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Nutrient availability to plants and microbes exerts key controls on the terrestrial 

carbon cycle. In many systems, nutrients recycled from leaf litter, through 

decomposition, are considered vital for maintaining primary productivity.  Decomposition 

is often investigated as being biologically mediated while the role of leaching, or water 

extraction of nutrients, has received less attention. In addition to releasing nutrients from 

litter, leaching may also influence nutrient interactions with the soil environment. Here I 

investigated the solubility of leaf litter nutrients and the role of leaf litter leachate in 

promoting plant phosphorus (P) availability in a strongly weathered soil. 

This work illustrated that leaf litter nutrient solubility differs among elements and in 

many cases water soluble elements on a litter mass basis were predictable by total litter 

concentration of the respective element. Furthermore, when a species ranked high in 

the soluble fraction of one element, it also ranked high in solubility of other elements. 

Differential nutrient solubility suggests that elements cannot be treated equally in our 

conceptual and empirical models of decomposition.  Element cycles, especially that of 

P, may be more sensitive to variation in precipitation than previously appreciated. 
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Furthermore, this work demonstrates that litter inputs can decrease both the 

magnitude and strength of phosphate sorption in a strongly weathered soil through both 

long-term litter inputs and leachate pulses.  Leachate pulses had a greater influence on 

decreasing soil phosphate sorption in the field litter removal treatment compared to the 

control and litter addition soils, showing that field litter manipulations and leachate 

pulses interacted in a predictable manner.  In addition to decreasing the quantity of 

phosphate sorbed, litter inputs were found to decrease the strength of phosphate 

sorption. The effect of leachate on reducing the magnitude and strength of phosphate 

sorption was related to differences in leachate carbon chemistry and initial solution 

phosphate concentration. 
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CHAPTER 1 
INTRODUCTION 

Leaf production can represent more than two-thirds of total above-ground net 

annual primary productivity in tropical forests (Clark et al. 2001). In the absence of large 

disturbance, leaf litter production (i.e., senesced leaves that drop to the forest floor) is 

equal to foliar production, resulting in annual litter inputs that can be >10 Mg ha-1 (dry 

mass basis; Vitousek 1984). Once on the forest floor, tropical forest leaf litter can have 

residence times <1 yr (Santiago 2007). Leaf biomass in tropical forests is therefore 

characterized by high rates of production and rapid decomposition making it a key flux 

of carbon in tropical forests. 

In addition, litter serves as a major flux of mineral nutrients. Although 

retranslocation of mineral nutrients reclaims foliar nutrients during senescence, there 

are limits to the extent to which nutrients can be retranslocated (resorption proficiencies; 

Killingbeck 1996). Senesced leaves therefore return substantial quantities of nutrients to 

the soil environment. For example, in a lowland tropical forest in Costa Rica, litter 

returned ~100 kg N ha-1 yr-1, 5 kg P ha-1 yr-1 and 50 kg Ca ha-1 yr-1 to the forest floor, in 

addition to substantial quantities of other nutrients (Wood et al. 2006). While there is 

large variation in decomposition rates among species (Wieder et al. 2009; Salinas et al. 

2011) and nutrient returns through litterfall vary among and within sites (Vitousek 1984; 

Porder et al. 2005), leaf litter is nonetheless a large and dynamic flux of both carbon 

and mineral nutrients in tropical forests.  

Given the contribution that litterfall makes in returning nutrients to the soil 

environment, controls over rates of mass loss and nutrient release have major 

implications for the cycling of nutrients in these systems. Both litter chemistry and 
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environmental conditions influence rates of decomposition.  Decomposition rates often 

decrease with increases in lignin, lignin:N (Melillo et al. 1982) or C:N (Enriquez et al. 

1993).  Furthermore, decomposition rates can be inversely related to evapotranspiration 

(Meentenmeyer 1978) and can be positively related to precipitation (Austin and 

Vitousek 2000; Powers et al. 2009), although this relationship can be the inverse in sites 

with anaerobic soil conditions (Schuur 2001).  In addition, decomposition rates can be 

positively related to soil temperature (Salinas et al. 2011). 

The extent to which litter chemistry and environmental conditions predict rates of 

mass and nutrient loss is often investigated using litterbag studies, which focus on net 

changes in mass and nutrients over time. From these studies, high initial rates of mass 

and potassium loss are often attributed to leaching (Melin 1930; Attiwill 1968; Gosz et 

al. 1973; Berg and Staaf 1980). Yet despite a long-standing appreciation in our 

conceptual models of decomposition, the role of leaching in decomposition has seldom 

been quantified across elements and species. Evaluating the extent to which elements 

differ in solubility is necessary for understanding differential availability of nutrients, 

which can improve our conceptual and empirical models of decomposition. 

In addition to affecting nutrient release from leaf litter, leaching can also indirectly 

influence soil and microbial interactions with nutrients. In turn, these interactions can 

influence plant nutrient availability. A number of factors, such as microbial uptake and 

sorption and desorption reactions with soil minerals, govern the path that nutrients take 

as they move from litter to the rhizosphere. These factors can all be potentially 

influenced by leachate. In highly weathered soils, interactions between leachate, 

phosphorus and soil chemistry have the potential to be especially important to 
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ecosystem function. Phosphate (the inorganic form of phosphorus that plants can use) 

is quickly sorbed, or removed from soil solution through adsorption or precipitation, in 

highly weathered soils. Much of the sorbed phosphate is not readily plant available 

because of interactions with metal oxides (Mattingly 1975; Uehara and Gillman 1981; 

Fox and Searle 1978). Phosphorus can limit forest primary productivity (Vitousek and 

Farrington 1997) and, because many tropical forests occur on highly weathered soils, 

controls on phosphate sorption can be key to understanding the primary productivity of 

these systems. Therefore, mechanisms that either decrease phosphate sorption or 

increase the ease of desorption could have fundamental implications for carbon cycling.   

Litter leachate has the potential to both decrease phosphate sorption and 

decrease the strength of sorption by altering soil chemistry (Dalton et al. 1952; Moshi et 

al. 1974; Ohno and Crannell 1996; Gerke 2010).  The most likely mechanisms by which 

leachate may influence phosphate sorption include competition between carbon and 

phosphate for soil sorption sites (Perrott 1978; de Mesquita and Torrent 1993) and the 

effect of increased solution phosphate on the rate of sorption (van Riemsdijk et al. 

1984). The effect of leachate inputs on phosphate sorption has traditionally been 

investigated in agricultural systems and have been seldom addressed in forests. While 

the underlying mechanisms should be similar between managed and non-managed 

systems, results from agricultural systems are not directly applicable to forests for two 

main reasons.  First, studies in agricultural systems work with levels of soil phosphorus 

that represent the high inputs of inorganic fertilizer that these systems receive (Sibanda 

and Young 1989; Hunt et al. 2007) and do not reflect phosphorus status of forest 

systems. Secondly, agricultural studies investigate leachate from crop residues and not 
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leaf litter. Given that litter leachate varies greatly among woody species, with 

distinctions between deciduous and evergreen trees (Hongve et al. 2008), there are 

likely differences between crop and tropical forest litter leachate chemistry. 

My dissertation has two main objectives.  First, I aim to understand how leaf litter 

solubility and predictors of solubility vary among elements across species.  This is 

investigated with the goal of better understanding the potential role of leaching in litter 

decomposition. Secondly, I consider if litter inputs can modify soil chemistry to promote 

phosphorus cycling, thereby acting as not only a source of phosphorus to the soil 

environment but also indirectly influencing phosphorus movement through the soil. I 

investigate this question by studying both long-term field inputs and leachate pulses on 

phosphate sorption. The work is divided into three chapters. Two chapters focus on litter 

solubility, while the third considers the effect of litter inputs on phosphate sorption. All 

field work and most lab work was completed in the Republic of Panama with the support 

of the Smithsonian Tropical Research Institute.   

Chapter 2 (the first research chapter) addresses the main factors that are likely to 

affect comparison studies quantifying litter solubility.  I address how the quantity of 

water soluble element on litter mass basis varies during a 24 h water extraction period. I 

also test if litter-to-solution ratio and litter drying temperature influence water soluble 

element.  In addition, the effect of microbial activity on water soluble elements is 

considered. The experiments were done using recently senesced litter collected from a 

canopy crane in Parque Metropolitano and a reforestation experiment in Soberania 

National Park (PRORENA, conducted by the Smithsonian Tropical Research Institute 
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and the Yale School of Forestry and Environmental Studies). Carbon, phosphorus, 

nitrogen, calcium, magnesium and pH were investigated. 

 Chapter 3 uses leaf litter from 41 species collected on Barro Colorado Island in 

Panama and investigates how solubility, both the soluble fraction of total litter element 

and water soluble element on a litter mass basis, vary among elements.  Furthermore, 

this chapter considers if water soluble element can be predicted by litter traits such as 

total element concentrations, lignin, C:N and leaf toughness. In addition, this chapter 

investigates stoichiometry and nutrient forms (i.e., inorganic and organic) in leachate. 

 In Chapter 4, a radioactive carrier free phosphate tracer (32P) was used to 

determine how leaf litter inputs influence soil phosphate sorption in lowland tropical 

forest soil. The use of a phosphate tracer made it possible to investigate small yet 

potentially important effects of litter inputs on phosphate cycling that would be difficult to 

detect using traditional colorimetric methods for measuring phosphate. The effects of 

field litter manipulation on phosphate sorption and recovery were evaluated using soil 

that had received three different amounts of leaf litter: litter doubled, normal and litter 

removed (Sayer and Tanner 2010). The influence of leachate pulses on phosphate 

sorption was evaluated across the three soil treatments using leachate from five 

species.   
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CHAPTER 2 
OPTIMIZING A METHOD FOR WATER EXTRACTION OF LEAF LITTER NUTRIENTS 

Overview 

Leaf litter leaching influences plant nutrient availability in terrestrial ecosystems by 

returning nutrients to the soil and influencing biogeochemical cycles at the litter soil 

interface. However, laboratory procedures for estimating litter solubility vary greatly, 

which complicates comparison among studies and ecosystems.  To address this, 

recently senesced litter from lowland tropical trees was used to investigate how element 

solubility on a litter mass basis responds to six litter-to-solution ratios (ranging from 

1:300 to 1:20), five extraction times (from 1-24 h) and two litter drying temperatures. 

The study focused on water soluble organic carbon (C), phosphorus (total P and 

phosphate) and hydrogen ions (H), and also investigated nitrogen (N), calcium (Ca), 

and magnesium (Mg) for a subsample of treatment levels. Water soluble element on a 

litter mass basis was relatively unaffected by litter-to-solution ratio for the shorter 

extraction times. However, for longer extraction times (i.e. 16 and 24 h) the more 

concentrated litter-to-solution ratios had higher phosphate solubility for one species. 

Water soluble phosphate was generally exhausted within 24 h; however, C, Ca, and Mg 

were not (results for N varied by species). Water soluble phosphate-P did not differ from 

total soluble P for any of the species investigated (only evaluated for the 4 h 

extractions). Drying litter at 60°C compared to air drying (22°C) increased solubility for a 

few species/element combinations. Finally, the absence of a microbial inhibitor 

decreased concentrations over longer extraction times. In summary, air-dried litter is 

preferred over oven-dried litter and longer duration extractions should use less 

concentrated litter-to-solution ratios and inhibit microbial activity. 
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Background and Hypotheses 

Leaf litter leaching, or water extraction of soluble components of senesced leaves, 

can provide a key flux of nutrients to microbes, plant roots, the soil profile and the 

surrounding environment (McDowell and Fisher 1976; Meyer et al. 1998; Wetzel 1992; 

Guggenberger and Kaiser 2003; Cleveland et al. 2004). The role of leaching in 

potassium (K) cycling has long been appreciated (e.g., Attiwill 1968; Gosz et al. 1973), 

and leaching also has the potential to remove significant quantities of phosphorus (P) 

and nitrogen (N) from litter (Parsons et al. 1990; Qiu et al. 2005). However, studies 

investigating leaching of litter elements (Nykvist 1963; Tukey 1970; Qualls et al. 1991; 

Cleveland et al. 2004; Wieder et al. 2008) tend to vary in a number of factors, including 

extraction duration, litter-to-solution ratio, and litter drying temperature.  A better 

understanding of the influence of methodological choices on litter element solubility 

would therefore facilitate comparisons across studies, provide recommendations for 

future work and advance our overall understanding of leaching as a vector in nutrient 

release from litter.  

Understanding how litter element solubility changes as a function of time will guide 

interpretation among studies that have similar extraction durations. If extraction rates 

are constant over short time periods, such as 1 versus 2 h, studies varying in short 

extraction duration may be easily compared. Similarly, comparison among longer 

extraction periods requires knowledge of when element solubility is exhausted. When 

measured as percent of dry weight, exhaustion of water extractable materials has been 

reported to occur within 24 h for broadleaf species (Nykvist 1962; Taylor and Parkinson 

1988) but knowledge of the variation among individual elements is needed. If extraction 

times for reaching exhaustion are similar among species for a given element, 
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comparisons may be relatively straightforward by using any extraction time that is 

greater than the established time to exhaustion. 

Litter-to-solution ratio is an additional concern for interpreting laboratory indices of 

litter leaching. Litter-to-solution ratios may simply act as a dilution factor, which would 

have no effect on element solubility expressed on a litter mass basis. On the other 

hand, litter-to-solution ratio could decrease the quantity of element extracted if solubility 

decreases when a common ion already exists in solution, as predicted by the common 

ion effect and Le Chatlelier’s principle. Alternatively, the quantity of element extracted 

could increase with more concentrated litter-to-solution ratios if the presence of certain 

ions (e.g., protons) resulted in increased chemical extraction of nutrients in litter.  

Any influence of litter-drying temperature on element water solubility could be 

related to the disruption of cell integrity. A large fraction of the water in freshly senesced 

leaves is removed during air-drying (water contents decreases from ~50% water to ~7% 

water; Cornelissen 1996; Taylor and Barlöcher 1996), while oven drying removes a 

much smaller percent (i.e., the remaining ~7% based on 60°C drying).  Cell membrane 

integrity is disrupted during desiccation of live plants (Vicre et al. 2004) and if similar 

changes occur in senesced material, drying may increase solubility. If the disruption 

caused during the process of air-drying is large compared to any disruption caused by 

additional oven drying oven, element solubility may be similar between the air and oven 

dried samples.   

Finally, the reactivation of microbes on re-wetted litter could immobilize nutrients 

and mineralize carbon (C), leading to underestimates of water soluble elements. 

However, a study investigating the bioavailability of leachate C found that < 5% of the 
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total litter leachate C is bioavailable during the first 24 h of the assay (Don and Kalbitz 

2005), and this study intentionally added a microbial inoculum.  Therefore, microbial 

activity during a 24 h index of leaching potential (which lacks the addition of an 

inoculum) may not be significantly influenced by microbial activity. 

This study investigated how solubility of litter nutrients is affected by four variables: 

extraction time, litter-to-solution ratio, litter drying temperature, and microbial activity.  

The study focuses on water extracted elements expressed on a dry mass basis and 

defines ‘water soluble’ as element extracted per gram of dry leaf litter. The hypotheses 

were: 1) water soluble elements will increase over the first hours of extraction and reach 

exhaustion by 24 h; 2) more concentrated litter-to-solution ratios will decrease solubility 

due to the common ion effect and the effect will be more pronounced at longer 

extraction times; 3) element solubility will be similar among litter drying temperatures; 4) 

microbial activity will have little influence on solution concentrations, and therefore little 

influence on the water soluble element expressed on a litter mass basis. 

Methods 

Experimental Approach 

The investigation of how extraction time, litter-to-solution ratio, litter drying 

temperature and microbial activity influenced water soluble element was divided into 

three experiments. Experiment 1 investigated how water soluble organic C, phosphate 

and H varied over six litter-to-solution ratios (1:300, 1:100, 1:50, 1:30, 1:25 and 1:20), 

five extraction times (1, 4, 8, 16, and 24 h) and two litter drying temperatures (air-dried 

at 22°C or oven-dried at 60°C) for Anacardium excelsum, Castilla elastica and Luehea 

seemannii (species information is provided in Table 2-1). In addition, extracted Ca, Mg, 
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N and P (phosphate-P and total P) were determined for all extraction times of the 1:50 

litter-to-solution ratio and all ratios of the 4 h extraction time.  

To expand the number of species investigated, the effect of drying temperature on 

water soluble organic C, Ca, Mg, N, phosphate-P and total P were also evaluated for 

Cecropia longipes, Dipteryx panamensis, Inga punctata, Ochroma pyramidale, 

Terminalia amazonia using a 1:50 extraction ratio and 4 h extraction time (Experiment 

2). Finally, data investigating the effect of microbe activity during water extractions 

(Experiment 3) is presented. Microbial activity was not controlled in Experiments 1 and 

2, but data from those experiments led us to believe it was worthy of investigation. 

Litter Collection and Preparation 

Senesced leaves of A. excelsum, C. elastica and L. seemannii were collected from 

three individuals of each species and used in Experiments 1 and 3. Leaves were 

collected from the Metropolitan National Park (Parque Metropolitano) via a canopy 

crane (Parker et al. 1992).  Parque Metropolitano is a seasonal forest with 1740 mm 

mean annual precipitation (Kitajima et al. 1997) in Panama City, Panama. Senesced 

leaves were identified by sight and were collected if they fell when lightly tapped by 

hand, indicating that the abscission zone was well formed and translocation of mineral 

nutrients and C had ceased. For Experiment 2, which investigated drying temperature, 

C. longipes was also collected via canopy crane from Parque Metropolitano, while D. 

panamensis, I. punctata, O. pyramidale, T. amazonia were collected from a 

reforestation experiment in Soberania National Park (PRORENA, conducted by the 

Smithsonian Tropical Research Institute and the Yale School of Forestry and 

Environmental Studies; Bastien-Henri et al. 2010). Recently senesced leaves of D. 

panamensis and T. amazonia were collected from low hanging branches or by using a 
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stick to tap branches. I. punctata and O. pyramidale and some D. panamensis samples 

were collected on tarps and in baskets that were checked weekly. All litter samples 

were collected during the 2009 dry season between January and the beginning of May. 

Petioles were removed and litter was air-dried under ambient laboratory temperature 

and humidity conditions (22 ± 0.5°C and 55 ± 5%, respectively) in thin layers for two 

weeks.  Litter was then stored in plastic zip bags.  

Litter was cut into ~ 25 cm2 squares, with the exception of T. amazonia leaves, 

which were small enough to use whole.  Litter was then thoroughly mixed, either by 

individual tree (A. excelsum, C. elastica and L. seemannii in Experiment 1 and 3) or by 

species (Experiment 2). Litter for the oven-dried treatment was pulled from the bulked 

samples and dried at 60°C for 48 h, cooled in a desiccator and then stored in plastic zip 

bags. Gloves were worn while handling collected litter in the laboratory. 

Water Extracts and Chemical Analyses 

All extractions used 60 ml square polyethylene wide-mouth bottles.  Litter was 

weighed on an oven-dried (60°C) equivalent basis and gently placed in bottles before 

being covered with 60 ml of deionized water.  In Experiment 3, which investigated the 

effect of microbial activity during extractions, a treatment of 1 mM sodium azide (NaN3) 

was included. Bottles were placed sideways on a shaker table and set on low shaking 

speed (180 oscillations per minute). At the end of the extraction time, solutions were 

poured off, centrifuged (8000 × g for 10 min) and the supernatant was immediately 

decanted.  Molybdate reactive phosphorus (MRP) was determined at 880 nm using a 

Hach DR 5000 UV-vis spectrophotometer. Molybdate reactive phosphorus is referred to 

as phosphate throughout the rest of the study; although, it should be noted that in 

addition to phosphate, MRP can include small quantities of organic and condensed 
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phosphorus compounds hydrolyzed during the assay (Worsfold et al. 2005). Water 

extractable organic C was determined as dissolved organic carbon (DOC) remaining in 

solution after centrifuging, which was measured using combustion and infrared 

detection using a Shimadzu TOC-VCSH Total Organic Carbon analyzer. Dissolved 

organic carbon is referred to as water soluble C when reported on a litter mass basis. 

Solution pH was determined with a Hach Sension 3 pH meter and electrode. Cation and 

total P concentrations were determined by inductively-coupled plasma optical emission 

spectrometry (ICP–OES) using an Optima 2100 (Perkin Elmer, Waltham, MS). Total 

dissolved nitrogen (TDN) was determined by a sodium hydroxide/potassium persulfate 

oxidation in sealed glass tubes with colorimetric nitrate detection on a Latchet 

Quickchem 8500 autoanalyzer (Latchett, Loveland, CO). Total dissolved N is referred to 

as water soluble N when reported on a litter mass basis. 

For bulk litter, total C and N were determined on ground samples by combustion 

and gas chromotography (Flash EA 1112, Thermo, Bremen, Germany). Cations and 

total P of ground litter were determined by nitric acid digestion under pressure at 180°C 

in sealed Teflon vessels with detection by ICP–OES.  

All pH and phosphate values were determined within 48 h of sampling with storage 

at 4°C.  All DOC solutions were acidified, stored at 4°C and analyzed < 48 h after 

extraction, or samples were frozen immediately after extraction. Cations were 

determined in solutions that were frozen after extraction.  Total dissolved N was 

determined with digestion on refrigerated samples with digestion within 48 h of 

extraction. 
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Statistical Analyses 

The effect of litter-to-solution ratio and drying temperature on water soluble 

element were investigated within each extraction time using two-way ANOVA. 

Significant factors were further investigated using Tukey multiple comparison tests. 

Relationships between time and water soluble element were evaluated by fitting both 

linear and Michaelis-Menten functions. The Michealis-Menten function (y = Vm*x/(k+x), 

where Vm is the expected maximum water soluble element and k is the time when half of 

the expected maximum water soluble element is reached) was fitted using the nonlinear 

least squares Michaelis-Menten function in R (R Development Core Team). Model fit 

was evaluated by Akaike's information criterion (AIC).  To determine if water soluble 

element was exhausted within 24 h, Vm from significant Michealis-Menten models was 

compared to the water soluble element from the 24 h extraction using one-tailed t-tests. 

For Experiment 2, t-tests were used to evaluate the effect of leaf litter drying 

temperature on water soluble element for five additional species not evaluated in 

Experiment 1.  Tests were conducted within each species. Contributions of phosphate-P 

versus organic P were evaluated for water extracts from Experiment 1 and 2. For these 

eight species, t-tests were used to investigate if phosphate-P (i.e., molybdate reactive 

phosphorus) and total P (i.e., ICP values) differed. T-tests were also used to test the 

effect of microbial activity on water soluble element within species during 4 and 24 h 

extract durations (Experiment 3). Tests were done within species because it was known 

a priori that species vary in litter element solubility, and the interest here was in 

treatment effects and not overall differences in solubility among species. Bonferroni 

corrections were not included because the goal was to conservatively evaluate the 

retention, not rejection, of the null hypothesis. Therefore, use Bonferroni corrections, 
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which control Type I error and the probability of reporting false positives, would be non-

conservative. 

Results 

Water Soluble Element as a Function of Time – Hypothesis 1 

For the three species evaluated, 24 h was not sufficient for reaching exhaustion of 

water soluble C, Ca or Mg but it was sufficient for phosphate (Table 2-2, Figure 2-1). 

Nitrogen results varied by species, with water soluble N reaching an asymptote in <24 h 

for C. elastica but not for the other two species (Table 2-2). For L. seemannii, not only 

was C not exhausted in 24 h, but for a number of the ratios investigated, C solubility 

was better modeled using linear compared to Michaelis-Menten functions (Table 2-2).  

This suggests the rate of extraction did not decline during the 24 h investigation.  Linear 

models were also better fits than Michaelis-Menten functions for L. seemannii and water 

soluble N, Ca and Mg (Table 2-2, Figure 2-2). However, N, Ca and Mg were only 

investigated at a 1:50 litter-to-solution ratio and data from C and P show that model fit 

was affected by litter-to-solution ratios. For example, at more concentrated litter-to-

solution ratios (1:20, 1:25, 1:30), C and phosphate extracted from A. excelsum and C. 

elastica were found to be better fit by Michaelis-Menten than linear functions (Table 2-

2).  At less concentrated ratios (1:100 and 1:300), Michaelis-Menten and linear fits were 

found to be similar in many cases (as evaluated by AIC values) and parameters were 

less likely to be significant (Table 2-2). Because the same volume of deionized water 

was used for all samples, less concentrated litter-to-solution ratios had less litter, which 

may underlie increased variation among samples and less ability to fit models.  
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Effect of Litter-to-solution Ratio on Water Soluble Element – Hypothesis 2 

Results suggest that increasing litter-to-solution ratio has no systematic effect on 

water soluble C, Ca, Mg or N and, although there were a few significant responses, they 

do not support a generalization about litter-to-solution ratio (see below).  Ratio therefore 

acts as a solution dilution factor and does not influence water solubility of these 

nutrients when evaluated on a litter mass basis. This is also true for phosphate for 

extraction times <16 h; however, at longer extraction times more concentrated ratios 

had elevated water soluble P for C. elastica (Table 2-3). Similarly, more concentrated 

ratios resulted in greater solubility of protons for most extraction times (Table 2-3).  

The significant litter-to-solution ratio results that do not support general trends but 

deserve mention include that of A. excelsum, for which two of the more concentrated 

litter-to-solution ratios had significantly greater water soluble C than the 1:100 ratio at 16 

h (for both air and oven-dried litter), but oven-dried litter showed an inconsistent result 

at 24 h (as evaluated through Tukey multiple comparisons; Table 2-3). A similar result 

was found for A. excelsum oven-dried litter and N, with the 1:300 ratio having higher 

solubility than other ratios. The significant ratio effect during the 4 h extractions for water 

soluble Ca and Mg of C. elastica do not represent a trend among the continuum of six 

litter-to-solution concentrations and appear to be due to low values for the 1:50 litter-to-

solution treatment (Table 2-4). 

Effect of Litter Drying Temperature on Water Soluble Element – Hypothesis 3 

In a few cases, oven-dried litter had significantly higher element solubility than air-

dried litter (Table 2-3, 2-4, 2-5). Significantly higher C solubility in oven-dried litter was 

found for L. seemannii at three extraction times (Table 2-3).  For A. excelsum, oven-

dried litter had significantly greater DOC extracted per gram of litter during the 16 h 
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extraction.  In contrast, water soluble C did not differ with drying temperature for C. 

elastica regardless of extraction time (Table 2-3). Drying temperature of litter had some 

influence on water soluble phosphate. Two extraction times for L. seemannii (Table 2-3) 

and the one extraction time (4 h) investigated for D. panamensis (Table 2-5) showed 

greater water soluble phosphate in oven compared to air-dried litter. Oven-drying litter 

was found to significantly increase water soluble N for L. seemannii (Table 2-4). 

Microbial Influences on Water Soluble C and Phosphate – Hypothesis 4 

Additions of 1 mM sodium azide were intended to inhibit microbial activity with 

minimal cell lysis beyond that induced by re-wetting. In some cases, the presence of 

sodium azide led to increased water soluble C, especially during the 24 h extraction 

time (Table 2-6). In addition, in one case (C. elastica, 24 h) soluble phosphate was 

greater with the sodium azide addition. Tests using samples from within an individual 

tree were more likely to show significance than the tests using samples from three 

individual trees (Table 2-6).  

Forms of Water Soluble Phosphorus 

Water soluble phosphate-P did not differ from soluble total P for air-dried litter of 

any of the eight species investigated (using 1:50 litter-to-solution ratios and 4 h 

extraction and t-tests for each species with p = 0.05 as significance; data not shown).  

This demonstrates that water extractable P from fresh litter is inorganic phosphate-P, 

with little organic P present. 

Discussion 

Litter-to-solution ratio did not, in general, affect water soluble C or P during shorter 

extraction times (with the exception of H ions).  This suggests that litter-to-solution ratio 

largely acts as solution dilution factor, which is accounted for when extracted elements 



 

27 

are expressed on a litter mass basis. Therefore, data across studies using different 

litter-to-solution ratios can be easily scaled when similar short extraction times are used.  

Comparing among studies that use different extraction times is more difficult because 

time response curves of water soluble elements vary among species and initial 

extraction rates can decrease quickly (Figure 2-1; Table 2-2). In addition, exhaustion of 

extractable element in many cases requires >24 hours (Table 2-2).  

Oven-dried litter (60°C) yielded higher concentrations of water soluble C, 

phosphate and H ions in a few cases. This suggests the additional drying that occurs 

between air and 60°C, and the removal of an additional 8% of mass through water loss 

(on average for this study) may have an influence beyond the effect that occurs during 

initial desiccation from freshly fallen to air-dried. Alternatively, oven drying litter could 

induce changes in microbial communities and enzyme activities. Because the effect of 

oven drying is predictable and not often statistically significant, the use of oven-dried 

litter seems acceptable. 

The effect of inhibiting microbial activity suggests that microbial respiration can 

decrease DOC that was extracted during the course of the experiment.  This was 

especially true for the 24 h extraction compared to the 4 h extraction. A study on the 

bioavailability of leachate C from recently senesced litter, which intentionally added a 

microbial inoculum, found rates of mineralization < 5% of the total DOC during the first 

24 h (Don and Kalbitz 2005). In contrast, any microbial activity in the current study 

would be due to autochthonous organisms because an inoculum was not included. 

Initially a microbial inhibiter was not added based on an assumption that the extraction 

times would not be long enough to cause significant oxidation of DOC. However, results 
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from the sodium azide additions suggest that autochthonous microbial communities on 

litter can, in some cases (Table 2-6), quickly mineralize organic C upon rewetting. This 

study could have been improved by using sodium azide in all samples, especially the 

longer extractions.  

Although microbial activity can decrease the concentrations of elements in 

solution, in turn leading to lower calculated values of water soluble element on a litter 

mass basis, it seems unlikely that microbial activity influences the release of elements 

from litter. The highest rates of extraction were during the first hours (Figure 2-1 and 2-

2), suggesting the release of elements from litter during the time periods investigated 

are due to chemical and physical extraction by water.  The possibility of residual 

enzymes on recently senesced litter, however, deserves mention. Most work on litter 

enzymes has been done with decomposing litter. Enzyme activities of re-wetted litter 

may be due to both reactivated microbes and desorption of residual enzymes (Alarcón-

Gutiérrez et al. 2010). It is difficult to extrapolate the values reported from studies using 

decomposing litter to this work using leachates of recently senesced litter because 1) 

decomposing litter is likely to have higher fungal colonization and, therefore, higher 

enzyme activities (Fioretto et al. 2001) and 2) the indices of enzyme activities in these 

studies use a finely milled litter (<0.5 mm) which can release enzymes that may not be 

active during the shorter extraction times used in this study. The role of enzymes in the 

water extraction of freshly senesced litter remains unknown and testing enzyme 

activities in leachates would be a worthwhile endeavor for future studies, specifically 

given the dominance of phosphate-P in the extracts.  
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The definition of DOC, which is then used for calculating C extracted on a per 

mass litter basis, is another consideration when synthesizing results from multiple 

studies. Dissolved organic C is operationally defined as organic C remaining in 

supernatant after centrifuging. In the literature, protocols for determining DOC vary 

greatly and include centrifuging, filtering through glass wool, and filtering through a 

range of pore sizes (0.2 - 1.0 μm; e.g., compare Qualls et al. 1991; Magill and Aber 

2000; Fröberg et al. 2007; Wieder et al. 2008). In practice, there is no commonly used 

consensus for filter pore size (although suggestions exist; Thurman 1985), yet this can 

make an important difference in DOC concentrations. By not filtering, these data may 

not be directly comparable to studies that report DOC after filtering solutions through a 

small pore size. Dissolved organic C values may also not be directly comparable if 

different filter sizes were used.  The use of centrifuged, non-filtered values due to cost 

and time considerations is recommended. 

Collection methods in this study isolated leaves that had reached senescence but 

had not yet experienced leaching on the ground or in a trap. By working with litter that 

was standardized to time zero of the litter stage, this study clearly shows the first hours 

of extraction represent an important time period for the flux of soluble nutrients, 

especially C and P, from recently senesced leaves (Figure 2-1 and 2-2). Studies that 

use litter of an unknown age, even if presumed to be fairly fresh, may miss the initial 

(and likely substantial) flux of C and mineral nutrients from leaching.   

The distinction between leaching of fresh litter and decomposing litter may be 

important for building a mechanistic understanding of litter leaching in ecosystem 

processes. For example, the stage of litter decomposition can influence expectations for 
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quantities released and the forms of extracted elements. This study, which used fresh 

litter, shows that 13% of the total C is initially soluble (calculated using the asymptote of 

water soluble C and total litter C for A. excelsum and C. elastica; data in Table 2-1 and 

2-2). The proportion of total litter C that is water extractable would likely increase during 

decomposition due to microbial activity (Magill and Aber 2000; Cleveland et al. 2006). 

However, the stage of decomposition can influence leachate chemistry.  For example, 

bioavailability of water extractable C varies with litter age (Yavitt and Fahey 1986; 

Hongve et al. 2000; Don and Kalbitz 2005) and the extent of decomposition may also 

influence chemistry of other elements.  Extracts with significant concentrations of 

organic P have been reported (Qualls et al. 1991) while this study did not detect organic 

P. When soils are re-wetted, increases in soluble organic phosphorus can be positively 

correlated with microbial P due to release of P through cell lysis (Turner and Haygarth 

2001) and it is possible that the same relationship holds for P forms extracted from leaf 

litter.  Therefore, if microbial colonization of litter increases during decomposition 

(Fioretto et al. 2000; Duarte et al. 2010), extractable organic P concentrations may 

increase. This is likely to have environmental significance given that many organic P 

compounds are more mobile in soil than inorganic phosphate (Frossard et al. 1989) 

This study found that 24 h did not exhaust water extractable C for the three 

species investigated (Table 2-2). For A. excelsum or C. elastica, the rate of solubility 

decreased but in the case of L. seemannii water soluble C was often equally or better 

modeled by linear functions compared to to Michaelis-Menten functions (Table 2-2), 

suggesting the rate of solubility did not decrease during the 24 h investigated.  The 

solubility of elements may be related to how quickly litter reaches maximum water 



 

31 

content (Ibrahima et al. 1995). Leaf traits such as lignin content, thicker cutin layers and 

general leaf toughness (as hypothesized by Gallardo and Merino 1993) may be good 

predictors of species that will require longer extraction times to develop full response 

curves of water soluble element. While lignin content from the samples analyzed here 

was not determined, data for A. excelsum and C. elastica from an earlier collection 

(same site) and data for L. seemannii from a different Panama site (Barro Colorado 

Island) are 12%, 19% and 31% (L. Schreeg, unpublished data using freshly senesced 

litter compiled from multiple individuals analyzed through Ankom fiber digest), which 

suggest the high lignin content of L. seemannii could be related to C solubility.  But, this 

is only speculation because lignin content is known to change with site conditions 

(Vitousek 1998; Mack and D’Antonio 2003). 

Although great efforts were made to standardize for time since senescence in this 

study, foliar endophytes, insect herbivory or parasitic infections were not controlled for.  

The effect of such interactions on living and senescing leaves could add natural 

variation to water extractable compounds and extraction rates. Foliar endophytes are 

ubiquitous (see citations in Arnold et al. 2003) and abundances have been shown to 

increase in density as leaves age and approach senescence (Bernstein and Carroll 

1977; Rodrigues 1994), which could be related to enzyme activities of recently 

senesced litter. Herbivory could influence extractable compounds by mechanically 

altering litter. Parasitic infections can also damage cell walls and alter C and mineral 

nutrient content in the leaf (English et al. 1972; El-Hajj et al. 2004).  

Summary of Recommendations for Future Studies 

Based on the results of this study using freshly senesced litter the following 

recommendations can be made to facilitate comparisons of future work. These 
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recommendations should be further tested for other species that span a greater range 

of litter traits, in addition to litter at varying stages of decomposition. (1) Water soluble C 

and P did not change as function of litter-to-solution ratios at shorter extraction times for 

the three species investigated in this study.  Water soluble C and P from short 

extraction times can therefore be compared across litter-to-solution ratios. (2) More 

concentrated litter-to-solution ratios may yield greater water soluble P at longer 

extraction times (16 and 24 h); therefore, lower concentration litter-to-solution ratios 

(1:300) should be used when longer extracts are of interest. (3) Drying litter at 60°C, 

compared to air-drying, led to increased water soluble element in a few instances. 

Studies should use air-dried litter when possible, but the use of oven-dried litter is 

acceptable when clearly stated because the direction of effect was consistent and often 

non-significant in this study.  (4) Microbial activity can significantly decrease nutrient 

concentrations (especially DOC) during the course of an extraction.  Sodium azide 

should be used to inhibit microbial activity, especially at longer extraction times, and 

appropriate sample storage should be emphasized and clearly stated in the methods 

section. (5) Because rate of extraction was generally greatest in the first hours, using 4 

h extraction time is reasonable for determining an index of initial solubility. In a number 

of cases, however, exhaustion of extractable nutrients was not achieved in 24 h. For 

maximum potential solubility, longer extraction times are needed, in which case air-dried 

litter and a microbial inhibitor should be used.   

As a recommended protocol for determining exhaustion of soluble litter elements I 

suggest the following: (1) Use freshly senesced leaves that are air dried (~22°C); (2) 

Remove petioles and cut large leaves if necessary; (3) Shake for the desired time in a 
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1:300 litter-to-solution ratio with deionized water, including 1 mM sodium azide to 

minimize microbial activity.  Use at least 2 g of litter (60°C dry weight basis) and wide-

mouth bottles.  Bottles should be nearly full with the solution present; (4) At the end of 

the extraction, pour off solution and centrifuge at 8000 g for 10 minutes, or filter through 

a 1 μm glass fiber filter paper if a centrifuge is not available; (5) Immediately determine 

element concentrations or stabilize solutions for later analysis.
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Table 2-1. Species information and total element concentration and standard errors of freshly senesced leaf litter  
  Total element (mg g-1 dry mass leaf litter) 
Species Distribution in Panama Ca Mg P N C 

Anacardium excelsum 

Common in moist forests, 
reported from dry and wet 
forests 19.3 ±1.3 5.5 ±0.8 0.5 ±0.0 6.5 ±0.3 410.9 ±2.0 

Castilla elastica 
Known in moist forests and pre-
montane forests 23.6 ±1.4 3.2 ±0.3 0.5 ±0.0 10.7 ±0.3 381.3 ±2.7 

Luehea seemannii 
Characteristic of tropical moist 
forests 27.2 ±1.2 4.2 ±0.4 0.6 ±0.1 10.0 ±0.3 441.3 ±1.2 

Cecropia longipes 
Tropical and pre-montane moist 
forests 31.8  5.5  0.8  10.6  380.4  

Dipteryx panamensis 
Tropical and pre-montane moist 
forests 10.3  2.2  0.6  14.0  471.8  

Inga punctata 
Tropical moist and tropical and 
pre-montane wet forests 16.6  1.8  0.5  16.3  440.6  

Ochroma pyramidale 

Often in disturbed areas, ranges 
across tropical dry to tropical 
and pre-montane moist and wet 
forests 17.3  3.6  1.2  10.9  471.4  

Terminalia amazonia 

Characteristic of tropical moist 
forests, also found in tropical wet 
and pre-montane moist and wet 
forest 26.0   2.7   1.7   7.9   432.7   

Species information was taken from Croat (1978). Means of litter from three individual trees are shown for the three 
species used in Experiment 1. Only one analysis was completed from the bulked litter of the other species. Standard 
errors are shown in parentheses. 
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Table 2-2. Element solubility over time modeled with Michaelis-Menten and linear functions. 

Water soluble 
element 

(mg g-1 dry 
mass) 

    Parameter 1 (Vm or Slope) Vm 
reached 
at 24 h? 

Parameter 2 (k or Intercept) 

Species Ratio 
ΔAIC      
(linear
-MM) 

Best 
function Estimate SE t-stat P-value Estimate SE t-stat P-value 

C 
A. 
excelsum 1:20 18.4 MM 56.6 2.0 28.2 < 0.001   1.4 0.3 5.4 < 0.001 

  1:25 17.8 MM 51.5 1.6 33.2 < 0.001   0.9 0.2 5.4 < 0.001 
  1:30 19.3 MM 50.8 1.4 35.2 < 0.001   0.7 0.1 5.4 < 0.001 
  1:50 6.1 MM 48.6 2.6 18.7 < 0.001   0.8 0.3 2.9 0.013 
  1:100 4.0 MM 41.3 3.3 12.4 < 0.001   0.6 0.3 1.6 0.125 
  1:300 5.4 MM 46.7 4.0 11.6 < 0.001   0.7 0.4 1.7 0.115 
 C. elastica 1:20 11.5 MM 45.1 1.9 24.4 < 0.001   1.9 0.4 5.3 < 0.001 
  1:25 19.2 MM 46.0 2.1 21.9 < 0.001   1.7 0.4 4.6 0.001 
  1:30 14.5 MM 41.8 2.4 17.2 < 0.001   1.6 0.5 3.5 0.004 
  1:50 2.7 MM 38.7 3.5 11.0 < 0.001   1.8 0.8 2.3 0.036 
  1:100 0.8 MM 43.3 6.1 7.0 < 0.001   2.3 1.4 1.7 0.123 
  1:300 4.6 MM 35.8 4.1 8.7 < 0.001   1.0 0.7 1.5 0.154 

 
L. 
seemannii 1:20 -12.3 linear 1.1 0.1 18.7 < 0.001   6.5 0.8 8.4 < 0.001 

  1:25 13.9 MM 30.5 1.7 17.8 < 0.001   6.7 1.0 6.4 < 0.001 
  1:30 2.8 MM 37.5 4.6 8.2 < 0.001   10.3 2.9 3.5 0.004 
  1:50 -11.4 linear 0.9 0.0 18.7 < 0.001   4.0 0.7 6.0 < 0.001 
  1:100 -6.0 linear 0.8 0.1 8.8 < 0.001   6.6 1.2 5.6 < 0.001 
  1:300 3.4 MM 30.5 6.4 4.74 < 0.001   7.03 4.05 1.74 0.106 

Phosphate-P 
A. 
excelsum 1:20 10.6 MM 0.21 0.01 18.9 < 0.001 yes 1.14 0.34 3.4 0.005 

  1:25 5.4 MM 0.21 0.01 20.7 < 0.001 yes 1.00 0.28 3.6 0.004 
  1:30 5.9 MM 0.18 0.01 22.3 < 0.001 yes 0.73 0.22 3.4 0.005 
  1:50 2.4 MM 0.16 0.01 13.4 < 0.001 yes 0.47 0.29 1.6 0.126 
  1:100 0.1 MM 0.14 0.02 7.7 < 0.001   0.11 0.33 0.3 0.747 
  1:300 1.3 MM 0.16 0.03 6.1 < 0.001   0.51 0.65 0.8 0.452 
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Table 2-2. Continued. 

Water soluble 
element 

(mg g-1 dry 
mass) 

    Parameter 1 (Vm or Slope) Vm 
reached 
at 24 h? 

Parameter 2 (k or Intercept) 

Species Ratio 
ΔAIC      
(linear
-MM) 

Best 
function Estimate SE t-stat P-value Estimate SE t-stat P-value 

Phosphate-P C. elastica 1:20 6.3 MM 0.18 0.01 15.9 < 0.001   1.29 0.43 3.0 0.010 
  1:25 10.5 MM 0.19 0.01 13.6 < 0.001 yes 1.08 0.45 2.4 0.033 
  1:30 11.2 MM 0.17 0.01 17.7 < 0.001 yes 0.88 0.31 2.9 0.013 
  1:50 4.2 MM 0.17 0.02 10.2 < 0.001 yes 0.90 0.53 1.7 0.116 
  1:100 1.2 MM 0.13 0.02 5.8 < 0.001 yes 0.49 0.69 0.7 0.485 
  1:300 -0.2 MM 0.11 0.02 5.4 < 0.001 yes 0.29 0.60 0.5 0.630 

 
L. 
seemannii 1:20 2.7 MM 0.23 0.04 6.5 < 0.001 yes 5.07 2.43 2.1 0.058 

  1:25 2.6 MM 0.19 0.03 5.8 < 0.001 yes 3.22 2.08 1.5 0.146 
  1:30 2.6 MM 0.22 0.04 5.3 < 0.001 yes 4.69 2.87 1.6 0.127 

  1:50 -2.1 MM 0.28 0.12 2.4 0.031 yes 12.17 
10.9

6 1.1 0.287 
  1:100 -0.7 MM 0.20 0.09 2.4 0.034   5.63 7.10 0.8 0.442 
  1:300 4.9 MM 0.13 0.03 5.0 < 0.001 yes 2.12 1.88 1.1 0.279 

N 
A. 
excelsum 1:50 4.1 MM 0.64 0.04 17.5 < 0.001   0.32 0.19 1.7 0.113 

 C. elastica 1:50 7.5 MM 0.74 0.05 16.4 < 0.001 yes 0.59 0.26 2.2 0.043 

 
L. 
seemannii 1:50 -6.4 linear 0.02 0.00 5.3 < 0.001   0.25 0.05 4.7 < 0.001 

Ca 
A. 
excelsum 1:50 0.1 MM 0.34 0.08 4.3 < 0.001   0.48 0.91 0.5 0.610 

 C. elastica 1:50 1.1 MM 5.99 1.02 5.9 < 0.001   4.62 2.54 1.8 0.092 

 
L. 
seemannii 1:50 -9.5 linear 0.03 0.00 9.0 < 0.001   0.15 0.04 3.8 0.002 
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Table 2-2.  Continued 

Water soluble 
element 

(mg g-1 dry 
mass) 

    Parameter 1 (Vm or Slope) Vm 
reached 
at 24 h? 

Parameter 2 (k or Intercept) 

Species Ratio 
ΔAIC      
(linear
-MM) 

Best 
function Estimate SE t-stat P-value Estimate SE t-stat P-value 

Mg 
A. 
excelsum 1:50 -0.6 MM 3.07 0.37 8.2 < 0.001   0.43 0.45 1.0 0.358 

 C. elastica 1:50 3.1 MM 2.03 0.32 6.4 < 0.001   5.33 2.56 2.1 0.058 

  
L. 
seemannii 1:50 -0.8 linear 0.06 0.01 7.5 < 0.001   0.13 0.12 1.1 0.292 

Results are for air-dried litter.   Model selection first considered AIC values and then parameter significance. Michaelis-
Menten functions were chosen if the asymptote (Vm) parameter was significant and the linear model did not improve fit by 
more than two AIC units. For Michaelis-Menten (MM) models, parameter 1 is the asymptote (Vm) and parameter 2 is the 
time when half of the asymptote value is reached (k).  For linear models, parameter 1 is the slope and parameter 2 is the 
intercept.  Overall model significance was evaluated by considering the p-value of parameter 1. For MM models, a one-
tailed t-test was used to evaluate if Vm was significantly greater than the water soluble element measured at 24 h (i.e., 
was the asymptote reached at 24 h?)
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Table 2-3. The effects of litter-to-solution ratio (1:300, 1:100, 1:50, 1:30, 1:25, 1:20 in g:g) and litter drying temperature (22 
and 60°C dried) on water soluble carbon (C), phosphate-P and hydrogen (H) from litter 

      Water Soluble Element (mg g-1 dry mass) 

      C  Phosphate-P   H 

Species h Factor F P-value Tukey results   F P-value Tukey results  F P-value Tukey results 
A. 
excelsum 1 Ratio 0.13 0.985   0.23 0.946   7.88 <0.001 1:20, 1:25, 1:30, 

1:50 > 1:300 
  Temp 0.67 0.420   0.40 0.534   0.01 0.937  
  R:T 0.34 0.886   0.35 0.875   0.16 0.974  

 4 Ratio 1.15 0.361  
 

0.89 0.503 
  

32.79 <0.001 
1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300 

  Temp 0.47 0.499   1.52 0.230   1.71 0.204  
  R:T 0.62 0.686   0.28 0.922   1.95 0.123  

 8 Ratio 0.60 0.703  
 

1.77 0.157 
  

9.71 <0.001 
1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300 

  Temp 0.00 0.987   2.70 0.114   0.37 0.551  
  R:T 1.07 0.404   1.24 0.322   0.05 0.999  

 16 Ratio 3.46 0.017 1:25, 1:50 > 
1:100  1.81 0.150   6.13 0.001 1:20, 1:25, 1:30 > 

1:300 
  Temp 13.59 0.001 oven > air  0.31 0.584   0.08 0.778  
  R:T 1.85 0.141   0.21 0.957   0.79 0.566  

 24 Ratio 2.20 0.088   2.50 0.059   5.30 0.002 1:20, 1:25, 1:30 > 
1:300 

  Temp 16.24 <0.001   0.04 0.844   0.56 0.461  

  R:T 4.38 0.006 

1:300 > 1:30, 
1:50 for oven 
oven > air for 
1:100, 1:300 

 0.09 0.994   0.34 0.882  

C. elastica 1 Ratio 0.17 0.972  
 

0.63 0.677 
  

12.78 <0.001 
1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300 

  Temp 0.07 0.801   0.01 0.904   0.00 0.949  
  R:T 0.32 0.897   0.35 0.878   0.35 0.878  
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Table 2-3.  Continued 
      Water soluble element (mg g-1 dry mass) 

      C  Phosphate-P   H 

Species h Factor F P-value Tukey results   F P-value Tukey results  F P-value Tukey results 

C. elastica 4 Ratio 0.16 0.975 
  

0.18 0.968 
  

12.21 <0.001 
1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300 

  Temp 0.27 0.610   0.36 0.552   1.20 0.284  
  R:T 0.21 0.953   0.97 0.459   0.44 0.814  

 8 Ratio 0.46 0.800   0.23 0.946   3.87 0.011 1:20, 1:25, 1:30, 
1:50 > 1:300 

  Temp 0.01 0.933   0.34 0.567   0.00 0.949  
  R:T 1.19 0.346   0.38 0.859   0.04 0.999  

 16 Ratio 0.33 0.888   6.95 <0.001 
1:20, 1:25, 1:30, 
1:50 > 1:300; 
1:50 > 1:100  

1.38 0.267 
 

  Temp 2.70 0.114   0.34 0.565   0.54 0.470  
  R:T 0.71 0.625   0.62 0.688   0.18 0.968  

 24 Ratio 0.60 0.697   16.04 <0.001 

1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300; 
1:20, 1:25, 1:30 
> 1:100  

1.95 0.122 

 
  Temp 1.03 0.320   0.97 0.334   0.44 0.513  
  R:T 0.71 0.619   0.20 0.959   0.43 0.823  

L. 
seemannii 1 Ratio 1.68 0.177 

  
1.17 0.352 

  
21.78 <0.001 

1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300 

  Temp 0.01 0.935   0.00 0.961   1.20 0.284  
  R:T 0.56 0.728   0.45 0.808   0.30 0.908  

 

4 Ratio 2.16 0.092 

  

0.27 0.925 

  

36.69 <0.001 

1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300; 
1:20 > 1:100 
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Table 2-3 Continued 
      Water soluble element (mg g-1 dry mass) 

      C  Phosphate-P   H 

Species h Factor F P-value Tukey results   F P-value Tukey results  F P-value Tukey results 
L. 
seemannii 4 Temp 16.71 <0.001 oven > air  7.76 0.010 oven > air  6.04 0.022 oven > air 

  R:T 1.64 0.188   0.36 0.873   0.48 0.789  
 8 Ratio 1.28 0.303   0.38 0.859   54.84 <0.001  
  Temp 10.52 0.003 oven > air  19.63 <0.001 oven > air  5.34 0.030  

  R:T 0.90 0.496   1.04 0.419   3.46 0.017 

1:20, 1:25, 1:30, 
1:50 > 1:300 for 
oven; 
1:20, 1:25, 1:30 > 
1:100 for oven; 
1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300 for air 
oven > air for 
1:100 

 16 Ratio 1.32 0.288   0.21 0.953   10.44 <0.001 
1:20, 1:25, 1:30, 
1:50, 1:100 > 
1:300 

  Temp 17.82 <0.001 oven > air  2.08 0.162   0.39 0.541  
  R:T 0.80 0.559   0.10 0.992   0.05 0.998  
 24 Ratio 1.88 0.135   0.66 0.661   3.16 0.025  
  Temp 4.07 0.055   3.07 0.093   9.09 0.006  

  R:T 0.78 0.573   0.57 0.724   4.04 0.008 

1:25, 1:30 > 
1:100 for air; 
air > oven for 
1:100 

Analyses of variance were conducted within each extract time (1, 4, 8, 16 and 24 h) for each of three response variables. 
Ratio and ratio and temperature interaction (R:T) have five degrees of freedom while temperature (Temp) has one. Error 
degrees of freedom are 24 in all cases. Litter mass refers to oven dried weight equivalent. Main effects were only explored 
when the interaction was not significant. 
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Table 2-4.. Effect of litter-to-solution ratio (1:300, 1:100, 1:50, 1:30, 1:25, 1:20) and litter drying temperature (22 and 60°C) 
on water soluble nitrogen (N), calcium (Ca) and magnesium (Mg), expressed as mg element g-1 dry mass litter, 
after a 4 h extraction 

  N   Ca   Mg 

Species   F P-value Tukey results   F P-value Tukey 
results   F P-

value Tukey results 

A. 
excelsum Ratio 5.58 0.002   1.44 0.247   0.83 0.542  
 Temp 0.66 0.425   0.00 0.964   0.00 0.956  

 

R:T 2.79 0.041 
1:300 > 1:20, 1:25, 
1:30, 1:50, 1:100 
for oven 

 0.51 0.769   0.11 0.989 

 

C. elastica Ratio 0.34 0.886   4.88 0.003 1:25, 1:30, 
1:100> 1:50  7.46 0.000 1:20, 1:25, 1:30, 

1:100> 1:50 
 Temp 0.13 0.725   1.48 0.235   1.98 0.173  
 R:T 2.00 0.116   1.06 0.408   1.54 0.215  
L. 
seemannii Tatio 1.32 0.288   2.74 0.043 

1:20 > 
1:300  1.79 0.154  

 Temp 8.12 0.009 oven > air  4.07 0.055   3.88 0.061  
  R:T 1.22 0.328     2.01 0.114     0.99 0.446   

Ratio and Ratio:Temp (R:T) have 5, 24 degrees of freedom and temp has 1, 24 degree of freedom
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Table 2-5. The effect of drying temperature on litter element solubility using two-sided t-
tests for five additional species not included in the larger study 
   Litter drying temperature 

   60° C  22°C 
Water soluble element or pH t-stat P-value mean SE   mean SE 
C (mg g-1 dry mass)        
Cecropia longipes -0.38 0.73 22.01 2.72  23.22 1.72 
Dipteryx panamensis 1.31 0.26 21.76 2.44  18.37 0.88 
Inga punctata 1.03 0.36 6.24 0.72  4.96 1.01 
Ochroma pyramidale 0.83 0.45 40.73 5.17  33.41 7.10 
Terminalia amazonia 1.74 0.16 19.05 3.26  13.39 0.18 
Anacardium excelsum   44.68 2.94  39.98 6.39 
Castilla elastica   28.11 2.33  29.15 5.68 
Luehea seemannii  sig 10.64 1.12  8.30 1.26 
Ca (mg g-1 dry mass)        
C. longipes -1.39 0.24 1.47 0.28  1.87 0.07 
D. panamensis 0.25 0.82 0.29 0.08  0.27 0.02 
I. punctata 1.51 0.21 0.38 0.08  0.26 0.01 
O. pyramidale 0.34 0.75 3.29 0.34  3.01 0.73 
T. amazonia 1.21 0.29 0.86 0.07  0.75 0.05 
A. excelsum   0.24 0.06  0.39 0.16 
C. elastica   2.03 0.34  2.07 0.02 
L. seemannii   0.35 0.03  0.26 0.00 
Mg  (mg g-1 dry mass)        
C. longipes -1.18 0.30 1.12 0.34  1.59 0.21 
D. panamensis 1.16 0.31 0.44 0.09  0.34 0.02 
I. punctata 1.65 0.17 0.34 0.07  0.22 0.02 
O. pyramidale -0.15 0.89 1.71 0.09  1.78 0.43 
T. amazonia 1.27 0.27 0.82 0.04  0.75 0.04 
A. excelsum   2.32 0.70  2.58 0.81 
C. elastica   0.68 0.05  0.58 0.05 
L. seemannii   0.43 0.04  0.28 0.04 
N  (mg g-1 dry mass)        
C. longipes 1.58 0.19 1.12 0.07  0.90 0.12 
D. panamensis 1.14 0.32 0.54 0.05  0.48 0.02 
I. punctata 1.22 0.29 0.62 0.07  0.51 0.07 
O. pyramidale 0.16 0.88 1.14 0.16  1.10 0.21 
T. amazonia 1.03 0.36 0.71 0.23  0.47 0.03 
A. excelsum   0.55 0.12  0.68 0.08 
C. elastica   0.72 0.03  0.76 0.05 
L. seemannii  sig 0.42 0.05  0.32 0.06 
Phosphate-P  (mg g-1 dry 
mass)        
C. longipes 1.06 0.35 0.32 0.02  0.26 0.04 
D. panamensis 3.96 0.02 0.32 0.03  0.19 0.02 
I. punctata 1.86 0.14 0.11 0.01  0.08 0.01 
O. pyramidale 0.06 0.95 0.37 0.07  0.36 0.06 
T. amazonia 1.73 0.16 1.48 0.24  0.92 0.22 
A. excelsum   0.15 0.02  0.14 0.02 
C. elastica   0.14 0.00  0.15 0.03 
L. seemannii  sig 0.13 0.04  0.09 0.04 
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Table 2-5. Continued 

   Litter drying temperature 
   60° C  22° C 

Water soluble element or 
pH t-stat P-value mean SE  mean SE 

pH        
C. longipes 0.71 0.52 7.65 0.23  7.48 0.06 
D. panamensis -0.03 0.98 5.76 0.06  5.77 0.12 
I. punctata -2.02 0.11 5.78 0.06  6.02 0.10 
O. pyramidale 3.03 0.04 6.42 0.12  6.02 0.05 
T. amazonia 0.62 0.57 4.66 0.03  4.64 0.03 
A. excelsum   5.19 0.02  5.15 0.09 
C. elastica   6.28 0.18  6.24 0.10 
L. seemannii  sig 5.45 0.11  5.72 0.14 

Significant P-values are highlighted in bold. All tests have four degrees of freedom. All values are 
extracted elements per gram oven dried leaf litter. Means and standard errors from three species of the 
main study are included for comparision but were not reanalyzed here. They were included in a two-way 
ANOVA (Table 2-3 and 2-4) and significance is indicated by 'sig' here. All data shown here are from 
extractions using a 1:50 litter-to-solution ratio and 4 h extract time. 
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Table 2-6. The effect inhibiting microbial activity on water soluble carbon (C) and phosphate-P for replicates of litter from 
the same tree (a) and replicates using litter from different trees (b) 

a)  Carbon (mg C g-1 dry mass)   Phosphate (mg P g-1 dry mass) 
Species h w/ DI w/ NaN3 t-stat P-value   w/ DI w/ NaN3 t-stat P-value 
A. excelsum 4 38.6 ±0.9 45.1 ±1.0 -4.7 0.009  0.14 ±0.01 0.14 ±0.02 0.1 0.891 
 24 49.7 ±4.6 71.6 ±4.8 -3.3 0.030  0.23 ±0.01 0.22 ±0.01 0.7 0.520 
C. elastica 4 30.0 ±1.2 30.0 ±2.1 0.0 1.000  0.13 ±0.01 0.14 ±0.02 -0.3 0.751 
 24 33.8 ±0.3 43.5 ±1.1 -8.8 0.001  0.15 ±0.01 0.20 ±0.01 -3.6 0.023 
L. seemannii 4 6.1 ±0.6 6.3 ±0.7 -0.3 0.805  0.09 ±0.02 0.11 ±0.01 -1.0 0.387 
 24 25.3 ±1.6 26.6 ±1.5 -0.6 0.605  0.29 ±0.03 0.38 ±0.05 -1.5 0.208 
b)               
  Carbon (mg C g-1 dry mass)        
Species h w/ DI w/ NaN3 t-stat P-value        
A. excelsum 4 40.0 ±2.6 45.5 ±3.2 -1.3 0.259        
 24 46.8 ±7.5 58.6 ±8.0 -1.1 0.342        
C. elastica 4 34.7 ±3.2 31.1 ±3.3 0.8 0.471        
 24 34.7 ±1.0 45.5 ±4.0 -2.6 0.058        
L. seemannii 4 8.8 ±1.3 7.7 ±1.1 0.6 0.557        
  24 22.0 ±0.8 25.0 ±0.3 3.5 0.025               

Results are for air dried leaf litter (22°C) using a 1:50 litter-to-solution extraction ratio and two extraction times (4 and 24 
h).  Means ± standard errors are reported. All tests have four degrees of freedom.  Deionized water (DI) is compared to 
sodium azide (NaN3) treatments, which inhibit microbial activity. Significant P-values (<0.05) are in bold. 
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Figure 2-1. Water soluble C and phosphate-P shown as a function of extraction time for freshly senesced air-dried leaf 

litter.  Points are jittered along the x-axis. Three litter-to-solution extraction ratios are shown with means ± 1 
standard error (n=3 per extraction ratio). Michaelis-Menten or linear fits are shown based on comparison of 
Akaike's information criterion (AIC) values.  All models that are displayed were significant, as evaluated through 
the P-value for the main parameter (either Vm or slope; Table 2-2). All water soluble element values are 
expressed an oven dried weight basis. 
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Figure 2-2. Water soluble Ca, Mg, and total dissolved N expressed as a function of 
extraction time for freshly senesced air-dried leaf litter using 1:50 litter-to-
solution extraction ratio.  Means ± 1 standard error are shown. Akaike's 
information criterion (AIC) scores were used to choose Michaelis-Menten 
versus linear fits and the function is shown when the main parameter (either 
Vm or slope) was significant (Table 2-2). 
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CHAPTER 3 
DIFFERENTIAL LEAF LITTER NUTRIENT SOLUBILITY ACROSS 41 LOWLAND 

TROPICAL FOREST WOODY SPECIES 

Overview 

Leaching is a mechanism for the release of nutrients from litter, or senesced 

leaves, and can drive plant-soil-microbe interactions in lowland tropical forests.  

Although litter leaching is well established in our conceptual models of decomposition, 

nutrient solubility and predictors of solubility have seldom been quantified across 

species for multiple elements. This study used a standardized extraction procedure 

(1:50 litter-to-solution ratio and 4 h extraction) and leaf litter from 41 tropical tree and 

liana species to investigate how solubility varies among elements, and whether soluble 

nutrients could be predicted by litter traits (e.g., lignin, total element concentrations).  In 

addition, nutrient forms (i.e., inorganic and organic) and ratios in leachate were 

investigated. Across the 41 species, elements were found to have differential solubility. 

On average 100% of total potassium (K), 35% of total P, 28% of total sodium (Na), 5% 

of total N and 3% of total C, were soluble during the 4 h extraction. The high solubility of 

P suggests this nutrient becomes rapidly available to litter microbes without a metabolic 

cost. Water soluble elements on a litter mass basis were strongly predicted by total 

initial litter element concentration for P (r2=0.66), K (r2=0.79), and Na (r2=0.51), while a 

significant but weaker relationship was found for N (r2=0.36) and there was no 

significant relationship for C or calcium (Ca). Common predictors of decomposition rates 

had few significant correlations with element solubility. Soluble C on a litter mass basis 

was negatively related to lignin content (r2=0.19; p< 0.004).  Solubility of nutrients was 

linked within a species: when a species ranked high in the soluble fraction of one 

element, it also ranked high in solubility of other elements, as evaluated through 
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Principle Components Analysis. Differential solubility of litter elements emphasizes that 

elements cannot be treated equally in our conceptual and empirical models of 

decomposition. Furthermore, terrestrial element cycles, especially that of P and Na, 

may be more sensitive to precipitation patterns than previously appreciated. 

Background and Hypotheses 

Litter leaching has long been a key component of conceptual models of 

decomposition (Melin 1930; Attiwill 1968; Gosz et al. 1973; Lousier and Parkinson 1978; 

Berg and Staaf 1980).  The role of leaching is also prominent in our thinking of how 

substances move from layers of decomposing litter through the soil profile (Schoenau 

and Bettany 1987; Qualls et al. 1991). In addition, litter leachate plays an important role 

in plant-soil-microbe interactions (Wurzburger and Hendrick 2009; Bowman et al. 2004). 

However, a basic understanding of how litter element solubility varies among species, 

factors regulating litter element solubility and how leachate stoichiometry compares to 

that of litter have been relatively little quantified.  

A better understanding of litter element solubility has the potential advance our 

knowledge of key questions related to decomposition and plant-soil-microbe 

interactions. For example, biological acquisition of nutrients released through water 

extraction do not require a metabolic investment, in contrast to microbial mineralization 

of nutrients from organic matter. Information on the solubility of elements from litter 

could therefore advance our understanding of nutrient bioavailability, which is 

paramount for understanding controls on nutrient cycles (Attwill 1968) and for refining 

the role of ecological stoichiometry in predicting ecosystem processes (Hättenschwiler 

and Jørgensen 2010). Litter leaching may also offer insight into additive and non-

additive effects of mixed species litter combinations on decomposition. Transfer of 
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nutrients among species has been proposed as a mechanism underlying non-additive 

effects of mixed species litter on decomposition rates (Gartner and Cardon 2004; Ball et 

al. 2009). Nutrient transfer is often considered to be due to biotic activity (Briones et al. 

1996), but species variation in litter element solubility may be an additional mechanism. 

Moreover, differences in litter nutrient solubility might underpin positive relationships 

between precipitation and decomposition rates (Austin and Vitousek 2000; Powers et al. 

2009; but see Schuur 2001).  

This study focused on two metrics of litter element solubility: 1) water soluble 

element, defined as the quantity of water extracted element expressed on a litter mass 

basis (dry weight equivalent) and 2) the soluble fraction, or the percent of total litter 

element that is water extracted. Many studies interpret the initial phase of 

decomposition to be a leaching phase (Swift et al. 1981; Prescott et al. 1993), although 

the role of leaching as the main mechanism underlying net element losses during this 

phase is seldom tested.  Nevertheless, such studies provide a baseline for the 

prediction that litter elements should differ in their soluble fraction. For example, litter 

potassium (K) has been reported as having high solubility, while litter calcium (Ca) is 

noted as having low solubility (e.g., Gosz et al. 1973). Furthermore, elements are known 

to differ in their mobility in both live leaves and during senescence (Fisher 2007), which 

may lead to differences in water solubility among elements for a given species (Attiwill 

1968). If litter elements show differential solubility, this may result in soluble fractions 

that are consistent in rank across species, or soluble fractions may converge on an 

average that is similar across species (e.g., K > Ca and the soluble fraction for each 
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element is similar across species).  Predictability of soluble fractions would in turn 

translate into patterns in leachate stoichiometry.  

Forming hypotheses about the role of litter solubility in ecosystem processes also 

requires an investigation of litter element solubility as a general species trait. That is, if 

litter solubility is high for one element, does the species also show relatively higher 

soluble fractions for other elements? Moreover, the ability of well studied litter traits, 

such as lignin content and total element content, to predict litter element solubility would 

place litter solubility within context of already rich data sets. It is noted that studies on 

solubility of live leaves, which are of interest in throughfall studies, are of limited use for 

understanding litter leaching because solubility of elements of live leaves and senesced 

leaves can differ (Tukey 1970) due to biochemical changes during senescence. 

This study investigated litter solubility and leachate chemistry for 41 woody 

species from a lowland tropical moist forest. A 4 h water extraction with 1:50 litter-to-

solution ratio was used to generate two indices of initial solubility. There were four 

hypotheses: 1) Litter elements differ in their solubility and the soluble fraction is 

consistent among species for a given element. If so, the total litter element 

concentration will predict water soluble element, and intercepts from these regressions 

will not be significantly different from zero.  2) Inclusion of common metrics of litter 

quality (i.e., litter lignin content, leaf toughness, C:N, lignin:N) improve the ability of 

linear models to predict water soluble elements when added as additional explanatory 

variables to models already including total litter element concentration. 3) Element 

solubility is a general litter trait.  That is, if a species has high solubility of one element, it 

also shows high relative solubility of other elements. 4) Because element soluble 
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fractions are consistent, leachate chemistry will show predictable relationships in 

nutrient stoichiometry. Furthermore, relationships in leachate inorganic/organic nutrient 

forms, leachate pH and C quality were investigated.  

Methods 

Sample Collection and Preparation 

Leaf litter was collected weekly between January 2006 and January 2007 from 

Poacher’s Peninsula, the southern point of Barro Colorado Island (BCI) in Panama. BCI 

supports a lowland tropical moist forest and mean annual precipitation is 2600 mm.  

Approximately 95% of the rainfall occurs during the 8 month wet season and rate of 

litter fall is highest during the distinct dry season between January and April (Wieder 

and Wright 1995). Litter was collected in 59 0.25 m2 traps elevated above the forest 

floor (Wright and Cornejo 1990). Litter was removed from the traps and dried at 60°C, 

sorted to the species level, stored in plastic zip bags and well mixed within a species. 

Petioles were removed before use and litter was cut into ~25 cm2 pieces. Sub-samples 

were taken to determine conversion factors of stored litter to fresh oven-dried (60°C) 

weights. Litter represented 41 species, spanning 25 families and including canopy, 

midstory, and understory trees and lianas. All collected litter with more than 30 g per 

species was used (the average collection per species was 244 g litter). Species are 

listed in the Appendix. 

Water Extractions and Chemical Analysis 

A 1:50 litter-to-solution ratio and a 4-hour extraction time were used for all water 

extracts and there were three replicates per species, with the exception of ammonium 

and nitrate measurements, which only had two replicates per species. Water extract 

replicates were separate leaching events, on different days, using bulked species litter. 
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The 4 h extraction time serves as an index of initial nutrient solubility and has been 

shown to encompass the highest rate of loss, but does not represent exhaustion of 

extractable elements (Chapter 2). Two grams of litter (oven dried weight equivalent 

(ODW)) were placed carefully in 125 ml wide-mouth polyethylene bottles and 100 ml 

deionized water was added.  Bottles were placed on a shaker table on the low setting 

(180 oscillations per minute) for 4 h.  Solution was poured off into beakers and then into 

tubes for centrifuging (8000 × g for 10 min).  After centrifuging, supernatant was 

immediately poured off.  Phosphate-P and pH were either analyzed immediately, or 

samples were stored at 4°C overnight and analyzed within 24 hours. Dissolved organic 

carbon (DOC) samples were acidified to pH ~ 3 and stored at 4°C until analysis the next 

day. These same samples were then used for specific ultraviolet absorption wavelength 

scans. Subsamples for future digests of total nitrogen, analysis of ammonium and 

nitrate and analysis for cations and total phosphorus were frozen after centrifuging. 

Molybdate reactive P (MRP) was read at 880 nm with a Hach DR 5000 UV-vis 

spectrophotometer. Molybdate reactive P is commonly considered to be phosphate-P, 

but may include some organic and condensed P compounds that are hydrolyzed during 

the assay. Dissolved organic carbon concentrations, operationally defined in this study 

as being the organic carbon remaining in supernatant after centrifuging, were 

determined by a Shimadzu TOC-VCSH Total Organic Carbon analyzer.  Solution pH was 

determined using Hach Sension 3 pH meter.  A sodium hydroxide/potassium persulfate 

oxidation was used to determine total solution N concentrations.  All N concentrations 

(total N, ammonium and nitrate) were determined colorimetrically on a Latchet 

Quickchem 8500 autoanalyzer. Cation and total P concentrations were determined by 
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Inductively-coupled plasma optical emission spectrometry (ICP–OES) using an Optima 

2100 (Perkin Elmer, Waltham, MS). The specific ultraviolet absorption at 254 nm 

(SUVA254), which is the measured absorbance divided by the C concentration, was 

used as an index of aromaticity (Hur and Schlautman 2003).  Samples were diluted to 5 

mg C L-1 for the scans and are expressed here as L g-1 C cm-1. All samples had similar 

pH (~3).  Standardizing for pH aids in comparison among samples, as large pH 

differences can influence SUVA (Hautala et al. 2000).  

Elemental composition of initial litter was determined by grinding and 

homogenizing 10 g of litter (petioles removed) per species.  From this bulked sample, 

percent C and N of non-extracted litter were determined on ground samples using a 

total element combustion analyzer (Thermoelectron Flash EA 1112 series). A nitric acid 

digest of ground litter followed by ICP–OES analysis was used to determine total P and 

cations.  

Leaf toughness was determined by a fracture toughness test using a portable 

universal tester with an attached pair of scissors (Lucas et al. 2000) after re-drying 

stored litter at 40°C.  Following the methods of Kitajima and Poorter (2010), a small 

rectangle (~15 mm long) perpendicular to the central vein was cut out of the center of 

the leaf and sheared with the scissors.  Secondary veins were avoided and this was 

verified by checking the force displacement curve. The work to shear the lamina was 

divided by the rectangular cross sectional area, which is equal to the fracture length 

times the lamina thickness.  The lamina thickness was measured with a micrometer, 

avoiding visible veins.  This method was developed for fresh leaves but was adapted to 

leaf litter.  It was noted that dried litter of some species shattered during the test. 
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Despite this, the test should provide an index of lamina toughness of litter. Percent 

lignin was estimated using an Ankom fiber digester. The method operationally defines 

lignin as the fraction of mass remaining after sequential extraction of a neutral 

detergent, acid detergent and acid extract, minus the ash weight. Analytical triplicates 

were analyzed from the 10 g of ground litter from the bulked sample of each species. 

Statistical Analysis 

Water soluble element on a litter mass basis was calculated as element extracted 

per gram dry mass litter during the 4 h index. The soluble fraction, or the percent of total 

nutrient released during the water extract, was calculated as the water extractable 

element on a mass basis divided by the total litter concentration of the respective 

nutrient on a dry mass basis. Soluble fractions across species were summarized as 

means with standard deviations and coefficients of variation (CV) using the species 

averages. A Principle Components Analysis (PCA) was used centered and scaled data 

in order to evaluate if solubility was a general property (i.e., if a species ranks high in 

the solubility of one element, does a species also tend to rank high in solubility of other 

elements?). 

Linear regressions were used to investigate if water soluble element on a litter 

mass basis could be predicted by the initial litter element concentration, percent lignin, 

lignin:N, C:N, or litter toughness. Linear regressions were also used to evaluate if the 

soluble fraction could be predicted by percent lignin, lignin:N or C:N. For water soluble 

element on a litter mass basis, the dependent variables were investigated with simple 

linear regressions and then select combinations were investigated using multiple 

regressions. For each element, models of litter toughness + total litter element, lignin + 

total litter element, lignin:N + total litter element and C:N + total litter element were 
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compared to models which included only total litter element. Model selection was based 

on Akaike's information criterion (AIC) values. A difference of two AIC units was the 

criteria for considering models to be different. Because litter toughness values were only 

available for 35 species, this set of regressions omitted six species.  

For N and P, relationships between total extracted inorganic nutrient and total 

nutrient (inorganic + organic forms) were investigated using simple linear regressions. 

Correlations among solution nutrients (C:N, C:P, N:P on a molar basis), pH and 

SUVA254 were analyzed using Spearman’s rho.  All analyses were conducted in R (R 

Core Development Team). 

Results  

Litter Element Solubility 

Litter elements showed differential solubility. Averaged across species, nutrient 

solubility was found to range greatly among nutrients. Potassium had the highest 

average soluble fraction (101%) while C had lowest soluble fraction (3%) (Table 3-1). 

Measurements of water soluble element on a litter mass basis and total element 

concentration of litter were measured on separate samples drawn from the bulked bag, 

which may explain the greater than 100% soluble fraction in the case of potassium 

(Table 3-1). In comparison to K, Na had a much lower soluble fraction, despite being 

another monovalent cation. On average, 28% of total Na was extracted. The soluble 

fraction of P was 35%, much greater than that of C, and also higher than that of N (5%; 

Table 3-1). There was high variation in the soluble fraction of Mg among species (Table 

3-1). 

On a litter mass basis, more C was extracted than any of the other elements 

investigated (14.7 mg g-1 litter; Table 3-1) during the 4 h extraction.  Potassium ranked 
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second (4.5 mg g-1 litter).  All other elements had less than 1 mg extracted element per 

gram of leaf litter (Table 3-1). It is noted that litter for this study was oven dried (60°C), 

which may lead to small increases in solubility for some elements (i.e., C, P) compared 

to air drying for some species (Chapter 2). 

Predictors of Element Solubility 

Total litter nutrient concentration was a significant predictor of soluble element on 

a litter mass basis for K, Mg, N, Na and P (Figure 3-1), but not for Ca (P = 0.13) or C (P 

= 0.12), as evaluated through linear regression. The linear relationships were strongest 

for elements that showed the highest average soluble fraction. For K, total litter K was 

found to explain 79% of the variance in soluble K on a litter mass basis. Total litter P 

explained 66% of the variation in soluble P on a litter mass basis, and litter Na 

accounted for 51% of the variance in soluble Na on a litter mass basis. For Mg, N and 

P, the intercepts were not significantly different from zero (P=0.07, 0.40, 0.09 for Mg, N 

and P), demonstrating the soluble fraction of these elements did not vary with litter 

element concentration. The intercept terms were significantly different from zero in the 

case of K (intercept=0.95, P=0.006) and Na (intercept=0.07, P=0.04), indicating that the 

soluble fraction of these elements decreases with increased litter concentration of the 

respective element.  

Overall, litter toughness and percent lignin had little to no ability to explain 

variation in water soluble elements among species. In simple linear regressions, percent 

lignin was only a significant predictor for soluble C on a litter mass basis and this 

relationship was weak (r2= 0.19; P= 0.004). Litter toughness was not a significant 

predictor of soluble element on a litter mass basis for any of the elements. In multiple 

regression analyses, including lignin as a predictor variable in models of soluble 
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element on a litter mass basis versus total litter concentration slightly improved model fit 

for C (ΔAIC = 4.5) and Na (ΔAIC = 3.4).  Including litter toughness as an additional 

predictor variable in regressions of soluble element on a litter mass basis versus total 

litter element concentration did not improve model fit for any of the relationships.  

C:N showed a negative relationship with water soluble P, N and K (r2= 0.18 and 

P= 0.007 for P; r2= 0.37 and P< 0.001 for N; r2= 0.28 and P< 0.001 for K). Lignin:N was 

also negatively related to soluble N on a litter mass basis (r2= 0.25; P< 0.001), K (r2= 

0.19; P= 0.005), in addition to C (r2= 0.18; P= 0.006). These significant regressions 

appear to be driven by relationships between water soluble N, P, K and total litter N 

concentrations (r2= 0.18 and P=0.007 for water soluble K and total litter N; r2= 0.22 and 

P=0.002 for water soluble P and total litter N; Fig 3-1). When included as an additional 

variable in multiple regressions of water soluble element as a function of total litter 

element, neither the addition of C:N nor the addition lignin:N improved the model fit. 

Soluble fractions were investigated as a function of %lignin, lignin:N and C:N. The 

soluble fraction of C was negatively related to %lignin (r2= 0.30 and P< 0.001; Figure 3-

2) and lignin:N (r2= 0.10 and P= 0.002). The soluble fraction of N was negatively related 

to lignin:N (r2= 0.10 and P= 0.04) and C:N (also r2= 0.10 and P= 0.04). Other elements 

did not have significant relationships between their soluble fractions and %lignin, 

lignin:N or C:N. 

Solubility of elements was a general property of the species evaluated. A PCA with 

the soluble fraction showed that 57% of the variation was explained by the first axis and 

loadings for C, Ca, K, Mg, Na, P and N were all in the same direction (Table 3-2). This 

suggests that when a species ranked high in the soluble fraction of one element, it also 
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had high solubility of other elements, relative to the other species. Results were similar 

for element solubility on a litter mass basis, although the variance explained by the first 

axis was slightly less (49%, data not shown). 

Two outliers were removed. For P, Faramea occidentalis was removed because it 

had a notably low soluble P fraction.  It also had the highest concentration of extracted 

aluminum (Al) out of the 41 species investigated (1.3 mg g-1 dry mass), which was 160 

times greater than any other species. The high Al concentration likely resulted in 

significant aluminum phosphate precipitation, decreasing the reading for solution P 

concentration (calculations not shown).  In addition, Uncaria tomentosa was identified 

as an outlier with low total litter K and removed for K analyses. 

Leachate Chemistry 

Leachate stoichiometry among species was similar for N and P (rho=0.63, P< 

0.0001; 6.6 ± 2.6 (average on molar basis ± SD); Figure 3). The relationships between 

leachate C and N (rho=0.53, P< 0.0004, 31.03 ± 16.5) and C and P (rho=0.42, P= 

0.007, 192.1 ± 129.7) were also significant but these ratios were not as similar among 

species as N:P. Phosphate was strongly related to total P in the extracts (r2 = 0.99; 

Figure 3-4b) with > 94% of all extracted P in the inorganic form, when averaged across 

species. Inorganic N was also positively related to total N in extracts across species 

(Figure 3-4a).  However, in contrast to P, a smaller percent of extractable N was in 

inorganic form (25% when averaged across species (range of 6 – 52%). Solution pH, 

(range 4.3–6.4), was weakly negatively correlated with SUVA254, an index of carbon 

aromaticity (rho= 0.30; P=0.056).  

Leachate stoichiometry was compared to stoichiometry of fresh litter and leached 

litter (Figure 3-5; stoichiometry of leached litter was calculated and not directly 
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measured).  Due to the higher solubility of P compared to N or C, leaching had a greater 

influence on N:P and C:P ratios compared to C:N (Figure 3-5 a,b,c).  

Discussion 

Litter elements were found to vary greatly in their solubility when evaluated as 

soluble fraction and as soluble element on a litter mass basis (Table 3-1).  Potassium 

was highly soluble, with 100% of the total litter K released during the 4 h water 

extraction. Sodium and P were less soluble than K (28% and 35%, respectively) but 

much more soluble than N and C, when averaged across species (soluble fraction of N 

was 5% and C was 3%; Table 3-1). Litter K has often been noted as having high 

solubility (e.g., Attiwill 1968; Gosz et al. 1973; Brinson 1977; Lousier and Parkinson 

1978), but explicit tests of K solubility across species are rare. By quantifying initial 

solubility of 41 species, this study confirms that K is highly soluble in lowland tropical 

forest litter. Potassium receives much less attention than N and P in studies of terrestrial 

nutrient cycling, even though K has been found to limit forest primary productivity in 

temperate forests (Tripler et al. 2006) and acts as a control on fine root investment in a 

lowland tropical forest (Wright et al. in press). The high solubility of litter K for all 41 

species suggests that ecosystem cycling of K may be sensitive to variation and pulses 

in precipitation. 

High solubility of leaf litter phosphorus has often been noted (Chapin et al. 1978, 

Lousier and Parkinson 1978; Attiwill 1993; Parsons et al. 1990; Polglase et al. 1994) but 

seldom quantified across species.  In this study, P was much more soluble than C or N: 

on average 35% of the total phosphorus was extracted by water during the 4 h index 

(range 16 – 53%). Large fluxes of soluble P contrast with numerous litterbag studies in 

which P remained constant or becomes immobilized from the surrounding environment 
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during decomposition (Attiwill 1968; Staaf and Berg 1982; Hobbie and Vitousek 2000; 

McGroddy et al. 2004).  However, an element can be solubilized from litter without 

leaving the litter environment, perhaps due microbial immobilization by litter microbes. 

Alternatively, water extracted P may be removed from litter while P from the surrounding 

soil environment is immobilized. In addition, the soluble flux may have been removed 

prior to initiating the litterbag study.  Understanding which of these factors is at work is 

important for understanding the fate of the soluble flux and its role in decomposition. 

In contrast to P, N solubility was found to be much lower, only 5% when averaged 

across species (range 1.4–11%). Moreover, almost all water extracted P was in 

inorganic form, while N was largely organic (Figure 3-4). Because P solubility was high, 

and because a large percentage of P was leached as phosphate, it is likely to be readily 

available to litter microbes or involved in physiochemical interactions with soil minerals 

(Mattingly 1975). Microbial use of N, in contrast, may incur greater metabolic cost.  

The dominance of phosphate in leachate, rather than organic P, is likely related to 

chemistry in live leaves and chemical changes during senescence.  In live leaves, 

phosphate is critical part of ATP and ADP cycling and is also stored in vacuoles as a 

reserve to maintain cytoplasm phosphate at a constant concentration (Lauer et al. 1989; 

Sinclair and Vadez 2002). Foliar P concentration is dependent on soil P conditions and 

species, but inorganic P has been shown to range from 10–50% of the total foliar P 

(Bieleski 1973; Ostertag 2010). Up to 75% of leaf N can be present in leaf chloroplasts, 

largely as proteins (Hortensteiner and Feller 2002). During senescence, catabolism 

converts compounds from the growth phase of the leaf to compounds that are 

exportable before leaf abcission (Lim et al. 2007). The break down of lipid membranes 
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and RNA, which are rich in P, results in increased phosphate concentrations (Taylor 

1993; Thompson et al. 2000), which can then be remobilized (Pérez-Amador et al. 

2000). In contrast, N can be retranslocated in organic forms, such as amino acids 

(Hortensteiner and Feller 2002). Due to both live leaf concentrations and requirements 

for remobilization, the inorganic form of P is likely a larger percentage of total element in 

a senesced leaf compared to N, which may underlie differences in N and P solubility 

and nutrient form in leachate. 

The differences in N and P solubility result in leachate stoichiometry with a much 

lower N:P ratio than that of litter; leachate N:P was 6.6 (range 2.3–14.8), while initial 

litter N:P was 51.4 (range 30.1–85.1) and the calculated N:P of leached litter was 76.9 

(range 47.7–126.4; Figure 3-5; molar ratios). The large difference in these ratios sets up 

contrasting expectations for N versus P limitation to biological processes (Redfield 

1958).  Although thresholds for N and P limitation of microbial activity are not clear, a 

microbial ratio of 7:1, determined by a review of global studies (Cleveland and Liptzin 

2007), can be used as a guide. The contrast between leachate and litter stoichiometry 

suggests leachate production may make phosphorus relatively less limiting to 

decomposition than litter stoichiometry predicts. If so, nutrient solubility could play into 

proposed models of vertical nitrogen limitation in tropical forests (Hedin et al. 2009). It is 

argued that the litter layer is rich in C but relatively low in N, creating a vertical layer in 

the forest profile where active N fixation could be beneficial despite tropical systems 

being generalized by overall N richness (Jenny 1950; Vitousek 1984). This decoupling 

between the N rich soil and the N poor litter is proposed as a hypothesis to explain the 

paradox that tropical forests can sustain N richness over time, without down regulating 
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N inputs through fixation (Hedin et al. 2009). Experimentally manipulating litter so it is 

relatively more N poor compared to other nutrients provides some support for this 

argument. Litter from P fertilized plots in Hawaii was shown to have higher N fixation 

rates, measured as acetylene reduction (Vitousek and Hobbie 2000).  Litter from P 

fertilized plots had lower lignin concentrations and, because external P addition to the 

soil had little influence on N fixation rates, it was hypothesized that carbon quality rather 

than P may constrain heterotrophic N fixation (Vitousek and Hobbie 2000). However, 

litter in P fertilized plots also had higher P concentrations and, if the soil and litter are 

decoupled, we suggest that an alternative mechanism underlying increased N fixation in 

the P plots may be related to increased soluble P (speculation based on Figure 3-1). In 

summary, it is proposed that the low solubility of N and higher solubility of P add support 

to a hypothesis that N may be likely to be limiting to decomposition. 

Sodium was found to have a much lower soluble fraction than K, which may be 

due to location in leaf cells. Sodium is a non-essential element but can sometimes serve 

as a K replacement (Subbarao et al. 2003), as both are small monovalent cations. 

Potassium is an essential element used for a number of functions and is found in the 

cytoplasm and vacuole.  In contrast, Na can be concentrated in the vacuole, but very 

little is found in cytoplasm (Leigh and Wyn Jones 1986). It has been reported that the 

cytoplasm disappears during leaf senescence, but vacuole membrane permeability 

does not change (Thomas and Stoddart 1980), which could potentially influence 

solubility of nutrients from senesced litter. 

Sodium is not essential for plant growth but it is essential in animal physiology.  

Animal consumers of plants have much higher Na concentrations than plants (Subbarao 
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et al. 2003), creating a disconnect between the Na requirements of animals and the 

ability of plant consumption to meet the requirement. Sodium availability was 

demonstrated to limit litter decomposition in a lowland tropical forest (Kaspari et al. 

2009), showing that Na cycling can exert direct controls over carbon cycling in some 

sites. This study demonstrates that Na is relatively soluble and total litter Na is a 

predictor of extracted Na in fresh litter. Although Na has a lower soluble fraction than K, 

in instances where Na is limiting to decomposition (Kaspari et al. 2009), any movement 

away from litter during decomposition has the potential to significantly impact 

decomposition rates. Differences in Na solubility among systems and species may be 

an important research question for better understanding connections among plants, 

decomposers, climate and carbon cycling. 

Water soluble C showed significant but weak negative relationships with lignin (r2= 

0.19; P= 0.004) and lignin:N (r2= 0.18; P= 0.006), which are common predictors of litter 

decomposition rates. This suggests that the soluble flux of carbon may partially underlie 

commonly observed relationships between decomposition rates and lignin predictors. 

This is supported by a study in a lowland tropical forest with high rainfall, where C 

solubility correlated positively with initial decomposition (0-50 days), but was not a 

predictor of overall decomposition rates (Wieder et al. 2009). In this study the direct 

contribution of extracted C to mass loss is small. Soluble C on a litter mass basis 

ranged from 3–37 mg g-1, yielding a maximum of 3.7% of mass loss due to C solubility 

during a 4 h solubility index. Soluble C on a litter mass basis and lignin may be related 

simply because soluble components increase when non-soluble components of a leaf 

decrease.  If the relationships between soluble C and lignin, and lignin:N, underlie 
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relationships between decomposition rates and lignin, and lignin:N, it is reasoned that 

the mechanism would be due to an indirect effect of C solubility on decomposition rates 

and not direct effects of initial solubility on mass loss. Although the soluble fraction was 

low, the quantity of carbon in solution was high (average of 293 mg L-1 across species, 

using 1:50 litter-to-solution ratio and 4 h extraction) and this initially soluble C could fuel 

microbial activity and enhance rates of decomposition (Fontaine et al. 2003).  

In addition to increasing decomposition rates, leachate C can influence nutrient 

cycling through a number of other pathways. Nutrients recycled from litter can only be 

used for plant growth if they can reach plant roots, and leaching of carbon from leaf litter 

may influence this process by providing a carbon source to microbes (Kalbitz et al. 

2003).  In turn, microbial biomass can then serve as a reservoir of potentially available 

nutrients, thus preventing leaching out of the system (e.g., Brooks et al. 1998) and/or 

reducing movement to soil pools of low availability (e.g., Oberson and Joner 2005). As 

another potential pathway, C leached from litter may influence sorption and desorption 

reactions of nutrients on soil surfaces (Hunt et al. 2007; Chapter 4), potentially leading 

to increased plant nutrient availability.  

Our results illustrate that litter elements have differential solubility.  These results 

emphasize that elements cannot be treated equally in our conceptual and empirical 

models. Terrestrial element cycles, especially the P cycle, may be more sensitive to 

variation in precipitation than previously appreciated. Differential element solubility, the 

strong ability of water soluble elements to be predicted by total litter concentration of a 

given element, and the emergence of solubility as a general litter trait may be similar in 

other systems. The generality of these results to other biomes should be a focus of 
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future work.  If supported in other systems, differential litter nutrient solubility may be 

another avenue by which precipitation pulses and timing (Kieft et al. 1987; Fierer and 

Schimel 2002) drive terrestrial nutrient cycling.. 
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Table 3-1. Water solubility of litter elements during a 4 hr 1:50 litter-to-solution ratio 
extract. 

  Soluble fraction   Water soluble element 

 
(% of total element 

extracted)  
(mg element g-1 dry 

mass) 
element mean SD CV   mean SD CV 
C 3.3 1.8 0.6  14.69 7.49 0.51 
Ca 4.2 4.5 1.1  0.69 0.80 1.17 
K 101.2 25.4 0.3  4.50 1.98 0.44 
Mg 20.5 12.6 0.6  0.82 0.68 0.83 
N 4.6 2.1 0.5  0.63 0.37 0.27 
Na 28.0 10.3 0.4  0.25 0.11 0.45 
P 34.6 10.4 0.3  0.21 0.10 0.49 
Si         0.09 0.06 0.75 

Data represent 41 species with the exception of P and K which only had 40 species 
included in the analysis (see text). Each species value was created by averaging three 
replicates 
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Table 3-2. First three components of Principle Components Analysis using soluble 
fraction. 
 Axis 

Variable or statistic 1 2 3 
Soluble fraction: Component Loading 
C -0.401   
Ca -0.379 -0.23 0.531 
K -0.363 -0.287 -0.597 
Mg -0.48  0.179 
N -0.387 0.446 0.253 
Na -0.351 -0.459 -0.272 
P -0.245 0.668 -0.431 
 Component value 
Proportion of Variance 0.57 0.17 0.10 
Cumulative Proportion 0.57 0.73 0.83 
Standard deviation 1.99 1.08 0.83 
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Figure 3-1. Linear relationships between soluble element on a litter mass basis and total 

initial litter element concentration.  Extracted elements are the average of 
three extracts ± SE using a 4 h extraction time. Total litter concentration is 
based on one analysis drawn from 10 g ground litter. Dashed lines indicate 
slopes of 1:1, 1:2 and 1:4, which represent soluble fractions of 100%, 50% 
and 25%, respectively (refer to labels in the Ca plot). 
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Figure 3-2. Linear relationship between soluble C fraction (expressed as a percent of 

total litter C) and an index of percent leaf litter lignin as evaluated through a 
fiber digest. 
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Figure 3-3. Stoichiometry of soluble C on a litter mass basis, phosphate-P and total N.  

Each point represents the average of three extracts for bulked litter of one 
species.  Spearman’s rho statistics are shown. 
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Figure 3-4. Regression between inorganic and total N (a) and P (b) in water extracts.  
Total N was determined through a persulfate digest, total P was read using an 
ICP, while phosphate-P and inorganic N were obtained colorimetrically.  
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Figure 3-5. Stoichiometry of initial litter, leached litter and litter leachate (from the 4 h 
extract; n=40 or 41 species).  Stoichiometry of leached litter was not 
measured directly.  It was calculated by subtracting soluble element on a litter 
mass basis from the initial element litter concentration for each species.  All 
values are on a molar basis.
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CHAPTER 4 
LEAF LITTER INPUTS DECREASE PHOSPHATE SORPTION IN A STRONGLY 

WEATHERED TROPICAL SOIL OVER TWO TIME SCALES 

Overview  

In strongly weathered soils, leaf litter not only returns phosphorus to the soil 

environment, it may also modify soil properties and soil solution chemistry, with the 

potential to decrease phosphate sorption and increase plant available phosphorus. 

Using a radioactive phosphate tracer (32P) and 1 h lab incubations this study 

investigated the effect of two time scales of litter inputs on phosphate sorption: 1) long-

term field litter manipulations (litter addition, control and litter removal) and 2) pulses of 

litter leachate (i.e. water extracts of leaf litter) from five species. Leachate pulse effects 

were compared to a simulated throughfall, which served as a control solution. Soil 

receiving long-term doubling of leaf litter maintained 5-fold more phosphate in solution 

than the litter removal soil. In addition to the quantity of phosphate sorbed, the field litter 

addition treatment decreased the strength of phosphate sorption, as evaluated through 

Bray 1 extracts of sorbed 32P. In litter removal soil, leachate pulses significantly reduced 

phosphate sorption in comparison to the throughfall control for all five species 

evaluated. However, the ability of leachate pulses to reduce phosphate sorption 

decreased when soil had received field litter inputs. Across soils the effect of leachate 

pulses on phosphate sorption increased with net DOC sorbed, with the exception of one 

species that had a higher index of aromatic carbon concentration. This work 

demonstrates that litter inputs, as both long-term inputs and leachate pulses, can 

decrease the quantity and strength of phosphate sorption, which may lead to increased 

plant availability of this key nutrient.  
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Background and Hypotheses 

Much of the phosphate that is sorbed, or removed from solution by either 

adsorption or precipitation, by strongly weathered soils is not readily available for plant 

uptake due to soil mineralogy and high concentrations iron and aluminum oxides 

(Mattingly 1975; Uehara and Gillman 1981; Fox and Searle 1978; de Mesquita and 

Torrent 1993; Fontes and Weed 1996). Phosphate sorption by iron and aluminum 

oxides is one reason phosphorus is thought likely limit net primary productivity in 

strongly weathered soils (Walker and Syers 1976; Crews et al. 1995), and mechanisms 

that alter phosphate sorption may therefore act as controls on net primary productivity. 

Investigations in agricultural systems (Dalton et al. 1952; Moshi et al. 1974; Ohno and 

Crannell 1996; Negassa et al. 2008) and a pine plantation (Bhatti et al. 1998) show that 

organic matter additions have the potential to decrease soil phosphate sorption. 

Several lines of reasoning suggest that litter inputs could decrease phosphate 

sorption in lowland tropical forests on strongly weathered soils.  Lowland tropical forests 

tend to have high litter inputs (Vitousek 1984) and rapid litter turnover (Cusack et al. 

2009); therefore, heavy rains, either seasonally or throughout the year, can create high 

concentrations of dissolved organic carbon (DOC) and solute movement from litter to 

the soil (Cleveland et al. 2006).  In addition, long evolutionary histories between tropical 

forest plants and their environments argue for selection of plant traits that provide 

advantages by increasing nutrient availability (van Breeman 1993; Binkley and Giardina 

1998).  

Mechanisms underlying the potential influence of litter on phosphate sorption can 

be divided into two categories – effects on microbial cycling and effects on soil 

chemistry. This study investigated litter effects on soil chemistry over two time scales: 1) 
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the cumulative effect of long-term litter inputs on soil chemical properties, which is 

referred to as ‘field litter manipulation’, and 2) the short-term effect of litter leachate on 

phosphate sorption when both leachate and phosphate are simultaneously in solution, 

which is referred to as ‘leachate pulses’. Potential mechanisms underlying how field 

litter manipulation and leachate pulse treatments can influence phosphate sorption are 

similar and include mechanisms related to carbon competition for, and occupation of, 

phosphate sorption sites, in addition to changes in pH and ionic strength. Below each 

variable is explored in turn.  

 Carbon inputs may reduce phosphate sorption by decreasing available sorption 

sites (Perrott 1978; de Mesquita and Torrent 1993; Ohno and Crannell 1996; 

Easterwood and Sartain 2000). The ability of carbon to decrease sorption sites is 

dependent on carbon chemistry. For example, the presence of some low molecular 

weight organic compounds, such as oxalate and malate, can greatly decrease 

phosphate sorption (Swenson et al. 1949, Nagarajah et al. 1970; Lopez-Hernandez et 

al. 1986; Kafkafi et al. 1988; Bhatti et al. 1998) while other compounds such as simple 

carbohydrates have no effect (Negassa et al. 2008).  The effect of higher molecular 

weight carbon compounds is less clear. While humic and fulvic acids may sometimes 

decrease phosphate sorption to pure iron and aluminum oxides (Hunt et al. 2007; but 

see Borggaard et al. 2005) and soils (Sibanda and Young 1989), in other instances high 

molecular weight organic carbon compounds can increase phosphate sorption to soil by 

forming metal bridges (Levesque and Schnitzer 1967; Borie and Zuninio 1983). 

However, phosphate sorbed through organic-metal bonds is thought to be more readily 

available than phosphate sorbed to metal-oxides (Gerke 2010). 



 

76 

Litter inputs may also influence soil phosphate sorption through pH. In soils with 

high iron and aluminum oxide content, theory predicts that phosphate sorption through 

ligand exchange reactions increases with decreases in soil pH (McBride 1994). This 

prediction has been supported for pure iron oxides (Hingston et al. 1967; Barrow et al. 

1980). However, non-linear responses, which often have sorption plateaus in mid-pH 

ranges somewhere between 4 and 6, have been reported for aluminum oxides and 

kaolinite clay (Chen et al. 1973; Edzwald et al. 1976; Bar-Yosef et al. 1988; He et al. 

1997). Similar non-linear responses have also been shown for a range of soils 

(Murrmann and Peech 1969; White and Taylor 1977). This range of soil responses may 

be expected because soils are complex mixtures of the clays and metal oxides that are 

often studied independently.  Therefore, a number of predictions are possible for the 

effect of litter inputs on phosphate sorption. Nevertheless, given that long-term litter 

inputs are likely to modify soil pH within the mid-range that is often found to be a plateau 

of phosphate sorption, long-term inputs effects on pH may have little effect on 

phosphate sorption. For leachate pulses, soil may buffer against leachate pH values. 

Ionic strength of soil solution may be altered by either long-term litter inputs or 

leachate pulses.  Ionic strength has been hypothesized to have little influence on 

specific-sorption of phosphate because these reactions are controlled by ligand 

exchange and not by electrostatic attraction (Goldberg and Sposito 1984; Sparks 1995). 

However, increased ionic strength has sometimes been reported to increase phosphate 

sorption (Edzwald et al. 1976 and He et al. 1997 using kaolinite clay; McBride 1997 for 

goethite; Ryden et al. 1977 with soil) and the magnitude of the effect can be dependent 

on the ion identity.  For example, calcium (Ca) has been found to have a greater 



 

77 

influence on phosphate sorption than potassium (K) or sodium (Na) (Ryden et al. 1977; 

Barrow et al. 1980; Pardo et al. 1992).  

As a further consideration, phosphate inputs through litter may increase solution 

phosphate concentrations, which in turn can decrease the percent of solution phosphate 

that is sorbed (van Riemsdijk et al. 1984). In addition to being a potential mechanism 

underlying the effect of organic matter additions on phosphate sorption, the 

simultaneous addition of phosphate and carbon is a key covariate to consider when 

focusing on mechanisms related to carbon competition for sorption sites (Iyamuremye 

et al. 1996; Guppy et al. 2005). 

This study used a radioactive carrier free phosphate tracer (32P) to determine 

how leaf litter inputs influence soil phosphate sorption in lowland tropical forest soil. The 

study investigated the long-term effects of litter manipulations on subsequent addition of 

32P, the simultaneous addition of leaf litter leachate and 32P, and interactions between 

field litter manipulation and leachate pulses.  The effect of field litter manipulation on 

post-sorption recovery of 32P was also investigated. The effects of field litter 

manipulation on phosphate sorption via changes in soil properties were evaluated using 

soil that had received three treatments: litter addition, control and litter removal. The 

influence of leachate pulses on phosphate sorption was evaluated across the three soil 

treatments using leachate from five species.  

We had two main hypotheses: 1) soil with higher carbon content (but the same 

mineralogy and texture) would sorb less 32P because previously sorbed carbon would 

occupy potential sorption sites and 2) leachate pulses would reduce the percent of 32P 

sorbed to soil, relative to a throughfall control, due to the sorption of leachate DOC and 
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phosphate. Furthermore, it was hypothesized that when initial solution phosphate was 

controlled for, leachate pulses would continue to show decreased 32P sorption due to 

DOC competition for sorption sites. Considering the interaction between field litter 

manipulations and leachate pulses, a third hypothesis follows: effects of leachate pulses 

on phosphate sorption would be greater in the leaf litter removal soil. The pH was 

evaluated, but it was not expected to show clear trends with phosphate sorption and 

litter treatments. It was predicted that any correlation between increased phosphate 

sorption and increased ionic strength of Ca, magnesium (Mg), K and Na would be weak 

compared to the influence of carbon decreasing sorption. When considering the effect 

of field litter manipulation treatment on strength of phosphate sorption, it was 

hypothesized that more of the sorbed 32P would be readily extractable (Bray 1 extract; 

Bray and Kurtz 1945) for the litter addition soil. Finally, a small experiment considering 

the effect of solution-to-soil ratios was included so that results from this study can be 

more readily compared to work using different ratios. 

Methods 

Leaf Litter Leachate and Soil Collection 

The study was conducted in the Republic of Panama at the Smithsonian Tropical 

Research Institute (STRI). Freshly senesced leaves of five species (Albizia guachapele, 

Anacardium excelsum, Cecropia peltata, Castilla elastica, Ficus insipida) were collected 

from the forest canopy using the crane in Parque Metropolitano, a seasonal forest with 

1740 mm mean annual precipitation. A. excelsum, C. peltata and C. elastica are 

distributed across a range of precipitation levels, while F. insipida and A. guachapele 

are mostly restricted to moist forests (Croat 1978). All five species have large 

geographical distributions within the Neotropics (Croat 1978). Leaves were collected 
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when they could be removed by a light touch, meaning the abscission zone had formed, 

leaves had senesced and were ready to fall. Litter was transported in paper bags and 

then spread out in thin layers to air-dry under ambient laboratory temperature and 

humidity (22 ± 0.5°C and 55 ± 5%, respectively) for approximately three weeks. For 

each species, senesced leaves were collected from at least three individual trees, litter 

was cut when necessary so the maximum size was approximately 5 cm x 5 cm and 

samples were bulked at the end of the collecting period (August – October 2008).  

Soil was collected from the Gigante Leaf Litter Manipulation (GLiMP) project 

(Sayer and Tanner 2010; Sayer et al. 2006) where three treatments were initiated in 

2000: leaf litter doubled, leaf litter removed and a control. Soils from these plots 

represent the levels of the ‘field litter manipulation’ treatment. The GLiMP soil is 

classified as an Oxisol and was formed from Miocene basalt.  Soil was collected (0-10 

cm) from three of the five plots of each treatment in early October 2008, air dried under 

ambient laboratory temperature and humidity (22 ± 0.5°C and 55 ± 5%, respectively), 

sieved (2 mm), bulked by treatment and stored in plastic bags. Subsamples were dried 

at 105°C for 24 h to determine air to oven dry weight conversions. Total soil carbon was 

determined by removing all visible organic fragments remaining after the 2 mm sieve, 

grinding soil in a ball mill and analyzing on an Elemental Analyzer (Flash EA 1112, 

Thermo, Bremen, Germany). 

Leaf litter leachates, which represent the ‘leachate pulse’ treatment, were created 

using a 1:30 litter to deionized water ratio based on grams oven dried weight equivalent 

(ODE).  Litter was shaken at low speed (approximately 180 rpm) for 4 h with 250 mL 

deionized water in wide mouth bottles. Solutions were immediately poured off and 
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centrifuged at 8180 x g for 10 minutes. Supernatants were stored at 4°C for 1–5 days.  

All solutions were brought to room temperature before use in the sorption experiments. 

Solutions were analyzed for molybdate reactive phosphate (MRP; Hach DR 5000 UV-

vis spectrophotometer), DOC (Shimadzu TOC-VCSH Total Organic Carbon analyzer), 

and pH (Hach Sension 3 pH meter). Samples for DOC analysis were prepared (i.e., 

diluted and acidified) at the time of the phosphate sorption experiment. Cation 

concentrations were determined by inductively-coupled plasma optical-emission 

spectrometry (ICP-OES; Optima 2100, Perkin Elmer, Shelton, CT). Ionic strength due to 

Ca, K, Mg and Na was calculated using the formula: I = 0.5 Σ ci*Zi
2, where Zi is the 

valence of the ion and ci is the ion concentration in mol L-1. Scans of specific ultraviolet 

absorption (SUVA), which is the measured absorbance divided by the carbon 

concentration and expressed here as L g-1 carbon cm-1, were used as an index of 

carbon chemistry (Hur and Schlautman 2003; Jaffrain et al. 2007) and measured on the 

diluted DOC samples. 

Phosphate Sorption Experiments 

The effects of field litter manipulation and species-specific leachate pulses on 

phosphate sorption were evaluated with carrier free 32P sorption experiments in 

November and December 2008. The control was a simulated ‘throughfall’, which was 

created using nutrient concentrations and ratios from a review on throughfall in lowland 

tropical forests (Zimmermann et al. 2007; concentrations in Table 4-1). Within each soil, 

each species-specific leachate pulse replicate was an independently created leachate 

using the bulked litter. Three replicates were included per species. Experiments 

included five levels of initial phosphate spikes (+0, 3, 6, 9, 12 µg mL-1 for controls and 
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+0, 2, 4, 6, 8 µg mL-1 for leachates) in order to analyze the effect of leachate pulses on 

32P sorption using initial phosphate solution as a covariant.  

In batches of 10 samples, 3 mL of DI water was added to 5 g of air-dried soil (but 

all reported values are expressed on an oven dried weight equivalent basis) to mimic 

approximately 60% gravimetric water content. Sodium azide (1 mM) was included to 

inhibit microbial activity. Thirty minutes later leachate, or throughfall solution, and 

phosphate (31P) were added.  Phosphate stock ranged from 0 to 250 μL depending on 

the target concentration.  The 32P radioactive isotope tracer (0.25 mL of approximately 4 

Mdpm per sample) was then added and samples were shaken on low (180 rpm) for an 

hour. Additions of the small quantities of radioactive 32P tracer used in this study did not 

have any appreciable effect on solution phosphate concentration. Total solution-to-soil 

ratio was 10 mL to 4.66 g ODW. After centrifuging for 10 minutes at 8180 x g, 

supernatant was immediately poured off.  

Activity of 32P remaining in the supernatant was read using a liquid scintillation 

counter (Beckman Coulter LS 6500 Multipurpose Scintillation Counter, Fullerton, CA) 

and Ultima Gold AB cocktail. Activities of samples for determining batch-specific 32P 

tracer additions and blanks were also determined.  Subsamples of supernatant were 

diluted, acidified and frozen for later analysis of DOC (see above).  

In addition, for the throughfall samples, Bray 1 extractable (Bray and Kurtz 1945) 

32P was measured to provide insight into how 32P was partitioned among soil sorption 

pools.  Bray 1 extract is a weakly acidic ammonium fluoride solution (0.025 N HCl and 

0.03 N NH4F) that is thought to extract soil phosphorus through the formation of fluoride 

complexes with aluminum and iron and is considered an index of readily extractable 
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phosphorus (Sharpley et al. 1987; Olander and Vitousek 2004). For this analysis, 

immediately after centrifuging and pouring off supernatant, a clean spatula was used to 

break up compressed soil in each centrifuge tube. Bray 1 extract was added (for a 

solution-to-soil ratio of 35 mL to 4.66 g ODW soil), samples were placed on the shaker 

table for five minutes before centrifuging at 8180 x g for 15 min. The Bray 1 supernatant 

was then immediately analyzed for 32P activity (see above).  

The effect of solution-to-soil ratio on 32P sorption was investigated using a small 

number of samples with deionized water. This experiment was carried out in June 2009 

using the same bulked soil as used in the above experiments, but a slightly different 

protocol was followed. This experiment is included here to consider the dependency of 

percent 32P soil sorption on the solution-to-soil ratios and to determine if the slope of the 

relationship varies among soil, which is helpful for comparing the results presented here 

to other work. Total solution was 7.5 mL, as opposed to 10 mL, and the step involving 

incubation with DI was eliminated. The total solution consisted of 7 mL of the 

throughfall, 0.25 mL DI and 0.25 ml 32P, all added at the same time.  Also, samples 

were shaken on the high setting (280 oscillations per minute), instead of low (180 

oscillations per minute). 

Analysis  

 The effect of field litter manipulation on soil %32P sorption was statistically 

analyzed using a one-way ANOVA (only the samples that did not receive a 31P-

phosphate spike were used in this analysis). To evaluate the effect of leachate pulses 

on %32P sorption, two approaches were used. This study first considered if leachate 

pulses affected %32P sorption without controlling for initial phosphate in solution and 

then this study evaluated the effect of leachate pulses while controlling for initial 
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phosphate in solution. For both approaches, only effects within a soil treatment were 

analyzed and comparisons were made between each species and the throughfall 

control.  

The effect of leachate pulse on %32P sorbed was first investigated using a one-

way ANOVA without controlling for initial phosphate in solution. The analysis used 

samples that did not receive spikes of 31P-phosphate. Differences between the control 

and the leachates were evaluated using Tukey multiple comparison tests.  This study 

then evaluated if leachate additions influenced 32P sorption, as compared to a 

throughfall control, while controlling for initial phosphate in solution. This was 

accomplished by including samples that received spikes of 31P-phosphate and using an 

ANCOVA. For ANCOVA, a mixed effects model was used with the solution replicates 

set as a random effect, which accounted for the fact that initial phosphate 

concentrations were created by spiking subsamples of three replicates for each 

leachate.  

 Effect sizes of leachate on phosphate sorption compared to throughfall were 

calculated using Cohen’s d statistic. The initial phosphate in solution was controlled for 

by using the intercepts from the ANCOVA where initial 31P-phosphate in solution was 

the covariate: Cohen’s d = (intercept of %32P sorbed with throughfall – intercept of %32P 

sorbed with leachate)/ pooled standard deviation. 

The intercepts of %32P sorbed were also used in simple linear regressions within 

each soil to investigate the trends between phosphate sorption and initial pH, net DOC 

sorbed and ionic strength due to Ca, K, Mg and Na while controlling for solution 
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phosphate concentration. Net DOC sorbed was calculated as the DOC in the initial 

solution minus that of the final solution.  

For Bray 1 extracted 32P, the overall effect of soil type was investigated using 

ANCOVA with initial phosphate in solution as a covariate, which was appropriate 

because slopes among soils were not found to differ significantly. For the solution-to-soil 

ratio experiment, soil effects on slopes of the %32P sorbed as a function of solution-to-

soil ratio were evaluated using ANCOVA and a linear model was fit for each soil. 

Species differences in leachate SUVA254 were evaluated using an ANOVA and multiple 

comparisons were investigated with a Tukey test. All statistical analyses were 

conducted in R (R Development Core Team).   

Results  

Soil Carbon Content and Leachate Characteristics  

The leaf litter addition soil had 3.8% total soil carbon, control soil was 3.2% and 

litter removal was 2.8%  (Table 4-2). It is noted that resin extractable phosphate and pH 

also showed trends related to the litter treatment (BL Turner, unpublished data; Table 4-

2), with the litter addition treatment showing potentially higher resin phosphate and pH. 

Leachates varied in initial concentrations of DOC (240 to 1053 mg C L-1), phosphate 

(0.81 to 6.4 mg L-1) and cations (Table 2). 

Effect of Field Litter Manipulation on Phosphate Sorption 

Litter addition soil sorbed less phosphate during the 1 h incubation than the litter 

removal and control soil, and all soil comparisons were significantly different from one 

another (Figure 4-1).  Although differences were very small when considered on a 

percent sorbed basis, with all soils sorbing more than 99% of the added tracer, the 

relative differences of phosphate remaining in solution are large.  In the litter addition 
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soil, five-fold more phosphate was retained in solution compared to the litter removal 

soil. 

Effect of Leachate Pulses on Phosphate Sorption  

Leachates of all species were found to decrease phosphate sorption in the litter removal 

soil when compared to the throughfall control (Table 4-3). This was also true when initial 

phosphate in solution was controlled for using an ANCOVA (Table 4-4; Figure 4-2), 

demonstrating that some leachate property, or properties, besides initial phosphate in 

solution underlie the decreased phosphate sorption. In the control soil, fewer species 

had a significant effect on decreasing phosphate sorption.  In the litter addition soil one 

species, A. excelsum, increased phosphate sorption (Table 4-4; Figure 4-2). Although 

the differences between throughfall and leachate were small, the increase in phosphate 

remaining in solution for the leachate treatments relative to the throughfall was found to 

be greater by more than a factor of three for some species/soil combinations (Figure 4-

3). 

 In the ANCOVA, there were two cases where slopes were not homogenous 

(Castilla elastica in control soil and Anacardium excelsum in addition soil); however, 

both slopes converged with that of the throughfall solution as the functions approached 

the intercept. Therefore, the difference between slopes would result in failing to detect 

differences between treatments when differences may exist at higher levels of initial 

phosphate concentration. The analysis is therefore conservative in evaluating 

significance in these two cases. 

Linear regressions showed leachate pH and net DOC sorbed (Table 4-5) were 

not significant predictors of phosphate sorption for any of the soils (Table 4-6). Contrary 
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to expectations, the combined ionic strength of Ca, K, Mg and Na was strongly 

negatively correlated with phosphate sorption in the litter removal soil (Table 4-6). 

When considering all soils together, the effect of leachate on reducing %32P 

sorption increased as net DOC sorbed increased (Figure 4-4) for four of the species 

investigated.  However, A. excelsum did not fit this trend.  A. excelsum shows the 

largest net DOC sorbed and one of the lowest effects of leachate on decreasing 

phosphate sorption in the litter removal soil, in addition to showing increased phosphate 

sorption with leachate presence in the litter addition soil (Figure 4-4).   

Effect of Soil Treatment on Bray Extractable 32P  

Less than 10% of the 32P sorbed during a 1 h incubation was desorbed by the 

Bray 1 solution (Figure 4-5). However, the percent extracted from the litter addition soil 

was 40% greater than that extracted from the control and litter removal soil. The 

recovery of the 32P in the Bray 1 extract across soil treatments serves as an index of 

litter influences on desorption of phosphate and suggests that plant availability of 

sorbed phosphate increases with litter addition. 

Solution-to-soil Ratios 

The solution-to-soil ratio used for the 1 h incubations was found to have a strong 

effect on the percent of the initial 32P sorbed. For example, in the litter addition soil, the 

percent of 32P remaining in solution varied from 99.75 to 98.25%, with a greater percent 

of the phosphate tracer sorbed when there was less solution per gram of soil.  

Furthermore, the effect of the solution-to-soil ratio on phosphate sorption differs among 

litter manipulation treatments.  The effect is greater for the litter addition soil than for the 

control and litter removal soil, as shown by slopes for the response of 32P sorbed as a 

function of solution-to-soil ratio (Figure 4-6).   
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SUVA of Leachate  

A. excelsum had significantly higher SUVA254, which is an index of carbon 

aromaticity (Hur and Schlautman 2003; Jaffrain et al. 2007) than leachates of the other 

species, while the other species were not significantly different from one another (Figure 

4-7; P<0.001 for ANOVA, df =4,10; P <0.002 for all A. excelsum Tukey comparisons 

with other species). 

Discussion 

This study demonstrates that leaf litter inputs can reduce phosphate sorption to 

soil through both field litter manipulation and leachate pulses. The field litter addition 

treatment resulted in soil that sorbed significantly less phosphate (Figure 4-1).  The 

effect was marked with the litter addition soil retaining five-fold more phosphate in 

solution compared to the litter removal soil at the end of 1 h incubations (Figure 4-1).  It 

is noted that this relative difference can change with the solution-to-soil ratio and would 

be even greater if a less concentrated ratio had been used (Figure 4-6).  

Results from the leachate pulse experiments show another avenue by which 

organic matter inputs can influence phosphate cycling, because leachate pulses from all 

five species decreased phosphate sorption to the litter removal soil.  Interestingly, the 

effect of leachate pulses on decreasing phosphate sorption diminished as field litter 

inputs increased (Figure 4-3).  This interaction demonstrates that the effects of leachate 

pulses are sensitive to previous inputs of organic matter and, because field litter inputs 

attenuated the effect of the leachate pulse, it is likely that mechanisms by which field 

litter manipulations and leachate pulses are controlling phosphate sorption are similar.  
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Mechanisms Underlying Phosphate Sorption Results 

We reason that the mechanisms underlying the effect of the field litter 

manipulations on phosphate sorption are due to more than a change in solution 

phosphate concentration. Although resin extractable phosphate may be greater for the 

litter addition soil, this difference (0.24 to 0.67 μg P g-1 soil; Table 4-2) is small 

compared to the experimental phosphate spikes. Based on the experimental phosphate 

spikes of the litter removal soil (Figure 4-1), an increase in solution phosphate 

concentration of 1 μg P g-1 soil (or 0.47 μg P mL-1 solution) is expected to influence 

%32P sorption by less than 0.005 percentage points (here the term percentage points is 

used to clarify the reference to an absolute differences between the %32P results rather 

than a relative change). This is much less than the observed 0.43 percentage points 

between the litter addition and removal soil (0.52% - 0.09%). In the leachate pulse 

experiments, the analysis of covariance determined that the leachate effect was due to 

more than an increase in solution phosphate concentration (Figure 4-2). 

Some variable, in addition to phosphate concentration, must therefore underlie 

the litter treatment effect. Linear regressions for the leachate pulse experiment suggest 

that pH is not a significant predictor of leachate pulse effect on phosphate sorption 

(Table 4-6). In the litter removal soil, ionic strength (as evaluated by considering Ca, 

Mg, K and Na) was negatively correlated with phosphate sorption to soil, yet previous 

research suggests increased ionic strength of these ions should increase or have little 

influence on phosphate sorption (Ryden et al. 1977; Sparks 1995).  Given that three of 

the leachates had pH values >6 (Table 4-2), and that Ca makes a large contribution to 

ionic strength due to its valence charge, the possibility of calcium phosphate 

precipitation deserves mention (Barrow et al. 1980). However, this soil buffers against 
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initial solution pH and final supernatant pH values were similar, reflecting that of the soil 

after the hour incubation (determined using the control soil and solutions with initial pH 

ranging from 4.5 to 7.9; data not shown).  Furthermore, calcium phosphate precipitation 

would decrease phosphate in solution, which would be interpreted in this study as 

increased sorption with increasing Ca concentration. The observed trend is the opposite 

of this expectation. Mechanisms underlying the correlation of decreased phosphate 

sorption with increased ionic strength of Ca, K, Mg and Na in the litter removal soil 

remain therefore unknown. It is noted that decreased activity coefficients (which would 

be expected with increased ionic strength) have been suggested, but were not 

supported, as a potential mechanism decreasing phosphate sorption (Bar-Yosef et al. 

1988). Given the results of this study, investigations of the relationship between activity 

coefficients and phosphate sorption may be an avenue for future work. 

Across soils, net DOC sorbed was correlated with the difference in 32P sorption 

between leachate and throughfall control, with the exception of A. excelsum (Figure 4-

4). However, depending on chemistry, DOC can sorb to different types of sites and not 

all DOC that is sorbed can compete with phosphate for sorption sites (Yuan 1980; 

Kafkafi et al. 1988). Leachates can differ in DOC chemistry among species (Hongve et 

al. 2000) and it is therefore likely that net DOC sorbed will provide only coarse scale 

information on the role of DOC on phosphate sorption. Yet, in the absence of detailed 

chemistry of all leachates, and knowledge of how each of the carbon compounds 

influence phosphate sorption, results suggest that interpreting net DOC sorbed is a 

useful metric. The use of net sorption of DOC was strengthened when data on specific 
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ultraviolet absorption, which are indices for carbon chemistry, were included in the 

interpretation. 

Leachate of A. excelsum was the only leachate found to increase phosphate 

sorption (which occurred in the litter addition soil). Anacardium excelsum leachate also 

had greater SUVA254, which is an index of aromaticity (Hur and Schlautman 2003), 

compared to the other four species (Figure 4-7). In some cases, high molecular weight 

aromatic organic decomposition products, such as humic and fulvic acids, have been 

suggested to increase phosphate sorption by forming new sorption sites for phosphate 

(Levesque and Schnitzer 1967; Appelt et al. 1975; Gerke 2010).  Although the A. 

excelsum leachate carbon would not be a decomposition product, the aromaticity could 

be related to why A. excelsum increased phosphate sorption in the litter addition soil. 

Continuing with this speculation, A. excelsum leachate could have similarly sorbed 

phosphate through organic–metal bridges in the litter removal soil; however, sorption of 

phosphate through this pathway may have had a small effect relative to the competition 

of other forms of carbon with phosphate for sorption sites, resulting in a net decrease in 

phosphate sorption compared to the throughfall control. It is interesting to note that in 

contrast to specific sorption to soil, phosphate sorbed to organic matter is likely more 

plant available (Harter 1969; Gerke 2010). 

Our results for Bray 1 extractable 32P in the field litter manipulation soils 

demonstrate that litter additions can decrease the strength of phosphate sorption. 

Phosphate-32P sorbed in the litter addition soil was more readily extracted than 32P 

sorbed in the control and litter removal soil (Figure 4-5). Other studies report that 

organic matter additions can increase the fraction of phosphate going to non-specific 
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sorption pools (Sharpley and Smith 1989; Easterwood and Sartain 2000). As mentioned 

above, one mechanism for this is phosphate sorbed through organic–metal bonds 

(Gerke 2010). Furthermore, a positive correlation between soil carbon and readily 

extractable phosphate has been shown for a number of systems (Harter 1969; Johnson 

et al. 2003). Results show that the strength of phosphate sorption may be manipulated 

by organic matter inputs and supports the proposed link between readily extractable 

phosphorus and soil carbon concentrations. 

Leachate Concentrations 

The DOC concentrations used here (162 to 710 mg C L-1) appear to be within the 

range of field data when biases of collection methods and differences in litterfall quantity 

between systems are considered for field data. For example, carbon concentrations of 

field leachates of fresh litter in a spruce stand in Norway were 170 mg C L-1 (Froberg et 

al. 2007, filtered using 0.2 μm pore size, biweekly sampling, no microbial inhibitor 

noted). Concentrations were 145 mg C L-1 in a beech forest and 106 mg C L-1 in a pine 

forest after summer rainstorms (Kaiser et al. 2001, 0.45 μm pore size filters, 7 day 

sampling frequency, no microbial inhibitor mentioned).  However, lower concentrations 

of 70 mg L-1 were reported for a hardwood stand in Germany (Park and Matzner 2003, 

0.45 μm pore size filters, collected biweekly, no microbial inhibitor mentioned) and much 

lower values have been reported from an oak dominated forest in Appalachia (30 mg L-

1, Qualls et al. 1991, GF/F filter, usually sampled after storms, mercuric chloride added if 

not scheduled to be sampled immediately after storms).  In temperate forests litter 

inputs are, in general, much lower than those in seasonal tropical forests (Vitousek 

1984; Scott and Binkley 1997), which can directly affect carbon concentration of leaf 

litter leachate, because litter thickness can be related to leachate concentration (Park 



 

92 

and Matzner 2003). In addition, when comparing among studies, field solutions 

collected on an infrequent basis may provide low estimates of DOC due to oxidation by 

microbes if microbial inhibitors were not included.  Also, the process of filtering, and the 

chosen pore size, can significantly reduce total DOC concentrations compared to the 

non-filtered supernatant values reported in this study. Furthermore, when considering 

appropriate leachate concentrations for sorption reactions in laboratory experiments, the 

soil–to–solution ratio is key. It is noted that this study used a ratio of 4.66 g soil to 10 ml 

for the sorption experiments, resulting in less leachate carbon per gram of soil 

compared to the commonly used ratio of 1 gram of soil to 10 ml solution. 

Scaling Phosphate Sorption Results 

Spatial and temporal scaling of results suggest the small but statistically 

significant effects of litter (both field litter manipulation and leachate pulses) on 

phosphate sorption have potential biological relevance for soils with high phosphorus 

sorption capacity. A simple scaling calculation for the effect of field litter manipulation 

treatments on phosphate sorption first requires an estimate of soil solution phosphate 

fluxes, which due to a number of methodological challenges are scarce for strongly 

weathered soils (Oberson and Joner 2005). As an estimate of phosphate inputs into soil 

solution, phosphate inputs from microbial mineralization and the contribution of water 

extractable soil phosphate are considered. I use a soil organic P mineralization rate of 

0.07 mg kg-1 h-1 from a temperate system (Oehl et al. 2001) and the water extractable 

phosphate in the litter addition soil, which was 0.06 mg kg-1 (using a 1 hr extract with 

microbes inhibited). Next, the %32P sorbed during the 1 h incubations varies as a 

function of soil-to-solution ratio (Figure 4-6) so this calculation requires accounting for 

how solution-to-soil ratios used in the lab compare to field ratios. Sorption experiments 
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in this study were carried out using a 2.15 solution-to-soil ratio (10 ml of solution to 4.66 

g ODW soil) and the gravimetric moisture content of the soil at time of collection was 

~60%, yielding a solution-to-soil ratio of 0.6. Using the linear relationship between %32P 

sorbed versus solution-to-soil ratio (Figure 4-6), an estimate for %32P at the field ratio 

can be calculated for each soil (i.e., litter addition, litter removal and control). The 

estimated %32P remaining in solution can be used to calculate the quantity of phosphate 

remaining in solution at the end of one hour for the throughfall solution by considering a 

10 cm depth and a bulk density of 1.0 g cm-3 (bulk density is from Sayer et al. 2005). It 

follows that the sorption difference between the litter removal and litter addition soils is 

calculated as 6.2 g P ha-1 hr-1. Coarse scaling of this hour increment over a 24 h period 

results in estimates of 0.15 kg P ha-1 remaining in solution longer in the litter addition 

compared to the litter removal soil (but this is not a cumulative standing pool). 

Considering that the annual P requirements for above-ground biomass at these sites is 

~8 kg P ha-1 (based on calculations from Sayer et al. 2010), uptake on a daily basis is 

~0.022 kg P ha-1 day-1. Therefore, an increase of 0.15 kg more phosphate-P per ha in 

solution over the course of a day (although not all at the same time) suggests litter 

addition may have a substantial influence on P cycling and availability. 

Similar calculations could be done for the litter leachate pulses if the influence of 

solution-to-soil ratio on leachate pulse was available for each leachate.  However, the 

development of this relationship was not included in the study. Although calculations 

cannot be made, results can still be discussed in context to the calculations for the field 

litter manipulation treatments. At the 2.15 solution-to-soil ratio used in the experiments, 

the difference in %32P sorbed between the litter removal soil and the litter addition soil 
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was 0.454 while the difference between throughfall and Castilla elastica leachate in the 

removal soil was 0.303 (and C. elastica had the largest effect on decreasing phosphate 

sorption compared to the control). This suggests that if the effect of C. elastica leachate 

on %32P sorption across solution-to-soil ratios followed a similar relationship to that of 

the litter addition treatment, scaling the effect of C. elastica leachate pulse (at the 

concentration used in this study) on P remaining in solution on a hectare basis would be 

about 30% less than that of the field litter manipulation treatments, meaning the 

leachate pulse effect could make a relevant contribution to phosphorus cycling. Scaling 

over 24 h would depend on both the rate of leachate inputs and the rate at which the 

leachate solution was altered by microbial mineralization of carbon and immobilization 

of nutrients. 

Summary 

This study shows that litter inputs can influence both the magnitude and strength 

of phosphate sorption in a strongly weathered soil at two levels: long term litter inputs 

and leachate pulses. Leachate pulses had a greater influence on decreasing soil 

phosphate sorption in the field litter removal treatment, and little influence in field litter 

addition soil, showing that field litter manipulations and leachate pulses interact in a 

predictable manner.  In addition to decreasing the quantity of phosphate sorbed, this 

study provides evidence that litter inputs can decrease the strength of phosphate 

sorption. For field litter treatments this was demonstrated by a larger fraction of sorbed 

32P that was Bray 1 extracted from the litter addition soil compared to the control and 

litter removal soil. The possibility that litter pulses of some species can also decrease 

the strength of phosphate sorption was suggested by the results of A. excelsum. The 

results of A. excelsum in the litter addition soil were contrary to the other species, with 
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the A. excelsum leachate pulse showing increased phosphate sorption. A. excelsum 

had a higher index of aromatic carbon than the other species and it is therefore 

hypothesized that A. excelsum may be promoting phosphate sorption through organic-

metal bonds. This study provides evidence for the role of litter inputs in decreasing soil 

phosphate sorption and increasing readily extractable phosphate. 

This work adds to the body of literature demonstrating that organic matter inputs 

can serve as not only input of nutrients to the soil environment but can also modify 

phosphorus cycling through indirect effects. While this work focuses on forest litter, 

results suggest that in low input agricultural systems, litter from crops and agroforestry 

trees (both longer term inputs and leachate pulses) could have similar effects on 

phosphorus cycling. The effects of crop residues on phosphate sorption have received a 

great deal of attention in studies focused on high inputs of inorganic fertilizer (Ohno and 

Crannell 1996; Hunt et al. 2007) and the results presented here suggest organic matter 

inputs may play an important role in regulating plant phosphorus availability in low input 

systems on strongly weathered soils. This work also suggests that changes in forest 

litter production, which can occur during early forest succession (Ewel 1976) and which 

may occur as a response to climate change (Nepstad et al. 2004), could have potential 

feedbacks to phosphorus cycling that extend beyond the quantity of phosphorus 

returned through litterfall. 
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Table 4-1. Characteristics of leachate and simulated throughfall. 
 Species 
 A. gauchabele A. excelsum C. elastica C. peltata F. insipida Throughfall 

pH     5.06   (0.04) 
      
4.97 

   
(0.07)     6.16   (0.02)     7.05   (0.76)     7.72   (0.11) 5.5 

DOC (mg L-1) 240.1 (38.9) 1053.6 (76.9) 785.1 (29.4) 533.5 (38.2) 631.7 (51.7) 8.2 

Phosphate-P     4.80   (0.28) 
      
6.43   (0.48)     6.13   (0.33)     2.95   (0.20)     0.81   (0.18) 0.03 

Al 
    
0.001 

  
(0.001) 

      
0.014 

  
(0.013) bdl   bdl  

    
0.530 

  
(0.121)  

Ca     8.35   (1.11) 
      
7.15   (1.88) 127.30 (11.84)   82.51 (18.41) 128.24   (4.25) 0.4 

Mg     8.60   (0.82) 
  
112.78   (1.54)   91.63 (10.59)   36.83   (8.12)   65.39   (4.40) 0.24 

K 178.53   (8.95) 
  
120.81   (8.94) 381.91 (48.03) 487.93 (23.39) 173.20   (9.88) 1.99 

Mn     0.31   (0.06) 
      
0.09   (0.01)     0.17   (0.03)     0.03   (0.01)     0.02   (0.01)  

Na     0.43   (0.02) 
     
4.04   (0.26)     3.84   (0.75)     2.17   (0.10)     3.92   (0.14) 0.46 

Si      0.28   (0.05) 
     
4.67   (0.02)     6.72   (0.68)     8.63   (2.55)   12.74   (0.73)   

All values, except pH, are mg L-1.  Phosphate-P is reported as molybdate reactive phosphate (MRP). Means and standard 
deviations (in parentheses) are for the original leachate solutions made using a 1:30 litter-to-solution ratio and 4 h extract 
time (n=3, with the exception of throughfall). Leachates and throughfall were then diluted with deionized water for the 
sorption experiments (6.75 to 6.50 ml of leachate in 10 ml total solution; in methods). Below detection limit is indicated by 
bdl. 
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Table 4-2. Characteristics of the Gigante Leaf Litter Manipulation project (GLiMP) soils 
(0-10 cm), which is referred to as 'field litter manipulation' treatments. 

 Litter treatment 
  Removal Control Addition 
%C* 2.8   (0.3) 3.2   (0.1) 3.8   (0.5) 
Total P (mg kg-1 soil) 262.3 (13.2) 285.6 (17.8) 266.4 (28.1) 
Resin P (mg kg-1 soil) 0.47 (0.16) 0.51 (0.14) 0.95 (0.02) 
pH (in water) 5.04 (0.15) 5.19 (0.31) 5.78 (0.01) 

Soil for this study was collected in October and November 2008 and %C was measured 
on the soils that were bulked and used in this study (indicated by *). All other values are 
for soils collected in January 2009 from the same GLiMP plots used in this study (BL 
Turner, unpublished data). Means ± standard deviations are based on two plots per 
litter treatment. 
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Table 4-3. ANOVA and Tukey multiple comparison results for the effect of solution (i.e., 
species leachate and throughfall control) on 32P-phosphate sorption to soil. 

 Soil litter treatment 
 Removal Control Addition 
F-value 113.7   18.9   73.0   
P-value <0.0001   <0.0001   <0.0001   
 %32P sorbed 
A. gauchabele 99.831 (0.014) * 99.686 (0.074)  99.297 (0.031) * 
A. excelsum 99.809 (0.012) * 99.733 (0.027)  99.498 (0.013)  
C. elastica 99.605 (0.026) * 99.491 (0.026) * 99.131 (0.017) * 
C. peltata 99.803 (0.019) * 99.692 (0.032)  99.384 (0.009)  
F. insipida 99.789 (0.004) * 99.685 (0.032)  99.364 (0.045) * 
Throughfall 99.908 (0.013)  99.772 (0.010)  99.453 (0.026)  

Analyses were done within a soil treatment (df = 5, 12). Means of %32P sorbed to soil 
are included and standard deviations are shown in parentheses.  Asterisks indicate if 
the species leachate was significantly different from the throughfall control, as 
determined through the Tukey multiple comparison tests. 
 



 

99 

Table 4-4. Species-specific leachate effects on 32P-phosphate sorption compared to a 
throughfall control. 

Soil Solution Diff %32P 
F-
value 

P-
value 

Cohen's 
d 

Litter removal       
 A. gauchabele  0.049   16.0 0.016   3.60 
 A. excelsum  0.069   30.8 0.005   5.54 
 C. elastica  0.230 202.2 0.0001 11.15 
 C. peltata  0.095   53.9 0.002   5.86 
 F. insipida  0.115 108.8 0.0005 12.32 
Control      
 A. gauchabele  0.042     3.6 0.132   0.81 
 A. excelsum -0.003     0.0 0.899  -0.14 
 C. elastica  0.235 167.4 0.0002 12.07 
 C. peltata  0.059     5.39 0.082   2.49 
 F. insipida  0.069   31.5 0.005   2.87 
Litter addition      
 A. gauchabele  0.065     5.6 0.076   2.29 
 A. excelsum -0.134   20.8 0.010  -6.58 
 C. elastica  0.121     3.0 0.157   5.56 
 C. peltata  0.056     4.1 0.113   2.92 
 F. insipida  0.104   13.4 0.022   2.84 

Differences in the percent of 32P sorbed (diff %32P) were calculated as the mean %32P 
sorbed in the presence of species-specific leachate minus that of throughfall at the y-
intercept (n=3). The P-values indicate if leachate differed significantly from throughfall. 
Degrees of freedom are 1,24 for all analyses. Effect size is reported as Cohen's d, which 
is the difference between the means (i.e., diff %32P) divided by the pooled standard 
deviation. The pooled standard deviation was estimated using the %32P sorbed for the 
samples that did not receive spikes of  31P phosphate. 
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Table 4-5. Concentration of treatment solutions used in sorption experiments and net DOC sorption to soil. 

 

Initial 
phosphate-P 

in solution 
Initial DOC      
in solution Net DOC sorbed to soil (mg g-1 soil) 

 (μg g-1 soil)  (mg g-1 soil) 
Litter addition 

soil  
Control soil Litter removal 

soil 
Albizia gauchabele 6.95 (0.39) 0.36 (0.04) -0.21 (0.04) -0.18 (0.03)  -0.10 (0.04) 
Anacardium 
excelsum 9.31 (0.69) 1.52 (0.11)  0.53 (0.16)  0.59 (0.11)   0.62 (0.07) 
Castilla elastica 8.88 (0.47) 1.14 (0.04)  0.27 (0.04)  0.36 (0.04)   0.38 (0.02) 
Cecropia peltata 4.27 (0.30) 0.77 (0.06) -0.07 (0.01)  0.00 (0.07)   0.11 (0.04) 
Ficus insipida 1.17 (0.26) 0.92 (0.07)  0.14 (0.05)  0.23 (0.06)   0.21 (0.07) 
Simulated 
throughfall 0.07  0.03  -0.25 (0.01) -0.18 (0.01)  -0.17 (0.02) 

Phosphate and dissolved organic carbon (DOC) are expressed on a per gram oven dried soil basis. Means and standard 
deviations (in parentheses) are based on n=3, with the exception of initial throughfall values. Net sorbed DOC is DOC 
initially in solution minus DOC remaining in supernatant at end of 1 h room temperature incubation. 
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Table 4-6. Simple linear regressions evaluating initial solution phosphate concentration, 
pH, ionic strength (based on Ca, K, Mg and Na) and net DOC sorbed as 
predictors of %32P sorbed to soil. 

Soil litter 
treatment 

Intercepts of %32P sorbed as 
a function of: Slope r2 P-value 

Addition     
 Leachate pH -0.051 0.37 0.197 
 Ca, K, Mg, Na ionic strength -0.006 0.10 0.538 
 Net DOC sorbed  0.125 0.16 0.427 
Control     
 Leachate pH -0.024 0.09 0.553 
 Ca, K, Mg, Na ionic strength -0.013 0.51 0.112 
 Net DOC sorbed -0.077 0.07 0.601 
Removal     
 Leachate pH -0.028 0.16 0.433 
 Ca, K, Mg, Na ionic strength -0.010 0.82 0.013 
 Net DOC sorbed -0.141 0.29 0.267 

The intercepts from the ANCOVA of %32P sorbed to soil, where initial phosphate in 
solution was a covariate, were used as the response variable. Net sorbed DOC is DOC 
initiailly in solution minus DOC remaining in supernatant at end of 1 h incubation.  
Significant correlations are in bold. All models have 4 degrees of freedom. 
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Figure 4-1. The effect of field litter additions on phosphate-32P sorption to soil during a 1 
h incubation. Bars show standard deviations. All soil comparisons are 
significantly different from one another (P<0.05) as evaluated using a one-
way ANOVA and Tukey multiple comparisons of the samples that did not 
receive phosphate-31P spikes. Litter addition soil: y = 99.479 - 0.036*x; control 
soil: y =  99.774 - 0.012*x; litter removal soil: y =  99.910 - 0.009*x. 
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Figure 4-2. Leachate effects on reducing phosphate-32P sorption to soil during a 1 h 
incubation. See Table 4 for a summary of leachates that significantly 
influenced phosphate sorption compared to the throughfall control. 
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Figure 4-3. Phosphate-32P in supernatant for leachate relative to the throughfall control, 

calculated as %32P in leachate supernatant/ %32P in throughfall supernatant.  
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Figure 4-4. Relationship between leachate effect on phosphate-32P sorption and net 

DOC sorbed to soil. Black symbols are for litter removal soil, grey symbols 
show control soil and open symbols represent litter addition soil. 
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Figure 4-5. The percent of phosphate-32P sorbed that was extractable using Bray 1.  

Bray 1 solution was added after a 1 h incubation with throughfall solution.  
Bars show standard deviation. Note the x-axis does not extend to zero. T-
tests of the intercepts showed the litter addition had significantly greater 
extractable 32P than the litter removal or control soil at the P = 0.05 level. 
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Figure 4-6. The effect of solution-to-soil ratios on phosphate sorption for the three field 
litter manipulation soils. All samples had 7.5 ml total solution and were 
shaken on ‘high’ setting. Data points show two analytical replicates of each 
bulked soil. Litter addition soil: y = 100.07 - 0.186*x, r2=0.996; control soil: y =  
99.99 - 0.0548*x, r2=0.985; litter removal soil: y =  99.98 - 0.0261*x, r2=0.977. 
T-tests showed slopes of all soils were significantly different at the p = 0.05 
level. 
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Figure 4-7. SUVA wavelength scans of initial leachates (averaged from three 
replicates). Standard deviations are shown for SUVA at 254 nm. 
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CHAPTER 5 
CONCLUSION  

The work presented in this dissertation focused on 1) leaf litter nutrient solubility, 

including predictors of solubility and methodological considerations (Chapters 2 and 3) 

and 2) the influence of leachate from recently senesced litter on soil phosphate sorption 

via physiochemical mechanisms (Chapter 4). All work used litter from lowland tropical 

woody species. Here I provide concluding thoughts on issues not addressed in the main 

data chapters. I speculate on how the litter solubility results from this study may relate to 

other systems.  In addition, there are a myriad of avenues through which leachate from 

recently senesced litter may influence ecosystem processes.  This work experimentally 

investigated one avenue (i.e., leachate effects on soil phosphate sorption in a strongly 

weathered soil; Chapter 4); however, the data collected in this study speak to a number 

of these other roles, which deserve mention.  

Litter Solubility among Ecosystems and Life History Strategies 

This study, which used recently senesced litter from woody species in a lowland 

tropical forest, shows that litter elements show differential solubility and some elements 

(e.g., K, P and Na) are highly soluble, as evaluated through soluble fractions (Chapter 

3). Although this study used a lab index and did not directly measure litter leaching in 

the field, the solubility results, in combination with knowledge of high precipitation in 

these systems, provide support for the role of leaching in nutrient release during the 

initial phase of decomposition. It is known that many lowland tropical forests receive 

high rainfall, either seasonally or throughout the year.  Tropical dry forests receive >1 m 

of precipitation annually, while moist, wet and rain forests have progressively greater 

precipitation (Holdridge 1967).  
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The role of litter leaching in nutrient cycling, however, may not be limited to high 

rainfall systems. Leaching of elements from recently senesced litter could be an 

important phase in litter decomposition in any system that 1) has soluble litter and 2) 

either receives steady or pulsed precipitation, or experiences the accumulation of 

precipitation in gullies or depressions. Based on precipitation patterns, differential litter 

element solubility could play a role in nutrient cycling in deserts, where total precipitation 

is low but may occur in pulsed events; tundra, where water pulses result from the 

melting of accumulated snowfall; and temperate forests and prairies, where litter 

similarly accumulates in the fall and can experience pulses of melting snow. In addition, 

topography and hindrances to water drainage could create localized areas of litter 

leaching within a site or landscape.  

Speculating on how species composition influences litter solubility across 

ecosystems, and variation within systems, is less straightforward. At present we do not 

have an answer to the questions: For a given element, is the potential solubility of 

recently senesced litter from tundra vegetation similar to that of litter in a lowland 

tropical moist forest? Is the solubility of an annual herbaceous species similar to that of 

a woody perennial? One plausible hypothesis is that solubility of recently senesced litter 

is related to plant life history strategy. Variation in water adsorption by litter is one 

possible mechanism underlying the relationship. Life history strategies are linked to 

structural leaf traits, such as leaf toughness and lignin content, with higher structural 

investments in lower resource environments (e.g., light, water or nutrients; Coley 1983; 

Berendse 1994; Kitajima and Poorter 2010). In turn, leaf traits have been predicted to 

relate to rate of water absorption and maximum water holding capacity of litter (Taylor 
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and Parkinson 1988), which may then influence litter solubility (Ibrahima et al. 1995). 

For example, litter with higher lignin content or thicker cuticles from plants adapted to 

lower resource environments may have lower rates of water absorption or lower total 

water absorption, and subsequently lower soluble fractions (Figure 5-1). 

A relationship between life history strategy and litter element solubility may also be 

supported by differences in litter element concentrations. Litter element concentration 

can be related to life history strategy; for example, evergreen litter has been reported to 

have lower litter P than deciduous species (Killingbeck 1996). Furthermore, Chapter 3 

determined that water soluble element on a mass basis was well correlated with litter 

element concentration for K, Na, P (Figure 3-1). Therefore, life history strategies with 

higher litter element concentrations may show higher solubility on a mass basis for a 

given element (Figure 5-1). This effect may be accentuated by differences in structural 

traits: as outlined above, a decreased investment in structural traits for plants adapted 

to higher resource environments may lead to increases in the soluble fraction. Litter in 

higher resource environments may therefore have higher soluble fraction due to 

structural traits, and higher water soluble element on a litter mass basis due to higher 

litter element concentrations (Figure 5-1). 

The hypothesis that litter element solubility is linked to life history strategy via 

structural litter traits has been little tested. The tests that do exist may not be robust for 

three main reasons: 1) studies to date focus on single systems and may not span the 

range of litter traits nor have sample sizes necessary for uncovering the proposed 

patterns; 2) litter solubility can be measured in many ways and, for understanding a link 

between litter traits and field solubility, rates of water soluble element on a litter basis 
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and the soluble fraction during short term extracts may be better metrics than maximum 

solubility; 3) elements vary in their solubility and studies considering only mass loss 

without investigating specific elements may be too coarse for determining a relationship. 

For example, in a study using Mediterranean vegetation, deciduous species showed 

higher water absorbance than evergreen species, but the overall mass loss did not vary 

among the life history strategies after a 10 day extract (Ibrahima et al. 1995). It would be 

interesting to know if the rate of water extracted K, Na and P varied among deciduous 

and evergreen species. In this study (Chapter 3) using 41 species there was little 

support for a relationship between element solubility and litter lignin content or leaf 

toughness for most of the elements investigated. The exception was a significant, 

although weak, negative relationship between soluble carbon fraction and lignin content 

(Figure 3-2), which does provide some support for a relationship between solubility and 

structural traits. Concerns 2 and 3 from above were addressed because the study 

evaluated initial, and not exhaustive, solubility of individual elements over a 4 h period 

(for many elements 4 h is an index of initial solubility and does not represent exhaustion 

of soluble elements (Chapter 2); K is an exception). However, this study does not 

address Concern 3; it only considered litter from one site and focused on litter from 

woody species. A more robust evaluation of the potential link between litter traits and 

solubility requires the inclusion of palms and herbaceous vegetation from the same site, 

in addition to vegetation from other ecosystems.  

The focus of this study was leaf litter, but when considering of the role of litter 

solubility in decomposition across systems, the solubility of belowground litter should 

not be overlooked (Robinson et al. 1999). While fine root biomass often represents < 



 

113 

10% of total living biomass (Vogt et al. 1996), it can have turnover times > 2 times per 

year (Yavitt et al. 2011) and fine root production can be of a similar magnitude to 

aboveground litterfall (Nadelhoffer and Raich 1992). Furthermore, although the extent of 

nutrient retranslocation and resulting C:N:P ratios of senesced roots are not well known, 

a number of studies suggest minimal retranslocation during senescence (Nambiar 1987; 

Aerts 1990; Gordon and Jackson 2000). Therefore, a reported ratio of C:N:P 450:11:1 

for live fine roots (<2 mm in diameter; Jackson et al. 1997) may also serve as an 

estimate for the stoichiometry of senesced roots. Comparing this ratio to an average of 

3144:45:1 (C:N:P) for leaf litter (Cleveland and Liptzin 2007) suggests root litter may 

have higher concentrations of N and P than leaf litter. Fine root litter therefore 

represents a large and concentrated source of nutrients and the role of leaching in 

decomposition of fine root litter could be significant. 

Other Roles of Leachate from Recently Senesced Litter in Nutrient Cycling 

Litter leachate chemistry varies with respect to litter decomposition. For example, 

leachate from relatively recently senesced litter and decomposing litter is known to vary 

in carbon chemistry (Hongve et al. 2000; Kalbitz et al. 2003). In addition, phosphorus in 

leachate from recently senesced litter is predominately phosphate (Chapter 2 and 3), 

while leachate from decomposing material may have a higher percentage of total 

phosphorus in organic form (Qualls et al. 1991). Despite known trends in leachate 

chemistries and a longstanding interest in leachate influences on ecosystem processes, 

there is still considerable debate about when and how leachate from the continuum of 

recently senesced to highly decomposed litter differs in influence on nutrient and carbon 

cycling (Kalbitz et al. 2000).  



 

114 

The effect of leachate on phosphate sorption, which was investigated in this study 

(Chapter 4), serves as one example where leachate from decomposing and recently 

senesced litter may have distinct influences on nutrient cycling. Carbon chemistry 

underpins the numerous competing hypotheses for the effect of DOC on phosphate 

sorption, and the majority of studies focus on leachate from decomposing litter or 

leachate from material harvested before senescence (Guppy et al. 2005; Hunt et al. 

2007; Chapter 4). Chapter 4 demonstrates that leachate from recently senesced litter 

can reduce the magnitude and strength of phosphate sorption to strongly weathered 

soils. If decomposing litter had been used, however, leachate would have likely had 

higher concentrations of humic and fulvic acid compounds, which have been reported to 

increase phosphate sorption through organic carbon-metal-phosphate bonds (and 

although sorbed, this phosphate is likely more accessible to plants and microbes than 

phosphate sorbed to metal oxides; Gerke 2010). Variation in leachate chemistry in 

water extracts along the continuum of decomposing and recently senesced litter, and 

the lack of distinction among these leachate sources, may be one reason studies 

investigating leachate effects on soil phosphate sorption show inconsistent results.  

While the primary focus of Chapter 4 was on phosphate sorption, the sorption of C 

in leachate from recently senesced litter was also measured and merits attention 

independent of phosphorus. Soil sorption of DOC is another example of the need to 

address the relationship among litter decomposition stage, leachate chemistry and 

ecosystem processes. The movement of DOC from the forest floor to mineral soil, and 

the subsequent sorption and turnover time are key to understanding forest carbon 

budgets (Kalbitz and Kaiser 2008).  Carbon turnover times vary with carbon chemistry 
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due to affinity for soil sorption sites and bioavailability to soil microbes (Guggenberger 

and Kaiser 2003). Therefore, differences in DOC chemistry can have significant impacts 

on carbon storage. Improving our understanding of the link between DOC source and 

function, and the relative contribution of different sources to DOC fluxes, has been 

highlighted as a pressing research objective (Kalbitz et al. 2000). In this study, although 

the soluble fraction of C during a short extraction was low, the concentration of DOC in 

leachate solution can be high (Chapter 3). Furthermore, net DOC sorption to soil 

represented up to 30% of the initial leachate DOC during 1 h incubations with a 

microbial inhibitor (Table 4-5), although the averages vary greatly among species. The 

high flux of DOC from recently senesced litter, in addition to the high sorption and 

apparent variation among species, argues for the need to consider leachate from 

recently senesced litter in order to better understand C dynamics in the soil profile. 

The difference in C bioavailability to microbes is yet another reason for careful 

consideration of leachate source. Carbon in leachates from recently senesced litter are 

often more bioavailable than that from decomposing material (Kalbitz et al. 2003) and 

soil microbes are generally limited by carbon (Zak et al. 1994). Leachates from recently 

senesced litter may therefore influence nutrient cycling via microbial growth and 

respiration through a number of avenues. For example, pulses of C from recently 

senesced litter may increase the immobilization of phosphorus by soil microbes. In turn, 

by holding phosphorus in a form that is slowly turned over, microbes may in effect 

decrease the quantity of phosphorus that is sorbed to soil and act as a reservoir of 

biologically active phosphorus (Oberson et al. 2001). Studies investigating the 

partitioning of soil solution phosphorus between microbes and physiochemical soil 
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sorption with the addition of commercial carbon sources have been undertaken in 

tropical soils (Olander & Vitousek 2004), but the importance of leaf litter leachate on 

partitioning is an interesting research direction. As another example, microbial activity 

stimulated by bioavailable C from recently senesced litter may create anaerobic 

conditions in soil microsites (Liptzin and Silver 2009). In anaerobic conditions microbial 

reduction of iron can lead to the release of carbon and phosphorus from iron oxide sites 

(Chacon et al. 2006; Dubinsky et al. 2010), leading to increased bioavailability. 

 In summary, this dissertation shows litter elements have differential solubility, 

and leaching has the potential to serve as a significant avenue for the release of 

nutrients from recently senesced litter. Furthermore, leachate from recently senesced 

litter can decrease the magnitude and strength of soil phosphate sorption in a strongly 

weathered soil, which may result in increased phosphate availability to plants and 

microbes.  The results from this study advance our understanding of nutrient cycling in 

lowland tropical forests and, as outlined in the this chapter, serve as a framework and a 

motivation for investigating leaching of recently senesced litter in other systems. 
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Figure 5-1. Conceptual figure for how the two main metrics of litter solubility used in this 
study (i.e., water soluble element expressed on a litter mass basis and 
soluble fraction) may vary for species adapted to different resource (e.g., 
water, irradiance, nutrient) availability.  Water soluble element is shown on 
the y-axis. The soluble fraction is calculated as water soluble element on a 
mass basis divided by total litter concentration of the respective element 
(shown on the x-axis).  If the linear regression is significant, and the intercept 
of water soluble element as a function of total litter element is not significantly 
different than zero, the slope of the line indicates an average soluble fraction 
across the species considered. A positive intercept would indicate the soluble 
fraction decreases with increased total element in litter. The 1:1 line shows a 
soluble fraction of 100%. Predictions for solubility of species adapted to a 
higher and lower resource environment are mapped onto this conceptual 
figure using relationship A and B, both of which have an intercept of zero.  
When comparing a lower and higher resource environment, an increase in 
solubility due to a change in structural traits is hypothesized to result in an 
increase in the soluble fraction. If the change in the structural trait is relatively 
discrete and the species sampled do not span a large continuous range of the 
trait, this would result in a shift from B (lower resource environment) to A 
(higher resource environment), represented by the solid lines. As another 
possibility, resources may influence solubility by increasing the element 
concentration in litter, leading to increased water soluble element. This is 
represented by the dashed lines in A and B. As a final scenario, if there is a 
negative correlation between the structural trait and litter element 
concentration (i.e., increased lignin with decreased litter element), this may 
result in a regression with a negative intercept (not shown).  
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APPENDIX 
ALPHABETICAL LIST OF SPECIES USED IN CHAPTER 3. 

Species Code Lifeform 
Alchornea costaricensis Pax & K. Hoffm. ALCC understory 
Alseis blackiana Hemsl. ALSB understory 
Anacardium excelsum (Bertero & Balb. ex Kunth) Skeels ANAE tree 
Apeiba membranacea Spruce ex Benth. APEM tree 
Arrabidaea verrucosa (Standl.) A.H. Gentry ARRV liana 
Astronium graveolens Jacq. ASTG tree 
Banisteriopsis cornifolia var maracaybensis (Kunth) C.B. Rob. BANC liana 
Beilschmiedia pendula (Sw.) Hemsl. BEIP tree 
Callichlamys latifolia (L. Rich.) K. Schum. CAL1 liana 
Combretum decandrum Jacq. COMD liana 
Cydista aequinoctialis var. aequinoctialis Seibert CYDA liana 
Dipteryx oleifera Benth. DIPP tree 
Doliocarpus olivaceus Sprague & R.O. Williams ex Standl. DOLO liana 
Drypetes standleyi G.L. Webster DRYS tree 
Faramea occidentalis (L.) A. Rich. FARO understory 
Guapira standleyana Woodson GUAS tree 
Guarea guidonia (L.) Sleumer GUA2 midstory 
Guatteria dumetorum R.E. Fr. GUAD tree 
Heisteria concinna Standl. HEIC midstory 
Hiraea reclinata Jacq. HIR1 liana 
Hirtella triandra Sw. HIRT midstory 
Hieronyma alchorneoides Allem„o HYEL tree 
Jacaranda copaia subsp spectabilis (Aubl.) D. Don JACC tree 
Lacmellea panamensis (Woodson) Markgr. LACP tree 
Licania platypus (Hemsl.) Fritsch LICP tree 
Luehea seemannii Triana & Planch. LUE1 tree 
Maripa panamensis Hemsl. MARP liana 
Petrea volubilis L. PETA liana 
Pouteria reticulata subsp reticulata (Engl.) Eyma POUU tree 
Prionostemma aspera (Lam.) Miers PRIA liana 
Protium tenuifolium Engl. PROT tree 
Pseudolmedia spuria (Sw.) Griseb. PSE2 midstory 
Quararibea asterolepis Pittier QUA1 tree 
Sloanea terniflora (SessÈ & Moc. ex DC.) Standl. SLOT tree 
Terminalia amazonia (J.F. Gmel.) Exell TERA tree 
Tetragastris panamensis (Engl.) Kuntze TET2 tree 
Trichilia tuberculata (Triana & Planch.) C. DC. TRI3 tree 
Uncaria tomentosa (Willd. ex Roem & Schult.) DC. UNCT liana 
Virola sebifera Aubl. VIR1 tree 
Virola surinamensis (Rol. ex Rottb.) Warb. VIR2 tree 
Xylopia macrantha Triana & Planch. XYLM midstory 

Notes: Data are from the Smithsonian Tropical Research Institute and include species 
name, the Wright Phenology code and lifeform 
(http://striweb.si.edu/esp/tesp/plant_species.htm). 
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