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Abstract To assess seasonal changes in phytoplanktonic
chlorophyll distributions in Amazon floodplain lakes, a
linear mixing model was applied to Moderate Resolution
Imaging Spectroradiometer (MODIS) reflectance data ac-
quired at four river stages: rising (April), high (June), de-
creasing (September), and low (November). The study area
is located in a floodplain reach from Parintins (Amazonas)
to near Almeirim (Pard). A three-end-member mixing
model designed to uncouple three fractions [high sus-
pended inorganic matter (ip), low inorganic suspended mat-
ter (w), and high chlorophyll a (Chl)] was tested in Lake
Curuai (1.5°S 55.43°W) based on field sampling done
almost concurrently with satellite overpasses. During high
water, phytoplankton patches are confined to lakes closer to
terra firme under the influence of clear water inflow,
whereas during the low and decreasing water stages, the
patches are more evenly distributed over the floodplain.

Key words Amazon floodplain lakes - Chlorophyll distribu-
tion - Remote sensing

Introduction

Several studies of primary production of the Amazonian
floodplains, based mainly on data from the central basin,
suggest that phytoplankton production is a small fraction
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of total primary production (summarized in Melack and
Forsberg 2001). Isotopic studies (Forsberg et al. 1993), how-
ever, have shown that the amount of fish carbon derived
from the different plant groups is not proportional to their
relative contribution to the floodplain production and that
algal productivity can be important.

The main challenge to further investigation of algal pro-
duction at the scale of the Amazon basin is the size and
complexity of the system subjected to oscillations of river
discharge related to the annual cycle and interannual
changes (Richey et al. 1989). Because the surface waters
transport dissolved and particulate material that supports
the biological system, variations of the river control the
exchange of resources between the Amazon River and
floodplain lakes (Forsberg et al. 1988; Richey et al. 1997).
Moreover, inundation is also influenced by other water
sources whose contribution to lakes depends on floodplain
geomorphology (Mertes 1997), density of floodplain chan-
nels (Mertes et al. 1995), and the ratio of local drainage
basin area to lake area (Forsberg et al. 1988; Lesack and
Melack 1995).

To address the wide range of spatial and temporal
variability, we present here results from field and satellite
analyses. The synoptic view, medium resolution (250m
x 250m), and relatively high frequency of cloud-free over-
passes provided by Terra Moderate Resolution Imaging
Spectroradiometer (MODIS) reflectance images make it
possible to identify water color changes related to chloro-
phyll concentrations (Darecki and Stramski 2004). Recent
applications of MODIS data to studies of aquatic systems
include measurements of water quality in lakes (Koponen
et al. 2004), suspended matter in coastal waters (Miller and
McKee 2004), and chlorophyll concentration (Kwiatkowska
and Fargion 2003).

Most inland waters are classified as Case 2 waters (Morel
and Prieur 1977; Kirk 1994), in which phytoplankton con-
centration is not tightly coupled to the amount of total
seston and optical properties are determined by a mixture
of components, including phytoplankton, inorganic par-
ticles, colloids, and dissolved organic matter (Mobley 1994).
Much of the research on Case 2 water has been focused on
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methods for analyzing the reflectance as a function of the
concentrations of phytoplankton groups, inorganic matter,
and dissolved organic matter. Most of the algorithms devel-
oped for estimating chlorophyll concentration from inland
aquatic systems are based on reflectance spectra derived
from ground measurements and airborne sensors (Lathrop
and Lillesand 1986; Dekker 1993; Novo et al. 1991) or
from satellite sensors not tuned to the radiometric and spec-
tral resolution requirements of Case 2 waters. The algo-
rithms are generally site specific and empirically derived
through statistical relationships between reflectance and
chlorophyll a concentration. Several authors have proposed
approaches to uncouple the chlorophyll signal from the
remaining optical components, such as reflectance ratios
(Carder et al. 1991; Tassan 1995; Arenz et al. 1996), deriva-
tive analyses (Goodin et al. 1993), neural network modeling
(Keiner and Yan 1998), and principal-component analyses
(Galvio et al. 2003). Pilorz and Davis (1990) suggested the
use of libraries of absorption and scattering coefficients to
model the upwelling reflectance for different optical water
constituents. Those modeled spectra could then be applied
as end-members for the application of mixing algorithms
(Mertes 1990).

Novo and Shimabukuro (1994) proposed the use of mix-
ing models to uncouple field reflectance spectra. The mea-
sured reflectance at a particular location represented the
sum of the spectra of several optically active components,
and each spectrum was weighted by the relative proportion
of each component in the sample. They used a least square
fitting approach to uncouple three end-members: high con-
centration of chlorophyll a, suspended inorganic matter,
and water. In spite of the limitations of the approach, given
the complexity of aquatic systems, the authors concluded
that the fraction of chlorophyll reflectance accounting for
the reflectance spectra of the various samples correlated
significantly with chlorophyll concentration.

In the present research, intensive field data collected
concurrently with satellite overpasses at a test site were
used to empirically derive a model to estimate chlorophyll a
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concentrations from chlorophyll fraction images computed
from MODIS data. This model was then assessed by com-
paring measured and estimated chlorophyll a for the differ-
ent dates. The final model was then applied to a MODIS
monthly series to assess chlorophyll distributions from
Parintins (Amazonas) to near Almeirim (Para).

Materials and methods
Site description

The study area encompasses the Amazon floodplain from
the Parintins (AmazoNas) at 02°37°42”S 56°44°09”W to
west of Almeirim (Para) at 01°3124”S 52°34’54”W. This
floodplain is characterized by large shallow lakes (Sippel et
al. 1992) with average depth ranging from 1 to 3m over the
hydrological cycle. The Amazon and the Tapajés rivers are
the major sources of water to the floodplain in this reach.
Lago Grande de Curuai (Curuai Lake) was selected as a
test site for intensive water sampling concurrently with
Terra MODIS overpasses.

Curuai Lake is composed of several depressions, which
at high water coalesce into Lago Grande de Curuai (1.5°S
55.43°W). It is located along the Amazon River, 900km
upstream from the river mouth at the Atlantic Ocean
(Fig. 1).

The lake receives different types of water, i.e., white
water from the Amazon River during the overflow stage
and black and clear water from the local catchments during
the low stage (Barbosa 2005). The lake’s ecology is modu-
lated by fluctuations in Amazon River water level (Fig. 2),
which are characterized by four stages: a period of rapid rise
of water level from January to the end of February with
rising rates more than 0.2cmh™; a period of overflow from
April to the end of June when water enters breaks in the
levees with decreasing rising rates (less than 0.2cmh™) until
overtopping the levees; a period of rapid fall in water level
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Fig. 2. Amazon River daily aver-
age water level fluctuation at
Curuai (C. Barbosa, unpublished
data)
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Table 1. The 95% confidence interval for the average of the mean
daily chlorophyll (Chl) concentration (ugl™) for each in situ data col-
lection at Curuai Lake test site along the hydrological cycle

Month 95% Confidence
September 2003 51 < Chl <76
November 2003 29 < Chl < 36
February 2004 7<Chl<9
June 2004 23 < Chl <33

from August to October with falling rates more than
0.2cmh™; and a period of low water level from October to
November.

Experimental procedure

From 2003 to 2004, field campaigns were undertaken to
measure the concentrations of optically active components
in Curuai Lake. The campaigns spanned the seasonal
changes in the Amazon River’s hydrograph. The average
time spent on each campaign was 10 days, with about seven
stations sampled per day. The mean daily average concen-
trations of chlorophyll remained relatively constant during
the period of each campaign (Table 1).

To guide sampling, MOD 09 images were downloaded
from the Land Processes Distributed Active Archive Cen-
ter (LP DAAC), located at the U.S. Geological Survey
EROS Data Center (http:/LPDAAC.usgs.gov), before
each field campaign. The number and position of samples
were defined by examining historical Landsat-TM images
representative of each water stage. For each date, at least 70
sites covering the entire lake (Fig. 3) were identified for
determination of the concentration of chlorophyll (Chl),
suspended inorganic particles (ip), and dissolved organic
carbon (DOC).

Water samples were collected from 09:00 to 15:00 at a
depth midway between the surface and Secchi depth be-
cause this region contributes up to 90% of the upwelling
radiation (Kirk 1994). Chlorophyll concentration deter-
mined at this depth can be regarded as a proxy of the
average chlorophyll concentration in the euphotic zone in
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Fig. 3. a Spectral differences in lake water masses as shown by an
unsupervised classification of TM-Landsat image acquired at high
water. b Ground sampling distribution selected to represent the spec-
trally different water masses

unstratified eutrophic shallow lakes (Morel and Berthon
1989; Cestari et al. 1996).

For chlorophyll determination, water samples were fil-
tered through Whatman GF/F filters wrapped in aluminium
foil and stored frozen (-20°C) until the analysis was com-
pleted (up to 2 weeks later). Chlorophyll determination was
performed according to Nush (1980). Filters were extracted
with 80% ethanol at 75°C for 5Smin followed by submerging
the tubes in water near freezing. The extracts were kept for
6 to 24h in the refrigerator before spectrophotometric de-
termination. Suspended inorganic particle determination
was based on Wetzel and Likens (1991). A known volume
of lake water was filtered through a GF/C filter pre-ashed at
480°C and preweighed. Filters were stored in desiccators
over silica gel. In the laboratory, the filter was dried at 60°C
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for 24h and weighed to determine total suspended matter.
The same filter was ashed at 480°C for 1h and reweighed to
determine inorganic particle concentration. For dissolved
organic carbon (DOC) determination, lake water was
passed through a pre-ashed Whatman GFC filter, and the
filtrate was collected in 15-ml flasks and preserved with
HCI. Samples were run in a combustion/nondispersive in-
frared gas analyzer according to APHA (1998).

MOD 09 Level 2 G Validated Version 3 images were
examined to select scenes free from cloud cover and glitter.
Corrections were made for the effect of atmospheric gases,
aerosols, and thin cirrus clouds (http:/lpdaac2.usgs.gov/
modis/mod09ghk.asp). MOD 09 images were first trans-
formed from the Integerized Sinusoidal (ISIN) projection
to Lat/Long projection using the MODIS Reprojection
Tool (http://lpdaac2.usgs.gov/landdaac/tools/modis/about.
asp). Images were resampled to 250 m using a nearest neigh-
bor algorithm. The output image was saved in Geotiff for-
mat and compressed from 16 to 8 bits. The compression was
done using a tool (N. Arai, personal communication)
that fits the reflectance distribution in the scene to an
8-bit image, tuning the look-up table to the user-defined
reflectance range. The look-up table was optimized for an
aquatic environment characterized by low reflectance
values.

The MODIS data set was masked using a wetland mask
(Hess et al. 2003) to limit the analyses to the floodplain. A
series of prospective end-member samples were selected to
run a linear mixing model with the aid of field sampling of
the major optical active components in the open water at
four hydrograph stages. All the field information on con-
centration of the optically active components was used
interactively to locate “pure pixels” within the dataset. The
candidate “pure pixels” were plotted in all spectral bands.
Sampling sites characterized by high concentration of
chlorophyll and low concentration of the other active com-
ponents were selected if the spectral curve displayed by the
pixel matched the spectrum of chlorophyll-laden water. The
same procedure was applied for each optically active com-
ponent on all dates.

Figure 4 shows the examples of candidate end-members
selected to decompose MODIS pixels into proportions of
reflected signal for each selected components. The analysis
of those end-members showed that the spectral curves of
DOC-laden water (black water) and water (clear water)
were similar and flat. Hence, they were grouped into what
was operationally defined as a low inorganic suspended
particle end-member (w) to represent the spectral contribu-
tion of a pure pixel encompassing samples with low signal
coming from the water.

Linear spectral unmixing is an approach to uncouple a
mixture of components in a pixel (Shimabukuro and Smith
1991). The linear mixture model can be defined as follows.
Let S(x,y) be the spectral signature collected by the sensor
at the pixel with spatial coordinates (x,y). This signature can
be considered a n-dimensional vector, where n is the num-
ber of spectral bands; it can also be modeled as a linear
combination of end-member vectors E,, i = 1, E, using the
following expression:
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Fig. 4. Candidate end-members used to run the linear mixing model.
The x-axis shows the Moderate Resolution Imaging Spectroradiometer
(MODIS) bands as follows: B3, 459-479nm; B4, 545-565nm; B1, 620-
670nm; B2, 841-876nm; BS5, 1230-1250nm; B6, 1628-1652nm; B7,
2105-2155nm. Digital number is proportional to the reflectance in each
band

E
S(x.y) = 2 h(x.v)e:

i=1
where f(x,y) is a scalar value representing the fractional
coverage of end-member vector E; at pixel S(x,y) and g, is
the fitting error.

The linear mixing model with three end-members incor-
porated the contribution of water (w), phytoplankton
(phy), and inorganic particles (ip) to the reflectance of each
MODIS band as follows:

Bnref = fw (an) + fphy (Bnphy ) + fip (Bnip )
and
£y + L, +6, =1

where Bn, is the digital number (DN) proportional to the
reflected energy as measured by MOD 09 bands and f, f,,
and fi, are the fraction of each end-member contributing to
the reflectance signal at the pixel S.

A September 2003 MODIS image was selected to derive
the empirical model relating chlorophyll concentration to
the £, image, i.c., the image representing the proportion of
the chlorophyll signature to the overall reflectance of a
given pixel. This date was selected because chlorophyll con-
centrations spanned most of the concentrations found on
other dates (Table 2) and the image had high radiometric
quality in compared to the other dates.

Correlation and regression analysis were applied to
relate the phytoplankton fraction image to chlorophyll
concentration measured at Curuai Lake. Several iterations
were required to obtain a suitable statistical model. The
following statistical parameters were computed: r, adjusted
R’, standard error of the estimate (SE), and Student’s £ test
at the 95% significance level.
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November 2003 September 2003 February 2004 June 2004

Chl ip Chl ip Chl ip Chl ip
Average 30.7 458.6 89.2 49.0 8.2 94.6 28.1 8.8
Standard deviation 3.8 1222 227.4 24.9 43 56.8 12.9 7.9
Coefficient of variation 12% 26% 255% 50% 50% 60% 46% 89%
Maximum 87.9 1007.1 1951.9 132.5 25.8 308.6 131.3 58.7
Minimum 0.8 9.0 42 2.3 0.2 35.9 0.7 1.5

Chl, chlorophyll a concentration (ugl™); ip, suspended inorganic matter concentration (mgl™)

Source: C. Barbosa, unpublished data

Table 3. Correlation analysis

Data sets Correlation Number of Significance level
coefficient (r) samples (1) (o= 0.05)
All data —-0.08 70 Not significant
6 Days from MODIS 0.37 66 Not significant
September overpass
5 Days from MODIS 0.59 56 Significant
September overpass
4 Days from MODIS 0.60 44 Significant
September overpass
3 Days from MODIS 0.59 32 Not significant
September overpass
2 Days from MODIS 0.57 19 Not significant
September overpass
MODIS September 0.06 4 Not significant
overpass
Samples acquired in 0.87 19 Significant
October with suspended
inorganic matter in the
range of 52 + 23mgl”
Samples acquired in 0.70 25 Significant

October disregarding the
suspended inorganic
matter concentration range

MODIS, Moderate Resolution Imaging Spectroradiometer

Results and discussion
Statistical analysis

Table 2 summarizes the data obtained from the field mea-
surements. September was the period with the highest coef-
ficient of variation for chlorophyll. As the influence of
inorganic particles in Amazon white water decreases in Sep-
tember, the light environment becomes more favorable for
phytoplankton growth, and, as the water levels fall, Curuai
Lake divides into isolated basins under the influence of
local conditions. These conditions are likely to lead to spa-
tial variability in chlorophyll. In November the water level
was lowest and conducive to wind-driven suspension of the
sediments, hence the high concentration of inorganic par-
ticles and the relatively lower chlorophyll concentration. In
February turbid Amazon water began to enter the lake, and
the chlorophyll concentration declined because of reduced
phytoplankton growth. In June, chlorophyll concentration

was higher than in February as inorganic particles de-
creased and the light environment became conducive to
phytoplankton growth.

If the entire set of ground measurements is used to
derive a correlation between the phytoplankton fraction
(f,ny) and chlorophyll concentration (Chl), the correlation
coefficient approaches zero (Table 3), i.e., there is no
correlation between the f, derived from the MOD 09
scene acquired on September 29, 2003 and the chlorophyll
measurements obtained from September 25 to October 7.
However, as the time lag between the date of sampling
and satellite image acquisition date decreases, the correla-
tion between Chl and f,;,, increases and becomes significant.
The highest correlation occurred when the samples used to
run the model were confined to data collected after the
satellite overpass and restricted to water masses with con-
centrations of suspended inorganic particles (ip) in the
range 52 +23mgl™". Those samples were then used to derive
a model to predict chlorophyll concentration as a function
of the f,.
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Fig. 5. Chlorophyll empirical model, where Chlorophyll (ugl™) repre-
sents the Chlorophyll a concentration and f,;,, represents the Digital
Number equivalent to the phytoplankton fraction image derived from
the unmixing model.

The regression equation (Chl = 3.9¢""'”™") expresses a
nonlinear relationship between Chl and the phytoplankton
fraction image (Fig. 5). The standard error of estimate
provided by the model is 19mgm™ and the adjusted R* is
0.76; i.e., the model predicts, with an error of about 25%,
chlorophyll concentration in the range between 10 and
120mgm™ in areas with ip concentrations of 52 + 23mgl™".
This range corresponds to digital numbers (DN) equivalent
to phytoplankton fraction (f,,,,) from 40 to 180.

The field measurements have a much wider range of
Chl and ip concentrations (see Table 2) than are incorpo-
rated into the regression model. To circumvent this prob-
lem, lakes subjected to high prediction errors, i.e., outside
the fraction image between 40DN and 180DN, were
masked and included in a single class representing concen-
trations outside the reliable range. Amazon River was also
masked and not included in the model estimates because
very few samples were collected in the river. The classes
adopted to map the chlorophyll concentration were
Chl <20mgm™;20mgm™ < Chl < 56mgm™; 56mgm™ Chl <
92mgm™; 92mgm™ < Chl < 110mgm™; Chl > 110mgm™;
and other (including cloud cover, sandbars, lake bottom,
and aquatic vegetation). This strategy was adopted such
that the September model could be applied to all dates. The
class intervals are wide and loose enough to accommodate
model incertitude.

Empirical model validation

To validate the empirical model suitability, it was applied to
the image and the estimated chlorophyll concentration was
compared to measured chlorophyll concentrations at con-
trol points for different hydrological states. Figure 6 shows
the results for September. It is clear that there is a good
agreement between the estimated and the measured chloro-
phyll concentration within the defined boundary conditions,
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Fig. 6. Estimated versus measured chlorophyll (Chl)

which suggests that the model allows estimating the chloro-
phyll distribution provided that the class intervals are large
enough to accommodate model variability.

After demonstrating that the regression model was able
to represent the spatial distribution of chlorophyll concen-
tration in Curuai Lake, the next step was to apply the model
to the entire study area. As field samples were available for
September 3 and November 3, the mapping was done for
these two dates to assess how changes in the actual chloro-
phyll concentration from September to November were
consistent with modeled chlorophyll (Fig. 7).

The change in phytoplankton abundance downstream of
Santarém from September to November is apparent in Fig.
7. In September, the floodplain lakes upstream of Santarém
(westward) have higher chlorophyll concentrations than do
downstream lakes. In November, however, the pattern
changes and most of the area upstream of Santarém is in-
cluded in the class “Others.” Downstream of Santarém
there is a decrease in the class “Others” and an increase in
the classes with high concentrations of chlorophyll. The
class “Others” gathers a variety of targets spanning from
lake bottom newly occupied by terrestrial vegetation to
cloud cover and cloud shadow. Therefore, little can be
said about those changes. Several hypotheses, however,
may help to explain changes in chlorophyll concentration.
(1) Increased input of Tapajos River water (clear water)
to floodplain lakes downstream will improve underwater
light availability for phytoplankton. The Tapajés River
level starts to rise in October as the rainy season begins in
the Southern Hemisphere. (2) The use of the floodplain
around Parintins (A.L.M. Albernaz, personal communica-
tion) for cattle increases as the water level drops and is
responsible for eutrophication. Downward from the
Tapajés—Amazon confluence, the herds found in the
floodplain decrease.

Seasonal changes in phytoplankton

The chlorophyll maps were used to compute the weighed
average of chlorophyll concentration from MODIS phy-
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toplankton fraction images in the region from Parintins
(Amazonas) to nearby Almeirim (Pard) for the years 2002
and 2003. The chlorophyll values were plotted against the
water level (Fig. 8).

Figure 8 shows that there is an almost 6-month offset
between the maximum water level in the region and the
maximum average weighed chlorophyll concentration in
the study area. The highest water levels were observed from
April to June whereas the highest weighed chlorophyll con-
centration occurred in November and December for both

S 02° 59" 30"

years, 2002 and 2003. That the pattern occurred in both
years suggests that the MOD 09 chlorophyll model was
successful in capturing the regional pattern of phytoplank-
ton abundance in this floodplain reach. The data suggest
that the phytoplankton peak production is achieved when
the Amazon pulse recedes and the lakes are enriched by
dissolved nutrients but less turbid water.

The results show that there is a time frame for high
phytoplankton production that may have implications in
fishery management. This study also shows a contrasting
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Fig. 8. Chlorophyll a concentrations and water level changes in the
study area

pattern between the phytoplankton distribution upward
and downward from the Tapajés—Amazon confluence, sug-
gesting that the Tapajés River may play an important role
in floodplain phytoplankton production during the period
of low water in the Amazon River. Changes in floodplain
land use may also contribute to the patterns.

According to Forsberg et al. (1993), there is a large con-
tribution of phytoplankton to many commercial fish species,
which suggests that the algal production in floodplain lakes
may play an important role for the commercial fish produc-
tion in the region. Studies of fisheries at Curuai Lake (Isaac
et al. 2003) show that the highest catches occur during high
water because at that time large commercial boats have
access to the lake. During low water, only the small boats of
local fisherman are able to catch fish.

The recent soybean cultivation in Pard may represent a
threat to the natural pulsations of phytoplankton produc-
tion and to commercial fisheries. The grain terminal at the
port of Santarém, with a capacity of up to 75000 tons, has
attracted new investors to the region, pushing ranchers and
slash-and-burn farmers to new forest frontiers and into the
floodplain. This intrusion may bring changes in regional
scale that can only be accessed if remote sensing tools are
integrated in studying the limnology of floodplain lakes.
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