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ARTICLE INFO ABSTRACT

Keywords: The environmental factors controlling soil biodiversity along resource gradients remain poorly understood in wet
Soil acidification tropical ecosystems. Aboveground biodiversity is expected to be driven by changes in nutrient availability in
Nitrogen

these ecosystems, however, much less is known about the importance of nutrient availability in driving soil

biodiversity. Here, we combined a cross-continental soil survey across tropical regions with a three decades’ field
~1,-1

Phosphorus

i biodiversi
f‘?(l)picu;fl :(f)ei;suy experiment adding nitrogen (N) and phosphorus (P) (100 kg N ha™ 'y " and 100 kg P ha’ly’l) to Hawai’ian

Hawai’i tropical forests with contrasting substrate ages (300 and 4,100,000 years) to investigate the influence of nutrient

Soil age availability to explain the biodiversity of soil bacteria, fungi, protists, invertebrates and key functional genes. We
found that soil biodiversity was driven by soil acidification during long-term pedogenesis and across environ-
mental gradients, rather than by nutrient limitations. In fact, our results showed that experimental N additions
caused substantial acidification in soils from Hawai’i. These declines in pH were related to large decreases in soil
biodiversity from tropical ecosystems in four continents. Moreover, the microbial activity did not change in
response to long-term N and P additions. We concluded that environmental filtering drives the biodiversity of
multiple soil organisms, and that the acidification effects associated with N additions can further create sub-
stantial undesired net negative effects on overall soil biodiversity in naturally tropical acid soils. This knowledge
is integral for the understanding and management of soil biodiversity in tropical ecosystems globally.
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1. Introduction

Tropical forests play important roles in sustaining human wellbeing
and maintaining biodiversity and ecosystem functioning worldwide
(Achard et al., 2002; Edwards et al., 2014; Souza et al., 2021). Tropical
forests are often described as the lungs of the Earth, because of the
amount of CO, they exchange with the atmosphere. These forests are
also a refuge for biodiversity, and are home to millions of people.
However, tropical forests are also known to contain very old and
weathered soils limited by nutrient availability, especially phosphorus
(P) (Vitousek and Farrington, 1997; Vitousek et al., 2010). Although P is
often regarded as one of the major limiting factors to tropical
forest productivity (Chadwick et al., 1999; Turner et al., 2018; Johnston
et al., 2019), much less is known about the importance of other envi-
ronmental factors (i.e., availability of other nutrients, soil acidification)
at explaining soil biodiversity in tropical forests.

Belowground organisms (i.e., bacteria, fungi, protists and in-
vertebrates) constitute a large fraction of biodiversity in terrestrial
ecosystems worldwide (Bardgett and van der Putten, 2014; Wagg et al.,
2014; Zhu et al., 2021). These organisms play critical roles in regulating
foundational ecosystem processes, such as plant productivity and
competition, nutrient cycling, carbon (C) sequestration, soil stoichiom-
etry, and organic matter decomposition (Soliveres et al., 2016; Delga-
do-Baquerizo et al., 2017a, 2020a; Guerra et al., 2020). Nitrogen (N)
and P availability influence soil biodiversity of many ecosystems
(Delgado-Baquerizo et al., 2017b; Ding et al., 2019; Clausing et al.,
2020), however, we still know little of the belowground biodiversity of
tropical forests, which are often underrepresented in global surveys
(Fierer, 2017; Bakker et al., 2019; Cameron et al., 2019; Delgado-Ba-
querizo et al., 2019). We know belowground organisms can be highly
responsive to N and P additions in terrestrial ecosystems (Reed et al.,
2011; Leff et al., 2015; Zhou et al., 2020), yet critical knowledge gaps
exist in the main environmental factors controlling the changes in soil
biodiversity along resource gradients from tropical forests.

Here, we used a field survey in thirteen tropical ecosystems from four
continents, and a three decades N and P fertilization experiment being
conducted in two contrasting stages of a long-term chronosequence from
Hawai’i (300 vs. 4,100,000 years) to investigate the role of nutrient
limitations in driving soil biodiversity, including bacteria, fungi, pro-
tists, invertebrates and key functional genes (antibiotic resistance genes
and fungal groups). Soil chronosequences are considered to be model
systems for investigating the effects of nutrient depletion on biodiversity
and ecosystem function (Wardle et al., 2004, 2008; Tarlera et al., 2008).
Plant productivity is known to be limited by N at the youngest site in this
chronosequence, while both plant productivity and litter decomposition
are enhanced by P additions on the oldest site in the chronosequence
(Vitousek and Farrington, 1997; Hobbie and Vitousek, 2000). Further,
short-term additions of N and P (added with C) did stimulate microbial
growth, with N having larger effects at the youngest site and P larger
effects at the oldest site (Reed et al., 2011). Thus, sustained additions of
limiting nutrients (N and P) could reduce the diversity but increase
abundance of belowground organisms in these sites by stimulating the
growth of a few opportunistic species that suppress the growth of sen-
sitive species (Evans and Wallenstein, 2014; Cui et al., 2020). This
phenomenon is widely observed for plants in N-limited ecosystems,
where N additions can enhance productivity but reduce diversity (Clark
and Tilman, 2008; Bai et al., 2010; Liu et al., 2019) — a specific example
of the well-known “paradox of enrichment” (Rosenzweig, 1971). How-
ever, the influence of nutrient limitations on soil biodiversity is far less
understood. Belowground diversity and function are known to change as
soils develop from centuries to millennia (Wardle et al., 2009; Walker
et al., 2010; Delgado-Baquerizo et al., 2019). We aim to address a
fundamental question in tropical forests: what is more important,
acidification or nutrient availability, when it comes to driving soil
biodiversity in tropical forest ecosystems? Unlike young soils,
well-developed soils from tropical and temperate forests are expected to
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be acid, show higher soil N to P ratios (Laliberté et al., 2013, 2014;
Delgado-Baquerizo et al., 2020b), and support a lower soil biodiversity
(Delgado-Baquerizo et al., 2019). Improving our understanding of the
main environmental factors controlling soil biodiversity in tropical
forests is crucial for making better predictions of the role of nutrient
availability and acidification in driving soil biodiversity.

2. Materials and methods
2.1. Study sites

2.1.1. Hawai’i chronosequence experiment

The experiment was conducted at the Hawai’ian Islands (19°53'-
22°05'N, 154°81’-160°22'W), which represent a soil chronosequence
(the Long Substrate Age Gradient; LSAG) with soils that differ markedly
in the age of their underlying substrate, from 300 to 4,100,000 years old.
The forest study sites have a similar climate, with a mean annual tem-
perature of 16 °C, and mean annual precipitation of approximately
2500 mm (Chadwick et al., 1999). The soil substrate is basaltic rock
admixed with tephra and pumice, and the initial chemistry is oceanic
basalt and thus relatively consistent across sites (Wright and Helz,
1987). The native tree Metrosideros polymorpha, is the dominant species,
making up 80-88% of each forest’s basal area (Kitayama and
Mueller-Dombois, 1995). Several other species, including Morella faya,
Vaccinium calycinum, Hedychium gardnerianum, and Dicranopteris linearis
are also present in most sites along the chronosequence (Kitayama and
Mueller-Dombois, 1995).

The fertilization experiments of the 300 and 4,100,000 year sites
were established in 1985 and 1991, respectively. Three replicated plots
measuring from 50 x 50 m were created, with each plot containing
several trees. The treatments include Control (CK, no fertilizer applica-
tion), N addition (100 kg N haflyfl, initially half as urea and half as
ammonium nitrate; since 2002, all urea), P addition (100 kg P ha’ly’1
as triple superphosphate), and combination of N and P additions. Fer-
tilizers were applied once in July 1993, and twice every year (every 6
months) thereafter (Vitousek and Farrington, 1997) until 2006; since
then applications have occurred every other year. The present study was
conducted after 26 and 32 years (2017) of the long-term N and P
additions.

In 2017, soil samples were collected according to a standardized
sampling protocol as described by Delgado-Baquerizo et al., 2020a. We
collected three composite topsoil samples from five 0-10 cm deep soil
cores under the dominant tree, which meant that 15 cores were collected
in each treatment plot. After soil sampling, composite samples were
sieved over a 2 mm mesh. The soils were separated into two parts. One
part was air-dried and used for soil physicochemical analysis. The sec-
ond part was immediately stored at —20 °C for amplicon sequencing
analysis. To homogenize soils and obtain a representative sample for
sequencing analysis, 10 g soil from the composite samples were
freeze-dried using a mortar and liquid N.

2.1.2. Environmental gradient soil survey

Topsoils were collected from thirteen wet tropical ecosystems in four
countries (USA, India, Nigeria and Brazil, Fig. S1) between 2016 and
2018 according to a standardized sampling protocol as described by
Delgado-Baquerizo et al., 2020a. These ecosystems include natural and
urban greenspaces, and different vegetation types, from grasslands to
forests. The wet tropical ecosystems were defined as Koppen-Geiger
climate classification (Beck et al., 2018). -Three composite soil samples
(from five soil cores each) were collected under the most common en-
vironments (vegetation and open areas between plant canopies) found
at each plot. A total of 39 composite soil samples were included in this
study. After field collection, each composite soil sample was divided into
two sub-samples - one sub-sample was immediately frozen at —20 °C for
molecular analyses while the other sub-sample was air-dried for chem-
ical analyses.
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2.2. Soil properties analyses

Soil pH was determined in a suspension of soil and deionized water
(1:2.5 mass:volume), using a pH electrode. Soil available N (ammonium
and nitrate) and available P concentrations were determined colouri-
metrically using K;SO4 and bicarbonate extracts, respectively, as
described by Delgado-Baquerizo et al., 2013. Soil total N and P con-
centrations were obtained after digestion with sulfuric acid for 3 h at
415 °C, using a SKALAR San++ Analyzer (Skalar, Breda, The
Netherlands) (Maestre et al., 2012). Total soil organic C was determined
colourimetrically using a mixture of potassium dichromate and sulfuric
acid (Anderson and Ingram, 1993).

2.3. Microbial biomass and activity measures

Soil microbial biomass was estimated using phospholipid fatty acids
(PLFAs) extracted from freeze-dried soils (Buyer and Sasser, 2012). The
extracted fatty acid methylesters were analyzed using a DB-5 column in
an Agilent Technologies 7890B gas chromatography-mass spectrometry
(GC-MS) system (Agilent Technologies, CA, USA). The biomarkers used
to indicate total bacterial biomass include i15:0, al5:0, 15:0, i16:0,
16:107, 17:0, i17:0, al7:0, cyl17:0, 18:1w7 and cy19:0, and the
biomarker 18:206 was selected to indicate total fungal biomass (Fros-
tegdard and Baath, 1996). Total microbial biomass is the sum of all
bacterial and fungal biomarkers, and the eukaryotic biomarker 18:1»9.
Soil microbial activity (i.e., soil basal, glucose-, and lignin-induced
respiration) was assessed by the Microresp® approach according to
Campbell et al. (2003). Further details regarding the determination of
soil basal, glucose-, and lignin-induced respiration can be found in
Delgado-Baquerizo et al., 2017c.

2.4. Soil molecular analyses

The richness and community composition of bacteria, fungi, protists,
and invertebrates were determined via amplicon sequencing using the
[llumina MiSeq platform. Soil DNA was extracted using the Powersoil®
DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA), following
the manufacturer’s instructions. The bacterial 16S genes were
sequenced using the primer pair 515F (5'-GTGCCAGCMGCCGCGGTAA-
3’) and 806R (5'-GGACTACHVGGGTWTCTAAT-3') (Caporaso et al.,
2012). The eukaryotic 18S rRNA genes were sequenced using the primer
pair Euk1391f (5-GTACACACCGC-CCGTC-3') and EukBr (5'-
TGATCCTTCTGC-AGGTTCACCTAC-3') (Ramirez et al., 2014). Bioin-
formatics processing was performed using a combination of QIIME
(Caporaso et al., 2010), USEARCH (Edgar, 2013) and UNOISE3 (Edgar,
2016). Sequences were clustered into soil phylotypes (i.e., Operational
Taxonomic Units; OTUs) using a 100% identity level. Before calculating
the richness of soil organisms, the OTU abundance tables were rarefied
at 12,545 (bacteria via 16S rRNA gene), 6472 (fungi via 18S rRNA
gene), 1299 (protists via 18S rRNA gene) and 348 (invertebrates via 18S
rRNA gene) sequences per sample, respectively, to ensure even sampling
depth within each belowground group of organisms. Note that protists
are defined as all eukaryotic taxa, except fungi, invertebrates (Metazoa),
and vascular plants (Streptophyta). We used the online FUNguild to
determine the functional groups of fungi (i.e., saprotroph, plant path-
ogen, and arbuscular mycorrhizal fungi (AMF)) (Nguyen et al., 2016).
We used only highly probable and probable guilds for these analyses.
The abundance of 285 unique antibiotic resistance genes (ARGs)
encoding resistance to all of the major categories of antibiotics was
determined from soil samples using the Wafergen Smartchip high
throughput qPCR (Hu et al., 2018).

2.5. Statistical analyses

Three-way ANOVA was used to test the individual and interactive
effects of N and P addition and soil age on the richness of soil organisms
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(i.e., bacteria, fungi, protists, invertebrates, ARGs, saprotroph, and
AMF), soil properties (i.e., pH, available N and P, total soil N and P, and
total soil organic C), microbial activity (i.e., soil basal, glucose-, and
lignin-induced respiration), and bacterial and fungal biomass. Before
conducting each ANOVA analyses, the normal distribution was tested
using the Shapiro-Wilk test. The data were square-root or log-
transformed when necessary. Generalized linear mixed models
(GLMMs) were employed to analyse the relationships between below-
ground biodiversity (i.e., bacteria, fungi, protists richness) and soil pH
by accounting for random effects of country/site from four countries.
Variation partitioning analysis and Monte Carlo permutation tests (999
permutations) were used to quantify the relative importance and sig-
nificance of N and P addition, soil age, soil pH, available N, and soil total
N:P ratio on the community composition of bacteria, fungi, protists,
invertebrates and ARGs. The effects of N and P addition and soil age on
the community composition of soil organisms were determined using
PERMANOVA (999 permutations, Adonis function) and visualized by
non-metric multidimensional scaling (NMDS, based on the Bray-Curtis
distance matrices). Structural equation modelling (SEM, Grace, 2006)
was used to quantify the direct and indirect effects of N and P addition
and soil age on the richness of bacteria, fungi and protists of the Hawai’i
experiment. We used the Chi-square test (Xz; 0< xz/df <2and 0.05 <P
< 1.00), and the root mean square error of approximation (RMSEA; 0 <
RMSEA <0.05 and 0.10 < P < 1.00) to confirm the goodness of fit for the
models (Delgado-Baquerizo et al., 2020c). These SEM analyses were
conducted using the software IBM SPSS AMOS 20 (Chicago, IL: Amos
Development Corporation). In addition, we used “piecewiseSEM” (Lef-
check, 2016), “nlme” and “lme4” packages (Bates et al., 2017) to
quantify the direct and indirect effects of mean annual precipitation
(MAP), mean annual temperature (MAT), and soil properties (soil pH,
available N and P, and total soil organic C) on the richness of bacteria,
fungi, and protists by accounting for random effects of country/site from
four countries. The Fisher’s C test (when 0 < Fisher’s C/df < 2 and 0.05
< P < 1.00) was used to confirm the goodness of the modelling results
(Liu et al., 2020). The prior model was constructed as used in Maestre
etal. (2015). None of the SEM analyses included plant composition data.
The responses of the common taxa (top 10% relative abundance of
bacterial, fungal and protists taxa, OTU number >1000) and all taxa of
invertebrates, and ARGs, (OTU number <1000) to N and P additions
were determined using Spearman correlation (Delgado-Baquerizo et al.,
2018). The responsive (i.e., opportunistic and sensitive) and
non-responsive taxa were further defined by the positively, negatively
and not responding taxa to N and P additions using Spearman correla-
tion, respectively. The taxa increasing in relative abundance to N or P
addition compared to the no fertilizer application plots were called
opportunistic taxa to N or P addition, and the taxa decreasing and not
changing in relative abundance were called sensitive and
non-responsive taxa, respectively. The relationships between bacteria,
fungi and protists, and soil pH were also tested using Spearman corre-
lation. All of these statistical analyses and visualisations were performed
using the datasets, RColorBrewer, lavaan, vegan and ggplot2 packages in
the R v.3.5.3 software (https://www.r-project.org).

3. Results

3.1. Responses of the chronosequence soil physicochemical parameters to
N and P additions

N additions significantly decreased soil pH from 4.77 to 4.41 in
young soils, and from 4.04 to 3.72 in old soils (Fig. S2a). However, P
additions did not significantly influence soil pH (P > 0.05). As the soil
developed, more organic matter accumulated in the soil organic layer,
thus total soil organic C in the old soils was about 2 times higher than in
the young soils (Fig. S2b). Soil available N concentrations were about 7
times higher in old soils than those in young soils (Fig. S2c). P addition
profoundly increased soil available P in young soils (Fig. S2d).
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Compared with the young soils, soil total N significantly increased, but
total P decreased in the old soils (Figs. S2e and f).

3.2. Effects of N and P additions on soil organism communities in two soil
ages

Soil age, but not N and P additions, was related to the richness of soil
organisms (Fig. 1). The richness of the bacteria, fungi, saprotroph, and
AMF was higher (about 1.5, 1.5, 1.5 and 3.4 times, respectively) in
young than old soils (Figs. 1 and S3). N additions significantly decreased
the bacterial richness (Fig. 1a). Older soils were related to marginally
decreased richness of protists (Fig. 1¢). Moreover, soil bacterial biomass
significantly increased with N additions in both soil ages, but decreased
with P addition only in the old soils (Fig. S3d). However, soil fungal
biomass profoundly increased with N additions in both soil ages
(Fig. S3e). In addition, soil microbial activity (i.e., basal respiration,
glucose- and lignin-induced respiration) had no responses to N and P
additions in both soil ages (Fig. 1d-f).

Soil age, P addition, and their interactions profoundly impacted the
composition of the bacterial and fungal communities, but N additions
had only marginally significant effects on bacterial and fungal com-
munities (Figs. S4a and b). The protists communities did vary with soil
age (Fig. S4c). Nutrient addition and soil age had no effect on in-
vertebrates (Fig. S4d). In addition, soil age had a greater effect (asso-
ciated with soil acidification — as shown below) on soil microbial
communities than N or P additions (Fig. S5). A total of 30% and 53% of
the variation in bacterial and fungal communities was explained by soil
age, respectively, which was much larger than the proportion explained
by N and P additions (below 10% each, Figs. S5a and b).

3.3. System-level responses of belowground diversity to N and P additions
and natural environmental gradients

The variance partitioning analysis also showed that the change of soil

(@) N:P=0.042; P: P=0.274; Age : P<0.001; N x P : P=0.450;
N x Age : P=0.749; P x Age : P=0.419; N x P x Age : P=0.877

(b) N:P=0.128; P: P=0.205; Age: P<0.001; N x P : P=0.963;
NxAge: P=0.901; P xAge: P=0.951; Nx P x Age : P=0.988
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pH due to long-term pedogenesis was the main driver to explain the
variance of bacteria and fungi community composition (Figs. S5 and S6).
Similarly, the richness of bacteria, fungi and protists of the wet tropical
ecosystems from four countries showed significantly positive relation-
ships with soil pH by accounting for random effects of county/site
(Fig. S7). Furthermore, the results of SEMs suggested that soil pH was
the main control on the shifts in the richness of bacteria, fungi, and
protists in the sites with N and P additions of three decades (Fig. 2a—c)
and across environmental gradients of these wet tropical forests
(Fig. 2d-f).

3.4. Relationships between belowground diversity and soil properties in
Hawai’i experiment and environmental gradient soil survey

In Hawai’i wet tropical forests, the diversity of bacteria and fungi
showed strong positive relationships with soil pH, but negative re-
lationships with soil N and organic C (Fig. 3A). Overall, the diversity of
dominant phyla and groups of bacteria and fungi displayed a similar
pattern with that of bacteria and fungi communities in general (Fig. 3A).
Moreover, in the environmental gradient soil survey, soil pH showed
positive relationships with the diversity of protists, bacteria, fungi, the
dominant phyla of bacteria (Actinobacteria, Proteobracteria, Planctomy-
cetes, and Chloroflexi), and that of protists (Lobosa and Conosa) in wet
tropical ecosystems from four continents (Fig. 3B). However, the main
groups of invertebrates (Annelida and Arthropoda) showed strongly
positive relationships with soil N and P, and organic C (Fig. 3B).

3.5. Belowground community composition responses to N and P additions

Soil age had consistent effects on the relative abundance of the
dominant phyla of bacteria and fungi regardless of nutrient treatments
(Figs. S8a and b). For example, the abundance of Proteobacteria was
much higher, while the abundance of Actinobacteria was much lower in
young than in old soils (Fig. S8a). For fungi, the abundance of

(c) N: P=0.849; P: P=0.789; Age : P=0.053; N x P : P=0.942;
N x Age : P=0.465; P x Age : P=0.394; N x P x Age : P=0.598

(d) N:P=0.835P:P=0.162; Age: P=0.390; N x P : P=0.557;
N x Age : P=0.077; P x Age : P=0.652; Nx P x Age : P=0.715
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Fig. 1. Responses of the diversity of soil bacteria, fungi, protists, and soil basal and substrate-induced respiration (d-f) to N and P additions in two soil ages. The
statistical results are three-way ANOVA for the effects of N addition, P addition and soil age. CK: control; N: N addition; P: P addition; N + P: Combination of N and P
addition. The center line denotes the median value (50th percentile), while the box contains the 25th to 75th percentiles of the dataset. The black whiskers mark the

5th and 95th percentiles.
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Hawaii experiment
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Fig. 2. Results of SEMs identify the direct and indirect relationships between the diversity of soil organisms and N and P additions, and soil substrate ages in the
Hawai’i experiments (a—c) and tropical ecosystems in four continents (d-f). The diversity (OTU number, richness) of soil organisms includes bacteria, fungi, and
protists. The variance explained by the model (R?) of each parameter is given. R%conditional denotes the proportion of variance explained by the included predictors
without accounting for random effects of country/site. Rzmarginal denotes the proportion of variance explained by the included predictors by accounting for random
effects of country/site. Grey dashed arrows represent non-significant relationships in the models, which, however, improved the model fit when used (P > 0.05).
Other non-significant SEM arrows were removed from the model to improve the model fit. Avail N, available N; Avail P, available P; MAP, mean annual precipitation;
MAT, mean annual temperature; RMSEA, root mean square error of approximation. *P < 0.05, **P < 0.01 and ***P < 0.001.

Ascomycota was lower, but the abundance of Basidiomycota was much
higher in young than in old soils (Fig. S8b). However, the effects of soil
age on the dominant group of other soil organisms were variable among
different N and P treatments (Figs. S8c—e). For instance, the abundance
of Cercozoa protists under control and N and N + P treatments was
higher in young soils compared to old soils, but was lower in young soils
compared to old soils under the P addition treatment (Fig. S8c). For
invertebrates, the abundances of Annelida and Arthropoda were lower in
young than in old soils (Fig. S8d). For the main group of ARGs, the
abundance of Beta-Lactamase was higher in young than in old soils
under control and P addition conditions. In contrast, Beta-Lactamase
abundance was lower in young than in old soils under N and N + P
treatments (Fig. S8e).

3.6. Belowground opportunistic and sensitive responses to N and P
additions

At the OTU level, the responses of the taxa of soil organisms to N and
P additions depended on soil age (Fig. S9). P addition had larger effects
(5.1% and 4.4%, respectively) on the relative abundance of opportu-
nistic and sensitive bacterial taxa in old soils, but smaller effects in
young soils (1.7% and 3.4%, respectively). Moreover, N additions
increased the relative abundance of the opportunistic and sensitive
bacterial taxa in young soils (4.8% and 3.4%, respectively), while it
increased 2.9% and 4.6% in old soils (Fig. S9a). However, the effects of
N and P additions together on the fungal taxa were larger than those of P
addition alone (Fig. S9b). The proportion of the opportunistic and sen-
sitive taxa of protists in old soils was larger than those in young soils
(Fig. S9c¢). Similarly, 7.0% and 4.7% of the opportunistic and sensitive
genes under N addition treatment, and 7.0% and 11.6% for P addition of
ARGs genes were found in old soils, much larger than young soils
(Fig. S9¢). However, the taxa of invertebrates had small responses to N
and P additions (Fig. S9d). At the species-level, the taxa responsive to N
and P additions were dependent on soil ages (Tables S1-S4). For
example, Ciliophora was only opportunistic to N additions in old soils,
but Nematoda of invertebrates were sensitive to P addition in old soils

(Table S3). Moreover, the relationships between bacteria, fungi richness
and plant richness were not significant in wet tropical forests from four
continents (Fig. S10).

4. Discussion

The environmental drivers of soil biodiversity are poorly understood
in wet tropical forests — the lungs of the planet, and a fundamental refuge
for biodiversity. Our work provides evidence that environmental
filtering associated with acidification during long-term pedogenesis, and
across environmental gradients, more than nutrient limitations, controls
the biodiversity of bacteria, fungi and protists and that of important
functional groups of soil organisms such as decomposers and arbuscular
mycorrhizal fungi (common symbionts of the dominant tree species in
these forests; e.g., Metrosideros polymorpha in Hawai’i). Similarly, long-
term nutrient addition did not alter the activity of soil microbial com-
munities measured as basal soil respiration, or respiration in response to
glucose and lignin substrates. Nutrient additions did influence, however,
the biomass of soil microbes, and the diversity of important functional
genes (i.e., antibiotic resistance genes; Fig. S3). In general, our results
suggest that environmental filtering by soil conditions more than plant-
based effects (i.e., plant richness) controls soil biodiversity in these wet
tropical ecosystems (Figs. 2 and S10), and thus, in contrast to what has
been reported for plants (Agren et al., 2012; Alvarez-Clare et al., 2013),
P and N are not the main limiting factor associated with soil biodiversity
in wet tropical forests. In addition, our results suggest that long-term N
fertilization can actually have a negative impact on soil biodiversity by
contributing to the further acidification of these soils.

The diversity of bacteria, fungi, saprotroph and arbuscular mycor-
rhizal fungi was considerably lower in old soils than in young soils
(Figs. 1 and S3), which was predominantly related to the decreases in pH
in these old and acid soils (Figs. 2, S6, S7). The results of soils from other
wet tropical forests in four continents also supported our above findings
in Hawai’i ecosystems (Figs. 2 and 3), which indicated that soil acidi-
fication may be the dominant driver of soil biodiversity under long-term
pedogenesis and across environmental gradients in wet tropical
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Fig. 3. Spearman correlations between the diversity of main groups of belowground organisms (including bacteria, fungi, protists, and invertebrates), and soil
properties (including pH, available P and N, organic C, and total N and P) in the Hawai’i experiment (A) and the environmental gradient soil survey in tropical
ecosystems in four continents (B). Significance relationships are indicated by asterisks; *P < 0.05, **P < 0.01 and ***P < 0.001.

ecosystems. The small reductions in soil pH in already acid soils (here,
below 5) (Fig. S2a), are known to have large negative impacts on soil
biodiversity (e.g., Fierer and Jackson, 2006). We also found that soil age
and N additions significantly decreased soil pH, which indirectly
affected soil biodiversity, and these findings were in line with previous
studies (Lauber et al., 2009; Yuan et al., 2016; Zhou et al., 2017; Alfaro
et al., 2017; Ochoa-Hueso et al., 2018; Tripathi et al., 2018). Corre-
spondingly, a recent global study showed that the reductions in pH
typically observed along soil chronosequences were associated with the
declines in the diversity of belowground organisms (Delgado-Baquerizo
et al., 2019). Our results demonstrated that supplying limiting nutrient
for plant productivity is insufficient to increase the diversity of soil or-
ganisms, especially in old and acid tropical forests. Indeed, the acidifi-
cation effects associated with three decades of N additions resulted in
strong reductions in soil biodiversity, and the negative effects were
much more severe in old soils compared to young soils.

Nitrogen additions increased the biomass of bacteria and fungi, and

the diversity of antibiotic resistance genes (Figs. S3d—f). The responses of
microbial biomass were opposite to the diversity of belowground or-
ganisms, which supports the “paradox of enrichment” hypothesis
(Rosenzweig, 1971; Bai et al., 2010). However, nutrient additions did
not alter the activity of soil microbial communities in term of basal soil
respiration, nor respiration in response to glucose and lignin substrates
(Fig. 1d-f). These results indicated that the multiple aspects of soil mi-
crobial communities (such as diversity, biomass and activity) had con-
trasting responses to nutrient addition (negative, positive and null
responses, respectively), in contrast to the previous findings in other
terrestrial ecosystems (Treseder, 2008; Wang et al., 2018). A compre-
hensive understanding of the responses of soil microbial biomass and
activity, and of reducing N fertilization application, is essential for the
management and conservation of soil biodiversity in tropical
ecosystems.

We also found that only a few rare taxa (i.e., opportunistic and
sensitive species) had strong responses to N and P additions (Fig. S9). In
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the relatively young soils with limited N availability, additions of this
nutrient increased the proportion of opportunistic species in all bacterial
taxa (Fig. S9a), which indicated that N was an important driver of these
rare bacterial taxa in N-limited young soils of our study sites and pre-
vious research (Kurm et al., 2019). By contrast, P additions had stronger
effects on the proportion of bacterial opportunistic and sensitive taxa in
old soils than in young soils (Fig. S9a), suggesting P availability was the
main controlling factor of the soil microbial community in P-limited old
soils (Samaddar et al., 2019; Oliverio et al., 2020). These results
demonstrated that soil background nutrient concentrations, as depen-
dent on long-term soil development, determine the effects of N and P
additions on belowground organisms at the species level (Vitousek et al.,
2010; Zhang et al., 2014; Wardle et al., 2016; Ochoa-Hueso et al., 2018).
Thus, different measures are required to maintain soil biodiversity and
sustainable ecosystem functioning of wet tropical forests based on the
local conditions (such as which nutrients are most limiting). While there
was no significant relationship between plant richness and bacterial or
fungal richness, protist richness had a small but significant relationship
with plant richness (Fig. S10c). Our results were supported by the
findings of previous studies, detecting the strong links between protists
and plant communities (Ceja-Navarro et al., 2021; Guo et al., 2021). Our
study indicated that the biodiversity loss, especially plant diversity
under global change, might have large negative impacts on protists di-
versity, and further alter ecosystem structures and functions (Cardinale
et al., 2012).

In conclusion, our study revealed that the environmental filtering via
soils and not plant-based richness drives the biodiversity of multiple
belowground organisms during a long-term pedogenesis conducted with
three decades of N and P additions and across environmental gradients
of wet tropical ecosystems. The long-term pedogenesis led to soil acid-
ification attributed to a contrasting decrease in soil pH, from young to
old soils. Likewise, the diversity of bacterial and fungal communities
was lower in old compared to young soils. Nutrient enrichment nega-
tively affected the biodiversity of most belowground organisms studied
here. For instance, N additions decreased the bacterial and fungal
richness in both soil types. The negative responses of soil microbial di-
versity to nutrient additions were attributable to the acidification effects
and decreased soil pH with N fertilization in these ecosystems. The
detrimental effects of N additions on the biodiversity of belowground
organisms were much larger in old soils where P supply was limiting.
These wet tropical forests with severely acid soils are commonly limited
by low N availability in young soils, while old soils have low P avail-
ability. However, the negative effects of soil acidification induced by N
addition we observed were much stronger than the potential positive
effects of limited nutrient supply on soil biodiversity. Nevertheless, some
results varied in important ways from other terrestrial ecosystem types,
and our sites cannot capture the large heterogeneity across tropical
forests. Further study is needed to advance our understanding of the
mechansisms controlling belowground communities in wet tropical
forests. Taken together, our results demonstrate that the N additions,
resulting in acidification processes do not help to maintain biodiversity
of belowground organisms, even in highly-weathered wet tropical forest
soils with low P availability. Instead, our data suggest that soil acidifi-
cation is the dominant driver of the loss of soil biodiversity after artifi-
cial nutrient addition.
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