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ABSTRACT
Northeastern Costa Rica is a mosaic of primary and
secondary forests, tree plantations, pastures, and cash
crops. Many studies have quantified the effects of one
type of land-use transition (for example, deforestation
or reforestation) on soil properties such as organic
carbon (C) storage, but few have compared different
land-use transitions simultaneously. We can best un-
derstand the effects of land-use change on regional
and global ecosystem processes by considering all of
the land-use transitions that occur in a landscape. In
this study, I examined the changes in total soil C and
nitrogen (N) pools (to 0.3 m) that have accompanied
different land-use transitions in a 140,000-ha region
in northeastern Costa Rica. I paired sites that had
similar topography and soils but differed in recent
land-use history. The following land-use transitions
were represented: 12 conversions of primary forests to
banana plantations, 15 conversions of pastures to cash
crops, and four conversions of pastures to Vochysia
guatemalensis tree plantations. The conversion of for-
ests to bananas decreased soil C concentrations and
inventories (Mg C ha�1) in the surface soil by 37%
and 16.5%, respectively. The conversion of pastures
to cash crops reduced soil C concentrations and in-

ventories to the same extent that forest-to-banana
cropping did. Furthermore, young Vochysia planta-
tions do not appear to increase soil C storage, at least
over the 1st decade. When data from all land-use
transitions were pooled, the difference in root biomass
and leaf litter pools between land-use pairs explained
50% of the differences in soil C concentrations and
36% of the differences in soil C inventories. Thus,
reduced productivity or C inputs to the soil is one
mechanism that could explain the losses in soil C
pools with land-use change. In this landscape, losses
of soil C due to cultivation are rapid, whereas re-
accumulation rates are slow. Total soil N pools (0–10
cm) were also reduced after the conversion of forests
to banana plantations or the conversion of pastures to
crops, despite fertilization of the cropped soils. This
suggests that the added N fertilizer is not retained but
instead is exported via produce, N gas emissions, and
hydrologic processes.
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INTRODUCTION

Regional land-cover and land-use change patterns
reflect multiscale socioeconomic factors, cultural

values, environmental constraints, and govern-
mental policies, which are translated onto the land-
scape by the actions of individual people (Schelhas
1996). Recent human settlement of tropical rain
forests in northeastern Costa Rica has occurred in
two phases. The initial period of colonization that
began in the 1960s resulted in the clearing of nearly
half of the primary forest for extensive (that is,
low-input) agricultural practices such as cattle
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ranching as well as cash crops (banana plantations).
Regional population growth, decreasing availability
of land for conversion/colonization, changes in ex-
port markets, and newly implemented forest con-
servation policies led to a period of agricultural
intensification in the mid-1980s. Low-input land
uses such as ranching were replaced by land prac-
tices requiring high inputs of labor and agrochemi-
cals for the production of cash crops (Lehmann
1992; Schelhas 1996; Rosero-Bixby and Palloni
1998). During the same period, some pastures were
abandoned and have since regenerated into second-
ary forests; in other areas, tree plantations were
established on old pastures (Butterfield 1994).
From the mid-1980s to the mid-1990s, the conver-
sion of forests to pastures (7.9% of the landscape)
was approximately balanced by reforestation pro-
cesses (7.3% of the landscape) or sites undergoing
agricultural intensification (5.6% of the landscape)
(Powers 2001). This region is now a mosaic of land
parcels that have undergone different land-use
transitions: deforestation, intensification of agricul-
ture, and/or reforestation (Read and others 2000).

One important property of ecosystems that is
likely to change with land-cover and land-use
change is carbon (C) sequestration in soil organic
matter (Lugo and Brown 1993). Changes in soil C
may have significant feedbacks to the global C cycle
because soils contain more than twice the amount
of C than is found in the terrestrial biota
(Schlesinger 1997) and approximately one-third of
the global soil C pool is found in the tropics (Eswa-
ran and others 1993). Additionally, soil C contains
a large proportion of the nutrient holding capacity
of most soils and contributes to important structural
properties such as aggregate stability (Oades 1993;
Reeves 1997). Land-use change may also lead to
decreases in soil nitrogen (N) storage. Loss of N has
implications for site fertility; it may also result in
trace gas emissions and nitrate loading in the hy-
drologic system.

The effect of land-use change on soil C and N
pools (that is, increases or decreases) is a function of
the extent to which inputs to the system are mod-
ified more than outputs (Greenland and Nye 1959;
Sollins and others 1996; Zech and others 1997). For
C, inputs to the system include sources such as leaf
and root litter and dissolved organic C; C can leave
the soil profile through biological processes, such as
microbial respiration, or through physical pro-
cesses, such as erosion and leaching. All of these
effects can be modified by site-specific factors, such
as soil texture, topography, and microclimate
(Aguilar and others 1988).

Many studies have quantified the effects of initial

forest clearing (deforestation) (reviewed in Veld-
kamp in press) or reforestation (reviewed in Silver
and others 2000) on soil C storage in the tropics.
The conversion of forests to pastures in the tropics
can either increase or decrease soil C storage; but on
average, pasture establishment results in a 5% in-
crease in the soil C inventory to a 20-cm depth
(Veldkamp in press). In contrast to deforestation for
pasture, the conversion of forested soils in the trop-
ics to crops results in a loss of 21% of the initial soil
C pools (Schlesinger 1986). In general, the refores-
tation of previously grazed lands leads to increasing
soil C stocks with time (Silver and others 2000).
Although there is a large body of work on defores-
tation and reforestation, comparatively little re-
search has been done on the effects of agricultural
intensification (defined here as the conversion of a
low-input land management system, such as pas-
tures, to a high-input land management system,
such as cash crops) on soil C or N storage. To
understand the effects of land-use change on re-
gional and global ecosystem processes, we need to
consider all land-use trajectories in a region, as well
as the local soil-forming factors that may mediate
these responses.

This study considers the effects of different land-
use transitions on total soil C and N pools in north-
eastern Costa Rica. I collected soils from 50 sites
that represented different land-cover transitions:
forest to banana plantations, pasture to crops (ba-
nana, palm heart, or pineapple plantations), and
pasture to tree plantations. In humid tropical low-
lands with high temperatures and high levels of
precipitation, detrital inputs to the soil decompose
rapidly and soil C turnover rates in the top soil are
high (Trumbore and others 1995). Therefore, I ex-
pected that soil C pools would be tightly coupled to
vegetation productivity and that this would mediate
the response of soil C pools to land-use change. My
hypothesis was that differences in vegetation pro-
ductivity and litter inputs to the soil would deter-
mine the direction and the magnitude of the re-
sponse of the soil C and N pools to land-use change.
Assuming that forests have greater net primary pro-
ductivity than agricultural land, land-use transi-
tions that reduce forest cover should cause losses in
soil C; conversely, land management activities that
promote the reestablishment of forest cover should
lead to increases in soil C storage. Thus, I predicted
that both the conversion of forests to banana plan-
tations and the conversion of pastures to crops
would lead to losses in soil C, whereas the conver-
sion of pastures to tree plantations would increase
soil C storage. Because the C:N ratios are already
low in forest soils of this region (ranging from 8.8 to
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13.3) (Powers and Schlesinger 2002), I expected
that soil N pools would be less affected by land use
than soil C pools.

Although studies that repeatedly sample plots be-
fore and after land-use change are desirable
(Schlesinger 1986), these studies are often imprac-
tical when the goal is to observe changes over de-
cades. Paired-comparison studies offer an alterna-
tive approach, with the implicit assumptions that
the sites were similar and in equilibrium prior to
conversion (Rhoades and others 2000). These as-
sumptions are impossible to verify, and the ideal
pairing of sites is often difficult due to the high
spatial variability of soil processes. My approach to
dealing with the pitfalls of space-for-time substitu-
tions was to select sites carefully for comparisons
and to replicate all comparisons across the land-
scape. The specific questions addressed by the study
were: What are the effects of the conversion of
forests to banana plantations, pastures to crops, and
pastures to tree plantations on soil C and N in
northeastern Costa Rica? Are there differences
among land-use transitions? And are the observed
changes in soil C and N with land-use change re-
lated to the difference in detrital inputs to the soil or
years in a given land use?

METHODS

Study Area

The study area measured approximately 40 � 30
km2 (the northwestern corner is 84°13'56.86''W
longitude and 10°34'27.84�N latitude; the south-
eastern corner is 83°52'12.17�W, 10°14'41.47�N)
and was located in the canton of Sarapiquı́, in the
northern Atlantic lowlands of Costa Rica. Long-
term precipitation and temperature records for this
region from the Instituto Meteorológico Nacional
and Sanford and others (1994) were collated by
Powers and Schlesinger (2002). The precipitation
records show a remarkable constancy over the re-
gion, with an annual regionwide mean of 4,065
mm (SD � 415) (Powers and Schlesinger 2002),
and this warm region (mean annual temperatures
range from approximately 20 to 26°C) lacks a pro-
nounced dry season (Sanford and others 1994).
Elevation of the study sites ranged from 50 to ap-
proximately 620 meters above sea level; the major-
ity of the sites were located at elevations less than
100 m. a.s.l. on slope facets less than 6%. Mature
forest vegetation in the region is classified as trop-
ical wet forest transitioning to tropical wet-cool
transition forest at higher elevations under the
Holdridge life zone classification system (Lieberman

and others 1996). Soils are derived from volcanic
parent materials, and Tropohumults, Dystropepts,
and Dystrandepts are the predominant great groups
in the region (classified under US Soil Taxonomy).

Land-cover Maps

The spatial and temporal patterns of land-cover
change in the study region have been documented
in a chronosequence of maps derived from satellite
remote sensing and photointerpretation (Read and
others 2000; Powers 2001), although not every
study site was represented on each map. The dates
of the land-cover maps were 1960, 1976, 1983,
1986, 1992, and 1996–97. Detailed descriptions of
the photointerpretation and image analyses proce-
dures for classifying the maps can be found in Read
and others (2000) and Powers (2001). All maps
were georeferenced and imported into a common
coordinate system to facilitate map overlay analyses
in a geographic information system (GIS) (Arc/
Info). The locations of all study sites were recorded
using a global positioning system, imported into a
GIS; the resulting map was overlaid onto the land-
cover maps to develop land-cover histories. Addi-
tional information on land-cover history was ob-
tained through interviews with landowners and
managers.

Land Management Practices

The management practices applied to the agroeco-
systems in this study are representative of those in
widespread use in this region. Banana plantations
receive large amounts of fertilizer and lime, fre-
quent aerial applications of fungicide, and occa-
sional nematicide applications; stalks are left to de-
compose on site (Veldkamp and Keller 1997). The
oldest banana plantations in the study area (30
years old) are managed with a sorghum rotation to
increase soil C stocks; otherwise, they are managed
according to common practices. Pineapple fields re-
ceive fertilizers and herbicides; above-ground resi-
dues are burned following final harvest, and the
fields are tilled before planting the new crop. In
general, palm heart is grown on smaller farms than
bananas or pineapples. Palm heart receives occa-
sional herbicide and fertilizer applications and is
harvested on 9–24-month rotations. Trees in plan-
tations are commonly planted at 3-m spacing. Man-
agement practices in tree plantations vary among
farms; most farmers do not fertilize tree plantations,
some cut brush back to encourage tree establish-
ment and early growth, and some graze cattle in the
understory. Because the effects of tree plantations
on soil properties may vary with species (Fisher
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1995; Powers and others 1997), I restricted my
sampling to Vochysia guatemalensis J.D. Smith, a na-
tive species that has been shown to increase soil
organic C in experimental plantations (Fisher
1995). Vochysia trees in plantations in Sarapiqui
grow as rapidly as exotic timber species, increasing
2.0 cm y�1 in diameter and 2.0 m y�1 in height in
the first 3 years (Gonzalez and Fisher 1994), with
litter fall rates (leaves plus branches) over 1,000 g
m–2 annually (Byard and others 1996). Ischaemum
timorense Kunth., an introduced invasive African
grass, is the most common pasture species. Very few
landowners fertilize their pastures, but localized ap-
plication of herbicides is common. The lack of a
pronounced dry season prevents frequent burning
of pastures. Stocking densities are approximately
two animals per hectare.

Site Selection

Fifty different sites were sampled, representing 12
forest-to-banana transitions, 15 pasture-to-crop
transitions, and four pasture-to-Vochysia tree plan-
tation transitions. The sites were chosen based on
their accessibility and the availability of suitable
reference sites. Criteria for site selection included
proximity (all paired sites were within 6 km of each
other), edaphic characteristics (soil color and tex-
ture), topographic relief (all paired sites were on
similar slope facets, and the differences in percent
slope between pairs were usually less than 5%),
and land-cover history as determined from the
land-cover maps and interviews with land manag-
ers. In most cases, the data are paired comparisons,
with one or two sites in the current land use being
compared to another site representing the previous
land use. However, for the Rı́o Frı́o banana planta-
tions and the pineapple plantations in La Virgen, a
number of cropped sites are compared to two ref-
erence forests or pastures, respectively.

Nine 30-year-old banana plantations in the Rı́o
Frı́o region of Sarapiquı́ were compared to two
forest sites that were less than 5.2 km away. Three
additional banana plantations that were recently
converted from forest (5–8 years before) in the Rı́o
Sucio region (approximately 20 km from Rı́o Frı́o)
were compared to two nearby forests (less than 3.2
km away). Although the four reference forest sites
for the banana plantation comparisons were all
mapped as primary forest (that is, they appeared as
forest in the oldest land-cover maps available),
many of them have been selectively harvested
(J.S.P. personal observation).

For conversions of pastures to crops or pastures to
tree plantations, I selected pairs that had originally
been cleared from forest at approximately the same

time and thus differed only in recent land-cover
history (for example, 6-year-old pineapple planta-
tions established on 25-year-old pastures were
paired with 30-year-old pastures on similar topo-
edaphic positions). The pasture-to-crop compari-
sons included the following sites: (a) four 4–12-
year-old heart of palm plantations that were
compared to three pastures, (b) four 10-year-old
banana plantations that were previously pasture
and were compared to two pastures, (c) six pineap-
ple plantations (1.5–10-years-old) in La Virgen that
had been in pasture for about 30 years and were
compared to two old pastures (31 years), (d) and
one 10-year-old pineapple plantation that had been
a pasture for approximately 15 years and was com-
pared to an 8-year-old pasture.

Four plantations of Vochysia were used; they
ranged in age from 4 to 10 years old. Because
plantation forestry began in Costa Rica in the mid-
1980s, these were some of the oldest tree planta-
tions in the landscape at the time of sampling
(1999). All of the tree plantations were compared to
nearby pastures (approximately 5.2 km away).
Three of the tree plantations had two nearby pas-
tures; thus, the pasture data for these plantation
comparisons are the averages of the two pastures.

Soil Sampling and Laboratory Analyses

Because the aim of the study was to investigate
regional soil C and N storage, samples were com-
posited within individual land parcels approxi-
mately 0.5–1.0 ha in size. At each site, 10 samples of
mineral soil were collected with a 7-cm–diameter
auger at fixed depths (0–10 cm, 10–20 cm, and
20–30 cm). The 10 samples were homogenized in
the field by depth interval, yielding three composite
samples per study site. Soils were air-dried at am-
bient temperatures for about 14 days in shade
houses with plastic roofs, passed through a 2-mm
sieve, and analyzed for C and N within 2–7 months
after collection. A separate set of 160 soil samples
that were processed using these same methods
showed no loss of C after 1 year of storage (J.S.P.
unpublished).

Carbon and N concentrations in soil were mea-
sured on ground samples with a Perkin Elmer CHN
element analyzer (Boston, MA) at Duke University
and are reported on an oven-dried weight basis. All
samples were analyzed for C in duplicate at another
laboratory in Germany, with good agreement be-
tween labs (the slope coefficient from a linear re-
gression was 0.98, the intercept was 0.01, r2 �
0.988, F1,471 � 40,163, P � 0.0001). Thus, C per-
centages are the mean of two values from the dif-
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ferent laboratories. Carbonates are not expected in
these soils (Horn and others 1998).

Bulk density measurements are needed to con-
vert soil C concentrations (that is, mass C per unit
mass soil) into inventories or storage (that is, mass
C per unit area). I measured bulk density at two
locations per site by inserting a fixed-volume steel
ring into the soil at three depths (0–10 cm, 10–20
cm, and 20–30 cm). After the rings were excavated,
soil samples were removed from the rings, dried at
110°C for 48 h, and then weighed. Bulk densities
are reported as the average value of the two mea-
surements per depth.

The data are reported in terms of soil C concen-
trations (percent soil C), total soil N concentrations,
soil C inventories (Mg C ha�1), and the C:N ratio. It
is common to correct soil C inventories for the
effects of compaction if bulk density has increased
with cultivation, thus standardizing comparisons to
a common soil mass, not volume (Davidson and
Ackerman 1993; Veldkamp 1994). However, it is
not clear how multiple land-cover transitions, in-
cluding reforestation, have influenced bulk density
across all depths in the soil profile; nor is it clear
what the appropriate reference would be for sites
that have undergone several land-cover transitions.
Therefore, I report both uncorrected and compac-
tion-corrected C inventories for the first soil depth
(0–10 cm) and uncorrected inventories for the
10–20 and 20–30-cm depths, assuming that the
largest changes in soil chemical and physical prop-
erties would occur in the upper layer. To correct soil
C inventories (0–10-cm depth) for changes in bulk
density, soil C inventories for current land uses
were multiplied by the ratio of bulk density in
current to previous land use. This had the effect of
decreasing the soil C inventory for sites that had
undergone compaction following land-use change
and increasing the soil C inventory for sites experi-
encing decreases in bulk density (most of the Voch-
ysia plantation sites). In general, the use of compac-
tion-corrected soil C inventories did not change the
results or interpretation of the data.

Roots were recovered from the volumetric sam-
ples used for bulk density by washing them in a
hydropneumatic root elutriator. The recovered
roots were then dried and weighed to give a mea-
sure of standing root biomass. Because these sam-
ples had already been dried at considerable heat, no
attempt was made to separate live from dead roots.
Root biomass in the 20–30-cm interval was very
low (on average, less than 15% of total root bio-
mass); therefore, data are reported for 0–10-cm and
10–20-cm intervals only.

Leaf litter mass was measured as an index of

aboveground detrital inputs to the soil (referred to
as “aboveground litter mass” throughout the text).
Litter was collected from ten 0.10-m2 quadrats per
site and is reported as the mean value from the 10
samples. In forest or crop sites, litter consisted of
whole leaves and leaf fragments; twigs and large
seeds were excluded from the collection. In pas-
tures, all of the aboveground vegetation in the
quadrats was clipped to the soil surface and then
later separated into live and dead shoots; only dead
shoots were counted as litter. The samples were
dried in ovens at 65°C for 48 h and then weighed.
Subsamples of litter and roots were ground, and the
C concentration was measured with a Perkin Elmer
CHN elemental analyzer. Carbon concentrations
were then used to convert leaf litter and root dry
weights into C stocks. It should be noted that
aboveground leaf litter and standing root biomass
are only approximate indices of potential C inputs
to the soil because productivity may vary season-
ally; in addition, among-site differences in litter
quality may influence decomposition rates and
hence actual C inputs to the soil.

Statistical Analyses

The three main questions addressed in this study
were (a) whether soil C and N in plots of a given
land use differ from those in reference sites repre-
senting the previous land use, (b) whether there are
differences among land-use transitions in the effects
on soil C and N, and (c) whether there is a relation-
ship between changes in soil C and detrital inputs
and/or the number of years spent under a given
land use. In cases of paired comparisons, two-tailed
paired t-tests were used to test for significant differ-
ences in soil C and N between current and previous
land uses, performed separately for the three types
of land-use transitions. Paired t-tests are not appro-
priate for the Rı́o Frı́o forest-to-banana sites and the
La Virgen pasture-to-pineapple sites because the
assumption of homogenous variances will not be
met due to the unequal number of current and
reference sites. Instead, I used resampling tech-
niques to build a distribution of a differencing test
statistic and then compared the observed value to
critical values (� � 0.10, 0.05, and 0.01) con-
structed from 5,000 permutations (Crowley 1992).
The observed test statistic was calculated as the
mean difference between values of the variable in
question for all cropped sites minus the mean value
of the two reference sites. The bootstrapped distri-
bution was constructed by taking the population of
measured values (for example, all of the values of
percent soil C for both forest and banana plantation
sites), randomly assigning the values to either the
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current or previous land-use category in proportion
to the number of sites in each category, then cal-
culating the mean difference between current and
previous land uses (repeating this procedure 5,000
times).

Analysis of variance (ANOVA) was used to assess
whether different land-use transitions varied in
their effects on soil C and N. These analyses were
performed only on properties that had been dem-
onstrated to vary after land-use change. Because
soil C inventories and concentrations under native
forest vary over the study area (Powers and
Schlesinger 2002), I used the percent change in soil
variables, [(current–previous)/previous] * 100, as
the response variable and the land-use transition
category as the main effect (forest-to-banana, pas-
ture-to-crop, or pasture-to-Vochysia). These analy-
ses included all of the sites within a land-use tran-
sition: for the Rı́o Frı́o banana plantations and the
La Virgen pineapple plantations, every current
land-use site was compared to the mean of the
(reference, previous land-use) sites. Tukey’s means
separations (� � 0.05) were used to assess signifi-

cance of pairwise differences between land-use
transition categories.

Linear regression was used to explore the rela-
tionship between the changes in soil C stocks or
concentrations and the changes in detrital inputs
and the length of time under the current land use.
Residuals plots were used to check for model ade-
quacy.

RESULTS

Geographic variation in soil C and N across the
landscape is evidenced by the high variability of
mean soil C concentrations in the sample of forest
plots and the differences between the two sets of
pasture samples (Table 1). Pastures that were paired
with tree plantations tended to have higher initial
soil C pools than pastures that were converted to
crops. This is probably because the pasture-to-tree
plantation pairs tended to be at higher elevations,
which have higher soil C distributions (Powers and
Schlesinger 2002). Nevertheless, the average values
of soil C and N for sites grouped by previous or

Table 1. Average Soil Organic Carbon (C), Nitrogen (N), Bulk Density, Leaf Litter, and Root Standing
Stocks in Parcels Representing Three Different Land-use Transitions: Forest-to-Banana, Pasture-to-Crop,
and Pasture to Vochysia Tree Plantations

Forest-to-Banana
Conversions

Pasture-to-Crop
Conversions

Crop-to-Tree Plantation
Conversions

Forest Banana Pasture Crop Pasture Vochysia

% C
0–10 cm 6.03 (0.93) 4.06 (0.19) 5.46 (0.21) 3.63 (0.30) 6.79 (0.83) 5.49 (0.72)
10–20 cm 3.98 (0.82) 3.68 (0.22) 3.52 (0.29) 3.18 (0.23) 4.05 (0.56) 3.66 (0.40)
20–30 cm 2.69 (0.74) 2.95 (0.23) 2.39 (0.22) 2.45 (0.19) 2.86 (0.35) 2.80 (0.30)

Soil C Inventory (Mg C ha–1)
0–10 cm 35.2 (3.2) 29.9 (1.3) 43.2 (2.3) 28.8 (1.3) 47.11 (2.0) 36.8 (1.3)
10–20 cm 28.4 (4.7) 27.2 (1.7) 28.0 (1.4) 25.3 (0.8) 31.5 (2.2) 27.9 (1.4)
20–30 cm 18.3 (2.4) 23.5 (1.7) 18.7 (1.5) 19.7 (1.3) 21.6 (1.5) 20.6 (1.5)

% N
0–10 cm 0.54 (0.08) 0.41 (0.02) 0.55 (0.03) 0.36 (0.03) 0.59 (0.06) 0.50 (0.05)
10–20 cm 0.36 (0.06) 0.37 (0.02) 0.35 (0.03) 0.31 (0.02) 0.38 (0.06) 0.35 (0.03)
20–30 cm 0.25 (0.06) 0.30 (0.02) 0.25 (0.02) 0.25 (0.02) 0.26 (0.03) 0.27 (0.03)

Bulk Density (g cm–3)
0–10 cm 0.61 (0.08) 0.74 (0.03) 0.79 (0.04) 0.83 (0.04) 0.71 (0.05) 0.70 (0.07)
10–20 cm 0.75 (0.10) 0.74 (0.01) 0.81 (0.03) 0.83 (0.03) 0.80 (0.06) 0.79 (0.09)
20–30 cm 0.76 (0.11) 0.81 (0.02) 0.79 (0.03) 0.82 (0.03) 0.77 (0.06) 0.77 (0.11)

Leaf Litter (Mg C ha–1) 0.91 (0.08) 0.94 (0.17) 0.61 (0.12) 1.01 (0.18) 0.42 (0.09) 1.64 (0.44)
Root Biomass (Mg C ha–1)

0–10 cm 1.98 (0.31) 0.60 (0.15) 1.45 (0.20) 0.83 (0.22) 1.43 (0.28) 0.83 (0.36)
10–20 cm 0.43 (0.13) 0.32 (0.11) 0.52 (0.11) 0.38 (0.09) 0.36 (0.08) 0.20 (0.05)

For each land-use transition, the values for the previous land use in the comparison are shown in the first column and the current land-use values are shown in the second
column.
SEM given in parentheses
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current land use (Table 1) suggest that land-use
change has strong effects on soil properties, with
most of the differences between paired sites being
related to the dynamics of C and N and not to
compaction.

Compaction and Bulk Density Changes

When all land-use transitions are compared, there
were no statistically significant effects of land-cover
change on bulk density in the surface soils (0–
10-cm depth) (Table 2). Changes in bulk density in
the 10–20-cm interval were negligible for most

land-use transitions; however, there was an in-
crease in bulk density of 0.05 g cm�3 in the La
Virgen pineapple plantations. In contrast, bulk den-
sity increased from 0.11 and 0.14 g cm�3 in the
20–30-cm depth over the previous land-use values
in the Rı́o Frı́o banana plantations and the La Vir-
gen pineapple fields, respectively, possibly due to
the use of heavy farm machinery on these planta-
tions. Because the differences in bulk density in the
top soil (0–10-cm depth) were nonsignificant, ad-
justing soil C inventories for compaction changed
the magnitude of estimated soil C losses; however,

Table 2. Average Differences in Soil Organic Carbon (C), Nitrogen (N), C:N, Bulk Density, Leaf Litter and
Root Standing Stocks between Paired Parcels in Different Land-use Transitions

Forest-to-Banana Pasture-to-Crop

Pasture-to-
Vochysia
(n � 4)

Rio Frio (Nine
Banana Plantations,
Two Forests)

Rio Sucio
(n � 3)

La Virgen
(Six Pineapple
Fields Two Pastures)

Pasture-to-
Pineapple (n � 1),
Banana (n � 4),
Palm Heart (n � 4)

% C
0–10 cm –3.30d –0.72b –2.60d –1.47d –1.29b

10–20 cm –1.29b 0.35 –0.54d –0.16 –0.39
20–30 cm –0.62 0.77 –0.02 0.15 –0.07

Soil C Inventory (Mg C ha–1),
Adjusted for Compaction

0–10 cm –15.89d –5.00b –20.86d –11.35d –8.91b

Soil C Inventory (Mg C ha–1)
0–10 cm –8.26c –0.63 –19.04d –12.6d –10.33c

10–20 cm –6.14b 3.06 –2.79 –2.85b –3.69
20–30 cm 1.91 7.15 2.48 0.04 –0.98

% N
0–10 cm –0.22d –0.06 –0.26d –0.17d –0.10b

10–20 cm –0.06 0.03 –0.06d –0.02 –0.03
20–30 cm –0.01 0.06 0.00 0.00 0.00

C:N
0–10 cm –1.56d 0.04 –0.10 0.36b 0.009
10–20 cm –1.48d 0.05 0.10 0.30 –0.11
20–30 cm –1.57d 0.61 0.20 0.27b –0.41

Bulk Density (g cm–3)
0–10 cm 0.19 0.11 0.06 0.01 –0.02
10–20 cm 0.01 0.00 0.05d –0.02 –0.01
20–30 cm 0.14b 0.05 0.11d –0.02 0.00

Leaf Litter (Mg C ha–1) –0.21 0.54 –0.02 0.69d 1.22b

Root Biomass (Mg C ha–1)
0–10 cm –1.46c –1.51c –0.78b –0.51 –0.60
10–20 cm –0.35b 0.22 0.02 –0.25 –0.16

Positive values indicate that the current land use has a larger value than the previous land use; negative values indicate decreases in the soil properties between current and
previous land uses.
Forest-to-banana and pasture-to-crop transitions are separated based on the statistical test used to assess significance (paired t-test or randomization test).
aFor comparisons assessed by randomization tests, the average difference between current and previous land use was calculated as the mean difference for all pairwise
combinations of current and previous land use.
bP � 0.10
cP � 0.05
dP � 0.01
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it only changed the interpretation of the data in a
few instances (Table 2).

Forest-to-Banana Transition Effects on Soil
C, N, and C:N

The conversion of forests to banana plantations re-
duced soil C and N concentrations, but the effects
were more apparent in the older Rı́o Frı́o banana
plantations than in the recently established Rı́o Su-
cio plantations (Table 2). Banana plantations in the
Rı́o Frı́o region had lower soil C concentrations and
inventories in the top 20 cm of soil than the refer-
ence forest sites (Figure 1). Deforestation at these
sites also resulted in N losses of 0.22% (Table 2),
which corresponded to an average reduction of
29.3% of the initial N pool in the surface soil for all
sites (Table 3). The magnitude of the N losses de-
clined with depth; they were nonsignificant below
10-cm depth (Table 2).

With deforestation in the Rı́o Frı́o plantations,
there was a highly significant decline in the C:N
ratio at all depths in the soil profile, indicating
proportionally greater losses of C relative to N (Fig-
ure 2). Root biomass at both the 0–10- and 10–
20-cm depth intervals was greater in the forests
than in the Rı́o Frı́o banana plantations. There was
a trend toward lower quantities of aboveground
litter mass in the Rı́o Frı́o banana plantations rela-
tive to the forest sites, but this result was not sta-
tistically significant. The variables that were statis-
tically significant between the three Rı́o Sucio
banana plantations and forest reference sites were a
decline of 0.72% in soil C concentrations in the top
soil at 0–10-cm depth, a 5.00 Mg C ha�1 decrease in
compaction-corrected soil C inventory (0–10-cm
depth), and a 1.5 Mg C ha�1 decrease in root bio-
mass at the same depth.

Pasture-to-Crop Transition Effects on Soil C,
N, and C:N

In this region, the conversion of pastures to cash
crops has resulted in substantial declines in soil C
concentrations and inventories in the top 20 cm
(Table 2 and Figure 1). The losses of soil C after the
conversion of pastures to pineapple (a tilled annual
crop) were approximately double the soil C losses
that accompanied conversion to the two perennial
crops. These effects can be attributed to soil C min-
eralization (or perhaps soil erosion) rather than the
redistribution of C to lower layers in the soil due to
tillage, because significant losses are apparent only
in the top 20 cm, with no changes in the 20–30-cm
depth. Significant declines in percent N, approxi-
mately 35% of the initial previous values, occurred

Figure 1. Soil carbon (C) inventories (Mg C ha–1) in pairs
representing previous and current land uses for (a) 0–10-cm,
(b) 10–20-cm, and (c) 20–30-cm depth intervals. Circles rep-
resent forest-to-banana transitions; squares represent pasture-
to-crop transitions; triangles represent pasture-to-Vochysia
tree plantation transitions. The heavy line is a 1:1 line.
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in the top 10 cm only (Table 3). There were no
changes in the C:N ratio in the La Virgen pineapple
plantations; however, there were small increases in
C:N in the other sites. Relative to pasture,
aboveground litter mass increased by an average of
0.69 Mg C ha�1 in the sites including transitions to
banana, palm heart, and one pineapple site, but it
remained unchanged in the La Virgen pineapple
plantations. In contrast, there was a statistically sig-
nificant decrease in root biomass (0–10 cm) relative
to pasture in the La Virgen pineapple plantations
and a nonsignificant trend toward reduced root
biomass in the other cropped sites.

Pasture-to-Vochysia Tree Plantation Effects
on Soil C, N, and C:N

After the establishment of Vochysia plantations, soil C
concentrations declined by 1.29% in the surface soil
(0–10-cm depth), equivalent to an 18.6% reduction
in total soil C concentrations. Under both methods for
calculating soil C inventories, soil C inventories in the
top 10 cm of soil declined in the tree plantations by
8.9 Mg C ha–1 (adjusted for compaction) to 10.3 Mg C
ha�1 (not adjusted for compaction). Total N concen-
trations in the surface decreased by 0.10%—that is,
16% of the initial values. The soil C:N ratio remained
unchanged for all depths. There was a marginally
significant increase in leaf litter standing stocks by an
average of approximately 1.22 Mg C ha�1, whereas
root biomass (0–10-cm depth) declined by approxi-
mately 0.6 Mg C ha�1 (NS).

Differences among Land-use Transitions

These results show that the major effects of land-
use change occurred in the top 10 cm of the soil
profile and were most pronounced for the variables
percent soil C, soil C inventories, and percent soil N.
Accordingly, I performed an ANOVA on the percent
change between current and previous land use for
these three variables to determine if different land-
use transitions produced similar effects. Although
the conversion of pasture to Vochysia plantations

caused smaller proportional changes in soil C and N
concentrations relative to the conversion of forest
to bananas or pasture to crops, land-use transition
was not statistically significant in ANOVAs for per-
cent soil C (F2, 28 � 1.95, P � 0.16) or percent soil
N (F2, 28 � 2.60, P � 0.09) (Table 3). Land-use
transitions had different effects on soil C inventories
(F2, 28 � 3.59, P � 0.04). Tukey’s means separation
tests showed that the effects that the forest to ba-
nana transition and the pasture to crop transition
had on soil C inventories differed from one another,
but not from the effects of converting pastures to
Vochysia plantation (Table 3).

Changes in Leaf Litter Standing Stocks and
Root Biomass

Leaf litter standing stocks and root biomass were mea-
sured as indices of detrital inputs to the soil. The
magnitude of the losses (or gains) in soil C concentra-
tions or inventories (0–10-cm depth) following land-
use change were proportional to the magnitude of the
changes in leaf litter plus root biomass (0–20-cm
depth) (Figure 3). The difference in percent soil C
between current and previous land uses was posi-
tively related to the difference in the index of detrital
inputs, as assessed by linear regression (r2 � 0.50, F1,

26 � 26.16, P � 0.00001) (Figure 3a). Similarly, the
difference in litter and fine roots explained 36% of the
variability in changes in compaction-corrected soil C
inventories (0–10-cm depth) (F1, 26 � 14.34, P �
0.0008) (Figure 3b). When the number of years un-
der the current land use was added to the regression
model as an additional explanatory variable, the r2 of
the model for percent soil C increased to 0.60 (F2, 25 �
18.68, P � � 0.0001), but it did not improve for
compaction-corrected soil C inventories.

DISCUSSION

Land-use Change and Soil C Storage

In agreement with many other studies conducted in
tropical regions, I found that forest clearing and

Table 3. Average Percent Change in Soil Carbon (C) and Nitrogen (N) Concentrations and Inventories
under Different Land-use Transitions Comparing Current Land Uses to Previous Land Uses

Forest to Banana
(n � 12)

Pasture to Crop
(n � 15)

Pasture to Vochysia
(n � 4)

% C (0–10 cm) –37.1 (4.6) a –34.6 (4.6) a –18.6 (5.7) a
Soil C inventory Mg C ha–1 (0–10 cm) –16.5 (4.8) a –33.0 (4.3) b –21.3 (5.4) ab
% N (0–10 cm) –29.3 (4.4) a –35.8 (4.6) a –15.3 (5.5) a

SE given in parentheses
Land-use transitions within a row sharing the same letter are not significant (� � 0.05), as determined by Tukey’s means separation tests.
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establishment of continuous cropping significantly
reduced soil C concentrations and inventories and
that these effects were most pronounced in the
upper soil profile (Sanchez and others 1982;
Schlesinger 1986; Tiessen and others 1994). More
important, in this region, subsequent land-use tran-
sitions, such as the conversion of pastures to crops
(the intensification of agriculture), reduced soil C
concentrations and inventories in the surface soil to
the same extent that initial deforestation did, both
on an absolute basis (from 5 to 21 Mg C ha�1,
0–10-cm depth) and a proportional basis (from

Figure 2. Soil carbon-to-nitrogen ratios (C:N) in pairs repre-
senting previous and current land uses for (a) 0–10-cm, (b)
10–20-cm, and (c) 20–30-cm depth intervals. Circles represent
forest-to-banana transitions; squares represent pasture-to-crop
transitions; triangles represent pasture-to-Vochysia tree plan-
tation transitions. The heavy line is a 1:1 line.

Figure 3. Difference in (a) soil organic carbon (C) con-
centrations (0–10-cm depth) as a function of the differ-
ence in detrital C stocks. The dashed line is a linear
regression for all paired comparisons (r2 � 0.50, F1,26 �
26.16, P � 0.0001). (b) Compaction-corrected soil C in-
ventories (0–10-cm depth) as a function of the difference
in detrital C stocks (r2 � 0.36, F1,26 � 14.34, P � 0.0008).
Circles represent forest-to-banana transitions; squares
represent pasture-to-crop transitions; triangles represent
pasture-to-Vochysia tree plantation transitions.
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16.5% to 37% of previous values). In contrast to
what I predicted, soil C concentrations and inven-
tories decreased by about 18% in the surface soil
under plantations of the native timber tree Vochysia
relative to the previous land use (cattle pasture).

A number of caveats accompany these data, and
they may limit the extent to which these findings
can be generalized to other regions. First, the cli-
matic, edaphic, and topographic characteristics or
land-cover patterns of this region may not be rep-
resentative of the tropics as a whole. In particular,
the mountainous terrain and relatively young vol-
canic soils of this region are certainly not represen-
tative of the highly weathered soils in central Ama-
zonia (Fearnside and Filho 2001). Second,
deforestation is narrowly defined in this study as
the conversion of forests to crops and does not
include forest-to-pasture conversions. Third, the ef-
fects of tree plantations on soil properties depend
on the species (Fisher 1995), and Vochysia planta-
tions may not be representative of other species.
Last, the use of space-for-time substitutions re-
quires the untestable assumptions that the refer-
ence sites were identical and not aggrading or losing
C prior to disturbance (that is, soil C pools were in
approximate steady state).

Despite these caveats, the data can serve as a
fairly well replicated case study that documents the
patterns of land-use change effects on soil C in
northeastern Costa Rica; they also suggest a poten-
tial mechanism for these patterns. Erosion, in-
creased soil C mineralization, mechanized site prep-
aration, and/or decreased detrital inputs to the soil
may contribute to the apparent soil C losses associ-
ated with deforestation or agricultural intensifica-
tion (Aguilar and others 1988). Given that the
study sites were on relatively level terrain (most
sites had slope gradients of less than 12%), biolog-
ical processes such as increased decomposition rates
or lower inputs are a more likely explanation for
soil C losses than physical removal by erosion. Be-
cause annual litter production and decomposition
rates may vary across the region, the use of standing
litter mass and root biomass stocks provides only an
approximate index of detrital inputs to the soil;
furthermore, my measurements reflect only one
point in time. Nevertheless, regression analyses
show that the cumulative losses (or gains) in soil C
from one land cover to another are proportional to
the difference in aboveground litter and root stand-
ing stocks (Figure 3).

The strong relationship between soil C losses and
the changes in detrital biomass pools may also ex-
plain the result of lower soil C distributions in the
Vochysia plantations relative to the previous land

use, pasture. Aboveground biomass accumulates in
tree plantations relative to pastures (Montagnini
and Porras 1998), and there was a significant in-
crease of 1.2 Mg C ha�1 in forest floor mass in the
Vochysia plantations of this study. However, fine-
root biomass in tree plantations declined by 0.6 Mg
C ha�1 relative to pastures, although this result was
not significant (t � –2.27, df � 3, P � 0.11). It is
possible that none of the young plantations (4–10
years old) that I studied had reached maximum
productivity; thus, there may be a considerable time
lag between recovery of biomass and changes in soil
C pools.

Taken as a whole, the data suggest that in this
region a large fraction of the pool of C in the surface
soil consists of rapidly cycling C that responds to
changes in C inputs on time scales of decades or
less; although losses of soil C can occur rapidly,
increases of soil C require more time. These findings
have implications for regional C storage in soil or-
ganic matter. Despite a slowing rate of deforestation
(Pierce 1992; Read and others 2000) and an in-
creasing prevalence of secondary forests and tree
plantations (Guariguata and others 1997), the large
additional losses of soil C that accompany the in-
tensification of agriculture and the slow rates of
accumulation (or decreases) under tree plantations
of certain species indicate that soils in this region
could continue to act as a source of atmospheric
carbon dioxide for the next several decades.

Land-use Change and N Cycling

In this region, land-use change had smaller effects
on soil N than soil C. Soils under native forests in
this humid lowland zone have large pools of potas-
sium chloride–extractable ammonium and nitrate;
they also have rapid rates of N mineralization com-
pared to other tropical montane or temperate for-
ests (Vitousek and Matson 1988). Given the rela-
tively high availability of N compared to other
nutrients such as phosphorus or calcium, it is un-
likely that N limits the productivity of forests in this
region (Denslow and others 1987; Parker 1994),
although crops such as bananas have a very high N
demand. Nevertheless, all of the cropped sites in
this study receive some form of N fertilizer. Total
soil N concentrations (0–10-cm depth) declined
with forest clearing and cultivation; however, the
only dramatic and highly significant changes in the
soil C:N ratio were in the Rı́o Frı́o banana planta-
tions, which also experienced large losses of C. Be-
cause these soil C:N ratios are already very low, it is
unlikely that a significant fraction of the N applied
as fertilizers is being retained in soils. Veldkamp and
Keller (1997) found that approximately 10%–20%
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of the fertilizer applied to banana plantations in this
region may be denitrified and lost to the atmo-
sphere as N2, N2O, and NO; other studies have
reported leaching losses of up to 85% of applied
fertilizer (Norman and others 1995). Therefore, it is
likely that nearly all applied N is exported offsite
either in produce, as nitrate in the hydrological
system, or as N gases (Norman and others 1995).
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