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Abstract 

 

The Amazon rain forest plays an important role in regional and global 

biogeochemical cycling, but the region may undergo an increase in the frequency and 

severity of drought conditions driven by global climate change, regional deforestation 

and fire. The effects of this drought on carbon cycling in the Amazon, particularly 

below-ground, are potentially large but remain poorly understood. This thesis 

examines the impacts of seasonal and longer-term drought upon ecosystem carbon 

allocation and cycling at an Amazon rain forest site with a particular focus upon 

below-ground processes. Measurements are made at three one-hectare forest plots 

with contrasting soil type and vegetation structure, to observe responses across a 

range of Amazon primary forest types. A fourth plot is subjected to partial rainfall 

exclusion to permit measurement of forest responses to a wider range of soil moisture 

levels than currently exists naturally. 

An analysis of the number of samples required to accurately quantify important 

ecosystem carbon stocks and fluxes is used to guide the sampling strategy at the field 

site. Quantifying root dynamics, in particular, presents methodological challenges. 

Thus, I critically review existing methods, and develop techniques to accurately 

measure root standing biomass and production. Subsequently, these techniques are 

used to record root responses, in terms of standing biomass, production, morphology, 

turnover and nutrient content, to variation in soil moisture across the four rain forest 

plots. There is substantial environmental variation in root characteristics. However, 

several responses remain consistent across plots: root production of biomass, length, 

and surface area, is lower where soil is dry, while root length and surface area per unit 

mass show the opposite pattern.  

The other major component of the below-ground carbon cycle is soil carbon 

dioxide efflux. I partition this efflux, on each plot, into contributions from organic 

ground surface litter, roots and soil organic matter, and investigate abiotic and biotic 
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causes for observed differences within and between plots. On average, the percentage 

contribution of soil organic matter respiration to total soil carbon dioxide efflux 

declines during the dry season, while root respiration contribution displays the 

opposite trend. However, spatial patterns in soil respiration are not directly 

attributable to variation in either soil moisture or temperature. Instead, ground surface 

organic litter mass and root mass account for 44 % of observed spatial heterogeneity 

in soil carbon dioxide efflux.  

Finally, information on below-ground carbon cycling is combined with above-

round data, of canopy dynamics and stem wood production and mortality, to analyze 

the potential effects of drought upon carbon cycling in an Amazon forest ecosystem. 

Comparison of the rainfall exclusion plot with a similar, but unmodified, control plot 

reveals potentially important differences in tree carbon allocation, mortality, 

reproduction, soil respiration and root dynamics. The apparent net consequence of 

these changes is that, under drier conditions, the amount of CO2 moving out of the 

forest and into the atmosphere is diminished. This synthesis of above-ground and 

below-ground data advances understanding of carbon cycling in rain forests, and 

provides information which should allow more accurate modelling of the response of 

the Amazon region to future drought. Additional measurements at other sites, and of 

other ecosystem carbon fluxes, should further refine modelling predictions. 
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1.1. Climate and Amazon carbon cycling 

 

‘Separation of temperature, CO2, moisture and nutrient effects on below-ground processes is 

a prerequisite for predictive understanding of ecosystem C cycling.’ (Pendall et al., 2004). 

 

Tropical forests play an important role in regional and global biogeochemical cycles 

and climate. The Amazon rain forest alone contains up to 84 - 114 petagrams (Pg, 1 

Pg = 1 × 109 tonnes) of carbon (C) in vegetation (60 - 90 Pg C: Houghton et al., 2000; 

Malhi et al., 2005) and the surface 30 cm soil layer (24 Pg C: Batjes et al., 2005). 

Emissions from fossil fuel burning represent an annual flux of approximately 6.3 Pg 

C into the atmosphere (House et al., 2003). So even a minor change in Amazonian C 

cycling could significantly alter atmospheric carbon dioxide (CO2) levels, and hence 

climate. However, the frequency and severity of drought may increase in the 

Amazon, both due to a possible increase in the frequency of El Niño-Southern 

Oscillation related events driven by global climate changes (Trenberth & Hoar, 1997; 

Timmermann et al., 1999, Cubasch et al., 2001; Tudhope et al., 2001; Schöngart et 

al., 2005), and reductions in rainfall caused by regional deforestation (Shukla et al., 

1990; Nobre et al., 1991; Costa & Foley, 2000; Werth & Avissar, 2002) and fire 

(Rosenfeld, 1999; Andreae et al., 2004). The effects of drought upon ecosystem 

structure and function in the Amazon are potentially large, but remain poorly defined. 

For example, El Niño related drought events appear to coincide with large CO2 

effluxes from the Amazon (Tian et al., 1998, Tian et al., 2000), which model analyses 

estimate to be as much as 0.6 Pg C year-1 from 1980 to 1994 (Tian et al., 1998; 

Prentice and Lloyd 1998; Foley et al., 2002). However, relatively little information 

from field studies are available to test whether the modelled representation of drought 

effects in the region (i.e.: decreased forest photosynthesis and increased soil 

respiration) is realistic. In addition, most, but not all, climate models predict that the 

Amazon will switch from a net sink of C to a source around the middle of the century, 

due to progressive changes in temperature and rainfall (e.g. Cox et al., 2000; 
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Dufresne et al., 2002; Cramer et al., 2001; Cox et al; 2004 ). The accuracy of these 

projections is limited particularly by a lack of detailed knowledge about the physical 

controls upon ecosystem C allocation and soil respiration. Recent research has 

yielded valuable insights into drought-induced changes in above-ground C cycling 

and soil respiration (e.g.: Carswell et al., 2002; Nepstad et al., 2002; Davidson et al., 

2004; Nepstad et al., 2004; Sotta et al., 2004; Fisher et al., 2006; Meir et al., 2006) in 

the Amazon. However, without additional information about below-ground plant 

growth it remains difficult to interpret observed patterns.  

The overall purpose of this thesis, therefore, is to examine the impacts of seasonal 

and medium-term drought upon Amazon ecosystem C cycling, with a particular focus 

upon below-ground processes, over a full seasonal cycle at two one-hectare (100 × 

100 meter) rain forest plots in the eastern Amazon. The impacts of medium-term (~ 4 

years) soil drought have been simulated by restricting the amount of rainfall received 

by one of the plots since 2002 (for a detailed field site description see section 1.4.), 

using plastic panels placed at two meters above the ground. I present data from the 

fourth year of the drought treatment, and compare them to data from a floristically 

and structurally similar, but unmodified, control plot located nearby. In addition, I 

present data from two other one-hectare plots located nearby with contrasting soil 

type and vegetation structure, to provide an insight into spatial heterogeneity among 

primary forests within the Amazon. Understanding the extent and causes of this 

heterogeneity represents an important step towards accurately modelling ecosystem C 

cycling, and up-scaling localized measurements across larger spatial scales for 

comparison with top-down measurement systems (e.g.: satellites, flux towers). The 

following broad science questions are addressed: 

1) How does soil moisture deficit affect above- and below-ground C stocks and 

fluxes? 

2) What will increased soil moisture deficit mean for the allocation of C in 

above- and below-ground plant biomass, and the net flux of CO2 into the 

atmosphere? 
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3) How much variation in C cycling and allocation is there within- and between 

four forest sites with contrasting vegetation and soil types? 

Within these general questions, I use the following results from existing research to 

develop specific hypotheses about the potential effects of drought upon below-ground 

C cycling in the Amazon, which provide the focus for the subsequent Chapters of this 

thesis. 

 

1.2. Drought and below-ground carbon cycling 

 

1.2.1. Soil respiration 

 

Soil is composed of a number of distinct fractions which store different quantities of 

C (Figure 1), and vary in terms of their sensitivity to environmental change. Soil 

respiration expels 75-80 billion tones of C annually into the atmosphere (Schlesinger 

1977; Raich & Potter 1995) which is more than 11 times the recent rate of C 

production by anthropogenic combustion of fossil fuels (Marland & Boden 1993). So 

even a slight fractional change in soil C dynamics could significantly alter 

atmospheric CO2 levels, and hence the climate. Soil respiration is derived from two 

principal sources: autotrophic respiration by roots and associated mycorrhizae, and 

heterotrophic respiration by microorganisms that decompose leaf litter and soil 

organic matter (Figure 1). Important factors affecting respiration include: 1) 

temperature (Winkler et al.,1996; Rustad et al.,1998; Melillo 2002), 2) soil moisture 

(Gulledge & Schimel 2000; Xu & Qi 2001), 3) vegetation and substrate quality 

(Tewary et al.,1982; Raich & Schlesinger 1992), 4) net ecosystem productivity 

(Schlesinger 1977; Raich & Potter 1995), 5) plant assimilation and allocation of C 

(Boone et al., 1998; Högberg et al., 2001; Högberg & Read, 2006), 6) community 

dynamics of flora and fauna (Raich & Schlesinger 1992), 7) land use and/or 

disturbance regimes (Gordon et al., 1987; Weber 1990). 
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Figure 1. Below-ground C stocks and fluxes affected by environmental change, from Pendall 

et al., (2004). Soil organic matter is represented in simplified terms by three main pools: 

active, slow, and passive. The active pool is sustained by inputs from root exudates and decay 

of root and above-ground litter, and turns over relatively rapidly (years). The slow pool 

receives inputs mainly from the active pool and turns over on decadal to century time scales. 

The passive pool consists of recalcitrant C compounds with turnover times of millennia. Soil 

CO2 efflux is derived from decomposition of the various soil organic matter pools, as well as 

live root respiration and above-ground litter decay. Other potentially important fluxes, not 

quantified in this thesis, are erosion of particulate C and leaching of dissolved organic C.   

 

A large number of studies have recorded soil respiration in the Amazon (Table 1).  

Available data from the Amazon shows substantial spatial (Sotta et al., 2004) and 

temporal variation in soil respiration, potentially caused by heterogeneity of soil type 

and seasonal changes in soil water content (Tian et al., 1998; Sotta et al., 2004). Soil 

CO2 efflux is often the largest component of ecosystem respiration in Amazon rain 

forests, accounting for 50 – 84 % of total respiration (Meir 1996; Malhi et al., 1999; 
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Chambers et al., 2004). Several studies in the Amazon have recorded a distinct 

asymptotic response of soil respiration to soil moisture (e.g.: Davidson, et al., 2000; 

Schwendenmann et al., 2003; Sotta et al., 2006): with soil CO2 efflux increasing as 

soil moisture rises, then reaching an optimum and subsequently declining as the soil 

becomes waterlogged. Dry conditions inhibit microbial decomposition of labile C in 

organic litter and soil organic matter, with an associated decline in CO2 production 

(Davidson et al., 1998), but waterlogged soil is a sub-optimal environment for aerobic 

respiration, and also blocks the transport of CO2 produced within the soil matrix to 

the surface (Sotta et al., 2004). 

 

 

Table 1. Summary of soil respiration values from the Amazon rain forest, adapted from Sotta 

et al., (2004). Values represent mean ± standard deviation (where available). To convert 

respiration units of µmol m-2 s-1 into g m-2 hr-1 divide by 6.312. To convert CO2 flux into C 

multiply by 0.27. 

 

1.2.2. Root dynamics 

 

Location Season Mean efflux 

µmol m-2 s-1 
Reference 

Barcelos, Brazil Dry 2.78 Coutinho & Lamberti, 1971 
Manaus Brazil Dry 1.39 ± 0.5 Martins & Matthes, 1978 
San Carlos Venezuela 2 years 3.09 ± 0.5 Medina et al., 1980 
Manaus, Brazil 2 years 4.48 Wofsy et al., 1988 
Manaus, Brazil Wet 5.87 Fan et al., 1990 
Reserva Jaru, Brazil Wet 5.49 ± 1.58 Meir et al., 1996 
Fazenda Vitoria, Brazil 1 year 5.3 Davidson et al., 2000 
Manaus, Brazil 1 year 3.79 Chambers et al., 2004 
Rio Branco, Brazil. 1 year 4.86 ± 0.13 Salimon et al., 2004 
Rio Branco, Brazil. 1 year 6.94 ± 0.06 Salimon et al., 2004 
Rio Branco, Brazil. 1 year 6.00 ± 0.13 Salimon et al., 2004 
Rio Branco, Brazil. 1 year 7.26 ± 0.13 Salimon et al., 2004 
Manaus, Brazil 1 year 6.38 ± 0.32 Sotta et al., 2004 
Caxiuana, Brazil 2 years 3.91 ± 0.19 Sotta et al., 2006 
Caxiuana, Brazil 2 years 3.09 ± 0.25 Sotta et al., 2006 
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A significant fraction of gross primary production (GPP) is allocated below-ground in 

the form of root growth, respiration and exudates. Jackson et al., (1997) estimated 

that fine roots account for at least 33% of global annual terrestrial net primary 

production (NPP). This C store is highly dynamic and sensitive to changes in both the 

soil environment (Eissenstat et al., 2000) and above-ground C assimilation and 

allocation (Högberg et al., 2001; Högberg & Read, 2006). A wide variety of studies 

have documented that plants in dry ecosystems tend to allocate a greater proportion of 

their resources below-ground, compared to vegetation in wetter climates (see Joslin et 

al., 2000, and references therein). These observations of general plant community 

characteristics shaped over an evolutionary time-scale have contributed to the 

development of the concept that plants may respond to short-term drought conditions 

by increasing growth of below-ground biomass relative to above-ground components. 

According to the functional balance theory, as water becomes limiting, plants should 

preferentially allocate C to roots where photosynthate can be used to increase water 

uptake (Thornley, 1972; Cannell & Dewar, 1994). The product of this shift in 

allocation should be an increase in the production of root tissue relative to foliage and 

stem wood. However, attempts to test this hypothesis, either by surveying vegetation 

along a rainfall gradient or using large-scale irrigation experiments, have yielded 

conflicting results (Joslin et al., 2000, and references therein) possibly because any 

changes in allocation predicted by the functional balance theory may be offset by 

drought induced reductions in GPP (Williams et al., 1998; Schwarz et al., 2004) or 

localised changes in the structure of drying soil which impede root growth (Whalley 

et al., 1998; Bingham & Bengough, 2003; Bengough et al., 2006).  

There is also evidence that drought may impact upon the dynamics of C stored 

within roots. Some studies indicate that root mortality is likely to accelerate in 

response to drought (Klepper et al., 1973; Hayes & Seastedt, 1987; Huck et al., 

1987). However, decomposition of dead root tissue may be inhibited by dry 

conditions. It remains unclear what the net effect of these two processes, responding 

independently to drought, means for the efflux of C into, and out of, the soil via roots. 
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Root characteristic Summary reference value 

Total root mass (kg m-2) Jackson et al., 1996 4.9 
Fine root mass (kg m-2) Jackson et al., 1997 0.57 
Live fine root mass (kg m-2) Jackson et al., 1997 0.33 
Live fine root length (km m-2) Jackson et al., 1997 4.1 
Live fine root area (m2 m-2) Jackson et al., 1997 7.4 
Total root mass in surface 30 cm (%) Jackson et al., 1996 69 
Fine root mass in surface 30 cm (%) Jackson et al., 1997 57 
Root : shoot ratio Jackson et al., 1996 1 : 19 
Annual total root turnover (%) Gill & Jackson, 2000 10 
Annual fine root turnover (%) Gill & Jackson, 2000 78 
Table 2. Summary of important root characteristics for the tropical evergreen forest 

ecosystem.  Fine roots are defined here as roots less than 2 mm in diameter. Summary values 

are means of data from the following sources. (Jackson et al., 1996): Berish, 1982; Gower, 

1987; Greenland & Kowal, 1960; Huttel, 1975; Klinge, 1973; Klinge & Herrera, 1978; 

Mensah & Jeník, 1968; Vance & Nadkarni, 1992; Nepstad et al., 1994. (Jackson et al., 1997): 

Cavalier, 1992; Arunachalam et al., 1996; Berish, 1982; Gower, 1987; Huttel, 1975; Klinge, 

1973; Lugo, 1992; Mensah & Jeník, 1968; Nepstad et al., 1994; Silver & Vogt, 1993; Vance 

& Nadkarni, 1992. (Gill & Jackson, 2000): Arunachalam et al., 1996; Cuevas & Medina, 

1988; Cuevas et al., 1991; Jordan & Escalante, 1980; Kummerow et al., 1990; Lehman & 

Zech, 1998; Schroth & Zech, 1995; Singh & Singh, 1981. 

 

Information about root characteristics, and responses to environmental changes, are 

relatively scarce in tropical forests. A number of global reviews of root characteristics 

have summarized available knowledge about the tropical evergreen forest ecosystem 

(Table 2). Information available from the Amazon region indicates that roots account 

for a substantial proportion of total ecosystem NPP, contribute ~ 50 % (24 – 73 %) to 

total soil CO2 efflux (Subke et al., 2006), turnover on seasonal to annual timescales, 

and are sensitive to a range of environmental factors including soil moisture and 

texture (Silver et al., 2000; Silver et al., 2005). 

 

1.3. Measuring below-ground carbon fluxes 
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The main contribution of this thesis is to present and analyze data on below-ground C 

cycling in the Amazon. Despite the importance of below-ground processes to 

understanding of Amazon ecosystem functioning, relatively little information exists 

because of the difficulties inherent in sampling and processing below-ground C 

stocks and fluxes. There exist a range of methods for quantifying most components of 

the below-ground C cycle, but no clear consensus on which are the most reliable and 

accurate. Therefore, I provide here a brief review of the methods available for 

quantifying two important below-ground fluxes (soil respiration, and root dynamics), 

in order to provide some context to the methods and results presented in the 

subsequent Chapters. 

 

1.3.1. Soil respiration 

 

The most common approach to measuring soil respiration is to place a chamber over 

the soil and measure the rate of increase in CO2 concentration within the chamber 

with an infra-red gas analyzer. Chamber-based systems may distort the pressure 

gradient from the soil to the atmosphere or directly disturb the soil itself (Livingston 

& Hutchinson 1995; Rayment et al., 2000). Quantifying the degree of measurement 

error is also difficult. All of these approaches assume that the amount of CO2 

produced at the soils surface is solely a function of the rate of respiration throughout 

the soil, when in fact changes in the diffusivity of the soil may also have an important 

effect (Sotta et al., 2004). Methods to overcome these problems include using vented 

or dynamic chambers to reduce pressure changes, allowing the effects of soil 

disturbance to fade before measurements begin, and constructing a diffusivity model 

of the soil at different times of the year (Davidson et al., 2002, and references 

therein). 
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The following methods have been developed to separate the contribution of 

different soil fractions to total respiration (see reviews by Hanson et al., 2000; Subke 

et al., 2006): 1) component integration (Edwards & Harris 1977; Davidson et al., 

2002), 2) litter manipulation (Sotta et al., 2006), 3) root removal (Wiant 1967; 

Bowden et al., 1993), 4) root regression (Subke et al., 2006, and references therein) 

5) isotopic labelling (see references below). Component integration involves 

separating each soil fraction (e.g.: soil organic matter, roots, leaf litter) and measuring 

respiration rate per unit mass for each fraction. The sum of all components can then 

be checked against values of total soil respiration. A potential problem with this 

approach is that samples may undergo disturbance which could alter their respiration 

rate. For example, root excision could alter root respiration rate (see Amthor 1994, for 

a discussion of wound respiration). The relative importance of this effect may be 

quantified by recording root respiration over time since root excision.  

An additional approach for quantifying ground surface litter respiration is litter 

manipulation, where soil respiration from a location where litter has been removed is 

compared to an unmodified location. Organic litter respiration is calculated as the 

difference in soil CO2 efflux between the two locations. The main advantage of this 

method is that a large number of samples may be taken to capture the substantial 

spatial and temporal variation in litter respiration. Similarly, roots may be removed 

from soil at one site and compared with soil CO2 efflux from another, unmodified 

site, to estimate root respiration. Removal is usually achieved through trenching; 

severing all the roots within a plot by inserting metal plates around the plot edges. 

However, this method may often overestimate root respiration because the level of 

root decay in trenched plots is still elevated compared to the un-trenched control 

and/or not all of the roots within the plot have been severed. An additional 

complication is that trenching may alter physical conditions within the soil (Vogt et 

al., 1998).  

If there is a positive linear relationship between soil respiration and root or litter 

mass, then the intercept of the line indicates the likely value of soil respiration where 
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root or litter mass equals zero. An advantage of this ‘root regression’ method (see 

discussion by Subke et al., 2006) is that it involves less disturbance to the soil, litter 

and roots which could affect respiration estimates. However, this method assumes 

that variation in soil respiration is entirely attributable to roots and litter, which is 

unlikely to be true. Instead, variation in soil organic matter respiration may display 

considerable spatial and temporal variation.  

Finally, isotopic labelling of different soil components provides a means of 

partitioning total soil respiration in situ, with minimal disturbance to the soil system. 

The following isotopic methods have been used in ecosystem C cycling studies 1) 

pulse labelling (Cheng et al., 1993), 2) continuous labelling (Liljeroth et al., 1994), 3) 

atomic bomb-derived 14C (Dorr & Munnich 1987), 4) stable isotope techniques (Lin 

et al., 1999), 5) free air CO2 enrichment (Ellsworth 1999). However, the principal 

problem with isotopic methods is the large amount of time, effort and money required 

to conduct studies, particularly in remote field locations which have limited access to 

laboratories, chemicals and equipment. 

 

1.3.2. Root dynamics 

 

The following methods have been developed to sample fine root growth, mortality 

and distribution (see review in Vogt et al., 1998): 1) sequential soil coring (Vogt & 

Persson 1991), 2) ingrowth cores (Flower-Ellis & Persson 1980), 3) rhizotrons or 

minirhizotrons (Hendrick & Pregitzer 1993; King et al., 2002). Sequential coring is 

the most common method for determining biomass of roots and associated 

mycorrhizae. The data produced from this method can be analyzed in several 

different ways to yield estimates of growth and mortality. This method requires a 

large amount of effort to clean and sort roots from the cores, and yields raw data 

which is not easily converted into root growth data. An important flaw is that 

sequential coring does not account for simultaneous root growth and mortality. The 

ingrowth core method involves inserting a core of soil without roots into the ground, 
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then removing it after a specified amount of time and measuring root biomass. This is 

a relatively simple way of ascertaining biomass changes over time, though caution 

should be applied when interpreting ingrowth core data because it is possible that root 

growth within the core may not be representative of growth in the surrounding soil 

environment. Even the initial absence of roots in the soil core could distort the results 

(Friend et al., 1990). In addition, ingrowth cores are usually used to provide root 

growth information at intervals of several months. Such a low temporal resolution 

may miss rapid, transient periods of root growth and senescence. It is possible to have 

a system of cores installed at different times so that data is available more often but 

this would be difficult to sustain given the large amount of effort required to install 

and process cores. Minirhizotrons or rhizotrons are clear glass/plastic chambers 

inserted into the soil which allow direct visual analysis of root growth dynamics at 

high temporal frequency. After the initial disturbance associated with insertion these 

chambers allow continuous in situ data collection. They can be used to determine 

rooting patterns and elongation rates, and provide qualitative information on root 

colour, branching patterns, senescence and parasitism (Taylor 1987; Lussenhop et al., 

1991; Hendrick & Pregitzer 1993). Though rhizotrons only yield information on root 

length per unit area of observation window, several methods exist to convert these 

units into root biomass production and mortality (Taylor et al., 1970; Itoh, 1985 

Tingey et al., 2000; Bernier & Robitaille, 2004; Hendricks et al., 2006), and 

potentially to avoid much of the bias introduced when roots grow preferentially along 

the soil-rhizotron interface (Bernier & Robitaille, 2004).  

 

1.4. Field site 

 

The research site is located in the Caxiuanã National Forest, Pará State, north-eastern 

Brazil (1º43’3.5”S, 51º27’36”W).  The ecosystem is a lowland terra firme rain forest 

with a high annual rainfall (~ 2272 mm) and a pronounced dry season (Fisher et al., 
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2005). The most widespread soil type is a highly weathered yellow Oxisol (Brazilian 

classification: Latosol), though there is substantial spatial variation in the relative 

proportion of sand and clay (Ruivo & Cunha 2003). There are also patches of 

relatively fertile soil, called anthropogenic dark earths (ADE) or Terra Preta do 

Indio, which mark areas which were intensively managed by indigenous populations 

of pre-Columban inhabitants (da Costa & Kern 1999; Lehmann et al., 2003).  

To represent existing variation in soil type at the site, three one-hectare plots (see 

Table 3 for additional plot details) were established on a well drained sandy Oxisol 

(OXsand plot), a clay-rich Oxisol (OXclay plot), and an ADE (OXfertile plot). A fourth 

plot, on sandy Oxisol soil, was modified by the installation of plastic panels placed at 

two meters above the ground in order to exclude a proportion of incident rainfall 

(OXdry plot, Figure 2). Data from the OXdry plot was combined with data from the 

other, unmodified, plots to examine ecosystem C cycling over a wider range of soil 

moisture than currently exists naturally. The boundaries of the OXdry plot were 

trenched to a depth of one meter to minimize lateral flow of water into the plot, and 

the rainfall exclusion began in January 2002. The OXsand, OXdry and OXclay plots are 

located about 15 m above river water level, the water table has occasionally been 

observed at a depth of 10 m during the wet season, and excavation confirms that the 

soil and live roots extend to at least 10 m depth. Less information is available for the 

OXfertile plot: the ADE forms a surface soil layer of approximately 40 cm, below this 

layer a clay-rich Oxisol extends to at least 60 cm depth (total recorded soil depth of at 

least 1 metre), the plot is located approximately 6-10 m above river water level, and 

during the wet season the water level rises near the soil surface of some parts of the 

plot (da Costa & Kern 1999). 
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Plot characteristics OXsand OXdry OXclay OXfertile 

Vegetation  
Tree number ha-1 
Stem basal area (m2 ha-1) 
Leaf area index (m2 m-2) 

 
434 
23.9 
5.3 (4, 7) 

 
421 
24.0 
5.3 (3, 6) 

 
419 
25.1 
5.5 (4, 7) 

 
544 
36.8 
 

Soil  

Clay content (%) 
Silt content (%) 
Sand content (%) 
pH  
Carbon content (g kg-1) 
Nitrogen content (g kg-1) 
Carbon:Nitrogen ratio 
P (mg kg-1) 
Ca2+ (mg kg-1) 
Mg2+ (mg kg-1) 

 
18 
5 
77 
4 
9 
0.4 
23 
3 
63 
43 

 
13 
4 
83 
4 
12 
0.3 
35 
3 

− 
− 

 
42 
14 
44 
5 
22 
2 
9 
4 
65 
39 

 
20 
22 
57 
5 
46 
3 
15 
36 
2213 
313 

Carbon stocks 

Total 
Ground litter (t ha-1) 
Roots (t ha-1) 
Soil (t ha-1) 

 
81.2 (68, 98) 
2.1 (1, 4) 
15.5 (4, 31) 
63.6 

 
44.8 (35, 62) 
1.7 (1, 3) 
11.4 (2, 40) 
31.7 

 
106.7 (97, 121) 
1.9 (1, 3) 
14.1 (6, 27) 
90.7 

 
199.6 (191, 215) 
3.0 (1, 6) 
10.0 (3, 23) 
186.6 

Table 3. Key vegetation and soil features for each plot surveyed. Values indicate mean and, 

where possible, 5th percentile, 95th percentile around mean (in brackets). Tree number and 

basal area represents all individuals over 10 cm diameter at breast height, measured in 

January 2005. Leaf area index values are means of 25 replicate measurements taken each 

month at each plot in 2005 (25 ×12 = 300 replicates), no data are available for the OXfertile 

plot. Soil type values are collated from data in Ruivo & Cunha (2003) and Sotta (2006). 

Percentiles could not be calculated for soil C stocks because Ruivo & Cunha (2003) present 

no error estimates. Root and soil C stocks are estimated only for the surface 30 cm and 100 

cm soil layers respectively.  

 

 

(a) (b) 
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Figure 2. View (a) above and (b) below the plastic panels on the OXdry plot. 

 

1.5. Overview of thesis 

 

The overall objective of this thesis is to examine the relationships between soil moisture 

and C stocks and fluxes, across a range of different rain forest and soil types at a site in the 

Amazon. Measurements of all major C stocks and fluxes, and potential environmental 

drivers, at the research site are used to address a number of specific scientific questions 

that are detailed below, and relate to the broad science questions introduced in section 1.1. 

The core of the thesis is designed as a series of four independent, but interlinking, 

Chapters (Chapters 2 - 5) which have been prepared for submission as articles to peer-

reviewed scientific journals. Around this core text is a general introduction (Chapter 1) 

and discussion (Chapter 6), an appendix with a detailed explanation of field equipment 

and methodology (Chapter 7), and a full reference list (Chapter 8).  

 

1.5.1. Chapter 2. Methodological considerations 

 

This Chapter is comprised of three brief articles concerning methodological issues 

which required special consideration during the course of this research.  
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1.5.1.1. Required sample size for estimating important 

ecosystem parameters in a tropical rain forest 

 

In the first analysis, the number of samples required to estimate values for all major C 

stocks, fluxes and environmental drivers at the site within specified confidence 

intervals and probability levels are calculated. This information is useful both for 

experimental design to calculate the sample size required to estimate mean (± 

confidence interval) values of chosen variables, and after data collection to estimate 

confidence intervals around measurements for a chosen sample size. These values 

have not been reported frequently for variables like root standing mass and 

production, especially in the tropics.  

 

Key science questions 

 

1) How many samples are required to quantify different ecosystem parameters 

within specified confidence intervals and probability levels? 

2) Are there any variables which are relatively over-, or under-sampled? 

 

Conclusions 

 

Measurements of soil properties- temperature, moisture, C and nitrogen (N) content- 

show the least spatial heterogeneity: requiring a maximum of 8 samples to estimate a 

mean value within 10 % confidence intervals with 95% probability. In contrast, to 

attain the same confidence intervals and probability levels around estimates of mean 

ground surface litter mass, standing crop root mass, and root production require 113 - 

140, 143 – 236 and 29-154 samples. Thus, more sampling effort should be invested in 

quantifying ground surface litter mass, standing crop root mass, and root production 
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compared to soil properties. These results were used to guide the sampling strategy of 

measurements which provide the basis for Chapters 3 -5. 

 

1.5.1.2. A comparison of methods for converting rhizotron 

root length measurements into estimates of root 

biomass per unit ground area 

 

Rhizotrons are increasingly used to quantify root production and mortality because 

they record in situ root activity at relatively high temporal frequency compared to 

alternative methodologies. However, the principal disadvantage of rhizotrons is that 

root measurements are recorded in units (root length per unit surface area of 

observation window surface) which are not directly comparable with above-ground 

plant production, usually quantified as biomass per unit ground area. Several methods 

have been presented in the literature to convert rhizotron length measurements into 

units of biomass per unit area but there has been no review and comparison of these 

different conversion methods. 

This analysis applies five different conversion methods to the same dataset of 

rhizotron measurements. These data are used to assess differences in temporal 

variation in, and annual magnitude of, root biomass production estimates derived 

from the various methods. Potential biases inherent in each approach are briefly 

considered.  

 

Key science questions 

 

1) Are there differences between methods, in terms of the temporal variation in, 

and annual magnitude of root mass production estimates? 
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2) What are the flaws in each technique? Is there a single methodology which is 

likely to lead to the most accurate, un-biased estimate of root mass 

production? 

 

Conclusions 

 

Application of the different conversion methods result in root biomass production 

estimates ranging from 4.1 to 18.9 t ha-1 yr-1, while temporal variation in root mass 

production also varies between methods. I propose that one conversion method in 

particular- the ‘plane intersect’ approach proposed by Bernier & Robitaille, (2004) - 

is likely to produce the most reliable estimates of root biomass production. The plane 

intersect conversion method is applied to estimate root biomass production and 

mortality in Chapter 5. 

 

1.5.1.3. A method which corrects for underestimates when 

removing plant roots from soil  

 

The lack of data on roots in the literature, relative to above-ground data, is due partly 

to the large amount of time required to process root samples, combined with the large 

sample size necessary to capture spatial and temporal variation in root mass. No 

current approaches entirely resolve this trade-off between investing sufficient effort in 

each soil sample to derive an accurate measurement of root mass, and taking enough 

samples to capture the majority of spatial and temporal variation in root mass. In this 

paper, a new technique is described and tested whereby the period of manual root 

removal from soil cores is split into time steps, to reveal the cumulative pattern of 

extraction over time. The observed pattern can then be used to estimate the amount of 

root material remaining in the soil sample after manual collection has finished.  

 

Key science questions 
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1) Can the pattern of root retrieval over time from soil cores be modelled? 

2) How much estimated root material remains in the soil sample after the period 

of manual removal has finished? How long would it take to manually remove 

this ‘missing fraction’? 

 

Conclusions 

 

Cumulative root extraction over 120 minutes may be accurately modelled with a 

logarithmic curve (mean r2 of 0.97 between observed and predicted). Predictions 

underestimate observed extraction by 1.9 %, on average, but there is no systematic 

change in the extent of this underestimate over time. Between 21 – 32 % of the total 

root mass present in samples remains uncollected after 40 minutes of manual root 

extraction. To manually collect this extra root material would take 13 hours per 

sample on average (ranging between 1 – 18 hours). The prediction method does 

introduce uncertainties, but these are small compared to uncertainties caused by 

spatial heterogeneity in root mass. In conclusion, this method provides a useful way 

of increasing the number of soil/root samples processed per unit time, without 

compromising measurement accuracy. 

 

1.5.2. Chapter 3. Root responses to soil moisture 

variation at an eastern Amazon rain forest site. 

 

Despite their importance to understanding of biogeochemical cycling in the Amazon, 

there is little information about root characteristics (e.g.: standing crop, production, 

morphology, turnover, nutrient content), and how they might be affected by increased 

drought in the Amazon. Therefore, this article examines the relationships among root 
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standing crop, productivity, morphology, turnover, nutrient content, and soil moisture 

in four Amazon rain forest plots with contrasting vegetation and soil type.  

 

Key science questions 

 

1) What is the effect of soil moisture upon the root characteristics measured? 

2) How do observed responses fit with existing theories of how plants and their 

root systems are likely to respond to drought? 

3) Does natural environmental variation in vegetation and soil type mask any 

effect of soil moisture on root characteristics? 

 

Conclusions 

 

Growth of root mass, length and surface area is consistently lower in drier soils, while 

root length and surface area per unit mass display the opposite response. The pattern 

of root production observed is consistent with a decline in GPP and/or changes in soil 

texture which impede the ability of roots to penetrate the soil under drier conditions. 

Observed changes in root length and surface area per unit mass suggest that alteration 

of root morphology may provide an important additional strategy for plants to 

increase water uptake. There is no clear evidence that a decline in soil moisture is 

linked with changes in either root turnover or root C and N content. There is 

substantial spatial heterogeneity in standing crop root mass, root production and 

morphology, but these variables respond to changes in soil moisture in a similar way 

across different vegetation and soil types. Whilst there is a significant relationship 

between root characteristics and soil moisture at this study site, none of the 

environmental variables measured can explain the majority of within-plot spatial 

variation.  
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1.5.3. Chapter 4. Factors controlling spatio-temporal 

variation in respiration from litter, roots and 

soil organic matter at four contrasting rain 

forest sites in the eastern Amazon.  

 

In addition to root production (Chapter 3), another important soil C flux is soil 

respiration. Little information is available about the proportional contribution of 

surface organic litter, roots and soil organic matter to soil respiration, and the controls 

upon each of these sources of CO2. This article, therefore, presents monthly estimates 

of litter, root and soil organic matter respiration over the course of 1.5 years from four 

Amazon rain forest plots with contrasting vegetation and soil type. Potential abiotic 

(soil temperature, soil moisture) and biotic (ground surface organic litter and root 

mass) controls upon observed spatial and temporal patterns in respiration are 

explored. 

 

Key science questions 

 

1) How does the annual magnitude of, and seasonal variation in, soil respiration 

vary between rain forest plots with contrasting vegetation and soil types? 

2) What is proportional contribution of ground surface organic litter, roots, and 

soil organic matter to total soil respiration? Does this vary substantially within 

and between plots? 

3) Which factors cause spatial and seasonal changes in respiration? 

 

Conclusions 
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Across the four plots, estimated mean annual soil CO2 efflux varies between 12.5 - 

16.6 t C ha-1 yr-1, which is partitioned into 0.1 – 1.7 t C ha-1 yr-1 from litter, 6.2 – 9.3 t 

C ha-1 yr-1 from roots, and 4.7 – 5.8 t C ha-1 yr-1 from soil organic matter. Respiration 

from all components displays a high degree of spatial variation, both within and 

between plots, which is not explained by either soil moisture or temperature. Instead, 

surface litter mass and root mass account for 44% of observed variation in soil 

respiration. Specifically, variation in litter respiration per unit mass and root mass 

account for much of the recorded variation in litter and root respiration respectively, 

and hence total soil respiration. There appears to be a seasonality to soil organic 

matter respiration: peaking in the wet season and declining during the dry season. In 

comparison, root and litter respiration do not show consistent seasonal changes. 

Though, rainfall exclusion over the OXdry plot is associated with a ten-fold reduction 

in litter respiration relative to the other, unmodified, plots. Despite large differences 

in soil C stocks, CO2 fluxes on the plots are not very different, which suggest that the 

amount of labile C is similar on all plots.  

 

1.5.4. Chapter 5. Carbon cycling and allocation in an 

eastern Amazonian rain forest after four years 

of an experimental drought. 

 

This article synthesizes information about below-ground C fluxes considered in 

Chapters 3 and 4, with additional data on above-ground plant mass and production. A 

number of hypothetical responses of forests to seasonal and medium-term drought (~ 

4 years of through fall exclusion at the OXdry plot) are tested. Patterns observed at his 

site are compared to existing results obtained from other research in the region. 

 

Key science questions 
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1) How does seasonal and medium-term (~ 5 years) drought affect above- and 

below-ground C stocks and fluxes?  

2) What do drought-induced changes in C cycling mean for forest net ecosystem 

production (NEP) of C? 

3) How is seasonal and long-term drought likely to affect tree demography, 

through shifts in reproduction and tree mortality?  

4) How, and why, do results differ from existing information about the effects of 

drought in the Amazon and elsewhere? 

 

Conclusions 

 

Four years of artificial soil drought on the OXdry plot elicited several important 

responses in terms of forest growth dynamics and soil respiration. The apparent net 

consequence of these changes is that the forest of the OXdry plot was a C sink of 0.5 t 

C ha-1 yr-1 over the period of measurement, whereas on the forest on the OXsand plot 

was an estimated net C source of 0.9 t C ha-1 yr-1. There was little difference between 

plots in terms of GPP (~ 29 t C ha-1 yr-1 on both plots), and the proportion of GPP 

invested in NPP was low (~ 28% of total assimilated C) compared with many 

temperate forest sites. The forest canopy appeared to be relatively resilient to drought 

with little change in either leaf area index of leaf litter N content. Tree reproduction 

appeared to be inhibited by the OXdry treatment, but seasonal reproduction on the 

OXsand plot was highest during the dry season. The strong response of reproduction to 

drought is consistent with the hypothesis that under water deficit plants divert 

resources away from non-essential tissues, and towards organs responsible for water 

uptake and transport (i.e.: roots). Root production was higher on the OXdry plot 

relative to the OXsand plot, but production on both plots coincided with the annual 

maximum of soil moisture (with an additional peak in the OXdry plot at the initiation 

of the wet season). Tree mortality, quantified in mass terms, was highest in the OXdry 

plot, while root mortality was lower and peaked on both plots during the wet season. 
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It is likely that observed patterns of root mortality reflected changes in not only root 

longevity, but also rates of decomposition. Annual soil CO2 efflux was slightly lower 

on the OXdry plot compared to the OXsand plot. There was no clear seasonal pattern on 

either plot. In the OXdry plot, this lack of seasonality disguised an increase in 

heterotrophic respiration during the wet season, with a rise in autotrophic respiration 

when conditions became drier. Autotrophic and heterotrophic respiration showed no 

clear seasonality on the OXsand plot. 

 

1.6. Publication status of thesis Chapters 

 

Chapter Status Journal 

2, section 1.5.1.1. Conditionally accepted Forest Ecology and Management 

2, section 1.5.1.2. In Review Plant and Soil 

2, section 1.5.1.3. Published New Phytologist 

3 In Review Journal of Ecology 

4 Conditionally accepted Journal of Geophysical research- Biogeosciences 

5 In preparation Global Change Biology 
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Chapter 2 

 

2. Methodological considerations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 42 

2.1. Required sample size for estimating 

important ecosystem parameters in a 

tropical rain forest 
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2.1.1. Abstract 

 

This study estimated required measurement sample size for several soil and 

vegetation characteristics at three rain forest plots in the eastern Amazon. The most 

spatially heterogeneous variables were measurements of ground surface litter mass, 

standing crop root mass, and root production that required 113 - 140, 143 – 236 and 

29-154 samples respectively to estimate mean values within 10 % confidence 

intervals with 95 % probability. In contrast, for the same confidence and probability 

level only 16, 34 – 90 and 27 – 43 samples were required when measuring leaf area 

index, litter fall rate, and soil respiration respectively. Measurements of soil 

properties- temperature, moisture, C and N content- displayed the lowest degree of 

spatial variation: requiring a maximum of 8 samples to estimate mean values within 

10 % confidence intervals with 95 % probability. My results indicate that most 

sampling effort should be invested in quantifying below-ground processes such as 

root biomass and production, and soil respiration. This information will help 

researchers to design field experiments and interpret collected data, particularly in 

tropical forests. 
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2.1.2. Introduction 

 

Terrestrial ecosystems play an important role in the global C cycle and climate 

system (IPCC 2001). The Amazon rain forest alone contains 70-80 billion tones of C 

in plant biomass, and is responsible for up to 10 % of global terrestrial NPP 

(Houghton et al., 2001; Malhi et al., 2006). Current attempts to quantify terrestrial C 

cycle components in the Amazon, and elsewhere, have been limited by the 

considerable time and labour costs associated with measurements, together with the 

high degree of spatial heterogeneity in many C stocks and fluxes.  

In this context, sample size analysis is important both at the experimental design 

stage to calculate the sample size required to estimate mean (± confidence interval) 

values of chosen variables, and after data collection to estimate confidence intervals 

around measurements for a chosen sample size. However, given the high costs 

associated with even preliminary measurements of some variables (e.g.: root standing 

mass and production) few studies estimate required sample size for most major C 

stocks and fluxes simultaneously.  

The purpose of this analysis, therefore, is to provide sample size data to aid 

decision-making by researchers designing and interpreting field experiments, 

particularly in tropical forests. To do this, required sample size is estimated for the 

following ecosystem parameters at three rain forest plots with contrasting soil and 

vegetation type in the eastern Amazon: 

1) Soil properties (moisture, temperature, C and N content). 

2) Plant biomass and production (leaf area index, litter fall, ground surface 

litter, root standing crop, root production estimated from ingrowth cores 

and rhizotrons). 

3) Soil respiration. 

 

2.1.3. Methods 
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The experimental site is located in the Caxiuanã National Forest, Pará State, north-

eastern Brazil (1º43’3.5”S, 51º27’36”W).  The forest is a lowland terra firme rain 

forest with a high annual rainfall (~ 2272 mm) and a pronounced dry season (Fisher 

et al., 2005). The most widespread soil type is a highly weathered yellow Oxisol 

(Brazilian classification: Latosol), though there is substantial spatial variation in the 

relative proportion of sand and clay. There are also areas of relatively fertile soil, 

called anthropogenic dark earths (ADE), which mark locations which were 

intensively managed by indigenous populations of pre-Columban inhabitants (da 

Costa & Kern 1999; Ruivo & Cunha, 2003). To represent existing variation in soil 

type at the site one-hectare plots were established (see Table 1 for additional plot 

details) on a well drained sandy Oxisol (OXsand plot), a clay-rich Oxisol (OXclay plot), 

and an ADE (OXfertile plot). The OXsand and OXclay plots are located about 15 m above 

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

during the wet season, and excavation confirms that the soil and live roots extend to 

at least 10 m depth. Less information is available for the OXfertile plot: the ADE forms 

a surface soil layer of approximately 40 cm, below this layer a clay-rich Oxisol 

extends to at least 60 cm depth (total recorded soil depth of at least 1 metre), the plot 

is located approximately 6-10 m above river water level, and during the wet season 

the water level rises near the soil surface of some parts of the plot (da Costa & Kern 

1999). 
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Plot characteristics OXsand OXclay OXfertile 

Vegetation  
Tree number ha-1 
Stem basal area (m2 ha-1) 
Leaf area index (m2 m-2) 

 
434 
23.9 
5.3 (4, 7) 

 
419 
25.1 
5.5 (4, 7) 

 
544 
36.8 
 

Soil  

Clay content (%) 
Silt content (%) 
Sand content (%) 
pH  
Carbon content (g kg-1) 
Nitrogen content (g kg-1) 
Carbon:Nitrogen ratio 
P (mg kg-1) 
Ca2+ (mg kg-1) 
Mg2+ (mg kg-1) 

 
18 
5 
77 
4 
9 
0.4 
23 
3 
63 
43 

 
42 
14 
44 
5 
22 
2 
9 
4 
65 
39 

 
20 
22 
57 
5 
46 
3 
15 
36 
2213 
313 

Carbon stocks 

Total 
Ground litter (t ha-1) 
Roots (t ha-1) 
Soil (t ha-1) 

 
81.2 (68, 98) 
2.1 (1, 4) 
15.5 (4, 31) 
63.6 

 
106.7 (97, 121) 
1.9 (1, 3) 
14.1 (6, 27) 
90.7 

 
199.6 (191, 215) 
3.0 (1, 6) 
10.0 (3, 23) 
186.6 

Table 1. Key vegetation and soil features for each plot surveyed. Values indicate mean and, 

where possible, 5th percentile, 95th percentile around mean (in brackets). Tree number and 

basal area represents all individuals over 10 cm diameter at breast height, measured in 

January 2005. Leaf area index values are means of 25 replicate measurements taken each 

month at each plot in 2005 (25 ×12 = 300 replicates), no data are available for the OXfertile 

plot. Soil type values are collated from data in Ruivo & Cunha (2003) and Sotta (2006). 

Percentiles could not be calculated for soil C stocks because Ruivo & Cunha (2003) present 

no error estimates. Root and soil C stocks are estimated only for the surface 30 cm and 100 

cm soil layers respectively.  

 

All measurements were made along a regularly spaced grid at 20 m intervals, marked 

within each plot (see Table 2 for a summary of measurements). Soil moisture (CS616 

probe, Campbell Scientific, U.K.) and soil temperature (Testo 926 probe, Testo Ltd., 

U.K.) were recorded at a soil depth of 30 cm. Soil samples were taken from the 

OXsand plot with opposable semi-circular cutting blades, dried in a desiccating 

chamber, and stored in plastic bags for C and N content analysis.  
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Images of the canopy were recorded with a digital camera and fish-eye lens 

(Nikon Coolpix 900, Nikon Corporation, Japan). Measurements on all plots were 

taken in the late afternoon when direct sunlight was at a minimum. The images were 

then analyzed with image analysis software (Hemiview 2.1 SR1, Delta-T Devices 

Ltd, U.K.) to calculate LAI (Hale and Edwards, 2002). 

 

 Date  Replicates 

Soil properties 
Soil moisture 
Soil temperature 
Soil C content 
Soil N content 

 
June 05 
June 05 
November 04 
November 04 

 
25 
25 
16 * 

16 * 

Vegetation properties 
Leaf area index 
Litterfall 
Surface litter 
Root standing crop 
Root mass production 
Root length extension 

 
June 05 
April 05 
June & November 05 
June & November 05 
April 05 
April 05 

 
25 
20 
16 # 
16 # 
16 ‡ 
9 ‡ 

Soil respiration June 05 25 

Table 2. Measurement date and replicate number. * Measurements made only in the OXsand 

plot. Data was collected on two separate dates and pooled to calculate CV. There is no 

significant difference in values measured between dates (P = 0.38, n = 18). ‡ Root mass 

production estimated from ingrowth cores, length production calculated from rhizotrons. 

 

Litter fall rate was measured using mesh traps (area = 1 m2), placed 1 m above the 

ground surface. Organic litter was also removed from 115 cm2 areas of the ground 

surface. Collected samples of litter fall and ground surface litter were cleaned of 

inorganic debris, dried at 70 oC to constant mass and weighed.    

Soil cores (diameter = 15 cm, depth = 30 cm) were extracted using opposable 

semi-circular cutting blades. Roots were carefully removed by hand from the soil 

cores, cleaned of inorganic debris, dried at 70 oC to constant mass and weighed. Two 

mass measurements were made for standing crop root samples: 1) only roots less than 

5 mm in diameter, and 2) all roots. Measurements of standing crop root mass and 
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surface litter mass were made in June and November 2005. There was no significant 

difference in values of either measurement between the two periods (P = 0.38, n = 

18), and so the data were pooled. 

Root production was estimated using both the ingrowth core (Steingrobe et al., 

2000) and rhizotron (e.g.: Sword et al., 1996) methods. At the beginning of 

November 2004, soil cores were extracted from locations on each plot using 

opposable semi-circular cutting blades, the roots were removed by hand and the 

remaining soil was reinserted into the holes surrounded by plastic mesh bags (mesh 

aperture diameter = 1 cm). After a three month interval the process was repeated, and 

retrieved root material was cleaned of inorganic debris, dried at 70 oC to constant 

mass and weighed. The amount of root material which grew into the mesh bags was 

used to calculate production for each three-month interval. The sum of production 

from four intervals provided an estimate of annual root mass production. Rhizotrons 

were constructed from frames, supporting vertically orientated transparent plastic 

sheets (width = 21 cm, length = 30 cm). Rhizotrons were installed in August 2004 

and measurement began in November 2004. Incremental root length extension was 

recorded every 15 days by tracing over roots visible at the transparent plastic face 

with a permanent marker. Traced roots were annotated with numbers to denote root 

growth from successive measurement sessions. Mean rhizotron root length extension 

per plot between November 2005 and November 2005 was calculated, to give an 

additional estimate of annual root production. 

Soil respiration was measured with a closed dynamic infra-red gas analyzer 

(EGM-4 and SRC-1 chamber, PP Systems, U.K.). Plastic collars were inserted into 

the soil at each measurement location, to a depth of approximately 2 cm, to ensure a 

good seal between the IRGA chamber and soil. Soil respiration was calculated from 

the change in CO2 concentration over time within the IRGA chamber (Blanke 1996).  

Sample size analysis assumes that data is normally distributed (for a detailed 

description of sample size analysis see Hammond and McCullagh, 1978). This 

assumption was tested with the Kolmogorov-Smirnov test. Data that were not 
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distributed normally were subjected to a natural logarithmic transformation, and 

retested. After transformation all variables were normally distributed. The equation of 

Hammond and McCullagh (1978) was used to estimate sample size (n) for a given 

confidence interval and probability level: 

 

2

22

D

CVt
n

•
= α  

 

Where tα is the Student’s t statistic with degrees of freedom at the α probability level 

(for α = 0.05, tα = 1.96; for α = 0.1, tα = 1.79), CV is the sample coefficient of 

variation (standard deviation of the sample as a percentage of the mean value), and D 

is the specified confidence interval (%). Confidence interval refers to the percentage 

margin of error in the estimate of the variable mean, while probability level specifies 

the percentage probability that the measurement falls within the confidence interval. 

At a fixed probability level, sample size was determined by: 

 

2−•= Dn γ  

 

Where γ is a measurement-specific power curve parameter which specifies the 

relationship between n and D. To facilitate simple calculation of sample sizes by 

other researchers even in the absence of data to calculate standard deviation, I 

provided the γ parameters for all of the measured variables, at a 95 % probability 

level (Table 3).  

 

2.1.4. Results and discussion 

 

 

 

(1) 

(2) 
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 Coefficient of variation (%) γ parameter 

 OXsand OXclay OXfertile OXsand OXclay OXfertile 

Soil properties 

Soil moisture 
Soil temperature 
Soil C content 
Soil N content 

 
7 
1 
15 
9 

 
11 
1 
― 
― 

 
12 
1 
― 
― 

 
198.71 
4.3954 
809.79 
296.35 

 
471.83 
1.4328 
― 
― 

 
511.86 
1.7097 
― 
― 

Plant growth 

Leaf area index 
Litterfall 
Surface litter 
Fine root standing crop 
Total root standing crop 
Root mass production 
Root length extension 

 
20 
30 
54 
53 
61 
63 
40 

 
― 
37 
60 
49 
70 
28 
21 

 
― 
53 
60 
64 
78 
34 
22 

 
1597.5 
3383.7 
11266 
10835 
14315 
15379 
6122.3 

 
― 
5293.9 
13988 
9228.2 
18787 
2930.2 
1623.6 

 
― 
10807 
13806 
15796 
23550 
4387.5 
1868.1 

Soil respiration 33 27 32 4303.2 2698.9 3891.8 

Table 3. Coefficient of variation and sample size equation 2 γ parameter for all measured 

variables, on each plot. The γ parameter describes the following relationship between sample 

size (n) and confidence interval (D; %): n = γ × D-2. Parameter values presented here assume 

95 % probability levels. 

 

At this site, there was substantial between-plot variation, in terms of the amount of 

spatial variation in the measurements (Table 3). There were, however, several 

discernable trends for the site as a whole. Methods used in this study were able to 

quantify soil properties to a high degree of precision relatively easily. All soil 

characteristics recorded had a CV less than 15 % (Table 3), which means that a 

maximum sample size of 8 was required to estimate the true plot mean within 10 % 

confidence intervals, at the 95 % probability level (Table 4). In contrast, 

measurements of variables relating to vegetation mass and growth and soil respiration 

were more spatially heterogeneous (Table 3), and hence required more samples to 

achieve the same level of precision (Table 4). In general, measurements of root and 

surface litter dynamics (mass and production) displayed high CV, relative to 

measurements of above-ground vegetation characteristics such as LAI and litter fall 

(Table 3).  
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 OXsand OXclay OXfertile 

 90 % 95 % 90 % 95 % 90 % 95 % 

Soil properties 

Soil moisture 
Soil temperature 
Soil C content 
Soil N content 

 
2 
< 1 
7 
2 

 
2 
< 1 
8 
3 

 
4 
< 1 
― 
― 

 
5 
< 1 
― 
― 

 
4 
< 1 
― 
― 

 
5 
< 1 
― 
― 

Plant growth 

Leaf area index 
Litterfall 
Surface litter 
Fine root standing crop 
Total root standing crop 
Root mass production 
Root length extension 

 
13 
28 
94 
90 
119 
128 
51 

 
16 
34 
113 
108 
143 
154 
61 

 
― 
44 
117 
77 
157 
24 
14 

 
― 
53 
140 
92 
188 
29 
16 

 
― 
90 
115 
132 
196 
37 
16 

 
― 
108 
138 
158 
236 
44 
19 

Soil respiration 36 43 23 27 32 39 

Table 4. Required sample size for estimating variables within 10 % confidence intervals at 

both 90 % and 95 % probability levels, on each plot. 

 

These differences between variables measured, in terms of CV, likely reflected not 

only genuine differences in spatial heterogeneity, but also differences in the 

methodology and equipment used to measure each variable. For example, LAI 

consistently had a lower CV than root biomass and production probably because the 

hemispherical camera integrated measurements of LAI over a large spatial area, 

whereas root standing crop mass was estimated from soil cores taken from a 

relatively small area. For this reason, estimates of CV provided in this study are, to an 

extent, specific to the methodology and equipment used. However, given that the 

methods and equipment used in this study are widespread, CV and sample size 

estimates should still prove useful. 

In this study, the sample size required to estimate soil respiration within 10 % 

confidence intervals and at a 95 % probability level, ranged from 27 – 43 (Table 4). 

These values for soil respiration are consistent with other published estimates. For 

example, for the same confidence interval and probability level, Davidson et al., 

(2002) estimated required sample size of 41, at a temperate forest ecosystem. While 
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Yim et al., (2003) reported sample sizes ranging from 27 - 33, for a temperate 

plantation site. In contrast, Adachi et al., (2005) reported much higher sample size 

values of 67 – 85, to estimate mean soil respiration in several Asian tropical forests 

with the same confidence interval and probability level used in this study. Relatively 

few studies provide CV for other vegetation and soil characteristics. Hendricks et al., 

(2006) reported CV of 44.5 – 62.2 % for root standing crop recorded at a subtropical 

pine forest site, which are similar to my estimates of 61 – 78 % (Table 3), while 

Aragão et al., (2005) estimated CV for LAI within several plots in the Amazon forest 

of 5.2 – 23 %, compared my single plot estimate of 20 %. 

Results from this study suggest that most sampling effort should be spent 

quantifying below-ground processes such as root biomass and production, and 

respiration from soil. Attempts to quantify these variables, which do not take enough 

samples, may find that the large degree of uncertainty surrounding estimates impedes 

detection and interpretation of existing patterns. This is a problem because soil 

respiration and roots play an important, but poorly understood, role in terrestrial 

ecosystems (Jackson et al., 1997; Davidson et al., 1998; Roderstein et al., 2005). In 

conclusion, sample size analysis provides a valuable tool for designing effective 

sampling strategies that yield accurate data which advance understanding of terrestrial 

ecosystems. 
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2.2. A comparison of methods for converting 

rhizotron root length measurements into 

estimates of root biomass per unit ground 

area 
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2.2.1. Abstract 

 

Rhizotrons provide valuable information about plant root production, but 

measurements are made in units that are not easily comparable to above-ground plant 

growth. To address this deficiency several techniques have been developed to convert 

rhizotron measurement units into root mass production per unit ground area. In this 

study, four different conversion methods were applied to the same dataset of 

rhizotron measurements. This data was used to reveal the effect of conversion method 

upon estimates of the temporal variation in, and annual magnitude of, root mass 

production. Application of four different conversion methods resulted in root 

production estimates ranging from 4.1 to 18.9 t ha-1 yr-1, while temporal variation in 

root mass production also varied between methods. In conclusion, researchers should 

carefully consider the relative merits of each conversion technique before choosing 

one. Based upon an assessment of each technique I propose that one in particular- the 

‘plane intersect’ approach (Bernier et al. 2004)- is likely to produce the most reliable 

rhizotron estimates of root mass production per unit ground area. 
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2.2.2. Introduction 

 

A significant fraction of C assimilated by plants is allocated below-ground to sustain 

growth and maintenance of root tissue (Jackson et al., 1997; Högberg et al., 2001). 

As a store of C and other nutrients, roots are relatively dynamic (Eissenstat et al., 

2000), responding quickly to environmental changes with potentially large 

consequences for biogeochemical cycling. Several methodologies have been 

developed to record root production and turnover (see reviews by Vogt et al., 1998, 

Hendricks et al., 2006), but most face significant problems inferring root activity 

based upon occasional measurements. In this context, root observation chambers or 

rhizotrons are increasingly popular because they record in situ root production and 

turnover at high temporal frequency. However, an important limitation of the 

rhizotron methodology is that root measurements are recorded in units (root length 

per unit surface area of observation window surface) which are not directly 

comparable with above-ground plant production, usually quantified as biomass per 

unit ground area. Several methods have been presented in the literature to convert 

rhizotron length measurements into units of biomass per unit area (see references and 

further details in the methods section). However, to the authors’ knowledge, there has 

been no review of these different conversion methods. 

 The purpose of this study, therefore, is to perform a review of four different 

conversion methods by applying them to the same dataset of rhizotron measurements 

to estimate fine root biomass. This data is used to reveal differences in temporal 

variation in, and annual magnitude of, root biomass production estimates (t ha-1) 

derived from the various methods, and briefly assess potential biases inherent in each 

approach. 

 

2.2.3. Methods 
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The study site is a one-hectare (100 × 100 m) plot located in the Caxiuanã National 

Forest, Pará State, north-eastern Brazil (1º43’3.5”S, 51º27’36”W). The forest is a 

lowland terra firme rain forest with high annual rainfall (~ 2272 mm) and a 

pronounced dry season between July and December (Fisher et al., 2005). The soil 

type is a highly weathered yellow Oxisol or Latosol according to the Brazilian 

classification (see Table 1 for further plot details). The study plot is located about 15 

m above river water level, the water table has occasionally been observed at a depth 

of 10 m during the wet season, and excavation confirms that the soil and live roots 

extend to at least 10 m depth. 
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Plot characteristics OXclay 

Vegetation  
Tree number ha-1 
Stem basal area (m2 ha-1) 
Leaf area index (m2 m-2) 

 
419 
25.1 
5.5 (4, 7) 

Soil  

Clay content (%) 
Silt content (%) 
Sand content (%) 
pH  
Carbon content (g kg-1) 
Nitrogen content (g kg-1) 
Carbon:Nitrogen ratio 
P (mg kg-1) 
Ca2+ (mg kg-1) 
Mg2+ (mg kg-1) 

 
42 
14 
44 
5 
22 
2 
9 
4 
65 
39 

Carbon stocks 

Total 
Ground litter (t ha-1) 
Roots (t ha-1) 
Soil (t ha-1) 

 
106.7 (97, 121) 
1.9 (1, 3) 
14.1 (6, 27) 
90.7 

Table 1. Key vegetation and soil features for each plot surveyed. Values indicate mean and, 

where possible, 5th percentile, 95th percentile around mean (in brackets). Tree number and 

basal area represents all individuals over 10 cm diameter at breast height, measured in 

January 2005. Leaf area index values are means of 25 replicate measurements taken each 

month at each plot in 2005 (25 ×12 = 300 replicates). Soil type values are collated from data 

in Ruivo & Cunha (2003) and Sotta (2006). Percentiles could not be calculated for soil C 

stocks because Ruivo & Cunha (2003) present no error estimates. Root and soil C stocks are 

estimated only for the surface 30 cm and 100 cm soil layers respectively.  

 

Soil cores (diameter = 15 cm, depth = 30 cm) were extracted using opposable semi-

circular cutting blades at nine replicate points in the plot, at the beginning of 

November 2004, and the roots were carefully removed by hand. From these samples, 

mean plot standing crop fine root (≤ 5 mm diameter) mass in the surface 30 cm soil 

layer was recorded. In addition to rhizotrons, ingrowth cores were used to estimate 

root production. At the beginning of November 2004, soil cores were extracted from 

16 points in each plot (using the equipment described above), the roots were carefully 
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removed by hand and the remaining soil was reinserted into the holes surrounded by 

plastic mesh bags (mesh aperture diameter = 1 cm). This was repeated four times 

(every three months) between November 2004 and November 2005. The amount of 

root material which grew into the mesh bags was used to calculate new root 

production for each three-month interval. Roots were retrieved from the soil by hand 

and placed into plastic bags to minimize desiccation. Root samples were then cleaned 

of residual soil and detritus with a soft brush and scanned at high resolution (600 dpi) 

within 48 hours of removal from the soil. From the scans, root length (divided into 0. 

1 mm diameter categories) and volume was calculated using image analysis software 

(WinRHIZO Pro version 2003b, Regent Instruments, Canada). Root samples from 

both the standing crop and ingrowth cores were dried at 70 oC to constant mass and 

weighed.  

In August 2004, nine rhizotrons were installed in the plot. The rhizotrons were 

constructed from wooden frames, supporting vertically orientated transparent plastic 

sheets (width = 21 cm, length = 30 cm). Incremental root length extension was 

recorded every 15 days by tracing over roots visible at the transparent plastic screen 

with a permanent marker. Traced roots were annotated with numbers to denote root 

diameter and growth from successive measurement sessions. Measurements 

commenced in November 2004, after a 3 month equilibration period, and continued 

for one year. Tracings were scanned and root length in each diameter category was 

recorded for each measurement session using image analysis software (WinRHIZO 

Tron, Regent Instruments, Canada). Root length was converted to root mass per unit 

ground area using the following different techniques: 

Method 1) The depth of field ‘sampled’ by the rhizotrons (1.9 mm in this study, 

but see Taylor et al., 1970; Itoh, 1985) was selected because it resulted in a mean 

value of root length production per unit ground area equal to that derived from 

ingrowth cores (Tingey et al., 2000). Rhizotron root length per unit ground area was 

then converted to mass using mean root mass per unit length, calculated from 

ingrowth core sample root length and mass measurements. 
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Method 2) Adjacent to the plot, 15 ingrowth cores were established in close 

proximity to rhizotrons in November 2004. Using these paired ingrowth cores and 

rhizotrons, the following linear relationship (R2 = 0.43) between root between root 

length (Rle, cm cm-2) and root mass (Rm, t ha-1) was derived: 

 

43.8•= lem RR  

 

This linear relationship was subsequently applied to the 9 rhizotrons in the study plot, 

to convert length measurements into estimates of root mass production. 

Method 3) From the soil cores extracted (see above), mean plot mass of roots 

finer than 5 mm diameter was calculated for the period immediately before the 

initiation of the rhizotron measurement campaign. Subsequently, percentage rhizotron 

root length increase over time was used to estimate percentage increase in my initial 

estimates of standing crop root mass (Hendricks et al., 2006). 

Method 4)  The number of roots contacting the rhizotron screen at each time-step, 

together with root diameter, was used to calculate the total cross-sectional surface 

area of intersecting roots (Rxs), using the following equation (Bernier et al., 2004):  

 

∑
∑•

=
2

22 r
Rxs

π
 

 

Where r is root radius. Roots which branched after contact with the rhizotron 

observation screen were not counted. Using the product of equation 2, root production 

(Pr, g m-2) for each rhizotron measurement session was computed as: 

 

( )
W

RFDP xscrr
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1102 6 •
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(2) 

(3) 

(1) 
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Where Dr is root tissue density (g mm-3), Fc is the soil coarse fraction, α is the angle 

of the rhizotron observation screen relative to the ground, γ is the ground angle 

relative to the horizontal, and W is the width of the rhizotron observation screen. Root 

density was calculated by dividing ingrowth core sample root volume by mass (see 

Bernier et al 2005 for further details about calculating root density). The 106 value 

converts mm2 ground area into m2. The additional multiplication factor of 2 was used 

because roots can only intersect with the rhizotron screen from the front. It was 

assumed that if the rhizotron did not form a solid barrier an equal amount of roots 

would intersect from behind as well as from the front. 

 

2.2.4. Results and discussion 

 

Using different conversion methods on the same rhizotron data caused changes in 

estimates of both the temporal pattern and overall magnitude of root mass production 

per unit ground area. For example, methods 1, 2 and 4 estimated root production of 

4.1 – 7.4 t ha-1 yr-1, while method 3 estimated much higher production of 18.9 t ha-1 

yr-1 (Figure 1 & Table 2). Method 4 resulted in a different temporal trend in root 

production, compared to the other methods (Figure 1), because it was the only 

method which did not use root length extension at the rhizotron observation screen to 

calculate production. It is, therefore, important to consider the following points before 

applying any of these methods. 
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 annual root 

production (t ha
-1
) 

standard  

error 

method 1 
method 2 
method 3 
method 4 

7.35 
5.02 
18.89 
4.07 

0.58 
0.39 
1.06 
0.51 

Table 2. Plot mean ± standard error of annual root mass production for each method. n = 9.  

 

Method 3 resulted in much higher estimates of production probably because 

percentage increases in root stock, derived from rhizotron length measurements, were 

applied to standing crop estimates which included relatively coarse, heavy roots that 

were unlikely to grow so fast. Hendricks et al., (2006) applied percentage stock 

increases only to standing crop roots finer than 0.5 mm in diameter. Their estimates 

of production were, therefore, much lower. It is, however, clearly a simplification to 

project uniform growth rates for standing crop roots beneath a certain diameter, and 

zero growth of thicker roots. In addition, there is no clear consensus on the link 

between root diameter and growth rate, which could provide an objective basis for 

deciding which portion of root standing crop is likely to grow at the rates projected by 

the rhizotron length extension measurements.  
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Figure 1. Plot mean dry root biomass production presented cumulatively, and every 15 days, 

for each method. Error bars indicate standard error of the mean, n = 9.  
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Methods 1 and 2 were calibrated with data from ingrowth cores. They were not, 

therefore, independent rhizotron estimates of root production. Also, they relied upon 

the, sometimes questionable (Vogt et al., 1998, Steingrobe et al., 2000), accuracy of 

production estimates from ingrowth cores. Methods 1, 2 and 3 all estimated 

production based upon the amount of root length visible at the rhizotron screen, and 

the rate of root length extension. However, both total length and length extension rate 

are likely to be influenced by the rhizotron itself (Withington et al., 2003), and 

therefore may not be representative of root production in the surrounding soil. 

Method 4 was quite distinct in several respects. Firstly, it was not inter-calibrated 

with any other measurements. There was, therefore, no a priori reason to expect that 

production estimates from method 4 would agree with values from other methods. 

Secondly, production estimates were not derived from root growth at the rhizotron 

observation screen. Instead, production was calculated solely from the rate of root 

appearance at the rhizotron screen, growth subsequent to this appearance may be 

biased by the proximity of the rhizotron material and was not considered.  

Based upon the results of this study, and for the reasons outlined above, I make 

the following conclusions. The different methods available for converting rhizotron 

measurement units resulted in contrasting estimates of root biomass production. 

Therefore, researchers should carefully consider the relative merits of each 

conversion technique before choosing one. Method 4 avoided many potential pitfalls 

inherent in the other methods, and was therefore likely to give more reliable estimates 

of the temporal variation in, and annual magnitude of, root mass production per unit 

ground area. 
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2.3. A method which corrects for underestimates 

when removing plant roots from soil. 
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2.3.1. Abstract 

 

This study evaluated a novel method for removing roots from soil samples and 

applied it to estimate root standing crop mass (± confidence intervals) at an eastern 

Amazon rain forest. Roots were manually removed from soil cores over a period of 

40 minutes, which was split into 10 minute time intervals. The pattern of cumulative 

extraction over time was used to predict root retrieval beyond 40 minutes. A 

maximum likelihood approach was used to calculate confidence intervals. The 

prediction method added 21–32 % to initial estimates of standing crop root mass. 

According to predictions, complete manual root collection from 18 samples would 

have taken ~239 hours, compared to 12 hours using the prediction method. 

Uncertainties (percentage difference between mean and 10th and 90th percentiles) 

introduced by the prediction method were small (12–15%), compared to uncertainties 

caused by spatial variation in root mass (72–191%, for 9 samples per plot surveyed). 

This method provided a way of increasing the number of root samples processed per 

unit time, without compromising measurement accuracy. 

 

 

 

 

 

 

 

 

 

 

 

 



 66 

2.3.2. Introduction 

 

Trees allocate a considerable portion of C fixed through photosynthesis to fine roots 

(4-69%; Vogt et al., 1996 and references therein), and the amount of C and nutrient 

inputs to soil via root mortality and decay often equals or exceeds that of leaf litter 

fall (Hendrick & Pregitzer, 1993, Nadelhoffer & Raich, 1992, Roderstein et al., 

2005). Root growth, mortality and decay are also dynamic processes that are highly 

sensitive to environmental change (Gill & Jackson, 2000, Majdi & Ohrvik, 2004). Yet 

despite their importance to understanding of ecosystem nutrient cycling and global 

biogeochemistry there is relatively little information about the amount and spatial 

distribution of roots in terrestrial ecosystems. For example, Houghton et al., (2001) 

stated that ‘Given the Kyoto Protocol and imminent need to determine sources and 

sinks of C resulting from land-use change (and, perhaps, from natural processes as 

well), methods that can determine biomass accurately, repeatedly, and inexpensively 

are desperately needed’. 

This gap in knowledge is due primarily to the large amount of effort, in terms of 

time and labour, required to extract roots from the surrounding soil (particularly non-

woody, fine roots). For example, Bernier et al. (2005) reported that complete manual 

extraction of roots from soil cores (with a diameter of 4.5 cm, to a depth of 25 cm) 

takes up to 24 hours per core. There is a clear trade-off between investing sufficient 

effort in each soil sample to derive an accurate measurement of root mass and taking 

enough samples to capture the majority of spatial and temporal variation in root mass.  

The most common approach for isolating roots is to extract a soil core and then 

separate roots from the surrounding soil over a sieve, either by hand (e.g.: Prathapar 

et al., 1989) or using some type of elutriation system (Chotte et al., 1995, Benjamin 

& Nielsen, 2004). However, all of these methods are likely to underestimate the 

amount of root material in soil samples, because a proportion of the roots inevitably 

pass through the sieve, or remain uncollected by hand (Sierra et al., 2003).  
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Using sieves with finer mesh diameter will retrieve more root material, but then a 

relatively larger quantity of mineral grains and organic detritus will not pass through 

the sieve, and so the researcher is still left with the difficult task of separating roots 

from detritus. For example, Benjamin & Nielsen (2004) designed an automatic root 

sieve-washing system which processes up to 24 samples in 1.5 hours. However, after 

washing, samples are still contaminated with detritus, and to then manually extract 

roots requires an additional 20 hours per washed sample.  

One method of compensating for root mass underestimates is to exhaustively 

remove all root material from a subset of soil samples, and then use this data to derive 

a generic correction factor which is applied to the rest of the dataset (see, for 

example, recommended protocol in MacDicken 1997). A problem with this approach 

is that the degree of underestimate is likely to vary between samples and locations, 

and therefore applying a generic correction factor will lead to inaccurate estimates of 

root mass. To my knowledge, no current methods provide a simple and quick way of 

quantifying, and correcting for, root mass underestimates on a sample by sample 

basis.  

Finally, with current methods it remains difficult to determine whether observed 

differences in root amount between studies and sites reflect not only real biological 

differences, but also differences in site characteristics (e.g.: soil texture) and 

equipment (e.g.: sieve mesh diameter). For example, soil clay content could 

genuinely affect root structure and function (Silver et al., 2005), but additionally it 

may also alter the efficiency of root sample extraction from the soil matrix. Thus, the 

confounding influence of site and equipment differences hinders attempts to interpret 

and understand the role that roots play in different ecosystems.  

These problems can be minimized however, if current methods are modified so 

that root collection per sample is divided into separate time intervals to reveal the 

pattern of root extraction over time for each sample. If the amount of roots retrieved 

over time changes in a predictable way, then, even after sample processing has 

finished, the amount that would have been retrieved had processing continued can be 
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estimated. The rate of root retrieval specific to each sample, and the estimated amount 

of roots remaining in the soil sample after a set period of processing, will depend both 

on the amount of roots present in the sample and on other factors such as the 

equipment used, the dexterity of the person manually removing root material, and soil 

texture. This means not only that more replicate samples can be processed per unit 

time without compromising measurement accuracy, but also that the confounding 

effect of variation between samples in terms of root removal rate can be corrected for. 

Since a different curve is calculated for every single soil sample, based upon the 

unique pattern of root extraction observed from each sample, this method should 

prove applicable for a wide range of vegetation and soil types.  

The amount of roots retrieved at each time interval has an associated 

measurement error. Using a maximum likelihood approach, this measurement error 

can be incorporated into an estimate of the total amount of root matter in soil samples, 

and thus provides confidence intervals on the estimate. The objectives of this study, 

therefore, were to:  

1) Evaluate whether root mass retrieval from soil cores can be accurately 

predicted. 

2) Quantify measurement error for root mass collected at each time interval. 

3) Use maximum likelihood techniques to estimate mean (± confidence 

intervals) standing crop root mass (t ha-1) in two rain forest plots in the 

eastern Amazon. 

In this study, the prediction method was applied to provide estimates of root mass but 

there is nothing, in principle, to prevent application of the same approach to estimate 

root length, surface area or volume from soil samples. The only change necessary is 

that roots collected from soil samples, instead of being weighed, should be scanned 

and analyzed with commercially available software (e.g.: WinRhizo, Regent 

Instruments, Canada) to record root morphology. Further, root samples collected each 

time interval may be sub-divided into categories (e.g.: live/dead, mycorrhizal/non-
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mycorrhizal, fine/coarse, different species) to derive a more detailed assessment of 

root material present in soil samples. 

 

2.3.3. Materials and methods 

 

2.3.3.1. Field site and sampling 

 

The experimental site is located in the Caxiuanã National Forest, Pará state, eastern 

Brazil (1º43’3.5”S, 51º27’36”W).  The forest is a lowland terra firme rain forest with 

high annual rainfall (~ 2500mm) but a pronounced dry season (Fisher et al., 2006). 

The most widespread soil type is a highly weathered yellow Oxisol (Brazilian 

classification: Latosol), though there is substantial spatial variation in the relative 

proportion of sand (> 0.05 mm particle diameter) and clay (< 0.02 mm particle 

diameter). Two one-hectare (100 × 100 meter) plots were established at locations 

with different vegetation and soil characteristics (Table 1). The plots are located 

about 15 m above river water level, the water table has occasionally been observed at 

a depth of 10 m during the wet season, and excavation confirms that the soil and live 

roots extend to at least 10 m depth. For further details of soil texture and chemistry at 

the site see Ruivo and Cunha (2003). 
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Plot characteristics OXsand OXclay 

Vegetation  
Tree number ha-1 
Stem basal area (m2 ha-1) 
Leaf area index (m2 m-2) 

 
434 
23.9 
5.3 (4, 7) 

 
419 
25.1 
5.5 (4, 7) 

Soil  

Clay content (%) 
Silt content (%) 
Sand content (%) 
pH  
Carbon content (g kg-1) 
Nitrogen content (g kg-1) 
Carbon:Nitrogen ratio 
P (mg kg-1) 
Ca2+ (mg kg-1) 
Mg2+ (mg kg-1) 

 
18 
5 
77 
4 
9 
0.4 
23 
3 
63 
43 

 
42 
14 
44 
5 
22 
2 
9 
4 
65 
39 

Carbon stocks 

Total 
Ground litter (t ha-1) 
Roots (t ha-1) 
Soil (t ha-1) 

 
81.2 (68, 98) 
2.1 (1, 4) 
15.5 (4, 31) 
63.6 

 
106.7 (97, 121) 
1.9 (1, 3) 
14.1 (6, 27) 
90.7 

Table 1. Key vegetation and soil features for each plot surveyed. Values indicate mean and, 

where possible, 5th percentile, 95th percentile around mean (in brackets). Tree number and 

basal area represents all individuals over 10 cm diameter at breast height, measured in 

January 2005. Leaf area index values are means of 25 replicate measurements taken each 

month at each plot in 2005 (25 ×12 = 300 replicates), no data are available for the OXfertile 

plot. Soil type values are collated from data in Ruivo & Cunha (2003) and Sotta (2006). 

Percentiles could not be calculated for soil C stocks because Ruivo & Cunha (2003) present 

no error estimates. Root and soil C stocks are estimated only for the surface 30 cm and 100 

cm soil layers respectively.  

 

2.3.3.2. Quantifying prediction accuracy 

 

Eight soil cores (diameter = 12 cm, depth = 30 cm) were extracted from an area 

adjacent to the OXsand plot, with matching vegetation and soil characteristics, using 

opposable semi-circular cutting blades. Conventional cylindrical soil corers were not 

used because they could not sever coarse roots encountered, and caused considerable 
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soil compaction. The opposable semi-circular cutting blades were retracted, to 

remove discrete portions of the core at a time (thus minimizing compaction), and a 

knife was used to sever coarse roots encountered within the core hole. Roots were 

removed from the soil cores by hand over a period of 120 minutes, which was split 

into 10-minute time intervals.  Subsequently, roots retrieved at each interval were 

cleaned of residual soil and detritus, dried at 70 Cº to constant mass and weighed. 

Cumulative sample dry root mass retrieved at each time interval was plotted against 

time for each core (Fig. 2). Two different curve types (saturation and logarithmic) 

were fitted to the observed pattern of retrieval from each soil core to predict root mass 

retrieved beyond the period of manual collection (Fig. 2). The saturation curve was 

described by: 
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Where Rt is the root mass retrieved at time t, Rc is the total root mass in the sample, 

and kr is a half saturation constant. The logarithmic curve was described by: 

 

( ) btaRt += log  

 

Where a is a constant defining the shape of the curve and b is the intercept. The 

accuracy of each curve type was evaluated by fitting the two curve types to the first 

40 minutes of root collection for each sample, then using them to predict the pattern 

of retrieval up to 120 minutes. Predicted root mass collected between 50 - 120 

minutes was then compared to the actual amount of root material manually collected 

over the same period (Fig. 2). 

 

2.3.3.3. Estimating measurement error 

 

(1) 

(2) 
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There is likely to be some uncertainty around root mass retrieved each time interval 

for each soil sample, caused by measurement error. This cannot be assessed with live 

root material because root tissue dries, and therefore loses mass, over time. To avoid 

this problem the following experiment was devised. A single soil core was extracted 

(diameter = 14 cm, depth = 30 cm), the majority of roots were removed with a sieve, 

and the soil was homogenized. Forty five grams of wire segments of different colours 

(black, brown, and white), thicknesses (0.5, 1, 2 and 5 mm diameter) and lengths (0.5, 

1, 3 and 5 cm) were thoroughly mixed into the soil sample. Wire segments were then 

manually removed from the soil over a period of 40 minutes, which was split into 10 

minute time intervals. Segments retrieved from each interval were weighed. At the 

end of the collection period the segments retrieved were then mixed back into the 

same soil sample, and the process was repeated a further nine times (Fig. 3). This data 

was used to estimate sample-specific mean and variation in the cumulative mass of 

segments collected at each time interval (Table 2). 

 

2.3.3.4. Field application & data analysis 

 

In June 2005, nine soil cores (diameter = 14 cm, depth = 30 cm) were removed at 

locations along a regular grid within each plot, using opposable semi-circular cutting 

blades. Roots were removed from the soil cores by hand over a period of 40 minutes, 

which was split into 10-minute time intervals. The cumulative increase in roots 

retrieved over time was used to fit a curve which predicted root extraction rate. There 

was some measurement error around mass collected at each time interval. There was, 

therefore, unlikely to be only one optimal parameter combination and curve which 

fitted observed data. Instead, multiple parameter combinations and curves fitted 

within the error limits of the observed data for each sample (Fig. 1).  
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Figure 1. (a) Parameter combinations which adequately describe the observed pattern of root 

retrieval within specified measurement error limits, and (b) the resulting range in predicted 

cumulative mass collected until the cut-off point at 740 minutes. Data are taken from core 4, 

OXsand plot. Black crosses = parameter combinations, black closed circles = manually 

retrieved mass, solid black line = mean predicted retrieval curve beyond 40 minutes, dotted 

black lines = 10th and 90th percentiles around mean predicted curve. Means and percentiles 

are calculated from the range of curves specified by the parameter combinations in Fig. 1a. 

 

A maximum likelihood approach was used (van Wijk et al., 2002, Williams et al., 

2006) to fit a range of acceptable curves, based upon the observed cumulative 

increase in roots collected over 40 minutes for each sample together with estimates of 

measurement error around each data point (see methods: estimating measurement 

error), which predict root mass retrieval (± confidence intervals) beyond 40 minutes. 

The optimal parameters were found by minimizing the following objective function 

(O(p)): 
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Where n is the total number of measurements, p is the number of model parameters, 

yi,meas(xi) is the measured value of output variable y at the value xi of the driving 

(3) 
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variable x,  yi,mod(xi : p) is the modelled value of the output variable at the value xi of 

the driving variable x given the parameters p, and σ2
yi is the measurement error 

variance for each of the observations. The minimal sum-of-squares followed a chi-

squared distribution with n-p degrees of freedom. A Monte-Carlo approach was used 

to generate parameter confidence regions, varying the two unknown parameters at 

100 points linearly arranged between specified maximum and minimum values (8 < 

Rc <80 and 0.01< kr < 10; 0.1 < a < 20 and 0.0 < b < 100). A chi-squared test was 

used to determine which of the 10000 parameter combinations which could possibly 

explain the pattern of root extraction from each soil sample lay within a 95 % 

confidence interval of the observations.  

Due to the nature of a logarithmic curve, the predicted amount of root material 

retrieved never saturated and it was, therefore, necessary to select a cut-off point to 

determine the maximum root biomass. In this study, this point was when root mass 

retrieved in a single 10-minute time interval was less than 1 % of the cumulative total 

mass already collected. Differences in mean uncorrected (roots manually collected 

within the first 40 minutes) and corrected (roots manually collected plus the predicted 

amount of roots gathered until the cut-off point) mass were assessed with the paired 

sample t-test (output = test statistic t and significance p-value). Mass values were 

square root transformed to conform to the assumptions of parametric analysis. 

Statistical analysis was carried out using SPSS 13.0 for Windows (SPSS  Inc., 

Chicago, U.S.A).  

 

2.3.4. Results 

 

2.3.4.1. Prediction accuracy assessment 

 

The curve equations fitted to the first 40 minutes of root collection showed a close fit 

to the pattern of root removal between 50 – 120 minutes (Fig. 2; mean r2 of 0.97 and 
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0.96 for the logarithmic and saturation equations respectively). On average, both 

equations provided conservative estimates of the total amount of root mass retrieved 

between 50 – 120 minutes (Fig. 2); the logarithmic equation underestimated 

collection by 1.9 %, which falls within the likely range of measurement error (2 %; 

see results: measurement error assessment), while the saturation equation 

underestimated by 8.2 %. The saturation equation not only underestimated by a 

greater amount compared to the logarithmic equation, but also the extent of the 

underestimate increased with each consecutive time interval (Fig. 2). Thus, the 

underestimate was on average only 4 % between 40 – 50 minutes but increased 

linearly over time such that by the 110 – 120 minute time interval the underestimate 

was 11 %.  In contrast, there was no systematic change in the fit between the 

logarithmic predictions and observed data over time (Fig. 2). 
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Figure. 2 Observed and predicted cumulative root mass retrieval over 120 minutes, from 8 

different soil cores. Predictions are based upon the pattern of retrieval observed between 0-40 

minutes. Black open circles = manually collected root mass, black line = mass retrieval 

predicted by the logarithmic equation, grey line = mass retrieval predicted by the saturation 

equation. 
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2.3.4.2. Measurement error assessment 

 

There was little measurement error around replicated measurements of wire segment 

removal from a soil sample (Fig. 3 & Table 2); standard deviation as a percentage of 

the mean mass removed each time interval did not rise above 2 % (average for all 

intervals is 1.6 %). There was no systematic change in measurement error over time 

(Fig. 3 & Table 2).  

 

Time interval Mean root mass (grams) Range Variance Standard deviation 

0 – 10 22.80 1.46 0.21 0.45 

10 – 20 32.52 1.79 0.54 0.73 

20 – 30 37.27 0.62 0.03 0.17 

30 – 40 40.59 2.62 0.63 0.80 

Table 2. Results of the measurement error assessment. Mean and variation of cumulative 

wire segment mass collected for each time interval. Means and measures of variation are 

derived from 10 replicated measurements for the same soil sample, for each time interval. 

 

 

Figure 3. Cumulative wire segment mass retrieval over 40 minutes from 10 replicated 

measurements for the same soil sample. Grey lines = individual measurements, black open 

circles and black line = mean of 10 measurements. Error bars = standard deviation of the 

mean. 
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2.3.4.3. Field application of method 

 

Based upon the prediction accuracy assessment, the logarithmic equation was chosen 

to predict root retrieval from all soil cores extracted from plots A and B, though the 

equation parameters varied between soil cores. Using results from the measurement 

error assessment, a generic within-sample measurement error (standard deviation as a 

percentage of mean) of 3 % was assigned around values of mass retrieved at every 

time interval, for all samples. This measurement error value was larger than that 

calculated directly from the measurement error assessment (2 %), but ensured that 

uncertainty around predicted mass was not underestimated. The number of curves per 

sample which could account for the observed pattern in cumulative root mass 

retrieved ranged from 3 to 429, out of the 10000 parameter sets that were tested on 

each sample. Considering only root mass retrieved in the first 40 minutes, estimated 

mean root standing crop in the surface 30 cm soil depth was 38.7 and 32.6 t ha-1, for 

the OXsand  plot and the OXclay plot respectively (see estimates from individual cores 

in Fig. 4).  
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Figure 4. Standing crop root mass estimated from soil cores extracted in each plot. Values 

above each bar represent the R2 of the fit between the predicted and observed root mass 

extracted in the first 40 minutes, for each sample. Black columns = uncorrected mass (roots 

manually collected within the first 40 minutes), white columns = additional mass from 

incorporating the prediction method. Error bars = 10th and 90th percentiles around mean 

predicted mass collected. 

 

Incorporating the predictions of the curves significantly increased these initial 

estimates of mean plot root standing crop mass by 21 % for the OXsand  plot and 32 % 

for the OXclay plot (t = 10.1, d.f. = 16, p < 0.001). Thus, the corrected estimates of 

standing crop mass in the surface 30 cm soil depth on plots A and B were 47.0 and 

43.2 t ha-1 respectively (see estimates from individual cores in Fig. 4). According to 

the prediction method, it would have taken, on average, an additional 12.6 hours per 

sample (ranging between 1.0 – 18.3 hours) to manually collect this extra root 

material. 

The proportion of root standing crop mass added through prediction rises as root 

mass collected manually increases (Fig. 5a). However, there was substantial variation 

around this general linear relationship. This indicates that there were other factors, 
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other than the amount of root mass within the soil samples, which determined the 

proportional increase in mass when using the prediction method proposed here. In 

addition, the predicted amount of time taken for complete root removal from soil 

samples decreased as the amount of roots collected in the first 40 minutes from each 

sample increased (Fig. 5b). 

 

 

Figure 5. The relationship between root mass manually collected and (a) mass subsequently 

added with the prediction method, and (b) the predicted time taken for complete manual root 

removal. Black open circles = plot A, black closed circles = plot B.  

 

Measurement error did lead to uncertainty around the predictions, since the range of 

acceptable parameter combinations and curves per sample resulted in a range of 

values for the predicted root mass retrieved (see error bars in Fig. 4). However, the 

uncertainty (quantified as the percentage difference between the mean and 10th and 

90th percentiles) caused by measurement error was relatively small (3 % for 

uncorrected mass, and 12 – 15 % for corrected mass) compared to uncertainty 

introduced by spatial heterogeneity in standing crop root mass (72 – 191 %, see the 

variation in standing crop root mass between cores in Fig. 4).  

 

2.3.5. Discussion 
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2.3.5.1. Method assessment 

 

Division of the processing period into time intervals provided a simple way of 

checking how thoroughly a chosen processing method removed root material from 

the soil. Furthermore, results of the prediction accuracy assessment indicated that this 

method could also be used to correct for mass underestimates when removing roots 

from soil (Fig. 2). Though it was only possible to verify predictions over a time 

period of 120 minutes for 8 soil samples, further work, checking predictions against 

root collection over longer periods of time, could reinforce the preliminary 

conclusions of this study. I can think of no reason to expect that the degree of within-

sample measurement error should vary between samples. Though, this issue could be 

directly addressed by repeating the measurement error assessment (Fig. 3) on soil 

samples with different characteristics (e.g.: different soil texture). According to the 

curve predictions, the corrected values would have taken a prohibitively long period 

of time to obtain solely through manual removal of root material (1.6 – 18.9 hours per 

sample). The prediction method, therefore, potentially allows high measurement 

accuracy, for a relatively large number of samples. Applying the prediction 

methodology to field data significantly increased my estimate of standing crop root 

mass by 21 – 32 %. However, these estimates were likely to be conservative because 

logarithmic curves generated from 40 minutes of manual sampling consistently 

underestimated the actual amount of root material retrieved (Fig. 2).  

While there is a positive correlation between root mass manually recovered in the 

first 40 minutes and the proportion subsequently added by the prediction method (Fig. 

5a), there was substantial variation around this general trend. There were samples 

which yielded either less or more root mass than would be expected from the first 40 

minutes of sampling. This may be explained by variations in root removal rate caused 

not by the amount of root material present in the sample, but by differences in factors 

such as soil texture, and dexterity of the person manually removing roots from the 
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soil. I propose that the proportion of the total amount of root material present in a 

clay-rich soil sample which is not manually collected in the first 40 minutes could be 

relatively greater compared to an otherwise similar sample of sandy soil. This 

interpretation is supported by my results which showed that the degree of 

underestimate is greatest, on average, in soil core samples taken from the OXclay plot 

(32 %) which occurred on clay-rich soil, compared to the sandier soil samples of the 

OXsand  plot (21 %).  

I predict that the time taken for complete manual root removal is longest in soil 

samples where initial root mass collection (i.e.: in the first 40 minutes) is low (Fig. 

5b). This may be because the soil samples which exhibited low initial root collection 

rates contained mainly fine roots with relatively low mass, which were difficult to 

remove compared to coarser roots. Thus, soil texture may impact upon root retrieval 

rate indirectly, by altering root structure and morphology which then directly affects 

manual retrieval efficiency. 

 

2.3.5.2. Estimates of root standing crop mass 

 

In this study, estimates of mean standing crop root mass in the top 30 cm soil layer 

were 47.0 and 43.2 t ha-1 on plots A and B respectively (see estimates from individual 

cores in Fig. 4). To estimate standing crop mass for the entire soil column, I used data 

and equations derived from root profiles taken from tropical evergreen forests to 

estimate that 28 % (intermediate to values of 31 % and 24 % reported by Jackson et 

al., 1996 and Schenk & Jackson, 2002 respectively) of the total root mass present at 

this site occurs below the depth sampled. Thus, estimates of standing crop mass for 

the entire soil column are 60.2 t ha-1 on the OXsand plot and 55.3 t ha-1 on the OXclay 

plot. These estimates are higher than most values reported from similar ecosystems 

(49 t ha-1, Jackson et al., 1996) This difference may be partly due to underestimates of 

root mass in previous studies which do not use the prediction method proposed here, 
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although the extent of this effect is difficult to assess because of additional 

differences among studies in terms of vegetation type and methods. 

At this site, root standing crop mass showed considerable spatial variation, and 

data frequently exhibited a right-skewed distribution. A large number of samples 

were required to capture this spatial heterogeneity, to estimate mean standing crop 

mass accurately. For example, 119 and 157 soil core samples are required to estimate 

standing crop root mass in plots A and B respectively, within 10 % confidence 

intervals with 95 % probability (D. B. Metcalfe, unpublished). To achieve these 

recommended sample sizes would have taken approximately 66 and 87 days (sample 

size multiplied by mean sample processing time per person, estimated using the 

prediction method, of 13.3 hours) of manual root collection per person for plots A and 

B respectively. In contrast, to process the same number of samples using the 

combined manual collection and subsequent prediction approach would have taken 

only ~ 3 days per person for the OXsand plot and ~ 4 days per person for the OXclay 

plot (sample size multiplied by 40 minutes). In this study, uncertainty caused by 

spatial variation (quantified as percentage difference between the mean and 10th and 

90th percentiles) was 72 – 191 %, because sample size per plot is nine. In contrast, 

uncertainty introduced by using the prediction approach proposed here, quantified in 

the same terms, was 12 – 15 %. The prediction method proposed here, therefore, 

provided a means to obtain the large sample sizes required to quantify root standing 

crop mass with high precision. 

 

2.3.6. Conclusion 

 

Current understanding of terrestrial ecosystem processes is impaired by the relative 

paucity of information about root abundance and activity. This gap in knowledge is 

due primarily to the large amount of effort required to gather roots from soil. A novel, 

relatively quick method was proposed for separating roots from soil samples which 

produces reliable results, and was applied to estimate root standing crop mass on two 
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rain forest plots in the eastern Amazon. This preliminary work could be advanced by 

further testing of the method, with other equipment and techniques commonly used 

for removing roots from soil. 
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Chapter 3 

 

3. Root responses to soil moisture 

variation at an eastern Amazon rain 

forest. 
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3.1. Abstract 

 

Root responses to drought may impact upon ecosystem structure and function but 

remain poorly understood. This study, therefore, examined variation in root standing 

crop, productivity, morphology, turnover, nutrient content, and soil moisture over one 

year in four rain forest plots with contrasting soil type and vegetation structure in the 

eastern Amazon. Root production was assessed using ingrowth cores. Soil moisture, 

soil temperature and leaf litter mass of each core were recorded prior to extraction. 

Length and surface area of roots from cores were calculated using image-analysis 

software. Total standing crop root mass ranged between 30 – 45 t ha-1. Production of 

root mass, length and surface area was lower where soil water was depleted 

(P<0.001), root length and surface area per unit mass showed the opposite pattern 

(P<0.001). Neither root turnover nor nutrient content were clearly associated with 

mean plot soil moisture. Root responses to soil moisture remained consistent across 

all four plots, despite substantial between-plot environmental variation. It may, 

therefore, be valid to extend these localised measurements to larger spatial scales. 
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3.2. Introduction 

 

Roots play an important role in terrestrial biogeochemical cycling (Nadelhoffer & 

Raich, 1992; Hendrick & Pregitzer, 1993; Jackson et al., 1997; Roderstein et al., 

2005) but are relatively understudied compared to components of above-ground plant 

growth (see reviews by Jackson et al., 1997; Norby & Jackson, 2000; Trumbore & 

Gaudinski, 2003). To address this deficiency a large body of research has 

accumulated, examining C allocation and cycling at an ecosystem scale (See reviews 

by Atkin et al., 2000; Fitter et al., 2000; Pregitzer et al., 2000; Zak et al., 2000, and 

references therein).  However, the majority of these studies have focused upon the 

effects of increasing CO2 and temperature, in temperate or boreal regions. 

Information about the effects of changes in soil moisture in tropical regions is scarcer, 

but potentially has important implications for the terrestrial C balance (IPCC 2001; 

Houghton et al., 2001). While it is acknowledged that the effect of decreased water 

availability upon tropical rain forests is an important consideration for understanding 

land – climate interactions, there are relatively few field data available to support 

current model analyses (Wigley et al., 1984; Cox et al., 2000; Meir & Grace, 2005). 

There are several different, though not necessarily mutually exclusive, 

mechanisms whereby soil water availability may affect root growth. The functional 

balance theory suggests that plants actively adjust growth of different organs to 

maximise uptake of the most limiting resource (Thornley, 1972; Cannell & Dewar, 

1994). When water is limiting, plants should shift allocation of C away from leaves 

and stems, where photosynthate is used for light capture, to the roots where 

photosynthate can be used to increase water uptake. The product of this shift in plant 

allocation would be a relative increase in root mass production (and possibly standing 

crop) as soil moisture declines.  This theory does not consider limitation by multiple 

resources simultaneously (Mooney et al., 1991), but it is supported by a substantial 
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body of empirical evidence (Robinson, 1986; Ingestad & Agren, 1991; Marschner et 

al., 1996; King et al., 1999; Giardina et al., 2003). 

Plants may also respond to water deficit by closing their stomata (Farquhar & von 

Caemmerer, 1982). Decreased stomatal conductance reduces not only water 

transpiration from the plant, but also CO2 diffusion into the plant. Thus plants faced 

with soil moisture deficit may assimilate less CO2 compared to their counterparts 

growing in wetter soils (Williams et al., 1998; Schwarz et al., 2004). The product of 

this change in the total amount of labile C available to the plant would likely be a 

decline in root mass production as soil moisture falls.  

The processes outlined above have focused upon plant level C fixation or 

allocation, but local soil conditions may also lead to a mechanism for altering root 

production. As the soil dries, root turgor pressure can fall and the soil may become 

denser. Together these factors decrease the ability of root systems to penetrate soil 

(Whalley et al., 1998; Bingham & Bengough, 2003; Bengough et al., 2006). Thus, a 

decline in soil moisture could impede root production mainly through localised 

changes in soil physical properties or root turgor and independently of plant C capture 

or growth strategy. 

Additionally, an alternative plant strategy may be to stimulate water uptake not by 

increasing the total mass of root material, but by producing finer roots (Sharp et al., 

1998) with relatively greater length and surface area per unit mass. This would lead to 

an increase in root specific length (SRL; km kg-1) and root specific area (SRA; m2 kg-

1) under drier conditions. However, information on root length and surface area is 

even scarcer than for root mass. A global review by Jackson et al., (1997) estimated 

root standing crop length and surface area in 10 major terrestrial biomes based upon 

11 studies that presented root length, and just seven studies that reported values for 

root surface area. No data existed for half of the biomes surveyed. This lack of data 

hinders attempts to accurately model the behaviour of terrestrial ecosystems, and their 

potential responses to climate change. 
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The overall objective of this study, therefore, was to improve understanding of how 

plants alter root characteristics to adapt to changes in water availability, and whether 

any responses may be dependent upon, or confounded by, landscape-scale 

environmental variation. Data are presented from a site in the Amazon rain forest 

because the region plays an important role in global biogeochemical cycling and 

climate (IPCC, 2001; Houghton et al., 2001), but may experience an increase in 

drought conditions over this century (Shukla et al., 1990; Trenberth & Hoar 1997; 

Costa & Foley 2000; Dias et al., 2002; Andreae et al., 2004; Schoengart et al., 2004). 

Landscape-scale heterogeneity in root responses was characterized by measurements 

from three one-hectare terra firme forest plots with contrasting vegetation and soil 

types. An additional one-hectare plot, from which incident rainfall has been largely 

excluded, was also surveyed to record root responses over a wider range of soil 

moisture than currently exists naturally in the region. Hypothetical root responses to 

future drought were inferred from three distinct lines of evidence. Firstly, the 

correlation between spatial variation in root characteristics and soil moisture (i.e.: 

space-time substitution). Secondly, changes in root characteristics across the dry and 

wet seasons. Finally, differences in root characteristics between the rainfall exclusion 

plot, and the other, unmodified, plots. To place any observed responses within a 

broader ecological context, I assessed whether the results were consistent with the 

general mechanisms discussed above (changes in GPP, allocation, soil structure/root 

turgor, root morphology). My specific aims were to: 

1) Quantify root standing crop mass, production rate of root mass, length, and 

surface area, SRL, SRA, root nutrient content and turnover at each plot. 

2) Investigate the following hypothetical responses of roots to soil moisture deficit: 

H1) increase in standing crop root mass, H2) increase in production rate of root 

mass, length and surface area, H3) increase in SRL and SRA, H4) altered root 

turnover, H5) altered root chemistry.  

3) Examine to what extent landscape-scale environmental variation masks any effect 

of soil moisture upon root characteristics. 
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3.3. Materials and methods 

 

3.3.1. Site and experimental design 

 

The experimental site is located in the Caxiuanã National Forest, Pará State, north-

eastern Brazil (1º43’3.5”S, 51º27’36”W).  The forest is a lowland terra firme rain 

forest with a high annual rainfall (~ 2272 mm) and a pronounced dry season (Fisher 

et al., 2006). The most widespread soil type is a highly weathered yellow Oxisol 

(Brazilian classification: Latosol), though there is substantial spatial variation in the 

relative proportion of sand and clay. There are also patches of relatively fertile soil, 

called anthropogenic dark earths (ADE), which mark areas that were intensively 

managed by indigenous populations of pre-Columban inhabitants (da Costa & Kern 

1999; Lehmann et al., 2003).  
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Plot characteristics OXsand OXdry OXclay OXfertile 

Vegetation  
Tree number ha-1 
Stem basal area (m2 ha-1) 
Leaf area index (m2 m-2) 

 
434 
23.9 
5.3 (4, 7) 

 
421 
24.0 
5.3 (3, 6) 

 
419 
25.1 
5.5 (4, 7) 

 
544 
36.8 

− 

Soil  

Clay content (%) 
Silt content (%) 
Sand content (%) 
pH  
Carbon content (g kg-1) 
Nitrogen content (g kg-1) 
Carbon:Nitrogen ratio 
P (mg kg-1) 
Ca2+ (mg kg-1) 
Mg2+ (mg kg-1) 

 
18 
5 
77 
4 
9 
0.4 
23 
3 
63 
43 

 
13 
4 
83 
4 
12 
0.3 
35 
3 

− 
− 

 
42 
14 
44 
5 
22 
2 
9 
4 
65 
39 

 
20 
22 
57 
5 
46 
3 
15 
36 
2213 
313 

Carbon stocks 

Total 
Ground litter (t ha-1) 
Roots (t ha-1) 
Soil (t ha-1) 

 
81.2 (68, 98) 
2.1 (1, 4) 
15.5 (4, 31) 
63.6 

 
44.8 (35, 62) 
1.7 (1, 3) 
11.4 (2, 40) 
31.7 

 
106.7 (97, 121) 
1.9 (1, 3) 
14.1 (6, 27) 
90.7 

 
199.6 (191, 215) 
3.0 (1, 6) 
10.0 (3, 23) 
186.6 

Table 1. Key vegetation and soil features for each plot surveyed. Values indicate mean and, 

where possible, 5th percentile, 95th percentile around mean (in brackets). Tree number and 

basal area represents all individuals over 10 cm diameter at breast height, measured in 

January 2005. Leaf area index values are means of 25 replicate measurements taken each 

month at each plot in 2005 (25 ×12 = 300 replicates), no data are available for the OXfertile 

plot. Soil type values are collated from data in Ruivo & Cunha (2003) and Sotta (2006). 

Percentiles could not be calculated for soil C stocks because Ruivo & Cunha (2003) present 

no error estimates. Root and soil C stocks are estimated only for the surface 30 cm and 100 

cm soil layers respectively.  

 

To represent existing variation in soil type at the site, one-hectare plots (see Table 1 

for additional plot details) were established on a well drained sandy Oxisol (OXsand 

plot), a clay-rich Oxisol (OXclay plot), and an ADE (OXfertile plot). A fourth plot 

(OXdry plot), on a sandy Oxisol soil, was modified by the installation of plastic panels 

placed at two meters above the ground in order to exclude a proportion of incident 

rainfall (Fisher et al., 2006). Data from the OXdry plot were combined with data from 
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the other, unmodified, plots to examine root responses over a wider range of soil 

moisture than currently exists naturally. The boundaries of the OXdry plot were 

trenched to a depth of one meter to minimize lateral flow of water into the plot, and 

the rainfall exclusion began in January 2002. The OXsand, OXdry and OXclay plots are 

located about 15 m above river water level, the water table has occasionally been 

observed at a depth of 10 m during the wet season, and excavation confirms that the 

soil and live roots extend to at least 10 m depth. Less information is available for the 

OXfertile plot: the ADE forms a surface soil layer of approximately 40 cm, below this 

layer a clay-rich Oxisol extends to at least 60 cm depth (total recorded soil depth of at 

least 1 metre), the plot is located approximately 6-10 m above river water level, and 

during the wet season the water level rises near the soil surface of some parts of the 

plot (da Costa & Kern 1999). 

 

3.3.2. Measurements 

 

All measurements were made along a regularly spaced grid, marked within each plot. 

If a grid point was obstructed by a tree, a new location was chosen one meter away in 

a random direction. No other obstructions were encountered. No upper size limit of 

root diameter was imposed when measuring standing crop root mass (i.e.: coarse, 

structural roots were included) since this would bias estimates of total standing crop. 

Standing crop root mass was recorded at nine replicate points in each plot, at the end 

of May and November 2005 (Fig. 1). Soil cores (diameter = 15 cm, depth = 30 cm) 

were extracted using opposable semi-circular cutting blades, and the roots were 

carefully removed in a laboratory by hand within 48 hours of removal from the soil. 

Pincers were used to extract fine roots whilst minimizing root breakage and loss.  
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Figure 1. Daily rainfall over the study period, with mean ingrowth core volumetric soil 

moisture in each plot, and arrows marking ingrowth core installation and removal times. 

Plots: circles = OXsand; crosses = OXdry; squares = OXclay; triangles = OXfertile. Error bars 

indicate SE of the mean, n is 25.  

 

Root production was estimated using the ingrowth core method (Vogt et al., 1998; 

Steingrobe et al., 2000; Hendricks et al., 2006). At the beginning of November 2004, 

soil cores were extracted from 16 points in each plot (using the equipment described 

above), the roots were carefully removed by hand in a laboratory and the remaining 

soil was reinserted into the holes surrounded by plastic mesh bags (mesh aperture 

diameter = 1 cm). This was repeated four times (every three months) between 

November 2004 and November 2005 (Fig. 1). The amount of root material which 

grew into the mesh bags was used to calculate new root production for each three-

month interval. Soil samples were not washed, nor were sieves used, because this 

would have substantially altered the structure and texture of the soil samples. Instead, 

roots were retrieved from the soil in the laboratory by hand and placed into plastic 

bags to minimize desiccation. Root samples were then cleaned of residual soil and 

detritus with a soft brush and scanned at high resolution (600 dpi) within 48 hours of 

removal from the soil. From the scans, root length (divided into 0. 1 mm diameter 
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categories) and surface area was calculated using image analysis software 

(WinRHIZO Pro version 2003b, Regent Instruments, Canada). Roots greater than 5 

mm diameter constituted a very small proportion of total length (average across all 

plots of 0.74 %), and so were grouped together into a single category.  

Root samples from both the standing crop and ingrowth cores were dried at 70 oC 

to constant mass and weighed. Before core extraction, in situ soil moisture (CS616 

probe, Campbell Scientific, Loughborough, U.K.) and soil temperature (Testo 926 

probe, Testo Ltd., Hampshire, U.K.) was recorded at a depth of 30 cm, and leaf litter 

above each core was removed, dried at 70 oC to constant mass and weighed. Two 

mass measurements were made for standing crop root samples: 1) roots finer than 5 

mm in diameter, and 2) all roots.  Dried ingrowth core root samples from each plot 

were pooled and analyzed for C and N content. 

 

3.3.3. Data analysis 

 

From the ingrowth core data, SRL and SRA were estimated by dividing root length 

and surface area by root dry mass. Root turnover was calculated as annual root dry 

mass production divided by mean standing crop dry fine root mass (Aerts et al., 1992; 

Aber et al., 1985). Estimates of root standing crop and production were likely to be 

conservative because they only sampled roots from the surface 30 cm soil layer. To 

correct for this, I used data and equations derived from root profiles taken from 

tropical evergreen forests to estimate that 28% (intermediate to values of 31% and 

24% reported by Jackson et al., 1996 and Schenk & Jackson, 2002 respectively) of 

the total root mass present at this site occurs below the depth sampled. Thus, I derived 

approximate estimates of root standing crop and production in the entire soil column 

by multiplying initial values by 1.28. While this correction factor may compensate for 

underestimates of the quantity of root material present at the site, it did not account 

for any changes in root dynamics which may occur in deeper soil layers. 
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The effect of soil moisture, soil temperature and litter mass upon the root variables 

was assessed using a linear regression. The output from each regression was an 

adjusted R-squared (Ra
2) and a significance P-value. Plot data were pooled in the 

regression analysis. To assess whether plot differences confound the overall 

relationship between soil moisture and root variables, a general linear model (GLM) 

was used, and interaction terms between plot and soil moisture were included. The 

GLM was used to test for whether a significant interaction between soil moisture and 

plot might explain any observed variation in root variables. No significant interaction 

indicated that data from different plots may be pooled. Statistical analysis was carried 

out using SPSS 13.0 for Windows (SPSS  Inc., Chicago, U.S.A). It was necessary to 

apply a natural logarithmic transformation to the root variables so that the data 

conformed to the assumptions of parametric analysis. 

 

3.4. Results 
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 OXsand OXdry OXclay OXfertile 

Root standing crop  

total mass (t ha-1) 
mass ≤ 5 mm (t ha-1) 

 
34.9 (9, 70) 
14.3 (5, 29) 

 
25.0 (4, 85) 
10.1 (4, 18) 

 
31.0 (12, 60) 
15.0 (8, 26) 

 
23.4 (8, 53) 
11.1 (5, 23) 

Root production 

mass (t ha-1 yr-1) 
length (km m-2 yr-1) 
surface area (m2 m-2 yr-1) 

 
4.1 (2, 7) 
3.3 (2, 7) 
11.1 (5, 23) 

 
2.9 (1, 4) 
2.2 (1, 4) 
7.5 (5, 13) 

 
3.7 (3, 5) 
2.3 (2, 3) 
8.5 (6, 12) 

 
6.5 (4, 9) 
3.8 (2, 5) 
11.7 (8, 15) 

Root morphology 
SRL (km kg-1) 
SRA (m2 kg-1) 

 
9.6 (7, 13) 
32.6 (21, 48) 

 
10.3 (6, 18) 
33.8 (21, 51) 

 
8.94 (7, 12) 
33.2 (26, 45) 

 
7.7 (5, 11) 
23. 9 (18, 33) 

Root turnover (%) 28.7 28.7 24.7 58.6 

Root chemistry 
carbon content (g kg-1) 
nitrogen content (g kg-1) 
carbon : nitrogen ratio 

 
443.8 
17.2 
26 : 1 

 
454.7 
17.6 
26  : 1 

 
454.8 
14.3 
32 :1 

 
427.5 
12.3 
35 : 1 

Table 2. Root standing crop, production, morphology, turnover and chemistry, measured in 

the surface 30 cm soil layer. Standing crop and production is quantified as the mean (5th 

percentile, 95th percentile). Root turnover and chemistry values represent single, plot-

averaged estimates. 

 

3.4.1. Root standing crop mass 

 

To understand how drought might impact upon below-ground plant growth in the 

Amazon region, variation in root characteristics and soil moisture was recorded over 

one year in four rain forest plots with contrasting soil type and vegetation structure in 

the eastern Amazon. For all the plots surveyed, mean total standing crop root mass, 

recorded in the surface 30 cm soil layer, ranged between 25.0 and 34.9 t ha-1 (Table 

2). A large proportion of this total mass (40-48%) was invested in roots finer than 5 

mm in diameter. There was no clear difference in standing crop mass recorded during 

the wet and dry seasons. The majority of the measured variation in standing crop was 

caused by within-plot spatial heterogeneity, rather than systematic differences among 

plots and changes between seasons. For example, on average, 67 % of the total range 
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in root standing crop mass recorded across all plots and seasons was also observed 

within each plot and season (Table 2 & Fig. 3f). In a regression analysis, soil 

moisture, temperature and litter mass combined did not explain this variation in 

standing crop root mass (Ra
2 = 0.02, P = 0.515).  

 

3.4.2. Root mass, length and surface area production 

 

On all plots, root mass, length and surface area production in the surface 30 cm soil 

layer declined during the transition from the wet to dry seasons, though there was 

substantial within- and between-plot variation around this general trend (Figs. 2a – 

2c). Soil temperature and leaf litter mass together did not explain the observed 

variation in root production. Instead, there was a significant positive relationship  
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Figure 2. Seasonal pattern of (a) root mass production, (b) root length production, (c) root 

surface area production, (d) SRL and (e) SRA in the surface 30 cm soil layer. Lines within 

boxes denote median of 16 measurements per plot for each session, upper and lower box 

boundaries denote 25th and 75th percentiles, error bars denote 10th and 90th percentiles, and 

black circles denote outliers. Numbers above columns in Fig. 2a represent mean volumetric 

soil moisture (m-3 m-3) on each plot and measurement session. Plots: black fill = OXsand; grey 

fill = OXdry; black cross hatch = OXclay; white fill = OXfertile.  



 99 

 
 
Figure 3.  Volumetric soil moisture plotted against (a) root mass, (b) length, (c) surface area 

production, (d) SRA, (e) SRL, and (f) standing crop root mass in the surface 30 cm soil layer. 

Plots: circles = OXsand; crosses = OXdry; squares = OXclay; triangles = OXfertile. Black lines 

indicate mean linear trend for the entire dataset, and dashed lines denote 95% confidence 

intervals around the mean. 
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Figure 4. Total root length production, divided into 0.1 mm diameter categories, in the 

surface 30 cm soil layer. Plots: black fill = OXsand; grey fill = OXdry; black cross hatch = 

OXclay; white fill = OXfertile. Error bars indicate SE of the mean, n is 16.  

 

 

Figure 5. Seasonal root length production, divided into 0.1 mm diameter categories, on the 

OXsand plot relative to the OXdry plot. Columns indicate different measurement periods. 

Values indicate the difference between plot mean root length in different diameter categories 

(n is 1), so there are no error bars. Measurement sessions: black fill = December 2004 – 

February 2005; grey fill = March 2005 – May 2005; black cross hatch = June 2005 – August 

2005; white fill = September 2005 – November 2005.  
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between spatial variation in soil moisture and root production every three months 

(Figs. 3a-3c). There was no significant interaction between plot and soil moisture to 

explain observed variation in any of the root variables measured (mass: P = 0.082; 

length: P = 0.141; surface area: P = 0.115).  

Fine roots (≤ 2 mm in diameter) accounted for the majority (91 - 93%) of total 

root length grown in all of the plots. Between 75 and 79% of this fine root growth 

occurred in roots less than one mm in diameter (Fig. 4). Roots less than one mm in 

diameter also displayed the strongest responses to seasonal changes, in all plots (Fig. 

5).  

 

3.4.3. Root specific length and surface area 

 

On all plots, SRL and SRA measured in the surface 30 cm soil layer increased during 

the transition from the wet to dry season (Figs. 2d & 2e). In contrast to root 

production, SRL and SRA were significantly lower where soil moisture was depleted 

(Figs. 3d & 3e). This was because the rate of increase of root production with soil 

moisture was greater for mass than it was for length and surface area (Figs. 3a-3c). 

Thus, more root length and surface area per unit mass was produced under drier 

conditions. There was no significant interactive influence of plot upon the 

relationship between soil moisture and the root morphology variables recorded (SRL: 

P = 0.362; SRA: P = 0.337). 

 

3.4.4. Root turnover and chemistry 

 

The low number of sample replicates (n = 4) precluded statistical analysis of plot 

differences in root turnover and chemistry. However, comparison of the OXsand and 

OXdry plots revealed no clear effect of the rainfall exclusion treatment upon root 

turnover (both 28.7 % per year) and C or N content (Table 2). Instead, the greatest 
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differences were between the plots on sandy (OXsand, OXdry) and clay-rich soils 

(OXclay, OXfertile). Roots on the OXfertile plot displayed relatively rapid turnover 

(58.6%), and contained smaller concentrations of C and N, compared to the other 

plots (Table 2). The C and N content of OXclay plot roots was also low compared to 

the other plots, but they exhibited relatively slow turnover (24.7%).  

 

3.5. Discussion 

 

3.5.1. Root characteristics 

 

A summary of root standing crop estimates for major global vegetation types reported 

mean root biomass of 49 t ha-1 for the tropical evergreen forest biome, based upon 

data from nine studies (Jackson et al., 1996). This value is 29 - 52% higher than my 

mean estimates (Table 2), probably because in the current study roots were sampled 

only from the surface 30 cm soil layer. Once a sampling depth correction was applied 

(see methods, data analysis section), standing crop mass in the entire soil column was 

estimated to be 30 - 45 t ha-1, from the four plots surveyed. The sampling depth 

correction did not account for changes in root dynamics with soil depth. Further work 

is required to improve current knowledge about root processes in deeper (≥ 1 meter) 

soil depth. At this site, root standing crop mass shows considerable spatial variation, 

and often does not follow a normal distribution. Instead, mass may be right-skewed 

(Table 2), with a number of outliers of relatively large mass potentially biasing 

estimates of mean mass. This is not necessarily a problem for statistical analysis, 

since data can often be transformed, but does mean firstly, that care needs to be taken 

in how these properties are reported (it is, for example, not appropriate to apply 

standard deviations or standard errors to data which are not normally distributed), and 

secondly, that relatively more sampling effort is required to avoid excessive influence 

of outliers. Thus, the spatial heterogeneity and frequently skewed distribution of 
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standing crop mass and, to a lesser extent, other root characteristics can confound 

comparisons between studies and ecosystems.  

Estimates of total root mass production from this study ranged between 2.9 - 6.5 t 

ha-1 yr-1 (Table 2) or 3.7 – 8.3 t ha-1 yr-1 when incorporating the sampling depth 

correction (see methods, data analysis section), which was consistent with data from 

other tropical forests. For example, one study used a combination of methods to 

calculate annual root mass production in the surface 40 cm soil layer of a western 

Amazon forest of 2.0 t ha-1 yr-1 (Jordan & Escalante (1980), while another estimated 

production (in the top 10 cm) at a central Amazon site of 2.3 and 1.5 t ha-1 yr-1, for 

years one and two respectively of their study (Silver et al., 2005). Higher values of 

root mass production have been reported: 5.1- 20.8 t ha-1 yr-1 (Roderstein et al., 2005) 

and over 9.9 t ha-1 yr-1 (Priess et al., 1999) but both at high altitude rain forests in the 

western Amazon.  

Much less information is available regarding root length and surface area. This 

study provided, to my knowledge, the first estimates of root length and surface area 

production per unit ground area in any ecosystem. While rhizotrons also provide data 

on root length (e.g.: Field studies: Itoh, 1985; Sword et al., 1996; West et al., 2003; 

Davis et al., 2004. Reviews: Vogt et al., 1998; Hendricks et al., 2006), the unit of 

measurement (root length per unit area of observation screen) is not easily integrated 

into models of plant water and nutrient uptake. A global review of values in the 

literature estimated mean standing crop root length in tropical evergreen forests of 4.1 

km m-2, and mean forest SRL of 12.2 km kg -1 (Jackson et al., 1997). Research at a 

disturbed tropical forest site in Costa Rica estimated standing crop root surface area 

from a of 4.1 m2 m-2 (Berish 1982), while another study, at a temperate deciduous 

forest, reported standing crop area of 14.8 m2 m-2 (Farrish 1991). Additional root 

length and surface area production data are required to determine how these root 

characteristics vary between ecosystems, and respond to environmental change. 

Estimates of annual root turnover from this study ranged between 24.7 – 58.6%, 

from the four plots surveyed (Table 2). This equated to an estimated period for 
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complete fine root stock turnover of 1.7 – 4.0 years. Whilst these estimates are 

constrained by the lack of plot replication, and uncertainties associated with the 

ingrowth core method (Vogt et al., 1998; Steingrobe et al., 2000; Hendricks et al., 

2006), they provide a preliminary insight into root dynamics at the study site. Other 

studies conducted in the eastern Amazon rain forest have reported similar turnover 

times of 1.4 – 2.6 years (Silver et al. 2005), and 1.0 – 3.4 years (Trumbore et al., 

2006). There is evidence that root turnover is affected by soil texture; one study 

(Silver et al. 2005) found that turnover, estimated twice for consecutive years, was 

consistently higher on a clay rich soil (70%, 69%) compared to a sandy soil (57%, 

39%). At the study site, there was a difference between root turnover in plots on 

sandy (OXsand, OXdry) and clay-rich soil (OXclay, OXfertile). However, roots on the 

OXclay plot displayed relatively slow turnover (24.7%), while turnover on the OXfertile 

was rapid (58.6%), compared to turnover of 28.7% on the sandy plots (Table 2). 

Root longevity and turnover should be partly determined by the cost of root tissue 

construction and maintenance, which is related to root C and N content (Gill & 

Jackson 2000). There is evidence that low root tissue N content is linked with slower 

turnover rates (Hendricks et al., 1993; Gordon & Jackson 2000). However, according 

to my estimates the plot with the lowest root N content (OXfertile) had the fastest root 

turnover (Table 2). A global review of data in the literature estimated mean root C 

and N content of 480 and 11.1 g kg-1 respectively, and C : N ratio of 43 : 1 (Gordon & 

Jackson 2000). In comparison, across the plots surveyed at this site, root C contents 

appeared to be consistently higher (427.5 - 454.8 g kg-1), while N contents (12.3 - 

17.6 g kg-1) and C : N ratios (26 : 1 - 35 : 1) were lower. However, other 

measurements of root chemistry in the eastern Amazon (Silver et al. 2005) reported 

relatively similar results to those obtained in this study (C : N ratio of 35 : 1 at a site 

on sandy soil). If these root chemistry results are representative of the Amazon as a 

whole, this could alter regional estimates of the flux of C and N into the soil via root 

mortality, and root decomposition rate. (Norby et al., 2001).  
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3.5.2. Root responses to soil moisture 

 

A GLM was used to assess whether observed variation in root variables could be 

explained solely either by changes in soil moisture, or variation between plots, or by 

some interaction between the two. The results of the GLM analysis showed that 

landscape-scale environmental variation among plots did not alter the general 

relationships between soil moisture and root characteristics. Root productivity or 

morphology may vary among plots, but the response of these characteristics to 

changes in soil moisture remained consistent across plots. This finding suggests that 

despite substantial environmental variation both between plots at this site and across 

the Amazon as a whole (Williams et al., 2002), it may be valid to extend these 

localised measurements to larger spatial scales. 

I found no evidence to support either H1 or H2 - that soil moisture deficit leads to 

an increase in root standing crop and/or production (Fig. 3). However, estimates of 

both standing crop and production were spatially variable (Table 2) and consequently 

more intensive sampling may be required to fully resolve the effects of soil moisture 

deficit on root growth. In a review of five stand-level irrigation studies (ranging in 

duration from 2-10 years), Joslin et al. (2000) found only one study which reported a 

significant increase in root mass production under drier conditions. The other studies 

reviewed found either insignificant increases or no change. In this study, production 

of root mass (Fig 3c), length (Fig. 3b) and surface area (Fig. 3a) were consistently 

lower where soil conditions were drier. This suggests that, at least at this site, root 

production in the surface 30 cm soil layer was not strongly affected by the changes in 

plant allocation predicted by the functional balance theory. Instead my results are 

consistent with the theory of control of root growth by local soil conditions or root 

turgor (Whalley et al., 1998; Bingham & Bengough, 2003; Bengough et al., 2006), 

and/or the amount of CO2 assimilated through photosynthesis (Farquhar & von 

Caemmerer, 1982; Williams et al., 1998; Schwarz et al., 2004). To reinforce this 

preliminary assessment, further measurements (of above-ground biomass, 
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photosynthesis, and root respiration) over multiple years, at other sites, are required. 

It is, for example, possible that while root biomass production declined under drier 

conditions, root metabolic activity increased, and thus the quantity of photosynthate 

allocated to roots remained the same. Another alternative explanation for my 

observations is that root growth remained the same under drier conditions, but shifted 

downwards, to deeper soil layers beyond the sampling range of the equipment used in 

this study. Whatever the underlying causal mechanisms, observed changes in surface 

root production could significantly alter the pattern of C and nutrient cycling within 

the forest. 

Comparison of root length production between the OXdry and OXsand plots 

indicated that long-term exposure to drier conditions did increase root growth 

responses to seasonal rises in water availability (Fig. 5). However, further replication 

of the rainfall exclusion treatment is necessary to reinforce this preliminary 

conclusion. While root length production was relatively higher on the OXsand plot 

compared to the OXdry plot during the dry season, this pattern was reversed during the 

wet season (Fig. 5) even though the OXdry plot remained drier than the other plots 

throughout the year. This implies that plants on the OXdry plot were compensating for 

lower annual production rates by increasing production during seasonal periods of 

relatively high soil moisture. While this interpretation is based upon only one year of 

measurement, it is corroborated by a range of studies which found that prior exposure 

to water deficit led to higher growth either in other portions of the root system where 

conditions were more favourable (for example, in deeper soil layers), or for the root 

system as a whole when the soil was rewetted (Fernandez & Caldwell 1975; Meisner 

& Kornok 1992; Dickman et al., 1996; Hendrick & Pregitzer, 1996; Hendrick & 

Pregitzer 1997; Torreano & Morris, 1998; Comas et al., 2005). For example, Joslin et 

al. (2000) artificially modified water availability on three plots over five years at a 

temperate deciduous forest site. Overall, they found little evidence for a net increase 

in fine root production on the drier plot, but conclude that ‘periods of lower root 
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production in the dry treatment were compensated for by higher growth during 

favourable periods’. 

Roots finer than one mm in diameter accounted for the majority (69-74%) of 

annual root growth (Fig. 4), and showed distinct seasonal shifts in production (Fig. 5). 

This is consistent with other studies which also suggest that finer roots tend to be 

more dynamic and responsive to external stimuli, compared to coarse roots 

(Eissenstat et al., 2000). However, my results call into question the arbitrary 

definition of dynamic fine roots as less than two mm in diameter, since I find that 

roots between one and two mm diameter account for only ~20% of the total growth of 

roots finer than two mm diameter (Fig. 4). Therefore, the existing categories of root 

morphology (fine ≤ 2 mm, coarse ≥ 2 mm) may not adequately capture the full 

variation in, particularly very fine, root activity. Further work is required to provide 

more detailed information about the links between root structure (e.g.: diameter) and 

function (e.g.: growth rate).  

Measurements of root morphology from this study provided clear support for H3- 

that plants respond to soil moisture deficit by increasing SRL (Fig. 3e) and SRA (Fig. 

3d). The advantage to the plant of modifying root morphology instead of production 

is that it potentially increases water and nutrient uptake, without requiring extra 

photosynthate to construct and sustain more root material. In addition, fine roots tend 

to be more dynamic than coarse roots with higher growth rates and turnover 

(Eissenstat et al., 2000), which is beneficial for searching out and exploiting transient 

patches of high soil moisture.  

Comparison of the OXsand and OXdry plots did not support either H4 or H5, since 

there is no clear effect of the rainfall exclusion treatment upon either root turnover, or 

C and N content (Table 2). However, further replication of the rainfall exclusion 

treatment would allow a more detailed analysis of the effects of soil moisture on root 

turnover and nutrient content. 

 

3.6. Conclusion 
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This study tested several hypotheses regarding how plants alter root characteristics in 

response to soil moisture deficit. Root production was consistently lower in drier 

soils, while SRL and SRA displayed the opposite response. The pattern of root 

production observed was consistent with a decline in C assimilation and/or changes in 

soil properties which impede the ability of roots to penetrate the soil (either directly 

through altered soil impedance, or indirectly through changes in root turgor), under 

drier conditions. Observed changes in SRL and SRA suggested that altering root 

morphology may provide an important additional strategy for plants to increase water 

uptake. There was no clear evidence that a decline in soil moisture was linked to 

changes in either root turnover or root C and N content. There was substantial spatial 

heterogeneity in standing crop root mass, root production and morphology, but these 

variables responded to changes in soil moisture in a similar way across different 

vegetation and soil types. Whilst there was a significant relationship between root 

characteristics and soil moisture at this study site, none of the environmental variables 

measured could explain the majority of within-plot spatial variation. Therefore, a 

more comprehensive measurement program may be required to further elucidate the 

effects of other potentially important drivers (e.g.: above-ground growth, soil fertility) 

of root patterns and processes. 
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Chapter 4 

 

4. Factors controlling spatio-temporal 

variation in respiration from litter, roots 

and soil organic matter at four 

contrasting rain forest sites in the 

eastern Amazon.  
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4.1. Abstract 

 

This study partitioned monthly soil CO2 efflux into contributions from surface litter, 

roots and soil organic matter over one year at four rain forest plots with contrasting 

vegetation structure and soil type in the eastern Amazon, Brazil. Subsequently, 

abiotic and biotic causes for observed differences within and between plots were 

explored. Across the four plots, estimated mean annual soil CO2 efflux varied 

between 12.5 - 16.6 t C ha-1 yr-1, which was partitioned into 0.1 – 1.7 t C ha-1 yr-1 

from litter, 6.2 – 9.3 t C ha-1 yr-1 from roots, and 4.7 – 5.8 t C ha-1 yr-1 from soil 

organic matter. For the site as a whole, mean contribution of soil organic matter 

respiration fell from 49.1 % during the wet season to 31.5 % in the dry season, while 

root respiration contribution displayed the opposite trend: increasing from 42.0 % in 

the wet season to 60.5 % during the dry season. Litter contribution showed no clear 

seasonal change, though experimental precipitation exclusion over a one-hectare plot 

was associated with a ten-fold reduction in litter respiration relative to unmodified 

plots. There was substantial within- and between-plot variation in respiration from 

soil, litter, roots and soil organic matter, which was not explained by soil moisture or 

temperature. Instead, spatial variation in ground surface litter mass and root mass 

accounted for 44% of observed variation in soil respiration (p < 0.001). In particular, 

variation in litter respiration per unit mass and root mass accounted for much of 

variation the observed variation in respiration from litter and roots respectively, and 

hence total soil respiration. This information about patterns of, and underlying 

controls on, CO2 efflux from different soil components should assist attempts to 

accurately model soil CO2 fluxes over space and time. 
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4.2. Introduction 

 

Soil respiration (Rs) releases 75 – 80 billion tones of C each year (Schlesinger, 1977; 

Raich & Potter, 1995, Raich et al., 2002; Davidson et al., 2006). This efflux is more 

than 11 times the recent rate of C produced from human combustion of fossil fuels 

(Marland & Boden, 1993). So even a slight change in global Rs could significantly 

alter atmospheric CO2 levels, and hence climate. On a regional scale Rs usually 

accounts for a large proportion of ecosystem respiration (Lavigne et al., 1997; Law et 

al., 1999; Janssens et al., 2001) and variation in Rs may determine whether an 

ecosystem is a net source or sink of CO2 (Valentini et al., 2000; Chambers et al., 

2004; Davison et al., 2006). Yet despite its clear importance for global C cycling and 

climate change, understanding of the processes controlling spatial and temporal 

variation in Rs is limited. This is largely because soil is a complex and spatially 

heterogeneous mixture of different compounds (e.g.: surface organic litter, live roots, 

soil organic matter pools). Understanding the individual responses of these 

compounds to environmental change and the net effect upon Rs remains a key 

objective for research into ecosystem C cycling and biosphere-atmosphere 

interactions.  

Rs is derived from autotrophic respiration by roots (Rr) and heterotrophic 

respiration by microorganisms that decompose ground surface organic litter (Rl) and 

soil organic matter or SOM (Rsom). In this study, Rsom also includes CO2 derived from 

microbial decomposition of root tissue and exudates, and contributions from 

mycorrhizal fungi. These different sources of soil CO2 may respond to environmental 

change in different ways, whilst estimates of the autotrophic component of Rs range 

between 12 and 93% depending upon the ecosystem studied and the method used to 

estimate Rr (Hanson et al., 2000).  Rl and Rsom are directly driven by microbial 

activity, which, in turn, is strongly affected by temperature (Fang & Moncrieff, 2001; 

Melillo et al., 2002; Davidson et al., 2006) and available moisture (Orchard & Cook, 
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1983; Sotta et al., 2004; Davidson et al., 2006). This explains frequent observations, 

particularly in temperate and boreal regions where diurnal and seasonal fluctuations 

in temperature are greatest, that Rs rises as soil becomes warmer and wetter (e.g.: 

Davidson et al., 1998; Lindroth et al., 1998; Grogan, 1999; Hollinger et al., 1999; 

Savage & Davidson, 2001; Widen & Majdi, 2001). However, both Rl and Rsom are 

also partly decoupled from local soil conditions because they are affected by the 

supply of substrate from above-ground in the form of organic litter (Raich & 

Nadelhoffer, 1989; Högberg et al., 2001; Sulzman et al., 2005, Högberg & Read, 

2006). Rr is also partly a product of the level of metabolic activity within root tissue, 

affected by factors such as soil temperature (see review by Atkin et al., 2000, and 

references therein), water availability (Bouma et al., 1997; Burton et al., 1998) and N 

supply (Ryan et al., 1996; Zogg et al., 1996), and the supply of photosynthate from 

above-ground (Hogberg et al., 2001; Nordgren et al., 2003), influenced by ecosystem 

GPP and plant allocation strategy. Thus, Rs and its component fluxes may display 

substantial spatial and temporal variability which is not readily attributable to changes 

in soil temperature and moisture. This variability reflects changes in both the total 

amount of respiring tissue (e.g.: root mass) or available substrate, (e.g.: surface litter 

mass) and the rate of respiration per unit mass of tissue or substrate (specific root 

respiration: SRR, specific litter respiration: SLR). Understanding the extent and 

causes of this variability represents an important step towards accurately modelling 

ecosystem C cycling, and up-scaling localized measurements across larger spatial 

scales for comparison with top-down measurement systems (e.g.: satellites, flux 

towers). The overall objectives of this study, therefore, were to: 

(1) Partition Rs into Rl, Rr and Rsom over one full seasonal cycle at four rain forest 

plots with contrasting vegetation and soil types in the eastern Amazon. 

(2) Investigate potential biotic (roots, ground surface litter) and abiotic (soil 

moisture, soil temperature) causes for observed differences in respiration within 

and between plots and seasons. 
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(3) Quantify the relative contributions of mass and respiration per unit mass to 

total Rr and Rl. 

I focused upon the Amazon because the region plays an important role in global 

biogeochemical cycles (Houghton et al., 2001; IPCC, 2001), and displays a high 

degree of spatial heterogeneity in terms of many ecosystem properties (Williams et 

al., 2002), but may experience an increase in drought conditions over this century due 

to a possible increase in El Niño-Southern Oscillation events (Trenberth & Hoar, 

1997; Timmermann et al., 1999; Cubasch et al., 2001; Tudhope et al., 2001; 

Schöngart et al., 2005) driven by global climate change, and reductions in rainfall 

caused by regional deforestation (Shukla et al., 1990; Nobre et al., 1991; Costa & 

Foley, 2000; Werth & Avisar, 2002) and fire (Rosenfeld, 1999; Andreae et al., 2004). 

 

4.3. Materials and methods 

 

4.3.1. Site and experimental design 

 

The experimental site is located in the Caxiuanã National Forest, Pará State, north-

eastern Brazil (1º43’3.5”S, 51º27’36”W).  The forest is a lowland terra firme rain 

forest with a high annual rainfall (~ 2200-2500 mm) and a pronounced dry season 

(Fisher et al., 2006; Malhi et al., 2006). The most widespread soil type is a highly 

weathered yellow Oxisol (Brazilian classification: Latosol), though there is 

substantial spatial variation in the relative proportion of sand and clay. There are also 

patches of relatively fertile soil, called anthropogenic dark earths (ADE) or Terra 

Preta do Indio, which mark areas which were intensively managed by indigenous 

populations of pre-Columban inhabitants (da Costa & Kern 1999; Lehmann et al., 

2003). To represent existing variation in soil type at the site, we established one-

hectare plots (see Table 1 for additional plot details) on a well drained sandy Oxisol 

(OXsand plot), a clay-rich Oxisol (OXclay plot), and an ADE (OXfertile plot). In January 
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2002, a fourth plot, also on sandy Oxisol soil, was modified by the installation of 

plastic panels placed at two meters above the ground in order to exclude a proportion 

of incident rainfall (OXdry plot).  

 

Plot characteristics OXsand OXdry OXclay OXfertile 

Vegetation  
Tree number ha-1 
Stem basal area (m2 ha-1) 
Leaf area index (m2 m-2) 

 
434 
23.9 
5.3 (4, 7) 

 
421 
24.0 
5.3 (3, 6) 

 
419 
25.1 
5.5 (4, 7) 

 
544 
36.8 
 

Soil  

Clay content (%) 
Silt content (%) 
Sand content (%) 
pH  
Carbon content (g kg-1) 
Nitrogen content (g kg-1) 
Carbon:Nitrogen ratio 
P (mg kg-1) 
Ca2+ (mg kg-1) 
Mg2+ (mg kg-1) 

 
18 
5 
77 
4 
9 
0.4 
23 
3 
63 
43 

 
13 
4 
83 
4 
12 
0.3 
35 
3 

− 
− 

 
42 
14 
44 
5 
22 
2 
9 
4 
65 
39 

 
20 
22 
57 
5 
46 
3 
15 
36 
2213 
313 

Carbon stocks 

Total 
Ground litter (t ha-1) 
Roots (t ha-1) 
Soil (t ha-1) 

 
81.2 (68, 98) 
2.1 (1, 4) 
15.5 (4, 31) 
63.6 

 
44.8 (35, 62) 
1.7 (1, 3) 
11.4 (2, 40) 
31.7 

 
106.7 (97, 121) 
1.9 (1, 3) 
14.1 (6, 27) 
90.7 

 
199.6 (191, 215) 
3.0 (1, 6) 
10.0 (3, 23) 
186.6 

Table 1. Key vegetation and soil features for each plot surveyed. Values indicate mean and, 

where possible, 5th percentile, 95th percentile around mean (in brackets). Tree number and 

basal area represents all individuals over 10 cm diameter at breast height, measured in 

January 2005. Leaf area index values are means of 25 replicate measurements taken each 

month at each plot in 2005 (25 ×12 = 300 replicates), no data are available for the OXfertile 

plot. Soil type values are collated from data in Ruivo & Cunha (2003) and Sotta (2006). 

Percentiles could not be calculated for soil C stocks because Ruivo & Cunha (2003) present 

no error estimates. Root and soil C stocks are estimated only for the surface 30 cm and 100 

cm soil layers respectively.  

 

Data from the fourth year of the rainfall exclusion on the OXdry plot were combined 

with data from the other, unmodified, plots to examine Rs over a wider range of soil 
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moisture than currently exists naturally. The boundaries of the OXdry plot were 

trenched to a depth of one meter to minimize lateral flow of water into the plot. The 

OXsand, OXdry and OXclay plots are located about 15 m above river water level, the 

water table has occasionally been observed at a depth of 10 m during the wet season, 

and excavation confirms that the soil and live roots extend to at least 10 m depth. 

Less information is available for the OXfertile plot: the ADE forms a surface soil layer 

of approximately 40 cm, below this layer a clay-rich Oxisol extends to at least 60 cm 

depth (total recorded soil depth of at least 1 metre), the plot is located approximately 

6-10 m above river water level, and during the wet season the water level rises near 

the soil surface of some parts of the plot (da Costa & Kern 1999). 
 

4.3.2. Measurements 

 

All measurements were made at 20 meter intervals along a regularly spaced grid, 

marked within each plot. Rs was measured with an Infra-Red Gas Analyzer or IRGA 

(EGM-4 and SRC-1 chamber, PP Systems, Hitchin, U.K.) The SRC-1 chamber was 

not vented to the atmosphere, had a diameter of 12 cm and approximate internal 

volume of 1530 cm3, and used a fan to mix air within the chamber. To test whether 

measurements were an artefact of chamber design, the EGM-4 and SRC-1 system 

was compared to an alternative IRGA design (see design in Sotta et al., 2006) which 

utilized a vented, 30 cm diameter chamber with no fan (LI-6262, LI-Cor, Lincoln, 

U.S.A.). No significant differences were found between measurements made by the 

contrasting IRGA systems (P = 0.21, n = 16).  

Monthly measurements of Rs were made at 25 replicate points in each plot using 

the IRGA. Plastic collars were inserted into the soil at each measurement location, to 

a depth of approximately 2 cm, to ensure a good seal between the IRGA chamber and 

soil. Collars were installed 2 months prior to the initiation of the measurement 

program in November 2004, to minimize any effect of soil disturbance upon 
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subsequent Rs measurements. Soil CO2 efflux (Rs, g m-2 hr-1) was calculated from the 

change in CO2 concentration over time within the IRGA chamber according to:  

 

 

 

Where ∆C /∆T represents the change in CO2 within the chamber (ppm) per unit time 

(seconds), P is atmospheric pressure (Pa), t is the temperature of the air within the 

chamber (oC), Vch is the total internal volume of the chamber (m3) and A is the ground 

area covered by the chamber (m2). These terms were then divided by 1000 and 

multiplied by 3600 to convert Rs from units of kg m-2 s-1 to g m-2 hr-1. All of my 

measurements showed a positive linear relationship between C and T, indicating a 

constant rate of CO2 release from the ground into the atmosphere. 

An additional 18 locations (9 each in November 2004 and June 2005, 

corresponding to the peaks of the dry and wet seasons respectively) in each plot were 

selected to: (1) estimate the percentage contribution of surface litter, roots and soil 

organic matter (SOM) to total Rs, and (2) examine factors controlling spatial and 

temporal variation of Rs in greater detail. At these points, Rs was measured twice with 

the IRGA: once with surface organic litter and once without. Using repeated IRGA 

measurements immediately after litter removal at three points I determined that an 

interval of two minutes was sufficient to allow CO2 concentrations near the soil 

surface to equilibrate with the atmosphere. I defined surface litter as identifiable plant 

material on the ground surface which did not pass through a one millimetre mesh 

diameter sieve. The area of soil measured by the IRGA was then extracted as a soil 

core (diameter = 12 cm, depth = 30 cm) using opposable semi-circular cutting blades, 

and the roots were carefully removed by hand and cleaned of detritus. Fresh roots 

from each core were then placed into a cuvette which was connected to an IRGA that 

measured the rate of CO2 accumulation within the cuvette. Root and litter samples 

were then dried at 70 oC to constant mass and weighed. Two mass measurements 
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were made for root samples: 1) roots less than 5 mm diameter, and 2) total. At all Rs 

measurement locations, soil moisture (CS616 probe, Campbell Scientific, 

Loughborough, U.K.) and soil temperature (Testo 926 probe, Testo Ltd., Hampshire, 

U.K.) was recorded at a soil depth of 30 cm.  

 

4.3.3. Data analysis 

 

For each core, Rl (g m-2 hr-1) was estimated as the difference between the first (with 

litter) and second (without litter) IRGA measurements. At some locations, the 

respiration value recorded by the second IRGA measurement was greater than the 

first, presumably because of disturbance to the soil surface caused by retrieving 

surface litter. In these cases, the data were not used in the analysis. SLR (g g-1 hr-1) 

was calculated by dividing Rl by sample dry litter mass. SRR (g g-1 hr-1) was 

calculated by dividing the respiration rate of fresh root samples placed in the cuvette 

by sample dry mass of roots less than 5 mm diameter. I did not split root mass into 

the more conventional category of fine roots less than 2 mm diameter, because this 

would have led to a greater underestimate of the mass of respiring root tissue. Rr (g m-

2 hr-1) was then estimated by multiplying SRR by 1/A. Estimates of Rr, following this 

method, did not include contributions from mycorrhizae and microbes dependent 

upon root exudates. Instead, in this analysis, these sources of CO2 were ascribed to 

Rsom (see calculation method below, and further discussion of partitioning 

methodologies by Subke et al., 2006; Hogberg & Read 2006). To identify any 

confounding influence of the extraction process upon root activity I recorded the time 

interval between core extraction and sub-sample respiration measurement, and plotted 

this against SRR (Fig. 1).  
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Figure 1. Relationship between respiration rate of CO2 per unit mass of root sub-samples and 

time interval between sample root excision and respiration measurement within the cuvette. 

To convert CO2 to C multiply by 0.27. Measurement periods: grey symbols = November 

2004; black symbols = June 2005. Plots: circles = OXsand; crosses = OXdry; squares = OXclay; 

triangles = OXfertile. 

 

While there was considerable variation in SRR between plots and season of 

measurement, no consistent change in SRR over time since excision was found (Fig. 

1), and therefore I propose that my estimates of root respiration rate are not likely to 

be strongly biased by wound respiration caused by root excision (Amthor 1994). Rsom 

(g m-2 hr-1) was estimated as the residual respiration remaining after Rl and Rr were 

taken account of (i.e.: the difference between measured Rs and the sum of estimated 

Rl and Rr, for each measurement point).  

 The monthly measurements of Rs were used to estimate total monthly and 

annual soil CO2 efflux, while the detailed core measurements (in November 2004 and 

June 2005) were used to partition this flux into contributions from surface litter, roots 

and SOM, for each plot. To do this, it was necessary to make several assumptions. 

Estimates of the proportional contribution of individual soil components derived from 
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the June 2005 measurements were applied to monthly Rs measurements during June, 

April and May. Estimates of contributions taken in November 2004 were applied to 

monthly Rs measurements during November, October and December. The intervening 

two three-month Rs measurement periods were assigned values of the proportional 

contribution of soil components intermediate to the June and November measurement 

periods. This approach is clearly a simplification of reality but, in the absence of more 

regular measurements of the proportional contribution of individual soil components 

to Rs, it does provide approximate estimates of seasonal and annual respiration from 

litter, roots and SOM. All measurements were made during the day. If there was a 

clear overall difference between day and night time respiration values this could 

adversely affect my estimates. To test for this I recorded diurnal Rs for three periods 

in the year but found no significant difference between overall day (07:00-19:00) and 

night time (19:00-07:00) respiration values (P = 0.48, n = 9). 

 Linear regression was used to assess whether spatial heterogeneity in soil 

moisture, soil temperature, litter mass and root mass could explain observed variation 

in Rs and its component fluxes. I assumed that CO2 flux from any individual 

component of Rs (e.g. roots, surface litter) was adequately described by 

 

E
A

CCR rrmc +••=
1

, 

 

Where Rc is component respiration (g m-2 hr), Cm is component mass (g), Crr is 

component respiration rate per unit mass (g g-1 hr-1), and E is a measurement error 

term. In this study, Rr was not directly measured, but was calculated as solely the 

product of root mass and SRR. In addition, SLR was not directly measured, but was 

estimated as the residual variation in Rl, once variation in litter mass was accounted 

for. Therefore, my estimates of Rr and SLR are likely to include some component of 

measurement error. I performed a stepwise regression which quantified the individual 

and combined contributions of estimated Cm and Crr to Rc of roots and leaf litter. The 

(3) 



 120 

output from each regression was a test statistic (F), an adjusted R2 (Ra
2) and a p-value. 

Plot and measurement period were included as factors in a general linear model 

(GLM) to assess whether they confounded any effects of soil moisture, soil 

temperature, litter mass and root mass upon Rs and its component fluxes. Potential 

interactions between variables were assessed by including interaction terms in the 

GLM analysis. Statistical analysis was carried out using SPSS 13.0 for Windows 

(SPSS Inc., Chicago, U.S.A). Data were transformed, where necessary, to conform to 

the assumptions of parametric analysis. 

 

4.4. Results 

 

4.4.1. Spatial and temporal variation in CO2 efflux from 

soil and its components 

 

There was substantial variation between plots in the respiration variables recorded 

(Table 2 & Fig. 2). Thus, estimated mean annual plot soil CO2 efflux varied between 

12.5 - 16.6 t C ha-1 yr-1, which was partitioned into 0.1 – 1.7 t C ha-1 yr-1 from litter, 

6.2 – 9.3 t C ha-1 yr-1 from roots, and 4.7 – 5.8 t C ha-1 yr-1 from soil organic matter. 

The estimated turnover time taken for C stocks to be completely lost via respiration 

also varied considerably (Table 2). In particular, estimated litter turnover on the OXdry 

plot was slow (17.0 years) compared to the other plots surveyed (1.7 – 1.9 years) 

because of the low litter respiration rate, whilst soil CO2 efflux on the OXfertile plot 

was low given the very high estimated soil C stock which led to a relatively long 

estimated soil C turnover time of 32.2 years (Table 2). 
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 OXsand OXdry OXclay OXfertile 

Annual respiration  
Total soil (t C ha-1 yr-1) 
Litter (t C ha-1 yr-1) 
Roots (t C ha-1 yr-1) 
SOM (t C ha-1 yr-1) 

 
13.2 (9, 20) 
1.1 (1, 2) 
6.2 (4, 9) 
5.8 (4, 10) 

 
12.5 (8, 18) 
0.1 (0.0, 1) 
7.3 (4, 9) 
5.0 (4, 8) 

 
12.8 (10, 18) 
1.1 (1, 2) 
7.0 (6, 10) 
4.7 (4, 6) 

 
16.5 (13, 30) 
1.7 (1, 4) 
9.3 (8, 17) 
5.8 (4, 9) 

Litter contribution 

November 2004 (%) 
June 2005 (%) 

 
8.5 (0, 29) 
10.4 (2, 19) 

 
5.7 (0, 15) 
4.7 (0, 14) 

 
8.9 (0, 23) 
10.0 (2, 25) 

 
12.9 (0, 42) 
10.6 (0, 25) 

Root contribution 

November 2004 (%) 
June 2005 (%) 

 
48.4 (19, 81) 
38.4 (19, 60) 

 
55.2 (30, 85) 
41.1 (9, 69) 

 
63.6 (42, 85)   
47.5 (32, 66) 

 
74.7 (50, 91) 
41.0 (26, 59) 

SOM contribution 
November 2004 (%) 
June 2005 (%) 

 
45.8 (4, 81) 
51.2 (31, 70) 

 
39.1 (11, 60) 
54.2 (31, 81) 

 
27.5 (4, 54) 
42.4 (23, 60) 

 
13.6 (6, 28) 
48.4 (33, 67) 

Specific respiration rate 

Litter (g C kg-1 hr-1) 
Roots(g C kg-1 hr-1) 

 
0.08 (0, 0.16) 
0.11 (0.05, 0.2) 

 
0.05 (0, 0.13) 
0.14 (0.1, 0.24) 

 
0.08 (0, 0.20) 
0.09 (0.05, 0.15) 

 
0.10 (0, 0.39) 
0.18 (0.1, 0.34) 

Carbon stock turnover 
Total soil (yr) 
Litter (yr) 
Roots (yr) 
Soil organic matter (yr) 

 
6.2 (3, 11) 
1.9 (0.4, 4) 
2.5 (0.5, 8) 
11.0 (3, 11) 

 
3.6 (2, 10) 
17.0 (1, 31) 
1.6 (0.2, 10) 
6.3 (4, 9) 

 
8.3 (5, 12) 
1.7 (0.2, 4) 
2.0 (0.6, 5) 
19.3 (14, 26) 

 
11.9 (6, 17) 
1.8 (0.2, 4) 
1.1 (0.2, 3) 
32.2 (20, 47) 

Table 2. Annual CO2 flux from soil and its components, contribution of surface litter, roots 

and soil organic matter to total soil respiration, specific respiration of litter and roots, and 

annual C stock turnover for each plot. Values indicate mean (5th percentile, 95th percentile), n 

is 18, except estimates of percentage contribution from components where n = 9. Soil C 

stocks are calculated from plot soil C content depth profiles in Ruivo & Cunha (2003). Mean 

plot turnover is calculated as mean C stock divided by mean annual flux. Turnover 5th 

percentile = 5th percentile C stock divided by 95th percentile C flux, turnover 95th percentile = 

95th percentile C stock divided by 5th percentile C flux. Variability around values of mean soil 

C turnover is likely to be underestimated because no error estimates are available for soil C 

stocks. 
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Figure 2. Temporal trends in (a) rainfall, (b) volumetric soil moisture, respiration of CO2 

from (c) soil, (d) litter, (e) roots and (f) soil organic matter on all plots. To convert CO2 to C 

multiply by 0.27. Plots: circles = OXsand; crosses = OXdry; squares = OXclay; triangles = 

OXfertile. Black arrows mark soil core removal times. Error bars indicate SE of the mean, n is 

25. 
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In addition, there was considerable heterogeneity in the variables measured within 

plots (Table 2). Thus, on average, 51% of the total range in Rs values recorded across 

all plots and measurement periods was also observed within each plot and period. A 

large proportion of the recorded variation in Rs was, therefore, caused by within-plot 

spatial heterogeneity, rather than systematic changes between plots and periods. Plot 

mean fluxes ranged between 4.7 – 12.9 %, 38.4 – 74.7 %, and 13.6 – 54.2 % of total 

soil respiration for litter, roots and SOM respectively (Table 2). Mean Rsom 

contribution declined from 49.1 % during the wet season to 31.5 % in the dry season 

(Fig. 2f), while Rr contribution displayed the opposite trend: increasing from 42.0 % 

in the wet season to 60.5 % during the dry season (Fig. 2e). In contrast, Rl 

contribution showed no clear seasonality, though experimental precipitation exclusion 

on the OXdry plot was associated with an apparent reduction in Rl of approximately 90 

% relative to the unmodified plots (Fig 2d). 

 

4.4.2. Factors affecting soil CO2 efflux 

 

A variety of non-linear models were applied to the monthly Rs data, but none 

explained above 0.07 % of the observed variation in Rs. Thus, the data were log-

transformed and analyzed with a linear regression. Soil temperature did not contribute 

significantly to the regression model, and so was removed from subsequent analyses. 

There was a significant positive relationship between soil moisture and monthly Rs 

(Fig. 3. F = 29.79, d.f. = 763, Ra
2 = 0.04, p < 0.001), even though soil moisture 

explained very little of the observed variation in Rs. Given the low Ra
2, the 

significance of the relationship between Rs and soil moisture likely reflects the large 

sample size, rather than strong evidence of any causal link. A subset of Rs 

measurements, made in November 2004 and June 2005, were used to examine factors 

affecting Rs in more detail. Based upon these data, with a lower sample size, neither 
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soil temperature nor soil moisture (Fig. 4a) could explain observed variation in Rs. 

Instead, regression analysis revealed that ground surface litter and root mass in the  

 

 

Figure 3. Relationship between monthly soil CO2 efflux and surface soil moisture. Data from 

all plots and months have been pooled. To convert CO2 to C multiply by 0.27. Data: grey 

symbols = individual values; black symbols = mean of 15 values. Plots: grey circles = OXsand; 

grey crosses = OXdry; grey squares = OXclay; grey triangles = OXfertile. 

 

 

Figure 4. Relationship between soil CO2 efflux and (a) soil moisture, (b) root mass and (c) 

litter mass. To convert CO2 to C multiply by 0.27. Measurement periods: grey symbols = 

November 2004; black symbols = June 2005. Plots: circles = OXsand; crosses = OXdry; squares 

= OXclay; triangles = OXfertile. 
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surface 30 cm soil layer together were more useful predictors of Rs, accounting for 

44% of observed variation in Rs (Fig. 4b & c. F = 17.43, d.f. = 68, Ra
2 = 0.44, p < 

0.001). The majority of this variation (31%) was attributable solely to heterogeneity 

in soil surface root mass (Fig 4c), while litter mass accounted for the remaining 13% 

(Fig 4b). There was no significant interaction between plot and litter (F = 1.03, d.f. = 

3, p = 0.39) or root mass (F = 0.84, d.f. = 3, p = 0.48) to derive Rs. Similarly, 

incorporating an interaction between measurement period and litter (F = 1.03, d.f. = 

1, p = 0.32) or root mass (F = 0.09, d.f. = 1, p = 0.78) did not increase the explanatory 

power of the GLM model. 

 

4.4.3. Factors affecting CO2 efflux from litter, roots 

and soil organic matter 

 

Based upon the subset of measurements made in November 2004 and June 2005, 

there was no significant relationship between soil moisture and Rl, Rr and Rsom (Fig. 

5), despite the fact that both Rr and Rsom contributions to total Rs changed 

substantially between the wet and dry seasons and Rl was consistently lower on the 

OXdry plot (Table 2 & Fig. 2). Heterogeneity in ground surface litter mass accounted 

for only 25 % of observed variation in Rl  (Fig. 6b). The majority of variation in Rl 

was, therefore, attributed to differences in SLR and measurement error (Fig. 6a). In 

contrast, fine root mass explained 73% of variation in Rr, (Fig. 7b) while changes in 

SRR played a relatively minor role, accounting for just 16% (Fig. 7a). Together, root 

mass and SRR accounted for only 89% of variation in estimated Rr, the remaining 

11% constituted residual measurement error. There was a significant interactive effect 

of plot and measurement period upon Rl (F = 3.7, d.f. = 3, p = 0.029) and Rr (F = 3.2, 

d.f. = 3, p = 0.039). However, neither plot nor period interacted with potential 

determinants of Rl and Rr (e.g.: soil moisture, root and litter mass).  
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Figure 5. Relationship between soil moisture and respiration contribution from (a) litter, (b) 

roots and (c) soil organic matter. Measurement periods: grey symbols = November 2004; 

black symbols = June 2005. Plots: circles = OXsand; crosses = OXdry; squares = OXclay; 

triangles = OXfertile. 
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Figure 6. Relationship between litter respiration and (a) specific litter respiration rate of CO2 

and (b) litter mass. To convert CO2 to C multiply by 0.27. Litter mass represents the quantity 

of organic material retrieved from the ground surface within the IRGA chamber (area = 113 

cm2).  Measurement periods: grey symbols = November 2004; black symbols = June 2005. 

Plots: circles = OXsand; crosses = OXdry; squares = OXclay; triangles = OXfertile. 
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Figure 7. Relationship between root respiration and (a) specific root respiration rate of CO2 

and (b) root mass. To convert CO2 to C multiply by 0.27. Root mass represents the quantity 

of root material (≤ 5mm diameter) retrieved from a 30 cm deep soil core corresponding to the 

area enclosed by the IRGA chamber. Measurement periods: grey symbols = November 2004; 

black symbols = June 2005. Plots: circles = OXsand; crosses = OXdry; squares = OXclay; 

triangles = OXfertile. 
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Figure 8. Relationship between soil moisture and (a) root mass, (b) specific root respiration 

rate of CO2, (c) root CO2 respiration, (d) litter mass, (e) specific litter respiration rate of CO2, 

(f) litter CO2 respiration. To convert CO2 to C multiply by 0.27. Measurement periods: grey 

symbols, November 2004; black symbols, May 2005. Plots: circles = OXsand; crosses = OXdry; 

squares = OXclay; triangles = OXfertile. 
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Soil moisture had no clear effect upon Rl (Fig. 8f. F = 2.02, d.f. = 45, Ra
2 = 0.02, p = 

0.162) or litter mass (Fig. 8d. F = 0.1, d.f. = 69, Ra
2 = -0.01, p = 0.754). Root mass, in 

contrast, increased significantly with soil moisture (Fig. 8a. F = 17.43, d.f. = 70, Ra
2 = 

0.19, p < 0.001), while SRR decreased (Fig. 8b. F = 13.01, d.f. = 69, Ra
2 = 0.15, p = 

0.001). The net outcome of these two opposing patterns was that Rr was not clearly 

affected by soil moisture (Fig. 8c. F = 0.08, d.f. = 70, Ra
2 = -0.01, p = 0.785). 

 

4.5. Discussion 

 

4.5.1. Annual CO2 efflux estimates 

 

In this study, estimates of annual Rs were broadly consistent with results from other 

studies. Subke et al. (2006) presented a global review of Rs partitioning across 

biomes, with ten separate studies in tropical deciduous forest ecosystems. Based upon 

data from this review I estimated mean CO2 efflux in tropical deciduous forests of 

14.1 t C ha-1 yr-1 (ranging from 8.4 - 24.0 t C ha-1 yr-1) compared to values from this 

study of 12.5 – 16.5 t C ha-1 yr-1 (Table 2). Existing measurements of Rs at the OXsand 

and OXdry plots reported similar fluxes of 15.1 and 12.3 t C ha-1 yr-1 respectively 

(Meir et al., 2006). Additionally, I estimated mean annual heterotrophic contribution 

(the sum of Rl and Rsom) to total Rs of 40.4 – 52.1%, compared to a mean of 51% 

(ranging from 27-76%) from other studies in the same ecosystem (Subke et al., 2006). 

The observed relationships between Rs, root mass and litter mass (Fig. 4) offered a 

supplementary method for partitioning Rr and Rl (the ‘root regression’ method, see 

discussion by Subke et al., 2006). The regression method relies upon establishing a 

positive linear relationship between Rs, root mass and/or litter mass, and then 

regressing the linear relationship to the intercept where root mass or litter mass equals 

zero. Rs at the intercept is assumed to represent Rsom, and any values above this base 

level should be derived from roots or litter. Using this approach I estimated, for the 
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entire site, Rr and Rl contribution to Rs of 20.1 and 17.4% respectively. This led to an 

alternative estimate of heterotrophic contribution to respiration of 79.0%, which was 

almost within the range of values reported from this ecosystem, but was substantially 

higher than my other estimates (Table 2). The regression method is unlikely to 

provide an accurate picture of CO2 flux partitioning because it assumes that Rsom is 

constant, and that all the spatial variation in Rs may be attributed solely to roots or 

litter (Subke et al., 2004). Nevertheless it provides a useful comparison with the other 

estimates provided by this study. 

I divided estimated plot C stocks by annual fluxes to provide an approximate 

measure of the rate of C stock turnover at each plot. The results indicate that the rate 

of C cycling varied substantially between plots, though there was considerable 

uncertainty around these estimates. For example, estimated mean turnover time for 

litter stocks varied little (1.7 – 1.9 years) with the exception of the OXdry plot where 

the low Rl meant that estimated complete turnover of stocks via respiration would 

take 17 years. Root turnover is more difficult to interpret, because root stocks are 

being compared with a metabolic flux, but my data suggest that root tissues at this site 

respire their own weight in C over 1.1 – 2.5 years. Variation in estimated SOM 

turnover provides clues about the proportion of soil C stocks at these plots which are 

labile. For example, the estimated soil C stock on the OXsand plot was over twice as 

large as on the OXdry plot, but Rs on the OXsand plot was only 5 % greater than the 

OXdry plot. This suggests that though the OXdry plot possesses a lower soil C stock, a 

greater proportion of this C exists in a relatively labile form, compared to the OXsand 

plot. Similarly, annual Rs on the OXfertile plot was low compared to what might be 

expected from its very high soil C stock (Tables 1 & 2), and it seems likely, therefore, 

that a relatively large proportion of the C stock is recalcitrant. This interpretation is 

consistent with much of the few existing data on this unusual soil type (Lehmann et 

al., 2003). Anthropogenic soils, such as that found in the OXfertile plot, exist in 

isolated pockets throughout the Amazon, where they were created by pre-Columban 

inhabitants and have been successfully cultivated since. Given the sensitivity of most 
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Amazonian soils to many current forms of agriculture, there is substantial interest in 

how these soils have sustained such a high level of fertility after hundreds, sometimes 

thousands, of years of cultivation, and potentially how to recreate them across the 

Amazon again (see review by Mann 2002). Within this context, this study provides 

potentially important insights into how, and why, the ADE or Terra Preta do Indio 

soil on the OXfertile plot differs from the more widespread highly weathered Oxisol 

soils on the other plots. 

The method used for partitioning Rs in this study may have caused disturbance 

to the soil system but did allow collection of a large number of sample replicates. 

Sample size is an important consideration because to up-scale site-specific 

observations across a heterogeneous environment it is crucial to capture spatial and 

temporal variation in CO2 efflux from soil and its components. I propose that 

estimates of Rl and Rr presented here are likely to be underestimates, for the following 

reasons. Rl was calculated as the difference between two IRGA measurements; the 

first with surface litter, and the second without. Litter removal was likely to disturb to 

the soil surface, which may have caused elevated CO2 efflux rates during the second 

IRGA measurement relative to the first (despite my attempts to minimize this, see 

methods section). Estimates of Rr provided by this study only consider contributions 

from roots in the upper 30 centimetre soil layer, and ignore the potentially significant 

contributions of associated mycorrhizae and microbes dependent upon root exudates 

(Nguyen, 2003; Jones et al., 2004). 

 

4.5.2. Factors affecting CO2 efflux from soil, litter, 

roots and soil organic matter 

 

The GLM analysis tested for interactions between potential causal variables (e.g.: soil 

moisture, soil temperature, litter mass, root mass, plot and measurement period) to 

explain observed variation in Rs and its component fluxes. Results showed that plot 
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and measurement period interacted together with a significant effect on the amount of 

Rl and Rr, but the pattern of response of Rs, Rr and Rl to changes in driver variables 

(soil moisture, litter and root mass) remained consistent across plots and seasons. This 

finding suggests that despite substantial environmental variation both between-plots 

at this site and across the Amazon as a whole (Williams et al., 2002), it may be valid 

to extend my localized observations of Rs responses to soil moisture, litter and root 

mass across larger spatial and temporal scales. 

At this site there was considerable variability in Rs and its component fluxes, 

both within and between plots, which did not appear to be directly explained by either 

surface soil temperature or moisture (Figs. 3, 4a, 5, 8c & 8f). I did record an 

asymptotic response pattern of Rs to moisture (Fig. 3) which was consistent with 

reports from other studies (e.g.: Davidson, et al., 2000; Schwendenmann et al., 2003; 

Sotta et al., 2006 ) however, at the study site this trend was weak, and surrounded by 

considerable variation. Surface soil temperature was relatively invariant at the study 

site-  variation around the annual mean across all measurement locations and dates 

was ~ 5 oC, whilst diurnal variation was typically 1-2 oC- and thus could not account 

for the considerable level of heterogeneity in Rs and its component fluxes. In 

comparison with temperature, variability in soil moisture was much higher and 

appeared to coincide with seasonal changes in both Rr and Rsom contributions, and 

differences in Rl on the OXdry plot relative to the other plots (Table 2 & Fig. 2). 

However, with regards to Rl, there may not be a simple direct relationship between 

litter moisture conditions and soil moisture. In addition, rainfall exclusion on the 

OXdry plot could cause changes in the chemical composition of litter fall which could 

then affect litter decomposition and respiration, independent of changes in soil 

moisture (Gosz et al., 1972; Xu et al., 2003). Soil moisture measurements made in 

this study were of the surface 30 centimetre soil layer, whereas Rsom may be more 

controlled by water content in deeper soil layers. Finally, Rsom was estimated in this 

study as the CO2 flux remaining after Rl and Rr have been taken into account. As such, 

it is likely to include CO2 derived from mycorrhizae and microbes dependent upon 
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root exudates which may be controlled primarily by plant photosynthesis and 

allocation of assimilate, not soil moisture (Högberg et al., 2001, Högberg & Read, 

2006). All of these confounding factors could account for the lack of any clear 

general relationship between surface soil moisture and respiration from soil and its 

components observed in this study. A large number of other studies report ed a 

relationship between Rs and soil temperature and/or soil moisture (Meir et al., 1996; 

Davidson et al., 2000; Sotta et al., 2004, Sotta et al., 2006). For example, Meir et al. 

(1996) found that soil temperature at five centimetres depth accounts for 76-88% of 

variation in Rs, at a rain forest site in the south-western Amazon. Sotta et al. (2004) 

reported a lower, but still significant, effect of soil temperature from a forest in the 

central Amazon, and also identified key roles for soil moisture both by stimulating 

microbial respiration in the soil, and altering conditions for transport of CO2 to the 

soil surface. However, these results were based upon short-term temporal trends in Rs, 

whereby repeated measurements were taken from the same points over, a relatively 

short, time. When Sotta et al. (2004) attempted to correlate Rs with tree basal area 

distribution they found no relationship, possibly because there was only a weak 

relationship between tree stem location and litter and root distribution. They 

concluded that ‘temperature and soil water content….can mostly only explain 

temporal variation [in Rs], especially in relatively uniform ecosystems.’ I propose 

that, in addition to spatial patterns in Rs, longer-term temporal (seasonal and inter-

annual) trends in Rs, previously attributed solely to soil moisture and soil temperature, 

may be confounded by changes in root and litter mass or respiration rate of these 

components. For example, in this study, observed increases in Rs during the wet 

season (Fig. 2) may have been partly caused by a rise in root mass under wetter 

conditions (Fig. 7a), not just soil moisture and temperature. This has important 

implications, particularly for the numerous studies conducted in temperate deciduous 

forest ecosystems, because seasonal changes in temperature and moisture often 

coincide with major shifts in leaf litter and root activity (Gosz et al., 1972; Burke & 
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Raynal, 1994; Vose et al., 2002). It is important, therefore, to incorporate litter and 

root dynamics into spatial and temporal models of soil and ecosystem C cycling. 

Results from this study indicate that the combined effects of spatial variation 

in litter and particularly root mass (in the surface 30 centimetres of soil) are more 

useful predictors of Rs (Fig. 4); together accounting for 44% of the observed spatial 

variation in total soil CO2 efflux. In particular, variation in SLR (since litter mass was 

only weakly linked to Rl) and root mass accounted for much of variation in Rl and Rr 

respectively (Figs. 6 & 7), and hence Rs. It is important to distinguish between the 

two determinants (mass and respiration rate per unit mass) of component respiration 

because they represent different potential C flux pathways which are likely to respond 

to environmental variation in different ways. For example, increased drought-like 

conditions in the Amazon may cause increased leaf litter fall (Neilson & Drapek, 

1998; Nepstad et al., 2002) and thus surface litter mass, but an associated drop in 

litter moisture could drive a decline in SLR (Couteaux et al., 1995), until rewetting 

occurs. Results from this study suggest that if this happened, a drought-induced 

decline in respiration rate would have a much greater impact on the contribution of 

litter to Rs. Similarly, changes in plant C assimilation or allocation caused by drought 

(Thornley, 1972; Cannell & Dewar, 1994; Meir et al., 2006; Fisher et al., 2006), 

which affect root mass could have considerable effects upon Rr, and hence Rs. These 

preliminary findings could be improved with additional, direct measurements of 

component respiration, component mass and component respiration per unit mass, to 

isolate any confounding effect of measurement error. 

 

4.6. Conclusion 

 

This study examined spatial and temporal variation in CO2 efflux from soil and its 

components- litter, roots and SOM. There was substantial variation in respiration, 

both within and between plots and seasons. Neither soil moisture nor soil temperature 
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could explain this heterogeneity. Instead, surface litter and root mass accounted for 

much of the observed spatial variability in soil CO2 efflux. Soil moisture was not 

clearly linked to respiration from litter, roots or SOM, despite the fact that both Rr and 

Rsom contributions to total Rs changed substantially between the wet and dry seasons 

and Rl was consistently lower on the OXdry plot. This information about the 

underlying controls upon CO2 efflux from different soil components has important 

implications for modelling soil CO2 fluxes over space and time. 
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Chapter 5 

 

5.  Carbon cycling and allocation in an 

eastern Amazon rain forest after four 

years of an experimental drought. 
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5.1. Abstract 

 

The Amazon rain forest plays an important role in global biogeochemical cycling, but 

the region may undergo an increase in the frequency and severity of drought 

conditions. The effects of drought on Amazon vegetation are potentially large but 

remain poorly understood. This study examined the impacts of drought upon C 

allocation and cycling at a primary rain forest in the eastern Amazon. Extended 

drought conditions have been simulated since 2002 by excluding rainfall from a one 

hectare (100 × 100 metre) plot, with plastic panels placed above the ground. Data 

from the fourth year of this drought treatment (OXdry plot) were compared with data 

from a floristically and structurally similar control plot (OXsand plot). Over the year of 

measurement, the drought treatment on the OXdry plot was associated with a decrease 

in wet season surface soil moisture of approximately 35 %. During this period, 

estimated NEP on the OXsand plot forest was -0.8 (5th percentile = -6.7, 95th percentile 

= 4.3) t C ha-1 yr-1, whereas NEP on the OXdry plot forest was 0.5 (5th percentile = -

3.7, 95th percentile = 6.3) t C ha-1 yr-1. The forest canopy appeared to be relatively 

resilient to extended drought with no clear plot difference in LAI, a small reduction in 

the rate of leaf litter fall, and slight changes in litter chemistry. The OXdry plot 

produced less reproductive litter fall (7 % of total litter fall) than the OXsand plot (13 

% of total). If these reproductive differences persist, they indicate that future drought 

conditions could alter seedling recruitment, tree population age structure and forest C 

storage capacity. Estimated GPP was relatively similar on the two forests: 28.4 and 

29.0 t C ha-1 yr-1 on the OXsand and OXdry plots respectively. Of this total assimilated 

C, 28.5 % (8.1 t C ha-1 yr-1) was invested in NPP on the OXsand plot, compared to 26.2 

% (7.6 t C ha-1 yr-1) on the OXdry plot. Roots accounted for a greater proportion of 

NPP on the OXdry plot (36 %) compared to the OXsand (30 %). On both plots, 

estimated stem wood production accounted for 16 % of NPP. Overall, NPP 

constituted Soil respiration constituted an estimated flux of 13.4 and 12.5 t C ha-1 yr-1 
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on the OXsand and OXdry plots respectively. On the OXsand plot, this flux was divided 

almost equally between autotrophic and heterotrophic sources, whereas heterotrophic 

respiration appeared to be inhibited on the OXdry plot and accounted for 41 % of total 

respiration. These results provide clues about Amazon forest responses to drought, 

which may help to refine model predictions of future climate and vegetation change 

in the region. 
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5.2. Introduction 

 

Tropical forests play an important role in regional and global biogeochemical cycles 

and climate. The Amazon rain forest alone contains 70 – 80 billion tonnes of C in 

vegetation- an amount of C equivalent to over a decade of global anthropogenic 

emissions (Houghton et al., 2000). So even a slight change in Amazonian C cycling 

could significantly alter atmospheric CO2 levels, and hence climate. However, the 

frequency and severity of drought may increase in the Amazon, both due to a possible 

increase in the frequency of El Niño-Southern Oscillation events driven by global 

climate changes (Trenberth & Hoar, 1997; Timmermann et al., 1999, Cubasch et al., 

2001; Tudhope et al., 2001; Schöngart et al., 2005), and reductions in rainfall caused 

by regional deforestation (Shukla et al., 1990; Nobre et al., 1991; Costa & Foley, 

2000; Werth & Avissar, 2002) and fire (Rosenfeld, 1999; Andreae et al., 2004). The 

effects of drought upon ecosystem structure and function in the Amazon are 

potentially large, but remain poorly defined. For example, El Niño related drought 

events appear to coincide with large CO2 effluxes from the Amazon (Tian et al., 

1998, Tian et al., 2000), which model analyses estimate to be as much as 0.6 Pg C 

year-1 (1 Pg = 1 Petagram = 1 × 109 tonnes) from 1980 to 1994 (Tian et al., 1998; 

Prentice and Lloyd 1998; Foley et al., 2002). However, relatively little information 

from field studies is available to test whether the modelled representation of drought 

effects in the region (decreased forest photosynthesis and increased soil respiration) is 

realistic. In addition, climate models predict that the Amazon may switch from a net 

sink of C to a source around the middle of the century, due to progressive changes in 

temperature and rainfall (e.g. Cox et al., 2000; Dufresne et al., 2002; Cramer et al., 

2001; Cox et al; 2004 ). However, the accuracy of these projections is limited 

particularly by a lack of detailed knowledge about the physical controls upon 

ecosystem C allocation and soil respiration. Recent research has yielded valuable 

insights into drought-induced changes in above-ground C cycling and soil respiration 
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(e.g.: Carswell et al., 2002; Nepstad et al., 2002; Davidson et al., 2004; Nepstad et 

al., 2004; Sotta et al., 2004; Fisher et al., 2006; Meir et al., 2006) in the Amazon. 

However, without additional information about below-ground plant growth it remains 

difficult to interpret observed patterns. The overall purpose of this study, therefore, 

was to examine the impacts of seasonal and medium-term (~ 5 years) drought upon 

ecosystem C cycling and NEP, over a full seasonal cycle at two one-hectare (100 × 

100 metre) rain forest plots in the eastern Amazon. The impacts of medium-term (~ 4 

years) soil drought have been simulated by restricting the amount of rainfall received 

by one of the plots (OXdry plot) since 2002, using plastic panels placed at two meters 

above the ground. I present data from the fourth year of the drought treatment on the 

OXdry plot, and compare them to data from an unmodified, control plot located nearby 

(OXsand plot). Prior to the imposition of the drought treatment, a detailed inter-

comparison of the OXdry and OXsand plots was conducted, to ensure that the plots 

were structurally and floristically similar (Meir et al., 2006). The following results 

from existing research were used to develop hypotheses about the potential effects of 

drought upon Amazon forest foliage, woody tissue, roots and soil respiration.  

The leaf canopy regulates the flow of water into, and out of, the forest by 

modifying transpiration from leaf stomata. When water lost through transpiration 

exceeds moisture supply from rainfall, plants may experience a reduction in leaf 

water potential and photosynthesis (Williams et al., 1998; Sperry et al., 2002; 

Schwarz et al., 2004), and an increase in xylem cavitation (Jackson et al., 1995; 

Sparks & Black 1999; Sperry et al., 2002). Plant responses to these negative impacts 

may include a reduction of leaf area index (Nepstad et al., 2002; Nepstad et al., 

2004), with a concomitant increase in leaf litter fall, and production of new leaves 

with lower concentrations of N (e.g. Niinemets et al., 1999).  

Plant reproduction is also likely to be severely inhibited by water deficit, as 

resources are diverted away from production of flowers and fruits, to organs 

responsible for water uptake and transport. A link between water deficit and tree 

reproduction has been demonstrated for several tropical species (Alvim 1960; Reich 
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& Borchert 1982), and a recent analysis of an 18 year record of reproduction in a 

tropical forest suggests that while mild drought events may enhance flower and seed 

production, severe water deficit appears to inhibit reproduction (Wright and Calderón 

2006). In addition, another through-fall exclusion experiment in the Amazon reports 

an apparent reduction in reproductive activity in their experimentally droughted plot 

(Nepstad et al., 2002). These changes may be relatively trivial in terms of short-term 

impacts upon the ecosystem C budget, but could become increasingly significant over 

time if C lost via tree mortality and decomposition is not offset by seedling 

recruitment and growth.  

As water becomes limiting, plants should preferentially allocate C to roots where 

photosynthate can be used to increase water uptake (the ‘functional balance theory’; 

Thornley, 1972; Cannell & Dewar, 1994). The product of this shift in allocation 

should be an increase in the production of root tissue relative to foliage and stem 

wood. Relatively little information is available for seasonal stem growth in tropical 

rain forests since the trees do not reliably produce annual growth rings (Bormann & 

Berlyn, 1981). However, some studies have recorded reductions in stem diameter 

growth of tropical trees linked with seasonal or experimental drought (Breitsprecher 

& Bethel, 1990; Nepstad et al., 2002). In addition, evidence exists for elevated rates 

of tree mortality in response to periods of drought (Condit et al., 1995; Williamson et 

al., 2000; Laurance et al., 2001; Condit el al., 2004). These results suggest that, if the 

frequency and severity of drought events increase in the region (Shukla et al., 1990; 

Nobre et al., 1991; Rosenfeld, 1999; Costa & Foley, 2000; Cubasch et al., 2001; 

Tudhope et al., 2001; Schöngart et al., 2005; Werth & Avissar, 2002; Andreae et al., 

2004), associated shifts in tree dynamics could fundamentally alter the structure and 

function of the Amazon rain forest. 

In contrast, there is little consistent evidence for increases in plant root production 

under dry conditions (see review by Joslin et al., 2000, and references therein), 

possibly because any changes in allocation predicted by the function balance theory 

may be offset by drought induced reductions in GPP (Williams et al., 1998; Schwarz 
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et al., 2004) or localised changes in the structure of drying soil which impede root 

growth (Whalley et al., 1998; Bingham & Bengough, 2003; Bengough et al., 2006). 

Root mortality and decomposition constitute a major transfer pathway for C and 

nutrients into the soil, yet there exists relatively little information about physical 

controls upon root longevity. Some studies indicate that root mortality is likely to 

accelerate in response to drought (Klepper et al., 1973; Hayes & Seastedt, 1987; 

Huck et al., 1987). However, decomposition of dead root tissue may be inhibited by 

dry conditions. It remains unclear what the net effect of these two processes, 

responding independently to drought, means for the efflux of C into the soil via roots. 

The response of soil respiration to soil moisture deficit is also complicated by 

several, potentially opposing, processes. Dry conditions inhibit microbial 

decomposition of labile C in organic litter and soil organic matter, with an associated 

decline in CO2 production (Davidson et al., 1998), while waterlogged soil is not only 

a sub-optimal environment for aerobic respiration, but also blocks the transport of 

CO2 produced within the soil matrix to the surface (Sotta et al., 2004). In addition, as 

outlined above, drought potentially affects root and leaf litter dynamics, with 

consequences for soil CO2 efflux.  

In this study, therefore, the following hypothetical responses to seasonal and 

medium term (~ 4 years) drought on the plots were examined: 

H1) reduced LAI and leaf litter N content with a rise in the rate of leaf litter fall 

H2) a reduction in the amount of reproductive structures present in litter fall 

H3) an increase in tree mortality rate 

H4) increased root production and mortality 

H5) a decline in soil respiration and surface litter decomposition rate 

H6) decreased NPP, but increased allocation to root growth relative to foliage and 

stem wood growth. 

H7) an increase in the net flux of CO2 into the atmosphere from the forest. 

The drought treatment on the OXdry plot could not be replicated because of logistical 

and financial constraints. This experimental design precludes most conventional 
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statistical analyses of observed plot differences (Hurlbert 1984; Hurlbert, 2004), but 

does permit evaluation of forest processes which would have been difficult to capture 

in a, more easily replicated, but smaller-scale field experiment (Carpenter 1996; 

Sullivan 1997; Osmond et al., 2004). Results have been compared with earlier 

measurements made in the first two years of the drought treatment on the OXdry plot 

(Fisher et al., 2006; Meir et al., 2006; Sotta et al., 2006), and with other studies in the 

region, to provide a more robust assessment of drought effects upon forest C cycling 

at the study site. 

 

5.3. Materials and methods 

 

5.3.1. Field site 

 

The study site is located in the Caxiuanã National Forest, Pará State, north-eastern 

Brazil (1º43’3.5”S, 51º27’36”W).  The forest is a lowland terra firme rain forest with 

a high annual rainfall (~ 2272 ± 193 mm) and a pronounced dry season between July 

and December, when on average only 555 mm is recorded (Fisher et al., 2005). The 

soil type is a highly weathered yellow Oxisol (Brazilian classification: Latosol) 

consisting of 75-83% sand, 12-19% clay and 6-10% silt. A 0.3 - 0.4 m thick laterite 

layer is present at 3 - 4 m soil depth, which restricts plant root growth. The water 

table has been observed at a depth of 10 m during the wet season. In January 2002, a 

one-hectare plot was modified by the installation of plastic panels placed at two 

meters above the ground in order to exclude a proportion of incident rainfall (OXdry 

plot; Figure 1). This study compares data from the fourth year of the drought 

treatment on the OXdry plot with data from a floristically and structurally similar, but 

unmodified, one-hectare control plot located nearby (OXsand plot), to examine 

ecosystem properties over a wider range of soil moisture than currently exists 

naturally (see Table 1 for additional plot details). The OXsand and OXdry plots are 
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located about 15 m above river water level, the water table has occasionally been 

observed at a depth of 10 m during the wet season, and excavation confirms that the 

soil and live roots extend to at least 10 m depth. A detailed plot inter-comparison, 

before the imposition of the drought treatment on the OXdry plot, indicates that there 

was close environmental, structural and functional similarity between the OXsand and 

OXdry plots (Meir et al., 2006). The boundaries of both plots were trenched to a depth 

of one meter to minimize lateral flow of water from the OXsand plot, and elsewhere, 

into the OXdry plot. All subsequent measurements were made along a regular grid in 

each plot. 

 

 

Figure 1. View (a) above and (b) below the through-fall exclusion plot. 
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Plot characteristics OXsand OXdry 

Vegetation  
Tree number ha-1 
Stem basal area (m2 ha-1) 
Leaf area index (m2 m-2) 

 
434 
23.9 
5.3 (4, 7) 

 
421 
24.0 
5.3 (3, 6) 

Soil  

Clay content (%) 
Silt content (%) 
Sand content (%) 
pH  
Carbon content (g kg-1) 
Nitrogen content (g kg-1) 
Carbon:Nitrogen ratio 
P (mg kg-1) 
Ca2+ (mg kg-1) 
Mg2+ (mg kg-1) 

 
18 
5 
77 
4 
9 
0.4 
23 
3 
63 
43 

 
13 
4 
83 
4 
12 
0.3 
35 
3 

− 
− 

Table 1. Key vegetation and soil features for each plot surveyed. Values indicate mean and, 

where possible, 5th percentile, 95th percentile around mean (in brackets). Tree number and 

basal area represents all individuals over 10 cm diameter at breast height, measured in 

January 2005. Leaf area index values are means of 25 replicate measurements taken each 

month at each plot in 2005 (25 ×12 = 300 replicates). Soil type values are collated from data 

in Ruivo & Cunha (2003) and Sotta (2006). Percentiles could not be calculated for soil C 

stocks because Ruivo & Cunha (2003) and Sotta (2006) present no error estimates.  

 

 

5.3.2. Soil respiration 

 

Soil CO2 efflux was measured with an Infra-Red Gas Analyzer or IRGA (EGM-4 and 

SRC-1 chamber, PP Systems, Hitchin, U.K.). Respiration rate was calculated from 

the change in CO2 concentration over time within the IRGA chamber according to:  
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Where Rs is soil respiration (g m-2 hr-1), ∆C /∆T represents the change in CO2 within 

the chamber (ppm) per unit time (seconds), P is atmospheric pressure (Pa), t is the 

temperature of the air within the chamber (oC), Vch is the total internal volume of the 

chamber (m3) and A is the ground area covered by the chamber (m2). These terms are 

then divided by 1000 and multiplied by 3600 to convert Rs from units of kg m-2 s-1 to 

g m-2 hr-1. All of my measurements showed a positive linear relationship between C 

and T, indicating a constant rate of CO2 release from the ground into the atmosphere. 

Monthly measurements of soil respiration were made at 25 replicate points in each 

plot using the IRGA. Plastic collars were inserted into the soil at each measurement 

location, to a depth of approximately 2 cm, to ensure a good seal between the IRGA 

chamber and soil. Collars were installed 2 months prior to the initiation of the 

measurement program, to minimize any effect of soil disturbance upon subsequent 

measurements. The collars increased the effective volume of the chamber; this was 

corrected for with: 
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Where Rsc and Rsuc are corrected and uncorrected soil respiration respectively and Vco 

is the volume of the collar (m3). This correction does not include air-filled spaces in 

the soil as part of the effective chamber volume (Rayment 2000). Though this bias, if 

it does exist at the site, is unlikely to account for the majority of variation in soil CO2 

fluxes observed at the site. All measurements were made during the day. If there was 

a clear overall difference between mean day (07:00-19:00) and night time (19:00-

07:00) respiration values this could have adversely affected my estimates of daily, 

monthly and annual soil respiration. To test for this, hourly soil respiration over 24 

hours was recorded at three individual measurement points, over three periods evenly 

spaced through the year. No significant difference was found between mean day and 

(2) 
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night time respiration values at any of the points (P = 0.48, n = 9). Diurnal 

temperature variation was typically very small (~ 1.5 oC)at the site. 

An additional 18 locations (9 each in November 2004 and June 2005) in each plot 

were selected to partition soil respiration into autotrophic and heterotrophic sources. 

At these points, respiration was measured with the IRGA following the protocol 

described above, but subsequently the area of soil measured by the IRGA was 

extracted as a soil core (diameter = 12 cm, depth = 30 cm) using opposable semi-

circular cutting blades, and the roots were carefully removed by hand. Sub-samples of 

fresh roots from each core were carefully cleaned of organic detritus, and then placed 

into a cuvette which was connected to an IRGA that measured the rate of CO2 

accumulation within the cuvette. Root samples were then dried at 70 oC to constant 

mass and weighed. Two mass measurements were made for root samples: 1) roots 

less than 5 mm diameter, and 2) total. Root respiration rate per unit mass was 

calculated by dividing the respiration rate of root sub-samples placed in the cuvette 

by sub-sample dry mass of roots less than 5 mm diameter. I did not split root mass 

into the more conventional category of fine roots less than 2 mm diameter, because 

this would have led to a greater underestimate of the mass of respiring root tissue. 

Autotrophic respiration was then estimated as the product of root sub-sample 

respiration rate and total dry mass of roots less than 5 mm diameter extracted from 

each core, and then chamber measurements were up-scaled to a square meter. 

Estimates of autotrophic respiration, following this method, do not include 

contributions from mycorrhizae and microbes dependent upon root exudates. Instead, 

these sources of CO2 form part of heterotrophic respiration (see calculation method 

below, and further discussion of partitioning methodologies by Subke et al., 2006; 

Hogberg & Read 2006). To identify any confounding influence of the extraction 

process upon root activity the time interval between core extraction and root sub-

sample respiration measurement was recorded, and plotted against root respiration 

rate (data not shown). No clear change in root respiration over time was found (D. B. 

Metcalfe, unpublished data), and therefore I propose that my estimates of root 
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respiration rate are not likely to be strongly biased by wound respiration caused by 

root excision (Amthor 1994). Heterotrophic respiration was estimated as the residual 

respiration remaining after autotrophic respiration was accounted for (i.e.: the 

difference between total measured soil respiration and estimated autotrophic 

respiration, for each measurement point).  

The SRC-1 IRGA chamber is not vented to the atmosphere, is relatively small 

(diameter = 12 cm), and uses an internal fan to mix air. To ensure measurements were 

not an artefact of chamber design, the EGM-4 and SRC-1 system was compared to an 

alternative IRGA design (D. B. Metcalfe, unpublished data) which utilizes a vented, 

30 cm diameter chamber with no fan (LI-6262, LI-Cor, Lincoln, U.S.A.). No 

significant differences were found between measurements made by the contrasting 

IRGA systems (P = 0.21, n = 16).  

 

5.3.3. Above-ground plant dynamics  

 

Images of the canopy were recorded with a digital camera and hemispherical lens 

(Nikon Coolpix 900, Nikon Corporation, Japan) each month at 25 locations within 

each plot (see Chason et al., 1991, Breda 2003, for a comparison of available direct 

and indirect methodologies for quantifying LAI). Measurements on all plots were 

taken in the late afternoon when direct sunlight was at a minimum. The images were 

then analyzed with image analysis software (Hemiview 2.1 SR1, Delta-T Devices 

Ltd, U.K.) to calculate LAI (m2 m-2). Diameter growth increment of tree stems over 

10 cm diameter was recorded every six months for three years (2003 – 2005) with 

dendrometers installed at breast height. Tree diameter was converted to above-ground 

stem mass using allometric equations from Malhi et al., (2004), and corrected for 

species-specific variation in wood density (density values were derived from the 

RAINFOR dataset, Baker et al., 2004). Wood C content was assumed to be 48 % of 

dry biomass. Trees were identified as dead if they had no live foliage, and no live 

phloem at breast height. 
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5.3.4. Below-ground plant dynamics 

 

Soil cores (diameter = 15 cm, depth = 30 cm) were extracted using opposable semi-

circular cutting blades, at nine locations in each plot at the end of November 2004 and 

June 2005. Conventional cylindrical soil corers were not used because they could not 

sever coarse roots encountered, and caused considerable soil compaction. The 

opposable semi-circular cutting blades were retracted, to remove discrete portions of 

the core at a time (thus minimizing compaction), and a knife was used to sever coarse 

roots encountered within the core hole. Roots were carefully removed by hand from 

the soil cores, cleaned of inorganic detritus, dried at 70 oC to constant mass and 

weighed to estimate standing crop root mass (t ha-1). To convert root standing crop 

and production values into quantities of C, root samples from each plot were analysed 

for C content.  

Root production was estimated using the rhizotron method (Itoh, 1985; Sword et 

al., 1996; West et al., 2003; Davis et al., 2004). Rhizotrons were constructed from 

frames supporting vertically orientated transparent plastic sheets (width = 21 cm, 

length = 30 cm). Nine rhizotrons were installed in each plot, in August 2004. 

Incremental root length extension was recorded every 15 days by tracing over roots 

visible at the transparent plastic face with a permanent marker. Traced roots were 

annotated with numbers to denote date of root appearance and disappearance, and 

root diameter. Tracings were scanned and root length in each diameter category was 

recorded for each measurement session using image analysis software (WinRHIZO 

Tron 2003, Regent Instruments, Canada). Root length was converted to root mass per 

unit ground area using the approach detailed by Bernier & Robitaille (2004). The 

number of root contacts recorded at each rhizotron observation face together with root 

diameter, were used to calculate the total cross-sectional surface area of intersecting 

roots (Rxs), using the following equation:  
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Where r is root radius. Using the product of equation 3, root production (Pr, g m-2) for 

each rhizotron measurement session was calculated as: 
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Where Dr is root tissue density (g mm-3), Fc is the soil coarse fraction, α is the angle 

of the rhizotron observation face relative to the ground, γ is the ground angle relative 

to the horizontal, and W is the width of the rhizotron observation face. The 106 value 

converts mm2 ground area into m2. The additional multiplication factor of 2 is used 

because roots can only intersect with the rhizotron face from the front. It was 

assumed that if the rhizotron did not form a solid barrier an equal amount of roots 

would intersect from behind as well as from the front.  

Estimating root production with this conversion method used the most reliable 

sources of information from the rhizotrons- the date of root appearance, and root 

diameter (Bernier & Robitaille, 2004). Root mortality was more difficult to quantify 

because there may be a substantial lag period between root death and complete 

disappearance from the rhizotron via decomposition. To assess the extent of this lag 

period, and the reliability of rhizotron root disappearance observations, the following 

experiment was devised. Two rhizotrons were installed adjacent to the OXsand plot, in 

January 2005. After 3 months, root length was recorded at each rhizotron following 

the protocol described above, and all of the roots observed were severed in situ by 

trenching. The trenching procedure involved digging a narrow trench (width = 20 cm) 

around, and under, the rhizotron face where roots were recorded. The section of soil 

(width = 30 cm, length = 40 cm, depth = 40 cm) adjacent to the face remained 

undisturbed, but was covered with a plastic sheet, to prevent regrowth of roots in the 

(3) 

(4) 
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bulk soil towards the rhizotron. Subsequently, the trench was refilled with soil, to 

stabilize the soil section containing the severed roots observed by the rhizotron. Root 

disappearance after rhizotron trenching was recorded, following the tracing protocol 

described above, every 5 days for 70 days (Figure 2). Results show that visible roots 

severed by the trenching procedure clearly showed 70 % and 98 % root disappearance 

after 70 days (Fig 2).  

 

 

Figure 2. Root disappearance from two rhizotron observation screens, after trenching of 

rhizotrons to sever roots. The total population size of roots observed at both rhizotrons was 

212 (98 and 114). 

 

Estimates of root standing crop and production were likely to be underestimates 

because they only sampled roots from the surface 30 cm soil layer. To correct for this, 

data and equations derived from root profiles taken from tropical evergreen forests 

were used to estimate that 28% (intermediate to values of 31% and 24% reported by 

Jackson et al., 1996 and Schenk & Jackson, 2002 respectively) of the total root mass 

present at this site occurred below the depth sampled. Thus, approximate estimates of 

root standing crop and production in the entire soil column were derived by 

multiplying initial values by 1.28. 
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5.3.5. Litter fall and decomposition 

 

Litter fall was recorded by measuring monthly accumulation of litter in 20 mesh traps 

(area = 1 m2). Traps were placed at 1 m above the ground surface on the OXsand plot, 

and above the plastic panels on the OXdry plot (height ~ 2.5 m). Litter retrieved from 

the traps was separated into leaves, woody tissue, reproductive structures (flowers, 

fruit) and unidentified material. To estimate stocks of ground surface organic litter, 

samples of litter were collected from the ground surface at nine 115 cm2 areas along a 

regular grid in each plot at the end of November 2004 and May 2005. Ground surface 

litter samples were cleaned of inorganic detritus, dried at 70 oC to constant mass and 

weighed. Litter decomposition rate for each plot was estimated as mean plot ground 

surface litter mass divided by annual plot litter fall mass. To convert litter fall mass 

into estimates of C and N flux, litter fall collected in November 2004 and April 2005 

on each plot was analyzed for C and N content. 

 

5.3.6. Soil moisture and temperature 

 

Soil moisture (CS616 probe, Campbell Scientific, Loughborough, U.K.) and soil 

temperature (Testo 926 probe, Testo Ltd., Hampshire, U.K.) were recorded at a soil 

depth of 30 cm adjacent to all soil respiration measurements (see details above). 

 

5.3.7. Data analysis and presentation 

 

Net ecosystem production of C (NEP, t C ha-1 yr-1) may be calculated as: 

 

ha RRGPPNEP −−=  

 

(5) 



 154 

Where GPP represents total ecosystem C uptake (t C ha-1 yr-1), while Ra and Rh 

represent the two key ecosystem C loss terms- autotrophic and heterotrophic 

respiration respectively. However, GPP minus Ra is equal to NPP (t C ha-1 yr-1), since 

assimilated C which is not respired is used to construct plant tissue. Thus, equation 5 

may be reformulated as: 

 

hRNPPNEP −=  

 

In this study, NPP was directly measured as the sum of canopy litter fall (including an 

additional estimate of coarse wood litter production from Chambers et al., 2001), 

growth of stem wood and roots. Rh was estimated as the sum of soil heterotrophic 

respiration (directly measured) and coarse woody debris (CWD) respiration (derived 

from a published estimate for a similar Amazon rain forest, Chambers et al., 2004a). 

Estimates of GPP for the study site have been derived using both an ecophysiological 

modelling approach (Fisher et al., 2006) and eddy-flux measurements (Carswell et 

al., 2002). For comparison with these contrasting methods, I calculated GPP at the 

site with: 

 

aRNPPGPP +=  

 

Where Ra was estimated as the sum of soil autotrophic respiration (directly 

measured), and respiration from stem wood and foliage (derived from published 

estimates for a similar Amazon rain forest, Chambers et al., 2004b). Finally, forest 

carbon use efficiency (CUE) was estimated for both plots as the percentage of GPP 

invested in NPP. 

The drought treatment on the OXdry plot could not be replicated because of 

logistical and financial constraints (Hurlbert 1984). This experimental design 

precludes statistical analysis of observed differences, but does permit evaluation of 

forest processes which would have been difficult to capture in a, more easily 

(6) 

(7) 
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replicated, but smaller-scale field experiment (Carpenter 1996; Sullivan 1997; 

Osmond et al., 2004). To provide an assessment of plot differences over the period of 

measurement, 95 % confidence intervals were fitted around time series of canopy, 

root and soil characteristics on both plots (Fig. 3). Several measured C stocks and 

fluxes were not normally distributed, and so standard deviation error estimates were 

not appropriate. The approach taken in this study is to report mean values for C stocks 

and fluxes, to facilitate comparison with other studies, with 5th and 95th percentiles 

(5th and 95th Pc, in brackets when in text) around mean values.  

 

5.4. Results 

 

The plastic panels achieved approximately 80 % coverage of the OXdry plot. This 

coverage reduced surface soil water content ~ 35 % in the OXdry plot relative to the 

OXsand plot during the wet season (Fig. 3b). During the dry season, volumetric soil 

moisture fell to similar levels (~ 0.05 m-3 m-3) in both the OXdry and OXsand plots (Fig. 

3b).  

 

Carbon stocks OXsand plot OXdry plot 
(t ha

-1
)  

mean 
5th, 95th 
percentiles 

 
mean 

5th, 95th 
percentiles 

Tree foliage 2.5 2.2, 3.0 2.5 2.3, 2.9 

Tree stems 145.3 − 141.1 − 

Tree roots 44.7 11.5, 89.6 32.0  5.1, 108.8 

Ground litter 1.8 0.8, 3.1 1.6 1.0, 2.3 

Soil 63.6 − 31.7 − 

Table 2. Key C stocks on both plots. Foliage mass was calculated from plot mean LAI, 

assuming specific leaf area of 100 g m-2 (Meir et al., 2002; Chaves et al., unpublished data 

for this site), and converted to C stocks with litter fall C content in Table 4. Tree stem C stock 

estimates exclude any individuals less than 10 cm diameter at breast height at the beginning 

of the study. Soil C stocks are calculated from soil C content and bulk density depth profiles 

presented by Ruivo et al., (2002). 
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Carbon fluxes  OXsand plot OXdry plot 
(t ha

-1
 yr

-1
)  

mean 
5th, 95th 
percentiles 

 
mean 

5th, 95th 
percentiles 

Litter fall 
Total 

Leaves 

Reproductive 

Coarse wood 
*
 

Fine wood 

Indeterminate 

 
4.5  
2.5  
0.6  
0.9 
0.4  
0.1  

 
3.1, 6.2 
1.8, 3.1 
0.1, 1.3 

− 
0.2, 0.6 
0.03, 0.2 

 
3.6  
2.0  
0.2  
0.9 
0.4  
0.1  

 
2.6, 4.9 
1.5, 2.6 
0.02, 0.4 

− 
0.2, 0.9 
0.02, 0.2 

Tree stems 
Growth 

Mortality 

 
1.3 
1.9 

 

− 

− 

 
1.3 
2.1 

 

− 

− 

Roots 
Growth  

Mortality 

 
2.4  
0.2  

 
1.4, 3.6 
0.0, 0.5 

 
2.7  
0.1  

 
1.7, 5.1 
0.0, 0.4 

Respiration 
Soil total 

Soil autotrophic 

Soil heterotrophic 

CWD 
#
 

Foliage 
†
 

Stem wood 
†
 

 
13.4  
6.3  
7.1 
2.0  
9.8 
4.2 

 
9.1, 20.1 
4.3, 9.5 
4.8, 10.6 

− 

− 

− 

 
12.5  
7.4  
5.2  
2.0 
9.8 
4.2 

 
7.5, 17.7 
4.4, 10.4 
3.1, 7.3 

− 

− 

− 

NPP 8.1 5.8, 11.0 7.6 5.5, 11.3 

GPP 28.4 24.1, 34.5 29.0 23.9, 35.6 

NEP -0.8 -6.7, 4.3 0.5 -3.7, 6.3 

CUE (NPP/GPP, %) 28.5 24.0, 32.0 26.2 23.2, 31.6 

Table 3. Key C fluxes and CUE on both plots. Litter fall estimates were converted to C 

fluxes with measurements of litter fall C content in Table 4. Tree stem C flux estimates 

exclude any individuals less than 10 cm diameter at breast height at the beginning of the 

study. Some fluxes were not directly measured in this study, and are derived from the 

following published estimates: * Chambers et al., (2000), # Chambers et al., (2004), † 

Chambers et al., (2004). Root C flux estimates are derived from root mass changes measured 

by Rhizotrons and corrected for the depth underestimate (see methods section), then 

converted to C fluxes assuming root C content of 48 % (D. B. Metcalfe, unpublished data). 

NPP = litter fall + stem wood growth + root growth. GPP = NPP + soil autotrophic 

respiration + foliage respiration + stem wood respiration. NEP = NPP – soil heterotrophic 

respiration – CWD respiration. CUE = (NPP / GPP) × 100. 
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5.4.1. Canopy dynamics 

 

During the year of measurement, estimated mean LAI was 5.3 m2 m-2 on both plots 

(Table 1 & Fig. 3c). There was no consistent seasonal trend in LAI on either plot 

(Fig. 3c). Though, an abrupt decline in LAI in July 2005, particularly on the OXsand 

plot, was closely correlated with an increase in leaf litter fall and a period of 

particularly low rainfall (Figs. 3a, 3c & 3d). Recorded leaf litter fall on the OXdry plot 

was 2.0 (5th Pc = 1.5, 95th Pc = 2.6) t C ha-1 yr-1 compared to 2.5 (5th Pc = 1.8, 95th Pc 

= 3.1) t C ha-1 yr-1 on the OXsand plot (Table 3). On both plots, leaf litter fall rose 

substantially at the onset of the dry season when monthly rainfall decreased, though 

surface soil moisture remained relatively high (Fig. 3d). C and N content was 

measured for litter samples taken from both plots, at two periods in the year which 

coincided with the peaks of the dry (November 2004) and wet seasons (April 2005). 

There were small but consistent differences in litter chemistry between plots and 

seasons (Table 4). For example, litter samples from the OXsand plot had a greater N 

content of 15.7 g kg-1, compared to 14.0 and 14.2 g kg-1 on the OXdry plot (Table 4). 

On both plots, the C content of litter produced during the wet season month was 

higher (482.3 and 4.86.5 g kg-1) than that of litter collected in the dry season (472.9 

and 474.1 g kg-1). Further replication of both plots and seasons is required to assess 

these differences statistically 

 

5.4.2. Tree reproduction 

 

Over the entire year of the study, the mass of reproductive structures (fruits, flowers, 

seeds) which fell from the canopy constituted an estimated flux of 0.6 (5th Pc = 0.13, 

95th Pc = 1.34) t C ha-1 yr-1 on the OXsand plot compared to 0.2 (5th Pc = 0.02, 95th Pc 

= 0.4) t C ha-1 yr-1 on the OXdry plot (Table 3). This difference remained even after 
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accounting for the greater total amount of litter fall on the OXsand plot: reproductive 

litter constituted 13 % and 6 % of total on the OXsand and OXdry plots respectively. 

Reproductive litter fall on the OXdry plot showed no distinct seasonal trend, whereas 

the amount of reproductive structures falling from the canopy in the OXsand plot 

increased during the two dry seasons encompassed by this study (Fig. 3e). 

 

5.4.3. Tree mortality 

 

Over three years (2003 – 2005), 19 trees over 10 cm diameter at breast height died on 

the OXdry plot compared to 31 on the OXsand plot. This equates to 1.5 and 2.4 % 

annual mortality of the tree populations on the OXdry and OXsand plots respectively. 

However, more large trees died on the OXdry plot, such that mortality quantified in 

mass terms was slightly greater in the OXdry plot (Table 3; 2.1 t C ha-1 yr-1, 1.49 % of 

plot tree mass) compared to the OXsand plot (Table 3; 1.9 t C ha-1 yr-1, 1.29 % of plot 

tree mass). 

 

5.4.4. Root dynamics 

 

Estimated root growth was higher on the OXdry plot- 2.7 (5th Pc = 1.7, 95th Pc = 5.1) t 

C ha-1 yr1- compared to 2.4 (5th Pc = 1.4, 95th Pc = 3.6) t C ha-1 yr-1 on the OXsand plot 

(Table 3). On both plots, growth appeared to peak around the middle of the wet 

season, though roots on the OXdry plot displayed an additional surge in production 

coinciding with the large rain events which mark the beginning of the wet season 

(Fig. 3f). Estimated root mortality was higher on the OXsand plot (Table 3), and on 

both plots occurred only during short periods in the wet season (Fig. 3g), through 

further measurement replication is required to reduce uncertainty around 

observations.  
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5.4.5. Soil respiration and surface litter turnover 

 

Soil respiration constituted a flux of 13.4 (5th Pc = 9.1, 95th Pc = 20.1) and 12.5 (5th 

Pc = 7.5, 95th Pc = 17.7) t C ha-1 yr-1 into the atmosphere, from the OXsand and OXdry 

plots respectively (Table 3). The relative contribution of autotrophic and 

heterotrophic sources to total soil respiration differed between plots (Table 3). Thus, 

on the OXsand plot, measured soil CO2 efflux was divided almost equally between 

heterotrophic (53 %, 7.1 t C ha-1 yr-1) and autotrophic (47 %, 6.3 t C ha-1 yr-1) 

contributions, whereas soil respiration on the OXdry plot was more dominated by 

autotrophic sources (59 %, 7.4 t C ha-1 yr-1) while heterotrophic respiration (41 %, 5.2 

t C ha-1 yr-1) contributed relatively less.  
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Figure 3. Temporal trends in water, above- and below-ground plant dynamics, and soil 

respiration on both plots. The grey regions around mean values denote 95th confidence 

intervals, with the exception of mean root growth and mortality where error bars denote 5th 

and 95th percentiles. Daily rainfall records are missing for the following periods: 14 – 28 

February, 1 – 30 April, 1 October onwards. Monthly rainfall is generated for the missing 

period by linearly interpolating between 10 day rainfall periods before and after the gaps. 



 161 

 

5.4.6. Tree growth and allocation 

 

Estimated total NPP (the sum of canopy litter fall, tree stem growth and root growth) 

was 8.1 (5th Pc = 5.8, 95th Pc = 11.0) t C ha-1 yr-1 on the OXsand plot as compared with 

7.6 (5th Pc = 5.5, 95th Pc = 11.3) t C ha-1 yr-1 on the OXdry plot (Table 3). The greatest 

uncertainties in these estimates arose from quantifying root production. Of this total 

NPP, a greater proportion was invested in litter fall (56 %, 4.5 t C ha-1 yr-1) than root 

production (30 %, 2.4 t C ha-1 yr-1), on the OXsand plot (Table 3). Whereas, on the 

OXdry plot, the pattern of allocation appears to have shifted such that root production 

accounted for a relatively greater proportion of total growth (36 %, 2.7 t C ha-1 yr-1) at 

the expense of litter fall production (47 %, 3.6 t C ha-1 yr-1). Stem wood production 

only differed slightly between plots (1.28 and 1.26 t C ha-1 yr-1 on the OXsand and 

OXdry plots respectively), and on both plots constituted 16 % of annual NPP (Table 

3). 

 

5.4.7. Net ecosystem production of C 

 

On the OXsand plot, the estimated amount of C assimilated as NPP was less than the 

estimated quantity of C released as heterotrophic respiration from soil and CWD, 

such that over the period of this study estimated NEP in the OXsand forest was -0.8 (5th 

Pc = -6.7 , 95th Pc =4.3) t C ha-1 yr-1 (Table 3). On the OXdry plot, NPP was reduced, 

but soil heterotrophic respiration declined even more, such that estimated NEP on the 

forest subjected to the OXdry treatment was 0.5 (5th Pc = -3.7 , 95th Pc = 6.3) t C ha-1 

yr-1 (Table 3).  

Estimated GPP was 28.4 (5th Pc = 24.1, 95th Pc = 34.5) and 29.0 t C ha-1 yr-1 (5th 

Pc = 23.9, 95th Pc = 35.6) on the OXsand and OXdry plots respectively (Table 3), and a 
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relatively small proportion of this assimilated C was invested in NPP (Table 3; 28.5 

% on the OXsand plot, and 26.2 % on the OXdry plot). 

 

5.5. Discussion 

 

5.5.1. Canopy dynamics 

 

Results from this study provide only limited support for H1- that soil drought causes a 

decline in LAI, foliage N content, and a rise in leaf litter fall. The amount of LAI 

recorded at this site (Table 1; 5.3 m2 m-2) agrees well both with existing reports from 

other locations in the Amazon rain forest (6.2 – 6.8 m2 m-2, Nepstad et al., 2002; 5.10 

m2 m-2, Aragao et al., 2005), and from previous measurements made at this site (~ 5.5 

m2 m-2, Meir et al., 2006). My measurements, in the fourth year of the OXdry 

treatment, showed no clear difference in LAI between the OXdry and OXsand plots 

(Fig. 3c). This result contrasts with earlier measurements (Meir et al., 2006), made 

through the first and second years of the drought treatment on the OXdry plot, that 

show a distinct decline in LAI on the OXdry plot relative to the OXsand plot of 0.5 m2 

m-2 in the first year and 1.2 m2 m-2 by the end of the second year. My follow-up 

measurements suggest, therefore, that the forest in the OXdry plot may have recovered 

from the initial impacts of the OXdry treatment (≤ 2 years), at least in terms of LAI.  A 

comprehensive inter-comparison of methodologies, and additional measurements 

over a longer time period, are required to reinforce this preliminary finding. Though, 

other studies in the region corroborate my general conclusion that the rain forest 

canopy appears to be relatively resilient to the effects of drought. For example, 

Nepstad et al., (2002) conducted a similar through-fall exclusion in the Amazon and 

concluded that after several years of soil moisture deficit “the forest leaf 

canopy…exhibited a rather small response to the through-fall exclusion treatment”, 

whilst a study of seasonal rain forest canopy dynamics in Barro Colorado island, 
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Panama, found no clear canopy response to seasonal drought (Wright and Cornejo, 

1990).  

Contrary to the predictions of H1 (that drought would cause an increase in leaf 

litter fall), total annual leaf litter fall was lower on the OXdry plot (2.0 t C ha-1 yr-1) 

compared to the OXsand plot (Table 3; 2.5 t C ha-1 yr-1) in the year of measurement. 

This annual difference in litter fall was entirely attributable to two transient surges in 

leaf litter fall on the OXsand plot around January and July 2005 (Fig. 3d). In addition, 

measured leaf litter fall did not peak during the dry season as hypothesized (H1). 

Instead, leaf litter fall rate began to increase on both plots around the annual soil 

moisture maximum and reached a peak several months thereafter (Fig. 3d). Both the 

plot differences and the seasonal trends of leaf litter fall apparent in this dataset are 

replicated by observations made by Meir et al., (2006) at this site in the first 2 years 

of the drought treatment on the OXdry treatment. This suggests that, for the forest at 

this site, soil moisture deficit may not be the most important seasonal cue for leaf fall. 

While numerous studies in tropical forests have documented increases in leaf fall 

during the dry season, attempts to rigorously test the role of soil moisture in 

determining the magnitude and timing of leaf fall indicate that tree and forest 

responses are not uniform (see Wright & Cornejo 1990, and references therein), 

possibly because of species-specific differences in drought susceptibility and the 

existence of other physical cues (e.g.: radiation, air humidity). One potential 

explanation for the unusual leaf litter fall pattern observed in this study is that the site 

has a relatively high level of plant available moisture compared to other areas of the 

eastern Amazon (Meir et al., 2006), which could diminish the severity of water stress 

experienced by the forest during the dry season. In addition, my data suggest that the 

forest canopy may be responding to drought in other ways. For example, the 

relatively invariant LAI despite substantial changes in leaf litter fall (Figs. 3a & 3b) 

indicates that there may have been shifts in the rate of new leaf production seasonally 

and between plots over the period of measurement. The C and N content of leaf litter 

fall varies slightly between plots and seasons (Table 4), which points towards the 
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existence of subtle changes in leaf physiology. Clearly, though, more detailed 

measurements of leaf dynamics and physiology at this site are necessary to provide a 

better understanding of the factors controlling canopy structure and leaf dynamics. 

 

5.5.2. Tree reproduction 

 

In this study, the proportional mass of reproductive structures (flowers, fruits, seeds) 

in litter fall was used as a proxy for reproductive activity at the tree stand level. My 

observations provided only partial support for H2- that reproduction declines with soil 

water availability. On an annual basis, the OXdry plot did produce less reproductive 

litter (0.2 t C ha-1 yr-1, 6 % of total) than the OXsand plot (Table 3; 0.6 t C ha-1 yr-1, 13 

% of total). In particular, OXdry plot reproductive litter production was diminished 

relative to the OXsand plot during the dry seasons at the beginning and end of the 

measurement period (Fig. 3). The seasonal pattern of reproductive litter fall on the 

OXsand plot indicated that tree reproduction was enhanced during the dry season (Fig. 

3). These results should be interpreted cautiously because individual trees with 

particularly abundant or heavy reproductive structures may have a disproportionately 

large effect upon plot estimates of reproduction. However, this seasonal pattern is 

corroborated both by a direct visual assessment of tree reproductive phenology in 

another Amazon rain forest (Nepstad et al., 2002), and earlier measurements of 

reproductive litter mass production made at this site during the first and second years 

of the drought treatment on the OXdry plot (Meir et al., 2006). Thus, it appears that 

forest reproduction displays opposing responses to seasonal drought and longer-term 

soil moisture deficit caused by the drought treatment on the OXdry plot. Results from 

a recently developed ecophysiological model may resolve this apparent paradox 

(Fisher et al., 2006): under normal conditions (in a non-El Niño year, when not 

subjected to the drought treatment), GPP at this site may be slightly higher during the 

dry season than the wet season because during the dry season forest GPP is still not 

moisture limited but is enhanced by higher levels of radiation because of the larger 
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number of cloudless days (Huete et al., 2006). Under extended soil drought imposed 

by the drought treatment, however, forest GPP is reduced by 13% (Fisher et al., 

2006). Thus, at this site, drought events of short duration (i.e.: during the dry season 

of a non-El Niño year) appear to increase forest C assimilation, which is reflected in a 

rise in reproduction during the dry season (Fig. 3e), but after longer or more severe 

periods of drought (i.e.: on the OXdry plot) soil moisture deficit may limit GPP such 

that reserves of C usually available to support seasonal reproduction are not 

replenished and become exhausted. This preliminary conclusion calls for further 

detailed research into the mechanisms regulating reproduction in tropical forests. 

Whatever the underlying processes, results from this study suggest that projected 

increases in drought conditions in the Amazon over this century could potentially 

have immediate impacts on ecosystem nutrient cycling via reproductive litter, and 

longer-term implications for seedling recruitment, tree population age structure and 

forest C storage capacity. 

 

5.5.3. Tree mortality 

 

Tree mortality was recorded every six months for three years (2003 -2005), and 

results provide partial support for H4- that drought causes elevated tree mortality 

rates. When quantified in terms of the percentage of the total population of trees 

surveyed which died over the measurement period, the OXsand plot exhibited greater 

mortality (2.4 %) than the OXdry plot (1.5 %). In contrast, over the first two years of 

the drought treatment on the OXdry plot, Meir et al., (2006) reported an increased 

population mortality rate of  1.5 – 2.0 % from a pre-drought baseline population 

mortality rate of 1 %. However, between 2003 and 2005, more large trees died on the 

OXdry plot, with the consequence that tree mortality expressed in mass terms was 

slightly higher on the OXdry plot (1.49 %, 2.1 t C ha-1 yr-1) compared to the OXsand 

plot (Table3; 1.29 %, 1.9 t C ha-1 yr-1). Caution should be applied when interpreting 

these results since the measurement period is relatively short, and mortality is likely 
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to show considerable spatial and temporal variation. Several studies have documented 

elevated tree population mortality during El Niño related drought events (Condit et 

al., 1995; Williamson et al., 2000; Laurance et al., 2001; Condit el al., 2004), but 

most also highlight the complexity of responses amongst species and regions, and the 

potential for forest drought resilience. For example, Condit et al., (2004) recorded 

responses of three rain forest plots along a rainfall gradient to the 1997 - 1998 El 

Niño drought, and found that forest on all plots experienced increased growth, whilst 

only the driest plot on the gradient displayed elevated tree mortality. For the same El 

Niño year, Williamson et al., (2000) did observe an increase in population mortality 

rate- 1.91 % compared to 1.12 % prior to the El Niño drought- but the forest appeared 

to recover by the following year. In this study, tree growth and mortality was 

recorded only for stems over 10 cm in diameter. It is possible that a stronger drought 

effect would have been observed if smaller plants had been included, since they are 

likely to have shallower root systems which cannot access deep water reserves.  

 

5.5.4. Root dynamics 

 

Rates of root production and mortality, recorded by rhizotrons at this site, displayed a 

high degree of spatio-temporal heterogeneity which limits the degree of confidence 

which may be placed in any patterns observed. Nevertheless, the rhizotrons provided 

useful preliminary information about a component of plant growth which is rarely 

quantified but could have important impacts upon Amazon ecosystem 

biogeochemical cycling. My results provided only partial support for H5- that soil 

moisture deficit will lead to an increase in root production and mortality. Annual 

production of root mass was higher on the OXdry plot (2.7 t C ha-1 yr-1, 36 % of NPP) 

relative to the OXsand plot (2.4 t C ha-1 yr-1, 30 % of NPP), both in absolute terms and 

as a proportion of above-ground growth (Table 3). However, root mass production 

appears to have peaked on both plots as soil moisture reached its annual maximum, 

though roots in the OXdry plot displayed an additional surge in production at the onset 
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of the wet season (Figure 3f). This additional surge on the OXdry plot accounts for 

most of the estimated annual difference between plots. This brief period of elevated 

root production in the OXdry plot implies that the trees on the plot may have been 

compensating for lower annual production rates by increasing production during 

seasonal periods of relatively high soil moisture. This interpretation is corroborated 

by a range of studies which found that prior exposure to water deficit led to higher 

growth either in other portions of the root system where conditions were more 

favourable, or for the root system as a whole when the soil was rewetted (Dickman et 

al., 1996; Hendrick & Pregitzer, 1996; Torreano & Morris, 1998). For example, 

Joslin et al. (2000) artificially modified water availability on three plots over five 

years at a temperate deciduous forest site. While they found little evidence for a net 

increase in fine root production on the drier plot, they do conclude that ‘periods of 

lower root production in the dry treatment were compensated for by higher growth 

during favourable periods’.  

Records of root disappearance (mortality and complete decay) from the rhizotrons 

installed in both plots do not support the hypothesis (H5) that soil moisture deficit 

drives an increase in root mortality, since annual root disappearance was higher on 

the OXsand plot (0.2 t C ha-1 yr-1) than the OXdry plot (0.1 t C ha-1 yr-1), and through 

the year all root disappearance on both plots occurred during a few periods in the wet 

season (Figure 3g). This may be because root disappearance at the rhizotrons was 

partly determined by rates of root decomposition, not only mortality rate. Root 

mortality and decomposition could have differing responses to soil moisture which 

could confound attempts to derive a simple relationship between soil moisture and 

rhizotron root disappearance. Disapearance events were extremely variable in time 

and space. Two rhizotrons in the OXsand plot and 5 in the OXdry plot exhibited no root 

mortality at all over one year, whilst others experienced annual disappearance of up to 

19 % of existing roots. Overall, recorded root diappearance was extremely low 

compared to typical estimates of root longevity derived from minirhizotron 

measurements (usually not more than a year: Hendrick & Pregitzer, 1992; Black et 
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al., 1998; Anderson et al., 2003; Majdi & Öhrvik, 2004, but see review by Trumbore 

& Gaudinski, 2003). In this study, of the roots produced over one year only 6.7 % and 

4.8 % disappeared on the OXsand and OXdry plots respectively. There are several 

possible explanations for the disparity between values of root disappearance from this 

study, and other published estimates. Firstly, the apparently low root mortality at this 

site may have been an artefact of equipment or observers. I propose that this is 

unlikely to be the case because two rhizotrons, installed adjacent to the OXsand plot, 

which were trenched to sever all visible roots clearly showed 70 % and 98 % root 

disappearance after 70 days (Fig 2). Secondly, it is possible that most minirhizotrons 

sample a relatively greater proportion of very fine, dynamic roots compared to 

alternative methodologies (i.e.: the rhizotron design used in this study, or isotopic 

tracers- see review by Trumbore & Gaudinski, 2003). Further testing of the rhizotron 

design used in this study could provide more information about dynamics of 

relatively coarse roots, which constitute an important pathway for C and nutrients 

allocated below-ground, but may not be fully captured by current minirhizotron 

methodologies.  

 

5.5.5. Soil respiration and surface litter dynamics 

 

Results from this study do support H6- that soil respiration and surface litter 

decomposition rate decline under drier conditions. The estimated total amount of C 

released from soil during the year of measurement was slightly lower on the OXdry 

plot (12.5 t C ha-1 yr-1) compared to the OXsand plot (13.4 t C ha-1 yr-1). These fluxes 

appear typical for primary forest in the Amazon (see Sotta et al., 2004, for a review of 

soil respiration values reported by studies in the region). Davidson et al., (2004), in 

another drought experiment in central Amazon, did not detect any clear drought effect 

upon soil CO2 efflux, though other trace gas fluxes were affected which indicates that 

the experimental drought treatment was altering soil biogeochemical cycling. In this 

study, soil respiration remained similar on both plots for much of the year, except for 
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a four month period (August – November 2005) during the dry season when soil CO2 

efflux on the OXdry plot was consistently lower than the OXsand plot (Fig. 3). Both the 

annual magnitude and temporal pattern of soil respiration, with maximum plot 

differences towards the end of the wet season, appears to be a consistent feature of the 

site since it was also noticeable in the first two years of the drought treatment on the 

OXdry plot (Meir et al., 2006). My data builds upon these observations, by 

partitioning seasonal soil CO2 flux into heterotrophic and autotrophic sources. Results 

suggest that the relative contributions of heterotrophic and autotrophic respiration 

vary seasonally, and this seasonal pattern differs between plots (Table 3 & Fig. 3). On 

the OXsand plot, soil respiration was divided almost equally between autotrophic (6.3 t 

C ha-1 yr-1, 47 %) and heterotrophic (7.1 t C ha-1 yr-1, 53 %) sources, whereas on the 

OXdry plot heterotrophs contributed less (5.2 t C ha-1 yr-1, 41 %) to total soil 

respiration (Table 3). Autotrophic and heterotrophic respiration on the OXsand plot did 

not change consistently through the year (Fig. 3i & 3j, with the net consequence that 

total soil respiration on the OXsand plot was not clearly different between wet and dry 

seasons (Figures 3h). In contrast, heterotrophic respiration on the OXdry plot rose 

considerably during the wet season and fell again as conditions became drier (Figure 

3j), while autotrophic respiration showed a weaker, but opposite trend (Figure 3i). 

During the wet season the minor increase in autotrophic respiration on the OXdry plot 

was offset by the larger decrease in heterotrophic respiration. The net effect upon soil 

respiration in the OXdry plot was that there was little consistent change in CO2 efflux 

until after the peak of the wet season, when soil respiration consistently fell over 4 

consecutive months (Figure 3h). This period during the wet season accounted for the 

majority of the difference in annual soil CO2 efflux between the OXsand and OXdry 

plots (Table 3). 

In this study, estimates of ground surface litter turnover were derived by dividing 

litter mass (Table 2) by annual litter fall rate (Table 3). This approach assumes steady 

state conditions for stocks of ground surface litter over the year of measurement. 

Results indicate that the time taken for complete surface litter turnover was 7.6 
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months on the OXsand plot, and 8.1 months on the OXdry plot. This apparent difference 

in turnover between plots supports H5, though additional work (e.g.: using litter bags) 

is required to explore litter decomposition and turnover in greater detail, to reinforce 

this preliminary conclusion. 

 

5.5.6. Tree growth and allocation 

 

According to the functional balance theory (Thornley, 1972; Cannell & Dewar, 

1994), trees on the OXdry plot should have responded to soil moisture deficit by 

increasing allocation of resources to root production relative to above-ground 

production of woody tissue and foliage (H6). Comparison of production between plots 

is consistent with this hypothesis though observed differences are small. While NPP 

(the sum of canopy litter fall, stem wood growth and root growth) was lower on the 

OXdry plot (7.6 t C ha-1 yr-1) than the OXsand plot (8.1 t C ha-1 yr-1), on the OXdry plot a 

greater proportion of the total was invested in root growth (36 %, 2.7 t C ha-1 yr-1), 

apparently at the expense of litter fall (47 %, 3.6 t C ha-1 yr-1). Trees on the OXdry plot 

greater than 10 cm in diameter showed a small reduction in radial growth over the 

year of measurement compared to the OXsand plot which translated into an estimated 

reduction in stem wood production of just 0.02 t C ha-1 yr-1 (Table 2). On both plots, 

stem wood production constituted 16 % of estimated total annual production (1.28 

and 1.26 t C ha-1 yr-1 on the OXsand and OXdry plots respectively). 

 

5.5.7. Net ecosystem production of C 

 

Over the year of measurement, I estimate that NEP on the OXdry plot forest was 0.5 

(5th Pc = -3.7, 95th Pc = 6.3) t C ha-1 yr-1. In comparison, over the same period 

estimated NEP on the OXsand plot was -0.8 (5th Pc = -6.7, 95th Pc = 4.3) t C ha-1 yr-1. 

The main reason for the relatively large amount of C uptake on the OXdry plot is the 
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reduced rate of heterotrophic respiration which more than offsets a plot decline in 

NPP. This is potentially important because current models, which predict a large 

efflux of C from the forest under future drought conditions, simulate almost no 

drought induced change in soil respiration (Tian et al. 1998, Zeng et al. 2005). 

Instead, modelled respiration is usually stimulated by rising temperature. A different 

representation of below-ground processes in these models (i.e.: simulating a decline 

in soil respiration under drier conditions) might fundamentally alter model forecasts 

of forest NEP. While there is a considerable degree of uncertainty surrounding my 

estimates, they are consistent with current understanding of the links between 

heterotrophic respiration, soil moisture and plant photosynthesis. If photosynthesis is 

reduced by the drought on the OXdry plot (Fisher et al., 2006), and if supply of 

photosynthate controls much of soil CO2 efflux (Högberg et al., 2001; Högberg & 

Read 2006) then it is plausible that soil respiration will decline in response to 

drought, not increase as current models predict.  

In this study, GPP was estimated by directly measuring growth and respiration 

of most major tree components. This approach is relatively rare, compared to 

alternatives such as eddy-flux measurements and ecophysiological modelling, 

because of the considerable time and effort necessary to make measurements. Using 

this ‘bottom-up’ approach, I estimate GPP of 28.4 t C ha-1 yr-1 on the OXsand plot and 

29.0 t C ha-1 yr-1 on the OXdry plot over the year of measurement. There is substantial 

uncertainty surrounding these estimates, but the remarkable degree of similarity with 

top-down estimates from the region strengthens confidence in the validity of the 

estimates. For example, Fisher et al., (2006) developed an ecophysiological model to 

simulate forest C assimilation at the study site, and estimated GPP of 31.2 and 27.0 t 

C ha-1 yr-1 on the OXsand and OXdry plots respectively. In other locations in the 

Amazon, the eddy flux method has been used to estimate forest GPP of 20.4 – 36.3 t 

C ha-1 yr-1 (Grace et al., 2000; Malhi & Grace, 2000; Carswell et al., 2002; Loescher 

et al., 2003). The eddy flux approach has been used to infer a substantial C sink in 

Amazon forests (Grace et al., 1995; Grace et al., 1996; Malhi et al., 1998), however 
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the method may often underestimate night-time respiration (see review by Ometto et 

al., 2005), and thus overestimate NEP. The method used in this study is not 

susceptible to this bias, though there are other sources of uncertainty from measuring 

and up-scaling C components, and suggests that not all Amazon forest sites may be 

such strong C sinks as previously claimed. Further research using different 

methodologies to calculate NEP at different forest types across the Amazon is 

required to clarify this issue. 

This study contributes to the growing body of research which indicates that the 

CUE of tropical forest is low (mean of 25 % from 4 separate studies, see Amthor, 

2000, and Chambers et al., 2004) compared to temperate forest sites (mean of 54 % 

from 20 separate studies, see Amthor, 2000). The low CUE of tropical forests may 

reflect increased respiratory demands per unit photosynthate, perhaps linked to 

increased temperature (Woodwell 1983; Ryan 1996). An alternative hypothesis is that 

tropical forests are nutrient rather than CO2 limited, such that more C is assimilated 

than can be used for tissue construction. If this is true, then the surplus assimilated C 

may be respired through some other, unmeasured, pathway as ‘wastage respiration’ 

(Lambers, 1982; Lambers, 1997). Understanding the underlying cause for the 

apparently low CUE in tropical forests could be critical for predicting future forest 

responses to climate change. For example, if the supply of C already exceeds demand 

in tropical forests then it is unlikely that increases in atmospheric CO2 levels would 

cause increased NPP. Whereas, if high respiration does reflect respiratory demands, 

then increased photosynthesis caused by elevated CO2 levels, would enhance NPP 

(Lloyd & Farquhar, 2000). Quantifying the flux of C through different plant 

respiratory pathways could resolve why tropical forests appear to have a low CUE, 

and how this may affect their response to future climate change. 

 

5.6. Conclusion 

 



 173 

Four years of artificial soil drought on the OXdry plot elicited several important 

responses in terms of forest growth dynamics and soil respiration. The apparent net 

consequence of these changes is that estimated NEP on the OXdry plot forest was 0.5 

(5th Pc = -3.7, 95th Pc = 6.3) t C ha-1 yr-1 over the period of measurement, whereas on 

the OXsand plot forest, estimated NEP was -0.8 (5th Pc = -6.7, 95th Pc = 4.3) t C ha-1 yr-

1. Estimated GPP was ~ 29 t C ha-1 yr-1, which is consistent with modelling studies 

and eddy flux measurements in the region. Most of this GPP appeared to be expended 

through respiration, and thus estimated carbon use efficiency at this site was low (~ 

28 %) compared with many temperate forest sites. The forest canopy appeared to be 

relatively resilient to drought with little change in either leaf area index of leaf litter N 

content. Unexpectedly, leaf litter fall on both plots peaked during the wet season, not 

when conditions were dry as hypothesized. Tree reproduction appeared to be 

inhibited by the drought treatment on the OXdry plot, but seasonal reproduction on the 

OXsand plot was highest during the dry season. If projected increases in the frequency 

and severity of drought in the Amazon do cause a decline in tree reproduction in the 

region this could have serious implications for the age-structure and C storage 

capacity of the forest. The strong response of reproduction to drought on the OXdry 

plot is consistent with the hypothesis that, under soil water deficit, plants divert 

resources away from non-essential tissues (i.e.: fruits, flowers, seeds), and towards 

organs responsible for water uptake and transport (i.e.: roots). Root production was 

higher on the OXdry plot relative to the OXsand plot, but production on both plots 

coincided with the annual maximum of soil moisture (with an additional peak in the 

OXdry plot at the initiation of the wet season). Tree mortality, quantified in mass 

terms, was highest in the OXdry plot, while root mortality was lower and peaked on 

both plots during the wet season. It is likely that observed patterns of root mortality 

reflected changes in not only root longevity, but also rates of decomposition. Annual 

soil CO2 efflux was lower on the OXdry plot compared to the OXsand plot. There was 

no clear seasonal pattern in soil respiration on either plot. In the OXdry plot, this lack 

of seasonality disguised an increase in heterotrophic respiration during the wet 
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season, with a rise in autotrophic respiration when conditions became drier. 

Autotrophic and heterotrophic respiration showed no clear seasonality on the OXsand 

plot. Additional years of measurement at the OXdry plot may reveal longer term 

impacts of drought such as decreases in leaf area index, and greater tree mortality. Of 

particular interest are what changes will mean for the net exchange of CO2 between 

the forest and atmosphere, and how much spatial heterogeneity there is within the 

Amazon basin, in terms of the sensitivity of trees to drought. 
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Chapter 6 

 

6. Discussion 
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6.1. Key findings and their implications 

 

In the introduction, I described how the lack of understanding about Amazon forest 

responses to future drought is mainly constrained by the scarcity of data on below-

ground plant activity and soil respiration. This scarcity is caused principally by the 

considerable time and effort required to collect and process soil and plant root 

samples, together with the difficulties associated with research in a remote 

environment. The main contributions of the research contained within this thesis 

have, therefore, been to: (1) develop techniques which are capable of quantifying root 

activity with an accuracy and temporal frequency comparable to above-ground 

measurements, (2) integrate above- and below-ground measurements to provide a 

more holistic picture of potential Amazon ecosystem C cycling responses to drought, 

and (3) examine how these responses differ between forest plots with contrasting soil 

type and vegetation structure. This data synthesis is a significant advance in 

understanding of C cycling in rain forests, and provides information which should 

allow more accurate modelling of the response of the Amazon region to future 

drought.  

 Over the course of the four data Chapters (Chapters 2 – 5) a series of scientific 

questions were addressed. Here, I review the answers to these questions which were 

provided by each Chapter, and explore some of the implications of the findings. 

Subsequently, the limitations of the data and future research directions are discussed. 

 

6.1.1. Methodological considerations 

 

How many samples are required to quantify important ecosystem carbon stocks 

and fluxes with high precision? 
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Before initiating data collection, sample size analysis was used to guide the sampling 

strategy at the study site. Measurements of variables, particularly of root 

characteristics, often displayed a high degree of spatial heterogeneity. For example, 

standing crop root mass, and root production required 143 – 236 and 29 – 154 

samples respectively to estimate mean values within 10 % confidence intervals with 

95 % probability. Other characteristics, such as soil temperature, moisture, C and N 

content, were more homogenous and, therefore, required fewer samples (<8) to 

achieve the same degree of precision. Thus, in this thesis, most sampling effort was 

invested in quantifying below-ground processes such as root biomass and production, 

and respiration from soil.  

 

How is it possible to adequately sample roots, given considerable spatial 

heterogeneity in root mass, and the substantial amount of time and effort 

required to process samples? 

 

Root material is usually retrieved from soil cores by hand or using sieves (e.g.: 

Prathapar et al., 1989; Chotte et al., 1995; Benjamin & Nielsen, 2004). In this thesis, 

roots were manually removed from soil cores but the period of root extraction was 

split into time-steps, to reveal the pattern of extraction over time. This pattern, unique 

to each sample, was used to predict the amount of roots remaining uncollected in the 

soil sample after manual processing had ended. This method corrects for the 

underestimates of root mass, which usually result from most root sampling methods, 

whilst allowing for a relatively rapid rate of sample processing. For example, at the 

study site, the prediction method added 21 – 32 % to initial estimates of standing crop 

root mass (derived from 40 minutes of manual root removal). Complete manual 

collection of roots from the 18 soil samples would have taken approximately 239 

hours for one person, compared to just 12 hours using the combined manual 

collection and prediction approach. While the prediction method does introduce 

uncertainty into estimates, this uncertainty is minor compared to uncertainty caused 
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by not taking enough samples to adequately capture spatial heterogeneity of root 

mass.  

 

What is the effect of rhizotron root length – biomass conversion method upon 

estimates of root mass production per unit mass? Which is the least biased 

conversion method? 

 

There exist several reviews of different methodologies for quantifying root properties 

(Vogt et al., 1998, Hendricks et al., 2006). However, there has been no systematic 

review of the various rhizotron length – mass conversion methods used in the 

literature (Taylor et al., 1970; Itoh, 1985; Tingey et al., 2000; Bernier & Robitaille 

2004; Hendricks et al., 2006). To this end, four different conversion methods were 

applied to the same rhizotron dataset collected from the study site, resulting in root 

production estimates ranging from 4.1 to 18.9 t ha-1 yr-1. In addition to the annual 

magnitude of root production, the monthly pattern of production also varied between 

methods. There is currently no ‘gold standard’ against which to compare these 

estimates, to objectively evaluate which conversion method produces the most 

accurate results. Instead, potential sources of bias and error inherent in each 

conversion method were assessed, to produce an informed judgment of which method 

is likely to produce the most reliable estimate of root production. I conclude that, of 

the four methods reviewed, the method proposed by Bernier & Robitaille (2004) is 

subject to the fewest biases and errors, for the following reasons: (1) it is not, as are 

the other methods, inter – calibrated with data from ingrowth cores or soil cores. It is, 

therefore, an independent estimate of root production, which does not rely upon the, 

potentially biased, ingrowth core and sequential soil core methodologies (Vogt et al., 

1998, Steingrobe et al., 2000); (2) it calculates production based upon the number of 

roots which intersect the observation screen at each interval. Whereas all other 

methods calculate production from changes in root length visible at the rhizotron 

observation screen, which are likely to be biased by the presence of the screen 
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(Withington et al., 2003) and, therefore, may not be representative of production in 

the surrounding soil environment.  

 

6.1.2. Root responses to environmental changes 

 

How do recorded root characteristics and responses compare to observations 

from other studies? 

 

A wide variety of studies have documented that plants in dry ecosystems tend to 

allocate a greater proportion of their resources below-ground, compared to vegetation 

in wetter climates (see Joslin et al., 2000, and references therein). These observations 

of general plant community characteristics shaped over an evolutionary time-scale 

have contributed to the development of the concept that plants may respond to short-

term drought conditions by increasing growth of below-ground biomass relative to 

above-ground components. However, attempts to test this hypothesis, either by 

surveying vegetation along a rainfall gradient or using large-scale irrigation 

experiments, have yielded conflicting results (Joslin et al., 2000, and references 

therein). For example, in a review of five stand-level irrigation studies (ranging in 

duration from 2-10 years), Joslin et al. (2000) found only one study which reported a 

significant increase in root mass production under drier conditions. The other studies 

reviewed found either insignificant increases or no change (see Joslin et al., 2000). 

This thesis, therefore, provides another instance of root production apparently being 

inhibited by drought. However, additional evidence from this thesis (see Fig. 3f and 

discussion in Chapter 5), and other studies, indicate that under soil water deficit 

plants may compensate for lower average root production by drastically increasing 

production during seasonal periods of relatively high soil moisture (Dickman et al., 

1996; Hendrick & Pregitzer, 1996; Torreano & Morris, 1998; Joslin et al., 2000). 

Root standing crop and mass production data recorded in this study are consistent 

with values reported in the literature. For example, a meta-analysis of root 
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characteristics across major global vegetation types, reports a mean dry root biomass 

in the tropical evergreen forest ecosystem of 49 t ha-1, based upon data from nine 

studies (Jackson et al., 1996), compared to 30 - 45 t ha-1 within the entire soil column, 

from the four plots surveyed at this study site. Estimates of total dry root biomass 

production, from this study, range between 3.7 – 8.3 t ha-1 yr-1 within the entire soil 

column, which is consistent with reports from other studies in the region. For 

example, Jordan & Escalante (1980) calculated annual root mass production in a 

western Amazon forest of 2.0 t ha-1 yr-1, while Silver et al. (2005) estimated 

production at a central Amazon site of 2.3 and 1.5 t ha-1 yr-1, for years one and two 

respectively of their study. These studies calculated root production only in the 

surface soil layer (down to 40 cm and 10 cm depth for Jordan & Escalante 1980 and 

Silver et al., 2005, respectively), and are therefore likely to be underestimates. Much 

higher values have been reported in the region (5.1- 20.8 t ha-1 yr-1, Roderstein et al. 

2005; 9.9 t ha-1 yr-1, Priess et al. 1999), but at montane forest sites in the western 

Amazon.  

This study provides, to my knowledge, the first information about production of 

root length and surface area per unit ground area in any ecosystem. Numerous 

studies using rhizotrons have made earlier measurements of root length and surface 

area (e.g.: Field studies: Itoh, 1985; Sword et al., 1996; West et al., 2003; Davis et al., 

2004. Reviews: Vogt et al., 1998; Hendricks et al., 2006), but the rhizotron unit of 

measurement (root length/surface area per unit area of observation screen) is difficult 

to integrate into models of plant nutrient and water uptake. 

The advantage to the plant of modifying root morphology instead of production is 

that it potentially increases water and nutrient uptake, without requiring extra 

photosynthate to construct more root material. In addition, fine roots tend to be more 

dynamic than coarse roots with higher growth rates and turnover (Eissenstat et al., 

2000; but see Trumbore & Gaudinski, 2003), which is beneficial for searching out 

and exploiting transient patches of high soil moisture.  
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How do observed root characteristics and responses vary between plots? 

 

The magnitude of root characteristics varies substantially between plots. For example, 

mean annual standing crop root mass ranges between 30 - 45 t ha-1 on all four plots 

surveyed. The OXfertile plot is, in particular, an outlier in terms of root properties, with 

the lowest total standing crop, highest production rate of mass, length and surface 

area, lowest specific root length and surface area, highest estimated annual turnover 

rate, and quite distinct root chemical content. However, in general, variation between 

plots was minor compared to the degree of variation in root properties observed 

within plots. For example, 67 % of the total range in root standing crop mass recorded 

across all plots and seasons was also observed within each individual plot and season.  

A general linear model was used tot test for any interactive effect of plot upon the 

observed relationships between soil moisture and root variables: the results indicate 

that landscape-scale environmental variation among plots does not alter the general 

relationships between soil moisture and root characteristics. This finding suggests that 

despite substantial environmental variation both between plots at this site and across 

the Amazon as a whole (Williams et al., 2002), it may be valid to extend these 

localized measurements of responses to larger spatial scales. 

 

How are root characteristics affected by soil water content? 

 

There is relatively little information about root characteristics in tropical forests, and 

how they might respond to climate change. Given projections of increasing frequency 

and severity of drought in the Amazon region, there is particular interest in 

understanding root responses to drought in the Amazon. Thus, at the study site, I 

recorded root standing crop mass, root morphology, root production of mass, length 

and surface area, root turnover, root C and N content, and soil water content. 

Conclusions about root responses were based upon the following three distinct 

sources of evidence: (1) the correlation between spatial variation of root 
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characteristics and soil water content; (2) the seasonal change in root characteristics 

(i.e.: changes between the dry and wet seasons); and (3) comparison of root 

characteristics between the OXdry, and OXsand plots. All lines of evidence point 

towards the same trends. Spatial heterogeneity is not clearly linked to spatial variation 

in soil water content, though this may be partly due to uncertainty surrounding 

estimates of standing crop. Production of root mass, length and surface area is lower 

where surface soil is drier (P < 0.001, n = 256), while root length and surface area per 

unit mass show the opposite pattern (P < 0.001, n = 256). Neither root turnover nor 

nutrient content are clearly associated with soil moisture.  

 

Are observed root responses consistent with a change in any or all of the 

following: plant allocation, plant photosynthesis, and soil structure? 

 

There are three mechanisms whereby soil water availability could affect root growth: 

(1) changes in the quantity of C captured through plant photosynthesis (Williams et 

al., 1998; Schwarz et al., 2004), (2) changes in the allocation of photosynthate to 

different plant organs (Thornley, 1972; Cannell & Dewar, 1994), and (3) changes in 

the ability of roots to penetrate soil caused by altered root turgor or soil structure 

(Whalley et al., 1998; Bingham & Bengough, 2003; Bengough et al., 2006). It is 

possible that all, or some, of these processes are operating simultaneously at the site. 

With only below-ground data it is not possible to definitively test which mechanism 

is dominant (for this, above – ground data is required, see section 6.1.4 below). It is 

possible, however, to conclude that the data is not consistent with an increase in 

below-ground allocation in response to drought (as is predicted by the functional 

balance theory, Thornley, 1972; Cannell & Dewar, 1994). Evidence which supports 

this preliminary conclusion include observed decreases in root mass production (1) 

where soil is dry, (2) from the wet to dry season and (3) on the OXdry plot compared 

to the OXsand plot. Instead, changes in GPP and/or soil structure or root turgor may 

play a more important role in determining root production, at this study site. Fisher et 



 183 

al., (2006), for example, estimated that the OXdry plot experiences an annual decrease 

in GPP of 13% relative to the OXsand plot. It should also be noted that changes in the 

total amount of biomass (i.e.: amount of leaves or roots) are not the only possible 

responses to soil water deficit. Instead, as already discussed, plants may alter the 

morphology of their tissues, to maximize resource uptake without requiring additional 

photosynthetic assimilate to construct and sustain more tissue. To explore the 

possibility that changes in allocation are not observed because they are offset by 

opposing changes in total GPP and soil structure/root turgor below-ground data was 

integrated with above-ground production data (see section 6.1.4 below).  

 

6.1.3. Soil respiration responses to environmental 

changes 

 

How much do ground surface organic litter, roots and soil organic matter 

contribute to total soil respiration? How do these values compare to observations 

from other studies? 

 

Across all plots and seasons, organic litter, roots and soil organic matter contribute 

7.1 %, 55.1 %, and 38.1 % to total soil respiration respectively. This constitutes a 

mean CO2 efflux of 3.9 t ha-1 yr-1 from litter, 29.2 t ha-1 yr-1 from roots, and 20 t ha-1 

yr-1 from soil organic matter. Thus, the mean heterotrophic contribution (the sum of 

respiration from organic litter and soil organic matter) to total soil respiration is 45.2 

%. This balance between heterotrophic and autotrophic respiration is broadly 

consistent with results from other studies. For example, based upon a review of data 

from soil respiration partitioning studies in tropical deciduous forest ecosystems (see 

references in Subke et al. 2006), I estimate a mean contribution of heterotrophic 

respiration to total of 51 % (ranging from 27-76%, n = 10). In addition, the mean total 

efflux of CO2 from soil recorded at this study site (52.9 t ha-1 yr-1) is with the range of 
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with previously published estimates for the tropical forest ecosystem (30.6 – 88.0 t 

ha-1 yr-1, Subke et al., 2006).  

 

How does respiration from soil and its components vary seasonally, and between 

plots? 

  

The different plots examined in this study exhibit markedly different rates of soil CO2 

efflux, and relative contribution of litter, roots and soil organic matter to this efflux. 

Thus, mean annual plot soil respiration varied from 47.7 – 63.4 t ha-1 yr-1, and this 

efflux was partitioned into 4.7 – 12.9 %, 38.4 – 74.7 %, and 13.6 – 54.2 % from litter, 

roots and soil organic matter respectively. However, much of the variation across alls 

plots and seasons was derived from within-plot heterogeneity. For example, 51% of 

the total range in soil respiration values recorded across all plots and measurement 

periods were also observed within each plot and period. 

 There also appears to be considerable seasonal variation in CO2 effluxes from soil 

and its components: the mean contribution of soil organic matter to total soil 

respiration fell from 49.1 % during the wet season to 31.5 % in the dry season, while 

root contribution increased from 42.0 % in the wet season to 60.5 % during the dry 

season. In contrast, organic litter contribution showed no clear seasonality, though the 

OXdry plot exhibited a ten-fold reduction in annual litter respiration relative to the 

unmodified plots. All plots appeared to show the same general seasonal trends in CO2 

effluxes (though respiration on the OXfertile plot showed markedly stronger seasonality 

compared to the other plots). Thus, though the magnitude of fluxes varied among 

plots, the pattern of response of CO2 efflux from soil and its components to changes 

in soil moisture remained consistent across plots and seasons. This uniformity of 

response suggests that despite substantial environmental variation both between plots 

at this site and across the Amazon as a whole (Williams et al., 2002), it may be valid 

to extend these localized observations of soil respiration responses soil moisture 

across larger spatial scales. 
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Is variation in litter and root respiration caused by changes in mass, or 

respiration per unit mass, or some combination of the two? 

 

In this study, root respiration was not directly measured, but was calculated as solely 

the product of root mass and root respiration per unit mass. In addition, litter 

respiration per unit mass was not directly measured, but was estimated as the residual 

variation in litter respiration, once variation in litter mass was accounted for. 

Therefore, my estimates of root respiration and litter respiration per unit mass are 

likely to include some component of measurement error.  

Heterogeneity in fine root mass explained 73% of variation in root respiration, 

while changes in root respiration rate per unit mass played a relatively minor role, 

accounting for just 16%. In contrast, ground surface litter mass accounted for only 25 

% of observed variation in litter respiration, and therefore it is likely that litter 

respiration per unit mass is the main determinant of litter respiration.  

 This is, to my knowledge, the first attempt to isolate the effects of changes in 

tissue/substrate mass and respiration rate per unit mass upon respiration from soil 

components. It is important to distinguish between these two determinants of 

component respiration because they represent different C flux pathways which are 

likely to respond to environmental variation in different ways. For example, increased 

drought-like conditions in the Amazon may cause increased leaf litter fall (Neilson & 

Drapek, 1998; Nepstad et al., 2002) and thus surface litter mass, but an associated 

drop in litter moisture could drive a decline in litter respiration per unit mass 

(Couteaux et al., 1995). Results from this study suggest that if this happened, a 

drought-induced decline in litter respiration per unit mass have a much greater impact 

on the contribution of litter to total soil respiration. Similarly, changes in plant C 

assimilation or allocation, caused by drought, which affect root mass could have 

considerable effect upon root respiration, and hence total soil respiration.  
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 Additionally, long-term (seasonal and inter-annual) trends in soil respiration, 

previously attributed solely to soil moisture and soil temperature, may be confounded 

by changes in root and litter mass or respiration per unit mass of these components. 

This has important implications, particularly for the numerous studies conducted in 

temperate deciduous forest ecosystems, because seasonal changes in temperature 

often coincide with major shifts in leaf litter and root activity (Gosz et al., 1972; 

Burke & Raynal, 1994; Vose et al., 2002).  

 

6.1.4. Above- and below-ground ecosystem responses 

to environmental changes 

 

How are the principal tissues responsible for plant resource capture (i.e.: leaves 

and roots) affected by drought? 

 

Overall, results from this site indicate that the forest canopy was relatively resilient to 

the effects of drought. This may be because the forest was able to access deep 

reserves of soil water, and thus remained unaffected by seasonal drought or the OXdry 

treatment.  Additionally, the site has a relatively high level of plant available moisture 

compared to other areas of the eastern Amazon (Meir et al., 2006), which could 

diminish the severity of water stress experienced by the forest during the dry season. 

In the fourth year of drought on the OXdry plot, I detected no clear decline in leaf area 

index, relative to the OXsand plot. This result contrasts with earlier measurements 

(Meir et al., 2006), made through the first and second years of drought treatment on 

the OXdry plot, that show a distinct decline in LAI on the Oxdry plot relative to the 

OXsand plot of 0.5 m2 m-2 in the first year and 1.2 m2 m-2 by the end of the second 

year. My follow-up measurements suggest, therefore, that the forest in the OXdry plot 

may have recovered from the initial impacts of the artificial drought (≤ 2 years), at 

least in terms of LAI. Other studies in the region corroborate my general conclusion 
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that the Amazon forest canopy may be relatively resilient to the effects of drought. 

For example, For example, Nepstad et al., (2002) conducted a similar through-fall 

exclusion in the Amazon and concluded that after several years of soil moisture 

deficit “the forest leaf canopy…exhibited a rather small response to the through-fall 

exclusion treatment”, whilst a study of seasonal rain forest canopy dynamics in Barro 

Colorado island, Panama, found no clear canopy response to seasonal drought 

(Wright and Cornejo, 1990).  

Annual leaf litter production was lower on the OXdry plot compared to the 

OXsand plot, and on both plots began to increase around the annual soil moisture 

maximum and reached a peak several months thereafter. These observations have 

been replicated by measurements during the first two years of the artificial drought on 

the OXdry plot (Meir et al., 2006), and suggest that soil moisture deficit may not be 

the most important seasonal cue for leaf fall at this forest site.  

There are, however, some indications that the forest canopy may be responding 

to drought in other ways For example, the relatively invariant LAI despite substantial 

changes in leaf litter fall indicates that there may have been shifts in the rate of new 

leaf production seasonally and between plots. The C and N content of leaf litter fall 

varied slightly between plots and seasons, which points towards the existence of 

subtle changes in leaf physiology. 

Rates of root production and mortality, recorded by rhizotrons at this site, 

displayed a high degree of spatio-temporal heterogeneity which limits the degree of 

confidence which may be placed in any patterns observed. Annual root mass 

production was slightly higher on the OXdry plot, this difference was almost entirely 

attributable to a rise in root production on the OXdry plot at the onset of the wet 

season. This elevated production on the OXdry plot provides further support for 

measurements made with ingrowth cores in this study and other studies (Dickman et 

al., 1996; Hendrick & Pregitzer, 1996; Torreano & Morris, 1998; Joslin et al., 2000) 

which imply that plants subjected to dry conditions at this and other sites, may 
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compensate for lower annual production rates by increasing production during 

seasonal periods of relatively high soil moisture.  

 

How is plant reproduction affected by drought? 

 

In this study, the amount of reproductive structures (fruits, flowers, seeds) in litter 

fall, expressed as a percentage of total mass, was used as a proxy for tree reproductive 

activity. Trees on the OXdry plot produced consistently less reproductive litter (0.2 t C 

ha-1 yr-1, 6 % of total) compared to the nearby OXsand plot (0.6 t C ha-1 yr-1, 13 % of 

total). Reproductive activity on the OXdry plot operated at a constant, low level 

throughout the year, whereas activity on the OXsand plot displayed strong seasonal 

increases during the dry season. Thus, most of the annual difference in reproductive 

litter production between the plots was accounted for by this disparity during the dry 

season. These results should be interpreted cautiously because individual trees may 

have a disproportionately large effect upon plot estimates of reproduction. However, 

this seasonal pattern is corroborated by a direct visual assessment of tree reproductive 

phenology in an Amazon rain forest (Nepstad et al., 2002) and earlier measurements 

of reproductive litter mass production made at this site during the first and second 

years of the artificial drought on the OXdry plot (Meir et al., 2006). These results 

indicate that increases in drought conditions in the Amazon over this century could 

have immediate impacts on ecosystem nutrient cycling via reproductive litter and 

longer-term implications for seedling recruitment, tree age structure and, thus, forest 

C storage capacity. 

 While the OXsand plot exhibited seasonal increases in reproduction during the dry 

seasons, longer-term drought (on the OXdry plot) appeared to strongly inhibit 

production of reproductive litter. Reproduction at this site, therefore, appeared to 

show opposite responses to seasonal and longer-term soil drought. This may be 

because, under normal conditions at this site (in a non-El Niño year, when not 

subjected to an artificial drought), GPP is enhanced by the higher solar radiation 
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levels during the dry season, but under extended drought conditions on the OXdry plot 

GPP is reduced by 13 % (Fisher et al., 2006). More detailed research into the 

mechanisms regulating reproduction in tropical forests, together with frequent 

measurements of tree non-structural carbohydrate reserves could test these 

hypotheses. Whatever the underlying reasons, these results caution against 

extrapolating long-term responses from short-term observations. 

 

How is net primary production, and above- and below-ground allocation 

affected by drought? 

 

Estimated total annual plant growth (the sum of litter fall, stem wood growth and root 

growth) was lower on the OXdry plot (7.6 t C ha-1 yr-1) than the OXsand plot (8.1 t C ha-

1 yr-1). On the OXdry plot a greater proportion of total annual production was invested 

in root growth compared to the OXsand plot, apparently at the expense of litter fall 

production. On both plots, stem wood production constituted only 16 % of estimated 

total annual production. These observations are consistent with the functional balance 

theory (Thornley, 1972; Cannell & Dewar, 1994), which suggests that as water 

becomes a limiting resource plants should preferentially allocate photosynthate away 

from leaves, where it is used for light and CO2 capture, and towards roots where it 

can be used to increase water and nutrient uptake. There were pre-existing differences 

between plots in terms of total stem mass, and standing crop root mass, but these did 

not account for observed differences in annual production. Thus, annual root 

production on the OXdry plot was 18.7 % of total standing crop, compared to 11.8 % 

on the OXsand plot.  

 

What are the likely consequences of these drought – induced changes for the net 

ecosystem production of carbon dioxide between the forest and atmosphere? 

 



 190 

In this study, NEP was calculated as the difference between forest NPP and 

heterotrophic respiration from soil and CWD. Using this approach, net C uptake in 

the forest on the OXsand plot was estimated to be -0.8 t C ha-1 yr-1, because 

heterotrophic respiration fluxes were greater than NPP. In contrast, in the forest on 

the OXdry plot NPP was reduced but heterotrophic respiration declined even more, 

such that estimated net C uptake was 0.5 t C ha-1 yr-1. In addition, estimated GPP 

remained similar between plots: 28.4 and 29.0 t C ha-1 yr-1 on the OXsand and OXdry 

plots respectively.  

These are important results, because models which have predicted a 

fundamental change in the Amazon C balance over the next century have simulated 

large changes in GPP but relatively small changes in soil respiration (Tian et al., 

1998; Prentice & Lloyd 1998). A different representation of below-ground processes 

in these models (i.e.: simulating a decline in soil respiration under drier conditions) 

might fundamentally alter model predictions of forest NEP over time. While there is a 

considerable degree of uncertainty surrounding my estimates, they are consistent with 

current understanding of the links between heterotrophic respiration, soil moisture 

and plant photosynthesis. If photosynthesis is reduced by the drought on the OXdry 

plot (Fisher et al., 2006), and if supply of photosynthate controls much of soil CO2 

efflux (Högberg et al., 2001; Högberg & Read 2006) then it is plausible that soil 

respiration will decline in response to drought, not increase as current models predict. 

Clearly, though, more research is required, in a wide variety of areas, to reinforce 

conclusions drawn from this study (see section 6.2, below). 

 

6.2. Possible future studies 

 

6.2.1. Measurement of additional ecosystem carbon 

stocks and fluxes 
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In this study, some ecosystem C stocks and fluxes were not recorded, because of 

constraints imposed by available time and resources. These include respiration from 

CWD, stem wood and foliage, and C lost via soil leaching. Stem and leaf respiration 

are a particularly high priority because they could potentially impact upon observed 

differences between the OXdry and OXsand plots in terms of ecosystem exchange of 

CO2. Stem respiration could be recorded with a modified chamber, designed to fit 

closely to tree stems (e.g.: Xu et al., 2000; Meir & Grace 2002), attached to an infra-

red gas analyzer. Stem respiration would then be up-scaled to the entire plot with 

values of total plot tree stem surface area. Leaf dark respiration could be recorded in 

situ with a specialized cuvette (e.g.: Meir et al., 2001), and scaled up with leaf area 

index values. An important complication is how to up-scale respiration from these 

components given the wide diversity of plant species at the site, and across the 

Amazon generally.  

 Samples of soil water could be collected with lysimeters, and the C content of the 

water analyzed, to calculate the amount of water leached out of surface soil. It is, 

however, difficult to decide whether or not the soil water is truly leaving the soil 

system, or is actually still accessible to trees with deep roots, and thus still part of the 

short-term ecosystem C cycle. An alternative approach could be to regularly record 

flow rate and C content of nearby rivers, to estimate the amount of C leaving the 

system, and how this varies seasonally, and between watersheds with different 

vegetation types (Richey et al., 2002; Moreira-Turcq et al., 2003). 

 

6.2.2. Spatial and temporal extrapolation 

 

One limitation of this study is that the measurements and, thus, conclusions are, to an 

extent, specific to the location and time-period of measurement. Plot replication is 

difficult because of the very large amount of time and effort required to construct an 

experimental through-fall exclusion treatment in a remote environment. However, 

without replication, most conventional statistical methods may not be applied to 
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assign any statistical confidence to the observed difference between plots (within-plot 

measurements may not be independent, and therefore cannot be counted as individual 

replicate samples. See Hurlbert, 1984; and Legendre, 1993 for a more detailed 

discussion of experimental design and pseudoreplication). One method to tackle this 

issue would be to make large numbers of measurements (≥ 100) of C stocks and 

fluxes at a range of spatial scales, to observe how autocorrelation between 

measurements changes as inter-measurement distance increases. The threshold 

distance beyond which measurements of a certain ecosystem property cease to be 

spatially autocorrelated could then be used to guide collection of independent samples 

within plots, which would permit rigorous statistical comparison of plot 

characteristics. 

 To derive reliable conclusions about Amazon C cycling it is necessary to extend 

the period of measurement over several years and, if possible, decades. These 

measurements should also be expanded over a larger area, to include sites with 

distinct soil and vegetation types across the Amazon. Such networks do exist, where 

relatively long-term measurements of ecosystem structure and function have been 

made at a variety of plots across the Amazon basin (Malhi et al., 2002). But below-

ground measurements tend to be scarcer, and where they do exist they have usually 

been initiated more recently than above-ground measurements. There is, clearly, a 

trade-off between the number of plots surveyed, and the amount of measurements 

which can be taken at each individual plot. Other issues are logistical constraints upon 

where plots can be established, such that personnel and equipment can travel to the 

site without too much difficulty, and the limited number of plots for which historical 

data is available (which is necessary to trace changes over long time periods). 

However, results from this thesis indicate that it is feasible to quantify below-ground 

C cycling, and that this extra information may substantially alter conclusions about 

forest-climate interactions which are based solely upon above-ground measurements. 

 

6.2.3. Effects of other climate changes 
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Drought is an important component of projected climate change in the Amazon, but it 

is not the only one. Other current changes which could potentially affect Amazon C 

cycling are increases in air temperature (Malhi & Wright, 2004) and atmospheric CO2 

concentration (Lloyd.1999). Temperature plays a key role in regulating the speed of 

chemical reactions, and therefore could have numerous influences on C cycling, from 

leaf photosynthesis to organic matter decomposition. There is already strong evidence 

that elevated atmospheric CO2 concentrations are causing fundamental changes in the 

structure and function of the Amazon ecosystem (Phillips et al., 1998; Phillips et al., 

2002; Lewis et al., 2004). What is required, therefore, is an assessment of the 

separate, and combined, effects of each of these factors upon forest C cycling. This 

would, however, require an experimental design with multiple plots each subject to 

different combinations of soil water availability, temperature and CO2 concentration. 

It would be extremely challenging to construct and maintain this experiment if each 

plot was one hectare in size, but it may be possible, at least for some measurements 

(e.g.: soil respiration), to have much smaller plots (e.g.: 10 m2). A variety of 

ecosystem chambers have been constructed to record gas exchange within individual 

trees, or small stands, whilst controlling for various climatic factors (e.g.: Lloyd et al., 

1995; Medhurst et al., 2006). Applying this chamber methodology to a tropical forest 

would present special difficulties because of the large size of the trees and large 

species diversity per unit area, but would yield novel insights into climate impacts 

upon the ecosystem. An important additional effect of climate changes on the 

Amazon may be an increase in the frequency and severity of fires in the region 

(Laurance & Williamson, 2001; Nepstad et al., 2004). Fire releases a large quantity of 

C, previously stored in vegetation and soil, into the atmosphere as CO2 and 

particulate matter. It potentially has important consequences, therefore, not only for 

global atmospheric CO2 levels, but also for regional patterns of rainfall (since the 

particulates inhibit rain-bearing cloud formation, see Rosenfeld, 1999; Andreae et al., 

2004). Further work needs to be done to examine the factors which cause outbreaks 
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of fire in the region, and to quantify the contribution of fire to annual and decadal 

patterns of CO2 exchange between the forest and atmosphere. 

 

6.2.4. Effects of human activity 

 

While climate change is important, perhaps the most immediate threat to the Amazon 

forest is deforestation and habitat degradation by humans. These anthropogenic 

changes take a wide variety of forms; from selective and clear-fell logging for 

commercial timber extraction, to conversion into cattle pasture or soy and palm-oil 

plantations, to road building to connect up disparate urban centres across the 

continent. Several studies document profound changes in ecosystem C cycling caused 

by changes in land-use within the region (selective logging: Asner et al., 2004; Keller 

et al., 2004. pasture conversion: Moraes et al., 1996; Neill et al., 1997. crop 

conversion: Sakai et al., 2004; road building: Nepstad et al., 2001, Soares-Filho et al., 

2004). The main difficulty arises from extending localized observations across space, 

and predicting changes in the future, because economic, political and social factors 

need to be incorporated. Some researchers have made concerted efforts to integrate 

ecology, politics and economics into projections of the impacts of land-use on the 

Amazon (e.g.: Nepstad et al., 2002; Soares-Filho et al., 2004; Lopez & Galinato, 

2005). Such an inter-disciplinary approach is, however, still rare. There is a real need, 

then, to build upon existing knowledge of C cycling in the Amazon under different 

land-uses, and to incorporate the influence of government policies and economics into 

existing coupled atmosphere-biosphere models. Obviously, including a realistic 

description of these complex phenomena into, already complicated, ecological 

models will be extremely challenging. A first step towards this goal would be 

increased collaboration and consultation with government strategists and professional 

economists, who already have considerable experience in describing and predicting 

consequences of political and economic actions. The end product would be extremely 
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powerful because it could provide insights into the impacts of different ‘policy 

scenarios’ upon the extent and integrity of the Amazon ecosystem.  

 

6.2.5. Impacts upon plant community structure 

 

In this thesis, I have focused primarily upon the seasonal and medium-term (~ 4 

years) impacts of drought upon plant allocation and growth. Over this century, 

however, the principal climate-induced changes in ecosystem C cycling in the 

Amazon will be driven not by changes in plant allocation, but by changes in the 

species composition and structure of the forest. In other words, if the region switches 

from a C sink to a source in the future (Cox et al., 2000; Dufresne et al., 2002; 

Cramer et al., 2001; Cox et al; 2004) this will likely be because the forest is gradually 

transformed into savannah. There is already evidence for significant changes in the 

abundance of some plant functional types across the Amazon, possibly favoured by 

the increase in atmospheric CO2 levels (Phillips et al., 2002; Lewis et al., 2004, and 

references therein). Measurements of reproductive structures in litter fall, within this 

thesis, point towards strong changes in tree reproduction under drier conditions. 

Inhibition of mature tree reproduction is exactly the kind of event which could trigger 

a gradual shift in the ecosystem; from a primary forest, to a more open canopy forest 

with much greater abundance of pioneer species, to savannah with dispersed scrub 

and trees. If drought accelerates mature tree mortality (Condit et al., 1995; 

Williamson et al., 2000; Laurance et al., 2001; Condit el al., 2004) this process could 

occur even faster. There is, thus, an urgent need to investigate how climate is likely to 

impact upon plant diversity and community structure in the Amazon, and what any 

changes will mean for the ecosystem C balance. One potentially interesting line of 

investigation would be to measure and model how climate-induced changes in tree 

seed production affect seedling recruitment, forest age-structure and C storage in 

biomass over time (i.e.: after 10, 20, 50 and 100 years). It would be relatively simple 

to record seed fall at the OXsand and OXdry plots, and to predict the gradual 
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accumulation of biomass as the seedlings grow (using allometric models of tree 

growth). The principal difficulty is calculating the proportion of seeds which fall that 

successfully germinate, and the rate of seedling mortality (Hans ter Steege, personal 

communication). Another line of inquiry would be to record changes in C storage 

across forest-savannah transition zones. This would provide some insight into what 

conversion of the Amazon rain forest into grassland would mean in terms of the 

amount of C retained in the plants and soil, and the amount released into the 

atmosphere. 

 

6.2.6. Data – model integration 

 

One way to significantly advance upon the information reported in this thesis would 

be to incorporate the data into an ecosystem model, to provide a more dynamic view 

of the multiple interactions occurring, and the net consequences of these interactions 

for ecosystem exchange of CO2. A process-based physiological model has already 

been used at the field site (Fisher et al., 2006) to simulate ecosystem GPP and water 

balance. Inclusion of below-ground processes as parameters in the model would 

enhance the reliability of the model (Fisher et al., 2006), and provide a useful 

mechanism for extrapolating results across time and space (though the lack of basic 

data on soil and vegetation properties across the Amazon is still a limiting factor), and 

linking observations to current global climate models. A data assimilation approach 

could be used to combine the model with observations in a way which minimizes 

uncertainty associated with predictions and makes fullest use of the available data 

(see Williams et al., 2005 for a more detailed explanation of the data assimilation 

approach). This would then allow predictions of C cycling and allocation at the study 

site, and at other locations if data is available to parameterize the model, under 

different drought ‘scenarios’. 
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6.3. Concluding remarks 

 

The importance of the Amazon rain forest, in terms of global climate, biodiversity, 

and cultural wealth, is truly epic in scale. The region is, however, threatened by 

climate change and human activity. Effective management of the area urgently 

requires information about the potential effects of both of these processes. This thesis 

addresses one potentially important aspect of climate change in the region: drought.  I 

find that, despite a high degree of natural spatial heterogeneity, different forest sites 

tend to respond similarly to seasonal drought, spatial variation in soil water content, 

and artificial rainfall exclusion. The apparent net consequence of these responses is 

that, over the period of measurement, the amount of CO2 moving out of the forest and 

into the atmosphere is diminished. There are, however, two sets of caveats to this 

conclusion. Firstly, greater spatial and temporal replication is required to assess 

whether this pattern is consistently observed over multiple years, and across different 

vegetation and soil types. Secondly, the effects of other factors such as temperature, 

atmospheric CO2, land-use, and community species composition, need to be taken 

into account. These factors are likely to directly, and indirectly through interactions 

with other factors, affect forest structure and function. To incorporate the complexity 

of the multiple factors, and their interactions, it is necessary to develop a model of 

ecosystem C cycling. This thesis is intended to inform such models by providing 

much needed data about above- and below-ground C allocation and cycling at an 

Amazon forest site. The priority now must be to extend measurements and model 

outputs across larger spatial scales, and incorporate the, difficult to quantify but 

crucial, impacts of government social and economic policies.  
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Chapter 7 

 

7. Appendix: detailed field protocol 
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7.1. Rhizotrons 

 

7.1.1. Construction 

 

 

Figure 1. Construction plan for rhizotron. Material and equipment required: wooden planks 

(width ~ 4cm, thickness ~ 2cm), anti-termite wood varnish, transparent Perspex sheets 

(length = 27cm, width=36cm, thickness = 3 mm), wood screws (length ~ 4cm), Saw, electric 

drill with screwdriver attachments. 
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7.1.2. Installation 

 

A square hole in the soil (width ~ 0.5m, length ~ 0.5m, depth ~ 0.5) was excavated. 

Some of the excavated soil was saved in a labelled plastic bag, in cases where there 

were distinct soil horizons present, soil from each horizon was placed in separate 

plastic bags.  

 

 

Figure 2. An installed rhizotron. Note insulation foam in place covering the observation 

screen, a plastic cover (folded over) which usually protects the screen from light and rainfall. 

The larger plastic rain cover is set behind the rhizotron. 

 

The chamber was then roughly inserted to test that the hole was approximately the 

right size. One soil face was cut so that it was as flat as possible. Then the rhizotron 

was inserted, ensuring that the transparent observation screen was as close to the 

flattened soil face as possible. A hammer was used to secure the base of the rhizotron 

in the soil at the bottom of the hole, whilst ensuring that the top edge of the 

observation screen remained level with the soil surface. Using the soil in the plastic 

bags, the space between the transparent rhizotron observation screen and soil face 
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was filled. If there was soil from separate bags representing different horizons, the 

soil was then inserted to replicate the level of horizons present in the undisturbed soil 

profile. A rod was used to compact the soil to replicate density of undisturbed soil. 

Foam insulation was placed next to the inside face of the rhizotron, and the plastic 

cover over the chamber, to protect the transparent observation screen from variation 

in temperature and light and exposure to rainfall (see figure 2). The plastic rhizotron 

cover was orientated such that water was not diverted onto the interface between the 

observation screen and soil. Finally, the perimeter of the rhizotron was encircled with 

marker tape to discourage disturbance, and organic litter was placed over the fresh 

soil surfaces at the observation screen-soil interface to replicate natural conditions. 

 

7.1.3. Data collection 

 

Root length was recorded by placing a transparent A4 sheet over the rhizotron 

observation screen and tracing visible roots using a fine permanent marker pen (see 

Figure 3). To avoid apparent changes in root growth, changes between personnel 

were avoided as much as possible. A method was developed to quantify and correct 

for systematic differences between different data recorders (see section 7.1.5.). Each 

A4 sheet was marked with an identity code denoting plot and rhizotron number, and 

bars along the long edge to mark 10 cm and 20 cm from the soil surface (Figure 3). 

Each root was divided into segments marked by crossbars. The segments 

corresponded to the incremental increases in root length observed each recording 

session. Beside each traced root segment was noted the number of the recording 

session that the segment  
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Figure 3. Example of a tracing on a rhizotron transparent sheet. Note different diameter 

classes, indicated by line colour, and segments indicating root growth over one session, 

separated by crossbars. No roots have yet disappeared so the all the segments are marked just 

by the session number when they appeared followed by a slash. Example of completed 

notation = 1/5 = appeared by session 2 and disappeared by session 5.  
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appeared, and the number of the session that the segment disappeared (each 

measurement session number equates to a certain date). Root diameter category was 

indicated using different colour marker pens (≤ 1 mm = black, 1-2 mm = blue, 2-3 

mm = red, ≥ 4 mm = green). The majority of tracing occurred on session 1; after this 

only appearance of new roots, and growth of existing roots needed to be traced. Soil 

moisture (CS616 probe, Campbell Scientific, Loughborough, U.K.) and temperature 

(Testo 926 probe, Testo Ltd., Hampshire, U.K.) was recorded every session at the 

same point within 0.5 m of the rhizotron, but not near the interface between the 

observation screen and soil. The soil moisture probe output was converted to 

volumetric soil moisture (VMC) with: 

 

20007.00063.00663.0 PPVMC +−−=  

 

Where P is the probe output (microseconds), recorded with a digital multimeter. 

 

7.1.4. Data processing 

 

The transparent A4 sheet from each rhizotron was scanned (colour scan, j.peg image 

file, 150 dpi). It was not necessary to scan the sheets every session since the history of 

growth from all sessions was recorded in the sheets themselves. The scanned images 

were then analyzed with commercially available software (WinRHIZO Tron, Regent 

Instruments, Canada). The software allowed length measurement of traced roots, and 

attachment of relevant root and segment information (session appearance and 

disappearance, and root diameter). However, to convert these length measurements 

into units of root biomass per unit ground area (see review in section 2.2) the 

following methodology was used. The number of roots contacting the rhizotron 

observation screen each session, together with root diameter, was used to calculate 



 204 

the total cross-sectional surface area of intersecting roots (XSr), using the following 

equation:  

 

∑
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Where r is root radius. Roots which have branched after contact with the rhizotron 

observation screen were not counted. Using XSr, root production (g m-2) for each 

rhizotron measurement session was calculated as: 
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Where Dr is root tissue density (g mm-3), Fc is the soil coarse fraction, α is the angle 

of the rhizotron observation screen relative to the ground, γ is the ground angle 

relative to the horizontal, and W is the width of the rhizotron observation screen. Root 

density was calculated by dividing ingrowth core sample root mass by volume (see 

section 7.2.3.). The 106 value converted mm2 ground area into m2. The additional 

multiplication factor of 2 was used because roots can only intersect with the rhizotron 

screen from the front. It was assumed that if the rhizotron did not form a solid barrier 

an equal amount of roots would intersect from behind as well as from the front. 

 

7.1.5. Data calibration 

 

To test the reliability of the tracing method, it was necessary to record: 1) the error of 

length estimates from the same data collector, 2) the error of length estimates between 

different trained collectors. To do this, the principal rhizotron data collector traced 

root length 5 times each from 4 rhizotrons (a total of 4 × 5 = 20 transparencies). For 

the same 4 rhizotrons, 4 other assistants made tracings ((4 + 1) × 4 = 20). The 
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assistants had been properly instructed by the principal root tracer about the method 

and the level of detail which was required. The 5 measurements per rhizotron from 

the same collector were used to calculate within-collector average variance and 

standard deviation. The 5 measurements per rhizotron from the 5 different collectors 

were used to calculate between-collector average variance and standard deviation. 

 

7.1.6. Key references 

 

For a general review of methodologies for quantifying root dynamics, including 

rhizotrons, see Vogt et al., (1998) and Hendricks et al., (2006). The following are 

field studies using the rhizotron methodology: Itoh, (1985), Sword et al., (1996), 

West et al., (2003), Davis et al., (2004). The following articles outline methods for 

converting rhizotron length measurements into units of biomass per unit ground area: 

Tingey et al., (2000), Bernier & Robitaille, (2004), Hendricks et al., (2006). The 

conversion method described in detail in this Chapter is that of Bernier & Robitaille, 

(2004).  

 

7.2. Ingrowth cores 

 

7.2.1. Core installation and removal 

 

A cylindrical metal corer was used to remove sample cores of soil (diameter ~ 14 cm, 

depth ~ 30 cm). Each core was then placed into a labelled plastic bag, and roots were 

removed from the soil with a coarse sieve (mesh aperture diameter ~ 0.5 cm) and by 

hand. The roots collected were dried, weighed and used to estimate standing crop root 

mass (see section 7.3.). Cylindrical mesh bags were inserted into the holes, and the 

root-free soil was re-inserted back into the holes from which they came. After an 

interval of approximately 3 months, the mesh bags were extracted, and the soil cores 
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were placed into labelled plastic bags. Before core extraction organic litter above the 

core was removed, and placed into labelled plastic bags, and soil moisture (CS616 

probe, Campbell Scientific, Loughborough, U.K.) and soil temperature (Testo 926 

probe, Testo Ltd., Hampshire, U.K.) was recorded at a soil depth of 30 cm. The soil 

moisture probe output was converted to volumetric soil moisture (VMC) with: 

 

20007.00063.00663.0 PPVMC +−−=  

 

Where P is the probe output (microseconds), recorded with a digital multimeter. 

Surface organic litter was defined as identifiable plant material on the ground surface 

which did not pass through a fine sieve (mesh aperture diameter = 0.1 cm). Each time 

after soil core installation, some organic litter was replaced onto the core surface, to 

mimic field conditions. Small sub-samples of soil from each core, for each 3 month 

measurement session, were stored in labelled plastic bags. Chemical analyses of these 

samples were used to identify any confounding influence of changes in soil structure 

and chemistry within each core over time upon root dynamics (see section 7.2.4.). 

 

7.2.2. Extracting roots from soil 

 

Roots were removed by hand for a period of 40 minutes per ingrowth core sample, 

but the sampling period was split into 10 minute time-steps. Whilst processing each 

sample, variation in sampling effort was minimized. Subsequently, all root sub-

samples collected each time step were placed into placed plastic bags to minimize 

desiccation. The purpose of sampling by hand instead of using sieves was to avoid 

excessive alteration of soil texture, which could bias root activity within the ingrowth 

cores. Splitting the sampling period into time steps allowed estimation of the amount 

of root material remaining uncollected in the soil sample after 40 minutes (for a 

detailed explanation see sections 2.3. and 7.2.3.).  
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7.2.3. Processing root samples 

 

Root sub-samples were cleaned of residual dirt and detritus, and scanned (grey-scale 

scan, tiff image file, 600 dpi). Before scanning, roots were arranged on the scanner so 

that they overlapped as little as possible. The interval between removing roots from 

the soil and scanning was kept as short as possible (< 48 hours). Scanned images of 

roots were analyzed with commercially available software (WinRHIZO, Regent 

Instruments, Canada). The software allowed measurement of root length, surface area 

and volume. After scanning, root samples, together with organic litter samples, were 

dried at 70 oC to constant mass and weighed. Two mass measurements were made for 

organic litter: 1) fine litter (excluding un-decomposed fruit or twigs ≥ 5 mm 

diameter), and total litter. Root density was calculated (for use in rhizotron length-

mass conversion, section 7.1.4.), by dividing root sample dry mass by sample volume. 

A maximum likelihood approach was used to fit a range of acceptable curves, based 

upon the observed cumulative increase in roots collected over 40 minutes for each 

sample together with estimates of measurement error around each data point (see 

error calculation method in section 7.2.4.), which predict root mass retrieval (± 

confidence intervals) beyond 40 minutes. The optimal parameters were found by 

minimizing the following objective function (O(p)): 
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Where n is the total number of measurements, p is the number of model parameters, 

yi,meas(xi) is the measured value of output variable y at the value xi of the driving 

variable x,  yi,mod(xi : p) is the modelled value of the output variable at the value xi of 

the driving variable x given the parameters p, and σ2
yi is the measurement error 

variance for each of the observations. The minimal sum-of-squares follows a chi-

squared distribution with n-p degrees of freedom. A Monte-Carlo approach was used 



 208 

to generate parameter confidence regions, varying the two unknown parameters at 

100 points linearly arranged between specified maximum and minimum values (8 < 

Rc <80 and 0.01< kr < 10; 0.1 < a < 20 and 0.0 < b < 100). A chi-squared test was 

used to determine which of the 10000 combinations for each data-set lay within a 95 

% confidence interval of the observations. The degrees of freedom was determined as 

n – p. It was possible to fit a range of different curves to the observed data (e.g.: 

logarithmic, power, saturation; see section 7.2.4. for a method of assessing the 

different curves). 

 

7.2.4. Data calibration 

 

It was necessary to test the reliability of root length, surface area and volume values 

provided by WinRHIZO software. To do this the following methodology was used. 

Fine electrical wire of three different diameters (e.g.: 0.5 mm, 1 mm, 2 mm) was cut 

up into different length segments. Segments were arranged and scanned following the 

same protocol and scanner settings as described in section 7.2.3. Multiple scans were 

taken (> 20) with a wide range of total lengths and various combinations of segments 

with different diameters. For each scan, the actual total wire length, and length of 

wire of each diameter category, was noted. Sample root lengths, surface areas and 

volumes calculated by WinRHIZO were compared to actual sample root lengths, 

surface areas and volumes. The difference between these multiple paired values was 

used to calculate mean and standard deviation of the software measurement error. To 

identify any confounding influence of changes in soil structure and chemistry within 

each ingrowth upon root dynamics, soil samples from each core and session were 

analyzed for C and N content. If changes in C and N content occur (which might be 

expected as root material is consistently removed from the ingrowth cores) and are 

causing changes in root dynamics, there should be a significant correlation. If there is 

no significant correlation between root growth and soil chemistry then it is probable 

that observed trends reflect real seasonal patterns. To estimate root collection 
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measurement error (to input into the maximum likelihood analysis, section 7.2.5.) the 

following technique was used. A soil core was extracted (diameter = 14 cm, depth = 

30 cm), roots were removed with a sieve, and the soil was homogenized. 

Approximately 40 grams of wire segments of different colours, thicknesses and 

lengths were placed into the soil sample and thoroughly mixed in. Then the wire 

segments were manually removed from the soil over a period of 40 minutes, split into 

10 minute time steps. Segments retrieved from each time step were weighed. At the 

end of the collection period, retrieved segments were mixed back into the soil, and the 

process was repeated a further nine times (ten iterations in total). This data was used 

to estimate mean ± measurement error of the cumulative mass of segments collected 

at each time step. The following experiment was used to assess which curve type best 

fits the observed pattern of cumulative root mass collection over time (to input into 

the maximum likelihood analysis, section 7.2.3.). Eight soil cores were extracted, and 

roots were manually removed over a period of 120 minutes, split into 10-minute time 

steps. Roots retrieved at each time step were cleaned of residual soil and detritus, 

dried at 70 ºC to constant mass and weighed. Cumulative dry root mass retrieved at 

each time step was plotted for each sample core. The accuracy of various curve types 

(logarithmic, power, saturation) was evaluated by fitting curves to the first 40 minutes 

of root collection for each sample, then using them to predict the pattern of retrieval 

up to 120 minutes. Predicted root mass collected between 50 - 120 minutes was then 

compared to the actual amount of root material manually collected over the same 

period 

 

7.2.5. Key references 

 

For a general review of methodologies for quantifying root dynamics, including 

ingrowth cores, see Vogt et al., (1998) and Hendricks et al., (2006). The following 

field studies provide information about potential biases of ingrowth cores: Flower-

Ellis & Persson (1980), Friend et al. (1990), and Steingrobe et al., (2000). Bouma et 
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al., (2000) provide a detailed description of how to use WinRHIZO software to make 

measurements of root morphology. The following are examples of field studies which 

used the maximum likelihood approach: van Wijk et al., (2002), and Williams et al., 

(2006). 

 

7.3. Standing crop soil cores 

 

7.3.1. Core removal 

 

Prior to core removal, supplementary measurements were made (see section 7.3.2.). 

Soil cores were then extracted (diameter ~ 14cm, depth ~ 30cm) with a cylindrical 

metal corer. Subsequently, each core was placed into a labelled plastic bag. The time 

of extraction for every core, and exact diameter and depth of each hole, was noted. 

Soil cores were not extracted until the last moment, to minimize the interval of time 

between core removal and root respiration measurements (see section 7.3.2.).  

 

7.3.2. Supplementary measurements 

 

Soil respiration was recorded directly above the soil cores with an infra-red gas 

analyzer (IRGA) system (e.g.: EGM-4 and SRC-1 chamber, PP Systems, Hitchin, 

U.K.). Respiration rate was calculated from the change in CO2 concentration over 

time within the IRGA chamber according to:  

 

A

Vch

T

C
MRs

∆

∆
= , 

 

Where M is the volume of one mole of gas (m3), Vch is the total internal volume of 

the chamber (m3), A is the ground area covered by the chamber (m2) and ∆C /∆T 
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represents the change in CO2 within the chamber per unit time. Prior to respiration 

measurement a cylindrical collar was inserted into the soil, to enable a closer seal 

between the IRGA chamber and the soil. The collars increased the effective volume 

of the chamber, this was corrected for with: 

 

A

VchVco

Vch

A
RsucRsc

+
= , 

 

Where Rsc and Rsuc are corrected and uncorrected soil respiration respectively and 

Vco is the volume of the collar (m3). Respiration measurement occurred only 5 

minutes after collar insertion, to allow the effects of soil disturbance by collar 

insertion to subside. At each collar, soil respiration was recorded twice with the 

IRGA: once with surface organic litter and once without. Surface organic litter was 

defined as identifiable plant material on the ground surface which did not pass 

through a fine sieve (mesh aperture diameter = 0.1 cm). Organic litter removed from 

within each respiration collar was placed within a labelled plastic bag. The two IRGA 

measurements were separated by an interval of two minutes, to allow CO2 levels near 

the soil surface to equilibrate with the atmosphere. At all respiration measurement 

locations, soil moisture (CS616 probe, Campbell Scientific, Loughborough, U.K.) 

and soil temperature (Testo 926 probe, Testo Ltd., Hampshire, U.K.) was recorded at 

a soil depth of 30 cm. The soil moisture probe output was converted to volumetric 

soil moisture (VMC) with: 

 

20007.00063.00663.0 PPVMC +−−=  

 

Where P is the probe output in microseconds, recorded with a digital multimeter. The 

area of soil measured by the IRGA was then extracted as a soil core (diameter = 12 

cm, depth = 30 cm) using a cylindrical metal corer, and the roots were extracted 

following the technique described in section 7.3.1. Fresh roots from each core were 
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placed into a cuvette which was connected to an IRGA that measured the rate of CO2 

accumulation within the cuvette. The time interval between core extraction and root 

respiration measurement was noted. This was used to identify any effect of root 

excision upon respiration (see section 7.3.5.). 

 

7.3.3. Extracting roots from soil 

 

Roots were removed by hand for a period of 40 minutes per sample, but the sampling 

period was split into 10 minute time-steps. Whilst processing each sample, variation 

in sampling effort was minimized. Subsequently, all root sub-samples collected each 

time step were placed into labelled plastic bags. The purpose of sampling by hand 

instead of using sieves was to avoid excessive alteration of soil texture, which could 

bias root activity within the ingrowth cores. Splitting the sampling period into time 

steps allowed estimation of the amount of root material remaining uncollected in the 

soil sample after 40 minutes (for a detailed explanation see sections 2.3. and 7.3.4.).  

 

7.3.4. Processing root samples 

 

Root and litter samples were cleaned of inorganic detritus, dried at 70 oC to constant 

mass and weighed. Two mass measurements were made for root samples: 1) fine 

roots (≤ 5 mm diameter), and 2) total roots. Two mass measurements were also made 

for organic litter: 1) fine litter (excluding un-decomposed fruit or twigs ≥ 5 mm 

diameter), and total litter. A maximum likelihood approach was used to fit a range of 

acceptable curves, based upon the observed cumulative increase in roots collected 

over 40 minutes for each sample together with estimates of measurement error around 

each data point (see error calculation method in section 7.3.5.), which predict root 

mass retrieval (± confidence intervals) beyond 40 minutes. The optimal parameters 

were found by minimizing the following objective function (O(p)): 
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Where n is the total number of measurements, p is the number of model parameters, 

yi,meas(xi) is the measured value of output variable y at the value xi of the driving 

variable x,  yi,mod(xi : p) is the modelled value of the output variable at the value xi of 

the driving variable x given the parameters p, and σ2
yi is the measurement error 

variance for each of the observations. The minimal sum-of-squares follows a chi-

squared distribution with n-p degrees of freedom. A Monte-Carlo approach was used 

to generate parameter confidence regions, varying the two unknown parameters at 

100 points linearly arranged between specified maximum and minimum values (8 < 

Rc <80 and 0.01< kr < 10; 0.1 < a < 20 and 0.0 < b < 100). A chi-squared test was 

used to determine which of the 10000 combinations for each data-set lay within a 95 

% confidence interval of the observations. The degrees of freedom was determined as 

n – p. It was possible to fit a range of different curves to the observed data (e.g.: 

logarithmic, power, saturation; see section 7.3.5. for a method of assessing the 

different curves). 

Using the supplementary data it was possible to estimate organic litter 

respiration rate per unit mass (Rl, g g-1 hr-1) with: 
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Where Rs was soil respiration with organic litter (g m-2 hr-1), Rwl was soil respiration 

without litter (g m-2 hr-1), Mlf was fine leaf litter dry mass (g), and Axsc was cross-

sectional area of the respiration collar (m2). Root respiration rate per unit mass (Rr, g 

g-1 hr-1) was calculated with: 
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Where Rr0-10 was respiration of standing crop roots collected during the first time step 

(g m-2 hr-1), Mr0-10 was the dry mass of standing crop roots collected during the first 

time step (g), Mr was total dry mass of standing crop roots (g). An alternative, less 

invasive method of estimating litter and root respiration is to plot total and/or fine 

litter/root mass against total soil respiration. If the relationship is linear, the y-

intercept will represent an estimate of soil respiration at litter/root mass = 0. The 

change in respiration caused by litter/root mass can be calculated from the slope.  

Soil organic matter respiration per unit mass cannot be calculated using the methods 

above. To present litter, root and soil organic matter respiration together it was 

necessary to calculate respiration per unit ground surface area (g m-2 hr-1) per core 

with the following equations: 
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Where Rl, Rr and Rsom are respiration per unit ground area from organic litter, roots 

and soil organic matter respectively. 

 

7.3.5. Data calibration 

 

Any influence of root excision upon root respiration was assessed by plotting values 

of root respiration against the time interval between excision and respiration 

measurement. If there is no clear change, it is likely that root respiration is not biased 
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by excision over the time-scale of measurement. To estimate root collection 

measurement error (to input into the maximum likelihood analysis, section 7.3.4.) the 

following technique was used. A soil core was extracted (diameter = 14 cm, depth = 

30 cm), roots were removed with a sieve, and the soil was homogenized. 

Approximately 40 grams of wire segments of different colours, thicknesses and 

lengths were placed into the soil sample and thoroughly mixed in. Then the wire 

segments were manually removed from the soil over a period of 40 minutes, split into 

10 minute time steps. Segments retrieved from each time step were weighed. At the 

end of the collection period, retrieved segments were mixed back into the soil, and the 

process was repeated a further nine times (ten iterations in total). This data was used 

to estimate mean ± measurement error of the cumulative mass of segments collected 

at each time step. The following experiment was used to assess which curve type best 

fits the observed pattern of cumulative root mass collection over time (to input into 

the maximum likelihood analysis, section 7.3.4.). Eight soil cores were extracted, and 

roots were manually removed over a period of 120 minutes, split into 10-minute time 

steps. Roots retrieved at each time step were cleaned of residual soil and detritus, 

dried at 70 ºC to constant mass and weighed. Cumulative dry root mass retrieved at 

each time step was plotted for each sample core. The accuracy of various curve types 

(logarithmic, power, saturation) was evaluated by fitting curves to the first 40 minutes 

of root collection for each sample, then using them to predict the pattern of retrieval 

up to 120 minutes. Predicted root mass collected between 50 - 120 minutes was then 

compared to the actual amount of root material manually collected over the same 

period. 

 

7.3.6. Key references 

 

For a general review of methodologies for partitioning soil respiration see Hanson et 

al., (2000) and Subke et al., (2006). Law et al., (2001) use the methodology described 

here for measuring root respiration rate per unit mass. Davidson et al., (2002) provide 
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a general review of artefacts and biases inherent in chamber-based measurements of 

soil respiration. The following are examples of field studies which used the maximum 

likelihood approach: van Wijk et al., (2002), and Williams et al., (2006). 
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