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Abstract
The response of lowland tropical forest on highly weathered P-limited soils to changes in atmospheric composition is likely 
to be regulated by P-availability from litter and soil. Our aim was to gain insight into possible mechanisms that may affect 
P-availability and C sequestration. We collected litter and soil samples along a transect in Central Amazonia. We examined 
litter and soil properties, determined C, N, and P contents and performed density fractionation to obtain organic-C, -N and 
-P fractions. To assess microbial demand and mineralization, we analysed C, N and P associated enzyme activities. The 
litter layer has an estimated turnover time of about one year or less and C, N and P contents were much smaller than in the 
mineral soil. Total soil C, N and P decreased with depth, while P was depleted relatively more. Most organic-C, -N and -P is 
stabilized by adsorption onto mineral surfaces. Non-adsorbed organic matter fractions were depleted of P. Nearly all organic-
P appeared to be present in the mineral-associated fractions from where it, despite high phosphatase activities, appears not 
to be available for mineralization. Enzyme activities revealed that microbial C-demand in litter is higher than in soil, while 
P-demand was relatively high in soil and increased with depth. Hypothesized higher phosphatase activity under increasing 
atmospheric  CO2 concentrations may probably not alleviate P-limitation in these terra firme forests due to the limited avail-
ability of mineralizable organic-P.

Keywords Soil phosphorus · Litter and soil C:N:P stoichiometry · Organic matter fractionation · Soil enzyme activity · 
Nutrient limitation · Ferralsol

Introduction

The future response of lowland tropical forest growing on 
highly weathered P-limited soil may depend on the link-
age between C, N and P cycling in litter and soil (Cleve-
land et al. 2011; Wieder et al. 2015). To gain insight into 
possible mechanisms that may affect P-availability and C 
sequestration, we collected litter and soil samples at 10 loca-
tions along a transect in Central Amazonia and examined 
relations between litter and soil properties. P-availability 

and C sequestration may be affected by how organic mat-
ter is protected against mineralisation by several organic 
matter stabilization mechanisms (Von Lützow et al. 2006). 
Litter and the free light soil organic matter fraction are 
only protected by their own recalcitrance and are expected 
to be relatively small in this high turnover environment. 
The size of the physically protected occluded light fraction 
depends on pedogenic aggregate formation and is expected 
to be of intermediate size (Six et al. 2002). We expect that 
most organic matter is protected by adsorption onto mineral 
surfaces, which defers mineralization and therefore limits 
P-availability, but on the other hand, contributes to the long-
term sequestration of C.

Next to stabilisation mechanisms, mineralisation and 
P-availability are also affected by extracellular enzyme (EE) 
activities. High tree species diversity may cause differences 
in litter quality along the transect which may affect associated 
EE activities in litter and soil (Sinsabaugh et al. 2002; Hobbie 
2015; Cabugao et al. 2017). Relatively low N or P contents in 
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litter and soil are expected to result in increased N- or P-related 
EE activities (Olander et al. 2000; Allison et al. 2005, 2011).

Furthermore, for C, N and P contents, organic matter 
stabilisation mechanisms, associated EE activities and C 
sequestration we expect to see a clear depth differentiation 
between aboveground litter and two mineral soil increments 
of 0–10 and 10–20 cm depth.

We hypothesize that due to the expected high litter turn-
over rates, C, N and P contents of litter are lower than of 
both soil increments. Moreover, due to uptake and adsorp-
tion of P we hypothesize C:P and N:P ratios to increase with 
depth. Based on soil information from nearby locations 
(Chauvel et al. 1987; Quesada et al. 2010), we expect high 
clay and Fe- and Al-hydroxides percentages for the mineral 
soil. Due to the large mineral surfaces facilitated by these 
clays and hydroxides, we hypothesize the mineral-associated 
heavy fraction to be the largest organic matter fraction, fol-
lowed by the occluded and free light fractions, respectively.

Due to the expected P-limitation, we hypothesize phos-
phatase activities to be higher than C- and N-related EE 
activities. Moreover, because P-availability in litter and fresh 
soil organic matter is expected to be higher, we hypothesize 
phosphatase activities to increase with depth. Expected high 
phosphatase activities may deplete organic-P and subsequently 
mineralized-P may either be taken up by microbes and plants 
or become adsorbed onto Fe-hydroxides. We therefore postu-
late the P content of the occluded and free light organic matter 
fractions to be relatively small as compared to the mineral-
associated P-fraction. This small mineralizable organic P-frac-
tion, as a source of available P, may limit the response of this 
terra firme forest to environmental changes (Goll et al. 2018).

Methods

Litter and soil sampling

Samples were collected along the North–South transect in 
the Cuieiras Reserve of the Instituto Nacional de Pesquisas 
da Amazônia (INPA) which is located about 60 km NNW of 
Manaus, Amazonas (Andreae et al. 2002). This reserve has 
an area of 22,735 ha, is surrounded by a vast area of pristine 
tropical rainforest and is thought to be completely undis-
turbed due to the distance to rivers and difficulty of access. 
These old-growth tropical forests, locally known as terra 
firme forests, are located on plateaus with nutrient poor clay 
rich soils and were classified as Geric Ferralsols (Quesada 
et al. 2010). Average annual rainfall is about 2400 mm with 
the months November to March being relatively wet and May 
to September relatively dry (Araújo et al. 2002). The average 
temperature range is 26˚C (April) to 28˚C (September).

The sampled Ferralsols were formed in weathered sedi-
ments of the Barreiras formation which consists of erosion 

products of the Guiana Shield (Chauvel et al. 1987; Hoorn 
et al. 2010). Due to repeated cycles of weathering, erosion 
and sedimentation, these parent materials are very poor in 
nutrients (P, Ca, K) and consist of kaolinite (> 80%), quartz 
(10%), gibbsite (5–8%) and Fe-hydrates (2%). The landscape 
is dissected by the hydrological system that drains towards the 
Rio Negro, leaving plateaus with Ferralsols, slopes with pre-
dominantly Acrisols and valley bottoms with Podzols (Chauvel 
et al. 1987). Quesada et al. (2011) estimated the area covered 
by Ferralsols across the Amazon Basin to be 31.6%.

Sampling took place at 10 locations along the existing 
ZF2 permanent-plot North–South transect at 15 m inter-
vals in December of 2014. Litter samples were collected 
by placing a PVC ring with an inner diameter of 0.19 m on 
the forest floor, vertically cutting the litter along the inside 
of the ring while pressing the ring downwards until reach-
ing the mineral soil and subsequently collecting the litter 
from within the ring while taking care not to include mineral 
soil. After the litter was collected, two 100  cm3 metal rings 
(Eijkelkamp) were vertically inserted and carefully exca-
vated. Next, the mini-pit was further excavated to a level 
surface at 10 cm depth and again two rings were inserted and 
excavated to obtain deeper samples. The contents of each 
ring were emptied in zip-lock bags and labelled. All samples 
were placed in a cooler box for transport to the laboratory.

Litter and soil analysis

Representative subsamples of litter and soil were dried at 60 
and 105 ˚C, respectively, to determine moisture content and 
to calculate total dry weight of each sample. Litter weight 
was expressed as g per  m2 and soil bulk density as g per  cm3.

After removal of organic matter from subsamples, the 
particle size distribution was measured by laser diffraction 
(Coulter LS230 Grain Sizer)(Buurman et al. 1996). No car-
bonates were present in the soil. Soil pH was measured with 
a pH meter (Orion 701A) in a 1 M KCl solution suspension.

Sample pre-treatment for total organic C and N consisted 
of air-drying subsamples, crushing aggregates, removal 
of roots by hand and grinding. Homogenized subsamples 
were measured with an CN element analyser (Interscience 
EA 1108). For total P analysis, samples were digested by 
subsequent additions of a selenium-sulphuric acid mixture 
and peroxide while heated to 330 ºC (Gerhardt Kjeldatherm 
digestion system)(Novozamsky et al. 1983). After dilution of 
the digest, P was determined colourimetrically (spectropho-
tometer Mechatronics Starrcol SC-60-S at 720 nm).

Soil density fractionation

Subsamples were subjected to density fractionation to obtain 
the following organic matter fractions: free light fraction (fLF), 
occluded light fraction (oLF) and mineral-associated heavy 
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fraction (maHF)(Six et al. 2002). Briefly, 10 g air dried soil 
(< 2 mm) was shaken in a centrifuge tube with 50 ml sodium 
polytungstate  (3Na2WO4.9WO3.xH2O; SPT) solution of den-
sity 1.6 g  cm−3. The samples were centrifuged for 23 min at 
4500 rpm (5900 g) (MSE Mistral 6000). The supernatant was 
poured over a Büchner funnel with a 0.7 µm Whatman GF/F 
glass filter using a Millipore vacuum filtration unit (Millipore, 
Bedford, MA). The free light fraction was rinsed off the filter 
into a glass beaker and oven dried at 40 ºC. Next, SPT solution 
was added to the residual soil material and shaken by hand to 
bring the precipitate into solution. An ultrasonic probe was used 
for 5 min at low intensity (6000 kJ) to break the soil aggregates 
and to disperse the occluded light fraction. The suspension was 
centrifuged for 23 min at 4500 rpm. The centrifuged tubes were 
decanted over a Büchner funnel with a 0.7 µm Whatman GF/F 
glass filter. The oLF fraction was rinsed off the filter into a glass 
beaker and oven dried at 40 ºC. The remaining precipitate, the 
maHF fraction, was rinsed thoroughly to remove all SPT. Total 
C, N and P contents of each fraction were determined similarly 
as for the whole soil samples.

Extracellular enzyme analysis

Enzyme activities of several hydrolytic enzymes related to C, 
N and P turnover in litter and soil were analysed (Table 1). 
Cellobiohydrolase (CB) catalyses the hydrolysis of cellu-
lose into smaller polymers, while β-xylosidase (BX) cataly-
ses the breakdown of hemicellulose. The sugars formed by 
both processes can be further broken down into monosac-
charides (glucose) which is catalysed by β-glucosidase (BG) 
(Dick 2011). Leucine aminopeptidase (LAP) catalyses the 
hydrolysis of leucine and other hydrophobic amino acids 
from polypeptides and is used as an indicator for peptidase 
(i.e. protease, proteinase) activity (Sinsabaugh et al. 2008). 
Acid phosphatase (AP) catalyses the mineralization of phos-
phorus groups from organic matter.

Potential EE activities were assayed based on several 
method descriptions (Marx et al. 2001; Saiya-Cork et al. 

2002; Wallenstein et al. 2008; DeForest 2009; German 
et al. 2011a, b, German et al. 2012). We used 4-Methyl-
lumbelliferone (MUB) and 7-Amino-4-methylcoumarin 
(AMC) as fluorescent compounds in combination with 
several substrates (Table 1). In short, 0.50 or 1.00 g dry 
weigh equivalent of fresh litter or soil subsample was 
added to 125 ml 50 mM sodium acetate buffer (pH 5.0) 
and sonicated for 60 s at low intensity (ca. 6000 kJ; VXC 
130 Ultrasonic Processor, Sonics and Materials Inc., Con-
necticut, USA)(De Cesare et al. 2000) and continuously 
stirred upon further use. The following six combina-
tions of solutions, with and without sample suspensions, 
were administered to 96-well microplates (3 replicates 
per sample): S1 250 µl buffer solution (Sodium acetate 
50.0 mM pH 5.0); S2 50 µl buffer solution + 200 µl buff-
ered sample suspension; S3 50 µl MUB- or AMC-standard 
series (0.25–50.0 µM) + 200 µl buffer solution; S4 50 µl 
MUB- or AMC-standard series (5.0–50.0 µM) + 200 µl 
buffered sample; S5 50  µl MUB- or AMC-substrate 
(200 µM) + 200 µl buffer solution; S6 50 µl MUB- or 
AMC-substrate (200 µM) + 200 µl buffered sample suspen-
sion. A FLUOstar Optima Fluorescence meter with com-
bination optics (BMG LABTECH, Offenburg, Germany) 
was used to measure fluorescence (fluoS1–fluoS6) from 
each well at 5 min intervals for 1 h at 30˚C with excitation 
at 360 and emission at 460 nm. Litter and soil particles 
may decrease the measured fluorescence by quenching. 
The difference in fluorescence between solutions S3 and 
S4, i.e. fluoS4–fluoS3, provided the magnitude of the 
quench for a specific sample.

All calculations were made with blank corrected values, 
i.e. fluorescence data of S2–S6 were corrected for values 
obtained for S1. Regression lines were fitted to the fluo-
rescence data yielding rates of fluorescence increase per 
well. The average emission and quench coefficients were 
calculated based on series of averaged standard concentra-
tions of S3 and S4 according to (German et al. 2011a, b, 
German et al. 2012)

emission coefficient
(

fluorescence nmol−1
)

=

slope fluoS3
(

fluorescence nmol−1

ml

)

volume standard(ml)

Table 1  Assayed enzymes and 
corresponding substrates

Enzyme Substrate Substrate code EC number

Cellobiohydrolase CB MUB-β-D-cellobioside Sigma M 6018 3.2.1.91
β-xylosidase BX MUB-β-D-xylopyranoside Sigma M 7008 3.2.1.37
β-glucosidase BG MUB-β-D-glucopyranoside Sigma M 3633 3.2.1.21
Leucine aminopeptidase LAP L-Leucine-AMC Sigma L 2145 3.4.11.1
Acid Phosphatase AP MUB-phosphate salt Sigma M 8168 3.1.3.2
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with, in our case, a volume standard of 0.050 ml; and

The net fluorescence per interval was calculated as  
net f luorescence =

(

f luoS6−f luoS2

quench coeff icient

)

− f luoS5  and  t he 
enzyme activity was calculated with the slope of the values 
of the measurement intervals over time as

with, an initial buffer volume of 125 ml, sample volume 
in S6 of 0.200 ml and sample weight of the initial ~ 0.50 
or ~ 1.00 g dry weigh equivalent of litter or soil, respectively. 
Finally, activities were expressed per gram of organic matter.

Statistical analysis

All data of 10 sample locations were plotted (histograms and 
Q–Q plots) and examined for outliers and normality (Field 
2014). No data needed to be excluded or transformed. Pear-
son coefficients were calculated with IBM SPSS Statistics 
25.

Results

Soil texture, bulk density and pH

The average differential particle size distribution showed two 
distinct peaks, one between 0.3 and 1.0 µm and another one 
between 1.5 and 3.0 µm (Fig. 1). Using the standard texture 
classes, i.e. clay (< 2 µm) and silt (2–50 µm), divided the 
1.5–3.0 µm peak into two classes. Instead, texture classes 

quench coefficient =
slope fluoS4

slope fluoS3

activity
(

nmol g−1h−1
)

=
slope net f luorescence

(

h−1
)

× volume initial buffer(ml)

emission coef × volume sample in S6(ml) × sampleweight(g)

“fine clay” (< 1 µm) and “fine silt” (1–3 µm) better represent 
both peaks. 86 and 90% of the soil particles at depth incre-
ments 0–10 and 10–20 cm were smaller than 1 µm (Table 2). 
At both depths the remainder of the particles classified as 
fine silt and no particles larger 3 µm were observed. The well 
aggregated soil structure yielded low soil bulk densities of 
0.65 at 0–10 cm and 0.88 g  cm−3 at 10–20 cm. Average soil 
pH was 4.6 for both depth increments.

Litter and soil C, N and P contents

The mean above ground litter weight was 748 g  m−2 (se 76) 
and consisted primary of L (recent and almost undecom-
posed litter) and F (fragmented and partly decomposed) litter 
layers, while an H (humified) litter layer was either absent 
or mixed into the mineral soil. Average C contents of the 
litter, 0–10 and 10–20 cm depth compartments were 328, 
4068 and 2797 g  m−2 , respectively (Fig. 2). Also, N and P 
contents were highest at 0–10, followed by 10–20 cm and 
lowest in the litter.

C:N ratios were highest in the litter and decreased with 
increasing soil depth. However, C:P was high at 10–20, 
intermediate in the litter and low at 0–10 cm. N:P was also 
high at 10–20, but about equal in litter and at 0–10 cm.

Soil organic matter fractions C, N and P

Most C, N and P was found in the mineral-associated heavy 
fractions, followed by the free light and the occluded light 
fractions at both depths (Fig. 3). All C:N ratios of the light 
fractions are larger than 20, but C:N ratios of the mineral-
associated fractions were on average 10.3 and 8.3 at 0–10 
and 10–20 cm depth. P contents of both light fractions were 
very small as compared to C and N at both depths. C:P and 
N:P ratios of the light fractions were therefore very large 
(not shown). By far most P was found in the mineral-asso-
ciated fractions.

Fig. 1  Average (n = 10) differential particle size distribution of the 
0–10 cm soil depth increment

Table 2  Soil texture, bulk density and pH of depth increments 0–10 
and 10–20 cm

0–10 (n = 20) 10–20 (n = 20)
Mean Se Mean Se

Fine clay % (< 1 µm) 86.3 0.4 90.0 0.2
Clay % (< 2 µm) 95.0 0.3 96.3 0.1
Fine silt % (1–3 µm) 13.7 0.4 10.1 0.2
Silt % (2–16 µm) 5.0 0.3 3.7 0.1
Bulk density (g  cm−3) 0.65 0.02 0.88 0.01
pH (KCl) 4.57 0.03 4.59 0.04
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Enzyme activities in litter and soil

BG activities were 4.4 and 2.9 times higher in litter than 
in soil at 0–10 and 10–20 cm (Table 3). CB and BX activ-
ities in litter were also higher than at 0–10 cm, but lower 

than at 10–20 cm. LAP activities were about equal with 
depth. AP activities were much higher as compared to the 
other enzyme activities, and showed increasing activities 
with depth, i.e. 10–20 > 0–10 > litter. BG:LAP ratios in 

Fig. 2  Litter and soil C, N and 
P contents and stochiometric 
ratios (element contents in soil 
(g  m−2) per 0.1 m depth incre-
ment)

Fig. 3  Soil organic matter C, N and P contents of the free light (fLF), occluded light (oLF) and mineral associated heavy (maHF) fractions (soil 
depth 0–10 and 10–20 cm)
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litter were higher than at 0–10 and 10–20 cm. BG:AP and 
LAP:AP ratios decreased with depth.

Discussion

Soil texture, bulk density and pH

The sampled Ferralsols are characterized by a unique 
combination of high clay contents and low bulk densi-
ties. Chauvel et al. (1987), Luizão et al. (2004) and Que-
sada et al. (2010) reported topsoil clay percentages of 
65–75, 65 and 68%, respectively, for Ferralsols in Central 
Amazonia. These percentages are lower than our mean 
of 95%, which is probably due to methodological differ-
ences between the sedimentation-pipette method used for 
the cited studies and the laser-diffraction method used 
in this study (Muggler et al. 1997). The distinct parti-
cle size distribution of our samples may be explained 
by its mineralogical composition, where the large peak 
(0.3–1.0 µm; Fig. 1) primarily represents kaolinite and the 
smaller peak (1.5–3.0 µm) primarily represents Fe- and 
Al-hydroxides and quartz (Chauvel et al. 1991). Observed 
soil pH values were well within range of values reported 
by Chauvel et al. (1987), Correa et al. (1989) and Quesada 
et al. (2010).

The relatively low bulk densities may be explained by 
the sequence of soil forming processes as described by 
Chauvel et al. (1987). The combination of removal of 
material through clay neoformation and quartz dissolution 
and the concurrent reinforcement of the matrix structure 
by the redistribution of Fe-(hydr-)oxides around contact 
points, may allow, with sufficient time, the formation of 
a stable well-aggregated soil with low bulk density. Addi-
tion of SOM to the topsoil and biological activity may 
explain the lower bulk density at 0–10 as compared to 
10–20 cm soil depth.

Litter C, N and P

At a comparable site, Klinge et al. (1968a, b), Klinge et al. 
(1968a, b) reported a mean litterfall dry weight of 730 g  m−2 
with C, N and P contents of 379, 10.6 and 0.21 g   m−2, 
respectively. These values for litterfall are about similar to 
our litter stock data, i.e. 1.15, 0.92 and 1.20 times the C, N 
and P litter stocks. At another nearby site with a comparable 
Ferralsol, Luizao (1989) recorded an 3-year average annual 
litter fall of 825 g  m−2 with mean annual litter C, N and P 
inputs of 388, 15.1 and 0.31 g  m−2  y−1, respectively. These 
inputs are 1.18, 1.30 and 1.78 times the average C, N and P 
litter stocks of our study. With the annual litter input being 
equal or slightly larger than the litter pool, we may derive 
that the litter layer turnover time is about one year or less. 
Based on inputs and stocks we infer that the loss rate of C, N 
and P from the litter layer is in the order P > > N > C.

Soil C, N and P contents

Soil C, N and P contents decreased with depth which coin-
cides with field observations in which the A horizon (darker 
colour, many roots, bioturbation) is primarily confined to 
the top 10 cm of the mineral soil. C:N ratios decreased as 
expected with depth in the order of litter, 0–10 and 10–20 cm 
and are well within range with studies at comparable sites 
(Luizão et al. 2004; Quesada et al. 2010). Plant tissue with 
relatively high C:N ratios is increasingly decomposed with 
depth causing the C:N ratios to approach values typical of 
microbial tissue at 10–20 cm. High C:P and N:P ratios at 
10–20 cm are likely due to plant uptake of P after minerali-
zation of organic-P (see below).

Soil organic matter fractions C, N and P

Most soil organic matter is chemically protected by adsorp-
tion onto mineral surfaces (Fig. 3). This stabilization mecha-
nism defers the mineralization of SOM and contributes to 

Table 3  Extracellular enzyme 
activities in litter and soil at 
depth increments 0–10 and 
10–20 cm

*activities per gram of organic matter

Litter (n = 10) 0–10 (n = 20) 10–20 (n = 20)
Mean Se Mean Se Mean Se

CB (nmol g-1 h-1)* 143.1 21.3 69.1 10.0 312.3 73.1
BX (nmol g-1 h-1)* 262.9 28.5 176.7 30.1 393.8 88.8
BG (nmol g-1 h-1)* 1630.3 181.3 368.5 69.0 567.8 94.3
LAP (nmol g-1 h-1)* 630.6 128.1 593.2 85.9 726.9 78.5
AP (nmol g-1 h-1)* 8188.6 467.8 17,174.7 1420.7 38,054.9 3078.3
BG:LAP 3.6 0.6 0.6 0.1 0.9 0.2
BG:AP 0.200 0.020 0.020 0.002 0.015 0.002
LAP:AP 0.078 0.016 0.034 0.003 0.022 0.003
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the long term sequestration of C in these soils (Von Lützow 
et al. 2006). The second largest fraction is the “unprotected” 
free light fraction, which includes fresh and recent above and 
belowground litter. Recalcitrance to decomposition of this 
litter depends largely on the inherited chemical structure 
of plant tissues. The occluded light fraction is the small-
est fraction, which indicates that physical protection against 
decomposition is a relative minor mechanism in these soils 
(von Lützow et al. 2007). Although minor, this physical pro-
tection, which is largely due to the formation of aggregates, 
is largely confined to the A horizon in the top 10 cm of the 
mineral soil.

For both soil depths C:N ratios of the light fractions were 
above 20 but decreased to around 10 for the mineral-associ-
ated fractions due to microbial decomposition of the initially 
plant derived litter. More striking are the low P contents of 
the light fractions at both soil depths. Both free and occluded 
light organic matter fractions are depleted of P which is 
probably due to active mining of P for uptake by microbial 
communities and plant roots. Nearly all P appeared to be 
present in the mineral-associated fractions from where it, 
despite a high demand (high AP activities), appears not to 
be available for mineralization (Soong et al. 2020).

Litter and soil enzyme activities

Cellobiohydrolase (CB) and β-xylosidase (BX) catalyze the 
microbial breakdown of respectively cellulose and hemicel-
lulose into sugars. The activities of CB and BX in litter were 
higher than in 0–10 cm soil but lower than in deeper soil. 
So, the demand for sugars is relatively high in the sub-soil, 
intermediate in litter and lower in the topsoil. However, for 
the final break down of sugars into glucose, β-glucosidase 
(BG) activities were 3 to 4 times higher in litter as compared 
to mineral soil at both depths suggesting that microbial com-
munities in litter are more C-limited than in soil (Table 3).

The N-related enzyme (LAP) activity did not differ with 
depth. Phosphatase (AP) activities, however, are relatively 
low in litter and increase in soil with depth, suggesting rela-
tively less P-limitation in litter and increasing P-limitation 
with depth in soil.

To be able to compare nutrient limitation at different sites 
it may be more informative to look at ratios of EE activities 
rather than to look at absolute values (Arnosti et al. 2014). 
The mean BG:AP ratio reported by Turner et al. (2014) in 
no-P-addition plots in a lowland tropical rainforest in central 
Panama was 0.039, which is higher than the mean BG:AP 
ratios of 0.020 (0–10) and 0.015 (10–20 cm) observed in 
our study. This difference indicates a relatively larger invest-
ment in the production of AP, which points at a more severe 
P-limitation in the mineral soil at our site. Weintraub et al. 
(2013) observed a mean soil BG:AP ratio of 0.22 in con-
trol plots of a litter manipulation experiment in a lowland 

wet tropical forest in southwestern Costa Rica. Again, this 
ratio is higher as observed in this study which suggests rela-
tively severe P-limitation at our site. Moreover, Waring et al. 
(2014) performed a meta-analysis of enzyme activities and 
found the lowest BG:AP ratios to be associated with old 
or acid soils that are P-limited. Our BG:AP ratios of 0.020 
(0–10) and 0.015 (10–20 cm) are at the very low end of the 
“most weathered soil types” distinguished by Waring et al. 
(2014).

Plotting the C:N and C:P ratios of the EE activities on the 
vertical and horizontal axis yields a “Moorhead-graph” in 
which the length of a vector (connecting origin and plotted 
point) is a measure of microbial C-limitation and the angle 
of the vector indicates the degree of P- versus N-limitation 
(Moorhead et al. 2013, 2016). Vectors above the 1:1 line 
indicate relatively more P-limitation and vectors below the 
1:1 line represent relative more N-limitation. We summed 
the C-related activities and plotted (BG + BX + CB)/LAP 
versus (BG + BX + CB)/AP (Fig. 4). The length of the lit-
ter vector is much larger than the length of the soil vectors 
indicating that the microbial C-demand in litter is larger than 
in mineral soil. This coincides with the negative relation 
of BG and C% in litter (Fig. 5a). Based on the ‘economic 
rule of enzyme production’ as described by Olander et al. 
(2000), Allison et al. (2005) and Allison et al. (2011), this 
inverse relationship shows that the microbial communities 
in the litter layer are C-limited. The positive relationships 
observed between N% and LAP and P% and AP (Fig. 5b and 
c), indicate that N and P are not limiting to the microbial 
communities in the litter. But still, in the Moorhead-graph 
(Fig. 4) the litter vector is well above the 1:1 line which 
indicates that microbial demand for P is larger than for N.

The 0–10 and 10–20 cm soil depth vectors have larger 
angles as compared to the litter vector (Fig. 4), indicat-
ing more pronounced P-limitation in the mineral soil. Of 
both soil compartments, 10–20 cm is more P-limited. This 

Fig. 4  Mean enzyme activity ratios in litter (n = 10), soil 0–10 
(n = 20) and soil 10–20 cm (n = 20). The dashed line depicts the 1:1 
line
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increasing P-limitation with depth (litter–0–10–10–20 cm) 
was also reflected in the increasing AP activities with depth 
(Table 3).

Depth differentiation

Herrera et al. (1978) and Cerri et al. (1991) observed root 
activity to be concentrated near the surface of the mineral 
soil and argued nutrient uptake to occur mainly from the 
aboveground decomposing litter (Schubart et al. 1984). This 
coincides well with our own observations while sampling 
litter layers, i.e. many fine roots sticking upwards from the 
mineral soil into the decomposing litter. Plants invest in 
fine absorptive roots to increase P uptake (Lugli et al. 2020; 
Martins et al. 2021), which diminishes the leaching of min-
eralized-P from litter into the mineral soil and subsequent 
adsorption onto Fe-(hydr-)oxides in these Ferralsols.

Litter stocks of C, N and P were small as compared to 
total C, N and P content of mineral soil due to the esti-
mated litter turnover times of about 1 year or less. C:N ratios 
decreased with depth as expected, but C:P and N:P ratios 
increased at 10–20 cm depth due to very low P contents. 
Most C, N and P is preserved in the mineral-associated 
organic matter fractions at both depths, while the free and 
occluded light organic matter fractions were depleted of P. 
These light organic-P fractions have likely largely been min-
eralized with the help of high phosphatase activities in min-
eral soil and subsequently produced inorganic-P has been 
taken up by plants and microbes.

Microbial communities in the litter layer are relatively 
more C-limited as compared to the mineral soil. Still, 
microbes in the litter layer invest in N- and P-related 
EE where the demand for P is clearly larger than for N. 

Phosphatases may have also been produced in part by plant 
roots (Nannipieri et al. 2011; Martins et al. 2021). As dis-
cussed, the increase in phosphatase activity with depth 
resulted in depletion of non-adsorbed organic-P in the min-
eral soil.

Future response

A global quantification of experimental elevated  CO2 effects 
on biomass showed that  CO2 fertilization is primarily driven 
by soil N or P availability for 65 and 25% of global vegeta-
tion, respectively (Terrer et al. 2019). The response of low-
land tropical forests to increasing atmospheric  CO2 concen-
trations is likely to be regulated by P-availability (Cleveland 
et al. 2011; Wieder et al. 2015). Based on an ensemble of 14 
terrestrial ecosystem models including C, N and P, Fleischer 
et al. (2019) showed that P-availability reduces simulated 
 CO2-induced biomass C growth by about 50% over 15 years 
as compared to estimates by only C or C and N models. 
Results suggested that the response among the P-enabled 
models depends on contrasting plant P use and acquisition 
strategies considered among the models.

Increasing atmospheric  CO2 concentration may allevi-
ate P-limitation through the availability of extra photosyn-
thetically obtained C (Hungate et al. 1997; Richardson et al. 
2009; Hoosbeek 2016). The extra labile C may be used by 
microbial communities and plants to increase phosphatase 
production (Allison et al. 2011; Margalef et al. 2021) which 
enhances the mineralization of organic-P from litter and soil 
(Sinsabaugh et al. 1994; Turner et al. 2011). But will there 
be enough mineralizable litter and soil organic matter to 
meet the increased P-demand due to increased NPP under 
increased atmospheric  CO2? Litter turnover is one year or 

Fig. 5  a, b  and c. Extracel-
lular enzyme activities (nmol 
 g−1  h−1) in the litter layer 
related to C, N and P%. Pearson 
coefficients (pc) and signifi-
cances (sig); 5a pc = − 0.753, 
sig = 0.012; 5b pc = 0.736, 
sig = 0.015; 5c pc = 0.456, 
sig = 0.185
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less and therefore this possible P-supply is limited and will 
most likely not meet increased P-demand. Moreover, periods 
of drought may diminish litter mineralization and C-cycling 
which further limits P-availability (Goll et al. 2018).

Available soil organic-P, i.e. non-adsorbed organic-P, 
was found to be depleted at both soil depths in this study. 
Therefore, we postulate that increased phosphatase activity 
has no effect on P mineralization from these light fractions. 
Nearly all organic-P appeared to be present in the mineral-
associated fractions from where it, despite high phosphatase 
activities, appears not te be available through enzymatic 
hydrolysis and subsequent mineralization. Therefore, these 
terra firme forests may show limited response to increasing 
atmospheric  CO2 concentration.
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