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Abstract. We investigated the influences of forest or pasture land use and stream size on particulate and
dissolved material concentrations in a network of second to third order streams in Rondonia, in the Bra-
zilian Amazon. During the dry season, a second order stream originating in pasture had lower concen-
trations of dissolved oxygen and nitrate, higher concentrations of chlorophyll, total suspended solids,
particulate organic carbon, particular organic nitrogen, ammonium, and phosphate than a second order
stream originating in forest. Where the second order forest stream exited forest and entered pasture,
concentrations of dissolved oxygen dropped from 6 mg/L to almost 0 mg/L and nitrate concentrations
dropped from 12 uM to 2 uM over a reach of 2 km. These changes indicated a strong influence of land
use. During the rainy season, differences among reaches of all particulate and dissolved materials were
diminished. Concentrations of oxygen, chlorophyll, total suspended solids, particulate organic carbon
and nitrogen, nitrate, ammonium, and phosphate in the third order pasture stream more closely resembled
the second order forest stream than the second order pasture stream, suggesting that conditions in the
channels of larger pasture streams more strongly control concentrations of these materials. If this pattern
is widespread in stream networks of regions that consist of a mosaic of forest and pasture lands, it may
have important consequences for understanding the effects of deforestation on larger rivers of the Ama-
zon Basin. This would indicate that the effects of forest clearing on the concentrations of many sus-
pended and dissolved materials will be most easily detected in very small streams but potentially diffi-
cult to detect in larger streams and rivers.

Introduction

Small streams are important hydrologic and biogeochemical elements in landscapes
because they connect the terrestrial environment with larger rivers. In small head-
water streams the concentrations of particulate and dissolved materials reflect the
combined effects of the delivery of material from the watershed and processing of
material that occurs within the stream channel (Meyer and Likens 1979; Minshall
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et al. 1985; McClain and Elsenbeer 2001). Most inputs of nutrients and organic
matter from terrestrial to aquatic ecosystems enter via small streams (Vannote et al.
1980; Naiman et al. 1987). Forested headwater streams often have steep gradients,
channels shaded by trees, and inputs dominated by allochthonous materials (Van-
note et al. 1980; Triska et al. 1984). Some new work, however, suggests that small
headwater streams have a disproportionately large effect on nutrient transport from
watersheds precisely because they have high surface area to volume ratios and
transform nutrients at high rates compared with larger river channels (Mulholland
1992; Alexander et al. 2000; Peterson et al. 2001; Wollheim et al. 2001).

Many studies of small streams show that changes in land use, such as from for-
est to agricultural land, or major disturbances, such as hurricanes or clearcutting,
can dramatically alter the nature of particulate and dissolved material inputs to
headwater streams (Dillon and Kirchner 1975; Likens and Bormann 1975; Attiwill
1991; Correll et al. 1991; Cooke and Prepas 1998). At the same time, the physical
changes associated with land use alterations, such as increased light (Hill et al.
1995) or altered channel structure (Sweeney 1992; Wollheim et al. 2001) could also
affect material uptake and processing. Knowledge of small stream characteristics
and the factors that control particulate and dissolved materials is important for
identifying the influences of changing land use and for understanding its effects on
stream ecological functioning and on the delivery of materials to larger rivers.

Most of our understanding of changes in stream characteristics caused by land
use or stream order has been developed in the temperate zone. However, both rapid
rates of land use change in tropical regions during recent decades and the potential
for changes to material and nutrient characteristics of large tropical rivers suggest
that an extension of this understanding to tropical regions is needed. Forest clear-
ing is now the dominant land use change occurring throughout much of the moist
tropics (Matthews et al. 2000). This is especially true in the largest remaining rain-
forest regions. In the Brazilian Amazon Basin, rates of forest clearing during the
past decade ranged from 11,000 to 29,000 km?/year (INPE 2000), with the major-
ity of cleared forest being converted to cattle pasture (Fearnside 1993).

The clearing of forest for cattle pasture alters soil nutrient cycles and influences
the particulate and nutrient concentrations in small tropical streams. Several studies
show that streamwater concentrations of nitrogen, phosphorus, and/or suspended
sediments increase during or immediately following forest clearing (Malmer and
Grip 1994; McDowell et al. 1996; Williams and Melack 1997). Richey et al. (1997)
suggested that land use changes in tropical regions will be first reflected in the bio-
geochemistry of small streams. One influence that may differ from the pattern in
the temperate zone is that streams draining pastures established on lands formerly
covered by moist tropical forest can have lower concentrations of some nutrients
(e.g., NO3) than forest streams, because nutrient availability is reduced in the soils
of pastures (Neill et al. 2001). These changes to relative availability of nutrients
and light in small pasture streams can alter the factors that limit periphyton growth
(Neill et al. 2001). The degree to which the effects of land use change in small
streams are transmitted downstream to larger rivers will depend on the distance over
which these influences are maintained when streams pass from one land use to an-
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other and the extent to which they are altered by in-channel processes as streams
get progressively larger.

In this study, we investigated how the conversion from forest to pasture and an
increase in stream size influenced dissolved and particulate materials in streams in
the Brazilian Amazon. We examined changes in these materials in second order
streams in forest and pasture, a stream that flowed from forest into pasture, and as
a stream increased in size from second to third order.

Methods
Study area

Our study site was Fazenda Nova Vida, a 20,000 ha cattle ranch near the center of
the Amazonian state of Ronddnia, Brazil (10°13" S, 62°19’ W). Small streams of
first to fourth order flow through Nova Vida and into the Jamari and Madeira riv-
ers. This ranch contains a mixture of forest reserves and cattle pastures. The forest
reserves were selectively logged between 1987 and 1990 by removing 1-2 trees/
ha. Pastures were cleared in 1989 by cutting and burning to the stream edge, and
then planted with Brachiaria brizantha in the uplands and Paspalum spp. in the
floodplain. Pastures were not limed or fertilized. This region is humid tropical, with
a dry season from May to October. The average yearly precipitation is 2,200 mm
and the mean temperature is 26 °C (Bastos and Diniz TD 1982). The bedrock is
generally Pre-Cambrian granite (Projeto RADAMBRASIL 1978) and the soils at
the site are classified as Kandiudults and Paleudults (de Moraes et al. 1996).

We sampled four reaches within an approximately 10 km section that make up
the Aldeia River network (Figure 1). Reach I was a second order forest stream,
Reach II was a 2-km transitional reach downstream of the forest where it emerges
into pasture, Reach III was a second order pasture stream, and Reach IV (Aldeia
River) was the resulting third order stream formed by Reaches II and III, with sur-
rounding land use dominated by pasture. These streams are typical of forest and
pasture streams in the region. The pH among the reaches averaged 6.5 in the dry
season and 5.8 in the rainy season.

Reach I (forest) had a sandy bottom and pool and riffle structure. Reach II (for-
est to pasture transition) began with a similar structure but ended with a fine-
grained, organic-rich substrate and aquatic grasses in the channel. Reach III (pas-
ture) had a similar structure to the downstream portion of Reach II, with vegetation
that often covered the entire channel. Reach IV (third order pasture) was wider and
had a pool and riffle structure, and a generally well-scoured sandy bottom similar
to the upstream portion of Reach II. Land use in the drainage basin of the Aldeia
River (Reach IV) determined from a 1999 Landsat image was 41% pasture and
57% forest and riparian areas.
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Figure 1. A 1998 Landsat TM image of Fazenda Nova Vida that shows the stream network sampled.
Dark areas represent remaining forest and lighter areas represent pasture. Reach I is a second order
forest stream. Reach II is a second order stream after it exits forest and enters pasture. Reach III is a
second order pasture stream. Reach IV is a third order stream formed by the confluence of Reaches II
and III. Sampling locations are marked.

Sampling and analysis

Samples were collected from a total of 14 stations during 5 dry and 4 rainy seasons
from April 1994 to September 1999. Reaches I, II, and III had 3 stations each and
Reach IV had 5 stations. Stations were at least 200 m apart. Typically, 9 to 11
transect stations distributed in the four reaches were sampled, although abbreviated
transects of at least one station each in Reaches I, III, and IV were also sampled.
Often, a full transect was accompanied by one or two other abbreviated transects
for any given season. Samples were collected from Reaches I, III, and IV on 21
transects, and these data were used in the ANOVAs. At each station, we collected 1
L of streamwater that was placed on ice and filtered later the same day at the field
laboratory for total suspended solids (TSS) and particulate organic carbon and ni-
trogen (POC and PON). One 60 mL sample for nitrate (NO3), ammonium (NH}),
and phosphate (PO3), and total dissolved P (TDP) was filtered immediately
through ashed glass fiber filters (Whatman GF/F), preserved with hydrochloric acid
to < pH 2, and refrigerated. Another 60 mL sample for total dissolved N (TDN)
was immediately filtered through ashed GF/F filters and frozen. Also in the field,
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200 to 500 mL of streamwater was passed through a 47-mm diameter glass fiber
filter (Whatman GF/C) for chlorophyll determination. This filter was immediately
wrapped in foil, placed on ice, and then frozen upon return to the field laboratory.
Dissolved oxygen was measured with a YSI Sonde (Yellow Springs Instruments
Incorporated, Yellow Springs, OH). Water level heights were recorded from per-
manent staff gages in Reaches I and III at each water sampling. Continuous water
level measurements in Reaches I and III were made over a one year period, from
September 1999 through November 2000, using a water level datalogger (Global
Water, Gold River, CA). Instantaneous discharge was calculated from stream cross-
sectional area and velocity measurements (Hauer and Lamberti 1996). The water
level measurements in 1999-2000 were converted to discharge by means of the
stage-discharge relationships at Reaches I and III. Instantaneous discharge was also
measured on selected dates in the downstream portion of Reach IV from cross-sec-
tional area and velocity measurements.

Total suspended solids were measured by filtering a known volume of stream-
water through pre-weighed, ashed 25-mm glass fiber filters (Whatman GF/F) and
reweighed after drying overnight at 50 °C. Filters for POC and PON were prepared
the same way and analyzed for C and N on a Perkin Elmer 2400 elemental ana-
lyzer. NO3 was measured by cadmium reduction (Alpkem method A303-S171-09)
on an Alpkem RFA analyzer. NH} was analyzed by the phenol-hypochlorite method
(Alpkem method A303-S020-02) and PO3~ was measured using the antimony/mo-
lybdate and ascorbic acid method (Alpkem method A303-S200-00). We calculated
dissolved inorganic nitrogen to phosphorus ratios (DIN:DIP) as (NO3 + NH3)/
POZ~. TDP was determined by acid persulfate digestion (Koroleff 1983). TDN was
measured by alkaline persulfate digestion with HCI buffer solution (Modification
of method 4500-N,, D, Eaton et al. (1995)). CertiPrep reference materials (SPEX
Chemical, Metuchen, NJ) and laboratory-prepared solutions of ATP and nitrophe-
nol were used to check the accuracy of the colorimetric methods and the efficiency
of the TDN and TDP digestions. Dissolved organic nitrogen and phosphorus (DON
and DOP) were calculated from the difference between TDN and TDP and inor-
ganic N and P, respectively. Chlorophyll was extracted overnight from the frozen
filters with a buffered 90% acetone solution. The extract was then analyzed using a
fluorometer to determine chlorophyll a and phaeophytin concentrations (Strickland
and Parsons 1972).

Dissolved constituents were measured in all transects and particulate constitu-
ents were measured on 19 transects. Instantaneous measurements of dissolved oxy-
gen were taken on one dry (1999) and one rainy (2000) season transect. Dissolved
oxygen was measured continuously for 72 hours at one station in Reaches I, III,
and IV during the 1999 dry season.

Statistical analysis
We used a two-way ANOVA (SAS Institute 1998) to determine whether water

quality characteristics differed among reaches (second order forest, second order
pasture, or third order pasture) and between dry and rainy seasons. We included all
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Figure 2. Streamwater discharge trace from September 1999 through November 2000. Stream height
was converted to discharge using a stage-discharge relationship curve generated for each stream. Reach
III (second order pasture stream) discharge is represented by the darker line, with interpolated values
indicated by the dashed line. Reach I (second order forest stream) discharge is represented by the lighter
line. Missing data were caused by logger failure.

sampling points in the second order forest stream (Reach I) and the second order
pasture stream (Reach III) but only the three sampling points farthest downstream
in the Aldeia River (Reach IV) to avoid the transition between reaches. To elimi-
nate spatial-autocorrelation with a reach, we used the mean of the stations in each
reach for each transect in all analyses. Data were log (x + 1) transformed to meet
the assumptions of analysis of variance. Kolmogorov-Smirnov tests for normality
and homogeneity of variance indicated variables were more nearly normal after
transformation. If reach was significant, we conducted separate one-way ANOVAs
and Fisher’s PLSD pairwise comparisons for the dry and rainy seasons to deter-
mine significant differences among reaches. For all analyses, we used the sequen-
tial Bonferroni-Dunn method to adjust P-values for multiple tests performed on the
same samples (o’ = 1-(1-a) /%), where a = 0.05 and k is the number of tests (Sokal
and Rohlf 1995).

Results

Dry season discharges were typically 15-40 L/s in the forest (Reach I) and pasture
(Reach III) streams (Figure 2). Rainy season discharges varied widely with peak
discharges of > 500 L/s on several days. All reaches were gaining reaches in both
seasons, with an approximate 16% increase in discharge from the beginning of
Reach IV (the confluence of Reaches II and III) to the end of Reach IV (Table 1).
Approximately eighty-six percent of the total water flux from the small pasture
stream (for which we had the best continuous annual discharge record) occurred
during the six months of highest flow (November through April).
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Table 1. Discharges (L/s) in different reaches of the stream network measured August 28, 1999 (dry
season) and March 13, 1998 (rainy season). Reach I is a second order forest stream; Reach III is the
second order pasture stream; Reach IV is the larger pasture stream formed by Reaches I and III. Km
indicates kilometers downstream in the transect and corresponds to the kilometers downstream in the
figures. Discharges reflected typical seasonal values.

Km Dry season (L/s) Rainy season (L/s)
Reach I 1.5 40 913
Reach IIT 3.0 30 354
Sum of Reaches I and IIT 70 1,267
Reach IV 8.5 82 1,506

Dissolved oxygen was lower in the second order pasture stream (Reach III) than
in the second order forest stream (Reach I) during both the dry and rainy seasons
(Figure 3). Dissolved oxygen concentrations in Reach III were < 1.0 mg/L during
both dry and rainy seasons. Oxygen concentrations also changed within a short dis-
tance of the forest stream emerging into pasture. During the dry season, dissolved
oxygen decreased from 6.4 mg/L in the forest stream to 2.5 mg/L after passing
through 2 km of pasture in Reach II. This change was smaller during the rainy
season (> 7 mg/L in forest compared with 6 mg/L in pasture). Dissolved oxygen in
the third order stream (Reach IV) was similar to the forest stream. Dissolved oxy-
gen did not vary diurnally in the forest stream (Reach I) or in the small pasture
steam (Reach III) but varied by about 3 mg/L in the larger pasture stream (Reach
IV) (Figure 4).

Chlorophyll, TSS, POC, and PON concentrations differed among reaches (Fig-
ure 3, Table 2). Chlorophyll concentrations were higher in the dry season but TSS,
POC, and PON concentrations did not differ between seasons. Chlorophyll concen-
trations were higher in the pasture stream (Reach III) than in the forest stream
(Reach I) during both the dry and rainy seasons. Chlorophyll was higher in the
small pasture stream (Reach III) than the large pasture stream (Reach IV) during
the rainy season but not during the dry season. Total suspended solids, POC, and
PON followed similar patterns and were all significantly greater in the small pas-
ture stream (Reach III) than in the forest stream (Reach I) during both the dry and
rainy seasons.

Nitrate concentrations were significantly lower in the pasture stream (Reach III)
than in the forest stream (Reach I) during the dry season but not the rainy season
(Figure 5, Table 2). Nitrate concentrations dropped rapidly in the transition from
forest to pasture during the dry season, decreasing from 10 pM to 1 uM within 2
km. Ammonium, NO3, and PO3~ concentrations also differed among reaches. Am-
monium concentrations were higher in the small pasture stream (Reach III) than in
the forest stream (Reach I) or the larger pasture stream (Reach IV) during the dry
season. Ammonium concentrations among the reaches were similar during the rainy
season. Phosphate concentrations were significantly higher in the small pasture
stream (Reach III) than in the forest stream (Reach I) during both dry and rainy
seasons. Concentrations of PO3~ did not change rapidly in the transition from for-
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Figure 3. Streamwater concentrations of dissolved oxygen (DO), chlorophyll (Chl), total suspended
solids (TSS), and particulate organic carbon and nitrogen (POC and PON) in four stream reaches at
Nova Vida. Values from left to right go downstream in the transect. Reach I (<) is a second order forest
stream. Reach II ([7]) is the same stream after it passes into pasture. Reach III (A) is a second order
pasture stream. Reach IV (O) is a third order stream formed by the confluence of Reaches II and III and
flowing mostly through pasture. The shaded areas represent where the stream passes through or along-
side forest. Values are geometric mean (+ standard error) concentrations of all observations at a station
over all years. In many cases, the error bars are smaller than the symbol.

est to pasture. Nitrate, NHZ, and PO3~ concentrations were higher in the dry season
but DON and DOP concentrations did not differ between seasons.

Dissolved inorganic nitrogen to phosphorus ratios reflected differences in NO3
and PO3~ concentrations along the transect. During the dry season, DIN:DIP was
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Figure 4. Continuous dissolved oxygen measurements at Reaches I, III, and IV over an approximate
72-hour period in each reach. These measurements were taken sequentially: Reach I was measured Au-
gust 26-28, 1999; Reach III was measured August 28-30, 1999; and Reach IV was measured Septem-
ber 3-10, 1999.

consistently higher in the forest stream (Reach I) than in the pasture stream (Reach
II) (Figure 5). The DIN:DIP in the forest stream (Reach I) decreased rapidly
through Reach II where the land use changed from forest to pasture (from 80 to 30
in 2 km). During the dry season, DIN:DIP in the larger pasture stream (Reach IV)
was intermediate between those in the forest and pasture streams. DIN:DIP was
consistently higher during the dry season than during the rainy season throughout
the transect, but the same pattern in the reaches was present during the rainy sea-
son. The forest stream (Reach I) had DIN:DIP > 16 during both dry and rainy sea-
sons and the pasture stream (Reach III) had DIN:DIP < 16 during both seasons.
The larger pasture stream (Reach IV), had DIN:DIP > 16 during the dry season but
< 16 during the rainy season.

Discussion

The patterns we observed in the Aldeia stream network strongly indicated that con-
centrations of some particulate and dissolved materials were coupled to land use.
First, higher concentrations of chlorophyll, TSS, POC and PON, and lower con-
centrations of dissolved oxygen, NO3, and DIN:DIP in the small pasture stream
compared with the small forest stream were similar to the more general patterns
found in the Neill et al. (2001) paired watershed study, which included an addi-
tional pair of similar-sized forest and pasture streams and more intensive sampling
of single stations from the forest (Reach I) and pasture (Reach III). Second, after
the forest stream exited forest into pasture and flowed downstream for 2 km, con-
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Figure 5. Streamwater dissolved nutrient concentrations in four stream reaches at Nova Vida. Values
from left to right go downstream in the transect. Reach I () is a second order forest stream. Reach II
() is the same stream after it passes into pasture. Reach III (A) is second order pasture stream. Reach
IV (O) is a third order stream formed by the confluence of Reaches II and III and flowing mostly through
pasture. The shaded areas represent where the stream passes through or alongside forest. The dashed
line on the DIN:DIP graph represents the Redfield DIN:DIP ratio of 16:1. Values are geometric mean (+
standard error) concentrations of all observations at a station over all years. In many cases, the error
bars are smaller than the symbol.

centrations of dissolved oxygen, NOj3, and DIN:DIP approached the concentrations
in the pasture stream. This pattern indicated that adjacent land use influenced dis-
solved oxygen, NO3, and the DIN:DIP over that distance. Although concentrations
of TSS, POC, PON, NH}, and PO;~ were higher in the small pasture stream com-
pared with the small forest stream, these characteristics did not change as rapidly
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in the same reach, suggesting they were less influenced by adjacent land use over
the same distance.

The low dissolved oxygen, low NO3, and higher PO3~ found in the second or-
der pasture stream occurred nowhere else in the stream network. The low dissolved
oxygen concentrations we measured in the small pasture stream were in the range
typically associated with heterotrophy resulting from high organic matter inputs,
such as those that occur in Amazonian floodplain lakes (Melack and Fisher 1983;
Welcomme 1985). Low dissolved oxygen was not found in the larger pasture
stream, despite its adjacent pasture land use. We hypothesize that the physical
structure of stream channels played a key role in creating this pattern. A switch
from sandy bottoms, unvegetated point bars, and a pool and riffle structure in forest
headwater streams to fine-grained, organic-rich bottoms with channel infilling by
aquatic vegetation (Paspalum in our study area) in headwater pasture streams re-
duces dissolved oxygen in the water column. As pasture streams increase in size,
channel infilling by vegetation decreases and the amount of authochthonous pri-
mary production and turbulent mixing increase, leading to well-oxygenated condi-
tions. Substantial diurnal fluctuations in dissolved oxygen concentrations during the
dry season (Figure 4) supported the interpretation that this reach had greater au-
tochthonous production.

Dissolved oxygen concentrations can influence stream NO3 and PO~ concen-
trations in ways that would create the pattern we observed in our stream network.
Release of PO3~ from sediments by dissolution of iron oxides occurs under anoxic
conditions in soils and waters with low PO~ concentrations, and higher dissolved
oxygen can facilitate PO~ adsorption to iron and aluminum oxides (Syers et al.
1973; Patrick and Khalid 1974; Khalid et al. 1977; Allen 1995). Low dissolved
oxygen inhibits nitrification and promotes denitrification, leading to elevated con-
centrations of NH7 and lowered concentrations of NO3 (Seitzinger 1988; Chris-
tensen et al. 1990).

We could not distinguish between the sources and sinks of streamwater NOjJ in
this study, but both inputs from soil solution rich in NO3 (McDowell et al. 1992;
Neill et al. 2001) and nitrification in the stream channel (McClain et al. 1994,
Brandes et al. 1996) could be sources of NOJ to the small forest stream. We sug-
gest that higher dissolved oxygen concentrations in the small forest stream and the
larger pasture streams promote nitrification, decreases NO3 demand by denitrifiers,
and facilitate the adsorption of PO3~ by iron and aluminum oxides. In the small
pasture stream, lower rates of NO3 production, lower solution NO3 concentrations
in pasture soils (Neill et al. 1995; Verchot et al. 1999), and NO3 consumption as-
sociated with low dissolved oxygen all were consistent with lower measured
streamwater NO3 concentrations. In the larger pasture stream, low groundwater in-
puts (Table 1) and low soil solution NOj3 typical of pasture made it unlikely that
groundwater inputs alone accounted for the observed increase in NO3 concentra-
tion with increasing stream order. On those dates for which we had data on dis-
charge of all three reaches to calculate mass fluxes, the increase in streamwater
NOj3 in Reach IV could be accounted for solely by the decrease in NH7. Nitrifica-
tion in the stream channel is an important source of streamwater NO3 in many
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temperate streams (Newbold et al. 1983; Richey et al. 1985; Mulholland et al.
2000). We do not know enough about the hydrology and sources of groundwater in
the area to exclude the possibility of inputs of old groundwater formed before for-
ests were cut; however, the generally rapid subsurface flowpaths that dominate on
tropical Ultisols (Elsenbeer 2001) and the time since clearing of adjacent forest
(11-22 years at the start of sampling) make this source unlikely.

Higher concentrations of particulate material (including TSS, POC, and PON)
in the second order pasture stream during the dry season were consistent with a
number of studies that indicate high fluxes of TSS from small agricultural water-
sheds (Burwell et al. 1977; Omernik et al. 1981; Reid and Frostick 1994). How-
ever, we did not observe elevated TSS during the rainy season, nor were TSS, POC,
or PON concentrations in the larger pasture streams higher than those in the forest
stream. Other studies of grazed small watersheds suggest that TSS losses are not
substantially higher than from forested watersheds (Owens et al. 1983; Correll et
al. 1999). In the second order pasture stream, organic C made up more than 30% of
TSS. This is much higher than in many agricultural watersheds and supports the
conclusion that the density of aquatic plants, rather than increased erosion, contrib-
utes to the high particulate load observed in the small pasture stream during the dry
season.

Lower concentrations of chlorophyll, NO3, NH}, and PO3~ and smaller differ-
ences among reaches during the rainy season suggested that the effect of land use
was suppressed by dilution during the rainy season when the majority of total wa-
ter flux (86%) occurred. This dilution contrasted with the pattern found by Marke-
witz et al. (2001) of a positive correlation of flow with cations, NO3, and SO3~
concentrations in a 10,000 ha watershed of mixed land use on Oxisols in the Bra-
zilian Amazon state of Pard. They attributed higher concentrations at higher flows
with surface flushing of ions from pastures deforested 30 years ago. The same
mechanism did not appear to operate in the Nova Vida pasture streams.

The DIN:DIP ratios of > 16 in the second order forest stream and < 16 in the
second order pasture stream in both dry and rainy seasons suggested that condi-
tions favoring P limitation in the forest and N limitation in the pasture predomi-
nated year-round in these reaches. DIN:DIP above 16 indicated N rather than P
limitation of algal production (Redfield 1958). Nutrient limitation of stream per-
iphyton has been shown to change from light and P in the forest stream to N in the
pasture stream (Neill et al. 2001). In the third order pasture stream DIN:DIP shifted
seasonally from > 16 during the dry season to < 16 during the rainy season. This
raises the possibility that algal production in the larger, open-canopy stream can be
P limited during the dry season but N limited during the rainy season. Seasonal
shifts in N versus P limitation have been observed in Amazonian floodplain lakes
(Setaro and Melack 1984). Ratios of N:P delivered by rivers can have important
consequences for the productivity of receiving waters (Fisher et al. 1992; Justic et
al. 1995).

The particulate and dissolved materials that we measured were potentially sen-
sitive indicators of land use change in stream watersheds and biogeochemical trans-
formations in stream channels. We recognize that this is only one stream network,
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but if the trends are similar in other small streams of this region, then these results
may have important consequences for understanding and detecting the effects of
deforestation on larger rivers of the Amazon Basin. The lower concentrations of
dissolved oxygen and NO73 and higher concentrations of TSS, POC, PON, NHj,
and PO3~ in the small pasture stream were diminished or absent downstream in a
slightly larger third order pasture stream. We hypothesize that these changes were
driven by lower NO7 inputs from pasture land cover and by channel structure and
organic matter inputs that lead to low dissolved oxygen, NO3 consumption, and
PO release in small pasture streams but higher dissolved oxygen, nitrification, and
PO7 precipitation in larger pasture streams. If confirmed by process studies and
surveys of other stream networks in tropical forest regions undergoing land use
change, this suggests that the effects of forest clearing on the concentrations of these
materials will be most easily detected in small streams but potentially difficult to
detect in larger streams and rivers.
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