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Abstract Mixed plantations might contribute to sustainable land use because of complementary nutrient
use. Our objective was to assess the nutrient economy
of five native tree species and their response to
different neighbor trees in an experimental plantation
in Panama. In our study, H. crepitans was the least
nutrient efficient tree species. H. crepitans produced
less biomass in mixtures than in monocultures while
Cedrela odorata – the most nutrient efficient species –
produced more biomass independent of stem growth
rates because they acquired more nutrients in mixtures
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than in monocultures.Three-species mixtures had increased mean Ca concentrations in branches and stems
and increased N, P, K, Ca, and Mg storage in
aboveground biomass compared to monocultures suggesting complementary resource uptake. Our results
highlight the need to properly consider species-specific
nutrient requirements and species interactions when
designing tree mixtures for afforestation.
Keywords Tree nutrient storage . Tree diversity .
Overyielding . Sardinilla Project
Abbreviations
A. exc. Anacardium excelsum
(Bert. & Balb. Ex Kunth) Skeels
BA
basal area
BM
biomass
C. odo. Cedrela odorata L.
DBH diameter at breast height
DMAX deviation from expected biomass production
or nutrient storage based on best performance
of corresponding monocultures
H. cre. Hura crepitans L.
HT
height
L. see. Luehea seemannii Triana & Planch
NF
neighborhood factor
NW
neighborhood weighted
T. ros. Tabebuia rosea (Bertol.) DC
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Introduction
In the tropics, concern over biodiversity loss and the
need to reforest degraded land led to a debate on the
use of species mixtures in plantation forestry (Kelty
2006). Particularly in the tropics, plantations are
often established with exotic tree species (Parrotta
1999; Binkley et al. 2003). Because of negative
effects on long-term ecosystem stability i.e., decreased water tables and increased damage by
herbivores, this plantation practice was criticized
(Leopold et al. 2001). Alternatively, mixtures of
native tree species are beginning to be used successfully for reforestation in the tropics (Redondo-Brenes
and Montagnini 2006; Weber et al. 2008) which
might be a better substitute for naturally occuring
forests than mixtures of exotic tree species. Although
many probable beneficial effects of mixed native-tree
plantations on ecosystem functioning in the tropics
were proposed (Leopold et al. 2001; Evans and
Turnbull 2004; and references therein) experimental
validations remain scarce.
Little is known about the effects of planting
monocultures or combinations of native tropical trees
on the nutrient cycle of the resulting forest ecosystems (Montagnini 2000). The design of mixed
plantations is generally based on complementarity of
traits among tree species (position in a stratified
canopy) or on facilitation among species (additional
N supply by N2 fixing species; Kelty 2006, Piotto
2008). At the community level, plant species can use
available nutrients in a complementary way. The
reason is that strong competition in diverse systems
promotes niche differentiation in space or time,
resulting in more effective community resource use
compared to less diverse systems (Hooper et al.
2005). In grassland manipulation experiments, several
authors reported a positive relationship between plant
diversity and productivity (Naeem et al. 1996; Tilman
et al. 1996; Tilman et al. 2001; van Ruijven and
Berendse 2003; Spehn et al. 2005). In forestry, studies
of mixture effects on productivity date back to the
18th century in temperate regions (Pretzsch 2005).
Positive effects of mixtures compared to monoculture
stands were reported for stem wood production and
nutrient cycling (Rothe and Binkley 2001, Pretzsch
2005). These studies focused primarily on interactions
of two tree species. Based on a meta-analysis of
literature, Piotto (2008) found that mixtures containing
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up to seven tree species increased productivity across
tropical and temperate plantations.
Another important knowledge gap pertains to
site-specific adaptation. Because of the large number
of tropical tree species, knowledge of site conditions
such as soil nutrient availability, soil water regime or
microclimate required for successful establishment
is scarce (Mackensen et al. 2000; Hiremath et al.
2002; Binkley et al. 2003). Some mixed forest stands
stored more nutrients in aboveground biomass than
expected from summing up the nutrient storages of
corresponding monocultures (Montagnini 2000),
which could be explained by increased nutrient
uptake through increased biomass. However, opposite effects of mixtures on biomass and nutrient
storage were also observed, highlighting the importance of both species identity and local site conditions (Pretzsch 2005).
Competition with neighbor trees of another species
might either increase (“overyielding”) or decrease
(“underyielding”) the biomass production of a particular species in mixtures compared to monocultures,
because of differing intra- and interspecific competitiveness (Hector et al. 2002). The different biomass
production of mixtures and monocultures also affects
the associated nutrient storage of plant species
(Palmborg et al. 2005). The biomass production of a
plant species in mixture might be related to nutrient
use efficiency because a more nutrient efficient plant
species should be more competitive in mixtures and
consequently result in overyielding (Vitousek 1982;
Hiremath and Ewel 2001). One indicator of nutrient
use efficiency is the inverse of N concentrations in
aboveground litterfall (Vitousek 1982), that should be
determined simultaneously to studying diversity
effects in mixtures to control for effects of successional stages (Ingestad and Ågren 1992). It has to be
kept in mind that this measure of N use efficiency
does not include the coarse litter fall and retranslocation of N prior to the abscission of leaves possibly
also associated with the production of new biomass
(Vitousek 1982).
So far, species identity or species diversity have
not been explicitly included in concepts of ecosystem
element cycling (Groffman et al. 2004), nor in models
like CENTURY, Biome-BGC, and TEM (Running
and Coughlan 1988; Raich et al. 1991; Parton et al.
1993). In a recently developed model, Bunker et al.
(2005) related carbon storage in a tropical forest with
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extinction of species. In their model, Bunker et al.
(2005) accounted for species identity and plant
functional traits. However, they were not able to
represent the interactions of neighboring trees in their
model because no information was available. As
species interactions are important drivers of plant
community performance (Kelty 2006), the response
of individual trees to various neighboring tree species
needs to be known in order to address species-specific
effects in modeling efforts of biogeochemical cycles
(Fujinuma et al. 2005).
Using the site of the Sardinilla Project in Panama,
an experimental tree plantation in which diverse tree
mixtures were planted in a randomized block design
in 2001, our objective was to assess possible differences in nutrient economy (concentrations, storages,
and nutrient use efficiencies) and their response to
diverse environments of five tree species (Luehea
seemannii Triana & Planch, Anacardium excelsum
(Bert. & Balb. Ex Kunth) Skeels, Hura crepitans L.,
Cedrela odorata L., and Tabebuia rosea (Bertol.)
DC.). We hypothesized that (1) nutrient concentrations in plant compartments of individual trees are
independent of the kind and number of neighboring
species because nutrient uptake is driven by biomass
production, and (2) biomass production of individual
trees depends on kind and number of neighboring
species which is related to species-specific nutrient
use efficiency.

Material and methods
Study site
Our study was conducted in the Sardinilla Project, a
permanent large-scale facility maintained by the
Smithsonian Tropical Research Institute (STRI) in
Panama, Central America. The study site is located in
Sardinilla (9°19′30′′N, 79°38′00′′W) ca. 50 km north
of Panama City (Wilsey et al. 2002). The elevation of
the site is 70 m.a.s.l. with slightly undulating
topography. Parent material consists of Tertiary
limestone and other sedimentary rocks. The soil type
is a Vertic Luvisol shifting to a Gleyic Luvisol in
depressions (FAO 1998). The thickness of the organic
layer is less than 0.01 m. Mean annual rainfall at
nearby Buena Vista is 2,351 mm with 25–50 mm per
month during the dry season (January to March) and
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250 mm per month during the rainy season (May to
November). Daily and seasonal temperatures are
relatively constant ranging from a daily maximum of
32.3°C in November and 34.3°C in April to a
minimum of 21.1°C in January and 22.4°C in May.
Mean values are based on weather records of STRI
between appr. 1972 and 2001 (personal communication Steve Paton, STRI).
The plantation was set up in July 2001. On an area
of 9 ha, 24 plots were planted with six native tree
species. These tree species were chosen based on their
relative growth rate: two fast growing species (Luehea
seemannii Triana & Planch [Tiliaceae], Cordia
alliodora (Ruiz & Pavon) Oken [Boraginaceae]),
two intermediate species (Anacardium excelsum
(Bert. & Balb. Ex Kunth) Skeels [Anacardiaceae],
Hura crepitans L. [Euphorbiaceae]), and two slowly
growing species (Cedrela odorata L. [Meliaceae],
Tabebuia rosea (Bertol.) DC. [Bignoniaceae], Potvin
and Gotelli 2008). Saplings of approximately 0.5 m
height were planted diagonally within the square plots
in rows with 3 m spacing. Each of the 24 plots has an
area of 2025 m² resulting in 225 trees per plot.
Survival of saplings was variable across species with
C. alliodora failing to establish in monoculture
(Potvin and Gotelli 2008). Therefore, we did not use
this species in our study. The experiment comprises
plots of three diversity levels: i) monoculture of each
tree species replicated twice (n=10), ii) three-species
mixture plots drawn randomly from the species pool
with every growth class (fast, intermediate, slow)
present in the mixture (n=6, six differing threespecies mixtures were established without replication), iii) six-species mixtures replicated six times
(n=6). To allow a balanced design, replicates of
monoculture plots were set up to be able to chose the
best performing monoculture of each species according
to Hector et al. (2002). The layout of the plots
followed a completely randomized block design
(random allocation of species mixtures or monoculture in the field) while within one plot, individual
species position followed a latin-square pattern
(Scherer-Lorenzen et al. 2007a; Potvin and Gotelli
2008). Further details on the particular species
mixtures can be found in Scherer-Lorenzen et al.
(2007a).
To study the effect of tree diversity on nutrient
concentrations and storage, we chose an individualtree approach as was also done by Fujinuma et al.
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(2005). Former grassland experiments mainly focused
on the effect of plant diversity on community or plant
species performance with restricted power of conclusions on underlying mechanisms, because competition as the main driving force of plant performance
occurs among plant individuals (Scherer-Lorenzen et
al. 2007b). Therefore, the individual tree approach
improves the mechanistic understanding of plant
diversity effects and can serve as a prerequisite for
modeling the influence of individual species on
biogeochemical cycles of tree mixtures. In each
experimental treatment (monoculture, three-species
mixture, six-species mixture) we selected four replicate trees of each of the five species (altogether 60
trees, 5 species x 3 treatments x 4 replicates).
Individual trees were selected on one monoculture
plot per species (n=5), four three-species mixtures
and four six-species mixtures of the complete design.
All selected trees were located near an even-levelled
ridge through the experimental area. We chose ridge
positions because adjacent depressions showed waterlogging in soil during the rainy season resulting in
decreased plant growth. The selected trees cover the
range of height and diameter at breast height (DBH)
observed for the stands of the respective species in
mixtures and monocultures at the same topographic
position in 2007 (mean±standard deviation; height:
A. excelsum 5.4±2.1 m, C. odorata 7.4±3.4 m,
H. crepitans 4.2±2.0 m, L. seemannii 6.5±2.6 m,
T. rosea 5.3±1.7 m; DBH: A. excelsum 0.101±
0.063 m, C. odorata 0.089±0.048 m, H. crepitans
0.066±0.043 m, L. seemannii 0.128±0.084 m, T. ros.
0.081±0.036 m; own unpublished data). Given these
variations in height and DBH in this even-aged
plantation, we considered four individual trees an
adequate number to address biomass production and
nutrient storage of individual trees with differing
neighbors. To include interactions among as many
tree species as possible, we had to include mixtures
containing C. alliodora. In these mixtures, however,
our individual trees were selected in a way that
C. alliodora was never a direct neighbor to our study
trees.
Soil sampling
Three soil cores (diameter 0.01 m) randomly located
in the canopy drip line of each tree (1.5 m from base
of tree) were taken at a depth of 0 to 0.3 m to
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comprehensively sample the main root zone of the
study trees and pooled together in April 2007. This
depth was chosen because even after six years of
growth the main rooting zone is between 0 and appr.
0.3 m because of the periodically high groundwater
levels (Coll et al. 2008; Healy et al. 2008). Soil
samples were air-dried and sieved to <2 mm.
Tree properties and sampling
Six years after establishment, tree basal diameter
(0.1 m from the ground, BD) and diameter at breast
height (DBH) were determined using a circumference
chain. Tree height was measured with a hypsometer
(Vertex III, Haglöf, Sweden). These two measurements were done for all study trees and their direct
neighbors (n=8 for each study tree) from the last
week of December 2006 until the end of January
2007.
To determine biomass allocation ten trees per
species per diversity treatment (n=150) were harvested. Of course, these harvested trees were neither
our individual trees nor neighbors. To select trees
representative of the size range in each speciestreatment group we ranked all trees by height, and
divided them into three equal size classes (small,
medium and large). Three trees were then chosen
randomly from the respective size classes, and one
chosen randomly within all size classes. Trees were
cut at the base and the primary trunk was separated in
three equal sections. Using a 20 kg capacity scale, we
weighed separately the primary trunk, the branches,
the secondary (tertiary, and subsequent) trunks. We
took a sub-sample of two branches from each of the
three height categories of the primary trunk. We
weighed these branches, removed all leaves, and then
weighed again to determine the mean fresh weight of
leaves. We then dried the segments in a drying oven
and reweighed to determine their dry weight.
At the end of the dry season, in March 2007, we
sampled leaves of two randomly selected branches
per tree. We were not able to include more branches
because of the probable effect on sapflow and
throughfall fluxes that were determined subsequently (not objective of this manuscript). Nevertheless,
we harvested 372±SE 51 g (fresh weight) leaves per
tree. We sampled leaves of the lower crown only
representing shade leaves. Because only one tree
individual of C. odorata and two tree individuals of
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H. crepitans had leaves in March 2007, we took one
and two composite samples of leaves, respectively, for
these species. Six parts of the two branches (approximate length 0.08 m) were bulked to one twig sample
per tree. We collected composite stem samples (bark,
sapwood, heartwood) with a portable driller at
approximately breast height. Because the variability
of height of the even-aged plantation is small
(coefficient of variation of 40% of all trees in the
plantation, own unpublished data), we assume that we
sampled the same relative heights including minimum
interferences of ontological and physiological differences among trees and tree species.
Biomass samples (leaves, branches, and stem)
were dried at 60°C. Leaf and branch samples were
homogenized using a chipper (SM 2000, Retsch,
Germany). Stem material was already sufficiently fine
because of the sampling procedure.
Chemical analyses
The pH of soil was measured with a H+-sensitive
electrode (MultiCal, WTW Weilheim, Germany) in a
soil: 1 M KCl suspension (1:2.5 v/v). Cation exchange
capacity (CEC) of soil was assessed according to
Sumner and Miller (1996) using NH4NO3 instead of
NH4Cl as extraction solution. Nitrogen concentrations
in soil, leaves, branches and stem were determined by
an Elemental Analyzer (EA, Vario EL III, Elementar,
Germany). To analyze P, K, Ca, and Mg in plant
material, samples were digested with HNO3 at 200°C
using a microwave system (MARS5Xpress, CEM,
Germany). In soil extracts and plant digests, concentrations of K, Ca, Mg, and Al were determined by
Atomic Absorption Spectrometry (AAS 240 FS,
Varian, Germany). After irradiation with UV and
oxidation with K2S2O8, we measured PO43- concentrations in plant digests photometrically with a Continuous Flow Analyzer (AutoAnalyzer, Bran&Luebbe,
Germany) (Kuo 1996).
Calculations and statistics
Aboveground biomass was calculated for each tree
using species-specific allometric equations derived
in 2006/07 from the harvesting of 10 trees per
species per diversity treatment (n=5×10×3=150).
Equations 1 to 5 represent best fits of models
(generalized linear modeling [LM]) using five
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different basic allometric equations models of Chave
et al. (2005), Brown et al. (1989), Ketterings et al.
(2001), and Overman et al. (1994). Tenfold crossvalidation (Breiman and Spector 1992), a resampling
method, was used resulting in the cross-validation
relative error (CVRE, sum of squares between
predicted and real value on sum of squares of those
same values around the general mean) to select the
most appropriately approximating model (Ouellette
and Potvin, personal communication):
Anacardium excelsum (R2 =0.97):
ln BM ¼ 0:74  7:33 ln BD  4:02ðln BDÞ2 0:49ðln BDÞ3

ð1Þ
2

Luehea seemannii (R =0.88):
ln BM ¼ 0:23 þ 2:16 ln HT þ 0:61 ln DBH

ð2Þ

Cedrela odorata (R2 =0.77):
ln BM ¼ 1:33  10:28 ln BD
 5:52 ðln BDÞ2 0:76 ðln BDÞ3

ð3Þ

Hura crepitans (R2 =0.88):
ln BM ¼ 2:02 þ 1:87 ln HT þ 1:00 ln DBH

ð4Þ

Tabebuia rosea (R2 =0.86):


ln BM ¼ 6:21 þ 1:13 ln 0:54 BD2 HT

ð5Þ

with biomass (BM) in kg; BD, height (HT), and DBH
in m.
We accounted for the influence of neighboring
trees on our individual trees by introducing a
neighborhood factor (NF, similar to neighborhood
analyses by Kennedy et al. 2002). High NF reflect
strong competition or facilitation by high biomass or
close distance of the neighbor trees. Therefore, we
accounted for the distance (DINT) and the biomass
(BMNT) of trees that were neighbors of the individual trees (IT=individual tree; NT=neighboring trees;
Eq. 6).

NFIT ¼

8
X
n¼1

ðBMNT =DINT Þ=100

ð6Þ
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Biomass of our individual trees was then multiplied by the neighborhood factors of each individual tree resulting in neighborhood-weighted (NW)
biomass.
Based on aboveground biomass, stem biomass
growth rates (= stem growth rates) were calculated
as the species-specific proportional mass of stem
wood (Table 1) divided by six – the age of the trees in
years.
Nutrient storage of individual trees was calculated
as the sum of the product of biomass and nutrient
concentrations of the respective tree compartments
(leaves, branches, stem). Because nutrient concentrations in leaves did not significantly differ among
diversity levels, we calculated nutrient storage for
each individual tree of C. odorata and H. crepitans
based on nutrient concentrations of leaves of one or
two individual tree(s) of these two species. Although
this assumption might introduce an error in our
calculations, we can assume that it is negligible
because branches and stems contribute 95% to total
tree biomass of these two species (Table 1). Furthermore, nutrient concentrations in leaves are about three
times higher than in branches and stems (Fig. 1), but
total nutrient storage is dominated by stems and
branches because of the twentyfold greater biomass in
stems/branches than in leaves. Analogous to biomass,
nutrient storage of each indidual tree was neighborhood weighted by using the NF based on distance and
biomass of neighboring trees.
Hector et al. (2002) suggested a method to
calculate “overyielding” based on the deviation of
realized biomass production of a diverse community
from the calculated community biomass production
derived from the corresponding monoculture biomass
production. We applied this approach to nutrient

Table 1 Mean contribution (%) of tree compartments to total
tree biomass of the five studied tree species
Tree compartment A. exc. L. see. C. odo. H. crep. T. ros.
Leaves

15

7

5

5

14

Branches

38

36

33

51

38

Stem

47

57

62

44

48

A. exc. = Anacardium excelsum, C. odo. = Cedrela odorata,
H. cre. = Hura crepitans, L. see. = Luehea seemannii, T. ros. =
Tabebuia rosea

storage in aboveground biomass of whole trees. The
result is interpreted as an indication of complementary
effects among species in mixtures. We did not
determine community nutrient storages because of
our individual tree-based approach. Instead, “nutrient
overyielding” of a species was calculated using the
mean nutrient storage of a tree species in a given
mixture as observed nutrient storage (OT) and the
highest nutrient storage in monoculture as the
expected nutrient storage (EMAX). Deviation from
expected nutrient storage (DMAX =“nutrient overyielding or underyielding”) is then calculated according to
Eq. 7.
DMAX ¼ ðOT  EMAX Þ=EMAX

ð7Þ

According to the deviation approach, we postulate
that an individual of a particular tree species not
influenced by mixing with other tree species will
show the same biomass production/nutrient storage in
monoculture of any of the component species and
mixtures of different tree species (DMAX ≈0). Complementary effects will be indicated by DMAX >0,
whereas competition would lead to DMAX <0. Including the highest biomass production of a monoculture
of a particular tree species as a reference (=EMAX) is
generally referred to as transgressive overyielding
(DMAX; Hector et al. 2002; Scherer-Lorenzen et al.
2007a). Throughout the manuscript, overyielding
refers to transgressive overyielding. We used the
deviation approach because it is more conservative
than e.g., relative yield calculations (RY=biomass
production of a given species in mixture divided by
that in monoculture, Harper 1977) and to allow direct
comparisons with the results of other diversity experiments in forests and grasslands from which overyielding is frequently reported (e.g., Scherer-Lorenzen
et al. 2007a, Tilman et al. 2006, Caldeira et al. 2005).
All statistical analyses were conducted with the
SPSS software package (SPSS 14.0 SPSS Inc.,
Chicago, IL, USA,). Significance for all statistical
analyses was set at p<0.05 if not otherwise stated in
the text. To compare nutrient concentrations among
tree compartments, we used a non-parametric test for
connected samples (Friedman). We used a General
Linear Model (GLM, Type I) and a post-hoc test
(Least Square Differences [LSD]) to elucidate the
effects of tree species and tree diversity in mixtures
(hierarchical approach fitting tree species before tree
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Fig. 1 Mean Nitrogen (A), P (B), K (C), Ca (D), and Mg
(E) concentrations of tree compartments (leaves, branches,
and stem) of all individuals of the five studied tree species
irrespectively of tree diversity. Whiskers indicate the
standard error (SE). Differing letters depict significant
differences (p<0.05) of nutrient concentrations of the respec-

tive compartment among the five tree species. Note that we
had too few replicates of leaves of Cedrela odorata (C. odo.)
and Hura crepitans (H. cre.) for statistical analyses. A. exc. =
Anacardium excelsum, L. see. = Luehea seemannii, T. ros. =
Tabebuia rosea

diversity). In cases of heteroscedacity of variances,
we transformed the data and if transformation still
did not result in homogeneous variances we used a
post-hoc test that does not require homogeneous
variances (Games Howell). Stem growth rates and
nutrient concentrations in the respective tree compartments were transformed (logarithmic, or reciprocal,
or square root) if data did not show homogeneity
of variances (leaves excluding C. odorata and
H. crepitans: P, Ca, K; branches: P, K; stem: K). For
some nutrient concentrations (leaves: N; branches: N,
stem: N, P, Mg), transformations did not result in
homogeneous variances. The same was true for storage
of N, P, K, and Mg in trees.

Results
Soil and plant nutrient concentrations
Soil properties had a coefficient of variation (CV) of
3 to 33% except for pH and concentrations of
exchangeable Al (Table 2). These variations were
smaller than the variations in nutrient concentrations
of leaves, branches, and stems of the studied trees
(CV 25 to 173%). There were no effects of the nature
of tree mixtures on soil properties.
All nutrient concentrations in tree compartments
significantly decreased in the order, leaves >
branches > stem (Fig. 1, Friedman Chi² 50.7 to
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Table 2 Summary of soil properties
Mean

SE

CV(%)

C (g kg-1)

34

0.7

15

N (g kg-1)

3.2

0.1

18

C/N

11

0.1

5.7

pH

3.9a

n.a.

n.a.

CEC (mmolc kg-1)

335

7.5

17

-1

K (mmolc kg )

6.5

0.3

33

Ca (mmolc kg-1)

290

8.1

22

Mg (mmolc kg-1)

32

1.0

24

Na (mmolc kg-1)

2.8

0.1

18

Al (mmolc kg-1)

4.0

0.9

166

BS (%)

98

0.4

3.1

a

calculated based on measured H+ activities

CEC = Cation Exchange Capacity, BS = Base Saturation i.e.,
contribution of “base” cations (K, Ca, Mg, Na) to the CEC. n.a. =
not applicable

70.2, p<0.0001). Independent of the number of
mixed tree species, tree species significantly differed
in mean nutrient concentrations (Fig. 1, Table 3). In
branches and stems, H. crepitans had significantly
higher nutrient concentrations than all other species.

Although statistically not testable because we only
had one composite leaves sample of this species,
this trend was also obvious for nutrient concentrations in leaves of H. crepitans (Fig. 1). There
were only few exceptions from this general pattern.
Potassium concentrations in leaves of T. rosea were
similar to those of H. crepitans. The branches of
T. rosea had the second highest K concentrations
(Fig. 1C). Cedrela odorata had similarly high Ca
concentrations in branches and leaves as H. crepitans
(Fig. 1D).
Except for Ca concentrations in branches and
stems, kind and number of tree species in mixtures
did not influence nutrient concentrations in leaves,
branches, or stems of all studied tree species
(Table 3). In branches, Ca concentrations were
significantly higher in three-species mixtures than in
monocultures (LSD, p<0.05). In stems, six-species
mixtures had significantly lower Ca concentrations
than monocultures and three-species mixtures
(LSD, p<0.01). In contrast to all other species (Ca
concentrations in monocultures < three-species mixtures), Ca concentrations in branches of A. excelsum
were higher in monocultures than in three-species
mixtures.

Table 3 Results of a univariate ANOVA (Type I) of nutrient concentrations in leaves (excluding C. odorata and H. crepitans),
branches, and stems
Source
df

N
SS (%) p

P
SS (%) p

K
SS (%) p

Ca
SS (%) p

Mg
SS (%) p

Leaves
Species

2

2.5

0.649

0.5

0.921

53.5

<0.001

45.7

<0.001

56.2

<0.001

Tree Diversity in Mixture

2

12.0

0.145

5.7

0.408

1.9

0.538

3.9

0.341

0.2

0.929

0.641

10.8

0.490

3.5

0.679

3.4

0.748

3.9

0.627

Species x Tree Diversity in Mix.

4

7.4

28

78.1

Species

4

51.4

<0.001

46.8

<0.001

69.5

<0.001

51.5

<0.001

74.8

<0.001

Tree Diversity in Mixture

2

1.8

0.380

0.4

0.797

0.8

0.471

4.6

0.035

0.3

0.664

0.621

12.9

0.097

6.9

0.126

15.2

0.009

6.1

0.095

Residual

83.0

41.0

47.0

39.7

Branches

Species x Tree Diversity in Mix.

8

5.7

46

41.1

Species

4

85.8

<0.001

31.0

<0.001

61.7

<0.001

38.6

<0.001

83.0

<0.001

Tree Diversity in Mixture

2

0.4

0.468

4.7

0.184

0.1

0.939

8.3

0.011

0.7

0.320

8

2.3

0.357

4.5

0.903

7.0

0.288

15.9

0.030

2.6

0.412

46

11.5

Residual

39.8

22.8

28.7

18.7

Stem

Species x Tree Diversity in Mix.
Residual

59.9

31.2

37.2

13.7

Significant p values (<0.05) are given in bold. SS% = explained proportion of total of Sum of Squares; Mix. = Mixtures
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Fig. 2 Neighborhoodweighted (NW) mean
aboveground biomass of
trees (A, B) and stem growth
rates (C, D) depending on
(A, C) tree species - averaged
across tree diversity levels,
and (B, D) tree diversity in
mixtures. Whiskers indicate
the standard error (SE). Differing letters depict significant differences (p<0.05)
of nutrient storage of either
tree species or tree diversity
in mixtures. A. exc. = Anacardium excelsum, C. odo. =
Cedrela odorata, H. cre. =
Hura crepitans, L. see. =
Luehea seemannii, T. ros. =
Tabebuia rosea
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b

bc

bc
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H. cre.

1
0
L. see.

C. odo.

T. ros.

1

3

6

tree species in mixture

Aboveground biomass and nutrient storages
Neighborhood factors as an indicator of competition of the individual trees with their neighbors
varied with tree species. The number of neighboring trees was not significantly different among tree
species: on average, one or no neighbor of the
individual trees has died since the establishment of
the experiment. Neighborhood factors did not
significantly differ among tree species.
Anacardium excelsum stored significantly less
nutrients in aboveground biomass (NW) than all other
studied tree species (Fig. 3). Furthermore, stems of A.
excelsum grew slower than stems of all other species
except H. crepitans (Fig. 2C). Concerning biomass
production and nutrient storage, C. odorata did not
significantly differ from the other species while stem
growth rates of C. odorata were significantly higher
than those of the other species (Fig. 2C).
Neighborhood factors were not significantly different among diversity levels. In three-species mixtures,
NW aboveground biomass production, NW stem
growth rates, and storage of N, P, K, Ca, and Mg in
aboveground biomass of all five tree species was
significantly larger than in monocultures (Figs. 2, 3).
The effect of tree diversity in mixtures on NW biomass
and nutrient storages of the studied tree species varied
depending on tree species as indicated by speciesspecific over- or underyielding (Table 4). Cedrela

odorata stored significantly more nutrients when
grown together with two other tree species (overyielding, Table 4). Luehea seemannii stored less
nutrients (underyielding) in six-species mixtures compared to monoculture (Table 4).

Discussion
High concentrations of exchangeable Ca in soil
(Table 2) were related to Tertiary limestone as the
substrate for pedogenesis (Potvin et al. 2004). At first
sight, the low pH in soil contradicts high exchangeable Ca concentrations. However, the low pH in soil
is probably attributable to the sieving of soil before
measurement removing carbonatic soil skeleton. For
example, sieving had a significant effect on pH in
waterlogged soil in the study of Elberling and
Matthiesen (2007). Carbonate-rich remains of the
Tertiary limestone (that can even be found as blocks
with equivalent diameters >0.5 m on the soil surface
in the field) obviously lead to continuous release of
Ca2+ and Mg2+ ions as indicated by the high base
saturation. Our study site in Panama is located near
the Carribean Sea (straight-line distance 30 km) and
the Pacific Ocean (straight-line distance 50 km) and
therefore another source of Ca, K, and Mg might be
input by sea spray (Reimann et al. 2007). Yavitt and
Wright (1996) also found high exchangeable Ca and
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Fig. 3 Neighborhoodweighted (NW) mean storage of nitrogen (A, B),
phosphorus (C, D), potassium (E, F), calcium (G,
H), and magnesium (I, J)
in trees. Figures A, C, E,
G, I, and K show mean
nutrient storages of all 12
individual trees per species
irrespectively of the tree
diversity. Figures B, D, F,
H, J, and L show mean
nutrient storages of all
trees in the differently diverse mixtures. Whiskers
indicate the standard error
(SE). Differing letters
depict significant differences (p<0.05) of nutrient
storage of either tree
species or tree diversity
in mixtures. A. exc. =
Anacardium excelsum,
C. odo. = Cedrela odorata,
H. cre. = Hura crepitans,
L. see. = Luehea seemannii,
T. ros. = Tabebuia rosea
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Table 4 Deviation from
expected biomass production or nutrient storage of
the five tree species based
on the best monoculture
performance (DMAX)

Significant (p<0.05) and
marginally significant
(p<0.1) differences between
monocultures and mixtures
are given in bold and italics,
respectively. A. exc. =
Anacardium excelsum,
C. odo. = Cedrela odorata,
H. cre. = Hura crepitans,
L. see. = Luehea seemannii,
T. ros. = Tabebuia rosea
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Deviation from expected biomass production or nutrient storage (DMAX)
Species

Biomass

N

P

K

Ca

Mg

3-species mixtures
L. see.

-0.18

0.01

0.16

0.04

0.17

0.20

A. exc.

3.48

-0.21

-0.43

-0.34

-0.04

-0.22

H.cre.

-0.25

-0.43

-0.22

-0.56

-0.28

-0.09

C. odo.

1.79

0.56

1.61

2.20

2.74

1.66

T. ros.

0.27

-0.46

-0.55

-0.42

-0.49

-0.43

6-species mixtures
L. see.

-0.81

-0.75

-0.82

-0.80

-0.76

-0.67

A. exc.

0.71

-0.04

0.17

0.30

0.73

0.52

H. cre.

-0.12

-0.69

-0.63

-0.74

-0.42

-0.21

C. odo.

0.87

0.52

0.90

0.77

0.89

0.53

T. ros.

1.02

-0.47

-0.53

-0.28

-0.07

0.19

Mg concentrations despite low pH in soils of Barro
Colorado Island in Panama near to our study site. The
low exchangeable Al concentrations in spite of the
low pH are a consequence of the competition with
base metal cations released by the limestone fragments. Generally, nutrient availability in soil was high
because of the nutrient-rich parent material and
additional input by sea spray. As a consequence
nutrient concentrations in trees were higher than at
many other tropical sites.
Except for Ca, genetic differences among species
rather than nutrient availability of the study site were
suggested to mainly control nutrient concentrations
and nutrient storage in trees (Hagen-Thorn et al.
2004). Hura crepitans showed exceptionally high
nutrient concentrations in leaves, branches, and stems
and, thus, low N use efficiency (inverse of N
concentrations in litterfall 55 g litterfall [g N]-1;
Scherer-Lorenzen et al. 2007a). High nutritional value
of seeds and leaves of H. crepitans were also reported
by Fowomola and Akindahunsi (2007) and Rincon
and Martinez (2006). High Ca concentrations in leaves
of C. odorata based on one bulk sample in our study
(Fig. 1D) were in line with the study of Craven et al.
(species-specific values: personal communication D.
Craven 2007; C. odorata 5.5±0.2 g Ca kg-1, T. rosea
3.7±0.2 g Ca kg-1, L. seemannii 2.0±0.1 g Ca kg-1).
Anacardium excelsum and C. odorata generally had
lower nutrient concentrations in tree compartments
than the three other tree species (Fig. 1). SchererLorenzen et al. (2007a) showed that A. excelsum and
C. odorata had lower litter quality resulting in lower

litter turnover rates and the highest N use efficiency
(inverse of N concentrations in litterfall 99 g litterfall
[g N]-1 and 78 g litterfall [g N]-1 respectively)
compared to the other three tree species at our study
site. Generally, N use efficiencies of the studied tree
species were at the lower end of literature values in the
tropics (40–239 g litterfall [g N]-1; Vitousek 1984;
Cuevas and Medina 1986; Smith et al. 1998). In
summary, the studied tree species differed with respect
to nutrient concentrations. High nutrient concentrations
in tree compartments (correspondingly low nutrient use
efficiency) of H. crepitans and low nutrient concentrations (correspondingly high nutrient use efficiency)
of A. excelsum and C. odorata in our study confirmed
trends observed in other studies.
In three- and six-species mixtures, C. odorata
produced more biomass and stored more nutrients than
in monoculture (Table 4). This species was most
efficient in acquiring nutrients which obviously resulted
in an advantage if competing for nutrients with other
tree species in mixtures. The underlying mechanisms
remain unclear, because we do not have information on
spatial (species-specific rooting depth) or temporal
(time-series) patterns of nutrient uptake. However, the
consistent overyielding supports the hypothesis of
complementary resource use of C. odorata in mixture.
We observed maximum stem growth rates for this
species (Fig. 2C). Thus, stem growth rates might be
related to overyielding of C. odorata. Hura crepitans
and L. seemannii produced less biomass or acquired
less nutrients in three- or six-species mixtures than in
monoculture (Table 4). Underyielding of these two
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species indicates competition with other tree species in
mixtures. Particularly H. crepitans, very likely is not
competitive neither in monoculture nor in mixture on
nutrient-poor soils in the tropics. Species-specific
nutrient storage depends on tree diversity and must be
considered if designing tree species mixtures for
sustainable forestry. Tree species with high nutrient
use efficiency and higher biomass production in
mixture such as C. odorata, probably preserve plantavailable soil nutrient resources.
Tree species and tree diversity had a significant
effect on Ca concentrations in branches and stems and
on stem growth rates, biomass production, and
nutrient storage in aboveground biomass of the
studied tree species (Table 3, Figs. 2 and 3) indicating
that faster growth of trees in three-species mixtures
resulted in increased biomass production and nutrient
storage. As nutrient concentrations in soil showed
only small variations in response to different neighbors
(Table 2), increased nutrient storage when growing in
three-species mixtures might be interpreted as a result
of complementary nutrient uptake. A possible mechanism might be the exploitation of nutrients by roots
at different depths in the soil profile (spatial niche) or
the timing of nutrient uptake by different tree species
(temporal niche). However, high nutrient availability
in soil of our study site might reduce competition for
nutrients, thereby also reducing the need of tree species
to occupy niches. Thus, high nutrient availability in
soil might reduce an effect of tree diversity in mixtures.
On the other hand, high resource availability generally
increases aboveground biomass production probably
associated with more space to be explored above- and
belowground (Hector et al. 1999). Our findings are in
line with the observations of Fridley (2003) that
aboveground biomass production increased with
increasing diversity of grassland species at a site with
high resource availability.
The pronounced effect of three tree species
mixtures on biomass production, stem growth rates,
and nutrient storages in tree compartments compared
to a minor effect of six tree species in mixtures cannot
be resolved completely. We can rule out a sampling
effect of one particular tree species, because all
species were equally present in the mixtures (every
species planted in three out of six mixtures). One
explanation might be that greater intra-specific competition in the three species mixtures may optimize
resource use better than greater inter-specific compe-
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tition in the six species mixtures. However, no other
tropical diversity experiment based on a complete
statistical design (i.e., all tree species present in all
diversity levels) including more than two species exists
to confirm our speculation. This explanation might be
restricted to plantations where seedlings are established
at a high number per area with neighbors of the same
species close by. In native tropical rainforests, numbers
of tree species are much higher (e.g., 227 tree species
on Barro Colorado Island, Panama; Bunker et al. 2005)
whereas the distance to neighbors of the same species
is much greater than in our study.
Acknowledgments We thank two anonymous reviewers,
Luitgard Schwendenmann and Erik Hobbie for constructive
comments on our manuscript. We are grateful to José Monteza
for continuous help in maintaining the experimental plantation.
Thanks to Norbert Kunert for sampling the stem material. We
thank the Smithsonian Tropical Research Institute, Panama, for
its constant support of the Sardinilla Experiment and the
processing of research permits. We are grateful to Dylan Craven
for providing nutrient concentrations of the studied tree species
from other locations in Panama. This research was funded by the
German Research Foundation (DFG Wi 1601/6-1) which we
gratefully acknowledge. The “Geocycles” cluster of the Johannes
Gutenberg University Mainz is thanked for the contribution to
improve the laboratory equipment used in this study.

References
Binkley D, Senock R, Bird S, Cole TG (2003) Twenty years of
stand development in pure and mixed stands of Eucalyptus
saligna and nitrogen-fixing Facaltaria moluccana. For
Ecol Manage 182:93–102
Breiman L, Spector P (1992) Submodel selection and evaluation in regression: the X-random case. Int Stat Rev
60:291–319. doi:10.2307/1403680
Brown S, Gillespie AJR, Lugo AE (1989) Biomass estimation
methods for tropical forests with applications to forest
inventory data. For Sci 35:881–902
Bunker DE, DeClerck F, Bradford JC, Colwell RK, Perfecto I,
Phillips OL, Sankaran M, Naeem S (2005) Species loss and
aboveground carbon storage in a tropical forest. Science
310:1029–1031. doi:10.1126/science.1117682
Caldeira MC, Hector A, Loreau M, Pereira JS (2005) Species
richness, temporal variability and resistance of biomass
production in a Mediterranean grassland. Oikos 110:115–
123. doi:10.1111/j.0030-1299.2005.13873.x
Chave J, Andalo C, Brown S, Cairns MA, Chambers JQ, Eamus
D, Fölster H, Fromard F, Higuchi N, Kira T, Lescure JP, Puig
H, Riéra B, Yamakura T (2005) Tree allometry and improved
estimation of carbon stocks and balance in tropical forests.
Oecologia 145:87–99. doi:10.1007/s00442-005-0100-x
Coll L, Potvin C, Messier C, Delagrange S (2008) Root
architecture and allocation patterns of eight native tropical

Plant Soil (2010) 326:199–212
species with different successional status used in opengrown mixed plantations in Panama. Trees - Structure and
Function 22:585–596
Cuevas E, Medina E (1986) Nutrient dynamics within
Amazonian forest ecosystems. I. Nutrient flux in fine litter
fall and efficiency of nutrient utilization. Oecologia
68:466–472
Elberling B, Matthiesen H (2007) Methodologically controlled
variations in laboratory and field pH measurements in
waterlogged soils. Eur J Soil Sci 58:207–214. doi:10.1111/
j.1365-2389.2006.00828.x
Evans J, Turnbull JW (2004) Plantation forestry in the Tropics,
3rd edn. Oxford University Press, Oxford, p 467
FAO (1998) World reference base for soil resources. World soil
resources reports, Rome
Fowomola MA, Akindahunsi AA (2007) Nutritional quality of
sandbox tree (Hura crepitans Linn.). J Med Food 10:159–
164. doi:10.1089/jmf.2005.062
Fridley JD (2003) Diversity effects on production in different
light and fertility environments: an experiment with
communities of annual plants. J Ecol 91:396–406.
doi:10.1046/j.1365-2745.2003.00775.x
Fujinuma R, Bockheim J, Balster N (2005) Base-cation cycling
by individual tree species in old-growth forests of Upper
Michigan, USA. Biogeochemistry 74:357–376. doi:10.
1007/s10533-004-4726-2
Groffman PM, Driscoll CT, Likens GE, Fahey TJ, Holmes RT,
Eagar C, Aber JD (2004) Nor gloom of night: a new
conceptual model for the Hubbard Brook ecosystem study.
Bioscience 54:139–148. doi:10.1641/0006-3568(2004)
054[0139:NGONAN]2.0.CO;2
Hagen-Thorn A, Armolaitis S, Callesen I, Stjernquist I (2004)
Macronutrients in tree stems and foliage: a comparative
study of six temperate forest species planted at the same
sites. Ann For Sci 61:489–498. doi:10.1051/forest:2004043
Harper J (1977) Population biology of plants. Academic, New
York
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. doi:10.1111/j.1365-2745.2008.
01419.x
Hector A, Bazeley-White E, Loreau M, Otway S, Schmid B
(2002) Overyielding in grassland communities: testing the
sampling effect hypothesis with replicated biodiversity
experiments. Ecol Lett 5:502–511. doi:10.1046/j.14610248.2002.00337.x
Hector A, Schmid B, Beierkuhnlein C, Caldeira MC, Diemer M,
Dimitrakopoulos PG, Finn JA, Freitas H, Giller PS, Good J,
Harris R, Hogberg P, Huss-Danell K, Joshi J, Jumpponen A,
Körner C, Leadley PW, Loreau M, Minns A, Mulder CPH,
O'Donovan G, Otway SJ, Pereira JS, Prinz A, Read DJ,
Scherer-Lorenzen M, Schulze ED, Siamantziouras ASD,
Spehn EM, Terry AC, Troumbis AY, Woodward FI, Yachi
S, Lawton JH (1999) Plant diversity and productivity
experiments in European grasslands. Science 286:1123–
1127. doi:10.1126/science.286.5442. 1123
Hiremath AJ, Ewel JJ (2001) Ecosystem nutrient use efficiency,
productivity, and nutrient accrual in model tropical
communities. Ecosystems (N Y, Print) 4:669–682.
doi:10.1007/s10021-001-0036-x

211
Hiremath AJ, Ewel JJ, Cole TG (2002) Nutrient use
efficiency in three fast-growing tropical trees. For Sci
48:662–672
Hooper DU, Chapin FS, Ewel JJ, Hector A, Inchausti P,
Lavorel S, Lawton JH, Lodge DM, Loreau M, Naeem S,
Schmid B, Setala H, Symstad AJ, Vandermeer J, Wardle
DA (2005) Effects of biodiversity on ecosystem functioning:
a consensus of current knowledge. Ecol Monogr 75:3–35.
doi:10.1890/04-0922
Ingestad T, Ågren GI (1992) Theories and methods on plant
nutrition and growth. Physiol Plant 84:177–184.
doi:10.1111/j.1399-3054.1992.tb08781.x
Leopold AC, Andrus R, Finkeldey A, Knowles D (2001)
Attempting restoration of wet tropical forests in Costa
Rica. For Ecol Manage 142:243–249
Kelty MJ (2006) The role of species mixtures in plantation
forestry. For Ecol Manage 233:195–204
Kennedy TA, Naeem S, Howe KM, Knops JMA, Tilman D,
Reich P (2002) Biodiversity as a barrier to ecological
invasion. Nature 411:636–638. doi:10.1038/nature00776
Ketterings QM, Coe R, van Noordwijk M, Ambagau Y, Palm
CA (2001) Reducing uncertainty in the use of allometric
biomass equations for predicting above-ground tree biomass in mixed secondary forests. For Ecol and Manage
146:199–209
Kuo S (1996) Phosphorus. In: Sparks DL, Page AL, Helmke PA,
Loeppert RH, Soltanpour PN, Tabatabai MA, Johnston CT,
Sumner ME (eds) Methods of soil analysis - part 3:
chemical methods. SSSA, Madison, pp 869–920
Mackensen J, Tillery-Stevens M, Klinge R, Folster H (2000)
Site parameters, species composition, phytomass structure
and element stores of a terra-firme forest in EastAmazonia, Brazil. Plant Ecol 151:101–119. doi:10.1023/
A:1026515116944
Montagnini F (2000) Accumulation in above-ground biomass
and soil storage of mineral nutrients in pure and mixed
plantations in a humid tropical lowland. For Ecol Manage
134:257–270
Naeem S, Hakansson K, Lawton JH, Crawley MJ, Thompson
LJ (1996) Biodiversity and plant productivity in a model
assemblage of plant species. Oikos 76:259–264.
doi:10.2307/3546198
Overman MPJ, Witte LJH, Saldarriaga GJ (1994) Evaluation of
regression models for above ground biomass determination in Amazon rainforest. J Trop Ecol 10:207–218
Palmborg C, Scherer-Lorenzen M, Jumpponen A, Carlsson G,
Huss-Danell K, Hogberg P (2005) Inorganic soil nitrogen
under grassland plant communities of different species
composition and diversity. Oikos 110:271–282.
doi:10.1111/j.0030-1299.2005.13673.x
Parrotta JA (1999) Productivity, nutrient cycling, and succession
in single- and mixed-species plantations of Casuarina
equisetifolia, Eucalyptus robusta, and Leucaena leucocephala
in Puerto Rico. For Ecol Manage 124:45–77
Parton WJ, Scurlock DS, Ojima DS (1993) Observations and
modeling of biomass and organic-matter dynamics for the
grassland biome worldwide. Global Biogeochem Cycles
7:785–809. doi:10.1029/93GB02042
Piotto D (2008) A meta-analysis comparing tree growth in
monocultures and mixed plantations. For Ecol Manage
255:781–786

212
Potvin C, Gotelli NJ (2008) Biodiversity enhances individual
performance but does not affect survivorship in tropical trees.
Ecol Lett 11:217–223. doi:10.1111/j.1461-0248.2007.01148.x
Potvin C, Whidden E, Moore T (2004) A case study of carbon
pools under three different land-uses in Panama. Clim
Change 67:291–307. doi:10.1007/s10584-004-0079-z
Pretzsch H (2005) Diversity and productivity in forests:
evidence from long-term experimental plots. In: SchererLorenzen M, Körner C, Schulze E-D (eds) Forest diversity
and function: temperate and boreal systems, Ecological
Studies, 176. Springer, Berlin, pp 41–64
Raich JW, Rastetter EB, Melillo JM, Kicklighter DW, Steudler
PA, Peterson BJ, Grace AL, Moore BI, Vorosmarty CJ
(1991) Potential net primary productivity in SouthAmerica - application of a global model. Ecol Appl
1:399–429. doi:10.2307/1941899
Redondo-Brenes A, Montagnini F (2006) Growth, productivity,
aboveground biomass, and carbon sequestration of pure
and mixed native tree plantations in the Caribbean
lowlands of Costa Rica. For Ecol Manage 232:168–178
Reimann C, Arnoldussen A, Boyd R, Finne TE, Koller F,
Nordgulen O, Englmaier P (2007) Element contents in
leaves of four plant species (birch, mountain ash, fern and
spruce) along anthropogenic and geogenic concentration
gradients. Sci Total Environ 377:416–433. doi:10.1016/j.
scitotenv.2007.02.011
Rincon J, Martinez F (2006) Food quality and feeding preferences
of Phylloicus sp (Trichoptera : Calamoceratidae). JN Am
Benthol Soc 25:209–215. doi:10.1899/0887-3593(2006)25
[209:FQAFPO]2.0.CO;2
Rothe A, Binkley D (2001) Nutritional interactions in mixed
species forests: a synthesis. Can J For Res 31:1855–1870.
doi:10.1139/cjfr-31-11-1855
Running SW, Coughlan JC (1988) General model of forest
ecosystem processes for regional applications. 1. Hydrologic balance, canopy gas exchange and primary production processes. Ecol Modell 42:125–154. doi:10.1016/
0304-3800(88)90112-3
Scherer-Lorenzen M, Bonilla JL, Potvin C (2007a) Tree species
richness affects litter production and decomposition rates
in a tropical biodiversity experiment. Oikos 116:2108–
2124. doi:10.1111/j.2007.0030-1299.16065.x
Scherer-Lorenzen M, Schulze E-D, Don A, Schumacher J,
Weller E (2007b) Exploring the functional significance of
forest diversity: a new long-term experiment with temperate tree species (BIOTREE). Perspect Plant Ecol Evol Syst
9:53–70. doi:10.1016/j.ppees.2007.08.002
Smith K, Gholz HL, Oliveira FdA (1998) Litterfall and
nitrogen-use efficiency of plantations and primary forests
in the eastern Brazilian Amazon. For Ecol Manage
209:209–220

Plant Soil (2010) 326:199–212
Spehn EM, Hector A, Joshi J, Scherer-Lorenzen M, Schmid B,
Bazeley-White E, Beierkuhnlein C, Caldeira MC, Diemer
M, Dimitrakopoulos PG, Finn JA, Freitas H, Giller PS,
Good J, Harris R, Hogberg P, Huss-Danell K, Jumpponen
A, Koricheva J, Leadley PW, Loreau M, Minns A, Mulder
CPH, O'Donovan G, Otway SJ, Palmborg C, Pereira JS,
Pfisterer AB, Prinz A, Read DJ, Schulze ED, Siamantziouras
ASD, Terry AC, Troumbis AY, Woodward FI, Yachi S,
Lawton JH (2005) Ecosystem effects of biodiversity
manipulations in European grasslands. Ecol Monogr
75:37–63. doi:10.1890/03-4101
Sumner ME, Miller WP (1996) Cation exchange capacity and
exchange coefficients. In: Sparks DL, Page AL, Helmke
PA, Loeppert RH, Soltanpour PN, Tabatabai MA, Johnston
CT, Sumner ME (eds) Methods of soil analysis - part 3
chemical methods. SSSA, Madison, Wisconsin, pp 1201–
1229
Tilman D, Wedin D, Knops J (1996) Productivity and
sustainability influenced by biodiversity in grassland
ecosystems. Nature 379:718–720. doi:10.1038/379718a0
Tilman D, Reich PB, Knops J, Wedin D, Mielke T, Lehman C
(2001) Diversity and productivity in a long-term grassland
experiment. Science 294:843–845. doi:10.1126/
science.1060391
Tilman D, Reich PB, Knops JMH (2006) Biodiversity and
ecosystem stability in a decade-long grassland experiment.
Nature 441:629–632. doi:10.1038/nature04742
van Ruijven J, Berendse F (2003) Positive effects of plant
species diversity on productivity in the absence of
legumes. Ecol Lett 6:170–175. doi:10.1046/j.1461-0248.
2003.00427.x
Vitousek PM (1982) Nutrient cycling and nutrient use
efficiency. Am Nat 119:553–572. doi:10.1086/283931
Vitousek PM (1984) Litterfall, nutrient cycling, and nutrient
limitation in tropical forests. Ecology 65:285–298
Weber M, Günter S, Aguirre N, Stimm B, Mosandl R
(2008) Reforestation of abandoned pastures: silvicultural means to accelerate forest recovery and biodiversity. In: Beck E, Bendix J, Kottke I, Makeschin F,
Mosandl R (eds) Gradients in a tropical mountain
ecosystem of Ecuador. Springer, Berlin - Heidelberg,
pp 431–441
Wilsey BJ, Parent G, Roulet NT, Moore TR, Potvin C (2002)
Tropical pasture carbon cycling: relationships between C
source/sink strength, above-ground biomass and grazing.
Ecol Lett 5:367–376. doi:10.1046/j.1461-0248.2002.
00322.x
Yavitt JB, Wright SJ (1996) Temporal patterns of soil nutrients
in a Panamanian moist forest revealed by ion-exchange
resin and experimental irrigation. Plant Soil 183:117–129.
doi:10.1007/BF02185571

