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Abstract

Understanding the natural variability in the stable carbon isotope composition of vegetation and

soils can aid studies of soil carbon dynamics, and is a prerequisite for using 13C as a natural tracer

when vegetation communities change from one photosynthetic pathway to another (e.g. C4 pasture

grasses replacing C3 forests). To examine the geographic and vertical patterns of d13C under mature

rain forest vegetation, we measured the isotopic composition of leaf litter, roots, and mineral soil

profiles in 35 plots located in a 140,000-ha study region in northeastern Costa Rica. We hypothesized

that soil carbon isotopic composition would be closely coupled to the signature of detrital inputs (the

average d13C of forest floor and fine-root biomass) and that the increase in d13C with depth would be

related to abiotic variables that influence soil carbon turnover rates. The correlations between surface

soil isotopic composition (0–10 cm) and biophysical factors varied across the landscape. In multiple

regression analyses, combinations of soil particle-size distribution and soil C/N ratio explained

between 60% and 82% of the variation in surface soil isotopic composition for different regions in

the landscape, but the isotopic composition of litter and roots did not explain any additional

variation. The isotopic composition of litter, roots, and surface soils (0–20 cm) was fairly similar

over large, regional gradients of elevation and edaphic properties (the range of variation was

2.6x), but diverged considerably at depths below 20 cm (up to 5.8x differences). These large

regional differences in the isotopic composition of soil C at depth are attributed to variation in soil

carbon turnover rates across the landscape. D 2002 Elsevier Science B.V. All rights reserved.

Keywords: Costa Rica; Soil carbon; Stable carbon isotopes; Tropical rain forests

0016-7061/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.

PII: S0016 -7061 (02 )00148 -9

* Corresponding author. Present address: Department of Ecology and Evolution, State University of New

York, Stony Brook, NY 11794-5245, USA. Fax: +1-631 632-7626.

E-mail address: powers@life.bio.sunysb.edu (J.S. Powers).

www.elsevier.com/locate/geoderma

Geoderma 109 (2002) 141–160



1. Introduction

A number of studies have used the changes in soil d13C that accompany transitions

from C3 to C4 vegetation (or vice versa) to estimate turnover times of soil organic carbon

(soil C) (Bernoux et al., 1998). These investigations often use a space-for-time sub-

stitution, implicitly assuming that reference C3-forest sites adequately represent the

characteristics of the C4 sites prior to vegetation change. Other studies have used slight

variations in d13C from mature forest soils to infer soil C dynamics across regional or

latitudinal gradients (Bird et al., 1996; Garten et al., 2000). Knowledge of the natural

variability of the carbon isotope composition of soils is critical for interpreting both kinds

of studies (Balesdent et al., 1993).

The isotopic composition of soil organic carbon is not necessarily controlled by the

same factors that regulate the amount of carbon in the soil profile. In C3-plant

communities such as temperate and tropical forests, the isotopic composition of surface

soil C is well correlated with that of the detrital inputs (Balesdent et al., 1993; van Kessel

et al., 1994; von Fischer and Tieszen, 1995; Wedin et al., 1995). The 13C signature of

vegetation is determined by: photosynthetic pathway (C3, C4, CAM), water availability,

irradiance, altitudinal and latitudinal gradients, the Suess effect (i.e. the changing d13C of

atmospheric CO2 due to the combustion of fossil fuels with a different isotopic signature),

species and genotype, and the reassimilation of respired CO2 (Bird and Pousai, 1997;

Francey et al., 1999; Korner et al., 1991; Martinelli et al., 1991; Medina et al., 1991;

Penuelas and Estiarte, 1997; Rundel et al., 1999).

Virtually all studies that have measured the stable isotopic composition of soil C

(d13Csoil) under C3 vegetation report increases in d13C with increasing depth in the soil

profile (Balesdent et al., 1993; von Fischer and Tieszen 1995). A number of potential

mechanisms may explain this pattern: (i) discrimination by microbes against the heavy

carbon isotope during respiration, leaving the remaining soil carbon enriched in the heavy

isotope (Agren et al., 1996; Nadelhoffer and Fry, 1988; Santruckova et al., 2000;

Schweizer et al., 1999); (ii) the Suess effect (Friedli et al., 1986; Keeling et al., 1979;

von Fischer and Tieszen, 1995); and (iii) the mixing hypothesis (i.e. the incorporation of C

from more humified sources into detrital C) (Ehleringer et al., 2000; Wedin et al., 1995). A

fourth potential mechanism, the selective preservation of recalcitrant plant materials with a

lower isotope ratio, has been largely discounted in experimental studies (Connin et al.,

2001; Nadelhoffer and Fry, 1988; Schweizer et al., 1999).

Here we report data on the depth profiles of d13C in leaf litter, roots, and soil C in 35

plots under native forest vegetation in northeastern Costa Rica, and compare d13C to soil C

concentrations, topography, soil particle-size distribution, and clay mineralogy reported by

Powers and Schlesinger (this volume). The plots are located on the northern flanks of

Volcán Barva and Volcán Poás and in the alluvial soils of the Atlantic coastal plain,

spanning a large range of elevation, edaphic, and topographic conditions that determine

soil C pool sizes. High elevation soils are less weathered and soil C pools are positively

correlated with the abundance of non-crystalline clays (e.g. allophanes, imogolite, and

ferrihydrite) (Grieve et al., 1990). Older, low-elevation soils (< 120 m) have developed

from lava, mud flows, and Quaternary alluvial deposits, and soil C pools are related to

aluminum stabilized in organo-metallic complexes (Powers and Schlesinger, this volume).
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We examined spatial variability in stable C isotopic composition among sites as well as

vertical variability within sites. We hypothesized that the isotopic composition of soil C in

surface soils would be correlated with the composition of vegetation inputs, and that the

depth profiles of d13C would reflect environmental factors such as clay content and

mineralogy that influence soil C turnover rates. The goal of our study was twofold: (i) to

examine the natural variability of d13C in soils and vegetation from 35 tropical rainforests

plots in Costa Rica, and (ii) to relate changes in d13C along the decay continuum from

litter to soil organic matter within sites to the varying environmental conditions among

sites.

2. Methods

The details of the study sites, field sampling, and laboratory methods are described

elsewhere (Powers and Schlesinger, this volume). A brief overview is presented

below.

2.1. Study area

The 35 mature forest sites were located within a 140,000-ha study region in north-

eastern Costa Rica (Table 1). All sites were either primary rainforests or selectively

harvested forests. The study area includes the northern flanks of Volcán Barva and Volcán

Poás, and the elevation of the sites ranges from 47 to 799 m above sea level. Mean annual

precipitation (4065 mm) is not strongly seasonal and does not vary appreciably along the

elevation gradient (Powers, 2001). Mean annual temperatures for the sites range from 20.9

to 25.3 jC, as estimated from regression equations from meteorological stations spanning

the range of elevation in the region. Soil parent materials are volcanic, but soils vary in

geomorphic history. Residual soils have formed in place from volcanic lava flows,

mudslides, or ash deposits, and alluvial soils are from volcanic sediments deposited in

river terraces.

2.2. Field sampling

At each site, 10 samples located f25 m apart were collected from an area of

f0.5–1.0 ha and composited by depth intervals. Mineral soil samples were taken with

an auger (f7 cm diameter) at five depths: 0–10, 10–20, 20–30, 30–50, and 50–100

cm (only five samples per site were collected for the 50–100 cm depth interval). Soil

samples were air dried at ambient conditions, passed through a 2-mm sieve, and returned

to Duke University and the University of Göttingen, Germany for further analysis. Prior

to soil sampling, forest floor material (excluding twigs and large seeds) was removed

from 0.10-m2 quadrats above every sample location. This material was dried for 48 h at

65 jC, subsampled and ground for carbon and isotope analyses. Bulk density was

measured for three depth intervals (0–10, 10–20, and 20–30 cm) per site in duplicate

samples by extracting soil with steel rings of known volume (300 cm3) and drying the

soil for 48 h at 105 jC. Roots were recovered from these samples using a hydro-
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pneumatic root elutriator. Samples of fine-roots (< 1 mm diameter) were composited by

site, finely ground, and analyzed for stable isotope ratios as described below. Specific

data and collection methods for soil particle-size distribution, mineralogy via selective

dissolution analyses, and other variables are described elsewhere (Powers and Schle-

singer, this volume).

Table 1

Site descriptions

Site

no.

Elevation

(m.a.s.l)a
Soil great

group

Geomorphologyb %Slope %Clayc %Silt %Sand Soil C/N

(0–10 cm)

Alp/Alo

1 57 Dystropept a 6.0 71.5d 19.2d 9.4d 10.84 1.09

2 54 Dystropept a 8.5 73.9 18.0 8.1 11.89 1.05

3 61 Dystropept a 2.0 71.5d 19.2d 9.4d 10.78 1.03

4 59 Dystropept a 4.5 69.0 20.3 10.7 11.31 0.86

5 70 Dystropept a 4.0 71.5d 19.2d 9.4d 12.20 0.97

6 99 Tropohumult r 15.0 73.4d 19.4d 7.3d 11.62 1.33

7 64 Tropohumult r 17.0 73.4d 19.4d 7.3d 11.88 0.96

8 101 Tropohumult r 5.0 73.8 19.3 6.9 12.60 1.32

9 93 Dystropept r 11.5 73.0 19.4 7.6 12.27 1.41

10 101 Tropohumult r 32.0 72.3d 18.2d 9.6d 12.04 1.39

11 99 Tropohumult r 46.5 74.4 16.5 9.1 11.79 1.09

12 70 Tropohumult r 66.5 72.3d 18.2d 9.6d 11.55 0.67

13 99 Tropohumult r 43.0 70.1 19.8 10.1 12.86 1.05

14 101 Tropohumult r 43.5 72.3d 18.2d 9.6d 12.33 1.10

15 58 Dystropept a 16.0 50.6 25.9 23.6 11.15 0.68

16 69 Dystrandept a 18.0 57.9 25.5 16.6 10.93 0.93

17 92 Dystrandept a 4.5 62.2 26.4 11.5 11.29 0.83

18 99 Dystropept r 51.5 46.6d 37.8d 15.6d 11.62 1.25

19 75 Dystropept a 29.0 46.6 37.8 15.6 12.68 1.47

20 50 Dystrandept a 2.0 5.6 51.7 42.7 10.70 0.57

21 535 Tropohumult r 16.5 25.4 49.4 25.2 11.93 0.84

22 274 Tropohumult r 24.5 66.3 25.1 8.6 10.61 0.64

23 49 Tropohumult a 1.0 17.8 78.6 3.6 12.48 0.60

24 99 Dystrandept r 27.5 71.4 19.4 9.2 11.79 1.23

25 47 Troporthent a 2.0 25.2 69.2 5.6 10.83 0.39

26 51 Dystrandept a 1.5 22.9 59.8 17.4 10.97 0.50

27 399 Tropohumult r 56.5 44.3 21.7 43.0 12.07 0.81

28 98 Dystropept r 57.0 50.1 37.5 12.4 13.34 0.98

29 69 Dystropept r 8.0 70.1 18.9 11.1 10.75 1.05

30 125 Dystrandept r 36.0 71.5 19.8 8.7 11.48 0.49

31 301 Dystrandept r 49.0 54.7 24.6 20.7 12.43 1.07

32 386 Dystrandept r 20.5 56.1 23.6 20.3 12.26 1.16

33 191 Dystropept r 2.0 77.7 16.7 5.6 9.25 0.86

34 799 Dystrandept r 55.0 18.5 32.8 48.7 12.38 0.32

35 587 Dystrandept r 25.5 10.8 32.6 56.6 10.74 0.34

All soil data refer to the 0–10 cm depth interval.
a Estimated from map overlay on a 90-m resolution digital elevation model.
b a=alluvial; r= residual.
c Determined via the pipette method after pretreatment with hydrogen peroxide to remove organic matter.
d Values were estimated from nearby plots.
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2.3. Laboratory analyses

Total carbon and nitrogen concentrations were measured in ground soil, forest floor,

and fine root (< 1 mm diameter) samples by dry combustion using a Perkin Elmer CHN

analyzer. All mineral soil samples were analyzed in two independent laboratories (Duke

University and the University of Göttingen), and mean values are presented. The agree-

ment between laboratories was very good (the slope coefficient from a linear regression

was 0.98, the intercept was 0.01, r2=0.988, F1,471=40163, P<0.0001). Results are

presented on an oven-dried weight basis. Stable carbon isotopic ratios (13C/12C) were

measured on a Finegan Mass Spectrometer and are expressed in standard delta notation

(x= per mil) relative to the Pee Dee Belemnite standard. Eleven percent of the

mineral soil samples (52) were analyzed in duplicate for d13C, and the average difference

between duplicates was 0.34x. Twenty-four samples of fine roots and forest floor were

analyzed in duplicate for d13C, and the average difference between duplicates was

0.73x.

2.4. An index of soil C turnover

Following Garten et al. (2000), the slope of a linear regression relating isotopic

composition to the logarithm of C concentration was used to describe the changes in

d13C that accompany the transformation of fresh organic carbon into soil organic matter.

More negative slopes are indicative of faster soil C turnover rates via microbial

mineralization (Garten et al., 2000). Other processes that transport C in the soil such as

bioturbation and dissolved organic carbon leaching may also influence the vertical patterns

of d13C in soil profiles, but mineralization is expected to be the dominant mechanism

(Amundson and Baisden, 2000). For each site, regression slopes were calculated using

data on isotopic composition and C concentrations in forest floor, roots, and mineral soil

(all five depths). These slope values (referred to here as beta values) were then used as

dependent variables in subsequent analyses.

2.5. Statistical analyses

Differences in the mean d13C values with depth in the profile were assessed by analysis

of variance with compartment (e.g. litter, roots, mineral soil by depth) as the main effect.

Tukey’s separation tests were used to assess the statistical significance of pair-wise

comparisons of mean d13C values between the compartments at the 95% confidence

level. Linear correlation coefficients between the beta values or the isotopic composition

of soil C at 0–10 cm depth and the environmental variables were calculated. Previous

work showed that low-elevation alluvial soils, low-elevation residual soils, and high-

elevation soils have distinctive patterns of soil mineralogy, soil texture, and C storage

(Powers, 2001). We also analyzed all of the residual soils as a separate subset of the data.

The linear correlation coefficients were calculated for subsets of the sites in each of these

categories.

Stepwise multiple regression (with backward and forward selection procedures) was

used to relate d13C in surface soil to biotic and abiotic variables. The independent variables
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Table 2

Stable carbon isotopic composition of leaf litter, roots, and soil organic carbon in 35 sites, all values are inx
(percent carbon in parentheses)

Site no. Forest

floor

Fine

roots

Soil

(0–10 cm)

Soil

(10–20 cm)

Soil

(20–30 cm)

Soil

(30–50 cm)

Soil

(50–100 cm)

1 �29.06

(38.0)

�27.52

(5.22)

�26.89

(3.32)

�26.50

(2.65)

�26.14

(1.87)

�24.83

(1.15)

2 �30.88

(44.9)

�29.43

(40.3)

�27.56

(6.64)

�27.46

(5.47)

�26.91

(3.58)

�26.29

(2.22)

�25.02

(1.39)

3 �31.08

(44.8)

�29.24

(55.6)

�27.89

(4.48)

�27.05

(3.44)

�26.54

(2.35)

�26.06

(1.74)

�25.57

(1.18)

4 �31.40

(42.1)

�28.81

(43.6)

�27.97

(5.44)

�26.85

(3.18)

�26.34

(2.16)

�25.67

(1.58)

�25.22

(1.16)

5 �30.82

(42.3)

�28.94

(39.5)

�28.24

(7.04)

�27.26

(4.48)

�26.75

(3.20)

�25.39

(1.89)

�25.09

(1.18)

6 �30.88

(43.2)

�29.03

(42.9)

�27.76

(7.61)

�27.23

(5.33)

�26.89

(3.67)

�26.35

(2.47)

�24.95

(1.47)

7 �30.98

(43.8)

�28.96

(36.8)

�28.10

(5.88)

�27.05

(3.71)

�26.55

(2.35)

�25.89

(1.72)

�25.08

(1.07)

8 �29.98

(42.4)

�30.03

(43.1)

�27.43

(7.38)

�26.79

(5.17)

�26.55

(3.71)

�25.92

(2.50)

�25.10

(1.27)

9 �30.20

(42.3)

�28.72

(32.7)

�27.87

(6.65)

�27.13

(4.51)

�26.89

(3.17)

�26.09

(2.06)

�25.10

(1.18)

10 �29.17

(42.5)

�27.78

(6.22)

�27.37

(5.19)

�27.06

(3.70)

�26.26

(2.59)

�25.46

(1.43)

11 �31.04

(45.3)

�29.89

(42.1)

�28.00

(5.70)

�27.16

(3.84)

�26.74

(2.94)

�26.33

(2.22)

�25.49

(1.23)

12 �30.97

(44.6)

�28.70

(42.0)

�28.29

(4.28)

�27.53

(2.71)

�27.09

(1.98)

�26.51

(1.50)

�25.71

(0.80)

13 �30.61

(42.5)

�29.02

(42.2)

�28.20

(6.06)

�27.36

(3.98)

�26.99

(3.42)

�27.18

(2.30)

�25.95

(1.19)

14 �30.87

(43.0)

�29.47

(38.1)

�28.15

(6.27)

�27.23

(4.19)

�26.87

(3.12)

�26.46

(1.91)

�25.50

(1.06)

15 �31.29

(42.0)

�29.30

(35.1)

�27.61

(4.11)

�27.05

(2.80)

�26.35

(2.00)

�25.79

(1.39)

�25.48

(0.77)

16 �29.64

(50.3)

�29.38

(39.8)

�27.48

(4.99)

�26.83

(3.42)

�26.29

(2.51)

�25.77

(1.76)

�25.36

(1.39)

17 �30.45

(42.9)

�28.89

(38.2)

�27.52

(8.53)

�27.15

(6.21)

�26.51

(4.76)

�25.27

(2.94)

�24.83

(1.61)

18 �29.68

(43.3)

�29.18

(38.6)

�27.75

(5.38)

�27.54

(5.14)

�27.29

(3.70)

�26.92

(2.29)

�25.23

(1.21)

19 �30.27

(43.2)

�29.26

(39.8)

�27.66

(5.80)

�27.18

(4.30)

�26.60

(2.98)

�26.41

(2.28)

�25.53

(1.25)

20 �30.24

(40.7)

�29.74

(35.3)

�28.16

(6.76)

�27.37

(4.06)

�26.78

(2.67)

�26.44

(1.17)

�25.91

(0.33)

21 �28.92

(46.8)

�29.47

(40.7)

�27.57

(8.22)

�26.61

(5.99)

�25.78

(3.89)

�25.06

(2.85)

�24.34

(1.90)

22 �29.67

(43.3)

�29.28

(37.5)

�27.61

(5.06)

�26.31

(3.26)

�25.57

(2.10)

�24.54

(1.47)

�23.72

(0.85)

23 �28.84

(35.8)

�27.84

(34.3)

�28.25

(4.42)

�27.65

(1.76)

�27.34

(1.36)

�26.49

(1.06)
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included: d13C-forest floor, d13C-roots, mean d13C of forest floor and roots, C/N in surface

mineral soil, elevation, %slope, %clay, %silt, %sand, acid oxalate-extractable Fe (Feo),

acid oxalate-extractable Si (Sio), acid oxalate-extractable Al (Alo), pyrophosphate-extract-

able Al (Alp), and the ratio of pyrophosphate-extractable Al to acid oxalate-extractable Al

(Alp/Alo). A second set of multiple regressions was developed using beta values as the

dependent variable and the following variables in the full model: C/N-mineral soil,

elevation, %slope, %clay, %silt, %sand, Feo, Sio, Alo, Alp, and Alp/Alo. Regression slopes

from Sites 23 to 35 were omitted from these analyses because of a poor fit in the linear

regression model (see Results) and anomalously high values at depth, respectively. The

adequacy of the multiple regression models was assessed by visual inspection of residual

plots.

3. Results

The stable carbon isotope composition of the forest floor ranged from �31.4x to

�28.8x (Table 2). On average, the d13C signatures of the forest floor were 1.4x more

Site no. Forest

floor

Fine

roots

Soil

(0–10 cm)

Soil

(10–20 cm)

Soil

(20–30 cm)

Soil

(30–50 cm)

Soil

(50–100 cm)

24 �31.25

(46.2)

�28.87

(41.0)

�27.80

(6.60)

�27.04

(4.10)

�26.56

(2.99)

�27.54

(2.11)

�25.42

(1.22)

25 �30.36

(37.9)

�27.75

(42.3)

�28.44

(4.31)

�27.47

2.45)

�26.86

(1.76)

�26.76

(1.25)

�26.65

(0.42)

26 �30.34

(39.1)

�29.30

(36.0)

�28.05

(4.97)

�27.59

(3.10)

�27.34

(1.51)

�27.28

(0.70)

�28.08

(0.80)

27 �30.29

(41.2)

�29.02

(38.2)

�28.01

(6.86)

�27.11

(4.48)

�26.70

(3.34)

�25.84

(2.33)

�25.14

(1.12)

28 �30.73

(43.5)

�29.12

(40.9)

�28.27

(6.35)

�27.59

(4.66)

�27.43

(3.36)

�26.79

(1.96)

�26.29

(0.78)

29 �30.85

(41.9)

�30.12

(37.2)

�27.13

(5.36)

�26.56

(3.84)

�26.22

(2.79)

30 �31.01

(44.3)

�29.42

(37.5)

�27.98

(5.77)

�27.22

(3.53)

�26.84

(2.60)

�26.21

(1.65)

�25.13

(1.05)

31 �30.33

(45.6)

�29.89

(43.8)

�27.91

(6.35)

�27.41

(5.31)

�26.80

(3.74)

�26.07

(2.15)

�24.81

(1.12)

32 �30.42

(42.2)

�28.72

(38.8)

�27.49

(5.73)

�26.92

(4.52)

�26.41

(3.54)

�26.11

(2.43)

�24.93

(1.17)

33 �30.22

(42.9)

�28.68

(38.0)

�26.69

(4.77)

�26.45

(3.67)

�26.00

(2.67)

�25.46

(1.89)

�24.66

(1.08)

34 �30.35

(40.0)

�27.70

(36.9)

�27.65

(13.03)

�27.02

(11.78)

�26.53

(9.40)

�25.92

(5.25)

�25.02

(1.22)

35 �30.92

(41.1)

�28.90

(41.9)

�27.02

(8.28)

�26.02

(6.74)

�25.32

(5.30)

�23.96

(3.68)

�22.26

(3.06)

Mean �30.48 �29.09 �27.79 �27.10 �26.63 �26.09 �25.27

S.D. 0.62 0.56 0.38 0.38 0.47 0.73 0.91

C.V. 2.03 1.92 1.38 1.40 1.77 2.78 3.62

Table 2 (continued )
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depleted than roots, a pattern that other workers have noted (Medina et al., 1991;

Schweizer et al., 1999; von Fischer and Tieszen, 1995). As expected, stable isotope ratios

in the mineral soil increased with depth in the profile for all sites (Fig. 1). An analysis of

variance of mean d13C values grouped by compartment showed a highly significant main

effect (F6,234=298.2 and P-valueb0.0001). The differences in means for all pair-wise

comparisons between compartments were statistically significant at the 95% confidence

level as assessed by Tukey’s means separation tests. The isotopic composition of the

surface soils (0–10 cm) was on average 2.5x depleted in 13C compared to the deepest

sampling interval, 50–100 cm. The steepest increase in d13C with depth in the profile

occurred in Site 35, which has a very high value of �22.3x for the 50–100 cm depth

interval. The standard deviation of d13C decreased from the forest floor, to roots, and to

mineral soil in the 10–20 cm depth interval, but higher standard deviations were found

below the 20–30 cm depth interval.

Simple, linear regression models of d13C on the logarithm of C concentration fit the

data well for most of the sites, as judged by r2 values and scatter plots (Fig. 2 provides

examples of these plots with contrasting slopes). The estimated regression slopes (beta

values) for 33 of the sites ranged from �3.80 to �1.39 (Table 3). Two sites were notable

exceptions to the patterns described above. The model for Site 23 yielded a very low slope

Fig. 1. Mean isotopic composition (F1 standard error of the mean) of forest floor, fine roots, and mineral soil

from 35 tropical rain forests. The differences between the means for every compartment are statistically

significant at the 95% confidence level.
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and a relatively poor fit (Table 3, Fig. 2). At this site, d13C for the surface mineral soil was

lower than that of roots, contributing to the poor fit of the model. A very steep decline in

d13C with depth in the soil profile for Site 35 may reflect previous vegetation changes or

other, unmeasured processes.

3.1. Biotic and abiotic influences on soil C isotopic composition and beta values

The isotopic composition in the low-elevation alluvial soils was positively correlated

with a number of abiotic variables, including %slope, elevation, %clay, Alp and Alp/Alo,

and negatively correlated with %silt, Feo, and Sio (Table 4). In both alluvial and residual,

low-elevation soils, d13C of mineral soil was negatively correlated with d13C of roots. The

Fig. 2. Scatterplots of d13C on log(C) for three sites with different beta values. The numbered points correspond to

the following fractions: 1=forest floor, 2=fine roots, 3=mineral soil (0–10 cm), 4=mineral soil (10–20 cm),

5=mineral soil (20–30 cm), 6=mineral soil (30–50 cm), 7=mineral soil (50–100 cm).
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isotopic composition of low-elevation residual soils was also related to topographic and

mineralogical variables (Table 4). In high-elevation soils, d13C was negatively correlated

with %slope (similar to low-elevation residual soils) and negatively related to the C/N

ratio, in contrast to the low-elevation residual soils. The opposite correlations between

d13C of surface mineral soil and C/N ratio in the low- and high-elevation residual soils

justifies breaking the residual soils into two groups.

As the soil particle-size distribution and mineralogical variables co-vary over the

elevation gradient (Powers and Schlesinger, this volume), several of these predictor

variables were not retained in the stepwise multiple regression analyses (Table 5). In

Table 3

Results of simple linear regression analyses of stable isotopic composition (d13C) on log(carbon concentration)

Site Intercept

(standard error)

Slope

(standard error)

r2 P-value of

overall regression

1 �25.29 (0.28) �2.57 (0.36) 0.93 0.002

2 �24.93 (0.33) �3.25 (0.33) 0.95 0.0002

3 �25.58 (0.42) �2.73 (0.43) 0.89 0.0015

4 �25.25 (0.52) �3.04 (0.55) 0.86 0.003

5 �25.00 (0.45) �3.15 (0.47) 0.91 0.001

6 �24.87 (0.46) �3.16 (0.45) 0.91 0.001

7 �25.28 (0.39) �3.02 (0.41) 0.92 0.0007

8 �24.65 (0.07) �3.26 (0.07) 0.997 <0.00001

9 �25.23 (0.30) �2.79 (0.32) 0.94 0.0003

10 �25.43 (0.26) �2.47 (0.31) 0.94 0.001

11 �25.29 (0.23) �3.20 (0.24) 0.97 <0.00001

12 �26.31 (0.43) �2.25 (0.46) 0.83 0.005

13 �26.00 (0.37) �2.39 (0.38) 0.89 0.002

14 �25.52 (0.27) �2.93 (0.28) 0.96 0.0001

15 �25.61 (0.32) �2.98 (0.35) 0.93 0.0004

16 �25.24 (0.15) �2.64 (0.15) 0.98 <0.00001

17 �24.02 (0.39) �3.57 (0.38) 0.95 0.0002

18 �25.70 (0.28) �2.41 (0.28) 0.94 0.0004

19 �25.38 (0.20) �2.74 (0.21) 0.97 <0.00001

20 �26.40 (0.21) �2.14 (0.22) 0.95 0.0002

21 �23.72 (0.35) �3.45 (0.34) 0.95 0.0002

22 �24.36 (0.29) �3.33 (0.31) 0.96 0.0001

23 �27.20 (0.29) �0.82 (0.32) 0.56 0.053

24 �25.30 (0.47) �2.93 (0.48) 0.88 0.002

25 �26.86 (0.23) �2.10 (0.31) 0.92 0.003

26 �27.44 (0.30) �1.39 (0.33) 0.78 0.008

27 �25.08 (0.31) �2.94 (0.32) 0.94 0.0002

28 �26.32 (0.32) �2.20 (0.33) 0.99 0.001

29 �24.41 (0.23) �3.80 (0.21) 0.99 0.0004

30 �25.44 (0.30) �3.04 (0.31) 0.95 0.0002

31 �25.00 (0.18) �3.19 (0.18) 0.98 <0.00001

32 �24.91 (0.36) �2.95 (0.37) 0.93 0.0005

33 �24.64 (0.27) �3.02 (0.30) 0.96 0.0001

34 �24.27 (0.81) �2.85 (0.72) 0.76 0.01

35 �20.63 (0.94) �5.92 (0.89) 0.90 0.001
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the low-elevation alluvial soils, silt concentration explained 66% of the variation in surface

soil d13C, whereas in the low-elevation residual soils %slope and %sand accounted 74% of

the variation (Table 5). A model containing C/N, Alp, and %slope explained 82% of the

variation in d13Csoil in all residual sites. The only variable retained in the high-elevation

model was the C/N ratio. The overall regression model for d13Csoil for all sites in the

landscape included C/N, Alp, Feo, and elevation. The d13C of surface mineral soil was not

related to the isotopic composition of leaf litter or roots in the final regression models at

any grouping of sites.

The beta values describe the change in d13C with carbon concentration throughout

vertical profiles within individual sites, and more negative slopes presumably indicate

faster soil C turnover rates or other within-profile transport processes. As with the isotopic

composition of surface soils, the relationships among beta values and environmental

factors varied across the landscape (Table 6). In the low-elevation alluvial soils, beta

values were negatively related to indices of Al-humus complexes (Alp and Alp/Alo) and

%clay, and positively correlated to silt and Feo concentrations (Fig. 3a). Thus, soil C

turnover was slower in soils that had non-crystalline clays (allophane, imogolite,

ferrihydrite) as significant components of the clay composition. In low-elevation residual

soils, beta values were most strongly correlated to %slope and Feo, indicating faster soil C

turnover rates on flatter slopes with less ferrihydrite (as estimated by Feo) (Fig. 3b). The

relationships among the beta values and environmental variables in the high-elevation

Table 4

Linear correlation coefficients for surface soil d13C (0–10 cm) and 14 environmental variables grouped into low-

elevation alluvial soils, low-elevation residual soils, all residual soils, high-elevation soils, and all sites in the

landscape

Low-elevation

alluvial soils

(N=13)

Low-elevation

residual soils (N=13)

All residual

soils (N=22)

High-elevation

soils (N=9)

All sites

(N=35)

Leaf litter d13C �0.19 0.29 0.27 �0.01 0.10

Root d13C �0.56** �0.62** �0.002 0.34 �0.20

Mean root+

litter d13C
�0.29 �0.17 0.18 0.26 �0.03

C/N surface soil �0.05 0.53* �0.71*** �0.77** �0.47***

%Slope 0.58** �0.72*** �0.67*** �0.76** �0.26

Elevation 0.53* �0.05 0.34 0.05 0.34**

%Clay 0.58** 0.12 �0.22 �0.03 0.10

%Silt �0.67** �0.14 0.08 �0.02 �0.31*

%Sand 0.04 �0.03 0.26 0.04 0.21

Feo �0.60** �0.45 0.10 �0.07 �0.17

Sio �0.40 �0.57** 0.30 0.21 0.23

Alo 0.06 �0.37 0.16 0.21 0.28

Alp 0.50* 0.16 0.29 0.17 0.37**

Alp/Alo 0.60** 0.50* �0.15 �0.07 0.11

* P<0.10.

** P<0.05.

*** P<0.01.

J.S. Powers, W.H. Schlesinger / Geoderma 109 (2002) 141–160 151



soils were much weaker (Table 6), with only %sand showing a significant negative

correlation. As expected for the entire dataset, beta values were correlated with many of

the same environmental factors that were significant for subsets of the data (%clay, %silt,

Feo, and Alp), but the strength of these relationships was weaker.

Multiple regression models for the beta values calculated for subsets of the data (low-

elevation alluvial soils, low-elevation residual soils, all residual soils, and high-elevation

soils) explained between 37 %and 81% of the variation in beta values (Table 5). Silt

Table 5

Multiple regressions analyses for isotope contents and beta values at five levels of analysis

Variable Site grouping Model terms Coefficients

(standard errors

in parentheses)

df Significance

of overall model

r2 Notes

d13C low-elevation intercept �27.38 (0.12) 10 0.001 0.66 one outlier

surface alluvial soils %silt �0.012 (0.003) omitted

soil low-elevation intercept �28.10 (0.23) 10 0.001 0.74 (Site 5)

residual soils %slope �0.018 (0.003)

%sand 0.08 (0.03)

all residual intercept �24.55 (0.59) 18 <0.0001 0.82

soils C/N �0.28 (0.05)

Alp 0.76 (0.20)

%slope �0.009 (0.002)

high-elevation intercept �23.89 (1.14) 7 0.015 0.60

soils C/N �0.32 (0.10)

all sites intercept �24.79 (0.63) 30 <0.0001 0.62

C/N �0.26 (0.05)

Alp 0.72 (0.27)

Feo �0.52 (0.14)

elevation 0.0007 (0.0003)

Beta values low-elevation intercept �3.55 (0.24) 10 0.002 0.62 excluding

alluvial soils %silt 0.026 (0.007) Site 23

low-elevation intercept �3.40 (0.18) 11 0.003 0.55

residual soils %slope 0.017 (0.005)

all residual intercept �3.34 (0.14) 19 0.004 0.37 excluding

soils %slope 0.013 (0.004) Site 35

high-elevation intercept �2.81 (0.11) 5 0.017 0.81 excluding

soils %silt �0.023 (0.005) Site 35

elevation 0.0009 (0.0003)

all sites intercept �2.98 (0.23) 30 0.0003 0.42 excluding

%silt 0.02 (0.01) Sites 23

Alp �0.83 (0.34) and 35

Predictor variables in the full models are described in the text. Stepwise multiple regression was used to eliminate

variables from the full model. All model terms have P-values<0.05.
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concentration and %slope were the only variables retained in the models for low-elevation

alluvial and residual soils, respectively. Elevation and silt concentration explained much of

the variation in beta values for the high-elevations soils. When all sites across the

landscape were analyzed together (excluding Sites 23 and 35), the silt concentration

and Alp explained a relatively modest amount of the variability in the beta values (42%).

Table 6

Linear correlation coefficients for beta values (regression slopes of d13C on the logarithm of C concentration in

litter, roots, and mineral soil) and biophysical variables grouped into five levels of analysis

Low-elevation

alluvial soils

(N=12)

Low-elevation

residual soils

(N=13)

All residual

soils

(N=22)

High-elevation

soils

(N=8)

All sites

(N=33)

C/N surface soil �0.45 0.54* 0.40* 0.27 �0.002

%Slope 0.22 0.75*** 0.61*** 0.20 0.13

Elevation �0.65** 0.22 �0.19 �0.29 �0.24

%Clay �0.75*** �0.49* �0.02 0.56 �0.44***

%Silt 0.79*** 0.49* 0.07 �0.31 0.55***

%Sand 0.32 0.41 �0.02 �0.58* 0.13

Feo 0.75*** 0.66** 0.08 �0.44 0.45***

Sio 0.41 0.44 0.02 �0.45 0.06

Alo �0.16 0.54* �0.02 �0.51 �0.05

Alp �0.58** 0.18 �0.06 �0.40 �0.30*

Alp/Alo �0.51* �0.23 0.05 0.44 �0.24

Sites 23 and 35 were omitted.

* P<0.10.

** P<0.05.

*** P<0.01.

Fig. 3. (a) Beta values for low-elevation alluvial soils as a function of %silt and (b) beta values for low-elevation

residual soils as a function of %slope.
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4. Discussion

4.1. The magnitude of geographic versus vertical variation in d13C

The isotopic composition, d13C, of litter, roots, and mineral soil for these 35 rain forest

sites varied among sites (geographic variation) and within sites (vertical variation). As a

way to assess the relative magnitude of these two sources of variation, we tabulated the

maximum differences of d13C within compartments among sites as a measure of

geographic variability, and the maximum difference of d13C between compartments (by

subtracting vertical compartments within a site) as a measure of the magnitude of vertical

variability within sites (Table 7). Considering the compartments at the top of the profile

(i.e. forest floor, roots, and mineral soil to 10 cm), the vertical gradients in d13C are larger

than the geographic gradients across sites. However, for the mineral soil below 20 cm,

differences among sites in the stable C isotopic composition were up to F5.8x across

the landscape (Table 7). These large regional differences in the isotopic composition of C

in the mineral soil may reflect differences in soil carbon turnover rates across the

landscape, within-profile transport mechanisms, or perhaps the presence of historical C4

vegetation (Site 35).

4.2. Geographic variation in d13C

The C isotope composition of forest floor, fine roots, and surface mineral soil showed

modest variations across large gradients of elevation, soil particle-size distribution, and

clay mineralogy under native forests in northeastern Costa Rica. The forest floor had a

larger range of variation (2.6x) than roots or surface mineral soil, but this range is similar

to that measured in leaf litter of temperate forest species (3.6x) (Balesdent et al., 1993)

and in other tropical forests (2.4x) (von Fischer and Tieszen, 1995). Another study in the

tropics also found greater variability in foliar d13C of different tree species compared to

litter and soil, suggesting homogenization of material as fallen leaves are incorporated into

the forest floor and mineral soil (Guehl et al., 1998). The range of variation in the isotopic

composition of surface soils (to 20 cm depth) across the region was from 1.6xto 1.8x,

which falls between values that were measured for a 6.25-ha plot in French Guyana

(1.5x) (Guehl et al., 1998) and values from native C3 forest soils sampled widely across

Brazil (2.5x) (Martinelli et al., 1996). The standard deviations and coefficients of

variation for d13C in surface soils were quite low (Table 2), indicating that d13C in

surface mineral soils is fairly predictable at regional scales (Bird and Pousai, 1997). In

contrast, there were large regional differences in d13C in the mineral soil below 30 cm,

reflecting substantial variation in d13C vertical profiles within and among sites.

We initially hypothesized that surface soil isotopic composition would be closely

coupled to the signature of detrital inputs (d13C of the forest floor and fine-root biomass).

Contrary to our expectations, surface soil isotopic composition was not positively

correlated to the isotopic signature of vegetation inputs at any level of analysis (Table

4), and was negatively correlated to the root signature in low-elevation sites (although this

variable was not retained in the multiple regressions; Table 5). Guehl et al. (1998) also

found no correlation between the isotopic composition of leaf litter and surface soil
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organic carbon in a large plot in French Guyana. It is possible that seasonal changes in the

isotopic composition of detrital inputs mask the relationship between C input and soil

isotopic signatures, and that single sampling periods do not provide an integrated measure

of detrital-input d13C (Diels et al., 2001).

The close correlations among soil d13C and abiotic variables may reflect the differences

in controls on soil C turnover rates among the sites. The relationships among d13C in upper

mineral soils and topographic and edaphic factors varied with soil type, but soil texture,

%slope, and C/N ratio explained from 60 to 82% of the variation (Table 5). In the low-

elevation alluvial and residual soils, the multiple regression models for d13C and the beta

values included the same variables (Table 5), suggesting that the surface soil isotopic

composition is linked to C-turnover processes. Assuming that lower soil C/N ratios

indicate more decomposed soil organic matter, the negative correlation between d13Csoil

and soil C/N in the high-elevation soils suggests that the isotopic composition reflects the

degree of humification. As discussed below, the large regional differences in d13Csoil at

depth may also reflect site-specific soil C dynamics.

4.3. Vertical variation in d13C

The d13C values at all sites increased significantly with depth from forest floor to roots

to mineral soil, but the magnitude of the increase varied among sites in the landscape (Fig.

1; Table 3). Some of the vertical variation in d13C in litter, roots, and the soil profile may be

Table 7

Absolute values of the maximum difference in d13C for a given compartment (range of geographic variation) in

35 rain forests, and absolute values of the maximum difference between compartments (range of vertical

variation) for comparisons within each of the 35 sites

Gradient Maximum difference

between values (all sites),

units are d13Cx

Maximum difference

between values excluding

Site 35, units are d13Cx

Geographic variation

Forest floor 2.6 2.6

Roots 2.4 2.4

Soil (0–10 cm) 1.8 1.8

Soil (10–20 cm) 1.6 1.3

Soil (20–30 cm) 2.1 1.9

Soil (30–50 cm) 3.6 3.0

Soil (50–100 cm) 5.8 4.4

Vertical variation

Forest floor– roots 2.7 2.7

Forest floor– soil (0–10 cm) 3.9 3.7

Roots– soil (0–10 cm) 3.0 3.0

Soil (0–10)– soil (10–20 cm) 1.3 1.3

Soil (10–20)– soil (20–30 cm) 0.8 0.8

Soil (20–30)– soil (30–50 cm) 1.4 1.4

Soil (30–50)– soil (50–100 cm) 1.7 1.7

Soil (0–10)– soil (50–100 cm) 4.8 3.9

For comparison, the values are computed excluding Site 35, which was an outlier.
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attributed to known sources. On average, leaf litter was 1.4x more depleted than roots.

Other authors have attributed this pattern to variations in the proportions of structural

compounds such as lignins and cellulose that have different isotopic signatures (Medina et

al., 1991; Schweizer et al., 1999; Wedin et al., 1995). Both forest floor and root isotopic

signatures were lower (i.e. more negative) than mineral soil, and soil d13C increased with

depth in the profile (Fig. 1). Since the beginning of the Industrial Revolution, d13C of

atmospheric CO2 has decreased due to the addition of CO2 from fossil fuel emissions and

biomass burning, which have a more negative d13C signature (Friedli et al., 1986; Keeling

et al., 1979). The so-called Suess effect can account forf1.3–1.5x of the enrichment in
13C from detrital C pools (litter and roots) and surface mineral soil because detrital C

pools are derived from more recently fixed C relative to soil organic matter (Balesdent et

al., 1990; Garten et al., 2000; von Fischer and Tieszen, 1995). In our study, the mean

difference between litter or root d13C and d13C of the upper mineral soil was 2.0x. Thus, the

Suess effect cannot account for all of the differences among the isotopic signatures of forest

floor, roots, and surface soils. It is likely that the remainder of the depth-dependent changes

in d13C reflect microbial discrimination against heavy C isotopes during decomposition

(Martinelli et al., 1996; Victoria et al., 1995) or mixing of recently fixed detrital C with soil

organic matter (Ehleringer et al., 2000; Wedin et al., 1995).

A number of observational, experimental, and modeling studies have examined the

changes in d13C along the decay continuum as plant detritus is transformed into soil

organic matter (Agren et al., 1996; Ladyman and Harkness, 1980; Melillo et al., 1989;

Nadelhoffer and Fry, 1988; Wedin et al., 1995). In nearly all cases, the bulk age of soil

organic matter increases with depth in the profile (Trumbore, 2000), and for well-drained

soils the rate of change in isotopic composition with depth reflects profile-integrated soil C

dynamics (Garten et al., 2000). However, there remains considerable debate about which

mechanisms are responsible for the isotopic enrichment with depth in soil profiles

(Ehleringer et al., 2000).

Assuming that beta values can be used as an index of soil C dynamics, Garten et al.

(2000) showed that litter quality and mean annual temperature explained 91% of the

variability in the regression slopes (beta values) for six temperate forest sites in Tennessee.

In general, the slopes they observed (�2.60 to �1.34) were higher than the range among

the 35 rainforest sites in this study (�3.80 to �1.39), indicating faster soil C turnover in

the warm, humid tropical sites. In contrast to the data from Tennessee, there were only

weak relationships among environmental parameters and the beta values for the sites in

northeastern Costa Rica (Table 5). It is also interesting to note that there was not a strong

relationship between total soil C contents (0–30 cm) and the beta values (Fig. 4). The lack

of strong relationships at the regional scale may be due to the considerable heterogeneity

in the processes controlling soil C pools and dynamics at local scales. Also, the edaphic

variables were only measured in the topsoil (0–10 cm) and not on all soil depths.

Dissolved organic carbon (DOC) fluxes can substantially influence vertical profiles of soil

C distributions (Neff and Asner, 2001), and it is possible that the large differences in soil

texture and mineralogy among soils in this study region may influence DOC fluxes, and

hence d13C profiles.

The mean beta values within three soil classes (low-elevation alluvial, low-elevation

residual, and high-elevation) were not significantly different from one another as judged
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by an analysis of variance (F2,31= 2.43, P = 0.10). However, in low-elevation alluvial

soils, the beta values were positively correlated with %silt, indicating less rapid increases

in 13C enrichment with depth in sites with high silt concentrations (Fig. 3a). The alluvial

soils are located on relatively flat landforms, reflecting their depositional origin. In

contrast, the low-elevation residual soils have a large range of topographic relief, and

%slope was positively correlated with the beta values (Fig. 3b). For both alluvial and

residual low-elevation soils (all located below 100 m), elevation, which is a proxy for

mean annual temperature, did not explain any additional variability in the multiple

regression models above soil texture and topographic variables.

The high-elevation sites spanned a 700-m range of elevation, which corresponds to a

f4 jC gradient in mean annual temperature (Powers and Schlesinger, this volume). Soil

mineralogy and texture also vary with elevation: less-weathered soils with allophanic soil

mineralogy are found in the high elevations, and clay-rich soils dominated by Al–humus

complexes are found in the lower elevations. Both elevation and %silt were contained in

the regression model for the high-elevation beta values, indicating the joint influences of

both temperature and soil texture on the vertical d13C profiles. Beta values were less

negative (i.e. less change in d13C with depth) at high elevations and at sites with lower silt

concentrations (Table 5). Percent silt appeared to explain the patterns in beta values at

several levels of analysis. The influence of silt concentrations as opposed to clay may

result from variations in clay mineralogical composition, which varies as a function of clay

quantity. In these volcanic soils, sites with low clay concentrations are dominated by non-

Fig. 4. Beta values as a function of soil C content to 0.3 m depth (Mg C ha�1). Open circles are residual soils and

filled circles are alluvial soils.
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crystalline clays, whereas the very highly weathered, clay-rich soils are dominated by less

reactive, layered clays.

At Site 35, there was a 4.8x difference in d13C from the surface soil (0–10 cm) to the

lowest depth measured (50–100 cm). While d13C enrichments of 6–8x in mineral soil

profiles are unequivocal evidence of the presence of a significant C4 component in

historical vegetation, differences of 4–5x are ambiguous (Martinelli et al., 1996;

Victoria et al., 1995). This site has never been harvested or grazed; thus, a high stable

isotope value at depth may indicate past vegetation changes due to climate. However,

palynological analyses of sediment cores from a nearby lake, Lago Hule, show no

evidence of vegetation change within the past 2000 years (Sally Horn, personal

communication), and it is unlikely that earlier climate changes in the Holocene would

affect only this site. Thus, the steep vertical d13C profile at this site may reflect the pre-

servation of 13C-enriched organic molecules.

5. Conclusions

We measured the stable carbon isotope composition of leaf litter, roots, and mineral soil

depth profiles under native rain forests in 35 plots in northeastern Costa Rica. The isotopic

composition of litter, roots, and surface soils (0–20 cm) was fairly similar over large,

regional gradients of elevation and edaphic properties, but varied considerably among sites

at depths below 30 cm. We speculate that this variation at depth reflects site-specific

factors that control soil C turnover rates in the profiles. These findings have implications

for studies of soil C dynamics that employ stable isotopic tracers. Studies employing

space-for-time substitutions must select reference sites that are well-matched to managed

sites, especially if inferences are to be made about C-cycling processes at depth.
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