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2! Abstract 

An investigation of the chemical, physical and biological responses to deforestation, 

burning and cultivation, along an agricultural land use chronosequence converted from 

secondary forest on the alluvial terraces of the Alto Madre de Dios River, Peru. 

The study used easily replicable field methods in order to be understandable by non-scientists.  

Major findings were that the highest pH level is within 14-56 days after burning (P=<0.05), soil 

microbial biomass decreased by 75% within 12 months (P=<0.05) and a complete soil structure 

collapse occurred within 30 months with poor soil conservation methods (P=<0.05).  The study 

showed that through different modes of soil cultivation, important soil properties such as OM 

could be conserved, extending the productive life of the soil and sustaining the communities 

who depend on it, and the environments of which they are part. 

 

If this is the case, the optimum time for planting, growth, and harvesting, whilst maintaining soil 

health at pre-deforestation levels is a window of only 56 days.  This is not enough time for any 

conventionally produced crop.   
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3! Introduction 

Soil is essential in every aspect of global functioning.  It is the substrate for the food, fuel 

and fibre needs all over the world.  Soil also filters our water we drink, filters the air we breathe 

and acts as a sink for our pollutants we produce (Killham & Staddon, 2002).  Healthy soil means 

a healthy environment.  Despite the recognition of the threat of land degradation on soil health 

and agricultural productivity, few studies have been made to quantify the extent, rate and flux in 

soil fertility depletion under various land use and management systems (Lemenih et al., 2005) 

3.1! Causes of soil degradation in the topics  

The speed of soil degradation depends on different environmental factors, such as soil 

type, relief, climate and farming system. The UNEP (United Nations Environment Program) 

Project and GLASOD (Global Assessment of Soil Degradation) Project distinguishes four 

human-induced processes of soil degradation: water and wind erosion, plus chemical and 

physical degradation (Oldeman et al. 1990).  

Soil erosion caused by water and wind is the most important form of degradation.  

•! Soil loss due to wind erosion (28%);  

•! Soil loss due to water erosion (56%);  

•! Nutrient depletion due to inadequate fertilizer applications;  

•! Soil acidification;  

•! Salinization due to inadequate irrigation and drainage (12%);  
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•! Depletion of organic matter due to fast decomposition and insufficient organic fertilizer; 

and  

•! Compaction, aggravated by the use of heavy machinery (4%).  

The most important causes of water erosion are deforestation (43%), overgrazing (29%) and 

agricultural mismanagement (24%). The most important causes of wind erosion are overgrazing 

(60%), agricultural mismanagement (16%), over-exploitation of natural vegetation (16%) and 

deforestation (8%). In South America the most important forms of chemical soil degradation are 

loss of nutrients and organic matter (Oldeman et al. 1990).  

3.2! Socioeconomic factors 

A big problem in most developing countries is high population growth. This increases the 

demand on natural resources, especially on soil and water resources. In many countries, 

population growth increases the pressure on land.  This has the effect of forcing the farmer to 

move further away from the land areas of high competition and in search of areas with large and 

empty tracks of land. 

3.3! Migration 

Migration is a complex process, initiated by a combination of push and pull factors.  

Rudzitis (1998) stated that people move out of dissatisfaction with their previous location – they 

complete ‘a rough benefit-cost analysis in their heads’ and if benefits exceed costs, they move.  

Areas to which migrants move are considered more attractive in terms of economic, 

employment and social benefits (Anderson, 1955; Sabates, 2000).  Traditionally, the net 

movements have been rural-urban and as a result mega-cities (>10 million people) have been 

formed, more commonly in densely populated countries (Perlman, 1993).  These populations are 

comprised of rural people whose movements depopulate the countryside areas. 
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Since the 1960’s, the Brazilian, Bolivian and Peruvian governments have tried to decrease 

the population pressure in their mega-cities by offering incentives to families to re-locate to the 

frontier lands of the Amazon basin.  These incentives have been in the form of tax breaks, land 

parcels or government resource concessions (Smith, 2000). Such incentives also encouraged 

Peruvian families down from the highland Andes and onto the fringes of the Amazon Basin, 

where they are able to practice agriculture.  In the 1960’s high levels of economic growth in 

cities like Lima and Rio de Janeiro were accompanied by a decline in population in the rural 

highlands (Sabates, 2000). 

Immigration from the rural highlands to the tropical lowlands is a huge change for such 

people both socially and environmentally.  The climate is more humid and hotter overall, and 

the soils are deeper, with a higher clay percentage.  The soil turnover rate is up to two times 

faster in the lowland tropics than in temperate zones (Six et al., 2002).  These lowland soils 

greatly contrast with soils formed in the Andes mountain range, and needs to be conserved using 

different agricultural methods.   

The farmer and family may take several years to settle into a new and reliable cropping 

cycle, only to then find that the soil’s available nutrient stock has become exhausted.  Thus 

initiating a new slash/burn cycle.  Farmers take many years of trial and error to settle on a 

successful technique.  Even if one farmer does, due to the isolated nature of the settlements, 

each farm is very much independent of the next, and no-idea sharing taking place (K. Killham, 

Pers. Comms).  Resulting in the soil health of large areas of land degrading and becoming 

abandoned which could potentially be utilized if it were farmed with a greater awareness of soil 

conservation practices. 
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4! Deforestation, burning and clearing for cultivation 

Forest clearing for agriculture is widespread throughout the Amazon.  Tropical soils are 

structurally vulnerable.  They have a low stability and low resiliency, are consequentially 

degraded easily on the application of stress (such as clearance), and will not recover when stress 

is removed (Baldock, 2002).  The alteration of the biogeochemical processes on these lands is of 

particular concern, especially on highly weathered Oxisols that cover large areas in the region, 

because of possible soil nutrient limitation through agricultural land uses (Markewitz, 2004).   

Pich6n (1994) identified the main clearing stages of primary forest or secondary growth in 

the Amazon.  Larger trees and shrubs, cut by axe & machete or chainsaw during the period of 

low rainfall.  Following this the cut vegetation dried for 2-6 weeks, and then burned. Burning is 

most common and most efficient throughout the dry season (June – October). Burning the forest 

removes the physical obstruction of the dead vegetation, supplies mineral rich ash for 

subsequent crops (especially phosphorus and cations such as calcium, magnesium, and 

potassium), and raises the soil pH (Mackensen et al., 1996).  A low pH has a synergistic effect 

with the low phosphorus levels, reducing the availability to plants of the little phosphorus that 

exists. In addition, burning eradicates seeds and vegetative material, which can otherwise lead to 

a large crop of weeds. Animal and insect pests are also destroyed or at least temporarily driven 

out by fire. These beneficial results positively affect yields, at least for a time (Pich6n, 1994).   

4.1! Short term effect of deforestation, burning and clearing 

Clearing interrupts Carbon fluxes and pools which subsequently sends shockwaves to 

almost every other biogeochemical process (Palm et al., 1996).  Sites cleared of forest initially 

retain the soil nutrients and minerals on the clay colloids, micropores, and humic/root mat and 

through the increase in soil pH.  Effective cation exchange capacity (ECEC) and available Ca 
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concentrations all increase after burning (Palm et al., 1996), however total net nutrients decline 

with the ignition of the biomass (McGrath et al., 2001). Annual nutrient depletion rates in the 

tropics have been estimated to be in the order of 20 kg N/ha, 3 kg P/ha, and 15 kg K/ha 

(Sanginga et al., 2003). 

4.2! Long term effect of deforestation, burning and clearing 

 In the long term (>3yrs), burning affects the nutrient flows as the soil structure degrades 

(Juo and Manu, 1996).  Mackensen et al. (1996) calculated (that in the same time) the total 

element losses (including volatilisation) from a cleared Amazonian river terrace to be 94-98% C, 

93-98% N, 30-47% P, 30-48% Na, 42-50% K, 13-35% Ca, 21-43% Mg, and 66-76% S 

(percentages of pre burn nutrient levels).  More than 78% of the total N and P is held within the 

plant biomass, although the bulk of the Ca, Mg, and K is stored within the soil (Sanchez, 1979). 

Upon arrival in the new land, small holders (<5 hectares) may cut all the forest growth on 

their site.  Optimally, this occurs at the start of the dry season, as this allows time for the cut 

wood (rosé) to dry sufficiently before burning.  If wood is not completely incinerated, either 

because of insufficient drying time or because of cutting close to the wet season, a partial burn 

may occur, necessitating a subsequent burn or clearance of the debris by hand (K. Killham, Pers. 

Comms)  Either way, this situation results in the delay of the new crop.   

Fearnside (1985) identified some important social factors associated with the clearing of 

terraces.  He suggested that immigrants showed little concern for sustainability of production 

and so preferred clearing more land to farm when the previous had been exhausted rather then 

putting effort into soil conservation methods.  Fearnside also demonstrated that, as far as land 

ownership went, smallholders rarely defended un-cleared areas from encroachment by squatters 

increasing the overall degraded areas. 

Settlers who have recently settled in the Amazon are said to bring to the region agricultural 

practices that they are familiar with in their place of origin, but which may be poorly adapted to 

the intricacies of rainforest ecology (Pich6n 1994).  This adaption may result in declines in soil 
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health such as an increased soil bulk density, lower hydraulic conductivity, and higher levels of 

soil erosion, runoff, leaching, and the destruction of root mat, as well as a decline in surface 

layer OM and nutrient removal through harvest (Spaans, 1989; Hajabbasi et al., 1997; Juo & 

Manu, 1996).  A large body of information is now available that clearly shows severe damage to 

the soil quality and increased soil erosion caused by agricultural practices in the (cleared) forest 

areas (Knuti et al., 1979). 

It was once hypothesized that tropical forest clearing would lead to irreparable nutrient loss 

and an arrested state of forest succession (Goodland and Irwin 1975).  This hypothesis was 

based on the common observation that nutrients are disproportionately stored in tropical forest 

biomass compared to tropical forest soils (Markewitz, 2004 et al). Thus, it was believed that, if 

nutrients were lost from within the tropical ecosystem then the soils would not provide adequate 

substrate for regeneration (Marewitz, 2004).  With an increasing amount of information 

becoming available throughout the Amazon Basin, and from studies of the re-growth of young 

secondary forests apparent on a variety of cut and cleared lands, some of these fears have been 

discounted. At the same time, high nutrient losses after tropical forest clearing have also been 

reported from both fire and soil leaching (Kaufmann et al., 1995; Marewitz et al., 2004). 

Elements such as C, N and inorganic P, all increase in secondary forest (SF) with time, since 

abandonment (McGrath et al., 2001).  If fallow periods are not long enough to facilitate 

sufficient nutrient accumulation to pre-cultivation levels, each cropping cycle will degrade the 

soil further, until exhaustion (Mackensen et al., 1996).  

Farmers who possess a large plot of land (>5 hectares) are under less pressure to intensively 

cultivate, as, the land they own will sustain many slash/burn style cropping cycles in future 

years.  These farmers default to a rotation fallow system appropriate to the size of their land 

holding.  Coomes et al., (2000) stated that the more land available on a farm means the more 

land will be left to fallow and for longer.   
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Small holders do not have this type of comfort and, as a result, need to make enough money 

to secure tenure of the next land area, before the current one is exhausted.  The level of C and N 

biomass present on the land is representative of the length of fallow (McGrath et al., 2001) and 

therefore further soil degradation and lower yields will ensue for the small holder 

4.3! Cropping on cleared and burned land 

Organic matter is the main binding agent for soil structure stabilisation in the tropics 

(Baldock, 2002).  This process is dynamic because it is constantly changing; and can both 

stabilise and degrade within the ecosystem dependent on the continual addition of OM to the 

soil.  Constant addition of OM ensures the content of each binding agent is adequate for the soils 

current structure (Baldock, 2002).  

Once established immigrant farmers attempt to manage their land in the same mode as their 

previous mountainous farms in the Andes (REF).  They quickly realise that these methods are 

not very successful as the environmental zones are too different.  Without any common 

assistance policy, or any organisation to assist, the farmers are left to their own devices.  Some 

farmers implement more successful techniques than others do but on such a small scale, there is 

no real value in these breakthroughs outside of the farm.  This leaves other farms still at a loss 

and the area suffering a decline in soil health and not development.. 

There has been some convergent evolution of local versions of cropping techniques such as 

agro-forestry, alley cropping, and inter-cropping (K. Killham, Pers. Comms).  Farmers may, 

instead of clearing an entire field, leave trees in situ (such as, Papaya – Carica papaya, 

Palta/Avocado – Persea americana, Limón/Lemon – Citrus cultivado, Chonta (construction use) 

– Euterpe precatoria and Sangre de Grado (medicinal use) – Croton lechleri), to provide shade 

for the upcoming crop (K. Killham, Pers. Comms).  These trees also provide protection from 

rain impact on a bare soil surface, are a constant source of litter and also provide non-timber 

resources such as medicine, fruit, and building materials (Ovaska, 2000). 
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Alley cropping is an agro-forestry system where the crop is grown in alleys formed by 

hedgerows of trees or shrubs that are pruned during the growing season to minimize shade 

(Hulugalle & Ndi, 1993).  Dependent on the area of available land, farmers leave large (>4m 

wide) hedgerows in between field areas and paths.  These hedgerows provide a habitat for birds 

and animals, and facilitate quicker reforestation after cultivation, serving as a local seed and 

litter source (Ovaska, 2000).  Prunings from alley cropping are also used as a green 

manure/’mulch’ system (Goyal et al., 1999).  Secondary forest hedgerows typically comprise 

Cecropia/Cetico – Cecropia spp. Caña Brava – Gynerium sagittatum, Paca – Bambusa sp. and 

Balsa/Topa – Ochroma pyramidale (Ovaska, 2000).  All are fast growing pioneer tree/flora 

species (Swaine & Whitmore, 1988).  Alley cropping also facilitates nutrient cycling from the 

subsoil, suppresses weed growth, and provides firewood (Kang et al., 1993), thus making crop 

yields higher and more sustainable. 

Intercropping on alluvial river terraces in the tropics commonly features species such as 

Yuca – Manihot esculenta, Plátano/Banana – Musa X paradisiaca, Algodón/Cotton – 

Gossypium barbadense and Papaya (Ovaska, 2000).  The practice of growing two or more crops 

together is widespread throughout the tropics.  In tropical Columbia and El Salvador over 90% 

of sorghum and maize produced are from intercropped fields.  The benefits of nutrient exchange, 

reduced weed competition and pathogen control which can generate substantial improvements in 

growth and yields, all come from Intercropping (Vandermeer, 1992). 

No tillage has been implemented with alley cropping.  They both minimise soil exposure 

and discourage soil traffic (Hulugalle & Ndi, 1993), preventing soil concretions and capping.  

Compared to tillage systems, no tillage/alley cropping minimises soil structure breakdown, 

water runoff, soil erosion, and increases mesofauna activity, SOM levels and water holding 

capacity (WHC) (Hulugalle & Ndi, 1993; Six et al., 2002). 
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4.4! Soil husbandry 

Green manuring increases the microbial biomass C levels in the soil as well as increasing 

Urease and alkaline phosphatase activities within the soil (Goyal et al., 1999).  SOM and soil 

biological activity are enhanced by green manuring and the application of inorganic fertilisers 

(Tian et al., 1995).  The earthworm is of vital importance in a variety of processes such as; 

pedogenesis/weathering, soil horizon differentiation and the formation of topsoil.  The role of 

earthworm burrowing and casting (bioturbation) is vital soil fertility and plant growth (Feller et 

al., 2003).  A survey carried out on farmers in the tropics found that 98.6% of farmers believed 

earthworms were not to have any effect on soil fertility (Birang et al., 2003).  Without the SOM, 

(Soil Organic Matter), soil fauna becomes depleted, further inhibiting soil processes. 

  Fertilizers are only used when farmers observe the effects of nutrient deficiency in their 

crop.  They are not used as a matter of course throughout the cropping cycle.  Banana is the 

main crop of the region and fertilising due to potassium shortage is the most common reason for 

using a general NPK fertiliser (pers. comm.).  Pesticides are also used under similar 

circumstances.  When a farmer observes his crop under attack, he will use a pesticide on the 

crop.  The pesticide will typically be non specific, and, as with the fertiliser, the farmer receives 

no genuine advice, suggestions, or realise there is a choice available to him (K. Killham, Pers. 

Comms).  This inevitably leads to farmers buying and applying incorrect products to fields to no 

benefit.  In addition to the specificity of the soil chemical being inaccurate, farmers also have no 

idea of when is the best time to apply these products.  Often there is no ideal opportunity to 

apply these products, as application during high rainfall leads to high losses from leaching, 

benefiting neither the farmer nor the environment (Ghuman et al., 1991).  These processes, as 

with the cropping techniques, are learned over time with experience, eventually increasing in 

efficiency. 

Soil conservation methods are limited by the fact that migrant farmers are generally only 

interested in the short-term return from their soil.  However, some farmers leave litter to 
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decompose in situ, returning nutrients to the soil and protecting the soil surface from drying out 

in the sun, or becoming compacted in by rain (Ghuman et al., 1991).  The latter makes the soil 

increasingly impermeable to infiltration, causing more surface run-off, which in turn exacerbates 

soil erosion, leading to crop damage (Ghuman et al., 1991). 

4.5! The problem with migrant farming 

Farmers in tropical developing countries tend to farm with a different mentality to farmers 

in developed countries (K. Killham, Pers. Comms.).  There are several factors associated with 

this difference.  1) There is much more land available for agriculture.  This reduces the 

motivation to make land last for longer by implementing soil conservation techniques, 

particularly if it is easier to farm a new area. 2)  There is little or no social support from 

government or linked organisations.  Farmers must make enough money to sustain themselves 

throughout poor crops and in between harvests.  If farmers do not achieve this goal, there is no 

fall back.  3)  Profits, where available, are invested in buying more land in a similar area to the 

existing farm.  Rarely is machinery bought to increase efficiency.  A large farm, broadly carries 

out the same methods as a small farm, just employing more people. 

 

4.6! Field based assessment of soil health 

In 1996 The Soil Science Society of America defined soil health as “the continued capacity 

of a specific kind of soil to function as a vital living system, within natural or managed 

ecosystem boundaries, to sustain plant and animal productivity, to maintain or enhance the 

quality of air and water environments, and to support human health and habitation.”  Often the 

most valuable information on soil health are data that result from field sampling and analysis.   
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4.6.1!Physical, Biological and Chemical indicators of Soil Health 

95% of the available literature on soil health assessment involves analysing the physical, 

biological, and chemical properties of the soil, employing microbial biosensors, mass 

spectrometers and bioindicators (Killham & Staddon, 2002).  All of these techniques are 

difficult, even impossible to use under field conditions.  Whilst these methods are highly valid 

and accurate, in many respects they are also highly impractical.  Field techniques need to be 

robust and stand up to the highest scrutiny and of course, able to be carried out with the 

minimum risk of operator or technical error.   

Doran and Parkin (1994) have developed a list of basic soil properties or indicators for 

screening soil quality and health.  They are as follow:  

•! Physical indicators including (1) soil texture, (2) depth of soils, topsoil or rooting, (3) 

infiltration, (4) soil bulk density, and (5) water holding capacity.  

•! Chemical indicators including (1) soil organic matter (OM), or organic carbon and nitrogen, 

(2) soil pH, (3) electric conductivity (EC), and (4) extractable N, P, and K.  

•! Biological indicators including (1) microbial carbon and nitrogen (2) potential mineralizable 

nitrogen (anaerobic incubation) and (3) soil respiration, water content, and soil temperature.  

 

4.7! Soils of the Madre de Dios 

Soils in the eastern part of Madre de Dios, Peru, are associated with recent alluvial flood 

depositional plains.  Soil texture varies from clayey to sandy depending on the parent material.  

Soils tend to have a low CEC, low base saturation and acid pH (Osher & Buol, 1998).  However, 

there is currently no information available on the relationship between the migrant farmer and 

soil health in this area.  There are no baseline data to enable a study of the decline in soil health 

nor its prevention through practical and appropriate soil husbandry, to be identified.  
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5! Aims 

The overall aim of this study was to investigate the chemical, physical and biological responses 

to deforestation, burning and cultivation, along an agricultural land use chronosequence 

converted from secondary forest on the alluvial terraces of the Alto Madre de Dios River, Peru. 

 

5.1! Specific objectives 

To address the aims the specific objectives were; 

•! Establish the health of the soil used by migrant farmers on tropical river terraces in the 

Amazon basin, incorporating the history of the site and current land usage. 

•! Compile a chronosequence of site specific characteristics, which can be used to study the 

different levels of degradation over time, on different sites and from differing 

agricultural methods. 
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6! Materials and Methods 

6.1! Study Area 

The study area lies within the Department of Madre de Dios in South East Peru, to the east of 

the Piñi Piñi mountain range along the alluvial terrace of the Alto Madre de Dios River 

(12°47’26 - 12°48’33 S; 71°23’13 - 71°21’05 W).  The area lies at the verge of the Andes range, 

giving way to the lowland rainforest of the Amazon Basin at altitudes between 460-520m.  The 

annual mean temperature is 26°C (range 10-38°C) and annual rainfall is 3500mm.  This area lies 

in the eco-region of the ‘South-western Amazon Tropical Humid Forest’. 

 

6.2! Geology of the Alto Madre de Dios 

The sites fall on the boundary between two geological formations, the Yahuaranga and the 

Chambira. 

 

The Yahuaranga Formation: Lithologically, this comprises lodositas, arenaceous and 

limonitas of red/purple colour, with occasional calcium and silica concretions.  The red layers of 

this formation generate lands of smooth relief and of a dark red colouring at altitudes of over 

100m. 

 

The Chambira Formation: This is a heavy succession of lodositas, reddish brown in colour; 

found in thick layers, laid down with arenaceous brown and reddish, sub-angular, finer material 

in heavy, resistant layers.  It has a low angle stratification and channel structures; in some of 

them pebbles can be found. This formation is commonly located at between 150m and 200m in 

altitude. 
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6.3! Land Characteristics 

The different identified soil forms in the area of study are the result of the interaction of 

climatic, erosive, depositional, and lithological factors, as well as phenomena of tectonic origin.  

The site area is situated within an alluvial landscape.  This type of environment is characterised 

by planar areas, originating from fluvial erosion and deposition. 

Landscape of Alluvial Plain of the Quaternary  

This part of the Amazon Basin displays evidence of great alluvial activity in the past, and 

presently a somewhat flat relief.  This plain is categorised into the following sub landscapes (see 

Plate 1): 

Low Terraces (1st)  

This unit is highly degraded and subject to periodic floods.  It has a flat to slightly 

concave form.  It constitutes the part of the bottom of the valley and is filled with fluvial 

sediments.  Vegetation is dominated by pioneer cane (Plate 1). 

Average Terraces (2nd) 

This overlies the previous element (low terrace) and presents slightly inclined form. 

High Terraces (3rd) 

This feature overlies the level of the average terraces.  It comprises of flat to slightly 

waved forms, with dissections caused by streams and rivers; it constitutes the high part of the 

alluvial landscape.  

 

All of the project sites were located on ‘Average Terrace’, no longer subject to seasonal flooding 

but on soils originating from alluvial material (Plate 3).   
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6.4! Land Capacity 

Land capacity is a taxonomic method of expressing the most suitable use for the soil, be 

it agricultural, pastoral or conservation.  The land capacity also includes recommendations of 

good handling and conservation of these uses.   

Soils in the study area were from Group A: 

Group A:  Soils with clearing and cultivation potential 

Soils suitable for clearing and cultivation are best characterised topographically and 

climatically in the zone.  For the establishment of an intensive mode of agriculture on this 

soil, species of short vegetative period, should be used which are adapted to the ecological 

conditions of the river basin (Plate 2).   

There are 2 distinct classes and 1 sub-class applicable to this zone: 

Class A2 

This class comprises territories with average agricultural potential with appropriate 

practices of handling and ground conservation.  The main limitation is a lack of water for 

irrigation.  They are located on flat to slightly inclined surfaces.   

Class A3  

This class comprises soil with low agricultural potential, and if used for intensive 

cultures, has severe limitations.  It requires intensive conservation practices, in order to 

ensure sustainable economic production.   

A feature of this class is the subclass A3s:  

Subclass A3s  

This represents areas of agricultural quality loss, with good natural drainage and slightly 

acid to strongly acid pH levels, located mainly on the average terraces.  
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Limitations of Use 

The greatest limitations of use of these soils refer mainly to the natural fertility, with 

generally average to low organic matter and available nitrogen, phosphorus and 

potassium.  

Handling and Conservation 

Sustainable use of this soil during the production of crops in an intensive and 

economically profitable form requires suitable practices of handling and soil conservation.  

The first such practice requires the incorporation of organic matter in its diverse forms:  

green manure, guano, coral and/or remainders of harvest to improve the physical, 

biological, chemical and retentive conditions of soil matrix.  Secondly, all fertilization 

must be carried out using products that do not increase the acidity of this soil.  Finally, a 

suitable program of crop rotation of adapted cultures to the ecological conditions of the 

zone requires consideration. 



- 20 - 

7! Study Layout 
The study incorporated a paired site design. All sites were paired with a control selected on 

the premise of it being ‘the closest available non-cultivated area’.  Sites possessed similar soil 

types and were located in similar geographic and environmental locations (See Map 1).  All 

methodological procedures were repeated in the same manner at all sites. 

 

 

 

Map 1.  Site location within the Department of Madre de Dios in the country of Peru.  The full colour map 
details site locations in relationship to the Alto Madre de Dios River (the most dominant feature of this area).  
Areas coloured brown/red represent locations of alternative land use, most likely burned or cultivated areas.  
The green colour represents areas of primary and secondary forest. 
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Plate 1.  Cleared and burned low alluvial terrace on the day immediately after burn.  Very poor burn,  high 
levels of plant residues left. 
 

 
Plate 2.  12 month since clearance and burning on a different site to Plate 1.  Banana plantation with grass 
cover. 
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7.1! Site selection criteria 

Sites were selected based on initial survey work, including farm visits, interviews and 

questionnaires.  This was to make certain of the correct history of the area, and more specifically 

about the history of the farm usage, the length of cultivation and types of cropping methods in 

use.  Sites were sought that had been cultivated for different lengths of time (e.g. <3mos, 3y and 

>20y) to create a chronosequence of soil chemical, physical and biological properties.  Within 

these farms were plots that had been cut and cleared more recently and enabled more data to be 

collected for the study.  There were 12 sites in total, spread between three farms (See Map 1).   
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8!  Site Characterisation 

Preliminary soil survey work had been completed in the department of Madre de Dios, Peru 

in 1996.  This work aimed to provide the basic information on the edaphic characteristics of the 

area in study.  Aspects as broad ranging as the physical-morphologic state, chemical properties, 

fertility and agronomic suitability were taken into account.  Soil limitations and norms of the 

Soil Manual Survey were followed (revision 1985).  The taxonomic classification was made 

according to USDA Soil Taxonomy (revision 1994).  The interpretation was made in agreement 

with the Land Capacity of Greater Use Body, based on the Regulation of Territories 

Classification of Peru (D.S. Nº0062/75-ag). 

8.1! !Soil!Classification!

The study sites featured a combination of the following soil types: 

Chimbo (Oxic Tropudalf) 

This soil type is geophysically located on flat and waved surfaces and up to high terraces.  A 

deep, well-developed soil, with an ABC profile type with a sandy clay texture combination and 

the presence of intermediate yellow/red horizons containing alluvial clay accumulations 

characterise Chimbo soils.  Features more essential to agriculture are; good drainage and slow 

permeability. However they are soils of extreme acid conditions (pH 2.8), with low saturation of 

bases, and discharge changeable aluminium; average levels of organic matter, and low quantities 

of available phosphorus and potassium. Due to the high rainfall in this area there is some loss of 

natural fertility due to leaching.  
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Ishpingo (Typic Distropept)  

This soil type is geophysically located in low hills, of rough relief and up to moderately 

raised slopes.  They are recently developed soils with an ABC type profile; moderately deep 

with brown to red/yellow colour. Ishpingo soils possess good drainage with moderate/slow 

permeability.  They are soils of extremely acid reaction (pH 4.5), with low saturation of bases 

and changeable aluminium; low content of organic matter, as well as available phosphorus and 

potassium. Due to the high rainfall in this area, they are subject to natural fertility loss due to 

leaching.  
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9!  Soil Sampling and Analysis 

Once the soil sites were established; at every site, a 10m by 10m grid was superimposed on 

the ground (ensuring non-alignment).  Within this marked grid, four co-ordinates were selected 

from a random number table from which were taken samples. 

9.1!  Sampling, storage and preparation 

Litter was cleared from the surface of the soil (presence or absence noted) and soil was 

sampled from the top 20cm (the AP horizon), ensuring representative sampling within this depth.  

In addition, a soil pit was dug at each site to view the top of the profile, and the texture was 

determined according to the method of E. A. Fitzpatrick (1992).  Texture was determined by 

rubbing the moist soil between the finger and thumb and colour typed with a Munsell colour 

chart.  Photographs were taken, recording the physical location of the site and the profile in 

detail. 

Approximately 200g of soil was sampled in the field and then taken back to the laboratory 

for processing and analysis. 

Sampled soil was sieved (with a 2mm Endecotts Ltd. BS410/1986) before storing within 

a dark box away from direct sunlight.  After sieving, soil was deemed ‘prepared’ for use in the 

laboratory. 

All soil analyses were completed within 3 days of sampling, after which soil was discarded and 

the site re-sampled. 

For all sites, the Water Holding Capacity (WHC) was established using a standard procedure, by 

first establishing the Dry Bulk Density (DBD) and the Wet Bulk Density (WBC). 

Water used in all chemical solutions was stream water de-ionised using Palintest UK DE-ION 

Packs (UK Patent 2188622). 
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9.2! !Methods!of!analysis!

Assays A-C were carried out at the project sites in situ. 

Assays D-G were sampled out at the site and brought back to the laboratory for further analysis.  

A quick view of all assays used can be found in Chart 1. 

A)  Structural Stability 

Structural stability described the ability of a soil to retain it’s structural form when 

exposed to disruptive forces (e.g. tillage).  The assessment of structural stability involved 

dropping a weighed clod of earth from a height of 1.5m and measurements of the spread of earth 

via a marked sheet (See Plate 4). 

B)  Soil Temperature 

Soil temperature was taken at a depth of 10cm at every sampling point, (Fischer 

Scientific Traceable Lollipop Thermometer). 

C)  Infiltration Rate 

This measurement provided information about the soil structure and pore size, as well as 

reflecting the texture of the soil. 

20ml of water were applied to an area of soil 17.7cm2.  The time taken for all pools of 

water to infiltrate into the soil was timed with a stopwatch (Huger).  This figure was then 

converted into a mm/s infiltration rate.  If the infiltration rate was less than 20ml in 600s the 

timing was stopped, (See Plate 5). 
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Plate 3.  The range of different terrace levels found along the Alto Madre de Dios River.  Study farms were 

all located on the Average Terraces in the left of the figure.  This photograph faces South and the Piñi Piñi 

Range is visible to the West. 

Plate 4.  Soil Structure Stability testing.  This involved dropping a clod of Earth of a known weight onto a 

marked target sheet.  The spread of the aggregates into the different zones on the white sheet was observed 

then recorded.  The rings on the target are at 50cm intervals (50cm-200cm). 

Average Terraces  

High Terraces 

Low Terraces 
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Project Assays 

PHYSICAL 

BIOLOGICAL 

CHEMICAL 

Structure Stability – Modified SQMS 

Infiltration Rate 

Bulk Density (BD) 

Substrate Induced Microbial Biomass C 

Mesofaunal Study 

Soil Colouring and Hand Texturing 

pH in H2O and CaCl2 

NO3- Content from dip test 

Water Holding Capacity (WHC) 

Loss on Ignition (LOI) 

Plate 5.  Measuring the Infiltration Rate.  Red circles indicate the infiltration tubes.  20ml of water was 
added to each tube and timed up to 600 seconds (s)  Any infiltration rate slower than 20ml/600s the time was 
stopped and the sample deemed ‘Very poor infiltration’. 
 

Chart 1.  This chart shows all the assays used within the project, broken down into the physical, biological 
and chemical sections. 
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D)  Soil pH Levels 

pH was measured using an electronic pH meter calibrated with fresh buffer solutions 

(pH4 & pH 7) every usage.  pH was measured in two solutions; one containing H20 at a 1:2 soil 

ratio and one containing CaCl2 (0.01M), also at a 1:2 ratio.  This was to ensure that even if the 

pH of the H2O changed, the CaCl2 determination would give a consistent result.  50ml of 

solution was used with 25g of soil. 

E)  Soil Organic Matter (SOM) Content 

Samples were dried in the sun for 6 h to remove excess moisture before being weighed 

and then baked in an oven at approximately 400°C for 4 h.  This removed the organic matter 

from within the soil.  After the soil had cooled, the sample was re-weighed and the difference 

used to determine the percentage of the SOM. 

F)  Soil Microbial Biomass 

A modified version of the substrate induced respiration method of Anderson and 

Domsch (1978) was used to determine soil microbial biomass. To a 20g sample of soil, 0.06g of 

Glucose was added then homogenised together in a plastic bag.  These samples (four 

independent replicates without glucose and four with) were sealed in Erlenmeyer flasks along 

with a 20ml potassium hydroxide (KOH) ‘trap’ and incubated at room temperature for 5 h.  The 

KOH adsorbs all the CO2 respired by the soil microbes, and by titrating this with hydrochloric 

acid (HCl) and barium chloride (BaCl2), the amount of CO2
 was established (via use of a 

Phenolthalein indicator): 

Equation:  2KOH + CO2 = K2CO3 + H20  (Respiration Stage) 

  BaCl2 + K2CO3 = 2KCl + BaCO3 (Preparation of Solution) 

  KOH + HCl = KCl + H2O  (Titration) 
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G)  Available N  

A simple dip stick test for N concentration was used to establish the available NO3
- and 

NO2
- within the soil (Quantofix: Macherey – Nagel).  N concentration is potentially an 

accessible indicator of the soil charges and a general indicator of nutrient availability.  25g of 

soil was placed into a beaker with 50ml of distilled H20 (ratio 2:1).  The solution was 

equilibrated for approximately 30mins to settle, and then tested to determine both NO2
- and NO3

-  

concentrations.  
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10! Data Analysis 

Statistical Analysis 

The multi-factorial design of this project conformed to the General Linear Model (GLM) 

and enabled the use of a powerful multiway Multivariate statistical test.  The Multivariate 

test facilitated the comparison of all the major land-use treatments, across the sites, for all of 

the assays used in the project.  Correlations were carried out to investigate the relationship 

between selected soil properties. 

All the data from the study represent independent samples.  Extra information without a 

numerical descriptor, such as soil colour and texture was placed in ordinal sequences in 

order to explore more variables in the analysis. 

Data were analysed using the computer statistical package SPSS, Version 13.0. 
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11! Results and Discussion 

11.1! Chronosequence characteristics 

Chronosequences were used to enable efficient sampling on the farms.  Instead of monitoring 

agricultural sites regularly over a 30 month period, the chronosequence comprised snap-shots of 

the soil health of different sites between 0 and 30 months, since secondary forest was deforested, 

cleared and burned.  

11.2! Farms 

The farms used in this study were as similar as possible so that any differences in soil health 

could be attributed to changes in soil management and not environmental variables.  The farms 

used were similar according to species and temporal characteristics of crops planted, modes of 

agriculture, parent material, climate, topology and age.  It was not the aim to establish 

differences between farms, but to look at the effect of farming over time since clearance. 

11.3! Control areas 

Control areas (shown as Age 0 on all graphs) were always located on the nearest forested area to 

the selected site.  The control sites represent the various vegetation and environmental 

characteristics of the selected sites before they were deforested, cleared and burned.  It was 

found that the control sites were very similar to each other, in terms of vegetation height, 

topography, climate, soil type and age. 
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! Colour& Structure& Texture& & & & &

AGE& Upper&Horizon&(H1)& Lower&Horizon&(H2)& H1& H1& H2& Horizons&
Canopy&
Cover&

Surface&
Litter&

Soil&Conservation&
Measures&

0& 4/2!Dark!Grey!Brown!
10YR! 4/4!Olive!Brown!2.5Y! Massive! Loam! Silt!Loam! A1!&!A2! 80C100%! Present! None!

2& 4/3!Dark!Brown!10YR! 4/3!Dark!Brown!10YR! Massive!
Sandy!
Loam!

Sandy!
Loam! E1!&!E2! 0%! Present! None!

12& 4/2!Dark!Brown!7.5YR!
5/4!Light!Olive!Brown!

2.5Y! Massive! Loam! Silt!Loam! A!&!E! 50%! Present! None!

30& 4/2!Dark!Brown!7.5YR!
5/6!Yellowish!Brown!

10YR! Granular! Silt!Loam! Clay!Loam! A!&!E! 75%! Present! Green!Manuring!
! ! ! ! ! ! ! ! ! !

Table&1.!!Data!were!collected!from!field!sites!at!the!same!time!as!samples.!!These!data!were!used!to!establish!further!site!characteristics!and!to!confirm!any!differences!that!
were!not!conclusive!through!statistical!analysis.&
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11.4! Soil physical responses 

There were no significant differences in the Organic Matter (OM) (Figure 1) concentration of 

soils at any stage in the chronosequence. 

Figure  1.  The effect of deforestation, burning and cultivation on soil organic matter (OM) along a 30 month 

agricultural land use chronosequence converted from secondary forest.  Time 0 represents non-cleared 

forest. 
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Soil organic matter content is a direct method of ascertaining the condition of the soil 

and its agricultural potential.  The percentage weight lost on ignition gives a measure of the 

organic content of the soil.  The organic content comprises of the root mat, litter dragged 

underground, or decomposing branches etc.  A high SOM content often signifies a high cation 

exchange capacity (CEC) and therefore potentially good nutrient availability.   

OM was measured over a 14 day period (Figure 2) post clearance and burn.  There was 

an accumulation of OM (P=<0.05 on Day 6) after day 4. 

 

Figure 2.  The effect of clearance and burning on organic matter (OM) concentrations along a 14 day 

chronosequence after the site was burned.  Age 0 represents a cleared but pre-burn site. 
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Water Holding Capacity (WHC) showed a spread to the OM.  Figure 3 showed no significant 

differences. 

 

 

Figure 3.  The effect of deforestation, burning and cultivation on the water holding capacity (WHC) along an 

agricultural land use chronosequence converted from secondary forest.  Time 0 represents non-cleared 

forest.  Standard error bars indicate than none of these points are significantly different from each other. 
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Infiltration rate (IR) (Figure 4) demonstrated a significant reduction in the IR of the soil over the 

first 2 months since cultivation (P=<0.05).   There was a significant, but short-lived 

improvement in the infiltration capacity (P=<0.05), before sharply dropping to nearly 600s 

(P=<0.001). 

 

Figure 4.  The effect of deforestation, burning and cultivation on the infiltration rate (IR)  (for 20ml of water) 

along an agricultural land use chronosequence converted from secondary forest.  Time 0 represents non-

cleared forest.  Times over 600s were stopped as the soil was assumed to be ‘highly impermeable’. 
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Measuring the structural stability gives valuable data about the integrity of the soil 

structure.  This is affected by loss of organic matter, through poor agricultural techniques (Chen, 

1999).  Organic matter provides the substrate that enables soil organisms to form and stabilise 

soil aggregates.  Earthworms mold the soil, plant roots and fungal hyphae exude polysaccharides 

that stick the aggregates together.  Bacteria and fungi produce organic glues that further bond 

aggregates and encourage crumb formation.  Aggregate stability is a reflection of the macro-

pore space within the soil matrix. 

Soil structure stability (AS) reflected by the percentage clod remaining non-fragmented 

(Figure 5) showed that, after an initial reduction in the stability at 2 months (P=<0.05) (i.e. less 

fragmentation), the stability temporarily improved (89%) until at 12 months it declined to almost 

100% non-fragmented (v. poor soil structure) at 30 months (P=<0.05). 

 

 

Figure 5.  The effect of deforestation, burning and cultivation on the percentage of fragmentation of a clod 

sample after a drop test along an agricultural land use chronosequence converted from secondary forest.  

Time 0 represents non-cleared forest.  100% represents complete stability. 
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Much fluctuation was found with soil temperature (Figure 6), significantly increasing and 

decreasing at every interval within the chronosequence (P=<0.05). 

 

Figure 6.  The effect of deforestation, burning and cultivation on the temperature of the soil (°C) at a depth 

of 8cm along an agricultural land use chronosequence converted from secondary forest.  Time 0 represents 

non-cleared forest. 
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IR and AS are aligned on the same X axis (Figure 7), and similarities between these physical 

characteristics across the chronosequence.  Initial decline in soil health was followed by a 

temporary improvement until total collapse at 30 months (P=<0.05). 

 

 

Figure 7.  The effect of deforestation, burning and cultivation on soil infiltration rate and structure stability 

along a 30 month agricultural land use chronosequence converted from secondary forest.  Time 0 represents 

non-cleared forest.  The symbol ■ signifies Soil Infiltration rate and the symbol ♦ signifies % Structure 

Stability. 
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11.5! Discussion: Physical properties  

Soil health, when observed through physical characteristics becomes extremely 

fascinating.  A good physical soil health shows many soil pores which are essential for root 

growth and gas fluxes associated with soil organism respiration.  These pores also absorb and 

hold water, from which plants can maintain the steady intake they require and soil micro-

organisms can live within.  The concept of the water holding capacity is important for the 

assessment of soil health Doran & Parkin, 1994).  The soils used in the study all had a low WHC 

in each state reiterating the need for regular external water inputs to maintain plant growth, 

which are found in this area of the tropics.  

The root environment is habitat to an immense and diverse community of soil organisms 

from tiny aquatic rotifers and protozoa that live within the water film to macro flora and fauna 

within the horizons (Lemenih et al., 2005). When this environment is in a good condition it is 

often able to function as a net C sink, in fact, the largest carbon sink on Earth.  Upon breakdown 

of the structure this ability may switch and it can become a net source of C.  In other words, a 

breakdown in soil health may ultimately contribute to global climate change. 

Soil when in a good condition is able to moderate temperature fluctuations and insulate 

deeper more fragile portions of the root network.  Large fluctuations were found in the different 

ages of the chronosequence with regard to temperature, indicating a breakdown of this ability 

within the root environment (Killham & Staddon, 2002).  Soil temperature is not the only factor 

which is influenced by a breakdown in root environments.   

Root mychorrhizae need soil pore spaces in order to respire CO2.  Mycorrhizal fungi shed a 

glycoprotein called glomalin from the hyphae.  The relationship between the glomalin and 

structure stability is such that the more glomalin there is, the better the soil condition for the 

mychorrhizae and other subterranean flora and fauna.  By this method, the mycorrhizae help 

maintain a part of the soil structure.  If they fail to receive enough O2 because of structural 
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collapse and degradation of soil health, they will cease to function at a scale that is essential to 

maintain soil and plant life.  (P. Ineson.  Pers. Comms.) 

Of the total rain which lands on the soil surface, part is absorbed by the plants and trees 

while other parts enter the groundwater, topping up the supply that can provide water in stressed 

conditions.  If the soil surface is impermeable, due to poor soil management, most of the rain 

will run off, scouring and eroding the surface of the soil.  If chemicals are used on this land they 

will be transported directly into rivers and streams and not purified by the infiltration system 

within the soil (Sanchez et al., 2003). 

 Under these damaging conditions an increase in structural stability would be expected 

especially under intensive agricultural use.  As agriculture increases the Physical Organic Matter 

(POM) and residue inputs decline.   

Tillage disturbs the structure of the soil and disrupts the hyphal networks of the mycorrhizae 

and potentially increase residues of unprofitable plant products.  Plant inputs can encourage 

annelid action within the soil which adds polysaccharides to the soil which help to increase soil 

pore spaces and maintain the structure (Birang et al., 2003).  However in the absence of the 

organic matter, the once sustaining rain inputs drive the degradation of the soil health by 

leaching the soil nutrients and minerals and speeding the decomposition remnant OM.   

If a collapse in soil structure occurs, these factors show a clear picture of the effects.  The 

effect that this has is to reduce the pore space which itself is a reflection of the structure stability 

of the soil.  In the end the soil compacts and forms a stable aggregate, very similar to a lump of 

clay, which contains few nutrients, negligible organic matter and phytotoxic aluminium 

concentrations (Baldock, 2002). 

It is this SOM, composed of a range of organic substances which is key to the overall soil 

health.  It is constantly broken down in the soil over time and released as CO2 through microbial 

respiration.  Constant addition of this material is necessary to maintain the OM which binds 

mineral particles within the soil (such as polysaccharides) (Feller et al., 2003).  As the OM 
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decays, the nutrients are released in the form of soluble ions that are easily taken up by 

mychorrhizae or directly through plant roots.  The OM also contains a lot of C and energy which 

is used by soil organisms.  If these products of the OM cycling are lost from the system through 

leaching and a lack of inputs it can lead to a total shutdown in biogeochemical cycling networks. 

Humus is the most resistant component of soil OM in a degraded soil, and also the 

component that takes longest to replace once lost.  The humus attracts nutrient ions and water 

molecules through the CEC and can increase the soil health both by nutrient supply and 

retention mechanisms as well as by maintaining soil structural integrity (Brady & Weil, 2002).  

Once the humus has degraded, the clay is the only soil constituent remaining to carry out 

nutrient retention and supply functions, and unlike the humus, is non-renewable. 

Tropical soils are structurally vulnerable.  A stable soil may be the result of the behaviour of 

a specific mineral matrix, which once linked particles together into a stable structure.  When a 

stable soil structure is disturbed by clearing or burning, if this mineral composite is absent the 

soil will be unable to return to its pervious state (Baldock, 2002).  Chances are that with the high 

levels of leaching in the tropics, it will not be and therefore cannot recover. 



- 44 - 

 

11.6!  Soil chemical properties 

pH, the standard indicator of soil acidity is one of the most useful soil properties to know 

and one of the simplest to establish. pH reflects the suitability of a soil to support plant and 

microbial life and the availability of nutrient ions in the soil to those organisms.  Soil pH and 

chemistry are affected by parent material, texture; climate and vegetation cover (Brady and 

Weil, 1998; Chapin et al., 2002; Rowell, 1992). 

The soil pH response was observed in solutions of H2O and CaCl2. Their results were 

highly comparable.  Soil pH along the chronosequence (Figure 8) showed a sharp initial 

decrease (P=<0.05) in pH between age 0 and age 2 followed by a steady increase in acidity 

(P=<0.05) over the following 28 months.  Age 30 was not significantly (P=>0.05) higher than 

the original age 0.   
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Figure 8. The effect of deforestation, burning and cultivation on soil pH along a 30 month agricultural land 
use chronosequence converted from secondary forest.  Time 0 represents non-cleared forest.  The symbol ■ 
signifies pH measured in a CaCl2

- solution and the symbol ♦ signifies pH measured in a H2O solution. 
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The 14 day (Figure 9), short-term chronosequence showed a rapid response time over the initial 

days (Age 2-8).  The sequence showed significant (P=<0.05) fluctuations (potentially due to 

sampling).  After Age 8, there was a steady decrease in acidity continuing until Age 14, where 

the pH concentration in the chronosequence was significantly less acidic in both solutions than 

at Age 0 (P=<0.05).  In Figure 9 all points after age 0 (not including the point at Age 8, CaCl2) 

were significantly less acidic than the control (Age 0) (P=<0.05). 

 

 

Figure 9.  The effect of deforestation, burning and cultivation on soil pH along a 14 day agricultural land use 

chronosequence converted from secondary forest.  Time 0 represents non-cleared forest.  The symbol ■ 

signifies pH measured in a CaCl2
- solution and the symbol ♦ signifies pH measured in a H2O solution. 
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A simple dip test for N concentrations was used to establish the available NO3 and NO2- 

within the soil.  N concentration is potentially an accessible indicator of the soil charges and a 

general indicator of nutrient availability.   

Available nitrate (Figure 10) shows a significant increase (P=<0.05) after 2 months.  This 

initial increase diminished over the subsequent 10 months (P=<0.05) back to concentrations 

found at Age 0.  At Age 30 the nitrate had remained at the same concentration as at Age 12. 

 

Figure 10.  The effect of deforestation, burning and cultivation on  NO3
- concentration (µg g-1) along a 30 

month agricultural land use chronosequence converted from secondary forest.  Time 0 represents non-

cleared forest. 
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The 14 day chronosequence (Figure 11) showed a steady increase in Nitrate over 14 days, 

significant increases were observed after day 4 (P=<0.05). 

 

 

 

Figure 11.  The effect of deforestation, burning and cultivation on  NO3
- concentration (µg g-1) along a 14 day 

agricultural land use chronosequence converted from secondary forest.  Time 0 represents non-cleared 

forest. 
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11.7!  Discussion: Chemical properties  

The extremely rapid decomposition rates found in the tropics and the high activity of soil 

microbes made the soil naturally acidic.  It is for this reason that the land users chose to burn the 

felled trees and vegetation.  Wood ash contains carbonates (such as Potassium carbonate) which 

neutralise some of the H+ ions within the soil and raise the pH.  The burn event usually occurs 

after cutting and drying, and within days of planting.  Ash raises the pH of the soil (P=<0.05) 

which was more suitable for plant germination and cultivation (Woomer & Swift, 1994).  

 Ash is not fixed within the soil.  It rests on the surface until it is relocated by environmental 

factors (wind & rain etc.).  The fact that it is not fixed means these improvements in pH are 

quickly removed from the system.  After a 30 month period the pH concentration (30 month, 

CaCl2
-) was less than the original, forested concentration. 

In an undisturbed forest the canopy intercepts some precipitation and protects the soil from 

becoming inundated by the water.  Soil litter and humus also has these properties.  When 

degraded, the protection (buffer) is removed and the H+ ions brought in by the rain displace the 

non-acid Ca2+, Mg2+, K+ and Na+ from the colloidal fraction within the soil and they become 

leached.  This can lead to an over-dominance of acidic cations (H+ and Al3+) within the soil, 

leading to very acidic conditions (Sanchez et al., 2003).   

As the H+ ions enter the soil in higher and higher concentrations they displace non-acid 

cations on the clay sites.  The H+ increases the release of Al3+ from the clay which then 

hydrolyzes with water molecules forming more H+ ions within the soil.  A negative feedback.  

As the Al3+ on the exchange sites are always in proportion to the soil solution, the soil can 

rapidly become phytotoxic to plants and soil organisms.  This problem is even greater at pH 

<5.2.  This aluminium toxicity stunts root growth and blocks nutrient transport pathways (Brady 

& Weil, 2002).  
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About 36% of tropical soils are low in nutrient reserves. Acidification produces aluminum 

and ferrous oxides. This in turn results in the fixation of phosphorus, which is no longer 

available for plants. A ferrous oxide/clay ratio of > 0.2 is considered to be the threshold for P 

fixation, and affects 22% of all tropical soils (Vandermeer et al., 1998).  

About 30% of tropical land problems occur in highly acidic soils which contain phyto-

toxic aluminum (Al) in the soil solution. This is particularly marked where the Al saturation 

percentage of total cation exchange capacity (CEC) exceeds 60% in the upper 50 cm of the soil 

pedon. About 25% of tropical soils are acidic soils with pH values below 5.5 in the upper 

horizons but without aluminum phyto-toxicity (Vandermeer et al., 1998).  

Both pH chronosequences showed that after 14 days the pH (from H2O) was pH 5.4.  At 

2 months, it was pH 5.2, indicating that at sometime between 14 and 56 days the soil pH reached 

its highest pH peak and begins a decline.  This trend was reinforced by the results of the pH in 

the CaCl2
- solution, by the same margin (pH 0.2).  If this is the case, the optimum time for 

planting, growth, and harvesting, whilst maintaining soil health at pre-deforestation levels is a 

window of only 56 days.  This is not enough time for any conventionally produced crop.   

In the humid tropics, mineralized ammonium is quickly nitrified to nitrate which is quickly 

leached below the plant root zone before it can be taken up.  However, occasionally, some of the 

leached nitrate is stored several metres down in positively charged clays.  Deep rooted trees can 

access these stores and cycle the nitrate, however without these trees; eventually the nitrate 

enters the groundwater.   

An increased pH improves the environment for soil bacteria.  Nitrobacter is a very 

sensitive micro-organism and requires a healthy aerobic soil with exchangeable Ca2+ and Mg2+ 

in order to nitrify.  Problems of excess Al3+ or high structure stability reduced the NO2
- and NO3

- 

concentrations within the soil, thereby affecting plant uptake adversely (Brady & Weil, 2002). 

The burn enables the farmer to plant the seeds when there is a high concentration of 

available N within the soil.  Nitrate is closely linked to microbial activity, if the soil becomes 

denitrified would lead to a decline in soil organisms.  At 2 months, the N availability begins to 

decline until 30 months.  Soil nitrate reaches its maximum availability between 14 days and 56 

days, coinciding with soil pH and to the same ends.   
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11.8! Soil biological responses 

Soil respiration studies are an important approach to establish the level of soil microbial 

biomass.  Microbial biomass is measured by the addition of a substrate, in this case glucose 

(C6H12O6) which increases the respiration rate of soil microbes until  Vmax is reached 

(Maximum respiration).  Anderson & Domsch developed an equation from which soil microbial 

biomass can be calculated from the Vmax respiration rate.  This method provides a Vmax 

respiration response assumed proportional to the biomass of microbes present.  The response 

measured by both methods is 'soil' respiration.  All organisms respire, emitting carbon dioxide 

(CO2) as they do so.  By measuring 'soil' respiration, we are measuring the respiration of the 

organisms contained within a soil.  In the field, this would be respiration of plant roots, any soil 

invertebrates, bacteria and fungi.  In the laboratory, roots and any larger invertebrates were 

excluded.  It was assumed that the rate of 'soil' respiration is proportional to soil microbial 

biomass.  
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Over the 14 day chronosequence, the microbial biomass (Figure 12) reflected an immediate 

and significant (P=<0.05) decline in soil micro-organisms within 2 days.  This was followed by 

a recovery over 12 days until day 14 when the concentration of microbial respiration was much 

higher (P=<0.05) than the original concentration. 

 

Figure 12. The effect of deforestation, burning and cultivation on the soil microbial biomass along a 14 day 

agricultural land use chronosequence converted from secondary forest.  Time 0 represents non-cleared 

forest. 
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The Substrate Induced Respiration (SIR) condition within the 14 day chronosequence (Figure 

13), shows soil microbial activity was negligible on day 2 (P=<0.05).  Followed by a steady 

recovery to a respiration state proximally equal to that originally found in the soil at Age 0 

(P=<0.05). 

 

 

Figure 13.  The effect of deforestation, burning and cultivation on the Substrate Induced Respiration (SIR) 

of microbial biomass along a 14 day agricultural land use chronosequence converted from secondary forest.  

Time 0 represents non-cleared forest. 
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Soil microbial respiration, without substrate added (Figure 14), showed a significant decline 

over the 12 months post conversion (P=<0.05).  From this position, the soil microbial biomass 

recovered over the next 18 months up until Age 30, at which stage, it had returned to original 

Age 0 state. 

 

 

Figure 14.  The effect of deforestation, burning and cultivation on the soil microbial biomass along a 30 

month agricultural land use chronosequence converted from secondary forest.  Time 0 represents non-

cleared forest. 
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Microbial respiration with the substrate added (Figure 15), showed an increase in microbial 

biomass (P=<0.05) over the first 2 months, then a decline (P=<0.05) to 12 months, followed by 

a recovery (P=<0.05), similar to the no-substrate condition. 

 

 

Figure 15.  The effect of deforestation, burning and cultivation on the Substrate Induced Respiration (SIR) 

of microbial biomass along a 30 month agricultural land use chronosequence converted from secondary 

forest.  Time 0 represents non-cleared forest. 
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11.9!  Discussion: Biological responses  

The 14 day chronosequence showed a very quick recovery, reflecting the life cycle of the 

soil micro-organisms.  It is composed of unbalanced, ephemeral populations responding to small 

changes in soil conditions, and constantly in a state of either a boom or bust depending on the 

available substrate (Vandermeer et al., 1998).  Both substrate induced and non-substrate induced 

respiration rates indicated a recovery possibly due to the substrate in the soil (It would be 

interesting to see how long soil organisms remained dormant for in the soil, and whether the 

anthropogenic glucose substrate input initiated a recovery). 

Micro-organisms are extremely difficult to characterise over large areas as they tend to form 

‘hotspots’ of activity around areas of detritus and other organic matter.  This can lead to errors in 

extrapolating for the whole area (Brady & Weil, 2002).  In particular the non-substrate condition 

showed huge fluctuations during the recovery; occasionally statistically different to the day 

before (days 8 and 10) this may be the hotspot effect. 

 Soil organisms are influenced primarily by the available food source.  After this, small 

habitat and climate changes (even daily weather conditions) can have further more specific 

effects.  Soil temperature and moisture levels, as well as biotic competition can have profound 

effects as well as soil pH.  This factor has been shown to influence the spatial distribution of 

specific bacterial species into high and low pH zones (Sanchez et al., 2003). 

Biological degradation is related to the depletion of vegetation cover and organic matter 

content in the soils, but also denotes a reduction in beneficial soil organisms and soil fauna. 

Biological degradation is the direct result of inappropriate soil management (Vandermeer et al., 

1998). Soil organisms and soil organic matter content can influence and improve the physical 

structure of the soils, especially with regard to transportation within the soils, mixing mineral 

and organic materials, and changes in soil micropore volume.  
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In both conditions there was an immediate decline in populations after the burn, showing 

that clearance and subsequent burning does impact on the microbial communities in the very 

short term.  Micro-organisms do not survive well outside a 20-35 degree centigrade temperature 

range.  Burning would surely head the soil up to temperatures high above the limits 

(Vandermeer et al., 1998).   

Different types of micro-organisms are found in different vegetated areas.  For example 

different bacteria will be found in a forest than in a field.  It would also be interesting to see if 

the diversity of these communities were different pre and post clearance.  Potentially one species 

may thrive in the conditions created by the clearance and the burn and become dominant under 

the new conditions. 

The substrate added condition on the 30 month chronosequence, showed an initial 2 month 

increase.  This may be connected to the improved pH conditions in the soil, forming a better 

habitat for the microbial communities or it could be down to there being more substrate C.  At 

12 months the microbe respiration falls too much lower than the original concentration, 

potentially in line with the significant fall in pH at this stage.  At 30 months the microbial 

biomass has improved, this could be due to residue inputs from the farmer, other soil 

management techniques or merely bacteria-specific improvement. 

In the non-substrate amended condition, the soil microbial biomass declined from the time of 

the burn until 12 months.  This dramatic drop in microbial biomass could be the result of a 

collapse in soil structure and a degradation of mycorrhizal and root structures (broadly organic 

matter) within the soil.  A deficit in soil residue inputs prevents decomposers from renewing the 

OM within the soil, and with the disappearance of the OM, the whole C cycle breaks down, and 

steadily everything disappears.  Along with the collapse in soil structure, the soil degradation is 

accelerated.  The soil can become exposed to rain and sun, compacting and drying, killing any 

remnant decomposers, and desiccating any OM left within the soil (Sanchez et al., 2003).  At 30 

months the microbial biomass has increased, back to the same concentration as Age 0.  This is 

due to good soil management, specifically the addition of green manure to the surface of the 

soil, both during and in between cropping cycles (Sanchez et al., 2003). 
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12! Overall Site Responses 

The following selection of figures are composed of various soil biological, physical and 

chemical responses to cultivation, and were intended to compare the soil characteristics with 

each other so beginning to highlight the links between the characteristic responses of the soil 

and universal effects of deforestation, burning and cultivation on soil health. 

Both chemical and biological factors were compared below (Figure 16).  They showed clear 

similarities between soil NO3
- concentrations and microbial biomass, highlighting the 

relationships between the two responses.  Nitrate is consumed by soil organisms and formed by 

them too.  Fluctuations in microbial populations will regulate the formation of nitrate and 

therefore plant uptake. 

 

Figure 16.  The effect of deforestation, burning and cultivation on soil available NO3
- concentrations  and 

Substrate Induced Respiration (SIR) of microbial biomass along a 30 month agricultural land use 

chronosequence converted from secondary forest.  Time 0 represents non-cleared forest.  The symbol ■ 

signifies Soil Available NO3
- and the symbol ♦ signifies SIR. 
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In the 14 day chronosequence (Figure 14) short term differences were comparable showing the 

relationship between microbial biomass and NO3
-.  It is easy to observe the close links between 

the two assays, highlighting the interrelatedness of the soil system and how significant changes 

can be found over periods of days. 

 

 

Figure 17.  The effect of deforestation, burning and cultivation on soil available NO3
- concentrations  and soil 

microbial biomass along a 14 day agricultural land use chronosequence converted from secondary forest.  

Time 0 represents non-cleared forest.  The symbol ■ signifies Microbial respiration and the symbol ♦ 
signifies Soil Available NO3

-. 
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Physical and biological responses were compared (Figure 18) and definite trends were seen 

between these soil characteristics.  Both show a significant change after 2 months, 12 months 

and at 30 months (All P=<0.05).  Increases in microbial biomass are consistent with the pore 

space availability shown on the aggregate stability axis.  A soil with a solid structure will 

contain few pore spaces and therefore few habitats for microbes when compared to a soil in 

good health. 

 

 

Figure 18.  The effect of deforestation, burning and cultivation on soil structure stability  and Substrate 

Induced Respiration (SIR) of microbial biomass along a 14 day agricultural land use chronosequence 

converted from secondary forest.  Time 0 represents non-cleared forest.  The symbol ■ signifies Soil 

Structure Stability and the symbol ♦ signifies SIR 
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Chart 2.  This is a diagrammatical form of the chronosequence.  Bright green boxes indicate a positive change is soil health and red indicate a 

negative change.  Blue ovals are represent the timescale and pale green are human actions on the soil. 
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13! Conclusions 

Degradation in soil health  

The impacts of soil degradation affect all soil characteristics and soil processes.  Some of these 

effects are more easily studied than others.  Physically, a collapsed soil structure is often the result 

of poor soil management.  This collapse is characterised by a poor infiltration rate, high structure 

stability (clay-like), low concentrations of organic matter, a massive soil structure and a low water 

holding capacity (Chart 2).  

 Physical effects are shown through soil compaction, reduced root penetration, surface pooling, 

surface runoff, bare ground, and ultimately a decline in plant/crop growth.  These effects should not 

be looked at in isolation because biological factors contribute to this overall picture of soil health or 

degradation status.  Biologically, the physical degradation results in a poorer habitat for soil meso-

fauna and micro-organisms.  Micro-organisms (soil decomposers and recyclers) hold a keystone 

role in soil processes. They are a vital part of the C cycle which influences all other soil processes.  

A decline in populations of soil decomposers represents a breakdown in these cycles.  It becomes a 

negative feedback system whereby poor physical conditions reduce vegetation cover which in turn 

reduces the OM inputs to the soil.  Maintaining a sufficient level of soil organic matter is very 

important in tropical countries. The decomposition rate of tropical organic matter is about five times 

faster in the tropics than in temperate regions.  

If there is no new organic material or minerals being cycled and inputted into the soil, the 

rate of soil structural collapse increases, not only affecting the immediate soil health but also the 

potential future health of the soil system. 
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Although the causes of a decline in soil health can be directly attributed to problems in soil 

management, the mechanisms are complex.  Chemical responses are linked to both physical and 

biological responses.  Soil pH has an effect on the soil environment of micro-organisms and fauna 

(e.g. too acid and the organisms find it difficult to maintain homeostasis and die).  The same is true 

with plants (an increase in labile Al 3+ (>60% of total CEC) will cause phytotoxicity).  Because of 

these complexities, understanding the ways in which soils decline in health, and how to prevent this 

decline, requires the kind of multidisciplinary approach used in this study. 

There were two main findings from these results.  One, that physical, biological and 

chemical responses to deforestation, burning and cultivation cannot be studied in isolation, they are 

interwoven within each other, and small changes in one may signify larger changes elsewhere in the 

system.  There results a decline in soil health of tropical soils in the long term.  This decline was 

shown through the various physical, biological and chemical analysis explained above.    

Two, that soils become degraded by the agricultural systems in use on alluvial terraces in the 

Amazon.  pH and Nitrate, the optimum time for planting, growth, and harvesting, whilst 

maintaining soil health at pre-deforestation levels is a window of only 56 days.  This is not enough 

time for any conventionally produced crop.  This is astounding to consider the fact that within 56 

days of clearing the soil was found to be significantly degraded to pre clearing health levels.  

The monitoring of soil health under agricultural impact can enable soil scientists to introduce 

methods of soil health conservation and therefore prevent the encroachment of farms onto pristine 

forest areas and slow the rate of global deforestation leading to climate change.  In certain cases 

some site-specific results showed very slow degradation and occasionally improvement in the soil 

health over time.  Through different modes of soil cultivation, important soil properties such as OM 

(content and quality) can be conserved, extending the productive life of the soil and sustaining the 

communities who depend on it, and the environments of which they are part. 
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