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Abstract 
 
 Tropical soils represent a large and important carbon (C) reservoir and thus play 
an important role in the global C cycle. The accumulation and persistence of C in soils 
has implications for soil fertility and climate change.  The amount of C stored in a soil 
can be affected by changes in land cover and human land use, although the direction and 
magnitude of the change is not consistent across studies, especially when comparing 
forests to pastures.  Environmental factors, including soil type, soil texture, soil pH, 
precipitation, and temperature all have the potential to influence soil C storage, and may 
be important in determining how soil C stocks respond to land-use change.  The goal of 
this study was to further explore the factors influencing regional patterns in soil C 
storage, with a focus on soil order and land cover.  Soils were collected from 25 sites 
representing 19 soil series in three soil orders, and under two land cover types, pastures 
and forests, in Puerto Rico and the US Virgin Islands.  Soils were analyzed at three 
depths, 0-100 cm, 0-30 cm, and 30-100 cm, for total carbon (TC), soil organic carbon 
(SOC), and total nitrogen (N).  Soil order was an important predictor of soil TC, SOC, 
and soil N stocks for all depths.  Mollisols consistently had the greatest stocks of TC, 
SOC and N, while Oxisols had the smallest stocks.  Inceptisol stocks were intermediate, 
and the most variable, given the diversity of parent materials.  Land cover was only a 
marginally significant predictor of SOC for 0-30 cm depth, at which forest soils 
contained 24 % more SOC than pasture sites.  There was no significant interaction 
between soil order and land cover.  Soil C:N ratios were greater in forest surface soils (0-
5 cm) than in pasture soils indicating a difference in litter input chemistry or 
decomposition.  Soil pH correlated positively with SOC and TC stocks, probably due to a 
number of calcium carbonate-rich Mollisol sites.  Clay and fine silt content was 
positively yet weakly correlated with SOC stocks, suggesting that differences in soil 
mineralogy across the sites may be more important in predicting SOC stocks than texture 
alone.  Mean annual temperature and mean annual precipitation were not correlated with 
SOC stocks in this study.  These findings suggest that at a regional scale, both soil 
properties and land cover are important predictors of SOC stocks, and that patterns 
depend on the depth studied.  Predictions of regional C stocks should account for the 
wide variability of soil types present in the tropics. 
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Introduction 

 

 Soils store more carbon (C) in the top 1 m globally than is found in the 

atmosphere and all living plants combined (Batjes 1996, Jobbágy and Jackson 2000).  

Tropical soils represent between 32 % and 42 % of the global soil C reservoir (Jobbágy 

and Jackson 2000, Carvalhais et al. 2014); hence, even small changes in the tropical soil 

C budget could have important implications for global climate change.  In addition to its 

importance for climate change, soil C directly affects soil fertility and nutrient 

availability as a component of soil organic matter.  The amount of organic C stored in 

soil is determined primarily by the balance between inputs of organic matter as plant 

detritus, root exudates and microbial products and losses through decomposition, soil 

erosion and in dissolved form.  The balance between these processes will determine if a 

soil loses C and is a source to the atmosphere (losses > inputs) or sequesters C from the 

atmosphere (inputs > losses).  Changes in one or several of the processes above due to 

human land-use change can affect soil organic C (SOC) stocks.  As deforestation and 

other land-use changes continue to affect large areas of the tropics, it is important to 

understand how land use influences soil C storage (Laganiére et al. 2010, Li et al. 2012).   

Predicting the effects of human activities on the terrestrial C cycle is challenging 

because SOC stocks do not respond consistently to changes in land use.  Converting land 

from native vegetation to crop cultivation usually leads to significant losses of C from 

soils (Guo and Gifford 2002, Don et al. 2011, Powers et al. 2011).  Similarly, if cropland 

is reforested, SOC stocks can increase quite rapidly (Powers et al. 2011, Li et al. 2012).  

However, the change in soil C storage following pasture to forest, and forest to pasture 
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conversion is less consistent.  SOC stocks can respond in different ways to the same land-

use transition (Fisher et al. 1994, López-Ulloa et al. 2005, Marín-Spiotta et al. 2009, 

Neumann-Cosel et al. 2011, Berthrong et al. 2012, Eclesia et al. 2012).  Meta-analyses 

also find differences in the direction and magnitude of SOC change following transitions 

between forests and pastures globally and in the tropics (Post and Kwon 2000, Guo and 

Gifford 2002, Murty et al. 2002, Laganière et al. 2010, Don et al. 2011, Powers et al. 

2011, Li et al. 2012, Fujisaki et al. 2015).   

There is a need to better understand why SOC has such inconsistent responses to 

land cover changes between forest and pasture because grazed systems cover 

approximately 25% of the global land surface, making it one of the most extensive land 

use types globally and within the tropics (Asner et al. 2004, Grace et al. 2014).  In the 

tropics, conversion to pasture is one of the major driving forces behind deforestation 

(Geist and Lambin 2001).  Substantial areas of former pastureland are also converting 

back into secondary forest throughout the tropics (Aide et al. 2012).  As a result, changes 

in soil C in response to land use transitions between forest and pastures represent a 

significant but poorly understood component in the tropical C budget.  A source of 

difficulty in determining the direction and magnitude of soil C change following 

conversion between pasture and forest is that other factors beyond land cover influence 

soil C storage. 

Site-specific environmental factors, including soil properties, climate, and 

nitrogen availability, can affect soil C storage (Brown and Lugo 1990, Jobbágy and 

Jackson 2000, Li et al. 2012, Marín-Spiotta and Sharma 2013).  Interactions among and 

between these multiple factors can influence an individual site’s response to land-use 
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change, adding uncertainty to soil C trajectories.  Compounding these mechanistic 

explanations for why it is difficult to draw conclusions, Powers et al. (2011) showed a 

geographic bias in the literature.  Wet tropical regions and soils that are highly weathered 

or contain large amounts of highly-reactive short-range-order minerals, such as 

allophane, have been over-studied in comparison to their global coverage, while dry 

forests and all other soil types have been under-studied.  As a result, individual studies 

and meta-analyses may be biased towards specific soil types or precipitation regimes and 

not accurately capture differences between ecosystem types.  The tropics exhibit 

incredible biophysical diversity (e.g., soil type, climate, vegetation) and it is important to 

understand how soil C responds to land-use change across the range of biophysical 

factors. 

Soil nitrogen (N) storage is also of interest for its role in fertility, and its 

interactions with and influence on the C cycle.  SOC and soil organic N are both 

important components of soil organic matter (SOM), and thus soil stocks of the two 

elements are often tightly correlated, as measured by the C:N ratio.  The C:N ratio of 

SOM is often used as an indicator of soil nutrient status and organic matter 

decomposition state, as the C:N ratio decreases as organic matter is decomposed (Baisden 

et al. 2002) or changes with the type of plant litter inputs.  Changes in land use and land 

cover can influence the two stocks differently, and the C:N ratio can differ, with 

implications for decomposition rates, and overall SOC storage.   

To address uncertainties in land use and environmental effects on soil C and N, I 

measured soil C and N under forest and pasture on three different soil orders, Inceptisols, 

Mollisols, and Oxisols, representing soils with substantially different parent materials, 
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weathering histories, and current environmental conditions.  The research aim was to 

determine whether soil type or current land cover type is more important in predicting 

soil C storage, and what other environmental factors may also influence soil C storage at 

the landscape level.  Many studies have shown that land-use change can influence soil C 

storage under some circumstances but not others, and this study seeks to improve our 

understanding of which environmental conditions may mediate the relationship between 

land use and soil C storage.  Given the role of land-use change in altering soil N, I also 

investigated whether the relationships between C and N varied under different land cover 

types and soil types.  My research expands on previous work in Puerto Rico by 

contributing a wider range of soil and climate types, as well as analyzing trends in deeper 

soils, down to 1 m (Brown and Lugo 1990, Beinroth et al. 1996, Marín-Spiotta et al. 

2009).  

To this end, soils were collected across the island of Puerto Rico and the US 

Virgin Islands, which represent ideal locations to study these questions due to their 

environmental heterogeneity.  Specifically, the three main research questions were: 

 

1. How do differences in land cover and soil type affect soil C storage? 

2. To what extent do mean annual temperature and precipitation predict soil C storage? 

3. Do relationships between soil C and N vary with land cover type?   

 

Hypotheses and Literature Review 
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1A:  Forest soils and pasture soils store different amounts of C, reflecting expected 

changes in plant litter inputs and decomposition rates with vegetation type and land 

use. 

 

Differences in vegetation cover can influence both inputs to and losses of C from 

soil.  In one Puerto Rican study, forest soils contained twice as much SOC compared to 

pasture soils, hypothesized to be a result of increased productivity and incorporation of 

forest litter into soils (Beinroth et al. 1996).  Grazing of pastures removes aboveground 

biomass, which may lead to reduced litter inputs (Elmore and Asner 2006, Li et al. 2012).  

Pasture soil conditions may also be more favorable to decomposition if soil temperature 

increases.  Another study in Puerto Rico showed no significant difference between forest 

and pasture soils (Marín-Spiotta et al. 2009).  Other studies in tropical regions have 

shown increased SOC under pasture, attributed to greater belowground productivity and 

root biomass of some pasture grasses (Fisher et al. 1994).  However, there is evidence 

that any C gains in pasture soils may be limited to upper soil depths and be offset by C 

losses at depth as deep tree rooting systems are replaced by shallower grass roots (Eclesia 

et al. 2012).  Pasture management (e.g., stocking rate and whether fertilizer is applied) 

may also play an important role in determining soil C storage in pastures (Trumbore et al. 

1995, Elmore and Asner 2006). 

Given variable results in the amount of SOC stored in tropical pastures and 

forests, the response of soil C with conversion between forest and pasture in both 

directions is still uncertain.  Several global syntheses have found that afforestation and 

reforestation of pasture soils can increase soil C (Powers et al. 2011, Li et al. 2012), have 
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no effect (Laganiére et al. 2010), or decrease soil C (Guo and Gifford 2002).  Individual 

studies have similarly shown positive, neutral, and negative trends in soil C with 

conversion of pasture to forest, possibly reflecting the importance of several different 

factors in determining soil C responses.  The same is true with both meta-analyses and 

individual studies showing conflicting trends with deforestation to establish pastures 

(Don et al. 2011, Powers et al. 2011).   

Some of the uncertainty regarding the direction and magnitude of soil C response 

may also be due to a lagging response of soil C stocks following land use conversion.  

Soil organic matter (SOM) is a heterogeneous pool made up of C compounds with 

different residence times in the soil.  Some of these pools turn over on yearly time scales 

while others turn over on centennial to millennial timescales (Trumbore 1993).  As a 

result, it might take many years for changes in slow cycling SOM pools to reflect changes 

in land use.  For example, a study of Ecuadorian pastures found young pastures contained 

greater soil C stocks than mature forests, while pastures older than 20 years had 

significantly reduced C stocks (de Koning et al. 2003).  Similarly, a study in Panama 

found that pastures and forests 20 years old contained similar amounts of soil C, while 

mature forests contained significantly more C than pasture soils (Neumann-Cosel et al. 

2011).  These studies show the importance of land use history and duration as well as 

current land cover in determining soil C trends. 

I hypothesized that forest soils would store more C than pasture soils as litter 

inputs to the surface and root inputs to deep soils will be greater in the forests due to 

greater overall plant biomass.  In support of this, Beinroth et al. (1996) found 

significantly more C in forest soils compared to pasture soils in a study similar to ours.  I 
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expected any positive effects of pasture establishment on soil C to diminish at depths up 

to 1 m (Eclesia et al. 2012). 

 

1B:  Soil C storage will be influenced by soil properties characteristic to soil orders, 

and by properties that are not strictly related to soil order (e.g., texture). 

 

Jenny (1941) proposed a framework for studying soil formation, where soil, and 

by extension, soil properties, are a function of five state factors: climate, organisms, 

relief, parent material, and time of development. Soil C storage represents a soil property, 

and indeed studies at multiple scales have shown the importance of those factors in 

determining soil C storage (e.g., Schimel et al. 1994, Beinroth et al. 1996, Jobbágy and 

Jackson 2000, Schmidt et al. 2011).  Differences in C storage at the soil order level can 

often be attributed to differences in productivity or decomposition driven by one or more 

of the state factors.  Although there is substantial variability, generally, among the three 

soil orders of interest to this study, Mollisols typically have relatively large soil C stocks, 

Inceptisols store an intermediate but variable amount, and Oxisols are also intermediate 

relative to other soil orders (Cleveland et al. 2003, Johnson and Kern 2002, Tan et al. 

2004).  Mollisols by definition have a dark, often organic matter rich surface horizon, so 

they are expected to store considerable amounts of C, especially in surface soils.  

Inceptisols are primarily defined by degree of soil development but can be very diverse in 

other aspects, including parent material and climate, hence their soil C stocks are 

variable.  Oxisols, which represent highly weathered soils and form in hot, humid 

climates or very old substrates show both high levels of productivity and thus plant inputs 
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to soil, but also high rates of decomposition, leading to intermediate levels of C storage in 

the surface soil.  In contrast to the general trends discussed above, Beinroth et al. (1996) 

classified Mollisols, Inceptisols, and Oxisols in Puerto Rico as all storing “high” amounts 

of C relative to other soil orders, and found no significant difference in C stocks down to 

50 cm.   

Soil properties that do not strictly correspond with soil orders (e.g., texture and 

mineralogy) can also influence soil C storage through their effect on SOM stability.  

SOM stability is usually defined as the potential for SOM to be lost through respiration, 

erosion, or leaching (Sollins et al. 1996, Torn et al. 2009).  SOM stabilization is a 

decrease in the potential for SOM to be lost, and thus leads to an increase or no change in 

soil C.  SOM can be stabilized through a number of mechanisms, predominantly through 

mineral associations, physical protection in aggregates, and environmental conditions 

(Sollins et al. 1996, von Lützow et al. 2006, Torn et al. 2009, Schmidt et al. 2011, 

Lehmann and Kleber 2015).  The factors controlling OM stabilization are complex, but 

both soil properties and environmental conditions contribute to the persistence of OM 

(Schmidt et al. 2011). 

Soil texture is one factor that may play an important role in SOM stabilization.  

Soil texture influences soil aggregate formation, which can physically protect SOM from 

decomposers (Six et al. 1998, 2000).  Soil texture may also influence the stabilization of 

SOM through formation of mineral-organic associations (MOAs).  MOAs can contain up 

to 90% of OM in a soil and are associated with longer soil C turnover times, potentially 

because they protect OM from microbial decomposition by reducing reactivity and 

accessibility of OM (von Lützow et al. 2006, Kleber et al. 2014).  Because clay particles 
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can have a high specific surface area and high cation exchange capacity (CEC), soils with 

high clay contents would be expected to store more C in MOAs than soils with coarser 

textures.  Often, the amount of clay in a soil has been shown to correlate positively with 

soil C accumulation (Feller and Beare 1997, Post and Kwon 2000, López-Ulloa et al. 

2005).  In contrast, a review by Don et al. (2011) found that the clay content of soils did 

not influence SOC stocks and Hassink (1997) found that clay and silt content correlated 

with the amount of OC in the clay and silt fraction, but not with bulk soil OC.  

Differences in clay mineralogy may be more important than overall clay content in 

determining OM stabilization (Torn et al. 1997, Six et al. 2002).  Given the wide range in 

mineralogy among clay-sized particles, and subsequent differences in CEC and specific 

surface area, it is not surprising that the importance of the clay fraction in stabilization 

varies (Six et al. 2002) 

Clay content and mechanisms of SOM stabilization can also exert control on how 

soil C responds to land-use change.  For example, Laganiére et al. (2010) found that soils 

with a high clay content stored more C following afforestation than soils with coarser 

textures.  Another study in Ecuador found that trends in soil C storage differed between 

Andisols and Inceptisols following land-use change, primarily due to differences in how 

soil C was stabilized via interactions with soil minerals (López-Ulloa et al. 2005).  In 

addition, a study in Ohio reported that SOC in Inceptisols was more sensitive to 

differences in land use than SOC in Mollisols or other soil orders, although this may have 

been related to differences in topography and parent material between land covers more 

than effects of land cover per se (Tan et al. 2004).  
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In this study, I expected Mollisols to store more soil C than the other two soil 

orders, and Inceptisols to show the most variation, due to the diversity in parent 

materials.  I hypothesized that soil order may interact with land use to affect C storage, 

although I expected soil texture to be more important than soil order in this regard 

(Laganiére et al. 2010). 

 

2.  Mean annual temperature and mean annual precipitation will both affect soil C 

storage as they control productivity and decomposition rates, but precipitation will 

be more important in this study due to its greater range among sites. 

 

Mean annual precipitation (MAP) and mean annual temperature (MAT) are two 

environmental factors that affect soil C storage through their influence on inputs and 

losses of C from soils.  MAP and MAT also influence soil formation and properties, 

which can affect SOC stabilization.  Generally, studies show that MAT is negatively 

correlated with soil C storage, as increased temperature leads to increased turnover of soil 

C and to decreased productivity at high enough temperatures (Jobbágy and Jackson 2000, 

Marín-Spiotta and Sharma 2013).  MAP tends to correlate positively with soil C storage 

(Jobbágy and Jackson 2000, Marín-Spiotta and Sharma 2013), as increased precipitation 

leads to increased plant productivity and may decrease C losses to decomposition as 

waterlogged soils become anoxic.  As a result, soil C tends to accumulate most in wet, 

cool soils (Beinroth et al. 1996, Marín-Spiotta and Sharma 2013).  However, there are 

interactions among temperature, precipitation, and land use that make this relationship 

more complicated (Guo and Gifford 2002, Don et al. 2011, Berthrong et al. 2012, Marín-
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Spiotta and Sharma 2013).  For example, several studies have shown that sites with high 

MAP lost C when they were converted to forest from grassland while sites with lower 

MAP gained C with afforestation (Guo and Gifford 2002, Berthrong et al. 2012).  

Additionally, soil moisture can be a function of soil texture and drainage in addition to 

MAP, leading to further complexity. 

Despite the relatively small size of Puerto Rico and the U.S. Virgin Islands, there 

is substantial variability in climate, with six Holdridge life zones represented (Ewel and 

Whitmore 1973).  Both precipitation and temperature vary across the islands as a factor 

of elevation, proximity to the ocean, and exposure to moisture bearing winds (Daly et al. 

2003).  MAP in particular varies substantially, from a minimum of 700 mm yr-1 to 4600 

mm yr-1 and is the primary delineating factor among life zones in Puerto Rico (Ewel and 

Whitmore 1973, Daly et al. 2003).  MAT varies from less than 20º C to over 26º C (Daly 

et al. 2003).  The sites in this study cover much of the island’s range in both temperature 

and precipitation.  MAT ranged from 18º C to 26º C and MAP ranged from 825 mm yr-1 

to almost 4300 mm yr-1 (Table 1).   

As a result of these trends, I hypothesized that cooler, wetter sites would have the 

greatest C stocks.  I expected MAP to correlate stronger with OC stocks than MAT, due 

to the relatively greater range in precipitation than temperature. 

 

3. Soil C:N ratios will vary between land cover types due to differences in inputs and 

decomposition rates.   
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As with soil C, soil N stocks are a function of many different factors, including 

human land use. Organic N is an important component of SOM, so stocks of SOC and N 

are directly related to the amount of SOM, and thus usually strongly correlated.  There is 

substantial evidence that C and N dynamics are closely coupled following land use 

change, regardless of the direction of the change (Knops and Tilman 2000, Murty et al. 

2002, Kirschbaum et al. 2008, Li et al. 2012).  The direction of the change in soil N with 

land change is highly variable between studies, similar to observations for soil C (Li et al. 

2012).  However, there is also evidence that the two stocks may behave differently under 

different land uses, depending on pasture management practices. 

Soil C:N ratio is a common way to look at relative changes in C and N stocks.  

Plants and organisms maintain fairly narrow stoichiometric ratios of C to N, so soil C:N 

ratios can be used to infer changes in soil nutrient status, as well as changes in 

decomposition rates (Sterner and Elser 2002, Manzoni et al. 2010).  Fresh plant material 

has large C:N ratios, and SOM is expected to have progressively smaller C:N ratios 

approaching those of microbial biomass as it is decomposed.  As a result, deeper soils 

with fewer fresh plant inputs are expected to have a lower C:N ratio than surface soils, 

where much of the SOM is more recently derived from plants (Rumpel and Kögel-

Knabner 2011).  Soil C:N ratio may vary with land use, either through changes in inputs 

or losses, or changes in decomposition.   

Although not universal, soil C:N ratios are often greater under forests than 

pastures (Murty et al. 2002, de Koning et al. 2003, Kirschbaum et al. 2008a, Berthrong et 

al. 2012).  This may be due to increased C:N ratios of litter inputs from woody tree 

species (Murty et al. 2002, Kirschbaum et al. 2008a, Berthrong et al. 2012).  
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Decomposition rates could also increase under pasture due to changes in edaphic 

conditions, leading to reduced C:N ratios.  Pastures planted with N-fixing forage or that 

are fertilized, may accumulate N in the soil, also leading to reduced C:N ratios (Trumbore 

et al. 1995, Li et al. 2012).  However, trends in C:N ratios under different land covers 

may depend somewhat on environmental conditions, particularly precipitation.  N is more 

prone to losses through leaching than C, so a reduction in plant cover and hence plant N 

demand, can increase N losses, and thus lead to a larger C:N ratio in areas with high 

precipitation (Kirschbaum et al. 2008b, Dalal et al. 2013).  Forests also store more N in 

aboveground biomass, which could reduce soil N stocks, and thus decrease the C:N ratio 

under forests.  Likely, several of these processes may be occurring at once, so the final 

balance between C and N stocks, and thus C:N ratio is site specific. 

I expected the C:N ratio of forest soils to be higher than for pasture soils due to an 

increase in the C:N ratio of inputs, and the possibility that pasture sites were fertilized or 

planted with N-fixing species. 

 

Methods 
 
 
Site Selection 

Soil samples were collected in the Caribbean islands of Puerto Rico and the US 

Virgin Islands in collaboration with the USDA Natural Resources Conservation Service 

(NRCS) as part of a national soil carbon mapping effort following protocols of the Rapid 

Carbon Assessment (RaCA).  Sampling sites were selected to be representative of the 

diversity of soils across the island under five main land covers: forest, pasture, cropland, 

wetland, and rangeland. For each soil order and land use combination, a number of 
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regionally important soil series were selected proportionate to the geographic extent of 

that soil order and land use.  Sampling sites within each soil series were chosen randomly 

from a subset of accessible locations.  In total, 30 sites were sampled.  Here I report data 

from 19 of these sites (Fig. 1), which represent the pasture, rangeland, and forest land-use 

classes, and from the Oxisol, Mollisol, and Inceptisol soil orders (Table 1).  Rangeland 

and pastures were considered to represent similar land uses and are combined into one 

pasture category for this study. To increase sample size for Oxisols, three additional 

pasture and forest sites each are included from an earlier study on a Puerto Rican pasture 

and forest chronosequence (Marín-Spiotta et al. 2009).  These six sites will be referred to 

as the “Cayey” sites for certain analyses and interpretations.  In total, there were four 

sites representing each soil order and land cover combination, except for the Inceptisol, 

pasture group, which had five sites. 

Site precipitation and temperature data were taken from the NRCS Official Soil 

Series Descriptions (Soil Survey Staff 2016).  In cases where there was a range in 

temperature or precipitation given for a series, the midpoint of the range was used. 

 

Sample Collection 

At each site, five pits were dug in a clustered design, with 30 m distance in 

between each pit, following standard RaCA protocols (Fig. 2A).  When that arrangement 

was not possible, the pits were dug in a chain cluster (Figure 2B).  Each pit was dug 

down to 1 m, or to bedrock, whichever came first.  The central pit was described in detail, 

with field measurements of soil pH, texture, presence of carbonates, and soil structure.  

Deviations from the central pit were noted for the four additional pits.  One soil sample 
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was collected per horizon per pit, except for the top A horizon.  For the A horizons, a 

sample was taken from 0-5 cm for every pit, and then from 5 cm to the bottom of the A 

horizon.  Samples for bulk density calculations were collected using a 10 cm x 10 cm x 5 

cm scoop from the top 0-5 cm of every soil profile.  A 7 cm diameter core was used for 

all other horizons with an upper depth of less than 50 cm.  Horizons with an upper depth 

of greater than 50 cm were collected with a bucket soil augur and no bulk density 

measurements were taken.  Soils were collected in plastic sleeves and left open to air dry.  

Upon shipment to UW Madison, they were transferred to cloth bags and allowed to fully 

air dry in a ventilated room. 

 

Soil Laboratory Processing 

 Once air dried, soils were sieved to 2 mm.  Rocks and roots were manually 

removed, as was particulate organic matter larger than 2 mm.  Bulk density was measured 

for all samples with an upper depth shallower than 50 cm.  Final soil bulk density values 

were calculated for each horizon after subtracting the mass and volume of rocks and roots 

from the total sample mass and volume.  Mineral soil horizons that were not measured for 

bulk density were assumed to have the same bulk density as the horizon immediately 

above it. 

 Particle size was analyzed for every horizon of one pit per site, using laser 

diffraction on a Malvern Mastersizer 2000.  Approximately 0.5 mg of sieved soils were 

lightly ground using a mortar and pestle and aggregates were dispersed using 10 ml of 50 

g/L sodium hexametaphosphate and sonication until particle size readings stabilized.  In a 

few cases, the particle size fractions did not stabilize, and the reading with the largest 
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clay fraction was used, as it was assumed that very small clay particles were being missed 

by the laser (sensu Mason et al. 2011).  The “Cayey” sites were not analyzed using laser 

diffraction, but the particle size distributions for 0-10 cm of depth were previously 

analyzed using the hydrometer method (Marín-Spiotta et al. 2009). 

 Soil pH was measured on all samples on a 1:2 slurry of soil in deionized water 

after a 30-minute equilibration period (Robertson et al. 1999).  Two pH measurements 

were taken roughly 5 minutes apart and repeated until measurements were consistently 

within 0.1 unit.  Values reported are averages of the measurements. 

 

Soil C and N Analysis 

A subsample of soil was ground in a SpexMill 8000D for analysis of total C (TC) 

and total N (TN) concentrations on a Flash 2000 Elemental Analyzer.  All samples were 

run in duplicate with replicate error of < 7.5% and aspartic acid as standards.  Samples 

were tested for the presence of inorganic carbon following Nelson and Sommers (1996) 

and those that tested positive were acid fumigated for at least 12 hours as in Harris et al. 

(2001).  A random sample of soils was re-tested for presence of carbonates following 

fumigation to verify complete carbonate removal.  The fumigated samples were run on 

the elemental analyzer and the remaining C is taken to represent organic C (OC).  For 

sites that did not have inorganic C, TC and OC stocks are identical. 

 Soil TC, OC, and N stocks were calculated using moisture-corrected C and N 

percentage values and bulk density values for each horizon.  Stocks are reported in 

Mg/ha.  Total pit stocks were calculated by summing the horizon stocks, and site stocks 
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were calculated by averaging the five pit values.  Soil C:N ratios were calculated using 

the molar mass of C and N. 

 Because soils were sampled by horizon, there was substantial variability in 

horizon presence/absence, and thickness among pits within a site, and between sites.  To 

allow standardized comparisons among sites for certain analyses, soil profiles were 

divided and aggregated into a “shallow” 0-30 cm portion and a “deep” 30-100 cm 

portion.  The profiles were also divided into 10 cm slices for more detailed visualization 

of trends in C:N ratios with depth.  Division of the soil horizons into depth portions was 

accomplished using the “slice” and “slab” functions in the aqp package in R (Baudette 

and Roudier 2015, R Core Team 2016).  Each horizon was first divided into identical 1 

cm slices, and then aggregated using the 1 cm slices into the various depths.  Soil 

properties for these aggregated depths were weighted by the relative contributions of each 

horizon within that depth.  In cases where pits did not extend all the way to 1 m deep, 

values were extrapolated to 1 m using the C and N values and bulk density for the lowest 

horizon.  Bulk density did not differ significantly by land cover or soil order, so stocks 

were not corrected using an equivalent soil mass as some have suggested (Ellert and 

Bettany 1995). 

 

Statistical Analyses 

Several different models of varying complexity were used to analyze the data.  

Assumptions of homogeneity of variance and normality of the residuals were checked for 

each model, and data were transformed as needed to fit the assumptions.  TC stocks were 

always log-transformed.  C:N ratios were transformed inversely. 
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To test simple relationships between continuous predictor variables (pH, soil clay 

content, MAP, and MAT) and OC stocks, simple linear regressions were performed.  To 

test the relationships among soil order, land cover, and C and N stocks, 2 x 3 factor 

ANOVAs were run, using soil order and land cover as the predictor variables for C and N 

stocks.  Type III Sum of Squares were calculated using the car package in R (Fox 2016).  

Fisher’s LSD was used to compare means following a significant effect in an ANOVA. 

All continuous covariates were added to this 2 x 3 factor ANOVA, and then models were 

selected using an exhaustive search to find the models that maximized parsimony and 

explanatory power using adjusted R2 and Bayesian Information Criterion (BIC) as the 

metric.  The model selection was done using the leaps package in R (Lumley 2009).   

To test within site variability, mixed models were fit with site as a random effect 

nested within the soil order and land cover interaction.  To test for differences by depth 

increments, depth was treated as a split plot design, with depth as the subplot variable.  

Two depths were included in this model, 0 - 30 cm and 30 - 100 cm.  Both of these 

analyses were conducted using SAS software version 9.4 (SAS Institute Inc., Cary, NC, 

USA).   

 

Results 

 

Overall patterns in OC, TN, and TC stocks to 1 m 

There was substantial variability in all stocks within land covers and soil orders.  

Some sites also exhibited substantial variability among the 5 replicate pits (e.g., see 

Supplemental Information Figs. S1 and S2) although among-site variability in all stocks 
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was much greater than within-site variability (p<0.0001).  TC stocks (which represent 

inorganic and organic C) to 1 m ranged from 69 Mg C ha-1 to 1167 Mg C ha-1 with a 

mean of 279.1 ± 62.7 Mg C ha-1 across all sites (Table 2, Fig. 3).  Inceptisol TC stocks 

averaged 179.5 ± 28.54 Mg C ha-1, Mollisol TC stocks averaged 540.8 ± 161.9 Mg C ha-

1, and Oxisol sites averaged 129.5 ± 15.82 Mg C ha-1 (Fig. 4).  TC stocks averaged 325.9 

± 100.21 Mg C ha-1 for forests and 235.9 ± 79.3 Mg C ha-1 for pastures (Fig. 5).   

Organic C stocks to 1 m ranged from 69 Mg C ha-1 to 328 Mg C ha-1 with an 

overall mean of 176.9 ± 15.1 Mg C ha-1 (Table 2, Fig. 3).  Average Inceptisol OC stocks 

were 178.6 ± 28.7 Mg C ha-1, Mollisol stocks averaged 222.3 ± 22.43 Mg C ha-1, and 

Oxisol sites averaged 129.5 ± 15.8 Mg C ha-1 (Fig. 4).  Average forest OC stocks to 1 m 

were 197 ± 25.7 Mg C ha-1 and average pasture stocks were 158.4 ± 15.9 Mg C ha-1 (Fig. 

5).  

Inorganic C made up a substantial amount of TC at three Mollisol sites, where up 

to 86 % of TC consisted of inorganic C.  Two Inceptisol sites had small amounts of 

inorganic C, but inorganic C was never more than 6 % of TC.  Oxisols had no detectable 

inorganic C. 

TN stocks ranged from 5 Mg N ha-1 to 39 Mg N ha-1 with an overall mean of 18.1 

± 1.6 Mg N ha-1 (Table 2, Fig. 3).  Average Inceptisol TN stocks were 17.9 ± 2.2 Mg N 

ha-1, Mollisol sites averaged 23.7 ± 2.7 Mg N ha-1, and Oxisol sites averaged 12.63 ± 2.5 

Mg N ha-1 (Fig. 4).  Forest sites averaged 19.1 ± 1.2 Mg N ha-1 and pasture sites averaged 

17.2 ± 2.0 Mg N ha-1 (Fig. 5). 

In most cases there was a significant decrease in OC density with depth.  When 

pits were analyzed as a split plot with a shallow (0 - 30 cm) and deep (30 – 100 cm) 
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depth, there was no significant difference in mean OC stock between the two depths.  

This indicates that C densities in the top 30 cm were roughly twice as great given that the 

deep portion was over twice as thick as the shallow portion.  There were no significant 

interactions between depth and soil order or land cover. 

 

Organic carbon (OC) stocks by soil order and land cover 

 

Soil order was an important factor in determining OC stocks across different 

depth increments (Table 3).  Mean OC stock differed by soil order, at least marginally, 

from 0 to 100 cm (p = 0.04, Fig. 4), 0 to 30 cm (p = 0.046, Fig. 8), and 30 to 100 cm (p = 

0.087, Fig. 9).  At these three depths, Mollisols had the greatest mean OC stocks, and 

Oxisols had the lowest OC stocks (Figs. 4, 8, 9).  There was no significant difference in 

OC stocks among soil orders in the 0-5 cm depth.  

The effect of land cover on SOC stocks depended on the depth increment 

considered.  Land cover was a marginally significant predictor of mean OC stocks for 0 

to 30 cm (p = 0.062, Fig. 10).  For this depth, forest soils contained more OC than pasture 

soils.  Land cover was not a significant predictor of OC stocks at any other depth in 

models that contained just land cover and soil order as predictor variables (Figs. 5, 11).  

At no depth was there an interaction between soil order and land cover (Fig. 12). 

 

Total carbon (TC) stocks by soil order and land cover 
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Mean TC stocks differed significantly by soil order for all depth increments 

considered (Table 3).  For most depth increments, Mollisols had greater TC stocks than 

Inceptisols and Oxisols (Fig. 4, Fig. 8).  The one exception was for 30 to 100 cm, where 

Inceptisol and Mollisol mean TC stocks were not significantly different, but both were 

greater than Oxisol TC stocks (Fig. 9). 

Land cover was not a significant predictor of TC stocks at any depth increment 

when soil order and land cover were the two predictor variables in the model (Figs. 5, 10, 

11).  There were no interactions between soil order and land cover (Fig. 12). 

 

Total nitrogen (TN) stocks by soil order and land cover 

 

Mean TN stocks differed by soil order at least marginally for all of the depth 

increments considered (Table 3).  Mollisol (p = 0.002) and Inceptisol (p = 0.06) mean TN 

stocks were both greater than Oxisol TN stocks from 0 to 100 cm (overall p = 0.009; Fig. 

4).  Similarly, TN stocks were greater in Mollisols and Inceptisols than in Oxisols for 0 to 

30 cm (p = 0.003 and 0.07 respectively, overall p = 0.009, Fig. 8).  The same pattern also 

held for 30-100 cm (overall p = 0.06, Fig. 9).  For 0-5 cm, Oxisols had greater TN stocks 

than Mollisols (p = 0.037). 

Land cover was not a significant predictor of TN stocks for any depth increment 

when soil order and land cover were the two predictor variables in the model (Figs. 5, 10, 

11).  There were no interactions between soil order and land cover (Fig. 12). 

 

Effects of environmental variables on soil C and N stocks 



 

 

22 

 

Combined, the clay and fine silt (< 20 µm) fractions of a horizon showed a 

significant positive relationship with horizon OC content for the subset of the sites 

measured with laser diffraction (p = 0.0007) but explained only 12 % of the variability in 

OC content.  At the pit level, the average clay, and average fine silt and clay fractions did 

not show a significant relationship with pit OC stock (Fig. 13, p = 0.15).  Removing one 

pit with a particularly high OC stock and low clay content, made the fine silt + clay 

relationship significant (p = 0.002) at the pit level and increased the explained variance 

substantially, from 12 % to 39 %.  Horizon soil pH values showed a weak positive 

relationship (R2 = 0.01) with OC content per horizon (Fig. 14).  At the site level, average 

pH was significantly correlated with OC and explained 21% of the variation in site OC 

stocks (Fig. 15, p=0.021).  There was no significant relationship between mean annual 

precipitation and SOC stocks (Fig. 16) or mean annual temperature and SOC stocks (Fig. 

17).   

 Predictive ability increased when all the environmental variables were added to 

models with soil order and land cover, explaining 69% of the total variance.  Due to the 

potential for overfitting given the relatively small number of sites relative to predictor 

variables, model selection was performed to identify which environmental variables were 

most important.  For OC stocks to 1 m, the model that was both most predictive and 

parsimonious contained soil order, land cover, percent clay and pH.  This model 

explained 66 % of the total variance.  For the 0 to 30 cm depth, the best model contained 

only land cover, pH, and MAP.  However, one point with very high MAP was overly 

influential in this model.  With that site removed, the final model contained land cover, 



 

 

23 

pH, and percent clay.  For the 30 to 100 cm depths, the final model contained just soil 

order. 

  

Soil C:N ratios 

 

Soil OC and TN stocks were strongly correlated across pits, sites, and horizons.  

In general soil C:N ratios decreased with depth, and became more variable with depth.  

This general trend was observed under both land cover classes and for all three soil 

orders (Figs. 18 and 19).  C:N ratios did not differ significantly by land cover or soil 

order, except for the 0-5 cm depth.  Forest soils had significantly greater C:N ratios than 

pasture soils in the top 5 cm (p = 0.049) with a mean C:N ratio in forests of 13.6 ± 0.6 

compared to a mean of 12.0 ± 0.6 in pastures.  There was a marginally significant 

difference between C:N ratio by soil order for the 0-5 cm depth, with Oxisols having a 

greater C:N ratio than the other two soil orders (p = 0.079).  The mean C:N ratio in 

Oxisols for the 0-5 cm depth was 14.14 ± 0.7, in Inceptisols it was 12.08 ± 0.7, and in 

Mollisols it was 12.18 ± 0.6. 

 

Discussion 

 

Soil order is a more important predictor of soil C than land use at a regional scale 

 

Overall, soil order was the most important predictor of mean OC, TC, and TN 

stocks across all depth increments.  As predicted, mean OC stocks were greatest in 
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Mollisols, for all depths, and lowest for Oxisols at all depths, as has been found by others 

(Johnson and Kern 2002, Cleveland et al. 2003, Tan et al. 2004).  Mollisols are 

principally defined by a thick mollic epipedon that is often rich in organic matter, hence 

they are predicted to have relatively large OC stocks.  Most of the Mollisols in our study 

formed on calcareous parent material (also known as rendzinas or carbonate-humus soils, 

e.g., Jenny 1941) and thus developed a mollic epipedon primarily due to the calcareous 

parent material rather than from the large amounts of organic matter from root inputs as 

for temperate Mollisols developing under prairie or grasslands.  However, the Mollisols 

in our study still had greater OC stocks than the other two soil orders studied.  Average 

Mollisol OC stocks at our sites (145 ± 13 Mg C ha-1 in the top 50 cm) were greater than 

the OC stocks (107.4 Mg C ha-1 to 50 cm) in Puerto Rican Mollisols reported by Beinroth 

(1996) and less than the 268 Mg C ha-1 reported in Hawaiian Mollisols by Johnson and 

Kern (2002) (See Table S1).  Mollisols also had the greatest TC stocks, reflecting both 

greater OC and inorganic C stocks.  In particular, three Mollisol sites had substantial 

stocks of inorganic C (over 70% of total C was inorganic C), while only two Inceptisol 

had small amounts of inorganic C (less than 6 % of total C), and no Oxisol sites had any 

inorganic C.  The large amounts of inorganic C in the Mollisols also come from the 

weathered carbonate-rich parent material, typical of tropical karst regions, which make 

up about 28 % of Puerto Rico's landscape (Lugo et al. 2001) and a significant portion of 

the US Virgin Islands. 

 Oxisols had the lowest mean SOC stocks, as expected for highly-weathered soils.  

In contrast, an earlier analysis of Puerto Rican soils, Beinroth et al. (1996) reported no 

differences in OC stocks down to 50 cm between Oxisols and Mollisols.  In general, the 
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Oxisol OC stocks reported here are lower than the averages reported in that study, and the 

Mollisol OC stocks reported here are higher.  When analyzing to 50 cm, Oxisols in this 

study averaged 95.7 ± 10.0 Mg C ha-1 compared to 111.9 Mg C ha-1 as reported in 

Beinroth et al. (1996).  The average OC stock to 1 m in our study is also lower than the 

167 Mg C ha-1 reported for Puerto Rican Oxisols by Johnson and Kern (2003) (Table S1).  

Seven of our Oxisol sites came from one soil series (Los Guineos), which is not 

representative of the spectrum of Oxisols in Puerto Rico.  For instance, a grassland 

Oxisol site listed in Beinroth’s study had OC stocks to 50 cm of 240 Mg C ha-1 or more 

than double what we found.  Our findings are closer to those reported by a study of 

Panamanian Oxisols on Barro Colorado Island, which reported OC stocks in the top 50 

cm of 86.6 Mg C ha-1 (Grimm et al. 2008).  Because climate is relatively similar among 

the sites in these and our study, additional factors such as soil mineralogy or land use and 

disturbance history may contribute to the wide range in SOC stocks for Oxisols.   

 As predicted, Inceptisols were variable in their OC stocks, reflecting the wide 

range of parent materials, climate, and vegetation possible for Inceptisols.  For example, 

Inceptisols in this study were formed from alluvial deposits, volcanic rock, and 

calcareous parent materials.  Inceptisols also represented the driest and the wettest sites in 

the study.  The Inceptisol site that had the greatest OC stocks of any site in the study had 

an organic horizon as well as evidence of waterlogging, which was unique for these sites.  

Our reported OC stocks are lower than the stocks reported for Johnson and Kern (2003) 

but greater than the stocks reported by Beinroth et al. (1996).   

 The differences we observed by soil order are at least partially a function of how 

we extrapolated soil profiles to 1 m.  We used extrapolation to standardize across pits, but 
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it does introduce uncertainty and overestimates stocks in pits and sites with shallow soils.  

A number of the Inceptisols and Mollisols in this study were shallow and needed 

extrapolation, whereas all Oxisols extended to at least 1 m deep (Table S2).  We cannot 

speculate as to the total soil depth or OC stock, but all Oxisols extended at least to 1 m so 

total C stocks are certainly greater than what is reported here.  Analysis of the raw data 

without extrapolation to 1 m found no significant difference in OC or TN stocks to 1 m 

(or deepest horizon) among soil orders, although the relative order is the same (i.e., 

Mollisols > Inceptisols > Oxisols).  For the 0-30 cm depth, which needed almost no 

extrapolation, Mollisols contained greater OC stocks than Oxisols in surface soils (Fig. 

8).  These patterns lend support to the claim that Oxisols, while potentially having a 

lower C density than other soil orders, can have equal or greater C stocks if the full soil 

profile is considered.  

 

Land cover influences OC stocks in shallower soil depths 

 

Unlike soil order, current land cover was not a strong predictor of soil C content 

at the regional scale. OC stocks differed by land cover only in the shallower soil depths, 

from 0 to 30 cm. Land cover did become more important in models predicting OC to 1 m 

as additional covariates were added, suggesting that it was explaining some variability, 

but a relatively small amount relative to the total variability.  Additionally, this variability 

was probably mostly explaining patterns in the surface soils, as land cover was not a 

significant predictor for the deep soils regardless of what other variables were included in 

the model.  
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Forest soils contained on average 24% more OC than pasture soils, similar to 

studies by Brown and Lugo (1990) and Beinroth et al. (1996).  Other studies have 

reported greater OC stocks in pasture surface soils (Schipper and Sparling 2011, Eclesia 

et al. 2012, Fujisaki et al. 2015) and greater OC stocks in deeper soils of forests (Eclesia 

et al. 2012).  We did not see evidence of this pattern with depth, as deeper OC stocks did 

not differ by land cover.   

Differences in land use within a given land cover class can influence depth 

patterns and overall trends in soil C storage.  For example, pasture management can 

affect SOC storage, with fertilization, active management for productive species, and 

grazing intensity all having the potential to influence organic matter inputs (Trumbore et 

al. 1995, Fearnside and Barbosa 1998, Elmore and Asner 2006).  Pasture age can also 

have an important effect on soil C stocks, as older pastures tend to have reduced C stocks 

relative to reference forests, whereas younger pastures may have greater SOC stocks 

(Brown and Lugo 1990, de Koning et al. 2003).  It is possible that the 13 pasture sites in 

our study were heavily grazed or old, which could explain the reduced OC stocks relative 

to the forest sites, but we do not have detailed land use histories for these sites.   

We found the greatest effect of land cover in the shallower depths, and no effect 

in deeper soils, indicating the importance of sampling depth.  Other studies have noted 

the importance of analyzing deeper soil horizons to fully capture the effects of land-use 

change on soil C stocks.  Roots are the most significant C input to soils (Rasse et al. 

2005), and rooting depth typically differs between trees and grasses (Eclesia et al. 2012).  

Grasses have relatively larger root biomass, but shallower roots than trees; although some 

forage grasses introduced from Africa to tropical America are known to have 
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exceptionally deep roots (Fisher et al. 1994).  The lack of a response to land cover in 

deeper soil in this study could be due to several factors.  One methodological explanation 

is that deep soil stocks in our study could be confounded by our method of extrapolating 

certain sites to 1 m.  Another possibility is that the forests in this study are relatively 

young secondary forests, and deep soil C has not responded to the surface changes in land 

cover yet.  Alternatively, OC stabilization mechanisms likely differ by depth, and C in 

deep soils may be particularly stabilized through mineral-organic associations (Rumpel 

and Kögel-Knabner 2011) making it more resistant to changes in land cover. 

 

Effects of additional edaphic and environmental factors on SOC stocks 

 

Including additional soil properties into the models substantially improved the 

amount of variation explained in soil C and N content beyond that explained by soil order 

alone.  Soil orders are broad classifications, and because this study looked across 

different series within orders, it is not surprising that there was still substantial variation 

in OC stocks within soil orders (Mayes et al. 2014).  Although there is often a strong 

relationship between environmental variables (e.g., precipitation or temperature) and soil 

orders, there can still be substantial variation within a soil order, particularly for 

Inceptisols, which represented the driest and wettest sites in this study.  Soil texture and 

pH can also vary substantially within soil orders, so it makes sense that these variables 

explained significant variation even after accounting for soil order. 

Our findings support other studies that have found a positive correlation between 

OC storage and the clay content of soil (Feller and Beare 1997, Post and Kwon 2000, de 
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Carvalho Conceicão Telles et al. 2003, Laganière et al. 2010), but the relatively weak 

association indicates that other variables are more important.  On its own, soil clay 

content was not a strong predictor of SOC storage.  The combined fine silt (<20 µm) and 

clay fraction was a better predictor, but the exclusion of the “Cayey” sites from the silt 

and clay analysis likely strengthened the relationship we observed due to the high clay 

but low OC contents of these sites in the Los Guineos soil series.  Soil texture, as percent 

clay, was included in the best model for OC stocks to 1 m, and had a positive slope, 

which indicates that especially after controlling for other factors, it did show a positive 

relationship with OC.  However, clay mineralogy has been shown to be more important 

than soil texture for OC stabilization (Torn et al. 1997, Feller and Beare 1997, Six et al. 

2002, López-Ulloa et al. 2005).  Indeed, kaolinitic soils in our study tended to have lower 

OC stocks for a given clay content than other clay mineralogy types (Fig. 15), as 

expected given the low surface area and cation-exchange capacity (CEC) of kaolinite (Six 

et al. 2002, von Lützow et al. 2006).  The one outlier site that had low clay content but a 

high OC stocks was considered to be “active” due to its relatively high CEC (Soil Survey 

Staff 2014).  Further mineralogical analyses could reveal stronger relationships with OC 

contents.  

Soil pH can influence OM stabilization through effects on soil fauna, and organic 

matter chemistry and reactivity (van Noordwijk et al. 1997, Kleber et al. 2014, Catoni et 

al. 2016, Kaiser et al. 2016).  Soil pH varies systematically by soil order, and can also be 

influenced by land use, although we saw no evidence of that in this study.   We observed 

a significant and positive correlation between pH and OC stocks.  Other studies have 

reported conflicting relationships between pH and soil OC, although decomposition rates 
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are often lowest in acidic and alkaline soils (Motavalli et al. 1995, van Noordwijk et al. 

1997).  One potential explanation for the positive correlation between pH and soil OC 

stocks is that calcium cations, abundant in calcareous soils with high pH, can stabilize 

soil OM through several mechanisms.  Calcium and other base cations can form cation 

bridges between clay particles and OM, leading to stabilization in mineral-organic 

associations (Oades 1988, von Lützow et al. 2006).  Calcium in soil also promotes 

aggregation of soil mineral particles, potentially leading to increased physical protection 

of OM (Six et al. 2004).  A number of the sites with alkaline soils in this study contained 

free calcium carbonates, suggesting elevated calcium content.  In particular, three of the 

Mollisols featured strong effervescence and limestone parent material indicative of free 

carbonates.  We did not measure mechanisms of OM stabilization directly, but our 

findings corroborate the pattern of increased OC stocks in alkaline soils (Oades 1988, van 

Noordwijk et al. 1997). 

Contrary to expectations, neither MAP and MAT were significant predictors in 

any of the models despite numerous studies that have shown an influence of both 

temperature and precipitation on soil C stocks at global and regional scales (e.g., Beinroth 

et al. 1996, Jobbágy and Jackson 2000, Marín-Spiotta and Sharma 2013).  The 

temperature range represented in this study was not very large (8 degrees C), and all sites 

are relatively warm year-round so it is likely that temperature does not limit 

decomposition or productivity in this range.   

Mean precipitation amounts varied much more substantially across the study 

region, from 825 to 4300 mm year-1 MAP.  The effect of precipitation on soil C may have 

been confounded by soil order effects, as the soils with the greatest soil C content, 
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Mollisols were found in drier sites where carbonates persist, and Oxisols were found in 

wetter sites.  There was some evidence that precipitation related positively to OC stocks 

after controlling for soil order, but much of this was due to the one site with the greatest 

precipitation, which was overly influential in models containing MAP.  That particular 

site, a forest on an Inceptisol located in the El Yunque National Forest, had an organic 

horizon and showed signs of low redox deeper in the profile, suggesting both high 

primary productivity and decreased decomposition rates.  As site-level climatic data 

becomes available, stronger relationship between OC and these environmental factors 

may emerge.   

 

Soil C:N ratios differ by land cover and soil order 

 

We found differences in soil C:N ratios by land cover types and soil orders, but 

only in the top 5 cm.  Our findings support other studies reporting greater C:N ratios in 

forest soils than pasture soils (Murty et al. 2002, Kirschbaum et al. 2008a, Berthrong et 

al. 2012).  Greater C:N ratios in forest soils could indicate a difference in the C:N ratio of 

plant inputs, as tree litter and woody plant debris generally have a greater C:N ratio than 

grass inputs (Kirschbaum et al. 2008b, Berthrong et al. 2012).  Effects of litter inputs 

would be most noticeable at the surface so our findings generally support this 

explanation.  Differences in soil C:N ratios may also indicate differences in stage of 

decomposition, as organic matter C:N ratios predictably decrease with degradation of 

plant material and incorporation of microbial biomass and products, which have a much 

smaller C:N ratio (Baisden et al. 2002).  Changes in the soil environment through land 
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cover change could stimulate decomposition in pastures, through raising the soil 

temperature or changing soil moisture, for example (Reiners et al. 1994, Fearnside and 

Barbosa 1998).  Decomposition rates could also be affected by differences in litter 

chemistry under different land cover, as tree litter often contains more lignin and tannins 

than grass litter (Marín-Spiotta et al. 2008) and is slower to decompose. 

In addition to being indicative of processes influencing the C cycle, changes in the 

soil C:N ratio can have implications for overall soil C storage.  Organic C in soil is bound 

to organic N in organic matter, and the stoichiometric ratio of organic matter influences 

the total amount of C that can be stored in organic matter.  Modeling studies have 

suggested that changes in the C:N ratio or N stocks are one of the primary controls on site 

level soil OC (Kirschbaum et al. 2008b, 2008a).  Our study shows an increase in OC 

stocks under forests, but no significant change in soil N stocks, which contributed the 

observed increase in C:N ratio. 

 

Conclusion 

 

 This study shows the importance of considering site-level environmental and 

edaphic factors when considering soil C storage at regional scales.  Soil properties were 

important predictors of soil organic carbon, soil total nitrogen, and soil total carbon.  

There were significant differences in OC, TN, and TC stocks by soil order, with 

Mollisols containing the most OC at all depths.  Inceptisols had intermediate stocks, and 

Oxisols had the lowest stocks.  Soil pH was strongly and positively related to SOC 

stocks.  Soil texture, as clay content, showed a weakly positive relationship overall, but 



 

 

33 

was an important variable in several models predicting OC stocks.  Land cover was most 

important in predicting OC stocks for the 0-30 cm depth, but it also explained significant 

variability in models predicting OC to 1 m when the additional covariates percent clay 

and soil pH were included.  These findings illustrate the importance of extending beyond 

surface soils and considering different sampling depths to determine the effects of land 

use and land cover on OC stocks.  Although there is much interest in predicting the 

changes to soil C following land-use change, this study also shows remarkable variability 

in soil C across a variety of soils and environmental conditions, highlighting the 

importance of understanding the role of soil properties in determining soil C stocks.  An 

effort should be made to increase study of the broad range of soil types and environments 

present in the tropics, to better predict soil C stocks at regional scales. 
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Table 3.  ANOVA output for models including soil order, land cover and the interaction 
between soil order and land cover for three depths.  All models for TC stock were natural 
log transformed to meet assumptions of normality and equal variance.  P-values in bold 
indicate significant effects at the α=.05 level and those in italics indicate significant 
effects at the α=.10 level 
 

  
Depth 

  
0-100 cm 0-30 cm 30-100 cm 

    F P-value F P-value F P-value 

Model: OC stock = Soilorder + Landcover + Soilorder:Landcover 2.023 0.097 2.899 0.041 1.72 0.18 

Variable Soilorder 3.826 0.047 3.63 0.046 2.79 0.087 

  Landcover 1.914 0.183 3.94 0.062 0.778 0.389 

  Soilorder:Landcover 0.677 0.520 1.69 0.21 1.09 0.357 

Model: TN stock = Soilorder + Landcover + Soilorder:Landcover 2.555 0.063 3.57 0.019 1.49 0.239 

Variable Soilorder 4.49 0.025 6.1 0.009 3.166 0.065 

  Landcover 0.369 0.551 0.768 0.392 0.199 0.661 

  Soilorder:Landcover 0.405 0.673 2.49 0.11 0.434 0.654 

Model: ln(TC stock)= Soilorder+Landcover+Soilorder:Landcover 3.13 0.03 3.32 0.026 2.94 0.04 

Variable Soilorder 5.56 0.005 6.29 0.008 6.78 0.006 

  Landcover 0.34 0.363 1.9 0.184 0.5 0.388 

  Soilorder:Landcover 0.15 0.825 1.06 0.366 0.211 0.811 
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Figures 
 
 
 

 
 
 
Figure 1.  Map of Puerto Rico showing location of 20 study sites. The symbols represent 
the three soil orders sampled: Inceptisols (green triangles), Oxisols (red circles) and 
Mollisols (blue squares).  The sites in the US Virgin Islands are not shown here.  The 
“Cayey” sites are overlapped in the Oxisol cluster in the southeastern part of the island.   
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Figure 2.  Soil collection design at each site.  If possible, the clustered design in A was 
used.  If that design was not possible for a given site, a version of the chain transect in B 
was used, to keep the pits on the same soil type and land cover at each site. 
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Figure 3.  Distribution of average site stocks for all sites to 1 m.  The median is denoted 
by the solid horizontal line.  The mean is denoted by the diamond.  The box covers the 
first through third quartiles and the whiskers extend to the last points within a distance of 
1.5 times the interquartile range.  Points outside 1.5 times the interquartile range (IQR) 
are marked by dots.  Note the different scale of the y axes. 
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Figure 4.  Total C (a), organic C (b), and total N (c) stocks from 0 to 100 cm by soil order 
in sites from Puerto Rico and US Virgin Islands.  Error bars represent ±1 SE.  Note the 
different scales on the y axes.  Different letters within each panel represent significant 
differences at the α = .05 level by Fisher’s LSD. 
 
 
 

 
 
 
Figure 5.  Total C (a), organic C (b), and total N (c) stocks from 0 to 100 cm by land 
cover in sites from Puerto Rico and US Virgin Islands.  Error bars represent ±1 SE.  Note 
the different scales on the y axes.   
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Figure 6.  Distribution of average site organic C stocks to 1 m by soil order.  The median 
is denoted by the solid horizontal line.  The mean is denoted by the diamond.  The box 
covers the first through third quartiles and the whiskers extend to the last points within a 
distance of 1.5 times the interquartile range.  Points outside 1.5 times the interquartile 
range (IQR) are marked by dots.  
 
 

 
Figure 7.  Distribution of average site organic C stocks to 1 m by land cover.  The median 
is denoted by the solid horizontal line and the mean by the diamond.  The box covers the 
first through third quartiles and the whiskers extend to the last points within a distance of 
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1.5 times the interquartile range.  Points outside 1.5 times the interquartile range (IQR) 
are marked by dots. 

 
 
Figure 8.  Total C (a), organic C (b), and total N (c) stocks from 0 to 30 cm by soil order 
in sites from Puerto Rico and US Virgin Islands.  Error bars represent ±1 SE.  Note the 
different scales on the y axes.  Different letters within each panel represent significant 
differences at the α = .05 level by Fisher’s LSD.  An asterisk next to a shared letter 
indicates a significant difference at the α = .10 level. 
 
 
 

 
 
 
Figure 9.  Total C (a), organic C (b), and total N (c) stocks from 30 to 100 cm by soil 
order in sites from Puerto Rico and US Virgin Islands.  Error bars represent ±1 SE.  Note 
the different scales on the y axes.  Different letters within each panel represent significant 
differences at the α = .05 level by Fisher’s LSD. 
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Figure 10.  Total C (a), organic C (b), and total N (c) stocks from 0 to 30 cm by land 
cover in sites from Puerto Rico and US Virgin Islands.  Error bars represent ±1 SE.  Note 
the different scales on the y axes.  Bars with asterisks represent significant differences at 
the α = .10 level by Fisher’s LSD. 
 
 
 
 
 

 
 
Figure 11.  Total C (a), organic C (b), and total N (c) stocks from 30 to 100 cm by land 
cover in sites from Puerto Rico and US Virgin Islands.  Error bars represent ±1 SE.  Note 
the different scales on the y axes.  
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Figure 12.  Total C (left column), organic C (middle column), and total N (right column) 
stocks by soil order and land cover in sites from Puerto Rico and US Virgin Islands.  0 to 
100 cm is shown in the top row (a, b, and c), 0-30 cm is shown in the middle row (d, e, 
and f), and 30 to 100 cm is in the bottom row (g, h, and i).  Error bars represent ±1 SE.  
Note the different scales on the y axes.  There were no significant differences by land 
cover within a soil order. 
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Figure 13.  Relationship between soil texture and OC stocks. The top figure has the 
percent clay of the A horizon for all 25 sites on the x axis and the relationship is not 
statistically significant.  The bottom figure has the average combined fine silt (<20 um) 
and clay fraction for the pit for the 19 sites that were measured using laser diffraction.  
Sites are color-coded based on the clay mineralogy from the NRCS soil series 
description.  The regression in the bottom panel is not significant (p= 0.15), but removing 
the outlier point in the upper left hand corner makes the relationship significant (R2 =  
0.48, p = 0.002). 
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Figure 14.  Relationship between soil horizon pH and OC density across 20 sites 
distributed across three soil orders representing pasture and forest cover in Puerto Rico 
and the U.S. Virgin Islands. 
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Figure 15.  Relationship between average site pH and mean site OC stock.  
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Figure 16.  Relationship between mean site OC stock to 1 m and mean annual 
precipitation (MAP).  There is no significant relationship between the two variables for 
these sites. 
 
  

100

150

200

250

300

1000 2000 3000 4000

Mean annual precipitation (mm / yr)

M
ea

n 
si

te
 O

C
 s

to
ck

 (M
g 

C
 h

a−
1 )

Soil order
Inceptisol

Mollisol

Oxisol



 

 

49 

 
 

 
 
Figure 17. Relationship between mean site OC stock to 1 m and mean annual temperature 
(MAT).  There is no significant relationship between the two variables for these sites. 
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Figure 18.  Change in mean soil C:N ratio with depth by land cover.  The horizontal error 
bars represent one standard error.   
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Figure 19.  Change in mean soil C:N ratio with depth by soil order.  The horizontal error 
bars represent one standard error.   
 

0

25

50

75

7 8 9 10 11
 Molar C:N Ratio

D
ep

th
 (c

m
)

Soil order
Inceptisol

Mollisol

Oxisol



 

 

52 

 
Literature Cited 

Aide, T. M., M. L. Clark, H. R. Grau, D. López-Carr, M. A. Levy, D. Redo, M. Bonilla-
Moheno, G. Riner, M. J. Andrade-Núñez, and M. Muñiz. 2013. Deforestation and 
reforestation of Latin America and the Caribbean (2001-2010). Biotropica 45:262–
271. 

Asner, G. P., A. J. Elmore, L. P. Olander, R. E. Martin, and A. T. Harris. 2004. Grazing 
systems, ecosystem responses, and global change. Annual Review of Environment 
and Resources 29:261–299. 

Baisden, W. T., R. Amundson, D. L. Brenner, A. C. Cook, C. Kendall, and J. W. Harden. 
2002. A multiisotope C and N modeling analysis of soil organic matter turnover and 
transport as a function of soil depth in a California annual grassland soil 
chronosequence. Global Biogeochemical Cycles 16:82–1. 

Batjes, N. H. 1996. Total carbon and nitrogen in the soils of the word. European Journal 
of Soil Science 47:151–163. 

Baudette, D., and P. Roudier. 2015. aqp: Algorithms for quantitative pedology. 

Beinroth, F., M. Vázquez, V. Snyder, P. Reich, and L. Pérez Alegria. 1996. Factors 
controlling carbon sequestration in tropical soils: a case study of Puerto Rico. 

Berthrong, S. T., G. Piñeiro, E. G. Jobbágy, and R. B. Jackson. 2012. Soil C and N 
changes with afforestation of grasslands across gradients of precipitation and 
plantation age. Ecological Applications 22:76–86. 

Brown, S., and A. E. Lugo. 1990. Effects of forest clearing and succession on the carbon 
and nitrogen content of soils in Puerto Rico and US Virgin Islands. Plant and Soil 
124:53–64. 

Carvalhais, N., M. Forkel, M. Khomik, J. Bellarby, M. Jung, M. Migliavacca, M. Μu, S. 
Saatchi, M. Santoro, M. Thurner, U. Weber, B. Ahrens, C. Beer, A. Cescatti, J. T. 
Randerson, M. Reichstein, M. Mu, S. Saatchi, M. Santoro, M. Thurner, U. Weber, 
B. Ahrens, C. Beer, A. Cescatti, J. T. Randerson, and M. Reichstein. 2014. Global 
covariation of carbon turnover times with climate in terrestrial ecosystems. Nature 
514:213–217. 

Catoni, M., M. E. D’Amico, E. Zanini, and E. Bonifacio. 2016. Effect of pedogenic 
processes and formation factors on organic matter stabilization in alpine forest soils. 
Geoderma 263:151–160. 



 

 

53 

Cleveland, C. C., A. R. Townsend, S. K. Schmidt, and B. C. Constance. 2003. Soil 
microbial dynamics and biogeochemistry in tropical forests and pastures , 
southwestern Costa Rica. Ecological Applications 13:314–326. 

Dalal, R. C., C. M. Thornton, and B. A. Cowie. 2013. Turnover of organic carbon and 
nitrogen in soil assessed from δ13C and δ15N changes under pasture and cropping 
practices and estimates of greenhouse gas emissions. Science of the Total 
Environment 465:26–35. 

Daly, C., E. H. Helmer, and M. Quiñones. 2003. Mapping the climate of Puerto Rico, 
Vieques and Culebra. International Journal of Climatology 23:1359–1381. 

de Carvalho Conceicão Telles, E., P. Barbosa de Camargo, L. A. Martinelli, S. E. 
Trumbore, E. Salazar da Costa, J. Santos, N. Higuichi, and R. Cosme Oliveira Jr. 
2003. Influence of soil texture on carbon dynamics and storage potential in tropical 
forest soils of Amazonia. Global Biogeochemical Cycles 17:1–12. 

de Koning, G. H. J., E. Veldkamp, and M. Lopez-Ulloa. 2003. Quantification of carbon 
sequestration in soils following pasture to forest conversion in northwestern 
Ecuador. Global Biogeochemical Cycles 17:1–12. 

Don, A., J. Schumacher, and A. Freibauer. 2011. Impact of tropical land-use change on 
soil organic carbon stocks - a meta-analysis. Global Change Biology 17:1658–1670. 

Eclesia, R. P., E. G. Jobbágy, R. B. Jackson, F. Biganzoli, and G. Piñeiro. 2012. Shifts in 
soil organic carbon for plantation and pasture establishment in native forests and 
grasslands of South America. Global Change Biology 18:3237–3251. 

Ellert, B. H., and J. R. Bettany. 1995. Calculation of organic matter and nutrients stored 
in soils under contrasting management regimes. Canadian Journal of Soil Science 
75:529–538. 

Elmore, A. J., and G. P. Asner. 2006. Effects of grazing intensity on soil carbon stocks 
following deforestation of a Hawaiian dry tropical forest. Global Change Biology 
12:1761–1772. 

Ewel, J. J., and J. L. Whitmore. 1973. The ecological life zones of Puerto Rico and the 
U.S.Virgin Islands. Forest Service Research:72. 

Fearnside, P. M., and R. I. Barbosa. 1998. Soil carbon changes from conversion of forest 
to pasture in Brazilian Amazonia. Forest Ecology and Management 108:147–166. 

Feller, C., and M. H. Beare. 1997. Physical control of soil organic matter dynamics in the 
tropics. Geoderma 79:69–116. 



 

 

54 

Fisher, M. J., I. M. Rao, M. a. Ayarza, C. E. Lascano, J. I. Sanz, R. J. Thomas, and R. R. 
Vera. 1994. Carbon storage by introduced deep-rooted grasses in the South 
American savannas. Nature 371:236–238. 

Fox, J. 2016. car: Companion to applied regression. 

Fujisaki, K., A. S. Perrin, T. Desjardins, M. Bernoux, L. C. Balbino, and M. Brossard. 
2015. From forest to cropland and pasture systems: A critical review of soil organic 
carbon stocks changes in Amazonia. Global Change Biology 21:2773–2786. 

Geist, H. J., and E. F. Lambin. 2001. What drives tropical deforestation? A meta-analysis 
of proximate and underlying causes of deforestation based on subnational case study 
evidence. Page LUCC Report Series. 

Grace, J., E. Mitchard, and E. Gloor. 2014. Perturbations in the carbon budget of the 
tropics. Global Change Biology 20:3238–3255. 

Grimm, R., T. Behrens, M. Märker, and H. Elsenbeer. 2008. Soil organic carbon 
concentrations and stocks on Barro Colorado Island - Digital soil mapping using 
Random Forests analysis. Geoderma 146:102–113. 

Guo, L. B., and R. M. Gifford. 2002. Soil carbon stocks and land use change: A meta 
analysis. Global Change Biology 8:345–360. 

Harris, D., W. R. Horwath, and C. van Kessel. 2001. Acid fumigation of soils to remove 
carbonates prior to total organic carbon or carbon-13 isotopic analysis. Soil Science 
Society of America Journal 65:1853–1856. 

Hassink, J. 1997. The capacity of soils to preserve organic C and N by their association 
with clay and silt particles. Plant and Soil 191:77–87. 

Jenny, H. 1941. Factors of soil formation. A system of quantitative pedology. McGraw-
Hill, New York. 

Jobbágy, E., and R. Jackson. 2000. The vertical distribution of soil organic carbon and its 
relation to climate and vegetation. Ecological Applications 10:423–436. 

Jobbágy, E., and R. Jackson. 2001. The distribution of soils nutrients with depth: Gobal 
patterns and the imprint of plants. Biogeochemistry 53:51–77. 

Johnson, M., and J. Kern. 2002. Quantifying the organic carbon held in forested soils of 
the United States and Puerto Rico. Pages 47–72in J. M. Kimble, R. Lal, R. Birdsey, 
and L. S. Heath, editors.The potential of U.S. forest soil to sequester carbon and 
mitigate the greenhouse effect. CRC Press. 



 

 

55 

Kaiser, M., D. P. Zederer, R. H. Ellerbrock, M. Sommer, and B. Ludwig. 2016. Effects of 
mineral characteristics on content, composition, and stability of organic matter 
fractions separated from seven forest topsoils of different pedogenesis. Geoderma 
263:1–7. 

Kirschbaum, M. U. F., L. Guo, and R. M. Gifford. 2008. Observed and modelled soil 
carbon and nitrogen changes after planting a Pinus radiata stand onto former pasture. 
Soil Biology and Biochemistry 40:247–257. 

Kirschbaum, M. U. F., L. Bin Guo, and R. M. Gifford. 2008. Why does rainfall affect the 
trend in soil carbon after converting pastures to forests? A possible explanation 
based on nitrogen dynamics. Forest Ecology and Management 255:2990–3000. 

Kleber, M., K. Eusterhues, M. Keiluweit, C. Mikutta, R. Mikutta, and P. S. Nico. 2014. 
Mineral-organic associations: formation, properties, and relevance in soil 
environments. Advances in Agronomy 130:1–140. 

Knops, J. M. H., and D. Tilman. 2000. Dynamics of soil nitrogen and carbon 
accumulation for 61 years after agricultural abandonment. Ecology 81:88–98. 

Laganière, J., D. A. Angers, and D. Paré. 2010. Carbon accumulation in agricultural soils 
after afforestation: A meta-analysis. Global Change Biology 16:439–453. 

Lehmann, J., and M. Kleber. 2015. The contentious nature of soil organic matter. Nature 
528:60–8. 

Li, D., S. Niu, and Y. Luo. 2012. Global patterns of the dynamics of soil carbon and 
nitrogen stocks following afforestation: A meta-analysis. New Phytologist 195:172–
181. 

López-Ulloa, M., E. Veldkamp, and G. H. J. de Koning. 2005. Soil carbon stabilization in 
converted tropical pastures and forests depends on soil type. Soil Science Society of 
America Journal 69:1110. 

Lugo, A. E., L. M. Castro, A. Vale, T. D. M. López, E. Hernández Prieto, A. García 
Martinó, A. R. Puente Rolón, A. G. Tossas, D. a. McFarlane, T. Miller, A. 
Rodríguez, J. Lundberg, J. Thomlinson, J. Colón, J. H. Schellekens, O. Ramos, and 
E. Helmer. 2001. Puerto Rican karst - A vital resource. Page United States 
Department of Agriculture Forest Service General Technical Report WO-65. 

Lumley, T. 2009. leaps. 

Manzoni, S., J. A. Trofymow, R. B. Jackson, and A. Porporato. 2010. Stocihiometric 
controls on carbon, nitrogen, and phosphorus dynamics in decomposing litter. 
Ecological Monographs 80:89–106. 



 

 

56 

Marín-Spiotta, E., and S. Sharma. 2013. Carbon storage in successional and plantation 
forest soils: A tropical analysis. Global Ecology and Biogeography 22:105–117. 

Marín-Spiotta, E., W. L. Silver, C. W. Swanston, and R. Ostertag. 2009. Soil organic 
matter dynamics during 80 years of reforestation of tropical pastures. Global Change 
Biology 15:1584–1597. 

Marín-Spiotta, E., C. W. Swanston, M. S. Torn, W. L. Silver, and S. D. Burton. 2008. 
Chemical and mineral control of soil carbon turnover in abandoned tropical pastures. 
Geoderma 143:49–62. 

Mason, J. A., R. S. B. Greene, and R. M. Joeckel. 2011. Laser diffraction analysis of the 
disintegration of aeolian sedimentary aggregates in water. Catena 87:107–118. 

Mayes, M., E. Marín-Spiotta, L. Szymanski, M. Akif Erdogan, M. Ozdogan, and M. 
Clayton. 2014. Soil type mediates effects of land use on soil carbon and nitrogen in 
the Konya Basin, Turkey. Geoderma 232–234:517–527. 

Motavalli, P. P., C. a. Palm, W. J. Parton, E. T. Elliott, and S. D. Frey. 1995. Soil pH and 
organic C dynamics in tropical forest soils: Evidence from laboratory and simulation 
studies. Soil Biology and Biochemistry 27:1589–1599. 

Murty, D., M. U. F. Kirschbaum, R. E. McMurrtrie, and H. McGilvary. 2002. Does 
conversion of forest to agricultural land change soil carbon and nitrogen? A review 
of the literature. Global Change Biology 8:105–123. 

Nelson, D., and L. E. Sommers. 1996. Total carbon, organic carbon, and organic matter. 
Part 2. Page 961–1010. Methods of Soil Analysis. SSSA and ASA, Madison, WI. 

Neumann-Cosel, L., B. Zimmermann, J. S. Hall, M. van Breugel, and H. Elsenbeer. 2011. 
Soil carbon dynamics under young tropical secondary forests on former pastures-A 
case study from Panama. Forest Ecology and Management 261:1625–1633. 

Oades, J. M. 1988. The retention of organic matter in soils. Biogeochemistry 5:35–70. 

Post, W. M., and K. C. Kwon. 2000. Soil carbon sequestration and land-use change: 
Processes and potential. Global Change Biology 6:317–327. 

Powers, J. S., M. D. Corre, T. E. Twine, and E. Veldkamp. 2011. Geographic bias of field 
observations of soil carbon stocks with tropical land-use changes precludes spatial 
extrapolation. Proceedings of the National Academy of Sciences of the United States 
of America 108:6318–6322. 

R Core Team. 2016. R: A language and environment for statistical computing. R 
Foundation for Satistical Computing. 



 

 

57 

Rasse, D. P., C. Rumpel, and M.-F. Dignac. 2005. Is soil carbon mostly root carbon? 
Mechanisms for a specific stabilisation. Plant and Soil 269:341–356. 

Reiners, W. A., A. F. Bouwman, W. F. J. Parsons, and M. Keller. 1994. Tropical rain 
forest conversion to pasture: changes in vegetation and soil properties. Ecological 
Applications 4:363–377. 

Robertson, G. P., P. Sollins, B. G. Ellis, and K. Lajtha. 1999. Exhangeable ions, pH, and 
cation exchange capacity. Pages 106–114Standard Soil Methods for Long Term 
Ecological Research. Oxford University Press, New York, New York. 

Rumpel, C., and I. Kögel-Knabner. 2011. Deep soil organic matter-a key but poorly 
understood component of terrestrial C cycle. Plant and Soil 338:143–158. 

SAS Institute Inc. (n.d.). SAS Version 9.4. Cary, NC, USA. 

Schimel, D. S., B. H. Braswell, E. a. Holland, R. McKeown, D. S. Ojima, T. H. Painter, 
W. J. Parton, and A. R. Townsend. 1994. Climatic, edaphic, and biotic controls over 
storage and turnover of carbon in soils. Global Biogeochemical Cycles 8:279. 

Schipper, L. A., and G. P. Sparling. 2011. Accumulation of soil organic C and change in 
C:N ratio after establishment of pastures on reverted scrubland in New Zealand. 
Biogeochemistry 104:49–58. 

Schmidt, M. W. I., M. S. Torn, S. Abiven, T. Dittmar, G. Guggenberger, I. a. Janssens, 
M. Kleber, I. Kögel-Knabner, J. Lehmann, D. a. C. Manning, P. Nannipieri, D. P. 
Rasse, S. Weiner, and S. E. Trumbore. 2011. Persistence of soil organic matter as an 
ecosystem property. Nature 478:49–56. 

Six, J., R. T. Conant, E. A. Paul, and K. Paustian. 2002. Stabilization mechanisms of soil 
organic matter: Implications for C-saturation of soils. Plant and Soil 241:155–176. 

Six, J., H. Bossuyt, S. Degryze, and K. Denef. 2004. A history of research on the link 
between (micro)aggregates, soil biota, and soil organic matter dynamics. Soil and 
Tillage Research 79:7–31. 

Six, J., E. T. Elliott, and K. Paustian. 2000. Soil macroaggregate turnover and 
microaggregate formation: A mechanism for C sequestration under no-tillage 
agriculture. Soil Biology and Biochemistry 32:2099–2103. 

Six, J., E. T. Elliott, K. Paustian, and J. W. Doran. 1998. Aggregation and soil organic 
matter accumulation in cultivated and native grassland soils. Soil Science Society of 
America Journal 62:1367. 

Soil Survey Staff. 2014. Keys to soil taxonomy. Twelfth. US Department of Agriculture. 



 

 

58 

Sollins, P., P. Homann, and B. A. Caldwell. 1996. Stabilization and destabilization of soil 
organic matter: Mechanisms and controls. Geoderma 74:65–105. 

Sterner, R., and J. J. Elser. 2002. Ecological stoichiometry. Princeton University Press, 
Princeton, NJ. 

Tan, Z. X., R. Lal, N. E. Smeck, and F. G. Calhoun. 2004. Relationships between surface 
soil organic carbon pool and site variables. Geoderma 121:187–195. 

Torn, M. S., C. W. Swanston, C. Castanha, and S. E. Trumbore. 2009. Storage and 
turnover of organic matter in soil. Pages 219–272in N. Senesi, B. Xing, and P. M. 
Huang, editors.Biophysico-chemical processes involving natural nonliving organic 
matter in environmental systems. John Wiley and Sons, Inc. 

Torn, M. S., S. E. Trumbore, O. A. Chadwick, P. M. Vitousek, and D. M. Hendricks. 
1997. Mineral control of soil organic carbon storage and turnover. Nature 389:3601–
3603. 

Trumbore, S. E. 1993. Comparison of carbon dynamics in tropical and temperate soils 
using radiocarbon measurements. Global Biogeochemical Cycles 7:275–290. 

Trumbore, S. E., E. A. Davidson, P. Barbosa De Camargo, D. C. Nepstad, and L. A. 
Martinelli. 1995. Belowground cycling of carbon in forests and pastures of eastern 
Amazonia. Global Biogeochemical Cycles 9:515–528. 

van Noordwijk, M., C. Cerri, P. L. Woomer, K. Nugroho, and M. Bernoux. 1997. Soil 
carbon dynamics in the humid tropical forest zone. Geoderma 79:187–225. 

von Lützow, M., I. Kögel-Knabner, K. Ekschmitt, E. Matzner, G. Guggenberger, B. 
Marschner, and H. Flessa. 2006. Stabilization of organic matter in temperate soils: 
Mechanisms and their relevance under different soil conditions - A review. 
European Journal of Soil Science 57:426–445. 

Wiesmeier, M., M. von Lützow, P. Spörlein, U. Geuß, E. Hangen, A. Reischl, B. 
Schilling, and I. Kögel-Knabner. 2015. Land use effects on organic carbon storage 
in soils of Bavaria: The importance of soil types. Soil and Tillage Research 
146:296–302. 

  



 

 

59 

Supplementary Information 
 
 
Table S1.  SOC stocks for Inceptisol, Oxisol, and Mollisol sites from other studies in the 
tropics.  This table is not exhaustive, but provides a few examples for comparison. 
 

Location Soil 
Order 

Land 
cover 

Depth 
Interval 

(cm) 

OC 
Density 
(% C) 

OC Stock 
(Mg C ha-1) Reference 

Puerto Rico Inceptisol Multiple 0-50 n.d. 107 Beinroth et al. 1996 

Puerto Rico Mollisol Multiple 0-50 n.d. 101 Beinroth et al. 1996 

Puerto Rico Oxisol Multiple 0-50 n.d. 120 Beinroth et al. 1996 

Puerto Rico Inceptisol Multiple 0-20 n.d. 61 Beinroth et al. 1996 

Puerto Rico Mollisol Multiple 0-20 n.d. 70 Beinroth et al. 1996 

Puerto Rico Oxisol Multiple 0-20 n.d. 72 Beinroth et al. 1996 

Panama Oxisol Forest 0-30 2.75 65 Grimm et al. 2008 

Panama Inceptisol Forest 0-30 2.95 67 Grimm et al. 2008 

Panama Oxisol Forest 0-50 n.d. 87 Grimm et al. 2008 

Panama Inceptisol Forest 0-50 n.d. 88 Grimm et al. 2008 

Hawaii Inceptisol Multiple 0-100 3 344 Johnson and Kern 2002 

Hawaii Mollisol Multiple 0-100 2.2 268 Johnson and Kern 2002 

Hawaii Oxisol Multiple 0-100 1 131 Johnson and Kern 2002 

Puerto Rico Inceptisol Multiple 0-100 1.3 206 Johnson and Kern 2002 

Puerto Rico Oxisol Multiple 0-100 1 167 Johnson and Kern 2002 

Brazil Oxisol Forest 0-100 n.d. 102 Trumbore et al. 1995 

Brazil Oxisol Managed 
Pasture 0-100 n.d. 108 Trumbore et al. 1995 

Brazil Oxisol Degraded 
Pasture 0-100 n.d. 100 Trumbore et al. 1995 

Costa Rica Oxisol Forest 0-10 6.5 34 Cleveland et al. 2003 

Costa Rica Oxisol Pasture 0-10 5 37 Cleveland et al. 2003 

Costa Rica Mollisol Forest 0-10 6.8 45 Cleveland et al. 2003 

Costa Rica Mollisol Pasture 0-10 5.6 55 Cleveland et al. 2003 
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Table S2.  Mean site C and N stocks as sampled, without extrapolation.  Average pit 
depth refers to the average depth of the five pits at that site.  The standard error of the 
mean stocks is in parentheses. 
 

Site Soil series Land cover Soil order Average pit 
depth (cm)

TC Stock 
(Mg C / ha)

OC Stock 
(Mg C / ha)

TN Stock
 (Mg N / ha)

CPR01F16 Pellejas Forest Inceptisol 100 108   ( 10.3 ) 108   ( 10.3 ) 11   ( 1.4 )
CPR02F35 Pandura Forest Inceptisol 100 124   ( 18.9 ) 124   ( 18.9 ) 14   ( 1.5 )
CPR03F02 Guayabota Forest Inceptisol 88 283   ( 52.8 ) 283   ( 52.8 ) 18   ( 2.9 )
CPR11F03 Southgate Forest Inceptisol 32 109   ( 15.2 ) 109   ( 15.2 ) 11   ( 1.5 )
CPR01P71 Mucara Pasture Inceptisol 100 175   ( 13.3 ) 175   ( 13.3 ) 21   ( 1.8 )
CPR01R03 Callabo Pasture Inceptisol 39 96   ( 17.6 ) 96   ( 17.6 ) 10   ( 1.9 )
CPR02P03 Malaya Pasture Inceptisol 60 104   ( 22.2 ) 100   ( 17.8 ) 12   ( 2 .0)
CPR03P06 Coloso Pasture Inceptisol 100 145   ( 4.7 ) 145   ( 4.7 ) 16   ( 0.6 )
CPR11P07 Victory Pasture Inceptisol 100 105   ( 12.3 ) 105   ( 12.3 ) 13   ( 1.8 )
CPR01F100 Fredricksdal Forest Mollisol 75 151   ( 14.7 ) 151   ( 14.7 ) 17   ( 2.3 )
CPR02F10 Soller Forest Mollisol 30 353   ( 99.1 ) 105   ( 17.2 ) 13   ( 2.2 )
CPR04F01 Cintrona Forest Mollisol 100 934   ( 12.9 ) 248   ( 6.2 ) 22   ( 0.6 )
CPR11F04 Susannaberg Forest Mollisol 50 180   ( 26.4 ) 180   ( 26.4 ) 17   ( 2.2 )
CPR01P85 Toa Pasture Mollisol 100 144   ( 8.5 ) 144   ( 8.5 ) 16   ( 1.3 )
CPR02R06 Descalabrado Pasture Mollisol 38 94   ( 6.2 ) 94   ( 6.2 ) 9   ( 0.6 )
CPR04P03 Bajura Pasture Mollisol 100 302   ( 14.4 ) 302   ( 14.4 ) 30   ( 1.9 )
CPR10P03 Sion Pasture Mollisol 97 1105   ( 78.9 ) 166   ( 10.2 ) 21   ( 0.8 )
Cayey-28 Los Guineos Forest Oxisol 100 108   ( 4.2 ) 108   ( 4.2 ) 9   ( 0.3 )
Cayey-38 Los Guineos Forest Oxisol 100 88   ( 8.8 ) 88   ( 8.8 ) 8   ( 1.1 )
Cayey-68 Los Guineos Forest Oxisol 100 137   ( 8.5 ) 137   ( 8.5 ) 12   ( 0.5 )

CPR01F130 Los Guineos Forest Oxisol 100 181   ( 13.2 ) 181   ( 13.2 ) 18   ( 1.8 )
Cayey-100 Los Guineos Pasture Oxisol 100 70   ( 18.4 ) 70   ( 18.4 ) 6   ( 1.5 )
Cayey-101 Los Guineos Pasture Oxisol 100 135   ( 20.6 ) 135   ( 20.6 ) 10   ( 1.5 )
Cayey-99 Los Guineos Pasture Oxisol 100 115   ( 9.7 ) 115   ( 9.7 ) 11   ( 0.7 )

CPR01P27 Coto Pasture Oxisol 100 203   ( 9.5 ) 203   ( 9.5 ) 28   ( 0.7 )
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Figure S1.  An example site profile.  The five soil profiles represent the replicate pits per 
site, divided into the sampled horizons.  The profile depth is located on the right-hand 
axis.  The horizons are color coded based on the OC density (g C cm-3) of that horizon.  
This figure illustrates a forested Mollisol site with great variability among pits. 
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Figure S2.  An example site profile.  The five soil profiles represent the replicate pits per 
site, divided into the sampled horizons.  The profile depth is located on the right-hand 
axis.  The horizons are color coded based on the OC density (g C cm-3) of that horizon.  
This figure illustrates a pasture Oxisol site with low variability among pits. 
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