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Abstract :

Tropical forests are generally considered to stand upon nutrient-poor soils, but soil nutrient concentrations
and availabilities can vary greatly at local scale due to topographic effects on erosion and water drainage.
In this study we physically and chemically characterised the soils of 12 study plots situated along a catena
with a shallow slope in a tropical rainforest in French Guiana both during the wet and the dry season to
evaluate seasonal differences. Soils along the catena were all Acrisols, but differed strongly in their water
drainage flux. Over time, this differential drainage has led to differences in soil texture and mineral
composition, affecting the adsorption of various nutrients, most importantly phosphorus. The more clayey
soils situated on the slope of the catena had higher total concentrations of carbon, nitrogen, phosphorus
and several micronutrients, while extractable nutrient concentrations were highest in the sandiest soils
situated at the bottom of the catena. We found that carbon, nitrogen and extractable nutrients all varied
seasonally, especially in the surface soil layer. These results are interesting because they show that, even
at the local scale, small differences in topography can lead to large heterogeneity in nutrient
concentrations, which can have large impacts on plant and microbial community organisation at the
landscape level.
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Introduction

Tropical forests display notable heterogeneity in soil nutrient contents (Cuevas
and Medina, 1986; Vitousek and Sanford, 1986; Laurance et al. 1999; Porder et
al. 2005; Nardoto et al. 2008; Chadwick and Asner 2016), and nutrient
constraints on ecosystem processes vary from local to regional scales in humid
tropical lowland forests (Kaspari et al. 2008; Townsend et al. 2011; Wright et al.
2011; Alvarez-Clare et al. 2013). This variation is a product of unique and diverse
combinations in the factors that regulate terrestrial ecosystem processes and
soil development, i.e. parent material, time, climate, topography and biota
(Jenny, 1941; Amundson and lJenny, 1997; Townsend et al. 2008). The
heterogeneity of soil nutrients across diverse tropical landscapes presents
challenges to understand and predict their ecosystem functioning (Randerson et

al. 2009; Cleveland et al. 2011; Townsend et al. 2011). Identifying the drivers and
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effects of this variation is essential as tropical forests play an important role in a
range of global environmental change scenarios (Nemani et al. 2003; Clark 2004;

Bonan, 2008) and in biogeochemical cycling (McGroddy and Silver, 2011).

Topography is one of the factors that contribute to landscape-scale variation in
tropical nutrient distribution and, together with biota, likely has the greatest
impact on local differences in soil development as time, climate and parent
material are often relatively constant at the landscape scale. The impact of
topography on soil formation is two-fold. On short timescales, high rainfall can
cause hydrologic transport, redistributing nutrients and carbon (C) downslope
and along flow paths (McSwiney et al. 2001; Chaves et al. 2009). On longer
timescales, nutrient distribution is regulated through weathering, erosion and
sediment transportation, all affecting soil development and residence times
(Jenny, 1941; Walker and Syers, 1976; Tiessen et al. 1994; Birkeland, 1999). One
of the major drivers of physical soil erosion and sediment transportation is slope
steepness (Heimsath et al. 1997; Roering et al. 1999), which can play a major
role in determining spatial patterns of nutrient availability across steeply
dissected terrain (Porder et al. 2005; Weintraub et al. 2015). However, in low
gradient landscapes with gentle slopes and continuous forest cover the rates of
physical erosion and transportation are slower (Renard et al. 1997; Labriére et
al. 2015), leading to increased importance of chemical weathering through the
slow passage of water (Labriere et al. 2015). One example of low gradient
landscapes with continuous forest cover is found in French Guiana, where
landscapes are typically made up of a multitude of small hills and valleys,
creating an undulating topography in which local hilltops descend towards
stream beds over slopes with low inclinations (Boulet et al. 1979; Fritsch et al.

1986; Epron et al. 2006).
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In French Guiana, the local hydrological regime has had a large influence on soil
development, resulting in the formation of hydromorphic soils from ferralitic
ones at the lower parts of the hills (Sabatier et al. 1997). Currently, nutrient poor
Acrisols are found on the low elevation plateaus (Epron et al. 2006). They are
dominated by low activity clays like kaolinite and gibbsite, but sesquioxide
content is comparable to that of Ferralsols (Driessen et al. 2001). These
sesquioxides are able to strongly sorb soil organic matter (SOM) and a variety of
plant nutrients including phosphorus (P), greatly impacting its availability to the
environment (Bortoluzzi et al. 2015). Over time, the passage of water has caused
selective removal of the smallest particles, namely clay and associated secondary
minerals, primarily on the lowest parts of the hillslopes (Chauvel et al. 1987,
Dubroeucq and Volkoff 1998, Do Nascimiento et al. 2004; Epron et al. 2006). This
means these soils are richer in quartz and poorer in clay content than their
plateau counterparts, leading to differences in how nutrients are retained or
leached out of the soil (Quesada et al. 2011). These differences can have
profound effects on the standing biomass, and slight changes in soil properties
of similar soils on a landscape scale had significant impacts on tree growth rate

and mortality (Soong et al. 2020).

The tropical forests of French Guiana are affected by seasonally driven changes
in precipitation and have a distinct wet and dry season. This is expected to
influence pH, exchangeable cations (Sollins, 1998), and nutrient availability
(Lodge et al. 1994; Campo et al. 1998; Chacdn et al. 2008; Yamashita et al. 2010),
notably as a pulse of nutrients at the onset of the wet season (e. g. Singh et al.
1989; Yavitt and Wright, 1996; McGrath et al. 2000; Yamashita et al. 2010).
Several mechanisms could contribute to this seasonal variation in nutrient
availability. For example, litterfall peaks at the onset of the dry season and

accumulates until rainfall begins (Wieder and Wright, 1995; Chave et al. 2010;
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Wagner et al. 2013), so nutrient mineralization from decomposing litter
increases in the wet season. Phosphorus and other nutrients can be released
from the soil microbial biomass by cell lysis when rapid rewetting follows an
extended dry period (Sparling et al. 1985; Turner and Haygarth, 2001). Soil drying
can also change soil physical and chemical properties, such as diffusion and
oxygen availability, influencing nutrient concentrations (Birch, 1960; Bartlett and
James, 1980; Tack et al. 2006). The effect of soil drying on nutrient
concentrations, however, appears to vary among soils and nutrients (Turner et
al. 2009). Seasonal variation in precipitation alters microbial communities, which
can have an impact on the soil nutrient concentrations and affect the availability
of these nutrients for plant growth (Smith et al. 2015; Turner et al. 2015; Yokobe
et al. 2018).

The first objective of this study was to assess variation in chemical composition
and fertility, namely total and extractable concentrations of various nutrients,
along a low incline topographic gradient situated in Paracou, French Guiana. The
second objective was to assess seasonal changes in chemical fertility on the same
topographic gradient. For these purposes, we measured soil physical,
mineralogical, and chemical properties on three distinct landscape units (top,
slope and bottom) situated along a catena with a gentle slope (Fig. 1). We
measured these variables once during the wet and once during the dry season

in 2015.

We hypothesize that chemical fertility of the soil varies across the different
landscape units due to differences in, e.g., mineralogy, particle size distribution,
and hydrology, which affect soil nutrient adsorption capacities and availabilities
in the soil. We also hypothesize that concentrations of extractable nutrients
differ seasonally, as they can be affected by seasonal changes in, e.g., rainfall and

humidity, decomposition of organic matter or associated microbial activity.
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Materials and Methods

Study site

The study was conducted at the Paracou research station in French Guiana (Fig.
1 A and B). The station, 15 km inland from the coast (5°15’N, 52°55’W), covers
125 ha of primary lowland tropical forest. The site has between 150 and 200 tree
species ha and a stand density of on average 450 trees ha (DBH> 10 cm). The
most represented plant families occurring at the site are the Lecythidaceae,
Fabaceae, Sapotaceae and Chrysobalanaceae, but detailed descriptions of the
floristic composition can be found in Gourlet-Fleury et al. (2004). Average annual
rainfall and air temperature for the period 2004-2014 at the study site was 3102
+ 70 mm and 25.7 £ 0.1 °C, respectively, while average wind speed is between 2
and 5 km h! predominantly from a northeast direction (Aguilos et al. 2019). The
French Guianese climate is characterized by a wet and a dry season due to the
north/south movement of the intertropical convergence zone. The wet season
extends from December to July and peaks in May when monthly rainfall typically
exceeds 600 mm. The dry season, characterized by less than 100 mm monthly
rainfall, is from August to November (Aguilos et al. 2019). The wet season
sampling was carried out between May 29" and June 10t 2015, just after the
period with the heaviest rainfall occurring in May (Fig. S1). The dry season
sampling was carried out between October 5" and October 215t 2015, in the third

month of the dry season (Fig. S1).

Paracou is located on the smoothest landscape units found on the schist of the
Bonidoro series (Gourlet-Fleury et al. 2004), rich in muscovite and containing
veins of pegmatite of variable size (Sabatier et al. 1997). The landscape is a
tabular system incised by streams and altitudes range from about 15 to 50 m
above sea level (Fig. 1 C). Topography is undulating with maximum slopes of

approximately 30°. On average, the elevational differences between hill summits
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and valleys are 40 m over horizontal distances of 200 to 400 m. At the Paracou
research site, soils are characterized as nutrient-poor Acrisols (FAO, 1998) in
which total and available P content is low (Grau et al. 2017). Over time, local
differences in weathering and hydrology have led to spatial variability in soil type
across the French Guiana soils, but all are ordered on the landscape scale.
Detailed studies of elementary catchments in French Guiana (Boulet, 1983;
Fritsch et al. 1986) have enabled the identification of four stages of soil evolution
developed on the ferralitic bedrock cover (Boulet et al. 1993). At Paracou, the
soils have reached the fourth stage of evolution, meaning that soil
transformation has been ongoing under hydromorphic conditions, causing a
redistribution of iron downhill. We refer to Sabatier et al. (1997) for more details

on soil evolution in Paracou.

Experimental design

We identified three distinct landscape units upon a toposequence that showed
an altitudinal decline of about 20 m over about 200 m distance. These landscape
units were (1) bottom, i.e. just above the creek running through the valley, (2)
slope, i.e. the intermediate section of the elevation, and (3) top, i.e., where the
slope evens out and becomes the hilltop. On each landscape unit we established
four plots of 50 x 50 m each (see Courtois et al. 2018 and Fig. 1 D and E) and
sampled soils within a visually homogenous 20 x 20 m area within the larger 50
x 50 m plot (Fig. 1 F). Distances between the plots were 10 — 100 m. In two of
our top plots we observed clear depressions in the soil, so-called Djougoung-
Pétés, that indicate ancient tree falls and, because of the presence of a clay-rich
drainage barrier near the surface, often show standing water up to 72 h after
rainfall (Blancaneaux, 1973). We did not sample within 2 m of such a depression

in the soil.
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Soil sampling

Sampling of the various soil samples was done manually using different augers
during the 2015 wet season (May 2015). Once per plot, we used an Edelman
auger (6 cm diameter) to sample to a 1.2 m depth (0.1 m, 0.2 m and every 0.2 m
below) for visual soil classification. At five locations in each plot, we used an
auger with a 15 cm long cylindrical head (8 cm diameter) to sample bulk density
to a depth of 30 cm. Lastly, we used a gouge auger (5 cm diameter) at five
locations inside each plot to extract soil samples for chemical analysis to a depth
of 30 cm (Fig. 1 F). This last sampling was carried out twice (once in the wet and
once in the dry season) to look at seasonal changes in the chemical soil
properties. Samples used for soil particle size distribution analysis, X-ray
diffraction (XRD) and chemical analyses were sieved (2 mm) fresh. We chose to
divide the soil into a ‘surface’ layer (0 — 15 cm) and a ‘deeper’ layer (15 —30 cm)
instead of sampling by genetic horizon because the upper horizon in Paracou
varies between 0 - 15 and 0 - 20 cm depth while the next horizon often extends
to 50 cm depth and beyond (Guitet et al. 2015). Additionally, this standardization
would allow more accurate bulk density measurements and calculations of

nutrient stocks by soil depth.

Soil physical properties

Visual soil classification was done on the single (per plot) 1.2 m soil core
extracted with the Edelman auger. Soil moisture and texture (by touch), colour
(Munsell code), as well as the presence of stones or coloured spots were
examined and used to classify soils. The depth of the clay rich drainage barrier
was subjectively localized by manual perception of clay content and silt dryness.
The appearance of the ‘dry to the touch’ character at a depth of less than 1.2 m

was used to discriminate soils exhibiting vertical drainage from soils exhibiting
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superficial lateral drainage (adapted from Boulet et al. 1983; Sabatier et al.

1997).

Soil bulk density samples were sieved through a 2 mm sieve. Soil weight was then
determined after drying at 105°C during 24 h and divided by the corer volume to
obtain the bulk soil density. Volumetric water content (SWCvol) was calculated
by multiplying the gravimetric water content with the bulk soil density and
dividing by the water density, which we assumed was 1 g cm™. We used a neural
network prediction (Rosetta Lite version 1.1; Schaap et al. 2001) function based
on pedotransfer functions (PTF’s) to estimate van Genuchten (1980) water
retention parameters. These parameters allowed us to build a water retention
curve for each plot and from this curve extract the SWCyo at which field capacity
(FC) was reached. We then expressed the measured SWCyo as a percentage of
FC. (SWCrer) to allow direct soil moisture comparisons between soils. For a more

detailed description we refer to Schaap et al. (2001).

For both particle size distribution analysis and measurements of XRD aliquots of
the five previously sieved samples extracted using the gouge auger were mixed
together by hand per depth (0 — 15 cm ‘surface’ and 15 — 30 cm ‘deeper’) and
analysed as one composite sample per depth and per plot. Soil particle size
distribution was determined using the hydrometer method (Gee and Bauder,
1986) following soil organic matter oxidation with H,0,. Soil particles were
dispersed with sodium hexametaphosphate and the amounts of sand, silt and
clay were determined using a hydrometer. For XRD analysis we used an X’'Pert
PRO MPD powder diffractometer (Malvern Panalytical, UK) in a Bragg-Brentano
/26 reflection configuration with Ko radiation (\=1.5406 A) , selected by means
of a primary Ge (111) Johansson type primary monochromator, and X’Celerator
1D silicon strip detector (active length 2.122 °26), at the X-Ray Diffraction Unit

of the Scientific and Technological Centers of the Universitat de Barcelona. Dried
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and ground soil samples were mounted in standard cylindrical sample holders,
of 16 mm and h 2.5 mm, to obtain powder XRD diagrams from 3 to 80 °26, step
size 0.017 °26 and measuring time of 50 seconds per step (30 minutes of total
measuring time), with constant illuminated area of 10 x 12 mm and sample
rotation at 2 seconds per revolution. The qualitative mineral phase analysis was
performed with the aid of the Powder Diffraction File Data base PDF-4+ 2020
(ICDD, 2016) and through the X’Pert HighScore Plus software, version 4.7, 2017
(Degen et al. 2014). See table S1 in the supplementary information for the

reference numbers of each evaluated mineral.

Chemical analyses

Aliquots from the previously sieved soil samples gathered with the gouge auger
were divided into two parts. The first part was oven dried at 70 °C during two
days to determine gravimetric water content by measuring weight loss. Dried
soil was then ground in a ball mill (Retsch, Germany) and used to determine the
concentrations of C and N through dry combustion with an elemental analyser
(Flash 2000, Thermo Fisher Scientific, Germany) and also to determine the
concentrations of P, K, S, Ca, Mg, Fe, Mo, Cu, Mn, Na, Zn, Ni, V, Cr, As, Sr and Cd
through acid digestion in a ultraWAVE digestor (Milestone, Italy) followed by ICP-
MS (7500 ce model, Agilent, USA). The second part of the sieved soil was used
for the measurement of pH and the extraction of inorganic N and P. The pH was
measured by adding 1M KCI to the soil in a 1:2.5 w:v ratio, shaking for 1 h and
measuring with a pH meter (HI 2210-01, Hanna Instruments, USA). The same soil
solution was passed through a 42 um filter and the filtrate’s concentration of
NHs" and NOs was determined colorimetrically (SAN++ continuous flow
analyser, Skalar Inc, The Netherlands). Inorganic P was determined in two ways,
the Bray-P acid fluoride extraction (Bray and Kurtz 1945) and the Olsen-P

bicarbonate extraction (Olsen et al. 1954). Phosphorus concentrations in both

10
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extracts were measured with an iCAP 6300 Duo ICP optical emission

spectrometer (Thermo Fisher Scientific, Germany).

Data analysis

We employed a multivariate approach to examine whether total element
profiles differed along the toposequence. The concentrations of sixteen
elements measured in the soil at the three landscape positions were used for
this multivariate analysis: C, N, P, K, Mg, Fe, Mo, Cu, Mn, Zn, Ni, V, Cr, As, Sr and
Pb. These metrics were used to create a distance matrix and conduct a principal
component analysis (PCA) after which a PERMANOVA test assessed differences
in integrated elemental concentrations with landscape position and season
(Anderson 2017). If the PERMANOVA test indicated a significant effect a beta
dispersion test was conducted to check centroid dispersion (Anderson et al.
2011). In addition, we analysed these sixteen elements and the concentrations
of inorganic N and P individually to examine which ones differed by landscape
position and season. Linear mixed-effects models (LMM) were employed, with
topographic position (bottom, slope or top) and season (wet or dry) as fixed
effects and plot as random effect. Prior to analysis, data were log transformed if
needed, to match normality assumptions. Multiple comparisons within a factor
were analysed using Tukey post hoc tests. We used Pearson correlations to
examine the relationship between soil clay content and the concentrations of
the various elements that significantly changed over one or multiple landscape
units. When examining the association between inorganic P and total Fe
concentrations using Pearson correlations we visually observed a trend break in
the relationship. We confirmed that the slope of the regression before the trend
break was significantly different from the slope of the regression after the trend
break using a piecewise regression model. The validity of the models’

assumptions (linearity, normality of residuals, no influential outliers,

11
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homoscedasticity) were evaluated with standard functions of R, including
diagnostic plots. All analyses were performed in R 3.5 (R Core Team 2018) and
we used the packages dplyr (Wickham et al. 2018), ade4 (Dray and Dufour,
2007), vegan (Oksanen et al. 2019) and Imertest (Kuznetsova et al. 2017) for

calculations and ggplot2 (Wickham et al. 2016) for visualizations.
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Results

Soil classification

Overall, sand particles (> 53 um) dominated soil profiles across the site’s
topographical gradient (average 72 % by mass), while clay particles (< 2 um) only
accounted for 12 % of soil particles in the upper 15 cm, and 14 % in the deeper
soil (15-30 cm). Slope soils were, however, significantly (P < 0.05) richer in clay
than bottom or top soils at both depths (Table 1). The XRD analysis showed that
soils were characterized by different proportions of four main minerals (Table 1)
with quartz (SiO;) being the dominant primary phase, inherited from the
weathered bedrock. The other three phases were kaolinite (1:1 clay
Al,Si,0s5(0OH)4), gibbsite (aluminium hydroxide, Al(OH)3) and iron (hydr)oxides
(FeO(OH) and Fe;0s3), all neoformed clay-sized minerals typical of highly
weathered tropical soils. The XRD results also showed that slope and top soils
had similar proportions of mineral phases while bottom soils were significantly
different. Bottom soils contained more sand and consisted of 80 % quartz, 15 %
kaolinite, 4 % gibbsite and a very low proportion of Fe (hydr)oxides (+- 1.5 %). In
comparison, slope and top soils had lower proportions of quartz (60 — 70 %) and

higher proportions of kaolinite (20 — 30 %) and Fe (hydr)oxides (+- 5%, Table 1).

Soils from the different plots within a single landscape unit (bottom, slope or
top) exhibited heterogeneity in their drainage conditions, especially on the top.
There, we found two plots showing slowed vertical drainage due to a reddish
brown clayey horizon with a micro-aggregated structure followed by a red clayey
weathered horizon at a depth of less than 1.2 m (ferralic acrisol). The two other
plots, along with all slope plots, showed superficial lateral drainage because of a
clay rich drainage barrier at a depth between 40 and 80 cm (haplic acrisol), that

restricted the vertical drainage. On the valley bottom, soils were hydromorphic

13
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and in two plots the water table occasionally reached the surface horizon (ferric
acrisol). They were wet to the touch and exhibited red and yellow mottled
saprolite at a depth of less than 1.2 m. The soil of the two other bottom plots
was strongly hydromorphic, and the water table was present in the surface
horizon (gleyic acrisol) as indicated by the light grey to white soil colour
indicating reductomorphic properties. This soil was very wet to the touch and
had the lowest clay content of all plots, both in the surface layer (0 —15cm, <7

%) and deeper layer (15—-30cm, < 10 %).

The pH across all soil samples was acidic and ranged between 3.64 and 4.90.
With the exception of top landscape unit surface soil, which was slightly more
acidic than bottom soil, there were no topographical or seasonal differences in
pH. The pH in the deeper soil layer was slightly higher than in the surface soil
layer. Averaged over both soil depths, volumetric soil water content (SWCyol)
decreased by 5.2 % (SE 1.5 %) during the dry season (P < 0.001), while it
decreased by 3.1 % (SE 1.7 %) with depth (P < 0.01) when averaged over both
seasons. Overall, within a given soil depth and season, the percentage of SWCyol
relative to SWCvo at Field Capacity (SWCrel) was equal in bottom and slope
landscape units, while top SWCrel was lower. In the surface soil layer during the
wet season, both bottom and slope SWCvo were roughly equal to Field Capacity
(~ 100 %), while in the deeper soil layer this was only 81.3 % and 65.5 %,
respectively. Top plot SWCel consequently indicated drier soils that, even in the

wet season, did not reach 70 % SWC:e (Table 2 and 3).

Soil elemental concentrations and stocks

We found that the concentrations of soil C, N and P correlated well with clay
content in both soil layers (Fig 2). Overall, this was also true for the metals Mo,
Zn, Cu and Ni (Fig 3). The correlations of C, N, Mo, Cu and Ni with clay content

were strongest in the deeper soil layer, while this was opposite for P and Zn.

14
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The PCA and subsequent PERMANOVA test conducted on the combined total
elemental concentrations from both soil depths revealed significant differences
in element concentrations with depth (F1,22¢ = 5.04, P < 0.05). The beta dispersity
test was negative, showing that this result was not confounded by centroid
dispersion. Therefore, we analysed the two sampled soil layers separately and

conducted a PCA analysis for each soil layer.

In both soil depths the PCA (Fig 4) and subsequent PERMANOVA test conducted
on the total elemental concentrations (C, N, P, K, Mg, Fe, Mo, Cu, Mn, Zn, Ni, V,
Cr, As, Sr and Pb) showed a significant effect of topographical position (F2,113 =
4.0, P <0.05 and Fz111 = 3.7, P < 0.05 for surface and deeper layer, respectively),
while no effect of season was observed at either depth. However, the beta
dispersity test yielded a significant result for topographical group dispersion in
both soil depths (surface layer: p < 0.01 and deeper layer: p < 0.001), indicating
that there was significant dispersion from the centroid. Thus, we cannot be sure
that the observed differences in elements as found by the PERMANOVA were
indeed true topography-induced differences and not the result of differences in
group dispersion. Topographical differences are discussed further in function of

the PCA, but instead analysed with linear mixed effects models.

The principal component (PC) 1 of the surface soil elemental PCA, which
explained 36.9 % of the variation, was mainly driven by the concentrations of the
metals Fe, Cu, Ni, V, Cr and As (Table S4 and S5). In the deeper soil layer PC1
explained 35.1 % of the variation and was again mainly driven by the
concentrations of the metals Fe, Cu, V, Cr and As, but, in contrast to the surface
soil, here Ni did not participate in driving PC1 while Mn did. PC2, which explained
16.9 % of the variation in the surface soil and 18.9 % of the variation in the
deeper soil layer, was mainly driven by the concentrations of C, the macro

nutrients N and P, and Pb in both soil layers (Table S4 and S5).
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Depth

When examined individually, concentrations of nine out of the sixteen studied
elements differed between the surface and deeper soil. Carbon, N, P and Mg
concentrations decreased with depth, while K, Fe, Ni, V and As concentrations
increased with depth. Depth had no impact on the concentrations of Mo, Cu,

Mn, Zn, Cr, Sr and Pb. This was true in the three sampled landscape units.

Topography

Within soil layers, the concentrations of three and eight of the sixteen elements
differed among landscape positions in the surface and deeper soil, respectively.
Surface soil P concentrations were highest on the slopes and significantly lower
on bottom and top (P < 0.01 for all comparisons). Deeper-soil C, N and P
concentrations were higher in the slope plots than in the top plots (P < 0.05 for
all), while bottom concentrations were not significantly different from either
slope or top concentrations, with the exception of total P which was different
(P< 0.001) from slope total P and equal to top total P. Additionally, in both soil
layers, measured concentrations of Fe and Mn were lowest at the bottom and
significantly higher on the top and, in the case of Fe, on the slope landscape
positions. For Min, we found that slope concentrations were not different from
either bottom or top concentrations, but rather were intermediate between the

two (Table 2 and 3).

Exclusively in the deeper soil layer, we found that the concentrations of heavy
metals Mo, Cu, Zn and Ni varied with changing topography. Lowest
concentrations occurred in the bottom plots, and highest concentrations in the
slope plots. Top plot Mo and Cu concentrations were intermediate between
bottom and slope, while Zn and Ni concentrations were not different from

concentrations in slope plots. Lastly, in surface soils, the difference in the
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concentrations of Mo, Cu and Ni between bottom and slope plots was nearly

significant (P < 0.07 in all cases, Table 3).

Seasonality

In the surface soil (Table 2), seasonality had an effect on the concentrations of
C, N and Mg. Carbon and N concentrations were higher in the dry season than in
the wet season (P < 0.001 for both), while the opposite was true for Mg, which
was highest in the wet season (P < 0.001) and declined in bottom and slope
landscape units during the dry season. There was no decline of Mg concentration
in the top landscape during the dry season. With the exception of C and N, we
observed no effect of seasonality on any of the measured nutrient
concentrations in the deeper soil layer (Table 3). Similar as in the surface soil
layer where the concentrations of both C and N were higher during the dry

season (P < 0.01 for both).

Nutrient extractions

The concentrations of extractable N and P (as proxies for their availability) varied
with depth, landscape position and season. The surface soil concentrations of
ammonium (NH4*), nitrate (NOs’), Bray extractable P (Psray) and Olsen extractable
P (Poisen) Were all higher (P < 0.001 for all) than those in the deeper soil layer
(Table 2 and 3). Surface and deeper soil NHs" concentrations were highest (P <
0.01) in the slope plots and lowest in the bottom plots, while top concentrations
did not significantly differ from either bottom or slope plots (P=0.12 and P =
0.07, respectively). Concentrations of NOs™ did not vary topographically in either
soil layer. In surface and deeper soil, the Pgray and Poisen cOncentrations were both
low and similar to each other. Both concentrations were highest (P < 0.001 for
both) on the bottom landscape position and decreased towards the slope and
top, with slope and top concentrations not differing from each other. In the

surface soil layer there was a large effect of seasonality and concentrations of
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extractable N and P were all lower in the dry season (P < 0.001 for all). In the
deeper soil layer seasonality only impacted the extractable N concentrations,
lowering them significantly (P < 0.001), while the concentrations of extractable
P remained unchanged. There was a strong negative correlation between Pgray
and total Fe in both soil layers, but only until Fe concentrations reached 20 g kg’
!, There occurred a trend break in the correlation around 20 g Fe kg (piecewise
regression, P < 0.001), above which higher Fe concentrations no longer

correlated with a decline in Pgray (Fig 5).

Discussion

Our results concur with previous studies suggesting that nutrient distribution can
vary along local topographic gradients (Tiessen et al. 1994; Scatena and Lugo,
1995; Vitousek et al. 2003; Porder et al. 2005; Weintraub et al. 2015; Osborne et
al. 2017), although in our study not all assessed nutrients differed along the

topographic gradient.

Soil description

In soils that are vertically draining the water percolates downwards and leaches
aluminium from the clay minerals (here predominantly kaolinite and gibbsite,
see Table 1), while the sand, which here is quartz dominated, stays in place,
resulting in a relative enrichment of sand (Lucas and Chauvel, 1992). In soils that
are draining laterally this process is slower, resulting in less aluminium leaching
and thus a relatively higher clay content than the vertically draining soils (Lucas
and Chauvel, 1992). This explains the higher clay content found on our slope
plots, where lateral drainage predominates, and where surface run-off further
contributes to reduced vertical drainage. In contrast, the ferric and gleyic acrisols
on the bottom landscape have undergone intense chemical weathering due to

the influence of water, which is found, on average, at a depth of 18 cm (Ferry et
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al. 2010). This resulted in leaching losses of Fe, Al and organic colloids, mainly
preserving the more stable minerals such as quartz (Lucas et al. 1996).
Comparing the calculated values of SWCper with the soil water potential profiles
from Sabatier et al. (1997) confirms that our bottom landscape has a

combination of ferric acrisol and gleyic acrisol soils.

Topographic differences in soil nutrients

At the catena scale, P, Fe and Mn varied topographically in both the surface (0-15
cm) and deeper (15-30 cm) soil layers, while C, N and the metals Mo, Cu, Zn and
Ni varied topographically in the deeper soil layer only. The concentrations of
total P in the soil were very low across all topographies, ranging between 22 and
254 mg kg, which is a direct result of weathering since the Precambrian that
has led to the depletion of P in the soils situated upon the Guiana Shield (Walker
and Syers, 1976; Vitousek and Howarth, 1991; Hammond et al. 2005). Low
concentrations of both total and extractable soil P are typically found in
Amazonian primary tropical forests situated on old and highly weathered soils
(Quesada et al; 2010), and as total P decreases the remaining P pool is gradually
transformed into more recalcitrant, occluded forms (Walker, 1964; Smeck, 1973;
Tiessen et al. 1984; Crews et al. 1995). Occlusion mainly occurs on incompletely
weathered mineral surfaces, such as kaolinite, or on secondary minerals (Yang
et al; 2013), such as the overly abundant metal (hydr)oxides (Sanchez, 1977).
Both are linked to clay content, explaining why we found a strong correlation

between soil P and the clay fraction (Fig 3).

The concentrations of Fe were much lower in the bottom landscape than on the
slopes and tops, which is likely related to waterlogged conditions occurring more
frequently on the bottom landscape position (Ferry et al. 2010). These can cause
temporal anoxic conditions in the soil, contributing to the development of the

gleyic acrisol we observed (Setter and Waters, 2003; Gross et al. 2018). Under
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anoxic conditions, Fe(lll), present in the Fe-(hydr)oxides in the mineral clay
fraction, becomes the dominant terminal electron acceptor (Hall and Silver,
2015) and is reduced into Fe(ll). Reduced Fe(ll) is water soluble (Chacdn et al.
2006) and more easily leached out of the soil. Over time, these leaching losses
lead to lower Fe concentrations in the ferric and gleyic acrisols found at our
bottom landscape than in the vertically and laterally draining slope and top soils

(Tables 2 and 3).

As Fe(hydr)-oxides are washed away over time by water moving through the soil
layer, the capacity of the soil to strongly bind P decreases. Combined with higher
diffusion rates due to the proximity of the water table, this then increases the
concentration of extractable Pi, provided there is sufficient accumulation of
microbial biomass between flooding events and introduction of decomposable
organic material (Chacén et al. 2005), from which P; can be released. The
increase in extractable Pi in bottom plots occurred together with the lowest
activity of acid phosphatase in soil as compared to slope and top plots (Fig. S2).
This is in agreement with the generally observed negative relationship between
phosphatase activity and P; (Sinsabaugh and Shah, 2012; but see Margalef et al.
2017) and suggests that drainage characteristics are important for determining
plant and microbial activities in this ecosystem. Specifically in Paracou, Allié et
al. (2015) reported similar ranges of extractable P;, with highest concentrations

occurring at the lowest part of the valley, just as found in the current study.

Though not a direct measure of Fe-(hydr)oxide presence, we can assume that
higher concentrations of Fe in the soil are linked to higher concentrations of Fe-
(hydr)oxides. The finding that both total Fe and iron oxide percentage were
lowest on the bottom landscape positions reinforces this assumption (Table 1, 2
and 3). When more Fe-(hydr)oxides are present in the soil, more P can be

occluded. This decreases extractable P; in the soil solution. We observed a
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negative and logarithmic correlation between the extractable P; and Fe
concentrations (Fig 5), indicating that extractable P; indeed decreases when
more Fe is present in the soil. However, we also observed that once the Fe
concentration reached 20 g kg or more there was no further decline of
extractable P; (Fig 5). This is likely because P solubility (sorption and desorption)
is in equilibrium and even at high metal(hydr)-oxide concentrations a minimum
of Piremains in the soil solution (Pierzynski and McDowell, 2005). As extractable
Pi is removed from the soil solution by plant, mycorrhizal or microbial uptake, P
exchange kinetics ensure that P; in the soil solution is replenished by P from the

soil solid phase (Helfenstein et al. 2018).

It is noteworthy that, despite the negative correlation between soil extractable
Pi and soil Fe content (Fig 5), we found no significant correlation between total
P and soil Fe content. This is likely because not only Fe(hydr)-oxides are occluding
P, but also Al(hydr)-oxides and Mn(hydr)-oxides, which are also part of the clay

size fraction of the soil (Barrén and Torrent, 2013).

Although we were unable to quantify the Al concentration in our soils, we found
that the gibbsite content was relatively high in the bottom and slope topographic
positions. As gibbsite is one of the mineral forms of Al hydroxide we can assume
that Al hydroxides played a role in occluding P, obscuring any linear relationship
between soil P and Fe. Similarly to Fe(ll), reduced Mn(ll) is water-soluble and can
be leached out (Barrdn and Torrent, 2013), likely explaining why we found lower
concentrations in the bottom topography than on the slope or top. However, the
concentration of Mn was much lower than the Fe concentration (between 150
and 1500 times lower, Tables 2 and 3), thus making it unlikely that Mn(hydr)-
oxides played a large role in P occlusion in our soils. Lastly, a fraction of the total
P is also associated with soil organic matter, which can even interfere with P

adsorption unto metal oxides under specific conditions (Sibanda and Young,
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1986; Antelo et al. 2007; Yan et al. 2016; Fink et al. 2016). Together, this means
that total P concentration is unlikely to be directly correlated with any one
variable, with the exception of clay content as was found here (Fig 2 e and f).
This is because most, if not all, metal(hydr)-oxides are found within the clay
particle size fraction of the soil and, additionally, clay minerals can adsorb soil

organic matter (SOM) containing P (Lagaly et al. 1984).

As is typical for forest soils (e g. Chauvel et al. 1987; Jobbagy and Jackson, 2000),
the surface soil layer had higher concentrations of soil organic C (SOC) and total
N than the deeper soil layer. We observed no topographical variation in SOC or
in total N in the surface soil layer, but did find significant correlations with clay
content in both soil layers (Fig 2). The lack of topographical variation was
different from results reported by topographical studies conducted nearby
Manaus, Brazil (Luizao et al. 2004) and, for C only, at the same Paracou study site
in French Guiana where a modest topographical effect was found (Epron et al.
2006). Both studies linked topographical differences in SOC to the higher clay
mineral content found on their upslope topographies, which favours aggregate
formation resulting in an effective retention of SOM especially under acidic
conditions (Sposito, 1996; Hernandez-Soriano, 2012). However, the range of
topographical variation in clay content found previously in Manaus (Luizdo et al.
2004) and Paracou (Epron et al. 2006) was much larger than the range identified
in the plots here, namely 5 — 65 % and 6 — 36 %, respectively, versus 6- 23 %. It
is possible that the smaller topographical variation in clay content obscured a
significant topographical effect on SOC content, in spite of a significant positive

correlation between the two (Fig 2).

The concentrations of the metals Mo, Zn, Cu and Ni in the deeper soil layer all
varied with topography, and highest concentrations occurred on the slopes,

while lowest were consistently found in the bottom landscape plots. With the
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exception of Zn, the concentrations of these metals correlated positively with
clay content in the deeper soil layer (Fig 4 b, f and h). The clay fraction of the soil
can hold the highest concentration of a variety of metals, up to 375 times more
than sand (Harter and Naidu, 1995; Quenea et al. 2009), a characteristic that
makes the clay content of the soil one of the main determinants of retention of
a variety of metal ions (Gonzalez-Costa et al. 2017). That deeper soil layer Zn
concentrations did not correlate with clay content was likely related to the clay
minerals present in our soils. According to Gonzdlez-Costa et al. (2017), chlorite
is the most important clay mineral involved in the adsorption of Zn, followed by
gibbsite, vermiculite and finally kaolinite. Although soils developed on the
Bonidoro formation, such as the soils in this study, can contain modest amounts
of chlorite (Kroonenberg et al. 2016), we found none in this study. Soil
phosphatase activity was also significantly higher on the slopes, in both soil
layers (Fig S2), suggesting a higher dominance of extracellular enzymes stabilized
by sorption to clay and silt or to organic matter (Sarkar et al. 1989; Lee et al.

2007).

The modest amount of gibbsite and the high amount of kaolinite we identified
could then explain why there was no correlation between Zn and clay content.
In contrast with the deeper soil layer, there was no topographical variation in
Mo, Zn, Cu and Ni concentration in the surface soil layer. It is likely that, due to
its capacity to strongly sorb metals (Gustafsson et al. 2003) while decomposing,
its higher concentration and its more or less even distribution along the
topographic gradient in the surface soil layer, the SOM content may have been
obscuring potential topographic differences in Mo, Zn, Cu and Ni concentrations

related to differing particle size distributions.
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Seasonal differences in soil nutrients

We observed seasonal variation in the concentrations of C, N, Mg and the
extractable N;and Pi. Typically, at the onset of the dry season, there is an increase
in leaf abscission and flushing of new leaves, resulting in increased litterfall
across tropical south America (Myneni et al. 2007; Chave et al. 2010) and,
specifically, in Paracou (Wagner et al. 2013). This leads to accumulation of
organic matter in the soil and thus higher concentrations of C and N during the
dry season. At the same time, microbial biomass (Singh et al. 1991; Luizao et al.
1992; Srivastava, 1992; Henrot and Robertson, 1994; Cleveland et al. 2004) and
activity (Cleveland et al. 2004; Turner et al. 2013) decrease, reducing litter
decomposition. In our study, lower microbial and plant activity during the dry
season were reflected by the lower acid phosphatase activity during this period
(Fig S2). This then leads to lower concentrations of extractable N and P as
compared to the wet season. The return of the wet season rains can initiate
synchronous decomposition of litter accumulated over the dry season (McGrath
et al. 2000), resulting in pulsed nutrient mineralization and increases in
extractable N and P (Lodge et al. 1994). The observed decrease in nitrate
concentrations contrasts to results reported from Costa Rica, where nitrate
concentrations were highest during the dry season (Koehler et al. 2009; Turner
et al. 2013). They attributed this increase to reduced nitrate leaching and
denitrification processes in the absence of rainfall, both processes that were not

measured in this study.

In contrast to other cations like K, Ca and NH4" is Mg comparatively mobile in
soils (Gransee and Fiihrs 2012). In acidic soils with a clay fraction dominated by
low activity clays the majority of Mg is commonly found in the soil solution,

making it susceptible to leaching (Mesi¢ et al. 2007). During the wet season,

24



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

when soils contain more water than during the dry season, this leads to higher

soil Mg concentrations.

Conclusion

The current distribution of the different soil types along the catena is largely due
to the water movement through these soils. This has modified the particle size
distribution in these soils, resulting in more sandy soils on the bottom
topography, while the soils containing the most clay remain on the slopes. Water
drainage also caused the unequal distribution of Fe along the catena. The more
frequent occurrence of anoxic conditions in the bottom soil also affected the
metal (hydr)oxides’ oxidation status, which in turn reduced their P occlusion
capacity. Because of this reduced ability to occlude P, extractable P; was higher
in the bottom landscape resulting in higher soil fertility which is important for
tree growth there. Lower Fe concentrations also correlated with higher
concentrations of Pi. When less Fe-(hydr)oxides are present in the soil, the
capacity of the soil to occlude and bind P is lowered, resulting in higher

concentrations of unbound P; in the soil solution.

Overall, our results suggest that topography plays an important role in the
determination of total and extractable nutrients in this tropical forest through

differences in the distribution and redox status of clay particles along the catena.

Finally, seasonal differences were observed in the SOC, SON and the extractable
N and P. This is related to the increased input of organic matter occurring during
the dry season that is not immediately decomposed because of microbial water
stress. This then results in increased SOC and SON contents during the dry
season. Decreased decomposition leads to decreased amounts of extractable P;
and Ni in the soil solution, explaining why we found lower concentrations during

the dry season than in the wet season, when decomposition rates go up.
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Figure Legends

Figure 1: Situational map. (A) Detail of north-eastern South America. (B) A
detail of northern French Guiana, with its main cities (circles) and the Paracou
research station (square). (C) SRTM map of the study site with its 16 permanent
plots. (D) Location of the twelve plots used in this study coloured by
topographical position (bottom, red; slope, green and top, blue) and also
showing the long term undisturbed permanent plot P15 in yellow. (E)
Smoothed elevational transect of the studied toposequence with a scaled
bottom (red), slope (green) and top (blue) plot depicted. (F) Diagram of the
homogenous 20 x 20 m area inside the 50 x 50 m plot wherein the soil core for
visual soil classification (star), the bulk density samples (circles) and the
samples for chemical, particle size distribution and XRD analysis (triangles)
were taken. Adapted from Ferry et al. 2010 and Courtois et al. 2018.

Figure 2: Relationship between clay content (defined as soil particles < 20 um)
and soil C, N and P. Left column are surface soil layer (depth = 0-15 cm)
measurements and right column are deeper soil layer (depth = 15-30 cm)
measurements. Each dot represents an average of five measurements taken
inside the plot. Data gathered in wet and dry season are displayed together.

Figure 3: Relationship between clay content and soil molybdenum, zinc, copper
and nickel. Left column are surface soil layer (depth = 0-15 cm) measurements
and right column are deeper soil layer (depth = 15-30 cm) measurements. Each
dot represents an average of five measurements taken inside the plot. Data
gathered in wet and dry season are displayed together. The dashed line
represents the limit of detection for the element measured.

Figure 4: Principal component analysis (PCA) of total element concentrations
(left) at three topographic positions (middle) and two seasons (right) for two
soil depths: 0-15 cm (top) and 15-30 cm (bottom). Elements included in the
analysis are C, N, P, K, Mg, Fe, Mo, Cu, Mn, Zn, Ni, V, Cr, As, Sr and Pb.
Percentage of variance explained by Principal Component one and two is
shown.

Figure 5: Relationship between inorganic P (Pi) measured as Bray P and iron
concentration in the soil. Left is surface (0-15 cm depth) soil layer and right is
deeper (15-30 cm depth) soil layer. A trend break occurred around 20 g Fe kg™
and higher Fe concentrations were no longer correlated with decreased P;.
Concentrations of Fe are expressed in log, scale. Each dot represents an
average of five measurements taken inside each plot. Measurements from
both seasons are included.
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Tables

Table 1 Soil fine fraction physico-chemical properties at the three landscape
positions. Values are means, with SE in parentheses, and different
superscripted letters indicate statistically significant differences (a = 0.05)
between topographic positions. Per topography N = 4 for particle size
distribution, N = 8 for mineralogy, N = 20 for bulk density and N = 40 for pH.

Properties Bottom Slope Top
Soil type Ferric acrisol Haplic acrisol Ferralic acrisol
and gleyic and haplic
acrisol acrisol
Encountered water Occasional and | Superficial Slowed vertical
drainage often presence | lateral drainage | drainage and
of water in superficial
surface soil lateral drainage
Particle size distribution
(sand : silt : clay)
0-15cm 77:14:9 63:19:18 76:14:10
15-30cm 75:14:11 59:22:19 71:17:12
Quartz content (%)
0-15cm 80.1° (4.4) 64.1° (2.3) 69.3° (4.7)
15-30 cm 74.9% (4.0) 61.0°(3.1) 69.6% (2.8)
Kaolinite content (%)
0-15cm 14.9% (3.0) 26.4°(2.2) 24.5° (3.9)
15-30 cm 18.4%(2.9) 30.1°(3.2) 20.7%(3.9)
Gibbsite content (%)
0-15cm 4.0% (1.5) 4.3 (0.9) 0.4° (0.4)
15-30 cm 4.6° (1.2) 2.77(0.8) 1.3%(0.6)
Iron (hydr)oxides (%)
0-15cm 1.1%(0.1) 5.2°(1.3) 5.8°(2.2)
15-30 cm 2.17(0.3) 5.87 (1.0) 4.82(0.6)
Bulk density (g/cm?3)
0-15cm 1.27%(0.02) 1.072(0.03) 1.01%(0.03)
15-30 cm 1.40% (0.04) 1.01° (0.06) 1.132(0.07)
Soil pH
0-15cm 4.11° (0.04) 4.02%° (0.03) 3.97°(0.02)
15-30cm 4.30° (0.01) 4.24? (0.02) 4.26° (0.01)
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Table 2 Surface soil (0-15 cm depth) total and available nutrients at the three
landscape positions and separated per season. Values are means, with SE in
parentheses, and different superscripted letters indicate significant (a = 0.05)
differences between topographical positions or seasons according to LMER
models. Underlined values were below the machine detection limit (DLS =1 %,
DL Ca=0.5% and DL Cd = 0.25 mg kg™)

Season Wet Dry
Topography | Bottom | Slope Top Bottom | Slope Top
Gravimetric | 18.6° 23.7° 18.5¢ 12.7¢ 17.6° 12.6°
Moisture (1.9) (1.8) (2.7) (1.3) (1.4) (1.5)
(%)
Volumetric | 23.5° 25.5° 18.5° 16.1° 19.1° 12.6°
Moisture (2.4) (4.3) (3.9) (1.9) (3.0) (2.1)
(%)
Percentage |123.0° |97.3? 65.7° 67.3° 62.7° 34.5¢
of Field (10.3) (7.5) (5.6) (3.9) (6.2) (4.5)
Capacity
(%)
C (%) 1.72° 2.30° 1.86° 2.48° 2.63° 2.13
(0.12) (0.13) (0.11) (0.12) (0.15) (0.1)
N (%) 0.13° 0.16%° 0.14%° 0.17° 0.18° 0.15°
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
P(mgkg?) |80.83% |116.74°> |75.66° 88.96° 139.38> | 75.21°
(3.16) (6.9) (7.87) (3.03) (6.98) (3.3)
C:N 13.27° 14.09° 13.69° 14.43 14.58 14.8°
(0.37) (0.21) (0.21) (0.23) (0.4) (0.68)
K (mgkg?) |602.222 |697.99° |562.36° |495.53% |736.69° |613.49°
(93.17) | (81.70) |(48.04) |(23.3) (70.73) | (63.08)
S (mgkg?) |5000(0) | 5000 (0) | 5000 (0) |5000(0) |5000(0) |5000(0)
Ca (mgkg?) |300(0) [300(0) |300(0) |300(0) |300(0) |300(0)
Mg (mg kg | 80.21* | 86.46° 80.042 39.61° | 42.58" |91.07°
o) (6.64) (7.66) (7.48) (1.63) (4.03) (3.81)
Fe (mgkg?) | 8169° 26981° | 30433°> |7677° 30391° |25332°
(1660) (5961) (5361) (661) (2481) (1491)
Mo (mg kg~ | 0.64° 0.94° 0.94° 0.62° 1.14° 0.43°
1 (0.11) (0.14) (0.1) (0.18) (0.37) (0.04)
Cu (mg kg?) | 1.75° 4.04° 2.97° 1.92° 4.49° 2.90°
(0.27) (0.48) (0.45) (0.31) (0.26) (0.38)
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Mn (mg kg |20.32* [31.79%° |41.38° |[18.06° |32.53%° |44.17°
1) (2.66) (1.05) (0.86) (0.81) (0.9) (3.78)
Na (mgkg |79.97° |160.26% |98.9? 77.64° 160.42% | 68.37°
1) (5.49) (6.47) (5.38) (4.14) (12.18) | (7.13)
Zn (mgkg?t) |11.26° | 21.427 |21.71° 17.67* | 26.05° 19.00?
(0.9) (0.97) (1.27) (3.72) (3.76) (1.41)
Ni (mg kg) | 5.00° 8.64° 7.14° 4,952 11.15° | 6.20?
(0.76) (0.4) (0.54) (1.03) (1.62) (0.19)
V(mgkg?') |28.59° |72.68° |80.79° |27.4° 84.04° |61.08°
(3.99) (13.45) | (14.23) |(1.79) (7.57) (2.76)
Cr (mgkg?) |30.07 |[79.077 |79.92° 19.92° | 85.97° |58.14°
(4.77) (15.62) |(12.01) |(2.4) (10.93) | (4.5)
As (mg kg') | 0.67° 1.67° 1.45° 0.64° 1.86° 1.11°
(0.08) (0.4) (0.26) (0.03) (0.18) (0.08)
Sr (mgkg?) |7.21° 8.24° 5.92° 7.28° 7.64° 6.54°
(0.33) (1.12) (0.36) (0.53) (0.49) (0.27)
Pb (mg kg) | 5.20° 13.35% | 4.05? 6.20° 11.79° | 3.70?
(0.47) (2.57) (0.28) (0.85) (0.44) (0.26)
Ccd (mgkg') | 0.13(0) [0.13(0) |0.13(0) |0.13(0) |0.13(0) |0.13(0)
NHs (mg kg™ | 5.20° 17.62° 112 2.00° 6.68¢ 3.96
1) (0.57) (1.62) (1.49) (0.22) (0.63) (0.28)
NOs (mg kg™ | 4.60° 7.96° 4.30? 2.57° 4.88° 1.90°
1) (0.37) (0.45) (0.45) (0.13) (0.48) (0.14)
Olsen P (mg | 2.972 1.71° 1.88° 2.06° 1.26¢ 1.31¢
kg (0.18) (0.11) (0.15) (0.11) (0.09) (0.07)
Bray P (mg |3.22° 1.29b¢ 1.30° 2.76¢ 0.86¢ 1.23¢
kg?) (0.25) (0.09) (0.07) (0.22) (0.07) (0.06)
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Table 3 Deeper soil (15-30 cm depth) total and available nutrients at the three
landscape positions and separated per season. Values are means, with SE in
parentheses, and different subscripted letters indicate significant (o = 0.05)
differences between topographical positions or seasons according to LMER
models. Underlined values were below the detection limit (DLS=1 %, DLCa =
0.5 % and DL Cd = 0.25 mg kg?)

Season Wet Dry
Topography | Bottom | Slope Top Bottom | Slope Top
Gravimetric
Moisture 13.9° 20.3° 13.2° 11.0¢ 16.4° 11.0¢
(%) (0.9) (1.3) (1.6) (1.2) (1.1) (1.1)
Volumetric
Moisture 19.4° 20.2° 15.0° 15.6° 16.5° 12.5°
(%) (2.3) (3.8) (3.3) (2.5) (3.3) (2.4)
Percentage
of Field
Capacity 81.3° 62.5%° 47.0° 57.0° 42.2°¢ 33.9¢
(%) (5.0) (8.6) (5.1) (4.1) (7.2) (4.0)
C (%) 0.84%° 1.20°¢ 0.73° 1.03¢ 1.46° 0.85°
(0.08) (0.05) (0.03) (0.15) (0.07) (0.03)
N (%) 0.07%° 0.09¢ 0.06? 0.08¢ 0.11¢ 0.07°
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
P(mgkg?) |68.52° 111.55° |[73.63% |83.58* |119.17° |65.17°
(6.04) (4.91) (5.81) (5.41) (4.67) (3.51)
C:N 12.032 12.86° 12.56° 12.45° 13.21° 12.842
(0.29) (0.24) (0.15) (0.33)> | (0.18)° | (0.14)°
K (mgkg?) |515.872 |1015.82% | 739.98* |581.93% | 781.46° |919.74°
(32.67) | (174.07) | (86.19) |(25.06) | (85.53) |(214.63)
S (%) 5000 (0) | 5000 (0) | 5000 (0) | 5000 (0) | 5000 (0) | 5000 (0)
Ca (%) 300(0) |300(0) |300(0) |300(0) |300(0) |300(0)
Mg (mg kg™ | 60.82° 36.62° 46.13° 40.07° 36.81° 46.56°
o) (8.9) (4.36) (4.1) (5.6) (4.92) (3.9)
Fe (mgkg?) | 108092 |32691° |[41633° |10357% |32210° |34081°
(951) (4495) (6260) (1013) (2899) (2217)
Mo 0.7 1.27° 0.97%° 0.54° 1.2° 0.67%°
(mg kg™?) (0.27) (0.36) (0.13) (0.13) (0.44) (0.07)
Cu (mg kg™) 4.35° 3.16% 1.51° 4,99° 3.09%
1.25%(0) | (0.53) (0.34) (0.14) (0.37) (0.45)
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Mn (mgkg | 18.85% |[36.12* [47.21° |[17.92® |31.96®® |47.49°
1) (0.75) (2.48) (3.65) (0.58) (1.04) (3.13)
Na (mgkg |80.12* |157.77° |104.53* |71.4° 146.34° | 88.65°
1) (6.7) (9.77) (7.04) (3.89) (9.6) (13.39)
Zn (mg kgt) 25.17° 25.88° 21.64° | 28.75°
102 (0 (1.25) (1.11) 10° (0 (1.42) (5.07)
Ni (mg kg?) | 5.79° 11.5° 8.56%° 4.972 12.48° | 8.45%
(1.06) (1.89) (0.39) (0.56) (1.87) (0.39)
V(mgkg?) |32.837 |95.35° 100.44° |33.22% | 94.46°> |86.26°
(1.69) (11.43) | (13.17) |(2.03) (8.52) (5.82)
Cr (mg kg?) | 28.12 107.6° 87.31° |21.86° |91.57* |72.5°
(2.22) (21.8) (11.91) |(1.33) (15.15) | (7.27)
As (mg kg!) | 0.712 2.05? 2.243 0.8° 1.95? 1.57°
(0.08) (0.23) (0.46) (0.07) (0.16) (0.1)
Sr(mgkg?) | 7.34° 7.00? 7.25° 7.52° 6.937 7.26°
(0.71) (0.53) (0.69) (0.26) (0.48) (0.38)
Pb (mg kg?) | 5.36° 12.96° 5.192 6.20° 13.75% | 4.78°
(0.7) (0.65) (0.41) (0.25) (0.55) (0.28)
Cd (mg kg?) | 0.13(0) |0.13(0) |0.13(0) |0.13(0) [0.13(0) |0.13(0)
NHs (mg kg™ | 2.34° 7.25° 4.07° 0.85°¢ 3.38° 1.47¢
1) (0.24) (0.56) (0.57) (0.11) (0.38) (0.12)
NOs (mg kg™ | 3.29° 3.07? 2.832 1.03° 1.77° 0.72°
1) (0.35) (0.21) (0.38) (0.06) (0.58) (0.14)
OlsenP (mg | 1.08? 0.66° 0.56° 0.95° 0.73° 0.45°
kg?) (0.1) (0.1) (0.08) (0.11) (0.05) (0.03)
Bray (mg 1.21° 0.34° 0.30° 1.26° 0.38° 0.33°
kg?) (0.19) (0.02) (0.02) (0.22) (0.05) (0.03)
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693 Supplementary Information
694 Enzyme extraction:

695 Extracellular acid phosphatase activity in soil was determined colorimetrically in
696 both seasonsin the 0-15 and 15-30 cm soil layers using p-Nitrophenylphosphate
697 substrate, as described in Peguero et al. (2019). Enzyme activity was expressed
698 as umole of pNP g™* soil DW h™.

699 Peguero, G, Sardans, J, Asensio, D, Fernandez-Martinez, M, Gargallo-Garriga, A,
700  Grau, O, Llusia, J, Margalef, O, Marquez, L, Ogaya, R, Urbina, |, Courtois, EA,

701 Stahl, C, Van Langenhove, L, Verryckt, LT, Richter, A, Janssens, IA, Pefiuelas, J
702 (2019) Nutrient scarcity strengthens soil fauna control over leaf litter

703  decomposition in tropical rainforests. Proceedings of the Royal Society B:

704  Biological Sciences 286 (1910), 20191300. d0i:10.1098/rspb.2019.1300

705  Supplementary Figures
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707  Figure S1 Climate graph for Paracou, 2015. Monthly precipitation (measured
708  with rainfall gauge above the canopy) is shown by blue bars. The red line shows
709 the average daily air temperature. The green bar indicates the wet season

710  sampling period (May 29" — June 10%") and the yellow line indicates the dry

711 season sampling period (October 5" — October 21%!). Combined precipitation
712 during the wet season was 2777.4 mm and combined precipitation during the
713 dry season was 209.4 mm. Precipitation and average temperature during the
714 sampling in the wet season was 476 mm and 25.3 °C, respectively. Precipitation
715 and average temperature during the sampling in the dry season was 24 mm

716 and 26.5 °C, respectively.

717
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Figure S2 Acid phosphatase (ACP) activity in Paracou soils for a depth of 0-15
cm (left) and 15-30 cm (right). Activity during the dry season (red bars) and wet
season (blue bars) is shown for the three sampled topographic units (bottom,
slope and top). Error bars represent standard errors and N is 20 for each bar. In
the upper soil layer (0-15 cm) there is a constant significant (t.test, P < 0.001)
difference between wet and dry season with higher activities occurring during
the wet season. Regarding topographic differences, n both soil depths the ACP
activities on the slopes where significantly higher than on the tops, which were
in turn significantly higher than on the bottom (Im, P < 0.001 for all).
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Supplementary Tables

Table S1 We used X-ray diffraction (XRD) followed by database matching to
identify the common minerals found in the sampled soils. The qualitative
mineral phase analysis was performed with the aid of the Powder Diffraction
File Data base PDF-4+ 2020 (ICDD, 2016) and through the X’Pert HighScore Plus
software, version 4.7, 2017 (Degen et al., 2014). These are the reference
numbers used for the identification of each of the different minerals.

Mineral Reference number
Quartz 00-046-1045
Gibbsite 00-033-001
Goethite 01-074-2195
Hematites 00-033-0664
Kaolinite 01-089-6538
01-078-2109
Nacrite 00-034-0170
01-076-1781
Lizardite 01-072-1500
Anatase 01-071-1169
Diaspore 01-072-1268
Microcline 01-084-0708
Rutile 01-076-1939
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Table S2 Linear Pearson correlation coefficients between percentages of clay and silt particles, macro nutrients, micro
nutrients and trace metals in soils sampled at two depths. Within depth, no distinction between season was made.
Statistically significant correlations (P < 0.05) are marked with bold letters. Correlations significant at level P < 0.01 are
marked with * and correlation significant at level P < 0.001 are marked with **. N = 10 per plot and per depth (five
measures taken in each season)

Clay Silt Pb Sr As Cr Vv Ni Zn Mn Cu Mo Fe Mg K P N
Depth 0-15
cm
C 0.45%* | 0.48%* 0.28* 0.12 0.07 0.04 0.02 0.18 0.31%* 0.13 0.13 -0.10 -0.03 0.09 0.18 0.35** | 0.92**
N 0.49%* | 0.51** | 0.38** 0.15 0.01 -0.07 -0.08 0.09 0.28* 0.06 0.10 -0.11 -0.11 0.02 0.20 0.39%*
0.67** | 0.60** | 0.61** | 0.54*%* | 0.51** | 0.35** | 0.41** 0.24* 0.26* -0.02 0.34** 0.10 0.39** -0.21 0.19
K 0.28* 0.31%* 0.11 0.10 0.28* 0.36** | 0.35%* | 0.42** 0.14 0.38** | 0.43** 0.13 0.34** 0.19
Mg -0.04 0.01 -0.04 0.10 0.02 0.27* 0.15 0.07 0.10 0.37** 0.14 -0.06 0.16
Fe 0.23 0.21 0.05 0.17 0.90** | 0.91** | 0.98** | 0.43** | 0.35** | 0.47** | 0.70** | 0.34**
Mo 0.13 0.11 0.05 0.03 0.35%* | 0.39*%* | 0.35%* | 0.79** 0.17 0.11 0.28*
Cu 0.34%* | 0.35%* 0.16 0.25%* 0.63** | 0.73** | 0.68** | 0.44** | 0.49** | 0.45**
Mn 0.17 0.17 -0.02 -0.01 0.33*%* | 0.53** | 0.48** | 0.44** 0.30*
Zn 0.33*%* | 0.39** 0.22 0.17 0.33** | 0.36** | 0.35%* | 0.35%*
Ni 0.35*%* | 0.36** 0.12 0.05 0.38*%* | 0.53** | 0.47**
\% 0.24* 0.22 0.04 0.17 0.91%* | 0.93**
Cr 0.22 0.22 0.01 0.21 0.84%*
As 0.38%* | 0.31%** 0.22 0.25%*
Sr 0.30%* 0.18 0.64**
Pb 0.68** | 0.63**
Silt 0.89%*
Depth
15-30cm
C 0.54** | 0.53** | 0.55%* 0.04 0.19 0.20 0.12 0.25* 0.09 -0.02 0.33** 0.20 0.04 0.03 0.02 0.59** | 0.97**
N 0.58** | 0.56** | 0.62** 0.05 0.14 0.12 0.05 0.25%* 0.05 -0.07 0.23 0.20 -0.05 -0.02 0.01 0.64**
P 0.49*%* | 0.56** | 0.60** | 0.41** | 0.48** 0.28* 0.27* 0.15 0.10 -0.05 0.36** 0.20 0.23 -0.13 0.03
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K 0.24* 0.22 0.08 -0.02 0.19 0.38** | 0.36** 0.19 0.21 0.25* | 0.31** 0.04 0.27** -0.14
Mg -0.23 -0.24* -0.13 0.18 0.15 0.16 0.11 -0.02 0.08 0.05 0.06 0.01 0.09
Fe 0.24* 0.33** -0.01 0.16 0.85** | 0.85** | 0.94** 0.22 0.47** | 0.57** | 0.71** 0.17

Mo 0.26* 0.29* 0.20 0.10 0.24* 0.23 0.17 0.82%* 0.06 0.12 0.19

Cu 0.52%* | 0.52** 0.25* 0.22 0.57** | 0.77** | 0.71** | 0.37*%* | 0.53** | 0.43**

Mn 0.26* 0.34%* 0.03 -0.01 0.42** | 0.53** | 0.56** | 0.38** | 0.50**

Zn 0.25* 0.39** 0.11 0.14 0.40** | 0.44** | 0.48** 0.22

Ni 0.52** | 0.47** 0.25* 0.00 0.15 0.35** 0.26

\ 0.33** | 0.39** 0.02 0.17 0.86 0.92

Cr 0.36** | 0.35** 0.05 0.18 0.74

As 0.27* 0.40** 0.24 0.32

Sr -0.11 -0.04 0.18

Pb 0.65** | 0.66**

Silt 0.92**
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743  Table S3 PCA results: Eigenvalues and associated proportion of variance
744  explained by the first 5 principal components (PC)
PC1 PC2 PC3 PC4 PC5
Depth0—-15cm
Eigenvalues 5.91 2.70 1.72 1.37 1.08
Proportion of 36.9 16.9 10.8 8.5 6.7
Variance
explained (%)
Cumul explained | 36.9 53.8 64.6 73.1 79.8
Depth 15-30cm
Eigenvalues 5,62 2.97 1.62 1.27 1.03
Proportion of 35.1 18.5 10.1 7.9 6.5
Variance
explained (%)
Cumul explained | 35.1 53.6 63.7 71.6 78.1
745

746  Table S4 PCA result: Factor matrix displaying the factor loadings of each
747  variable on components one and two. Loadings > 0.55 are in bold and were
748 considered to correlate well with the corresponding principal component.

749

Depth 0 —15cm Depth 15—-30cm

PC1 PC2 PC1 PC2
C 0.21 0.75 0.40 0.75
N 0.14 0.83 0.34 0.82
P 0.53 0.58 0.52 0.62
K 0.49 0.06 0.38 0.15
Mg 0.20 0.12 0.10 0.14
Fe 0.90 0.27 0.88 0.37
Mo 0.46 0.24 0.38 0.24
Cu 0.81 0.03 0.86 0.04
Mn 0.56 0.19 0.61 0.35
Zn 0.52 0.25 0.59 0.20
Ni 0.66 0.07 0.49 0.19
v 0.91 0.25 0.92 0.31
Cr 0.91 0.26 0.91 0.23
As 0.86 0.09 0.86 0.11
Sr 0.33 0.49 0.30 0.11
Pb 0.27 0.70 0.34 0.68

750 Table S5 Squared factor loadings for each of the variables at both soil depths.
751  Factor loadings above 0.3 were considered important (bold font).

0—-15 cm depth 15— 30 cm depth
Variable PC1 PC2 PC1 PC2
C 0.045 0.556 0.150 0.624
N 0.020 0.687 0.108 0.743
P 0.281 0.357 0.253 0.418
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K 0.244 0.004 0.138 0.025
Mg 0.039 0.014 0.009 0.022
Fe 0.807 0.072 0.728 0.148
Mo 0.214 0.055 0.138 0.066
Cu 0.650 0.001 0.695 0.001
Mn 0.317 0.036 0.349 0.135
Zn 0.272 0.060 0.335 0.043
Ni 0.432 0.005 0.231 0.041
Vv 0.828 0.063 0.798 0.108
Cr 0.834 0.066 0.789 0.060
As 0.748 0.008 0.704 0.013
Sr 0.109 0.237 0.083 0.014
Pb 0.070 0.495 0.108 0.508

Table S6 Soil C, N and 6%°N values at the three landscape positions.

Wet Wet Wet Dry Dry Dry
Properties Bottom Slope Top Bottom Slope Top
. 1.72° 2.30° 1.86° 2.48° 2.63°
Soil € (%) (0.12) (0.13) (0.11) (0.12) (0.15) 2.13°(0.)
Soil N (%) 0.13° 0.162 0.142 0.17° 0.18° 0.15°
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
5.77° 4.84° 5.84° 5.44° 4.54°

8¥N (%) | 5.56°(03) | 55 (0.17) (0.15) (0.13) (0.10)

Soil P (mg kg'l) 80.83? 116.74° 75.66° 88.96°¢ 139.38¢ 75.21°¢
(3.16) (6.9) (7.87) (3.03) (6.98) (3.3)
Soil C:N 13.27° 14.09° 13.69° 14.43° 14.58° 14.8°
(0.37) (0.21) (0.21) (0.23) (0.4) (0.68)
232 (21): | 209(16): | 278(21): | 293(16): | 201(18): | 302 (18):
Soil C:N:P 17.1(1.3): | 14.7(1.0): | 20.4(1.5): | 20.3(1.1): | 13.6(0.8): | 20.3(0.9)
1 1 1 1 1 1
C stock (kg m?)
3.27° 3.66° 2.76° 4.16° 3.25°

0-15cm (0.22) (0.20) 020 | #7021 55 (0.22)
1.75% 1.752 1.20° 2.07°¢ 2.13° 1.41¢

15-30 cm
(0.18) (0.01) (0.06) (0.18) (0.15) (0.08)

N stock (kg m2)

0-15 em 0.242 0.26° 0.20° 0.33¢ 0.29°¢ 0.22°
(0.01) (0.01) (0.01) (0.02) (0.01) (0.01)
0.142 0.14° 0.10° 0.16°¢ 0.16° 0.11¢

15-30 cm
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01)

P stock (g m?)

0-15 em 15.70% 19.10° 11.31° 16.82% 21.91° 11.21°
(0.72) (1.31) (1.00) (0.71) (0.82) (0.60)
14.44° 16.43° 11.85° 17.75° 17.85° 10.87°

15-30cm
(1.16) (0.74) (0.80) (1.09) (0.98) (0.86)

Notes: Values are means, with SE in parentheses, and different subscripted
letters indicate significant (o = 0.05) differences between topographical
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positions and seasons according to LMER models. Concentrations and 6*°N
values are for surface soils, 0-15 cm depth, stocks are taken at two soil depths
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