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a b s t r a c t

A comprehensive optical study of three highly turbid shallow lakes was presented. The lakes contained
very high concentrations of optically active substances [OASs] with clear differences in total suspended
solid [TSS] composition among them. Lakes presented elevated values of total absorption [at(l)] and
scattering coefficients [b(l)], which translated into extremely high light attenuation coefficients
[Kd(PAR)]. Differences among lakes in the estimation of Kd(PAR), using two typical estimators of light
penetration (i.e., nephelometric turbidity [Tn] and Secchi disk [ZSD]), were analysed. Kirk’s optical model
was used to model Kd(PAR) using inherent optical properties [IOPs]. Modelled values of Kd(PAR) agreed
very well with those measured (R2 ¼ 0.95). In addition, optical properties and Kirk’s model were used to
determine water quality targets for restoring submerged aquatic vegetation [SAV]. Based on a minimum
light requirement for SAV of 10%, results showed that only an integrative remediation action, considering
substantial reduction of TSS and Chl a (95%), and CDOM (50%), must be contemplated to improve
maximum colonization depth for SAV to values higher than 0.7 m. On the other hand, phytoplankton
absorptive characteristics were also studied. In these lakes, phytoplankton showed different responses to
the nature of light competition. Some of the variation in specific phytoplankton absorption ½a*phðlÞ� was
explained by differences in the ratio between unpigmented particulate absorption and phytoplankton
absorption (up to R2 ¼ 0.48 for the blue band). Hydrologic optical results were discussed in terms of
ecological and management implications.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Shallow lakes could exhibit alternative stable states with con-
trasting community structure (i.e., a clear-vegetated state vs. a
turbid state) (Scheffer et al., 1993). Over the last decades, however,
many lakes around the world have shifted from clear waters with
abundant growth of macrophytes to turbid waters characterized by
either blooms of Cyanobacteria or high sediment resuspension.
Many lakes have shifted to a turbid state in response to progressive
cultural eutrophication, and, once in a turbid state, they often
exhibit resistance to change (e.g., Jeppesen et al., 1991; Kagalou
et al., 2008; Hobbs et al., 2012). This scenario has promoted the
study of shallow lakes within an ecological context with the ulti-
mate goal of enhancing the efficiency of proactive strategies in
om, gperez@intech.gov.ar

All rights reserved.
ecosystem management. Curiously, although the concept of light
availability is at the core of current ecological theories on the
functionality of shallow lakes, detailed optical studies of turbid
lakes are scarce. For instance, several studies have routinely and
uncritically used Secchi disk [ZSD] and nephelometric turbidity [Tn]
as estimators of light penetration in shallow lakes (e.g., Bayley and
Prather, 2003; Jackson, 2003; Ibelings et al., 2007; Hargeby et al.,
2007). The diffuse vertical light attenuation coefficient [Kd(PAR)]
is the intrinsic estimator of light penetration and is an apparent
optical property [AOP]. Its value depends not only on the compo-
nents in the water, but also on solar incidence angle, surface waves
and cloud cover (Kirk, 1994a). Determination of Kd(PAR) is
restricted to the availability of underwater light meters and
weather conditions; therefore, proxies of light penetration are
frequently needed.

Relationships between Kd(PAR) and both ZSD and Tn have been
rarely reported for highly turbid lakes. In addition, empirically
derived relationships between Kd(PAR) and these estimators of
light penetration have been shown to be site-specific (Effler, 1985;
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Davies-Colley and Smith, 2001; Padial and Thomaz, 2008). Hence,
using relationships developed for other systems could lead to
inaccurate predictions of underwater light availability.

Underwater optical properties are very sensitive indicators of
ecosystem changes and are therefore important to the interpreta-
tion of environmental signals (Tegler et al., 2001; Gallegos et al.,
2005). Relationships between optical active substances [OASs],
inherent optical properties [IOPs] and apparent optical properties
have been studied in order to develop diagnostic tools capable of
relating Kd(PAR) to the content of the water (e.g., V-Balogh et al.,
2009), to set up a general expression to model light attenuation
(e.g., Kirk, 1984) and to determine the main factors affecting tem-
poral variability in water transparency (e.g., Gallegos et al., 2005;
Pérez et al., 2011). Of significant relevance is the fact that light
availability is an important factor controlling the distribution and
abundance of submerged aquatic vegetation [SAV] (e.g., Schwarz
et al., 2002; Caffrey et al., 2007). In shallow lakes where condi-
tions favour development of SAV over large areas, there is potential
for large-scale reductions of nutrients and phytoplankton concen-
tration in the water column (Kufel and Kufel, 2002; Scheffer et al.,
1994; Bakker et al., 2013). This occurs because SAV beds could
stabilize sediments, sustain epiphyte that sequesters nutrients and
lead to physical and chemical conditions that elicit removal of both
particulate and soluble nutrients from the water column (Jeppesen
et al., 1998). A maximum colonization depth of SAV [ZSAV] is
commonly estimated as: ZSAV ¼�ln(MLRSAV)/Kd(PAR), were MLRSAV
denotes the minimum light requirement for SAV growth. Areas of
the lake that have water depth � ZSAV are potential sites for SAV
development. Therefore, determination of target habitat re-
quirements (i.e., minimal water quality levels) to improve light
conditions for restoring SAV is critical to the management of
shallow lakes. Water quality parameters were referred here as
those substances, which are optically active, and therefore interact
with light changing its spectral quantity and quality through the
water column (e.g., TSS, Ash, T-Chl a and CDOM).

Additionally, the study of phytoplankton optical properties has
important applications in the estimation of primary production
[PP] by bio-optical models and in the retrieval of pigment biomass
from remote sensing (e.g., Gordon and Morel, 1984; Strömbeck and
Pierson, 2001; Marra et al., 2007). In this sense, detailed hydrologic
optical characterization could provide valuable information on
physico-chemical and biological processes of shallow turbid lakes,
contributing significantly to assessing their ecological condition
with important implications to water management.

The aim of this research was to perform a detailed optical
characterization of three highly turbid Pampean shallow lakes with
highly contrasting origins of turbidity and to evaluate and imple-
ment hydrologic optical results for the ecological and management
needs. Here we report: (1) the relationships between Kd(PAR) and
either ZSD or Tn values; (2) the relationships between Kd(PAR) and
IOPs, and the relationships between OASs concentration and IOPs;
(3) the description of phytoplankton absorptive characteristics (i.e.,
specific absorption coefficients and spectral matching parameters)
and (4) the use of optical properties and Kirk’s model derived from
Monte Carlo simulations (Kirk, 1984) to determine water quality
targets for restoring SAV.

2. Material and methods

2.1. Study sites and sampling

Three neighbouring, highly turbid, permanent shallow lakes
(i.e., Lake Chascomús, Lake San Jorge and Lake La Limpia) located in
the Pampa Plain of Argentina (between 35� 360 Se35� 400 S and 57�

470 We58� 020 W) were studied. A detailed characterisation of
these lakes and region is described in Allende et al. (2009) and
Pérez et al. (2010).

Pampean lakes can be synthetically characterized as very
shallow with a mean depth of approximately 2 m, polymictic,
eutrophic or hypertrophic (Quirós et al., 2002). These lakes are
subjected to a progressive eutrophication due to a combination of
different human activities such as: land-use changes, increases in
agriculture, fish introductions, drainage modifications, canalization
and damming (Quirós et al., 2006). As a result, many Pampean lakes
have shifted from a pristine, clear-vegetated state to a turbid state.
For example, in Lake Chascomús decline of submerged vegetation
(mainly Potamogeton sp.) occurred during years 1940e1980,
probably due to the combined effects of flooding and human action
(harvested and dredged). Nowadays, studied lakes present SAV only
confined to small areas.

During the study, lakes were sampled and monitored
throughout various seasons between 2008 and 2012. The collected
sample size from each lake was: Lake Chascomús (n¼ 21), Lake San
Jorge (n ¼ 15) and Lake La Limpia (n ¼ 15). Routine measurements
of water temperature [T], pH (Orion pH-meter), conductivity (Hach
conductimeter), and dissolved oxygen concentration (YSI 5000
Meter), were performed in situ (see notation in supplementary
inline Table A). Secchi disk depth was measured with a standard
20 cm diameter, black andwhite disk. In Lake Chascomús, thewater
column depth [Zmix] (at a gauging site) was also routinelymeasured
during the study period. In Lake San Jorge and Lake La Limpia, Zmix
was determined sporadically. Water samples from each lake were
collected directly from approximately 20 cm below the surface and
transported to the laboratory in 10 L polypropylene containers for
chemical, physical and optical determinations.

2.2. Nutrients

Total phosphorus [TP] (from unfiltered water samples) and total
dissolved phosphorus [TDP] (from GF/F filtered water) were con-
verted to soluble reactive phosphorus [SRP] after acid digestion
with potassium persulfate. In turn, SRP was determined by using
molybdate reactive phosphorus according to standard analytical
procedures (APHA, 1998). Nitrate, nitrite and ammonia were esti-
mated following APHA (1998) procedures. Organic nitrogen levels
were determined by using the semi-micro-Kjeldahl method (APHA,
1998). Total nitrogen [TN] was estimated as the sum of nitrates,
nitrites and organic nitrogen.

2.3. Optical active substances (optical water quality parameters)

Total suspended solids concentration [TSS] was determined by
weighing the dried residue (60 �C) retained by the filtration of a
water sample through pre-rinsed and pre-combusted (530 �C, 2 h)
GF/F filters. Non-volatile particulate matter [Ash] was estimated by
reweighing the GF/F filters after combustion at 530 �C for 3 h
(APHA, 1998). Chlorophyll a concentration [Chl a] was measured by
ion pairing reverse-phase HPLC (see Section 2.8.2). Because of the
chemical complexity of chromophoric dissolved organic matter
(CDOM), its concentration was expressed using the absorption co-
efficient at a reference wavelength, 440 nm (Kirk, 1994a; Zhang
et al., 2007a) (see Section 2.5).

2.4. Apparent optical properties

Incident solar radiation was recorded with a GUV 511 radiom-
eter (Biospherical Instruments, Inc.) located in Buenos Aires
(w100 km northeast from Lake Chascomús). In addition, solar ra-
diation was also recorded near the shore of Lake Chascomús, using
an IL1700 radiometer (International Light).
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Underwater vertical profiles of spectral (380e750 nm) down-
ward irradiance [Ed(l)] were performed using a calibrated USB2000
(Ocean Optics) spectroradiometer, which was attached to a fibre
optic probe with a CC-3-UV-T cosine corrected diffuser. These
measurements were performed around noon inside a black plastic
container (50� 50� 40 cm) filled with freshly collected lake water.
This procedure was adopted to increase the accuracy of the mea-
surements by eliminating the noise fromwave action observed in in
situ profiles. Themagnitude of error induced bywaves is substantial
and cannot be ignored when analysing highly turbid lakes, where
light is attenuated to less than 1% within the first 20 cm. Analogous
methodologies have been applied to solve similar issues (Belmont
et al., 2007; V-Balogh et al., 2009). The spectral vertical diffuse
attenuation coefficient was determined from the slope of the linear
regression of the natural logarithm of Ed(l) vs. depth. Broadband
Kd(PAR) was calculated in the same way by integrating Ed(l) from
400 to 700 nm for each depth. Light attenuation values, obtained
with this procedure, had been validated by comparing the results
against in situ determinations of Kd(l) performed on calm days (i.e.,
no wave action). A good agreement between these two sets of var-
iables had been obtained. For Kd(PAR) the following linear rela-
tionship was obtained: Kd(PAR) in situ ¼ 1.04Kd(PAR) � 1.97; n ¼ 15
(R2 ¼ 0.96; p< 0.001). The euphotic depth [Z1%], the depth at which
PAR falls to 1% of its value just under the surface, was calculated as:
Z1% ¼ 4.605/Kd(PAR). The mean irradiance in the water column [Ez
mean] was estimated following Ferrero et al. (2006).
2.5. Inherent optical properties

2.5.1. CDOM absorption
Absorbance of CDOM was measured from filtered (0.22 mm)

water samples. Measurements were performed in 0.01 m quartz
cuvettes and compared against an ultrapure water blank using a
Lambda 35 (PerkinElmer) spectrophotometer (from 380 to 750 nm,
at 1 nm intervals). Values for each wavelength were corrected by
null point correction subtracting the reading at 750 nm. The CDOM
absorption coefficients [ag(l)] were then calculated following Kirk
(1994a).

2.5.2. Particulate absorption
The absorption spectra from total particulate matter [ap(l)],

unpigmented phytoplankton cell components, heterotrophic or-
ganisms detritus and minerals [ad(l)] (hereinafter absorption by
unpigmented particles) and by phytoplankton pigments [aph(l)]
were determined by the quantitative filter technique [QFT] using
the simple transmittance method. Measurements were made in a
Lambda 35 (PerkinElmer) spectrophotometer (from 380 to 750 nm,
at 1 nm intervals). Material was collected into 47mmdiameter GF/F
filters according to NASA’s optics protocols for absorption coeffi-
cient measurements (Mitchell et al., 2000). Absorption from
unpigmented particles [ad(l)] was determined by using the
extractive method following procedures set forth by Kishino et al.
(1985). Readings of absorbance from total particles and unpig-
mented particles were checked to be lower than 0.4 (Cleveland and
Weidemann, 1993). As standard procedure, a null point correction
was set at 750 nm (Mitchell et al., 2000), where absorbance by the
sample was assumed to be negligible and the readings in the near-
infrared portion of the spectrum are considered as part of the
scattering loss error. Particularly, for Lake La Limpia, the assump-
tion of spurious absorption at infrared does not seem to hold, as
systematically low values of the modelled Kd(l) were achievedwith
Kirk’s model when the null point correction from 750 nm was
applied to the measured values (see Section 2.6). For this lake the
readings from 750 nm were considered as true absorption from
unpigmented particles. The same consideration was taken into
account by Gallegos (1994) for turbid estuarine waters.

For all readings, absorbance from total particles and unpig-
mented particles was also corrected for the increase in path length
caused by multiple scattering in the glass-fiver filter using the
following equation (Cleveland and Weidemann, 1993):

AsuspðlÞ ¼ 0:378AfilterðlÞ þ 0:523AfilterðlÞ2 (1)

where Asusp(l) is the path length corrected absorbance and Afilter(l)
is alternatively the measured absorbance by total particulate mat-
ter or, after extraction, the absorbance by unpigmented particles.

The absorption coefficients for total particles and unpigmented
particles were calculated as follows:

ap;dðlÞ ¼ 2:303AsuspðlÞ
ðV=SÞ (2)

where 2.303 is the factor used to convert base 10 to a natural log-
arithm, V is the filtered volume and S is the filter clearance area.

Phytoplankton absorption coefficients were obtained by sub-
tracting ad(l) from ap(l). The Chl a specific phytoplankton absorp-
tion coefficient ½a*phðlÞ� was estimated as: aph(l)/T-Chl a (where T-
Chl a represents chlorophyll a þ phaeophytin a). The absorption of
particulate matter per unit of TSS mass ½amp ðlÞ� (hereinafter TSS
mass specific absorption coefficient) was calculated as: ap(l)/TSS.
The total absorption coefficient [at(l)] was estimated as the sum of
the absorption coefficients from particles, CDOM and pure water
[aw(l)]. The absorption coefficients for pure water were taken from
Pope and Fry (1997). Broadband absorption coefficients for PAR [i.e.,
at(PAR), ag(PAR), ap(PAR), ad(PAR), aph(PAR) and aw(PAR)] were
calculated as arithmetic averages within the 400e700 nm range.
Phytoplankton absorption was studied specifically in the blue and
red spectral regions, where aph(Blue) and aph(Red) represent the
maximumvalues from the blue (between 430 and 444 nm) and red
(between 670 and 680 nm) spectral regions. The effect of packaging
on a*phðlÞ was assessed by computing the dimensionless factor,
denoted Q*

a . Assuming a specific absorption coefficient for Chl a in a
solution of 0.0207 m2 mg�1 at 675 nm, the dimensionless factor
Q*
a ð675Þ was estimated as: a*phð675Þ=0:0207 after correcting

a*phð675Þ for the possible presence of Chl b or divinyl Chl b (Bricaud
et al., 1995).

2.5.3. Nephelometric turbidity and light scattering
Nephelometric turbidity, a proxy for light scattering, was

measured with a bench-top 2100P turbidimeter (Hach) and cali-
brated against Formazin liquid standards (Hach). The spectral
scattering coefficient [b(l)] was calculated using Tn values derived
from Gallegos (1994) with the following equation:

bðlÞ ¼
�
550
l

�
Tn (3)

where the 550/l term introduces the inverse wavelength depen-
dence of scattering coefficient suggested by Morel and Gentili
(1991). The scattering coefficient per unit of TSS mass [bm(l)]
(hereinafter TSS mass specific scattering coefficient) was calculated
as: b(l)/TSS. The broadband scattering coefficient for PAR [b(PAR)]
was calculated as arithmetic averages within the 400e700 nm.
2.6. Modelling of Kd(PAR) using Kirk’s model

In a series ofpapers, Kirk (1981,1984,1994b)has usedMonteCarlo
computer simulations of the radiative transfer equation to estimate
approximate algebraic expressions relating various AOPs to the IOPs.



G.L. Pérez et al. / Journal of Environmental Management 130 (2013) 207e220210
One expression that is particularly useful because of its simplicity is
the expression that denotes the average value of the vertical atten-
uation coefficient for downward irradiance in the euphotic zoneas an
explicit function of a, b, and m0 as follows (Kirk, 1991):

Kd ðPARÞ ¼ 1
m0

h
a2t þ ðg1m0 � g2Þatb

i0:5
(4)

where m0 is the average cosine of the angle of the stream of photons
just under the surface (calculated from the incident zenith angle
using Snell’s Law), g1 and g2 are numerical constants that vary with
the volume scattering function used in the calculations, which with
m0 specify the relative contribution of scattering to vertical atten-
uation. The spectral dependence of Kd, at and b in equation (4) has
been omitted for clarity. The coefficients g1 ¼ 0.425 and g2 ¼ 0.19,
estimated for water bodies by using the San Diego scattering phase
function (Kirk, 1994a) were used and coefficients at(l) and b(l)
were estimated to solve equation (4) in studied lakes. Broadband
Kd(PAR) was then calculated by propagating the solar spectrum just
below the surface, Ed(0, l), to a reference depth and numerically
integrated over wavelength following Gallegos (1994). Finally, the
relative contribution of scattering and absorption from dissolved
and particulate fractions in the light attenuation mechanism were
examined by calculating different optical conditions following
procedures set forth by Belzile et al. (2002).

2.7. Determining habitat requirements for SAV

We began by evaluating the ability of Kirk’s optical model to
accurately estimate light attenuation from IOPs. Then the model
was checked to see if it can consistently reproduce observed re-
lationships between measured Kd(PAR) and measured relevant
water quality parameters (i.e., TSS, Ash and T-Chl a) within the
range of condition actually encountered in each lake. Subsequently,
following Gallegos (1994, 2001), the model was used to investigate
conditions not found in the sampling. The optical model allows the
determination of concentration of water quality parameters that
will result in a particular value of Kd(PAR) that permit survival of
SAV at a particular stratum. The model is constructed in terms of
IOPs, therefore obtained mean values of specific absorption and
scattering coefficients were used to extrapolate IOPs from con-
centration of water quality parameters. We established ZSAV values
testing, in a simplified way, different management actions evalu-
ating percentage reduction of mean values of water quality pa-
rameters as follows: (i) Reduction of T-Chl a; (ii) Reduction of
particulate matter (i.e., TSS with a proportional reduction of T-Chl a,
such as a dilution process) and (iii) Reduction of TSS and T-Chl a
with a fixed reduction of CDOM of 50%. Note that the alone
reduction in T-Chl a by remediation actions entails a reduction in
TSS by at least the amount of the dry weight of phytoplankton.
Contribution of phytoplankton chlorophyll to TSS was estimated
following Gallegos (2001). Maximum SAV colonization depth and
its corresponded target habitat requirements (i.e., concentration of
water quality parameters) were calculated with Kirk’s model
considering an SAV minimum light requirement of 10% of surface
irradiance, following Canfield et al. (1985), Middelboe and
Markager (1997). A fixed value of m0 ¼ 0.87 was used in all analysis.

2.8. Phytoplankton absorptive characteristics

2.8.1. Phytoplankton absorption and spectral matching parameters
The amount of light throughout the water column does not

necessarily reflect the light that is absorbed by microalgae. In fact,
light energy absorbed by phytoplankton depends on the spectral
irradiance of their ambient light field and the spectral absorption
characteristics of its cells (Morel, 1978). Following procedures set
forth by Markager and Vincent (2001), the spectral matching be-
tween these two sets of variables was evaluated. The absorption
efficiency parameter [Ae] and the effective absorption coefficient
½baph� were calculated using the following equations:

AeðZÞ ¼

Z700
400

EdðZ; lÞaphðlÞdl

0
@ Z700

400

EdðZ; lÞdl
1
AP

aphðlÞ
n

(5)

baphðZÞ ¼

Z700
400

EdðZ; lÞaphðlÞdl

Z700
400

EdðZ; lÞdl
(6)

where Ed(Z, l) is the downward irradiance, at wavelength l and
depth Z, converted from energy units to quantum units
(mmol photons m�2 s�1 nm�1). The term n, in equation (5), refers to
the number of phytoplankton absorbance measurements over the
PAR range. The parameter baph was expressed per unit of Chl a to
obtain the specific effective absorption coefficient ½ba*ph�.
2.8.2. Phytoplankton pigment composition

Phytoplankton pigments were estimated from samples (50e
250 mL) collected by Whatman GF/F filters. The filters were
immediately wrapped in aluminium foil and stored at �80 �C.
Pigments were extracted using 90% v/v aqueous acetone and then
the extracts were cleared by centrifugation at 3000 rpm for 10 min.
Pigment extracts were measured by ion pairing reverse-phase
HPLC. The applied method is described in detail by Laurion et al.
(2002). For this analysis, a Äkta basic chromatograph (Amersham,
Buckinghamshire, UK), with a Phenomenex� Gemini C18 column
(250 � 4.6 mm, 5 mm), was used. Pigment identification and
quantification, were made with standards from Sigma Inc. (Buchs,
Switzerland) and from the International Agency for 14C Determi-
nation. A few carotenoids, for which no standards were available,
were identified based on published retention times [RT] and
denoted as [carot (RT)]. The procedure used, however, did not allow
the individualization of zeaxanthin and lutein, which coeluted as a
single peak (referred to as Zea þ Lut). The contribution of each
pigment to the Zea þ Lut concentration was calculated from the
Lut/Chl b ratio reported by Guisande et al. (2008).
2.9. Statistical analysis

Linear regression (simple and multiple models) and correlation
analyses were used to examine the relationships between the vari-
ables. The relationships between Kd(PAR) and Z�1

SD were forced to
intercept through the origin (0,0) following Koenings and
Edmundson (1991). One-way ANOVA tests (using the Holm-Sidak
method) were carried out to analyse differences in the mean values
of OAS concentrations and optical properties among the studied
lakes. Analyses of covariance (ANCOVA) were used to test the hy-
pothesis, inwhich the regressionparameters (i.e. slope and intercept)
of optical properties differed significantly. Prior to each analysis, the
ShapiroeWilk Test and SpearmanRankCorrelationwere ran in order
to test the data for normality and constant variance, respectively.
Whenever the data did not conform, the values were transformed as
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necessary, or nonparametric tests such as: Spearman RankOrder [Rs]
for correlation studies and KruskaleWallis ANOVA on Ranks for
ANOVA, were utilized. The regression determination coefficient [R2],
the regression slope and the relative rootmean square error [RRMSE]
were used to evaluate the performance of the retrieval model for
estimating Kd(PAR) using Kirk’s equation.

3. Results

3.1. Physicochemical characteristics and optical active substances

The three studied lakes presented high nutrient concentrations
withmean values of TP ranging from 378 to 880 mg L�1 and TN from
1103 to 2249 mg L�1 (Table 1). Lake La Limpia showed a significant
higher SRP concentrationwith a mean value of 582 mg L�1 (ANOVA,
p < 0.001).

In the three studied lakes the optical active substances were
characterized by very high TSS concentrations with values ranging
from 53 to 592mg L�1 andmean values above 120mg L�1 (Table 1).
A significantly lower mean value for TSS was observed in Lake San
Jorge (ANOVA, p < 0.001). Moreover, T-Chl a and Ash concentra-
tions spanned a wide range among the studied lakes (Table 1).
Significant differences in T-Chl a concentrations were observed
among the studied lakes (ANOVA, p < 0.001). High values (above
70 mg L�1) were observed in Lakes San Jorge and Chascomús,
though Lake La Limpia was found to contain the lowest T-Chl a
concentration (Table 1). Concerning Ash concentration, Lake San
Jorge contained significant lower values (ANOVA, p < 0.001). Clear
differences in the TSS compositionwere also observed between the
studied lakes. Specifically, significant differences in T-Chl a/TSS
ratios were observed (ANOVA, p < 0.001). The lowest values were
observed in Lake La Limpia with a mean T-Chl a/TSS ratio of
0.26� 10�3, followed by Lake Chascomús and Lake San Jorge, which
had means of 0.9 � 10�3 and 3.86 � 10�3, respectively. Lake San
Jorge was found to contain the lowest Ash/TSS ratio with a mean of
0.21 (ANOVA, p < 0.001). The mean Ash/TSS ratio was 0.65 in Lake
Chascomús, while Lake La Limpia presented the highest mean Ash/
TSS ratio of 0.85. CDOM concentration was also high in the three
lakes with values of ag(440) ranging from 1.99 to 18.66 m�1.

3.2. Underwater light filed in highly turbid lakes

3.2.1. Light attenuation and light penetration estimates
Typical spectral distributions of in situ underwater downwelling

irradiance for the three studied lakes are depicted in Fig. 1. Profiles
of Ed(l, Z) were normalized by the corresponding Ed maximum for
Table 1
Nutrient concentration, optical active substances (OASs) and light penetration proxies.

Lakes TP (mg L�1) SRP (mg L�1) TN (mg L�1) TSS (mg L�1

Chascomús Mean 651.2 13.6 1103.8 264.1
SD (213.4) (9.1) (757.3) (145.2)
Min. 182.0 4.0 253.0 56.0
Max. 1135.0 46.0 1838.0 592.0
n 21 21 21 21

San Jorge Mean 378.6 20.8 2249.3 122.4
SD (168.6) (11.8) (1041) (63.5)
Min. 198.0 8.0 840.0 53.0
Max. 728.7 45.0 3438.0 300.0
n 15 15 15 15

La Limpia Mean 880.7 582.4 1899.8 265.4
SD (255.3) (119.1) (1394.9) (88.4)
Min. 297.0 384.0 721.0 129.0
Max. 1117.0 733.0 4905.0 502.0
n 15 15 15 15
each depth in order to visualize spectral signatures throughout the
euphotic zone. In these lakes, the downwelling flux decreased
quickly within a few centimetres below the surface. The rapid
attenuation at the short-wavelength end of the spectrum implies
an almost complete removal of blue and green light within the first
few centimetres (5e10 cm) (Fig. 1). At the euphotic depth (thick
lines), the photosynthetically available flux consists exclusively of
irradiances above 550 nm. Some differences were observed in
spectral composition of Ed vs. depth between lake La Limpia and the
other two lakes (Fig. 1).

The attenuation coefficients for PAR band were extremely high
in all of the studied lakes, with values ranging from 9.7 to 47.9 m�1.
Mean values of Kd(PAR) were above 23 m�1 and showed little
variations between the lakes. Although not significant, a slightly
lower mean attenuation coefficient was registered in Lake La Lim-
pia and a higher mean value in Lake San Jorge (Table 1). Euphotic
depths, Z1%, ranged from 0.10 to 0.47 m, with a mean value about
0.23 m. Mean daily irradiances of the water column, Ez mean, varied
from 0.78 to 3.98 W m�2.

Concerning spectral composition of light attenuation, important
differences between the lakes were observed (Fig. 2). The three
studied lakes presented maximum Kd(l) values in the blue spectral
region (between 400 and 440 nm). Lake San Jorge, however, pre-
sented spectral shapes clearly influenced by phytoplankton ab-
sorption signatures. In contrast, Lake La Limpia showed an
attenuation spectra characterized by decreasing values with
increasing wavelengths. In this lake, a slight increase of attenuation
in the red spectral region was occasionally observed (Fig. 2). Lake
Chascomús presented an intermediate spectral light attenuation
shape when compared to the other lakes.

Nephelometric turbidity was high, as could be expected given
the elevated concentration of suspended solids. Values of Tn varied
from 45 to 510 NTU, with mean values above 170 NTU (Table 1).
Lakes San Jorge and La Limpia were found to have almost the same
mean value for turbidity, while Lake Chascomús contained a
slightly higher turbidity value (Table 1).

Measurements of the Secchi disk depth were all observed to be
within a very narrow range, from 0.05 to 0.23 m, with a mean value
below 0.12 m (Table 1). Although not significant, Lake Chascomús
presented a slightly lower mean value for ZSD, while a higher mean
value was registered in Lake San Jorge (Table 1).

3.2.2. Relationships among Kd(PAR), OASs, Tn and ZSD
For each of the studied lakes, differences in the TSS concentra-

tions strongly explained the observed variation in Kd(PAR)
(Table 2); however, when considering all of the lakes, the amount of
) Ash (mg L�1) Chl a (mg L�1) Kd(PAR) (m�1) Tn (NTU) ZSD (m)

174.6 196.5 25.1 237.3 0.09
(106.6) (58.1) (10.5) (138.9) (0.04)
18.0 72.9 9.7 44.8 0.05
398.0 300.1 47.9 509.0 0.20
21 19 21 21 18

32.7 482.3 29.2 173.0 0.11
(32.5) (305.8) (12.1) (93.2) (0.05)
7.0 202.8 10.6 63.1 0.05
127.0 1205.3 46.5 362.0 0.23
15 14 15 15 14

230.2 58.8 23.7 177.1 0.10
(85.4) (38.1) (5.9) (34.1) (0.01)
110.0 15.7 14.5 113.3 0.08
465.0 117.1 32.5 229.0 0.14
15 14 15 15 13
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variation in light attenuation explained by the differences in TSS
concentrations was lower [Kd(PAR) ¼ 0.058TSS þ 13.01; n ¼ 51;
R2 ¼ 0.43; p < 0.001]. When considering the contribution from
other OASs to light attenuation, it was found that in Lake San Jorge
the T-Chl a concentration, which is strongly correlated with TSS,
explained a slightly higher variation in light attenuation than TSS
(Table 2) (Rs ¼ 0.84; p < 0.001). In Lake Chascomús, it was found
that the Ash concentration explained 91% of the variation in
Kd(PAR) and 71% of the variation by T-Chl a; however, if T-Chl a is
combined with TSS, their contribution was found to be not signif-
icant (p ¼ 0.21). In Lake La Limpia, Ash explained the 76% of the
variation in light attenuation and the contribution of T-Chl a was
found to be not significant (p ¼ 0.38). CDOM concentration, as
ag(440), did not significantly explain the observed variation in
Kd(PAR) in these lakes.

The nephelometric turbidity explained some of the observed
variation in Kd(PAR). When considering all of the lakes, a significant
linear relationship was found [Kd(PAR) ¼ 0.09Tn þ 7.26; n ¼ 51;
R2 ¼ 0.83; p < 0.001]. Individual lakes, however, presented a strong
linear relationship between Kd(PAR) and turbidity, indicating little
variation in optical attributes of TSS within each lake (Table 2,
Fig. 3A). Values for R2 were above 95% in both Lakes Chascomús and
San Jorge and approximately 60% in Lake La Limpia. Among the
studied lakes, dissimilarities in these relationships were observed
indicating variable responses in Kd(PAR) with changes in turbidity
(Table 2, Fig. 3). Significant differences in slopes and intercepts
were found between Lake Chascomús and the other two lakes
(ANCOVA, p < 0.001), but no significant differences were found
between Lakes San Jorge and La Limpia (ANCOVA, p < 0.053).

The Secchi disk is commonly used as an estimator of Kd(PAR).
When considering all of the studied lakes, differences in ZSD
explained much of the observed variation in Kd(PAR). In fact, a
significant linear relationship was observed between Kd(PAR) and
ZSD [Kd(PAR)¼ 2.18 Z�1

SD ; n¼ 45; R2 ¼ 0.74; p< 0.001]. For each lake,
significant variation in the Kd(PAR) was explained by changes in the
reciprocal of the ZSD readings (Fig. 3B, Table 2). Higher regression
coefficient was obtained for Lake San Jorge (R2 ¼ 0.89), while a
lowest regression coefficient was obtained for Lake La Limpia
(R2¼ 0.61). No significant differences in regression slope among the
studied lakes were observed (ANCOVA, p ¼ 0.17) (Table 2).

3.3. Inherent optical properties

3.3.1. Absorption and scattering coefficients
The three studied lakes were found to contain very high values

of total absorption coefficients for PAR, with values ranging from 5
to 27 m�1 and a mean value above 10 m�1 (Table 3). A higher mean
value for at(PAR) was observed in Lake San Jorge, followed by Lake
La Limpia. Lake Chascomús presented significantly lower values for
at(PAR) when compared to Lake San Jorge (ANOVA, p < 0.01).
Additionally, important differences in the contribution of different
fractions (i.e. particles and CDOM) to the total light absorptionwere
observed. The three studied lakes presented a dominance of ab-
sorption by suspended particles. In Lake San Jorge, phytoplankton
absorption coefficients contributed the most to light absorption,
with comparatively lower contributions from unpigmented parti-
cles and CDOM in decreasing order (Table 3, Fig. 4). In Lake Chas-
comús, the contributions of absorption from both phytoplankton
and unpigmented particles were similar and dominant, followed by
CDOM (Table 3, Fig. 4). Lake La Limpia showed to have the greatest
Fig. 1. In situ spectral downwelling irradiance in typical situations. For each depth the
curve is normalized by its maximum. The actual depth of measurements is given on
the figures. In thicker line irradiances at the bottom of euphotic depth.



Fig. 2. Spectral vertical diffuse attenuation coefficients for each lake.
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contribution from unpigmented particulate absorption; however,
absorption from CDOM was also found to have significant impor-
tance (Table 3, Fig. 4).

Scattering coefficients for PARwere also found to be very high in
all of the studied lakes, with values ranging from 46 to 520m�1 and
mean values above 175 m�1 (Table 3). Although not statistically
significant, Lake Chascomús presented a higher mean value of
b(PAR), while Lakes San Jorge and La Limpia showed similar and
comparatively lower mean values (Table 3). The relative contribu-
tion of absorption and scattering processes in each lake yielded
significant differences when analysing the b/at ratios. In all lakes,
the b/at ratio for PAR band presented high values, ranging from 13
to 43, with a mean ratio above 16 (Table 3). The highest b/at ratios
for PAR were observed in Lake Chascomús, followed by Lake La
Limpia. Lake San Jorge presented significantly lower b/at ratios for
PAR when compared to Lake Chascomús (ANOVA, p < 0.01). If
b(PAR)/at(min) ratio was considered [where at(min) stands for the
minimum value of at(l) between 400 and 700 nm], higher mean b/
at ratios were obtained. Lake Chascomús presented a mean ratio of
86, followed by Lake San Jorge, with a mean of 61, and Lake La
Limpia with a mean of 59.

Clear differences were also observed in the TSS mass specific
absorption and scattering coefficients in the PAR band (Table 3).
Lake San Jorge presented significantly higher values for amp ðPARÞ
when compared to Lakes La Limpia and Chascomús (ANOVA,
p< 0.001). Values of bm(PAR) were significantly different among all
of the studied lakes (ANOVA, p < 0.001). Higher mean values for
bm(PAR) were obtained for Lake San Jorge, followed by Lake Chas-
comús and then Lake La Limpia (Table 3). Differences in amp ðPARÞ
and bm(PAR) were caused by particulate matter composition. When
considering all of the studied lakes, values for amp ðPARÞ were found
to significant correlate with the T-Chl a/TSS (Rs ¼ 0.67, p < 0.001)
Table 2
Linear regression models for predicting Kd(PAR) from nephelometric turbidity, Secchi di

Lakes Light penetration proxies

Chascomús Kd(PAR) ¼ 7.8 � 10�2Tn þ 6.93 (R ¼ 0.96; n ¼ 21; p < 0.001)
KdðPARÞ ¼ 2:01Z�1

SD (R2 ¼ 0.74; n ¼ 18; p < 0.001)

San Jorge Kd(PAR) ¼ 0.13Tn þ 2.30 (R2 ¼ 0.97; n ¼ 15; p < 0.001)
KdðPARÞ ¼ 2:22Z�1

SD (R2 ¼ 0.89; n ¼ 14; p < 0.001)

La Limpia Kd(PAR) ¼ 0.12Tn þ 2.40 (R2 ¼ 0.61; n ¼ 15; p < 0.001)
KdðPARÞ ¼ 2:48Z�1

SD (R2 ¼ 0.61; n ¼ 13; p < 0.005)
and Ash/TSS ratios (Rs ¼ �0.66, p < 0.001). This lead to an increase
in absorption per unit of TSS with either an increase in T-Chl a
content of TSS or a decrease in Ash content. Similarly, the bm(PAR)
coefficients were also found to have a strong correlationwith the T-
Chl a/TSS (R ¼ 0.89, p < 0.001) and Ash/TSS ratios (Rs ¼ �0.82,
p < 0.001), which denoted an increase of scattering per unit of TSS
with increases in the concentration of organic particles.

3.3.2. Relationships between IOPs and light attenuation
A good agreement between measured and modelled values of

Kd(l) was obtained with Kirk’s model (equation (4)), which implies
that, the overall magnitudes and spectral shapes were well pre-
dicted. When taking into account the three studied lakes, values for
the modelled Kd(PAR) agreed very well with the measured ones
(R2 ¼ 0.95; n ¼ 50; p < 0.001), resulting in a near 1:1 relationship
(regression slope 0.95 � 0.03) and an RRMSE of 11.7% (Fig. 5). For
each lake, the relationship between the measured and modelled
Kd(PAR) values yielded R2 values above 0.94 and RRMSE values
below 15%. The model, however, tended to underestimate Kd(l)
values, at the red-end spectral region (around 700 nm), with an
overall mean of 19%.

When considering the relative contribution of IOPs to light
attenuation, on average, the three lakes were found to have an
important contribution from particulate absorption (between 37%
and 50%) and scattering (between 39% and 52%) (see
supplementary inline Fig. A). Light scattering increased attenuation
by an average of 92%, when compared to what could have been
expected from only absorption processes. Significant differences in
phytoplankton absorption and unpigmented particulate absorption
contribution to Kd(PAR) were observed among the studied lakes
(ANOVA, p < 0.001). Lake La Limpia was found to contain slightly
higher contribution from CDOM when compared to the other two
sk and OASs concentration.

Optical active substances

Kd(PAR) ¼ 7.7 � 10�2TSS þ 5.29 (R2 ¼ 0.95; n ¼ 21; p < 0.001)
Kd(PAR) ¼ 0.10Ash þ 7.98 (R2 ¼ 0.91; n ¼ 21; p < 0.001)
Kd(PAR) ¼ 0.15 T-Chl a � 4.82 (R2 ¼ 0.71; n ¼ 19; p < 0.001)

Kd(PAR) ¼ 0.16TSS þ 6.12 (R2 ¼ 0.80; n ¼ 15; p < 0.001)
Kd(PAR) ¼ 3.3 � 10�2T-Chl a þ 10.4 (R2 ¼ 0.81; n ¼ 14; p < 0.001)

Kd(PAR) ¼ 7.6 � 10�2TSS þ 3.63 (R2 ¼ 0.79; n ¼ 15; p < 0.001)
Kd(PAR) ¼ 7.7 � 10�2Ash þ 6.34 (R2 ¼ 0.76; n ¼ 15; p < 0.001)



Fig. 3. (A) Relationship between Kd(PAR) and nephelometric turbidity found for each
lake. The relationship obtained by Gerbeaux andWard (1991) is shown for comparison.
(B) Relationship between Kd(PAR) and the reciprocal of Secchi disk depth found for
each lake. The relationship obtained by Zhang et al. (2012) is shown for comparison.

Table 3
Inherent optical properties and specific coefficients of light absorption and scattering.

Lakes at(PAR)
(m�1)

ag(PAR)
(m�1)

ad(PAR)
(m�1)

aph(PAR)
(m�1)

b(P
(m

Chascomús Mean 10.53 1.93 4.87 3.58 229
SD (4.64) (0.66) (2.84) (1.24) (13
Min. 5.08 1.05 1.14 1.45 45.
Max. 21.19 3.66 10.62 6.12 522
n 20 20 21 21 21

San Jorge Mean 18.73 2.76 2.91 12.92 177
SD (8.01) (0.91) (0.62) (6.81) (95
Min. 7.26 1.24 1.11 4.02 64.
Max. 27.21 5.10 3.25 21.66 371
n 15 15 15 15 15

La Limpia Mean 12.96 3.82 7.94 1.05 189
SD (4.99) (3.31) (2.54) (0.78) (45
Min. 6.31 0.80 2.93 0.20 116
Max. 22.15 9.66 11.74 2.40 309
n 15 15 15 15 15

Note: d.l. (Dimensionless).
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lakes. When considering the scattering contribution to Kd(PAR),
Lake Chascomús was observed to have a significantly higher
contributionwhen compared to Lake San Jorge (ANOVA, p< 0.001).

3.3.3. SAV maximum depth of colonization and water quality
requirements

Only a radical reduction of concentration of water quality pa-
rameters would increase maximum depth of colonization of SAV to
promising values (Table 4). Values of ZSAV between 0.5 and 1 m
represent important areas of study shallow lakes. Values lower
than 0.5 m are subjected to seasonal variation of water level
resulting in physical stress for macrophytes thrive. Considering
only the reduction of T-Chl a, even a decrease of 99% in mean values
would not increase ZSAV to values larger than 0.5 m. Lake San Jorge
showed the higher increase in transparency translated in a ZSAV of
0.32 m (Table 4). If a reduction of TSS with proportional reduction
of T-Chl a is evaluated, 95% of reduction (i.e., TSS < 13.3 mg L�1 and
T-Chl a < 24 mg L�1) would elicit an increase of ZSAV near or higher
0.5 m (Table 4). Studied lakes were observed to have high CDOM
absorption values that represent an important background light
attenuation. Considering only CDOM and pure water absorption
(i.e., without absorption and scattering by particles), ZSAV values
would be 1.10, 0.87 and 0.65 m for Lakes Chascomús, San Jorge and
La Limpia respectively. Therefore, evaluating a fixed CDOM reduc-
tion of 50%, in addition to a 95% of reduction in TSS and T-Chl a,
would elicit values of ZSAV � 0.7 m in the three lakes (Table 4).

3.3.4. Phytoplankton absorptive characteristics and pigment
composition

Specific phytoplankton absorption revealed differences in
amplitude and spectral shape among the studied lakes (Fig. 6).
Values of a*phðPARÞ varied from 0.009 to 0.029 m2 mg T-Chl a�1

(Table 5), with significantly higher values in Lake San Jorge when
compared to Lake La Limpia (ANOVA, p < 0.001). Values of
a*phðBlueÞ varied from 0.020 to 0.068 m2 mg T-Chl a�1 (Table 5),
with significantly higher values in Lake San Jorge when compared
to the other two lakes (ANOVA, p < 0.001). In the red region, values
of a*phðRedÞ varied from 0.009 to 0.024 m2 mg T-Chl a�1 (Table 5),
with significantly higher values in Lake Chascomús when
compared to Lake La Limpia (ANOVA, p < 0.005). Regarding the
spectral shape, the ratio between a*phðBlueÞ=a*phðRedÞ varied from
1.46 to 3.06. When compared to the other two lakes, Lake San Jorge
was found to contain significantly higher a*phðBlueÞ=a*phðRedÞ ratios
with a mean ratio of 2.83 � 0.17 (ANOVA, p < 0.001). Additionally,
AR)
�1)

b/at (d.l.) amp ðPARÞ
(m2 g TSS�1)

a*phðPARÞ
(m2 mg T-Chl a�1)

bm(PAR)
(m2 g TSS�1)

.52 27.84 0.036 0.019 0.905
2.68) (8.12) (0.008) (0.002) (0.075)
97 12.93 0.023 0.013 0.754
.31 43.29 0.054 0.022 1.066

20 21 19 21

.57 16.51 0.105 0.021 1.430
.60) (1.89) (0.018) (0.004) (0.211)
75 14.26 0.078 0.016 0.962
.46 20.33 0.140 0.029 1.892

15 15 14 15

.24 21.99 0.035 0.016 0.736
.98) 7.34 (0.008) (0.004) (0.108)
.22 13.49 0.024 0.009 0.617
.90 35.06 0.056 0.021 0.930

15 15 14 15



Fig. 4. Mean values of absorption and scattering coefficients. Note the different y-axis scales.
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in this lake, a*phðlÞ showed a secondary peak near 515 nm, which
was not observed in Lakes Chascomús and La Limpia (Fig. 6).

When assessing the effects of external and internal factors on
the variation in specific phytoplankton absorptions, it was found
that differences in the ratio between ad(l)/aph(l) explained some
of these observed variations. A significant negative linear rela-
tionship was found between a*phðBlueÞ and the log of the ratio
between unpigmented particulate absorption and phytoplankton
absorption in the blue band [ad(Blue)/aph(Blue)] (R2 ¼ 0.48;
p < 0.001). This trend was also observed for a*phðPARÞ (R2 ¼ 0.44;
p < 0.001) (Table 6).

Differences in specific phytoplankton absorption were also
related to the pigment composition of different assemblages among
the lakes. The phytoplanktonic accessory pigment concentrations
are depicted in supplementary inline Table B. In Lake Chascomús,
the composition of accessory pigments were dominated by Zeax,
Lut, Fucox, Chl b, and Diato (in decreasing order), which together
accounted for more than 70% of the total accessory pigment con-
centration [TAP]. These indicated that the phytoplankton commu-
nity mainly consisted of Cyanobacteria, Chlorophytes and either
Bacillariophytes or Chrysophytes. Lake San Jorge was found to have
a dominance of pigments that are typically diagnostic of Cyano-
bacteria dominated phytoplankton (Zeax, Myxo-like carotenoid
and Oscil). The unknown carotenoid [carot (19.5)] correlated well
Fig. 5. Relationship between measured and modelled Kd(PAR).
with the Zeax concentration (R¼ 0.71, p< 0.001). Finally, in Lake La
Limpia pigments were dominated by Lut, Chl b, Diato and Viola,
which together accounted for more than 80% of the TAP concen-
tration. In this lake, Chlorophytes and either Bacillariophytes or
Chrysophytes would mainly constitute the phytoplankton com-
munity. In addition, the determination of small concentrations of
Allo also indicates the presence of Chryptophytes.

When evaluating the effects of pigment composition on a*phðlÞ
for all three of the studied lakes, the differences in TAP/T-Chl a
explained some of the observed variation in a*phðblueÞ (R2 ¼ 0.41,
p < 0.001) (Table 6). On the other hand, specific phytoplankton
absorption in the red band ½a*phðRedÞ�, was found to be influenced
primarily by pigment packaging. The dimensionless factor Q	

a ð675Þ
revealed mean values of 0.50, 0.48 and 0.43 for Lakes Chascomús,
San Jorge and La Limpia, respectively. Although not significant
(p ¼ 0.08), Lake La Limpia showed a higher package effect when
compared to the other studied lakes, which decreased absorption
coefficients by 57% on average. The presence of the overlapping
absorption band from Chl b can also contribute to the variation in
a*phðRedÞ. In Lake Chascomús, differences in the Chl b/T-Chl a ratio
explained some of the observed variation in a*phðRedÞ (R2 ¼ 0.47,
p < 0.001). In this lake, Chl b counteracts the absorption flattening
due to T-Chl a packaging.

Light energy absorbed by phytoplankton, which was assessed by
the absorption efficiency parameter [Ae] and the specific effective
absorption coefficient ½ba*ph�, revealed differences between each of
the studied lakes (Table 5). The three lakes presented Ae values
lower than 1, indicating that the euphotic zones were dominated by
spectral irradiances rich inwavelengths that are poorly absorbed by
phytoplankton cells. Lake San Jorge showed a higher decrease in
both Ae and ba*ph throughout the euphotic zone. This lake also was
found to contain relatively lower values for Ae when compared to
the other two lakes from and beyond the middle of euphotic zone
(ANOVA, p < 0.001) (see supplementary inline Fig. B).
4. Discussion

4.1. Optical characteristics of highly turbid lakes: modelling and
estimation of diffuse light attenuation

The three studied Pampean lakes are exceptionally turbid and
optically complex water bodies. In the past, very few studies have
reported comparable values of both OASs concentrations and op-
tical properties in lentic ecosystems. Waters of comparable
turbidity and complexity are mainly represented by highly turbid
estuaries (e.g., Gallegos, 1994, 2001) and some other shallow lakes



Table 4
Maximum depth of SAV colonization in relationship with target reduction of water
quality components resolved with Kirk’s optical model.

Optical water quality
conditions (evaluating
management action)

Chascomús San Jorge La Limpia

Maximum depth of SAV colonization (m)

T-Chl a
reduction

Percentage
reduction

75% 0.14 0.20 0.11
95% 0.15 0.29 0.12
99% 0.16 0.32 0.12

TSS and T-Chl
a reduction

75% 0.30 0.25 0.26
95% 0.68 0.56 0.47
99% 0.99 0.79 0.58

TSS, T-Chl a,
and CDOM
reduction

75% 0.34 0.28 0.32
95% 0.93 0.78 0.70
99% 1.60 1.29 0.99

Note: refer to Material and methods (Section 2.7) to description of tested man-
agement actions and optical model considerations.

G.L. Pérez et al. / Journal of Environmental Management 130 (2013) 207e220216
around the world (e.g., Nolen et al., 1985; Gerbeaux and Ward,
1991; Zhang et al., 2007b; V-Balogh et al., 2009).

By performing a detailed optical characterization of Pampean
lakes, the relationships between AOPs and IOPs could be analysed.
In this research, it can be pointed out that values of Kd(l) obtained
by using Kirk’s model revealed a strong agreement with measured
attenuation coefficients. Kirk’s equation has been used to calculate
Kd(l) in diverse aquatic ecosystems, but its applicability in highly
turbid waters has been only explored and supported by predictions
from theMonte Carlo procedure (Kirk,1994b). The empirical results
from this research reveal that Kirk’s equation may successfully be
used to model Kd(PAR) in highly turbid waters with elevated ratios
of scattering and absorption coefficients [mean values of b(PAR)/
at(min) above 59]. Underwater light (quantity and spectral
composition) is of great importance to the functioning of shallow
lakes; therefore an accurate and detailed description of light
attenuation is essential to environmental management and
ecological studies. Even if Kirk’s model could be considered too
complex for routine use in thewater management community (e.g.,
when required the prediction of light attenuation using high-
frequency data set), it can provide high accuracy in the estima-
tion of Kd(PAR) in either turbid lakes with important spatial dif-
ferences in optical properties or in studies encompassing lakes with
contrasting origins of turbidity. Additionally, Kirk’s model could be
used by managers to rank the importance of reducing different
attenuating components and, as was discussed below, to calculate
target water quality conditions either to restore SAV (by
Fig. 6. Specific phytoplankton absorption coeffi
recolonization or planting) or to protect them (e.g., conservation of
protected areas).

Some uncertainties, however, regarding modelled Kd(l) values
in the red end of the spectra must be taken into account. An
important source of error in modelling Kd(l) in turbid waters may
be associated with the implementation of the null point correction
for scattering error. In field samples, especially those including
mineral and detrital particles, ignoring true absorption at the red
end of the spectra results in an underestimation of ap(l) (Tassan
and Ferrari, 1998; Mitchell et al., 2000). The implementation of
the transmittance-reflectance method (Tassan and Ferrari, 1995) in
turbid waters can significantly improve the reduction of errors in
the determination of ap(l).

The need for useful diagnostic tool for managers has led to the
use of bench top instruments or simple, inexpensivemeasurements
used for the estimation of light penetration. The simultaneous need
for precision and functionality, however, usually presents con-
flicting requirements. For instance, nephelometric turbidity is often
used as a rough estimator of TSS and water clarity (Davies-Colley
and Smith, 2001; Chanson et al., 2008). This, nevertheless, is
actually a measurement of side scattering at 90� and therefore a
proxy for light scattering. When considering all data sets, the dif-
ferences in Tn were found to explain the 83% of the variation in
Kd(PAR). This relationship emphasizes the importance of scattering
and the optical attributes of TSS in the determination of light
attenuation in the studied lakes. Similar regression results were
recorded by Gerbeaux and Ward (1991) for the large and eutrophic
Lake Ellesmere (see Fig. 3A). In contrast, if individual Pampean
lakes were considered, significant relationship differences were
found. The determination of IOPs allowed for the explanation of the
differences observed between nephelometric turbidity and light
attenuation coefficients. At similar values of Tn, and therefore alike
b(PAR) coefficients, Lake Chascomús presented lower values for
total absorption, which elicited higher b/at ratios translated into
lower values of Kd(PAR) (maximum difference around 30%)
(Fig. 3A). Lake San Jorge, however, when compared to Lake Chas-
comús, presented higher values of Kd(PAR) per unit of Tn due to its
higher values for total absorption that translated in lower b/at ra-
tios. Furthermore, Lake La Limpia presented a more variable rela-
tionship. When compared to the other two lakes, this pattern can
be explained by its higher variance in CDOM absorption. The dif-
ferences in b/at ratios among lakes were mainly determined by
differences in TSS specific absorption and scattering coefficients,
related to the particulate matter composition.
cients. In thicker line mean a*phðlÞ values.
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Table 6
Linear regression models explaining variation in a*ph.

Independent variables Dependent
variables

Slope Intercept R2 p n

Log[ad(Blue)/aph(Blue)] a*phðBlueÞ �0.0102 0.042 0.476 <0.001 47
Log[ad(PAR)/aph(PAR)] a*phðPARÞ �0.0035 0.018 0.437 <0.001 47
TAP/T-Chl a a*phðBlueÞ 0.023 0.024 0.410 <0.001 47
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The Secchi disc was thought to have higher environmental
relevance than turbidity, since it is a measurement of visual water
clarity; however, a more variable overall correlation between Z�1

SD
and Kd(PAR) was observed for studied Pampean lakes. Values of
ZSD explained lower variation in light attenuationwhen compared
to turbidity (i.e., 74%). Additionally, a linear regression slope of
2.18 was obtained, which is considerably larger than the widely
used factor of 1.7 (Poole and Atkins, 1929). This obtained factor is
also larger than the value of 1.37 obtained by Zhang et al. (2012)
for turbid Lake Taihu. Padial and Thomaz (2008), however, have
reported high Kd(PAR) � ZSD values in heterogeneous, neotropical
waters with factors ranging from 1.83 to 2.55 (mean of 2.26).
Koenings and Edmundson (1991) found that variation in
Kd(PAR) � ZSD was explained by lake-specific optical characteris-
tics, making the factor increase with colour and decrease with
turbidity. Nevertheless, the use of different factors in relation to
water classification (i.e., clear, coloured and turbid lakes) must be
taken with care, as the optical properties of a water body have
continuous rather than discrete characteristics (Padial and
Thomaz, 2008). The observed relationship between Kd(PAR) and
ZSD in Pampean lakes (i.e., variable overall correlation, elevated
factors, and no significant differences between the studied lakes)
could be related to the singular optical characteristics found in
these lakes, which caused the findings to expand beyond the
previously identified range of this relationship for highly turbid
waters (Zhang et al., 2012) (see Fig. 3B). Additional research will
be needed to elucidate observed relationships between Kd(PAR)
and ZSD in terms of differences in absorption and scattering co-
efficients among lakes and possible measurement errors caused
by narrowest ZSD values.

Even if good general relationships between Kd(PAR) and light
penetration estimates were found, observed differences among
lakes should be pondered. To give an example of appreciable
differences caused by the application of either generalised factors
or lake-specific relationships, consider the use of the factor 1.7 to
calculate Kd(PAR) frommean ZSD value in Lake Chascomús and the
relationship between Kd(PAR) and Tn, obtained for this lake to be
used in Lake San Jorge. It yields a 31 and 25% of differences in the
estimation of mean Kd(PAR) values for Chascomús and San Jorge
respectively. These differences may result in imprecise estimates
of key parameters, which have Kd(PAR) as input, used in water
management, restoration processes and ecosystem monitoring
(e.g., meanwater column irradiance, integrated phytoplankton PP
and SAV maximum colonization depth).
4.2. Habitat requirements for SAV: estimating water quality
objectives for restoration and preservation

Macrophytes play a central role in modulating ecosystem dy-
namics, regulating nutrient cycle, influencing foodwebs structure,
controlling trophic status and maintaining a physical habitat
complexity of shallow lakes and estuaries. In addition, they play
an important role in maintaining biodiversity by providing shelter
to a variety of associated organisms (e.g., Orth and Moore, 1983;
Scheffer et al., 1994; Jeppesen et al., 1998; Bayley and Prather,
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2003). Consequently, many studies, research programs and man-
agement efforts have been focused on SAV dynamics. It is important
to point out, however, that clear state with SAV is not necessarily
the desirable ecosystem state for all shallow lakes. For instance,
lakes of different geographic zones have shown peculiarities in
ecosystem stability. In addition, alternative primary producers
could dominate contrasting states in some systems (Scheffer and
van Nes, 2007).

Determination of IOPs, specific absorption and scattering co-
efficients, in conjunction with Kirk’s model could be used to
determine target water quality conditions needed to restoration of
SAV in these highly turbid lakes. Additionally, managers can
consider the most attainable remediation action and determine
habitat requirements with different minimum light constraints. In
studied lakes, reduction of phytoplankton alone, via nutrient
reduction, would not be suitable per se to considerably increase
depth limits to SAV developing. Instead, it will be necessary a more
integrative action. A radical reduction of 95% of TSS and T-Chl a
would be needed to increase ZSAV about 0.5 m (representing values
of TSS< 13.3mg L�1 and T-Chl a< 24 mg L�1). Value of ZSAV between
0.5 and 1mwould represent important areas of these shallow lakes
(maximum depth around 2 m). A relative controllability of TSS,
which comes from in situ resuspension, can be archived by the
construction of refuges to reduce wind and wave activity (Smart
and Dick, 1999), compacting sediments via drawdown (Scheffer,
1998) and removing key fish species to control bioturbation
(Smith et al., 2001). Target values of TSS and T-Chl a, obtained to
archive ZSAV ¼ 0.5 in these lakes, are lower than that estimated by
Gallegos (1994, 2001) and than observed by Dennison et al. (1993)
for estuarine waters. This is explained by the higher background
attenuation caused by high CDOM absorption coefficients in stud-
ied lakes. If we consider for example the values of ag(440)measured
by Gallegos (1994) and a 22% of SAV light requirement, comparable
values of water quality parameters were archived for Lake Chas-
comús (TSS ¼ 20 mg L�1 and T-Chl a ¼ 40 mg L�1). Reduction of
CDOM concentration would be achieved, for instance, after reduc-
tion of suspended particulates, increasing water transparency and
promoting photobleaching.

Of course, an array of factors in addition to water column
transparency can influence the distribution and abundance of SAV
(Koch, 2001; Havens, 2003; Bakker et al., 2013), especially water
level, sediment type and light attenuation at the leaf surface by
epiphytic algae (Weisner et al., 1997; Gafny and Gasith, 1999; Van
Geest et al., 2007). Therefore, it is important to note that Kirk’s
model predicts only water column attenuation and relates it with
optical water quality parameters. This optical model should be
viewed as an analytical tool to determinate a benchmark of mini-
mal habitat requirement, in a defined light criterion, to restore or
protect SAV.

4.3. Absorptive characteristics of natural phytoplankton
populations in highly turbid environments

The evaluation of variation in phytoplankton absorption char-
acteristics (i.e., phytoplankton absorption, phytoplankton specific
absorption and spectral matching parameters) is important to
accurately estimate phytoplankton PP using bio-optical models,
remote estimation of pigment biomass and forecast harmful algal
blooms (e.g., Sosik, 1996; Millie et al., 1997; Gons, 1999; Markager
and Vincent, 2001). The a*phðlÞ values reported here were found
to be within the previously described range (e.g., Bricaud et al.,
1995; Suzuki et al., 1998) and were lower than those observed in
ultra-oligotrophic waters. Hence, the observed a*phðlÞ values are in
agreement with the trophic regime hypothesis (Yentsch and
Phinney, 1989). The studied lakes, however, were found to have
higher a*phð440Þ values than those reported for eutrophic ocean
waters, which contain much lower Chl a concentrations (e.g.,
Bricaud et al., 1995; Vantrepotte et al., 2007). Comparable values of
a*phð440Þ at high Chl a concentrations were also observed for the
turbid, shallow Lake Taihu (Le et al., 2009; Zhang et al., 2010);
therefore, identify potential differences in the interplaying factors
affecting phytoplankton absorption properties between eutrophic
lakes and oceanic/costal waters. Several studies have shown vari-
ation in a*phðlÞ due to either photophysiological acclimation or
taxonomical changes within the algal assemblages (e.g., Mitchell
and Kiefer, 1988; Bricaud and Stramski, 1990). In turbid waters,
light is regarded as one of the main factors regulating phyto-
plankton growth. In the studied lakes, PAR was attenuated within
the first few cm and their spectral compositions were quickly
comprised of wavelengths that are poorly absorbed by phyto-
plankton (i.e., Ae < 1). Moreover, assessing the importance of un-
derwater light field on the variation of a*phðlÞ in shallow polymictic
lakes is difficult. Within the mixed layer, phytoplankton is sub-
jected to constant irradiance changes. In a recent work carried out
in Lake Chascomús, the variation of a*phðlÞ was found to be closely
related to changes in the cell pigment content, which was a
response to seasonal variation of incident light. In addition, lower
values of a*phðlÞ were observed during spring and summer when
higher attenuation coefficients and elevated absorption by unpig-
mented particles were present (Pérez et al., 2011). In the present
work, the variation in a*phðlÞ could not be a priori related to dif-
ferences in either light attenuation or in the mean water column
irradiances. Some of the variation in a*phðBlueÞ and a*phðPARÞ,
however, were explained by differences in the ratio between
unpigmented particulate absorption and phytoplankton absorp-
tion. For instance, in Lake La Limpia, much of the light energy was
removed from the system by unpigmented particulate absorption
and lower values of a*phðBlueÞ and a*phðPARÞ were observed at high
background turbidity. These observations are in agreement with
previous findings from Pérez et al. (2011) in Lake Chascomús.
Contrastingly, in Lake San Jorge, light limitation is mainly caused by
phytoplankton self-shading and higher values of a*phðBlueÞ and
a*phðPARÞ were observed. In this case, the bulk of light energy is
effectively incorporated into the pelagic food web. Therefore, this
lake can support higher algal biomass with similar values of light
attenuation. Furthermore, some of the observed variation in
a*phðBlueÞ could be explained with differences in pigment compo-
sition among lakes (i.e., differences in TAP/T-Chl a ratios). The
composition of pigments was in close agreement with the domi-
nance of major algal classes observed for each lake by Allende et al.
(2009). The determination of Fucox and Diato in Lakes La Limpia
and Chascomús, however, would be only related with presence of
diatoms. On the other hand, variations in a*phðRedÞ can be explained
by pigment package effect and the interactive action of pigment
composition. In the three studied lakes, the package effect reduced
the values for a*phðRedÞ by approximately 53% [mean value of
Q*
a ð675Þ ¼ 0:47]. Specifically, in Lake Chascomús the presence of

Chl b counteracts the effect of pigment packaging and explains the
observed higher a*phðRedÞ values. Our results on bio-optical prop-
erties of phytoplankton showed different responses to the nature of
light competition in these high turbidity environments.

5. Conclusions

The current study presents a comprehensive description of
optically active substances and optical properties and their in-
terrelationships that illustrate the complexity of turbid lakes. In
spite of the good general relationships between Kd(PAR) and
common light penetration estimates (i.e., Tn or ZSD) observed in
studied lakes, imprecise predictions of light attenuation could be
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obtained if either generalised factors are used or lake-specific re-
lationships are not evaluated. In turn, this inaccuracy can translate
into potential errors in the determination of some key parameters
used in water management, restoration processes and ecosystem
monitoring (e.g., estimations of mean water column irradiance,
integrated phytoplankton PP and maximum depth of SAV coloni-
zation). On the other hand, this study provides empirical support
for the use of Kirk’s model to estimate Kd(PAR) in turbid lakes. In
addition, optical model was used to determine target water quality
conditions needed to restoration of SAV. In these lakes an inte-
grative remediation action, considering substantial reduction of
TSS, Chl a and CDOM, must be contemplated to increase potential
habitats for SAV colonization. Managers could use optical proper-
ties in conjunction with Kirk’s model as a procedure for calculating
minimumwater quality goals for protection and restoration of SAV
in turbid shallow lakes.

Finally, the findings concerning absorptive characteristics of
natural phytoplankton populations contribute to a better under-
standing of microalgae ecophysiology growing under strong light-
limited conditions.
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