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Basin morphology in relation to chemical and ecological
characteristics of lakes on the Orinoco River floodplain,
Venezuela

By StepHEN K. HamirToN and WiLLiam M. Lews, Jr.!
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Abstract

This study analyzes the relation between chemical and ecological characteristics and
basin morphology in lakes on the Orinoco River floodplain of Venezuela. The analysis
was based upon measurements of dissolved oxygen, major ions, nutrients, particulates,
and chlorophyll-a over an annual cycle for five lakes and upon less frequent samples
from 28 lakes. Major ions served as tracers of water sources (river and local rain) to the
lakes. The ratio of maximum length to maximum width was used to distinguish lakes
during inundation. Channel lakes (length : width > 5) have detectable currents and short
water residence times; their chemistry resembles that of the source water, with little
change in suspended particulates or in concentrations of labile nutrients, and negligible
phytoplankton growth. Dish lakes (length : width < 5) have relatively low rates of water
movement and longer water residence times, and deviate in chemistry from the source
water because of sedimentation of inorganic particulates, depletion of nitrate, growth of
phytoplankton, and depletion of dissolved oxygen. Major ion data indicate that local
rainfall was not a detectable source of water to lakes during inundation. During isola-
tion, major ion data show a significant but variable contribution of local waters (rain
and runoff) to the water budget of the lakes, which made prediction of lake character-
istics difficult. Lake morphology (particularly the ratio of surface area to volume) was
just one of several determinants of the importance of local waters to a given lake; other
factors included position on the floodplain and the presence of perennial streams. In one
lake for which detailed data were available, changes in the intensity of sediment re-
suspension during isolation were predictable from wind velocity, effective fetch, and the
mean depth of the lake.

Introduction

The lakes of a floodplain typically show considerable chemical and eco-
logical variation, even though they are usually inundated by a common source
of river water (WeLcomMME 1985, FORsBERG et al. 1988, Marsu & Hey 1989).
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Much of the variation among lakes is probably caused by differences in lake
basin morphology (MeLack 1984). However, few studies have investigated the
degree to which the chemical and ecological characteristics of floodplain lakes
can be predicted from their morphology. Present classification systems for
floodplain lakes are based largely on the origin of the lakes (HuTcHinsoN 1957,
Draco 1976), and may or may not reflect functional characteristics. A classi-
fication that links morphology with function would facilitate the extrapola-
tion of results from studies of a statistically valid sample of lakes to the entire
floodplain ecosystem. Meaningful extrapolation of this type is becoming in-
creasingly important as the focus of biogeochemical and ecological research on
floodplains expands to regional scales.

In this study, we analyze the relationship between basin morphology and
chemical and ecological characteristics in lakes on the Orinoco floodplain. The
analysis is based upon chemical data taken over an annual cycle for five lakes
and upon less frequent samples from 28 lakes.

The Orinoco River and its floodplain

The Orinoco River is the third largest river in the world in terms of dis-
charge to the oceans (average discharge, 36,000 m*s~'; MEADE et al. 1983). 70 %
of the drainage basin is located within Venezuela (Fig. 1). Major tributaries
along the lower Orinoco include the Meta and Apure rivers, which drain the
Andean foothills and savanna to the west, and the Caura and Caron{ rivers,
which drain the Precambrian Guayana Shield to the south. Although almost
half of the water in the Orinoco River originates from the shield region to the
south, the Meta and Apure rivers contribute disproportionately to the solute
and particulate load of the main channel (Lewis 8 SaunDEers 1989). Detailed in-
formation on the chemistry of the Orinoco River and its tributaries can be
found in WEmBEZzAHN (1985), LEwis et al. (1987), Saunpers & Lewrs (1989), and
Lewrs & SAUNDERs (1989).

From the Meta River to the delta, the main channel is fringed by a flood-
plain covered mostly by forest and permanent waterbodies. This fringing
floodplain is seasonally (June—November) inundated by flow from the main
channel of the river. Shallow flooding occurs seasonally in large expanses of sa-
vanna in the vicinity of the Apure and Meta rivers; these floodplains are of the
internal delta type (WeLcomMME 1985), and are ecologically and biogeochemic-
ally distinct from the Orinoco fringing floodplain (SARMIENTO 1983, SAUNDERS
& Lews 1988 and 1989). Another distinct floodplain region is found in the
Orinoco delta, much of which is affected by tides and seawater and is covered
by mangrove forest (vaN ANDEL 1967). Smaller flooded areas are found in the
lower reaches of several tributaries, including the Caura River, where the
hydrograph closely follows that of the main channel of the Orinoco.
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Fig. 1. Location of the study area. The center panel shows the sites for the lake surveys

and collection of atmospheric deposition. The lower panel is an enlargement of sites

15—19, five lakes that were sampled intensively for one year. TERE = Lake Terecaya,
AGUI = Lake Aguilera, and PAMP = Lake Pdmpano.

Seasonal variation of rainfall in the Orinoco basin results in a pronounced
annual rise and fall of the river level (Fig. 2). Seasonal inundation of the fring-
ing floodplain is unimodal and typically lasts for 4—6 months, as illustrated by
the stage data for a floodplain lake (Lake Tineo) in Fig. 2. With respect to the
riverine inundation, HamitoN & Lewis (1987) distinguished four hydrological
phases in Lake Tineo: filling, through-flow, drainage, and isolation. For pre-
sent purposes, the filling and through-flow phases are referred to collectively as
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Fig.2. Hydrographs for the Orinoco River at Ciudad Bolivar and for Lake Tineo,
located on the floodplain near Ciudad Bolivar. The river data were provided by the Ven-
ezuelan Ministerio del Ambiente y de los Recursos Naturales Renovables.

the inundation phase. For Lake Tineo, the timing of the inundation and isola-
tion phases in 1984—85 is marked in Fig. 2.

Methods

Lake surveys

We sampled 22 sites on the Orinoco fringing floodplain and 6 sites on the fringing
floodplain of the Caura River near its confluence with the Orinoco (Fig. 1; Table 1).
The Orinoco sites span approximately 400 of the 770km of the Orinoco River that is
bordered by fringing floodplain.

Morphometric characteristics of the sites (Table 2) were measured on maps of
1: 100,000 scale, produced by the Venezuelan Direccién de Cartografia Nacional from
aerial photography taken between 1968 and 1975. Extensive field work in the floodplain
between 1984—88, which has included aerial photography, has shown that lake
boundaries on the 1:100,000 maps accurately represent low-water boundaries, corre-
sponding closely to the forested shorelines. During inundation, the boundaries of
neighboring lakes often merge as the entire floodplain becomes covered by a continuous
sheet of water; low-water lake basins generally remain as open water surfaces bordered
by flooded forest. The survey included several forest sites that flood seasonally during
inundation and become dry when the river level falls (Piedra Rajada, Cafio Masaraca,
and Paramuto Forest). At low water, all of the sampling sites were hydrologically
isolated, lacking surface-water connections with adjacent lakes and the river.

Effective fetch was measured by the method of the U.S. Army Coastal Engineering
Research Center (1977), which accounts for the effect of lake width in reducing the
fetch. We measured the length of the central radial, which was aligned with the pre-
vailing wind direction (ENE at Ciudad Bolivar: MARNR 1983), as well as the lengths of
radials at 6°-intervals up to 42° from each side of the central radial. The extremely fine
particulates that are resuspended in littoral areas of these lakes are likely to be trans-
ported throughout the lake before they settle, and we have not observed notable spatial
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Table 1. Names, code numbers, acronyms, lake classification, river bank location (left

or right), geographic coordinates, and number of sampling dates for the sites sampled in

the study. Lakes are classified as dish (D), channel (C), serial dish (SD), or serial channel
(SC), as explained in the text.

Lat. Long. Sampling Dates

Lake Name Reference  Class Bank (N) (W) Inund Isol

Orinoco lakes

Castillero 1 CAST D R 7°38'30" 66°09'00" 3 1
La Teja 2 TEJA D R 7°39'06" 66°08'30" 3 -
Bartolico 3 BART D R 7°38'30" 66°07'00" 3 1
La Sapoara 4 SAPO C R 7°48'00" 65°43'20" 4 -
Cafio Uyape 5 UYAP SC R 7°48' 00" 65°42'30" 4 -
Guaipure 6 GUAI D R 7°36' 30" 64°56’' 00" 2 -
La Esperanza 7 ESPE C R 8°01'00” 63°51'20" 4 -
Cafio Largo 8 CLAR C R 8°01'00” 63°51'35" 4 -
Maldonado 9 MALD D R 8°06' 00" 63°46’00" 4 1
Piedra Rajada 10 PRA] D R 8°08’ 15" 63°36'45" 4 -
Cafio Caramacate 11 CARA C L 8°10' 15" 63°37'00" 4 1
Curita 12 CURI D L 8°09'20" 63°35'50" 4 1
Playa Blanca 13 PBLA D L 8°09'15” 63°35'10" - 1
La Orsinera 14 ORSI D L 8°09' 25" 63°34'30" 14* 2%
Tineo 15 TINE D L 8°11'25" 63°28'20” 15* 2*
Terecaya 16 TERE SC L 8°11'25" 63°27'30" 15* 2%
Aguilera 17 AGUI SC L 8°11’25" 63°26'40" 15* 2%
Pampano 18 PAMP SD L 8°11'40” 63°26'40” 15* 2%
La Pifia 19 PINA D L 8°12' 15" 63°26'00" 15%* 2%
Palmarito 20 PALM D R 8°11/40" 63°22'20" 4 1
La Tigra 21 TIGR D R 8°11'40" 63°20'20" 4 -
Merecure 22 MERE D R 8°12'50” 63°17'25" 4 1
Caunra Lakes

Paso Acosta 23 PACO D R 7°21'50” 65°11'35" 3 1
Paramuto 24 PARA D R 7°33710" 65°00'00" 4 1
Paramuto Forest 25 PFOR - R 7°33/50” 65°00'00" 4 -
Madera 26 MADE D R 7°33'40" 65°00'55" 3 1
Masaraca 27 MASA D R 7°36' 20" 64°53' 00" 4 -
Cafio Masaraca 28 CMAS R 7°37'35” 64°51'20" 4 -

* These sites were sampled during 1984 (inundation) and 1985 (isolation). The remain-
ing sites were sampled during 1986 (inundation) and 1988 (isolation). During inunda-
tion, Lake Orsinera was sampled on 2 dates for analysis of major ion chemistry and on
14 dates for analysis of all other variables.

variation in turbidity across the lakes. For this reason, in contrast to the method used
for oceanic embayments and large lakes (Hakanson 1981), we placed the central point of
the radials at the windward end of the lake shore rather than at the center of the lake.
Some lakes are channel-shaped, and will hereafter be referred to as channel lakes
(ratio of length to width > 5). Other lakes are referred to as dish lakes. Channel lakes are
formed and maintained by flowing waters, although flow may occur for only several
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Table 2. Morphological characteristics of the sampling sites. All data are for the isolation

phase except maximum depth and water flow, which pertain to inundation. Flow refers

to the presence of surface currents during inundation; when currents were noticed, they
usually ranged from 5-20 cm s~ 7.

Max. Max. Effect.  Max. Min.
Length Width L:W  Area  Fetch  Depth Depth
Site (km) (km) Ratio (km?) (km) (m) (m) Flow
Orinoco lakes
CAST 2.7 1.7 1.6 2.57 1.09 8 1.7
TEJA 2.3 0.6 3.7 0.67 0.67 7 -
BART 2.7 1.0 2.6 1.55 0.80 7 1
SAPO 2.2 0.2 11.0 0.47 - 14 - yes
UYAP 7.0 1.3 5.5 15.26 - 31 15 yes
GUAI 23 0.9 2.7 1.23 1.01 13.7 -
ESPE 2.8 0.2 14.5 0.42 - 10 - yes
CLAR 1.7 0.1 26.5 0.19 - 11 - yes
MALD 39 0.8 49 1.98 1.02 8 0.5
PRA] 07 0.6 12 033 - 7 0
CARA 1.0 0.2 7.0 0.23 0.34 10 0.6 yes
CURI 0.4 0.1 39 0.03 0.13 8 0.5
PBLA 0.5 0.2 25 0.09 0.41 4 0.5
ORSI 0.6 0.3 2.2 0.11 0.44 6 1
TINE 2.6 1.3 1.9 2.29 1.23 6 0.7
TERE 0.6 0.1 5.6 0.05 0.19 5.5 2 yes
AGUI 0.9 0.1 6.5 0.10 0.23 6.5 2 yes
PAMP 0.3 0.1 22 0.02 0.15 4.5 1
PINA 2.4 16 1.5 212 117 6 1
PALM 1.3 0.8 1.6 0.78 0.65 7 -
TIGR 1.1 0.5 2.1 0.40 0.68 5 -
MERE 1.6 0.8 2.0 0.78 0.72 6 0.4
Caura lakes
PACO 0.4 0.3 1.5 0.05 0.21 5.5 0.85
PARA 2.0 1.4 1.4 1.60 0.94 13.8 3.4
PFOR* - - - - - 8.3 -
MADE 1.0 0.8 1.3 0.46 0.31 10.5 0.2
MASA 3.7 1.1 33 2.85 1.25 13.3 -
CMAS* - - - - - 13.0 - yes

* Flooded forest sites without discrete boundaries; morphometric variables do not
apply.

months of the year. Dish lakes have gently sloping basins because they are formed in
areas of sedimentation. Channel lakes are often deeper than dish lakes, and they have a
lower ratio of surface area to volume. During inundation, some lakes receive most of
their water from adjacent lakes rather than directly from the river; we define these lakes
as serial lakes, and they can be either channel or dish lakes. Lakes Terecaya and Aguilera
and Cafio Uyape are serial channel lakes. Lake Pampano (Fig. 1) is the only serial dish
lake that was sampled. Serial lakes are most abundant in the more extensive floodplain
areas located upriver.
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The data are a composite of samples taken in different years (Table 1). Five lakes
located in close proximity to each other (Tineo, Terecaya, Aguilera, Pdmpano, and
Pifia; Fig. 1) were sampled at weekly or monthly intervals from June 1984—June 1985.
We present time series for the chemistry of the five adjacent lakes and calculate mean
values for chemical variables during inundation (July—November; 15 dates) and at the
end of isolation (April—May; 2 dates) for comparison with other lakes. In addition to
these lakes, we sampled 21 sites during inundation in 1986; most of the data presented
here are means for 3—4 samplings performed at regular intervals between 31 July and 12
November. Additional isolation-phase data were collected in April 1988 from 12 lakes
that had also been sampled during inundation in 1986. One lake (Tineo) was sampled at
inundation and at isolation for three years; data for this site give an indication of inter-
annual variation in lake chemistry.

Lakes were sampled in the center of the open-water area, where the water was
usually deepest. We measured profiles of temperature (thermistor) and dissolved oxy-
gen (polarographic electrode). Light penetration was estimated with a Secchi disk.
Water was collected either as an integrated sample of the euphotic zone with a flexible
plastic tube (1984—85) or from a depth of 0.5—1m with a Van Dorn sampler
(1986—88).

Samples were stored in a dark cooler and filtered within several hours of collection
with tared Whatman GF/C glassfiber filters (effective pore size, about 0.7 um; SHELDON
1972), which were then dried at 65 °C and reweighed to provide an estimate of total par-
ticulate material. Organic carbon on the filter (particulate C) was measured with a Carlo
Erba elemental analyzer. For the isolation-phase samples, we estimated the concentra-
tion of organic particulate material as 2.5 times the concentration of particulate carbon
(CaHILL et al. 1987); subtraction of this estimate from total particulate material yielded
an estimate of the concentration of inorganic particulate material. Inundation-phase data
are given as total particulates because particulate carbon was not determined in those
samples. Additional GF/C filters containing particulate material were analyzed for par-
ticulate phosphorus by the method of SoL6rzaNO & SHare (1980) and for chlorophyll-a
by ethanol extraction, followed by spectrophotometric measurement with correction
for phaeopigments (MARKER et al. 1980, NuscH 1980).

Specific conductance (25°C), pH, and total alkalinity (incremental titration:
WeTzEL & LikeNs 1979) were determined in the laboratory on unfiltered water, and all
other solutes were measured in filtered samples (Whatman GF/C). Samples were an-
alyzed for labile soluble components (pH, alkalinity, and inorganic nutrients) on the
day after collection for most samples. However, for the 1988 isolation-phase samples,
pH and alkalinity were measured after several months of storage. The sum of nitrate and
nitrite (hereafter referred to as nitrate) was determined by cadmium-copper reduction of
nitrate followed by colorimetric analysis of nitrite (Woob et al. 1967); occasional an-
alyses indicated that nitrite remained below the detection limit (1 ugL~!). Ammonium
was analyzed by the phenolhypochlorite technique (Harwoop & Kunn 1970). Soluble
reactive phosphorus (SRP) was determined by the ascorbic acid-molybdate method
(MurpHy & RiLEY 1962), and total soluble phosphorus (TSP) was analyzed by persulfate
digestion, followed by analysis for soluble reactive phosphorus (VaLDErrAMA 1981). Fil-
tered samples were also analyzed for calcium, magnesium, sodium, and potassium by
flame atomic absorption (after acidification to below pH 2 and addition of La,O3 and
CsCly), and for chloride and sulfate by ion chromatography (unacidified subsamples).
Silicon was determined in some filtered samples by a colorimetric molybdate analysis
(ARMSTRONG & BUTLER 1962).
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Collection and analysis of atmospheric deposition and local runoff

Samples of bulk atmospheric deposition were collected at biweekly intervals from
collectors of the type described by Lewis & Gran (1978), located 10 m above ground in
open areas. One collector was sampled during 198485 at a site several km upriver from
Ciudad Bolivar; another one near the mouth of the Caura River was sampled during
1982—83. The collector surface was rinsed with a measured volume of deionized water
when the sample was collected to wash any dry deposition that had accumulated on the
surface into the sample. The samples were filtered and analyzed for major ions by
methods similar to those used for analysis of lake samples. We sampled streams in the
vicinity of Ciudad Bolivar for analysis of major ions on several occasions (see Results for
sampling sites and dates).

Analysis of mixing systems using trilinear diagrams

Trilinear diagrams provide a graphical method for analyzing postulated mixing
ratios using major ion chemistry as a tracer (PpErR 1953, Morris et al. 1983, Hem
1985). Ion concentrations (as meqL ™ ') are expressed as a percentage of the total equi-
valents of cations or anions. The cation and anion data are plotted separately with
triangular coordinates in the two lower fields; projection of these two points into the
upper field yields a single point that represents the ionic composition of the sample.
Where the major ions behave conservatively, mixtures formed from a combination of
sources will plot within the polygon defined by the source chemistry in the upper
field. Mixing proportions can be determined for mixtures of two or three sources from
the position of the mixture relative to the sources, assuming that all major sources
have been plotted.

Results

Chemical patterns during inundation

Concentrations of major cations during inundation were similar among
lakes in close proximity to each other (Table 3), and were not highly variable
over the course of the sampling period at a given site, as indicated by the coeffi-
cients of variation (means, 8—16 %). Chloride and sulfate were more variable
among lakes. Ion concentrations tend to increase in the downriver direction;
specific conductance confirms this trend.

In the lakes of the Caura River floodplain, major ion concentrations were
lower than those in lakes of the Orinoco (Table 3), reflecting the lower ionic
strength of the Caura River (Lewis et al. 1987). Ionic proportions also differ be-
tween the Orinoco and Caura lakes; on the basis of charge equivalents, Ori-
noco waters are dominated by calcium and bicarbonate, while those of the
Caura are sodium-bicarbonate waters. Concentrations and proportions of ions
for Lake Guaipure, which is located on the left bank of the Caura at its con-
fluence with the Orinoco (site 6 in Fig. 1), indicate that this lake contained
water from the Orinoco during inundation. For this reason, Lake Guaipure is
listed with the Orinoco sites.
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Table 3. Major ion concentrations (means with coefficients of variation in parentheses;
mg L~"), pH, and specific conductance (uS cm~'; 25 °C) in floodplain lakes during in-
undation.

Na*t  K* Ca?t  Mg*t I SO42~ HCO3;~ pH Spec. Cond.
Orinoco lakes

CAST 0.80 (14) 0.73 (14) 1.27( 7) 0.42( 9) 0.38(29) 0.44( 9) 7.32(18) 6.2 15.3 (11)
TEJA 0.80 (15) 0.75(19) 1.33 (10) 0.47 (11) 0.37 (35) 0.47 ( 18) 7.52(14) 6.1 15.8 (13)
BART 0.83(17) 0.68 ( 6) 1.27( 7) 0.42( 6) 0.35(10) 0.58 ( 11) 6.71( 7) 6.2 150 ( 9)
)
)

SAPO 079 (16) 0.63 ( 8) 1.40(10) 0.45(12) 0.29(21) 0.73 ( 16) 6.56 (18) 6.1 15.6 (18)
UYAP 1.16 (37) 0.68 (13) 1.23 (12) 0.46 (11) 0.33 (26) 0.44 ( 39) 8.13(20) 6.2 15.5 (19)
GUAI 0.87( 2) 0.65(10) 1.24 ( 1) 0.42( 6) 0.98 (68) 0.44 ( 99) 5.86( 8) 6.3 14.3 ( 2)
ESPE  0.89(12) 0.76 ( 5) 2.07 ( 8) 0.67 ( 7) 0.41(17) 1.31( 9) 10.22(10) 6.1 20.9 ( 6)
CLAR 0.94(22) 0.72( 2) 2.07( 9) 0.63( 8) 0.37 (18) 1.43( 27) 9.76 (15) 6.2 21.3 ( 7)
MALD 0.94 ( 9) 0.90 ( 9) 2.28( 5) 0.76 ( 6) 0.50 (17) 1.13 ( 30) 11.59( 5) 6.3 23.9 ( 6)
PRAJ 1.24 (28) 0.97 (20) 2.41(20) 0.73 (10) 0.72 (40) 0.89 ( 27) 12.20(22) 6.2 24.0 (14)
CARA 1.08 (14) 0.97 ( 3) 2.96 (10) 0.93 ( 9) 0.59 (17) 1.63( 10) 14.02(15) 6.2 29.8 ( 9)
CURI 1.24( 8) 1.30( 4) 2.78 (12) 0.98 (11) 0.88 (30) 1.42( 15) 14.94(15) 6.1 30.1 ( 9)
ORSI  1.08 ( 6) 1.16(23) 3.24 (10) 0.96( 9) - - - -

TINE 1.18 (14) 0.77 (17) 3.00 ( 5) 0.73 (10) 0.69 (42) 1.90 ( 25) 11.32(17) 6.5 31.3 ( 9)
TERE 1.13 (14) 0.82(20) 3.03 ( 5) 0.72( 6) 0.68 (51) 2.02( 29) 11.77 (16) 6.4 31.1 ( 8)
AGUI 1.14 (14) 0.82 (12) 3.01( 5) 0.72( 6) 0.68 (44) 1.87 ( 19) 11.47 (19) 6.5 31.0 ( 8)
PAMP 1.22(28) 0.84(21) 3.05(10) 0.74 (15) 0.75(75) 2.08 ( 43) 11.63 (21) 6.5 31.6 (17)
PINA 1.11( 8) 0.80( 6) 2.98( 7) 0.71( 4) 0.64 (36) 2.16 ( 21) 11.26 (19) 6.7 29.6 ( 9)
PALM 1.18 (23) 0.92 (14) 2.44 ( 9) 0.76 ( 9) 0.63 (36) 1.18( 29) 12.20(19) 6.1 27.7 ( 5)
TIGR  0.94 (10) 0.89 (14) 2.54 (13) 0.80 (13) 0.45(16) 1.09 ( 24) 12.65 (22) 6.4 24.8 (12)
MERE 1.08 (20) 0.99 (15) 2.57 (11) 0.85 (12) 0.66 (28) 1.01( 51) 13.57 (19) 6.2 25.9 ( 9)
Means 1.03 (16) 0.84 (12) 2.29( 9) 0.68 ( 9) 0.57(33) 1.21( 28) 10.53 (16) 6.2 23.7 (10)

Caura lakes

PACO 0.90 ( 4) 0.50(13) 0.41(21) 0.19 (13) 0.60(79) 0.03 ( 79) 4.31(12) 5.9 9.8( 9)
PARA 0.95(10) 0.61( 5) 0.54( 5) 0.23 ( 4) 0.22( 2) 0.14 (126) 4.43(10) 6.2 9.9 (10)
PFOR 0.96 ( 4) 0.60( 7) 0.53( 6) 0.23 ( 4) 0.27 (16) 0.05 ( 43) 4.09 (10) 6.1 10.0 ( 8)
MADE 0.98 ( 3) 0.61( 8) 0.53( 4) 0.23( 6) 0.30(39) 0.04 (124) 4.12( 9) 6.2 10.3 (10)
MASA 0.80 (44) 0.62 ( 4) 0.70 (20) 0.27 (11) 0.25( 5) 0.17 ( 67) 4.97 (1) 6.1 11.4 ( 7)
CMAS 0.96( 9) 0.62( 5) 0.64(12) 0.26 ( 9) 0.24( 3) 0.13( 57) 4.33( 4) 59 11.0( 6)
Means 0.92 (12) 0.59 ( 7) 0.56 (11) 0.23 ( 8) 0.31(24) 0.09 ( 83) 4.38( 9) 6.0 10.4 ( 8)

All lakes were below saturation for dissolved oxygen during inundation
(oxygen solubility at 26—29 °C: 8.1—7.7 mg L ~!) (Table 4). Although thermal
stratification was common in the lakes during inundation, none of the lakes
was consistently anoxic in the hypolimnion during inundation. Thermal and
dissolved oxygen profiles varied considerably within and among sites during
inundation, and appeared to be strongly influenced by the variable patterns of
riverine through-flow in the lakes (HamiToN & Lewis 1987, HaMiLTON et al.
1990). An increase in dissolved oxygen concentration with depth was observed
on two dates in Lake Guaipure, and has been noted in other lakes on a few
occasions; these anomalous oxygen profiles might result from advection driven
by riverine inflows, or from differential heating of the lakes.

26 Archiv f. Hydrobiologie, Bd. 119
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Table 4. Dissolved oxygen (0.5 m below surface and 0.5 m above bottom; concentrations

in mg+ L~1), total particulates (mg - L™ !), Secchi depth (m), chlorophyll-a (ug - 1-1), and

nutrients (ug - 17') in floodplain lakes during inundation (means with coefficients of va-

riation in parentheses). SRP — soluble reactive phosphorus; TSP - total soluble phos-
phorus.

Dissolved Oxygen 1pq)

Surface Bottom Partic. Secchi Chl-a NO3~ NH4t SRP TSP  Partic. P
Orinoco lakes
CAST 5.1(5) 34(27) 42( 4) 13(14) 80(26
TEJA  41(17) 30(16) 3.5(37) 13(13) 9.6( 48
BART 45(11) 25(29) 44(26) 1.1(12) 79(1
SAPO  35(24) 22(94) 169( 13) 0.4(10) 56(9
UYAP 49(24) - 8.8( 43) 09(39) 17.7( 63
GUAIL 29(12) 36( 4) 21(30) 14(7) 75( 0) 7(53) 14(13) 7(7) 14(9) 13(5)
ESPE  4.1(10) 3.4( 7) 13.5(25) 04(20) 2.1(39) 57( 33) 22(15) 12(11) 19(13) 16 (17)
CLAR 49(9) 3.8(22) 163(28) 0.4(20) 24( 44) 60( 34 13(13) 11(22) 17(18) 19 (17)
MALD 52(12) 29(36) 69(25) 1.0(10) 17.2( 44) 12(134) 14(30) 11(12) 18 (24) 21 (25)
PRA] 3.1(#4) 16(97) 63(26) 09(14) 6.1( 35 12(108) 14(29) 8(37) 18(25) 16 (27)
CARA 3.4(24) 29(15) 198( 23) 05(27) 22(27) 50( 37) 15(23) 16(13) 22(11) 23 (33)
CURL 38(55) 25(59) 56(50) 1.2(40) 57(51) 9(105 13(15) 8(29) 17 (13) 13 (34)
ORSI - - 135 (106) - - 4(143) 70 (41) 10(72) 22(65) 29 (37)
TINE 65(13) 3.9( 29) 14.9(37) 0.6(36) 13 (144) 70(36) 7(58) 17(36) 28 (16)

) 6(56) 20(25) 6(27) 13(9) 11(11)
) 9(47) 17(6) 8(30) 15(22) 13 (23)
) 21( 47) 16(21) 11(43) 18(31) 9 ( 5)
) 45( 22) 20(16) 10(21) 21(40) 18 (50)
) 24(47) 14(19) 7(29) 16(37) 12 (24)
)

TERE 3.9(10) 3.6( 16) 16.0( 23) 0.5 (24) - 19( 62) 78(37) 7(45) 19(28) 26 (17)
AGUI 4.4(21) 3.5( 16) 16.8( 31) 05(20) — 22(62) 72(45) 7 (46) 19 (31) 29 (22)
PAMP 4.0(26) 29( 38) 14.7( 25) 0.6(26) — 16( 72) 61(30) 6(49) 19(21) 33 (33)
PINA 6.1(13) 3.3( 45) 12.3( 25) 0.7 (28) - 6( 95) 70(41) 7(45) 20(47) 26 (16)
PALM 3.0(13) 1.9(35) 6.9( 13) 0.8(30) 19.3( 97) 13( 74) 16(10) 9(50) 17 (30) 22 (29)
TIGR 53(8) 27(52) 10.8( 13) 07(17) 122( 60) 22( 95) 12(16) 11(24) 18(20) 20 ( 6)
MERE 4.4(15) 12(108) 85( 46) 0.9(22) 36.0( 60) 6( 66) 13(20) 10(37) 19(29) 34 (29)
Means 4.4 (18) 2.9( 39) 10.6( 31) 0.8(21) 10.6( 47) 21( 73) 31(24) 9(34) 18(27) 20 (23)

Caura lakes

PACO 4.1(20) 16(72) 9.2(105 1.7(
PARA 6.2(11) 3.5(64) 19( 28) 1.6(
PFOR 6.0(12) 2.1(92) 15(37) 2.0(
MADE 63(5) 56(14) 16(37) 1.8(
MASA 58(16) 3.1( 36) 2.0(50) 1.8(12
CMAS 52(7) 40(-) 14(33) 2.1(7
Means 5.6(12) 3.3(56) 29( 48) 1.8(14

) 37.0(127) 21( 89) 16(43) 4(89) 12(46) 22 (97)
) 6.4(96) 49(20) 13(19) 2(64) 8(31) 7 (28)
) 8.8(50) 34(57) 14(31) 1(81) 8(35) 5 (17)
) 3.8(55) 59( 3) 14(28) 1(72) 7(40) 6 ( 2)
) 5.9(59) 39(20) 13(22) 3(20) 9(14) 8(17)
) 5.9(69) 48(10) 10(14) 2(37) 9(10) 6 (33)
) 11.3( 76) 42( 33) 13(26) 2(60) 9(29) 9 (33)

In contrast to the major ions, concentrations of particulates and macronu-
trients were variable during inundation (Table 4), even among adjacent lakes,
and variation over time at a given site was often large. In several cases (e.g.,
lakes Maldonado, Merecure, and Paso Acosta), concentrations of chlorophyll-a
were particularly variable (Table 4). This variation was also evident from ob-
servations of water color in the field. The concentration of ammonium was
higher in 1984 than in 1986 (Table 4).

The Caura lakes were generally lower in total particulate material, higher
in nitrate and lower in all forms of phosphorus than the Orinoco lakes (Table
4). The exceptionally high mean concentration of chlorophyll-a in Lake Paso
Acosta resulted from a bloom observed on 27 September 1986, when the con-
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centration of chlorophyll-a was 103 ugL~!. This lake also differed from the
other Caura lakes because of its higher concentrations of particulate material
and phosphorus and lower concentration of nitrate.

Chemical divergence of lakes during isolation

Chemical data for the five lakes sampled throughout an annual cycle of in-
undation and isolation during 1984—85 illustrate the divergence of lake
chemistry that occurs after riverine through-flow ceases. These five lakes be-
came interconnected during inundation (Fig. 1), with substantial flow entering
from the river and passing between lakes through narrow tie channels. The
chemistry of these lakes rapidly converged during inundation as river water
flushed their basins. The overwhelming effect of flushing on lake chemistry
was quantitatively demonstrated for one of the largest lakes (Tineo) by Ha-
MILTON & Lewis (1987), through the use of a mass-balance model. Time series
of selected chemical variables for the five lakes will be presented here for the
period of chemical divergence, which began when riverine through-flow ta-
pered off in November and continued during the ensuing isolation phase.

Data on thermal and dissolved oxygen profiles for one of the dish lakes
(Tineo) and one of the channel lakes (Aguilera) were presented in Hamirton et
al. (1990), and are generally representative of the five lakes. Thermal stratifica-
tion and a lower concentration of oxygen near the bottom were usually observed
during isolation in the two channel lakes (Terecaya and Aguilera), while the
other three lakes were usually isothermal and evidently mixed more regularly.
Surface waters were commonly above saturation for dissolved oxygen during the
day in lakes Tineo, Aguilera, and Pdmpano. Water levels of the five lakes de-
creased steadily by evaporation after they became isolated from each other (Ha-
MILTON & LEwis 1987), falling 0.4—0.6 m between 28 January and 17 June 1985.

Time series of major ion concentrations in the five lakes over the course of
the isolation phase are shown in Fig. 3. At the beginning of this period (4 No-
vember 1984), all of the lakes were still interconnected, although Lake Pdm-
pano was no longer receiving water from adjacent lakes, and ion concentra-
tions in the lakes were similar. The first lake to diverge from the rest in ion
chemistry was Lake Pimpano, which was the first to become isolated. Lake
Pédmpano decreased in total ion concentration, primarily because of decreased
concentrations of calcium, magnesium, potassium, and bicarbonate; the sulfate
concentration increased. Lake Pifia was the next to diverge; it showed a large
increase in chloride and potassium concentrations in late November and De-
cember. During isolation, pH in the five lakes was variable but generally
higher than it was during inundation, occasionally exceeding 8.5 in several
lakes. By the end of the isolation phase, the five lakes varied considerably in
ion concentrations and proportions.
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Fig.3. Major ion concentrations and pH in five adjacent lakes during the period of
chemical divergence (drainage and isolation phases). Full names of lakes are given in
Table 1.

The lakes began the isolation phase with similar concentrations of in-
organic nutrients, but subsequently diverged (Fig. 4). The peak in SRP concen-
tration in all five lakes on 11 November 1984 occurred immediately after a
very large rainfall, and thus probably resulted from runoff. The larger peaks in
SRP and nitrate during February—April are less likely to have resulted from
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Fig. 4. Concentrations of soluble reactive phosphorus, ammonium and nitrate in five ad-
jacent lakes during the period of chemical divergence (drainage and isolation phases).
Full names of lakes are given in Table 1.

runoff, however, because rainfall was very low during this period. With regard
to surface-water connections, all of the lakes were isolated from each other and
from the river after early January. Vertical profiles of temperature and dis-
solved oxygen, which were measured three times per month during this pe-
riod, do not provide evidence for an unusual mixing event corresponding with
the dates of increase. Therefore, the increases are difficult to explain, but they
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do suggest that synoptic information on nutrient concentrations in these lakes
during isolation may not be obtainable from single sampling dates.

Concentrations of inorganic particulate material and particulate carbon in
the five lakes also diverged during isolation (Fig. 5). Resuspension of sediments
increased the concentration of inorganic particulates in lakes Tineo and Pifia
during late isolation (Table 2). However, the initial increase in inorganic par-
ticulates in Lake Pifia during January resulted not from resuspension but from
the entry of turbid water from neighboring lakes to the east; sediment re-
suspension in Pifia was probably not important until May and June. The data
on inorganic particulates do not show significant sediment resuspension in the
other three lakes.

During algal blooms, particulate carbon can be comprised largely of
phytoplankton biomass in these lakes (HamiLton & Lewts 1987). The concen-
tration of particulate carbon increased first in Lake Pdmpano, and remained
considerably higher in this lake than in the others throughout isolation; this
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Fig. 5. Concentrations of inorganic particulate material and particulate carbon in five ad-
jacent lakes during the period of chemical divergence (drainage and isolation phases).
Full names of lakes are given in Table 1.
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pattern and our direct observations of particulate material in the lake indicate
that its phytoplankton biomass was very high. In contrast, Lake Terecaya re-
mained low in particulate carbon.

Chemical patterns during late isolation

The time-series data presented above indicate that the maximum divergence
in the chemistry of floodplain lakes tends to occur late in the isolation phase,
particularly for the major ions and particulate material. This observation
provided the rationale for our choice of April—May as an appropriate time to
sample a larger variety of floodplain lakes. The survey sampling provides a syn-
optic view of the chemical patterns during isolation in floodplain lakes.

Table 5. Specific conductance (uS - cm™!; 25 °C), pH, and concentrations of major ions
(mg - L~")andsilica(mg - Si - L™ ') in floodplain lakes during late isolation (April - May).

Cond. pH HCOs;~ Cl= SO~ Ca®* Mgt Nat K* Si
Orinoco lakes

CAST 15 5.8 5.98 1.03 0.52 0.62 0.48 1.24 156 10
TEJA - - - - - - - -
BART 21 5.6 6.40 1.75 2.10 1.12 0.72 148 220 11
SAPO - - - - - - - - - -
UYAP - - - - - - - - - -
GUAI - - - - - - - - - -
ESPE - - - - - - - - - -
CLAR - - - - - - - - - -
MALD 52 5.8 8.00 3.43 8.32 2.55 0.93 262 194 18
PRA] - - - - - - - - -
CARA 40 6.2 10.38 2.71 1.91 2.52 0.74 262 1.11 5
CURI 433 4.1 0 39.5 137 12.7 6.50 352 6.40 16
PBLA - - - - - - - - -
ORSI 290 0.90 1.00 140 -
TINE 33 7.2 10.61 2.82 2.02 2.52 092 3.56 1.59 5
TERE 47 7.1 20.40 2.14 2.19 479 1.51 265 223 6
AGUI 45 7.6 19.00 2.30 1.90 4.11 1.10 3.00 1.00 -
PAMP 38 7.1 6.90 3.10 6.10 246 0.70 510 1.10 -
PINA 38 6.6 5.80 4.64 1.83 1.72 0.60 470 120 -
PALM 37 5.8 8.11 3.76 5.41 1.60 0.83 327 218 14
TIGR - - - - - - - - - -
MERE 113 5.4 6.77 7.08 25 495 2.12 460 1.88 20
Caura lakes

PACO 9 57 351 074 015 022 003 090 035 2
PARA 11 60 517 055 002 027 001 095 059 4
PFOR - - - - - - - - - -
MADE 30 57 5.12 196 022 040 0.1 29 133 05
MASA - - - - - - - - - -

CMAS - - - - - - - - - -
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Table 6. Inorganic particulate material and particulate carbon concentrations (mg - L=1),
Secchi depth (m), nitrogen (ug-N-L~") and phosphorus (ug-P-L~") in floodplain

lakes during late isolation (April - May).

Inorg. Partic. Partic.

Particc.  Carbon  Secchi NO;~ NH,* SRP TSP P
Orinoco lakes
CAST 63 14 0.10 - - - 140 76
TEJA - - - - - - - -
BART 415 8.0 0.0 - - - 155 299
SAPO - - - - - - - -
UYAP - - - - - - - -
GUAI - - - - - - - -
ESPE - - - - - - - -
CLAR - - - - - - - -
MALD 441 19 0.04 - - - 85 336
PRA]J - - - - - - - -
CARA 50 2.5 - - - - 36 47
CURI 19 33 0.40 - - - 13 5
PBLA 272 10 - - - - - -
ORSI 117 6.5 - 21 131 18 64 60
TINE 131 6.8 0.07 23 27 14 40 167
TERE 28 1.6 0.25 39 39 4 22 67
AGUI 22 12 0.20 4 31 1 17 77
PAMP 16 21 0.20 6 48 2 22 191
PINA 59 5.5 0.15 6 30 7 27 97
PALM 230 4.4 0.05 - - - 202 230
TIGR - - - - - - - -
MERE 375 11 0.05 - - - - 239
Caunra lakes
PACO 25 43 0.40 - - - 14 2
PARA 1 6.2 0.60 - - - 20 19
PFOR - - - - - - - -
MADE 92 21 0.10 - - - 45 263
MASA - - - - - - - -
CMAS - - - - - - - -

The results of the isolation-phase survey are presented in Tables 5 (major
ions and silica) and 6 (particulates and nutrients). We have included means for

the April—May data from the five lakes sampled in 1985 for comparison.

Fewer lakes were sampled during isolation than during inundation, and labile

nutrients were not determined in 1988. Thermal and dissolved oxygen profiles

indicated that the lakes were generally well-mixed during isolation, as expected
given their shallow depths at this time (Table 2). As with the five lakes sampled
during 1985, concentrations and proportions of major ions were variable

among lakes (Table 5). Silica also varied in concentration. The highest ionic

strength was found in Lake Curita, which by the time of sampling was reduced
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to a small, shallow pool surrounded by an extensive mud flat. Many lakes were
highly turbid because of sediment resuspension.

Interannual variation in lake chemistry

We have sampled Lake Tineo during inundation and isolation in three dif-
ferent years (Table 7). There was less interannual variation in chemistry during
inundation than during isolation. Major ions varied in concentration among
years, but ionic proportions were less variable. Nutrient concentrations varied
substantially between the two years for which data are available. Although sig-
nificant interannual variation is apparent, consistent seasonal differences are
clearly visible among years for some variables. In particular, the concentration
of total particulates was always an order of magnitude higher at isolation than
at inundation, and the dominant cation consistently changed from calcium at
inundation to sodium at isolation.

Chemistry of bulk atmospheric deposition and local runoff

Volume-weighted mean concentrations of major ions in atmospheric de-
position collected at Ciudad Bolivar and at the mouth of the Caura River are

Table 7. Interannual variation in chemistry of Lake Tineo. Isolation-phase samples are
from Apr—May and inundation-phase samples are from Jul-Nov. Part. = total particu-
lates (mg - L='); cond. = specific conductance (uS cm~!; 25°C); CV = coefficient of va-
riation, %. Major ion concentrations are in mg L~! and nutrient concentrations are in

pg-L7L
Isolation Inundation
1984 1985 1988 Mean (CV) 1984 1986 1988 Mean (V)

Dates 3 2 1 15 4 2

Ca?* 245 252 152 22(23) 300 277 275 28(4)
Mg+ 081 092 050 07(29) 073 083 080 08(0)
Na* 347 356 176  29(28) 118 109 135 1.2(8)
K+ 1.03 1.59 1.33 1.3 (15) 0.77 0.91 1.00 0.9 (11)
0,72 357 202 240 27(26) 190 156 161 17(6)
Cl- 4.62 2.82 2.21 3.2(31) 0.69 0.49 1.02 0.7 (29)
HCO;~ 105 106 73  94(16) 113 131 105 11.6(9)
pH 67 72 57  6l1(-) 66 63 66  65(-)
Cond. 379 330 273  327(13) 291 267 285 28.1(4)
NO;~ 100 23 - 61 (63) 13 12 - 12 (4)
NH,* 65 7 - 46 (41) 70 15 25 37 (65)
SRP 36 6 - 20 71y 7 10 - 9 (18)
TSP - 36 49 $ (15 17 19 - 18 (6
Part. P 138 97 221 152 (34) 28 18 - 23 (22)
Part. 175 148 359 227 (41) 149 103 236 16 (37)
Par. C 53 68 88  69(20) 1.6 13 10 13 (19
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Table 8. Volume-weighted mean concentrations of major ions in bulk atmospheric de-
position collected near Ciudad Bolivar and near the mouth of the Caura River. Units are

mg-L~1
Ciudad Bolivar Caura
Annual: Dry Season: 20-mo. Mean:
10 May 83— Jan-Jun 21 Jun 82—
16 May 85 1984 and 1985 29 Feb 84
Ca?t 2.87 1.13 0.14
Mg?+ 0.74 0.49 0.03
Na* 6.33 3.58 3.09
K+ 1.38 1.38 0.16
Cl- 15.37 7.88 4.90
SO,2- 5.56 2.81 0.75
HCO;~ 0.20 1.04 0

Table 9. Concentrations of major ions in local streams in the vicinity of Ciudad Bolivar.
Bicarbonate was not determined. Units are mg -1~ 1.

Stream Ca?* Mg+ Na* K+ Cl- SO2-
Quebrada El Chorro! 2.42 2.89 21.4 11.3 - -
Morichal Aracaic? 0.21 0.21 1.38 0.65 2.08 1.38
Rio Carap33 0.2 0.3 3.2 1.1 5.19 0.36
Morichal Pardillal 0.2 0.3 3.0 1.5 5.20 0.36
Rio Carmona® 0.2 0.3 3.1 0.9 5.57 0.27

! Ephemeral first-order stream flowing into Lake Pifia; sampled 23 Nov 1984.

2 Perennial first-order stream flowing into Lake Maldonado; sampled 16 Jul
and 16 Oct 1986.

3 Perennial second-order streams flowing into the floodplain to the east of
Lake Pifia; sampled 13 Oct (Carapa) or 22 Oct 1988.

summarized in Table 8. At both sites, sodium and chloride are the dominant
ions in atmospheric deposition throughout the year. Ion concentrations are
lower in atmospheric deposition at the Caura site (LEwrs et al. 1987). Samples
collected from several local streams indicate that local runoff is also dominated
by sodium and chloride, and resembles atmospheric deposition in ionic
proportions (Table 9). Atmospheric deposition and stream runoff differ sub-
stantially in ion chemistry from the Orinoco River, in which calcium and bi-
carbonate ions dominate.

Discussion
Patterns in lake chemistry during inundation
During inundation, the hydrologic dominance of the river results in a

tendency toward uniformity in major ion chemistry among lakes. Concentra-
tions of major ions were similar in adjacent lakes of variable morphometry and
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water residence times (as indicated by presence or absence of currents), suggest-
ing that the major ions were not strongly affected by processes within the lakes
at that time. The observed increase in ion concentrations in lakes in the
downriver direction could therefore reflect differences in the chemistry of
river water entering the lakes or, alternatively, it could reflect a gradient in the
proportions of water from different sources in the floodplain lakes. In addition
to the river, potentially significant water sources include local rain and runoff.
To understand chemical patterns in the lakes during inundation, we must first
address this question of potential water sources.

A downriver increase in the ionic strength of river water along the right
bank could result from progressively greater lateral mixing of water of higher
ionic strength from the left-bank tributaries (Meta and Apure rivers: Fig. 1)
with water along the right bank. MEapE et al. (1983) presented data on sus-
pended particulates to show that water from the Meta and Apure can travel in
the Orinoco main channel to below the Caura River without full lateral mix-
ing. LEwis & SAUNDERS (1984) showed cross-section heterogeneity in major ion
chemistry as far downriver as Cuidad Bolivar.

An alternative explanation is that the gradient is caused by a decreasing in-
fluence of rainfall (and hence local runoff) in the downriver direction. Mean
annual precipitation decreases from >1600mmy~! in the upriver section to
ca. 900 mmy ~! in the downriver section (MARNR 1983).

The disparity in major ion chemistry between local water (atmospheric de-
position and stream runoff) and Orinoco River water provides an opportunity
to use major ion concentrations as hydrologic tracers of these water types. Dis-
charge-weighted means for major ions in the Orinoco above the Apure and in
the Apure and Caura rivers were calculated for the high-water period
(August—October 1982—85, from Lewrs et al. 1987, Lewis 8 SAUNDERs 1989,
and Saunpers & Lewis 1989). A floodplain lake will receive water from the
three river components plus an unknown amount of local water. We have
plotted the ionic composition of the three river components and of at-
mospheric deposition and local runoff (potential sources) together with that of
the floodplain lakes (mixtures) in Fig. 6.

All of the lakes plot close to the triangle defined by the three riverine
sources and do not show a detectable influence of local water on their ionic
proportions. We conclude that the downriver increase probably results from
delayed mixing of tributary influents across the main channel, which in turn
causes a downriver gradient in the ionic composition of river water entering
lakes along the right bank. A similar gradient probably exists for particulate
material and nutrients in water entering the lakes; the Apure and Meta rivers
are more turbid and richer in inorganic nitrogen and phosphorus than water of
the upper Orinoco (SAUNDERs & LEwis 1989, Lewis & SAUNDERs 1989).
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Fig. 6. Trilinear diagram comparing the ionic proportions in floodplain lakes at inunda-
tion with those of potential sources of water.

Variation among lakes in particulate material and nutrients (N and P) dur-
ing inundation is related to differences in their morphology. Scatterplots of
these variables separate Caura lakes from Orinoco lakes, and Orinoco dish
lakes from Orinoco channel lakes (Fig. 7). Serial channel lakes plot close to
dish lakes because they receive water from dish lakes upstream in the flow path
across the floodplain, and thus reflect the chemistry of dish lakes.

Flow paths across the floodplain and water residence times in individual
basins appear to determine the degree that floodplain processes cause chemical
changes in river water. Concentrations of labile nutrients and particulates in
channel lakes during inundation are similar to those of the source water from
the river. Dish lakes show the greatest deviation from the source water. The
Orinoco dish lakes show pronounced sedimentation of particulate material,
loss of nitrate, and growth of phytoplankton. Similar changes occur in channel
lakes, but only after the rate of through-flow declines and the lakes become
isolated (HamiLTON et al. 1990).

Lower amounts of particulate material and of soluble and particulate phos-
phorus in the Caura River are reflected by the chemistry of the Caura lakes, al-
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Fig.7. Scatterplots showing the relationships between nitrate, total soluble phosphorus,
chlorophyll-a, and total particulate material in floodplain lakes during inundation.

though the river supplies appreciable nitrate (LEwis 1986). The concentration
of nitrate remained relatively high during inundation in the Caura lakes,
which are dish lakes, in contrast to the nitrate depletion observed in Orinoco
dish lakes. The chlorophyll-a concentration remained low in the Caura lakes.
Lake Paso Acosta, in contrast to other Caura lakes, had higher concentrations
of inorganic turbidity and phosphorus and greater algal growth, probably due
to the influence of a perennial stream that flows into the floodplain near this
small lake.

The persistence of nitrate and lower accumulation of phytoplankton bio-
mass in the Caura lakes is surprising, particularly because light transmission in
these lakes was higher than in the Orinoco lakes (Table 4), and suggests that
low concentrations of phosphorus, rather than nitrogen, may limit auto-
trophic production in the Caura lakes. Caura lakes lack floating vascular plants
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such as Paspalum repens and FEichornia crassipes, which are abundant
throughout the Orinoco floodplain. Phosphorus availability may limit the
growth of aquatic vascular plants as well as algae on the Caura floodplain.
Comparable nutrient limitation may exist in the floodplain of the Rio Negro
(ScumipT 1972, GOULDING et al. 1988) in Brazil.

If atmospheric exchange is the principal source of oxygen to the lakes
(MeLack & FisHer 1983), oxygen depletion in bottom waters should be di-
rectly related to the depth of the water column and inversely related to the ef-
fective fetch of the lake. The vertical gradient in dissolved oxygen concentra-
tion during inundation (Table 4) provides a measure of depletion of dissolved
oxygen. Through-flow controls the concentration of dissolved oxygen in chan-
nel lakes. Among dish lakes, linear regression analyses indicate that depletion
of dissolved oxygen is not significantly related to fetch or to maximum depth,
although a weak but significant relation is found between the oxygen gradient
and the ratio of effective fetch to maximum depth (EF : Z,,.x; Fig. 8). The sub-
stantial scatter around the regression line in Fig. 8 is probably explained by
variability in water residence times among dish lakes. The dissolved oxygen gra-
dient in floodplain lakes is thus difficult to predict from morphometric measure-
ments made from maps unless information on lake depths is also available.

Causes of chemical divergence during isolation

Although evaporation is responsible for much of the observed increase in
ion concentrations in the lakes (HamiLTon & Lewis 1987), evapoconcentration
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Fig. 8. Relationship between lake morphometry and the gradient in dissolved oxygen

(D.O.) concentration between the surface (0.5-m depth) and the bottom (ca. 0.5 m above

bottom), for dish lakes during the inundation phase (squares = Orinoco lakes, pluses =

Caura lakes). EF: Zyax = ratio of effective fetch (km) to maximum depth (m; depth at

the center of the lake during its highest water level). The regression equation is
Y=748X+ 122
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of lake waters should lead to congruent increases in ion concentrations, at least
for those ions which are most conservative. Among the five lakes in Fig. 3, the
observed increases in ion concentrations are incongruent, which suggests that
the changes could be caused at least partly by influx of water with different
ionic proportions and higher concentrations of certain ions.

The continual contraction of the lakes during isolation increases their
ratio of surface area to volume, thereby increasing the relative contribution of
a rainfall or groundwater source. Although streams or shoreline seeps were
found only along Lake Pifia, local waters could have entered the other four
lakes during isolation by rainfall directly on the lake surface, by overland run-
off during storms, or by groundwater seepage. A water budget for one of the
lakes (Tineo) for this period (1984—85) showed that rain falling on the lake
surface was a small proportion of the total input of water to the lake during in-
undation, but was significant over the course of isolation (HamiToN & Lewis
1987).

Changes in major ion chemistry in the lakes during isolation reflect hydro-
logical processes, but the relative importance of these processes varies among
the five lakes (Fig. 9). Lake Pdmpano showed the greatest change in ionic
proportions, followed by Lake Pifia. Both of these lakes turned sharply in the
direction of change after 6 January. Lake Tineo changed less and its change was
unidirectional. Lakes Terecaya and Aguilera, which are small channel lakes
(Fig. 1), changed the least over the course of isolation. The ionic proportions
of atmospheric deposition and of streams are also plotted in Fig. 9. Rainfall, as
indicated by the size of the circles, was much greater in November and De-
cember than in the following months. Most of the November rain fell in a
single storm on 11 November. Upon our arrival at the lakes within hours of
this storm, it was obvious that much more rain fell at the lakes than at our col-
lector (14 km upriver) or at Ciudad Bolivar (9 km away); the circle in Fig. 9 is
thus a minimum estimate for November. The change in lake chemistry toward
that of the rainfall indicates that rain contributed significantly to the volume of
water in the lakes. In the two channel lakes (Terecaya and Aguilera), the
sudden change was followed by reversion to the original proportions by the
next week; these lakes were still being flushed with water that flowed out of
Lake Tineo.

Variation in the proportions of local water in the three dish lakes during
isolation may be explained by differences in morphology as well as in their rel-
ative positions on the floodplain. Lake PAmpano, which was most strongly af-
fected by local water, had the highest ratio of surface area to volume (ca. 1.5)
and is positioned at the edge of the escarpment (flood boundary in Fig. 1),
where runoff and groundwater inflows may be higher because of the greater
slope and soil permeability. Lake Pifia, which responded to a lesser degree, is
also along the scarp, but its ratio of surface to volume is similar to that of Lake
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Fig.9. Trilinear diagram showing changes in ionic proportions in five adjacent lakes

over the course of isolation (1984—85). The upper field of the diagram is enlarged in the

lower panel. The six lake sampling dates that are plotted here are 4 Nov (larger dot), 11

Nov, 18 Nov, 6 Jan, 25 Mar and 17 Jun. Volume-weighted means of precipitation

chemistry were calculated at approximately monthly intervals, and the diameters of the

circles are proportional to the amount of rain. The stream data are means for the
samples collected near these lakes during 1988 (Table 9).

Tineo (ca. 0.9). Lake Pifia also received water from adjacent lakes to the east,
where several perennial streams enter the floodplain, and hence it is subject to
the effects of storm runoff in an indirect and delayed manner. Lake Tineo may
have been least affected because it is not adjacent to the escarpment during
isolation and received no stream inflows. The relative importance of inputs of
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local water to the lakes is thus difficult to assess without detailed knowledge of
their basins and watersheds.

For the other Orinoco lakes, the direction of change in ionic proportions
from inundation to isolation is generally toward the ionic proportions of local
water, but substantial deviation is evident (Fig. 10). All of the lakes plot close
together during inundation, then show considerable spread by late isolation. In
particular, some lakes appear to gain sulfate (and lose bicarbonate) to a greater
degree than can be explained by mixing with local waters. Lake Curita (site 12)
and Lake Merecure (22) changed the most in ionic proportions; these two lakes
had the lowest pH (5.4 and 4.1) at the end of isolation. The source of sulfate to
the lakes may thus be sulfuric acid derived from mineral weathering. The three
Caura lakes for which data are available change in a different direction than do
the Orinoco lakes, and this change does not appear to be directed toward the
ionic proportions of atmospheric deposition collected at the mouth of the
Caura River (Fig. 11). We have no information on the chemistry of streams in
this area.

Rain — Ciudad
Bolivar

All lakes at +20 Rain — Caura

inundation 1+!

22 3++1

‘1'-‘+9 2012

- Ca Cl o

Fig. 10. Trilinear diagram comparing ionic proportions in a variety of Orinoco lakes at
inundation (dots; Jul—Nov 1986) and at late isolation (pluses; Apr—May 1988). Lakes
are identified by number in Table 1.

27 Archiv f. Hydrobiologie, Bd. 119
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Fig. 11. Trilinear diagram comparing ionic proportions in several Caura lakes at inunda-
tion (dots; Jul—Nov 1986) and at late isolation (pluses; Apr—May 1988). Lake 23 = Paso
Acosta; 24 = Paramuto; 26 = Madera.

Our observation that Orinoco floodplain lakes contain primarily river
water at inundation, then become influenced to a variable degree by inputs of
local water (rain and runoff) over the course of isolation is similar to the con-
clusions of ForsBerG et al. (1988) regarding floodplain lakes of the Amazon
River. There are, however, notable hydrological contrasts between these two
floodplain lake systems. The Amazon lakes sampled by Forsserg et al. are gen-
erally larger and are often fed by perennial streams draining large upland
basins. These lakes remain connected to the river throughout the year, and
tend to drain into the river during low water in response to local water inputs,
resulting in a flushing effect. Rainfall on the Amazon floodplain (ca.
2000 mmy~! at Manaus) is about twice that of Ciudad Bolivar on an annual
basis, and the dry season is much less pronounced (ScumibT 1972). For these
reasons, the Amazon floodplain lakes sampled by ForsserG et al. are more
strongly influenced by inputs of local water, and many become filled entirely
with local water by the end of the low-water phase, as these authors dem-
onstrated using alkalinity as a tracer of water sources. FOrsBerg et al. showed
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that the ratio of drainage basin area to lake area was proportional to the im-
portance of local inputs; we did not use this approach because for most Ori-
noco lakes it is difficult to define upland drainage basins in the flat mesas
flanking the floodplain, and because there is so little runoff during isolation.

Relation between sediment resuspension and lake morphometry

Sediment resuspension is significant because it affects light, temperature
and nutrient regimes (GABRIELsON & LukaTteLicH 1985, DEmERs et al. 1987, Ha-
MiLTON & Lewis 1987). The high turbidity that results can have both negative
and positive consequences for the aquatic biota (MELack 1985, GEDDEs 1988,
EncLE & MELack 1990). The intensity of resuspension is a function of several
variables, including the wind velocity, effective fetch, depth of the water col-
umn, and physical properties of the sediments in areas of potential resuspen-
sion (HAkaNsON & Jansson 1983). Despite the complexity of the pheno-
menon, CARPER & BacHMANN (1984) demonstrated that sediment resuspension
in a small lake was predictable from wind velocity.

We used the approach of Carper & BacHMANN (1984) to relate wind veloc-
ity to sediment resuspension in Lake Tineo, for which we have extensive data.
For floodplain lakes, wind velocity must be considered together with the con-
tinually decreasing water depth during isolation. Sediment resuspension in-
creased in intensity over the course of the isolation phase in Lake Tineo (Fig.
5). Wind velocity was not measured at Lake Tineo, but data are available for
the Venezuelan Air Force site in Ciudad Bolivar, located 9 km from the lake.
These data should reveal general patterns in the area. The mean wind velocity
(measured at Ciudad Bolivar) increased gradually until April and decreased
thereafter (Fig. 12); maximum wind velocity (range, 7—17 ms~!) shows a simi-
lar pattern. The wind during these months was consistently from the ENE
(Venezuelan Air Force, unpublished data).

The theoretical depth of the base of deepwater waves is defined as the
critical depth (Z.) because, as deepwater waves enter water below this depth,
the orbital paths of water motion contact the sediment surface and can cause
sediments to be resuspended. The energy available for resuspension increases
as the depth of the water column decreases further below the Z.. To estimate
the critical depth, we first calculated wave period (T, in s) from wind velocity
by the empirical equation given by the U.S. Army Coastal Engineering Re-
search Center (1977):

0.25
8T _ 120tanh |0.077 (552>
27U U

1

where g is the gravitational constant (9.8 m s~!s~!), U is the wind velocity

(m s~'; we used the mean from the 2 weeks prior to sampling) and F is the
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effective fetch (m). The wavelength (L, in m) was determined from wave period:

L&D
27
The critical depth was assumed to be one-half of the wavelength.
The critical depth exceeded the mean depth of Lake Tineo throughout the
isolation phase (Fig. 12), indicating that sediments could have been resus-
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Fig. 12. Wind velocity, critical depth (Z.), and sediment resuspension in Lake Tineo

during the 1985 isolation phase. Wind velocity data are daily means calculated from

measurements made at Ciudad Bolivar by the Venezuelan Air Force. Critical depth is
explained in the text.
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Fig. 13. Relationship between lake morphometry and the concentration of inorganic
particulate material at late isolation (squares = Orinoco dish lakes, triangles = Orinoco
channel lakes, pluses = Caura lakes). Resuspension of sediments elevates the concentra-
tion of inorganic particulates in many lakes at this time. EF: Zmin = ratio of effective
fetch (km) to minimum depth (m; depth at the center of a lake during its lowest water
level). The regression equation is Y = 182X + 27.64.

pended from much of the lake bottom. The lower panel shows the ratio of
critical depth to mean depth, superimposed on a plot of the concentration of
inorganic particulates during this period. As expected, the ratio of critical
depth to mean depth is directly related to the intensity of sediment resuspen-
sion because it reflects the increasing proportion of lake bottom from which
sediments could be resuspended. This relationship suggests that sediment re-
suspension is predictable from wind velocity, effective fetch, and mean depth
of Orinoco floodplain lakes.

The intensity of sediment resuspension in the other Orinoco floodplain
lakes may be predictable if the effective fetch and depth of lakes are considered
simultaneously, and if local variability in wind velocity is not great. For the
lakes surveyed during isolation in 1988, little relation is apparent between sedi-
ment resuspension and effective fetch (r* = 0.23) or depth (r* = 0.24), but the
relationship is improved using the ratio of effective fetch to depth (r*> = 0.56:
Fig. 13). Fetch determines the degree of wind-driven turbulence at the lake
surface, while depth determines the degree to which this turbulent energy con-
tacts the sediment surface. Consequently, some of the largest lakes may be too
deep for sediment resuspension, and the fetch of the shallowest lakes may be
too small for waves to develop.

Conclusions

Several important chemical and ecological characteristics of Orinoco

floodplain lakes are predictable from lake basin morphology. However, at the
% P rp gy

present time, information contained in maps or aerial photographs yields only
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very general predictions of lake characteristics, and prediction is better during
inundation than during isolation of the lakes. Knowledge of lake depths signif-
icantly enhances predictive capabilities, as does information on the flow paths
and chemistry of source waters for the lakes.

The distinction between dish lakes and channel lakes is useful in predicting
the characteristics of Orinoco floodplain lakes during inundation. Channel
lakes (length:width >5) have detectable currents and short water residence
times; their chemistry resembles that of the source water. When river water
flows directly into channel lakes, there is little change in suspended particulates
or in concentrations of labile nutrients, and phytoplankton growth is
negligible. The chemistry of serial channel lakes reflects that of lakes upstream
in the floodplain flow path. Dish lakes (length: width < 5) have relatively low
rates of water movement and longer water residence times. They deviate in
chemistry from the source water because of sedimentation of inorganic par-
ticulates, depletion of nitrate, and growth of phytoplankton. Also, dissolved
oxygen can become depleted in dish lakes.

Caura floodplain lakes that we sampled are dish lakes, but because of the
different chemistry of the source water, the extent of deviation from source
water during inundation is less marked than for Orinoco lakes. Phosphorus
limitation is probably significant in these lakes because of the extremely low
concentrations of phosphorus in the Caura River.

During isolation, local waters (rain and runoff) contribute significantly to
the water budget of many of the lakes. Lake morphology (particularly the
ratio of surface area to volume) is one of several determinants of the im-
portance of local waters to a given lake; other factors include position on the
floodplain relative to the escarpment and the presence of perennial streams.
Sediment resuspension occurs with increasing intensity over the course of the
isolation phase because of the continual decrease in lake depths. The intensity
of sediment resuspension in a lake is predictable from wind velocity, effective
fetch, and the mean depth of the lake. Variation among lakes in the intensity of
sediment resuspension during late isolation can be explained by variation in
the ratio of effective fetch to depth, which provides a convenient index for pre-
diction of sediment resuspension in Orinoco lakes.
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