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Abstract

Aim: Assembly of protist communities is known to be driven mainly by environmental
filtering, but the imprint of phylogenetic relatedness is unknown. In this study, we
aimed to test the degree to which co-occurrences and co-exclusions of protists in
different phylogenetic relatedness classes deviate from random expectation in two
ecosystems, in order to link them to ecological processes.

Location: Global open oceans and Neotropical rain-forest soils.

Major taxa: Protists.

Time period: 2009-2013.

Methods: Protist metabarcoding data originated from two large-scale studies. Co-
occurrence and co-exclusion networks were constructed using a recent method com-
bining a null distribution model with Spearman's rank correlation coefficients among
pairs of operational taxonomic units. Phylogenetic relatedness was estimated using
either global pairwise sequence distance or phylogenetic distance inferred from best
maximum-likelihood trees derived from multiple alignments of operational taxonomic
unit representative sequences. The significance of observed patterns relating net-
works and phylogenies was evaluated by distance classes against two null models, in
which either the tips of the phylogenetic trees or the network edges were randomized.
Results: Closely related protists co-occurred more often than expected by chance
in all datasets, but also co-excluded less often than expected by chance in the ma-
rine dataset only. Concurrent excesses of co-occurrences and co-exclusions were
observed at intermediate phylogenetic distances in the marine dataset.

Main conclusions: This suggests that environmental filtering and dispersal limita-
tion are the dominant forces driving protist co-occurrences in both environments,
whereas a signal of competitive exclusion is detected only in the marine environment.
Differences in co-exclusion are potentially linked to the individual environments, in
that marine waters are more homogeneous, whereas rain-forest soils contain a myr-

iad of nutrient-rich microenvironments, reducing the strength of mutual exclusion.
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1 | INTRODUCTION

There is a long history of research trying to elucidate why spe-
cies are present in a specific environment and why multiple spe-
cies are found together (Darwin, 1859; Gause, 1934; Humboldt &
Bonpland, 1805). Species sharing the same ecological niche tend to
co-occur owing to environmental filtering and dispersal limitation.
Closely related species are more likely to co-occur owing to their
shared evolutionary history (e.g., common ancestor, shared traits)
and their potential limited dispersal and establishment abilities.
These processes can be balanced by density-dependent negative
biotic interactions, such as competitive exclusion when function-
ally similar species require the same resource and co-exclude
themselves. These deterministic processes as defined by the niche
theory can then be opposed to stochastic processes as defined
by the neutral theory, and together form the different forces
driving community assembly (Hubbell, 2001; Kraft et al., 2015;
Vandermeer, 1972). Environmental filtering and dispersal limita-
tion have been identified as the main drivers shaping the assembly
of most protists in different environments (Boenigk et al., 2018; de
Vargas et al., 2015; del Campo et al., 2015; Lentendu et al., 2018;
Mahé et al., 2017; Singer et al., 2018; Wetzel et al., 2012), whereas
competition has been tested formally in laboratory conditions only
(Saleem et al., 2012; Violle et al., 2011). These two processes with
opposing effects on community assembly have already been ob-
served concurrently in marine ciliates, but they operate at differ-
ent spatial scales, with competitive exclusion being detected only
at the local scale, whereas environmental filtering is detected only
at the regional scale, and they have not been observed globally
(Azovsky, 1996).

Environmental filtering is a recent concept, first postulated
as the “coexistence principle” (Den Boer, 1980). In environmental
microbial ecology, environmental filtering is often considered as
the prevalent limiting parameter of species occurrence (Khomich
et al., 2017; Lauber et al., 2008; Lentendu et al., 2018; Philippot
et al., 2010; Singer et al., 2018; Tedersoo et al., 2016; WeilRbecker
et al., 2018; Zinger et al., 2011) and is linked directly to the eco-
logical niche of microbes. The ecological niche of microbes is
difficult to measure without cultivation (Lennon et al., 2012;
Martiny et al., 2015); therefore, function and functional similarity
are deduced from either taxonomic or phylogenetic similarity of
recovered sequences in large-scale studies. Environmental filter-
ing is inferred from the non-random co-occurrence of members
of a taxon or a clade or from a clade or taxon occurring in a re-
stricted set of habitats. Thus, environmental filtering, when anal-
ysed in a phylogenetic context, often assumes phylogenetic niche
conservatism; that is, the long-term retention of ecological traits
among closely related species (Wiens et al., 2010). Phylogenetic
niche conservatism was shown in bacteria, mainly for complex
functional traits that are conserved inside single clades (Martiny
et al., 2013). Under phylogenetic niche conservatism, evolution-
arily close species are more likely to share the same ecological
niche; hence, they tend to be filtered into the same habitats. With
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this assumption, environmental filtering can be tested using mea-
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sures of phylogenetic divergence (e.g., mean pairwise distance,
mean nearest taxon distance; but see Tucker et al., 2017), with
phylogenetic overclustering (i.e., low phylogenetic divergence)
being interpreted as sign of environmental filtering. This sample-
wide approach has been used to support environmental filtering
of trees, bacteria and protists along habitat and nutrient gradi-
ents (Horner-Devine & Bohannan, 2006; Kembel & Hubbell, 2006;
Singer et al., 2018). However, most studies considering environ-
mental filtering do not account for biotic interactions, which could
produce similar results (Kraft et al., 2015).

Competition has long been known experimentally, and it was
hypothesized to drive co-exclusion in an initial experimental study
involving protists (Gause, 1934). Competitive exclusion was initially
viewed as an evolutionary pressure triggering trait divergence of
related species, allowing them to escape competition and to per-
sist in the same habitat, as originally observed for Darwin's finches
(Darwin, 1859). This assumption was further formalized with the
phylogenetic limiting similarity hypothesis, in which phylogeneti-
cally related species compete more strongly owing to niche over-
lap, thereby limiting the number of related species that can coexist
(Macarthur & Levins, 1967). By assuming phylogenetic niche con-
servatism, it is expected that competitive exclusion will affect only
closely related species, meaning that phylogenetic overdispersion
(i.e., high phylogenetic divergence) of natural communities is inter-
preted as a sign of competitive exclusion. This approach has allowed
for the identification of one tree family presenting signs of compet-
itive exclusion in a tropical forest (Manel et al., 2014). Competition
does not necessarily lead to exclusion when, for example, competi-
tion is symmetrical or when other biotic interactions (e.g., mutualism
or herbivory) reduce or neutralize the competition (Lamb & Cahill,
2008; Miiller et al., 2012; OIff & Ritchie, 1998). Further experimental
evidence has shown that for protist species, competition will lead
to exclusion more quickly when species are phylogenetically re-
lated, with a direct relationship to phylogenetically conserved traits
(e.g., mouth size; Violle et al., 2011). The “paradox of the plankton”
was also considered to be an opposite example of competitive ex-
clusion, with the coexistence of high numbers of species using the
same resources (Hutchinson, 1961). It was shown that this pattern is
explained by the competition itself, which leads to only short-term
exclusion in a system that never reaches an equilibrium (Huisman
& Weissing, 1999). In plant ecology, studies measuring the strength
of competition have shown that, depending on clades or depending
on soil conditions, there will be more or less competition between
related species, meaning that no generalization of the “competition-
relatedness” hypothesis is possible (Burns & Strauss, 2011; Cahill
et al., 2008). The exclusion of closely related species owing to com-
petition can thus be viewed as a special case of the coexistence the-
ory (Mayfield & Levine, 2010). Only a few large-scale studies have
tested for phylogenetic overdispersion and exclusion patterns in
protistan species (Azovsky, 1996).

In today's very large environmental sequencing datasets,

microbial taxa are characterized using operational taxonomic



LENTENDU ano DUNTHORN

1534
Global Ecology A dournalof
Wl LEY and Biogeography Magveks

units (OTUs), which are used as a proxy for molecular species
(Santoferrara et al., 2020). At the same time, co-occurrence and
co-exclusion network analyses have become standard in environ-
mental microbial ecology, with a predominance of studies inter-
ested in co-occurrence patterns among and between taxonomic
groups with a presumed function (Chow et al., 2014; Lima-Mendez
et al., 2015; Milici et al., 2016; Steele et al., 2011). In contrast to
phylogenetic divergence analyses conducted at the sample level,
co-occurrence and co-exclusion network analyses allow the
extraction of statistically significant pairs of co-occurring/co-
excluding OTUs at the whole-study level. By comparing observed
co-occurrences with random co-occurrences among the regional
pool of OTUs, signals for potential biotic interactions such as par-
asitism, predation or viral infection have been disclosed (Lentendu
et al., 2014; Lima-Mendez et al., 2015; Steele et al., 2011). By
taking advantage of the modular structure of the co-occurrence
networks, microbial occurrences have also been linked to habitat
preference, which can be interpreted as the signal for environmen-
tal filtering (de Menezes et al., 2015; Lentendu et al., 2014; Milici
et al., 2016; Morrién et al., 2017). However, studies have yet to
integrate phylogenetic relatedness as an explanatory parameter
for network structure, which has been introduced recently for soil
bacteria (Goberna et al., 2019).

Here, we describe a new analytical approach to evaluate com-
munity assembly processes by decomposing the co-occurrence
and co-exclusion networks among phylogenetic relatedness
classes. By looking at the excess or deficit of co-occurrence or
co-exclusion in a class of organism with increasing phylogenetic
relatedness, we can test the possible assembly mechanisms in nat-
ural protistan communities. Under the assumption of phylogenetic
niche conservatism, we test the following hypotheses: (a) if envi-
ronmental filtering dominates, phylogenetically related OTUs will
co-occur more and co-exclude less often than expected by chance,
and vice versa for pairs of OTUs with intermediate phylogenetic
relatedness; and (b) if competitive exclusion dominates, phylo-
genetically related OTUs will co-occur less and co-exclude more
often than expected by chance, and vice versa for pairs of OTUs
with intermediate phylogenetic relatedness. To evaluate these
hypotheses, we use two of the largest environmental sequencing
protist datasets to date, namely the global open oceans from the
study by de Vargas et al. (2015) and Neotropical rain-forest soils
from the study by Mahé et al. (2017).

2 | MATERIALS AND METHODS
2.1 | Datasets

Protistan OTUs from the world's open oceans and seas came from the
study by de Vargas et al. (2015). This marine dataset is composed of
355 samples collected at the surface and deep chlorophyll maximum
(DCM) in six oceans and two seas, which produced 366,800,845

protist reads of the V9 hypervariable region of the small subunit

ribosomal RNA (SSU rRNA) locus that clustered into 302,663 OTUs.
To allow for comparison, the version of this marine dataset used here
was re-analysed by Mahé et al. (2017). All filter-size-class libraries of
either the surface or the DCM at a single station were pooled; hence,
the number of samples used here was reduced to 47 for surface and
32 for DCM waters.

Protistan OTUs from three lowland Neotropical rain forests
came from the study by Mahé et al. (2017). This terrestrial dataset
is composed of 144 samples collected at the soil surface, which pro-
duced 46,652,206 protist reads of the V4 hypervariable region of
the SSU rRNA locus that clustered into 26,860 OTUs. Sequence pro-
cessing, OTU clustering with SWARM v.2 (Mahé et al., 2015), and
taxonomic assignments using the PR? database (Guillou et al., 2013)
are described in Mahé et al. (2017).

2.2 | Co-occurrence and co-exclusion networks

To infer protistan co-occurrences and co-exclusions from the ma-
rine and terrestrial datasets, networks were constructed using OTUs
according to the method described by Connor et al. (2017). This
method infers positive correlations (co-occurrences), which were
expanded here also to infer negative correlations (co-exclusions;
Supporting Information Supplementary Material). For that, correla-
tion thresholds were determined for each dataset using communi-
ties with random distributions generated by OTU abundance swaps
within each sample (i.e., fixed sample margin). This approach allows
preservation of the observed distribution of Spearman's p in natu-
ral communities and is thus adequate to infer both significant posi-
tive and significant negative interactions compared to other random
shuffling approaches (Supporting Information Figure S1). The result-
ing networks were composed of nodes (OTUs) that were connected
by edges to one or more other nodes; these edges were either sig-
nificant positive or significant negative correlations, which we inter-
pret as instances of co-occurrences or co-exclusions, respectively.
Analyses were restricted to OTUs occurring in > 30% of marine and
> 10% of terrestrial samples, because OTUs with low occurrence
cannot provide statistical significance (Connor et al., 2017).

2.3 | Pairwise sequence and phylogenetic distances

To infer the phylogenetic relatedness between the OTUs (nodes)
in the networks, the representative sequences (the most abundant
strictly identical amplicon) of each candidate OTU were used. These
phylogenetic relatedness values between pairs of OTUs were then
overlaid along the edges in the networks. Two methods were used
to infer the phylogenetic relatedness. First, pairwise sequence dis-
tances were calculated using a Needleman-Wunsh approximation as
implemented in SUMATRA v.1.0.34 (Mercier et al., 2013). This global
pairwise sequence comparison did not account for any model of evo-
lution. Second, phylogenetic distances were calculated by aligning
the sequences using the FFT-NS-i strategy in MAFFT v.7.407 (Katoh
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& Standley, 2013) and by finding the best maximum-likelihood tree
using the GTRCAT model in RAXML v.8.2.12 (Stamatakis, 2014) with
128 random starting trees. The phylogenetic distance between each
tree tip was then calculated with the “cophenetic” function in R (R
Core Team, 2017).

2.4 | Null models

To infer the stochastic or deterministic origin of the associations
between the networks (both co-occurrence and co-exclusion) and
the phylogenetic relatedness, two null models were constructed.
Null model 1 generated random phylogenetic relatedness values be-
tween nodes following Hardy (2008: model 1s) (Figure 1). These ran-
dom values were made by shuffling the tip of the phylogenetic tree
made of all candidate OTUs. The same random reordering of OTUs
was applied to both pairwise sequence and phylogenetic distance
matrices (i.e., reordering row and column names), and the distance
value for each co-occurring or co-excluding OTU pair was extracted.
The purpose of null model 1 was to test whether co-occurring or
co-excluding OTUs were more or less phylogenetically related than
expected by chance.

Null model 2 generated random edges between nodes follow-
ing Chung and Lu (2002) (Figure 1). In these random networks, the
total numbers of edges and nodes remained the same as in the ob-
served network, but the number of edges from an individual node
was drawn from a probability distribution in which edge probability
depends on the cumulative observed degree of the two nodes in-
volved. This null model produced networks with characteristics (e.g.,
modularity, diameter, clustering coefficient) more similar to natural
networks compared with the most widely used Erdés-Rényi null
model (Connor et al., 2017). The random networks were generated
by the “sample_fitness” function in the R igraph package (Csardi &
Nepusz, 2006). The purpose of null model 2 was to test whether

observed

null model 1:
shuffled tree tips
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phylogenetically related OTUs co-occurred or co-excluded more or
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less than expected by chance.

2.5 | Statistical analyses

Null model constructions were repeated 1,000 times in order to test
for a statistical difference with the observed data. Phylogenetic re-
latedness was aggregated in a step-wise manner, using a step of .01
for pairwise sequence distances and a step of .1 for phylogenetic
distances. For each distance class, the number of co-occurring or co-
excluding OTUs was accounted for in the observed and random net-
works, and a nonparametric p-value was calculated as the amount
of time for which the observed number of co-occurrences or co-
exclusions was higher or lower than in the null models. Differences
between the observed networks and the null models were consid-
ered significant if the p-values were < .05. Results were summarized
for each distance class into the standardized effect size (SES), calcu-
lated according to Gotelli and McCabe (2002). By convention, an SES
is considered as strong if it is at least two.

3 | RESULTS
3.1 | Network coverage

In order to test for a phylogenetic signal between co-occurring and
co-excluding OTUs with different phylogenetic relatedness, co-
occurrence and co-exclusion networks were related to pairwise se-
quence and phylogenetic distances. Edges of connected OTUs in the
networks were labelled with the phylogenetic relatedness distances,
and the number of edges in each distance class were compared
with the two null models. The marine protist networks consisted

of 32-53% of candidate OTUs, whereas terrestrial protist networks

null model 2:
random network

FIGURE 1 Null model effects on co-occurrence networks. Using the terrestrial protist co-occurrence network (observed), in which nodes
are operational taxonomic units, edges are significant co-occurrences and edge colours phylogenetic distances. Null model 1 shuffled the
tree tips, whereas null model 2 randomized the edges with a probability model (random network). The same approach was used for pairwise
sequence distances and for co-exclusion networks [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Standardized effect sizes (SESs) in co-occurrence and co-exclusion networks compared with null model 1 with shuffled
phylogenetic tree tips. SESs were calculated separately for classes of pairwise sequence and phylogenetic distances. Pairs of operational
taxonomic units connected by an edge in the observed networks were accounted for in a stepwise manner: from O to 0.5 with a step of .01
for pairwise sequence-based distances; and from zero to the maximum phylogenetic distance with a step of .1 for phylogenetically based
distances. Two-sided nonparametric p-values were computed using 1,000 bootstraps of the null model and are inversely proportional to
the number of null models with a higher (for positive SESs) or lower (for negative SESs) amount of co-occurrence or co-exclusion than in
the observed network. Values of p < .05 were considered significant (*p < .05; **p < .01; ***p < .001; n.s. = not significant). Distance ranges
highlighted in blue or red are for distance classes with concurrent excess (significant positive SES) or lack (significant negative SES) of edges
in both co-occurrence and co-exclusion networks. Dashed lines delineate distance classes for pairs of operational taxonomic units with close
(left), intermediate (middle) and distantrelationships (right) (see Supporting Information Supplementary Material). DCM = deep chlorophyll
maximum [Colour figure can be viewed at wileyonlinelibrary.com]
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pairs of OTUs with a phylogenetically close or intermediate relation-
ship co-occurred more often than expected by chance in the ma-
rine and terrestrial protistan communities, whereas phylogenetically
distant OTUs predominantly co-occurred less often than expected
by chance. Additionally, for co-occurrences, using either pairwise
sequence or phylogenetic distances resulted in similar SES values,
with pairwise sequence distance providing a better resolution for
taxa with high phylogenetic relatedness.

3.3 | Phylogenetic signal in co-exclusion networks

Using null model 1, co-excluding OTUs from the marine datasets
had negative SESs that were significant for low to intermediate pair-
wise sequence distances (< 0.22) and phylogenetic distances (< 0.9)
(Figure 2). Conversely, OTUs from the marine datasets had positive
SESs that were significant for intermediate pairwise sequence dis-
tances (surface: 0.23-0.32; DCM: 0.23-0.29) and intermediate or
large phylogenetic distances (surface: 1.1-2.2; DCM: 3.3-5.3). In the
terrestrial dataset, however, no significant SESs were observed ex-
cept for two pairwise distance classes (between 0.25 and 2.6 and
between 2.9 and 0.3) and one phylogenetic distance class (between
1.8 and 1.9) with significant positive SESs.

Using null model 2, similar trends were observed except for the
marine DCM, in which significant positive SESs were observed sys-
tematically for the majority of the large phylogenetic but not pair-
wise genetic distance classes (Supporting Information Figure S5).
These results mean that pairs of OTUs with a phylogenetic close or
intermediate relationship co-excluded less often than expected by
chance, whereas phylogenetically distant OTUs co-excluded more
often than expected by chance, in the marine protistan communi-
ties. In the terrestrial protistan communities, however, phylogenetic
relatedness was almost independent of co-exclusion. Additionally,
for co-exclusions, as in the co-occurrences, using either pairwise
sequence distances or phylogenetic distances in these comparisons
resulted in similar SES values, with the same difference in resolution
at low phylogenetic distance as observed for co-occurrences and a
better detection of significant negative SESs in marine DCM water

with phylogenetic distances when using null model 2.

3.4 | Concurrent co-occurrence and co-exclusion at
intermediate phylogenetic distances

In all datasets and for most distance classes, positive SESs in co-
occurrence networks were reflected by negative SESs in co-
exclusion networks and vice versa. The negative SESs in co-exclusion
networks for phylogenetically close OTUs were comparatively
much lower or non-significant than the positive SESs in the co-
occurrence networks. These patterns were confirmed by the edge
sampling along distance classes (Supporting Information Figure S6),
with co-occurrence networks sampling most of candidate edges in

low pairwise sequence and phylogenetic distance values, whereas

co-exclusion networks lacked edges in those low distance values.
This implied higher sampling of edges between OTUs from the same
genera in the marine datasets or from the same species in the ter-
restrial dataset for co-occurrence networks (Supporting Information
Figure S7). This also resulted in a significantly higher number of
shared taxonomic ranks between closely related co-occurring
OTUs in marine datasets compared with candidate OTUs pairs for
the same distance classes (Mann-Whitney U-test, p < .05; Figure 3;
Supporting Information Figure S4).

Null model 1 revealed distance classes for which there were,
at the same time, significant positive or negative SESs in both
co-occurrence and co-exclusion networks (Figure 2; Supporting
Information Figure S5, shaded areas). In particular, positive co-
occurrence and co-exclusion SESs were observed at intermediate
pairwise sequence (0.24-0.27) and phylogenetic (1.3-1.7) distance
classes in the marine surface dataset. In these ranges of distance
classes, > 80% of the co-occurrences and co-exclusions were be-
tween taxa of different supergroups, with the distribution of edges
among shared taxonomic levels not differing significantly from
the candidate edges in these same ranges (Figure 3; Supporting
Information Figure S4).

A closer look at the taxonomic groups connected by co-
occurrences and co-exclusions revealed important shifts in the
proportion of edges compared with all candidate edges (Supporting
Information Figure S8). Ciliophora were under-represented in both
of these co-occurrence and co-exclusion sub-networks compared
with all candidate edges, as were Apicomplexa, Bacillariophyta
(diatoms), Dinophyta and Radiolaria in the co-occurrence sub-
networks, whereas there were increases for almost all other pairs
of clades in both sub-networks, in particular for Haptophyta
in the co-occurrence sub-network and for Bacillariophyta ver-
sus Dinophyta and Haptophyta in the co-exclusion sub-network
(Figure 4). Interestingly, there were simultaneous excesses of intra-
clade co-occurrences and co-exclusions for Haptophyta, MAST and
Telonemia and a simultaneous lack of intraclass co-occurrences and
co-exclusions for Ciliophora, Dinophyta and Radiolaria. The amount
of change was particularly important when compared with the same
sub-networks in the 0.24-027 pairwise sequence distance range of
the marine DCM dataset (Supporting Information Figure S9). Edges
involved fewer pairs of clades, and the lowest range of fold changes
showed a much less divergent sampling of all potential edges than
in the marine surface dataset, meaning that no inversion zone was
visible for the marine DCM dataset.

4 | DISCUSSION

Network analyses have been widely used in recent environmental
sequencing studies to make sense of microbial distributions (Karimi
et al., 2019; Milici et al., 2016; Steele et al., 2011). The inclusion of
phylogenetic relatedness and null models in the network analyses
permits the testing of additional hypotheses on microbial assem-

bly. Here, we assessed the non-random phylogenetic relatedness



LENTENDU ano DUNTHORN

Global Ecology

and Biogeography

(@ co-occurrence co—-exclusion (b) co-occurrence co—-exclusion
1004 1"""‘““'1‘ I |1= II (K * -
1
1
s :
1 5
1 o
504 1 »
' 5
1
) I‘II |I §
0 T - x I‘ 7| N - e - --‘“l Ill o I‘ I ||
100 4 e + R " LA ] flll .23
b -.l 1|| H'H| ‘ ||||“
75 | 1 |‘
1 | 1 1 ‘ §
z 1 1 1 1 =,
O]
O 501 : : : : ('=D
0] 1 1 1 [ o
o 1 1 1 || 1 o
251 Il : i | : =
|l i ' i
0 e I l | ""I i il ||| ||| Lt
I 1 . 1 1 [ 1 l
i I 1 1 | 1 1
100 i 1 I 1 | 1 PR? ranks
| 1 | [ 1
1 I I I I . Kingdom 4
1Ml I I Vol T swerarowe |8
[ 1 | [ 1 ivisi =
i X X : X Division .g
504 1 1 I 1 1 Class =
[ 1 | [ [ 1
1 | [ [ 1 . Order 2
1 | 1 1 1 i (7]
254 X X | . X . Family o
1 | ! I 1 . Genus -
1 | 1 [ 1
0- | o | il | | | . Species
T T 1 T T 1 T T T T 1 T T 1 T T T 1 T T T T 1 II T
00 01 02 03 04 0500 0.1 02 03 04 05 0.0 5.0 7.5 10.0 0.0 25 5. 0 7.5 10.0

pairwise dissimilarity

phylogenetic distance

FIGURE 3 Distribution of taxonomic relationships between network connected operational taxonomic units for (a) each pairwise
sequence distance class and (b) phylogenetic distance classes. Blue and red shaded areas in the background are the distance classes with
simultaneous positive and negative standardized effect sizes (SESs) in both co-occurrence and co-exclusion networks using null model 1, as
in Figure 2. Asterisks at the bottom of bars indicate classes with significantly deeper (toward species-level) distribution of taxonomic ranks
compared with all candidate edges (Supporting Information Figure S4), whereas asterisks at the top of bars indicate classes with significantly
higher (toward domain-level) distribution of taxonomic ranks (Mann-Whitney U-test, p < .05). DCM = deep chlorophyll maximum [Colour

figure can be viewed at wileyonlinelibrary.com]

of co-occurring and co-excluding OTUs in two of the largest envi-
ronmental sequencing datasets of marine and terrestrial protists, in
order to identify stochastic or deterministic processes responsible
for protist assembly. Phylogenetically close OTUs co-occurred more
often than expected by chance, and co-occurring OTUs were phy-
logenetically closer than expected by chance in both environments.
The opposite trend was observed for OTUs with intermediate phy-
logenetic distances, which co-occurred less often than expected
by chance, but with much lower intensity. Under the assumption
of phylogenetic niche conservatism, these co-occurrence results
tend to support the preponderant effect of environmental filter-
ing, which drives protists sharing ecological niche spaces together
and separates protists without much overlap in their niche spaces.
Recent studies on soil bacteria and peatland testate amoebae also
identified environmental filtering as a factor driving closely related
species to occur together (Goberna et al., 2019; Singer et al., 2018;
Zhang et al., 2018). Dispersal limitation of recently diverging taxa

might also play an important role in this pattern, as demonstrated

for the dominant terrestrial protist clades (Lentendu et al., 2018) or
in marine ciliates (Azovsky et al., 2020).

Phylogenetically close OTUs were found to co-exclude less often
than expected by chance, whereas OTUs with intermediate phylo-
genetic distances co-excluded more often than expected by chance
in the marine environments, almost mirroring the co-occurrence
patterns. There was, however, no clear limit between close and
intermediate phylogenetic distances, meaning that some distance
classes displayed a significant excess of both co-occurrences and
co-exclusions at intermediate phylogenetic distances in the marine
datasets. In the terrestrial environment, however, co-exclusions
were almost independent of phylogenetic relatedness. Under the
assumption of phylogenetic niche conservatism, these co-exclusion
patterns also reflect the effect of environmental filtering in both
marine surface and DCM waters, whereas co-exclusion of pro-
tists in Neotropical soils seems to be the result of stochastic pro-
cesses. One explanation for this discrepancy would be the relatively

higher level of homogenization in the marine waters, which allows
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protists to reach a suitable habitat easily, whereas the larger num-
ber of soil protist microhabitats (Adl & Gupta, 2006) and the high
local diversity in the Neotropics (Mahé et al., 2017) would blur the
impact of environmental filtering and limit potential competitors
from coming into contact. Indeed, high local heterogeneity has been
shown to promote the coexistence of competing species (Snyder
& Chesson, 2004). The difference in spatial scales covered by the
global marine datasets and the regional terrestrial dataset could also
explain this discrepancy. Dispersal limitation should, in theory, have
less impact at the regional scale covered by the terrestrial dataset,
but the ease of dispersion in marine waters also reduces the strength
of this process even at the global scale. It was previously shown for
marine ciliates that competitive exclusion occurred only at a small
spatial scale, whereas here we could detect its imprints at the global
scale (Azovsky, 1996).

Concurrent excess of positive SESs for co-occurrences and co-
exclusions among Haptophyta and Telonemia OTUs with interme-
diate phylogenetic relatedness could reflect simultaneous effects of
environmental filtering and competitive exclusion. This pattern has
already been used as explanation for the “paradox of the plankton”,
which supports the co-occurrence of functionally similar plankton
(Huisman & Weissing, 1999; Hutchinson, 1961). Phylogenetically re-
lated plankton did co-occur, but they simultaneously co-excluded in
marine surface and DCM waters. Biological interactions might also
drive this excess of co-occurrences at intermediate phylogenetic
distances, because multiple symbiotic associations are extremely
common in the marine ecosystem (Bjorbaekmo et al., 2020). The
dominance of phototrophic taxa in the marine datasets, compared

with the dominance of animal pathogen and heterotrophic protists

in the terrestrial dataset, might also explain the presence or absence
of the simultaneous excess of co-occurrence and co-exclusion.
Biological interactions have been used previously to support pat-
terns of co-occurrence (Goberna et al., 2019). However, we would
not risk linking statistically determined co-occurrences to real bio-
logical interactions because this has not been validated by live ob-
servations in the environments (Lima-Mendez et al., 2015). Other
large-scale processes affect the assembly patterns of marine pro-
tists, such as the mean annual temperature, responsible for the lat-
itudinal diversity gradient, or the sunlight exposure and currents,
responsible for the depth stratification in the water column (Giner
et al., 2020; Ibarbalz et al., 2019). Geographical structures, natural
fluctuations and the absence of an equilibrium state in marine plank-
ton communities are not enough to avoid co-exclusion inside a clade,
as observed here.

There are three novel aspects to the present study. The first novel
aspect was the use of null models to test the significance of phyloge-
netic relatedness structures in co-occurrence and co-exclusion net-
works. Testing the divergence from the null expectation is needed
to distinguish between stochastic and deterministic origins of the
observed patterns (Chase & Myers, 2011; Hardy, 2008). Only the re-
lationships between co-occurring/co-excluding protistan OTUs and
their putative function or the change in network topology among
habitats have been tested previously in marine (Guidi et al., 2016;
Lima-Mendezetal.,2015; Milicietal., 2016; Steele et al., 2011), fresh-
water (Debroas et al., 2017; Posch et al., 2015) and terrestrial envi-
ronments (Lentendu et al., 2014; Ma et al., 2016; Xiong et al., 2018).
In a network-based study on the human microbiome combining anal-

yses of phylogenetic relatedness and co-occurrence/co-exclusion
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networks, it was shown that co-occurrences between human bacte-
rial OTUs were distributed uniformly among phylogenetic distances,
whereas co-exclusions were mainly among phylogenetically distant
OTUs (Faust et al., 2012). In contrast, pairs of co-occurring soil bac-
teria associated with environmental filtering were found to be more
closely related than co-occurring soil bacteria associated with puta-
tive biological interactions (Goberna et al., 2019). The lack of a null
model and/or statistical test on these observations, however, did not
allow those authors to determine whether stochastic or determinis-
tic processes were responsible of the observed patterns.

The second novel aspectisthat we showed that both phylogenetic
distance and pairwise sequence distance can be used as measures of
phylogenetic relatedness when applied to the analysis of protistan
community assembly patterns. Pairwise sequence distances pro-
vided higher resolution for closely related taxa, whereas phyloge-
netic distances provided better resolution for distantly related taxa.
Previous studies on protists used the phylogenetic relatedness of
protists to assess phylogenetic diversity-based macroecological and
biogeographical patterns (Bates et al., 2013; Lentendu et al., 2018;
Singer et al., 2018), and the pairwise sequence distances were used
only during the bioinformatic procedure for sequence clustering or
sequence similarity networks (Forster et al., 2019; Mahé et al., 2015).

The third novel aspect was the decomposition of the co-
occurrence and co-exclusion signals along phylogenetic distance
classes. Using a traditional index of phylogenetic divergence (e.g.,
net relatedness index), only one type of divergence could be as-
sessed per sample or pair of samples (i.e., either clustering or
overdispersion). For example, pairs of bacteria linked in global gut
microbiome co-occurrence networks were found to have signifi-
cantly higher phylogenetic relatedness than in randomized networks
overall (Tackmann et al., 2019), whereas a size effect was not quan-
tified for distinct distance classes. Using the co-occurrence and co-
exclusion patterns for all samples, here we investigated the multiple
signals held by communities over increasing phylogenetic distances
for the whole regions analysed. We could show that excesses of both
co-occurrence and co-exclusion take place at the same time for only
a small range of intermediate phylogenetic distances. We advocate
here for a finer analysis of association networks along with phyloge-
netic relatedness to disclose otherwise hidden patterns.

The main assumption in the present study was that there is
phylogenetic niche conservatism between the OTUs (Wiens &
Donoghue, 2004). This assumption allowed us to infer that phyloge-
netically close OTUs share more niche space than phylogenetically
distant OTUs. This assumption allows us to interpret the significant
excess in co-occurrence among phylogenetically close OTUs as a sig-
nal of environmental filtering, and the absence of a significant effect
size in co-exclusion among phylogenetically close OTUs as a signal for
lack of environmental filtering and competitive exclusion. However,
the assumption that evolutionarily close OTUs share the same niche
might not be true, and it could be misleading to deduce pattern from
process (Gerhold et al., 2015). In such a large dataset, there is a multi-

tude of niche evolution scenarios that lead to the current distribution

WILEY- 5%

of protists in marine waters and Neotropical soils, and the apparent

and Biogeography Macreeeclon)

environmental filtering deduced here from the co-occurrence pat-
terns could hide other processes at play that are not necessarily linked
to phylogenetic niche conservatism. A modelling approach could also
help to test for the reality of phylogenetic niche conservatism by pro-
tists (Mlnkemdiller et al., 2015) but remains inapplicable to large data-
sets, such as analysed here, for which a large proportion of organisms
are unknown (de Vargas et al., 2015; Mahé et al., 2017). Considering
that current knowledge on traits and function is not sufficient to de-
termine the functional niche of most protists (Ramond et al., 2019),
relating phylogeny to assembly patterns with the phylogenetic niche
conservatism assumption is the most precise approach we can cur-
rently apply to find clues about large-scale and whole-community
processes at play in protist community assembly.

By demonstrating the strong phylogenetic signals in co-
occurrence and co-exclusion patterns of protists, we show that global
and regional assembly mechanisms are related directly to phyloge-
netic relatedness and are dominated by environmental filtering. We
could not conclude that the simultaneous excess of co-occurrence
and co-exclusion of phylogenetically related OTUs in the SES inver-
sion zone of the marine surface communities is the result of intraclade
competitive exclusion, but we could suspect it. Indeed, multiple other
processes could lead to such a pattern, such as facilitation of phylo-
genetically distant species (Cahill et al., 2008; Gerhold et al., 2015;
Kraft et al., 2007). The discrepancy in co-exclusion between marine
and terrestrial protists highlights the difference in mechanisms in-
volved in community assembly between these two environments.
The novel network phylogeny approach presented in this study has
the potential to unravel phylogenetically driven assembly patterns in
large-scale datasets for which little is known about the taxonomy and

function of the target organisms in other environments.
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