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Abstract

Forested soils in the tropics contain a large carbon pool that may respond to global environmental

changes such as climate warming and land-use change. A better understanding of the distribution of

tropical soil carbon (C) pools is necessary in order to manage soil C as well as to predict its potential

responses to global change. The goals of this study were to quantify the relationships among soil C

and environmental variables for 35 forest plots in a 140,000-ha landscape in northeastern Costa Rica,

and to identify variables that can predict soil C storage at unsampled sites. The biophysical variables

included indices of net primary productivity (forest floor mass, root biomass, and an index of

productivity derived from satellite imagery), soil particle-size distribution and mineralogy, elevation,

and slope. Soil carbon storage in these volcanic soils was relatively high, ranging from 51.1 to 138.6

Mg C ha� 1 in the top 30 cm of mineral soil. The relationships among forest soil C and biotic and

abiotic variables were different for low-elevation (< 120 m) and high-elevation (120–800 m) sites,

and elevation explained much of the variability in soil C concentrations. Soil particle-size

distribution and mineralogical variables are correlated in this landscape and co-vary in predictable

ways along the elevation gradient. Thus, elevation represents a weathering gradient with younger,

allophanic soils at higher elevations and older soils with gibbsite, goethite, and kaolinite as dominant

clay minerals in the lowlands. We propose two mechanisms of C stabilization: soil C concentrations

and contents are positively correlated to the amount of noncrystalline clays (e.g. allophane,

imogolite, and ferrihydrite) in the high elevation soils, and positively correlated to aluminum in

organo-metal complexes in the low elevation sites. The strong correlations among soil C

concentrations, contents, and elevation (mediated through effects on soil mineralogy) indicate that it
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is possible to predict soil C in this landscape using variables that are easily mapped in a geographic

information system. D 2002 Elsevier Science B.V. All rights reserved.

Keywords: Costa Rica; Soil carbon; Soil mineralogy; Tropical rain forests

1. Introduction

Tropical forests are estimated to contain nearly 700 Gt of organic carbon in the top 3 m

of the soil profile (Jobbágy and Jackson, 2000). This large carbon pool has the potential to

respond to global environmental changes such as climate warming and land-use change

(Trumbore, 2000). Understanding the spatial distribution of tropical soil carbon (soil C)

pools is required for many applications, including predicting the effects of forest clearing

or implementing policies such as carbon-emissions trading. Often, models of soil C that

have been developed in the temperate zone do not adequately reflect the dynamics of soil

C in the tropics (McKane et al., 1995; Motavalli et al., 1994). Thus, determining the

relationships among soil C pools and factors that control their distribution can lead to

better predictive maps of C storage and to studies of the processes controlling soil C pools

and turnover times (Bell et al., 2000).

A number of studies have found correlations among soil C concentrations or contents

and soil-forming factors such as climate (Alvarez and Lavado, 1998), plant species (Finzi

et al., 1998), topography (Burke et al., 1999; Raghubanshi, 1992), parent material (Spain,

1990), and time (Schlesinger, 1990). However, not all of these factors are equally

important at all spatial scales, and their relative importance may change in different

environments. For instance, topographic position may explain much of the variation in soil

C contents within a small catchment or catena (Raghubanshi, 1992; Schimel et al., 1985),

but it does not explain differences among biomes (Post et al., 1982). Soil physical

properties such as clay content and mineralogy control soil C pools by influencing the

susceptibility of soil C to microbial attack (Arrouays et al., 1995; Percival et al., 2000), but

the importance of clay can vary by region (Oades, 1988). To develop a better under-

standing of the landscape-scale patterns of soil C distributions, we need to evaluate the

relative influence of environmental controls on soil C and how these factors vary at

different spatial scales.

Northeastern Costa Rica is an area of volcanic deposits and alluvial terraces that provide

complex gradients of soil-forming factors such as topography and soil age. This area has

undergone rapid land-use changes over the past five decades, and the ability to assess

region-wide changes in soil C storage depends upon understanding the factors that are

correlated with soil C pools under native, forest vegetation. As part of a larger study

investigating the effects of land-use change on soil C storage at a regional scale, we

analyzed soils from an extensive sample of mature forests located in a 140,000-ha

landscape in northeastern Costa Rica. The goals of this study were three-fold: (1) to

quantify the relationships among soil C concentrations and contents and environmental

factors, (2) to determine if these relationships are constant across the landscape, and, (3) to

identify variables that are useful in predicting soil C in this landscape. In addition to serving

as a case study for this region, the nested design of our sampling scheme allows us to

generalize about the extent to which information can be extrapolated among spatial scales.
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2. Methods

2.1. Approach

We measured soil C across gradients of biotic and abiotic factors, and compared

relationships among carbon and predictor variables across the landscape versus those

measured in an intensive study area with replicated plots. The predictor variables included

a combination of remotely sensed and field-measured parameters that include edaphic,

topographic, and biotic factors. The main edaphic variables were soil particle-size

distribution and mineralogy (noncrystalline clay). Elevation and slope were the topo-

graphic variables. Elevation is often a proxy for temperature, which may influence soil C

directly via effects on decomposition rates or indirectly via effects on weathering intensity

and the formation of secondary clay minerals. The biotic variables consisted of indices of

productivity or detrital inputs to the soil: forest floor mass, root standing stocks, and an

index of vegetation productivity derived from satellite remote-sensing (the Normalized

Difference Vegetation Index). Stable carbon isotope composition was measured on all

samples and is reported in a companion paper (Powers and Schlesinger, this volume).

2.2. Study area

The study area is located in northeastern Costa Rica (within the canton of Sarapiquı́)

and includes the northern flanks of Volcán Barva and Volcán Poás, two of the volcanoes in

the Central Cordillera Range, which divides Costa Rica into the Pacific and Atlantic zones

(Fig. 1). In the 1950s, the region was almost entirely covered by mature forests (classified

in the Holdridge system as tropical wet forests, tropical wet/cool transition, and tropical

premontane rain forest, moving up in elevation), but has undergone rapid conversion to

pastures and agricultural land in recent decades (Lieberman et al., 1996; Read et al., 2000).

The forests we sampled are owned by private biological reserves, banana companies, or

individual landholders. Forests in the biological reserves show no evidence of having been

harvested recently, but many of the other areas have been selectively logged. Due to the

highly fragmented condition of forest vegetation in this area, the selection of study sites

was constrained by the location of forest patches; however, from the forest patches that we

could access, we chose sites that were distributed throughout the landscape to sample a

large range of biophysical conditions (Table 1, Fig. 1). In addition, the 800-ha primary

forest reserve of the La Selva Biological Station was sampled intensively (elevation

range = 54 to 101 m). Within La Selva, we sampled 14 sites replicated on three

geomorphic land surfaces: five alluvial terraces (Dystropepts), four residual soils on hill

tops (Tropohumults), and five hill slopes (Tropohumults).

2.3. Climate

The climate of Costa Rica’s Atlantic zone is wetter and cooler than the Pacific zone,

with a less-pronounced dry season (Coen, 1983). All available records of annual

precipitation and temperature were obtained from meteorological stations within or near

the study area (but east of the Central Cordillera). The long-term precipitation records
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show a remarkable constancy across a large elevation gradient (40 to 1800 m.a.s.l.), with

an annual, region-wide mean of 4065 mm and a standard deviation of 415 mm (Table 2).

The relatively few records of mean annual temperature show a linear decrease with

increasing elevation, of approximately 5.9 jC per 1000 m elevation. A linear regression of

mean annual temperature on elevation (m) from 40 to 830 m yielded an intercept of 25.6, a

slope of � 0.0059, and an r2 of 0.85. These observations compare favorably with reported

lapse rates of 6.5 jC km � 1 for maximum temperatures and 5.2 jC km� 1 for minimum

temperature in Costa Rica (Coen, 1983). Based on this regression equation, the range in

mean annual temperatures for the sampled sites is 20.9 to 25.3 jC.

Fig. 1. Location of study sites (the northwestern corner of the study region is 84j13V57WW longitude and

10j34V28WN latitude; southeastern corner is 83j52V12WW, 10j14V41WN).
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2.4. Geology and soils

All soil parent materials in the study area are of volcanic origin. Soils that have weathered

in placewerederived fromQuaternary lahars (volcanicmudflows), lava flows, or ashdeposits

(referred to as ‘‘residual’’ soils in the conventions of La Selva) (Sollins et al., 1994). The

mineralogy of the lava from Barva and other volcanoes in the Central Cordillera is described

as quartz-latiandesites (Weyl, 1980). Two studies provide approximate ages for the youngest

Table 1

Site descriptions of the 35 study plots

Site

number

Elevationa

(m.a.s.l)

Soil great

group

Geomorphology %Slope %Clay

(0–10 cm,

30–50 cm)b

%Silt

(0–10 cm,

30–50 cm)

%Sand

(0–10 cm,

30–50 cm)

1 57 Dystropept alluvial 6.0 71.5, 76.1c 19.2, 17.2c 9.4, 6.7c

2 54 Dystropept alluvial 8.5 73.9, 77.2 18.0, 16.3 8.1, 6.5

3 61 Dystropept alluvial 2.0 71.5, 76.1c 19.2, 17.2c 9.4, 6.7c

4 59 Dystropept alluvial 4.5 69.0, 74.9 20.3, 18.1 10.7, 6.9

5 70 Dystropept alluvial 4.0 71.5, 76.1c 19.2, 17.2c 9.4, 6.7c

6 99 Tropohumult residual 15.0 73.4, 78.0c 19.4, 16.1c 7.3, 5.9c

7 64 Tropohumult residual 17.0 73.4, 78.0c 19.4, 16.1c 7.3, 5.9c

8 101 Tropohumult residual 5.0 73.8, 78.4 19.3, 16.0 6.9, 5.6

9 93 Dystropept residual 11.5 73.0, 77.6 19.4, 16.2 7.6, 6.2

10 101 Tropohumult residual 32.0 72.3, 72.2c 18.2, 19.5c 9.6, 8.3c

11 99 Tropohumult residual 46.5 74.4, 73.7 16.5, 19.1 9.1, 7.2

12 70 Tropohumult residual 66.5 72.3, 72.2c 18.2, 19.5c 9.6, 8.3c

13 99 Tropohumult residual 43.0 70.1, 70.7 19.8, 19.9 10.1, 9.4

14 101 Tropohumult residual 43.5 72.3, 72.2c 18.2, 19.5c 9.6, 8.3c

15 58 Dystropept alluvial 16.0 50.6, 55.6 25.9, 25.8 23.6, 18.6

16 69 Dystrandept alluvial 18.0 57.9, 59.9 25.5, 26.9 16.6, 13.2

17 92 Dystrandept alluvial 4.5 62.2, 40.0 26.4, 26.7 11.5, 33.2

18 99 Dystropept residual 51.5 46.6, 55.8c 37.8, 32.9c 15.6, 11.4c

19 75 Dystropept alluvial 29.0 46.6, 55.8 37.8, 32.9 15.6, 11.4

20 50 Dystrandept alluvial 2.0 5.6, 3.6 51.7, 53.3 42.7, 43.1

21 535 Tropohumult residual 16.5 25.4, 27.3 49.4, 21.1 25.2, 51.6

22 274 Tropohumult residual 24.5 66.3, 60.1 25.1, 30.3 8.6, 9.6

23 49 Tropohumult alluvial 1.0 17.8, 31.6 78.6, 63.6 3.6, 4.8

24 99 Dystrandept residual 27.5 71.4, 76.3 19.4, 18.1 9.2, 5.6

25 47 Troporthent alluvial 2.0 25.2, 9.0 69.2, 68.9 5.6, 22.0

26 51 Dystrandept alluvial 1.5 22.9, 15.8 59.8, 59.9 17.4, 24.3

27 399 Tropohumult residual 56.5 44.3, 43.8 21.7, 20.4 43.0, 35.8

28 98 Dystropept residual 57.0 50.1, 48.5 37.5, 36.7 12.4, 14.8

29 69 Dystropept residual 8.0 70.1, 74.4 18.9, 16.9 11.1, 8.7

30 125 Dystrandept residual 36.0 71.5, 76.2 19.8, 18.6 8.7, 5.3

31 301 Dystrandept residual 49.0 54.7, 57.9 24.6, 26.5 20.7, 15.6

32 386 Dystrandept residual 20.5 56.1, 49.8 23.6, 36.5 20.3, 13.7

33 191 Dystropept residual 2.0 77.7, 78.2 16.7, 17.2 5.6, 4.7

34 799 Dystrandept residual 55.0 18.5, 6.5 32.8, 21.3 48.7,72.2

35 587 Dystrandept residual 25.5 10.8, 7.6 32.6, 57.7 56.6, 34.7

a Estimated from map overlay on a 92-m resolution digital elevation model.
b Determined via the pipette method after pretreatment with hydrogen peroxide to remove organic matter.
c Estimated from the mean values on adjacent sites with similar soils.
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Table 2

Precipitation and temperature records for 14 meteorological stations in northeastern Costa Rica

Station name Latitude Longitude Elevation

(m.a.s.l)

Min AP

(mm)

Max

AP

(mm)

MAP

(mm)

Precip.

record

length

(years)

Min T

(jC)
Max T

(jC)
MAT

(jC)
Temperature

record

length

(years)

Source

La Selva Bridge 10j28VN 84j01VW 40 3129 4548 3879 10 N/A N/A 25.8 8 Sanford et al., 1994

La Selva–Rafael’s Point 10j28VN 84j01VW 40 2605 5659 3962 28 N/A N/A N/A N/A Sanford et al., 1994

Cobal 10j25VN 83j67VW 55 3426 4462 3851 6 19.1 25.7 24.6 6 Reposa

Chilamate 10j27VN 84j04VW 60 4222 4885 4614 3 23.7 25.0 24.5 3 IMN

Mola 10j35VN 83j77VW 70 2716 4413 3735 10 24.3 26.4 25.6 10 Reposa

Siquirres 10j06VN 83j31VW 70 3018 4572 3654 7 N/A N/A N/A N/A Reposa

Rio Frio 10j18VN 83j47VW 100 N/A N/A 3924 24 N/A N/A 25.3 13 IMN

San Miguel 10j19VN 84j11VW 500 2885 6534 4555 25 N/A N/A N/A N/A IMN

Ciudad Quesada 10j20VN 84j26VW 650 N/A N/A 4499 52 18.8 27.1 23.0 26 IMN

Caño Negro 10j24VN 84j46VW 720 3417 5350 4401 13 N/A N/A N/A N/A IMN

Cariblanco 10j16VN 85j35VW 830 N/A N/A 4718 9 14.7 24.7 19.7 6 IMN

Santa Rita 10j01VN 83j57VW 1713 2927 4556 3510 13 N/A N/A N/A N/A IMN

San Vicente 10j12VN 84j24VW 1750 3581 4504 4064 7 N/A N/A N/A N/A IMN

Vara Blanca 10j10VN 84j09VW 1804 2457 4992 3540 28 N/A N/A N/A N/A IMN

Abbreviations are as follows: AP= annual precipitation, T= temperature, IMN= Instituto Nacional Meterologico.
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and oldest soils in the region. The highest elevation study sites (34 and 35) are located on

Volcán Poás, near Laguna Marı́a Aguilar and Laguna Hule. Radiocarbon dates of leaf

fragments collected in sediment cores suggest that these lakes formedf 3000 to 2500 years

B.P., and that the nearby volcano (Volcán Congo) experienced two subsequent eruptions
f 1740 and 670 years B.P. (Horn, in press). The oldest date is obtained from a lava flow at

the La Selva Biological Station, 1,200,000 years B.P. (Hartshorn and Peralta, 1987).

The eastern portion of the study area is part of the Atlantic-Caribbean lowlands,

where soil parent materials are derived from Quaternary alluvial deposits (Weyl, 1980).

Soils formed from stream-deposited volcanic sediments are referred to as ‘‘alluvial soils’’

throughout this paper. As mapped in the US Soil Taxonomy System, the dominant soil

orders in the study region are Ultisols, which are generally residual soils, and

Inceptisols, which are predominantly alluvial in origin (Tropical Science Center

1:200,000 digital soil map). A number of soils originally classified as Andepts by the

Tropical Science Center would now be classified in the new soil order, Andisols

(suborder Udand). A plausible sequence for the accumulation of weathering products as

these soils develop from Andepts/Andisols to Inceptisols to Ultisols is the following:

primary minerals! allophane/ferrihydite! halloysite! kaolinite! gibbsite/goethite

(Martini, 1976; Nieuwenhuyse and van Breemen, 1997; Sollins et al., 1994).

2.5. Field sampling

We selected sites of f 0.5–1.0 ha with homogenous topography that were embedded

within larger forest patches. At each site, 10 sampling points were positioned along two to

three transects that were located at least 25-m apart. Prior to soil sampling, leaf litter and

organic material (excluding seeds and twigs) were collected from 0.10-m2 quadrats. This

material was dried at 60 jC for 48 h and weighed as a measure of forest floor mass. Values

for each site are reported as the mean of the 10 samples. Composited forest floor

subsamples were homogenized in a coffee grinder for CN analyses. Mineral soil samples

were collected with an auger (f 7 cm diameter) at five depth intervals (0–10, 10–20,

20–30, 30–50, and 50–100 cm). At each site, the 10 samples from each depth were

composited, except that only 5 samples were collected and composited for the lowest

depth, 50–100 cm. Soil samples were air dried at ambient conditions, passed through a 2-

mm sieve, and returned to Duke University for analysis.

Separate samples for bulk density were collected by inserting 300-cm3 steel rings into

the soil, excavating the rings with a small spade, and drying the soil at 110 jC for 48 h,

then weighing it. Two samples per site were collected from three depth increments: 0–10,

10–20, and 20–30 cm. Roots were separated from these samples using a hydropneumatic

root elutriator. No attempt was made to separate live from dead roots. Stone content was

negligible at most sites, and no attempts were made to correct for it.

Percent slope values for each site are reported as the mean value from two clinometer

readings taken upslope and downslope along the facet of the slope. The geographic

coordinates of each site were derived from global positioning system (GPS) readings,

corrected for selective availability via differential GPS and post-processing. Locations were

measured in the center of each site and were imported into a geographic information system

(Arc/Info) in UTM coordinates.

J.S. Powers, W.H. Schlesinger / Geoderma 109 (2002) 165–190 171



2.6. Laboratory analyses

Total carbon and nitrogen were measured in mineral soil, forest floor, and fine-root

samples ( < 1 mm diameter) by dry combustion using an automated CN analyzer at two

independent laboratories. Agreement between the two labs was very good (the slope

coefficient from a linear regression was 0.98, the intercept was 0.01, r2 = 0.988,

F1,471 = 40,163, P < 0.0001); thus, results are reported as the mean value from duplicates.

Carbonates are not expected in these soils (Horn et al., 1998), and no effort was made to

remove them. Soil carbon concentrations (%C on an oven-dried weight basis) were

converted to contents in units of Mg C ha� 1 (also referred to as inventories or storage) by

multiplying the concentration by bulk density, depth interval, and a unit conversion factor.

Cumulative soil C content (0–30 cm) was calculated by summing contents for the first

three depth layers.

Particle-size distribution was measured on selected samples from the 0–10 and 30–50

cm depth intervals via the pipette method after pretreatment with hydrogen peroxide to

remove organic matter. Particle-size distribution for La Selva sites 1, 3, 5, 6, 7, 10, 12, and

14 (Fig. 1) was estimated from the mean values of adjacent soils in the same soil map unit,

and that at site 18 was estimated from soil collected at the adjacent site 19. It should be

noted that the soil texture values should be approached with some caution because it is

often difficult to disperse allophanic soils (Sollins, 1989; Sollins et al., 1994).

Acid oxalate-extractable Fe (Feo), Al (Alo), and Si (Sio) were measured on samples

from the 0–10 cm depth by extracting soils ( < 2 mm) with 0.2 M ammonium oxalate

solution in the dark, and analyzing for Fe, Al, and Si by inductively coupled plasma

emission spectrometry (ICP) (Parfitt and Henmi, 1982). This extraction dissolves non-

crystalline minerals including allophane, imogolite, ferrihydrite, and Al/Fe–humus com-

plexes (Mizota and Reeuwijk, 1989; Nanzyo et al., 1993; Parfitt and Henmi, 1982).

Pyrophosphate extractions were used to quantify Al and Fe associated with humus

complexes (Alp and Fep) (Parfitt and Henmi, 1982). The ratio Alp/Alo is used as an index

of allophanic soil properties (Dahlgren et al., 1993); values below 0.5 are indicative of

allophanic mineralogy, while ratios above 0.5 indicate that the active Al is found in Al–

humus complexes (Mizota and Reeuwijk, 1989). All results are reported on an oven-dried

basis. Ten samples were analyzed in duplicate, and the average percent difference between

duplicates for acid-oxalate extractable Fe, Al and Si, was 9.7%, 6.2%, and 13.0%,

respectively. The average percent difference between duplicates for pyrophosphate-

extractable Fe and Al was 6.0% and 14.0%, respectively.

2.7. Geographic data layers

Elevation and Normalized Difference Vegetation Index (NDVI) values were derived for

each site using map overlay techniques in ARC/INFO. The digital elevation model

covered the entire study area at a resolution of 92-m cell size. The NDVI was constructed

from LANDSAT Thematic Mapper Imagery for two recent dates, November, 1996 and

December, 1997. The NDVI is constructed from multispectral satellite imagery as the

difference between the near-IR and visible red bands divided by the sum of these two

bands (Wilkie and Finn, 1996). As vegetation reflects strongly in the near-infrared
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wavelengths while soil does not, the difference between these values within a pixel has

been shown to be proportional to leaf area index, and by extension, net primary

productivity (Running et al., 1986; Schlesinger, 1997).

2.8. Statistical analyses

To test for relationships at different scales, the data for the 35 individual sites were split

into logical groups based on a priori categories (e.g. the intensive study area, residual soils,

alluvial soils), and groups suggested by preliminary analysis of the environmental

variables. These preliminary analyses showed that the higher elevation sites differed from

low elevation sites (sites < 120 m), and that within the low elevations, alluvial soils

differed from residual soils. Linear correlation coefficients were computed for three

response variables, surface soil C concentrations (0–10 cm), surface soil C contents

(0–10 cm), and cumulative soil C content (0–30 cm), and the predictor variables for

various groupings of the data. For these analyses, the sites were categorized into seven

levels of analysis including: the intensive study area (N = 14), low elevation residual soils

(N = 13), low elevation alluvial soils (N = 13), all low elevation soils together (N = 26), all

residual soils together (N = 22), high elevation soils (N = 9), and all sites in the landscape

(N = 35).

Although other studies have found techniques such as regression trees useful for

mapping soil data (Ryan et al., 2000), our small sample sizes preclude such analyses.

Rather, stepwise multiple regression with backward and forward selection techniques was

used to relate response variables to predictor variables (Ramsey and Schafer, 1997). Given

the large number of predictor variables and relatively small sample sizes, we followed the

procedures outlined by Ramsey and Schafer (1997) to screen and transform variables

where appropriate. The screening led to exclusion of three predictor variables from the full

multiple regression models. Percent Sio was excluded from analyses because it was not

normally distributed and was negatively correlated with Alp/Alo. Root biomass in the 10–

20 soil depth was excluded because it had a very high coefficient of variation (f 70%).

Exploratory data analysis revealed no patterns between soil C concentrations (0–10 cm

depth) and the NDVI from the 1997 image, so we omitted this variable. Model adequacy

was judged by visual inspection of residual plots.

Separate multiple regression analyses were run for each of the three response variables

at the seven levels of analysis: the intensive study area, low elevation residual soils, low

elevation alluvial soils, all low elevation soils together, all residual soils, high elevation

soils, and all sites in the landscape. This allowed us to determine if the relationships

between soil C and biophysical variables differed among spatial scales.

3. Results

3.1. Soil carbon concentrations, contents, and C/N ratios

Surface soil C concentrations and contents under native forests varied by a factor of

3.2- and 2.1-fold across the landscape, respectively (Table 3). The pairwise correlations
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between soil C concentrations at the first four depth intervals were positive and highly

significant (Table 4), indicating that %soil C in the upper 10 cm is a good predictor of soil C

concentrations between 10 and 50 cm. High soil C concentrations translated into high

carbon contents (Table 3). In general, for a given depth, soil C concentrations and contents

were strongly correlated, suggesting that bulk density was less variable than carbon

Table 3

Soil carbon concentrations and contents from 35 rain forest plots in northeastern Costa Rica

Site %Soil C Soil C inventory (Mg C ha� 1)

number
0–10

cm

10–20

cm

20–30

cm

30–50

cm

50–100

cm

0–10

cm

10–20

cm

20–30

cm

Cumulative

0–30 cm

1 5.22 3.32 2.65 1.87 1.15 31.07 28.12 19.48 78.67

2 6.64 5.47 3.58 2.22 1.39 33.55 35.88 26.29 95.72

3 4.48 3.44 2.35 1.74 1.18 25.33 26.31 17.30 68.94

4 5.44 3.18 2.16 1.58 1.16 31.35 29.59 15.87 76.82

5 7.04 4.48 3.20 1.89 1.18 37.88 31.36 21.56 90.80

6 7.61 5.33 3.67 2.47 1.47 44.55 43.49 27.00 115.03

7 5.88 3.71 2.35 1.72 1.07 34.59 24.86 17.24 76.69

8 7.38 5.17 3.71 2.50 1.27 38.67 29.58 24.28 92.53

9 6.65 4.51 3.17 2.06 1.18 42.79 31.11 23.06 96.96

10 6.22 5.19 3.70 2.59 1.43 35.96 29.93 27.23 93.11

11 5.70 3.84 2.94 2.22 1.23 35.81 32.44 21.58 89.83

12 4.28 2.71 1.98 1.50 0.80 23.11 14.72 14.58 52.40

13 6.06 3.98 3.42 2.30 1.19 34.50 26.00 25.69 86.20

14 6.27 4.19 3.12 1.91 1.06 34.08 26.08 21.32 81.47

15 4.11 2.80 2.00 1.39 0.77 27.96 20.19 14.81 62.96

16 4.99 3.42 2.51 1.76 1.39 36.22 25.12 19.80 81.14

17 8.53 6.21 4.76 2.94 1.61 32.39 28.71 23.31 84.41

18 5.38 5.14 3.70 2.29 1.21 30.00 28.51 25.53 84.04

19 5.80 4.30 2.98 2.28 1.25 37.64 30.04 20.60 88.28

20 6.76 4.06 2.67 1.17 0.33 35.17 23.02 17.36 75.55

21 8.22 5.99 3.89 2.85 1.90 36.01 28.72 20.21 84.93

22 5.06 3.26 2.10 1.47 0.85 27.96 18.94 13.47 60.37

23 4.42 1.76 1.36 1.45 1.06 27.92 14.69 8.53 51.14

24 6.60 4.10 2.99 2.11 1.22 39.27 26.19 20.47 85.93

25 4.31 2.45 1.76 1.25 0.42 28.51 17.68 13.30 59.49

26 4.97 3.10 1.51 0.70 0.80 36.38 26.89 15.31 78.58

27 6.86 4.48 3.34 2.33 1.12 23.30 20.26 21.49 65.05

28 6.35 4.66 3.36 1.96 0.78 32.52 25.29 17.84 75.65

29 5.36 3.84 2.79 1.66 1.17 34.47 28.58 20.65 83.70

30 5.77 3.53 2.60 1.65 1.05 36.82 24.65 19.71 81.18

31 6.35 5.31 3.74 2.15 1.12 37.83 32.86 24.07 94.76

32 5.73 4.52 3.54 2.43 1.17 30.87 25.72 24.25 80.84

33 4.77 3.67 2.67 1.89 1.08 32.66 26.46 18.09 77.22

34 13.03 11.78 9.40 5.25 1.22 47.58 49.08 41.95 138.61

35 8.28 6.74 5.30 3.68 3.06 37.28 28.97 21.69 87.95

Mean 6.19 4.39 3.17 2.09 1.18 34.06 27.43 20.71 82.20

S.D. 1.66 1.69 1.38 0.79 0.44 5.44 6.78 5.68 16.43

%C.V. 26.9 38.5 43.4 37.6 37.3 16.0 24.7 27.5 20.0
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concentrations. Mineral soil C/N ratios from all depths ranged among sites from 8.8 to 13.3,

a difference of 4.5, whereas the maximum within-site difference was 2.8 (Appendix A).

3.2. Correlations among abiotic variables

The scatterplots of particle-size distribution, mineralogy, and elevation revealed complex

relationships among these variables that can be interpreted in terms of pedogenic processes

(Fig. 2, Appendix B). Soil particle-size distribution and mineralogy co-varied along the

elevation gradient, but these relationships differed between residual and alluvial soils (Fig.

2a–c). In the residual soils, %sand in the top 10 cm increased with elevation, %clay

decreased, and silt concentrations remained approximately constant. The alluvial soils

occurred across a relatively narrow elevation range (45–92 m) and had a wide range of silt

and clay percentages. The large variation in particle-size distribution for the alluvial sites is

probably a function of the texture of the alluvium and the conditions at the time of deposition.

The relationships among mineralogical variables and particle-size distribution were

consistent between residual and alluvial soils (Fig. 2d–h), and suggest that clay

mineralogical composition varies with soil development. Acid oxalate extracts contain

Al, Fe, and Si in noncrystalline clays and complexed with humus (referred to as ‘‘active’’

Al and Fe), while pyrophosphate extracts mainly well stabilized Al/Fe–humus complexes.

The amount of Al contained in noncrystalline clays, Alo–Alp, decreased with decreasing

Sio concentrations, as other studies have found (Fig. 2d) (Nanzyo et al., 1993; Schlesinger

et al., 1998). Soils where the bulk of the active Al is contained in Al–humus complexes

(as demonstrated by the high concentration of Alp relative to Alo) are soils that have

undergone pronounced desilication and most likely the dominant residual minerals are

gibbsite and goethite. In the forest soils of this region, Alp/Alo was positively correlated

with %clay and negatively correlated with Feo (Fig. 2e,f). This suggests that as soil

weathering progresses and clay concentrations increase, the clays are transformed from

noncrystalline, allophanic minerals to Al/Fe–humus complexes and crystalline minerals

such as kaolinite and gibbsite. In several cases, the %Alp was greater than %Alo, indicating

that the pyrophosphate extraction may be extracting some Al from gibbsite (Kaiser and

Zech, 1996), or that air-drying soils prior to analysis increased the solubility of Al

(Simonsson et al., 1999). Feo, an index of noncrystalline clays such as ferrihydrite, was

negatively related to %clay and positively related to %silt (Fig. 2g,h). Together, these

results suggest that less-weathered, allophanic soils were found at higher elevations and

more-weathered soils in the lowlands (Grieve et al., 1990).

Table 4

Pearson correlation coefficients between %soil C at five depth intervals (N= 35, i.e. all sites)

Depth (cm) 0–10 cm 10–20 cm 20–30 cm 30–50 cm 50–100 cm

0–10 1.000 0.943 0.927 0.873 0.431

10–20 1.000 0.983 0.928 0.457

20–30 1.000 0.958 0.460

30–50 1.000 0.612

50–100 1.000

All p-values for a one-tailed test of positive correlation coefficients were highly significant, p< 0.005.
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Fig. 2. Correlations among elevation, soil particle-size distribution, and soil mineralogy. Filled symbols are

alluvial soils, open symbols are residual soils.
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3.3. Correlations among biotic variables

Two indirect field measurements of vegetation productivity, forest floor mass and root

biomass served as indices of detrital inputs to the soil. Root biomass in the upper 10 cm

tended to contain a larger C pool than the forest floor (Appendix C), and in all sites but

one, root biomass-C in the upper 20 cm was larger than the forest floor-C by factors

ranging from 1 to 10. Of the field-measured variables, the forest floor mass had the lowest

coefficient of variation, while root biomass (10–20 cm) had the highest (Appendix C).

The NDVI provides an alternative index of forest productivity derived from reflectances

measured by satellite remote sensors. The correlations among field-measured and remotely

sensed indices of vegetation productivity were very weak, with correlation coefficients

ranging from � 0.48 to 0.39 (results not shown). The NDVI may saturate in areas with

high leaf area indices, but our data show considerable variation among the forests and

between image dates (Appendix C). Both images were from the late fall (November, 1996

and December 1997); thus, phenological effects were probably not responsible for the

differences.

3.4. Correlations among soil carbon and environmental variables

Elevation explained much of the variation in soil C concentrations (Fig. 3a), but there

appeared to be two distinct edaphic systems with a transition at f 120 m. These

relationships were less apparent for soil C contents because bulk density decreased with

elevation, partially counteracting the influence of increased soil C concentrations. The

differences between soil C concentrations in residual soils at low and high-elevation sites

can be explained in terms of soil mineralogy (Table 5). Soil C concentrations at high-

elevation sites, which are all residual soils, were positively correlated with Feo and Sio
and %sand. In contrast, soil C concentrations in low-elevation, residual soils were

negatively correlated with Sio and positively related to Alp/Alo (Fig. 4; Table 5). An

Fig. 3. (a) Soil C concentrations (0–10 cm), dotted lines represent significant linear regression lines through the

data grouped above or below 120 m, (b) soil C content (0–10 cm) and (c) cumulative content (0–30 cm) along an

elevational gradient. Filled symbols are alluvial soils, open symbols are residual soils.
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Table 5

Pearson correlation coefficients for soil C% (0–10), soil C content (0–10 cm), and cumulative soil C content (0–

30 cm) and predictor variables

Intensive

study area

(N= 14)

Low

elevation

residual

soils

(N= 13)

Low

elevation

alluvial

soils

(N = 13)

All low

elevation

soils

(N = 26)

All

residual

soils

(N= 22)

High

elevation

soils

(N= 9)

All sites

(N= 35)

Soil carbon concentration (%)

Elevation 0.49* 0.59** 0.63** 0.56*** 0.75*** 0.92*** 0.70***

Slope � 0.34 � 0.60** � 0.06 � 0.09 0.08 0.49 0.21

%Clay 0.37 0.20 0.23 0.30 � 0.67*** � 0.81*** � 0.27

%Silt 0.12 � 0.09 � 0.33 � 0.35* 0.42* 0.56 � 0.08

%Sand � 0.59** � 0.49* 0.16 � 0.01 0.69*** 0.78** 0.57***

Alp/Alo 0.66*** 0.73*** 0.25 0.46** � 0.33 � 0.56 � 0.10

Feo � 0.20 � 0.13 � 0.04 � 0.18 0.71*** 0.86*** 0.36**

Sio � 0.72*** � 0.73*** 0.25 0.03 0.82*** 0.87*** 0.72***

Forest floor 0.57** 0.17 0.38 0.30 0.06 � 0.13 0.19

Root biomass � 0.07 0.08 0.05 0.17 � 0.20 � 0.47 � 0.03

NDVI-96 0.44 0.11 0.35 0.29 0.24 0.42 0.26

Soil carbon content (0–10 cm), Mg C ha � 1

Elevation 0.58** 0.41 0.32 0.46** 0.20 0.53 0.26

Slope � 0.29 � 0.75*** 0.37 � 0.15 � 0.33 0.19 � 0.03

%Clay 0.37 0.37 � 0.03 0.22 � 0.11 � 0.46 � 0.02

%Silt 0.12 � 0.29 � 0.12 � 0.25 0.04 0.37 � 0.12

%Sand � 0.58** � 0.55** 0.31 � 0.02 0.14 0.41 0.19

Alp/Alo 0.77*** 0.79*** 0.30 0.58*** 0.13 � 0.47 0.21

Feo � 0.27 � 0.43 0.13 � 0.21 0.09 0.45 0.03

Sio � 0.80*** � 0.76*** 0.05 � 0.15 0.42** 0.71** 0.39**

Forest floor 0.55** 0.10 0.52* 0.29 0.06 0.10 0.21

Root biomass � 0.20 � 0.17 � 0.59** � 0.09 � 0.16 � 0.45 � 0.13

NDVI-96 0.44 0.25 0.36 0.30 0.46** 0.60* 0.40**

Cumulative soil carbon content (0–30 cm), Mg C ha� 1

Elevation 0.49* 0.55* 0.51* 0.58*** 0.38* 0.70** 0.41**

Slope � 0.35 � 0.62** 0.33 � 0.03 � 0.11 0.40 0.13

%Clay 0.37 0.20 0.53* 0.48** � 0.28 � 0.54 0.06

%Silt 0.02 � 0.15 � 0.63** � 0.52*** 0.12 0.32 � 0.30

%Sand � 0.50* � 0.32 0.07 � 0.11 0.32 0.55 0.28

Alp/Alo 0.79*** 0.86*** 0.63** 0.75*** 0.08 � 0.39 0.27

Feo � 0.34 � 0.37 � 0.35 � 0.44** 0.24 0.53 � 0.03

Sio � 0.76*** � 0.81 � 0.28 � 0.34* 0.55*** 0.77** 0.46

Forest floor 0.48* 0.02 0.34 0.19 0.01 < 0.00 0.15

Root biomass � 0.20 � 0.23 � 0.25 � 0.02 � 0.21 � 0.41 � 0.09

NDVI-96 0.35 0.09 0.20 0.17 0.42* 0.61* 0.32*

P-values are for two-sided tests that the correlation coefficient is not equal to 0.

* p< 0.10.

** p< 0.05.

*** p< 0.01.
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additional topographic factor, %slope, was important in the low-elevation, residual soils.

In the less-weathered, high-elevation sites, soil C concentrations were positively

correlated with indices of allophanic mineralogy such as Sio (Fig. 4). The low-elevation,

Fig. 4. Relationship between soil C concentration (0–10 cm) and acid oxalate-extractable Si for (a) low elevation,

residual soils, and (b) high elevation soils.

Fig. 5. Cumulative soil C contents (0–30 cm) versus Alp/Alo.
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Table 6

Multiple regressions analyses for surface soil carbon concentrations at seven levels of analysis

Model Site grouping Model terms Coefficients

(standard errors in

parentheses)

df Significance

of overall

model ( p-value)

r2

%Soil C intensive study area Alp/Alo 2.80 (0.82) 11 0.002 0.67

(0–10 cm) forest floor 2.60 (0.93)

low elevation, intercept 2.66 (1.00) 11 0.005 0.53

residual soils Alp/Alo 3.05 (0.86)

low elevation,

alluvial soils

elevation 0.07 (0.02) 11 0.02 0.40

all low elevation soils intercept 2.70 (0.64) 23 0.00007 0.57

elevation 0.05 (0.01)

slope � 0.04 (0.01)

all residual soils elevation 0.0068 (0.0012) 19 0.00003 0.67

NDVI-96 0.085 (0.034)

high elevation soils intercept 2.71 (0.81) 7 0.0005 0.84

elevation 0.0110 (0.002)

all sites intercept � 12.45 (6.33) 32 < 0.00001 0.59

elevation 0.0068 (0.0011)

NDVI-96 0.075 (0.027)

Soil C intensive study area Alp/Alo 19.49 (3.80) 11 0.0002 0.79

(0–10 cm)

Mg C ha� 1

forest floor 14.18 (4.30)

low elevation, intercept 23.57 (5.66) 10 0.0003 0.81

residual soils Alp/Alo 18.70 (3.66)

%sand � 0.98 (0.32)

low elevation, intercept 30.52 (4.38) 10 0.01 0.57

alluvial soils root biomass � 4.22 (1.27)

elevation 0.16 (0.07)

all low elevation soils intercept 21.64 (3.09) 23 0.0006 0.48

slope � 0.16 (0.05)

elevation 0.20 (0.05)

all residual soils NDVI-96 0.383 (0.165) 19 0.03 0.31

slope � 0.098 (0.059)*

high elevation soils NDVI-96 0.47 (0.24)* 7 0.08 0.36

all sites NDVI-96 0.32 (0.11) 31 0.004 0.34

elevation 0.013 (0.005)

Alp/Alo 5.70 (2.71)

Soil C intensive study area Alp/Alo 55.30 (12.50) 12 0.0008 0.62

(0–30 cm) low elevation, intercept 19.06 (12.07) 11 0.0002 0.74

Mg C ha� 1 residual soils Alp/Alo 58.35 (10.42)

low elevation, intercept 90.14 (5.86) 11 0.02 0.40

alluvial soils %silt � 0.38 (0.14)

all low elevation soils intercept 45.32 (6.74) 24 0.00001 0.56

Alp/Alo 35.95 (6.52)

all residual soils intercept � 198.89 (102.34)* 18 0.007 0.48

NDVI-96 1.05 (0.44)

elevation 0.06 (0.02)

Alp/Alo 25.37 (12.17)
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residual soils had a very small range of Sio concentrations, but within this small range

soil C concentrations decreased with Sio (Table 5). Soil C concentrations in low-

elevation, residual soils increased as the proportion of Al contained in Al–humus

complexes increased relative to Al in noncrystalline clays. Together, these observations

suggest that soil carbon concentrations in high-elevation, residual soils are related to the

amount of noncrystalline clay, while in low-elevation, residual soils, soil C concen-

trations are correlated with the amount of C stabilized by Al–humus complexes. For the

alluvial soils, elevation was the only variable significantly correlated with soil C

concentration (Table 5).

In general, with the exception of elevation, the same variables that were correlated with

soil carbon concentrations in low-elevation, residual soils (%slope, Alp/Alo, and Sio) were

also important for surface C contents (Table 5). Surface soil C content was most strongly

correlated with Sio and NDVI-96 at high-elevation sites. The cumulative soil C contents

were positively related to elevation, probably because the bulk density differences along

the elevation gradient diminished with depth in the profile. A scatter plot of cumulative

soil C contents (0–30 cm depth) versus Alp/Alo revealed a nonlinear relationship (Fig. 5).

There was a steep decrease in soil C content with increasing values of Alp/Alo from 0.4 to
f 0.7 (Fig. 5). For these sites, soil C content decreased with the loss of noncrystalline

clays. At the same time, there was a strong increase in soil C content with increasing

values of Alp/Alo from f 0.7 to 1.4 (Fig. 5). In other words, for soils that do not have a

large component of noncrystalline clays, the cumulative soil C content was related to the

amount of Al contained in Al–humus complexes relative to Al in noncrystalline clays;

thus, this total soil C pool at these sites may be stabilized through Al–humus complexes.

Additionally, the index of vegetation productivity derived from satellite remote sensing

was positively correlated with cumulative soil C content for the high-elevation soils

(r2 = 0.61).

3.5. Regression analyses at seven levels: biotic and abiotic influences on soil organic

carbon concentrations and contents

Predictor variables in the full regression models for soil C concentrations, surface soil

C content (0–10 cm), and cumulative content to 30 cm included %slope, elevation,

Model Site grouping Model terms Coefficients

(standard errors in

parentheses)

df Significance

of overall

model ( p-value)

r2

high elevation soils intercept 55.67 (12.81) 7 0.03 0.49

elevation 0.08 (0.03)

all sites intercept � 133.89 (70.69)* 31 0.0001 0.49

elevation 0.057 (0.013)

Alp/Alo 24.49 (7.22)

NDVI-96 0.79 (0.30)

Predictor variables in the full models included slope, elevation, forest floor, root biomass (0–10 cm), NDVI-96,

%clay, %silt, %sand, Alp/Alo, and Feo. All model terms are significant at 0.05 level unless otherwise noted.

* p< 0.10.

Table 6 (continued )
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forest floor, root biomass (0–10 cm), NDVI-96, %clay, %silt, %sand, Alp/Alo, Feo. The

stepwise variable selection procedures yielded models that included both biotic and

abiotic parameters. Soil C concentrations and contents in the intensive study area (La

Selva sites) were positively related to forest floor mass and Alp/Alo (Table 6). Elevation

alone or in combination with several other variables explained between 53% and 84% of

the variation in soil C concentrations in the residual soils and across the landscape for

surface soils (0–10 cm) (Table 6). Soil C concentrations in the alluvial soils were also

related to elevation, but the model had a lower r2 than for other levels of analysis. Thus,

including these sites diminished the predictive power of the model for all sites in the

landscape.

In general, the multiple regression models for soil C contents (0–10 cm) and

cumulative contents (0–30 cm) were similar to the models for soil C concentrations

(Table 6). Elevation, Alp/Alo, and NDVI-96 explained much of the variance in surface soil

C content. However, predictive power of the model decreased with increasing spatial

extent of the sites under consideration from the intensive study area, to the low-elevation

residual and alluvial soils. The regression model for soil C content (0–10 cm) for the high

elevation soils had a relatively low r2 value, similar to the model for all residual soil sites

and all sites in the landscape.

Alp/Alo explained variation in cumulative soil C contents in the intensive study

area and for low-elevation residual soils, but not for high-elevation soils. We attribute

this nonlinear response to the existence of two mechanisms of soil C stabilization

(Fig. 4), noncrystalline clays and Al–humus complexes, which vary over the elevation

gradient.

4. Discussion

4.1. Correlates of soil carbon storage

The relationships among soil C concentrations or contents and biotic and abiotic

predictor variables varied across the landscape, but elevation explained much of the

variability in soil C at all levels of analysis. It is likely that elevation is not a direct cause of

these relationships; rather, elevation is related to the variation in soil texture, mineralogy,

and temperature.

In these volcanic soils, soil C is positively correlated with measures of allophanic

clay mineralogy in the high-elevation sites, and positively correlated with measures of

Al–humus complexes in the low-elevation sites (Figs. 4 and 5). Although %clay is a

good predictor of soil C in many regions (Arrouays et al., 1995), soil particle-size

distribution explained less of the variation in soil C in this region than did

mineralogy. Other researchers have suggested that the type of clay and not the

absolute amount is a critical control on soil C pools and turnover rates. For example,

the decomposition rate of 14C-labeled ryegrass samples in field lysimeters was

negatively correlated with clay surface area but not correlated with the total clay

content (Saggar et al., 1996). Similarly, in soils developed from volcanic lava flows in

Hawaii, soil C content and residence times are positively correlated with the percent of
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noncrystalline clay minerals and unrelated to the amounts of crystalline clay minerals

(Torn et al., 1997).

The distinctive properties of noncrystalline minerals such as allophane and imogolite

include high surface areas, amorphous structure, and variable charge (i.e. pH-dependent

charge) (Sollins et al., 1988). These properties are probably responsible for the

disproportionate role that noncrystalline minerals play in stabilizing soil C. Presumably,

noncrystalline clays and metal–humus complexes increase soil C residence times and

pool sizes by decreasing the accessibility of soil C to microbes via chemical

complexation and/or physical protection (Oades, 1988; Sollins et al., 1996). Both

noncrystalline clays and metal–humus complexes influence soil C turnover times or

carbon mineralization rates in field studies and laboratory experiments (Boudot et al.,

1986, 1988, 1989; Tate, 1992; Torn et al., 1997; Zunino et al., 1982). In considering

complex landscapes such as Sarapiquı́ that contain a mosaic of weathered soils

dominated by different clay mineralogy, the important question becomes: what is the

relative capacity of noncrystalline clays versus Al/Fe–humus complexes to stabilize

and sequester soil C?

In Sarapiquı́, soil C contents (0–30 cm) were linearly related to Alp/Alo, with the

exception of allophanic, high-elevation soils (Fig. 5). Similar to soils in Japan and New

Zealand, a large portion of soil C is stabilized in Al–humus complexes compared to

allophanic, noncrystalline clays (Nanzyo et al., 1993; Percival et al., 2000). Boudot (1992)

reported that Al–humus complexes and noncrystalline Al hydroxides provide better

protection against microbial mineralization than do allophane and imogolite. Thus, even

very highly weathered tropical soils such as Ultisols and Oxisols have the capacity to

stabilize large quantities of soil C.

In addition to soil mineralogy, other biophysical factors explained some of the variation

in soil C at various geographic scales of analysis. Forest floor mass, used as an index of

litter inputs to the soil, was significantly related to surface soil C in the intensive study area

(Table 6). These 14 plots were located within an 800-ha forest reserve and presumably

experience similar microclimates; thus, it is unlikely that decomposition rates vary

substantially among the plots, and higher forest floor mass is likely to reflect higher

above-ground C inputs to the soil. Forest floor mass was not correlated with soil C

concentrations or pools at increasingly larger spatial scales, probably because litter

production and decomposition rates vary across the region. In contrast, the NDVI was

correlated with surface soil C concentrations and contents at regional, but not at local

scales. Other workers have found that the NDVI is useful in predicting soil C storage

across a region (McKenzie and Ryan, 1999), and the potential of vegetation indices

derived from satellite imagery to predict soil properties demands more research (Levine et

al., 2000).

As a whole, the biotic variables, forest floor and NDVI, appeared as significant terms in

the multiple regression equations for surface soil concentrations or contents (0–10 cm)

more frequently than for cumulative soil C content (0–30 cm). Cumulative soil C content,

which probably contains a large passive C pool that is stabilized in Al–humus complexes

(Veldkamp, 1994), was best explained by a combination of elevation and mineralogy

variables. Across all levels of analysis, the relationships among soil C and biophysical

variables were much stronger for residual soils compared to the alluvial soils, perhaps
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reflecting the more complex conditions of formation for alluvial soils and stochastic

processes of deposition.

4.2. Implications for extrapolating among scales and predictive mapping

It is often difficult to extrapolate the results of plot-scale studies to the landscape or

regional scale due to soil heterogeneity and nonlinearities in the processes controlling

soil C formation and mineralization. A number of empirical studies have employed

similar protocols to estimate soil C storage and spatial variability in regional studies

(Arrouays et al., 1995; Bell et al., 2000; Burke et al., 1989). These studies measured soil

C contents as a function of biophysical variables and then extrapolated these relation-

ships to the landscape scale using spatially explicit data layers in a geographical

information system. The effectiveness of this approach depends on whether the

correlations between soil C distributions and biophysical predictive factors are strong

(McKenzie and Ryan, 1999), and whether these relationships are constant across the

landscape.

Examining our data at nested spatial scales allows us to evaluate the extent to

which it is possible to estimate soil C at unsampled areas in the landscape or derive

region-wide soil C budgets. The small range of variability of environmental variables

in the intensive study area (La Selva sites) suggests that it would not be useful to

extrapolate these relationships to larger spatial scales. We increased the spatial extent

and environmental heterogeneity by analyzing larger subsets of the data. The

distributions of soil C concentrations and content in this study area varied between

high and low elevations, and between residual and alluvial soils, which argues against

simple, linear extrapolations of the data to larger spatial scales. However, the relatively

strong relationships among soil C, elevation, and NDVI suggest that it is possible to

estimate soil C contents across the region by applying the regression equations to a

digital representation of the landscape that is stratified into low and high-elevation

zones.
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Appendix A. C/N in forest floor, roots, and soils from 35 rain forest sites

Site

number

Forest

floor

Roots Soil

(0–10 cm)

Soil

(10–20 cm)

Soil

(20–30 cm)

Soil

(30–50 cm)

Soil

(50–100 cm)

1 23.93 10.84 10.08 10.01 9.93 9.32

2 27.56 31.59 11.89 11.45 11.75 12.17 10.78

3 25.75 25.09 10.78 10.71 10.54 10.07 10.07

4 26.52 29.89 11.31 10.42 10.09 9.98 9.60

5 26.34 30.32 12.20 11.68 12.10 11.61 10.70

6 27.04 25.98 11.62 11.79 11.60 12.18 12.03

7 24.96 36.03 11.88 11.03 11.15 12.06 11.18

8 25.47 36.60 12.60 11.87 12.21 12.42 11.37

9 24.85 27.29 12.27 11.63 11.96 11.53

10 43.87 12.04 11.95 11.51 11.97 11.44

11 31.08 31.62 11.79 11.03 11.45 10.67 12.13

12 26.85 34.74 11.55 10.86 10.64 11.40 9.64

13 26.04 33.61 12.86 11.52 11.86 11.73 10.90

14 25.19 27.78 12.33 11.94 12.34 12.09 10.95

15 25.42 24.87 11.15 10.82 9.88 9.77 9.72

16 23.77 30.18 10.93 10.31 9.91 9.70 9.35

17 22.21 29.10 11.29 11.39 11.57 11.91 10.30

18 28.22 24.66 11.62 11.48 11.33 11.25 9.73

19 24.92 24.86 12.68 12.09 11.56 11.34 11.24

20 22.68 27.55 10.70 10.00 9.57 9.20 8.82

21 29.61 37.65 11.93 10.43 10.85 11.18 11.48

22 26.29 25.14 10.61 9.98 9.40 9.32 10.03

23 20.52 32.38 12.48 10.72 10.21 9.67 9.76

24 26.24 33.68 11.79 11.14 11.31 11.88 11.10

25 19.09 25.07 10.83 9.46 9.12 9.57 10.19

26 23.23 35.78 10.97 10.75 10.28 10.47 11.35

27 27.46 20.27 12.07 11.17 10.88 10.33 10.24

28 31.16 37.79 13.34 12.98 12.77 11.92 11.98

29 20.42 27.69 10.75 10.45 10.45 10.16 9.34

30 26.30 26.10 11.48 11.40 11.36 11.03 10.89

31 26.20 33.91 12.43 12.39 12.51 12.80 12.23

32 27.08 33.16 12.26 12.35 12.65 12.49 13.54

33 24.65 27.85 9.25 10.05 10.54 10.28 10.35

34 23.42 31.28 12.38 11.47 11.15 10.92 9.90

35 26.15 31.51 10.74 9.78 9.40 9.99 11.35

Mean 25.54 30.25 11.65 11.10 11.00 11.01 10.70

S.D. 2.69 5.02 0.83 0.83 1.00 1.05 1.03

C.V. 10.5 16.6 7.1 7.4 9.0 9.5 9.7
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Appendix B. Selective dissolution analyses on surface soils (0–10 cm depth)

Site number %Alp %Fep %Alo %Feo %Sio

1 0.55 1.55 0.51 0.83 0.02

2 0.55 1.23 0.53 0.48 0.02

3 0.47 1.08 0.46 0.60 0.02

4 0.44 0.99 0.51 0.65 0.02

5 0.57 1.38 0.59 0.84 0.01

6 0.53 1.35 0.40 0.50 0.01

7 0.37 1.00 0.38 0.57 0.02

8 0.57 1.44 0.43 0.54 0.01

9 0.55 1.53 0.39 0.51 0.01

10 0.52 1.41 0.37 0.46 0.01

11 0.41 1.04 0.37 0.45 0.01

12 0.26 0.64 0.39 0.60 0.02

13 0.46 1.11 0.44 0.62 0.02

14 0.45 1.08 0.40 0.60 0.01

15 0.32 0.61 0.47 0.51 0.03

16 0.54 1.34 0.59 0.70 0.05

17 0.99 1.47 1.19 1.03 0.12

18 0.57 1.32 0.46 0.83 0.01

19 0.58 1.55 0.39 0.80 0.01

20 0.71 0.82 1.24 1.21 0.23

21 1.04 1.76 1.24 1.29 0.12

22 0.43 0.90 0.68 0.78 0.04

23 0.27 0.55 0.46 1.37 0.08

24 0.57 1.43 0.46 0.55 0.01

25 0.17 0.41 0.43 1.27 0.12

26 0.24 0.64 0.49 1.66 0.09

27 0.60 1.13 0.74 1.07 0.04

28 0.61 1.21 0.63 0.96 0.01

29 0.37 0.93 0.35 0.43 0.01

30 0.21 0.24 0.44 0.70 0.02

31 0.53 1.21 0.49 0.63 0.02

32 0.54 1.40 0.47 0.65 0.02

33 0.42 0.97 0.49 0.44 0.02

34 1.02 0.74 3.17 1.54 1.15

35 0.94 0.75 2.77 1.43 0.87

Mean 0.53 1.09 0.68 0.80 0.09

S.D. 0.21 0.36 0.62 0.35 0.24

%C.V. 40.5 33.3 90.8 43.2 251.2
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Appendix C. Carbon in forest floor and root biomass, and normalized difference vegetation values

(stretched to 8-bit data) from 35 rain forest plots in northeastern Costa Rica

Site

number

Forest

floor

Root biomass

(0–10 cm)

Mg C ha� 1

Root biomass

(10–20 cm)

NDVI-1996 NDVI-1997

1 0.58 1.33 N/A 208 236

2 0.92 1.70 0.95 213 237

3 0.65 3.47 3.11 215 219

4 0.66 1.58 1.18 211 233

5 0.95 2.21 0.61 209 239

6 1.17 3.19 1.35 229 231

7 1.06 2.90 1.02 211 238

8 0.82 5.01 1.82 227 233

9 0.91 0.85 1.09 211 234

10 0.60 4.21 1.12 233 235

11 0.69 3.34 0.21 221 241

12 0.78 4.63 1.59 203 227

13 0.75 1.38 1.20 227 227

14 0.58 2.80 1.11 227 240

15 1.04 1.72 0.38 216 237

16 1.53 1.04 0.20 225 227

17 1.12 2.74 0.78 231 237

18 1.29 1.05 2.20 229 229

19 0.98 1.43 0.79 223 231

20 1.39 1.13 0.28 236 235

21 2.05 2.48 3.35 224 236

22 0.83 2.05 0.51 209 212

23 0.51 2.17 0.59 235 242

24 1.46 3.40 1.11 235 237

25 0.84 2.25 0.16 233 219

26 0.77 1.42 0.31 238 241

27 0.85 2.49 1.39 230 229

28 1.56 3.85 1.19 235 237

29 1.00 2.38 0.68 229 240

30 1.17 2.41 1.07 234 234

31 0.98 2.47 0.56 232 236

32 1.49 2.39 0.90 224 224

33 2.32 1.94 0.82 227 239

34 1.14 1.56 0.65 NA 240

35 1.17 1.11 1.94 NA 227

Mean 1.05 2.35 1.07 223.9 233.1

S.D. 0.40 1.05 0.74 9.7 7.1

%C.V. 38.7 44.8 69.2 4.3 3.0
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