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Abstract The Gallery forests of the Cerrado biome

play a critical role in controlling stream chemistry but

little information about biogeochemical processes in

these ecosystems is available. This work describes the

fluxes of N and P in solutions along a topographic

gradient in a gallery forest. Three distinct floristic

communities were identified along the gradient: a wet

community nearest the stream, an upland dry commu-

nity adjacent to the woodland savanna and an inter-

mediate community between the two. Transects were

marked in the three communities for sampling. Fluxes

of N from bulk precipitation to these forests resulted in

deposition of 12.6 kg ha-1 y-1 of total N of which

8.8 kg ha-1 was as inorganic N. The throughfall flux of

total N was generally\8.4 kg ha-1 year-1. Through-

fall NO3–N fluxes were higher (7–32%) while NH4–N

and organic N fluxes were lower (54–69% and 5–46%)

than those in bulk precipitation. The throughfall flux

was slightly lower for the wet forest community

compared to other communities. Litter leachate fluxes

differed among floristic communities with higher

NH4–N in the wet community. The total N flux was

greater in the wet forest than in the dry forest (13.5 vs.

9.4 kg ha-1 year-1, respectively). The stream water

had total N flux of 0.3 kg ha-1 year-1. The flux of total

P through bulk precipitation was 0.7 kg ha-1 year-1

while the mean fluxes of total P in throughfall

(0.6 kg ha-1 year-1) and litter leachate (0.5 kg ha-1

year-1) declined but did not differ between commu-

nities. The low concentrations presented in soil solu-

tion and low fluxes in stream water (0.3 and

0.1 kg ha-1 year-1 for N and P, respectively) relative

to other flowpaths emphasize the conservative nutrient

cycling of these forests and the importance of internal

recycling processes for the maintenance and conser-

vation of riparian and stream ecosystems in the

Cerrado.
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Introduction

The savanna region in Brazil covers 24% of the

country and encompasses a vegetation gradient from

open savannas (5–20% tree cover) to gallery forests

(70–95% tree cover) that dominate along stream
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corridors (Ribeiro and Walter 2008). These gallery

forests represent about 5% of the Cerrado area but

contain approximately 32% of its biodiversity (Felfili

et al. 2001). Plant biodiversity of the gallery forests is

particularly high (approximately 100 species ha-1)

(Santiago et al. 2005; Silva Júnior 2005).

Gallery forests also play an important role in the

biogeochemical functioning of the Cerrado landscape.

The presence of gallery forests, like riparian forests in

general, reduces erosion and silting of streams,

contributes to the maintenance of the quantity and

quality of the water supply, and filters agrochemicals

from adjacent cultivated areas preventing contamina-

tion of stream water (Felfili 1994; Silva Júnior et al.

1996). For these reasons, Brazilian environmental

legislation considers gallery forests as permanently

protected areas. Unfortunately, extensive changes in

land use in the Cerrado region, particularly from

intensification of agriculture, are increasingly disturb-

ing these systems (Sano et al. 2009).

Despite being protected by law, gallery forests in

the Cerrado biome are strongly affected by land use

changes, especially in the southern part of the biome.

In fact, 50% and 43% of the watersheds with areas

between 10,000 and 200,000 ha, respectively, in the

state of Goiás and in the Federal District, are already

more than 70% converted from native vegetation

(Bonnet et al. 2006). Within the Cerrado region, these

conversion rates exceed the minimum area required to

be maintained by the Brazilian Forest Code as legal

forest reserves (20% in the core of the Cerrado region)

and permanent protected areas (mean value of 10% in

every property/basin assuming a buffer zone of 100m

along the stream detected at the 1:250.000 scale).

Although the importance of gallery forests is recog-

nized relative to stream water quantity and quality,

little information about nutrient cycling processes in

gallery forests of the Cerrado region is available.

Quantification of nutrient inputs and outputs through

flowpaths (as bulk precipitation, throughfall, litter

leachate, soil solutions, and stream water) is essential

for understanding the functioning of gallery forests

(Scatena 1990), particularly with regard to important

agricultural fertilizer elements like N and P.

Chemical and physical properties of soils in

gallery forests differ from upland Cerrado soils due

to the soil hydrological regime and topography (Silva

Júnior et al. 1996; Haridasan 1998). In these near

stream areas, seasonally flooded hydromorphic soils

(Gleissolos) with high contents of organic matter are

often present (Reatto et al. 2008) as opposed to the

well-aerated lateritic soils (Latassolos) of the uplands

(Neufeldt 2006). Soil fertility and texture of these

near-stream soils considerably affect the distribution

of plant species in gallery forests (Oliveira-Filho

et al. 1994; Souza et al. 2007). Microclimatic

conditions below the closed canopy of gallery forests

also provide shading for topsoil, which provides a

quite different thermal regime than in the open

savannas (Durigan 1994).

Distribution of tree species varies according to the

position along the topographical gradient (Pinto et al.

2005) if nearest the stream or adjacent to the

woodland savanna. The tall stature of gallery forest

relative to upland Cerrado may also impact nutrient

fluxes. The structure of the forest canopy itself

(height and form of the trees, patterns of the

branching, leaf area index) may influence rainfall

partitioning into throughfall or interception with

eventual evaporation (Tobón Marin et al. 2000).

Other parameters, like amount and frequency of

precipitation or size of gaps also impact the inter-

ception variability and the chemical composition of

throughfall (Crockford et al. 1996; Rodrigo and Ávila

2001; Tobón et al. 2004; Perez-Marin and Menezes

2008). The species of arboreal vegetation in gallery

forests also differ relative to upland Cerrado species

with respect to their water requirements (Oliveira and

Felfili 2005). In the uplands rooting depth is

intimately related to the water balance of Cerrado

ecosystems and it is likely to be shallower in gallery

forests (Oliveira et al. 2005; Lopes and Schiavini

2007). In either case (uplands or gallery forests) the

hydrological cycle of this biome will be affected by

the conversion of woody vegetation to exotic grasses

or agricultural crops.

Nutrient cycling studies in Cerrado ecosystems

have quantified nutrient accumulation in the compo-

nents of the aboveground biomass and the return of

nutrients to the soil through litter decomposition and

mineralization (Haridasan 1998; Nardoto and Busta-

mante 2003; Nardoto et al. 2006). However, studies

quantifying nutrient fluxes in solution through the

ecosystem or stream water fluxes are still very scarce

(Resende 2001; Markewitz et al. 2006). As such, our

objectives were to describe the fluxes of N and P in

solutions along the topographic gradient from upland

to stream in a gallery forest.
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Materials and methods

Study area

The study was conducted in a gallery forest located

near the headwater of the first-order Pitoco stream in

the Ecological Reserve of the Brazilian Institute of

Geography and Statistics (IBGE) (15�5604100S and

47�5300700W). The IBGE reserve is a 1500 ha

conservation unit close to the city of Brası́lia in the

Federal District, Brazil (Fig. 1). Silva Júnior et al.

(1996) compared the floristic composition of different

gallery forests in the region. They indicated the

presence of three floristic communities according to

the position along the topographical gradient in

different forests: a wet community nearest the stream,

a dry community adjacent to the woodland savanna

(i.e., cerrado strictu sensu), and an intermediate

Fig. 1 Location of the study site in the gallery forest along the Pitoco stream at the IBGE Ecological Reserve, Brası́lia, Brazil
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community between the two. The similarity among

floristic composition of the same type of community

in different forests was higher than that among the

different types of communities in the same forest. In

order to evaluate the nutrient fluxes as a function of

the distance from the stream, we compared the three

floristic communities within the Pitoco gallery forest

as previously identified by Silva Júnior et al. (1996).

The gallery forest of the Pitoco stream is wider at the

stream head (160 m) and narrows downstream

(120 m). Slope varies from 6 to 15 degrees. The

IBGE Reserve is protected against fire and grazing,

but after more than 20 years of protection, there was

an accidental fire in 1994 that affected even the

gallery forests. A vegetation survey recorded 99 tree

species, distributed in 46 families with a density of

1914 trees ha-1 and basal area of 37.7 m2 ha-1, the

diameter ranged from 8 to 23 cm for 90% of the trees

and the maximum tree diameter was 78 cm (Silva

Júnior 2005). The species with the highest Impor-

tance Value Indices (IVI = relative density ? rela-

tive dominance ? relative frequency) in each

community are presented in Table 1.

The soils associated with each floristic community

differ in physical and chemical characteristics varying

from Gleissolo (Brazilian classification systems) in

the wet community to a Red-Yellow Latossolo

(Brazilian classification systems) in the intermediate

and dry communities. Gleissolos are equivalent to

Gleysols in the FAO classification and represent soils

with hydromorphic features (i.e., low chroma colors).

In US Soil taxonomy there is no similar order and

classification of gleyed horizons would be associated

with the Aquept, Aquult, or Aquox sub-orders. Red-

yellow Latossolos are similar to Ferrasols in the FAO

classification with Acric Ferrasols characteristic for

the low-charge (\1.5 meq per 100 g clay in some part

of the B horizon) soils in this area. In US Soil

Taxonomy (Soil Survey Staff 1999) Oxisols are the

nearest equivalent with the sub-order Ustox being

appropriate because of the long dry season in the

Cerrado that causes 90 days or more of soil dryness.

Soil texture ranges from clayey at the surface

(47.5–56.4% clay) to very clayey at deeper layers

(10–100 cm, 59.7–74.7% clay).

The annual rainfall was around 1400 mm during the

experimental period (April 18, 2001 and May 28,

2002) and its distribution was markedly seasonal with

a pronounced dry season between May and September

(Fig. 2). Temperatures are higher in the wet season

than in the dry season.

Soil sampling and analyses

Three 150 m transects (one in each floristic commu-

nity) were established running parallel to the stream

with 50 m between each transect. Soil samples from

the three floristic communities (three replicates per

community) were collected in May 2001 at the

following depths: 0–5, 5–10, 10–20, 20–30, 30–40,

40–50, 50–60, 60–70, 70–80, 80–90 and 90–100 cm

using a 10-cm diameter auger. Soils were air-dried

and passed through a 2 mm sieve prior to chemical

analysis. Samples were analyzed for pH in water

(1:2.5), total nitrogen and carbon by dry combustion

with a C/N Analyzer after ball mill grinding (Carlo

Erba, Milan, Italy), and available phosphorus with the

Mehlich I double acid extract. Bulk density samples

for all depths were collected using Kopecky’s ring

composed of stainless steel rings with a height of

5.1 cm and volume of 100 cm3. The rings were

inserted in the walls of pits dug in the ground. Bulk

density was determined as the oven-dry (110�C)

weight of the soil per unit volume (cm3).

Table 1 Plant species with highest Importance Value Indices

(IVI = relative density ? relative dominance ? relative fre-

quency) that are characteristic of the three floristic communi-

ties (wet, intermediate and dry) and species common to the

three communities (Silva Júnior 1995)

Community Species Family

Wet Protium almecega Burseraceae

Emmotum nitens Icacinaceae

Virola sebifera Myristicaceae

Intermediate Copaifera langsdorffii Leguminosae

Faramea cyanea Rubiaceae

Sclerolobium paniculatum
var. rubiginosum

Leguminosae

Tapura amazonica Dichapetalaceae

Dry Callistene major Vochysiaceae

Lamanonia ternata Cunoniaceae

Eriotheca pubescens Bombacaceae

Common

species

Tapirira guianensis Anacardiaceae

Copaifera langsdorffii Leguminosae

Maprounea guianensis Euphorbiaceae
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Solution sampling

Fluxes of N and P in bulk precipitation, throughfall,

litter leachate, soil solution and stream water were

measured along the topographic gradient. Solutions

were sampled every 2 weeks between April 18,

2001 and May 28, 2002. Based on precipitation

inputs, the sampling periods were divided into a

distinct dry (May 30 and August 29, 2001), wet

(September 04, 2001 and March 27, 2002), and

transition (April 18 to May 30, 2001 and March 27,

2002 to April 24, 2002) seasons for statistical

analysis. All the collectors were throughly acid-

washed and rinsed with distilled water before

installation in the field and rinsed with distilled

water after each sample collection.

Bulk precipitation

Bulk precipitation collectors were made of polypro-

pylene funnels (16 cm diameter, area = 0.0201 m2)

and 5 l glass bottles. Bottles were covered with

aluminum foil to limit solar heating. Five collectors

were installed at 2.3 m height in open areas of

‘cerrado’ within a 1 km radius of the study area. The

height and density of the canopy in the gallery forest

prevented the installation of precipitation collectors

within the forest. The total volume of precipitation

collected in each bottle was measured in the field

with a graduated cylinder and an aliquot of 280 ml

was subsampled.

Throughfall and litter leachate

In this study we included nutrient fluxes in through-

fall and litter leachate, but did not include stemflow

measurements because its contribution to these fluxes

in tropical ecosystems is small (Schroth et al. 2001).

Three throughfall and three litter leachate collectors

were installed in each floristic community. The

collectors were installed 50 m apart from each other

along the three 150 m transects running parallel to the

stream (see soil sampling section). Throughfall col-

lectors were made of polypropylene funnels (16 cm

diameter, area = 0.0201 m2) and 5 l polyethylene

bottles. Bottles were painted silver to avoid light

penetration. Litter leachate collectors were made of

PVC pipe that was cut into thirds lengthwise (32 cm

length and 10 cm in diameter, area = 0.032 m2). One

end of the tube was capped and a Nalgene tube passed

through the cap connecting to a collection bottle.

Collectors were placed under the litter layer and bottles

were placed in 50 cm depth pits to ensure gravity

driven flow (Jordan 1968).

Soil solution and stream water

Two Superquarz� Prenart tension lysimeters

(Denmark) were installed along the transects in each

community at a 50 cm soil depth, which exceeded

most of the rooting mass (Castro and Kauffman

1997) in these systems. Holes for installation were

augered at an angle to leave soil above the lysimeter

Fig. 2 Cumulative

monthly rainfall and mean

monthly temperature (�C)

between April 2001 and

May 2002 at IBGE

Ecological Reserve,

Brası́lia, Brazil
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undisturbed. Holes were backfilled with soil and a

tube extending to the surface was attached to a

glass bottle. Bottles were evacuated to a pressure of

0.4 kPa at the time of sampling and a falling pressure-

head was used for sampling (Titus and Mahendrappa

1996). Due to difficulties, samples were only recov-

ered for one of the tension lysimeters in the wet

community, with no samples obtained from either the

intermediate or dry communities. Water samples of the

perennial Pitoco stream, that flow year-round, were

collected just downstream of the transects by sub-

merging a polyethylene bottle (280 ml) below the

stream surface.

Chemical analyses

The field samples were stored in polypropylene

bottles and returned to the laboratory the same day

and placed in cold storage (4�C) for later chemical

analyses. After returning samples to room temper-

ature, pH and electrical conductivity were analyzed

within 24 h using an EC-sensor and glass pH

electrode. Thereafter, samples were filtered through

0.45 lm polycarbonate membranes (Whatman), and

stored in a freezer until analysis. Total dissolved

N was determined after digestion with potassium

persulfate by an Alpkem auto-analyzer (OI Analyt-

ical, College Station Texas), NH4
? was determined

by colorimetry using the indophenol blue method,

PO4
- by the Murphy-Riley method (Clesceri et al.

1998) and NO3
- by liquid chromatography (Dionex

DX 500 Sunnyvale, CA). Total P was determined by

ICP-MS (Elan 6200, Perkin Elmer). Organic N and

P were calculated by the difference between total N

and the sum of NH4–N and NO3–N and by the

difference between total P and PO4–P, respectively.

Certified standards were used to quality assure all

analyses (ERA Associates, Arvada CO). Detection

limits were estimated according to Hulanicki (1995)

and varied between 1 and 2 9 10-4 meq l-1 for

anions and between 1 and 4 9 10-3 meq l-1 for

cations.

Nutrient concentration (weighed by volume) and

fluxes during the study period for each flowpath and

each collector were found by multiplying their

respective weighted concentrations by the estimated

volumes as follows:

C ¼
X
ðCi� ViÞ=Vt

F ¼ ½C � ðVt=AÞ�=1000

where C = concentration per collector (mg l-1),

Ci = concentration of sample i (mg l-1), Vi = vol-

ume of sample i (L), Vt = sum of the volume of all

the samples (L), F = nutrient flux (kg ha-1 year-1),

A = collector area. As the sites investigated by

Markewitz et al. (2006) were close to the forest of

the Pitoco stream, a rainfall:runoff ratio of 0.25 cm of

runoff per cm of bulk precipitation was used to

approximate total discharge of the stream (e.g., depth

of runoff). The net return of nutrients from plant

canopy was obtained by subtracting the inputs in bulk

precipitation from those in throughfall while the total

return was the sum of net return and litterfall,

expressed per unit forest area. Litterfall details are

presented in Parron et al. (2004). Nutrient inputs and

fluxes were then compared over the three floristic

communities for the various flowpaths.

Statistical analyses

The Shapiro–Wilk-Test (Shapiro and Wilk 1965) was

used to evaluate the normality of the data. As most of

the variables did not present normal distributions,

nonparametric tests were used (Statistica software)

(Statsoft Inc 2001). To verify differences in the

nutrient concentrations among the three floristic

communities during the study period (n = 57 per

plot) the Kruskal–Wallis rank sum test (p \ 0.05)

was used and when there were significant differences

in the nutrient concentrations the Mann–Whitney

U test (p \ 0.05) was used. Spearman rank correla-

tion was used to examine correlation among

variables.

Results

Soil nutrient concentrations and contents

Soil bulk density and pH increased with depth

(Table 2) through the upper 1 m of soil and tended

to increase moving upslope from the stream (wet

\ intermediate \ dry community). Conversely, soil
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total N and available P concentrations decreased in an

upslope direction from the stream for the 0–20 cm

depths. Due to the combination of increasing bulk

density and declining soil N and P concentrations,

soil total N and available P stocks differed among the

community soil profiles through 100 cm soil depth.

Total N contents were greatest in the intermediate

community (10,859, 12,766, and 10,934 kg–N ha-1

in wet, intermediate and dry communities, respec-

tively) while available P contents increased contin-

ually from the wet to the dry community (5.0, 5.7 and

6.4 kg P ha-1).

Table 2 Bulk density, pH,

concentrations and stocks of

totalN and availableP in soils

of the wet, intermediate and

dry floristic communities of

the gallery forest along the

Pitoco stream at IBGE

Ecological Reserve,

Brası́lia, Brazil

Community Depth Bulk Density pH N P

Conc. Content Conc. Content

cm g cm-3 % kg ha-1 lg g-1 kg ha-1

Wet 0–5 0.41 4.5 0.67 1367 4.9 1.0

5–10 0.41 4.6 0.42 854 3.9 0.8

10–20 0.45 4.5 0.32 1425 2.4 1.1

20–30 0.55 4.6 0.23 1256 1.3 0.7

30–40 0.55 4.6 0.19 1036 0.7 0.4

40–50 0.55 4.6 0.16 862 0.5 0.3

50–60 0.70 4.6 0.14 980 0.4 0.3

60–70 0.70 4.6 0.13 910 0.3 0.2

70–80 0.70 4.7 0.11 770 0.2 0.1

80–90 0.70 4.7 0.11 787 0.1 0.1

90–100 0.70 4.7 0.09 612 0.1 0.1

Total 10,859 5.0

Intermediate 0–5 0.51 4.5 0.59 1513 3.8 1.0

5–10 0.51 4.5 0.41 1033 3.3 0.8

10–20 0.60 4.5 0.32 1900 2.1 1.3

20–30 0.63 4.6 0.24 1512 1.2 0.7

30–40 0.63 4.4 0.21 1302 0.7 0.4

40–50 0.63 4.4 0.16 1029 0.4 0.3

50–60 0.73 4.5 0.15 1083 0.3 0.2

60–70 0.73 4.5 0.14 998 0.3 0.2

70–80 0.73 4.7 0.13 949 0.3 0.2

80–90 0.73 4.7 0.11 779 0.5 0.4

90–100 0.73 4.8 0.09 669 0.1 0.1

Total 12,766 5.7

Dry 0–5 0.67 4.8 0.36 1306 3.1 1.2

5–10 0.67 4.7 0.29 1027 1.9 1.0

10–20 0.70 4.7 0.21 1820 1.0 1.3

20–30 0.70 4.7 0.18 1645 0.9 1.3

30–40 0.70 4.7 0.13 1493 0.4 1.1

40–50 0.70 4.8 0.10 665 0.2 0.1

50–60 0.75 4.8 0.10 712 0.2 0.1

60–70 0.75 4.9 0.08 562 0.1 0.1

70–80 0.75 4.9 0.08 562 0.2 0.1

80–90 0.75 4.9 0.08 619 0.2 0.1

90–100 0.7 4.9 0.07 525 0.1 0.1

Total 10,938 6.4
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Electrical conductivity and pH of solution

samples

Electrical conductivity and pH of bulk precipitation,

throughfall, and litter leachate samples were nega-

tively and significantly correlated with the volumetric

water flux with the exception of pH in litter leachate

(Table 3). Seasonality also affected conductivity with

the highest values in bulk precipitation and through-

fall observed during the transition from the dry to the

wet season. Electrical conductivity in bulk precipita-

tion varied from 1.9 lS cm-1 (January 30, 2002) to

75.5 lS cm-1 (September 27, 2001), with a mean

(±1SD) of 14.1 ± 19.3 lS cm-1. The pH VWM

value was 5.6 ± 0.6.

In throuhgfall samples, the conductivity ranged

from 4 lS cm-1 (February 13, 2002) to 168 lS cm-1

(September 27, 2001), with mean values of

17.5 ± 24.5, 23.2 ± 24.7, and 35.7 ± 40.4 lS cm-1

in the wet, intermediate and dry communities,

respectively. The mean values for pH were

5.9 ± 0.1, 6.1 ± 0.1 and 6.3 ± 0.1 in the wet,

intermediate and dry communities, respectively. For

both variables, the values in the wet community were

significantly lower (p [ 0.05) than those from the

intermediate and dry communities.

The conductivity and pH values of litter leachate

showed the same pattern with the values from the wet

community being significantly lower (p [ 0.05) than

those from the intermediate and dry community. The

conductivity of litter leachate samples varied from

12.0 lS cm-1 (December 27th) to 135 lS cm-1

(September 18th), with mean values of 36.4 ± 22.9,

48.3 ± 29.4, and 70.2 ± 44.7 lS cm-1 in the wet,

intermediate and dry communities, respectively.

Mean pH values were 5.2 ± 0.6, 5.5 ± 0.8, and

6.2 ± 0.5 in wet, intermediate and dry communities,

respectively. Only one of the lysimeters installed in

the wet community worked properly during the study

period. Soil solution data presented correspond to 29

collections made from this single lysimeter. Mean

values of conductivity and pH were 5.7 ±

1.7 lS cm-1 and 5.0 ± 0.2, respectively. Mean con-

ductivity and pH of stream water, which was also

collected 29 times from a single location, was

3.1 ± 1.2 lS cm-1 and 5.2 ± 0.3.

Nitrogen concentrations and fluxes

The highest total N concentrations in bulk precipitation

were observed in samples of the first rain events after

the dry season; consistent with the higher conductiv-

ities reported above. This peak in total N was driven

largely by high NH4–N and organic N with NO3–N

concentrations having no similar increase (Fig. 3). The

total N concentration was \1 mg l-1 in most of the

samples throughout the year while the highest value

was 6.2 mg l-1 (September 27th).

Throughfall samples from the three communities

had mean concentration of 1.0 mg total N l-1, with a

maximum value of 5.0 mg l-1 in the dry community

on September 27th (data not shown). The total N,

NH4–N, NO3–N and organic N concentrations from

the intermediate community and total N and organic

N from the dry community are significantly higher in

throughfall (p [ 0.05) than those from the wet

community (Fig. 4).

Peaks of N concentration in litter leachate were

observed over the course of the study period (Fig. 3).

The total N mean concentration in the three commu-

nities was 1.8 mg l-1 in most of the samples with a

maximum value of 4.0 mg l-1 in the dry community

(data not shown). The mean total N concentration

was higher than in throughfall. The concentration of

NH4–N in litter leachate decreased significantly from

the wet community samples to the dry community

samples while total N, NO3–N and organic N

concentrations did not significantly differ (p [ 0.05)

among the communities (Fig. 4).

The total N mean concentration in soil solution for

the single wet community lysimeter was 0.09 mg l-1

with a maximum of 0.21 mg l-1 during the transition

from dry to wet season (October 04th). The NH4–N

and NO3–N mean concentrations were both

0.03 mg l-1 while maximum values were 0.05 and

0.09 mg l-1 FOR NH4–N AND NO3–N, respec-

tively.

Table 3 Spearman rank correlation coefficients (p \ 0.05)

between collected volume and electrical conductivity and pH

in samples of bulk precipitation (n = 100), throughfall and

litter leachate (n = 171 each) collected in the gallery forest

along the Pitoco stream at IBGE Ecological Reserve, Brası́lia,

Brazil

Flowpath Electrical conductivity pH

Bulk precipitation -0.54 -0.57

Throughfall -0.44 -0.47

Litter leachate -0.29 -0.01
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The stream water samples had mean total N

concentration of 0.08 mg l-1 with a maximum of

0.15 mg l-1 in the dry season (July 11th). The mean

NH4–N concentration was 0.03 mg l-1 while NO3–N

was not detectable.

The fluxes of NH4–N and NO3–N through bulk

deposition were 7.4 and 1.4 kg ha-1 year-1, respec-

tively, resulting in an input of 8.8 kg ha-1 year-1 of

inorganic N. The deposition of organic N was

3.8 kg ha-1 year-1, resulting in 12.6 kg ha-1 year-1

of total N (Table 4). The NO3–N flux in throughfall

was 7–32% higher than that in bulk deposition for the

three communities, indicating that NO3–N is being

leached from the canopy. On the other hand, NH4–N

and organic N fluxes in throughfall were 54–69% and

5–46% lower, respectively, than those in the bulk

deposition, indicating retention of these N forms by

the forest canopy. Fluxes through litter leachate were

higher than that in throughfall and decrease from the

wet community to the dry community. Stream water

fluxes of total N were estimated to be lower than

0.3 kg ha year-1 (0.02% of bulk precipitation).

Phosphorus concentrations and fluxes

Total P mean concentration in bulk precipitation was

50 lg l-1 throughout much of the year with a max-

imum of 200 lg l-1 that was associated with the dry

to wet season transition (September 27th) (Fig. 5).

The PO4–P concentration between November 2001
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Fig. 3 Temporal variation (April 2001–April 2002) of con-

centrations of NH4–N, NO3–N and organic N in different

flowpaths in the gallery forest along the Pitoco stream at IBGE

Ecological Reserve, Brası́lia, Brazil. Data presented for wet,

intermediate and dry floristic communities. Bars indicate

standard deviations among collectors (5 for bulk precipitation,

3 each for throughfall and litter leachate)
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and March 2002 was 36 lg l-1, which on average

represents 67.0% of total P during this period. The

organic P concentration was 17 lg l-1 (31.0% of

totalP).

In throughfall samples, the total P mean concentra-

tion was 60 lg l-1 with a maximum of 110 lg l-1

observed in the wet community during the dry season

(August 29th). The organic P concentrations in through-

fall from the wet community (21.1 lg l-1) were

significantly higher (p [ 0.05) than those from the dry

(16.1 lg l-1) while lower values were observed for the

intermediate community (14.0 lg l-1) (Figs. 5, 6).

Finally, contrary to the seasonal pattern of high P

concentration observed for bulk precipitation total P

during the dry to wet season transition, concentrations of

total P, organic P and PO4–P in throughfall were similar

in all seasons (Fig. 5).

Most values for total P concentration in litter

leachate were lower than 100 lg l-1 with a maximum

of 144 lg l-1 observed in the intermediate commu-

nity. The PO4–P (data not shown) and organic P mean

concentrations were 58 and 17 lg l-1 (Fig. 5), respec-

tively. There was no significant difference (p [ 0.05)

in total P and PO4–P concentrations among the three

communities (Fig. 6).

The total P mean concentration in soil solution for

the wet community lysimeter was 30 lg l-1 with a

maximum of 90 lg l-1 (September 27th). The PO4–P
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Fig. 4 Volume-weighted

mean concentrations of N in

different flowpaths. The

throughfall and litter

leachate were collected in

the wet (W), intermediate

(I) and dry (D) floristic

communities in the gallery

forest along the Pitoco

stream at IBGE Ecological

Reserve, Brası́lia, Brazil.

Bars indicate standard

deviations among collectors

(5 for bulk precipitation,

3 each for throughfall and

litter leachate, and 1 sample

location each for soil

solution and streamwater).

Number of samples

collected: bulk

precipitation = 100,

throughfall and litter

leachate = 171 each, soil

solution and stream

water = 29 each. Samples

were collected biweekly

between April 2001 and

April 2002
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and organic P mean concentrations were 20 and

10 lg l-1, respectively (Fig. 6). In the stream water,

most total P concentration values were lower than

40 lg l-1 (maximum of 188 lg l-1) (October 04th).

The flux of total P through bulk precipitation was

0.7 kg ha-1 year-1 (Table 4). The mean fluxes of

total P in throughfall (0.6 kg ha-1 year-1) and litter

leachate (0.5 kg ha-1 year-1) did not significantly

differ among the three communities (p [ 0.05) and

were lower than bulk precipitation inputs (Table 4)

indicating a retention of P. Stream water flux was

estimated to be lower than 0.1 kg ha-1 year-1 (15%

of bulk precipitation).

Discussion

Soil characteristics evaluated in this gallery forest are

generally consistent with previously reported data

(Chapius Lardy et al. 2002; Lilienfein et al. 2003;

Markewitz et al. 2006). Bulk density values differed

somewhat, however, with values in the upper 0–10 cm

surface of the wet community (i.e., *0.4 g cm-3)

being low relative to the 0.56 g cm-3 reported for

other gallery forests by Chapius Lardy et al. (2002).

Decreasing total soil N and available P concentrations

with depth are in accordance with previous measure-

ments made in Cerrado soils (Roscoe et al. 2000;

Alcântara et al. 2004). The N values at this site are

also in the upper 75th percentile for Gleissolos in

the database for Brazilian soils as summarized in

Markewitz et al. (2006). The Gleissolos or hydromor-

phic soils do not occur in all gallery forests (Haridasan

et al. 1996) and may represent as little as 10% of soils in

these ecosystems (Silva Júnior 2005).

The main characteristics of the bulk precipitation

during the study period were a high level of acidity

and higher nutrient concentrations in the first rains

after the dry season with subsequent dilution through-

out the wet season. The high concentrations of NH4
?,

and potentially other elements, in the first rain events

may be due to biomass burning (Germer et al. 2007).

Biomass burning is very common throughout the

Cerrado during the long dry season and can be a

biogenic source of nitrogen (Pinto et al. 2002). The

chemical composition of precipitation was also stud-

ied intensively at the IBGE Reserve in 1999 (Resende

2001). Similar peak concentrations were observed

during the dry to wet transition but the inputs through

bulk precipitation were lower than those determined

in the present study (NH4–N = 2.34; NO3–N = 1.36;

organic N = 2.0; total P = 0.01 kg ha-1 year-1).

The lower annual rainfall (1206 mm) during 1999 can

account for a portion of this decrease but clearly other

mechanism must account for the observed consider-

able inter-annual variation. The growth of agricultural

Table 4 Fluxes (bulk precipitation, throughfall, litter leachate

and stream water) (kg ha-1 year-1) and net and total returns of

nitrogen and phosphorus in the three floristic communities

(wet, intermediate and dry) in gallery forest along the Pitoco

stream at IBGE Ecological Reserve, Brası́lia, Brazil. Values in

brackets are standard deviations

Element Community Bulk precipitation Throughfall Litter

leachate

Litterfalla Net returnb Total

returnc
Stream

output

kg ha-1 year-1

N 12.6 0.3

Wet 5.9 (0.1) 13.5 (5.0) 36.7 -6.7 (0.1) 43.4 (0.1)

Intermediate 8.3 (2.1) 12.4 (5.1) 42.3 -4.3 (2.1) 46.6 (2.1)

Dry 7.5 (2.4) 9.5 (2.3) 42.2 -5.1 (2.4) 47.3 (2.4)

P 0.7 0.1

Wet 0.6 (0.1) 0.5 (0.1) 1.5 -0.1 (0.1) 1.6 (0.1)

Intermediate 0.6 (0.1) 0.5 (0.1) 1.9 -0.1 (0.1) 2.0 (0.1)

Dry 0.6 (0.2) 0.5 (0.0) 1.6 -0.1 (0.1) 1.7 (0.2)

BP Open-area bulk precipitation
a Foliar litterfall (Parron et al. 2004)
b Net returns = Throughfall - bulk precipitation
c Total returns = Net returns ? Litterfall
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activity in the Cerrado biome may also contribute to a

higher atmospheric deposition of N (Lilienfein and

Wilcke 2004). For example, soil emissions of NO

from croplands after fertilization with urea (4.8 ng

cm-2 h-1 N) (Carvalho et al. 2006) were higher than

those from native Cerrado (1.2 ng cm-2 h-1 N)

(Pinto et al. 2002).

As precipitation passes through the foliar canopy,

nutrients are leached from leaves or retained by the

canopy so that nutrient concentrations in throughfall

usually differ from that in bulk precipitation. Rainfall

is not only an important source of nutrients to the

forests, but it also plays an important role in the

transfer of nutrients from the forest canopy to the soil

surface in the form of throughfall and/or stemflow.

For example, Whitmore (1990) observed in a forest

of New Guinea an increase of four-fold in N

concentration in throughfall. In the Brazilian Atlantic

forest, precipitation was acidic while throughfall was

neutral and cation enriched (Silveira and Coelho

Netto 1999). In a savanna ecosystem in the Congo,

throughfall solutions showed an enrichment of PO4
-

through foliar leaching, although NH4
? was

absorbed. Changes in the chemical composition of

bulk precipitation through the canopy in the present

study indicated leaching of NO3
- but retention of

NH4
? and organic N. Overall, there was a net decline

in N flux through the canopy. Retention of N was

observed previously by Zeng et al. (2005) and Umana

and Wanek (2010). Fluxes of total P also declined
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indicting some retention of P by the forest canopy.

Comparing the nutrient fluxes in throughfall and bulk

precipitation, it was observed that the net returns of N

and P to the soil were negative (Table 4) because of

the retention of NH4, organic N and total P through

the canopy. The litterfall return to the soil surface

varies throughout the year and occurs mainly in the

dry season in the three communities (Parron et al.

2004). The total return (net return plus litterfall) of N

increased from the wet to the dry community. This is

related to the higher inputs of N through canopy

leaching and litterfall in the intermediate and dry

communities. The same trend was observed for the

total return of P although P fluxes did not differ

significantly among the three communities.

The flux of N in litter leachate increased substan-

tially relative to throughfall but this was not observed

for P. Increases in litter leachate N are similar to

results reported for Cerrado vegetation (Resende

2001) and lowland Amazonian rainforest (Markewitz

et al. 2001) but these studies also demonstrated slight

increases in P fluxes in litter leachate. Goller et al.

(2006) working in a tropical montane rainforest

demonstrated a decline in forms of dissolved organic

P as solutions passed through the litter layer.

Outputs to streams for both N and P were small

relative to inputs. Total N and P outputs represent,

respectively, 2% and 15% of inputs. In both cases,

these limited outputs indicate retention of N and P in

the Cerrado landscape. The fluxes of N and especially

of P through bulk precipitation are critical components

of the biogeochemical cycle since these are inputs to

the ecosystem rather than aspects of nutrient recycling

as quantified by net throughfall, net litter leachate, or

litterfall. The flux of total N input through bulk

precipitation (12.6 kg ha-1 year-1) represents only

0.9% of the stock of total N in the 0–5 cm topsoil

(1395 kg ha-1 on average in the three communities)

and 0.1% of the stock of total N in the soil up to 100 cm

depth (11,012 kg ha-1 average in the three commu-

nities) (Tables 2, 4). Soil N availability is largely

determined, however, by mineralization rates of the

soil organic matter estimated at about 45 kg-N ha-1

year-1 (average for the three communities) in the

studied area (Parron et al. 2003). Rainfall thus

corresponds to 28% of this value. Additionally around

40 kg ha-1 year-1 of N is returned through litterfall

(Table 4) and in this ecosystem the half-life of litter

mass is approximately 2 years (Parron 2004). The flux

of total P through bulk precipitation (0.7 kg ha-1
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paths. The throughfall and litter leachate were collected in the
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3 each for throughfall and litter leachate, and 1 sample location

each for soil solution and streamwater). Number of samples

collected: bulk precipitation = 100, throughfall and litter
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each. In stream water the PO4–P concentration was below the

detection limit. Samples were collected biweekly between
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year-1) represents 73.0% of the available P (Mehlich

I) stock in the topsoil (1.0 kg ha-1 average in the three

communities) and 14.9% in the 0–100 cm depth

interval (4.9 kg ha-1 average in the three communi-

ties) (Tables 2, 4). Litterfall flux of P (1.7 kg ha-1

year-1) is 2.5 fold greater than atmospheric inputs.

As the throughfall and litter leachate solutions pass

from the surface into the soil there are clearly

additional changes that occur in the chemical com-

position (Chaves et al. 2009). Although soil solution

was collected at only one point in the wet community

a general characteristic was the very low concentra-

tions of N and P, which are clearly related to the ion-

exchange complex in the soil and requirements for

plant uptake. Soil solutions collected in savanna

ecosystems (Laclau et al. 2003) and planted forests

(Lilienfein et al. 2000; Laclau et al. 2003) were also

low in concentrations of nutrients. In another study in

the IBGE reserve that used a similar network of

lysimeters as utilized here but in an upland position

beneath Cerrado vegetation the mean N and P

concentrations of soil solutions at 25 cm depth were

6 lg l-1 of totalP, 34.0 lg l-1 of NH4–N and

109.0 lg l-1 of NO3–N (Resende 2001). These low

concentrations indicate that the filtering capacity of

preserved gallery forests for runoff of N and P from

agricultural activities should be relatively high.

Additionally, the low concentrations of N and P in

streamwater support the above contention. Although

stream fluxes were estimated based on a fixed runoff

percentage of bulk precipitation rather than direct

measurements of discharge, the low concentrations of

N and P, largely as base flow, indicate that fluxes

should be lower than rates of N and P input through

bulk precipitation (i.e., the system is not leaching

excess N or P). Even though soil solution concentra-

tions are low it might be possible that some amount

of N can leave the ecosystem through groundwater

flow as was estimated for an open tropical rainforest

by Germer et al. (2009). The concentrations pre-

sented, however, in soil solution and stream relative

to bulk precipitation, throughfall and litter leachate

water emphasize the conservative role of these

gallery forests in terms of nutrients. This nutrient

retention within the gallery forests likely serves an

important role in filtering surface runoff inputs to the

stream and reinforces the value of maintaining and

conserving these critical functional components of

the Cerrado ecosystems.

The above results indicate links between the

patterns in biogeochemical processes, especially for

N, in the floristic communities (i.e., wet, intermediate,

and dry) within the gallery forest and the patterns of

tree species distribution (Silva Júnior et al. 1996),

foliar nutrient concentrations of the more important

tree species (Silva and Haridasan 1997), as well as

physical and chemical soils characteristics and drain-

age conditions (Pinto et al. 2005). These patterns vary

according to community position along the topograph-

ical gradient, if nearest the stream or adjacent to the

woodland savanna. In agreement with our results,

deforestation and replacement by croplands or pas-

tures can led to a modification in N and P cycling and

compromise the soil conservation of uplands and the

quality of water in streams.

The gradient of community types in the gallery

forest from wet to dry demonstrated differences in

soils with bulk density, pH, and P contents increasing

from wet to dry communities. Dissolved ion loads (i.e.,

conductivity) also increased in throughfall and litter

leachate solutions from the wet to dry communities.

Patterns in solution N and P concentration were not as

clear with the wet community having lower N

concentrations in throughfall but higher NH4–N in

litter leachate and greater organic P in litter leachate.

The wet community appeared to have slightly lower

internal fluxes than the intermediate or dry commu-

nity. Relative to stream water outputs, however, all

three communities were conservative, retaining N and

P. The studied gallery forests, like many riparian

forests, were effective in retaining N and P with inputs

through bulk precipitation exceeding outputs to stream

waters. This nutrient conservation in an undisturbed

state offers a degree of protection for water resources.

A continued improvement in understanding of bio-

geochemical processes can have implications for

management practices and conservation polices of

gallery forests in the Cerrado biome. This is, presently,

of particular importance considering the revision of

the Forest Act (Metzger et al. 2010), the main

Brazilian environmental legislation affecting private

land, including mandatory levels of restoration of

previously cleared gallery forest.

Acknowledgments The authors acknowledge the Recor-

IBGE for the logistic support, the financial assistance of the

Embrapa, NASA (project LBA ND-07) and USEPA

(Assistance Agreement 827291-01). We are grateful to César

Prado for his help with the field and laboratory work.

102 Biogeochemistry (2011) 105:89–104

123



References
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