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Abstract
Background and aims We examined changes in soil
organic matter arising from conversion of a 45-year
old pasture to a 10 yr. old native tree plantation in
Panamá, to evaluate the effect of monoculture and
mixtures.
Methods We intensively sampled the soil 0–10 cm
depth in the pasture in 2001 and in 22 plantation plots
in 2011, ranging from 5 monocultures to 3- and 6-
species treatments; samples were also taken from an
undisturbed forest site. Soil analyses included organic
carbon (SOC) and δ13C.
Results Conversion of the pasture to tree plantation
resulted in an overall loss of SOC of 0.6 kg m−2 (18%)
in the top 10 cm, but neither tree species nor diversity
had a significant effect. End-member δ13C values sug-
gested that the contribution of C3 plants to SOC was
increased from 26% in the pasture to 55% after 10 years
of plantation and SOC turnover times were calculated to
be 21–36 yr.
Conclusions The magnitude of the loss in soil SOC is
smaller than the increases in tree biomass (~3 kg C m−2)

and litter (~0.3 kg C m−2) in the plantation, but still a
significant part of the ecosystem C balance.

Keywords Soil carbon . Soil nitrogen . δ13C . Soil C
turnover time . Tropical forest . Afforestation

Introduction

Changes in land-use and land-cover can have significant
effects on soil organic carbon (SOC) and Sanderman
et al. (2017) have recently suggested that conversion of
native vegetation to agriculture globally has generated a
loss of over 100 Pg of SOC. There are, however, large
variations in the magnitude of change in SOC. Powers
et al. (2011) collated data from 80 studies examining the
effect of land-use change in the tropics on SOC and
showed that there were significant increases or de-
creases in 8 of the 14 change categories. The change
from forest to pasture resulted in an average increase in
SOC mass in the top 10 cm of ~13.7% (standard devi-
ation 28.2, n = 118) and the increase averaged ~4.8%
(s.d. 24.1, n = 27) when pasture was converted to plan-
tation. Powers et al. (2011) suggested that mean annual
precipitation and clay mineralogy were important con-
trols on the magnitude of the change. Marín-Spiotta and
Sharma (2013) have also demonstrated the very varied
response of SOC to land-use change to plantation and
successional forests in the tropics, and identified a sim-
ilar range of variables influencing the SOC. In another
meta-analysis, Don et al. (2011) emphasized the impor-
tance of changes in bulk density with land use and
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reported average changes in SOC mass in the top 10 cm
of a loss of ~12% from primary forest to grassland and a
gain of ~12% from grassland to secondary forest.

Conversion of tropical pastures to plantations has
occurred, either for commercial wood production, such
as teak, or for native tree species to enhance biodiversity.
This change in land-use promotes C sequestration in the
vegetation, but may decrease or increase the SOC.
Silver et al. (2004) reported that reforestation of pastures
in Puerto Rico resulted in an average gain of SOC of
1.3 kg m−2 in the top 10 cm and 3.4 kg m−2 in the top
60 cm over 61 years, but that tree species and diversity
had no discernable effects on the SOC. Most of the
increases in SOC occurred after 22 years.

The changes in SOC result from differences in the
input and decomposition of plant litter and roots. Where
land-use change involves pastures and trees, identifica-
tion of changes in the SOC δ13C value (based on the
13C/12C ratio) can be used to calculate the gain and loss
of the grass and tree derived SOC. The strong separation
of δ13C value in forests (dominantly C3 plants, ~ −
28‰, SOC3) and pastures (dominantly C4 plants, ~ −
13‰, SOC4), has been successfully used calculate gains
and losses. In the Puerto Rico study, for example, Silver
et al. (2004) found that in the top 10 cm, the pasture
SOC was derived dominantly (83%) from C3 plants,
while after 61 years for tree growth, this was reduced
to 29%. Changes in the proportion of C3 and C4-derived
SOC can be used to estimate decomposition rates and
thus turnover times (e.g. Balesdent and Mariotti 1996).

Evaluation of the changes in soil properties brought
about land-use can bemade either through following the
change at one location through time or by substituting
space for time in a chronosequence which assumes soil
properties were similar before the land-use change (e.g.
Davidson and Ackerman 1993; Veldkamp 1994). In
both approaches, the large spatial variability in soil
properties restricts the attribution of a difference in soil
properties to the land-use change (Allen et al. 2016).
Thus, some knowledge of the characteristics of the
spatial variability of soil properties is needed to ade-
quately define a sampling strategy.

In Sardinilla, central Panamá, a 45 year-old pasture
was converted to a native tree plantation in 2001 with a
biodiversity experimental design (Scherer-Lorenzen
et al. 2005). Its aim was to compare the productivity of
mixed-species plantations with monocultures to test
whether diversity would enhance productivity and
hence C storage (Potvin et al. 2011). This provided an

opportunity to examine changes in soil properties, par-
ticularly the SOC and soil nitrogen (SN) content and
mass, and δ13C value associated with land-use changes
from pasture to plantation and the effect of plantation
species and mixture. In nearby Barro Colorado Island
(BCI), an undisturbed forest provided an opportunity to
estimate the surface soil properties of a site that may
have been similar to the precursor of the Sardinilla
pasture.

To meet these objectives, we intensively sampled the
0–10 cm layer of the Sardinilla pasture soil in 2001 to
establish spatial variability and sampled 7 soil profiles to
a depth of 100 cm.We repeated the 0–10 cm sampling in
the plantation in 2011 within the experimental diversity
design of 7 treatments, at locations close to those sam-
pled in 2001. We also sampled the 0–10 cm layer in the
tropical forest soil. Analysis of vegetation from the
pasture, the plantation and the tropical forest provided
δ13C values which combinedwith the δ13C values of the
soil allowed an estimate of the contribution of C3 and C4

plants in trees and pasture, respectively, to the SOC and
the calculation of SOC turnover time.

Materials and methods

Study sites

Central Panamá receives about 250 cm of precipitation
annually, of which 220 cm falls in the rainy season from
May to November; the mean annual temperature is 25o

C. At the Sardinilla site (9°19’ N, 79°38’ W), at an
elevation of ~70 m above sea level (a.s.l.), the original
forest vegetation site was cleared in 1952/1953. It sup-
ported 2 years of crops (e.g. corn, rice, plantain and
yucca) before being converted to pasture and was grazed
for ~45 yr. The major species are Cynodon dactylon,
Scleria malaleuca and Ishalum indicum with patches of
the invasive grass Saccharum spontaneum.

In 2001, a plantation using native tree species was
established on 7.5 ha of the pasture with an average of
1141 stems ha−1. The six native tree species used were
Luehea seemanii (Ls), Anacardium excelsum (Ae),
Hura crepitans (Hc), Cedrela odorata (Co), Tabebuia
rosea (Tr) and Cordia alliodora (Ca). There was high
mortality in C. alliodora. Twenty-four diversity plots of
0.21 ha were planted: six 6-species (A), six 3-species (T)
and twelve monocultures (Scherer-Lorenzen et al.
2005). The levels of diversity were randomly assigned
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to all plots in the landscape, except for the Tr and Ae
monocultures that were placed in the wetter east flank of
the plantation due to their ability to tolerate waterlogged
soils (see Fig. 1 in Healy et al. 2008). To avoid excessive
water logging in the lower lying plots, drainage ditches
were dug in 2002. A moderately dense understory veg-
etation (shrubs, grasses and sedges) is present in the
plantation, which is cut once a year (typically in
December) and the residues left on-site. The soils at
Sardinilla are derived from Tertiary limestone and other
sedimentary rocks and are generally clayey Cambisols
or Tropudalfs (Soil Survey Staff 1990) with moisture
status varying greatly from the dry to wet seasons.

On Barro Colorado Island (BCI) located 40 km
southwest of Sardinilla, the site (9°09’ N, 79°51’ W)
was located in a semi-deciduous old-growth forest, un-
derlain by limestone bedrock (Leigh et al. 1996) at an
elevation of ~ 130 m a.s.l. and with a slope of 5%.
Vegetation in the region was a result of shifting agricul-
ture practiced until the decimation of native populations
during the Spanish Conquest when agriculture in the
region was abandoned and returned to forest (Leigh
et al. 1996) and may be similar to the vegetation of the
Sardinilla site prior to clearance. The soils are
Cambisols (Grimm et al. 2008; WRB 2006).

Soil sampling

The soils in the Sardinilla pasture were sampled in
June 2001, about one month after the start of the rainy
season and just prior to tree planting. The top 10 cmwas
collected using a metal cylinder 5 cm in diameter,
pushed into the soil surface, after removal of the litter.
Because of the heavy texture of the soil, some

compaction (1 to 2 cm) of the soil occurred in the
cylinder, but this was mainly in the upper 5 cm and
inspection showed that the full 10 cm was sampled.
Surface soils were sampled along a 15 m grid, offset
1.5 m from the grid in which the trees were to be
planted, to allow resampling after the trees had been
planted. A telescopic grid network was located in one
mid-slope 15 × 15 m block, in which a 3 × 3 m grid was
sampled at 1 m intervals, followed by a 1 × 1 m grid
sampled at 0.25 m intervals. Overall, 380 surface soil
samples were collected. In addition, seven soil profiles
dug down to 100 cm were sampled, located to represent
the major topographic zones, of top-, mid- and bottom-
slope positions. Composite samples of four 5 cm-deep
core samples were taken from pit walls at the 5 and
10 cm depths and two were taken at 10 cm intervals
between from 20 to 100 cm. Litter was collected from
thirty 25 × 25 cm quadrats across the topographic gra-
dient in the pasture and samples of the main grass
species were also obtained.

In June, 2011, surface soils in the plantation were
resampled within the native tree plantation experi-
mental treatments by relocating (estimated error ±
5 m) the points sampled in 2001. Four samples were
collected on the 15 × 15 m grid for each of the 22
treatment blocks (Ca plots were not sampled owing
to C. alliodora mortality), resulting in 88 surface soil
samples. At each of these 88 points, a 25 × 25 cm
quadrat was used to collect understory biomass and
litter on the soil surface; the soil sample was collected
from the centre of this quadrat. Samples of senescent
leaves and roots of the five plantation tree species
were collected for analysis of C and N content and
δ13C value.
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Fig. 1 Distribution of soil properties with depth in the seven profiles sampled at the Sardinilla pasture in 2001: a SOC concentration; b SOC
mass per 10 cm depth increment; c δ13C value
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At the BCI site, a 12 × 12 m plot was established in
2002, with surface soil samples collected at 3 m intervals
and a nested sampling at 1 m spacing within one 3 × 3 m
plot and sampling at 0.2 m spacing within one 1 × 1 m
block. This resulted in 70 soil samples and litter was
collected from two 1 × 1 m quadrats and composited.

Soil and vegetation analyses

The soil samples had fine roots removed and weighed
after oven-drying at 60 °C and then the soil was weighed
fresh, air-dried to calculate gravimetric and volumetric
field moisture content and bulk density. Samples were
homogenized by hand, ground to break up aggregates
and analyzed for pH in H2O with a 1:2 soil:water ratio
(Carter 1993). Concentration of SOC and SN and δ13C
value were analyzed using continuous-flow isotope ratio
mass spectrometry on a Carlo Erba Elemental Analyzer
connected to an Isoprime Mass Spectrometer. pH mea-
surements showed that carbonates were not present in
the surface so i l samples (Abraham 2004) .
Concentrations of SOC and SN were combined with
bulk density to estimate SOC and SN mass (kg m−2) of
the top 10 cm. Particle size distribution was measured
on selected samples by the pipette method (Carter
1993). Samples of vegetation and litter were oven-
dried at 60 °C, ground in a Wiley Mill and analyzed
for C and N concentration and δ13C value, as above.

The fraction of C3-plant and C4-plant derived SOC
(SOC3 and SOC4, respectively) was calculated using a
two-compartment mixing model (Balesdent and
Mariotti 1996). Changes in the SOC4 fraction in the
BCI forest to Sardinilla pasture and in the SOC3 fraction
in the Sardinilla pasture to plantation were used to
estimate the decomposition rate (k) using logn transfor-
mation of initial and final values and 45 and 10 yr,
respectively, and these rates were then used to estimate
the turnover time (1/k).

Statistical analyses

Spatial variability of the 0–10 cm surface soil samples
collected from the two grids in the pasture was assessed
by calculation of mean and standard deviation. The
larger scale variation in soil properties for the pasture
in 2001 and the native tree plantation in 2011 were
determined from the 88 locations sampled in 2011, by
calculating semi-variogram parameters using Matlab
v2013b and ArcGIS 10.1.

To determine the effects of forest conversion to pas-
ture on soil parameters we compared BCI with 2001
Sardinilla soils before the tree plantationwas established
using the non-parametric Mann-Whitney U-test, as the
BCI data were not normally distributed. The same test
was also used to compare plantation soils 10 years after
tree planting with BCI soils to determine how closely
soils from a reforested system compare to undisturbed
forest. The impact of conversion from pasture to forest
on soil parameters was evaluated either 1) using a paired
t-test or the non-parametric equivalent Wilcoxon signed
ranks test, comparing Sardinilla soils prior to tree plant-
ing with those 10 years after tree planting; or 2) using
analysis of variance (ANOVA) with time and its inter-
action with diversity and species effects as factors (see
below).

ANOVAs with diversity, sampling year and their
interaction were used as factors to test for differences
in soil parameters among diversity plots (monoculture,
three-species, and six-species plots) across sampling
years (2001 and 2011). To test for species-specific ef-
fects on soil parameters (tree species identity), samples
from only the monoculture plots of each the five species
were compared, with tree species (Ae, Co, Hc, Ls and
Tr), sampling year (2001 and 2011) and their interaction
used as factors in the analysis. One-way ANOVA was
used to test for diversity and tree species identity effects
on vegetation parameters (litter, understory biomass,
and root biomass) collected in 2011. Bonferroni pair-
wise comparisons were used as post hoc tests when
necessary. Linear regression analysis was used to test
the relationships between soil and vegetation parame-
ters. All statistical analyses were performed using
SYSTAT v. 10.0.

Results

Spatial variability of soil properties

Sampling within the two grids at the Sardinilla pasture
in 2001 showed that within a 1 × 1 m grid at 25 cm
interval, the coefficient of variation of soil properties
ranged from 0.01 to 0.15, being smallest for pH and C:N
ratio and largest, unfortunately as they are the properties
of primary interest, for C and N% and SOC and SN
mass (Tables 1 and 2). A similar variation was observed
when a larger grid (3 × 3 m) was sampled. Thus, the
effect of changes in land use on soil properties will have
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to be larger than this small-scale variability to be
detectable.

From the semi-variogram analysis of the 88 soil
samples collected in 2001 and 2011, the range (distance
beyond which there is no spatial autocorrelation) is
approximately 30 m, apart from N% measured in
2011, which has a range of 51 m (Table 2). The nugget
values are small for all measured properties, indicating
small microscale variation and/or measurement error,
except for N% in 2001 where the relative nugget effect
(ratio of the nugget to the sill) is 8%. The values of the
sill indicate the overall variation after adjusting for
possible correlations in the closely-spaced sample points
(inherent variation in samples where there is no more
autocorrelation). The standard deviation column (square
root of the sill) is more easily interpreted because the
units are the same as the measured parameter.

Soil profiles in the Sardinilla pasture

In the Sardinilla pasture, the seven soil profiles sampled
in 2001 showed a decrease in SOC concentration with
depth, from an average of 7.0% at 0 to 5 cm to 0.3% at
90 to 100 cm; there was a steep decline within the top
20 cm (Fig. 1a). Dry bulk density ranged from 0.7 to
1.0 g cm−3 in the top- and mid-slope profiles and 0.4 to
0.6 g cm−3 in the bottom slope profile. The soil profiles
down to 100 cm contained between 10 and 17 kg Cm−2,
increasing downslope, and the surface 10 cm contained
an average of 43% of the SOC to a depth of 1 m (Fig.
1b). As rooting depth in these heavy textured soils is
shallow (most roots occurred in the top 20 cm), this is
likely to be the section of the soils showing the greatest
change to land-use. The δ13C value in the pasture pro-
files generally decreased with depth, from an average of

Table 1 Small-scale variability in properties in the 0 to 10 cm soil samples collected from 1 × 1 m (n = 25) and 3 × 3 m (n = 58) grids in the
Sardinilla pasture, 2001

Grid Bulk density
(g cm−3)

pH SOC (%) SOC mass
(kg m−2)

N (%) SN mass
(kg m−2)

C:N ratio δ13C (‰)

1 × 1 m

Mean 0.482 5.42 7.40 3.54 0.65 0.313 13.4 −17.0
SD 0.047 0.07 1.08 0.42 0.09 0.039 0.2 0.8

CV 0.098 0.013 0.146 0.119 0.138 0.125 0.015 −0.047
3 × 3 m

Mean 0.489 5.61 7.04 3.42 0.61 0.297 13.45 −16.7
SD 0.049 0.26 1.17 0.49 0.10 0.044 0.4 1.0

CV 0.100 0.046 0.166 0.143 0.164 0.148 0.030 −0.060

Table 2 Semi-variogram charac-
teristics of properties at the 88
locations sampled across the 2001
pasture and the 2011 plantation.
Standard deviation = SD, Coeffi-
cient of variation = CV

Property Range (m) Sill (variance) Nugget SD

2001

SOC (%) 33.0 1.506 1.865E−10 1.227

SOC mass (kg m−2) 31.2 0.351 3.097E−12 0.593

SN (%) 28.9 0.009 1.48E−13 0.095

SN mass (kg m−2) 32.5 0.003 3.55E−13 0.055

δ13C (‰) 30.6 0.992 3.82E−12 0.996

2011

SOC (%) 35.9 0.726 6.871E−11 0.852

SOC mass (kg m−2) 30.3 0.148 8.780E−11 0.384

SN (%) 51.0 0.006 0.0004 0.076

SN mass (kg m−2) 33.7 0.001 1.428E−12 0.032

δ13C (‰) 39.2 1.171 2.896E−11 1.082
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−17.5‰ in the top 10 cm to −21.7‰ at 90 to 100 cm
(Fig. 1c).

The surface soils in the Sardinilla pasture had a clay
loam texture, containing an average of 4, 30, 44 and
21% sand (0.02–2 mm), silt (0.002–0.02 mm), clay
(0.002–0.0002 mm) and fine clay (< 0.0002 mm), re-
spectively. At the BCI site, the soil was a sandy loam,
with 32, 33, 24 and 11% of the above fractions, similar
to the Marron unit reported by Grimm et al. (2008).

Effect of land-use change on soil properties

Following 10 yr of tree growth at the Sardinilla planta-
tion, overall (88 samples) there were significant de-
creases in bulk density by 5% (t = −5.04, p < 0.001),
percent SOC by 13% (t = −4.94, p < 0.001), percent
SN by 6% (t = −2.68, p = 0.009) and C:N ratio by 21%
(Wilcoxon signed rank test, p < 0.001) (Table 3). There
were smaller masses of SOC and SN in the plantation
soil, by 18 and 11%, respectively. The δ13C signature
had decreased by 4.3‰ (t = −4.94, p < 0.001) from the
pasture values. The BCI forest soil had a significantly
lower bulk density, percent and mass of SOC and SN,
C:N ratio and δ13C value than the Sardinilla pasture.

The C:N ratio of above-ground vegetation inputs
averaged 30:1, while the roots of the plantation trees
averaged 62:1 (Table 4).

Overall, neither tree species diversity nor tree species
identity had a significant impact on soil properties after
10 yr (Table 5). While there were significant differences
among diversity plots for C:N ratio (p = 0.034), these
differences were present in 2001 before tree planting
and were maintained in 2011 (i.e. no significant

interaction between diversity effect and time).
Similarly, monoculture plots of the five species signifi-
cantly differed in percent SOC (p = 0.001), dry bulk
density (p < 0.001), pH (p < 0.001), and C:N ratio
(p < 0.001), but these were the result of differences
present before tree planting which were still present in
2011. The only exception was soil moisture, which was
significantly different among monoculture plots
(p < 0.001) and showed a significant interaction through
time (p < 0.001). In this case, Ls monocultures plots

Table 3 Comparison of soil properties, 0 to10 cm, at BCI forest 2002, Sardinilla pasture 2001 and Sardinilla plantation 2011, as mean with
standard deviation in parentheses

Site and sampling
date

n Bulk
density
(g cm−3)

pH* SOC (%) SOC mass
(kg m−2)

SN (%) SN mass
(kg m−2)

C:N ratio δ13C (‰)# SOC3

(%)^

BCI forest 2002 61 0.50 (0.09) 6.11 (0.40) 4.52 (1.63) 2.19 (0.54) 0.44 (0.11) 0.23 (0.04) 12.0 (1.2) −26.93 (0.58) 93

Sardinilla
pasture 2001

380 0.57 (0.12) 4.82 (0.38) 5.89 (1.51) 3.33 (0.67) 0.49 (0.13) 0.28 (0.06) 14.1 (1.5) −16.94 (0.99) 27

Sardinilla
plantation 2011

88 0.54 (0.06) 4.80 (0.41) 5.12 (0.84) 2.72 (0.39) 0.46 (0.08) 0.25 (0.04) 11.1 (0.9) −21.21 (1.05) 55

*BCI forest 2002 and Sardinilla pasture 2001 pH measured using 1:10 soil:water ratio, Sardinilla pasture 2001 88 points sampled in 2011
and Sardinilla plantation 2011, 1:2 soil:water ratio

# δ13 C Sardinilla 2001 for all 88 2011 locations

^ SOC derived from C3 plants assuming δ13C end members of −28‰ (C3) and −13‰ (C4), respectively

Table 4 C and N content and δ13C value of BCI litter, Sardinilla
pasture litter and Sardinilla plantation trees and understory

Plant tissue C (%) N (%) C:N ratio δ13C (‰)

BCI litter 44.0 1.47 29.9 −29.4
Sardinilla pasture 2001

Pasture litter
(range and mean)

41.5 1.30 31.9 −11.6 to −16.0,
−13.5

Plantation trees 2011

Ae leaves 44.5 1.01 44.1 −29.7
Ae roots 44.1 0.51 86.5 −27.5
Co leaves 48.0 1.58 30.4 −32.0
Co roots 45.6 1.38 33.0 −30.2
Hc leaves 45.0 1.68 26.8 −28.8
Hc roots 43.9 1.10 39.9 −28.2
Ls leaves 47.7 1.01 47.2 −29.5
Ls roots 46.5 0.76 61.2 −28.8
Tr leaves 48.0 1.53 31.4 −29.4
Tr roots 47.9 0.53 90.4 −28.4

Plantation understory 2011

Plants (range) 45.55 1.60 28.4 −11.1 to −33.1
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became drier and Tr monocultures became wetter rela-
tive to the other species monocultures from 2001 to
2011.

Unlike soil properties, tree diversity and tree species
effects were significant for understory and fine root
biomass in 2011 (Table 5). Understory and root biomass
were significantly different among diversity plots, with
greater understory biomass in 3-species than 6-species
plots (T > A, F = 3.50, p = 0.035) and greater root bio-
mass in monocultures than 3-species plots (F = 3.82,
p = 0.026). There were also significant differences in
root biomass and understory biomass among monocul-
ture plots, with Ls plots having significantly less root
biomass than Ae or Hc plots (F = 4.065, p = 0.008) and
Tr plots having significantly greater understory biomass
than Ae, Hc or Ls (F = 8.64, p < 0.001).

The litter obtained in the tree plantation in 2001
ranged from 0.25 to 0.59 kg m−2, equivalent to 0.12 to
0.30 kg C m−2, and much larger than the litter in the
heavily grazed pasture sampled in 2001. In the tree
plantation there was a negative exponential relationship
between litter mass and decomposition rate of tree
leaves (y = 0.558e-0.116k, r2 = 0.80, p = 0.025, n = 5;
Table 5). The smallest litter amounts were found in the
Hc and Tr monocultures (0.25 and 0.35 kg m−2) which
had the fastest litter decomposition rates (exponential
decay or k value of 7.3 and 2.7 yr−1, respectively,
Scherer-Lorenzen et al. 2007), while the largest litter
amounts were found in the Ae and Ls monocultures
(0.59 and 0.45 kg m−2), which had the slowest litter
decomposition rates (k = 1.3 and 1.8 yr−1, respectively).

Origin of SOC and turnover time

In the 2001 Sardinilla pasture, there was a mixture of C4

and C3 plants, whose δ
13C value ranged from −12.0 to

−28.2‰ and the litter collected from a mixture of top-,
middle- and bottom-slope sites averaged −13.5‰
(Table 4). In the 2011 plantation, the δ13C of the 5 tree
species ranged from −28.8 to −32.0‰ in senescent
leaves and −27.5 to −30.2‰ in roots. The δ13C ranged
from −11.1 to −33.8‰ in understory plants, though C4

plants were dominant. The δ13C signature of litter col-
lected from the forest plot at BCI averaged −29.4‰.
Thus, there are some uncertainties regarding the δ13C
value of the end members of organic matter input for the
pasture, the plantation and the BCI forest. Here we use
estimates of −28.0 and −13.0‰ to calculate the propor-
tion of SOC attributed to C3 (SOC3) and C4 (SOC4)T
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origins, respectively, and the loss or gain of these
amounts in the top 10 cm of soils through the two
changes in land use.

The conversion of the Sardinilla pasture to the plan-
tation over 10 yr caused a loss of 1.27 kg C m−2 of C4-
derived SOC and a gain of 0.77 kg C m−2 of C3-derived
SOC (Table 6). If the BCI soil is the same as the forest
soil at Sardinilla, this would entail a loss of 1.47 kg C
m−2 of C3-derived SOC, and a gain of 2.50 kg C m−2 of
C4-derived SOC, over 45 yr. These changes can be used
to estimate the turnover times of the SOC in 0–10 cm.
For 10 yr conversion of the pasture SOC4 to plantation
the estimate is 21 yr and the 45-yr conversion of BCI
SOC3 to the pasture provides an estimated turnover time
of 36 yr.

Discussion

As anticipated, our study has shown the high degree of
spatial variability in soil properties that can occur within
short distances even where land use was constant, such as
the Sardinilla pasture. Much of the variability occurs at
small distances, as shown by the comparison of variabil-
ity within 1 and 9 m2 (Table 1) and at a broader scale, the
range values are large (Table 2). This is a common
phenomenon in soils (e.g. Webster and Oliver 1992)
limiting our ability to detect changes associated with
variations in land-use across landscapes, in substituting
space for time in chronosequences and in conducting
longitudinal studies at the same site, as at Sardinilla
(e.g. Allen et al. 2016; Powers and Schlesinger 2002).
Thus, to be able to detect significant differences in soil
properties, a substantial number of replicate soil samples
are needed: Allen et al. (2016) suggest 4 to 8 replicates
per treatment in a study of land-use change effects in
Indonesia. In our study, we took 4 soil samples per 30 ×
30 m treatment plot and each treatment was replicated
between 2 and 6 times. The small nugget values
across sampling dates and soil properties suggest

minimal random measurement errors and smooth spatial
continuity between neighbouring points (Vieira and
Gonzalez 2003). A low nugget/sill ratio indicates strong
spatial correlation. In general, between 2001 and 2011 the
variance of the characteristics decreased (except δ13C)
and range values increased, suggesting an increase in
uniformity of the characteristics through time. Changes
over time in range values can be attributed to different
processes, parameters or structures affecting the soil char-
acteristics (Korres et al. 2015). In this case, the change in
the range parameter for N% from 29 to 51m could reflect
an homogenization of the soil, possibly associated with
the change from variable grazing in the pasture to a more
uniform tree cover.

The Sardinilla pasture soil contained an average of
3.3 kgm−2 of SOCwithin the upper 10 cm of the profile,
similar tomean values of 3.2 and 3.8 kgm−2 obtained by
Powers et al. (2011) and Marín-Spiotta and Sharma
(2013) for tropical clay-rich forested and plantation
soils. The 10 to 17 kg m−2 SOC stored within the
100 cm deep profiles is also similar to the averages of
12 and 16 kg m−2 reported by Powers et al. (2011) and
Marín-Spiotta and Sharma (2013). The shallow rooting
in the heavy textured Sardinilla soil prevents large ac-
cumulations of C at depth.

Several meta analyses have shown the large variabil-
ity in response of soil organic matter to changes in land-
use in the tropics (e.g. Guo and Gifford 2002;Don et al.
2011; Powers et al. 2011; Marín-Spiotta and Sharma
2013), resulting from differences in input of plant litter
above- and below ground and rates of decomposition in
the soil. Variables such as climate, type of land-use
change, soil type and duration of change influence the
direction and magnitude of changes in SOC. Our esti-
mates of SOC mass change in the change from forest to
pasture and pasture to plantation fall within the range of
published observations. There are two caveats to our
results, however.

First, the difference in clay content between the sur-
face BCI forest and Sardinilla soils (35 and 65%,

Table 6 Changes (Δ) in estimat-
ed mass (kg m−2, mean and stan-
dard deviation) of C3- and C4-de-
rived SOC (SOC3 and SOC4) in
0–10 cm soil, from conversions of
BCI forest to 2001 pasture to
2011 plantation, assuming δ13C
end-members of −28 and −13‰

BCI mass Sardinilla
2001 mass

Δ BCI –
Sardinilla 2001

Sardinilla
mass 2011

Δ Sardinilla
2001–2011

SOC3

2.19 (0.53) 0.72 (0.23) −1.47 1.49 (0.30) 0.77 (0.25)

SOC4

0 2.50 (0.54) 2.50 1.23 (0.24) −1.27 (0.56)
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respectively) means that the SOC mass in the former is
probably an underestimate of what it would be if the
clay content had been 65%; thus the change in SOC
mass from forest to pasture (gain of 1.14 kg m−2) is
likely an overestimate. Second, differences in bulk den-
sity of the top 10 cm soil entails the possibility of errors
in extracting the same amount of soil under the varying
land uses. Our values of a 14% increase in bulk density
0–10 cm in converting from forest to pasture and a
decrease of 5% in conversion from pasture to plantation
are similar to the averages cited by Don et al. (2011). As
noted by Ellert and Bettany (1995), an increase in bulk
density when sampled to the same depth could increase
the SOC mass. Sampling to a common soil horizon
would avoid this problem, but in these tropical soils
there is no strong horizon development. The difference
in bulk density between the Sardinilla pasture and plan-
tation soils is 0.03 g cm−3 (or 5% of the pasture value)
and this may contribute to the observed loss of 18% of
SOC. Similarly, the difference in SOC mass between
BCI and pasture soils (and increase of 52%) may par-
tially arise from the difference in bulk density of 0.07 g
cm−3 (or 14%).

While the δ13C value in the uppermost layers of the
pasture soil is associated with the change of input from
forest to pasture (Table 5), the variable increase in δ13C
value with depth (from averages of −17.5‰ at 0–10 cm
to −21.7‰ at 90–100 cm) is similar to that reported for
pasture soils in BCI (Schwendenmann and Pendall
2006) and Puerto Rico (Marín-Spiotta et al. 2009;
Silver et al. 2004). There are several possible causes,
including differences in the input of C3 and C4 plant
roots and the root-derived legacy from the forest, as well
as differences in the rate of decomposition of organic
matter leaving a residue richer in 13C with a larger δ13C
value, and DOC percolating down through the profile
and being adsorbed on to clay surfaces (see Boström
et al. 2007). However, in none of the pasture profiles
does the δ13C value increase with depth, as commonly
observed under forested soils, nor reach a value associ-
ated with organic matter derived from the forest.

The estimated turnover time of SOC in the top 10 cm
of the soil of 36 and 21 yr for the SOC4 and SOC3

fractions under changing land use from forest to pasture
and pasture to plantation is similar to values found in
tropical soils reported by Giardina and Ryan (2000).
Schwendenmann and Pendall (2006) estimated 69 and
123 yr (0–5 and 5–10 cm depths, respectively) for a 90-
yr old conversion of forest to pasture in a well-drained

soil on BCI, and also demonstrated that the turnover
time varied with aggregates in the soil. In Costa Rica,
Huth et al. (2012) reported that conversion of forest to
pasture resulted in about half of the SOC in the top
40 cm turning over in 40 to 50 yr. Depending on the
δ13C value ascribed to litter input, Marín-Spiotta et al.
(2009) estimated turnover times of 40 to 80 yr in the 0–
10 cm depth of soils undergoing conversion from pas-
ture to forest in Puerto Rico, and also noted that the
turnover time varied among density fractions in the
mineral soils.

Although considerable attention has been given to
the role of biodiversity on litter decomposition (e.g.
Handa et al. 2014; Hättenschwiler et al. 2005), our
results suggest that the litter in the Sardinilla plantation,
after 10 years, reflects primarily the speed of decompo-
sition of the leaves of the 5 tree species, especially the
fast rate ofH. crepitans (Table 5). The biodiversity plots
had litter amounts similar to those found under
A. excelsum and L. seemanii, which had the slowest
rates of litter decomposition (Scherer-Lorenzen et al.
2007). Silver et al. (2004) also noted that the forest floor
C pool did not vary significantly with plant community
characteristics in a 55–60 yr conversion of pasture to
various tree species in Puerto Rico.

There are distinct differences in SOC concentration
and mass, and to a lesser extent SN concentration and
mass, in the top 10 cm of the soil in land use conversion
from pasture to plantation (Table 3), however, there is
little evidence that tree species and biodiversity play a
significant role in SOC or SN in the plantation after
10 yr, beyond patterns already established before the
plantation. It may take longer for a soil pattern to devel-
op; we observed significant differences in fine root
biomass among the plantation treatments and this may
be a major source of SOC and SN, in addition to leaf
litter decomposition and incorporation into the soil.
Guerrero-Ramírez et al. (2016) measured rates of root
decomposition (over 1.3 yr) at a depth of 20 cm in
Sardinilla with k values ranging from with varying from
0.4 to 1.1 yr−1, considerably slower than the values of
1.3 to 7.3 yr−1 for tree litter (Scherer-Lorenzen et al.
2007). However, the root decomposition rates were
unaffected by tree species richness, either by species
manipulation within litter bags or as a function of vary-
ing tree overstory richness.

In 2009, the aboveground biomass in the Sardinilla
plantation was estimated to be between 1.8 and 2.3 kg C
m−2, with an increase from mono-specific to 3- and 6-
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species plots, dominated by the tree cover (Potvin et al.
2011). This contrasts with an estimated aboveground
biomass of 10–15 kg C m−2 in the BCI forest (Chave
et al. 2003; Leigh et al. 1996) and 0.2 kg C m−2 in the
pasture (Wolf et al. 2011). The SOC mass in the 1 m of
soil in the Sardinilla pasture in 2001 ranged from 10 to
17 kg Cm−2 and in the top 10 cm the average was 3.3 kg
C m−2. Thus, the observed SOC loss of 0.6 kg C m−2 in
the top 10 cm from the conversion from pasture to
plantation partially offsets the gain in aboveground bio-
mass (average probably 3 kg C m−2 in 2011) from the
tree cover. This study shows that in an assessment of
changes in C stocks from a change in land-use, the soil
changes can be significant.

Acknowledgements The Sardinilla plantation was established
with the help of the Ministère de la Recherche, de la Science et de
la Technologie du Québec. The continuous support from the
Smithsonian Tropical Research Institute was invaluable and José
Monteza has carefully tended the tree plantation. The authors
gratefully acknowledge the financial support of the Natural Sci-
ences and Engineering Research Council of Canada and the
FQRNT-supported Centre for Climate and Global Change Re-
search. Dr. Tanya Handa of Université du Québec à Montréal
kindly provided samples of the plantation tree leaves and roots.

References

Abraham M (2004) Spatial variation in soil organic carbon and
stable carbon isotope signature in a pasture and a primary
forest in Central Panama. MSc thesis, McGill University,
Montreal, p 91

Allen K, Corre MD, Kurniawan S, Utami SR, Veldkamp E (2016)
Spatial variability surpasses land-use change effects on soil
biochemical properties of converted lowland landscapes in
Sumatra, Indonesia. Geoderma 284:42–50

Balesdent JM, Mariotti A (1996) Measurement of soil organic
matter turnover using 13C natural abundance. In: Mass
Spectrometry of Soils (eds Boutton TW, Yamasaki S-I), pp.
83–111. Marcel Dekker, New York

Boström B, Comstedt D, Ekblad A (2007) Isotope fractionation
and 13C enrichment in soil profiles during the decomposition
of soil organic matter. Oecologia 153:89–98

Carter MR (ed) (1993) Soil sampling and methods of analysis.
Lewis Publishers, Boca Raton, Fl, p 823

Chave J, Condit R, Lao S, Caspersen JP, Foster RB, Hubbell SP
(2003) Spatial and temporal variation of biomass in a tropical
forest: results from a large census plot in Panama. J Ecol 91:
240–252

Davidson EA, Ackerman IL (1993) Changes in soil carbon inven-
tories following cultivation of previously untilled soils.
Biogeochemistry 20:161–193

Don A, Schumacher J, Friebauer A (2011) Impact of tropical land-
use change on soil organic carbon stocks – a meta-analysis.
Glob Chang Biol 17:1658–1670

Ellert BH, Bettany JR (1995) Calculation of organic matter and
nutrients stored in soils under contrasting management re-
gimes. Can J Soil Sci 75:529–538

Giardina CP, Ryan MG (2000) Evidence that decomposition rates
of organic carbon in mineral soil do not vary with tempera-
ture. Nature 404:858–861

Grimm R, Behrens T, Märkera M, Elsenbeera H (2008) Soil
organic carbon concentrations and stocks on Barro
Colorado Island - digital soil mapping using random forests
analysis. Geoderma 146:102–113

Guerrero-Ramírez NR, Craven D, Messier C, Potvin C, Turner
BL, Handa IT (2016) Root quality and decomposition envi-
ronment, but not tree species richness, drive root decompo-
sition in tropical forests. Plant Soil 404:125–139

Guo LB, Gifford RM (2002) Soil carbon stocks and land use
change: a meta analysis. Glob Chang Biol 8:345–360

Handa IT, Aerts R, Berendse F, Berg MP, Bruder A, Butenschoen
O et al (2014) Consequences of biodiversity loss for litter
decomposition across biomes. Nature 509:218–221

Hättenschwiler S, Tiunov AV, Scheu S (2005) Biodiversity and
litter decomposition in terrestrial ecosystems. Ann Rev Ecol
Evol System 36:191–218

Healy C, Gotelli NJ, Potvin C (2008) Partitioning the effects of
biodiversity and environmental heterogeneity for productivity
and mortality in a tropical tree plantation. J Ecol 96:903–913

Huth T, Porder S, Chaves J, Whiteside JH (2012) Soil carbon and
nutrient changes associated with deforestation for pasture in
southern Costa Rica. Biotropica 44:661–667

Korres W, Reichenau TG, Fiener P, Koyama CN, Bogena HR,
Cornelissen T, Baatz R, Herbst M, Diekkruger B, Vereecken
H, Schneider K (2015) Spatio-temporal soil moisture patterns
– a meta-analysis using plot to catchment scale data. J Hydrol
520:326–341

Leigh EG, Rand AS, Windsor DM (eds) (1996) Ecology of a
tropical rainforest, 2nd. edn. Smithsonian Institute,
Washington, D.C.

Marín-Spiotta E, Sharma S (2013) Carbon storage in successional
and plantation forest soils: a tropical analysis. Glob Ecol
Biogeogr 22:105–117

Marín-Spiotta E, Silver WL, Swanston CW, Ostertag R (2009)
Soil organic matter dynamics during 80 years of reforestation
of tropical pastures. Glob Chang Biol 15:1584–1597

Potvin C, Buchmann N, Monteza J, Moore TR, Murphy M,
Oelmann Y, Scherer-Lorenzen M, Turner BL, Wilcke W,
Wolf S, Mancilla L, Zeugin F (2011) An ecosystem approach
to biodiversity effects: carbon pools in a tropical tree planta-
tion. For Ecol Man 261:1614–1624

Powers JS, Schlesinger WH (2002) Relationships among soil carbon
distributions and biophysical factors at nested spatial scales in
rain forests of northeastern Costa Rica. Geoderma 109:165–190

Powers JS, Correb MD, Twine TE, Veldkamp E (2011)
Geographic bias of field observations of soil carbon stocks
with tropical land-use changes precludes spatial extrapola-
tion. Proc Nat Acad Sci USA 108:6318–6322

Sanderman J, Hengl T, Fiske GJ (2017) Soil carbon debt of 12,000
years of human land use. Proc Nat Acad Sci USA 114:9575–
9580

142 Plant Soil (2018) 425:133–143



Scherer-LorenzenM, Potvin C, Koricheva J, Schmid B, Hector A,
Bornik Z, Reynolds G, Schulze E-D (2005) The design of
experimental tree plantations for functional biodiversity re-
search. The functional significance of Forest diversity. In:
Scherer-Lorenzen M, Koerner C, Schulze E-D (eds)
Ecological studies, vol 176. Springer, Heidelberg, pp 347–
376

Scherer-Lorenzen M, Bonilla JL, Potvin C (2007) Tree species
richness affects litter production and decomposition dynam-
ics in a tropical biodiversity experiment. Oikos 116:2108–
2124

Schwendenmann L, Pendall E (2006) Effects of forest conversion
into grassland on soil aggregate structure and carbon storage
in Panama: evidence from soil carbon fractionation and stable
isotopes. Plant Soil 288:217–232

SilverWL, Kueppers LM, Lugo AE, Ostertag R,Matzek V (2004)
Carbon sequestration and plant community dynamics follow-
ing reforestation of tropical pasture. Ecol Appl 14:1115–1127

Soil Survey Staff (1990) Keys to Soil Taxonomy. SMSS Technical
Monograph #19. Virginia Polytechnic Institute and State
University, Blacksburg, pp 423

Veldkamp E (1994) Organic carbon turnover in three tropical soils
under pasture after deforestation. Soil Sci Soc Amer J 58:
175–180

Vieira SR, Gonzalez AP (2003) Analysis of the spatial variability
of crop yield and soil properties in small agricultural plots.
Bragantia 62:127–138

Webster R, Oliver M (1992) Sample adequately to estimate
variograms of soil properties. J Soil Sci 43:177–192

Wolf S, Eugster W, Potvin C, Turner BL, Buchmann N (2011)
Carbon sequestration potential of tropical pasture compared
with afforestation in Panama. Glob Chang Biol 17:2763–2780

WRB (World reference base for soil classification) (2006) A
framework for international classification, correlation and
communication. World soil resources reports, vol 103. Food
and Agriculture Organization of the United Nations, Rome

Plant Soil (2018) 425:133–143 143


	Changes from pasture to a native tree plantation affect soil organic matter in a tropical soil, Panamá
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study sites
	Soil sampling
	Soil and vegetation analyses
	Statistical analyses

	Results
	Spatial variability of soil properties
	Soil profiles in the Sardinilla pasture
	Effect of land-use change on soil properties
	Origin of SOC and turnover time

	Discussion
	References


