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Abstract

Plant diversification through crop rotation or agroforestry ‘s a promising way to improve
sustainability of agroecosystems. Nonetheless, crii>ria to select the most suitable plant
communities for agroecosystems diversificatior t7cing contrasting environmental constraints
need to be refined. Here, we compared th. .mpcoats of 24 different plant communities on soil
fertility across six tropical agroecosystems: v ther on highly weathered Ferralsols, with strong
P limitation, or on partially weathereu <2ils derived from volcanic material, with major N
limitation. In each agroecosystei, we tested several plant communities for diversification, as
compared to a matching low ui‘/ersity management for their cropping system. Plant residue
restitution, N, P and ligri'n cc ntents were measured for each plant community. In parallel, the
soil under each communri‘y was analyzed for organic C and N, inorganic N, Olsen P, soil pH
and nematode community composition. Soil potential fertility was assessed with plant

bioassays under greenhouse controlled climatic conditions.

Overall, plant diversification had a positive effect on soil fertility across all sites, with
contrasting effects depending on soil type and legumes presence in the community.
Communities with legumes improved soil fertility indicators of volcanic soils, which was
demonstrated through significantly higher plant biomass production in the bioassays (+18%)

and soil inorganic N (+26%) compared to the low diversity management. Contrastingly,



communities without legumes were the most beneficial in Ferralsols, with increases in plant
biomass production in the bioassays (+39%), soil Olsen P (+46%), soil C (+26%), and pH
(+5%). Piecewise structural equation models with Shipley’s test revealed that plant
diversification impacts on volcanic soil fertility were related to soil N availability, driven by
litter N. Meanwhile, Ferralsols fertility was related to soil P availability, driven by litter P.
These findings underline the importance of multifactorial and multi-sites experiments to
inform trait-based frameworks used in designing optimal plant diversification in

agroecological systems.

Key words: C-N-P cycling, functional traits, legumes nenatodes, plant diversification,

tropical soils

1. Introduction

Plant diversification is an important 'eve to ensure environmentally and nutritionally
sustainable food supply in agroecnsystems (Dawson et al., 2019). Agroecosystem
diversification can either be achieved by increasing sequential crop diversity (Tiemann et al.,
2015) and/or by simultaneous!  cu'tivating several species within the field, such as cereal —
cover crop intercropping or ~ocna — shade trees intercropping (Tscharnske et al., 2011). Both
forms of plant divers ficatizn are known to provide a wide range of services such as pest
regulation (Ratnadass et al., 2012), the diversification of farm income sources, and a higher
food production stability at national levels (Renard & Tilman, 2019; Diaz et al., 2020). Plant
diversification can also improve soil carbon (C) storage and soil fertility, by promoting soil
biological activity and facilitating access to nutrients otherwise inaccessible to the main crop
(Latati et al., 2016; Duchene et al., 2017). Legume species are especially favored for plant
diversification for their ability to fix atmospheric nitrogen (N2), hence reducing the need of
synthetic N fertilizers of the agroecosystems (Jensen et al., 2012). However, the services and

disservices provided by legume and non-legume plants vary with both the species used and



the agroecosystems’ environmental constraints (Fujii et al., 2018; Waithaisong et al., 2020). A
better mechanistic understanding of how plant diversity and its management alter
agroecosystem functions will help design efficient cropping systems under a range of
environmental conditions.

Greater plant species diversity is assumed to lead to higher ecosystem functionality (Martin
and Isaac, 2015; Isbell et al., 2017), since increasing the number of species within an
ecosystem increases the probability for plants to display complementary resource
requirements and use within the community (Barry et al., 2019). The understanding of plant
community relationships with their environment and *.ie errects of plant diversity has
benefited from trait-based approaches in ecology rau.°r than relying solely taxonomic
diversity. Plant functional traits are defined as any nor.hological, anatomical, physiological,
or phenological features measurable at the ira. ridJal level (Violle et al., 2007). They are
tightly linked with plant resource acquic tio. strategies and plant effects on resource cycling
in ecosystems (Freschet & Roumet, 2117). A trait-based framework using plant traits to
design optimal plant community ~oirositions for agroecosystems sustainability has been
proposed on this principle by Dan.our et al. (2018). This approach has been promoted by
several reviews and concep*vizl papers (Garnier and Navas, 2012; Wood et al., 2015).
However, it lacks boch () piant trait data in agroecosystems (Martin and Isaac, 2015) and (ii)
multi-sites studies to consider the influence of contrasting environmental constraints on plant
traits — ecosystem functions relationships.

While soil fertility has been linked to plant traits in many studies, how these relationships may
be influenced by local ecosystem environmental constraints are less well known (Freschet et
al., 2021). For instance, plant P acquisition can be achieved through the development of its
root network and/or through root association with mycorrhizas (Sawers et al., 2017).

However, the efficiency of either plant roots network or mycorrhizal symbioses for P



acquisition highly depends on overall soil P level, which decreases with soil age (Lambers et
al., 2008). Differences in soil P level also impacts the fixation of atmospheric N by legume
species (Augusto et al., 2013; Batterman et al., 2013); however, while legume species are
known to differ in their efficiency to provide N (e.g. Blesh, 2018), how P limitation can affect
these differences remains less well known. This question is especially important for tropical
agroecosystems, displaying strong contrasts of N and P limitations because of the wide range
of soil alteration found in these latitudes (Lambers et al., 2008; Hou et al., 2020). Aged,
weathered soils such as Ferralsols, which are widely spread in #rop~al countries, are typically
more P-limited than younger soils, which are more N-limit:u.

Global-scale studies across soil fertility gradients have ¢ ‘idenced the importance of litter N
and P restitution for soil N and P availability in netuio! ecosystems, both for aboveground
(Hobbie, 2015; Maire et al., 2015) and belowgi: ard litter (Bardgett et al., 2014) — although
the latter is less studied due to the diff cul'y of their measurements. Nutrient release from
litter decomposition is driven by the s.l food web, yet both its composition and functioning
are heavily altered by anthropic menzgement in agroecosystems (de Vries et al., 2013).
Nonetheless, several key fooc wewL components such as bacterial-feeding nematodes have
been observed to promote n*er and soil organic N and P mineralization in agroecosystems
(Trap et al., 2016; Rancansoa et al., 2018, 2020). While these food web components can be
favored by specific plant communities in natural ecosystems (Wardle et al., 2003; de Deyn et
al., 2004), the relationships between plant traits, soil food web and soil fertility have seldom
been studied as a whole in agroecosystems. We clearly need to improve our understanding on
how plant community traits relate to soil fertility both directly through litter-mediated nutrient
cycling feedbacks, and indirectly through food web activity promotion. This could provide
new leads to set up a trait-based approach framework for agroecosystem plant diversification

(Bender et al., 2016).



In this context, we studied six tropical agroecosystems — either on highly weathered Ferralsols
or on more recent, partially weathered soils derived from volcanic parent material — to
compare the influence of plant diversification on soil fertility and soil micro-food web
composition. We tested whether (i) plant diversification with legume or non-legume species
could improve soil fertility in these contrasting tropical agroecosystems and soil types, (ii)
diversification impacts on soil fertility could be linked to plant communities’ traits, and (iii)
soil fertility — plant communities relationships understanding could be improved with the
characterization of changes in soil micro-food web compositior

2. Materials and Methods

2.1.  Sites and sampling strategy

Six experimental sites, within the CIRAD — IRD ietwork and collaborating institutions in
tropical countries (Cameroon, Costa Rica, M.~dagascar and Martinique, West Indies) (Table
1) were selected. Two main types ot «ant diversification were considered: rotational
diversification (at 3 sites; tomato, rir> a2 banana based-cropping systems) and agroforestry
(at 3 sites; shade trees intercropciny in cocoa, organic coffee and conventional coffee based-
cropping systems). For eack. tucal crop (tomato, rice, banana, cocoa, organic coffee and
conventional coffee), thr:e (2 11ve combinations of crop / additional species (hereafter called
“plant communities”) we 2 replicated in three to eight blocks, accounting for a total of n=142
observations (Table 1).

The trials were carried out on soils with two contrasting levels of soil mineral fertility: highly
weathered Ferralsols with high P-limitation for Rice and Cocoa agroecosystems, and partially
weathered soils derived from volcanic parent material for Tomato, Banana, Organic and
Conventional Coffee sites (Nitisols, Cambisols and Acrisols), with expected major limitation
in N (Lambers et al., 2008). Crop rotational diversification (i.e. diversification over time)

corresponded to a plant community growing in rotation with the focal crop. At the end of the



first growing season, the plant communities were cut and left in the field as a mulch on soil
surface until crop sowing. One notable exception was the residues of Allium fistulosum from
the Tomato site, whose integral aboveground biomass was harvested and hence exported from
the field in both A. fistulosum / Tomato and A. fistulosum + Crotalaria spectabilis / Tomato
rotations (Table 1). Although banana is a multiannual crop, only the sowing and cutting of
different plant communities and the subsequent first year of banana cropping was considered,
to be comparable with the other sites testing rotational diversification (i.e. Tomato and Rice).
On the other hand, the agroforestry trials (i.e. simultaneous 2sscciation in the same area)
compared coffee or cocoa intercropped with different shac: u ~e species with unshaded coffee
or cocoa systems, respectively (Table 1).

Each of the six sites was hence designed to ass?ss the impact of plant diversification
compared to a reference treatment. The referercc freatment in each site was the treatment that
represented the lowest diversity managc mer.t: crop without shade tree in agroforestry sites,
rice / rice two-stages rotation in Rice .'te, and 170-days spontaneous grassing (i.e. no active
sowing) / tomato and 245-days snon ar.eous grassing / banana in Tomato and Banana sites
(Table 1).

2.2.  Plant sampling 21d community traits measurements

Assessment of annual ab.veground biomass restitution depended on diversification type. In
rotational systems, plant communities’ aboveground biomass was cut, and restituted as a
mulch on soil surface during the first growing season. Residue restitution was assessed by
harvesting and weighing one subplot of 1 m? in each block. Plant communities consisted of
one to several species per treatment (Table 1) that were studied jointly (i.e. not separated by
species during the sampling and analysis processes). In coffee and cocoa agroforestry
systems, aboveground biomass restitution was assessed with litter collectors placed under the

canopies of shade trees and crop; leaf litterfall from both the focal crop (cocoa or coffee) and



the intercropped shade trees was collected and weighed at several times throughout the main
litterfall season (see Sauvadet et al. (2020) for further details).

A composite sample of the litter collected from each community was then used to analyze
plant community litter traits (Table S1). Total C and N contents were determined by dry
combustion using a CHN micro-analyzer (Carlo Erba NA 2000, Milan, Italy). For total P
content, 50 mg of ground litter were mixed with 65% HNOs3, then mineralized at 200°C
during 15 min in a Milestones ETHOS ESAY microwave, together with standard and blank.
Phosphorus content was quantified colorimetrically using the yellow vanadomolybdate
reagent (Neves et al., 2008) with modification. Brizn,” ammonium heptamolybdate
tetrahydrate (20 g L™) was first dissolved in 200 mL nf y-ionized water with ammonia (2 ml
L™). Ammonium vanadate (0.47 g L") was added intu 100 mL of hot deionized water and
slowly acidified with 1 ml of 65% HNOj3. After «. «dition of 100 mL of water and cooling, both
solutions were mixed together with 90 - of 35% HNOj3 and completed to 1 L with deionized
water. The colored reaction was carried out by mixing the extract with deionized water and
vanadomolybdate reagent. Overall. th~ <ensitivity of the assay was 0.36 mg P g™ DM. Lignin
content was obtained by the v n Soest method (Van Soest, 1963) with a Fibersac 24 fiber
analyser (Ankom, Macedon, N.J, USA). Litter quality of C. arabica in both Costa Rican sites
(Organic Coffee anu Cnventional Coffee) and of E. poepiggiana and T. amazonia in the
Conventional Coffee site could not be analyzed. We therefore estimated them from the review
of Petit-Aldana et al. (2019) and from results in the Organic Coffee site, respectively.

2.3.  Soil sampling, nematodes and soil fertility indices measurements

All soil analyses were performed on one composite soil sample per block of about 2 kg fresh
soil from the 0-10 cm soil layer, corresponding to the zone of influence of aboveground litter
deposition, at the key stage of crop development (i.e. flowering for rice and tomato and

fruiting for banana, coffee and cocoa). The composite soil sample was obtained from 7 to 10



random locations within the main crop inter-rows in rotational systems, and around coffee and
cocoa plants; in the case of agroforestry systems, the sampling was performed around coffee
and cocoa plants that were under the canopy of the associated shade trees. Composite soils
were carefully homogenized before being sub-sampled for nematode extraction and
identification (used as a proxy of soil food web), and soil fertility components: plant bioassay
production and soil chemical fertility (Table S1).

Nematode communities were characterized both to assess the impacts of agricultural practices
on soil health (Ritz and Trudgill, 1999) and for their key roles in & N and P cycling through
the microbial loop theory (Bonkowski, 2004). Nematode, v.2re extracted from 250 g fresh
soil samples by elutriation (Seinhorst, 1950) and were rou~ted with a stereomicroscope (x40).
Nematodes were fixed in a 4% formaldehyde solution. . hen, 200 specimens per sample were
randomly selected on glass slides and iderti’ef to the genus level with a compound
microscope (x400) (Nematrops Labcratrry, Dakar, Senegal). Nematode community
composition was used to calculate genca richness and Shannon diversity index at the level of
the genus. Each nematode genus *vas then assigned to a trophic group (Yeates et al., 1993),
which allowed us to calculate e ervichment index (EI), basal index (BI), structure index (SI)
and the Nematode Channc' .atio (NCR). El, Bl and Sl indicate the proportion of
opportunistic, basal anu “oecialists’ taxa within the micro-food web, respectively (Ferris et al.,
2001; Berkelmans et al., 2003). NCR indicates the proportion of bacterial-feeding nematodes
— considered important for nutrient cycling promotion — within microbial-feeder nematodes
(YYeates, 2003).

Fresh, coarsely homogenized soil was used for the measurement of soil inorganic N content
with a 1:4 soil 1M KCI solution mixture. NOs and NH," were determined by continuous flow
colorimetry (TRAACS 2000, Bran and Luebbe, Norderstedt, Germany). Another aliquot of

fresh, coarsely homogenized soil was used for a greenhouse plant bioassay, an off-site



assessment of “soil biochemical fertility” of the ecosystem, which relies on the short-term
growth of seedlings of a model plant in soils collected beneath plant communities (Dybzinski
et al., 2008). Briefly, 2-L pots were filled with 1.40 + 0.01 kg of fresh soil from composite
soil samples per block. Four seeds of maize (Zea mays L.) cv. CIRAD 412 were then sown
into each pot; only two seedlings were left in each pot after sprouting of the seeds. The maize
seedlings were grown in a greenhouse with manual watering to maintain soil at its optimal
water holding capacity. After 45 days of vegetative growth, shoots and roots of the plants
were harvested, washed, dried at 65°C for 2 days, and weitheu to obtain the above- and
belowground dry biomasses. We refer to the biomass row.‘ned by this method as “plant
bioassay” in the rest of the article and in the illustrations.

A final soil subsample of 260 g was thoroughly mixe. then sieved at 2 mm and air-dried
before analysis of total C, total N, Olsen P ana H (H,0). Total soil organic C and N were
determined by dry combustion of dry <o0il subsamples ground to 0.2 mm, using a CHN
microanalyzer (Carlo Erba NA 2000, n'ilan, Italy). Soil pH (H,0) was determined by mixing
2 g of dry soil with 10 mL of deiorize ‘wvater for 30 min. Olsen P content was measured from
Olsen (1954). Briefly, 250 mg ~f ai y soil were extracted with 5 mL of 0.5 M NaHCO3 at pH
8.5 by 30 min shaking. P in the extract was then measured according to the malachite green
method (Rao et al., 19y7)\.

2.4.  Statistical analyses

Inherent site differences in soil fertility and nematode community composition were first
assessed through a comparison between each site reference treatment (Table 1) with
generalized linear models coupled with post hoc HSD Tukey tests (Table 2).

In a second step, site reference treatments were used to assess the impact of plant
diversification on soil fertility according to Hedges et al. (1999). First, log response ratio

(LRR;) was calculated for each site and soil variable:



Treatment i

LRRi = In( ) (1)

Reference Treatment

where “Treatment i” is the treatment value at the plot i, and “Reference Treatment” the
reference treatment mean value for the corresponding site. The log response ratio of nematode
indices was calculated similarly after the addition of the value 1 to both the numerator and
denominator to avoid errors caused by null values. This metric reflects a change of the
variable relative to the site reference treatment; positive and negative values of LRR;
represent respectively a positive and negative effect of plant *'versification relatively to its
reference treatment. For each variable, we then assessed the me..n log response ratio LRR,
according to two crossed factors: presence of legume 1> the community (with legume —
without legume), and soil type (volcanic soils — Ferialsols), resulting in four different
categories. LRRy, was calculated according to equation 2 and estimated the 95% confidence
interval around LRRy, using bootstrapping {*0cA iterations) for each category with the {boot}

R package.

LRRm = 22X )

where n corresponds to the *ntai number of observations of each category. LRR,, was
calculated for all soil fertin:/ «nd nematodes indices and was considered significant if its
95 % confidence intervo! uia not overlap with zero.

The plant community traits were first used in a principal component analysis (PCA) to
identify trait covariation patterns and the main differences between plant communities across
all sites. We then used generalized linear models coupled with the post hoc HSD Tukey test to
assess the significance of legume presence and soil type on plant community traits. A first
global analysis of relationships between plant community traits, soil fertility and nematode
indices was performed with a Pearson correlation coefficient matrix, corrected for multiple

comparison with the Benjamini-Hochberg method. This analysis allowed selecting the most



pertinent variables to include in a following analysis of piecewise Structural Equation Models
(PSEMS). The psem function of the {piecewiseSEM} R package (Lefcheck, 2015) was used
in order to include the site identity as a random effect for each linear mixed-effects equation.
Linear mixed effects equations were built as a first step according to the observed bivariate
and multivariate relationships. Shipley's test of d-separation (Shipley, 2009) was then used to
assess the overall fit of the pSEMs and whether paths were missing from the model. All
statistical analyses were performed using R software (R-3.6.2) and the following packages:
ade4, boot, emmeans, factoextra, FactoMineR, ggplot?> !me4, multcomp, nlme,
piecewiseSEM, psych, readxls, reshape2 and stats.

3. Results

3.1.  Plant community traits

Plant community traits greatly differed betwec 2 the communities according to (i) the presence
of legumes in the community and (ii) the /e of soil where the community was grown (Fig
1). Legume presence in plant commuitics significantly increased litter N content (2.3 £ 1.2
against 1.3 + 0.4 %DM without "egumes, P-value < 0.01) across all sites, but did not impact
significantly litter P content or u.» amount of aboveground biomass returned to the soil (Fig
S1). On the other hand, pit communities from Ferralsols (i.e. Rice and Cocoa sites) had
lower litter P contents th. n sites on volcanic soils (0.08 = 0.03 against 0.21 + 0.07 % DM,
respectively, P-value < 0.001), and higher lignin content (39.2 + 7.9 against 26.6 + 8.4 % DM,
respectively, P-value < 0.001, Fig S1). The amount of biomass restitution did not differ
between volcanic soils and Ferralsols and was higher in Banana and Tomato sites than in the

other sites (Fig 1).

3.2.  Differences in soil fertility and nematode indices across sites reference



Soil pH was acid to slightly acid across all sites and ranged between 5.0 + 0.1 for the
Conventional Coffee site to 6.6 £ 0.1 for the Cocoa site (Table 2). Sites on Ferralsols (Rice
and Cocoa) had the lowest total C (18.0 + 0.9 and 15.4 + 5.3 g C kg™ soil, respectively) and N
contents, the highest soil C to N ratio, and the lowest Olsen P content (inferior to 8.0 mg P kg
! 50il). On the other hand, Conventional and Organic Coffee sites presented the highest soil C,
N and Olsen P contents, and produced 2.1 to 4.7 times more biomass in the plant bioassay
than the other sites (Table 2). Tomato and Banana sites presented intermediate values for most
soil fertility indices, except for inorganic N content and plant hina.~ay, which were one of the

lowest for Tomato site.

Total free-living and bacterial-feeding nematodes der:si..»s were the highest (more than 2900
and 1600 ind kg™ soil, respectively) in Organic Cnffee, Cucoa, Rice and Tomato sites, and the
lowest in Conventional Coffee and Banana sites (less than 1000 and 300 ind kg™ soil,
respectively) (Table 2). Densities of funy~«-feeders were the greatest in Rice, Tomato and
Organic Coffee sites, while Omnivor=s, Carnivores and Plant-feeding nematodes were more
abundant in Banana, Cocoa and [kice sites (Table 2). Nematode genera richness and Shannon
Index were the highest in Drycnic Coffee, Cocoa and Tomato sites, and the lowest in
Conventional Coffee sit~. | 'einatode communities under the agroforestry systems (Cocoa,
Organic and Conventionc' Coffee) presented higher Nematode Channel Ratio (NCR), while
communities under Tomato and Banana sites presented higher Enrichment Index (EI).
Nematode communities in Organic and Conventional Coffee sites presented higher Basal

Index (BI), but lower Structure Index (SI).
3.3.  Effects of plant diversification on soil fertility and nematodes indices

Plant diversification impacts on soil fertility and nematode communities depended on both
plant communities and soil type (Fig 2). First, legume inclusion in the system globally

increased soil inorganic N content in both volcanic soils and Ferralsols, albeit only



significantly for the former (Fig 2a). However, the other fertility indices responded differently
depending on both legume presence in plant communities and soil type. Indeed, on volcanic
soils, diversification with legumes significantly increased plant bioassay, soil N content, soil
pH, decreased soil C:N ratio and showed no impact on soil Olsen P, while the non-legume
communities had no or negative impacts on volcanic soil fertility (e.g. significant decrease of

plant bioassay).

Contrastingly, plant diversification on Ferralsols significantly *ncreased soil Olsen P content,
regardless of the presence of legumes within the commuritie. Non-legume communities
were the most beneficial to Ferralsols, with a significant .ncre ase of plant bioassay, soil total
C and N contents, and soil pH. In contrast, diversification with legumes in Ferralsols
decreased soil pH, increased soil C:N ratio and had no significant impacts on plant bioassay

and soil C and N contents (Fig 2a).

The introduction of legumes decreased the otal abundance of omnivorous and plant-feeding
nematode populations in both soil typ:. albeit only significantly in Ferralsols (Fig 2b). The
introduction of legumes also inri >aseu the nematodes Basal Index in Ferralsols and decreased
the total free-living nematoe taxonomic richness in volcanic soils. Finally, plant
diversification decreasec the nematodes Basal Index in volcanic soils, regardless of legume

presence in the commurity.

3.4.  Relationships between plant community traits, soil fertility, and nematode

indices

Litter N and P contents were positively correlated to soil inorganic N and Olsen P contents,
respectively (r of 0.55 and 0.29, respectively, Fig 3). Litter N and P contents were also
positively correlated with soil C and N contents (p-value < 0.05 in all cases). However, soil C

content presented better correlations with soil inorganic N and Olsen P (r of 0.68 and 0.68,



respectively, p-values < 0.001) than with any plant community traits (Fig 3). Similarly, plant
bioassay was better correlated with soil variables than with plant community traits, especially
with soil C (r=0.81, p-value < 0.001), soil inorganic N (r=0.77, p-value < 0.001) and soil
Olsen P (r=0.65, p-value < 0.001) contents (Fig 3 and S2). Nematode indices presented only
weak correlations with plant community traits; nematode bacterial-feeders abundance and
Basal Index showed significant yet weak correlations with soil inorganic N and soil C content,
respectively (r=0.26 and 0.30, respectively, p-values < 0.05) (Fig 3). However, soil pH was
the best variable correlated to several nematode indices, such man, frophic groups abundance,

diversity and food web indexes (Fig 3 and S3).

Based on these observations, piecewise structural egsau~n models were built and included a
random site effect for each equation (Fig 4). Arnlication of the model to the whole dataset
showed that plant bioassay increased signifi-antiy with both soil N and P availability (P-
values < 0.001) (Fig. 4a). Soil N availabn.* - increased with plant community litter N and soil
C content, while soil P availability in~re.sed with soil C content and to a lesser extent with
nematodes Basal Index. Separate «naryses per soil type showed contrasting relationships
between plant community traiw, soil fertility and nematode indices (Fig 4b and 4c). In
Ferralsols (Rice and Co.oua sies), soil P availability increased with both plant community
litter P and soil C conter.* (Fig 4b), and was significantly correlated with plant bioassay. In
these sites, soil N availability increased significantly with litter N content but had no
significant relationship with plant bioassay. In volcanic soils (Tomato, Banana and Coffee
sites), both plant community litter N and soil C contents explained soil N availability, while
nematode Basal Index increased significantly with soil P availability. In these soils, the soil N
availability — plant bioassay correlation was four times stronger than the soil P availability —
plant bioassay correlation (r of 0.52 and 0.13, respectively), despite being both significant (P-

values inferior to 0.001 and 0.05, respectively).



4. Discussion
4.1.  Plant community traits — soil fertility — micro-food web relationships vary with

soil type.

In line with our expectations, plant diversification had overall positive effects on soil fertility
across all sites, yet these effects varied greatly with the pedological conditions. First, each site
tested a set of plant communities susceptible to improve agroecosystem services in its local
context. Therefore, not only soil fertility, but also plant ccmmunity traits varied greatly
among the six sites. This was especially apparent for sites on “erralsols (Rice and Cocoa
sites) which presented lower soil P availability (Walkerx ani Syers, 1976), but also plant
communities with lower litter P content, as a conseqrsen.>e of P limitation for growth (Han et
al., 2011; Raminoarison et al., 2020). Differenres in nutrient limitations for plant growth
between Ferralsols and volcanic soils were ai-a evidenced by the greenhouse plant bioassay,
an off-site assessment of soil potential fei.""ity (Dybzinski et al., 2008, Sauvadet et al., 2019,
2020). Plant bioassay presented strema correlations with the most limiting element for its
growth (Fig S2) — i.e., P in Ferra;su.~. and N more than P in volcanic soils. These results are
in line with the common fincing. in literature, describing a shift between N and P limitation
with soil weathering stege ‘Lambers et al., 2008; Hou et al., 2020), and were consistent

between the sites despite \heir differences in management and fertilization.

Soil C content also presented strong positive correlation with plant bioassay, supporting the
concept of soil fertility promotion by soil organic matter (Manlay et al., 2007), which was
further supported by the positive correlations found with soil N and P availability. Indeed, due
to constrained stoichiometric ratios of soil organic matter, soil C enrichment implies soil total
N and P increase (e.g. Kirkby et al., 2011), along with improved biological activity, leading to
faster N and P turnover (Craswell and Lefroy, 2001). Interestingly, correlations strength

between soil C and nutrient availability depended on the most limiting nutrient for plant



growth; soil C — P availability link was significant only in Ferralsols, while soil C — N
availability relationship was significant only in volcanic soils (P-values < 0.01 and 0.001,
respectively, Fig 4). While soil C relationships with N and P availability are not so easily
found because of differences in turnover time or P sorption mechanisms on soil constituents
(Kruse et al., 2015; Plassard et al., 2015), our experimental design allowed to focus on plant
communities — based relationships for both soil types. Consequently, relationships between
soil C and soil N and P availability mirrored these between soil C and plant community litter
N and P content in this study, suggesting that the plant commmi.=s producing litter of high
nutrient contents could have provided the additional N an~ r vequired to store more C in soil
superficial layer, while keeping soil organic matter stoich,~metric ratio (Bertrand et al., 2019).
These relationships are likely to occur due to cumuletive effect over several years. In support
for our second objective we demonstrate here ti 2t \ey plant community traits can be linked

with soil fertility increase across contrast ng .groecosystems.

Soil N availability was indeed linked *viu: litter N content, and to a lesser extent to bacterial-
feeder nematode abundance. Wh'ie (e impacts of plant litter N on soil N dynamics has long
been acknowledged (Manzor:’ eu ~l., 2008, Hobbie, 2015), the promoting effects of bacterial-
feeder nematodes on soi ' availability through bacterial grazing (Bonkowski, 2004) has
more recently been cons,lered at different scales (de Vries et al., 2013; Trap et al., 2016).
Given the sensitivity of this trophic group to soil pH (van den Hoogen et al., 2019), avoiding
practices with strong soil acidification impacts such as massive ammonium-based fertilization
is of upmost importance (Stumpe and Vlek, 1991; Goulding, 2016). Similarly, soil P
availability was both correlated with litter P and nematode community structure, albeit with a
lesser strength than for N availability. Indeed, while the role of litter P content (Damon et al.,
2014; Maire et al., 2015) and nematode top-down regulation (Ranoarisoa et al., 2018, 2020)

has been recognized to improve soil P availability, the diversity of P forms and their complex



interactions with soil matrix hampers the generalization of these relationships across
agroecosystems (Kruse et al., 2015; Plassard et al., 2015). Plant diversification has hence been
shown to impact contrastingly P cycling through the promotion of different P forms and P
solubilization processes, depending on both plant communities and soil type (Waithaisong et
al., 2020). Differences in P cycling processes between soil types could explain the absence of
nematode community — Olsen P correlations in Ferralsols (Fig 4), however this assumption
would have needed the characterization of more P forms to be fully answered. These
differences of P assimilation strategy could also have bee~ 1.rther comforted with the
characterization of root traits and mycorrhizal symbicse. Indicative of plant P uptake
capacity, as well as the activity of P-mineralizinop a1 -solubilizing microorganisms in
addition to their nematodes grazers (indicating soil ™ p~tential availability) (e.g. Becquer et

al., 2014).

4.2.  Implications for plant comi. . nity selection for agroecosystems diversification

Plant community traits — soil fertilit/- .icro-food web composition relationships give useful
insights to understand the i.nacis of managed plant community composition on
agroecosystems functionina. . the one hand, volcanic soils, presenting higher limitation for
N, benefitted more fron. plait communities including legumes, which produced N-enriched
litter due to their No-fixir.g ability and improved soil total N and inorganic N contents along
with plant bioassay (see Sauvadet et al., 2019, for more details). These results are in line with
global findings in temperate, N-limited agroecosystems (Drinkwater et al., 1998). Further, the
introduction of legume species led to similar increase of plant community litter-N and soil N
availability in both Ferralsols and volcanic soils, suggesting that the legume species grown on
the Ferralsols sites may be well adapted to fix atmospheric N, in limited P-availability
conditions (Augusto et al., 2013), likely thanks to their high capacity to mobilize soil P

(Hinsinger et al., 2003). However, increases in N availability under legume communities did



not improve plant bioassay in Ferralsols as they did in volcanic soils. This lack of effects may
be caused by Ferralsols P- rather than N-limitation for plant growth, which was not improved
by the presence of legume (Fig 2). Even more, the increased N provision by legumes in
Ferralsols, combined with low N uptake, may have led to nitrification and subsequent nitrate
leaching, leading to proton production (van Breemen, 1983; De Vries et al., 1987), and

causing the observed Ferralsols acidification under legume communities (Fujii et al., 2018).

Ferralsols acidification by legumes may have hampered birlogical activity, which could
explain the absence of other benefits of plant community divesiy, on soil fertility as observed
with non-legume communities, despite similar levels f nutrient availability. First, soil
acidification by legumes may have decreased in part r cvailability (Plassard et al., 2015), in
particular in the Rice site which had a low initizy pH. This process may not have been
detected in this study because of the use of tt.» Oisen P protocol (pH 8.5 extractant) to assess
P availability (Kruse et al., 2015), as the a.-=nce of significant soil pH — Olsen P relationships
in Fig 3 may suggest. Second, soil aciditication under legumes likely disturbed soil biological
activity and led in some cases to »0n . 10ss despite good nutrient availability (see Sauvadet et
al. (2020) for more detail2). verall, these results question the use of legumes for
agroecosystem diversificaucn when soil P availability is too low, and highlight the strong
dependency of plant com.unity traits — soil fertility relationships with the local pedoclimatic
context. This dependency underlines the importance of assessing the limiting factors of
agroecosystems’ soil fertility, and their interactions with other soil properties, in order to

determine which plant community traits to favor when diversifying agroecosystems.

Conclusion

Our study highlighted the importance to consider both pedoclimatic constraints and plant
community traits to build diversified agroecological cropping systems. The presence of

legumes — widely favored for their well-known benefits in N-limited agroecosystems — does



not appear determinant for soil fertility in more weathered soils presenting strong P limitation
such as Ferralsols. Soil fertility in such soils was driven by plant community traits directly
linked with P cycling. This was evidenced by a shift of the key traits promoting soil fertility
between volcanic soils and Ferralsols in pSEMs analysis. While the traits used in this work
were generic because of the heterogeneity of the agroecosystems studied (annual and
agroforestry systems), these first results highlight the need to further test a range of more
specific traits linked to N and P acquisition and build-up in soil, such as root traits and more
specifically mycorrhizal symbiosis, (Freschet et al., 2021). Furthe,more, practices improving
both soil pH and soil C should be promoted for their strory i.1ks with nematode indices (and
likely microbial community structure), and N and P c«-ailability for plants, respectively.
Overall, our findings evidenced important challengss (mat will have to be solved before a
framework can be laid out for designing trait-as.d plant communities suited for tropical

agroecosystems for a wide range of pedc ‘limates.
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Fig. 1: Principal component analysis of plant community traits (a) variables and (b) individual
factor map in the six experimental sites. Plant communities studied on Ferralsols and on
volcanic soils are represented in orange and blue, respectively. Full and empty symbols

indicate plant communities with and without legumes, respectively. Ferralsols: Rice and



Cocoa sites; Volcanic soils: Tomato, Banana, Organic and Conventional Coffee sites. For a
full description of the plant communities, see Table 1. Cro: Crotalaria spectabilis; Cro+All:
C. spectabilis + Allium fistulosum; Muc+Cro: Mucuna cochinchinensis + C. spectabilis;
Sor+Vig: Sorghum bicolor +Vigna unguiculate; Conv. Eryth: Erythrina poepiggiana +
Coffea arabica in conventional system; Org. Eryth: E. poepiggiana + C. arabica in organic
system; Conv. Term: Terminalia amazonia + C. arabica in conventional system; Org. Term:

T. amazonia + C. arabica in organic system.
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Fig. 2: Plant diversification impacts on soil fertility (a) and nematode indices (b). Data were

calculated as mean log response ratio (LRRy,) of diversification as compared to the reference



treatment of each site. Full and empty symbols indicate significant and non-significant effects,
respectively. Vertical bars correspond to 95% confidence intervals. Ferralsols: Rice and
Cocoa sites; Volcanic soils: Tomato, Banana, Organic and Conventional Coffee sites. For a

full description of reference treatments, see Table 2.
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Fig. 3: Pearson corr.'ation ~oefficient matrices of soil fertility, plant community traits and
nematode indices on tlic whole dataset (n=142). Correlations were corrected for multiple
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are written in boldface.
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Fig. 4: Piecewise structural equation models on plant community traits impacts on soil
fertility for all sites (a), sites on Ferralsols (b), and sites on volcanic soils (c). Variables of
plant community traits, nematodes, and soil fertility are represented in green, blue and red,
respectively. The numbers on the arrows are path coefficients; dashed line arrows indicate

negative effects, and double arrows covariation relationships. The R2 value represents the



proportion of total variance explained by the model. Asterisks represent the level of

significance of the paths; * stands for P-values < 0.05; ** for P-values < 0.01; *** for P-

values < 0.001 Ferralsols: Rice and Cocoa sites; Volcanic soils: Tomato, Banana, Organic and

Conventional Coffee sites. The analyses were performed on standardized normally distributed

data.

Table 1. Sites presentation. Legume species are in bold. Coffee site tested plant

diversification impacts for organic and conventional systems.

Experimental <ites

Banana Rice Coffee (organic Cocoa
Tomato & conventional)
Country Martinique Martiniqg | Mad.ay>scar Costa Rica Camero
(West Indies) | ue (West on
Indies)
Position 14°66 N, 61°00 | 14°66 10°33 S, 9°53 N, 83°40 W | 4°30 N,
w N, ' 46°25E 11°10 E
61°00
N
Altitude 54 mas.l 54 m 930 mas.l 600 m a.s.l 400-550
Cacl m a.s.|
Annual 2000 mmy ' 2000 | 1330mmy " 2915 mmy ' 1300-
Precipitation [Nim y! 1400
mm y
Average 25°C 25°C 24°C 22°C 25°C
temperature B
Soil Nitisur Clay Nitisol Ferralsol Acrisol — Ferralsol
information Clay Sandy clay - Cambisol Sandy
loam Loam —clay loam | loam
Soil type Volcanic soil Volcani Ferralsol Volcanic soil Ferralsol
c soil
Main crop Tomato Banana Rice Coffee Cocoa
Fertilization | Noneto138kg | 205 kg 5tha™ Organic: 5tha® | None
N hg'l, 138 kgP | Nha' manure coffee pulp
ha™, i761 kg K Conventional:
a 150 kg N ha, 10
kg P ha™, 75 kg K
ha'
Diversificatio Rotation Rotation Rotation Agroforestry Agrofor
n mode estry
Reference 1. 170-days 1. 245- 1. Rice 1. Unshaded 1.
treatment grass* days coffee Unshade
grass* d cocoa




Plant 2. Allium 2. 2. Arachis 2. Chloroleucon 2.
communities fistolusum Brachia hypogaea eurycyclum** Albizia
tested for 3. Crotalaria ria 3. Mucuna 3. Erythrina adianthi
diversification spectabilis decumbe | cochinchinen poepiggiana folia
4. C. spectabilis ns sis+ 4. Terminalia 3.
+ Allium 3. C.spectabilis amazonia Canariu
fistolusum Stylosan | 4. Sorghum m
thes bicolor schweinf
guianen +Vigna urthii
sis unguiculata 4. Ceiba
pentandr
a
5.
Dacryod
| es edulis
| 6.
Milicia
excelsa
Year of 2017 2018 2Ny 2017 2017
sampling B
Site age at 1 year 1 year 3 years > 17 years > 17
sampling o8 years
Numb. 20 18 16 49 (28 + 39
Observations 21)
Reference Deberdt and Tixie, t | Ripocheetal. | Sauvadetetal. | Sauvade
publication Fernandes al. (2019) (2019) tetal
(2017) 20:1 (2020)

Table 2. Soil fertility and ner.atude indices of the reference site treatments.

Experimental sites

Tomato | Banana | Rice | Conv. Org. Cocoa
Coffe | Coffee
e
Soil type Volcani | Volcani | Ferrals | Volc | Volcani | Ferralso
c soil c soil ol anic c soil |
soil
Reference Treatment 170- 245- Rice | Conv Org. Unshad
days days : Unshade ed
grass grass Unsh d cocoa
aded | coffee
coffe
e
Soil biochemistry
Soil C (g C kg™ soil) 20.1+1. | 21.6£1. | 18.0+0 | 36.9+ | 39.3+5.0 | 15.445.
1 bc 4h 9c | 49a a 3cC




Soil N (g N kg™ soil) 1.9+0.1 | 2.0£0.1 | 1.3+0. | 3.5+0 | 3.6£0.5 | 1.2+0.4
b b Oc 4a a C
Soil C:N ratio 10.940. | 11.0+0. | 13.6+0 | 10.6+ | 10.8+0.3 | 12.5+1.
3b 2b S5a | 03b b la
Inorganic N (mg N kg™ 7.1+0.9 | 16.1+3. | 3.5+1. | 11.1+ | 20.8+3.6 | 10.7+3.
soil) c 3a 6d 1.3b a 7 bc
Olsen P (mg P kg™ soil) 12.3+2. | 34.6+2. | 4.4+0. | 26.7+ | 39.0+10. | 8.0+4.8
8¢ 6a 1d 50D 2 ab cd
pH H,0O 5.540.1 | 6.1+0.0 | 5.540. | 5.0+0 | 6.240.1 | 6.6+0.1
C b Oc 1d b a
Plant bioassay (g DM 0.9+0.2 | 1.6+£1.0 | 1.3+1. | 3.4+1 | 42410 | 1.5+0.5
produced per plant) c b 3 bc 3a a b
Bacterial-feeders (ind kg~ | 16969 | 219+24 | 1260+ | 267+ | 2652+17 | 208819
! s0il) 00a 1b 346a | 181 | 76a 43 a
Fungal-feeders (ind kg | 775429 | 106+83 | 1069+ | 50.2 | 705+638 | 353+17
soil) 8a b 759a | Zb a 7a
Omn+Carn (ind kg™ soil) | 484+25 | 661+88 | 1068+ | 916 | 465+291 | 885+32
7b 1ab 329- | cC b 6 ab
Total free-living (ind kg™ | 2955+1 | 986+11 | 3350 | 332+ | 3822+16 | 3326+1
soil) 290 a 63 b 7% | 22b 80 a 245 a
Plant-feeders (ind kg™ 2519+1 | 6978+3 | 3712+ | 95+7 | 1150485 | 4201+1
soil) 343bc | 679a | 937b | Od 7c 960 ab
Enrichment Index (EI) 7249a | 71+2%a | 56+14 | 24+2 | 3114 Db | 5218
[ b 5b ab
Basal Index (BI) 16+3 Db ct4C | 18+9b | 702 | 43+29 | 15#4 D
9a ab
Structure Index (SI) 69t5¢ | #5a | 78+12 | 13+2 | 48+33 | 81#5b
L abc 1d bcd
Nematodes Channel 67¢9¢ | 68+19 | 58+18 | 87+1 | 74+24 | 857 a
Ratio (NCR) abc bc 5ab abc
Genera Richness 12.7b | 8t4bc | 9tlc | 3+2d | 12+4 16+2 a
N abc
Shannon Index ’ 2.0240. | 1.69+0. | 1.88+0 | 0.68+ | 1.55+0.7 | 2.31+0.
‘ 13b 51D 09b | 047 3abc 11a
c

Significant differences were tested by GLS followed by Tukey HSD post hoc tests and bear

different letters for P-values < 0.05.
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Graphical abstract

Agroecosystem plant diversification on two types of weathered tropical soils
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Highlights

- We compared plant diversification impacts on soil fertility across 6 agroecosystems
- Benefits of plant diversification depended on both legume presence and soil type

- Legume-based diversification was mostly beneficial on the younger soils

- Ferralsols’ fertility was improved with plant communities’ litter P content

- Plant communities’ traits were linked with diversification impacts on contrasting soils



