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Abstract

We applied spatial data analysis and geostatigticadedures to a limnological dataset gatheredhen t
Amazon floodplain. Variographic analysis and ordynieriging interpolation were used to identify and
describe spatiotemporal patterns of variabilityinmological parameters that are relevant to urtdacs
the dynamics of water circulation on the floodpldmspite of the complexity of the processes ulyiley
the spatiotemporal patterns, this approach denaipstthat the heterogeneity in the seasonal water

composition is forced not only by the flood pulsg also by topography and wind.

Keywords: Amazon floodplain lakes, spatiotemposdtgyns of limnological

parameters, ordinary kriging, remote sensing, sgdatiodeling

Introduction

The area covered by the mainstem Amazon floodphaBrazil is approximately
100000 kn (Hamilton et al. 2002). Floodplain ecosystem fiorcis influenced by the
chemical composition and hydrology of the inflowshe system. The physical-
chemical properties of waters within the Amazonimaary widely as a function of
water sources, soil type, vegetation cover andatiocrconditions. Hence, mapping the
spatial patterns of flooding is important to undi@nsling these floodable ecosystems.
The dimensions and complexity of Amazon water bodiekes remote sensing a
feasible approach to understanding the regionaduaiycs of water circulation on
Amazon floodplains. Studies have demonstrateddptital images can be used to trace
routing of water on floodplains (Mertes et al., 3%Buspended sediments can be a
natural tracer (Mobley, 1994) for detecting spatfijghamics of inflows and
phytoplankton distributions can provide complemgntaformation (Costa, 1992;
Novo et al, 2006).

While data gathered by remote sensing are usualtjeted as a regular grid of cells,
sampling at ground level is usually irregular apdrse. Transforming these irregular
samples into a regular grid, inferring values fosampled locations, produces a more

complete description of the spatial variability.
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Several interpolation methods are available andoeamsed to generate regular grids
from irregularly sampled data (Burrough and McDdhri®98; Felgueiras, 1995;
Bonham-Carter, 1994). When data are abundant, ofdisé interpolation techniques
give similar results. However, when data are spdingechoice of the interpolation
method is crucial to avoiding misleading resultsrf®ugh and McDonnell, 1998). The
problems occur because these methods considethentlistance among samples and
unvisited points, not taking into account the difetial weight of each sample over its
region of influence, and they do not consider thatregion of influence may be
anisotropic, with different spatial correlation amgosamples in distinct directions.
Geostatistical procedures that consider anisotnggmons of influence, during spatial
interpolation, have been developed (Burrough an®dmmell, 1998; Isaaks and
Srivastava, 1989). The procedures, called spataetng, offer a way to identify,
describe and account for the anisotropic spatiaticoity during inference of values at
unsampled locations. The purpose of this paptr tgke advantage of geospatial
techniques to describe and identify patterns ofigt@mnporal variability of water
constituents in order to improve the understandingater exchange between the
Amazon River and its floodplain. The Amazon Riveddhe Curuai floodplain were
selected and approached as a dynamic system.watecollected in different states of

the system and submitted to variographic analysisoadinary kriging interpolation.

Spatial modeling concepts

The behavior of spatial phenomena is often thelre$a mixture of first and second
order effects (Matheron, 1971). The first ordeeet$ are related to the variation in the
mean value of the process in space; they are cenesidjlobal or large scale. Second
order effects result from the structure of spat@telation or spatial dependence; they

are local or small scale effects and representeth@ency for deviation in values of the

3



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/12.10.13.08.57 v1 2007-12-11

process from its mean value to "follow" each othareighboring sites (Bailey, 1995).
Because of this mixture of effects, spatial vaoiasi of continuous attributes are often
too irregular to be modeled by a simple, smoothheraitical function (Isaaks and
Srivastava, 1989). Regionalized variable theorymes that the spatial variation of any
variable can be expressed (Equation 1) as the $time@ components (Matheron,
1971): (a) a structural component, having a constean or trend (first order effect or
deterministic component); (b) a random, but spgt@drrelated component (second
order effect or stochastic component); and (c)aialty uncorrelated random noise or
residual error component. The large-scale variasaonodeled by a deterministic
function and small-scale variation by a stochgstoress.

If x is a spatial position, the value of a continsattribute at x position, based on

regionalized variable theory, is given by a randancttion Z(x):

Z(x)=m(x)+£'(x) + £" (1)
Where m (x) is a deterministic function describthg first order effect’ (x) is the
random component, which holds the information @ftsp correlation; and” is a
spatially independent Gaussian noise component.
The kriging inference concentrates on modelingcttraponent that holds the
information of spatial correlatiogi(x), and includes it in the interpolation process,
order to refine the inferences. Several concepisstatistical tools are used:
Continuityor spatial autocorrelations an intrinsic feature of spatial data, which is
characterized by similarity among values of anlaite in its neighborhood. However,
an environmental dataset seldom shows uniformapaintinuity in different
directions, and instead harisotropicbehavior. In general, some physical feature
inherent in the studied phenomenon controls thentattion of the anisotropy (Isaaks

and Srivastava, 1989).



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/12.10.13.08.57 v1 2007-12-11

To describe how spatial continuity changes as fanaif distance and direction,
statistical tools such as autocorrelation and aviacance functions or a variogram
may be used (Burrough and McDonnell, 1998; Dakd.2002) but, a variogram is the
most traditional choice (Isaaks and Srivastava9)19&hile the autocorrelation and
autocovariance functions deal with the similaribgfficient, a variogram uses the
dissimilarity coefficient (Goovaerts, 1997). Theerpretation of spatial continuity
based on a variogram must be done taking into axt¢bat the smaller the variogram
value, the higher the spatial continuity, whileighhvalue represents a lower spatial
continuity (Gringarten and Deutsch, 2001).

Some parameters are used to describe importaotrésatf a variogram. As the
separation distance between pairs of samples sesethe corresponding variogram
value also increases. When an increase in theaepadistance no longer causes a
corresponding increase in the variogram valueathes a plateau. The average
distance at which the variogram reaches this plaiteaalled theange Within this
distance samples remain spatially correlated, adastances greater than ttenge

one assumes that there is no spatial dependerspaial correlation between samples.
The variogram value at range distance is calleaitherhe value of thsill is usually
equivalent to the traditional sample variance. Agler range in a given direction means
that the variable has more continuity in that diget This longer range or maximum
continuity direction is called the anisotropy diren.

A mathematic model describing the spatial varigbtif a dataset is obtained fitting an
empirical variogram to a mathematic function. lefeze to unsampled locations can
then be obtained from this fitted variogram. Thedtions most used to fit variograms
are spherical, exponential, and Gaussian. The elwdithe function usually depends on
the shape of the empirical variogram near the orifithe phenomenon is more

spatially continuous, as measured by its majorautelation among sampling values,
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then the empirical variogram will have a parabbkhavior near the origin; in such
cases, the Gaussian function will usually proviteliest fit. If the empirical variogram
has a linear behavior near the origin, indicatinganspatial continuity, either the
spherical or the exponential function is preferalblee variogram shape can be
revealing about the kind of spatial variation presen the variable under investigation.
An empirical variogram fitted to an exponential ¢tion suggests a dataset with a
spatial pattern characterized by gradual transdimong several patterns interfering
with each other. A variogram fitted to a Gaussiamction, indicates a smoothly varying
pattern, and one fitted to a spherical functiodjdates that one pattern is dominant
(Burrough and McDonnell, 1998).

Several kriging techniques are available. This papkBose objective is to identify
spatiotemporal patterns in water bodies, focusesrdimary kriging, which is a direct
generalization of the simple kriging and in praati®rms, easier to apply (Bailey,
1995). As the primary focus of ordinary krigingpisediction, the components of
Equation 1 are simultaneously and implicitly estieagas part of the prediction process

and are not visible in the results.

Methods

Study area

The Lago Grande de Curuai (LGC) floodplain, locatxhg the Amazon River near
Obidos and 900 km upstream from the Atlantic Ocesaa,complex system of about 30
shallow, interconnected lakes linked to the AmaRorer by several channels and
including open water, flooded savannas and floagiragses (Martinez and Le Toan.
2007; Fig. 1-a). Maurice Bourgoin et al. (2007aexned fluvial transport and storage
of sediments within the Curuai floodplain. Theiabses were derived from

hydrological data, a monitoring network operatetieen 1999 and 2003, and from
6
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total suspended solids concentrations acquired@ba@os (Guyot et al. 2005), multi-
temporal remote sensing images and radar altindletiy, and the hydrological model of
Bonnet et al. (in press).
The dynamics of flooding are related to Amazon Rstage fluctuations and have an
annual monomodal pattern (Junk et al., 1989) (Filg) that can be characterized by
four periods: 1) In January and February waterlesise at rates of over 3.6 crit.@)
In April, May and June water levels rise at ratss|than 1.2 cmi'd3). In August,
September and October water levels fall at rates 86 cm &. 4) In October and
November water levels are low and changing liflering the rising water stage,
Amazon River water flows into the floodplain enlaugopen water flooded area from
700 knf (Fig. 1-c) to 1600 ki(Fig. 1-d) (Barbosa, 2005).
The seasonal range in level from 1993 to 2002 (mar minus minimum) varied from
500 cm to 700 cm, and the range of interannual ifmajgl was as large as 160 cm
(Table 1).

[insert Figure 1 about here]

[insert table 1 about here]

Field sampling and measurements

Based on examination of the annual hydrograph (Flgj, fourstateswere selected and
sampled to describe the dynamics of system (FigjaBle 2).States 2and4 are
characterized by minimum rates of change in themlavel (stable states) asthtes 1

and3 by maximum rates of change representing tramsitghates.

[insert Figure 2 about here]
[insert table 2 about here]
The distribution of sampling stations was basedaps of water masses (Fig. 3)

derived from unsupervised classification of Landddtimages (Bins et al., 1996;
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Barbosa et al., 2000) representative of each ddatiils of this methodological
approach and field campaigns are described in Barfi004).

[insert Figure 3 about here]
Water samples for laboratory analysis were coltt@tem approximately 70 points, and
in situ measurements were done concurrently atoappately 200 points on each field
campaign. This paper focuses on total suspendacheet(TSS) and chlorophyll
because of their importance for the understandieglynamics of the Amazon River-
floodplain system using remote sensing (CurranNanb, 1988; Novo et al. 1989;
Goodin et al. 1993; Mobley, 1994; Allee and Johnd®99). In addition, pH was
included based on in situ measurements only.
The pH was measured at surface and at the Sequth, desing a Horiba water quality
instrument(model U-10). The instrument was catdntaevery morning (Horiba, 1991).
The water samples were collected by integratinguieer column from surface to the
Secchi depth. The samples were kept at cool teriyserand filtered the same day. TSS
was determined based on Wetzel and Likens (199 ghiorophyll analyses were
based on Nush (1980).
To increase the number of stations with TSS dategeession model was built using
paired measurements of turbidity and TSS (FigD4&}ails are fully described in

Barbosa (2005).

[insert Figure 4 about here]

Results

Within and between seasonal stages pH, turbiditg, &6S and chlorophyll

concentrations varied considerably (Table 3). Agalhthe stages TSS ranged from a
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minimum of 5.5 mg/l to a maximum of 1138 mg/I, astdorophyll ranged from a
minimum of 0.2ug/l to a maximum of 35Qg/I.

[insert table 3 about here]
To identify large-scale spatial trends an analigigendency was performed. Each
parameter was clustered into six ranked groupsyeabod below its mean value with
the range for clustering defined in terms of staddteviation units (Fig. 5-a).
Northern-southern and eastern-western tendencysasaising Lowesddcally
weighted regression scatter plot smoothirgyealed, for example, an increase in the
eastern-western direction in TSS concentration. 3-ig). The results from these
analyses, applied over all selected parameterg then used in the variographic
analysis

[insert Figure 5 about here]
A surface variographic analysis was used to detees of anisotropy, and indicated that
all parameters have a similar direction of anigogr@pproximately $7with respect to
north (Fig. 6-a, Table 4). This direction, defirtedthe longer axis of the ellipse that
surrounds the surface variogram, identifies theation of the highest spatial
autocorrelation. For LGC, the anisotropy directiorese related to the predominant
direction of water flow. Barbosa (2005), using higsolution bathymetry, mapped a
major channel in LGC and inferred that the seaseoirads and the channel were two of
the main parameters controlling the direction owflon the floodplain.
Directions around the anisotropy axes were explaretlempirical variograms were
built and fitted to mathematical models. The paramseextracted from the fitted
variogram, summarized in Table 4, were used fomarg kriging interpolation, using

SPRING (Camara et al., 1996\ wWw.dpi.inpe.br/sprinyg

[insert Figure 6 about here]

[insert table 4 about here]
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Fig. 7 shows in shades of gray the results of angikriging interpolation applied to
pH, TSS and chlorophyll. These images provide iagdfdescription of the

spatiotemporal variability of these parameters.

[insert Figure 7 about here]

Discussion

The mean concentrations of TSS changed from b4staie 2 to 463 mg/l in state 4.
The floodplain had lower TSS concentration thanAh®eazon River during the states 1
and 2, and higher values during the states 3 dnidlde 3). These spatiotemporal
dynamics of concentration and spatial distribubdmSS were likely driven by
differences in wind, water depth, and movementsaier. Weekly wind mean speed
increased from 2.6 to 4.5 m/s from early Septeréne end of December 2004 (Fig.
8-b). In this period, there was no significant watgut from the Amazon River since
the water level was falling. Mean depth was lesstl m during state 4, and
resuspension was the likely cause for the high d@®entrations. (Table 3).
The northern area closer to the Amazon River hgddni TSS concentration than the
mean floodplain values during states 3 and 4. ¢fdhis area remains terrestrial during
state 4 (Fig. 1-c), indicating that low depth dgrstate 3 facilitated sediment
resuspension.

[insert Figure 8 about here]
State 4, the lowest water level, occurred on Nowar8h 2003, and by November 9
water levels were rising. Field measurements welleated from November 22 to
December 2 (Table 2), and on December 2, the ggugation on LGC floodplain
registered water level 20 cm higher than Novemb&r@&m the beginning of rising
water up to a level 700 cm higher, the inflows frtima mainstream into the floodplain

occurred mainly through the two perennial, appratety 100 meters wide channels,
10
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located in the south-eastern extremity of the L&0dplain (Barbosa, 2006; Maurice
Bourgoin et al. 2007, Bonnet et al. in press, )c®aon the floodplain, the water spreads,
with a predominant flow in a western direction doaisied by topography (Barbosa,
2006). The mixture of this inflow with mean TSS centration of 60 mg/I (Table 3)

with the water residing on the floodplain, with meESS concentration of 463 mg/I,
caused a significant directional gradient, revealgeastern-western Lowess (Fig. 5-b
or dark shades in Fig. 7-column B). After this siional period (from state 4 to state
1), the state 1 conditions were established, widrger amount of riverine input, the
mean TSS increased from 60 to 161 mg/l in the nvesier and decreased from 462 to
98 mg/l in the floodplain water. As the year praged the Amazon River’s

contribution to the floodplain from the western4m@rn border increased, as the water
reached the lakes through several narrow chaneedsen as white shades on figure 7b-
state 1.

Upon reaching the floodplain, the water speed dse@ and deposition was responsible
for reducing the TSS concentration. The TSS clugjenap for state 1 revealed that
60% of TSS samples had concentrations betweendtS3&mg/l. These sample points
represented more than 50% of the floodplain area.

The empirical variograms for states 2 and 3 widedfto an exponential function
(Table 4), with an anisotropy angle of’@hd 108, respectively. An exponential
variogram suggests a dataset with a spatial pattearacterized by gradual transition
among several patterns interfering with each ofBarrough, 1998). The variogram for
state 4 was fitted to a Gaussian function, indigcad smoothly varying pattern for TSS,
which is visible in Fig. 7-b. The state 1 datasasitted to a spherical function,
indicating that one pattern is dominant for TSSs’i® in accordance with the TSS
clustering map for state 1, which revealed that @%SS samples had concentration

between mean value and minus one standard deviatiow.
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The degree of homogeneity or spatial autocorrelatiol SS, described by the range
parameter (Table 4), is larger for state 1 (3944f0ens), smaller in state 3 (5700 meters)
and similar in states 2 and 4. States 3 and 4, avitbotropy factors of 1 (zonal
anisotropy) and 0.77, respectively, have nearlyrogac homogeneity, and states 1 and
2 with anisotropy factors of 0.43 and 0.44, regpebt, have directional homogeneity.
In tropical lakes, such as LGC, the temperaturetdikely limiting phytoplankton
growth and does not have significant effects osptstial and temporal distribution. In
these lakes the availability of nutrients and undger radiation are the main factors
that control the phytoplankton spatial distributi@steves, 1998). Chlorophyll, an
indicator of phytoplankton abundance, had valueging from 8.3ug/l during state 1

to a maximum of 68.8g/l during state 3 (Table 3). The increase of cipbyll
concentration from state 1 to 2 and from state 2, twas related to the increase of
nutrients and changes in underwater radiation Isscautrients reach the floodplain as
sediment-laden water from Amazon River. The wapees reduced on the floodplain,
favoring sediment deposition, and as consequernteaning underwater radiation,
confirmed by mean Secchi depths of: state 1= 0.14tawe 2 = 0.58 m; state 2 = 0.22
m; state 3 = 0.07 m. The maximum Secchi depths @&ren, 1.2 m, 0.77 m and 0.35
m, respectively.

The chlorophyll had a heterogeneous spatiotempissaibution, with well-defined
“patches” or clusters of greater concentration feehades in Fig. 7-column C). All
empirical variograms for chlorophyll were fitted@aussian models (Table 7) with
anisotropy angle of 186n state 4 and 96n the others. According to Burrough, (1998),
a spatial dataset fitted to Gaussian models inglscatsmoothly varying pattern. The
largest spatial homogeneity for chlorophyll (Tabh)eoccurs in state 3, which is the state
with the smallest TSS homogeneity. In this stagedlorophyll homogeneity is 38%

larger than that of TSS.
12
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The pH in the Amazon River was nearly constantg~&hile on the floodplain it
increased, in mean, from 6.7 during the stateZ4Zat the state 3 (Table 3). Minimum
values of pH, between 4.7 and 5.2, were foundad® 2k in clear water streams flowing
from “terra firme” forest that reach the floodplaand maximum values, between 9 and
9.4, were found at states 1 and 3, in floodplagaamwith algal blooms. The pH showed
spatial heterogeneity at states 2 and 3, maiolyecto borders, displaying “patches” of
low pH values (Fig. 7-A). The pH datasets for f&eand 4 were fitted to a Gaussian
model, suggesting a smoothly varying pattern, wiuitestates 1 and 2 it was fitted to a
spherical model, suggesting one dominant pattesise® on the variogram range
parameter, pH showed larger spatial homogeneity T&5 and chlorophyll in all states

of the system.

Conclusions

The results revealed that, in spite of considerabiaplexity, the analyses generated
information of high explanatory value regarding gadterns of spatial variability on the
floodplain. The thematic clustered maps and dioeeti Lowess aided understanding of
the spatial context of the dataset and supplieatimtion to model the structure of
spatial variability. The variographic analysis peovto be an effective way to analyze
spatial dynamics of environmental processes.

The surface variograms indicated the directionsnidotropy, reducing iterative
analysis to built directional variograms. The comstion and fitting of variograms to
mathematical functions, was an effective procedui@alyze the spatial behavior of
the parameters under study. The results of ordikiagyng interpolation and their
representation as a gray scale images proved ajgieps a form to provide an

overview of parameters’ behavior and to identifatsgd patterns.
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The results showed heterogeneous spatiotempoiabudy in the water composition
on the LGC floodplain, and patterns revealed thatdynamics were forced not only by
the flood pulse but also by the topography and wirek flood pulse, however, by
controlling the water level in the floodplain, ctesithe baseline set upon which the
other forcing functions act.

The results also corroborate the importance of tersensing techniques in helping the
allocation of sampling sites due to the large sppaind temporal variability of the

limnological variables.
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Figure Legends

Fig. 1 — (a) Location of Lago Grande de Curuai. (b) Aeseof annual hydrographs at LGC. (Data from
the Brazilian Water Agency (ANA) (c) Landsat TM igeat low water stage (2001/12/12) (d) Landsat
TM image at high water stage (2002/07/08)

Fig. 2 — (a)-Direction of flux for each state of the AmazRiver/Curuai floodplain system. (b)-Daily
mean water level and variation of rates of charggienated from historical (from 1993 to 2002) water

level data.

Fig. 3 — Water masses mapped using Landsat TM imageawdoof the four states of the system and the

location of sampling points. (@) rising water gtdgtate 1). (b) high water stage (state 3).

Fig. 4 — TSS-Turbidity regression model.

Fig. 5 — (a) Thematic clustered map of TSS (state 4)Eést-West directional lowess for TSS. (c) North-

South directional Lowess for TSS.

Fig. 6 — (a) Surface semivariogram for pH (state 2) Himpirical semivariograms for pH (state 2).

Fig. 7 — Gray scale images showing the spatio temporalbitity of pH, TSS and chlorophyll for four
states of LGC floodplain.

Fig. 8 — (A) Ranges of depth at LGC floodplain for 93@timeter water level. (B) Wind intensity from
07/2004 to 01/2005
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Figure 3
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Figure 4
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Table 1. Maximum and minimum annual water levedfrl 993 to 2002.with the month of occurrence in
parentheses.

1993 | 1994 | 1995 | 1996 | 1997 | 1998 | 1999 | 2000 2001 2002

Mean (cm)

Minimum [498(11)517(11)l415(11)497(11)407(11)412(11)432(12)500(12)] 421(11) | 451(11)

Maximum [1004(5)1040(5)] 945(6)[1018(5)[L062(5) 904(6)1065(6)1015(6)] 1006(5) | 989(6)

Amplitude | 506 523 530 521 655 | 491 633 515 585 538
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Table 2. Occurrence period of each state and fielkiyweriod.

River/floodplain

System States

State 1

(rising water)

State 2

(high water)

State 3

(Declining water)

State 4

(low water)

Identified period

01/01 to 02/22

05/18 to 06/3

0 1@8fo 10/17

11/12 to 12/01

Field campaigns

02/03 to 02/12/

DA6/03 to 05/19/04

1 09/25 to 10/07/0

3

11/22 to 12/02/0
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Table 3 — Statistical description of the selectathmeters.

Variable Month | Minimum | Maximum| Mean  valug Amazon
(State) | value value | (floodplain) |River
Feb. (1) 5.9( 8.00 7.27 6.6
Jun. (2) 6.01 9.4 7.53 6.6
pH
Sept. (3) 6.10 9.30 7.72 6.5
Nov. (4) 4.70 7.50 6.75 6.5
Feb. (1) 101.00 569.00 236.78 354
Turbidity |Jun. (2) 5.00 90.00 29.93 124
(NTU) Sept. (3) 12.00 375.00 160.79 62
Nov. (4) 39.00 1645.00 769 183
Feb. (1) 36.7% 359.42 98.7 161
TSS Jun. (2) 5.64 34.90 14.51 58
(mg/l) Sept. (3) 5.46 200 66.13 27.5
Nov. (4) 12.74 1137.75 462.71 60
Feb. (1) 021 25.79 8.34 2.3
Chlorophyll | Jun. (2) 1.16 131.28 28.85 0.7
(no/) Sept. (3) 5.61 350 68.78) 4.15
Nov. (4) 0.80 87.86 334 2
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Table 4 — The parameters of the fitted models.

State

Model:

anisotropy Range |Mean| o
Direction | Fitted function| (Max./Min.) | error
1 96 Spherical 64000/15700,  0.000.026
2 97 Spherical 22700/15150 0.000.138
pH
3 96 Gaussian 15399/1170d 0.000.003
4 96 Gaussian 10440/7900 0.0113.048
1 100 Spherical 39440/17000 -0.1866
2 96 Exponential 9250/4100 0.0390.0
TSS
3 105 Exponential 5700/5700 0.5460
4 96 Gaussian 8865/6825 -5.805
1 96 Gaussian 5300/5300 -0.08.9
2 96 Gaussian 10600/8600 1.01.6
Chlorophyll
3 96 Gaussian 15000/7500 -0.780
4 106 Gaussian 7200/5320 0.803
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