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Abstract
Background and Aims The oxalate-carbonate pathway
(OCP) has been observed in acidic tropical soils with
low alkaline cation content where compartments are
transient and fed by the rapid turnover of organic matter.
By acting on edaphic parameters, the OCP may influence
soil nutrient distribution. This study aims at assessing the
influence of the OCP on soil nutrients within an
agroforestry system associated to oxalogenic iroko trees.
Methods Soil nutrient distribution was studied in a 30m
long and 1 m deep transect starting at the iroko tree
towards the vegetation surrounding it.
Results Processes controlling nutrient distributions var-
ied with both distance and depth. The tree drastically
impacted edaphic variables, in the first instance pH.

Changes in pH generated gradients of calcium and
magnesium, both of the exchangeable and the total
fraction. In contrast, total phosphorus and potassium
distribution were mostly influenced by depth.
Conclusions This downward gradient fits the Bplant
cycling model^ that explains the effect of vegetation
on the recharge of soil nutrients. This is the first example
of the effect of the OCP on soil nutrient distribution.
Considering that the OCP is not restricted to the iroko
tree, this study highlights a more general pattern of forest
dynamics developed on highly weathered tropical soils.
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Introduction

Ferralsols represent about 7.5% of the ice-free area of the
world (Soil Survey Staff 1999). These tropical soils
spread over three continents, but are mostly found in
Africa and the Amazon basin. They develop over long
time spans (from at least 0.1 and up to 20 million years;
Lanfranchi and Schwartz 1990) under relative geomor-
phological stability, combined with warm-humid condi-
tions and a very gentle slope. These conditions lead to
intense weathering and leaching. This pedogenesis
(mainly ferralitization) leads to enrichment of aluminium
(Al), silicon (Si), and iron (Fe), while other cations such
as sodium (Na), magnesium (Mg), potassium (K), and
calcium (Ca) are leached from the solum. These soils are
consequently known to be highly acidic and non-valuable
for agricultural purposes. In this context, an often
overlooked pedogenic process called the oxalate-
carbonate pathway (herein referred to as OCP; Braissant
et al. 2004; Cailleau et al. 2011; Verrecchia et al. 2006)
can lead to the mitigation of ferralitization in relatively
short timespans (likely to be less than a century), by
increasing soil pH and storing significant amounts of both
calcium and carbon in the soil (Cailleau et al. 2004).
Briefly, in the OCP, oxalate produced by plants and fungi
is oxidized by soil oxalotrophic bacteria. Bacterial
oxalotrophy is further supported by bacterial-fungal
interactions (Martin et al. 2012), leading to a local
increase of soil pH that eventually allows calcium (and
magnesium) carbonate to precipitate (Verrecchia et al.
2006). For this reason, ecosystems harbouring OCP
properties can also be referred to as Boxalogenic-
oxalotrophic ecosystems^. To summarize, the OCP is a
process that allows for the transformation of sunlight into
accumulations of pedogenic carbonate, a relatively inert
compound with a residence time of 102 up to 106 years
(Cailleau et al. 2011; Retallack 1990). In other words, this
pedogenic process is akin to natural liming.

The effect of leguminous plants on soil N content
through symbiotic association with N2-fixing bacteria is
a well-known example of the impact of microbial sym-
bioses with plants upon soil (Hoogmoed et al. 2014;
Resh et al. 2002). In addition, the type of plant directly
influences litter quality and, in turn, soil biogeochemis-
try (Augusto et al. 2002; Hobbie et al. 2006) and struc-
ture of the soil microbial community (Ettema and
Wardle 2002; Saetre 1998). These two parameters, litter
composition and microbial community structure, are
interconnected to the build-up of plant species-specific

soil organic matter (Ehrenfeld 2003; Potter andWoodall
2014; Vesterdal et al. 2013). The latter is of growing
interest because it is directly linked to the carbon cycle
and thus to climate mitigation.

The spatial distribution of nutrients in a soil under the
impact of plants is a general concern of ecology and
environmental sciences. Several studies have dealt with
the horizontal patterns of nutrient distributions in soils in
relationship to the presence of specific tree species. For
instance, in savannahs, which are composed of grass-
lands with scattered trees, studies have emphasized de-
creasing gradients of soil fertility indicators, such as
total N, P, K, and Ca toward the open grassland
(Belsky et al. 1989; Kellman 1979). This pattern was
also observed in semi-arid environments under shrubs
influence (Li et al. 2007; Wezel et al. 2000). Other
studies have discussed vertical (depth) patterns of nutri-
ent distributions in relationship to the presence of plants
(Jobbágy and Jackson 2001), emphasizing two main
counteracting mechanisms: leaching, which tends to
deplete nutrients from the topsoil, and plant cycling,
which tends to accumulate nutrients at the topsoil.

The iroko tree (Milicia excelsa) is known from the
beginning of the last century to be associated to calcium
carbonate (in its tissues as well as in the close
surrounding soil; Adriaens 1934; Carozzi 1967). These
carbonate accumulations are unexpected, considering
local environmental conditions (low cation content and
acidic soils). During the last decade, the OCP has been
pointed out as being responsible for the formation of
calcium carbonate related to the iroko tree. Basically, the
scenario of how the OCP works is described by Cailleau
et al. (2011) and was completed by Martin et al. (2012)
concerning the crucial role of fungi. In short: i) as a
result of photosynthetic activity, calcium oxalate accu-
mulates in the iroko tissues; 2) a flux of oxalate-bearing
organic matter to the soil is constituted; 3) after biodeg-
radation of leafy and woody tissues, the oxalate crystals
are oxidized through the concomitant action of fungi
and oxalotrophic bacteria; 4) with time, the oxalotrophic
activity results in an increase of soil pH (Braissant et al.
2004) and finally to calcium carbonate accumulations
when conditions are favourable (i.e soil pH > 8.4, sta-
bility pH of calcite in environmental conditions, avail-
ability of Ca2+).

The presence of an oxalogenic-oxalotrophic ecosys-
tem in a previously acidic environment drastically
changes soil physicochemical parameters, mainly its
pH. However, until now, the effect of these changes on
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soil nutrient distribution has not been assessed. A strong
variation of nutrient concentrations is expected due to
the drastic changes in physicochemical soil conditions.
Hence, the aim of this study is to assess the influence of
the OCP on soil nutrients within an agroforestry system
associated with iroko trees (Milicia excelsa) in Camer-
oon, Africa. For this purpose, soil parameters such as
pH, total organic carbon (TOC), and nutrient concentra-
tions (N, P, K, Ca, and Mg) were measured as a function
of the distance to a mature iroko tree along a 30 m long
(horizontal effect) by 1 m deep (vertical effect) transect.
For this study, a coffee (Coffea arabica) agroforestry
system was chosen because it represents a widespread
traditional agricultural crop in tropical Africa. This
study contributes to the understanding of the possible
mechanisms involved in nutrient distribution in the par-
ticular case of oxalogenic-oxalotrophic ecosystems.

Material and methods

Environmental settings

This study was conducted in the Noun province,
West Cameroon. The local climate is tropical humid,
characterized by two distinct seasons, a humid one
from March to November, and a dry one from No-
vember to March. The mean annual temperature is
above 20 °C and the average annual rainfall ranges
from 1500 to 2000 mm/year (Olivry 1976). The
study site is located in a plain at approximately
720 m a.s.l. near the Mbam River, situated at
300 m to the east. The geological substratum is
comprised of migmatites and gneiss according to
the literature (Le Maréchal 1976).

Vegetation in West Cameroon is composed of prima-
ry or secondary semi-deciduous rainforests (Brenac
1988), where intensive coffee cultures are gaining
ground. In Africa (including Cameroon), intensive log-
ging by the opening of tracks is a key-driver leading to
the transformation of forest range to agricultural areas
and savannah. This is the case in the Mambicham area
where only some relict plots of tropical forest lie along
the border of traditional agroforestry systems. At the
study site and close to the Mambicham village (5°50′
49″N, 11°13′35″E), an old iroko tree (diameter at breast
height - DBH - of ca. 160 cm) stands in a coffee
plantation for at least 150 years.

Soil sampling

Five soil profiles (named station A to E) were dug along
a 30 m long transect from the iroko trunk, down to a
depth of 1 m, and at increasing distances from the iroko
tree: 0.5 m (A), 2.5 m (B), 8 m (C), 15 m (D), and 30 m
(E). The transect was oriented perpendicular to the
gentle slope (< 1°) toward theMbamRiver, 4 km down-
wards. The soil at A corresponds to a Mollic Ferralsol
Calcaric (IUSS 2006). The soil profiles at B to E were
identified as Pisolithic Plinthosol Ferric with very few
variations (Fig. 1).

Samples were collected in triplicates from three dif-
ferent sides of the dug soil profile: the face closest to the
iroko and the two adjacent faces. Samples were taken at
the following depths: 5, 10, 15, 20, 30, 50, 75, and
100 cm. Soil profile locations were chosen in order to
have three coffee plants at less than 1 m to ensure
conditions as similar as possible. Particular attention
was paid to prevent the influence of any other
oxalogenic-oxalotrophic ecosystem (as defined by
Cailleau et al. 2011, 2014) from at least a distance of
15 m.

Soil samples (250–400 g) were air-dried during field-
work and, once brought back to Switzerland, oven dried
at 45 °C over 2 weeks to be sure they were sufficiently
dried. Soil samples were sieved at 2 mm and a part of
this fraction was powdered with an agate mortar.

Soil physicochemical analyses

Soil grain-size distributions were performed with a non-
powdered >2 mm fraction after calcium carbonate re-
moval using 3.3 M hydrochloric acid (Pansu and
Gautheyrou 2006). Then, the soil organic matter was
removed from the soil sample by addition of 15%, and
then 35% of a H2O2 solution (up to 1 week for the upper
soil horizons, which have the highest organic matter
content). During the whole procedure, pH was main-
tained above 3 using 0.5 M NaOH to prevent any clay
destruction. In a last step, 0.5 mL of sodium
hexametaphosphate (1.6mM)was added to deflocculate
clay particles before analyses. Resulting suspensions
were analysed using a Malvern laser Mastersizer 2000.

The mineralogical content of soil samples was deter-
mined on the powdered fraction (>2 mm and no HCl
treatment) using a Thermo Scientific ARLX’TRA pow-
der diffractometer. Diffractograms were analysed using
the MacDiff software (Petschick 2001).
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The pHH2O of soil samples was determined using
10 g of >2 mm sieved sample added to 20 mL of
deionised water (Vogel 1994). The pH was determined
after 16 h of shaking on a rotary table using a
Metrohm™ pH-meter.

Total carbon (CorgTot) and nitrogen (NTot) contents
were measured using a Thermo Scientific CHNS

Elemental Analyser FlashEA 1112. Major total elemen-
tal contents, i.e. phosphorus, potassium, calcium, and
magnesium (PTot, KTot, CaTot, and MgTot, respectively),
were determined on bulk soil samples using a mix of
12 g of sample powder (n = 120) and 3 g of Hoechst wax
C micropowder for X-ray fluorescence analysis. Sam-
ples were pressed up to 10 tons to obtain tablets to be
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analysed. Analyses were performed using a Panalytical
PW2400 X-ray fluorescence spectrometer. This method
allows fast, accurate, and reproducible measurements
for soil samples while avoiding the use of strong acid
dissolution (Fitton 1997). XRF calibration is done with
solid sample for which the chemical composition is
entirely known. The chemical composition measured
using the XRF has a lower limit of detection of
20 ppm with a maximal error of 2%.

Remains of soil sample triplicates were pooled
(n = 40) to measure exchangeable cation contents
(Cae, Mge, Ke). Ammonium acetate 1 M was used
for extraction and soil extracts were filtered at
0.2 μm. Concentrations of Ca2+, Mg2+, and K+ were
measured using a Perkin Elmer ICP-OES Optima
8300 (Pansu and Gautheyrou 2006).

Statistical processing

A one-way analysis of variance (ANOVA) and
Tukey’s HSD tests were used to compare means of
each soil parameter measured (see below for calcu-
lations of pH means). These comparisons allow to
find means that are significantly different from each
other, in order to determine the limits of influence
of the iroko tree (i) along the transect (horizontal
pattern), and (ii) from the top to the maximum
depth of the soil profile (samples n = 120; vertical
pattern). Linear spline interpolation maps were cal-
culated using R’s Akima package (Akima et al.
2009; R Development Core Team 2012). As pH is
a logarithmic variable, an arithmetic mean cannot
be applied. Consequently a geometric mean was
used for each triplicate of pH values. Moreover,
linear interpolation for pH cannot be used, so, in-
stead, the geometric means previously calculated
were transformed into concentrations of protons
(i.e. 10-pH) on which a spline interpolation was
performed. Then, the newly obtained interpolated
concentrations of proton are back-transformed to
pH values (i.e. -log(concentration of protons)) to
be plotted as a map for pH distribution. Average
values of soil triplicate variables (CaTot, MgTot,
KTot, PTot, CorgTot, and NTot) were calculated and
merged to the dataset containing the exchangeable
cation contents in order to perform Principal Com-
ponent Analysis (PCA). PCA was calculated on n =
12 variables and n = 40 samples using R’s
FactorMineR package (Husson et al. 2014).

Results

Loamy texture predominated in the five soil profiles
(Table 1). Proportions of the various minerals in the soil
profile at station A are given in Fig. 2. Phyllosilicates,
mainly kaolinite, and quartz were dominant. No illite-
clays were observed. The pH, CorgTot and nutrient dis-
tributions are presented in Figs. 3 and 4. ANOVA and
post-ANOVATukey test results are given in Table 2. For
reference, the individual data for the ten edaphic vari-
ables (pH, CaTot, Cae, MgTot, Mge, KTot, Ke, PTot,
CorgTot, and NTot) are given in two supplementary tables
(supplementary table 3, n = 120; supplementary table 4;
n = 40). In order to prevent the questioning of the data
measured around this only tree, supplementary pH data
obtained during the exploration phase of the same area
of Malentouen (east of Foumban, 5°43′0″N, 10°55′0″E)
are given in a supplementary table (table 5). They sup-
port the idea that while an iroko tree grows, soil pH
becomes more and more alkaline.

The soil pH (Fig. 3a) showed significant differences
only as a function of distance (p-value <0.001), i.e.
along the horizontal axis from the iroko tree. Under
the iroko tree, pH averaged from 7.0 to 6.5, while pH
decreased with averages below 5.4 at 8–15 m from the
tree.

There were significant differences between means for
both CorgTot and NTot as a function of both distance (p-
values <0.001) and depth (p-values <0.001; Fig. 3b,c).
The highest CorgTot mean is observed in soils at station
A, decreasing towards station C. Whatever topsoil sam-
ples (down to 10 cm deep) values, for each station a
decrease occurred as a regular sigmoid curve along
depth without any clear threshold. Regarding NTot, sam-
ples at station A displayed the highest mean. The gen-
eral trend was an exponential decay-like curve with
distance from the iroko tree. NTot vertical distribution
was quite similar to that of CorgTot although less regular
than for the latter.

There was no difference in PTot (Fig. 3d) and KTot

(Fig. 4a) as a function of the distance from the tree (p-
values >0.4). However, there were significant differ-
ences for PTot and KTot regarding depth (p-values
<0.001). The means of samples >30 cm depth were
different from the others. The PTot vertical trends were
regular sigmoid curves that decreased with depth. The
KTot vertical trends were similar to those of PTot
excepted that topsoil values displayed a less regular
pattern with distance from the tree.
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The Ke (Fig. 4b) showed significant differences be-
tween means as a function of distance from the iroko
tree (p-value <0.001). However, there was no clear
trend. The highest mean was observed at station B,
which was different from more distant stations (C-E)
that presented the lowest means.

CaTot and MgTot (Fig. 4c and e, respectively) showed
significant differences as a function of distance (p-
values <0.001). The highest CaTot and MgTot means

were observed at station A, decreasing to an interval
between stations C and D. This general trend was less
regular forMgTot. There was a slight difference inmeans
for both CaTot andMgTot as a function of depth (p-values
<0.1 and <0.01, respectively), this being only visible
between the most remote depths i.e. 5 and 100 cm. Both
Cae and Mge (Fig. 4d and f, respectively) presented
significant differences between means as a function of
distance (p-values <0.001). Stations A (and B when
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Table 1 Percentages of sand, silt, and clay in the different horizons from the A to E stations and associated USDA textures (Schoeneberger
et al. 2012)

Profiles – Horizons Clays
(< 2 μm)

Silts
(2–50 μm)

Sands
(0.05–2 mm)

USDA textures

A - Aok 24.1 36.36 39.55 Loam

A - Bok 25.68 42.19 32.13 Loam

A - Co 27 39.53 33.48 Loam

A - Ccv 24.68 35.11 40.21 Loam

B - Ao 25.25 36.88 37.87 Loam

B - Bo 23.55 37.26 39.19 Loam

B - Ccv (1) 26.23 35.1 38.67 Loam

B - Ccv (2) 22.79 31.02 46.19 Loam

C - Aco 18.79 25.53 55.69 Sandy loam

C - Bco 26.99 26.16 46.85 sandy clay loam

C - Ccv 32.61 31.42 35.96 clay loam

D - Aco 17.62 29.46 52.92 Sandy loam

D - Bco 31.31 24.65 44.05 clay loam

D - Ccv (1) 21.08 19.01 59.91 sandy clay loam

D - Ccv (2) 37 32.43 30.56 clay loam

E - Aco 16.13 25.94 57.92 Sandy loam

E - Bco 32.67 28.4 38.92 clay loam

E - Ccv 33.09 42.98 23.93 clay loam

T1 - Aco 21.29 31.8 46.92 Loam

T2 - Aco 21.78 32.54 45.63 Loam

T3 - Aco 21.94 33.03 45.04 Loam
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considering Cae) had the highest means, then there was a
decrease toward stations further away from the tree.

The two first principal components (PC1 and PC2)
accounted for 79% of the total variance, using all the

parameters analysed in this study (Fig. 5a). The first
principal component (PC1) was mainly influenced by
MgTot, CaTot, NTot, and CorgTot (sorted by increasing
weight on PC1). On the other hand, KTot, depth, and PTot
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(sorted by increasing weight) contributed to the second
principal component (PC2). The PCA showed that KTot

and PTot (Group 1) were negatively correlated with
depth, while pH, Mge, and Cae (Group 2) were nega-
tively correlated with distance. Finally, a third group of
variables containing CaTot, MgTot, NTot, and CorgTot
constituted Group 3, which mainly contributed to PC1.
All these variables from Group 3 were relatively well-
correlated to each other and their projection on the
PC1xPC2 plane was in-between Groups 1 and 2. How-
ever, Ke did not significantly contribute to either the first
or the second principal components. As the depth and
distance variable projection in the PC1xPC2 space are
close to perpendicular, we can visualize how the other
variables behave in this PCA space, relatively to the
depth-distance Euclidian space. This will provide a

rough visual estimate of the relative quantification of
the variable dependence to both distance and depth in
the PC1xPC2 space (Fig. 5b,c). Distance accounted for
99% of the pH and Cae variability, while it was 95% for
Mge. Ke was not taken into account as its contribution
was too low. CaTot, MgTot, NTot, and CorgTot variability
was accounted for in a range of 74–66–62–56% by the
distance in the depth-distance Euclidian space. PTot and
KTot variability accounted for less than 20% by the
distance, while depth accounted for 95 and 89% in KTot

and P
Tot

variability, respectively. The other variables
depended on depth in a range of 51–14%.

Discussion

Ten edaphic variables were assessed in this study in
order to highlight the relative weight of the distance
from an iroko tree vs the soil depth on soil nutrient
distribution in an oxalogenic-oxalotrophic ecosystem.
The distribution of each element is discussed separately,
by focusing on its relationship with the distance (hori-
zontal pattern) and the depth (vertical pattern). The
spatial distribution of potentially acting processes that
influence the dynamics of soil nutrients is also de-
scribed. Finally, the specific context of the OCP is
discussed, in order to understand its impact on the
modification of pedogenic processes.

�Fig. 4 a Interpolated 2D maps using averages of triplicates (n =
120) for soil total potassium content (KTot - in % dry matter). b
Interpolated map (n = 40) for the soil exchangeable potassium
content (Ke - in % dry matter). c Interpolated map using the
average of triplicates (n = 120) for the soil total calcium content
(CaTot - in % dry matter). d Interpolated map (n = 40) for the soil
exchangeable calcium content (Cae - in % dry matter). e
Interpolated map using the average of triplicates (n = 120) for the
soil total magnesium content (MgTot - in % dry matter). f
Interpolated map (n = 40) for the soil exchangeable magnesium
content (Mge - in % dry matter)

Table 2 ANOVA and results from the post-ANOVATukey test given in function of distance and depth

Distance (m) Depth (cm)

Variable p-value 0.5 2.5 8 15 30 Variable p-value 5 10 15 20 30 50 75 100

pH <0.001 a b c d d pH 0.9734 – – – – – – – –

CorgTot <0.001 a b c c c CorgTot <0.001 a ab abc bcd bcd bcd cd d

NTot <0.001 a b bc c bc NTot <0.001 a ab abc abc abc bc c c

PTot 0.4087 – – – – – PTot <0.001 a b bc cd d e ef f

KTot 0.6450 – – – – – KTot <0.001 a ab ab b b c cd d

Ke <0.001 ab a b b b Ke 0.6873 – – – – – – – –

CaTot <0.001 a b c c c CaTot <0.1 a ab ab ab ab ab ab b

Cae <0.001 a a b b b Cae 0.9232 – – – – – – – –

MgTot <0.001 a b bc d cd MgTot <0.01 a ab ab ab ab ab b b

Mge <0.001 a ab bc c c Mge 0.9180 – – – – – – – –

Data processing for pH, CaTot, MgTot, KTot, PTot, CorgTot, and NTot is performed with n = 120 samples, whereas for Cae, Ke, and Mge, n = 40
samples have been taken. Means displayed with the same letter are not significantly different
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Fig. 5 Principal component analysis plots. a Correlation circle of
the 12 variables, 3 groups of edaphic indexes, and the first and
second principal components (79% of the total variance ex-
plained). Inner (red) and outer (black) circles represent correlation
coefficients equal to 0.8 and 1, respectively, between variables and
principal components. b Relationships between the 10 edaphic

variables vs the distance. This relationship is expressed as a nor-
malized π/2 angle in the PC1xPC2 plane (79% of the total vari-
ance explained). c Relationships between the 10 edaphic variables
vs the depth. This relationship is expressed as a normalized π/2
angle in the PC1xPC2 plane (79% of the total variance explained)
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Horizontal pattern of soil parameters: the Binfluence^
of distance

The exchangeable fractions of Cae and Mge strongly
depend on the distance from the tree, and their distribu-
tions are closely linked to pH (Fig. 5). Interestingly,
these exchangeable fractions do not group with their
related counterparts CaTot and MgTot. This suggests a
decoupling of the exchangeable fraction from the total
fraction. In the study area, it is expected that organic
matter (OM) provides the largest part of CaTot andMgTot
to the soil through litterfall (Vitousek 1984; Vitousek
and Sanford 1986; Jobbágy and Jackson 2001). This is
supported by the fact that both CaTot and MgTot belong
in the PCA to Group 3, which also contains CorgTot.
However, the exchangeable fractions of Cae and Mge,
display different distributions even if they represent
small fractions compared to the total amount. This sug-
gests divergent chemical dynamics along the 30 m long
transect from the iroko tree. The pH is the most likely
driving force for the exchangeable fractions of Ca and
Mg. An increase in pH leads to an increase in pH-
dependent charge (variable charges), allowing greater
retention of positive ions (Evans 1989). It is a well-
known phenomenon for metal adsorption on mineral
surfaces (including oxides). The alkalinization and the
concomitant decrease of [H+] in the soil/water solution
allow also for a greater amount of Ca2+ andMg2+ ions to
be bond to the humus-clay complex instead of Al3+ and
Fe2+. This explains why Ca is often mentioned in the
literature as the dominant exchangeable cation at pH 6 to
7 (Oertli 2008). Finally, this grouping of pH, Cae, and
Mge variables is not unexpected since the pH in the soil
studied is only slightly over 6.5. Indeed, higher pH
should cause a dramatic drop of the Mge (Chan et al.
1979). At higher pH, Mge and Cae are expected to react
divergently.

The effect of distance on Ke is also detected using
ANOVA: both stations B, and in a lesser extent A, have
greater amounts of Ke than the more distant stations.
Such a lateral distribution for Ke is uncommon, since a
vertical trend is more likely to be observed (Jobbágy and
Jackson 2001). Similarly to Cae and Mge, variations of
soil properties, such as the pH conditions resulting from
the oxalogenic-oxaltrophic ecosystem, are likely to in-
fluence the distribution of Ke. Variation of pH-
dependent charge may be a hypothesis to be tested in
the future for such a trend. Considering the most abun-
dant clay in the studied soil, i.e. kaolinite, its zero point

charge is usually <4 (Appel et al. 2003). The drastic
variation of pH (i.e. from 5 to 6) between stations B and
C (Fig. 3a) may therefore affect Ke by variation of the
electric properties of clays in function of pH.

The vertical pattern of soil parameters: the Binfluence^
of depth

Depth influences KTot and PTot concentrations, two ma-
jor nutrients for plants. Primary K- and P-bearing min-
erals were not detected in the mineralogical analyses of
the highly weathered Ferralsols. Therefore, we assume
that these two nutrients are provided by the turnover of
(OM).

To start with K, a parallel discussion of KTot and Ke is
used to highlight the trend with depth in the biogeo-
chemistry of K. First of all, stations D to E present an
interesting pattern for KTot and Ke, despite the fact that
no difference was detected with other stations by using
ANOVA. A decrease in KTot takes place from the topsoil
down to the 20–30 cm depth interval (Fig. 4a). At 30 cm
depth, there are slightly higher KTot amounts than just
above (at 20 cm depth), and then the Ktot decreases to
100 cm. Coffee plants have a zone of root uptake mostly
developed within the upper 30 cm of the soil (Gehrke
1962). As a consequence, the observed pattern can result
from a balance between the litterfall input and the pref-
erential root uptake by Coffee plants in this depth inter-
val. This pattern is similar to the one observed in plant
cycling, as described e.g. by Jobbágy and Jackson
(2001).

The trend observed at stations D to E is not clearly
visible in stations near the iroko tree. Stations A and B
present a deepening of isolines for both KTot and PTot
concentrations, which need further work to be more
thoroughly understood. Another question that is still
open for investigation is, in which fractions is the K
contained in the two following distinct settings: i) the
stations under the direct influence of the OCP (stations
A and B) and ii) the stations at remote distance from the
tree (stations C to E)? Various factors can drive K
distribution: i) OM inputs (quality or/and quantity), ii)
variations in the dynamics of OM decay related to the
pH increase linked to the OCP (Zech et al. 1997), iii)
changes in the balance between the various soil K
fractions (i.e. solution - exchangeable - fixed or
non-exchangeable), as it is expected for Ke (Acquaye
1973; Sparks 2000). This latter factor being under the
influence of clay mineralogy, a small fraction (e.g. only
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2% of 2:1 clay minerals in kaolinitic dominated
Ferralsol—Poss et al. 1991) could significantly influ-
ence K distribution through retrogradation processes
(Boyer 1973; Schneider et al. 2013). Consequently,
further works should include a thorough clay study to
understand their implication in K biogeochemistry in
these soils. Additionally, to be even more exhaustive, K
sources from the hydrosphere should also be included in
order to fully understand the K cycle in such an
ecosystem.

Similarly, PTot is either i) part of the OM fraction
mostly fed by litterfall, ii) bound onto mineral surfaces
(e.g. possibly kaolinite, goethite, and calcite; Fontes and
Weed 1996; Frossard et al. 1995), and/or iii) present as
inclusions co-precipitated with Fe- and Al-
oxyhydroxides (Fontes and Weed 1996; Miller et al.
2001). PCA (Fig. 5) shows that PTot does not correlate
with CorgTot. Although higher CorgTot contents are ob-
served in the upper 15 cm, a Tukey test shows that PTot
displays a similar threshold to CorgTot but at 30 cm
depth only (Fig. 3d). This is the depth at which Coffee
root uptake is assumed to create a depletion for KTot,
especially at stations D and E. Further works are needed
to fully understand P behavior in such a complex eco-
system. Because information is scarce in this P snap-
shot, future investigations on this fundamental subject
of P cycling in tropical ecosystem should not overlook
the impact of macrofauna (mainly termites) on transfers
and dynamics (Chapuis-Lardy et al. 2011).

To summarize, there are different patterns for KTot

and PTot vertical trends observed at remote stations
(stations C to E) compared to stations under the influ-
ence of the iroko tree (stations A and B). At remote
stations the trend results from a balance between litter
accumulations, responsible for nutrient supply, and root
plant uptake (probably mostly coffee plants). Under-
standing the exact factors that drive KTot and PTot distri-
butions at stations near the tree will need a more thor-
ough study. Consequently, some aspects should be con-
sidered in the future: i) differences in the K plant uptake
are anticipated due to antagonisms with other cations,
such as Mg and Ca (Fageria 2001; Pathak and Kalra
1971); ii) P can bind either to Fe and Al in acidic
conditions or to Ca under alkaline conditions (Ahmed
et al. 2008; Hinsinger 2001). iii) Additionally, investi-
gations on the interaction of P with organic complexes
and acids could complete the picture. P availability for
plants is strongly dependent on soil pH. At the pH
values measured, P availability should be higher near

the iroko tree than away from it, i.e. high to medium
versus low to medium i.e. in conventional pH ranges of
6.5 to 7 and <5.4, respectively. Consequently an in-
depth study of soil pH variations versus P-mineral bind-
ing would be a great asset to assess the benefits or
drawbacks of the presence of an OCP ecosystem in
agroforestry systems. As the lowest and highest pH
measured in the present study were not the most ex-
tremes ever observed in an OCP ecosystem (unpub-
lished data from other Cameroon field trips: from 4.3
up to 10.3), major issues for P availability are expected.
As a result, P accessibility for the plant and subsequent P
distribution in soil along a similar transect should be
cautiously assessed by taking into account: i) variations
at small scale of soil physicochemical parameters, such
as pH; ii) identify soil K- and P- bonded to Mg, Ca, Fe,
and/or Al bearing compounds; K and P content in Cof-
fee plants should be investigated to assess the full plant-
soil continuum.

Concomitant Binfluence^ of depth and distance

The Group 3 variables (MgTot, CaTot, NTot, and CorgTot),
are correlated neither to the distance nor to the depth. No
Ca-bearing mineral phases were detected despite the
fact that Ca-carbonate was expected (Braissant et al.
2004; Carozzi 1967). So, two main Ca compartments
can account for CaTot: an exchangeable pool
representing only a small fraction, and the Ca present
in OM, which represents the most important fraction of
CaTot. Additional Ca forms are expected, as mentioned
for instance with P binding where alkaline conditions
prevail. The strong relationship between CorgTot and
CaTot, but also with MgTot (with r2 = 0.85 and r2 =
0.81 respectively; n = 40), is well illustrated in the
PC1xPC2 plane (Fig. 5). This supports the interpretation
that Ca is mainly provided by OM.

A similar link between OM and Mg is observed,
although a smaller Mg content in the plant is
expected (Raven et al. 2000). This highlights the
fact that nutrient dynamics associated with the OM
recycling characterizes these soils highly depleted in
alkaline cations, and whatever the affinities of plants
for a given element.

With r2 = 0.91 (n = 120), NTot and CorgTot are well
correlated, in agreement with the non-lithogenic nature
of nitrogen. This also highlights the critical role of OM
in soil N supply. Consequently, OM inputs directly
influence NTot distribution, which is dependent on both

156 Plant Soil (2018) 425:145–160



depth and distance in this study. Only a depth trend is
visible for the farthest stations, i.e. D and E. This points
to the importance of litterfall (whatever its origin) over
the area. On the other hand, the high concentrations
observed close to the iroko tree (even at great depth)
raise questions about the source of N. Several explana-
tions include i) slower OM decay and recycling, ii) more
significant organic matter inputs to the soil, or iii) influ-
ence of the pH on microbial processes affecting the N
turnover. Among those, slower OM dynamics appear
unlikely as the pH increases (Balesdent et al. 2000; Van
Bergen et al. 1998) and thus should enhance bacterial
activity closer to the iroko tree (see the next section). On
the other hand, higher OM inputs are expected close to a
great deciduous tree, such as an iroko tree, than around
smaller coffee shrubs. In addition, the nature of these
inputs are different regarding locations (close or far
away from the tree). Important bark desquamations
were observed next to the iroko trunk. This supply can
play a role in N distribution, even if they are more
recalcitrant to decay, with a lower N content than dead
leaves. Moreover, specific edaphic conditions, related to
the pH increase close to the tree, cannot be excluded, as
the N soil cycle and its different pathways are pH-
dependant (e.g. Čuhel et al. 2010).

To sum up, the respective influence of distance and
depth upon the different variables measured in this
study, as well as the relationships between pH, MgTot,
CaTot, (and maybe NTot) deserve further investigation,
particularly their projections in the PC1xPC2 plane.
Mge and Cae are clearly related to both the pH and the
distance to the iroko tree. To some extent, Mge and Cae
also influence their total counterparts (MgTot and CaTot).

The central role of the oxalogenic tree and its associated
ecosystem

So far, the concomitant roles of pH and soil organic
matter (SOM; measured as CorgTot) as drivers of the
nutrient distribution has emerged. These two variables
are intrinsically dependent on the presence of an iroko
tree that polarizes the 30 m long transect described in
this study.

This tree species has been studied in many different
sites (present study as well as Braissant et al. 2004;
Cailleau 2005; Martin et al. 2012, and other
unpublished results). Considering the importance of
both pH and CorgTot on nutrient distribution, the

presence of an iroko tree and its associated OCP is seen
as the corner stone that controls the local ecosystem.

In the study area, acidic soil conditions prevail (av-
erage pH = 5.1 at station D and E; n = 48) in the absence
of an efficient oxalogenic tree and the concomitant
oxalotrophy at close vicinity. The pH reaches up to 7.4
(among n = 120), i.e. a value slightly above neutrality,
when an OCP is effective. Along the 30 m long transect,
the pH shows only one clear trend, expressed along the
distance from the oxalogenic tree, and this trend is
observed whatever the depth considered. Consequently,
the tree, through the oxalogenic-oxalotrophic ecosys-
tem, drives the soil pH, creating a gradient, which in
turn, controls both Cae and Mge fractions. Their respec-
tive total fractions also exhibit this gradient along the
transect. CaTot andMgTot concentrations close to the tree
were expected to be due to carbonate accumulations
below and near the trees as in previous studies (e.g.
Cailleau et al. 2004, 2011). Despite the rather low pH
observed at this study site, as well as the absence of
significant carbonate accumulation near the trunk, CaTot
and MgTot gradients are present. Is it the consequence of
the presence of an early stage of an OCP ecosystem, or
rather its differential efficiency due to edaphic an/or
climatic factors? Further work is needed to explore this
aspect.

Consequences of an efficient oxalogenic-oxalotrophic
ecosystem on nutrient supply

From an agricultural point of view, and if pH conditions
described in the present study remain close to the range
favorable for plant nutrition (slightly acidic – 5.5 to 6.5;
Delwiche 1983), some major drawbacks can be expect-
ed if soil pH in an OCP system reaches values up to 10
(as observed in Cailleau 2005 for instance). Such a pH
can result in important P immobilization with Ca or the
loss of exchangeable Mg.

In the context of tropical forests growing on highly
weathered soils, the OM recycling is of first importance
for plant nutrient supply in order to sustain their primary
production (Vitousek and Sanford 1986; Zech et al.
1997). However, in the present study, the impact of
CorgTot is difficult to grasp as two clear trends are
observed. First, in the farthest stations (C, D and E), a
vertical gradient is clearly visible and this is an expected
feature in tropical soils on which vegetation grows. The
same trend is present for the other stations (A and B),
although less clear. The second trend observed is a
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greater CorgTot content close to the iroko tree (stations A
and B) than at farther stations (stations C to E). As
already hypothesized, this trend must be the result of
the presence of a hardwood tree (i.e. the iroko tree),
which provides a greater amount of wood and bark to
the soil (Cailleau et al. 2011) as compared to the
surroundings. Both wood and bark are recalcitrant
organic tissues (Freschet et al. 2012; Vane et al. 2006).
Indeed, the OM input close to the iroko tree is not only
composed of easily decayed leafy material, but also by
recalcitrant lignin-rich bark and wood tissues. This is
likely to have an impact on the overall rate of OM
dynamics close to the iroko tree, emphasizing once
again its central role. This is even truer at the light of
the recent work by Keiluweit et al. (2015). They point
out the critical role of oxalic acid (as root exudates) as a
key factor positively influencing microbial carbon
mineralization (priming effect) through liberating
organic compounds from soil aggregates. Moreover,
iroko tissues (wood and bark) are known to be rich in
Ca (Cailleau et al. 2005; Campbell and Fisher 1932),
which is estimated to slow down the rate of OM turn-
over. On the other hand, the soil OM decomposition
rate, as well as the nutrient release, can potentially
increase where pH increases (Zech et al. 1997). To
conclude on the specific aspect of OM distribution, the
intricate influences of the source and nature of OM and
the soil pH make it difficult to assess the relative
importance of these three different factors on soil OM
dynamics in the context of an oxalogenic-oxalotrophic
ecosystem. Nevertheless, the iroko tree appears as an
essential driver, influencing both the nature and the
quantity of OM reaching the forest floor, as well as its
dynamics through the soil pH and the concomitant
variation in OM-Ca content. In its immediate surround-
ings, the role of an oxalogenic-oxalotrophic iroko tree
ecosystem is therefore crucial in the supply and avail-
ability of some plant nutrients (e.g. Ca, and probably N),
as well as for some key components driving the soil
fertility (e.g. pH and OM).

Conclusion

This study proposes a snapshot of the nutrient dynamics
in an agroforestry system in tropical Africa, in the
particular context of an oxalogenic-oxalotrophic ecosys-
tem associated with a coffee plantation. The studied
system shows very clearly that two trends shape the

nutrient distributions associated with a single iroko tree.
On the one hand, there are distance-dependent ex-
changeable nutrient gradients driven by the pH variable
(i.e. Cae, and Mge), itself controlled by the oxalogenic-
oxalotrophic iroko ecosystem. On the other hand, total P
and K distributions are strictly related to depth. Clearly
dominated by the inputs of organic matter, this pattern
fits to the plant cycling model described by Jobbágy and
Jackson (2001). Multifactorial by nature, nutrient distri-
butions depend on the various and combined influences
of edaphic conditions (e.g. pH), local organic matter
inputs, minerals, and the possible interactions between
nutrients (e.g. Ca-P). There is a clear dual influence of
factors, (i) organic matter inputs (the main source and
flux of nutrients to the soil) and (ii) the pH, a prevalent
parameter for soil nutrient dynamics in tropical
ecosystems.

This study of an iroko tree specific system should not
be seen as a peculiarity of the African tropical forest.
Oxalogenic-oxalotrophic ecosystems are not limited to
the iroko tree and Africa (Cailleau et al. 2014; Rowley
et al. 2017). Further investigation is needed to generalize
the implication, as well as to assess the extent, of
oxalogenic-oxalotrophic ecosystems on the nutrient cy-
cling in tropical forest ecosystems. Nonetheless, the
biogeochemical and ecological conclusions drawn from
this study are likely to illustrate a common pattern of
forest dynamics in the Tropics in the presence of
oxalogenic trees, mostly in highly weathered
watersheds.
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