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Abstract. Hydrochemical changes caused by slash-and-burn agricultural practices in a small
upland catchment in the central Amazon were measured. Solute concentrations were analyzed
in wet deposition, overland flow, shallow throughflow, groundwater and bank seepage in a
forested plot (about 5 ha) and an adjacent plot (about 2 ha) which had been deforested in
July 1989 and planted to manioc, and in stream water in partially deforested and forested
catchments. Measurements were made from November 1988 to June 1990. The effects of
slash-and-burn agricultural practices observed in the experimental plot included increased
overland flow, erosion, and large losses of solutes from the rooted zone. Concentrations of
NO�3 , Na+, K+, SO2�

4 , Cl� and Mn in throughflow of the experimental plot were higher than
those of the control plot by more than a factor of 10. Extensive leaching occurred after cutting
and burning, but solute transfers were diminished along pathway stages of throughflow to
groundwater, and particularly within the riparian zone of the catchment. High concentrations
of N and P in overland flow indicate the importance of using forested riparian buffers to
mitigate solute inputs to receiving waters in tropical catchments.

Introduction

Estimates of deforestation from the Amazon basin using Landsat-Thematic
Mapper images have indicated that about 300,000 km2 of forest were cut from
1960 to 1989 (Tardin & da Cunha 1990). Problems associated with such large-
scale deforestation include changes in regional water balance (Salati & Vose
1984), alterations of the carbon cycle (Houghton 1990), and the extinction of
plant and animal species (Muller-Dombois 1990). Most deforested areas in
the Amazon basin are located in western states such as Rondônia (Woodwell
et al. 1986; Booth 1989), near Manaus in the central Amazon, and in eastern
parts of the basin (Fearnside 1990). Accessible areas bordering navigable
rivers and roads are particularly prone to deforestation (Fearnside 1989). In
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spite of continuing large-scale deforestation in the Amazon basin, the effects
of deforestation on the ecology of adjacent streams, rivers and lakes in the
Amazon have not been adequately addressed.

In the Amazon basin, slash-and-burn agricultural practices are a pervasive
cause of deforestation, but little is known about the biogeochemical processes
or solute fluxes that occur after this kind of disturbance. In temperate zone
catchments, disturbances can reduce transpiration and increase runoff, erosion
and leaching (Likens et al. 1970; Schindler et al. 1980; Swank et al. 1988),
and associated effluxes of solutes, in particular N and P, can alter surface
water quality (Wright 1976; Bayley & Schindler 1991; Bayley et al. 1992a,
b).

Soil processes are known to be strong determinants of solution chemistry
along hydrologic pathways and include adsorption and ion exchange, disso-
lution and precipitation reactions, and biotic uptake or release (Sposito 1989).
Cation release from soils is mediated commonly by H+, whose quantities are
regulated by internal cycling and atmospheric inputs. The ionic composition
of soil solutions may be controlled also by carbonic and organic acids derived
from precipitation and the decomposition of organic matter (Sollins 1980).
In some temperate-zone catchments, organic acids may play a dominant role
in leaching of the surface horizon (Johnson et al. 1977), but they are often
retained in sub-surface horizons, resulting in pH increases in systems not
dominated by NO�

3 or SO2�
4 leaching (Ugolini et al. 1977). Both tropical-

and temperate-zone studies have shown that NO�

3 production is greatest in
the litter and A horizons, whereas uptake of NO�

3 may occur at depth (Gosz
1981; Matson et al. 1987; Hart & Firestone 1991). Increased concentrations
of Fe and Al oxides in forest subsoils contribute to the retention of SO2�

4 at
depth (Parfitt 1978). The high proportion of Fe and Al oxides in soils of the
central Amazon may produce a similar effect, and thus changes in internal
fluxes resulting from slash-and-burn agricultural practices in the tropics may
not be evident from solute budgets or stream chemistry alone.

Intra-system processes and their effects on solute evolution can be evalu-
ated by measuring the solution chemistry of different stages of a hydrologic
pathway. Studies of chemical transformations along hydrologic pathways in
tropical catchments are rare (McClain et al. 1994), and the effects of slash-
and-burn agriculture on solution chemistry have yet to be investigated in the
central Amazon. Hydrological studies have been done in the Amazon basin
(Nortcliff & Thornes 1978; Nortcliff et al. 1979; Nortcliff & Thornes 1981;
Leopoldo et al. 1982; Lesack 1993a, b; Vegas-Vilarrúbia et al. 1994), but
these were located in areas of intact rain forest and do not address the effects
of deforestation. Research concerning elemental dynamics associated with
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deforestation in tropical areas remains sparse (Uhl et al. 1982; Hamilton &
King 1983; Uhl & Jordan 1984; Parker 1985; Jordan 1987).

The objective of our study was to document the effects of slash-and-burn
agriculture on the solution chemistry at different stages along a hydrologic
pathway in a small tropical rainforest catchment. The stages in the hydro-
logic pathway included precipitation, overland flow, shallow throughflow
(herein defined as soil water percolating vertically through upper soil hori-
zons), groundwater, bank seepage and stream water. Comparisons of solute
concentrations at different stages were used to infer the intra-system processes
that affect solute evolution in upland catchments (terra firme) of the central
Amazon, with particular emphasis on those which affect nitrogen. The magni-
tude of the effects of deforestation was estimated by comparing solution
chemistry from slash-and-burn areas to their pre-cut baselines, as well as to
adjacent uncut controls.

Study area

Lake Calado is located in the central Amazon basin (3�150 S, 60�340 W)
on the north side of the Solimões River (Amazon main stem) about 80 km
W of Manaus (Figure 1). This region has distinct dry (June to November)
and wet seasons (December to May; Lesack & Melack 1991; Williams et
al. 1997). Although much of the Lake Calado basin was in various stages
of development at the time of this study, most settlement of the study site
area occurred after 1987 when an access road was constructed joining Lake
Calado to the main road between Manaus and Manacapuru (Figure 1).

The study site was a sub-basin (23.4 ha) situated within the upland drainage
of Lake Calado. The experimental hillslope area, slated for burning by one
of the local residents, consisted of about 2 ha immediately downstream from
an adjacent control area of about 5 ha bordering a small, first-order stream
named the Braço do Mota, and is located at the head of the Igarapé do Mota
(Figure 2). The area is hilly with elevation ranging from 15 to 25 m (about
100 m a.s.l.) and slopes ranging from 3 to 40%. Soils are classified as Oxisols
consisting of a layer of sandy clay loam (0–50cm), charcoal and laterites
underlain by a deep layer of loamy sands of various hues (Williams 1993).
Above the mineral soil is a mat of humus and roots up to 20 cm deep. A
riparian buffer strip about 15 m wide was left uncut by the landowner, and
there was a small section (about 0.5 ha) of dense secondary forest in the
experimental plot before cutting (Figure 2).

The forest of the partially deforested catchment was completely intact
and mature terra firme in an aerial photograph of the Lake Calado basin in
1955, with some selective cutting of the lower reaches (downstream of the
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Figure 1. Map showing the location of the study site within the Lake Calado drainage basin.
Manacapuru (west of Lake Calado) is indicated by an asterisk.

experimental and control plots) prior to 1977. Lesack (1993b) states that the
forest of the study site consisted of 40- to 50-year old stands physiognomically
similar to mature forest except for the lack of emergents and large lianas. In
1989, Forested areas of the study site catchment ranged physiognomically
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Figure 2a. Study site with equipment locations. The swath designated as the selectively cut
forest was cut and burned at the same time as the experimental plot forest. The forested Igarapé
de Mota (18 ha) is directly to the west of the partially deforested Braço do Mota catchment.

from low secondary successional vegetation (1–10 m) to aggrading forest
15–25 m high. No between-plot differences in vegetation were apparent from
survey data obtained before the experiment began.

Species recorded during the vegetation survey of the forested area within
the partially deforested catchment boundary are given in Williams (1993), and
are briefly summarized here. Riparian vegetation located in the lower stream
reaches had dense thickets of pioneer species such as Bactris spp., Psychotria
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Figure 2b. Time line indicating the important events and equipment installations that occurred
during the study.

spp., Miconia spp. and Goupia glabra. Cecropia leucocoma was common in
secondary forest and the riparian zone at the study site. The forested upper
reaches were well shaded by mature forest species with individuals from
families such as Euphorbiaceae, Lecythidaceae and Melastomataceae, and
the understory had large numbers of lianas such as Doliocarpus spp. and
small palms such as Euterpe precatoria.

Hydrochemical changes caused by cutting and burning in the study site
catchment were measured. Solute concentrations were analyzed in wet depo-
sition, overland flow, shallow throughflow, groundwater and bank seepage in
the experimental and control plots, and in stream water in the partially defor-
ested and forested catchments. The experimental plot was cut in July 1989,
burned in October 1989, and planted to manioc several weeks after burning
(Figure 2b). Approximately 60% of the ground surface in the experimental
plot was ashed as a result of burning.

Methods

Rain. Quantitative measurements of rainfall were made both at a floating
laboratory and at the study-site catchment (Figure 1). Paired rain gauges (10
cm orifice) and an automatic tipping bucket rain gauge (15 cm orifice) were
used for the collection of rain quantity at the catchment site. A complete
description of rain chemistry can be found in Williams et al. (1997); data
presented here are used for comparison with the solute composition of other
pathway stages.
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Overland flow. Overland flow was collected in plastic gutters (1 m long)
mounted flush with the ground surface and perpendicular to the slope
(Williams 1993). Collectors were rinsed with deionized water (DIW) approx-
imately three times per week, and only samples collected within several hours
after a rain event were analyzed. Three overland flow collectors were installed
in the experimental plot. Overland flow did not occur in forested areas of the
study catchment at any time during several of the largest storms recorded
(pers. obs.). Consequently, overland flow collectors were not installed in the
control plot, and we assume that there was no overland flow at any time
during the period of study in the control plot.

Shallow throughflow. Throughflow was collected with zero-tension lysimeters
in the control and the experimental plots. Wooden shelters built to protect the
lysimeter end caps and collection bottles were constructed with detachable
roofs and placed at ground level in 1 m3 pits dug into the soil surface of both
plots (Staver et al. 1987). Installation began approximately 5 months before
the first sample collection to allow sufficient time for intimate soil contact
with the lysimeters to develop and reduce disturbance effects (Shepard et al.
1990); four lysimeters were installed in each 1 m3 pit (one per plot) with one
lysimeter extending from each wall. Lysimeters were positioned horizontally
at the bottom of the rooted zone 50 cm below ground surface in both pits.
The lysimeters consisted of two 75 cm lengths of polyvinyl chloride (PVC)
joined together by a flush, watertight male/female thread; one side of the outer
section was slotted (0.5 mm) and the slots positioned upward, extending from
about 50 to 125 cm from the edge of the wooden shelter (Williams 1993).
Each lysimeter sample was analyzed separately, and the values were pooled
to represent an infiltration event. When sample volume was limited, aliquots
from a single pit were combined for analysis. Lysimeter samples were not
volume-weighted.

Estimates of flux rates of water were obtained from both plots during
the month of March 1990. This was accomplished by using small, soil-filled
funnels (10 cm inner diameter) plugged with a ball of glass fiber and connected
to a collection bottle by tygon tubing (one per plot). The funnels were braced
against the ceiling of a small cavern located 50 cm below the soil surface
at the same depth as the lysimeters. Water volumes were measured about 2
hours after storm events using a graduated cylinder. Soils in the vicinity of
the funnels were structurally similar and without obstructions such as large
roots or rocks. Estimates of water flux were used for between-plot comparison
only, and no spatial or temporal extrapolation was done due to the tendency
to underestimate soilwater fluxes (Sollins 1985).
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Groundwater. Groundwater was measured in 16 wells that were arranged
in replicated transects in both the experimental and the control plots (8 per
plot, Figure 2). Wells ranged from 1 to 16 m in depth and were spaced at
15 m intervals upslope from the primary wells located 2 m from the edge of
the stream. The experimental and control plots had two well transects each,
one transect with 5 and the other with 3 wells. The top two wells in the
second transect of both plots were not replicated. The top-slope (#5) and the
streambank wells (#1 and 6) are not included in between-plot comparisons
because solute concentrations in these wells remained relatively invariant
after cutting and burning.

Wells were manually drilled to the water table with a bucket type soil
auger and then with a sand auger to drill below the water-saturated soil zone.
Iron concentrations were initially very high in all wells, apparently due to
drilling the wells with an iron auger, and Fe data were divided into subsets
(before and after December, 1989) to eliminate the effects. All wells were
fitted with a plastic collar about 5 cm in width that was placed 50 cm below
ground level to prevent water and soil movement down the outside shaft of
the well. Well screens 1 m in length with 0.5 mm slots were fitted to the end
of the well shafts. All well screens were soaked in 30% HCl for 1 hour, rinsed
and leached in DIW overnight. Well installation was completed 6 to 8 months
prior to cutting of the forest in the experimental plot (Figure 2b).

Water table levels were measured using a marked length of tygon tubing
with a small lead weight on the end. This was used as a sounding line by
listening for bubbling when the tube made contact with the water surface
as air was blown through the tube. The water table was recorded, and the
wells were purged of water 1 day before sample collection. Water samples
were collected with a PVC bailer attached to a spool of nylon fishing line
and returned to the lab in pre-rinsed polyethylene bottles used specifically for
each well.

Seepage meters. Seepage meters (Lee & Cherry 1979) were used periodically
to measure the water chemistry of bank seepage along the length of the stream.
Devices were constructed from the top portion of a polycarbonate water jug
which was inserted into the stream bank leaving only a small opening through
which water passed into a collection bag. Seepage meters were allowed to
flush over 24 hours to remove water trapped during installation, and then
collection bags were mounted on the devices. Seepage-meter samples were
collected at most two days after installation to reduce chemical changes
during the collection interval. In addition to the measurements described
above, groundwater was collected with bottles placed under small springs
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emerging on the hillslope up to 1 m away from the stream. These streambank
measurements are referred to as spring-seepage samples.

Stream water. Stream discharge was measured with a sharp-crested 120�

V-notch weir and stilling well water level recorder. An adjacent uncut catch-
ment stream named the Igarapé de Mota (18 ha) served as a control for
streamwater chemistry (Figure 2). A complete description of stream chem-
istry can be found in Williams & Melack (1997); data presented here are used
for comparison with rain and soil waters.

Soils. Descriptive soil profiles over the depth range of 1 to 16 m were recorded
during the augering of eight wells in both plots (Williams 1993). Additionally,
soil samples from depths ranging from 35 to 100 cm were collected with a
bucket-type soil auger in four locations (one core at each location), and core
sections were separated according to visible changes in soil color and texture.
Samples were obtained from the bottom and top of the hillslope in both the
experimental and control plots, and soil parameters measured from forested
areas were compared with those from the upper slope of the deforested plot.
Soil samples were placed in polyethylene bottles, refrigerated, and sent back
to the United States for the analysis of pH, available nitrogen, exchangeable
cations, exchangeable acidity and cation exchange capacity (CEC). All soil
analyses were performed according to protocols of Page et al. (1982).

Equipment installation and sample collection. A time line of the equipment
installations and catchment disturbances is given in Figure 2b. The landowner
cut the experimental forest in mid-July 1989. Trees were felled by ax and
ground disturbances were minimal. The forest was burned in mid-October
1989, and some of the unburned wood was removed from the experimental
plot before planting manioc in early November 1989.

The frequency of sample collection was different for each stage of the
hydrologic pathway that was sampled. Rain was collected on an event
basis whenever possible (Williams et al. 1997). Lysimeter and overland
flow samples were collected within 12 hours after a rain event occurred
and promptly returned to the lab for analysis. Well samples were collected
monthly, but weekly to biweekly during the initial 3 months after cutting
the experimental plot forest. Seepage-meter samples were taken opportunis-
tically, and stream water was collected at least once per week.

Two important factors in interpreting our chemical data are the various
samples sizes of different pathway stages and the heterogeneity of the forest
burn. Rainfall, groundwater and stream water have samples sizes of about
115, 150 and up to 60, respectively, whereas overland flow, throughflow, bank
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seepage and soils have sample sizes <20. Although the smaller data sets are
used for comparative purposes among pathway stages and not, for instance,
for calculating solute fluxes, their representativeness should be viewed with
caution.

Secondly, due to an extended period of rainfall in early October 1989 prior
to burning, the cut forest did not burn completely. Although felled trees were
burned, boles remained and about 40% of the ground surface in the experi-
mental plot was unashed, including the lysimeter area. Thus, although partial
burning may commonly occur in agricultural plots of the central Amazon,
the soil and throughflow data presented here are not representative of a slash-
and-burn disturbance; rather, the data are indicative of changes which occur
after a cut-and-fallow disturbance followed by planting. However, overland
flow, groundwater, bank seepage and stream water incorporate the effects of
burning. Planting occurred two weeks after the burn by digging a hole in the
topsoil (about 20 cm deep) for each manioc stem to be planted, but further
disturbance was minimal since harvesting took place after the end of our
measurements. No fertilizer was applied.

Chemical analyses. The same suite of handling and analytical procedures
were performed on water samples collected from each pathway stage. A
deionizing system provided DIW with a conductivity below 1 �S cm�1, and
rinse-water blanks showed no contamination. We used a plastic Nuclepore
filtration apparatus and Gelman A/E glass fiber filters (1 �m nominal pore
size), which were pre-rinsed with 200 mL of DIW. Filtered aliquots were
placed into new high density polyethylene bottles that had been leached for
24 hours and then rinsed 3 times with DIW. All filtered samples were then
refrigerated at about 4 �C until analysis. Measurements of pH were standard-
ized to 25 �C, and statistics were calculated using [H+]. Analytical methods
and quality controls are summarized in Williams et al. (1997) and Williams
& Melack (1997).

Data analysis. Volume-weighted mean (VWM) concentrations of all solutes
in precipitation and stream water were calculated as follows:

VWM =

P
n

i=1CiVi
P

n

i=1 Vi

where, Ci is the concentration of a species in sample i, Vi is the volume
of precipitation or discharge associated with sample i, and n is the total
number of samples for which measurement was made. Arithmetic means of
concentration were calculated for overland flow, throughflow, groundwater
and bank seepage.
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Results

Overland flow. Overland flow occurred in the experimental plot 5 months after
burning, and apparently did not occur in the control plot. A 2-sample t-test
showed that most solute concentrations in overland flow were significantly
higher than in rain. pH was much higher in overland flow than in rain and
ranged from 5.5 to 9.0 (n = 14), with the highest values occurring in the initial
post-burn period. The P fractions increased proportionally more in concen-
tration than the N fractions in transition from rain to overland flow (Table
1). Potassium in overland flow was lowest in concentration among the base
cations, but had the largest relative increase over concentrations measured in
rain. The concentration of dissolved organic carbon (DOC) was more than a
factor of 5 times higher in overland flow compared to the rain which caused
the flow (Table 1).

Hydrochemical losses from the rooted zone. Significantly greater vertical
flows of water were measured in the experimental plot than in the control
plot (n = 15; Figure 3). The ratio of rainfall infiltration to event volume (cm
throughflow/cm rain) ranged from 0 to 0.59 in the control plot and 0.19 to 0.80
in the experimental plot. Smaller storms resulted in proportionally smaller
infiltration rates, probably due to evapotranspiration and unsaturated water
holding capacity.

Throughflow chemistry was determined from 4 pre-cut and 10 post-cut rain
events yielding adequate volumes to perform analyses. Throughflow samples
collected before cutting were not significantly different between plots for the
N and P fractions, major ions and SiO2. Disssolved inorganic carbon (DIC),
DOC, organic acids and trace metals were not measured in these pre-cut
samples.

Most solute concentrations of throughflow in the experimental plot had
large initial increases after cutting and higher concentrations than in the
control (Figure 4); solutes generally showed post-cut declines in concentra-
tion after the initial increase (Figure 5). Nitrate, Na+, Cl� and K+ were
leached from the rooted zone in relatively large quantities, and NO�

3 , SO2�
4 ,

K+ and NH+4 had the largest changes in concentration after burning. Concen-
trations of most solutes in throughflow were significantly greater in the exper-
imental plot compared to the control using a 2-sample t-test (Table 1). Nitrate
increased from a pre-cut baseline of 120 to over 1800 �eq L�1 at the begin-
ning of the wet season in December 1989, decreasing exponentially to 500
�eq L�1 by the end of May 1990 (Figure 5); [NO�

3 ] in the control plot was
higher also than its pre-cut baseline. The base cations, Cl�, SO2�

4 and trace
metals followed trends similar to NO�

3 . DOC concentrations in throughflow
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Table 1. Volume-weighted mean concentrations for solutes in rain (RN) and stream water
(SW); mean solute concentrations for shallow throughflow (ST), groundwater (GW), overland
flow (OF), and bank seepage (BS). Deforested and forested plots are designated with a D or
F, respectively. Bank seepage is designated with a S (spring seepage) or M (seepage meter),
respectively. Concentrations were determined from samples collected from July 1989 to July
1990. All units are �M, except ANC (�eq L�1), pH and Mn (nM). Unfiltered samples are
designated by “U”. Asterisks indicate significant differences (p < 0.05) between comparisons
of rain and overland flow, deforested and forested sites, and spring and seepage meter samples.

RN OF ST GW BS SW

Solute D F D F S M D F

NH+4 3.0 7.6� 4.4� 0.7 20.6� 6.9 0.4� 6.8 1.0� 0.4

NO�3 4.2 7.5� 806� 210 68.0� 24.5 35.0� 2.8 11.6� 8.5

TDN 6.8 43.9� – – 92.2� 43.5 37.0� 24.0 19.9� 13.1

TN U 10.8 – – – – – – – 24.3� 15.8

PO3�
3 0.03 1.37� 0.05 0.6 0.17� 0.09 0.12 0.12 0.11 0.07

TDP 0.25 3.05� 0.35 0.56 0.36� 0.32 0.21 0.21 0.46� 0.29

TP 0.41 – – – – – – – 0.56� 0.36

Na+ 2.4 40.4� 191.0� 19.1 61.0� 26.5 31.7 24.8 15.6� 11.1

K+ 0.8 26.0� 58.4� 1.1 10.9� 4.4 3.4 2.3 5.4� 1.5

Ca2+ 1.2 26.2� 5.6� 1.4 11.1� 4.5 12.1 12.2 4.3� 2.7

Mg2+ 0.5 14.2� 7.2� 0.8 1.8� 0.5 6.5 6.0 2.9� 1.2

Cl� 4.6 23.8� 98.8� 11.9 19.5 23.2 15.3 20.4 13.8 11.4

SO2�
4 1.0 31.0� 17.1� 2.2 2.6� 0.7 21.3 25.6 5.7 1.8

SiO2 0.0 19.1� 55.6 41.1 53.5 57.6 62.0� 82.6 71.6� 90.2

H+ U 17.0 1.3� 195.3 140.7 16.4 38.8 14.0 16.0 11.2� 18.4

ANC U �5.0 193.0� – – 117.0� 36.5 �2.0 25.0 3.4� �8.1

pH U 4.7 5.9� 3.7 3.9 4.8 4.7 4.9 4.8 5.0� 4.7

�S cm�1 U 6.5 24.4� 192.2� 45.5 28.0� 16.2 12.7 10.2 8.4 9.3

DOC 159 869� 194� 121 138� 54 160� 421 158� 73

DIC 0 – – – 1.43 1.24 – – 0.42 0.44

Al 0.3 2.3� 130.5� 29.6 1.8 1.5 1.7 1.5 1.5 1.9

U 0.3 8.1� – – – – – – 4.2 3.6

Fe 0.1 0.7� 0.4� 0.2 1.0 0.7 1.0 1.4 0.7 0.5

U 0.1 3.9� – – – – – – 3.0 1.5

Mn 7 15� 637� 36 182 164 36 25 55 36

U 6 73� – – – – – – 36 36

in the experimental plot were similar to those measured in the rain that caused
the infiltration (about 200 �M), whereas those of the control plot were sig-
nificantly lower (Figure 4).

Changes in groundwater chemistry. Groundwater levels above stream height
were not significantly different between plots using a paired t-test. Ground-
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Figure 3. Soilwater infiltration volumes measured in the experimental and control plots during
the period of study.

Figure 4. Mean solute concentrations for shallow throughflow in the experimental and control
plots during the period of study. Levels of significance are designated by asterisks (i.e. � when
0.05 > p > 0.01 and �� when p < 0.01). Error bars represent standard errors.
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Figure 5. Time series showing solute concentrations in shallow throughflow in the experi-
mental and control plots. Pre-cut baselines for the experimental plot are indicated by dashed
lines. Error bars represent standard errors.

water levels generally increased in January after the beginning of the wet
season in December and peaked in late May just after peak rainfall (Figure
6). The magnitude of vertical watertable fluctuations generally increased
from lower (�0.5 m) to upper (�1.5 m) hillslope well sites in both plots.
The hydraulic gradients calculated from the top well to the stream in the
deforested plot were similar to those of the forested plot and ranged from 0.5
to 4 cm m�1 over the groundwater hydrograph.
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Figure 6. Water table fluctuations relative to stream level recorded in the experimental and
control plots from December 1988 to May 1990.

Spatial variability of solute concentrations within each plot was high.
Solute concentrations were lower in wells at the top and bottom edges of
the hillslope compared to centrally located wells for all solutes except DOC,
which was highest in the top well (#5) of the experimental plot during the
first 5 months after cutting (384�66 �M, n = 8) compared to the mid-slope
average of 194 �M (Table 1). Mean [NO�

3 ] was about 68 in the mid-slope
compared to 4 �M in the fringing wells (#1, 5 and 6) of the experimental plot.
In order to separate temporal and spatial effects of cutting and burning in the
experimental plot, we evaluated changes over time using only data from the
mid-slope wells (#2, 3, 4, 7 and 8), because these wells were affected most
by the disturbance.
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Figure 7. Concentrations of NO�3 in the shallow throughflow (lysimeters) of the experimental
plot, and groundwater NO�3 in the mid-slope wells of the experimental and control plots, June
1989 to May 1990.

The wells of the experimental plot had higher concentrations of NO�

3
compared to the pre-cut baseline possibly due to high NO�

3 throughflow
percolating to the water table at the onset of the wet season (Figure 7). A
comparison of [NO�

3 ] in the mid-slope wells of the experimental plot to the
pre-cut baseline showed 14-fold increases after cutting and 57-fold increases
after burning (Figure 8). In contrast, [NO�

3 ] in the control-plot wells increased
slightly to 23.7 �M compared to a pre-cut baseline of 15.6 �M (n = 37, SE
= 2.7), despite [NO�

3 ] in throughflow that was occasionally larger by a factor
of 10.

Groundwater was mildly acidic in both plots (pH = 4.8) and solute
concentrations were moderate relative to the other pathway stages (Table 1).
Compared to throughflow, concentrations of most solutes were significantly
lower in experimental plot groundwater using a 2-sample t-test. A similar
comparison for the control plot showed that the concentrations of about half
of all the solutes were significantly higher in groundwater than in through-
flow. Between-plot concentration differences of groundwater using a paired
t-test showed that most solutes were significantly higher in the experimental
plot compared to the control (Table 1).

Large changes in acid neutralizing capacity (ANC) occurred in the wells
of both plots (Figure 9). Groundwater ANC of the experimental plot was
consistently higher than that of the control plot, although the largest difference
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Figure 8. Mean NO�3 and NH+4 concentrations observed in the mid-slope wells of the
experimental and control plots, January 1989 to May 1990. Error bars represent standard
errors.

predated the cut. The contribution of HCO�

3 (pK = 6.3) to total titration
alkalinity was very small given that pH values of groundwater were commonly
<5. Consequently, [DIC] in groundwater was <2 �M. Hydrogen ion in the
experimental and control plots was similar, except for a 2-month period
immediately after the burn when H+ was lower in the deforested plot (Figure
10).

Groundwater [DOC] in the experimental plot was higher than in the control
plot throughout the sampling period (Figure 10). DOC concentrations in the
plots largely fluctuated in parallel, but deforested-plot DOC concentrations
were higher and diverged from forested values after the burning of the exper-
imental plot in October 1989. [DOC] and [NO�

3 ] paralleled one another
throughout the sampling period in both plots (compare Figures 8 & 10). The
time series of the remaining major solutes in groundwater show that most of
the divergence in concentration between plots occurred after the burn (Figure
9).

Comparison of bank seepage. Ammonium and NO�

3 concentrations in
samples collected using seepage meters in the upstream control area were
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Figure 9. Time series of concentrations for selected solutes in the mid-slope wells of the
experimental and control plots, July 1989 to May 1990. Error bars represent standard errors.

slightly larger than those from the downstream experimental area (means of
13.9�0.8 versus 7.9�4.7 �eq L�1; respectively). Spring seepage in cut areas
had significantly higher concentrations of NO�

3 and total dissolved nitrogen
(TDN) than seepage-meter samples, but lower NH+4 , SiO2 and ANC (Table 1).
Phosphorus concentrations were the same for both types of seepage samples.
[DOC] in the seepage-meter samples was significantly greater than in that of
the streambank springs, and most other solutes were similar in concentration.
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Figure 10. Mean groundwater DOC and H+ concentrations for the experimental and control
plots (mid-slope wells). Error bars represent standard errors.

Nitrogen evolution in the riparian zone. Transformations of NO�

3 and NH+4
occurred along the presumed pathway of groundwater to stream water (Figure
11). Nitrate was 2.8 �M in bank seepage collected with the seepage meters
compared to 8.2 and 8.5 �M in the streambank wells and stream water,
respectively. Conversely, [NH+4 ] was 6.8 �M in the seepage-meter samples
compared to 3.9 and 1.0 �M in the streambank wells and stream water,
respectively.

Stream water. A detailed description of streamwater runoff and chemistry for
forested and partially deforested catchments is given in Williams & Melack
(1997). Streamwater chemistry is provided in Table 1 for comparison with
the other pathway stages monitored in this study. Streamwater concentrations
of the base cations, total and total dissolved phosphorus (TP and TDP, respec-
tively) and DOC in the partially deforested catchment were higher than those
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Figure 11. Comparison of NO�3 and NH+4 in a transect from the upslope well (#5) to the
stream in the forested plot. There were no reliable seepage data from deforested areas, making
a similar comparison using transect data from the cut plot impossible. Error bars represent
standard errors.

from the adjacent forested catchment, whereas H+ and SiO2 concentrations
were lower.

Effects of cutting vegetation on soils. Soil samples obtained from shallow soil
cores (<100 cm) one month after cutting had pH ranging from 4.2 to 5.4,
and CEC values from 6 to 14 mmol [100 g]�1 (Table 2). Soils from forested
areas had a mean pH of 4.9, and mean available N of 4.3, 3.4 and 0.04 �g
g�1 for NH+4 , NO�

3 and NO2, respectively. Concentrations of exchangeable
cations in forested areas were <1.3 meq [100 g]�1 and CEC was 9.1 mmol
[100 g]�1. Nitrate and H+ concentrations were significantly higher in the
deforested upper slope than in soils from forested areas.

Diagrammatic summaries. Solute retention or mobilization in the control and
experimental plots were determined by comparing the solute concentrations
of the different pathway stages. Significant (p< 0.05) retention was indicated
by lower solute concentrations in a subsequent pathway stage than those of the
preceding stage, whereas significant (p< 0.05) mobilization was indicated by
the opposite scenario. In general, solute concentrations were higher in over-
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Figure 12. Diagrammatic summary of solute mobilization along the hydrological pathway
stages monitored in the control plot. The first comparison is between precipitation (#1) and
shallow throughflow (#2) in the control plot. No overland flow was observed in the control plot.
Other comparisons are between shallow throughflow (#2) and groundwater (#3), groundwater
(#3) and stream water (#4), and rain (#1) and stream water (#4) in the forested plot. All tests
of significance were done using a 2-sample t-test. Significantly higher and lower (p < 0.05)
concentrations compared to a previous stage are indicated by “+” and “�”, that represent
mobilization or retention of solutes, respectively. “NA” indicates that data were not available,
and a blank indicates that there was no significant difference between pathway stages.

land flow and throughflow compared to rain in both plots (Figures 12 & 13),
although the magnitude of the mobilization was higher in the experimental
plot (Table 1). In the control plot, mobilization of most solutes from through-
flow to groundwater occurred. In contrast, solutes were generally retained
or diluted from throughflow to groundwater in the experimental plot. Solute
concentrations in groundwater were generally higher in the experimental plot
compared to pre-cut baselines and groundwater in the control plot wells.
In a comparison of rainfall and stream water, mobilization of most solutes
occurred in both catchments, although net export was higher in the partially
deforested catchment.

Discussion

Overland flow chemistry. Overland flow was observed in the experimental
plot about 5 months after burning in areas where substantial disintegration
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Figure 13. Diagrammatic summary of solute mobilization at different hydrological pathway
stages in the experimental plot. The first comparison is between precipitation (#1) and over-
land flow (#2) of the experimental plot. The comparisons of shallow throughflow (#3) and
groundwater (#4) are between the experimental plot and the control plot, while stream water
(#5) is a comparison between the partially deforested catchment and the forested catchment.
Between-plot differences in groundwater concentrations were tested for significance using a
paired t-test, and all other tests of significance were done using a 2-sample t-test. Signifi-
cantly higher and lower (p < 0.05) concentrations compared to a previous stage or a control
are indicated by “+” and “�”, that represent solute mobilization and retention, respectively.
“NA” indicates that data were not available, and a blank indicates that there was no significant
difference between pathway stages.

of the forest root mat had occurred. Overland flow in the experimental plot
area always infiltrated into the soil before reaching the stream and was never
significant enough to breach the 15 m buffer strip. Similarly, Hodnett et al.
(1995) observed small-scale runoff at Fazenda Dimona, north of Manaus, but
travel distances were short and most of the water ultimately infiltrated. Thus,
although overland flow in the experimental plot transported soil particulates
and solutes down slope, it was considered a transient pathway between rainfall
and throughflow. However, buffer strips are rarely used along the edges of
streams and lakes in the area, and older deforested plots in the Calado basin
with steeper hillslope grades lacking buffer strips contributed substantial
overland flow and eroded soil to stream and lake water during storm events
(pers. obs.). Although data from older plots may not be representative of
recent disturbances, it is important to recognize that overland flow probably
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contributes larger inputs of dissolved solutes and particulates directly to the
lakes and streams of the region than this study would indicate.

Infiltration. Infiltration of water through the upper soil horizons and the
concentrations of inorganic N in throughflow were higher in the experimental
plot after cutting and burning compared to the control plot (Figures 3 &
5). Gaseous effluxes of N-oxides during burning were not measured in this
study, but these can sometimes exceed post-fire leaching losses in temperate
catchments (Grier 1975; Schoch & Binkley 1986; Lobert et al. 1991). Hence,
both leaching and gaseous effluxes associated with fire can lead to a loss
in soil fertility. The availability of inorganic N after burning is known to
increase from the accelerated decomposition of the forest floor (Raison et al.
1990), and infiltrating rain water probably leached NO�

3 , which is particularly
mobile under disturbed conditions (Vitousek et al. 1979; Vitousek 1980). In
the temperate zone, disturbances generally decrease plant uptake of N, and
increase decomposition and mineralization, which accentuate nitrification
(Matson & Vitousek 1981; Vitousek & Matson 1985). For example, St. John
& Rundel (1976) reported an increase in soil NO�

3 the first spring after burning
a mixed-conifer forest, and Schoch & Binkley (1986) observed increased N
mineralization rates in loblolly pine forests after burning. Chorover et al.
(1994) observed higher A-horizon [NO�

3 ] in soil solutions for over 2 years
after the prescribed burning of a mixed-conifer forest in the Sierra Nevada,
California. Increases in [NO�

3 ] occurred in stream water after the cutting and
herbicide treatment of a forested catchment at Hubbard Brook, and Likens et
al. (1970) attributed the increase to nitrification.

The nitrification hypothesis in our study is supported by higher NH+4 and
pH (the latter due to ashing) observed in overland flow (Table 1), both factors
which promote nitrification. Moreover, the second and third strata of soil in
the cut plot had lower pH and higher NO�

3 compared to the other 3 locations,
which were forested (Table 2). Ammonium production probably continued
after tree removal, and without the active uptake by tree roots (Stark &
Jordan 1978), NH+4 can accumulate. Ammonium accumulation may occur
concurrently in the control plot because the trees are probably P limited due
to P adsorption by Al and Fe oxides.

Although less pronounced in the control, both plots showed seasonal
removal of large amounts of NO�

3 in throughflow. The mineralization of
leaf litter and organic matter stocks over the dry season may result in an
accumulation of soluble materials such as inorganic N in the upper soil
horizons of tropical catchments. Some of the N would then be mobilized
from the soils during periods of high soil flushing, and the higher [NO�

3 ] in
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the throughflow of both plots at the beginning of the wet season compared to
the antecedent [NO�

3 ] baseline support this hypothesis (Figure 5).
Incomplete burning in the experimental plot lysimeter area may have

delayed the decomposition of the root mat and other organic matter stocks.
The mineralization of unburned topsoils and their accompanying rootmats
would then contribute progressively to the leaching process. For example,
similar to NO�

3 , decreasing trends following initially high concentrations
were observed for most solutes in throughflow (Figure 5). In contrast, com-
pletely burned areas commonly have large quantities of ashed organic matter
stocks and soluble oxides which are converted to carbonates after burning, and
solutes from this ash are generally known to increase soil pH and streamwater
ANC (Tiedemann et al. 1978), although there are exceptions (Bayley et al.
1992b). Dissolution of nutrients from this ash can increase soil base cation
concentrations and promote leaching (Grier 1975; Woodmansee & Wallach
1981; Boerner & Forman 1982). Such leaching is probably responsible for
larger losses of base cations, Cl�, SO2�

4 and metals from the rooted zone than
were measured in this study.

Groundwater. The effect of infiltrating throughflow on groundwater chem-
istry was particularly apparent with the inorganic-N fractions. After burning,
the concentration of NO�

3 in groundwater of the mid-slope wells in the exper-
imental plot was higher by a factor of 57 (Figure 8) compared to that of the
control plot wells, which remained relatively invariant. The lower ground-
water [NO�

3 ] compared to that of throughflow indicates that dilution and/or
NO�

3 removal at depth occurred in both plots. Matson et al. (1987) showed
that plant uptake, inorganic adsorption, and immobilization by microbes or
soil organic matter are important mechanisms responsible for mineralized N
retention in cut and burned plots at Turrialba, Costa Rica.

The subsequent increase of [NH+4 ] in the experimental plot after cutting
was similar to that of NO�

3 , albeit more abrupt, and is followed by a decrease in
concentration until the end of a period with uncharacteristically low rainfall.
An abrupt increase in soil solution NH+4 followed by a rapid decline has
been reported previously in the burning of temperate forests (St. John &
Rundel 1976; Tomkins et al. 1991; Chorover et al. 1994). With the advent
of larger rains toward the end of the dry season, a second pulse of NH+4
in the experimental plot wells occurred that was not seen in the control,
probably a result of disturbance and infiltrating throughflow. The #7 well in
the experimental plot had high [NH+4 ] throughout most of the study (>50�M),
and may be why [NH+4 ] was much lower in throughflow than in groundwater
in the experimental plot. It is also possible that either ammonification occurred
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at depth or our limited throughflow measurements underestimated the extent
of NH+4 leaching in burned areas.

Baseline concentrations of NH+4 were more variable than those of NO�

3 in
both plots and may be attributed to the process of well maturation (Figure 8).
The convergence of [NH+4 ] in the control and experimental plots toward the
end of the 1989 wet season and prior to forest cutting suggests that the wells
were stabilizing relative to NH+4 at this time. However, the time series of
solute concentrations in groundwater show that stabilization was apparently
not achieved for some solutes by the cutting phase of the experiment (Figure
9). In particular, concentrations of ANC, Ca2+ and Mg2+ show large dif-
ferences in groundwater immediately prior to the cut. We believe the higher
concentrations of some solutes in the wells of the experimental plot imme-
diately prior to the cut was a result of fitting the top portion of the wells
with a 0.5 m removable section. This procedure was done to allow the tops
of the wells to be buried during the burning phase of the experiment, and
apparently resulted in the penetration of some top soil into the vicinity of the
well screens. However, the 3-month period in between cutting and burning
allowed the wells to stabilize, and the effects of the burn were observed due
to the larger flushing events of the wet season in early December 1989.

Despite possible disturbance effects from the above procedure, high
groundwater [ANC] and its large between-plot differences observed before
cutting the experimental plot were unexpected. Given the moderate acidity
and low [DIC] of groundwater (Table 1), the contributions of HCO�

3 and
CO2�

3 to groundwater ANC were trivial. Negligible carbonate alkalinity indi-
cates that there were probably other dominant sources of groundwater ANC.
Since the pKas of most ions are influential at a pH <5.0, ANC may have
resulted from the presence of organic acids or other DOC.

Alternatively, clay particles were commonly found in groundwater
samples with large ANC. These may have been due to purging of the wells,
and could have acted as a source of ANC because of their numerous exchange
sites which can act as buffers. Colloidal clays appear to be the principal factor
responsible for the between-plot differences and temporal changes observed
in ANC in the groundwater of both plots. ANC resulting from the presence
of colloidal clays was almost eliminated in the wells after about 6 months of
post-cut sampling and continual flushing. These clays were more apparent in
the wells of the cut plot than the control plot, and diminished throughout the
study (pers. obs.).

Hydrogen ion concentrations in the groundwater of both plots gradually
increased in parallel from the beginning to the pre-burn phase of the experi-
ment (Figure 10). Post-burn [H+] decreased in the groundwater of the exper-
imental plot and both plots plateaued for several months until February 1990,
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when concentrations rose to about 43 �eq L�1 and subsequently decreased
to about 10 �eq L�1 by the end of the study. Thus pH in both plots varied
from about 7.0 to 4.3 over the course of the experiment, with a period of
several months after the burn when [H+] diverged and pH was higher in the
groundwater of the cut plot. We attribute the post-burn decrease in [H+] of the
experimental plot to the alkalinity generated from burning in mid-October.
The pH of groundwater in both plots decreased to about 4.3 in March 1990,
values that are well below the mean pH of 5.0 for rainfall in the wet season
(Williams et al. 1997). Hydrogen ion and DOC concentrations parallel one
another from February until March 1990 (Figure 10), indicating that changes
in the pH of groundwater may be attributed to unmeasured organic acids.

DOC concentrations in both plots increased after the experimental plot
was cut, but subsequently decreased in the control plot after the beginning of
the wet season in December (Figure 10). In the experimental plot, [DOC] and
[NO�

3 ] are well correlated throughout the sampling period, which indicates
that the increasing [DOC] measured in these wells was a result of infiltrat-
ing water from throughflow. Increases in [DOC] are commonly a result of
elevated decomposition resulting from higher soil moisture and microbial
activity (Meyer & Tate 1983; Tate & Meyer 1983). However, groundwater
[DOC] in the control plot decreased below that measured in throughflow
in December, suggesting that the onset heavy rains increased DOC removal
processes or diluted DOC in groundwater.

Nitrogen evolution from groundwater to the stream. The high NO�

3 pulse from
throughflow in the experimental plot never appeared in the wells located in
the forested buffer strip bordering the stream or in measurements of bank
seepage. Moreover, the ratio of NO�

3 to NH+4 decreased in groundwater from
the upper slope to the riparian and hyporheic zones of the stream (Figure
11). For example, NO�

3 in the forested catchment was higher by a factor of
5 in the mid-slope wells (#2, 3, 7 and 8) compared to the upslope wells (#4
& 5), and lower in the streambank wells (#1 and 6). Nitrate in streambank
springs was similar in concentration to that of the mid-slope wells, which may
be macropore flow by-passing deeper zones of denitrification in the riparian
buffer (not shown). Nitrate was lower in bank seepage collected with the
seepage meters compared to the streambank well (Figure 11), while NH+4
was higher by about a factor of 2. McClain et al. (1994) suggest that NO�

3
disappearance in the anaerobic riparian sediments of the Ducke Reserve north
of Manaus is probably due to denitrification, whereas NH+4 concentrations
may be explained by ammonification uncoupled from nitrification. Patterns
of isotopic composition in upland, riparian and stream waters observed by
Brandes et al. (1996) suggest also that groundwater dissolved inorganic N
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(DIN) is removed in the riparian zone, and that DIN in stream water is
primarily remineralized organic N.

It is also possible that the NO�

3 losses occurring along the hydrologic
pathway of groundwater to the sediment-stream interface was a result of
uptake by aggrading riparian vegetation (Peterjohn & Correll 1984). High
growth rates of trees occurred in the riparian area as a result of increased light
availability after deforestation on the opposite side of the stream (Williams,
unpubl. data). Moreover, larger groundwater flow patterns driven by large-
scale infiltration in the Calado basin could have caused significant dilution
of observed throughflow in the small-scale experimental plot. Groundwater
probably moved both laterally in relation to the well transects and toward
the lake, although the fraction of the contributing area influenced by the
experimental treatment could not be determined.

In transition from the streambank sediments (seepage meters) to the
stream, NO�

3 was higher by about 6 �M, whereas NH+4 was lower by about
6 �M (Figure 11). This speciation shift may be attributed to the higher redox
potentials characteristic of a riparian-stream interface compared to anoxic
riparian sediments. Ammonium entering the aerobic hyporheic zone is
commonly oxidized to NO�

3 by nitrifiers (Blackburn 1983), and the commen-
surate [NH+4 ] decrease associated with an increase in [NO�

3 ] suggests that
this is the predominant microbial process. This mechanism probably acts in
concert with uptake by aggrading vegetation.

Comparison with other studies. Large increases in the nutrient concentrations
of soil leachates were observed by Uhl et al. (1982) and Uhl & Jordan (1984)
after cutting and burning small plots of caatinga and terra firme rain forest,
respectively, in San Carlos, Venezuela. Similarly, Parker (1985) observed
increases in the concentrations of solutes in soil solutions in cleared, unburned
rainforest areas of Volcan Barba, Costa Rica. Soils of one San Carlos study
were infertile Spodosols (Uhl et al. 1982), while those of the Uhl & Jordan
(1984) and Lake Calado study sites were Oxisols. Soils of the Volcan Barba
site were identified by Parker as Ultisols. Annual rainfall was higher at San
Carlos and Volcan Barba than at Lake Calado (3500 and 4000 versus 2800
mm, respectively).

Uhl & Jordan (1984) observed abrupt increases in NO�

3 , K+, Ca2+ and
Mg2+ after cutting and burning that subsided to pre-burn concentrations
after about 2 years. The divalent cations at San Carlos showed considerable
variability in the control plot leachates in comparison to the other solutes,
and most peak concentrations occurred in the first year after the cut, except
for Mg2+, which peaked in the second year. Although we do not have a
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second year of data, trends indicate that the concentrations of most solutes
were approaching control levels by the end of our study.

Uhl et al. (1982) observed higher peak concentrations of Ca2+, Mg2+,
K+, and much lower concentrations of NO�

3 compared to the studies above.
Phosphate and NH+4 were much higher than concentrations observed in our
study, and were not measured by Uhl & Jordan (1984). Large increases in soil
solutions were observed about four months after clearcutting plots at Volcan
Barba (Parker 1985), and maximum concentrations occurred after about 6 to
8 months and lasted for over one year.

Although the effects of burning forests on soil nutrient status (Smith 1970)
and solute fluxes in stream water (Schindler et al. 1980; Feller & Kimmins
1984; Bayley et al. 1992a, b) are known, that we are aware of, no studies have
documented the effects of cutting and burning mature, temperate forests on
soil solution or groundwater chemistry. Boerner & Forman (1982) observed
elevated concentrations of Ca2+, Mg2+ and K+ in soil solutions after wildfire
and prescribed burning, with the largest losses occurring after wildfire, but
other solutes were not measured. Using porous-cup lysimeters, Chorover et
al. (1994) observed increases in the concentrations of SO2�

4 , NO�

3 and Cl�

in soil solutions for up to 3 years after prescribed burning.
Comparison of these data with our study is not intended to exemplify

the differences between tropical and temperate forest ecosystems, especially
since the disturbances and sample sizes are different; rather these are the
only studies for which this kind of information is available. However, the
overall results of these studies illustrate some general similarities between
tropical and temperate catchments. Solute concentrations increase rapidly
after fire and return to background levels after several years, albeit with much
variability among solutes. A combination of high rates of production and
high element storage in successional vegetation (Vitousek & Reiners 1975)
together with a decline in easily decomposable substrates is probably respon-
sible for a reduction in leaching losses. Clearly, we can generalize about
expected solute losses following disturbances involving fire, but predict-
ing the magnitude of solute mobilization and its effect on soil fertility still
depends on site specific characteristics of catchments, such as soil type, the
extent of ground disturbance, and severity of the fire (Boerner & Forman
1982), all which cannot be determined without empirical data. Although the
magnitude of the effects observed by Uhl & Jordan (1984) and our study are
loosely transferable to other moist tropical catchments with Oxisols, studies
using similar treatments and methodologies are required before a rigorous
assessment of the different responses of tropical catchments to cutting and
burning can be achieved. Moreover, because slash-and-burn disturbances in
mature, temperate forests are uncommon, with most cutting followed by the
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removal of forest biomass for commercial purposes before slash is burned
(Feller & Kimmins 1984), it is unlikely that a variety of suitable comparisons
of soil water and groundwater from temperate-zone catchments will become
available soon.
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