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ABSTRACT OF THESIS 

Effects of Altered Litter Inputs and Nutrient Additions on Rapidly- and Slowly-Cycling 

Soil Carbon in a Tropical Forest 

by  

Sarah Marie Halterman 

 

Master of Arts in Geography  

University of California, Los Angeles, 2015  

 Professor Daniela F. Cusack, Chair 

 

Tropical forests contain a considerable fraction of the global soil carbon (C) 

stock, but the response of tropical soil C to predicted changes in primary productivity 

remains poorly understood. Drastic changes in soil C storage and loss are likely to occur 

if global change alters plant net primary production (NPP). This research assessed the 

effects of a decade of litter removal and addition on soil C storage in a seasonal tropical 

forest in Panama. Previous manipulation studies like the one used here have reported 

strong responses of carbon pools with addition and removal of litter in tropical forest 

ecosystems. Specifically, total C gains have been observed after addition while 

corresponding losses of C have been found with litter removal. However, past 

manipulation experiments fail to account for the heterogeneous nature of carbon cycling 
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in these systems. The overarching hypothesis addressed here, is that changes in net 

primary production can affect the storage of soil C on various timescales. To address this, 

a density fractionation scheme was used to assess manipulation effects on rapidly- and 

slowly-cycling pools of C. Soil samples were collected from 0-5 cm depth in 15 - 45 x 

45m plots with litter removal (L-), 2x litter addition (L+), and control (n=5).  To account 

for any potential fertilization effect from added litter, soils from a long-term fertilization 

experiment were also used. Soil C storage in all pools was significantly different among 

the three litter treatments, and some seasonality resulted in every pool. L+ increased the 

oldest, most stable pool of C by 15% in the dry season and 28% during the wet season.  

Alternatively, L- decreased C concentrations in this long-term pool by 26% in the dry 

season and 28% in the wet season relative to control. There was no indication of any 

fertilization effect on the storage of C in this forest. The results here demonstrate that 

changes in primary productivity have the potential to alter the storage and cycling of C in 

lowland tropical forest soils. 

 

 

 

 

 

 



 iv 

 

The thesis of Sarah Marie Halterman is approved  

 

Thomas W. Gillespie  

Gregory S. Okin 

Daniela F. Cusack, Committee Chair 

 

University of California, Los Angeles  

2015 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 v 

 
 
Table of Contents 

 

Introduction……………………………………………………………...…1 

Methods..........................................................................................................4 

 Site Location………………………………………………………….4 

 Soil Collection………………………………………………………...6 

 Density Fractionation…………………………………………………6 

 Carbon Concentration………………………………………………...7  

 Statistical Analyses…………………………………………………...7 

Results………………………………………………………………………8 

 Soil Density Fractions with Litter Manipulation……………………..8 

 Soil Density Fractions with Fertilization……………………………10 

Discussion………………………………………………………………….10 

Conclusions………………………………………………………………..13 

Figures......…………………………………………………………………15 

Tables..……………………………………………………………………..21 

Appendix 1...………………………………………………………………25 

Density Fractionation Protocol…........……………………………...30 

References……………………………………………………………...….28 

 



!

! 1!

Introduction 

The effect of global climate change factors on tropical soil carbon (C) storage is of broad 

concern (Trumbore 2000). More organic C is stored in soils, than in both the atmosphere and 

plants combined, with 20% located in the soils of tropical forests (Post et al. 1982, Jobbagy and 

Jackson 2000, Tamocai et al. 2009). In addition, each year, soil respiration accounts for the 

release of ~80 billion tons of C into the atmosphere (Schlesinger 1977, Raich and Potter 1995, 

Raich et al. 2002) which is 11 times the amount released through human combustion of fossil 

fuels (Marland and Boden 1993). However, soil C dynamics are still one of the largest sources of 

uncertainty in global C models. Because litterfall production is a main path of transportation of 

organic matter in plants to soil C stocks belowground (Swift et al. 1979), drastic changes in soil 

C storage and loss are likely to occur if global change alters plant net primary production (Clark 

et al. 2003, Raich et al. 2006, Hickler et al. 2008, Leff et al. 2012). Therefore, the ability to 

predict future C storage in tropical soils depends, in part, on an understanding of the relationship 

between plant productivity and soil dynamics.  

The amount of litterfall found in an area is governed by season, climatic conditions, 

topography, soil parent material and the distribution of species; and therefore changes through 

both space and time (Sayer 2006). These natural controls of litterfall quantity are greatly 

influenced by effects of global climate change. Rising atmospheric CO2 concentrations have 

been found to cause an increase in net primary productivity (NPP) and a subsequent increase in 

litterfall (DeLucia et al. 1999, Allen et al. 2000, Finzi et al. 2001, Schlesinger and Lichter 2001, 

Zak et al. 2003). In addition, natural disasters such as hurricanes or droughts can cause sudden, 

two-fold increases in the litterfall of a region (Lodge et al. 1991, Ostertag et al. 2003), and 

human intervention and forest management can change litterfall quantities due to the 
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modification of productivity and species composition. While a good deal of uncertainty still 

exists regarding absolute drivers of NPP change, the ability to alter litterfall allows for study of 

its possible future implications, in light of growing concerns surrounding global climate change 

(Leff et al. 2012). Manipulating litter inputs in a system is a unique way to induce stronger 

effects within a short time. Whether litter is just removed or added, or both, relative to control, 

these experiments are helpful to explore the effects of NPP changes on various ecosystem 

processes such as organic matter turnover, decomposition rate, and C storage (Sayer 2006). 

Because of the strong link between vegetation and soil, and the high decomposition rates relative 

to temperate systems, the effects of altered leaf litter in tropical ecosystems creates the perfect 

environment for studying the relationship of litter production and belowground C cycling (Aerts 

1997, Aerts and Chapin 2000).  

Changes to leaf litterfall have the potential to alter soil C storage in the tropics via 

changes in decomposition and soil C stabilization. Decomposition rates have been found respond 

to changes in litterfall due to the controls on surface temperatures and soil water content (Facelli 

and Pickett 1991). After 15 years of litter exclusion in a tropical Eucalyptus forest in South 

China, the uppermost soil layer (0-15 cm) in this removal site had significantly low soil C 

relative to control plot due to altered soil microbial processes and decreasing nutrient levels 

(Mao et al. 1992).  Changes in soil CO2 respiration with altered litter in several studies across the 

tropics further promote the idea of changes to microbial decomposition processes with changing 

NPP (Li et al. 2004, Vasconcelos et al. 2004, Leff et al. 2012). Stabilization of C in soil can also 

occur with changing NPP due to unused C in the leaf litter being transferred into mineral 

associations. A meta-analysis of 70 litter manipulation studies found that addition of litterfall 
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increases total carbon in the mineral soil, while removal decreases carbon in the mineral soil, 

both by 10% (Xu et al. 2013). 

Many past experiments have drawn conclusions by measuring soil C dynamics as a single 

reservoir however, when soil C pools are heterogeneous and known to turn over on different 

timescales. Using a 3-pool model, some soil C has turnover times of <5 years as it resembles 

plant material, and is most readily available for biological degradation (Trumbore 2000). A 

second pool of carbon has slightly longer turnover times of ~10 years due to physical protection 

with soil aggregates. Finally, most soil C is contained in a third pool that is generally thought to 

cycle on timescales of 103-106 years (Trumbore 1993), due to chemical protection from 

decomposition due to C sorped to mineral clay surfaces (Mayer 1994, Trumbore and Zheng 

1996, Torn et al. 1997, von Lutzow et al. 2006). The net effect of litter addition on soil C content 

and stabilization depends on the strength of the effect on these different soil C pools, with long-

term storage of soil C dependent on the stabilization of C in the third, mineral-associated pool.  

In a tropical rain forest in Puerto Rico, significant increases in C in this long-term, mineral-

associated soil C fraction resulted after only 6 years of experimental N fertilization (Cusack et al. 

2011), suggesting that this pool of soil C may be more dynamic than originally thought. These 

findings promote the idea of a role for nutrients in constraining the cycling of carbon to long-

term pools in these tropical ecosystems. In a lowland tropical forest in Costa Rica, both addition 

and removal of leaf litter resulted in significant changes in the pool of available nitrogen in soils 

(Wieder et al. 2013). Therefore, if the manipulation of leaf litter alters nutrient pools in soil, this 

may have an additional affect on the storage of C in the mineral-associated C soil.   

Here, an ongoing, long-term litter manipulation experiment was used to assess the 

potential effects of changes in NPP on C storage in seasonal wet tropical forests. Sampling was 
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done in both the wet and dry season to consider potential effects of seasonality on the cycling of 

C, since past experiments in tropical forests indicates that changes in precipitation, even in very 

wet ecosystems can have significant controls over decomposition (Wieder et al. 2009). The first 

hypothesis addressed was that litter removal, which mimics decreases in NPP, would diminish 

the rapidly-cycling soil C pool, because new inputs to this pool are removed, without significant 

declines in microbial decomposition activities. The second hypothesis was that litter addition, 

which mimics increases in NPP, would increase the slowly-cycling C pool because of elevated 

leaching of carbon from litter in soil water and subsequent mineral adsorption. Because added 

leaf litter can lead to a fertilization effect, which can lead to increased productivity (Sayer and 

Tanner 2010), a long-term fertilization experiment was also used to determine whether changes 

to carbon storage were due to increased inputs of C or influenced by elevated nutrient content 

from added leaves. Therefore, the third and final hypothesis addressed here was that fertilization 

will diminish the rapidly-cycling C pool, because microbial decomposition is nutrient limited 

and there are no new inputs of C to these plots. 

 

Methods 

Site Location 

Research was conducted at the Barro Colorado Nature Monument in Panama on the 

Gigante Peninsula (9°06’N, 79°54’W). The area is comprised of lowland semi-deciduous 

tropical forest with a tropical monsoon climate (Windsor 1990, Vincent et al. 2010) and has a 

mean annual rainfall of 2600 mm and mean annual temperature of 26°C (Leigh 1999). Rainfall 

in this forest changes significantly, with 90% (2350.8 mm, average based on 1925-1989 annual 

averages) of rainfall occurring in the wet season from May to November and 10% (261.2 mm) in 
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the dry season from December to April (Windsor 1990).  Litterfall peaks during the dry season 

from and decreases by 50% during the wet season (Wright and Cornejo 1990, Vincent et al. 

2010).  

Samples for this project were collected from the Gigante Litter Manipulation Project 

(GLiMP), established in 2000, which contains 15 - 45 x 45 m plots under three treatments (n = 

5). Litter manipulation began January 2003 and includes three treatments: litter removal, 2x litter 

addition, and control. Litter is collected once a month from the five removal plots and distributed 

evenly to the five addition plots, while the remaining five plots are left untouched for control. In 

2009 (after 6 years of manipulation), in the top- most (0-5 cm) depth, removal plots had an 

average 4.19±0.18% total carbon, litter addition had an average 5.94±0.35% and control had 

5.15±0.23% (means ± one standard error) (B. Turner, unpublished data). Additionally, in 2006, 

after 3 years of litter manipulations, fine root biomass in the litter layer was significantly 

increased in the litter addition plots, relative to control (Sayer et al. 2006a). And, litter 

manipulation was also found to change soil CO2 efflux in these sites with a 43% increase with 

litter addition and 20% decrease with removal (Sayer et al. 2007). Litter removal also resulted in 

significant changes to decomposition rates and meso-arthorpod communities in these sites after 3 

years of manipulation (Sayer et al. 2006b).  

The manipulation of litter at these sites has also had effects on the nutrient availability in 

the soil. Soil stocks of nitrate and inorganic nitrogen increased with litter additions, and 

decreased with removal after only 5 years of manipulation (Sayer and Tanner 2010). After 7 

years of manipulation, N and K in the soil and litter decreased with litter removal, as did fine 

root biomass (Sayer et al. 2012). The results from these past studies on the litter manipulation 

plots prove that leaf litter is an important component driving nutrient and carbon cycles in these 
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tropical forest ecosystems. In 2010, a minor fertilization effect was observed with litter additions 

as increased litterfall during the wet season (Sayer and Tanner 2010). For this reason, a nearby 

fertilization experiment was also sampled to account for the potential “fertilization effect” of 

added litter. The fertilization experiment is located next to GLiMP in Panama, established in 

1998 and contains 32- 40 x 40m plots of factorial NPK fertilization. Soil was collected from 32 

fertilization plots: four containing N, P, K only, four N x P, N x K and P x K, four NPK 

treatments and four control treatments. Yearly fertilization doses are: 125 kg N ha–1 year–1, 50 

kg P ha-1 year-1 , and 50 kg K ha- 1year-1 (Kaspari et al. 2008, Wright et al. 2011). 

Soil Collection 

Soils were collected from the 15 litter manipulation and 32 fertilization plots in the height 

of the dry season from 2/25/2013 – 3/1/2013, and in the wet season from 7/1/2013- 7/12/2013. 

Soils were collected from both the 0-5 cm and 5-10 cm depth using a soil core with 2.5 cm 

diameter. Soils from 0-5 cm were used in analyses because this is where past studies have 

observed the most substantial chemical changes (Vincent et al. 2010). Soils from the 5-10cm 

depth are in archive and were not used in the laboratory analyses presented here. Soils were 

sampled from 10 points within each plot, using a random stratified sampling procedure to avoid 

any personal bias (Crepin and Johnson 1993). Plots were divided into two sub-plots, with 5 

points sampled within each, collecting 3 cores from each point. Soil was stored in a refrigerator 

and shipped to UCLA for lab analyses.  

Density Fractionation 

A density fractionation scheme was used to separate soils into three soil C pools using a 

heavy salt solution, sodium poly tungstate (SPT) dissolved in water to 1.7 g/cm3(Swanston et al. 
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2005). The three pools included: a free light fraction (fLF) that resembles recent litter inputs and 

represents the rapidly- cycling soil C pool that cycles between 1-3 years (Gaudinski et al. 2000), 

an aggregate-occluded fraction (oLF) that represents soil C that cycles on decadal timescales, 

and a mineral-associated fraction (HF) that represents the most stable and generally the oldest 

soil C that cycles on millennia (Trumbore 1993). The outline of the density fractionation 

protocol used in this study is included in Appendix 1 at the end of this document.  

Carbon Concentration Using Elemental Analyzer 

Soils were analyzed for C conconcentration on a Costech Elemental Analyzer at UCLA. 

Soil was rolled into foil balls between 56-58 mg to ensure that 2.25mg of C was put into the 

machine. This weight range was determined through initial tests. Samples were run in duplicates 

with regular checks using atropine standard, and only data with duplicates within 10% of each 

other were used.  

Statistical Analyses 

 To assess the importance of litterfall inputs on the storage of carbon on different 

timescales, litter data was log-transformed and was analyzed using means comparison among the 

three manipulation treatments. To address carbon storage in the fLF and oLF fractions, percent 

of total sample mass was used, while percent C concentration was used for the HF fractions. The 

presence of a fertilization effect on soil carbon storage was determined using means comparison 

of C concentrations for HF fractions and percent of soil mass for fLF and oLF fractions for each 

of the fertilization treatments (N,P,K,NK,NP,PK,NPK).  A significance level of p<0.05 was used 

for all analyses.  All statistical analyses were run on the JMP statistical software program. 
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Results 

Soil density fractions with litter manipulation 

Because the two labile low-density fractions are made up of a large portion of C, changes 

in the biomass of these fractions is an important indicator of overall C changes. Significant 

differences in biomass were found for both of the labile (low density) soil C fractions, with 

indication of strong seasonal constraints for both. In the dry season, litter manipulations 

significantly affected biomass of the fLF pool, with litter addition (L+) increasing the fLF soil C 

pool, accounting for 5.31±0.76% of total sample mass, litter removal (L-) decreased this C pool 

with 0.99±0.12%, relative to control soils where fLF was 2.75±0.32% of bulk soil mass (p<0.05, 

n=5) (Figure 1: Panel A, Table 1). In the wet season, there was no significant effect of litter 

manipulation on the low-density fLF C pool (Figure 1: Panel B).  For soil C concentrations, 

there was only a significant difference between fLF concentrations with L+ and control plots 

during the wet season, with L+ concentrations of 39.36 ± 0.37% (p <0.05, n=4) and control 

concentrations of 37.17 ± 1.02% (p <0.05, n=5) (Figure 2: Panel B, Table 2). There were no 

significant differences for C concentrations in the fLF pool during the dry season (Figure 2: 

Panel A).  The changes in biomass versus soil C concentrations represents quantity versus 

quality changes in soil C.  

During the dry season in the decadal cycling oLF, there were no significant differences in 

biomass between litter treatments (Figure 1: Panel C, Table 1). In the wet season, however, 

litter manipulations resulted in significant changes to the oLF, where L+ increased this pool with 

the fraction accounting for 6.62±0.85% of soil mass, while L- decreased this pool with 

0.88±0.45%, relative to control with 3.02±1.53% bulk soil mass (p<0.05, n=5) (Figure 1: Panel 
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D). For soil C concentrations, there was only a significant difference between oLF 

concentrations with L+ and control plots during the dry season, with L+ resulting in C 

concentration of 33.38 ± 1.81%(p <0.05, n=4) and control concentration of 25.55 ± 4.05% (p 

<0.05, n=4) (Figure 2: Panel C). There were no significant differences for C concentrations in 

the oLF pool during the wet season (Figure 2: Panel D).  

 For these two low-density C pools, biomass and soil C concentration trends seemed to be 

opposite, with significant changes for fLF biomass during the dry season and fLF C 

concentrations during the wet season. Significant changes of oLF biomass resulted in the wet 

season, while oLF C concentrations were only significant in the dry season. This opposite effect 

hints at a possible transfer of carbon over seasonal timescales, where unused C in the fLF pool 

during the dry season is shuttled into aggregate oLF pools in the wet season (Figure 1 and 

Figure 2). The pattern of C transfer supports the idea of a strong seasonal effect on the cycling 

of soil C in these forests.! 

The mineral-associated fraction makes up the largest proportion (~95%) of the sample 

and therefore, biomass data is not presented here. Instead, soil C concentrations allow for 

consideration of how carbon is changing in this fraction.  In the dry season, C concentration in 

the mineral-associated fraction is reported as percent carbon, and significant differences are seen 

in both seasons (Figure 3, Table 2). In the dry season, L+ significantly increased C 

concentrations in this pool with an average 4.68 ± 0.23%, while L- significantly decreased C 

concentration with 2.98 ± 0.15% relative to control plots, which resulted in 4.05 ± 0.17% C 

concentration (p<0.05, n=5). In the wet season, we see a similar pattern, although the magnitude 

of change increases, with L+ plots resulting in 5.55 ± 0.23%, L- plots with 3.14 ± 0.14%, relative 

to control 4.34 ± 0.12% C concentrations (p<0.05, n=5).  
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Soil density fractions with fertilization 

 There was no indication that soil C storage and cycling responded to factorial fertilization 

of N, P, K in either the dry or wet season. After 15 years of experimental fertilization, there were 

no significant differences in carbon storage in the free low-density fraction (Figure 4), in the 

aggregate-occluded fraction (Figure 5) or in the mineral-associated fraction (Figure 6) (p<0.05, 

n=4).   

Discussion 

These results show that changes in leaf litterfall and NPP have the potential to increase 

belowground C storage in wet tropical forests, with strong seasonal effects. The first hypothesis 

considered here was that L- would decrease the labile soil C pool because new inputs were being 

removed without any significant changes to microbial processes. The results support this 

hypothesis, although the effect was only seen during the dry season. The fLF fraction is low-

density soil C, and is in more readily available forms, relative to the heavier fractions so changes 

to these pools are significant for microbial communities, and are indicative of decomposition 

activities. There is a hierarchical system of factors that govern decomposition in terrestrial 

ecosystems including climate, physical properties, chemical complexity and biological 

constraints (Lavelle et al. 1993).  In humid tropical forests specifically, variations in 

decomposition activities are often regulated by the length and severity of dry season conditions, 

with changes to soil moisture directly altering both decomposition (Wieder et al. 2009) and 

microbial activity (Cleveland et al. 2004). The changes that we see across seasons are consistent 

with these studies and are potentially governed by the significant changes to decomposition and 

microbial activity with changing moisture. After 7 years of manipulation at this site, there was 
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greater decomposition during the dry season in the litter addition plots, which was hypothesized 

to be due to water retention in the litter layer driving decomposer activity, rather than the 

increased nutrient availability (Sayer and Tanner 2010). It is likely that this same mechanism is 

responsible for the strong responses found here in the dry season as opposed to the wet season. 

The dramatic difference in precipitation that is experienced annually in this forest in Panama 

could explain the difference in C concentration over relatively short time periods. It is likely that 

these extreme changes in moisture across seasons is causing changes to our soil C pools on a 

seasonal timescale via changes to microbial decomposer activities. Further exploration of this 

hypothesis will reveal whether it is soil moisture availability/decomposer activity relationship 

explicitly driving the highly seasonal effects seen in the soil C cycling in these forests.  

 The mineral-associated soil C pool is the densest fraction considered here, and represents 

carbon with the longest cycling time (millennia), due to chemical protection from decomposition. 

Changes to this pool therefore have implications for mitigation of global climate change, as it 

typically represents a stable sink of C in soil (Trumbore and Zheng 1996, Torn et al. 1997, von 

Lutzow et al. 2006). The results here support the hypothesis that addition of leaf litter increases 

storage of soil carbon in this slowly cycling pool. However, just as in the low-density pools, this 

pool also had seasonal trends, with soil C for all treatments increasing from the dry season to the 

wet season. This increase in the mineral-associated fraction could be due to elevated leaching of 

dissolved organic carbon (DOC) from leaf litter, as was found with a litter manipulation 

experiment in a Costa Rican wet tropical forest, where changing litter inputs caused significant 

changes in DOC fluxes, with increased movement of DOC from leaf litter to soil with litter 

additions and significant decreases with litter removal (Leff et al. 2012).  The seasonal, persistent 

increase of C found here is likely due to subsequent adsorption to mineral surfaces, of C from 
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leaf litter in the form of DOC to mineral surfaces that are characteristic of highly weathered 

tropical soils (Six et al. 2002). Additionally, the significant increase in this C pool over a 

relatively short time period suggests that perhaps this pool is not as stable as generally thought. 

This is consistent with short-term changes to the mineral-associated soil C pool in Puerto Rico 

after experimental N fertilization (Cusack et al. 2011). To assess addition and loss of newer 

versus older soil C, and determine if this mineral-associated pool is cycling on timescales shorter 

than millennia, radiocarbon dating of soil C in this pool is needed.  

These results indicate that soil C changes with litter manipulation are due to increased C 

content rather than nutrients provided by leaf litter i.e. a lack of a fertilization effect. The results 

here do not support the hypothesis that fertilization causes changes to soil C storage. Several 

studies in tropical environments have reported increases in mineral-associated soil C storage with 

experimental fertilization (Li et al. 2006, Cusack et al. 2011). The lack of response of soil C 

fractions with experimental fertilization found here is inconsistent with these previous studies 

and is therefore surprising.  

The significant changes to soil C storage with litter manipulations is interesting in the 

context of future climate changes, which are changing the rate of plant growth (NPP) globally, 

with increases seen specifically in the tropics with climate change anomalies over an 18-year 

period (Nemani et al. 2003). This increase in plant growth, in the context of our findings, could 

have implications for increased carbon storage in long-term pools (mineral-associated), thereby 

potentially mitigating the increase of anthropogenic CO2 in the earth’s atmosphere. This 

increased carbon storage may not be as long-term as previously thought, however, because of the 

strong influence of seasonal changes witnessed in this forest. There has been increased 

variability in rainfall across the tropics in the past few decades, with changes to magnitude, 
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timing and duration (Feng et al. 2013). Because of the strong implications of seasonality in our 

results, these changes to future rainfall events could have important consequences for the storage 

of carbon in these ecosystems, via changes to microbial decomposer activity. 

Water availability may also act as a control on storage of carbon in these ecosystems by 

directly constraining the productivity of plants. Warming and drought are projected to inhibit tree 

growth and increase tree mortalities in humid tropical forests (Allen et al. 2010), with declines in 

forest growth already observed in several tropical field sites with drying events (Clark et al. 

2003, Phillips et al. 2009, Zhao and Running 2010). Additionally, significant increases in wood 

production have been found to result from total dry season rainfall in a tropical forest (Clark et 

al. 2010), emphasizing the importance of water availability to tropical productivity. In addition to 

large broadleaf forest die back with increasing water stress, tropical forests are expected to shift 

to a net carbon source by the end of the 21st century due to increased soil respiration of CO2 (Cox 

et al. 2004). While the tropics are typically regarded as sinks of carbon (Townsend et al. 2002, 

Schimel et al. 2015), results from this study suggest that they are highly dynamic and agree that 

they could be possible sources of C if future climate change alters rainfall patterns, primary 

productivity, or both in the tropics.  

Conclusions 

The results presented here demonstrate that changes in primary productivity, as are likely 

to occur with future global climate changes, have the potential to alter the storage and cycling of 

C in lowland tropical forest soils. All soil carbon pools were significantly affected by changes in 

litter inputs. All soil carbon pool sizes increased with litter addition, and decreased with litter 

removal, with some seasonality in all pools. If climate changes promote changes to NPP in 
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tropical wet forests, according to the results here, we can expect subsequent changes in C storage 

belowground. Because of the large amount of carbon stored belowground, especially in wet 

tropical forests, these changes could have a large impact on the global carbon cycle. 
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Figure 1. Soil C pools for the fLF and oLF shown as % of total soil mass for litter treatments of 2x litter (Addition), 
control plots and litter removal (Removal). Increase in the free pool with litter additions in one dry season are 
followed by increases in the occluded fraction the following season. Results are shown for dry and wet season in 
2013 for surface soils (0-5cm).  

Figure 1. Percent Biomass of fLF and oLF Fractions   

A. 

C.
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B. 

D. 
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Figure 2. Carbon Concentrations in the fLF and oLF Fractions 
!

Figure 2. Percent carbon in the fLF and oLF fractions across seasons with experimental litter manipulations. Trends in 
fLF fraction during the wet season appear to be transferred to the oLF fraction during the dry season.  
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Figure 3. After 10 years of litter addition, mineral-associated soil pool % C is shown for additions of 2x litter (Addition), 
control plots, and litter removal (Removal). Results are shown for dry and wet seasons in 2013 for surface soils (0-5 cm). 

Figure 3. Litter Addition Increases Mineral-Associated Soil C Pool in the Dry & Wet 
Seasons 
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Figure 4. Free-light soil C pools shown as % of total soil mass after 15 years of experimental fertilization treatments 
of N, P, K.  No significant differences between treatments during the dry or wet season. 

Figure 4. No Fertilization Effect on fLF Fraction in Dry or Wet Season 
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Figure 5. No Fertilization Effect on oLF Fraction in Dry or Wet Season 

Figure 5. Aggregate-occluded soil C pools shown as % of total soil mass after 15 years of experimental fertilization 
treatments of N, P, K. No significant differences between treatments during the dry or wet season. 
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Figure 6. Percent carbon in the mineral-associated soil C pool after 15 years of fertilization treatment of N, P, K. No 
trend or significant differences between treatments in the dry or wet season. 

Figure 6. No Fertilization Effect on Mineral-Associated Soil C Pool in Dry or 
Wet Season 
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Tables 
 

Table 1. Percent of bulk soil mass in the labile (low density) fractions with litter manipulation 
treatments for dry and wet seasons. 

Soil Fraction Season Treatment Percent of bulk 
soil mass 

C (%) 

Free light fraction Dry Add. 5.31 ± 0.76 34.86 ± 1.06 
  Rem. 0.99 ± 0.12 34.68 ± 0.30 
  Cont. 2.75 ± 0.32 33.23 ± 0.71 
 Wet Add. 1.93 ± 0.72 39.36 ± 0.37 
  Rem. 1.56 ± 0.34 34.99 ± 1.37 
  Cont. 2.05 ± 0.68 37.17 ± 1.02 
Occluded light fraction Dry Add. 1.98 ± 0.36 33.38 ± 1.81 
  Rem. 1.99 ± 0.53 24.73 ± 4.95 
  Cont. 1.70 ± 0.74 25.55 ± 4.05 
 Wet Add. 6.62 ± 0.85 19.39 ± 2.28 
  Rem. 0.88 ± 0.45 18.76 ± 4.13 
  Cont. 3.02 ± 1.53 27.71 ± 7.62 
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Table 2. Percent carbon in the heavy, mineral-associated pool with litter 
manipulations for the dry and wet season 
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Soil Fraction Season Treatment C (%) 
Heavy fraction Dry Add. 4.68 ± 0.24 
  Rem. 2.98 ± 0.16 
  Cont. 4.05 ± 0.18 
 Wet Add. 5.55 ± 0.25 
  Rem. 3.14 ± 0.14 
  Cont. 4.34 ± 0.13 
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Table 3. Percent of bulk soil mass in the labile (low density) fractions with factorial N, P, K treatments 
for the dry and wet season 

!
!
!
!
!!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Soil Fraction Season Treatment Percent of 
bulk soil mass 

Free light fraction Dry N 3.33 ± 0.47 
  P 1.95 ± 0.47 
  K 2.49 ± 0.45 
  NP 4.14 ± 1.41 
  NK 3.30 ± 0.34 
  PK 3.15 ± 0.75 
  NPK 2.33 ± 0.54 
  Cont. 3.59 ± 0.37 
 Wet N 2.50 ± 0.82 
  P 1.90 ± 0.44 
  K 1.45 ± 0.24 
  NP 1.63 ± 0.28 
  NK 2.45 ± 0.30 
  PK 2.02 ± 0.57 
  NPK 2.19 ± 0.40 
  Cont. 1.93 ± 0.35 
Occluded light fraction Dry N 4.50 ± 1.35 
  P 2.20 ± 0.89 
  K 4.18 ± 0.58 
  NP 2.39 ± 1.30 
  NK 2.63 ± 1.14 
  PK 4.86 ± 0.66 
  NPK 2.71 ± 1.03 
  Cont. 3.72 ± 1.21 
 Wet N 4.76 ± 1.71 
  P 2.85 ± 1.89 
  K 4.93 ± 0.73 
  NP 4.73 ± 0.65 
  NK 4.19 ± 1.44 
  PK 0.86 ± 0.21 
  NPK 2.44 ± 1.39 
  Cont. 2.78 ± 1.32 
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Table 4. Percent carbon in the heavy, mineral-associated pool with factorial N, P, K treatments for the 
dry and wet season 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment Season Treatment C (%) 
Fertilization Dry N 4.02 ± 0.15 
  P 3.78 ± 0.32 
  K 3.73 ± 0.17 
  NP 3.63 ± 0.19 
  NK 3.50 ± 0.19 
  PK 3.92 ± 0.19 
  NPK 3.57 ± 0.21 
  Cont. 4.15 ± 0.33 
 Wet N 4.33 ± 0.05 
  P 4.02 ± 0.27 
  K 4.34 ± 0.17 
  NP 4.32 ± 0.36 
  NK 4.11 ± 0.52 
  PK 4.17 ± 0.28 
  NPK 4.41 ± 0.33 
  Cont. 4.67 ± 0.11 
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Appendix 1 
 

 Density Fractionation Protocol 

 

Preparation of Soil Samples: 

All samples were refrigerated after collection to slow, but preserve microbial 

communities. Each sample was then sieved using a 4.75mm sieve, roots and small twigs left in. 

Moisture correction was then taken using bulk soil for each sample. Small aluminum tins were 

labeled and weighed, and stored in a desiccator to draw off any (unlikely) background moisture. 

1-5g of soil for each sample was weighed into the tin and recorded. The tins of soil were dried in 

the oven at 105°C for 24 hours, or until stabilized. After drying, soil was cooled in a desiccator, 

then weighed and recorded. This measure provides the total mass of soil for each sample, 

independent of moisture.  

Preparation of SPT: 

The optimal density of the SPT solution was determined in initial tests, where 1.7 g/cm3 

was found to float the Panamanian soils the best.  To achieve the correct density of 1000mL SPT 

solution, 867g of SPT was added to 833 mL distilled H2O from the Barnstead Deionized Water 

purification system. Mixing ratios were obtained from the product website: 

http://www.sometu.de/howtouse.html. Using a magnetic stir bar and magnetic hot plate stirrer, 

the solution was homogenized. To ensure correct density of solution, 1ml solution was weighed 

on a balance, and the solution was corrected if not at 1.7 g/cm3 by adding incremental amounts of 

either DI water or powder SPT. The solution was then filtered using vacuum filtration with 

0.4µm pc filter paper in NalgeneTM polysulfone 250 mL filter holders.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
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Separation of fLF: 

30 g of each soil sample was weighed into a labeled centrifuge bottle, the exact weight 

recorded. ~50 mL SPT solution was then added to the bottle, which was then gently inverted by 

hand five times to wet the entire sample. The cap and sides of the bottle was rinsed with SPT to 

ensure all soil material was at the bottom of the bottle. By the end of this step, the volume within 

the bottle was totaled ~100mL. The bottle (four at a time) was run in the Beckman Coutler, 

Avanti JE centrifuge at 3500 rpm for 1 hour with slow acceleration and very slow acceleration. 

Removal of fLF: 

Once the sample was finished in the centrifuge, the bottle was removed, and sat for a few 

hours until suspended particulates had settled. Using low house vacuum and plastic tubing, 

floating material (fLF) was aspirated into a side-arm flask. Collected contents in the flask were 

then poured/ washed directly into a filter holder with 0.4 µm pc filter paper. The sample was then 

rinsed 6 times, with 50 mL DI water to remove SPT contamination. Sample was then washed 

into tin weigh boats and dried at 60°C. Dried sample was weighed, and once stabilized, was 

transferred to a labeled bottle for storage.  

Separation of oLF: 

SPT was added to the centrifuge bottle with the remaining sample up to ~75 mL. The 

sample was then mixed with a G3U05R, Lightnin SPX bench top mixer for 1 min at 75% 

maximum speed. Debris from the blade was then rinsed into the centrifuge bottle using SPT. If 

the total volume was not at least ~110mL in tube at end of this step, SPT was added. 

The sample (centrifuge tube submerged in ice) was then sonicated using Branson 
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Ultrasonics S-250A sonifier for 3 minutes at maximum power and 70% pulse with 3/10 cycle 

breaks. After sonication, debris from horn was rinsed into the bottle with SPT. Then, the sides 

and lid of the centrifuge tube were rinsed with SPT to ensure the entire sample was in the center 

of the tube. The bottle (four at a time) was again run in the centrifuge at 3500 rpm for 1 hour 

with slow acceleration and very slow acceleration. When finished in the centrifuge, sample sat 

for up to 12 hours to allow solution to settle. Sample was aspirated, rinsed and removed using the 

same methods as those used for fLF fraction.  

Rinse and removal of HF: 

Remaining sample in the bottle after the removal of oLF was the HF fraction. As with the 

first two fractions, the remaining sample was rinsed 6 times with DI water to remove SPT 

contamination using the following technique. The remaining SPT in the bottle was aspirated 

down to the HF pellet, ~150 mL DI water was added and the bottle was shaken vigorously by 

hand to ensure the entire sample was rinsed with water. The cap and sides of the bottle were then 

rinsed with DI water. The bottle was run in the centrifuge for an hour at 3500 rpm. This was 

repeated 6 times with the rpm increase to 4000 on the 3rd - 6th runs.  Between runs, excess 

SPT/water was aspirated down to the pellet into a side arm flask. Flasks were labeled, and all 

filtrate was saved for further analyses.  

Sample was rinsed/ removed with metal spatula into a weigh boat with DI water. This 

sample was dried at 105°C. Dried sample was weighed, and once stabilized, was transferred to a 

labeled bottle for storage. 
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