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Abstract 

Deforestation around the world contributes to climate change and soil quality loss. The Atlantic 

Forest in Brazil has been deforested by 93%. Leaf litter from 16 native trees to the Atlantic Forest and 

Eucalyptus was decomposed in 14C soil and 3 soil organic matter (SOM) pools were analyzed. It was 

found that Paineira, Pau Brasil, Eucalyptus and Araticum contributed the highest percentage to stable 

SOM formation (>25% of total input). Substance use efficiency, SOM formation efficiency, priming 

effect (over time) and other variables were used in a correlational analysis to produce P and R 

significance values. The objectives were (i) to provide information about how native species contribute to 

Soil Organic Matter formation; and (ii) to provide information about soil organic matter formation 

processes. The data can be used to help select species for agroforestry and/or native forest planting. 
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Introduction and Literature Review 

Introduction 

Tropical forests grow between the tropics of Cancer and Capricorn. The warm and moist climates 

between these latitudes have allowed many of these forests to create and host an abundance of life. These 

forests are important for both regulating the stability of Earth’s eco- and climate-systems and are also an 

important provisioning source for human existence (Alamgir et al., 2016; Lyra et al., 2017). Tropical 

forests also regulate how water cycles around the planet (Adams et al., 2007), mitigate different types of 

erosion (Alamgir et al., 2016), maintain a habitat for biodiversity (Adams et al., 2007; Malhi et al., 2008) 

and allow humans to sustain themselves financially (Souza et al., 2011). Furthermore, many people feel 

tropical forests are beautiful, they create fertile land for agriculture (Souza et al., 2010) and reduce 

greenhouse gases by sequestering carbon (Six et al., 2002). 

Although tropical forests provide a higher quality and quantity of ecosystem services than 

non-tropical forests, the services they provide are declining at a faster rate (Alamgir et al., 2016). 

Anthropogenic and environmental factors have been causes of deforestation resulting in a decline of 

ecosystem services (Hu et al., 2017; Malhi et al., 2008). Chazdon (2008) states that an estimated 130 

thousand square kilometers of forests are deforested each year worldwide, an area larger than the country 

of Portugal at approximately 92 thousand square kilometers. 

Deforestation will proportionally increase climate change and land degradation processes around 

the world (Sivakumar, 2007). Deforestation affects the climate by changing cloud cover, wind speeds and 

increasing surface reflectance and aerosol content in the air (Malhi et al., 2008). These changes begin in a 

regional area but can affect global processes as the area becomes large enough (Sivakumar, 2007). A 

consequence of a changing climate has been the projection of a warmer and drier climate. A warmer and 

drier climate has been attributed to increased forest fires (Lyra et al., 2017; Malhi et al., 2008), reduced 
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rainfall (Malhi et al., 2008), biodiversity loss (Souza et al., 2011) and vegetation productivity loss (Lyra et 

al., 2017). Climate change is becoming an environmental barrier for tropical forests to flourish and 

provide ecosystem services. 

The effects of deforestation and climate change are also related to land degradation. The extreme 

case of land degradation is desertification which is currently causing reduced yields on 16% of 

agricultural lands worldwide and causing an annual income loss of 42 billion USD (Sivakumar, 2007). In 

these ways, land degradation contributes to decreases in food security, increases in poverty and to 

negative feedbacks affecting climate change and further land degradation. 

The situation is worsening and becoming increasingly difficult to fix. Fortunately, however, soil 

quality has been identified as a factor which is related to both climate change and land degradation (Hu et 

al., 2017). Soil quality is a measurement which includes total organic carbon, nitrogen content, field 

moisture capacity and microbial properties (Xie et al., 2015). Soil quality has an effect on anthropogenic 

interests such as agricultural production, local food security and poverty reduction (Xie et al., 2015). 

Focusing on maintaining or remediating soil fertility is therefore a strategy which can reduce 

deforestation, mitigate aspects of climate change and help sustain the continuously growing human 

population 

The Atlantic Forest might be the most extreme example of how anthropogenic activities, 

deforestation and climate change have led to severe land and soil degradation. Before the European 

colonization of Brazil, the Atlantic Forest covered more than 1.2 million square kilometers (Adams et al., 

2007), which is approximately twice the size of Texas, USA. As of today, the remaining 7% of the 

Atlantic Forest exists in fragments along the coast and interior of Southeast Brazil (Souza et al., 2011). 

Anthropogenic reasons for the near complete deforestation of the Atlantic Forest include the agriculture, 

pastureland, housing development and mining required to sustain the 70% of Brazil’s population who 

currently live in the deforested areas (Souza et al., 2011). There have also been economically driven 
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policies which have financially incented people to develop the Atlantic Forest unnecessarily and 

unsustainably (Binswanger, 1991). 

Despite the declining size and quality, the Atlantic Forest is estimated to contain between 1-8% of 

the world’s biodiversity (Ribeiro et al., 2009) and is on the top 25 list of conservation priorities worldwide 

(Scarano, 2002). Due to its magnitude, maintaining and remediating soil quality in the Atlantic Forest is a 

strategy which has potential to improve problems associated with climate change, food security and 

biodiversity preservation on a local and world scale. 

Soil remediation is a term used to describe the process of restoring soil quality, which can be 

done by removing pollutants or increasing SOM in a soil structure (Hu et al., 2017). Strategies shown to 

be successful in soil remediation include agricultural techniques (MartinNeto et al., 2017; Nascente et al., 

2013), chemical and biological methods, heavy metal pollution removal (Su et al., 2014), changes in 

policy (Binswanger, 1991) and commitments to reduce greenhouse gas emissions (Sa et al., 2017).  

Although solutions exist, soil remediation is a challenge because of anthropogenic factors such as 

a poor political situation (Sivakumar, 2007), a lack of effective communication (Souza et al., 2010), a lack 

of research about SOM (Cotrufo et al., 2013), poverty (Sivakumar, 2007) and environmental factors like 

climate change and biodiversity loss (Sivakumar, 2007). As a result of these challenges, many farmers, 

specifically in the Atlantic Rainforest region, have not been able to experiment with innovations, such as 

using native trees to remediate soil or create sustainable Agroforestry operations (Souza et al., 2011). 

Therefore it is valuable on both local and larger scales to discover: What are the soil organic matter 

formation capabilities of trees native to the Atlantic Rainforest? 

The objectives of the present study are: (i) to improve soil remediation procedures in the Atlantic 

Rainforest by providing information about how native species contribute to Soil Organic Matter 

formation; and (ii) to provide information to soil science about soil organic matter formation processes. 
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Literature Review 

Society is taught from a young age that the ecosystem services provided by tropical forests are 

important for the functioning of our planet and for human survival. Paradoxically, humans are also 

required to deforest tropical forests in order to function and survive in today’s society. Reasons for 

deforestation include agriculture, cattle ranching, logging, hunting (Malhi et al., 2008) and housing 

development (Souza et al., 2011). When deforestation, pasteurization, agriculture and other intensive land 

uses are executed unsustainably it contributes to soil quality loss, land degradation and climate change 

(Hu et al., 2017; Sivakumar, 2007; Souza et al., 2010). Soil quality loss, land degradation and climate 

change are threats to human survival because they contribute to reductions in food security, ecosystem 

services, local income (Souza et al., 2011) and to further soil quality loss, land degradation and climate 

change (Hu et al., 2017). 

Areas with soil degradation have been shown to produce less crops, which affects food security, 

local income and poverty rates (Sivakumar, 2007). When people are not confident in their ability to 

survive it can cause political instability (Sivakumar, 2007). In these ways it can be seen how soil quality 

is related to the stability of society. 

Soil quality loss is defined as the reduction of physical, chemical, biological or economic value of 

soil (Sivakumar, 2007). The different stages of soil quality loss and land degradation can be measured 

based on vegetation type, vegetation coverage, bedrock exposure and soil depth (Xie et al., 2015). The 

land degradation process has been shown to evoke a transition of vegetation cover from trees to shrubs to 

grass (Hu et al., 2017). As the vegetation cover decreases, organic inputs are decreased and soil exposure 

becomes increased (Xie et al., 2015). As soil becomes exposed it has been shown to increase wind erosion 

(Hu et al., 2017) and increase surface reflectance which is thought to increase temperature, increase 

evaporation and decrease precipitation (Sivakumar, 2007). As precipitation becomes reduced it has been 

shown to lead to reduced plant transpiration which is related to subsequent reductions of precipitation 
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(Malhi et al., 2008). A 20-60% chance of drought is projected in different regions of the Amazon Forest 

based on changes in climate (Malhi et al., 2008). These examples demonstrate how soil quality loss has an 

effect on climate change and how climate change can perpetuate soil quality loss. 

Soil quality loss is also related to other feedback loops which reduce soil quality. For example: 

soil degradation leads to changes in soil structure which has a reciprocal effect on permeability (Xie et al., 

2015). A negative feedback is created when declines in precipitation are combined with reduced soil 

permeability because when reduced amounts of water precipitate in different regions, smaller percentages 

of it will infiltrate the soil and become absorbed by vegetation due to water runoff (Chaer et al., 2011). As 

this continues, the soil structure quality decreases due to reduced moisture levels, nutrient availability and 

resulting reductions in microbial efficiency (Tisdall & Oades, 1982). This example demonstrates how soil 

quality loss perpetuates further soil quality loss. 

Xie et al. (2015) state that a way to estimate soil quality is by measuring microbial content and 

soil organic matter. Soil organic matter is formed by physical, chemical and microbial processes within 

soil (Cotrufo et al., 2013) and has been shown to be regulated by biomass production and plant residue 

inputs (Souza et al., 2011). Soil organic matter specifically has been shown to have an inverse correlation 

with land degradation severity (Hu et al., 2017). Because SOM and land degradation are related it means 

SOM also has a mutual relationship with climate change (Rosenzweig & Hillel, 2000), food scarcity and 

the other processes important to humans which have been mentioned previously. 

Soil organic matter has been shown to improve the physical and chemical properties of soil 

(Tisdall & Oades, 1982). A physical property that can be improved is porosity (Xie et al., 2015) which 

has been shown to improve drainage, root growth and to reduce water runoff, compaction and evaporation 

(Tisdall & Oades, 1982). Chemical properties of soil which can be improved include the cation exchange 

capacity (CEC) which holds nutrients in place, making them more accessible to roots, equalizes changes 

in pH (Xie et al., 2015) and absorbs certain heavy metal pollutants (Su et al., 2014). The physical and 
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chemical improvements to soil provided by organic matter are important considerations in soil 

remediation. 

Anthropogenic land use has been shown to reduce soil organic carbon (SOC) by 60-75%, 

depending on the region, and is thought to have contributed to increases in temperature due to increased 

atmospheric carbon (Sivakumar, 2007). This process is evidence of another feedback cycle because SOC 

respiration has been shown to increase during increases in temperature (Haddix et al., 2016). How carbon 

is exchanged between soil and atmosphere is important because there is currently twice the amount of 

carbon in the topsoil than the atmosphere (Liang et al., 2017). The carbon exchange is a challenge and 

opportunity because if soil can be used as a carbon sink it can reduce large amounts of atmospheric 

carbon and mitigate climate change effects (Rosenzweig & Hillel, 2000). Degraded soil is an effective 

option for this process because it has been shown to have a higher carbon absorption ability than soil 

already saturated with carbon (Stewart et al., 2009). Increasing SOM can start positive feedbacks because 

increased carbon in soil has shown to increase vegetation productivity, which increases SOM formation 

and carbon sequestration by increased photosynthesis (Rosenzweig & Hillel, 2000). 

 Challenges in SOM Remediation 

The literature has provided evidence that increasing soil organic matter can reduce negative 

effects caused by the interactions of soil quality loss, land degradation and climate change in the Atlantic 

Forest and around the world. Focusing on increasing SOM therefore seems like an obvious solution; 

however, there are anthropogenic and environmental factors preventing soil organic matter from 

remaining in ideal amounts. Policy (Binswanger, 1991), poverty (Sivakumar, 2007), lack of 

communication, lack of information (Souza et al., 2010), pollution (Su et al., 2014), physical 

characteristics of the environment (Rochajunior et al., 2017) and climate change (Rosenzweig & Hillel, 

2000) are all challenges which must be considered when planning soil remediation projects. 
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Reductions of soil quality have been shown to contribute to poverty (Sivakumar, 2007). Poverty 

becomes a challenge for soil remediation because effective soil remediation strategies are not always able 

to support the local human population financially (Souza et al. 2010). Therefore it is a challenge is to 

create solutions which are both financially sustainable and remediate the soil. Furthermore, many farmers 

are not able to dedicate any percentage of their land to remediation techniques because of their financial 

situation (Raintree, 1983). The distance between rural areas and research areas can be a barrier to 

effective communication which can be made worse by the unavailability of technology as a result of 

poverty. 

Even in situations where effective communication can be established, soil remediation and 

agroforestry solutions are knowledge-intensive and can be difficult to implement (Souza et al., 2010). For 

example, there were 98 publically funded remediation projects that started in Brazil and only 2 of them 

were successful (Chazdon, 2008). Up to 50% of farmers are resistant to try to new strategies because they 

are unable to accept the financial risk, even when positive results can be demonstrated (Raintree, 1983). 

Financially-based problems preventing the adoption of new technologies have been mitigated by the 

implementation of environmentally-based incentive programs such as carbon credit trading (Chazdon, 

2008). However, in places with government instability and corruption, the allocation of the necessary 

resources for the creation of these programs is a challenge (Eman et al., 2013). Another exacerbating 

factor decreasing the ability to dedicate resources to environmental initiatives is the increasing global 

food demand caused by exponential population growth. 

Agriculture has been shown to degrade soil quality if done unsustainably (Rosenzweig & Hillel, 

2000) and also is a challenge preventing soil reclamation projects. The agricultural process requires 

nutrients to be used in food production, sent to other countries and to never be recycled. As a result, the 

application of fertilizers becomes necessary to grow agricultural products. This is a challenge because the 

long-term application of fertilizers leads to heavy metal contamination which can cause decreases in 
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microbial activity, SOM formation and reductions in yields (Su et al., 2014). Agriculture can also cause 

increases in methane, overgrazing and plowing which have been shown to cause decreased SOM 

(Rosenzweig & Hillel, 2000). As the soil loses physical, chemical and biological qualities it becomes 

more difficult to remediate (Sampaio et al., 2016). The need for agriculture causes and perpetuates 

challenges which prevent the successful maintenance and remediation of soil. 

Soil Remediation Strategies 

Creating effective soil remediation strategies is difficult and requires them to be complex but easy 

to learn, profitable and to not require support from external sources which could be corruptible. There are 

currently successful soil remediation strategies in the Atlantic Forest and around the world which include 

agricultural techniques, non-agricultural techniques, policy changes and research programs. 

Non-agricultural soil remediation techniques include physically replacing the soil with fresh soil, 

using electricity to separate heavy metals and using reagents to wash the soil (Su et al., 2014). Another 

successful soil remediation technique involves growing a chemically resistant plant to absorb 

contamination, burning the plant and having microbes neutralize the contamination (Su et al., 2014). 

Using chemically resistant nitrogen-fixing plants has been shown to increase the remediation speed of 

mining sites (Chaer et al., 2008). As contamination is removed it increases the potential of the soil to 

produce SOM, which increases the ability of the soil to neutralize contamination through mineral bonding 

with clay particles, which subsequently increases the SOM formation potential (Su et al., 2014). 

Agricultural techniques shown to increase SOM include using a “no-tillage system,” planting 

cover crops (Nascente et al., 2013) and using an integrated crop-livestock forest (ICLF) (MartinNeto et 

al., 2017). Cover crops prevent soil quality loss by providing temperature reduction, moisture retention, 

organic residue input and erosion protection (Souza et al., 2011). Using a no-tillage system has been 

shown to reduce SOM decomposition and respiration (Rosenzweig & Hillel, 2000). Using pasture and 

other animals inside agroforests (ICLF) has been adopted in 11.5 million Ha in Brazil and has been shown 
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to increase carbon sequestration and pasture recovery (MartinNeto et al., 2017). Using animals to prevent 

plants from being over-grazed has been shown to increase SOM because larger root systems associated 

with larger stalks contribute to increased residue inputs during root death (Tisdall & Oades, 1982). 

Agricultural practices which increase organic matter inputs and decrease soil disturbance have been 

shown to increase SOM (Stewart et al., 2009).  

Brazil has created policy changes in the last few decades which have aimed to reduce CO2 

emissions, increase carbon sequestration and make agriculture part of climate change plans (Sa et al., 

2017). The Low Carbon Agriculture plan was created in 2010 which focuses on using 6 different 

agricultural strategies: No-tillage, biological nitrogen fixation), degraded pastureland recovery, integrated 

crop-livestock forest systems (ICLF), agroforestry and animal waste management (MartinNeto et al., 

2017; Sa et al., 2017). Brazil has made a commitment to reduce greenhouse gas emissions by 36-39% by 

the year 2020 in the National Climate Change Policy Plan (Sa et al., 2017). The Brazilian government 

also implemented the Forest Code (Law 12.651) in 2012 which requires that 20% of all private land area 

be conserved or recovered using native trees in a “legal reserve area” (Embrapa, 2017). The Forest Code 

also requires farmers to submit an environmental rural report which requires them to leave fragile areas 

like river basins untouched (Embrapa, 2017). Embrapa (2017) states that approximately 90% of the 5 

million rural properties in Brazil have submitted this report. These policy/law changes have been shown 

to have contributed to the 60% decrease in Amazon deforestation from 2004-2014 and to the 65.7% 

carbon offset from 2016-2020 (Sa et al., 2017). 

Research and education programs have also been shown to increase the effectiveness of soil 

remediation and sustainable agriculture. In the Atlantic Rainforest, for example, the development of new 

Agroforestry strategies has increased local profits by over 30% due to less fertilizer requirements and 

increased soil quality (Souza et al., 2010). Agroforestry is the process of intercropping different plant 

species with synergistic effects to provide increased economic and environmental benefits (Souza et al., 
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2011). Although agroforestry operations are having favorable results, 62% of native trees are not being 

used in local agroforestry systems (Souza et al., 2011) because of a lack of information about species 

which are not compatible with coffee plants (Souza et al., 2010). Using native tree species is important 

because it can increase seed dispersal due to the transport of them through neighboring fragments of 

native forest (Parrotta et al., 1997). Furthermore, native forests are less expensive to maintain (Chazdon, 

2008) and increase biodiversity, which increases soil quality due to increased earthworms, arthropods and 

fungi species (Pimentel et al., 1997). Raintree (1983) found that involving farmers in the development of 

new strategies will increase their willingness to try new strategies. 

Remediation strategies like those outlined above have been ranked in effectiveness based on 

requirements of soil quality, cost and labor-intensiveness. Remediation, commercial 

reforestation/agroforestry, assisted natural regeneration and natural regeneration, ranked from most costly 

and labor-intensive to least costly and labor intensive, respectively, are strategies utilized in different 

situations to remediate soil (Chazdon, 2008). Native trees have been shown to have many benefits to soil 

remediation; however, in the Atlantic Forest, there is a lack of knowledge about native trees and their 

effectiveness within agroforestry systems (Souza et al., 2010). Furthermore there is a lack of information 

about the processes responsible for increasing SOM formation (Cotrufo et al., 2013; Liang et al., 2017) 

which has been shown to have a relationship with soil quality. As a result, researching the SOM 

contributions of native tree species to the Atlantic Forest appears to address a gap in the literature and 

provide information which can help produce increasingly efficient soil remediation projects. Improving 

the quality of remediation projects and agroforestry systems in a large, severely degraded tropical forest 

has potential to replenish global ecosystem services and improve local food security. 
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Research Approach and Methods 

Research Approach 

The present study aimed to discover if there were differences in light (LOM), particulate (POM), 

and mineral associated organic matter (MAOM) formation by analyzing organic carbon after the 

decomposition of different litters in soil. Decomposition is a process that starts when fresh organic matter 

(FOM, or litter) comes in contact with soil. Microbes excrete enzymes which dissolve the organic 

nutrients and then digest them (Liang et al., 2017). A “microbe” could be a bacteria, a non-mycorrhizal 

fungi, a mycorrhizal fungi or an actinomycete (Kuzyakov, 2006). 

There are different parts of soil which litter-derived organic materials can become part of. There 

is some disagreement in the literature, as some groups believe there are 4 carbon ‘pools’ (Stewart et al., 

2009) and others believe there are 3 (Kuzyakov, 2006). The amount of carbon pools is not necessarily 

important if they cannot be measured. The ‘soil fractionation’ by density process outlined by Cambardella 

& Elliot (1992) demonstrates how soil can be separated into 3 analyzable ‘fractions,’ each representing 

different chemical properties in distinct carbon pools. The soil fractions in this procedure have been 

named MAOM, POM and LOM (Cambardella & Elliot, 1992).  

Each fraction contains different types of microbial byproducts with different functions and levels 

of stability (Six et al., 2002). To briefly layout the differences: organic matter in the LOM remains 

undecomposed, organic matter in the particulate fraction is partially decomposed and organic matter in 

the MAOM fraction has become stabilized through microbial processing (Cotrufo et al., 2013). The 

MAOM fraction is often regarded as the most important because it is resistant to further microbial 

decomposition and can be sequestered for hundreds of years longer than the other fractions (Liang et al., 

2017; Tisdall & Oades, 1982). However, all of the fractions provide structural, nutrient and other benefits 

to the soil (Cotrufo et al., 2015) and are important variables to consider between the different species. 
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The mineral-associated organic matter fraction becomes used by and part of the microbes as they 

live and grow within the soil (Tisdall & Oades, 1982) whereas POM and LOM become part of the soil by 

physical transfer (Cotrufo et al., 2015). Microbes form stable MAOM aggregates by bonding with the 

organic matter, clay particles and metal ions which remain in the soil indefinitely connected to the 

microbial necromass (Liang et al., 2017; Tisdall & Oades, 1982). It is thought the POM and LOM fraction 

are composed of more recalcitrant compounds which unable to be digested by the microbes (Haddix et al., 

2016). Measurements of total organic matter in a soil sample can remain the same regardless of the 

proportions within the 3 fractions (Alvarez & Alvarez, 2016) therefore it is necessary to measure the OM 

content in the LOM, POM and MAOM fractions separately in order to assess the true properties of the 

organic matter. 

Isotopic Analysis 

Analyzing the different fractions separately requires combining a soil fractionation procedure 

with an ‘isotopic dilution’ procedure. The isotopic dilution procedure enables the partitioning of soil- and 

litter-derived OM by labelling the plant and atmosphere (soil) with different concentrations of 13C and 14C 

isotopes (Haddix et al., 2016; Kuzyakov, 2006). The 13C natural abundance approach as laid out by 

Kuzyakov (2006) was used in this study and is achieved by using litter and soil which have distinct 

isotopic ratios. The 13C:14C ratio is altered in nature because different plants have a variation in the Kreb 

cycle, causing 14C isotopes to be selected and concentrated at a higher rate. Soil which has been procuring 

14C plants for enough time will develop a similar isotopic signature, or ‘label’ to the plants which grew on 

them. Isotopic labelling can also be done in other ways, the most precise being ‘continuous labelling’ 

which is done by exposing plants to isotopically labelled air or fertilizer (Haddix et al., 2016). The 13C 

natural abundance approach is not as exact as continuous labelling; however it consumes less resources 

and is more accurate than other isotopic labelling procedures such as pulse labelling or free air carbon 

dioxide enrichment (Kuzyakov, 2006). There is also Laser Induced Breakdown Spectroscopy (LIBS) used 
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to measure carbon in soil samples  and Laser Induced Fluorescence Spectroscopy (LIFS) used to measure 

SOM stability (MartinNeto et al., 2017). The LIFS and LIBS methods have been shown to be effective in 

taking measurements of larger areas compared to the methods used in this study (MartinNeto et al., 2017). 

When two differently labelled products become combined, the isotopic ratio becomes mixed. 

Using a device to measure the new ratio provides a value (%delta) which can be used to calculate the 

percentage of matter which originated from each source (Stewart et al., 2009). Using the 

isotopic-labelling and soil-fractionation procedures in conjunction with a respiration analysis allows for 

every milligram of litter-derived OM to be tracked through the air and within the different fractions 

(Liang et al., 2017). Combining these procedures was done for the first time in 2016 (Haddix et al., 2016) 

and has since provided information about microbial processes and SOM formation efficiencies (Liang et 

al., 2017). 

Structural Components 

Measuring the CO2 respiration over time during decomposition makes it possible to estimate the 

composition and abundance of structural components within a litter (Cotrufo et al., 2013). This can be 

done by finding the average amount of time different types of organic matter were able to reside within 

the soil before being decomposed, a measurement termed ‘Mean Residence Time’ (MRT) (Kuzyakov, 

2006). Different lengths of MRTs have been shown to be related to more easily decomposed compounds 

(labile) and more difficult to decompose compounds (recalcitrant) (Cotrufo et al., 2013). The timing and 

intensity of the respired CO2 is indicative of the lability or recalcitrance of the compounds being 

decomposed (Liang et al., 2017). 

Labile components are associated with a MRT within a range of weeks-months and are related to 

higher concentrations of simple, easily-decomposable compounds such as carbohydrates, low-molecular 

weight substances, carboxylic acids and amino acids (Kuzyakov, 2006). Labile compounds are also 

related with higher litter N and lower lignin content (Cotrufo et al., 2013). Recalcitrant compounds have 
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been shown to be associated with a MRT within a range of months-years (Kuzyakov, 2006) and are 

positively correlated with lignin content and low nitrogen (Cotrufo et al., 2013). Other characteristics 

shown to influence MRT are molecular weight, solubility, complexity and C:N ratio (Cotrufo et al., 

2013). Although it is possible to estimate the type and abundance of components within a litter by 

determining the MRT, more accurate procedures include the hot water extraction method outlined by 

Haddix et al. (2016) and biochemical analyses such as thermochemolysis (Chefetz et al., 2000). 

Priming Effect 

It is possible to estimate microbial behavior and microbial population composition with a 

respiration analysis because respired CO2 during decomposition is due to microbial activities (Pascault et 

al., 2013). Analyzing the respiration patterns of the litter-microbial interaction can also provide 

information about the soil priming effect. The soil priming effect, or priming effect (PE), is a 

measurement of how the addition of a litter affects the decomposition of soil-derived organic matter 

(Haddix et al., 2016). In some cases, a litter will inhibit the decomposition of soil-derived organic matter 

and in some cases it will increase it. A negative PE is a result of the litter providing the microbes with 

enough readily available nutrients, thereby reducing the need to decompose soil-derived organic matter 

(Tisdall & Oades, 1982). The only method available for accurately calculating the PE is isotopically 

analyzing the differences of soil respiration between a ‘litter + soil group’ and an ‘only soil group’ 

(Kuzyakov, 2006). As a result, the PE can only be measured in laboratory conditions. 

The PE has been shown to be related to litter composition, microbial composition and SOM 

formation. Two bacterial families have been shown to affect differences in priming effect and SOM 

formation over time due to their preferences for different types of organic compounds (Pascault et al., 

2013). Bacterial DNA was sequenced over time during the decomposition process and it was found that 

‘copiotrophic’ bacteria were more active during the decomposition of labile materials and ‘oligotrophic’ 

bacteria were more active during the decomposition of recalcitrant materials (Pascault et al., 2013). 
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Copiotrophic populations were shown to grow rapidly during the decomposition of fresh labile material 

(Pascault et al., 2013). Oligotrophic populations were shown to increase at times when recalcitrant 

materials are ready to be decomposed and when they are able to metabolize available labile materials 

(Pascault et al., 2013). Oligotrophic populations over time are thought to contribute to changes in PE 

because they are able to catabolize and respire the more complex compounds present within the soil 

(Pascault et al., 2013). 

Respiration and Stabilization Processes 

The relationship between microbial respiration and SOM formation, or, a ‘balance between 

anabolic and catabolic processes’ is thought to be positively correlated (Kuzyakov, 2006; Liang et al., 

2017). The predictable respiration patterns in decomposition are thought to represent two different 

microbial processes involved in MAOM and POM formation. There is evidence of a ‘priming phase’ in 

the first 7 days of decomposition where the enzymatic catabolism of organic materials is the cause of a 

short and intense phase of respiration (Liang et al., 2017). The second phase has been shown to have less 

intense peak of respiration between 7-14 days (Liang et al., 2017). The second phase has been called the 

‘entombing phase’ and the respiration is thought to be as a result of processes which convert the organic 

matter into the MAOM and POM fractions (Liang et al., 2017).  

While the priming and entombing theory is able to connect respiration to MAOM and POM 

formation, it does not provide a mechanism for the process. When combined with the bacterial DNA 

analysis by Pascault et al. (2013) it is possible to see a mechanism which explains how microbial 

respiration and MAOM and POM formation are related. The large growth of copiotrophic populations 

shown to happen in the first week of decomposition provides a mechanism which explains the intense 

respiration during the ‘priming phase’ and also explains the observation that labile materials are the first 

materials to decompose (Cotrufo et al., 2013). Furthermore, it supports that microbial necromass is the 

cause of increased MAOM formation outlined by Tisdall & Oades (1982) and provides copiotrophic 
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death as a mechanism for the increase of MAOM formation during the entombing phase. Pascault et al. 

(2013) also provide evidence that oligotrophic death contributes to MAOM formation because their 

relative abundance increases from 3% at 3 days to 24-31% at 14 days. Lastly, the bacterial DNA analysis 

predicts a temporary decrease in respiration at approximately 14 days due to the death and growth of 

different types of copiotrophic bacteria (Pascault et al., 2013). 

The Microbial Efficiency Matrix Stabilization (MEMS) - Formation Efficiency 

The literature provides evidence that measuring microbial respiration over time enables the 

estimation of microbial community composition and the amount MAOM and POM formation. Beyond 

respiration, other important measurements include the rate and efficiency of MAOM and POM formation. 

The Microbial Efficiency Matrix Stabilization (MEMS) proposes that litter, soil and environmental 

factors influence the effectiveness of microbial populations as they are processing organic molecules 

(Cotrufo et al., 2013). This framework was proposed because organic compounds have been observed to 

decompose at different speeds and intensities in different conditions (Cotrufo et al., 2013).  

Calculating the microbial efficiency requires measuring how much of the litter-derived organic 

material was transformed into MAOM and POM, and how much energy (ATP) was used by the microbial 

communities to transform it (Cotrufo et al., 2013; Sinsabaugh et al., 2013). This measurement has been 

called the substrate use efficiency (SUE) (Cotrufo et al., 2013), metabolic efficiency or carbon use 

efficiency, which are terms used interchangeably within the literature (Sinsabaugh et al., 2013). The ATP 

used can be estimated by the amount of CO2 produced by the microbes (Sinsabaugh et al., 2013). Using 

this data will produce a value between 0-1. However, there appears to be disagreement with this 

measurement because some groups say the maximum efficiency is 0.6 (Sinsabaugh et al., 2013) and 

others say 0.73 (Cotrufo et al., 2013). Recalcitrant compounds such as lignin, for example, have a lower 

SUE because more energy is required to decompose the more complex molecules (Cotrufo et al., 2013). 
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The SUE provides an approximation of the proportion of litter being used for microbial growth or 

enzymatic processes as opposed to being respired (Cotrufo et al., 2013).  

A similar measurement, The ‘Efficiency of SOC Formation’ is found by dividing the amount of 

soil organic carbon gained in a particular fraction by the amount carbon weight missing from the initial 

litter (Cotrufo et al., 2015). This measurement calculates the percentage of decomposed litter that became 

MAOM or POM and is useful because it provides information about the relationship between the 

microbes and the compounds in litter that became decomposed. 

The goal of measuring these efficiencies is to determine what litter, soil and environmental 

conditions contribute to the highest percentage of litter being incorporated into MAOM and POM. 

Presently, it has been shown that formation efficiency and SUE are influenced by soil chemistry (texture, 

sorption capacity and carbon saturation (Cotrufo et al., 2015)), litter chemistry, climate, pH, microbial 

community composition, C:N allocations (Cotrufo et al., 2013; Sinsabaugh et al., 2013) and availability 

of certain metals (Liang et al., 2017). Even with this information there is a lack of information regarding 

what specific plant characteristics are responsible for influencing PE, SUE and formation efficiency 

(Liang et al., 2017). 
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Materials and Methods 

Research Area 

This thesis was done under the supervision of the Department of Soils at the Federal University of 

Vicosa (FUV) in Minas Gerais, Brazil. As part of an environmental initiative, Votorantim, an 

international resource company who has mining operations in Minas Gerais, donated a post-mined 

bauxite mine as a long-term experimental area to the FUV. Collecting data from this site has practical 

applications in the area because it is an actual example of a post-remediated mine. 

The site is located in the mountainous municipality of Sao Sebastião da Vargem Alegre Count, 

Minas Gerais State, Brazil, (21° 1.58S and 42° 35.8W). The elevation is approximately 780 m, annual 

precipitation is generally between 1000-1200mm with an average annual high of 26.4C and average low 

of 14.8C. There is a dry season of approximately 5 months from April to August. The soil throughout the 

area is a typical dystrophic Red-Yellow Latosol. 

The FUV began the long-term experiment in 2011 when 16 species of native trees were planted 

as part of an experiment that studied the behaviour of different trees species on four different types of 

fertilization. The original experiment was assembled as a split-plot randomized complete block design, 

with three blocks (repetitions), where the parcels and sub parcels were the type(s) of tree species tested (a 

mixed native species, eucalyptus and Anadenanthera peregrina isolated) and the type(s) of fertilization 

(organic, chemical, organic+chemical and no fertilization), respectively. The species were planted as a 

quincunx model (four pioneers species and one climax species in the center) with 2 x 1.5 m of spacing 

between trees. Seedlings produced from seeds collected from rainforest fragments around the 

experimental area were used. Each of the three blocks has similar altitudes but the faces and inclines vary.  

The 16 species in the mixed native forest were divided into two groups based on their ability to 

colonize disrupted ecosystems. Pioneers have been shown to be more effective at growing in new 

ecosystems whereas non-pioneers have been shown to be more successful after an ecosystem has been 

  



 
 

Fractionated Soil Organic Matter Contribution            29 

developed by the pioneer species. A limiting factor to the original experiment is the species are combined 

in the sampling so information had not been produced about the species separately. 

Pioneer species : Angico vermelho (Anadenanthera peregrina) - Ang, Araticum (Annona 1

squamosa) – Arat, Canela (Pera glabrata) – Can, Camboatá (Cupania oblongifolia Mart.) – Camb, 

Carrapeta (Trichilia sp) – Carr, Figueira (Ficus insipida) - Fig, Garapa (Apuleia leiocarpa) - Gar, Ingá 

cipó (Inga edulis Mart.) – Inga, Ipê tabaco (Handroanthus chrysotrichus) – Ipê, Jacaré (Piptadenia 

gonoacantha) – Jac,  Jatobá (Hymenaea courbaril var. stilbocarpa) – Jato, Jequitibá (Lecythis sp) – Jeq, 

Orelha de negro (Enterolobium contortisiliquum) - OdN, Paineira (Ceiba speciosa) – Pain, Pau brasil 

(Caesalpinia echinata) – PauB and Saboneteira (Sapindus saponaria) - Sab. The Eucalyptus species used 

was Eucalyptus - Euc, which is an exotic and commercial hybrid cross between Eucalyptus urophylla and 

Eucalyptus grandis. 

Collecting and Preparing Samples 

Mature, undamaged leaf litter was harvested from each tree species on Jan 26-28, 2017 from the 

no-fertilizer blocks. Leaves (blades, petioles and leaflets) were cut with a guillotine, wrapped in 

aluminum foil, labeled and stored in a cooler on ice until returned to the lab. Leaves were taken during the 

rainy season and did not need to be rinsed. Leaf litter from the same block and species of tree were 

grouped together. 

Leaf samples were frozen at -80C and dried for 72 hours at -46C in a freeze-dryer using 

sublimation to avoid any tissue damage. The dried samples were sealed in plastic bags and stored at -20C 

to minimize unwanted metabolic changes. 

Leaves were homogenized with a 1mm electric mill in minimal light to avoid photorespiration. 

The homogenized material was placed in vials and stored at -20C. There was a total of 68 vials after 25% 

of the homogenized material from each species-block group was combined to create “Block 4.” 

1 ‘Sp’ indicates the species was not able to be identified. 
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Characterization of Litter and Soil 

 Approximately 1.5mg of homogenized material from block 4 was used for analysis with the 

Isotopic Ratio Mass Spectrometer (IRMS). The sample plant material was placed into tin packages and 

pressed into a ball before being analyzed by a continuous flow isotope ratio mass spectrometer interfaced 

with an automatic N and C analyzer. Block 4 material was also digested using HCl and HNO3 and 

analyzed for P, K, Ca, Mg, S, Cu, Fe, Zn, Mn and B contents using inductively coupled plasma optical 

emission spectrometry (ICP-OES) as outlined by Bettinelli et al. (2000). The data from this analysis can 

be found in Table 2 in Appendix B. 

Once this data was found, each of the elements was calculated into a carbon:element (C:E) ratio. 

The ratios were calculated and differences in molecular weight were corrected for using the following 

equation: C:E = (%CLit x (EW / 12 )) x (EW/S / DoR), where: C:E is the ratio of carbon to a given element 

within a litter; %CLit  is  the IRMS reading for %C of a particular litter; EW is the atomic mass of the 

element in question; 12 is the approximate atomic mass of C;  EW/S is the measurement of a given element 

within a sample expressed per kg; DoR is difference of ratio . The exact weight of each sample was 2

recorded and used in the calculation of %C and %N values. The 13C to 14C ratio was represented as Delta 

(%). These values for each of the ratios can be found in Table 3 in Appendix B. 

The soil was also analyzed with ICP-OES after sifting with a 2mm sieve and using tweezers to 

remove any organic material such as grass or twigs. Approximately 17.5mg of soil (x4 repetitions) was 

used for analysis with the IRMS. The chemical and physical characterization of the soil used in 

decomposition is shown in Table 1. 

  

2 If the nutrient ratio was not expressed as dag kg-1 it must be expressed as a 1:100 ratio. If ratio is expressed as dag 
kg-1, DoR = 1. 
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Soil characteristics Values 

C (%) 2.23 
δC -13.25 

N (%) 0.19 
P (mg/dm) 3.6  
K (mg/dm) 85.06  
S (mg/dm) 2.5  
Cu (mg/dm) 1.6  
Fe (mg/dm) 196.9  
Zn (mg/dm) 4.56  
Mn (mg/dm) 87.5  
B (mg/dm) 0.27  

Coarse sand (200-2000um) (g/kg) 410  
Fine sand (50-200um) (g/kg) 110  

Silt (2-50um) (g/kg) 170  
Clay (<2um) (g/kg) 310  

Table 1: Soil chemical and physical characterization of 14C isotopically labelled soil used in 
decomposition. 
 
Decomposition Procedure 

Soil samples (1-5 cm depth) were taken from the long term experimental area from the no 

fertilizer (present fertilizer from farmers) treatment. The sample was sieved with a 2 mm sieve, organic 

materials were removed with tweezers and it was stored at -20oC. This soil was used to inoculate the 14C 

soil to ensure native microbial populations were included. 

Twenty grams of dry, inoculated 14C soil (1% inoculant weight) were placed into 68 numerically 

labelled 600ml glass jars with lids equipped for air sampling. Two control groups were created by leaving 

4 glass jars empty and placing only soil in 4 glass jars.  

Plant material from each of the species from each of the blocks was added to the jars using a 

1:100 ratio of litter C:soil using the following equation:  LW = (%CLit x (DWoS x 0.01)), where LW is the 

weight of each different litter required for each jar in g;  %CLit is the IRMS reading of %C content of a 

particular litter; DWoS is the dry weight of the soil added to each jar in g.  

The leaf litter and soil were gently mixed together and the jars were separated into 4 different 

blocks based on the block they were harvested from on site. One only-soil and one blank jar were added 
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to each block for sampling purposes. The amount of humidity was adjusted for 100% of the field wetness 

(4 ml) and was added to each jar by pipette. 

Respiration Analysis 

The jars were incubated for a total of 888 hours in a room out of direct sunlight with a 

temperature that fluctuated between 23-29 oC. Air samplings were taken at 4, 12, 24, 36, 60, 84, 132, 156, 

180, 204, 240, 276, 312, 360, 408, 468, 540, 612, 708 and 888 h (37 days total). Two different 60ml 

needle-head syringes penetrated into the lid of the jars to take 120 ml of air at each interval. Before 

extracting air from the jar, each of the syringes was pumped 4 times to ensure the air inside was mixed 

and representative of the air quality inside. Each block was sampled individually and the air was refreshed 

outside after each interval. The syringes were stored in the same room as the jars. A prior laboratory 

analysis indicated they retained air quality for up to 14 days. After every sampling interval the glass jars 

were rotated to avoid bias based on location in room. 

Both syringes were connected to a Cavity Ring Down Spectroscopy (CRDS) device (Picarro G 

2121-i isotopic carbon-analyzer) and the 120 ml of air was passed through a hose connected to both 

syringes simultaneously. After each reading the measurements were reset to natural levels by air outside 

connected to another hose. The 12CO2 dry (ppm), 13C:14C Delta (30 seconds) and CH4 were measured by 

the Picarro and recorded for each sample. In order for the readings to stabilize, 120 ml of air was needed. 

Samples were taken at a frequency which minimized CO2 values exceeding 10,000ppm because 

concentrations of CO2 higher than 10,000ppm are not able to produce reliable delta readings. 

The CRDS data for all of the readings was processed by the computer program Calc Flux which 

averaged the data during the time when the levels were stabilized. Any samples compromised for any 

reason were averaged by the preceding and proceeding CRDS readings. 

Once the data was processed it was necessary to use Equation 1 in Appendix A to calculate the 

mg of C from the ppm of CO2. Then it was necessary to partition which percentage of that weight was 
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derived from the litter and from the soil using the following equation:  fbf = (δt- δs)/ (δr- δs), where: fbf is 

the proportion of C that can be attributed to the litter in a given sample; δt is the CRDS delta value of the 

sample; δs is the CRDS delta value of the soil only control group; δr is the IRMS delta value of the 

original litter (Stewart et al., 2009; Haddix et al., 2016) 

To determine the weight of litter-derived C in each air sample, the Fbt value was multiplied by the 

total C weight of each sample (Equation 2 in Appendix A).  

The different litters were arbitrarily placed into three groups based on the cumulative 

litter-derived respiration values: >15 mg  C (group 1); between 10 and 15 mg C (group 2) and < 10 mg 

(group 3). Group 1 consisted of Pain and Sab; Group 2 consisted of Arat, Can, Carr, Fig, Far, Jeq, OdN 

and PauB; and Group 3 consisted of Ang, Camb, Euc, Inga, Ipe, Jac and Jato. The groups were created to 

investigate trends based on litter respiration which was thought to have a relationship with the lability of 

the compounds comprising the litter. 

Different phases were determined for each litter by looking at the CO2 curve over time and 

separating it into different phases by considering minimum CO2 measurements as the end of a respiration 

phase (Figure 1). Litters were found to have 3 respiration phases. The first phase was labeled as ‘Phase 1’; 

the second was labelled as ‘Phase 2’; the third was labelled as ‘Phase 3.’ 

The total priming effect (PE) for each litter was then calculated: PESample = CRSample - CRLit/S - 

OSAv,where PE is the Priming effect (The difference in soil respired carbon weight as a result of the 

interaction with the litter) (mg); CRSample is the total carbon emitted (mg) by a particular sample during a 

given sampling interval; CRLit/S is  the weight of litter-derived carbon (mg) respired by a particular 

sample; and OSAvg is the average respiration (mg) of the only soil control groups during a given sampling 

interval (Kuzyakov, 2006). 

The priming effect (PE) was measured in different ways. The first was cumulative PE (PECumulative) 

which was calculated for the whole incubation time (888 hours) by adding each of the PESamples together 
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for each different litter. The second was group PECumulative calculated for the different groups (group 1, 2 

and 3) by averaging the PECumulative values of each species included in the group. The PE was also 

calculated for the different phases (PEPhase) of respiration for each different litter and group by adding 

together the PESample values from each sampling interval within a given respiration phase. The PEPhase for 

the different phases included sampling intervals between 0-156 hours (Phase 1), between 172-360 hour 

(Phase 2) and between 408-888 hours (Phase 3). 

Soil Fractionation Procedure and Analysis 

After being incubated for 888 h (37 days), the soil samples in each jar were transferred into 15 ml 

vials, frozen at -80oC, freeze dried at -46oC for 72 hours and stored at -20oC. These post-incubated 

samples were then fractionated by the procedure described by Cambardella & Elliot (1992) into the LOM, 

POM and MAOM fractions. 

Three grams of post-incubated material was added to a solution of 1:1.6 water:sodium iodate in 

30 ml tubes. The tubes were then agitated before being placed into a centrifuge at 20oC and 1.300 rpm for 

15 minutes. The LOM became separated, floated to the top, was extracted with a spatula, rinsed with 

deionized water and the contents placed into a pre-weighed plastic cup and stored in vials at room 

temperature. 

The heavy fraction (HF) which remained in the tube was rinsed with deionized water and placed 

into a pre-weighed plastic cup. The LOM and HF samples were then placed in a furnace at 60oC until dry. 

Once dry, each sample was reweighed and the weights were recorded. 

The HF sample was then put in 30 mL of 5 g L-1 sodium hexametaphosphate and shaken for 15 h 

in a reciprocal shaker at 120rpm. The solution was then passed through a 53 µm sieve which captured the 

POM. The POM was rinsed thoroughly with deionized water and poured into a preweighed plastic cup. 

As this happened the MAOM fraction had passed through the sieve into a preweighed plastic cup. All 

POM and MAOM samples were placed in a furnace at 60oC until dry and reweighed. The contents were 
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then stored in vials at room temperature. All data collected from this procedure can be found in Table 4 in 

Appendix B. 

Samples from the LOM, POM and MAOM fractions were prepared for the IRMS by placing the 

material in 2 ml tubes with a small metal ball inside and shaking them 24 times per second for 3 minutes 

in a shaking machine to homogenize the material. Different amounts of the LOM, POM and MAOM 

fractions were required for the IRMS (5-7mg, 45-55mg and 13.5-16.5mg, respectively). The samples 

were placed in a small tin package, compacted using tweezers, and analyzed with the IRMS (20-20, 

SerCon Co., UK.) interfaced with an automatic N and C analyzer (ANCA-GSL, SerCon Co., UK). 

The delta values from IRMS were used to partition the litter-derived C for each of the fractions by 

calculating the fbt value using the equation outlined previously. The fractionation process is prone to 

human error which made it necessary to average the litter-derived C weight of the fractions and 

respiration in relation to the amount of litter derived C added using the following equation:  FracCXFinal = 

FracC1 / (FracC1 +FracC2 +FracC3 + CRLit/S)) x LCA, where FracCXFinal is the corrected weight of 

litter-derived carbon within a given fraction (mg); FracX is the litter derived carbon weight from each 

different fractions (mg); CRLit/S is the cumulative weight of litter-derived carbon respired by a particular 

sample (mg); and LCA is the litter carbon added (mg). This equation ensured the sum of litter-derived C 

in the LOM, POM, MAOM fractions and respiration were equal to the total amount of litter C added.  

Using these corrected weights of litter-derived C in the POM and MAOM fractions it was 

possible to calculate the Efficiency of Soil Organic Carbon (SOC) Formation percentage as was outlined 

by Cotrufo et al. (2015): FormEf% = FracCFinal / (LCA - CLOM)), where: FormEf% is the % of decomposed 

litter carbon which became incorporated into a given fraction; FracCFinal is the corrected weight of 

litter-derived C within a given fraction (mg); LCA is the amount of litter C added to each jar (mg); and 

CLOM is the weight of litter-derived C in the light fraction (mg). 
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The Substrate Use Efficiency (SUE) was also calculated, using the equation outlined by 

Sinsabaugh et al. (2013): SUESOM = (MAOMCFin + POMCFin) / (MAOMCFin +POMCFin + CRLit/S)) , where 

SUESOM is the ratio (%) of how much respiration was required in order to create soil organic matter 

(SOC); MAOMCFin is the corrected weight of litter-derived C within the MAOM fraction (mg); POMCFin 

is the corrected weight of litter-derived C within the particulate fraction (mg); and CRLit/S is the 

cumulative weight of litter-derived C respired by a particular sample (mg). 

It was also necessary to calculate the weight of litter-derived N in each of the fractions because 

the amount of litter added was based on C content. To calculate this total litter N added was calculated 

using Equation 5 in Appendix A. Then, because the 15N isotope was not tracked, the soil-derived N was 

minused from the total weight of N in each of the fractions (Equation 6 in Appendix A) and was averaged 

to the total litter-derived N weight by multiplying with the amount of litter-derived nitrogen added 

(Equation 7 in Appendix A). 

Whenever possible,  calculated values were divided by the amount of mg of soil (20 mg) in order 

to create a value which can be generalizable to field situations. These are shown in the results section 

represented as mg/g soil. 

Statistical Analysis 

For all of the respiration data (parts per million (PPM), CH4, delta%) and fraction data (LOM, 

POM and MAOM), a Z-test (2.8) was done to remove any outliers. Afterwards, correlational analyses 

were applied on the following variables: element abundances, C:N and C:E Ratios; weights of 

fractions/litters; weight of C and N in each fraction/litter; C, N and Delta% of each fraction/litter; weight 

of respired C in phases 1 to 3; total respiration, soil respiration, litter respiration, and priming effect; 

group and individual PE within each phase; MAOM and POM Formation Efficiencies; Substrate Use 

Efficiency; weight of litter and litter N present were also included to account for biases based on 

differences in amount of litter added. 
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Each of the variables was run through a statistics computer program which calculated p and r 

values. Only correlations where p was equal to or less than 0.05 were selected for use in the results and 

discussion. 
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Results, Discussion, Conclusion and Recommendations 

Results 

The equations outlined in the materials and methods were plotted as graphs for each individual 

species or respiration group. The graph data has been supported by r values from the correlational 

analysis. Only correlations where p was equal to or less than 0.05 were selected for use in the results and 

discussion. 

Respiration Analysis 

 
Figure 1: Total (litter + soil) respiration of C (mg) per hour of eucalyptus and native tree species from 
Atlantic Rainforest, Brazil. The horizontal red bars separate the different phases (+/- 24 hours). Error bars 
were set to within 95% certainty.  
 

Each of the different litters followed 3 distinct ‘phases’ of decomposition as was outlined in the 

Materials and Methods. Phase 1 was fast, intense and took place between 0 - 156 (+/- 24) hours. Phase 2 

was longer, approximately 37% less intense than the labile phase and took place between 156 (+/- 24) 

until 360 (+/-36) hours. Phase 3 was the least intense, longer and together took place between 360 (+/- 36) 

until 888 hours. There was an approximately 300% difference between the different litters in Phases 1 and 

2 (Figure 1). 
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Figure 2: Total (litter + soil) respiration of C of groups of litters from eucalyptus and native tree species 
from Atlantic Rainforest, Brazil. Error bars were set to within 95% certainty. Groups 1, 2 and 3 had 
>15mg, 10-15mg and  <10mg of litter-derived carbon respiration, respectively. 
  

Phase 1 was fast, intense and took place between 0 - 156 (+/- 24) hours. The Phase 2 was longer, 

approximately 37% less intense than the labile phase and took place between 156 (+/- 24) until 360 

(+/-36) hours. Phase 3 was the least intense, longer and together took place between 360 (+/- 36) until 888 

hours. 

Group 1 had the highest respiration in Phase 1, Phase 2 and Phase 3 by as high as 25%. The most 

important differences between the groups seem to have been in relation to intensity rather than timing of 

the phases which is indicative of similar microbial behavior. In all groups, approximately 66% of the total 

respired carbon was released by 200 hours and approximately 90% was respired by 400 hours. There was 

a 218% difference between the different litters. 
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Figure 3: The cumulative total (litter + soil) respiration of C of groups of litters from eucalyptus and 
native tree species from Atlantic Rainforest, Brazil. Error bars were set to within 95% certainty. Groups 1, 
2 and 3 had >15mg, 10-15mg and  <10mg of litter-derived carbon respiration, respectively. 
  

There was an 84% difference of the amount (mg) of carbon respiration between Group 1 and 

Group 3. Approximately 66% of the total respired carbon was released by 200 hours and approximately 

90% was respired by 400 hours. All groups followed a similar cumulative respiration pattern over time, 

which is congruent with the patterns found in Figure 2. 
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Figure 4: Total litter-derived carbon respiration (mg/g soil) by respiration phase and groups of litters from 
eucalyptus and native trees species of Atlantic Rainforest, Brazil. Phase 1 was between 0-156 hours, 
Phase 2 was between 180-360 hours and Phase 3 was between 408-888 hours. G1, 2 and 3 had >15mg, 
10-15mg and <10mg of litter-derived carbon respiration, respectively. Error bars were set to within 95% 
certainty.  
  

Looking at Figure 4 it is possible to see a different perspective of the data shown in Figure 1. 

There was a 375% difference between the species (Figure 2) which demonstrates a difference in the 

lability of the species. Phase 2 varied the most by 1578% and had the largest a range of .62 mg/g soil, 

phase 3 varied by 542% but had the smallest range of .09 mg/g soil and Phase 1 varied by 393% with a 

range of .55 mg/g soil. The largest differences apparent in Phase 2 could mean it is affected most by 

different plant characteristics. 

All respiration phases (1, 2 and 3) were correlated with litter-derived C in the MAOM fraction 

(r=0.69), (r=0.63) and (r=0.43) respectively. As would be expected in this case, total, soil and litter 

respiration were also positively correlated with litter-derived C in the MAOM fraction (r=0.52), (r=0.68) 

and (r=0.68), respectively. Phase 1 and Phase 2 respiration had an inverse relationship with particulate 
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formation efficiency (r=-0.87) and (r=-0.87) respectively, which appears to indicate more respiration is 

leads to more MAOM formation and less POM formation.  

Respiration in Phase 1 had a strong positive correlation with respiration in Phase 2 (r=0.96), 

indicating that respiration is correlated with respiration. This could mean that the magnitude of the 

different processes in Phase 1 and 2 are related or that the lability of compounds is consistent within 

plants as more compounds become decomposed. 

Priming Effect 

The priming effect (PE) was explained in the research approach and methods. A positive value 

indicates there was more soil-derived respiration as a result of the interaction with the litter compared to a 

soil-only control group. 

 

 
Figure 5: Priming effect over time of the groups. Error bars were set to within 95% certainty. Groups 1, 2 
and 3 had >15mg, 10-15mg and  <10mg of litter-derived carbon respiration, respectively. 
 

The most obvious difference that can be seen in PE over time was during Phase 1 (~0-156 hours) 

because Group 1 had a positive PE while Groups 2 and 3 experienced the most intense negative PE of the 

decomposition period (Figure 5). Towards the end of Phase 1, the groups appeared to follow a similar PE 

trend over time. Looking at the PE data for the individual species (Figure 2a, 3a and 4a in Appendix B) it 
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is possible to see that there are specific times when different species induced a positive PE which cannot 

be seen in Figure 5. It is interesting to compare Figure 5 and Figure 1 because periods of time with the 

most intense respiration are correlated to the most intense negative PE for Groups 2 and 3. This provides 

supporting evidence to the idea that readily available nutrients distract the microbial communities from 

the OM present in the soil. 

The PE in Phases 1, 2 and 3 had positive relationships with C in the MAOM fraction (r=0.58), 

(r=0.37) and (r=0.52) respectively. Once again, evidence of an inverse relationship between MAOM and 

POM formation was shown because POM formation efficiency was inversely correlated with PE in 

Phases 1 (r=-0.58), 2 (r=-0.63) and 3 (r=-0.35). Priming effect in Phase 2 had a positive relationship with 

MAOM formation efficiency (r=0.38) indicating Phase 2 was the only Phase to be related to increased 

MAOM efficiency as opposed to the weight.  

 

 
Figure 6: Total priming effect of the different litters from eucalyptus and native trees species of Atlantic 
Rainforest, Brazil. Error bars were set to within 95% certainty. G1, 2 and 3 had >15mg, 10-15mg and 
<10mg of litter-derived carbon respiration, respectively. A negative priming effect indicates soil-derived 
respiration was inhibited by the litter. 
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The total PE values present in Figure 6 are the sum of the PE values over time (Figure 5). Total 

PE for all litters was negative and varied by 2500%. Group 1 induced less PE than Groups 2 and 3. 

Groups 2 and 3 had similar ranges whereas Group 1 appeared to be different. Jequitibá (Group 2) and 

Angico (Group 3) had the most negative PE whereas Paineira and Saboneteira (Group 1) had the least.  

Total PE had a strong positive correlation with respiration in Phase 1 (r=0.71) and 2 (r=0.75). 

This can be seen on Figure 5 because the phases with the largest magnitude of PE were Phases 1 and 2. 

Combining this data shows that the most significant interactions between litter and soil happen in Phases 

1 and 2. Litter-derived respiration was correlated with total PE (r=0.75), confirming the observation that 

the higher respiration in Group 1 is associated with a less negative total PE (Figure 6)  
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Partitioning of Organic Matter 

It was outlined in the materials and methods that 200mg of litter-derived C was added for each 

sample. As a result, differences in amount of MAOM, POM and respiration are most indicative of 

plant-microbe interactions. 

 
Figure 7: Partition of litter-derived C in the soil organic matter fractions and respiration from eucalyptus 
and tree species from Atlantic Rainforest. Error bars were set to within 95% certainty. 
  

There was a difference in the partitioning of litter-derived C between the different litters. The 

amount of litter-derived C found in the MAOM and LOM varied by approximately 38.9% and 54.9%, 

respectively. Litter-derived C in the LOM had an inverse relationship with litter-derived C in the MAOM 

and POM fractions (r=-0.65) and (r=-0.47), respectively, indicating that as C became decomposed it was 

transferred to either MAOM or POM fractions. There was also a positive correlation between litter C in 

the MAOM fraction and litter-derived C respired (r=0.68).  

Araticum, Eucalyptus, Pau Brasil and Paineira each had greater than 25% combination of POM 

and MAOM formation indicating that they perhaps the most labile. Jequitiba and Figueira both had the 
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highest POM formation at approximately 8.9% (Figure 7). It would have been predicted that Saboneteira 

would have the second-most MAOM and POM formation because it had the second-most amount of 

litter-derived C respiration; however it was found to contribute the 6th most (Figure 7). Although 

respiration and MAOM formation were found to be correlated, respiration and POM weight were not 

found to be correlated. However, the %C in the POM samples was positively correlated to litter 

respiration (r=0.49). Jacare had the 2nd least amount of soil respiration and the lowest amount of POM 

and MAOM formation (Figure 7). This provides evidence that grouping species together based on litter 

respiration can be valuable in estimating their POM and MAOM contributions. 

Efficiencies 

The formulas and theories for the Formation Efficiencies and substrate use efficiency (SUE) were 

outlined in the research approach and materials and methods. 
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Figure 8: Efficiency formation of mineral associated organic matter (MAOM), Particulate organic matter 
(POM) and respiration of litters from eucalyptus and tree species from Atlantic Rainforest. Error bars 
were set to within 95% certainty. 
 

The formation efficiencies can be deceiving because species with lower POM and MAOM 

formation such as Angico and Jatoba (Figure 7) can have high formation efficiencies (Figure 8). This can 

be explained because the formation efficiency only takes material that was decomposed into account. 

Therefore, using the Figure 8 data for Angico, for example, indicates that a high percentage of a small 

amount of decomposed material was formed into MAOM. This provides supporting evidence that the 

most labile materials contribute to POM and MAOM formation. 

The MAOM formation efficiency varied by 38%, the particulate formation efficiency varied by 

28% and the respiration varied by 21 % between the different litters. MAOM and particulate formation 

efficiencies were inversely correlated (r=-0.56). The idea that MAOM and POM are inversely correlated 

has been supported by Figure 8 and by the respiration and partitioning data.  
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Figure 9: Substrate use efficiency of the litters from eucalyptus and tree species from Atlantic Rainforest. 
G1, 2 and 3 had >15mg, 10-15mg and  <10mg of litter-derived carbon respiration, respectively. Error bars 
were set to within 95% certainty. 
 

The substrate use efficiency (SUE) is the ratio of MAOM and POM formation in relation to the 

amount of litter-derived respiration. Respiration being used in the equation may explain why there does 

not appear to be a significant difference of SUE between groups that were grouped based on respiration 

(Figure 9).  

The SUE varied by 26% between the different litters and had a positive relationship with MAOM 

carbon (r=0.55) and an inverse correlation with LOM C (r=-0.45), providing evidence that decomposition 

and MAOM formation are both related to the SUE. Combining the SUE and the Formation Efficiencies in 

Figure 8 is the best way to estimate the POM and MAOM formation. Paineira, Pau Brasil and Eucalyptus 

each have high formation efficiencies and SUE and were found to contribute the most to POM and 

MAOM (Figure 7). 
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CN Ratios 

 

 
Figure 10: The C:N ratios of light (LOM), particulate (POM) and minerals associated organic matter 
(MAOM) fractions expressed as an x:1 ratio in relation to the initial litter by eucalyptus and tree species 
from Atlantic Rainforest. G1, 2 and 3 had >15mg, 10-15mg and  <10mg of litter-derived carbon 
respiration, respectively. Error bars were set to within 95% certainty. 
 

The 0 value on Figure 10 was set to the value of the C:N ratio of the initial litter for each of the 

litters. A negative value indicates that C was decomposed at a faster rate than the N. The majority of 

species had a higher C:N ratio in the POM compared to the initial litter (Figure 10). This could provide 

that evidence that POM is likely to be comprised of more carbon than the other fractions. There are six 

species which had a C:N ratio higher in the LOM than the initial litter (Figure 10); this could be because 

these 6 species have more recalcitrant carbon than the other 11 litters. If this is true, the species estimated 

to be more recalcitrant were distributed evenly within the groups, providing evidence that respiration and 

lability are not always positively correlated.  
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The range of C:N ratio differences between the LOM, POM and MAOM fractions in relation to 

their initial litter was 15, 30 and 20 respectively (Figure 10). The C:N ratios between the initial litter and 

the LOM and POM had positive relationships (r=0.68) and (r=0.40), respectively. This phenomenon can 

be seen on Figure 10 as the relative difference of C:N ratios between fractions appear to remain similar 

among the different litters. These observations provide supporting evidence that the lability of the C 

within a litter remains consistent because it appears to be digested at a similar rate in all fractions.  

 
Figure 11: Absolute C:N ratios of each of the light (LOM), particulate (POM) and mineral associated 
(MAOM) organic matter litters from eucalyptus and tree species from Atlantic Rainforest. G1, 2 and 3 
had >15mg, 10-15mg and  <10mg of litter-derived carbon respiration, respectively. Error bars were set to 
within 95% certainty. 
  

The POM C:N ratio in group 2 appears to be more irregular than the POM C:N ratio in Group 3 

(Figure 11), indicating that varying levels of lability may be related to between 10 and 15 mg of 

litter-derived C respiration. The most common C:N ratio in the POM fraction appears to be is 23-25:1 

(Figure 11). Based on the high POM C:N ratio of Saboneteira (35:1) and low POM C:N ratio of Paineira 

(16:1) (Figure 11), both in Group 1, it supports the idea that respiration is related to both lability and 
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recalcitrance. Paineira appears to be the only species where the LOM and POM fractions have the same 

C:N ratio as the initial litter, which could be related to its effectiveness at POM and MAOM formation 

(Figure 7). 

The MAOM fraction had a lower C:N ratio than the initial litter in every litter and had a range of 

2 between the species (Figure 11). The C:N ratio of the LOM and POM fractions had ranges of 11 and 20 

respectively between the species, which could be evidence that the POM fraction has stronger relationship 

with the microbes. The C:N ratios between the initial litter and the LOM and initial litter and POM 

fractions had a positive relationship (r=0.68) and (r=0.40), respectively, once again supporting the idea of 

consistent lability present within a given litter. Inverse relationships between LOM C:N ratio and 

litter-derived MAOM C weight (r=-0.34) and LOM C:N ratio and POM C weight (r=-0.33) were found, 

providing evidence that C from the LOM becomes transformed into MAOM or POM C.  
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Discussion 

Support of Hypothesis 

The hypothesis of this project was that there are differences in the amount of POM and MAOM 

formation between the different litters. After 37 days of decomposition, the % of carbon within the soil 

increased from between 0.04% and 0.39% depending on the species (Table 1). The largest contributors to 

MAOM and POM formation were shown to be Araticum, Paineira, Pau Brasil and Eucalyptus (Figure 7). 

A 216% difference of litter-derived respiration was found between the litters and was the criteria for the 

creation of Groups 1, 2 and 3 (Figure 3). There was a 960% difference between MAOM formation, a 

680% in POM formation, a 259% difference in the amount of decomposition and a 516% difference in the 

amount of respiration between the different litters (Figure 7). There was also a 146% difference in SUE 

(Figure 9), a 202% difference in MAOM formation efficiency and a 783% difference in POM formation 

efficiency (Figure 8) and variances in C:N ratios between the different litters (Figure 11). The total PE 

varied by approximately 2500% between the different litters, but overall it remained negative in all of 

them (Figure 6). The data supported the hypothesis because of these differences between the litters. 

It was outlined that although respiration was shown to be correlated with POM and MAOM 

formation, it was not always an accurate predictor of lability. This was evidenced in Group 1 which 

consisted of Paineira and Saboneteira, the litters which had >15 mg of litter-derived carbon respiration, 

because Paineira had a SUE of 82% whereas Saboneteira only had 65% (Figure 9). As a result, 

Saboneteira contributed 20% OM formation, Paineira contributed 49.9%. This demonstrates that MAOM 

formation, POM formation and respiration are not always related. These differences could be because 

both recalcitrant and labile compounds both contribute to respiration. As a result, the SUE was found to 

be necessary to use in addition to respiration in order to better predict the POM and MAOM formation 

potential of different species. Increased respiration as a result of recalcitrant material, as appears to be the 

case in Saboneteira, appears to be responsible for increased POM formation. Although POM is not as 
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stable as MAOM, it contributes to improved soil structure and increased nutrient reserves. These results 

provide evidence that increased litter-derived respiration, overall, appears to be a good predictor for 

selecting species for soil remediation projects. 

Relation to Literature 

The data found in this experiment also supported many of the observations existing in the 

literature. Each of the litters followed a similar 3-phase respiration pattern predicted by Pascault et al. 

(2013) (Figure 1). This provides evidence that Atlantic Forest microbial respiration patterns can be 

assumed to be caused by the copiotrophic and oligotrophic population changes outlined by Pascault et al. 

(2013).  

If the intense respiration found in Phase 1 is a result of labile catabolism, as proposed by Cotrufo 

et al. (2013), then the magnitude of respiration could be a rough estimate of the quantity of labile 

compounds within that litter. The inverse relationships between Phase 1 and 2 respiration and POM 

formation efficiency, (r=-0.87) and (r=-0.87), respectively, appears to support the idea that labile 

materials are more likely to be formed into MAOM than POM. This can be supposed due to the inverse 

relationship between MAOM and POM formation efficiencies (r=-0.56). This supports Haddix et al. 

(2016) who stated labile compounds will be processed and recalcitrant compounds will remain 

undecomposed as particulate matter. Sinsabaugh et al. (2013) supported this idea because they stated 

recalcitrant carbon decreases MAOM stabilization efficiency. The inverse relationship between C:N ratio 

in the light fraction (labile carbon decomposition) and MAOM formation (r=-0.34) supports this idea as 

well. Therefore, POM formation could be caused when C-containing compounds are too complex for 

oligotrophic catabolism, or if not enough labile materials are present to support oligotrophic population 

growth, resulting in the incomplete decomposition of recalcitrant compounds by copiotrophic bacteria. 

Cotrufo et al. (2015) stated the most labile materials contribute directly to the MAOM fraction, which 

could explain why the most labile phases (Phase 1 and 2 respiration) are correlated most strongly with 
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MAOM formation. Further support of this idea can be found in Figures 7 and 8, where Angico, for 

example, had the 3rd highest MAOM formation efficiency but the 4th lowest MAOM formation amount. 

This discrepancy could be explained by a large percentage of the decomposed (labile) materials being 

formed into MAOM at a high efficiency. The mechanism responsible for this observation could be 

explained by Pascault et al. (2013) who demonstrated that fast and intense copiotrophic population growth 

occurs during Phases 1 and 2.  

There was less intense respiration in Phase 2 than in Phase 1 (Figure 1) which was predicted by 

Sinsabaugh et al. (2013) because microbes were shown to have the highest SUE in Phase 2. Less intense 

Phase 2 respiration was also predicted by Liang et al. (2017) because anabolic entombing processes 

supposed to happen in Phase 2 are thought to require less respiration. This could be because the 

compounds have already been primed in Phase 1 and require less energy to be absorbed in Phase 2. The 

relationship priming and entombing was supported by the strong positive correlation between the 

respiration in Phases 1 and 2 (r=0.96). Litter and soil respiration were often shown to be positively 

correlated with MAOM formation, and, in some cases, was positively correlated to particulate formation 

as well. This was predicted by Kuzyakov (2006) who stated respiration is thought to be directly related to 

SOM formation. The relationship between respiration and OM formation was also predicted by Liang et 

al. (2017) and Sinsabaugh et al. (2013) who stated a balance between anabolic and catabolic processes 

appears to be necessary.  

The PE was also shown to be positively correlated with MAOM formation in many cases. 

However, the PE in Phase 2 was the only phase which was correlated with MAOM formation efficiency, 

providing evidence that entombing processes happen in Phase 2. This could be explained by oligotrophic 

populations using the catabolic energy from the labile materials in Phase 1 to grow large enough to 

increase the PE by decomposing complex soil-derived organic matter (Pascault et al., 2013). Phase 2 also 

had the largest variances in litter-derived C respiration (Figure 4), which could indicate entombing 
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processes are most actively influenced by plant-microbe interactions. Therefore, the increased anabolic 

entombing processes and MAOM formation in Phase 2, as proposed by Liang et al. (2017), may be 

caused by oligotrophic population growth. Oligotrophic population growth and recalcitrant material 

catabolism may also explain why the respiration and PE for all litters was shown to increase towards the 

beginning of Phase 3 (Figure 5). If it is true that oligotrophic bacteria cause a more positive PE then it is 

possible they are directly responsible for MAOM formation efficiency because PE in all phases was 

inversely correlated to POM formation efficiency.  

Weaknesses of Research 

Although valuable data was discovered over the course of this experiment, there were some 

weaknesses which may have skewed the data from natural conditions. For example, it was impossible to 

determine what percentage of the respiration in each phase was due to catabolic or anabolic process 

because the soil was only analyzed once at the end of the experiment. Furthermore, the only way to 

estimate lability was by measuring the MRT using the respiration analysis as opposed to using a true 

component analysis. The study was also biased towards the decomposition of labile materials because the 

most recalcitrant materials in the study, Phase 3 materials, are relatively labile, as they were shown to be 

decomposed by copiotrophic bacteria (Pascault et al., 2013). The total POM and MAOM formation 

efficiencies were misrepresented because the study was only 37 days and some recalcitrant litters do not 

have their peak MAOM formation until 40 days (Pascault et al., 2013). The decomposition of more 

compounds could have caused a total positive PE over enough time, possibly caused by increased 

oligotrophic population growth. 

There are several parts of this experiment which are difficult or impossible to measure in field 

conditions. For example, the soil contained 2.25% carbon (Table 2), which may have a higher quality soil 

structure than degraded soil in the Atlantic Forest and therefore lead to abnormally high formation 

efficiencies. The weight of litter added did not reflect the natural abundance of each species because it 
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was based on %C content. Differences in litter weight had positive relationships with important variables 

such as PE, total respiration, soil respiration, litter respiration and MAOM formation (r=0.41), (r=0.61), 

(r=0.41), (r=0.56) and (r=0.45) respectively. Furthermore, this study only examined the leaf litter and 

didn’t take into consideration the size of the tree, overall organic input, possible synergies between 

different parts of the tree, field interactions like earthworms (Kuzyakov, 2006) or roots, which have been 

shown to contribute to SOC formation and microbial growth (Tisdall & Oades, 1982). As a result, 

information discovered such as the formation efficiencies, substance use efficiencies and priming effect 

cannot be generalizable to field conditions.  

Conclusion and Recommendations 

This paper has outlined the importance of the regulating and provisioning ecosystem services 

provided for the planet by the remaining 7% of the Atlantic Forest. Deforestation and the loss of 

ecosystem services creates challenges for soil remediation and are caused and perpetuated by 

anthropogenic factors, environmental factors and the associated negative feedback loops. Soil organic 

matter is an indicator of soil quality which has been shown to have mitigating effects for both land 

degradation and climate change. It is important for soil remediation projects to be both environmentally 

and economically sustainable.  

This study isotopically labelled and analyzed the litter-derived organic matter present in the 

respiration and soil fractions after a decomposition period of 888 h (37 days). The objectives were to 

measure the soil organic matter formation capabilities of 17 different tree species and review any 

differences in POM and MAOM formation efficiency. The data showed that there were differences in the 

amount of POM, MAOM and respiration between the species. Based on what a researcher or farmer is 

trying to achieve, they can combine data available in this study with data available in the literature to 

identify species of interest. The data from this study can also be used by farmers to better create their 

“legal reserve areas” outlined in the Forest Code and in Integrated Crop-Livestock Forest systems. 
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Follow-up studies are required in order to better estimate which species would be ideal to use in 

real-world soil remediation projects, agroforestry projects and further research about SOM formation 

processes. 

Agroforestry and Natural Regrowth 

Once trees of interest have been identified for soil remediation or agroforest projects, the next 

step is to measure the organic inputs and SOM contributions of the entire tree in field conditions. It is 

important for these analyses to be long-term because otherwise the MAOM and POM formation 

efficiency for recalcitrant compounds cannot be measured.  

A study measuring the size of the native trees of São Sebastião da Vargem Alegre, Brazil was 

conducted and revealed the trees with the largest height and diameter at the base after 7 years were 

Angico, Araticum, Eucalyptus, Jacaré, Orelha de Negro and Paineira (Valente, 2017). Combining these 

size measurements, POM formation and MAOM formation it appears Araticum (25.6% OM formation), 

Eucalyptus (27.4% OM formation) and Paineira (49.9% OM formation) have potential to be the most 

effective species for soil remediation. Other trees of interest include the 6th tallest tree, Carrapeta (17.3% 

OM formation), the 4th largest diameter at base, Inga (17.2% OM formation), and the 5th largest diameter 

at base Figueira (20.6% OM formation) (Valente, 2017). Although Angico, Jacare and Orelha de Negro 

are large trees, their POM and MAOM formation is lower at 12.8%, 6.6% and 12.6% respectively (Figure 

7). Angico, Canela, Figueira, Inga, Jacaré, Paineira and Saboneteira have been classified as pioneer 

species, indicating that they are better at colonizing recently disturbed ecosystems (Valente, 2017). 

The economic benefits of Eucalyptus are already known to be pulp and paper, charcoal, oils, fiber 

and particle boards, firewood, construction, and furniture (Dube et al., 2002). A recommendation is for 

Araticum, Carrapeta, Figueira, Inga and Paineira to be assessed for their ability to provide secondary or 

tertiary economic benefits as well as their compatibility with other plants in Agroforestry operations. It 

would first be necessary to determine if the root structure would compete with the coffee plants for 

  



 
 

Fractionated Soil Organic Matter Contribution            58 

moisture and nutrients. If the trees of interest are shown to not out-compete coffee, trees could be planted 

around the perimeter of plantations and monitored to see how effectively they increase the amount of 

SOM and in how large of an area. Taller trees could grow tall and provide shade for the coffee plants and 

protect the soil. Furthermore, higher quality soil around the perimeter of the plantation could help 

decrease water and nutrient runoff. The higher quality soil could be rotated with degraded soil around the 

crops to lower fertilizer requirements and reduce contamination. This data is exciting because the POM 

and MAOM formation potential of the species was not previously known. Ideally, after enough field 

experiments, a step-by-step replicable agrobusiness plan could be created which includes the proper 

placement and ratio of trees over time which would increase both the financial sustainability and soil 

remediation speed of natural regrowth and agroforestry projects. 

Using as many different types of native trees as possible in agroforestry systems increases 

biodiversity which can improve soil structure and nutrient cycling (Pimentel et al., 1997) and provides 

ecosystem services for the area such as increased seed dispersal (Parrotta et al., 1997). As a result, using 

native trees for natural regrowth forests is less expensive, less labor- and less knowledge-intensive than 

other soil remediation options (Chazdon, 2008). 

Next Steps in Laboratory Research 

There are important research questions which became apparent after seeing the data from this 

study. The next step in SOM process research appears to be a biochemical analysis such as 

thermochemolysis. A biochemical analysis would enable the identification of specific compounds within 

each of the fractions. This would enable science to understand what compounds are able to be 

decomposed by microbes as well as what compounds the microbes create during anabolic processes.  It 

would also be important to use spectroscopic and nuclear magnetic resonance spectrometry to see how the 

organic compounds change over time. Root SOM contributions should also be analyzed using these 

approaches. Species of interest for this research would be the species with the highest SUE such as Pau 
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Brasil, Eucalyptus and Paineira (81%, 80% and 82%), respectively, and species with the lowest SUE such 

as Jacare , Canela and Orelha de Negro (52%, 62% and 63%), respectively (Figure 9).  

After identifying specific compounds which are and are not able to be stabilized, it may be 

possible to find combinations of trees which can provide synergistic effects. For example, discovering 

that a nitrogen fixing tree with a low SUE can increase its SUE by X% when planted in proximity to a 

tree with compound Y. Biochemical analyses may allow for increasingly accurate estimations of SOM 

contributions based on a litter chemistry analysis and biomass. This is the type of chemistry-dependant 

definition of litter quality that Cotrufo et al. (2013) have asked for. Another interesting question that could 

be answered by a biochemical analysis became apparent due to variances in the MAOM fraction C:N 

ratio (Figure 11). This is curious because the MAOM fraction consists of microbial necromass (Tisdall & 

Oades, 1982). Therefore differences in the MAOM C:N ratio appear to suggest that microbes change their 

body composition after interacting with different litters. Doing a biochemical analysis on Jequitiba or 

Carrapeta may help answer this question. 

Final Thoughts 

It is a scary and exciting time in the history of the world. How humanity chooses to proceed from 

here has important consequences for the future of planet Earth and for everything on it. Based on the 

current situation in the Atlantic Forest it is evident that farmers are in need of assistance. Ideally a 

combination of help from researchers and the government can be used to affect positive change. This 

thesis was created and executed in attempt to be a small piece of the metaphorical puzzle. Any small but 

positive changes in the Atlantic Forest have potential to reduce environmental problems on Earth and to 

help ensure people are able to eat and sustain their families. In the opinion of this author, there is no 

greater cause or honor than to have the opportunity to put time, thought and effort into something as 

important as this.  
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Appendix A: Equations 

 

1) CSample(Mg) = PPM x 0.000001 x (VolMl/Jar / 1000ml) x .272911, where: CSample(Mg) = the mg of 

carbon emitted by a particular sample during a given sampling interval; PPM = the 12CO2 dry (ppm) 

reading from the CRDS; VolMl/Jar = the volume of the sample jar (in ml); 0.272911 = the % weight of 

carbon in Co2. 

2) CLit/S(Mg) = fbt x CSample(Mg), where: fbf = the proportion of carbon that can be attributed to the litter 

in a given sample; CLit/S(Mg) = the weight of litter-derived carbon respired by a particular sample; CSample(Mg) 

= the total carbon emitted by a particular sample during a given sampling. 

3) FracC = %CFraction x FracWeight, where: FracC = the weight of carbon in a particular fraction; 

%CFraction = The IRMS reading for the %carbon of the particular fraction of a given sample; FracWeight = 

The weight of a particular fraction. 

4) FracCLitter = FracC x fbt , where: FracCLitter = the weight of carbon in a fraction which is litter 

derived; FracC = the weight of carbon in a particular fraction; fbf = the proportion of carbon that can be 

attributed to the litter in a given sample. 

5) NWeightLitter = WLitter x %NLit , where: NWeightLitter = the weight of litter derived N that was 

added to each jar; WLitter = the weight of litter added to a given sample; %NLit = the IRMS reading for 

the nitrogen content in the original litter. 

6) NWeightFraction = (FracW x %NSample) - (FracW x %NOSC), where: NWeightFraction = the weight of 

litter derived nitrogen in a given fraction; FracW = the weight of a given fraction; %NSample = the IRMS 

reading for a given sample in a given fraction; %NOSC = the IRMS reading for the only soil control group 

in a given fraction. 
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7) FracNCor = FracN1 / (FracN1 +FracN2 +FracN3) x NWeightLitter , where: FracNCor = the weight of 

litter derived nitrogen in a given fraction; FracNX = the weight of litter derived nitrogen in a given 

fraction; NWeightLitter = the weight of litter derived N that was added to each jar. 
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Appendix B: Tables 
 

 δ N C N P K Ca Mg S Cu Fe Zn Mn B 

 % (dag/kg) (mg/kg) 

Ang -29 2.90 48.01 3.087 0.123 0.994 0.819 0.258 0.154 2.8 147.1 5.9 49.6 32.05 

Arat -31 3.41 42.12 3.628 0.188 1.835 1.418 0.511 0.496 8.85 276.2 13.6 21.65 108.85 

Camb -28 3.15 56.67 N.D. 0.162 1.641 0.485 0.518 0.415 5.45 66.9 15.9 64.1 26.25 

Can -29 2.98 44.94 2.777 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Carr -31 2.64 43.98 2.236 0.204 3.083 1.152 0.359 0.352 6.35 110.9 35.2 32.55 30.95 

Euc -31 1.53 48.4 2.7 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Fig -31 2.21 39.98 3.473 0.125 2.13 2.265 0.425 0.244 5.9 189.35 7.65 54.85 94.5 

Gar -30 2.71 45.46 N.D. 0.105 1.001 0.748 0.245 0.177 5 99 5.2 58.9 27.25 

Inga -30 3.26 45.46 2.314 0.156 1.25 0.901 0.233 0.187 9.1 213.4 13.5 44.85 20.75 

Ipe -30 3.24 43.1 1.85 0.147 1.916 0.734 0.371 0.479 10.1 168.9 7.8 28.4 42.7 

Jac -28 3.79 56.17 N.D. 0.113 0.709 1.133 0.32 0.394 6.55 128.55 5.25 53.4 36.95 

Jato -29 1.83 48.24 3.087 0.113 1.153 0.741 0.258 0.167 6 109.1 20.15 40.95 30.3 

Jeq -27 2.49 45.14 3.241 0.072 0.648 0.394 0.225 0.278 4.2 109.85 0 9.1 17.6 

OdN -28 3.03 48.08 N.D. 0.113 1.383 0.598 0.571 0.193 3.7 117 3.5 33.05 23.45 

Pain -28 2.95 41.81 3.009 0.151 2.065 1.471 0.473 0.161 5.9 119.9 7.6 22.1 42.3 

PauB -30 2.44 46.69 N.D. 0.126 1.19 0.53 0.251 0.101 3.2 128.9 7.45 24.35 39 

Sab -30 3.16 45.03 N.D. 0.22 1.944 0.925 0.502 0.323 7.5 98.8 15.85 34.6 16.35 

Table 2 : Chemical composition of leaves from litters from eucalyptus and  native trees species of 3

Atlantic Rainforest, Brazil. 
 
 
 
 
  

3 N.D. indicates that no data was collected. 
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 C:N C:P C:K C:Ca C:Mg C:S C:Cu C:Fe C:Zn C:Mn C:B 

Ang 19 1008 157 196 378 831 907k 15k 443k 44k 13k 

Arat 14 579 75 99 167 226 252k 7k 169k 89k 3k 

Camb 21 904 112 390 222 364 550k 39k 194k 40k 19k 

Can 18 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Carr 19 557 46 127 249 333 366k 18k 68k 62k 13k 

Euc 37 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Fig 21 826 61 59 191 437 358k 10k 285k 33k 4k 

Gar 20 1118 148 203 377 685 481k 21k 476k 35k 15k 

Inga 16 753 118 168 396 648 264k 10k 184k 46k 20k 

Ipe 16 757 73 196 236 240 226k 12k 301k 69k 9k 

Jac 17 1284 257 166 356 380 454k 20k 583k 48k 14k 

Jato 31 1103 136 217 380 770 425k 21k 130k 54k 14k 

Jeq 21 1619 226 383 407 433 569k 19k N.D. 227k 23k 

OdN 19 1099 113 268 171 664 687k 19k 749k 67k 18k 

Pain 17 715 66 95 179 693 375k 16k 300k 87k 9k 

PauB 22 957 128 294 378 1233 772k 17k 342k 88k 11k 

Sab 17 529 75 163 182 372 318k 21k 155k 60k 25k 

Table 3 : Chemical composition of leaves from litters from eucalyptus and  native trees species of 4

Atlantic Rainforest, Brazil. 
 
 
  

4 N.D. indicates that no data was collected. 
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MAOM Weight 

(%) 
POM Weight 

(%) LF Weight  (%) 

Ang 52.5 43.2 4.3 

Arat 52.3 43.7 3.9 

Camb 54.4 42.4 3.1 

Can 53.4 42.1 4.5 

Carr 51.9 44.4 3.7 

Euc 54.2 43.0 2.8 

Fig 54.2 42.4 3.4 

Gar 53.9 42.5 3.6 

Inga 53.1 43.5 3.4 

Ipe 52.3 43.9 3.7 

Jac 54.0 42.7 3.3 

Jato 51.2 45.5 3.3 

Jeq 54.7 42.0 3.3 

OS 52.6 46.1 1.3 

OdN 53.4 43.6 3.0 

Pain 51.9 44.1 4.0 

PauB 52.4 43.7 4.0 

Sab 54.2 41.6 4.2 

 
Table 4: This figure shows the % weight of each of the LF, POM and MAOM fractions for the different 
litters in relation to the total sample weight. 
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Appendix C: Graphs 
 
 

 
 
Figure 1a: Delta values differences from the original litter delta value over time of the groups of tree 
species. This data was used in Equation: put the equation to partition litter C and soil C; a delta value 
closer to 0 indicates that a higher percentage of the respired carbon was from the leaf litter at that 
sampling interval. Error bars were set to within 95% certainty. Groups 1, 2 and 3 had >15mg, 10-15mg 
and  <10mg of litter-derived carbon respiration, respectively. 
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Figure 2a: Priming effect over time of the native species to the Atlantic Forest, Brazil and Eucalyptus in 
Group 3. Group 3 had <10mg of litter-derived carbon respiration. Error bars were set to within 95% 
certainty. 
 

 
Figure 3a: Priming effect over time of the native species to the Atlantic Forest, Brazil in Group 2. Group 2 
had between 10-15 mg of litter-derived carbon respiration. Error bars were set to within 95% certainty. 
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Figure 4a: Priming effect over time of the native species to the Atlantic Forest, Brazil in Group 1. Group 1 
had between >15 mg of litter-derived carbon respiration. Error bars were set to within 95% certainty. 
 

 
 
Figure 5a: The distribution of where litter nitrogen ended up within the fractions. This method of nitrogen 
differentiation is not as efficient as tracking the N15 isotope; however the resources were not available for 
N isotope labelling for this experiment. 
 

  


