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1. Introduction 

1.1. Problem analysis 

At the present, there is no doubt that the composition of the atmosphere and reactions 

among atmospheric constituents are changing as a result of human activities (Schlesinger 

1997). Atmospheric concentrations of greenhouse gases have grown significantly since pre-

industrial time (IPCC 1992). The concentration of CO2 has increased from about 280 to 

almost 360 ppmv and N2O from about 275 to about 310 ppbv. These trends can be attributed 

largely to human activities, mostly fossil fuel use, manufacturing and industrial processes, 

such as production of iron, steel, aluminium, ammonia, cement and other materials, land use 

change and agriculture (IPCC 1997). This increase of greenhouse gas concentrations leads to 

an additional warming of the atmosphere and the Earth’s surface, and consequently a likely 

global rise in soil temperature. As a response to the higher soil temperature, soil respiration is 

expected to increase, in a rate of about 2.0 per 10° C rise in temperature (Schimel et al. 1994, 

McGuire et al. 1995). However, the effect of the higher temperature in the soil biochemical 

dynamics is yet not clear and it may differ between temperate and tropical areas.  

The global carbon cycle is closely linked with climate, the water cycle, nutrient cycles, 

and the production of biomass through photosynthesis on land and in the oceans. Soil carbon 

is a major component of the terrestrial carbon cycle. Nearly all models of global climate 

change predict a loss of carbon from soils as a result of global warming (Schimel et al. 1994, 

McGuire et al. 1995). Global soil organic carbon storage in the top 3 m of soil is 2344 Pg C 

(Jobaggy and Jackson 2000), which is three times the amount of carbon in the atmosphere and 

five times the carbon stored in vegetation (Schlesinger et al. 2000). Thus small increases or 

decreases in the amount of carbon in soils could have a large impact on the atmospheric CO2 

concentration (Trumbore 2000). Soil CO2 efflux is the major path by which carbon is lost 
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from the soil system. Soil CO2 flux is a major flux in the global C cycle (60 Pg C yr-1), second 

in magnitude to the fixation of carbon by land plants (120 Pg C yr-1; Schlesinger et al. 2000). 

As a result of burning of fossil fuels (6 Pg C yr-1) and deforestation (2 Pg C yr-1) there is 

currently an anthropogenic input to the atmosphere of about 8 Pg of carbon each year as CO2 

(IPCC 2000). Of the 8 Pg C yr-1 emitted, only about 3 Pg of carbon remains in the 

atmosphere. The remaining carbon is dissolved in the ocean or taken up by photosynthesis 

and sequestered as biomass or organic matter in soil. 

Additionally to the unknown soil C feedbacks to the increase of global temperature, 

the increase in N deposition may also affect soil CO2 emissions (Brumme and Beese 1992, 

Gallardo and Schlesinger 1994). Apart from the influence on CO2 emissions, N deposition 

may also have an effect on N2O emissions. Current rates of atmospheric N deposition are in 

some cases large enough to saturate the biological demand for N within many ecosystems 

over time (Aber et al. 1995, Dise and Wright 1995) resulting in losses of N as soil gases.  

N deposition has been of great concern, already for some time, in the industrialized 

world, primarily associated with N-oxide and ammonia emissions from combustion processes 

and agricultural activity (Hall and Matson 2003). However, the intensification of fossil fuel 

use and agricultural practices worldwide, including many tropical areas, has raised the 

concern of N deposition also in the developing world (Galloway et al. 1994, Matson et al. 

1999). As well as in carbon cycle, nitrogen cycle is also linked to the rate of net primary 

production on land and in the sea (Vitousek and Howarth 1991). About 240 Tg of newly fixed 

N is delivered from the atmosphere to the Earth’s land surface each year, 40 % by natural and 

60 % by human-derived sources. Each year rivers carry about 36 Tg N from land to the sea 

(Wollast 1993), and humans additions of fixed nitrogen to the terrestrial biosphere have also 

resulted in marked increases in the nitrogen content of groundwater, especially in many 

agricultural areas (Spalding and Exner 1993). The remaining nitrogen is assumed to be lost by 
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denitrification in terrestrial soils and in wetlands, and during forest fires. Estimates of global 

denitrification in terrestrial ecosystems range from 13 to 233 Tg N yr-1 (Bowden 1986). Most 

of the loss occurs as N2, but the small fraction that is lost as N2O during nitrification and 

denitrification contributes significantly to the global budget of this gas.  

N2O is an effective greenhouse gas, and its concentration in the atmosphere is 

increasing by 0.25 % yr-1 due to human activity (IPCC 1996). This long-lived greenhouse gas 

has a per molecule radioactive forcing strength 200-300 times greater than CO2 (Shine et al. 

1990, 1995, Prather and Ehalt 2001). N2O also contributes to stratospheric ozone destruction 

(Cicerone 1987). Recent estimates suggest that soil emissions of N2O from humid tropical 

forests account for 20-50 % of all global sources of atmospheric N2O (Prather et al. 1995, 

Potter et al. 1996). As these ecosystems are generally N saturated the N availability may 

exceed biological demand very rapidly and the excess of N will possibly result in even larger 

and more immediate losses of N (Verchot et al. 1999, Hall and Matson 2003). 

Natural systems and biogeochemical cycles have historically maintained their pools in 

dynamic equilibrium. However with the current anthropogenic activities it is already possible 

to observe large shifts among terrestrial, oceanic and atmospheric pools (IPCC 1995). The 

disruption of the global C and N cycle by human activity in both developed and developing 

countries is one of the key environmental issues facing human populations as we move into 

the 21st century (Rustad et al. 2000).  

 

1.2. Future projections 

Intensification of ENSO in the Amazon region 

Many global climate change models (Foley et al. 1996, Cramer et al. 2001) suggest 

strong reductions in precipitation in some tropical regions, particularly in Amazonia (Prentice 
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et al. 2000). As a result of the lower recirculation of water between the deforested biosphere 

and the atmosphere, the regional climate in the Amazon Basin may become drier (Shukla et 

al. 1990, Nobre at al. 1991, Costa and Foley 2000, Werth and Avisar 2002) with consequent 

reduction in forest area and net primary productivity (NPP). Added to that the development in 

the Amazon region has been accompanied by increasing forest fragmentation and poorly 

managed logging activities. Both fragmentation and logging increase the likelihood of fire 

escaping from managed systems into forest, especially during dry years often associated with 

El Nino (Keller et al. 2004). El Nino Southern Oscillation (ENSO) is responsible for a large 

part of the climate variability at interannual scales in Latin America (Foley et al. 2002). 

ENSO-related drought can desiccate large areas of Amazonian forest, creating the potential 

for large-scale forest fires. Such episodes are increasing in frequency and intensity, possibly 

in response to the accumulation of greenhouse gases in the atmosphere (Nepstad et al.1999, 

Timmermann et al. 1999).  

Changes in precipitation could also affect emissions of carbon dioxide (CO2) from the 

remaining forested soils (Davidson et al. 2004). However, besides the precipitation, changes 

in CO2 concentration and soil temperature also play important roles in finding the equilibrium 

on the soil C pool. The full consequences of these changes are not yet well known. Increasing 

temperature may cause a net loss of soil organic carbon, increasing CO2 concentration can 

stimulate NPP, thus adding extra carbon to the system and increasing total soil carbon storage 

(e.g. Kirschbaum 1993, King et al. 1997). Model results point to the existence of a positive 

feedback from warming to increased CO2 concentration on decade to century time scales that 

to some extent counteracts the negative feedback due to the physiological effects of CO2 

(Prentice et al. 2000). Increased storage of carbon in soils could help offset further 

anthropogenic emissions of CO2, whereas a release could significantly exacerbate the 

atmospheric increases (Eswaran et al. 1993). 



 

 5

Ecosystem models which include soil carbon and nitrogen cycling predict carbon 

turnover times of less than a decade for most of the carbon in the upper 20 to 30 cm of moist 

tropical forest soils (Potter et al. 1993, Schimel et al. 1994). It is also expected that increased 

flux of CO2 from soils resultant from disturbance or global warming will largely derive from 

labile pools with the fastest turnover times. Hence, the greatest losses of soil carbon will 

probably be seen in tropical regions (Trumbore et al. 1996). This is of concern as the amount 

of carbon stored in the upper meter of tropical soils is estimated to be 13-17 % of global soil 

carbon storage (Sombroek et al.1993), and the Amazon forest in Brazil alone contains ~210 

Pg of this carbon (Houghton et al. 2001). 

 

Increase in N2O emissions to the atmosphere from Amazon soils 

Nitrogen availability is especially high in clay-rich, weathered tropical soils where N 

does not limit plant growth (Martinelli et al. 1999). The rapid cycling on nitrogen supports 

large emissions of the greenhouse gas nitrous oxide (N2O) (Keller et al. 2004). Emissions of 

N2O from the forests of the Amazon Basin account for ~0.8-1.3 Tg N yr-1, or nearly 10-15 %, 

of the global natural emissions of that gas (Melillo et al. 2001). Because increased 

anthropogenic N deposition (as is projected for large areas in the tropics) may result in larger 

and more immediate losses of N as soil gases (nitrous oxide, nitric oxide, dinitrogen) or as 

NO3
- in solution (Hall and Matson 2003), perturbations of the Amazon tropical forest may be 

expected to have a major impact on global concentrations of N2O, with consequent effects on 

the chemistry of the stratosphere and on the heat budget of the atmosphere (Myers 1980, 

Fearnside 1986, Keller et al. 1988). 

However, mechanisms of soil N retention may exert a strong influence on the size and 

timing of these losses. Despite the high denitrification potential of humid tropical forests, N 

retention may be favoured in the presence of high C-to-NO3
- ratio (Silver et al. 2005). The 
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relative balance between NO3
- reduction to NH4

+ via dissimilatory nitrate reduction to 

ammonia (DNRA) and losses via N2O emissions is likely to be sensitive to a variety of 

ecosystem properties, particularly soil redox status and soil C and NO3
- pools (Silver et al. 

2005). Hence, the predicted loss of C from soils with the change in climate may also have 

unknown feedbacks in the N cycle in the soil of these ecosystems. 

 

1.3. Objectives of the study  

The significance of climate changes to the interaction of both carbon and nitrogen 

cycles in tropical soils is still unknown and deserves more attention. For that, it is important to 

identify individual processes and their consequences to changes in the climate. The overall 

goal of this study was to quantify spatial and seasonal variation in soil CO2 dynamics as a 

function of soil properties and climate variability as well as to determine the effectiveness of 

N retention mechanism in the main soil types in the Amazon basin.  

This main goal was subdivided in several objectives: 

• to quantify and compare the soil CO2 efflux rates in two soil textures from the 

dominant soil type in the eastern Amazon. 

• to estimate CO2 production rates as a function of depth 

• to evaluate how soil and environmental factors control CO2 production and soil CO2 

efflux  

• to investigate how an artificially imposed drought affects depth and amount of soil 

CO2 production and transport 

• to quantify the gross rates of mineralization, nitrification, and microbial and abiotic N 

immobilization in a low N availability and a high N availability tropical forest soil. 
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1.4. Site description 

Characteristics of Amazon forest soils, vegetation and climate 

All studies were conducted in the National Reserve of Caxiuanã (1°43’3.5’’S, 

51°27’36’’W), approximately 400 km west of the city of Belem, Para, Brazil (Lisboa 1997). 

The site is administered by the Ferreira Penna Scientific Station which belongs to Museu 

Paraense Emilio Goeldi (MPEG). Caxiuana Tropical Forest is located in the north-eastern 

Brazilian Amazon. The terrain around Caxiuana site consists mainly of Cretaceous 

sedimentary rocks (Alter do Chao Formation of the Amazon basin) geomorphologically 

remodelled in various periods during Pleistocene (Kern 1996). These sediments were deeply 

weathered giving rise to lateritic profiles which extend deeply down to the saprolite, locally 

exposing fine kaolinite zones. Near and at the surface, the lateritic profiles have been 

converted into Oxisols (Yellow Latosols in the Basilian classification), which are widespread 

over the region. These Oxisols have clay to sand texture, are deep, acidic and oligotrophic 

(Almeida et al. 1993). Topography is gentle to steep and the additional erosion and leaching 

has reduced even further the fertility of the soils of these terraces. 

The climate of the region is classified as humid tropic of the type Am (at Köppen 

classification; Moraes et al. 1997). Annual mean precipitation is about 2200 mm, with the 

peak of the rainy period registering on average 300 mm month-1 occurring from February to 

April. The period with least precipitation is September to November, and less than 100 mm of 

rain are received on average per month (Lourdes Pinheiro Ruivo et al. 2002). Based on 

monthly rainfall observed during the study period (November 2001 – November 2003; 

Caxiuanã Meteorological Station), two seasons were distinguished. Months with more than 

100 mm rainfall were assigned to the wet season (December to June), and the dry season 

consists of the period of months with less than 100 mm rainfall (July to November).  Mean 

annual incoming short wave radiation is around 350 W m-2 and mean annual temperature is 
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25.7 ºC. Average daily minimum temperatures remains the same (23.0-23.1°C), but maximum 

temperature is higher in the dry season (31.2 °C) than the wet season (29.6 °C) (Fisher et al. 

in review a). The height of the canopy is about 35 meters, and the aboveground biomass is 

200 m3 ha-1 (Lisboa 1997, Lisboa and Ferraz 1999). The forest presents considerable diversity 

and big trees, as Dinizia excelsa (angelim-vermelho), Marmaroxylon racemosum (Angelim-

rajado), Couratari guianensis  (tauari), Bucheniavia grandis (tanimbuca), Swartzia racemosa 

(pitaíca), Dipteryx odorata (cumaru), among others (Almeida et al. 1993). 

  

General design of the study 

This thesis presents an analysis including the CO2 dynamics and the nitrogen cycle in 

two different soil textures analyzing the potential feedback mechanisms in these soils 

generated by the climate change. Data on the throughfall exclusion experiment in Caxiuanã is 

part of the Large Scale Biosphere Atmosphere Experiment in Amazonia (LBA) project. The 

objective of the LBA project is to understand the changes in the water recirculation, solar 

energy, carbon and nutrients with local changes of the vegetation and global climate changes 

(Avissar and Nobre 2002). Two experimental rainfall manipulations were implemented by 

LBA project (Avissar and Nobre 2002) in order to investigate the role of drought in 

constraining forest gas exchange. Two sites, Santarém and Caxiuanã, were selected in Eastern 

Amazonia, the area most at risk from reduced rainfall (Cox et al. 2000, 2004). At both sites, a 

system of plastic panels and guttering intercepts the rainfall at 2 m height, and channels the 

intercepted water away from the plot, thereby reducing the quantity of water hitting the soil 

by ~ 50 % (Fisher et al. 2006).  
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1.5. Overview of the thesis 

This thesis is divided into 5 chapters, according to the different objectives. Chapter 2 

deals with the quantification of soil CO2 efflux, in particular the spatial and temporal variation 

of CO2 emissions in different soil types, landscape and litter input together with climatic 

controls. In Chapter 3, the estimates of CO2 productions rates are presented and the effects of 

an induced drought on soil CO2 production and soil CO2 efflux are discussed. Diffusion 

coefficients, which are needed to calculate the CO2 production rates, are derived from 

empirical formulas and validated using radon measurements. In addition, two years data on 

soil air CO2 concentration, soil temperature and soil water content are shown and compared 

with a similar throughfall exclusion experiment results. Chapter 4 focuses on the 

quantification of gross rates of mineralization, nitrification, and microbial and abiotic N 

immobilization in a tropical forest soil with low N availability and one with high N 

availability. Measurement of gross rates of N mineralization and nitrification were made 

using 15N pool dilution technique, as well as estimates of NH4
+ and NO3

- immobilization rates 

using chloroform fumigation extraction technique and the characterization of soil physical 

and chemical properties. These rates were used to evaluate if the mechanisms of soil N 

retention (biotic and abiotic immobilization and DNRA) are more effective in tropical rain 

forest soils with a low N availability than in tropical rain forest soils with a high N 

availability. All results are compiled in Chapter 5 to reach some general conclusions. 
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2. Landscape and climatic controls on spatial and temporal variation in 

soil CO2 efflux in an Eastern Amazonian Rainforest, Caxiuanã, Brazil. 

2.1. Introduction 

In recent years, the recognition that old-growth forests of Amazonia play an important 

role in the global carbon cycle, has led to the establishment of several sites across the Amazon 

basin where net ecosystem exchange (NEE) of CO2 is measured (Grace et al. 1995a, Malhi 

and Grace 2000, Saleska et al. 2003). In the absence of fire, NEE is the net result of CO2 

uptake through photosynthesis and CO2 losses through autotrophic and heterotrophic 

respiration. A major part of the respired CO2 originates from the soil and quantifying the size 

and variation of this CO2 source is critical for the correct interpretation of NEE 

measurements. 

In contrast to tower-based NEE measurements, there are no standard methods to 

measure soil CO2 efflux (or soil respiration) over larger areas; chambers which normally 

cover only a fraction of a square meter are used. At the same time, soil CO2 efflux is highly 

variable, both spatially and temporally (Hanson et al. 1993, Xu and Qi 2001). As a result, 

estimates of the mean soil CO2 efflux, even within homogeneous vegetation are uncertain. 

Spatial variability of soil CO2 efflux, typically caused by variations in landscape, soils and 

vegetation (Xu and Qi 2001, Schwendenmann et al. 2003) introduces a considerable level of 

uncertainty in modelling soil respiration at landscape and larger regional scales (Gough and 

Seiler 2004). Temporal variability, mainly caused by climatic variables (Davidson et al. 

2000a), is a major source of error when estimating the cumulative annual soil CO2 efflux 

(Janssens et al. 2000, Gough and Seiler 2004).  

Although the vast majority of soils in Amazonia have in common that they are heavily 

weathered, there is considerable spatial heterogeneity in soil texture both at local and regional 
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scales (Sombroek 1966, Jordan 1985) and along topographic gradients (e.g. Silver et al. 

2000). Furthermore, topographically induced microclimates and variations in soil water 

content can also cause spatial heterogeneity by affecting the ability to retain carbon, water, 

and nutrients (Running et al. 1987, Kang et al. 2000). Apart from soil texture and topography, 

the litter layer may also contribute to spatial and temporal variation of soil CO2 efflux. 

Although litter input and turnover are frequently studied, the influence of the litter layer on 

temporal variation of soil CO2 efflux has to our knowledge not been studied for tropical 

forests. 

Because NEE measurements are done at high frequency and later integrated for longer 

time periods (hours to days), there is an increasing tendency to also collect soil CO2 efflux at 

high frequency, with a limited amount of (automated) chambers (e.g. Goulden and Crill 1997, 

Drewitt et al. 2002). While this approach leads to an excellent characterization of temporal 

variation, spatial variation can only be quantified between the few deployed chambers. As a 

result, soil CO2 efflux is normally modelled using climatic parameters as input (most often 

soil temperature and sometimes soil moisture) thereby ignoring landscape variations in soil 

CO2 efflux. This may lead to serious errors because the ‘footprint’ of tower-based 

measurements is normally large enough to cover considerable variation in landscape and soils 

(Grace et al. 1995b). An additional problem may be that soil temperature and soil moisture 

co-vary, even in tropical forest ecosystems, making it impossible to separate their effect on 

soil CO2 efflux (Davidson et al. 2000a, Schwendenmann et al. 2003).  

Our goal was to quantify the spatial and seasonal variation in soil CO2 efflux and its 

environmental controls in the old-growth forest of Caxiuanã in the eastern Amazon. Using 

manually deployed flux chambers, we monitored soil CO2 efflux from two Oxisol sites with 

contrasting soil texture over the course of two years. Furthermore we aimed to quantify the 

contribution of the litter layer to soil CO2 efflux and to evaluate the effect of landscape 
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position on CO2 efflux. As the climate of the eastern Amazon is characterized by small 

fluctuations in temperature throughout the year, we expected that changes in soil water 

content would control the seasonal variation in soil CO2 efflux. 

 

2.2. Materials and Methods 

Study site 

The experimental site was located in Caxiuanã National Forest, Pará, Brazil, 

(1°43’3.5’’S, 51° 27’36’’W). The forest is a lowland terra firme rainforest. Mean annual 

temperature is 25.7 ºC. Mean annual rainfall is 2272 mm (± 193 mm), with a dry season when 

only 555 mm (± 116 mm) of rainfall occurs on average (Fisher et al. 2006). Months with more 

than 100 mm rainfall were assigned to the wet season (December to June), and the dry season 

consisted of the period of months with less than 100 mm rainfall (July to November).   

Most soils (65 % of the experimental site, Costa 2002) are yellow Oxisols (Brazilian 

classification Latossolo), but there are large differences in texture. Our study was on two 

Oxisols with contrasting soil texture: clay and sand (Table 2.1). Both soils have a broken 

laterite layer (0.3-0.4 m thick) at 3-4 m depth. The texture of the top 0.5 m of the sand is 75 % 

sand and 25 % clay + silt, while the topsoil of the clay had 31 % sand and 69 % clay + silt 

(Ruivo and Cunha 2003). Mineralogy of both soils is mainly kaolinite in the clay fraction and 

quartz in the sand fraction (Ruivo and Cunha 2003). The sites are located about 15 m above 

river level, and the water table has occasionally been observed at a depth of 10 m during the 

wet season (Fisher et al. in review b).  The forest structure does not vary much among soil 

types: 419 trees ha-1 with a basal area of 25.1 m2 ha-1 and leaf area index (LAI) of 5.5 m2m-2 

on the clay soil and 434 trees ha-1, a basal area of 23.9 m2 ha-1 and LAI of 5.2 m2m-2 for the 

sand site (unpublished data. D. Metcalfe). The height of the canopy is about 35 meters, and 
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the aboveground biomass is 200 m3 ha-1 (Lisboa et al. 1997). The forest presents considerable 

diversity, with species like Dinizia excelsa (angelim-vermelho), Marmaroxylon racemosum 

(Angelim-rajado), Couratari guianensis  (tauari), Bucheniavia grandis (tanimbuca), Swartzia 

racemosa (pitaíca), Dipteryx odorata (cumaru), among others (Almeida et al. 1993). 

 

Table 2.1 - Characterization of chemical and physical properties of the soil of our study area 

in Caxiuanã, Para, Brazil. 

Texture/ Clay Silt Sand pH (H2O) ECEC Total P Total C Total N SOC Bulk density
Depth (%) (%) (%)  (cmol dm-3) (mg kg-1) (g kg-1) (g kg-1) (g kg-1) (Mg m-3) 
Sand           
0-10cm 14 10 77 4.5 3.1 3.4 9.6 0.40 9.5 1.49 
10-100cm 23 7 70 4.4 2.2 1.2 4.3 0.38 4.8 1.53 
Clay           
0-10cm 38 23 40 3.9 5.7 4.4 13.7 0.57 15.1 1.20 
10-100cm 56 20 24 4.2 2.4 2.0 6.7 0.68 5.9 1.22 

 

Design of experiment to measure effect of soil texture 

Using a systematic design, 16 chambers were deployed on a 1 ha plot at the sand site, 

and 8 chambers on a 0.5 ha plot at the clay site. While 8 chambers was enough to get a good 

estimate of soil CO2 efflux, we used more chambers on the sand site because of an additional 

throughfall exclusion experiment which is not described here (Fisher et al. 2006). In June 

2001, PVC rings (0.296 m in diameter, 0.20 m tall) were inserted to a depth of 0.02 m into the 

soil. Once inserted, the rings were left in place throughout the period of measurements. 

Chambers were kept free of seedlings. Each of the two sites was sampled every two weeks 

from December 2001 to November 2002 and monthly from December 2002 to November 

2003. It took two days to measure all sites, and all measurements were made between 8 AM 

and 2 PM local time. 
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Design of experiment to measure effect of topography 

In February 2002, we installed chambers along four topographic transects which were 

between 30 and 40m apart. Average slope length was 108 ± 11 m and average inclination was 

5.4° ± 0.2°. At each transect three chambers were installed at four different positions: plateau, 

upper slope, lower slope and valley. The chambers in the valley were installed about 0.5 m 

above the flood plain level. Measurements were made every three months from April 2002 to 

July 2003. 

 

Design of experiment to measure contribution of litter layer 

Adjacent to the sandy site twelve chambers were systematically installed within an 

area of 36 m2 to minimize spatial variation. The following three treatments were imposed on 

four replicated chambers each: in treatment one (‘no litter’), the chamber was placed directly 

on the mineral soil and litter was removed, and a small litter trap of 0.40 by 0.40 m was 

placed directly above each chamber. In treatment two (‘normal litter’), the litter was not 

manipulated (it was used as control treatment). In the third treatment (‘double litter’), the litter 

collected from treatment one was deposited in the chambers every two weeks. Measurements 

of CO2 efflux were made every three months from July 2002 to October 2003. Contribution of 

litter layer was the average of the difference between ‘double litter’ and ‘no litter’ soil CO2 

efflux, and ‘normal litter’ and ‘no litter’ soil CO2 efflux. Soil water content and soil 

temperature from ‘no litter’ and ‘double litter’ treatment did not differ from control (‘normal 

litter’). 
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Measurements of soil CO2 efflux 

Dynamic, closed chambers were used to determine soil CO2 efflux (Parkinson 1981). 

Flux chambers were closed for about 5 minutes using a PVC cover. The volume of the 

chamber was about 13 L. Air was circulated at a flow rate of 0.8 L min-1 between an infrared 

CO2 gas analyzer (LI-6262, Li-Cor, Inc., Lincoln, Nebraska, USA) and the flux chambers. To 

prevent pressure differences between the chamber and the atmosphere, the chamber was 

vented to the atmosphere through a 0.25 m long stainless steel tube (3.2 mm outer diameter). 

CO2 concentrations were recorded at 5 second intervals with a datalogger (Campbell CR10X, 

Campbell Scientific, Inc., Logan, Utah, USA). CO2 flux (µmol CO2 m-2 s-1) was calculated 

from linear regression of CO2 concentration within the chamber versus time, usually between 

2 and 4 min after placing the cover over the ring. The coefficient of determination (r2) of the 

regression was typically greater than 0.99. The infrared gas analyzer was calibrated in the 

laboratory using a loop with a column containing CO2 scrubber (Soda Lime indicating 4-8 

mesh) as zero-standard and a secondary CO2 standard (510 ppm). The secondary standard was 

calibrated against primary standards from the Large Scale Biosphere-Atmosphere Experiment 

in Amazon (LBA) project. 

 

Complementary measurements 

Three replicates of mineral soil were collected for total C, N analysis to support our 

measurements of the soil CO2 efflux. Bulk density was determined using soil core method. 

Particle size distribution was analyzed with the pipette method using pyrophosphate as a 

dispersing agent. Soil pH was measured from a saturated paste mixture (1:1 ratio of soil to 

H2O and to 1 M KCl). ECEC was determined from air-dried, 2-mm sieved samples, 

percolated with unbuffered 1 M NH4Cl, and the percolates analyzed for exchangeable cations 
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using Flame-Atomic Absorption Spectrometer (Varian, Darmstadt, Germany). Total P was 

analyzed from air-dried, ground samples, digested under high pressure in concentrated HNO3, 

and the digests were analyzed using Inductively Coupled Plasma-Atomic Emission 

Spectrometer (Spectro Analytical Instruments, Kleve, Germany) 

In October 2001, 20 litterfall collectors were placed randomly at the sand site. The 

collectors were made of 2 mm mesh nylon net, had an area of 1 m2, and were placed about 30 

cm above the forest floor. From November 2001 to November 2003, litter was collected 

monthly, put in paper bags and dried in a ventilated oven at 80 °C for 48 hours. The material 

was separated in three fractions: a) leaves, b) twigs and c) reproductive organs (flower, fruit 

and seeds); and weighed. 

Soil temperature (Ts) was measured adjacent to each flux chamber at approximately 

0.05 m depth from soil surface (litter layer was normally insignificant) using a thermocouple 

T-probe and a handheld thermocouple meter (HI 93551, Hanna Instruments, Ann Arbor, MI, 

USA). Soil water content (swc) was determined using frequency domain reflectometry (FDR). 

The probe (CS 615, Campbell Scientific Ltd, Lougborough, UK) consists of 0.3 m long 

stainless steel rods that were placed vertically into the soil. The sensor output was converted 

to estimates of volumetric soil water content (m3 m-3) using the standard calibration curve 

from the sensor. For the sand soil, the swc values were corrected by the calibration equation 

from Fisher et al. (in review a). Soil temperature and soil water content probes were inserted 

into the soil each time. Half-hourly meteorology data was measured by a tower-based 

automatic weather station in the vicinity of the study site (Carswell et al. 2002). This weather 

station provided measurements for wet and dry bulb temperature, incoming and outgoing 

short-wave radiation, photosynthetically active radiation (PAR), and long-wave radiation, 

wind speed and direction and rainfall (unpublished data from Y. Malhi). 



 

 17

Calculations and Statistical analyses 

For each of the sites, the average CO2 efflux rate was calculated from the chamber flux 

measurements. Daily mean soil efflux was calculated by averaging the sampling dates for 

each site in both years. Coefficient of variation was the standard deviation of all chambers in 

each measurement date divided by the average soil CO2 efflux of the given measurement for 

each site in both years.  

Spatial (between soil types and treatments) and temporal differences as well as 

differences in topography were analysed by repeated measure ANOVA. Progressive decrease 

in soil CO2 efflux was evaluated by testing (t-test) the average of the beginning (for the wet 

season from December to March, and for the dry season from July to September) and the end 

(for the wet season April to June, and for the dry season from October to November) of each 

season.  Multiple regression analysis was used to examine relationships between soil CO2 

efflux, soil water content, soil temperature and other factors. Significant effects were 

determined at P < 0.05. All statistical analyses used STATISTICA 6 software package 

(StatSoft Inc., Tulsa, OK, USA). 

 

2.3. Results 

Variation in soil CO2 efflux caused by differences in soil texture 

Spatial variation, for both sites, among soil chambers within the two-year 

measurements ranged from 13 to 52 % and was on average 23 % for the sand soil and 25 % 

for the clay soil. The two-year average CO2 efflux rates were 21 % higher (P < 0.001) for the 

sand (3.9 ± 0.1 μmol CO2 m-2s-1) than for the clay (3.1 ± 0.1 μmol CO2 m-2s-1). No difference 

was detected for soil temperature between sites (24.1 ± 0.1 °C for sand and 24.2 ± 0.1 °C for 
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clay; P < 0.05), while soil water content in sandy soil (23.2 ± 0.3 %) was much lower (P < 

0.001) than the clay soil (34.5 ± 1.0 %), for the two-year period. 

Temporal variation ranged from 16.4 to 30.7 % and with an average coefficient of 

variation (CV) of 16.4 % for sand and 21.8 % for clay soil. Soil CO2 efflux decreased 

progressively during the first wet season (P < 0.05, n = 6) in both sites. Towards the transition 

from the wet to the dry season, soil CO2 efflux increased, followed by a progressive decrease 

observed during the dry season. Soil CO2 efflux recovered with the onset of heavy rainfalls at 

the beginning of the wet season (Fig. 2.1). There was no difference in soil CO2 efflux between 

the two years of measurement for both soils (P > 0.05). The magnitude of soil CO2 efflux on 

both soils did not differ significantly between dry season (4.0 ± 0.1 for sand and 3.1 ± 0.1 

μmol CO2 m-2s-1 for clay) and wet season (3.9 ± 0.1 for sand and 3.1 ± 0.1 μmol CO2 m-2s-1 

for clay), probably due to the within season variation.. Soil temperature and water content did 

differ between seasons on both sites (P < 0.001). 

 

Spatial variation in soil CO2 efflux caused by topography 

Coefficient of variation among landscape position and soil chambers ranged from 17.2 

to 32.8 % and were on average 26.3 %. On average, soil CO2 efflux did not differ between the 

plateau, valley and upper and lower slope positions. Time of the year and the interaction 

between time and position did however have a significant effect on CO2 efflux (P < 0.01). 

April (peak wet season) was generally the month with lowest CO2 efflux while July and 

January (transition months) were the months with highest efflux rates, independent of 

topographic position (Fig. 2.2). Soil water content and soil temperature differed as a function 

of topographical position. 

 



 

 19

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Nov Jan M ar M ay Jul Sep Nov Jan M ar M ay Jul Sep Nov

Ef
flu

x 
(µ

m
ol

 C
O 2

 m
-2

 s
-1

)

 

0
5

10
15
20
25
30
35
40
45
50

Nov Jan M ar M ay Jul Sep Nov Jan M ar M ay Jul Sep Nov

So
il 

w
at

er
 c

on
te

nt
 (%

)

 

0

5

10

15

20

25

30

Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

So
il 

te
m

pe
ra

ut
re

 a
t 0

.0
5 

m
 d

ep
th

 (°
C

)

2002 2003  

Figure 2.1 - Soil CO2 efflux (a) , soil water content (b) and soil temperature (c) from 

November 2002 to November 2003 in sandy (- -) and clay (- -) sites. Shaded area mark the 

dry season; white background indicates the wet season. Each point is the mean of sixteen 

chambers for sand and eight chambers for clay. Error bars represent ± standard error of the 

mean. 
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Figure 2.2 - Measurements of (a) soil CO2 efflux, (b) soil temperature at 0.05 m depth and (c) 

soil water content at 0.30 m depth in the valley (– –), low slope (– –), upper slope (···· ····) 

and plateau (- -○- -). Each point is the mean of four sites (with three chambers measurements 

at each site). Error bars represent ± standard error of the mean. 
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Temporal variation in soil CO2 efflux caused by the litter layer 

Throughout the year the contribution of the litter layer to CO2 efflux was about 20 %, 

varying from 25 % to almost zero depending on the seasonal conditions. In the wet season 

(Jan-03) the higher rates of soil CO2 efflux (6.1 ± 0.6 µmol CO2 m-2 s-1, P < 0.05, n = 4) were 

measured in the double litter treatment, while at the onset of the dry season (July) soil CO2 

efflux rates were similar in all treatments (Fig. 2.3). Total litterfall was higher during the end 

(May and Jun) of the wet season and lower at the peak (Jan-Feb) of the wet season (data not 

shown). Soil temperature and soil water content did not differ among treatments (P > 0.05). 
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Figure 2.3 - Soil CO2 efflux from forest floor without litter (white background), with normal 

amount of litter (gray background) and double the normal amount of litter (black background) 

at different time of the year, and the estimates of average seasonal contribution of the litter 

layer (–●–) to soil CO2 efflux. Each point is the mean of four chambers. Error bars represent ± 

standard error of the mean. 
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Figure 2.4 - Relationship between (a) soil water content (swc) and soil CO2 efflux (E) and (b) 

between soil water content and soil temperature at 0.05 m depth (Ts) in sand ( ) and clay (■) 

soil texture. The regression curves in (a) are for sand (solid line) Esand = -0.0226(swc)2 + 

1.0053(swc) - 6.8602, r2 = 0.23 and for clay (dashed line) Eclay = -0.0046(swc)2 + 

0.2842(swc) - 0.9443, r2 = 0.18. The regression lines in (b) are for sand Ts = -0.0771(swc) + 

25.718, r2 = 0.10 and for clay Ts = -0.0708(swc) + 25.984, r2 = 0.16. 

a) 
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Correlations with environmental factors 

Soil CO2 efflux was correlated with soil moisture and temperature but did not correlate 

with any other environmental factor (Table 2.2). As expected, soil temperature was positively 

correlated with air temperature and radiation and negatively correlated with rainfall.  For both 

soils, the relationship between soil water content and soil CO2 efflux could be described with 

a quadratic function (r2 = 0.23 for sand and r2 = 0.18 for clay soil, P < 0.01). The optimal soil 

water content, at which CO2 efflux was highest, was greater for the clay than for the sand 

(Fig. 2.4a). A multiple regression for soil water content including both soil textures explained 

22 % of the soil CO2 efflux (P < 0.001; not shown). Soil water content and soil temperature 

co-varied in both soil types (r2 = 0.09 for sand and r2 = 0.16 for clay, P < 0.001, Fig. 2.4b).  

 

Table 2.2 - Correlation among sites, seasons, CO2 efflux and environmental factors using 

Spearman r coefficient (n = 18). Bold values are significant at P < 0.05. 

 
Soil CO2  

efflux 
Soil  

temperature  
Soil water  

content 
Air  

temperature 
Solar  

radiation 
Soil temperature  0.5     
Soil water content -0.5 0.1    
Air temperature 0.1 0.3 -0.2   
Solar radiation 0.1 0.4 -0.1 0.8  
Rainfall -0.1 -0.4 0.3 -0.7 -0.7 
Monthly average, across all chambers and both soil types, was used for soil CO2 efflux, soil temperature and soil 

water content. Monthly average was also used for air temperature and solar radiation, while for rainfall was used 

the monthly sum. 

 

2.4. Discussion 

Magnitude of CO2 efflux and spatial variation 

Our annual CO2 effluxes are similar to those reported for clay Oxisols in Manaus, 

Santarém and Costa Rica (Chambers et al. 2004, Davidson et al. 2004, Schwendenmann et al. 
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2003). However, higher CO2 effluxes have been reported for a clay Oxisol in Paragominas 

(Davidson et al. 2000a) and Manaus (Sotta et al. 2004). The lower CO2 efflux from the clay 

soil, compared to the sand soil may have different causes. The lower water holding capacity 

and capacity to retain nutrients (Table 2.1) of the sandy Oxisol may stimulate this forest to 

invest more in roots, reflected in a higher root respiration. In Santarém, it was shown that 

forest on a sandy soil had a higher fine root biomass and total root biomass than an adjacent 

forest on clay (Silver et al. 2000). Additionally, during the wet season the soil water content 

of the clay was frequently close to or at saturation level (estimated at ~40 %) which may have 

prevented diffusion of CO2 out of the soil. This effect is illustrated by the low soil CO2 efflux 

that we measured at high soil water contents which has also been shown for Oxisols in Costa 

Rica (Schwendenmann et al. 2003). 

Although the effect of topographic position was not significant on a year basis, the 

significant interaction of topographic position and time shows that soil CO2 efflux from 

different topographic positions have different seasonal variations (Fig. 2.2). These variations 

may be caused by water redistribution in the landscape and by different amounts of litter and 

soil organic matter at different positions. That water redistribution takes place is likely given 

the systematic difference in soil water content along the topographical gradient (Fig. 2.2c). A 

study on the effect of topographical position on soil CO2 efflux in a forest close to Manaus 

also reported a high soil CO2 efflux from the slope and a low value from the plateau and 

valley (Souza 2004).  Although variations in topography are relatively small, spatial variation 

in soil CO2 efflux due to topography was comparable to temporal variation in soil CO2 efflux, 

illustrating its importance. 
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Temporal variation in CO2 efflux  

Temporal variability of soil CO2 efflux was comparable to other studies, and depended 

mainly of soil water content (Davidson et al. 2000a, Schwendenmann et al. 2003). The 

quadratic function fitted to the plot of soil water content against soil CO2 efflux is comparable 

to the influence of soil moisture detected in a tropical wet forest of Costa Rica 

(Schwendenmann et al. 2003). As was the case in Costa Rica, in our study soil temperature 

could not explain additional variation of soil CO2 efflux beyond soil moisture alone. The 

weak positive correlation that we found between soil CO2 efflux and soil temperature we 

therefore explain by the covariance of soil temperature and soil moisture (Fig. 2.4b) combined 

with the small variations in temperature that occur throughout the year (Fig. 2.1). Covariation 

of temperature and soil moisture has been detected in several ecosystems, including tropical 

rainforests (Davidson et al. 2000a, Schwendenmann et al. 2003).  

Seasonal variation in the contribution of the litter layer to CO2 efflux (Fig. 2.4) may be 

caused by variations in the amount of decomposing litter on the forest floor and in conditions 

influencing litter decomposition. Our results show that in July during the dry season the 

contribution of the litter layer to CO2 emissions was negligible, even though in May and June 

the peak of litter production occurs (data not shown). The low moisture content of litter is 

probably responsible for this small contribution (Toledo 2002). The highest contribution was 

measured in January, about one month after the onset of the rainy season when there is both a 

considerable amount of litter on the forest floor and a high moisture content of litter. 

Although our results cannot be used to calculate the contribution of the litter layer to total soil 

CO2 efflux (due to the relatively low frequency of measurements), they do illustrate that the 

dynamics of litter production and litter decomposition exert quite a strong influence on the 

observed temporal variation in soil CO2 efflux.  
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Although we measured some seasonal variation in soil temperature and soil water 

content, the seasonality of the soil CO2 efflux was not strong (Fig. 2.1). A drought mediated 

reduction in CO2 produced from microbial respiration in the topsoil and litter layer may be 

(partly) compensated by higher CO2 production from deeper root activity (Liu et al. 2004) 

which may explain the weak seasonality. Under normal rainfall conditions, Amazonian 

forests are able to sustain high evapotranspiration rates throughout the majority of the dry 

season (Nepstad et al. 1994, Davidson et al. 2004, Fisher et al. in review b) and water stress is 

not strong enough to affect root respiration. The somewhat lower fluxes for the dry season 

may also be related to a reduction in leaf area index and ecosystem photosynthetic capacity 

(Meir and Grace 2005), because of the peak in litterfall associated with the onset of the dry 

season (Chambers et al. 2004). Seasonality of soil CO2 efflux in a Costa Rican rain forest was 

also minimal; however the dry season in this forest was much shorter compared to many areas 

in the Amazon Basin (Schwendenmann et al. 2003). 

 

Estimating annual landscape scale CO2 efflux 

To illustrate how extrapolation methods affect estimates of annual soil CO2 efflux we 

use an area of 581 ha in Caxiuanã which includes the area where the tower based NEE 

measurements are being done. In the first approach we used measurements done at the base of 

the tower to scale up the results for the whole area during one year. This approach is often 

found in literature using monthly or less frequent measurements (e.g. Fan et al. 1990, 

Chambers et al. 2004). We calculated the monthly mean plus or minus one standard error and 

added the results to an annual soil CO2 efflux which was then calculated for the whole area. 

The result of this approach was 6953 (± 623) Mg C yr-1. In the second approach, we first 

stratified the area in the different landscape unit. Contribution of the different landscape units 

were: valley: 14 %; lower slope: 15 %; upper slope: 15 %; plateau with sand: 20 % and 
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plateau with clay: 36 %. For each of these units we calculated the annual soil CO2 efflux plus 

or minus one standard error, including the seasonal variation and this value was multiplied 

with the area of the landscape unit. Finally the total soil CO2 efflux was calculated by adding 

the contributions of the different landscape units. This approach resulted in an annual soil 

CO2 efflux of 7594 (± 621) Mg C yr-1 which was almost 10 % higher than the first estimate. 

The results of our study illustrate that successful extrapolation of soil CO2 efflux for 

larger areas needs inclusion of complex spatial and temporal controls. Soil temperature and 

moisture are important drivers of temporal variations in soil CO2 efflux at a specific location, 

however to detect non-linear relationships (like we found e.g. between soil moisture and soil 

respiration) it is necessary to do measurements under a wide range of conditions. Had we 

limited our measurements to the wettest part of the wet season and the driest part of the dry 

season only, we would not have detected the non-linearity between soil water and soil CO2 

efflux. Furthermore, our extrapolation example shows that soil texture, litter stocks and the 

significant interaction of topographical position and time make it necessary to include some 

of the complexity of landscapes when extrapolating soil CO2 efflux over landscapes. 
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3. Effects of an induced drought on the soil CO2 production and soil 

CO2 efflux in an Eastern Amazonian Rainforest, Brazil. 

3.1. Introduction 

In the next few decades, climate of the Amazon basin is expected to change, as a result 

of regional deforestation and rising global temperatures (Nobre et al. 1991, Costa and Foley 

2000, Werth and Avisar 2002). Several climate scenarios predict a warming trend of 1.5 – 2.5 

°C in annual mean temperature for a large part of the tropics (Cox et al. 2000, Hulme and 

Viner 1998) and some of these scenarios predict more frequent occurrence of ENSO droughts 

of increasing severity (Timmermann et al. 1999) induced by global warming. These changes 

in climate may lead to feedback mechanisms in global biogeochemical cycles that are 

presently unknown. For example climate changes may affect C stocks in vegetation as well as 

shifts in total soil C and belowground C allocation (Davidson et al. 2004). 

One third of the global soil carbon storage (to 3 m depth) is in the upper meter of 

tropical soils (Jobbagy and Jackson, 2000). Moreover, a large portion of the soil organic 

carbon (SOC) in tropical soils has a short residence time (Amundson 2001), which implies a 

high potential for rapid changes in soil carbon stocks (Trumbore et al. 1995). Increasing 

temperature may therefore lead to additional CO2 release, especially in the tropics (Trumbore 

et al. 1996). Until the early 1990’s carbon fluxes in soil below 1 m depth were often thought 

to be insignificant compared to C fluxes in the upper meter (e.g. Sombroek et al. 1993). 

However, many forest soils in the Brazilian Amazon are very deep, strongly weathered and 

contain significant live-root biomass below 1 m depth (Nepstad et al. 1994). For these 

Amazonian ecosystems (but also e.g. for deeply weathered forest soils in Costa Rica) it has 

been shown that the deep part of the soil contributes considerable amounts to the CO2 efflux 

(Davidson and Trumbore 1995, Schwendenmann and Veldkamp 2006).  
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Given the expected intensification of ENSO events, which will probably lead to an 

increasing frequency of droughts and higher temperatures, an experiment was set up in which 

throughfall was experimentally reduced to create and artificial drought (Fisher et al. 2006). 

This experiment was part of the Large Scale Biosphere Atmosphere Experiment in Amazon 

(LBA). Using this throughfall exclusion experiment, our goal was to study how an artificially 

imposed drought affects depth and amount of soil CO2 production and transport in a deeply 

weathered soil of the Eastern Amazon. Our hypothesis is that soils with lower capacity to 

maintain water in the root zone will be more promptly affected by the reduced precipitation. 

A similar experimental rainfall manipulation was implemented in another site in Eastern 

Amazon, Santarém (Nepstad et al. 2002, Stokstad 2005). In this replicate the throughfall 

exclusion of three rain seasons did not lead to significant differences in soil CO2 efflux 

(Davidson et al. 2004). However, Amazon region has high variability in soil and vegetation 

and different responses to drought may be expected. Over the course of two years, we 

monitored soil CO2 efflux and soil CO2 concentrations, soil temperature and soil moisture in 

pits down to 3 m depth in a sandy Oxisol. Using a simple one-dimensional gas diffusion 

model which was calibrated using naturally occurring 222Rn profiles, we calculate CO2 

production with depth and we relate this to a range of environmental controls that can 

potentially affect the production and emission of CO2 in the soil. 

 

3.2. Materials and Methods 

Study site 

The experimental site was located in Caxiuanã National Forest, Para, Brazil, (1° 43’ 

3.5’’S, 51° 27’ 36’’W). The forest is a lowland terra firme rainforest. Mean annual rainfall is 

2272 mm, with a pronounced dry season between July and December, when on average only 
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555 mm of rainfall occurs (Fisher et al. 2006). Months with more than 100 mm rainfall were 

assigned to the wet season (December to June), and the dry season consisted of the period of 

months with less than 100 mm rainfall (July to November). 

The studied soil is a yellow Oxisol (Brasilian classification: Latosol), which has a 

broken ironstone layer (0.3-0.4 m thick) at 3-4 m depth. On average, the top 0.5 m of the soil 

contains 75 % sand, 15 % clay and 10 % silt (Table 3.1). Mineralogy of the clay fraction is 

dominantly Kaolinite while the sand fraction consists mainly of quartz (Ruivo and Cunha 

2003). The location of the experiment is about 15 m above river level, and during wet season, 

the water table has been observed at a depth of 10 m (Fisher et al. 2006). The forest structure 

is formed by 434 trees ha-1, a basal area of 23.9 m2 ha-1 and leaf area index (LAI) of 5.2 m2m-2 

(unpublished data. D. Metcalfe). The height of the canopy is about 35 meters, and the 

aboveground biomass is 200 m3 ha-1 (Lisboa et al. 1997). 

 

Table 3.1 - Characterization of chemical and physical properties of the soil of our study area 

in Caxiuana, Para, Brazil. 

Depth Clay  Silt Sand pH ECEC P Total C Total N C/N 
(cm) (%) (%) (%) H2O (cmol dm-3) (mg dm-3) (g kg-1) (g kg-1)   

Control                   

0-10 18 5 77 4.0 4.4 3.0 9.1 0.4 22.7 
10-25 21 6 73 4.1 4.3 1.8 8.8 0.4 22.0 
25-50 19 8 73 4.2 4.4 1.2 5.2 0.4 13.7 
50-100 22 10 68 4.4 2.8 1.0 5.1 0.4 13.8 
100-200 28 9 63 4.5 2.0 0.6 4.0 0.3 12.5 

200-300 20 10 70 4.6 1.4 0.7 4.9 0.3 15.8 

TFE                   

0-10 13 4 83 4.0 5.2 3.1 11.7 0.3 35.4 
10-25 15 7 78 3.0 4.3 2.3 10.1 0.3 33.7 
25-50 20 10 70 4.1 3.2 1.2 6.7 0.4 18.6 
50-100 23 9 68 4.3 2.7 0.7 4.1 0.3 12.8 
100-200 26 10 64 4.4 2.0 0.5 4.9 0.3 16.3 

200-300 20 10 70 4.7 1.4 0.5 6.1  0.3 21.8 
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Experimental design 

The experiment consists of two plots of 1 ha (100m x 100m), one control plot and one 

experimental throughfall exclusion (TFE) plot. Both plots are located about 800 m north of 

the research station. In the TFE plot, a roof of transparent plastic sheeting and wooden 

guttering was installed at approx. 2 m height above the soil, with the purpose of displacing 

part of the throughfall from the plot to impose an artificial drought. Both control plot and the 

TFE plot were trenched to a depth of 1 m around their borders to reduce the lateral flow of 

water in roots and soil across plot boundaries. Throughfall exclusion started in January 2002, 

~ 50 % of the rainfall was excluded from the soil of the TFE plot. During the peak dry season 

(from mid September to mid November) only 50 % of the plastic panels were left on the TFE 

plot in order to have a better aeration under the covered area. At each plot four pits (0.8 m by 

1.8 m with 5 m depth) were established at randomly chosen locations. The plots were further 

divided into four quadrants in order to facilitate the systematic placement of soil CO2 efflux 

chambers. 

 

Measurements of soil CO2 efflux 

Sixteen respiration chambers were deployed systematically forming a cross in the TFE 

and control plot of the drought experiment, four at each quadrant. Systematic sampling was 

chosen to cover the plots uniformly, which allows a better overview of the soil CO2 efflux 

spatial variation. In June 2001, PVC rings (0.296 m in diameter, 0.20 m tall) were inserted to 

a depth of about 0.02 m into the soil. Once inserted, the rings were left in place throughout the 

time investigated. Chambers were kept free of seedlings throughout the whole study period. 

Dynamic, closed chambers were used to determine soil CO2 efflux (Parkinson 1981, Norman 

et al. 1992). Average chamber volume was about 13 L. Flux chambers were closed with a 

PVC cover for about 5 minutes. Air was circulated at a flow rate of about 0.8 L min-1 between 
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an infrared CO2 gas analyzer (LI-6262, Li-Cor, Inc., Lincoln, Nebraska, USA) and the flux 

chambers. To prevent pressure differences between chamber and atmosphere, chambers were 

vented to the atmosphere through a 0.25 m long stainless steel tube (3.2 mm outer diameter). 

CO2 concentrations were recorded at 5 second intervals with a datalogger (Campbell CR10X, 

Campbell Scientific, Inc., Logan, Utah, USA). CO2 flux (µmol CO2 m-2 s-1) was calculated 

from the linear change in CO2 concentration multiplied by the density of air and the ratio of 

chamber volume to soil surface area. Air density was adjusted for air temperature measured at 

the time of sampling. A linear increase in CO2 concentration usually occurred between 2 and 

4 min after placing the cover over the ring. The coefficient of determination (r2) of the 

regression was typically better than 0.99. The infrared gas analyzer was calibrated in the lab 

using a loop with a column with CO2 scrubber (Soda Lime indicating 4-8 mesh) as zero-

standard and a secondary CO2 standard (510 ppm). The secondary CO2 standard was 

calibrated against primary standards from the LBA project. 

Each plot was measured every two weeks from December 2001 to November 2002 

and monthly from December 2002 to November 2003. It took two days to measure both plots. 

All measurements were conducted between 8 AM to 2 PM local time. For each plot, the 

average CO2 efflux rate was calculated from the sixteen chamber flux measurements on a 

sampling day. Daily mean soil efflux for each plot was calculated by linear interpolation 

between sampling dates. Daily CO2 flux rates were then summed up to estimate annual flux 

rates. Soil temperature at 0.05 m depth was measured with a thermocouple probe (HI 93551, 

Hanna Instruments, Ann Arbor, MI, USA) and soil water content was measured with a soil 

moisture probe (CS 615, Campbell Scientific Ltd, Lougborough, UK). 
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Measurements of CO2 concentration profiles 

In December 2001, all eight pits were instrumented for sampling of soil air. Stainless 

steel gas sampling tubes (3.2 mm outer diameter) were inserted horizontally at 0.10, 0.25, 

0.50, 1.00, 2.00 and 3.00 m depth. The tubes were perforated at one end and closed with a 

septum holder with septum at the other end to allow sampling of soil air (Davidson and 

Trumbore 1995). Tubes at depths of 0.10 m to 1.00 m were 0.90 m long; tubes at greater 

depth were 1.80 m long. Samples at 0.05 m depth were collected using a 0.10 m stainless steel 

tubing adapted to a syringe, which was vertically inserted in the top soil every sampling date. 

Soil air samples were collected in polypropylene syringes which were closed with a three-way 

stopcock. Before a sample was taken, 10 to 20 ml of soil air was withdrawn and discarded. 

Gas samples were analyzed for CO2 concentration in the lab within 8 hours using a gas 

chromatograph (GC 11, Delsi Instruments, France) with a thermal conductivity detector 

(TCD). Soil air CO2 concentration was calculated by comparison of integrated peak areas of 

samples with standard gases (0.051 % and 3 % CO2), which were used to make a two point 

calibration. The coefficient of variation for replicate injections of standard gases was < 1 %. 

Storage tests indicated that on average 9-12 % of CO2 was lost between time of sampling and 

analysis. Soil CO2 concentration measurements were made in all pits every two weeks in 

2002 and monthly in 2003. 

 

Measurements of soil radon activity and radon production 

To validate the gas diffusion model we measured 222Rn activity and 222Rn production 

rates as described by Mathieu et al. (1988) and Davidson and Trumbore (1995). Soil air 

samples were withdrawn from the stainless steel gas sampling probes to determine soil air 

222Rn concentration (also called radon activity).  Soil air (90 to 120 mL) was dried using a 

CaCl2 column and introduced into pre-evacuated 150 mL scintillation cells (110A Lucas Cell, 
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Pylon Electronics Inc., Ottawa, ON, Canada). Impulses were measured using a Pylon AB-5 

radiation monitor (Pylon Electronics Inc., Ottawa, ON, Canada). Radon production rates were 

measured for each site and depth interval individually, for both dry and wet conditions 

following the procedure described by Davidson and Trumbore (1995). 

 

Calculation of CO2 production 

The diffusive properties of a soil media are usually characterized by means of relative 

diffusion coefficient Ds/Do. Ds is the diffusion coefficient of a gas in soil air and Do is the 

diffusion coefficient of the same gas in free air at standard conditions, e.g. 0.158 cm2 s-1 for 

CO2 at 20 °C and standard pressure of 1013 hPa (Mason and Monchick 1962). The gas 

diffusion coefficient in soil (Ds) is a fraction of the gas diffusion coefficient in free air (Do), as 

diffusivity depends not only on gas pressure and temperature but also on the amount of air-

filled pores and on their continuity and shape. The relationship between Ds/Do, and soil 

properties have been investigated in multiple studies and several empirical formulas have 

been developed to describe soil gas diffusivity. In our experiment we tested the gas diffusion 

models with three different approaches:  

a) the model described by Millington and Quirk (1961) for non-aggregated media, 

2
2xs

o

D aa
D ε

⎛ ⎞= ⎜ ⎟
⎝ ⎠

;        (1) 

where: 

a   

ε  
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b) the model developed by Millington and Shearer (1971) for aggregated media, 
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intra-aggregated air-filled pore space 

intra-aggregated total pore space (εra = θW at field capacity) 

inter-aggregated air-filled pore space 

inter-aggregated total pore space (εer = ε - εra) 

determined from the relation  a2x + (1-a)x = 1 

exponent usually between 0.6 and 0.8 

exponent usually between 0.6 and 0.8 
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and c) the model described by Moldrup et al. (2000) based on the soil water characteristic 

curve,   
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where: 
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air-filled porosity at -100 cm H2O  (porosity with the soil tension at -10 kPa)  

pore-size distribution characterized by the slope of the line determined from 
the water retention curve, which is: θψ ba +=−log  where Ψ is the water 
potential and θ is volumetric water content. 

 

m3m-3 

 

 

To calculate diffusivity we estimated total porosity (ε) from measurements of bulk 

density and an assumed particle density of 2.65 Mg m-3. Air-filled porosity (a) was calculated 

by the difference between total porosity and water-filled porosity (θ). Water-filled porosity is 

the volumetric soil water content determined from the TDR probes on a given sampling date. 
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For the aggregated soil model the pore space is divided into intra-aggregated porosity 

(estimated from volumetric water content at field capacity) and inter-aggregated porosity 

(calculated as the difference between total porosity and volumetric water content at field 

capacity).  

A 1-dimensional model developed by Schwendenmann and Veldkamp (2006) was 

used to predict 222Rn activity throughout the soil profile. Input parameters are measured radon 

production rates and the diffusion coefficient calculated by the three approaches. These 

predicted values were compared with measured 222Rn activities from the profile to test the 

diffusion models for their applicability. The estimated diffusion values from the Millington 

and Quirk (1961) soil model (M&Q) provided better agreement with the observed 222Rn 

activities (Fig. 3.1). Millington and Shearer (1971) model overestimated diffusivity resulting 

in an underestimation of 222Rn activities, while Moldrup et al. (2000) model underestimated 

diffusivity which resulted in an overestimation of 222Rn activities. We thus decided to use 

M&Q model to estimate the diffusion coefficients for Caxiuanã soils. Fluxes of CO2 were 

estimated at each sampling depth, based on Fick’s law (Trumbore et al. 1990, Uchida et al. 

1997). 

Because a uniform diffusion coefficient in the soil is unlikely, a multi-box model was 

used (De Jong and Schapert 1972, Davidson and Trumbore 1995) to calculate soil CO2 

production (PCO2). CO2 production was calculated for each 0.1 m layer, but as the PCO2 rate 

for these individual layers may not be reliable, we summed the PCO2 estimates for larger depth 

intervals (0.6 – 1.0, 1.0 – 2.0, 2.0 – 3.0 m; Schwendenmann and Veldkamp 2006). For the 

topsoil (0-0.5 m depth) CO2 production was estimated as the difference between the measured 

soil CO2 efflux and the sum of the CO2 production rates for all individual 0.1 m layers 

between 0.6 and 3.0 m (subsoil) on a given date. This approach avoids negative production  
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Figure 3.1 - Depth profiles of simulated and measured radon activity in (a) control and (b) 

TFE plots. Solid lines (—) show the calculated values using the Millington and Quirk (1961) 

model. The closed circles (●) are the measured radon activity, where each point is the mean 

(± standard error) of four profiles. 

 

a) 

b) 
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values, in case soil constituents are not uniformly distributed and the soil CO2 gradient near 

the surface is not smooth (Davidson and Trumbore 1995). 

 

Environmental measurements 

Thermocouple T-probes were installed at the same depths attached to the end of the 

stainless steel tubes inserted in the soil for sampling CO2 concentration. Soil temperature was 

measured with a handheld thermometer (HI 93551 Microprocessor K, J, T-Type 

Thermocouple Thermometer, Hanna Instruments Deutschland GmbH, Kehl/Rhein, Germany). 

At 0.05 m depth the temperature was measured with a T-type thermocouple penetration tip 

probe (HI 766 Thermocouple probe, Hanna Instruments GmbH, Kehl/Rhein, Germany). 

For soil moisture monitoring, Time Domain Reflectometry (TDR) sensors (Soil 

Moisture Corp, Santa Barbara, CA, USA) were installed vertically at the soil surface (0-0.30 

m depth) and horizontally at 0.50, 1.00, 2.00 and 3.00 m depth (Fisher et al. in review b). 

TDR were inserted 1.5 m into the walls, with connections sticking out of the re-packed soil 

wall. Measurements were made at the same time as CO2 concentration. Water retention curves 

of intact soil cores were determined on pressure plates by Dr E. J. M. Carvalho in the soil 

physics laboratory of Embrapa Amazonia Oriental in Belém, Brazil. The water retention 

curve for each plot was then used to transform soil water content in soil water potential (Ψ).   

Half-hourly meteorology data was measured by a tower-based automatic weather station in 

the vicinity of the study site (Carswell et al. 2002). This weather station provided 

measurements for wet and dry bulb temperature, incoming and outgoing short-wave radiation, 

photosynthetically active radiation (PAR), and long-wave radiation, wind speed and direction 

and rainfall (unpublished data from Y. Malhi). 
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From November 2001 to November 2003, litter was collected monthly, put in paper 

bags and dried in a ventilated oven for 48 hours at 80° C. The material was separated into 

three fractions: a) leaves, b) twigs and c) reproductive organs (flower, fruit and seeds); and 

weighted. 

In October 2002 (nine month after the start of the throughfall exclusion), 12 pits of 

0.40 x 0.40 x 0.50 m depth were excavated in control and in TFE plot (24 holes in total). All 

roots were sieved and separated by layers (0-0.05, 0.05-0.10, 0.10-0.25 and 0.25-0.50 m 

depth). Roots were than separated into two classes: fine (< 5 mm diameter) and coarse (> 5 

mm diameter) roots. 

 

Statistical analyses 

Repeated measure ANOVA was used to examine differences in season and treatment. 

Regression analysis was used to examine relationships between CO2 production rates and 

environmental variables. Significant effects were determined at P < 0.05. All statistical 

analyses were carried out using the STATISTICA 6 software package (StatSoft Inc., Tulsa, 

Oklahoma, USA). 

 

3.3. Results 

Magnitude and seasonality of soil CO2 efflux and CO2 production 

The coefficient of variation among soil chambers within plots was on average 23 % 

for control plot and 26 % for TFE plot, and typically ranged from 13 to 40 %. The two-year 

average CO2 efflux rates were higher (P < 0.01, n = 32) for the control plot (4.3 ± 0.1 µmol 

CO2 m-2 s-1) than the TFE (3.2 ± 0.1 µmol CO2 m-2 s-1; Fig. 3.2). Although we detected 

seasonal changes in soil CO2 efflux, the CO2 efflux of the control plot did not differ  
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Figure 3.2 – Temporal variation of (a) soil CO2 efflux, (b) soil water content (VWC) at 0.3 m 

depth in control (–■–) and TFE (– –) plots and (c) bi-weekly rainfall from November 2002 

to November 2003. Each point is the mean (± standard error) of 16 chambers per treatment. 

Shaded area mark the dry season and white background indicates wet season. The arrow 

shows when the throughfall exclusion began. 

50% roof off 

a) 

b) 

c) 
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significantly between wet season (4.2 ± 0.2 µmol CO2 m-2 s-1) and dry (4.5 ± 0.1 µmol CO2 

m-2 s-1) season. During the wet season the TFE (3.7 ± 0.1 µmol CO2 m-2 s-1) did not differ (P 

> 0.05) from the control plot, however during the dry season CO2 efflux from the TFE was 

lower (2.6 ± 0.1 µmol CO2 m-2 s-1) than the control (P < 0.01). CO2 efflux in the TFE plot 

significantly differ between wet and dry season (P < 0.001). 

The importance of the topsoil (0-0.5 m) for soil CO2 production (PCO2) is illustrated by 

the following numbers: between 71 % and 73 % of soil CO2 production in both plots occurred 

within the top 0.5 m of the soil including the forest litter layer. In the topsoil (0-0.5 m 

including litter layer) the TFE (2.3 ± 0.1 µmol CO2 m-2 s-1) had a significantly lower CO2 

production than the control plot (3.1 ± 0.1 µmol CO2 m-2 s-1; Fig. 3.3a). At the onset of the dry 

season in July 2002 CO2 production at 0-0.5 m decreased by approximately 0.8 µmol CO2 m-2 

s-1.  The CO2 production in this layer dropped by another 0.8 µmol CO2 m-2 s-1 between Sep-

Nov 2002.  

The production of CO2 in the subsoil (0.6-3.0 m depth) in both plots was on average 

0.8 µmol CO2 m-2 s-1. But during the first two months of throughfall exclusion (Feb-Mar 

2002) the PCO2 from 0.6-2.0 m layer was significantly higher in the TFE plot as compared to 

the control plot (P < 0.05; Fig. 3.3b). The higher PCO2 was also observed in the 2.1-3.0 m 

layer of the TFE plot in the subsequent months (May-Jun 2002; Fig. 3.3c). During the dry 

season there was no difference in PCO2 between plots at the subsoil (0.6-3.0 m depth).  

In the control plot, soil CO2 production at 0-0.5 m depth was negatively correlated (r = 

-0.45, P < 0.01) to 0.6-3.0 m CO2 production for the whole experiment, which was not 

observed for the TFE plot. Nonetheless the PCO2 at 2.1-3.0 m depth in the TFE plot did have a 

negative correlation (r = -0.70, P < 0.000) with the PCO2 of the top 0.5 m. The contribution of 

subsoil (0.6-3.0 m) to the total soil CO2 efflux was higher in the TFE plot (28 %) compared to 

the control plot (17 %, P < 0.000; Table 3.2), and it did not differ between seasons and years. 
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Figure 3.3 - Temporal variation in CO2 production rates from January 2002 to November 

2003 in both control (–■–) and TFE (– –) plot. (a) CO2 production of the 0-0.5 m layer; (b) 

CO2 production of the 0.6-2.0 m layer; and (c) CO2 production of the 2.1-3.0 m layer.  Each 

point is the average (± standard error) of four profiles. Shaded area mark the dry season and 

white background indicates wet season. The arrow shows when the throughfall exclusion 

began. 
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a) 

c) 

b) 



 

 43

 

Table 3.2 - Contribution of the subsoil (0.6-3.0 m depth) to the total CO2 production by 

seasons for both plots. Letters indicate difference between treatments (ANOVA, P < 0.05). 

2002 2003 Relative contribution  
of deep soil (%) Wet season Dry season Wet season Dry season 
Control plot 16 A 19 A 19 17 A 
TFE plot 27 B 32 B 20 31 B 
 

Soil CO2 concentrations 

Soil CO2 concentration profiles (at 0-3.0 m depth) changed with season in both plots. 

CO2 concentrations increased over the course of the wet season and decreased soon after the 

beginning of the dry season (Fig 3.4a, b). Up to 2 % CO2 were measured in the upper layers 

(0.05 m and 0.10 m depth) of control plot during periods of high precipitation and high soil 

water contents. This observation corroborates with our observations of soil CO2 efflux which 

tends to be lower towards the end of the wet season (Fig. 3.2a). During the two-year period 

the average soil CO2 concentration measured in the control plot (3.2 %) was higher than the 

concentration in the TFE (1.0 %). 

 

Environmental parameters 

Soil water content at 0-0.3 m depth differed significantly between plots (P < 0.01). 

The two year average for the control plot was 22.4 ± 0.6 % and for TFE was 16.2 ± 0.6 % 

(Fig. 3.2b) with the correspondent soil water potential of -47 ± 8 kPa and -201 ± 29 kPa 

respectively. In the control, soil water potential reached a maximum of -184 kPa in the dry 

season and a minimum of -8 kPa in the wet season, while in the TFE plot soil water potential 

varied between -744 kPa in the dry and -22 kPa in the wet season. Soil water content was also 

significantly different for control and TFE at all depths in the soil profile and in dry and wet 
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period. We did not measure differences in soil temperature at 0.05 m depth between control 

(23.9 ± 0.2 °C) and TFE plot (24.0 ± 0.2 °C), nor at greater depth in the soil profile.   

Total fine root biomass (<5 mm diameter) in the 0-0.50 m layer recorded in Oct 2002 

(after nine months of throughfall exclusion) was not different between control (13.9 ± 1.3 Mg 

ha-1) and TFE plot (15.2 ± 2.1 Mg ha-1). 
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Figure 3.4 - Isopleths of CO2 concentration in soil air as a function of soil depth and time in 

(a) control and (b) TFE plot. Each measurement is the mean of four profiles per plot. 
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Effects of environmental parameters on soil CO2 efflux and on CO2 production 

For both control and TFE plot, the relationship between soil CO2 efflux and soil water 

potential (at 0-30 cm depth) could be described with a parabolic function (r2 = 0.43, P < 

0.001). The shape of the curves from both plots was complementary (Fig. 3.5a) with the 

higher water potential from the TFE plot and lower from the control. Taking only the values 

from the TFE plot we observed a linear relationship between soil water potential and CO2 

efflux (r2 = 0.36, P < 0.001). We did not find any significant effect of temperature on soil CO2 

efflux, but there was a positive covariation between soil temperature and soil water potential 

(r2 = 0.07, P < 0.05; Fig. 3.5b). 

Total litter biomass for both plots had a significant polynomial relationship with soil 

CO2 efflux (r2 = 0.13, P < 0.05) which is probably explained by the positive linear 

relationship between total litter and soil water content (r2 = 0.25, P < 0.001). The reproductive 

part of the litter (~15 % of total litter biomass) also had a high relationship with soil CO2 

efflux and co-varied with soil water content. A positive linear relationship was found between 

reproductive part of the litter and soil water content for the TFE plot (r2 = 0.35, P < 0.01), but 

for the control plot the linear relationship was negative and only marginally significant (r2 = 

0.16, P = 0.05). 

For the control plot at 0-0.5 m and 0.6-1.0 m depth there was no correlation with PCO2. 

At 1.1-2.0 m depth soil temperature correlated positively with PCO2 (r = +0.41), while at 2.1-

3.0 m depth soil water content (r = -0.52), soil temperature (r = +0.41) and PAR (r = +0.46) 

correlated with PCO2. For the TFE plot at 0-0.5 m depth soil water content (r = +0.63) and soil 

temperature (r = -0.35) correlated with PCO2. At 0.6-1.0 m soil water content (r = +0.41), soil 

temperature (r = -0.44) and air temperature (r = -0.56) also had significant correlations. There 

was no significant correlation at 1.1-2.0 m depth with PCO2 rate but at 2.1-3.0 m depth soil 

water content (r = -0.48) and PAR (r = +0.47) correlated with PCO2 rate. 
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Figure 3.5 - Relationship between (a) soil water potential and soil CO2 efflux and (b) between 

soil water potential and soil temperature with data from both control ( ) and TFE ( ) plot. 

The regression equation for (a) is Efflux = -1.3664 (log ψ)2 + 4.2622 (log ψ) + 0.7486 (r2 = 

0.43, P < 0.001) and for (b) is Soil temperature = 0.5051(log ψ) + 23.008 (r2 = 0.07, P < 

0.05). 

a) 

b) 
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3.4. Discussion 

Effects of seasonality on soil CO2 production and emission 

Soil CO2 efflux in the control plot was strongly affected by seasonality. Although on 

average no difference was detected in soil CO2 efflux between dry and wet season, this masks 

the strong seasonal response that we observed as a result of changes in soil moisture content 

(Fig. 3.2). At the onset of the rainy season, soil CO2 efflux was high, and tended to decrease 

during the course of the wet season when soil water content increased. This was especially 

clear during the first year. The low soil CO2 efflux at the end of the wet season corresponded 

with high CO2 concentrations in the topsoil (Fig. 3.4) which suggests that low gas diffusivity 

may have contributed to the low soil CO2 efflux. A similar pattern in soil CO2 efflux during 

the wet season in Costa Rica was also explained with reduced gas diffusivity 

(Schwendenmann et al. 2003). However, as was the case in Costa Rica, this cannot be the 

only explanation as soil CO2 production rates (calculated with the gas diffusion model) in the 

top 0.5 m of our study were also reduced at the end of the wet season (Fig. 3.3). The high 

water content at the end of the wet season may have reduced microbial activity and root 

activity which may have resulted in lower CO2 production. Reduced soil CO2 efflux from an 

Amazonian forest during the wet season has also been attributed to lower solar flux rates, 

which could affect photosynthesis rates and indirectly also root respiration (Wofsy et al. 

1988).  

At the beginning of the dry season the observed increase in soil CO2 efflux 

corresponded with a strong decrease in CO2 concentrations (Fig. 3.2a a 3.4). A similar 

increase in CO2 efflux has been observed in a study in Paragominas (Davidson et al. 2000a) 

and in Costa Rica (Schwendenmann et al. 2003). The increase may be the result of CO2 

diffusing out of the soil that had accumulated during the wet season. However, the transition 

of wet to dry season may also have caused high root growth as has been observed e.g. in a 
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Panamanian rainforest (Cavelier et al. 1999).  The decrease in soil CO2 efflux during the dry 

season we attribute to water stress which may have reduced root respiration as well as 

heterotrophic respiration. Such a decrease has been observed in the forest in Paragominas 

which has also a strong dry season (Davidson et al. 2000a) but not in Costa Rica, which has a 

very weak dry season (Schwendenmann et al. 2003).  A strong increase in CO2 production 

after some rainstorms at the beginning of the wet season was probably caused by the effect of 

rewetting. During rewetting normally a CO2 production peak occurs which depends on the 

size of decomposable soil organic carbon (Franzluebbers et al. 2000). Field experiments in 

temperate forests have shown that this CO2 peak occurs within minutes of rewetting and 

strongly depends on the amount of rain added to the ecosystem (Borken et al. 2003). 

 

Effects of throughfall exclusion on soil CO2 efflux and CO2 production 

During the first year we were able to distinguish three phases in the TFE experiment. 

The first phase started with a reduction in soil CO2 production in the 0.0-0.5 m depth interval 

shortly after throughfall was excluded (Fig. 3.3a) which was accompanied by an increase in 

the depth interval 0.5-2.0 m until May 2002 (Fig. 3.3b) and in the depth interval 2.0-3.0 m 

depth from March until July 2002 (Fig. 3.3c). These features can be explained by a 

translocation of water uptake (and accompanying root activity) to deeper layers in the TFE 

plot. Roots are expected to respond to reduced water availability in the topsoil by searching 

for water deeper in the soil profile (Joslin et al. 2000, Norby and Jackson 2000). This is 

furthermore supported by the lack of difference between total soil CO2 efflux between TFE 

and control in this period (Fig. 3.2a) which suggests that there was not yet enough water stress 

to affect microbial activity and/or total root respiration. A similar translocation of root activity 

to deeper layers has been observed in a Costa Rican rain forest even though the dry season in 

this forest is very weak (Schwendenmann and Veldkamp 2006). It should be mentioned here 
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that in our method to derive CO2 production in the top 0.5 m, CO2 production in topsoil and 

subsoil were not completely independent so these results should be interpreted with care. 

The second phase of the drying started at the onset of the dry season (July 2002; Fig. 

3.3a). The observed reduction in total soil CO2 efflux and soil CO2 production (0-0.5 m) in 

the TFE plot compared to the control was probably related to a reduction of the activity of 

soil- and litter decomposers, which are sensitive to water stress (Lavine et al. 2004, Li et al. 

2005). At this moment a reduction in total root respiration did not yet occur because sap flow 

measurements from this period in the TFE plot did not show a reduction either suggesting that 

water stress was not yet severe enough to affect photosynthesis (Fisher et al. in review b). 

Further support comes from an ancillary experiment where we showed that during the wet 

season about 25 % of the soil CO2 efflux originated from the litter layer, a contribution which 

became negligible during the dry season (Sotta et al. in review). Bacterial activity declines 

sharply as water potential falls from -50 to -300 kPa and is negligible at -1500 kPa (Wong and 

Griffin 1976).  In our experiment, the decrease in soil CO2 efflux in July 2002 was 

accompanied with a drop in soil water potential from -100 to -200 kPa. The lag between the 

start of the TFE and the reduction in soil CO2 production and CO2 efflux was probably related 

to the time necessary for the litter to dry out. In a temperate forest Salamanca et al. (2003) 

showed that after 12 months of partial throughfall exclusion, litter mass loss was not different 

from the control. However, three months of total exclusion resulted in lower litter mass loss, 

lower CO2 efflux and lower microbial biomass of decomposing forest litter.  

The third phase of drying was characterized by a continuing decrease in soil CO2 

production between Sep. and Nov. 2002 which was probably dominated by a water stress-

induced decrease in total root respiration when soil water potential dropped from -250 to -500 

kPa. This is supported by a decline in sap flow which was probably caused by the reduced 

stomatal conductance due to the low soil-to-leaf water supply (Fisher et al. in review b). The 
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reduction in stomatal conductance caused a decrease in estimated GPP suggesting a reduction 

in the photosynthetic supply (Fisher et al. in review b). This may also explain the high 

observed correlation between the reproductive parts of the litter and CO2 efflux. 

 

Comparison with the drought experiment in Santarém and consequences for drought 

sensitivity 

In the control plot (no TFE) the annual estimate of soil CO2 efflux in Santarém was 

about 30 % lower (10 Mg C ha-1 yr-1, Davidson et al. 2004) than the estimate for Caxiuanã (15 

Mg C ha-1 yr-1). The higher soil CO2 efflux in the control of Caxiuanã is probably related to 

soil texture as the soil CO2 efflux from an Oxisol with a clay texture in Caxiuanã was also 

lower compared to the sand (Sotta et al. in review). Apart from soil texture, also rooting depth 

probably differs between the two sites (at least 12 m rooting depth in Santarém (Davidson et 

al. 2004); 10 m rooting depth in Caxiuanã with very low root density under 5 m because of 

coarse sands (Fisher et al. in review b)). In contrast to our results, three years of throughfall 

exclusion in Santarém led to a marginal increase of about 9 % (11 Mg C ha-1 yr-1) in the 

annual soil CO2 efflux while in Caxiuanã already the first year of throughfall exclusion led to 

a decrease of 22 % (12 Mg C ha-1 yr-1) in annual soil CO2 efflux. Theses different reactions of 

soil CO2 efflux to throughfall exclusion are probably related to the time needed to reach a 

matrix potential where decomposition and photosynthesis are strongly reduced because of 

water stress. While with the clay texture and deep rooting zone in Santarém three years of 

throughfall exclusion did not reach this matrix potential, the sandy texture and less available 

soil water at depth, caused that this critical matrix potential was already reached in the first 

dry season following throughfall exclusion in Caxiuanã. This completely different effect of  

soil CO2 efflux to throughfall exclusion illustrates that soil characteristics (especially soil 

texture, related soil water retention and rooting depth) will strongly influence the resilience of 



 

 51

Amazonian forests to prolonged dry periods. The more drought-sensitive ecosystems are the 

ones located on soils with coarse textures which cannot compensate the relatively low water 

holding capacity with water stored in deeper soil layers. 
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4. Mechanisms of soil N retention in an Eastern Amazonian Rainforest, 

Caxiuanã, Brazil. 

4.1. Introduction 

High nitrogen (N) deposition is an environmental problem recognized until recently 

mainly in the economically developed regions of Europe and North America (Matson et al. 

1999). Projections are that rates of N deposition in the tropics will increase by several 

hundred percent due to demands for food and energy by a growing population with increasing 

per capita use of N (Galloway et al. 2002). Presently, Latin America is a region where both 

enhanced and low inputs of reactive N occur, and a rapid increase is predicted for this region 

(Galloway et al. 2004) as a consequence of continued increase in fertilizer use, fossil fuel 

consumption (Matson et al. 1999), and biomass burning (Cochrane 2003, Fabian et al. 2005). 

European and North American studies on responses of forest ecosystems to elevated N 

inputs have reported forest destabilization, increased NO3
- pollution to ground and surface 

water (Aber et al. 1998, Schulze 1989), increased soil acidity (Van Breemen et al. 1982), 

increased losses of soil nutrients that are important for long-term fertility of soils, increased 

emissions of N2O (a potent greenhouse gas) and other N-oxides which drive the formation of 

photochemical smog (Vitousek et al. 1997), and loss of biodiversity (Bobbink et al. 1998). A 

condition in which N availability exceeds the capacity of plants, soil biotic and abiotic 

processes to accumulate N is termed as N saturation (e.g., Aber et al. 1998). The results of 

European and North American studies have been summarized by Aber et al. (1998) into a 

conceptual model of N saturation, which depicts that the rate at which a forest ecosystem 

moves towards N saturation is regulated by two main factors: the rate of N input and the 

inherent N status of the system (the latter being determined by soil type, forest types, and 

land-use history). The only experiment in tropical forest in which environmental 
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consequences of elevated N input have been investigated (in Hawaii; Vitousek and Farrington 

1997) reported that N additions were processed differently in N-limited forests and forests 

with high N-availability, depending on the relative strength of the pathways of N-retention 

versus N-loss (such as leaching losses (Hedin et al. 2003) and N trace gases emissions (Hall 

and Matson 2003)). In contrast to N-limited forests, high-N availability forests responded to 

N additions with large and immediate losses of N2O and other N-oxides (Hall and Matson 

2003). This study and those from temperate forests made clear that the soil N status is the key 

to analyze effects of increasing anthropogenic N deposition on forest ecosystem processes. 

At present, our knowledge on the N status of tropical forests is based on indirect 

evidence, e.g., N contents in leaves and litter (Vitousek 1984), extractable inorganic N, net 

rates of soil N cycling and related N oxide emissions (Matson and Vitousek 1987, Riley and 

Vitousek 1995, Davidson et al. 2000b), and 15N isotope signals in leaves and soils (Martinelli 

et al. 1999). While net rates of soil N cycling provide information on N availability for plants, 

they do not reveal the N retention processes which are important indicators of how a forest 

ecosystem reacts to changes in N input. An alternative way to asses the soil N status of 

tropical forest is identification and quantification of pathways of N-retention versus N-

production. So far there are only few studies in tropical forest soils which quantified gross 

rates of soil N cycling, revealing rates of N production and consumption (i.e., Puerto Rico: 

Silver et al. 2001; Hawaii: Hall and Matson 2003; Costa Rica: Silver et al. 2005; Indonesia: 

Corre et al. 2006; and only one study in the Brazilian Amazon (Rondonia): Neill et al. 1999).  

From indirect evidence of the N status of tropical forests, lowland forests have higher 

litterfall N contents, lower dry mass/N ratios (Vitousek 1984), higher net mineralization rates 

and N trace gas emissions (Matson and Vitousek 1987, Riley and Vitousek 1995, Davidson et 

al. 2000b), and heavier δ15N signals in leaves and soils (Martinelli et al. 1999) than montane 

forests, supporting the speculation that N in lowland forests is in relative excess. However, 
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within the lowland forests of Amazon basin, there is substantial evidence that soil texture 

influences soil NH4
+ and NO3

- concentrations, water and other nutrient ions availability, 

decomposition, soil C retention and net primary production, particularly in highly-weathered 

soils (Silver et al. 2000, Luizão et al. 2004). For example, Silver et al. (2000) reported that 

Amazonian lowland forests on clay soils have higher NO3
- and lower NH4

+ concentrations 

than those on sandy soils. Sites where extractable NO3
- dominates over NH4

+ have been 

characterized as having a ‘leaky’ or relative excess of N (i.e. N losses through NO3
- leaching 

or gas emissions are relatively high compared to the amount of N cycling), while sites where 

NH4
+ dominates have been interpreted as N-limited or having a ‘closed’ N cycle (Davidson et 

al. 2000b). Our investigation was therefore based on two contrasting soil texture on highly-

weathered soil (Oxisol) in an Eastern Amazon forest. Our objectives were: 1) to assess the 

soil N status of a sandy and clayey, lowland forest soils by quantifying gross rates of N-

production processes (N mineralization and nitrification), and 2) to evaluate their differences 

in N-retention processes by measuring the microbial N immobilization, dissimilatory NO3
- 

reduction to NH4
+, and abiotic N immobilization. Direct quantification of the inherent soil N 

status of tropical forests and processes of N retention will provide much-needed baseline 

information for tropical forests, which may hint how such ecosystems will react to predicted 

increase in N deposition. 

 

4.2. Methods 

Site Description 

The experimental site was located in Caxiuanã National Forest, Pará, Brazil 

(1°43’3.5’’S, 51° 27’36’’W). The forest is an old-growth lowland terra firme rainforest. Mean 

annual temperature is 25.7 ºC. Mean annual rainfall is 2272 mm, with a pronounced dry 
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season between July and December, when on average only 555 mm of rainfall occurs (Fisher 

et al. 2006). The plateau of the Caxiuanã region belongs to Alter do Chão Formation (Costa 

and Kern 1999), which contains sedimentary rocks with texture varying from sand to clay. 

Soil of Caxiuanã are predominantly Oxisols (Brazilian classification Latosol), with large 

differences in texture (Kern 1996). Our study was conducted on two Oxisols with contrasting 

soil texture: clay and sand (Table 4.1). Both soils have a broken laterite layer (0.3-0.4 m 

thick) at 3-4 m depth. The texture of the top 0.5 m of the sand is 75 % sand and 25 % clay + 

silt, while the topsoil of the clay has 31 % sand and 69 % clay + silt. Mineralogy of both soils 

is mainly kaolinite in the clay fraction and quartz in the sand fraction (Ruivo and Cunha 

2003). 

 

Sampling design 

Soil samples were collected from the sand and clay sites once during the dry (August 

2004) and once during the wet (April 2005) season. From a randomly selected central transect 

four sampling points spaced 20 m apart were sampled. A 20-m sampling distance was 

selected because this ensured spatial independence between sampling points (see Statistical 

Analyses). At each sampling point, 5 undisturbed samples of the topsoil (0-0.05 m) were 

taken within a 0.30 m x 0.30 m area using stainless steel cores of 0.08 m diameter. 

Furthermore, soil, litter and green leaf samples were taken at each site for analysis of 

supporting parameters.  
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Table 4.1.  Main characteristics of  the forest sites (mean ± SE; n = 3) in Caxiuana, Brazil. 

 Sand Clay 

Leaves*  (SE)  (SE) 

C [mg-C g-1] 47.0 ---- 46.2 ---- 

N [mg-N g-1] 1.6 ---- 1.4 ---- 

C/N ratio 29.2 ---- 33.9 ---- 

δ15N[‰] 4.3 ---- 6.7 ---- 

Litter     

C [mg-C g-1] 46.8 1.7 47.5 1.0 

N [mg-N g-1] 1.2 0.0 1.6 0.1 

C/N ratio 38.2 1.5 30.3 1.2 

δ15N[‰] 5.0 0.5 6.4 0.4 

Decomposing litter     

C [mg-C g-1] 44.6 0.7 41.8 1.8 

N [mg-N g-1] 1.4 0.1 1.4 0.1 

C/N ratio 30.9 4.9 29.6 2.4 

δ15N[‰] 5.5 0.2 6.8 0.5 

Mineral soil (0 - 5 cm depth)     

Bulk density [Mg m-3] 1.4 0.5 1.2 0.6 

Sand [%] 78.3 ---- 43.4 ---- 

Clay [%] 13.6 ---- 42.2 ---- 

Silt [%] 8.1 ---- 14.4 ---- 

pH-H2O 3.9 0.1 3.8 0.1 

pH-KCl 3.3 0.1 3.4 0.0 

Effective CEC [mmol(+)kg-1] 31.1 7.0 54.6 5.7 

Base Saturation [%] 24.8 4.0 23.2 3.3 

C [mg-C g-1] 20.1 4.1 35.8 4.6 

N [mg-N g-1] 1.3 0.2 2.5 0.3 

C/N ratio 15.5 0.5 14.0 0.2 

δ15N[‰] 7.7 0.1 9.7 0.3 

Total P [mg-P g-1] 0.1 0.0 0.2 0.0 

* Leaf sampling was one composite sample (n = 1) made of three subsamples  

 

Soil cores were put in cases with built-in fittings to maintain their integrity and packed 

with blue ice during transport. They were transported from Caxiuanã, Brazil to the Institute of 

Soil Science and Forest Nutrition, Göttingen, Germany, where the N cycling measurements 
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were conducted. Samples were kept cool during the whole duration of the transport. The 

duration between field sampling and the start of laboratory assay was 2 weeks. Prior to 

measurements, the soil cores were allowed to acclimatize in the laboratory for 2 days at 24 °C 

(average soil temperature of the site). 

 

15N pool dilution for measurement of gross rates of N mineralization and nitrification 

We used the 15N pool dilution technique to estimate gross rates of soil N cycling 

(Davidson et al. 1991, Hart et al. 1994a). From 4 core samples at each sampling point, 2 were 

injected with (15NH4)2SO4 solution (for gross N mineralization) and 2 with K15NO3 solution 

(for gross nitrification), using 18 gauge side-port spinal needles. Each core received five 1-

mL injections of the solutions, containing 30µg N mL-1 with 98 % 15N enrichment. This was 

equivalent to a rate of 1.0-1.7 µg 15N g-1 for the sandy soil and 1.4-2.4 µg 15N g-1 for the 

clayey soil. One core of each labelled pair was immediately broken up, mixed well in a plastic 

bag, and subsampled for extraction with 0.5 mol L-1 K2SO4 (approx. 5:1 ratio of solution to 

dry mass soil). Time elapsed between injection and extraction was 10 minutes (T0 cores). Not 

all of the added 15NH4 and 15NO3 were recovered in the labelled pool at T0. The T0 cores were 

used to correct for reactions that occur immediately after injection of 15NH4 and 15NO3, as 

recommended by Davidson et al. (1991) and Hart et al. (1994a). In the second measurement 

of soil N cycling rates (wet season, April 2005), we identified the fates of added 15N at T0 by 

measuring 15N recoveries in K2SO4-extractable mineral N and organic N pools (by Persulfate 

digestion; see below N concentration and 15N analyses) and in the total N pool (by submitting 

freeze-dried subsamples directly for isotope ratio mass spectrometry (IRMS)). The 15N 

recovery in the insoluble (non-extractable) organic N pool was calculated from the difference 

between 15N recoveries in the total N pool and in K2SO4-extractable N pools (NH4
+ + NO3

- + 

soluble organic N). 
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The other pair of labelled cores was incubated for 1 day (except for the 15NO3 injected 

cores from wet-season sampling that were incubated for 2 days) in the dark at 24 ºC (T1 

cores). The 15NO3
--labelled wet-season cores were incubated for 2 days because our 

measurements in August 2004 showed very minimal change in 15NO3
- enrichment and NO3

- 

concentration within 1 day of incubation. The T1 cores were then extracted with 0.5 mol L-1 

K2SO4. Extraction was done by shaking the samples for 1 hour and filtering the extracts 

through K2SO4-rinsed filter paper. From each core sample, gravimetric moisture content was 

measured in order to express gross rates on a soil dry mass basis. 

Gross N mineralization and nitrification rates were estimated from cores that received 

15NH4
+ and 15NO3

-, respectively, using the modified calculation procedure of Davidson et al. 

(1991) from the Kirkham and Bartholomew (1954) model. For gross nitrification rates, the 

method we used does not distinguish between autotrophic and heterotrophic nitrification; 

results presented include both these processes. 

 

N concentration and 15N analyses 

NH4
+ and NO3

- contents of extracts were analyzed using continuous flow injection 

colorimetry (Cenco/Skalar Instruments, Breda, Netherlands), where NH4
+ was determined 

using the Berthelot reaction method (Skalar Method 155-000) and NO3
- was measured using 

the copper-cadmium reduction method (Skalar Method 461-000). Detection limits were 150 

μg N L-1 for NO3
- and NH4

+. The organic N content of extracts was determined by Persulfate 

digestion (Cabrera and Beare 1993, Stark and Hart 1996), which involves oxidation of NH4
+ 

and organic N to NO3
- while NO3

- remains the same. We conducted an ancillary experiment 

to test this method and results showed complete oxidation of NH4
+ and organic N and no 

losses of NO3
-. In short, 10 mL extract was added with 10 mL oxidizing reagent (consisting of 

50 g K2S2O8, 30 g H3BO3, and 100 mL of 3.75 mol L-1 NaOH per 1-L solution) and was 
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autoclaved for 1 hour at 120 °C; distilled-deionized water was added to a final volume of 100 

mL and the N concentration was analyzed by colorimetry. Extractable organic N was 

calculated as the difference between Persulfate-N (i.e, total N) and NH4
+ + NO3

- 

concentrations. 

For 15N analysis from the extracts, the diffusion procedure described in detail by Corre 

et al. (2003) and Corre and Lamersdorf (2004) was followed. We used 5-cm wide Teflon 

(polytetrafluoroethylene) tape to encase the acidified filter disks (2 disks of 7-mm diameter 

cut from glass fiver filter paper and acidified with 20 μL of 2.5 mol L-1 KHSO4 solution), and 

this Teflon-encased acid trap was placed on the mouth of the diffusion bottle. The wide 

Teflon tape covered the mouth of the diffusion bottle which helped fastening the lid tightly.  

For the T0 cores, part of the extracts was used for serial diffusion of NH4
+ and NO3

- 

and part was used for Persulfate digestion for determination of 15N enrichment in extractable 

organic N pool (Stark and Hart 1996). This allowed us to detect which extractable N pools of 

the unrecovered portion of the added 15N was converted at T0. For NH4
+ diffusion, 50 mL of 

the K2SO4 extract was placed in a 150-mL glass bottle. MgO was added to make the extract 

solution alkaline and drive off NH3; the Teflon-encased acid trap was immediately placed on 

the mouth of the bottle and the lid fastened. Diffusion proceeded for 6 days in 22 °C room, 

during which periodic mixing of the solution was done by swirling the bottles. The bottles 

were left open for 5 days before diffusion of NO3
- to completely eliminate residual NH4

+, if 

any. For NO3
- diffusion, new MgO and Devarda’s alloy were added to convert NO3

- to NH3. 

For 15N determination in the extractable organic N pool, 2 mL of 10 mol L-1 NaOH was added 

to 50 mL of the Persulfate digest (raising the pH to > 13) and left open for 5 days to eliminate 

any residual NH4
+. Diffusion of Persulfate-N (NO3

- form) proceeded by adding another 2 mL 

of 10 mol L-1 NaOH (maintaining the pH at >13) and Devarda’s alloy, similar to the methods 

of Stark and Hart (1996). We calculated the 15N enrichment of the extractable organic N pool 
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based on isotope mixing equations using the difference in 15N enrichments and N 

concentrations between the Persulfate-N (i.e, total N) and NH4
+ + NO3

- pools. Our ancillary 

test of the Persulfate-N diffusion method, similar to the test of Stark and Hart (1996), showed 

that 15N enrichment from extractable organic N was accurately measured. For the T1-core 

extracts, only NH4
+ was diffused from the 15NH4

+-labeled cores (for gross N mineralization), 

and NH4
+ and NO3

- were sequentially diffused from the 15NO3
--labeled cores (for gross 

nitrification and dissimilatory nitrate reduction to ammonium (see below)). Part of the T1-core 

extracts was reserved for the microbial N immobilization assay (see below). Blank correction, 

calculated by isotopic dilution, was carried out as recommended by Stark and Hart (1996). 

15N was analyzed using IRMS (Finigan MAT, Bremen, Germany). 

 

Dissimilatory nitrate reduction to ammonium (DNRA) 

We calculated rates of DNRA, using the 15NO3
--injected cores, as the difference in the 

15NH4
+ atom % between T0 and T1, multiplied by the mean NH4 pool size during the 

incubation period, and corrected for isotopic composition of 15NO3
- source pool over the 

incubation interval (Silver et al. 2001, 2005). This was also corrected for any NH4
+ 

transported out of the NH4
+ pool (i.e., mean residence time of NH4

+) over the incubation 

period. 

 

NH4
+ and NO3

- immobilization rates and microbial biomass C and N by chloroform 

fumigation 

We used the T1 15NH4
+- and 15NO3

--labeled cores to assess NH4
+ and NO3

- 

immobilization rates, respectively, as described in detail by Davidson et al. (1991). About 25 

g fresh samples were placed in a desiccator containing a beaker of purified CHCl3 with 
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several boiling chips. The desiccator was evacuated and flushed with air several times to 

distribute CHCl3 vapor, and during the final evacuation it was closed after letting the CHCl3 

bubble for 3 minutes. After 5 days of fumigation, the desiccator was flushed with air several 

times to remove CHCl3 vapor, and the samples were extracted with 0.5 mol L-1 K2SO4 

(approx. 5:1 ratio of solution to dry mass soil). 

From these fumigated T1-core extracts and the corresponding unfumigated T1-core 

extracts, extractable organic N was determined using Persulfate digestion described earlier. 

The 15N in the Persulfate digests was determined following the diffusion procedures 

mentioned above. The 15N recovered in fumigated samples was subtracted with the 15N 

recovered in corresponding unfumigated samples to estimate the 15N released (presumably 

from microbial biomass) by fumigation. NH4
+ and NO3

- immobilization rates were calculated 

using the non-linear model described by Davidson et al. (1991), which is based on the ratio 

between the 15N appearance in the CHCl3-labile pool and the change of 15N enrichments and 

mineral N concentrations from T0 to T1. 

Microbial biomass C and N were determined from samples taken from the same 

sampling point, acclimatized at the same temperature and period as the cores used for 

microbial N cycling measurements. We used the fumigation-extraction method (Brookes et al. 

1985, Davidson et al. 1989) for determining microbial biomass. Two 25-g fresh subsamples 

were taken. One pair of the subsamples was immediately extracted with 0.5 M K2SO4 

(approx. 5:1 ratio of solution to dry mass soil) and the other pair was fumigated for 5 days and 

then extracted. Organic C from the extracts was analyzed by UV-enhanced persulfate 

oxidation using a Dohrmann DC-80 Carbon Analyzer with an infrared detector (Rosemount 

Analytical Division, CA, U.S.A.). Organic N was determined using Persulfate digestion 

described earlier. The differences in organic C and Persulfate-N extracted between the 

fumigated and unfumigated soils (C and N flushes) are assumed to represent the C and N 
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released from lysed soil microbes. The C and N flushes were converted to microbial biomass 

C and N, respectively, using kC = 0.45 (Joergensen 1996) and kN = 0.68 for 5-day fumigated 

samples (Shen et al. 1984, Brookes et al. 1985). 

 

Calculation of mean residence time (MRT) 

The MRT indicates the average length of time an N atom resides in a given pool; a 

lower MRT indicates a faster pool turnover rate and hence a more dynamic pool. The 

calculation of MRT (N pool ÷ flux rate; e.g. microbial NMRT = microbial N pool ÷ total N 

immobilization rate) assumed that the NH4
+, NO3

-, and microbial biomass N pools were at 

steady state and that the fluxes were equal to gross rates of N mineralization, nitrification, and 

total N (NH4
+ + NO3

-) immobilization, respectively. 

 

Other supporting parameters 

Site characteristics were determined at the start of the study and are reported in Table 

4.1. We collected samples of leaves, fresh litter and decomposing litter for C, N and δ15N 

analyses to support our measurements of the soil N dynamics. Leaves from the trees were 

randomly collected to obtain a composite sample in each site. Three replicates of fresh litter, 

decomposing litter, and mineral soil (at 0-0.05, 0.05-0.10, 0.10-0.25 and 0.25-0.50 m depths) 

samples were also collected. All samples were oven-dried, ground and analysed for total 

organic C and N using CNS Elemental Analyzer (Elementar Vario EL, Hanau, Germany) and 

for 15N natural abundance using IRMS. From δ15N profile in each site, the enrichment factor 

(ε) of the soil was calculated following similar procedure employed by Mariotti et al. (1981) 

using a Rayleigh equation (ε = δs - δso / ln f). δso stands for the δ15N value of the input 

substrate, here the decomposing litter, δs for the δ15N value at different depths in the soil 
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profile and f for the remaining fraction of total N. This fraction of total N was calculated as 

the total N at certain depth divided by the total N of the decomposing litter. δ15N signal in 

forests has been used as indirect indicator of N status (Martinelli et al. 1999), soil N cycling 

behaviour (Nadelhoffer and Fry 1988), NO3
- losses (Vervaet et al. 2002), and N gaseous 

emissions (Purbopuspito et al. 2006).  

Additional soil characteristics were also measured. Bulk density was determined using 

soil core method. Particle size distribution was analyzed with the pipette method using 

pyrophosphate as a dispersing agent. Soil pH was measured from a saturated paste mixture 

(1:1 ratio of soil to H2O and to 1 M KCl). Base saturation was calculated as the percentage 

base cations of the effective cation exchange capacity (ECEC); ECEC was determined from 

air-dried, 2-mm sieved samples, percolated with unbuffered 1 M NH4Cl, and the percolates 

analyzed for exchangeable cations using Flame-Atomic Absorption Spectrometer (Varian, 

Darmstadt, Germany). Total P was analyzed from air-dried, ground samples, digested under 

high pressure in concentrated HNO3, and the digests were analyzed using Inductively 

Coupled Plasma-Atomic Emission Spectrometer (Spectro Analytical Instruments, Kleve, 

Germany) 

N2O and CO2 emissions were measured from the T1 cores used for the measurement of 

gross rates of soil N cycling. The soil cores were placed for 30 minutes in a 1-L glass 

incubation vessels with a gas sampling port fitting on the lid, from which gas samples were 

drawn and analyzed for N2O and CO2 using a gas chromatograph (GC 14A, Shimadzu, 

Duisburg, Germany) equipped with an electron capture detector (Loftfield et al. 1997). Fluxes 

were calculated from the increase in N2O and CO2 concentrations during the incubation 

period minus the background N2O and CO2 concentrations (incubation vessel without a soil 

core). The CO2 evolution was used to calculate total C utilized by microbes ([microbial C:N 
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ratio x total N immobilization rate] + CO2-C evolution rate), which we used as an index of 

available C similar to that of Schimel (1988) and Hart et al. (1994b). 

 

Statistical Analyses 

First, we tested the spatial independence of our sampling points. This test can be 

carried out when the sampling points have uniform distance. In August 2004 sampling, we 

selected the sampling points in each soil type at uniform distance of 20 m and tested their 

spatial independence using the data on gross N mineralization rates. This test was carried out 

using the rank version of von Neumann's ratio test (Bartels 1982). We found that our 

sampling points spaced at 20 m apart were spatially independent. Earlier study on gross rates 

of microbial N cycling in tropical ecosystem (Corre et al. 2006) also showed sampling points 

at 10 m apart to be spatially independent and hence we considered the sampling points at each 

site as replicates in the succeeding analyses. Tests for normality using Kolmogorov-Smirnov 

D statistic (Sokal and Rohlf 1981) was conducted for each of the measured parameters. For 

parameters that were found to have non-normal distribution, log transformations were used to 

approximate normal distribution. Analyses were then carried out using two-way analysis of 

variance, with sites and sampling seasons representing treatments. Multiple comparisons of 

treatments were conducted using a Least Significant Difference test at P ≤ 0.05. Means and 

standard errors were reported as measures of central tendency and dispersion, respectively. 

 

4.3. Results  

15N recovery from intact cores 10 minutes (T0) after 15N injection 

On average 88 ± 5 % of the added 15NH4
+ was recovered in the form added when 

intact cores were extracted at T0 (Fig. 4.1). We detected no difference in 15NH4
+ recoveries 
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between soil types. Recoveries of 15N in the NO3
- pool were negligible (1.0 ± 0.2 %) and 

recoveries in the extractable organic N pool were not detectable (Fig. 4.1). 15N recovery in the 

insoluble (not extractable by K2SO4) organic N was only 10 ± 3 % of the added 15NH4
+, and 

no difference was detected between soil types. 15N recoveries in the total N pool showed 

complete recovery of the injected 15NH4
+ (Fig. 4.1). 

For the 15NO3
--injected cores, on average 57 ± 4 % was recovered in the NO3

- pool at 

T0, and there was no difference detected between soil types (Fig. 4.1). We detected no 15N 

above background level in the 15NH4
+ pool, while the recovery of 15N in the extractable 

organic N pool was on average 12 ± 5 % and did not differ between soil types. Also, 15N 

recoveries in the insoluble organic N pool did not differ between soil types and was on 

average 25 ± 6 %. For the sand, higher 15N recovery was measured in the insoluble organic N 

than in the extractable organic N, while for the clay similar 15N recoveries were observed for 

these pools. 15N recoveries in the total N pool were not significantly different from 100 % 

(Fig. 4.1). 

 

Gross rates of NH4
+ transformation, microbial biomass, and available C  

High gross N mineralization rates were measured in the clay (seasonal average of 13.5 

± 3.1 mg N kg-1 d-1), but these did not significantly differ from the rates in the sand (seasonal 

average of 6.0 ± 0.9 mg N kg-1 d-1), because of the high variation. The rates also did not differ 

between seasons for each soil (Fig. 4.2). NH4
+ immobilization rates were similar to gross N 

mineralization rates in the dry season, but were only about 50 % (sand) to 65 % (clay) in the 

wet season (Fig. 4.2). In the wet season, NH4
+ immobilization rates were lower in the sand 

than in the clay. Mean residence time (MRT) of the NH4
+ pool was on average 3.2 ± 1 days 

and there was no difference between soil types and seasons, although a noticeably high MRT 
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Figure 4.1 - Percent recovery (means ± 1 SE; n = 5) of  15N in soil N pools after 10 minutes 

(T0) of 15N injection into the intact cores during the wet-season sampling (April 2005). (a) 

15NH4
+-labeled cores; (b) 15NO3

--labeled cores. 
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(slow turnover rates) occurred in the clayey soil during the wet season (Fig. 4.2). A similar 

trend was reflected in the size of the NH4
+ pool; no difference existed between soil types and 

seasons, but a large NH4
+ pool was apparent in the clayey soil during the wet season. 

Microbial biomass N in the clay was more than twice as high as in the sand (Fig. 4.2), 

and in the sand, it was higher in the dry than in the wet season (Fig. 4.2). The MRT of 

microbial N pool was on average 10.1 ± 2.1 d, and no difference was observed between soil 

types and seasons, although a noticeably slow turnover rate was observed for the sandy soil 

during the wet season (Fig. 4.2). Microbial biomass C was higher in clay than in the sand and 

did not differ between seasons. Available C was higher in the clay than in the sand and in the 

clay, it was higher in the wet than in the dry season (Table 4.2). 

 

δ15N signals and enrichment factor (ε) 

In both soils, δ15N signals increased from leaves to litter to soil and with soil depth 

(Fig. 4.3). On the clay, δ15N values of leaves were on average 2.4 ‰ higher and δ15N values 

of fresh litter were 1.4 ‰ heavier than on the sand. We calculated the enrichment factor, 

which considers the δ15N signals from the litter layer down the soil profile, to get an overall 

measure of the degree of 15N enrichment for each soil type. A more negative enrichment 

factor indicates a faster mineralization of isotopically depleted organic N in the upper soil 

layers and an enrichment of residual soil organic matter in 15N. Our calculated enrichment 

factors were higher for the clay than for the sand (Fig. 4.3). 

 



 

 68

0.3 (0.3)
Gross

nitrification13.6 (4.1)
-----------------

1.6 (0.4)

40.3 (2.2) Ba
-----------------

8.2(3.5)

7.7 (1.2) B
-----------------

4.1DNRA
0.3 (0.1) B

6.8 (1.3) a
NH4

+ immob.

7.2 (1.8)

Gross N 
mineralization

Microbial  N 

0.9 (0.7)
NO3

- immob.

NH4
+ NO3

-

1.4 (0.3) B14.3 (2.8)
-----------------

3.7 (1.5)

30.9 (1.5)Bb
-----------------

17.0 (6.1)

5.3 (0.7)
-----------------

4.0 (0.8)0.5 (0.2)

2.3 (0.7) Bb

5.0 (0.7)

0.5 (0.2) B

3.8 (2.1)18.2 (5.8)
-----------------

1.8 (0.6)

88.7 (6.5) A
-----------------

8.1 (3.8)

23.9 (3.2) Aa
-----------------

4.9 (2.4)0.8 (0.2) A

13.7 (3.7)

13.9 (3.8)

5.8 (3.7)

3.6 (0.3) A27.3 (5.8)
-----------------

5.0 (2.9)

71.4 (4.1) A
-----------------

7.0 (1.1)

10.1 (2.0) b
-----------------

3.0 (0.7)0.7 (0.3)

8.6 (1.4) A

13.2 (5.1)

2.5 (0.7) A

Sand

Clay

Dry season Wet season

0.3 (0.3)
Gross

nitrification13.6 (4.1)
-----------------

1.6 (0.4)

40.3 (2.2) Ba
-----------------

8.2(3.5)

7.7 (1.2) B
-----------------

4.1DNRA
0.3 (0.1) B

6.8 (1.3) a
NH4

+ immob.

7.2 (1.8)

Gross N 
mineralization

Microbial  N 

0.9 (0.7)
NO3

- immob.

NH4
+ NO3

-

1.4 (0.3) B14.3 (2.8)
-----------------

3.7 (1.5)

30.9 (1.5)Bb
-----------------

17.0 (6.1)

5.3 (0.7)
-----------------

4.0 (0.8)0.5 (0.2)

2.3 (0.7) Bb

5.0 (0.7)

0.5 (0.2) B

3.8 (2.1)18.2 (5.8)
-----------------

1.8 (0.6)

88.7 (6.5) A
-----------------

8.1 (3.8)

23.9 (3.2) Aa
-----------------

4.9 (2.4)0.8 (0.2) A

13.7 (3.7)

13.9 (3.8)

5.8 (3.7)

3.6 (0.3) A27.3 (5.8)
-----------------

5.0 (2.9)

71.4 (4.1) A
-----------------

7.0 (1.1)

10.1 (2.0) b
-----------------

3.0 (0.7)0.7 (0.3)

8.6 (1.4) A

13.2 (5.1)

2.5 (0.7) A

Sand

Clay

Dry season Wet season

 

 

Figure 4.2 - Means ± 1 SE (n = 5) of gross rates of microbial N cycling (mg N kg-1 d-1), of N 

pools (mg N kg-1; upper numbers in boxes), and of mean residence time (day; lower numbers 

in boxes). For each parameter, means with different letters indicate significant differences 

between soil types at each season (upper case) and between seasons at each soil type (lower 

case). Arrows in sandy soil, dry season correspond to the same cycling components  in clayey 

soil and both seasons. 
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Table 4.2. Microbial C, available C, water filled pore space (WFPS) and rates of N2O 

emission for Oxisols with sand and clay texture at Caxiuanã National Forest, Brazil. 

  Sand  Clay 

 Mean SE   Mean SE 

Microbial C  (mg kg-1)      

dry season 338 B 17  820 A 57 

wet season 329 B 5  837 A 42 

Available C  (mg kg-1 d-1) *      

dry season 97 46  218 b 40 

wet season 163 B 11  392 Aa 62 

N2O emission (mg kg-1 d-1)     

dry season 2.9 B 2.10  19.3 Aa 5.1 

wet season 0.1 0.02   6.6 b 1.8 

Water-filled pore space (%)      

dry season 51 B 5.4  71 Ab 1.7 

wet season 58 B 3.8  88 Aa 5.9 

*Calculated using a similar index to that of Schimel (1988) and Hart et al. (1994b), where available C = 

([microbial C:N ratio x total N immobilization rate] + CO2-C evolution rate). Means ± 1 SE (n = 5) with 

different letters indicate significant differences between soil types at each season (upper case) and between 

seasons at each soil type (lower case) (two-way ANOVA, Least Significant Difference test at P ≤ 0.05. There 

was no significant difference in N2O emissions between the T1 cores injected with 15NH4
+ and 15NO3

-; data for 

each replicate were the average from the two T1 cores. 

 

Gross rates of NO3
- transformation, dissimilatory nitrate reduction to ammonium (DNRA), 

and N2O emissions 

Gross rates of nitrification and NO3
- immobilization were much lower than gross rates of N 

mineralization and NH4
+ immobilization in both soil types and seasons (Fig. 4.2). Both gross 

rates of nitrification and NO3
- immobilization were higher in the clay than in the sand; this 

was particularly detectable in the wet season when the variation (as indicated by the standard  
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Figure 4.3 - Variation in natural abundance of 15N (δ15N, ‰) for clayey and sandy soil. One 

data point represents the average of three samples (means ± 1 SE). 

 

errors) was less (Fig. 4.2). NO3
- immobilization rates were similar to gross nitrifications rates 

in the dry season (with high variation), but accounted only about 35 % (sand) to 69 % (clay) 

in the wet season. The NO3
- pool was larger in the clay than in the sand during the dry season; 

and in the clay, the NO3
- pool was larger in the dry than in the wet season (Fig. 4.2). MRT of 

the 15NO3
- pool was on average 3.9 ± 0.6 days and tended to be shorter in the clay during the 

wet season although differences were not significant between soil types or seasons (Fig. 4.2). 

Rates of DNRA were higher in the clay than in the sand during the dry season, and did not 

differ between seasons for both soil types (Fig. 4.2). For the sand, DNRA rates were similar to 

gross nitrification rates in the dry season but this reduced to only about 35 % in the wet 

season.  For the clay, DNRA rates were about 20 % of the gross nitrification rates in both 

seasons (Fig. 4.2). When comparing their importance for NO3
- retention, rates of DNRA and 
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NO3
- immobilization were similar in the sand, but in the clay DNRA rates were only 14-28 % 

of NO3
- immobilization rates (Fig. 4.2). N2O emission rates were higher in the clay than in the 

sand (Table 4.2). For the sand, N2O emission rates did not differ between seasons. For the 

clayey soil, rates were higher in the dry than in the wet season, possibly indicating a further 

reduction of N2O to N2 because of the more reduced conditions. 

 

4.4. Discussion 

Implications of Rapid Reactions of injected 15NH4
+ and 15NO3

- to organic N  

Our 15NH4
+ recoveries at T0 were higher than those reported for mineral soil of N-

limited, tropical montane forests in Indonesia (Corre et al. 2006) and in Hawaii (Hall and 

Matson 1999), but comparable with high-N availability montane forest in Hawaii (Hall and 

Matson 1999). Our low 15N recovery in the insoluble organic N pool was comparable with 

those measured from high N-deposition temperate forests (e.g., 8 % from a German forest 

with 34 kg N ha-1 yr-1 throughfall deposition (Corre and Lamersdorf 2004), and 9 % from U. 

S. forests with 11 kg N ha-1 yr-1 N deposition (Fitzhugh et al. 2003)). The fast reaction of 

added 15NH4
+ to organic N pool is usually attributed to abiotic NH4

+ immobilization (e.g., 

physical condensation reactions with phenolic compounds (Nömmik 1970, Nömmik and 

Vahtras 1982, Johnson et al. 2000), and fixation on clay minerals (Davidson et al. 1991)). The 

higher 15NH4
+ recoveries at our sites compared to N-limited, tropical montane forests may 

indicate lower NH4
+-retention capacity in these soils through rapid, abiotic NH4

+ reactions.  

Our 15NO3
- recoveries at T0 from both soil types were much higher than those reported 

for mineral soil of N-limited, tropical montane forests in Indonesia (Corre et al. 2006). There 

are no other values reported for tropical forests to which we can compare our results. 

However, from low-N deposition (9-11 kg N ha-1 yr-1) temperate forests, Dail et al. (2001) 
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reported 30 % recovery of added 15NO3
- in the extractable organic N and 5-8 % in the 

insoluble organic N fractions, while Fitzhugh et al. (2003) reported 7 % in the insoluble 

organic N fraction. From an N-saturated forest, Corre and Lamersdorf (2004) reported 1 % in 

the extractable organic N and 49 % in the insoluble organic N fractions. Such fast reaction of 

NO3
- to organic N has been attributed to abiotic NO3

- immobilization (Berntson and Aber 

2000). The hypothesized reaction is that DOC reduces Fe(III) in soil minerals, producing 

reactive Fe(II) species that reduce NO3
- to NO2

- in anaerobic microsites while Fe(II) is in turn 

oxidize to Fe(III) (Davidson et al. 2003). NO2
- then reacts readily and abiotically with soil 

organic matter (Smith and Chalk 1980, Azhar et al. 1986, Van Cleemput and Samater 1996, 

Thorn and Mikita 2000). The driver of these reactions is DOC, which is needed to reduce 

metals in the soil. The differences we found between sand and clay may be a reflection of the 

differences in reactive C between these soils, which may affect whether the 15N is recovered 

in soluble or insoluble organic N. In the sand, injected 15NO3
- was recovered more in the 

insoluble organic N pool than the extractable organic N pool, while in the clay 15N recoveries 

were similar in both pools. Until now it is however unclear whether the rapid conversion of 

NO3
- to the organic N pool leads to higher NO3

- retention. The significance of this process 

and its role in N retention, especially when changes N deposition in tropical areas occur, 

deserves more attention. 

 

Gross rates of NH4
+ transformation processes, enrichment factor (ε) and implications to soil 

N status  

Gross N mineralization rates in the sand were comparable to the rates measured for a 

tropical lowland forest soil in Rondonia, Southern Amazon (with 23-35 % clay, which is 

intermediate between our sand and clay soils; Neill et al. 1999). These rates were also 

comparable to those reported for N-limited, tropical montane forests in Hawaii (Hall and 
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Matson 2003) and in Indonesia (Corre et al. 2006). On the other hand, gross N mineralization 

rates in the clay were comparable to the rates from a long-term (11 yr) N-fertilized, montane 

forest in Hawaii (Hall and Matson 2003) and from lowland forest soils (with 68-76 % clay; 

Veldkamp et al. 2003) in Costa Rica (Silver et al. 2005). These rates were only about half the 

rates measured from the high-N availability montane forest in Hawaii (Hall and Matson 

2003), and much lower (more than 5 times less) than the rates reported for N-saturated 

temperate forests (e.g., Corre et al. 2003, Corre and Lamersdorf 2004). 

The high gross N mineralization rates observed for the clay are coherent with the low C:N 

ratios in litter and soil, high total soil N (Table 4.1), high microbial N (Fig. 4.2), microbial C, 

and available C (Table 4.2). Gross N mineralization reflects both the microbial biomass size 

(presumably active in mineralization, e.g. chemoheterotrophs) and the amount of available 

substrate (indicated by available C, a similar index used by Hart et al. 1994b). The positive 

correlations of gross N mineralization to NH4
+ immobilization (r = 0.67; P < 0.05), and NH4

+ 

immobilization to microbial biomass N (r = 0.59; P < 0.05) attest that the high gross N 

mineralization rates in the clay provided high available N for microbial assimilation and 

hence supported a high microbial biomass. On the other hand, the low gross N mineralization 

rates observed in the sand are probably due to lower litter quality (high C:N ratio; Table 4.1) 

which was also reflected in the lower available C and microbial biomass (Table 4.2; Fig. 4.2). 

Lower litter quality was also reported by Silver et al. (2000) for sandy Amazonian forest soil, 

while nutrient and water limitations have been reported for decomposition (Cuevas and 

Medina 1986).  

δ15N signals and the 15N-enrichment factor reflect the long-term behaviour of soil N 

cycling of an ecosystem. If N in a forest ecosystem is in relative excess (not limiting), it can 

be expected to be enriched in 15N as many of the output pathways of N are discriminating 

against the heavier 15N isotope. A heavier δ15N signal in leaves could reflect uptake of a more 
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15N-enriched mineral N pool, which in turn indicates high soil N cycling rates with high N 

losses. Our δ15N values for leaves and soil were within the range reported for Amazonian 

forest soils (2 to 8 ‰ for leaf litter (Piccolo et al. 1994) and 8 to 23 ‰ for soil (Piccolo et al. 

1996)). In our study, the clay that had high gross N mineralization rates also had heavier δ15N 

in leaves, litter and soil compared to the sand (Fig. 4.3). δ15N signals in litter and soil have 

been shown to correlate directly to gaseous N losses along a toposequence of montane forest 

soils in Indonesia (Purbopuspito et al. 2006). In addition, it has been shown in temperate 

forest soils that net mineralization was the main process of soil N cycle contributing largely to 

a high (more negative) 15N-enrichment factor (Nadelhoffer and Fry 1988, Vervaet et al. 

2002). Furthermore,  temperate forest soils with higher enrichment factors had higher 

potential net N mineralization rates and higher NO3
- losses (Vervaet et al. 2002). In 

Amazonian forest soils, the discrimination factor (which has similar meaning as the 

enrichment factor but only has an opposite sign) generally increased with increasing clay 

content of the soil (Piccolo et al. 1996). Our study showed that the clay that had high gross 

rates of N mineralization also had a higher enrichment factor (Fig. 4.3) and higher gaseous 

losses (i.e., N2O emissions; Table 4.2) than the sand. 

 

Gross rates of NO3
- transformation, dissimilatory nitrate reduction to ammonium (DNRA), 

and implications for N losses  

Gross rates of nitrification in sand were comparable to those reported for N-limited, 

montane forest in Hawaii (Hall and Matson 2003) and in Puerto Rico (Silver et al. 2001). 

These rates were lower than those measured from a lowland forest soil in Rondonia, Southern 

Amazon (with 23-35 % clay; Neill et al. 1999). However, gross nitrification rates in the clay 

were higher than this Rondonia site and were comparable to the rates from a lowland forest 

with heavy clay soil in Costa Rica, characterized by high N availability (Silver et al. 2005) 
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and large N losses (gaseous N losses, Keller et al. 1993, Keller and Reiners 1994, Veldkamp 

et al. 1999; and leaching losses, Schwendenmann and Veldkamp 2005).  

Despite the high WFPS in the clay during the wet season (Table 4.2), which may limit 

O2 diffusion and decrease nitrification (Paul and Clark 1996), higher gross nitrification rates 

were observed in the clay compared to the sand. This suggests that NH4
+ availability limits 

nitrification activity rather than aeration. In the absence of root uptake, mineralized N was 

assimilated by micro organisms (e.g., heterotrophs) rather than nitrified (Fig. 4.2). Low gross 

N mineralization rates in the sand may have imposed strong competition for ammonium, 

resulting in low gross nitrification rates.  

The low DNRA rates in the sand were comparable to the rates in lowland forest in 

Costa Rica (Silver et al. 2005), while the high DNRA rates in the clay were comparable to the 

montane forest in Puerto Rico (Silver et al. 1999). Contrary to what Silver et al. (2005) found, 

we did not detect correlations between DNRA rates and total C:NO3
- ratios or to any 

indicators of NO3
- availability (e.g., gross nitrification or NO3

- pool). Instead we observed a 

marginal relationship between DNRA and available C (r = 0.62, P = 0.06), indicating that this 

NO3
- retention process may be in part driven by the availability of C to micro organisms.  

High DNRA rates in the clay also signified that this process is favoured under a more O2-

reduced condition (i.e., high WFPS in the clay soil, Table 4.2). In terms of its significance for 

NO3
- retention, only in the sand, where production of NO3

- was low, DNRA was as important 

as NO3
- immobilization. In the clay, where gross nitrification rates and NO3

- pools were high, 

DNRA was 3-7 times lower than NO3
- immobilization. N2O emission rates in the clay (Table 

4.2) were also higher than the combined rates of DNRA and NO3
- immobilization (Fig. 4.2), 

while in the sand N2O losses were lower than the sum of the rates of these NO3
- retention 

processes. The low N2O emissions in the sand reflect the overall low rates of soil N cycling in 

this soil as well as its low WFPS and C availability. In contrast, the clay typified a system 
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with relative excess of N - the rates of internal soil N cycling were lower than the rates of N 

loss (e.g. N2O emission). 

 

Mean residence time (MRT) and implication for N losses 

MRT of NH4
+ during the dry season was similar to the values reported for Rondonia 

lowland forests (Neill et al. 1999) and for Indonesian montane forests (Corre et al. 2006). We 

observed fast turnover rates (short MRT) of NH4
+ in the dry season, when microbial 

immobilization of NH4
+ was generally comparable to gross N mineralization (Fig. 4.2). In the 

wet season NH4
+ immobilization rates were somewhat lower than gross N mineralization 

rates, and NH4
+ tended to have slow turnover rates. Low N immobilization rates in the wet 

season were also reflected in the small microbial N pool (Fig. 4.2) and a slow turnover rate of 

microbial N in the sand, (Fig. 4.2). Hart et al. (1994b) have shown that fast turnover of N 

pools was a response to an increase in C availability that drives the internal soil N cycle. For 

clay, available C was higher during the wet season, whereas for sand this difference was not 

significant (Table 4.2). Hence, the slow turnover rates of NH4
+ and microbial N pools during 

the wet season were probably not limited by available C but more likely by increased 

anaerobicity (higher WFPS in the wet season in the clay, Table 4.2).  

The MRT of NO3
- were comparable to values reported for Rondonia lowland forests 

(Neill et al. 1999), but higher than those observed from tropical montane forests where NO3
- 

was sometimes even undetectable (Silver et al. 2001, Hall and Matson 2003, Corre et al. 

2006). A long MRT of NO3
- signals high potential for N losses via leaching and gaseous 

emissions in times of high soil water content. We do not have estimates of leaching losses 

from our study area, but estimates of leaching losses from lowland tropical forests were 

higher than from montane forests (e.g., 10 kg NO3
--N ha-1 yr-1 from a, lowland forest in Costa 

Rica (Schwendenmann and Veldkamp 2005) and a similar amount from a lowland forest in 
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Paragominas (Klinge et al. 2004) compared to 1-5 kg N ha-1 yr-1 from N-limited, montane 

forest in Indonesia (Dechert et al. 2005)). It has also been shown that N-oxide emissions from 

most tropical lowland forests (e.g., Costa Rica: Keller et al. 1993, Keller and Reiners 1994, 

Veldkamp et al. 1999; Brazil: Verchot et al. 1999, Davidson et al. 2000b, Davidson et al. 

2004; Australia: Breuer et al. 2000) were higher than from N-limited, tropical montane forests 

(e.g., Hawaii: Riley and Vitousek 1995; Indonesia: Purbopuspito et al. 2006; Australia: Kiese 

and Butterbach-Bahl 2002). Furthermore, we observed somewhat comparable NO3
- 

immobilization rates and gross nitrification rates in the dry season while NO3
- immobilization 

rates tended to be lower than gross nitrification in the wet season. However, the MRT of NO3
- 

showed the opposite pattern of NH4
+: shorter MRT of NO3

- and lower NO3
- in the wet than in 

the dry season for the clay (Fig. 4.2). In the wet season, when the sink of mineral N pool by 

microbial immobilization was low, NO3
- could be more exposed to losses. The fast turnover 

rate of NO3
- in the clay during the wet season could have contributed to high gaseous N 

losses, which could then result in low NO3
- values. The N2O emissions we measured do not 

repressent the overall gaseous N losses; in the wet season a significant part of the N2O 

produced was probably reduced further to N2 and the overall gaseous N losses were thus 

higher than the N2O emissions alone. 

 

4.5. Conclusions 

This study shows that large differences exist in N cycling and N retention between 

heavily weathered tropical forest soils that mainly differ in texture. Our combined results 

suggest that some Amazonian forest soils have higher N availability than others. While the 

clay Oxisol in our study had high gross rates of N mineralization and nitrification, and hence 

high potential for N losses, the sandy Oxisol had low gross rates of N cycling and reacted 

more like a soil that is N-limited. δ15N signals and the 15N-enrichment factor, which reflect 
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the long-term behaviour of soil N cycling of an ecosystem, were also higher in the clay than 

in the sand. Our findings of faster turnover rates of NH4
+ compared to NO3

- signified that 

NH4
+ cycles faster through microorganisms than NO3

-, possibly contributing to better 

retention of NH4
+ than NO3

-. This was opposite to abiotic retention, which showed higher 

conversion of NO3
- than NH4

+ to the organic N pool. How this will affect long-term N 

retention is presently unknown and cannot be deduced from the present study, which 

illustrates that the importance of biotic and abiotic retention of N needs further attention. 

Because of the differences in N cycing and N retention, there is no doubt that the studied soils 

will react differently to increased anthropogenic N deposition. To make a complete analysis 

of these effects, however, we have to know better how abiotic and biotic N retention 

processes contribute to middle and long-term N sequestration and their changes with 

increasing N deposition in tropical forests. 
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5. Summarizing synthesis 

The overall goal of the present study was to evaluate the soil CO2 dynamics and the N 

cycle in the old-growth forest of Caxiuanã, Eastern Amazonia. Quantification of temporal and 

spatial variation of soil CO2 emissions is essential for an accurate interpretation of tower-

based measurements of net ecosystem exchange. This is particularly important now that 

climate of the Amazon basin is expected to change in the next few decades, as a result of 

deforestation and rising temperatures which may lead to unknown feedback mechanisms in 

carbon cycling. Furthermore, changes are also expected in the N cycling from tropical soils 

with resulting high rates of N2O emissions. Nitrogen is in relative excess in heavily weathered 

lowland tropical forests soils, however within the Amazon basin soil texture may influence 

soil NH4
+ and NO3

- concentrations and hence N availability and retention in the soil.  

 

5.1. Landscape and climatic controls on spatial and temporal variation  

The chapter 2 had the goal of quantifying the spatial and seasonal variation in soil CO2 

efflux and its environmental controls in the old-growth forest of Caxiuanã, Eastern Amazonia. 

We measured soil CO2 efflux from two Oxisol sites with contrasting soil texture and at 

different landscape positions. Using manually deployed flux chambers, we monitored soil 

CO2 efflux every two weeks from the two sites with contrasting soil texture and every three 

months from the landscape positions, over the course of two years. The CO2 flux was 

calculated from the linear regression of increasing CO2 concentration in the chamber 

headspace versus time. At the same time soil water content and soil temperature were 

estimated.   

Average CO2 efflux was 21% higher for sand (3.93 ± 0.06 µmol CO2 m-2s-1) than for 

the clay (3.08 ± 0.07 µmol CO2 m-2s-1). No difference was detected for soil temperature 
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between sites (24.1 ± 0.13 °C for sand and 24.2 ± 0.15 °C for clay), while soil water content 

in sandy soil (23.2 ± 0.33 %) was much lower than the clay soil (34.5 ± 0.98 %), for the two-

year period. Spatial difference in CO2 efflux were related to water holding capacity and 

capacity to retain nutrients of each soil texture, reflecting in different root respiration. 

Seasonality in soil CO2 efflux was not detectable and CO2 efflux did not differ between dry 

and wet season. However, the interaction between time and topographic position had a 

significant effect on CO2 efflux. The variation caused by topography was in the same order of 

magnitude as temporal variation, indicating the importance of considering this variation while 

modelling soil CO2 efflux. Mean contribution of the litter layer to the CO2 efflux rates was 20 

% and varied from 25 % during the wet season to close to 0 % during the dry season. These 

seasonal variations may be caused by variations in the stock of decomposing litter on the 

forest floor and by the conditions influencing litter decomposition.  Temporal variability of 

soil CO2 efflux also depended on climatic variables. The relation between soil water content 

and soil CO2 efflux showed an optimum for both soil textures but the shape and optimum of 

the curves were different. Soil water content explained 23 % of the soil CO2 efflux in the sand 

and 18 % in the clay soil texture, and soil temperature co-varied with soil water content in 

both soil types. The problem of co-variation of temperature and soil moisture has been 

detected in several ecosystems, including tropical rainforests (Davidson et al. 2000, 

Schwendenmann et al. 2003). The results of our study show that soil moisture is an important 

driver of temporal variations in soil CO2 efflux in this old-growth forest. But when 

extrapolating soil CO2 efflux to larger areas, the significant influences of soil texture, litter, 

and the interaction of topographical position and time illustrate that it is necessary to include 

some of the complexity of landscapes. 
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5.2. Effects of induced drought on soil CO2 production and soil CO2 efflux 

Given the expected intensification of ENSO events, which will probably lead to an 

increasing frequency of droughts and higher temperatures, in Chapter 3, we report how a 

throughfall exclusion (TFE) experiment affected soil CO2 production in a deeply weathered 

sandy Oxisol of Caxiuanã (Eastern Amazon). Over the course of two years, we measured soil 

CO2 efflux and soil CO2 concentrations, soil temperature and moisture in pits down to 3 m 

depth. TFE reduced soil CO2 efflux from 4.3 ± 0.1 µmol CO2 m-2 s-1 (control) to 3.2 ± 0.1 

µmol CO2 m-2 s-1 (TFE) and the reduction was already evident on the first year of artificial 

drought. Over 70 % of soil CO2 production in both plots occurred within the top 0.5 m of the 

soil including the forest litter layer, and that was the layer most affected by the soil water 

stress. The contribution of the subsoil (below 0.5 m depth) to the total soil CO2 production 

was higher in the TFE plot (28 %) compared to the control plot (17 %), and it did not differ 

between years. We distinguished three phases of drying after the TFE was started. The first 

phase was characterized by a translocation of water uptake (and accompanying root activity) 

to deeper layers and not enough water stress to affect microbial activity and/or total root 

respiration. During the second phase a reduction in total soil CO2 efflux in the TFE plot was 

related to a reduction of soil- and litter decomposers activity.  The third phase of drying, 

characterized by a continuing decrease in soil CO2 production was dominated by a water 

stress-induced decrease in total root respiration. Our results strongly contrast to results of a 

drought experiment on clay Oxisols which we explain with differences in water holding 

capacity and depth of rooting zone. We conclude in this chapter, that Amazonian forest 

ecosystems located on soils with coarse texture are more sensitive to drought than forests 

located on heavier textures because they cannot compensate the relatively low water holding 

capacity in the top soil with water stored in deeper soil layers. 
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5.3. Mechanisms of soil N retention 

Direct quantification of the inherent soil N status of tropical forests and processes of N 

retention will provide much-needed baseline information for tropical forests, which may hint 

how such ecosystems will react to predicted increase in N deposition. Chapter 4 focuses on 

assessing the soil N status of sand and clay Oxisols, lowland forest soils by quantifying gross 

rates of N-production processes, and evaluating their differences in N-retention processes by 

measuring the microbial N immobilization, dissimilatory NO3
- reduction to NH4

+, and abiotic 

N immobilization. Soil samples were collected from the sand and clay sites once during the 

dry (August 2004) and once during the wet (April 2005) season. Additional soil, litter and 

green leaf samples were taken for analysis of other supporting parameters and the 

measurement of the degree of 15N enrichment for each soil type. We used the 15N pool 

dilution technique to estimate gross rates of soil N cycling (Davidson et al. 1991, Hart et al. 

1994a). Gross N mineralization and nitrification rates were estimated from the cores that 

received 15NH4
+ and 15NO3

-, respectively, using the modified calculation procedure of 

Davidson et al. (1991) from the Kirkham and Bartholomew (1954) model.   

The clay had high gross rates of N mineralization (13.5 ± 3.1 mg N kg-1 d-1), 

nitrification (3.7 ± 1.1 mg N kg-1 d-1) and 15N enrichment factor (ε = -4.6 ‰) and hence high 

potential for N losses. The sand had low gross rates of N cycling (N mineralization was 6.0 ± 

0.9 mg N kg-1 d-1 and nitrification 0.8 ± 0.3 mg N kg-1 d-1) and 15N enrichment factor (ε = -2.9 

‰), and reacted more like a soil that is N-limited. Faster turnover rates of NH4
+ compared to 

NO3
- signified that NH4

+ cycles faster through microorganisms than NO3
-, possibly 

contributing to better retention of NH4
+ than NO3

-. However this was opposite to abiotic 

retention processes, which showed higher conversion of NO3
- to the organic N pool than 

NH4
+. Our combined results suggest that some Amazonian forest soils have higher N 
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availability than others which will have important consequences for soil N cycling and losses 

when projected increases in anthropogenic N deposition will occur. 

 

5.4. Belowground CO2 dynamics and N cycling  

The use of global climate models has become one of the most powerful tools to 

estimate changes in natural ecosystems due to climate, but these models are mainly based in 

meteorological data. Although aboveground components have been successfully modelled 

using basic climate data, belowground components are not yet satisfactorily assessed. While 

in many ecosystems temperature has described well the belowground processes (over 80 % of 

the variation; Janssens et al. 2001), in tropical ecosystems the temperature is not a good 

predictor. Modelling of belowground processes in tropical areas has therefore been led by the 

soil water content (Davidson et al. 2006). However, the improvement of these models 

depends on a better characterization of the belowground processes and their variation within 

the region. The Amazon region embraces a wide range of soils, vegetation and landscape and 

this study shows that we should expect different responses within the basin to changes in 

climate.  

Quantification of the contribution of the litter layer, the effect of the interaction of 

landscape and time, and soil texture on soil CO2 efflux showed that the inclusion of such 

variables in the Amazon-wide model analyses, in addition to soil water content and soil 

temperature, will certainly improve estimates of soil CO2 efflux for the region. The 

importance of soil texture has already been pointed by other authors (Silver et al. 2000, 

Müller and Höper 2004) as well as the importance of the contribution of litter (Luizão and 

Schubart 1987, Toledo 2002, Chambers et al. 2004), but the quantification of the seasonal 

litter contribution and topographical variation had been disregarded so far. In these models 
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Amazon forest is often held as a single ecosystem, which leads to a miscalculation of the 

effect not only of the soil and vegetation but also of the topography on the fluxes.  The 

topography of the Amazon is quite smooth, however along the seasons the factors influencing 

soil CO2 efflux respond differently in each topographic position. The interaction of 

topographic position in the landscape and time is responsible for a variation of around 30 % in 

the efflux, and has the same magnitude as the temporal variation. 

Predicting whether the soil will be a sink or source of carbon with the expected 

reduction in precipitation in the Amazon depends not only on the amount of C that is lost 

from the dried soil but also from the amount of C that is allocated belowground by the plant. 

This study shows that in the short term, the response to reduced precipitation will mostly 

depend on the capacity of each soil to supply water to the roots. For example, our sandy 

Oxisol soil will respond much quicker to low precipitation regime than the clay soil from 

Santarém (Davidson et al. 2004).  The top 0.5 m of soil will be particularly affected by the 

lower soil water content reducing total soil CO2 efflux and production, but the deeper soil 

CO2 production will mainly depend on the root activity.  In the short term, lower CO2 

emissions may signify carbon storage if roots are able to search for water in the soil profile 

and keep the rates of gross primary productivity (GPP). However, if the soil CO2 efflux is 

accompanied by reduction in GPP there may be no change in the net primary productivity 

(NPP) and thus no change in the allocation of carbon belowground. Declines in GPP and soil 

CO2 efflux resulting from soil moisture deficit have been described for temperate European 

forests (e.g. Ciais et al. 2005) and the processes leading to reduction in both GPP and soil CO2 

efflux seem to be general, though I expect spatial variability in vulnerability to soil moisture 

stress across the Amazon region.  

Accounting for soil diversity along the Amazon basin is also important when 

predicting the effect of N deposition in the region. The soil with low N availability, as the 
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sand Oxisols, have lower rates of N cycling, and lower N losses (N2O and NO), while those 

with high N availability, as the clay Oxisols, have a high potential for N losses (Figure 5.1). 

On the other hand, the larger microbial biomass size, available substrate and the higher soil 

moisture (WFPS) in the clay texture contribute to a higher immobilization of N, hence to a 

higher N retention in the system. Nevertheless, the mechanisms controlling retention and 

losses are still not clearly understood. 

 

Figure 5.1 - Diagrammatic representation of the carbon and nitrogen cycles, and their 

interaction in sand and clay soil textures. Line thickness the magnitude of the flux rate and 

dashed lines fluxes not measured. CO2 emission is the result of heterotrophic and autotrophic 

respiration.  
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With higher soil organic matter and microbial biomass in the clay soil one should 

expect higher rates of CO2 efflux resulting from heterotrophic respiration. However, the 

higher rates of CO2 efflux were observed in the sand soil. This high rate in sand soil may only 

be explained by a higher root activity, resultant from the more thorough search for water and 

nutrients in the coarse soil texture. The larger root biomass in the top 0.3 m of the sand soil 

(Metcalfe et al. in preparation) may indicate a greater root longevity and a mechanism for 

using more effectively the photosyntic products. This assumption is corroborated with the 

linkage between slow root turnover rates and low root tissue N content (Gordon and Jackson 

2000). 

This study shows that the inclusion of soil and landscape characteristics of the 

Amazon region in future modelling of global climate change will possibly improve the 

estimates of C and N belowground processes. That the reduction in soil water will affect some 

Amazonian forest soils more rapidly than others and that texture will play a big role also on 

how the forest will react to future N deposition. 
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6. Zusammenfassung 

Es ist noch unbekannt, wie sich Klimaänderungen und steigende N-Einträge auf den 

Kohlenstoff- und Stickstoffkreislauf tropischer Böden auswirken. Deshalb ist es wichtig, 

individuelle Prozesse und deren Folgen für das Klima zu identifizieren. In dieser Studie 

bewertete ich die CO2-Dynamik im Boden sowie den N-Kreislauf in einem Primärwald in 

Caxiuana, Ostamazonien. Die Studie gliedert sich in drei Teile: 1) Messung der CO2 

Ausgasungsrate und deren standörtliche Steuergrößen an zwei Oxisol Standorten mit 

unterschiedlicher Bodentextur und Geländelage, 2) die Untersuchung wie stark sich bei 

Ausschluss des Bestandesniederschlages (TFE Experiment) die Boden-CO2 Produktion in 

einem stark verwitterten sandigen Oxisol in Caxiuana verändert und 3) eine Bewertung des 

Boden-Stickstoffstatus an zwei stark verwitterten Oxisolen unterschiedlicher Textur (sandig 

versus tonig). Zwei Jahre lang wurden die Boden-CO2-Ausgasungsraten, CO2-

Konzentrationen, die Bodentemperatur und die Feuchtigkeit der Profile bis in 3 m Tiefe 

gemessen. Mittels Isotopenverdünnungsanalyse (15 N pool dilution) wurden für beide Böden 

die Raten der N-Mineralisierung und der Nitrifikation sowie der N-Retention (mikrobielle N-

Festlegung, dissimilatorische NO3 Reduktion zu NH4 und abiotische N-Festlegung) 

gemessen. zusätzlich wurden δ15N Werte von der Streu und über das gesamte Profil 

gemessen, um die 15N-Anreicherung für jeden Bodentyp zu quantifizieren.  

Die wichtigsten Ergebnisse sind: 

1) Die durchschnittliche CO2-Ausgasungsrate war im Sand (3.93 ± 0.06 μmol CO2 m-2s-1) 21 

% höher als im Ton (3.08 ± 0.07 μmol CO2 m-2s-1). Keine Unterschiede wurden in der 

Bodentemperatur zwischen beiden Standorten gemessen, während der Bodenwassergehalt im 

sandigen Boden (23.2 ± 0.33 %) geringer war als im tonigen Boden (34.5 ± 0.98 %). Die 

Boden-CO2-Ausgasungsrate unterschied sich nicht zwischen der Trocken – und Regenzeit, 
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aber ich fand eine signifikante Wechselwirkung zwischen der Jahreszeit und der 

topografischen Lage. Die durch die Topografie hervorgerufene Variation war in derselben 

Größenordnung wie die zeitliche Variation. Der mittlere Beitrag der Streu zur CO2-

Ausgasungsrate war 20 % und variierte von 25 % innerhalb der Regenzeit bis nahezu 0 % 

während der Trockenzeit. Die Beziehung zwischen Bodenwassergehalt und Boden-CO2-

Ausgasungsraten zeigte für beide Bodentexturen ein Optimum aber die Form und das 

Optimum der Kurve unterschieden sich. Die Ergebnisse unserer Studie zeigen, dass 

Bodenwasser eine steuernde Größe der zeitlichen Variation der Boden-CO2-Ausgasungsraten 

in diesem Primärwald ist. Bei der Extrapolation der CO2-Ausgasungsraten zu größeren 

Flachen zeigt der signifikante Einfluss von Bodentextur, Streu und Wechselwirkung der 

topografischen Lage und Zeit, dass es notwendig, ist diesen Anteil der 

Landschaftskomplexität mit zu berücksichtigen. 

2) TFE reduzierten den Boden von 4.3 ± 0.1 µmol CO2 m-2 s-1 (Kontrolle) zu 3.2 ± 0.1 µmol 

CO2 m-2 s-1 (TFE). Der Beitrag des Unterbodens (unterhalb 0.5 m Tiefe) zur der 

Gesamtproduktion von CO2 war in dem TFE Plot größer (28 %) als in dem Kontrollplot (17 

%) und er unterschied sich nicht zwischen den Jahren. Ich unterschied drei Phasen der 

Trocknung nachdem TFE gestartet war. Die erste Phase war durch die Umschichtung der 

Wasseraufnahme (und begleitender Wurzelaktivität) zu tieferen Schichten und durch einen zu 

geringen Wasserstress um die mikrobielle Aktivität und /oder die Wurzelatmung zu 

beeinflussen charakterisiert. Während der zweiten Phase stand die Aktivität von Boden – und 

Streuzersetzern mit der Reduzierung der gesamten Boden-CO2-Ausgasungsrate in dem TFE 

Plot in Beziehung. Die dritte Trocknungsphase war durch einen kontinuierlichen Abfall der 

Boden CO2 Produktion charakterisiert, der durch einen Wasserstress induzierten Abfall in der 

gesamten Wurzelatmung hervorgerufen wurde. Diese Ergebnisse unterscheiden sich stark von 

einem Trocknungsexperiment in einem tonigem Oxisol, was ich durch Unterschiede in der 
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Wasserhaltekapazität und Durchwurzelungstiefe erkläre. Ich folgere, dass Waldökosysteme in 

Amazonien, die sich auf Böden mit einer groben Textur befinden, sensitiver gegenüber 

Trockenheit sind als Wälder, die sich auf schwereren Böden befinden. Letztere können die 

relativ geringe Wasserhaltekapazität der Oberböden mit Wasser aus tieferen Bodenschichten 

kompensieren. 

3) Der tonige Oxisol hatte eine große Bruttorate der N-Mineralisation, Nitrifizierung und des 

15N -Anreicherungsfaktors und somit ein großes Potential für N Verluste. Demgegenüber 

hatte der sandige Oxisol vergleichsweise niedrige Bruttoraten und reagierte ähnlich einem 

Boden der N limitiert ist. Schnellere Umsatzzeiten von NH4 im Vergleich zu NO3 zeigten an, 

dass NH4 schneller durch Mikroorganismen umgesetzt wird als NO3, möglicherweise führt 

dies zu einer besseren Retention von NH4 im Vergleich zu NO3. Jedoch war dieser Prozess 

bei abiotischen Retentionsprozessen umgekehrt, welcher für NO3höhere Umwandlung zum 

organischen N Pool zeigte als NH4. Die verknüpften Ergebnisse zeigen, dass einige 

Waldböden in Amazonien höhere N-Verfügbarkeit als andere haben, was entscheidende 

Konsequenzen für den Kreislauf und Verluste des Bodenstickstoffs hat, wenn der 

vorhergesagte Anstieg anthropogener N Einträge stattfindet. 



 

 90

7. Summary 

The significance of climate changes and of increasing N deposition to the interaction 

of both carbon and nitrogen cycles in tropical soils is still unknown and deserves more 

attention. For that, it is important to identify individual processes and their consequences to 

changes in the climate. In this study I evaluate soil CO2 dynamics and N cycling in an old-

growth forest of Caxiuanã, Eastern Amazonia.  The study was divided in three parts: 1) 

measurement of soil CO2 efflux and its environmental controls from two Oxisol sites with 

contrasting soil texture and at different landscape positions, 2) observation of how a 

throughfall exclusion (TFE) experiment affected soil CO2 production in a deeply weathered 

sandy Oxisol of Caxiuanã, and 3) evaluation of the soil N status of two heavily weathered 

soils which contrast in texture (sand versus clay). Over the course of two years, soil CO2 

efflux and soil CO2 concentrations, soil temperature and moisture in pits down to 3 m depth 

was measured. Using 15N pool dilution, for both soils rates of N cycling (gross rates of N 

mineralization and nitrification) and N retention (microbial N immobilization, dissimilatory 

NO3
- reduction to NH4

+, and abiotic N immobilization) were quantified. To further support 

the N status assessment, the δ15N signals from the litter layer down the soil profile was 

measured, to get an overall measure of the degree of 15N enrichment for each soil type. 

The most important results are: 

1) Average CO2 efflux was 21 % higher for sand (3.93 ± 0.06 μmol CO2 m-2s-1) than for the 

clay (3.08 ± 0.07 μmol CO2 m-2s-1). No difference was detected for soil temperature between 

sites, while soil water content in sandy soil (23.2 ± 0.33 %) was much lower than the clay soil 

(34.5 ± 0.98 %), for the two-year period. Soil CO2 efflux did not differ between dry and wet 

season, but I detected a significant interaction between season and topographic position. The 

variation caused by topography was in the same order of magnitude as temporal variation. 

Mean contribution of the litter layer to the CO2 efflux rates was 20 % and varied from 25 % 
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during the wet season to close to 0 % during the dry season. The relation between soil water 

content and soil CO2 efflux showed an optimum for both soil textures but the shape and 

optimum of the curves were different. The results of our study illustrate that soil moisture is 

an important driver of temporal variations in soil CO2 efflux in this old-growth forest. When 

extrapolating soil CO2 efflux to larger areas, a significant influences of soil texture, litter, and 

the interaction of topographical position and time illustrate that it is necessary to include some 

of the complexity of landscapes. 

2) TFE reduced soil CO2 efflux from 4.3 ± 0.1 µmol CO2 m-2 s-1 (control) to 3.2 ± 0.1 µmol 

CO2 m-2 s-1 (TFE). The contribution of the subsoil (below 0.5 m depth) to the total soil CO2 

production was higher in the TFE plot (28 %) compared to the control plot (17 %), and it did 

not differ between years. I distinguished three phases of drying after the TFE was started. The 

first phase was characterized by a translocation of water uptake (and accompanying root 

activity) to deeper layers and not enough water stress to affect microbial activity and/or total 

root respiration. During the second phase a reduction in total soil CO2 efflux in the TFE plot 

was related to a reduction of soil- and litter decomposers activity.  The third phase of drying, 

characterized by a continuing decrease in soil CO2 production was dominated by a water 

stress-induced decrease in total root respiration. These results strongly contrast to results of a 

drought experiment on clay Oxisols which I explain with differences in water holding 

capacity and depth of rooting zone. I conclude that Amazonian forest ecosystems located on 

soils with coarse texture are more sensitive to drought than forests located on heavier textures 

because they cannot compensate the relatively low water holding capacity in the top soil with 

water stored in deeper soil layers. 

3) The clay Oxisol had high gross rates of N mineralization, nitrification and 15N enrichment 

factor and hence high potential for N losses. The sand Oxisol had low gross rates of N cycling 

and 15N enrichment factor, and reacted more like a soil that is N-limited. Faster turnover rates 



 

 92

of NH4
+ compared to NO3

- signified that NH4
+ cycles faster through microorganisms than 

NO3
-, possibly contributing to better retention of NH4

+ than NO3
-. However this was opposite 

to abiotic retention processes, which showed higher conversion of NO3
- to the organic N pool 

than NH4
+. The combined results suggest that some Amazonian forest soils have higher N 

availability than others which will have important consequences for soil N cycling and losses 

when projected increases in anthropogenic N deposition will occur. 
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9. Appendix 

 

Table A1 – Soil CO2 efflux, soil temperature at 0.05 m depth (Ts) and soil water content (swc) 

at 0.3 m depth in sand and clay soil textures at the Caxiuanã National Forest, Brazil (n = 16). 

  Sand  Clay 
Date  CO2 efflux   Ts  swc  CO2 efflux  Ts   swc 

   (µmol CO2 m-2 s-1)   (°C)  (%)  (µmol CO2 m-2 s-1)  (°C)   (%) 
dd/mm/yyyy  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)
12/11/2001  3.8 (0.3)  24.6 (0.1)  16.2 (0.4)   -   -   - 
16/12/2001  4.8 (0.5)  24.3 (0.8)  24.7 (0.5)   -   -   - 
11/01/2002  4.3 (0.2)   -  24.4 (0.4)   -   -   - 
24/01/2002  4.5 (0.3)  22.7 (0.1)  24.7 (0.2)  3.6 (0.5)  20.5 (0.2)  40.6 (0.7)
07/02/2002  5.1 (0.4)   -  24.2 (0.4)  3.3 (0.5)   -  39.5 (2.7)
21/02/2002  4.0 (0.3)   -  26.4 (0.3)  4.3 (0.1)   -  39.2 (1.3)
07/03/2002  3.9 (0.2)  20.4 (0.0)  25.4 (0.4)  3.4 (0.1)  20.7 (0.1)  38.8 (0.6)
23/03/2002  2.9 (0.4)  23.4 (0.3)  28.4 (0.7)  2.8 (0.0)  21.4 (0.6)  41.2 (1.5)
07/04/2002  3.1 (0.2)  22.5 (0.1)  27.2 (0.3)  2.0 (0.2)  20.1 (0.8)  43.1 (0.1)
28/04/2002  3.3 (0.1)  23.3 (0.0)  28.2 (0.2)  2.7 (0.1)  23.3 (0.0)  43.3 (0.4)
25/05/2002  4.1 (0.1)  23.8 (0.4)  26.4 (0.6)  2.6 (0.2)  22.7 (0.4)  41.4 (1.3)
03/06/2002  3.6 (0.2)  22.9 (0.1)  28.3 (0.4)  2.9 (0.5)  23.8 (0.4)  41.9 (0.6)
16/06/2002  3.0 (0.1)  23.1 (0.2)  28.8 (0.2)  2.5 (0.4)  23.3 (0.8)  43.5 (0.1)
01/07/2002  3.7 (0.3)  24.9 (0.2)  26.9 (0.2)  3.1 (0.4)  24.4 (0.1)  39.1 (3.1)
15/07/2002  4.3 (0.3)  24.6 (0.1)  21.0 (0.7)  3.4 (0.2)  24.1 (0.4)  29.8 (3.3)
26/07/2002  4.6 (0.4)  24.3 (0.1)  22.4 (0.9)  2.8 (0.4)  24.3 (0.4)  41.3 (1.8)
09/08/2002  4.2 (0.3)  24.8 (0.1)  23.4 (0.5)  3.3 (0.4)  24.1 (0.1)  37.1 (2.0)
24/08/2002  4.1 (0.1)  24.6 (0.1)  23.2 (0.8)  3.2 (0.3)  25.1 (0.2)  35.4 (2.2)
06/09/2002  3.8 (0.3)  24.6 (0.1)  21.5 (0.6)  2.8 (0.1)  24.8 (0.1)  29.7 (2.6)
20/09/2002  3.3 (0.2)  24.3 (0.1)  19.2 (0.4)  2.2 (0.1)  25.3 (0.3)  24.1 - 
04/10/2002  3.1 (0.1)  24.0 (0.0)  18.4 (0.4)  2.8 (0.1)  24.2 (0.3)  23.2 (1.0)
18/10/2002  3.8 (0.1)  24.2 (0.1)  20.7 (0.7)  2.5 (0.2)  23.8 (0.1)  35.7 (2.6)
03/11/2002  3.4 (0.1)  24.3 (0.1)  15.9 (0.4)  3.1 (0.2)  24.0 (0.0)  27.5 (2.9)
15/11/2002  4.4 (0.2)  23.5 (0.0)  20.7 (0.5)  2.9 (0.3)  23.3 (0.2)  25.0 (2.0)
29/11/2002  4.0 (0.2)  24.4 (0.1)  16.3 (0.4)   -  24.4 (0.3)  21.6 - 
13/12/2002  3.6 (0.3)  23.6 (0.1)  22.7 (0.8)  2.7 (0.4)  22.4 (0.6)  35.5 (1.8)
13/01/2003  4.2 (0.1)  24.0 (0.2)  22.3 (0.7)  3.6 (0.1)  22.9 (0.0)  26.3 (2.9)
07/02/2003  3.9 (0.1)  22.5 (0.2)  24.9 (0.7)  3.6 (0.1)  23.6 (0.1)  36.4 (1.8)
20/03/2003  4.9 (0.3)  24.2 (0.1)  24.7 (0.3)  3.9 (0.6)  24.4 (0.0)  35.2 (2.3)
03/04/2003  3.8 (0.2)  25.3 (0.3)  27.8 (0.1)  3.5    -  24.1   39.8 - 
15/05/2003  3.3 (0.2)  24.5 (0.2)  26.4 (0.2)  2.4 (0.4)  25.0 (0.1)  43.3 (0.7)
03/07/2003  5.2 (0.3)  24.5 (0.3)  23.1 (0.5)  3.6 (0.1)  24.8 (0.1)  36.8 (4.0)
13/09/2003  4.8 (0.1)  24.4 (0.2)  19.0 (0.5)  3.2 (0.0)  24.3 (0.1)  24.4 (2.2)
26/10/2003  3.5 (0.3)  24.1 (0.4)  19.0 (0.6)  3.8 (0.1)  24.4 (0.2)  22.7 (1.8)
01/11/2003  3.3 (0.3)  24.5 (0.1)  15.4 (0.2)  3.2 (0.2)  24.6 (0.2)  20.2 (2.4)
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Table A2 – Soil CO2 production (PCO2), soil temperature (Ts) and soil water content (swc) in 

control and throughfall exclusion (TFE) plot at the Caxiuanã National Forest, Brazil (n = 4). 

  Control  TFE 
Date Depth PCO2   Ts  swc  PCO2   Ts   swc 

 (m) (µmol CO2 m-2 s-1)   (°C)  (%)  (µmol CO2 m-2 s-1)   (°C)   (%) 
dd/mm/yyyy  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)
11/01/2002 0-0.5 4.1 (0.4)  20.4 (0.3)  22.7 (0.8)  3.9 (0.4)  20.2 (0.5)  19.8 (1.2)
24/01/2002 0-0.5 4.1 (0.3)  22.6 (0.1)  23.2 (1.2)  3.5 (0.1)  19.7 (0.6)  19.5 (0.5)
07/02/2002 0-0.5 4.5 (0.4)  18.7 (0.9)   -  2.9 (0.1)  17.9 (0.3)   - 
21/02/2002 0-0.5 3.4 (0.5)  18.3 (0.2)  25.1 (1.2)  2.8 (0.3)  18.6 (0.3)  18.9 (1.1)
07/03/2002 0-0.5 3.1 (0.3)  21.2 (0.2)  25.5 (0.7)  2.5 (0.1)  21.6 (0.3)  17.2 (1.3)
23/03/2002 0-0.5 2.4 (0.4)  24.0 (0.1)  27.3 (0.7)  2.2 (0.2)  22.4 (0.2)  19.9 (1.7)
07/04/2002 0-0.5 2.5 (0.3)  22.7 (0.1)  28.0 (0.6)  2.2 (0.3)  21.9 (0.7)  19.6 (1.6)
28/04/2002 0-0.5 2.6 (0.2)  23.7 (0.2)  26.8 (0.7)  2.5 (0.2)  24.1 (0.3)  20.4 (1.1)
25/05/2002 0-0.5 3.2 (0.4)  25.5 (0.4)  28.2 (0.5)  3.3 (0.3)  24.3 (0.3)  20.0 (1.0)
03/06/2002 0-0.5 3.0 (0.3)  22.7 (0.2)  26.7 (0.8)  2.7 (0.2)  24.0 (0.1)  18.1 (0.9)
16/06/2002 0-0.5 2.1 (0.3)  24.4 (0.1)  27.9 (0.4)  2.2 (0.1)  23.1 (0.2)  17.8 (1.9)
01/07/2002 0-0.5 2.8 (0.5)  24.9 (0.1)  26.3 (1.0)  2.7 (0.2)  25.0 (0.2)  17.9 (1.3)
15/07/2002 0-0.5 3.5 (0.3)  24.9 (0.0)   -  2.2 (0.1)  24.9 (0.1)   - 
26/07/2002 0-0.5 3.5 (0.4)  25.1 (0.1)  24.2 (1.1)  1.9 (0.2)  25.1 (0.2)  16.3 (0.3)
09/08/2002 0-0.5 3.4 (0.3)  25.1 (0.1)  23.5 (0.9)  1.9 (0.1)  24.8 (0.1)  15.5 (0.7)
24/08/2002 0-0.5 3.3 (0.1)  24.9 (0.1)  20.1 (0.7)  1.9 (0.1)  24.7 (0.2)  14.0 (0.3)
06/09/2002 0-0.5 2.9 (0.3)  25.2 (0.1)  18.5 (0.6)  1.2 (0.2)  24.9 (0.2)  13.5 (0.3)
20/09/2002 0-0.5 2.4 (0.3)  24.6 (0.0)  17.5 (0.7)  1.3 (0.1)  24.4 (0.1)  13.6 (0.3)
04/10/2002 0-0.5 1.8 (0.4)  24.2 (0.0)  16.0 (0.5)  1.1 (0.2)  24.3 (0.1)  13.1 (0.2)
18/10/2002 0-0.5 2.8 (0.1)  24.0 (0.1)  19.4 (1.1)  1.9 (0.6)  24.1 (0.1)  17.7 (0.6)
03/11/2002 0-0.5 2.2 (0.4)  24.3 (0.1)  19.0 (0.8)  2.0 (0.2)  24.4 (0.1)  13.1 (0.5)
15/11/2002 0-0.5 3.7 (0.2)  24.1 (0.1)  21.1 (0.8)  2.5 (0.1)  24.0 (0.1)  13.3 (0.5)
29/11/2002 0-0.5 3.3 (0.1)  24.8 (0.1)  17.2 (1.0)  1.2 (0.1)  24.6 (0.1)  13.7 (0.2)
13/12/2002 0-0.5 2.4 (0.3)  23.7 (0.1)  18.0 (1.8)  2.0 (0.3)  23.5 (0.1)  14.3 (1.4)
13/01/2003 0-0.5 3.6 (0.1)  24.2 (0.1)  22.5 (1.0)  2.7 (0.2)  24.2 (0.1)  13.3 (1.0)
07/02/2003 0-0.5 3.1 (0.2)  23.5 (0.1)  25.3 (0.7)  3.0 (0.2)  23.6 (0.1)  17.9 (1.5)
20/03/2003 0-0.5 4.1 (0.4)  24.0 (0.1)  25.2 (0.6)  3.0 (0.3)  24.3 (0.0)  15.5 (1.6)
03/04/2003 0-0.5 2.1 (0.1)  23.8 (0.1)  27.3 (0.8)  3.4 (0.2)  25.7 (0.4)  19.2 (2.3)
15/05/2003 0-0.5 2.5 (0.3)  24.0 (0.2)  26.1 (0.6)  2.4 (0.3)  25.2 (0.2)  18.4 (1.8)
03/07/2003 0-0.5 4.4 (0.3)  24.8 (0.1)  24.2 (0.9)  2.5 (0.2)  18.0 (2.4)  15.4 (1.3)
13/09/2003 0-0.5 3.8 (0.2)  25.2 (0.1)  18.2 (1.1)  1.4 (0.2)  24.8 (0.1)  14.0 (2.0)
26/10/2003 0-0.5 2.7 (0.2)  23.9 (0.2)  17.5 (0.9)  1.6 (0.2)  24.4 (0.1)  13.6 (0.5)
01/11/2003 0-0.5 2.4 (0.3)  24.6 (0.1)  17.9 (0.3)  1.7 (0.1)  24.8 (0.1)  12.9 (0.9)
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Table A2 – (continued). 

 

  Control  TFE 
Date Depth PCO2   Ts  swc  PCO2   Ts   swc 

 (m) (µmol CO2 m-2 s-1)   (°C)  (%)  (µmol CO2 m-2 s-1)   (°C)   (%) 
dd/mm/yyyy  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)
11/01/2002 0.6-2.0 0.4 (0.1)  20.5 (0.5)  22.6 (0.8)  0.6 (0.1)  20.4 (0.5)  20.7 (1.1)
24/01/2002 0.6-2.0 0.3 (0.1)  23.0 (0.1)  23.9 (0.7)  0.9 (0.2)  20.7 (0.1)  19.9 (0.8)
07/02/2002 0.6-2.0 0.5 (0.0)  18.8 (0.9)   -  1.4 (0.3)  18.3 (0.3)   - 
21/02/2002 0.6-2.0 0.5 (0.1)  18.2 (0.2)  23.4 (0.7)  1.0 (0.1)  18.0 (0.4)  19.5 (0.5)
07/03/2002 0.6-2.0 0.6 (0.1)  21.1 (0.2)  24.3 (0.6)  0.9 (0.1)  21.9 (0.3)  19.1 (0.6)
23/03/2002 0.6-2.0 0.4 (0.1)  23.8 (0.1)  25.3 (0.6)  1.0 (0.2)  22.2 (0.2)  18.1 (1.1)
07/04/2002 0.6-2.0 0.4 (0.2)  22.4 (0.1)  24.8 (0.4)  0.6 (0.1)  22.1 (0.4)  19.4 (0.7)
28/04/2002 0.6-2.0 0.5 (0.1)  24.1 (0.1)  25.1 (0.6)  0.8 (0.1)  24.6 (0.3)  19.5 (0.7)
25/05/2002 0.6-2.0 0.7 (0.2)  25.4 (0.5)  23.7 (0.5)  0.6 (0.1)  24.6 (0.5)  19.0 (0.5)
03/06/2002 0.6-2.0 0.5 (0.1)  22.9 (0.2)  24.6 (0.8)  0.7 (0.1)  24.2 (0.0)  19.0 (0.7)
16/06/2002 0.6-2.0 0.8 (0.2)  24.9 (0.1)  24.8 (0.6)  1.1 (0.2)  23.8 (0.2)  16.9 (1.1)
01/07/2002 0.6-2.0 0.7 (0.1)  25.0 (0.1)  23.4 (0.7)  0.8 (0.1)  25.1 (0.1)  18.0 (1.0)
15/07/2002 0.6-2.0 0.6 (0.1)  25.0 (0.1)   -  0.5 (0.1)  25.2 (0.1)   - 
26/07/2002 0.6-2.0 0.6 (0.1)  25.2 (0.1)  21.2 (0.4)  0.7 (0.2)  25.6 (0.3)  17.1 (0.5)
09/08/2002 0.6-2.0 0.5 (0.1)  25.3 (0.1)  22.3 (0.4)  0.5 (0.1)  25.2 (0.1)  17.2 (0.1)
24/08/2002 0.6-2.0 0.4 (0.0)  24.8 (0.1)  21.3 (0.3)  0.5 (0.1)  24.7 (0.2)  16.5 (0.2)
06/09/2002 0.6-2.0 0.6 (0.1)  25.2 (0.2)  20.1 (0.3)  0.8 (0.1)  25.1 (0.2)  15.9 (0.8)
20/09/2002 0.6-2.0 0.5 (0.1)  24.8 (0.1)  19.5 (0.6)  0.5 (0.0)  24.6 (0.1)  16.2 (0.3)
04/10/2002 0.6-2.0 0.5 (0.0)  24.3 (0.0)  18.9 (0.4)  0.4 (0.1)  24.4 (0.1)  16.6 (0.4)
18/10/2002 0.6-2.0 0.6 (0.1)  24.3 (0.1)  18.8 (0.2)  1.0 (0.4)  24.4 (0.1)  16.4 (0.3)
03/11/2002 0.6-2.0 0.8 (0.4)  24.1 (0.1)  18.3 (0.6)  0.5 (0.1)  24.5 (0.1)  15.5 (0.3)
15/11/2002 0.6-2.0 0.5 (0.1)  24.2 (0.1)  20.3 (1.7)  0.4 (0.1)  24.4 (0.2)  16.2 (0.1)
29/11/2002 0.6-2.0 0.5 (0.1)  24.7 (0.1)  19.2 (1.0)  0.4 (0.1)  24.8 (0.0)  16.0 (0.3)
13/12/2002 0.6-2.0 0.7 (0.0)  24.0 (0.2)  18.0 (0.9)  0.6 (0.1)  24.0 (0.1)  15.9 (0.3)
13/01/2003 0.6-2.0 0.5 (0.0)  24.5 (0.2)  20.4 (1.6)  0.6 (0.0)  24.5 (0.1)  14.9 (0.4)
07/02/2003 0.6-2.0 0.6 (0.1)  24.3 (0.1)  23.3 (1.2)  0.6 (0.1)  24.2 (0.1)  15.8 (0.6)
20/03/2003 0.6-2.0 0.5 (0.1)  24.2 (0.0)  24.7 (0.5)  0.6 (0.2)  24.6 (0.1)  17.7 (1.4)
03/04/2003 0.6-2.0 1.1 (0.2)  24.3 (0.0)  26.2 (0.4)  0.5 (0.2)  25.9 (0.6)  19.5 (1.7)
15/05/2003 0.6-2.0 0.7 (0.1)  23.9 (0.1)  23.9 (0.9)  0.7 (0.1)  25.7 (0.2)  18.9 (1.5)
03/07/2003 0.6-2.0 0.7 (0.0)  25.0 (0.1)  23.4 (0.3)  0.7 (0.1)  18.5 (2.4)  17.2 (0.8)
13/09/2003 0.6-2.0 0.5 (0.1)  25.5 (0.1)  19.9 (0.5)  0.6 (0.1)  25.1 (0.1)  17.2 (0.9)
26/10/2003 0.6-2.0 0.5 (0.1)  24.0 (0.1)  18.1 (0.6)  0.7 (0.1)  24.8 (0.1)  15.1 (0.7)
01/11/2003 0.6-2.0 0.5 (0.1)  24.3 (0.1)  19.0 (0.5)  0.4 (0.0)  25.2 (0.4)  16.8 (0.5)
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Table A2 - (continued). 

 

  Control  TFE 
Date Depth PCO2   Ts  swc  PCO2   Ts   swc 

 (m) (µmol CO2 m-2 s-1)   (°C)  (%)  (µmol CO2 m-2 s-1)   (°C)   (%) 
dd/mm/yyyy  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)  mean  (SE)
11/01/2002 2.1-3.0 0.1 (0.0)  19.9 (0.7)  18.6 (1.3)  0.1 (0.0)  20.3 (0.5)  18.2 (0.6)
24/01/2002 2.1-3.0 0.1 (0.0)  23.3 (0.1)  23.9 (1.7)  0.1 (0.0)  20.9 (0.2)  18.4 (1.2)
07/02/2002 2.1-3.0 0.1 (0.0)  19.1 (0.9)   -  0.1 (0.0)  18.1 (0.3)   - 
21/02/2002 2.1-3.0 0.1 (0.1)  18.4 (0.2)  24.6 (1.2)  0.1 (0.1)  18.0 (0.4)  19.7 (1.5)
07/03/2002 2.1-3.0 0.1 (0.0)  21.4 (0.4)  23.8 (0.9)  0.1 (0.0)  22.5 (0.1)  19.9 (1.5)
23/03/2002 2.1-3.0 0.1 (0.0)  23.7 (0.1)  25.0 (1.3)  0.2 (0.1)  22.1 (0.2)  17.1 (2.7)
07/04/2002 2.1-3.0 0.1 (0.1)  22.3 (0.1)  25.0 (1.2)  0.2 (0.1)  22.3 (0.3)  18.9 (1.3)
28/04/2002 2.1-3.0 0.1 (0.0)  24.1 (0.1)  25.1 (1.3)  0.1 (0.0)  24.7 (0.3)  20.1 (0.7)
25/05/2002 2.1-3.0 0.1 (0.1)  25.3 (0.4)  23.4 (1.4)  0.2 (0.0)  24.8 (0.5)  20.1 (0.7)
03/06/2002 2.1-3.0 0.1 (0.0)  22.8 (0.2)  25.1 (1.2)  0.2 (0.0)  24.2 (0.0)  17.8 (1.9)
16/06/2002 2.1-3.0 0.1 (0.1)  25.0 (0.1)  24.2 (1.3)  0.2 (0.0)  24.0 (0.1)  16.0 (1.2)
01/07/2002 2.1-3.0 0.1 (0.1)  24.9 (0.1)  24.1 (1.2)  0.2 (0.1)  25.2 (0.0)  17.1 (1.8)
15/07/2002 2.1-3.0 0.2 (0.0)  24.9 (0.1)   -  0.3 (0.1)  25.1 (0.1)   - 
26/07/2002 2.1-3.0 0.3 (0.1)  25.1 (0.1)  23.1 (1.0)  0.3 (0.1)  25.8 (0.2)  16.7 (1.6)
09/08/2002 2.1-3.0 0.2 (0.1)  25.1 (0.1)  22.9 (0.8)  0.2 (0.0)  25.3 (0.1)  18.9 (0.6)
24/08/2002 2.1-3.0 0.2 (0.1)  24.6 (0.0)  22.1 (0.9)  0.3 (0.1)  24.6 (0.2)  18.7 (0.4)
06/09/2002 2.1-3.0 0.3 (0.1)  25.1 (0.2)  22.3 (1.0)  0.3 (0.0)  25.0 (0.2)  19.1 (0.4)
20/09/2002 2.1-3.0 0.3 (0.1)  24.6 (0.0)  20.8 (0.8)  0.2 (0.0)  24.6 (0.1)  18.2 (0.3)
04/10/2002 2.1-3.0 0.2 (0.1)  24.2 (0.0)  17.3 (2.7)  0.3 (0.1)  24.4 (0.1)  16.1 (1.6)
18/10/2002 2.1-3.0 0.3 (0.1)  24.4 (0.1)  19.1 (0.3)  0.2 (0.1)  24.5 (0.1)  15.5 (1.4)
03/11/2002 2.1-3.0 0.3 (0.1)  24.2 (0.0)  18.3 (0.6)  0.2 (0.0)  24.5 (0.1)  17.0 (0.6)
15/11/2002 2.1-3.0 0.2 (0.1)  24.2 (0.1)  18.4 (0.6)  0.1 (0.0)  24.5 (0.1)  17.8 (0.4)
29/11/2002 2.1-3.0 0.2 (0.1)  24.6 (0.1)  19.3 (0.9)  0.2 (0.0)  24.8 (0.0)  17.8 (0.4)
13/12/2002 2.1-3.0 0.4 (0.1)  24.1 (0.1)  19.3 (0.5)  0.2 (0.0)  24.2 (0.1)  17.6 (0.9)
13/01/2003 2.1-3.0 0.0 (0.0)  24.5 (0.3)  18.8 (0.8)  0.2 (0.0)  24.6 (0.1)  16.0 (0.8)
07/02/2003 2.1-3.0 0.1 (0.1)  24.4 (0.2)  18.0 (1.9)  0.1 (0.0)  24.5 (0.1)  16.5 (1.2)
20/03/2003 2.1-3.0 0.1 (0.0)  24.4 (0.1)  25.2 (1.2)  0.1 (0.0)  24.9 (0.0)  19.0 (0.8)
03/04/2003 2.1-3.0 0.4 (0.1)  24.2 (0.3)  25.1 (1.2)  0.1 (0.0)  26.6 (0.2)  20.1 (1.4)
15/05/2003 2.1-3.0 0.1 (0.0)  23.9 (0.1)  26.4 (1.3)  0.1 (0.0)  25.8 (0.1)  19.0 (1.8)
03/07/2003 2.1-3.0 0.1 (0.0)  24.9 (0.1)  24.9 (1.1)  0.2 (0.0)  18.5 (2.4)  20.0 (1.3)
13/09/2003 2.1-3.0 0.3 (0.1)  25.4 (0.1)  19.5 (0.7)  0.2 (0.1)  25.0 (0.1)  18.2 (0.6)
26/10/2003 2.1-3.0 0.2 (0.1)  23.6 (0.2)  18.8 (1.3)  0.2 (0.0)  24.7 (0.1)  18.0 (0.6)
01/11/2003 2.1-3.0 0.2 (0.1)  24.1 (0.1)  19.5 (1.0)  0.2 (0.0)  25.0 (0.3)  18.2 (0.5)
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