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Abstract. The concentrations and transport of carbon, nitrogen, and phosphorus were studied
in the Apure River, Venezuela, over a period of 21 months. The drainage basin, which is in
western Venezuela, encompasses 167,000 km?, most of which has low relief and supports
tropical savanna vegetation. Average runoff for the period of study was 361 mm/year. Dis-
charge-weighted mean concentrations were 188 ug/l for total P, 957 ug/l for total N, and
9.8mg/l for organic C. Annual transport was 0.68kg-ha~'-year™' for total P,
3.45kg-ha~'-year™' for total N, and 35.4kg-ha~'-year~' for organic C. Particulate matter
accounted for 68% of P, 54% of N, and 37% of C transport. The yield of carbon from the
Apure watershed agrees well with empirical predictions, based mostly on the temperate zone,
for watersheds of similar size and water yield.

Seasonal patterns in chemistry are tied strongly to the hydrologic cycle. When the wet
season begins, rising water flushes organic matter from side channels and produces a sharp
increase in particulate C and N. Particulate P, which is associated more with mineral material,
also increases during rising water. All dissolved constituents except inorganic C also increase
over the rising-water phase. As the river inundates the floodplain, the concentration of nitrate
declines, whereas the concentrations of dissolved organic C and N continue to rise. At high
water the floodplain appears to store sediments that are later remobilized. During low water,
all fractions except dissolved inorganic C tend to be at minimum concentration.

Soluble reactive P, total dissolved P, dissolved inorganic C, and dissolved organic C were
successfully modelled as hyperbolic functions of discharge. No significant relationships were
found between concentration and discharge for any particulate fraction because the flushing
and storage mechanisms affecting these fractions occurred within specific hydrologic phases,
rather than as a smooth function of discharge. No significant relationships were found for any
nitrogen fraction. For nitrate, and thus for total dissolved N, of which nitrate is a major
component, poor conformance to standard models is explained by association of key mechan-
isms (e.g. uptake) with specific hydrologic phases. Particulate components and nitrate in this
sense violate the continuity assumptions implicit in the standard models.

Introduction

Weathering, leaching, and erosion contribute to the loss of nutrients from
watersheds, while biomass accretion and some abiotic processes cause the
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retention of nutrients. The relative importance of the two sets of factors may
vary seasonally under the influence of environmental variables such as
precipitation and temperature (Jordan 1985). From the viewpoint of nu-
trient export, seasonal tropical watersheds are particularly interesting in that
the seasonal variation of some important determinants of biological activity
(light and temperature) is small compared to the range of variation that is
typical of temperate environments (Lewis 1987). In contrast, precipitation
can vary greatly. Alternation of wet and dry seasons is likely to influence the
retention and loss of elements, but these effects may not be easily deduced
from information on ecosystems of the temperate zone, where light and
temperature vary simultaneously with moisture.

In relatively few cases has the export of carbon, nitrogen, and phosphorus
been studied in watersheds drained by tropical rivers (Meybeck 1982).
Attention has typically been focused on the largest rivers, such as the
Amazon (e.g. Richey et al. 1985) or Niger (Martins 1982), which are potenti-
ally important to global balances, but are of such great size that processes
may be obscured by the complexity of watershed geology and vegetation.
Studies of smaller watersheds such as that of the Gambia River, which
drains principally a savanna region in Africa (Lesack et al. 1984), or that of
the Caura River, which drains a tropical moist forest in Venezuela (Lewis
etal. 1986, Lewis 1986), may more readily yield information about processes
affecting export.

In this study we examine seasonal patterns of nutrient concentrations and
transport for carbon, nitrogen, and phosphorus in the Apure River of
Venezuela. The watershed of the Apure River provides an example of
tropical environments that are only moderately well watered, and that show
strong seasonality in moisture.

Site description

The Apure River drains an area of 167,000 km? in western Venezuela (Zinck
1977; Fig. 1). The headwaters of the Apure River are on the eastern flank
of the Andes. The river descends rapidly to the Llanos, an alluvial plain that
formed during the late Pleistocene over older marine sediments. Erosion on
the flat terrain has produced extensive braiding of the river channel. During
the wet season, much of the lower part of the watershed is inundated by
sheet flooding. The Apure floodplain differs from the typical fringing flood-
plain in its extent of coverage and in its pattern of flooding (Welcomme
1979).

An internal delta of approximately 5000 km? is formed by the Apure and
Arauca rivers where these low-gradient tributaries flow into the Orinoco
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River. When discharge is high in the Orinoco, a large, shallow lake forms
in the Orinoco between the mouths of the Capanaparo and Apure rivers that
backs up tributary flow (Meade et al. 1983). This partial ponding of the
water results in seasonal storage of large amounts of sediment (Meade et al.
1983).

The annual pattern of discharge in the Apure River (Fig. 2) shows the
influence of alternating wet seasons (April-November) and dry seasons
(December—April). River level changes 6-8 m from low water to high water.
A sequence of four hydrologic phases describes the relationship between the
river and the floodplain. Approximate temporal boundaries for the phases
‘can be based on the stage height measurements recorded at San Fernando
de Apure. During the low-water phase, which corresponds to stage heights
below 38 m, the river is not'in contact with the floodplain. The wet season
brings the rising-water phase, during which the river is still within its banks
(38—42m). At stage heights above 42m, the river inundates the floodplain
(inundation phase). Inundation begins in July, and peak discharges occur in
October or September. The water level then recedes and, when once again
within its banks, the river is in the falling-water phase (42-38m).

Precipitation in the basin ranges beteen 900 and 3000 mm/year; the area-
weighted mean is 1545 mm/year (1951-70; MARNR 1983). Calabozo,
which is in the northern part of the Llanos, and is probably typical of the
grasslands, receives about 1300mm of precipitation each year and loses
about 370mm as runoff (Ewel et al. 1976). The average flow of the Apure
is close to 2000 m®/s and, given a drainage area of 167,000 km?, water yield
from the entire Apure basin would be 378 mm/year. Mean runoff is thus
24% of mean precipitation.

Most of the Apure basin is a savanna with some areas of mixed forest-
savanna vegetation (San Jose et al. 1985); above 15% of the watershed is
above 500m in elevation and is mountainous. The Paspalum savanna (domi-
nated by P. fasciculatum) in the lower part of the basin has been used
traditionally as dry-season forage for cattle (Ramia 1967). Population den-
sity in the Apure basin is relativley low. San Cristobal in the Andes is the
only city with a population greater than 150,000, and only 5 other towns
have populations in excess of 25,000. Bank stabilization and flood control
levees are used near some larger towns to prevent damage. In general,
however, human influence is not extensive in the lower part of the drainage
and the relationship between river and floodplain is essentially natural.

Methods

Samples were collected near the mouth of the Apure River at 4-week
intervals from March 1984 to November 1985. Flow-weighted composite
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samples were collected over the river cross-section with a sampler of the type
described by Nordin & Skinner (1977), (see also Stevens et al. 1980; Nordin
et al. 1983). Samples were stored in a dark cooler for transport to a field
laboratory at Ciudad Bolivar. Samples were typically filtered within 12 h of
collection through Whatman GF/C glass-fiber filters, which have an effec-
tive pore size of 0.7 um (Sheldon et al. 1972).

Soluble reactive phosphorus (SRP) was determined by an acid-molybdate
method (Murphy & Riley 1962) and total dissolved phosphorus (TDP) was
measured by the same technique after digestion with persulfate in an auto-
clave at 121°C. The SRP fraction will typically include orthophosphate and
some organic phosphorus (Rigler 1968; Levine & Schindler 1980). Par-
ticulate phosphorus (PP) was retained on a pre-combusted filter, oxidized to
orthophosphate by pyrolysis, and measured by the acid-molybdate method
(Solorzano & Sharp 1980a).

Nitrate was reduced to nitrite with a cadmium-copper couple and meas-
ured by formation of an azo dye (Bendschneider & Robinson 1952; Wood
et al. 1967). Nitrite levels were measured occasionally and were found to be
negligible. Ammonium concentrations were measured in triplicate by a
modified Solorzano method (Grasshoff 1976). Total dissolved nitrogen
(TDN) was oxidized to nitrate with persulfate under alkaline conditions,
and nitrate was measured as described above (modified slightly from Solor-
zano & Sharp 1980b). Particulates were retained on a tared filter, dried at
60°C, and reweighed to the nearest 0.01 mg. Nitrogen content was measured
by a modified Pregl & Dumas method with a Carlo Erba Model 1106
Elemental Analyzer. The instrument was calibrated with reagent-grade
EDTA and performance was checked against orchard leaves (National
Bureau of Standards, Standard Reference Material No. 1571).

Alkalinity was used as a measure of dissolved inorganic carbon (DIC).
Unfiltered samples were titrated with 0.02 N H,SO, and the equivalence
point was determined potentiometrically by the method of Gran (Stumm &
Morgan 1981).

For measurement of dissolved organic carbon (DOC), an aliquot of
filtrate was placed in an ashed glass ampule to which potassium persulfate
and phosphoric acid were added. Contents of the ampule were bubbled with
inert gas to eliminate inorganic carbon. Ampules were then sealed and
autoclaved at 121°C. The CO, resulting from the digestion was measured on
a Hewlett-Packard 5840A gas chromatograph with a thermal conductivity
detector. Blanks and standards were prepared by the same procedures.
Glucose was used as a standard, and blanks were run with each set of
analyses. Particulate carbon on filters was analyzed with the Carlo Erba
Elemental Analyzer.
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Daily measurements of river stage height at San Fernando de Apure were
made available by the Venezuelan Ministerio del Ambiente y de los Recur-
sos Naturales Renovables. The use of a single rating curve was found to be
impracticable due to changes in channel characteristics when the river enters
the floodplain. smooth curves were fit by eye to calibration measurements
of discharge (N = 34) that were available over the range 37.445.0m.

Some interpolation of concentration data was necessary. Discharge esti-
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mates were available on each day of both years. For portions of a year not
sampled (January and February of 1984; December of 1985) values from the
other year were assumed to be representative; these times were just prior to,
or early in the low water phase, when chemical conditions are relatively
stable. Concentrations for days not sampled were estimated by linear inter-
polation between sampling dates. Transport was estimated as the product of
concentration and discharge on each day; annual transport was estimated as
the sum of daily values for each calendar year. Flow-weighted average
concentrations were computed as annual transport divided by annual dis-
charge.

Results
Flow regime and suspended load

Discharge of the Apure for the period of study was close to the long-term
average of 2000 m?/s (Table 1), and the two years were quite similar to one
another in terms of total discharge. The low-water phase occurred in March
and April in 1984 and from February through April in 1985. The start of the

Table 1. Concentrations and yield of P, N, and C for the Apure River, 1984-1985.

Concentration Concentration
Time-weighted Discharge-weighted Annual transport**
means* means*

1984 1985 Both 1984 1985 Both 1984 1985 Both

Soluble reactive P 399 362 381 46.1 419 439 0.16 0.16 0.16
Total dissolved P 50.5 545 525 570 622 597 020 023 022
Particulate P 1120 142.0 127.0 1340 1233 1284 047 046 046
Total P 162.5 196.5 179.5 191.1 1854 188.1 0.66 0.70 0.68
Ammonia N 373 335 354 428 422 425 0.15 0.16 0.5
Nitrate N 126.0 1554 140.7 131.0 140.1 1357 045 052 049
Total dissolved N 401.4 412.5 407.0 440.4 448.8 44438 1.53 1.69 1.61
Particulate N 5832 579.3 581.3 609.5 4219 5120 211 158 1.85
Total N 984.6 991.8 9882 1049.9 870.7 956.8 3.64 327 345
Dissolved inorganicC 152 139 146 126 11.8 122 4357 4417 4387
Dissolved organic C 4.9 5.0 5.0 62 62 62 2135 2313 2224
Particulate C 3.9 4.3 4.1 37 36 36 1298 1335 13.16
Total organic C 8.9 9.3 9.1 99 98 9.8 3432 3648 3540
Discharge 1835.7 1986.5 1911.1 347 375 361

* Units are mg/l for C, ug/l for N and P, and m’/s for discharge.
**Units are mm for water yield, kg-ha~'-yr~' for chemical fractions.
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rising-water phase was variable because of variation in the start of the rainy
season. The period from May through June is designated as the rising-water
phase because the river rose continuously during that time. As is apparent
from Fig. 2, however, some rise in water level occurred temporarily before
this, and such brief rises have considerable bearing on transport.

The concentrations of particulate matter were very sensitive to the initial
rise in stage height at the end of the low-water phase (Fig. 3). As soon as
stage height rose sharply above 38m, there was a marked rise in concentra-
tions of particulate material. In 1984 this flushing of particulates occurred
at the start of the rising-water phase, but in 1985 the increase in particulate
concentrations occurred early in April. Fig. 2 shows a sharp rise in stage
height in early April 1985 that was not sustained, but that caused the
increase of concentrations of particulate material. The rising-water phase
began in May, but the major flushing of particulates had already occurred
in April.

Inundation occurred in early July of both years. Discharge maxima
occurred in October of 1984 and September of 1985. Maximum concentra-
tions of particulate material occurred with the first rise of the river when
sediments that had been deposited during the preceding period of lower
discharge were resuspended. Concentrations of particulate material also
rose near the end of the inundation phase. The bimodal pattern implies
storage of particulates at the maximum extent of inundation and remobiliza-
tion either when the water level falls or during the next rising-water phase.
Such a pattern is expected because the internal delta is inundated in response
to a partial ponding of the Orinoco, where seasonal storage of particulates
occurs (Meade et al. 1983).

The Apure was back within its banks (falling-water phase) in November
of both years, and concentrations declined to relatively low levels during the
low-water phase.

Means and patterns of concentration and transport

Time-weighted concentrations for most variables were quite similar (within
10%) for the two years of study (Table 1). Nitrate and particulate P were
higher in 1985; total P reflects the difference in particulate P. Discharge-
weighted concentrations tended to be higher than time-weighted concentra-
tions for fractions except DIC due to the general trend for concentration to
increase with discharge (Table 1).

Annual transport for the elements is given in Table 1. Because mean
discharge was quite similar in the two years, transport was also similar in the
two years. Particulate material accounted for 68% of P, 54% of N, and 37%
of C transport.
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Total dissolved phosphorus and its principal constituent, soluble reactive
phosphorus, showed nearly identical patterns over time. Minima occurred
at low water and maxima occurred during the inundation phase (Fig. 3).
Particulate phosphorus was mobilized by rising water when the highest
concentrations were recorded. Particulate P concentration remained high
throughout much of the rising-water phase, but fell during the inundation
phase. In general, particulate P followed the pattern of total particulates,
and was thus influenced strongly by inundation of the floodplain and by the
storage of particulates at high water. The annual pattern for total phos-

LOW  RISING _ INUNDATION FALLING LOW RISING __ INUNDATION
| 1 T 1 T T T

360

240

120

NOs - N, ug/!

0
M AMJ J ASONDIUTFMAMJU J A'SON
1984 1985

450
300

150

Total Dissolved N, ug/|

M AMUJU JASONDIJTFTM ATM UTJTATS ON

1984 1985

1950

1300

650

Particulate N, ug/|

®
M AMUJ J ASONDIUFMAMUI J ASON
1984 1985

n
D
o
(@}

1600

800

Total N, ug/!

M AMGUI J ASONTDIVFMAMU J ASON

1984 1985

NH4 - N, ug/I

Fig. 4. Concentration vs. time for nitrogen fractions. Gap in panel 2 due to missing data
Smooth curves fit by eye.



332

phorus concentration closely resembled that of its primary constituent,
particulate phosphorus.

Ammonia concentrations were low throughout the study (Fig. 4). The
pattern, although irregular, suggests minimum concentration at low water
and maximum concentration at high water. Nitrate, which was the domi-
nant fraction of inorganic nitrogen, showed a bimodal pattern with peaks
at the beginning and at the end of the inundation phase. Concentrations of
total dissolved nitrogen were lowest during the low-water phase. The con-
centration of particulate nitrogen, like that of particulate phosphorus, was
highest during rising water, and especially at the beginning of that phase,
probably because of the flushing of side channels and low-lying pools as the
river began to rise. The pattern for total nitrogen was driven almost entirely
by the particulate fraction.

A simple dilution effect appeared to regulate the concentration of dissol-
ved inorganic carbon in the Apure River; minima occurred at high water
(Fig. 5). In contrast, dissolved organic carbon showed a purging effect
leading to maxima at high water. Particulate carbon followed a pattern
similar to that of particulate nitrogen. The bimodal pattern, like that obser-
ved for particulate phosphorus, suggests storage of particulate material at
highest water levels. Total organic carbon showed mainly a purging effect,
which reflects the importance of the soluble fraction, but with superimposed
spikes caused by the flushing of particulate carbon from low-lying water
bodies at the beginning of the rising-water phase.

A statistical comparison of temporal trends for the various chemical
fractions showed the expected significant correlations involving overlapping
fractions such as particulate and total, or dissolved inorganic and total
dissolved (Table 2). In addition, however, the analysis showed strong cor-
relations between phosphorus fractions and dissolved carbon fractions. The
dissolved fractions of both elements are strongly related to discharge. In
fact, the strong associations between dissolved phosphorus and dissolved
carbon fractions disappear when the effect of discharge is controlled by
partial correlation analysis, and the relationship between particulate P and
DIC is weakened substantially with control for discharge. Thus there is no
evidence for causal connection between P and C in the Apure River.

Seasonal chemical patterns can be summarized from a hydrologic per-
spective. With the onset of the rainy season, the river rises, flushing sluggish
side channels and low-lying pools, and producing a sharp rise in the levels
of total particulates, including particulate C and N associated with organic
matter. Particulate P is also affected by rising water, but high concentrations
persist as the water level continues to rise during the inundation phase,
whereas the concentrations of particulate C and N fall. Particulate P is
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Fig. 5. Concentration vs. time for carbon fractions. Smooth curves fit by eye.

associated primarily with suspended mineral matter and secondarily with
organic matter, but particulate C and N are associated almost exclusively
with organic matter. Statistical analysis supports the view that particulate C
and N are transported together and apart from particulate P (Table 2).
Moreover, the strength of the relationship between particulate C and par-
ticulate N is not reduced by controlling for the influence of discharge or total
particulates.

All of the dissolved components except inorganic C increase in concentra-
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tion over the rising-water phase. During the inundation phase, the con-
centration of nitrate declines while concentrations of dissolved organic C
and N continue to rise. Hamilton & Lewis (1987) found that nitrate disap-
peared rapidly as waters of the lower Orinoco entered the floodplain,
probably because of biological transformations, which would occur on the
Apure floodplain as well. At high water, the flooded internal delta appears
to act as a sediment trap. Sediments are mobilized again as the water level
falls when there are brief rises in particulate C and, to a lesser extent,
particulate N. Stored sediments may also be remobilized during the next
rising-water phase. During the low-water phase, all fractions of N, P, and
C reach minima except dissolved inorganic C.

Relationship between concentration and discharge

The relationship between concentration and discharge was found to be
nonlinear by inspection and by statistical analysis for all fractions of C, N,
and P. The data were analyzed for relationships based on concentration
versus the logarithm of discharge, the logarithm of concentration versus
logarithm of discharge, and concentration versus a hyperbolic function of
discharge. The log—log relationship provided the best fit for TDN. For the
other chemical variables, their relationships cannot truly be distinguished
from each other. Further analysis focused primarily on the hyperbolic
model, which was developed by Johnson et al. (1969, see also Hall 1970) to
represent concentration as the mixing of base flow with storm flow.

According to the hyperbolic model, the mixed concentration, C, is defined
as:

C = (C()VO + Cava)/(VO + Va)

where V, is the initial volume, V, is the added volume, and C, and C, are the
corresponding concentrations (Lesack et al. 1984). Added volume is propor-
tional to discharge (Q): V, = rQ, where r is the residence time of water in
the system. By substituting S for C, — C, and B for the ratio r/V,, one
obtains:

C = /(1 + QS + C,

Normally, the parameters S and C, are estimated with a linear regression
model after selecting a value for the parameter f. The estimates are im-
proved iteratively by substituting new values for . We have instead used a
nonlinear analysis because all parameters (f, S, C,) should be estimated
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Table 3. Parameter means for a mixing model and standard error (S.E.) for §. Standard error
estimates were based on Tukey’s Jackknife procedure. R? was derived from linear model (see
text).

Variable C,-C, C, i S.E. of R?

SRP ~36.9 60.6 472 x 107 6.00 x 10~* 0.554
TDP —49.7 83.1 448 x 1074 5.68 x 107* 0.631
DIC 20.0 9.8 38.28 x 10°* 22.80 x 1074 0.897
DOC —10.6 13.3 1.80 x 10~* 2.10 x 107 0.803

simultaneously and because nonlinear analysis facilitates use of the Jack-
knife procedure described below. After the parameters were estimated, f
was fixed and the level of significance was approximated with a linear
regression model.

Relationships between concentration and discharge are significant for
four fractions (Table 3). Concentrations of the two fractions of dissolved P,
which were strongly correlated with one another, increased with discharge.
The two fractions of dissolved carbon also showed a significant relationship
to discharge. Dissolved organic C concentration increased with discharge
(purging effect), whereas dissolved inorganic C concentration decreased
with increasing discharge (dilution effect). For all four fractions, Tukey’s
Jackknife procedure (Sokal & Rohlf 1981) was employed to determine
standard errors for the parameter § (Table 3). Confidence intervals are quite
broad for the estimates of § (the 95% confidence interval can be approxim-
ated from Table 3 as twice the S.E.).

No significant relationships were found between concentration and dis-
charge for any particulate fraction because the flushing and storage mechan-
isms affecting these fractions occurred within specific hydrologic phases,
rather than as a smooth function of discharge. No significant relationships
were found for any nitrogen fraction. For nitrate, and thus for TDN, of
which nitrate is a major component, poor conformance to standard models
is explained by association of key mechanisms (e.g. uptake) with specific
hydrologic phases. Particulate components and nitrate in this sense violate
the continuity assumptions implicit in the standard models.

Seasonal patterns of transport

A statistically significant relationship existed between discharge (Q) and the
transport (T) of each of the elemental fractions when a power curve was used
(T = aQ"; Table 2). Both variables were log-transformed so that a linear
regression model could be used. In most instances, more than 80% of the
variance in log transport is explained by log discharge. Discharge is thus a
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good predictor of transport. Of greatest interest are those variables for
which the least variance is explained. These relationships, which include
nitrate (complex relationship to discharge), and particulate N and C (pro-
nounced flushing effect limited to the early rising-water phase) confirm that
inundation of the floodplain exerts a strong influence on the behavior of
certain constituents.

Discussion

The parameters in the hyperbolic mixing model characterize features of a
watershed that are typically considered constant. Previous studies have
reported considerable variability among solutes in estimates of §, but have
established no basis for interpreting the observed variability. In the Hub-
bard Brook watershed, Johnson et al. (1969) found differences in f asso-
ciated with the relationship between C, and C,.  converged on 10~* where
C, > C, (dilution effect) and on 10~° where C, < C, (purging effect). In the
Gambia, Lesack et al. (1984) found that, for solute concentrations governed
by dilution effects, p varied over an order of magnitude. In neither case,
however, were confidence intervals reported for the estimates of 8. If we
apply the Jackknife procedure to the Gambia data to estimate the variance
in B for TDP, the resulting 95% confidence interval encompasses 5 of the
other 6 estimates of f reported by Lesack et al. (1984). This illustrates the
need to establish a perspective on variability. There is too much uncertainty
in the estimates of § from our study to attribute differences in § to differen-
ces in chemical control processes, although this is clearly a desirable objec-
tive (cf. Johnson et al. 1969).

A comparison with other tropical rivers shows that the Apure River
exhibits some unusual features in its temporal patterns of concentration.
The Caura River in Venezuela, which is also a major tributary to the
Orinoco River, differs substantially from the Apure in terms of geology,
vegetation, and the amount of runoff (Lewis 1986; Lewis et al. 1986). The
Gambia River of West Africa drains a savanna and thus more closely
resembles the Apure watershed (Lesack et al. 1984). Mean runoff as a
percent of mean precipitation is also quite similar for the Apure (24%) and
the Gambia (21%). The Gambia was studied in a year that was drier than
average, however (Lesack et al. 1984). In all three rivers, rising water flushes
particulate matter and increases concentrations of particulate P. Flushing is
not a major mechanism for the transport of particulate N and C in the
Caura, but concentrations of particulate N and C rise due to flushing in the
Apure and, to a lesser extent, in the Gambia. Variations among the rivers
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in the transport of particulate organic matter containing N and C depend
mainly on the seasonality of the environment and the nature of the flood-
plain. Seasonal environments that prevail along the Gambia and the Apure
accumulate litter during the dry season that can be washed out with the
advent of the wet season. Tropical forests like those of the Caura basin are
much less seasonal in this respect. The Caura and the Gambia have narrow,
fringing floodplains, in contrast to the broad internal delta of the Apure.
The seasonal storage of sediments in such a large floodplain may explain the
greater range in concentrations of particulate fractions in the Apure.

Dissolved phosphorus rises with increasing discharge in the Apure and the
Gambia, but no pattern is apparent in the Caura. Total soluble P in the
Gambia seems to increase consistently with discharge, as it also does in the
Apure. Dissolved nitrogen tends to increase during the rising-water phase in
all three rivers, but the relationships between concentration and discharge
do not conform to standard models. Dissolved organic C changes relatively
little while water rises in the Caura or the Gambia, but increases in the
Apure. During the inundation phase, concentrations of most fractions
decline in the Apure, but not in the Caura or the Gambia. As water levels
recede in the rivers (late inundation phase and falling-water phase), the most
conspicuous changes occur in the Apure, where concentrations of par-
ticulate fractions and some dissolved inorganic fractions rise. In the Gam-
bia, the concentration of dissolved organic C rises only as the river falls
(counterclockwise hysteresis effect), which Lesack et al. (1984) attribute to
bank-storage water that drains into the river.

That there is so little uniformity among the rivers in patterns of concentra-
tion underscores the importance of contact between river and floodplain.
The Apure and Gambia are remarkably similar in terms of climate, vegeta-
tion, and basin morphology, but differ sharply with respect to floodplain
type. Although the period of inundation is of comparable duration for the
two rivers, a much greater volume of Apure water is in prolonged contact

Table 4. Nutrient yields (kg-ha~'-year~!) and runoff (mm/year) from three tropical water-
sheds.

Carbon Nitrogen Phosphorus Runoff Source

Apure 354 345 0.678 361  This study

Caura 123 9.98 0.461 2423 Lewis et al. 1986; Lewis 1986

Gambia 383 1.26 0.077 110 Lesack et al. 1984

Global average 72 3.10 1.85 370  Schlesinger & Melack 1981;
Meybeck 1982

Tropical forest 50 - — — Schlesinger & Melack 1981

Tropical grassland 10 — — — Schlesinger & Melack 1981
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Table 5. Molar C:N:P ratios from selected sources.

C:N:P Source
River ratios
Apure 135:11:1 This study
Caura 772:47:1 Lewis 1986 and unpubl. data
Gambia 128:36:1 Lesack et al. 1984
Biomass ratios
Protoplasm (Redfield) 106:16:1 Redfield 1958
Land plants 2041:17:1 Likens et al. 1981
Tropical humid forest litterfall 2545:58:1 Cuevas & Medina 1986
(average of 15 sites)
Tropical savanna forest leaves 772:39:1 Hase & Folster 1982
Tropical savanna grass
(Paspalum fasciculatum) 1157:23:1 Howard-Williams & Junk 1977

with its floodplain than is the case for the Gambia. When the Apure River
inundates its floodplain, a vast body of standing water is created that serves
as a trap for sediments, and in which biological activity is pronounced.
The three rivers also differ with respect to the magnitude of transport
(Table 4) and the relative abundance of C, N, and P (Table 5). Carbon yield
from the Apure watershed is higher than expected for tropical grasslands,
but it agrees closely with predictions based on empirical relationships be-
tween carbon yield and water yield, and between carbon yield and watershed
area (Schlesinger & Melack 1981). The explanation for this apparent dis-
crepancy is not clear. Since so few data are available for carbon yield from
tropical grasslands, it is difficult to place the Apure in perspective with
regard to watershed area or water yield. Furthermore, the Apure watershed
may be unusual among tropical grasslands because such a large area is
subject to seasonal inundation. The prolonged contact between the flood-
plain and the river may augment carbon yield either by increased leaching
or by enhanced aquatic productivity. Yield from the Gambia, although low,
is probably more typical of tropical savannas. Carbon yield for the Caura
is high, even among tropical rain forests, and far exceeds that of the Apure.
The annual yield of phosphorus from the Apure River is below the global
average reported by Meybeck (1982), but is probably high in comparison to
many watersheds (Table 4). Phosphorus is not strongly retained in the
Apure watershed. The high load of suspended matter contributes greatly to
phosphorus transport (68%). Nitrogen yield from the Apure watershed is
much lower than the yield from the forested watershed of the Caura River.
Molar ratios of the transported elements reveal differences among the
rivers in source materials (Table 5). Carbon:phosphorus ratios are similar in
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the two savanna rivers and resemble the Redfield }atio, but the similarity
may be misleading because much of the phosphorus is associated with
inorganic material. The C:P ratio for transport in the Caura River is lower
than would be expected for litterfall in tropical humid forests (Table 5), but
comparable to that of leaf material (see also Likens et al. 1981). The C:N
ratios for the Apure (12:1) and the Caura (16:1) are similar to one another
and are much higher than the ratio in the Gambia (4:1). At the same time,
the C:N ratios for particulate fractions in all three rivers are nearly the same
(8-9:1). We interpret this as evidence that the particulate organic material
carried in these rivers is quite similar in composition despite major differen-
ces in vegetation. The C:N ratio for particulates in the Caura is surprisingly
low in view of ratios reported for tropical humid forest litterfall, and the
same ratio in the Apure is quite low compared to the composition of the
dominant grass in most of the savanna (Table 5). Both ratios are, neverthe-
less, quite similar to that reported for fine (< 63 ym) particulate matter in
the Amazon (11:1; Hedges et al. 1986).

The areal extent of seasonal inundation appears to enhance nutrient yield
from the Apure, especially in the particulate organic fractions, in a manner
that would not be expected in grassland watersheds with only a fringing
floodplain. The creation of a shallow lake over a large area of the watershed
stores sediments seasonally and is likely to stimulate fixation of C and N
from the atmosphere. Sediment storage also derives temporal patterns for
nutrient concentrations in the river by uncoupling discharge and sediment
concentration during inundation. The resulting bimodal pattern of con-
centration over time may be peculiar to rivers with large, undistrubed
floodplains.
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