

other than phytoplankton). This provides an opportunity for remote sensing algorithms that take
advantage of a signal originating primarily from phytoplankton in eutrophic waters. One such example
is the maximum peak height algorithm [62] designed for use with the Medium Resolution Imaging
Spectrometer (MERIS) red wavebands, which is derived from datasets obtained from Hartbeespoort
and Loskop.

Figure 18. Ternary plots showing the relative contributions of gelbstoff, tripton and
phytoplankton to absorption at (A) 442 nm and (B) 675 nm.

The remainder of the Loskop data is typically dominated by gelbstoff (40%–80%) with lesser
contributions from phytoplankton (<50%) and tripton (20%–50%) towards absorption. Absorption in
Theewaterskloof is generally comprised of 50% gelbstoff, 20% phytoplankton and 30% tripton. These
fall into the classification of Case 2 or optically complex waters. At 675 nm, Figure 18B, the data
are expectedly clustered towards the phytoplankton apex, which results from the reduced influence of
tripton and gelbstoff absorption in red wavelengths. This shift due to the spectral characteristics of the
absorption components is visible at various wavebands of the upcoming Sentinal 3 and past MERIS
sensors (Figure 19). The majority of the water encountered in the reservoirs are complex from an optical
perspective, requiring remote sensing applications, taking into account the absorption characteristics of
all water constituents presented here. A recent study by Matthews and Bernard [14] demonstrates an
approach utilizing IOPs derived from this study for radiative transfer modeling and the derivation of
remote sensing algorithms.

The analysis conducted here is based on sampling campaigns conducted over a short time period
and at various times of the year. There is significant seasonal variability in the contribution of
phytoplankton towards the absorption budgets, with the maximum being reached in later summer and
the minimum during winter (Matthews, unpublished data). This has large implications for remote
sensing applications. For example, Hartbeespoort can shift from hypertrophic surface scum conditions
during late summer to an oligotrophic clear-water phase during winter (Matthews, unpublished data).
The gelbstoff component generally has little seasonal variability, but will increasingly contribute
towards the absorption budget during such clear-water phases. Therefore, remote sensing approaches
utilizing IOP models capable of simulating a wide range of water conditions are required for routine
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derivation of water information products. The specific IOPs derived here can be used in such models to
simulate both clear water and hypertrophic phases and for training of radiative transfer-based algorithms
(e.g., Matthews and Bernard [14]).

Figure 19. Ternary plots showing the relative contributions of gelbstoff, tripton and
phytoplankton to absorption at various wavelengths of the Sentinal 3 and MERIS sensors.

4. Conclusions

The specific inherent optical properties (SIOPs) of phytoplankton, gelbstoff and tripton have been
determined for three small South African reservoirs for use in water remote sensing applications.
The study adds to the limited knowledge of SIOPs in diverse inland waters, especially those that
are hypertrophic. The absorption properties of the reservoirs are extremely variable, highlighting the
need for lake, trophic class and/or species-specific IOP models. Relationships between the absorption
components and biogeochemical parameters are in many instances reservoir-specific. As for coastal
waters, accessory pigments and variable phytoplankton size (package effect) are responsible for large
variations in a∗φ in inland waters. In particular, high biomass populations of small-celled cyanobacteria
cause a breakdown in the conventional relationship between cell size and trophic state in inland waters.
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The data from M. aeruginosa blooms provide new insight into the absorption properties and
pigmentation of cyanobacterial surface scums. An observed reduction in accessory pigment
production in surface scums suggests that chl-a might be a better indicator of biomass than phycocyanin
(PC) in these extreme cases. a∗pc(620) was nearly identical to that determined experimentally
by Simis and Kauko [67] = 0.007 m2· g−1. The variability in a∗pc(620) could be attributed both to
variable algal/cyanobacteria composition and to biomass-related effects. There was evidence that the
hot methanol QFT technique leads to under-extraction of PC by 15%–20%, even when no discernible
absorption features are present in the tripton absorption spectrum.

A new method devised for determining the value of the chl-a to dry mass conversion coefficient, β,
produced values for a∗tr in general agreement with inland and mineral-rich marine waters. β was found
to significantly influence a∗tr. The presence of heterotrophic bacteria in high biomass M. aeruginosa
blooms caused conventional methods for determining tripton absorption to fail. Therefore, alternative
methods are needed for determining tripton absorption in hypertrophic conditions.

In conclusion, the use of the SIOPs derived here will advance the application of remote sensing
in small, hypertrophic inland waters. Similar studies should be performed in diverse inland waters
representative of other geographical regions of the world where data are lacking. The use of these
and similar data in bio-optical models will contribute to the ongoing development of globally applicable
remote sensing products for inland waters.
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