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The competition-relatedness hypothesis (CRH) predicts that the strength of

competition is the strongest among closely related species and decreases as

species become less related. This hypothesis is based on the assumption that

common ancestry causes close relatives to share biological traits that lead to

greater ecological similarity. Although intuitively appealing, the extent to

which phylogeny can predict competition and co-occurrence among species

has only recently been rigorously tested, with mixed results. When studies

have failed to support the CRH, critics have pointed out at least three limit-

ations: (i) the use of data poor phylogenies that provide inaccurate estimates

of species relatedness, (ii) the use of inappropriate statistical models that fail

to detect relationships between relatedness and species interactions amidst

nonlinearities and heteroskedastic variances, and (iii) overly simplified labora-

tory conditions that fail to allow eco-evolutionary relationships to emerge. Here,

we address these limitations and find they do not explain why evolutionary

relatedness fails to predict the strength of species interactions or probabilities

of coexistence among freshwater green algae. First, we construct a new data-

rich, transcriptome-based phylogeny of common freshwater green algae that

are commonly cultured and used for laboratory experiments. Using this new

phylogeny, we re-analyse ecological data from three previously published lab-

oratory experiments. After accounting for the possibility of nonlinearities and

heterogeneity of variances across levels of relatedness, we find no relationship

between phylogenetic distance and ecological traits. In addition, we show

that communities of North American green algae are randomly composed

with respect to their evolutionary relationships in 99% of 1077 lakes spanning

the continental United States. Together, these analyses result in one of the

most comprehensive case studies of how evolutionary history influences species

interactions and community assembly in both natural and experimental sys-

tems. Our results challenge the generality of the CRH and suggest it may be

time to re-evaluate the validity and assumptions of this hypothesis.
1. Introduction
A long-standing aim of ecological research is to understand how evolutionary

relatedness influences the strength of species interactions and the ability of
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species to coexist [1–4]. Darwin [5] proposed that compe-

tition should be strongest between close relatives because

they share with each other more traits that influence species

interactions, such as habitat use, the types of resources con-

sumed and potential shared predators. As such, he argued

that closely related species should be the least likely to coexist.

This idea is now commonly called the competition-relatedness

hypothesis (CRH) [1], which is sometimes extended to suggest

that species must evolve to differ by some minimum amount

in order to stably coexist—an idea known as the phylogenetic

limiting similarity [6]. Comprehensive tests of this hypothesis

are critical because strong support for the CRH could motivate

biologists to use phylogenetic distances between species to

make important management decisions. For example, it has

already been argued that phylogenetic distances could help

prioritize species for conservation that have the greatest ecologi-

cal uniqueness [7], help identify species that pose the greatest

risk of being invasive [8] and help maximize the restoration of

ecological function in degraded ecosystems [9].

Despite important potential applications of the CRH, there

is far from consistent support for it. While select studies have

found support for the CRH for herbaceous plants [8], arbuscu-

lar mycorrhizal fungi [10] and microbes [11–13], an increasing

number of studies, performed in a wide variety of systems,

have shown that evolutionary relationships do not predict

the nature of interactions among species [1,14–21]. Venail

et al. [17] recently summarized 20 experimental tests (see

their table 1) and found that only six studies to date provided

clear support for the CRH, and most of those varied across

experimental treatments or conditions. Although the summary

was informal, it did suggest that support for the CRH is less

common than often presumed, and results are often inconsist-

ent, even within individual studies. This, along with emerging

evidence that ecological traits often lack phylogenetic signal

[22], suggests we need a more critical evaluation of the CRH.

A failure to detect evidence in support of the CRH could be

due to at least three limitations. First, there may be systematic

biases in estimates of evolutionary relationships caused by the

use of data-poor phylogenies. Evolutionary relatedness is

often measured using metrics of phylogenetic diversity (PD)

generated from taxonomy or incomplete phylogenies estimated

using a small number of publiclyavailable genes. More data-rich

phylogenetic analyses commonly alter previously published

results owing to major shifts in branch topology [23–30], such

as the rearrangement of deep nodes or entire clades within the

tree that lead to systematic biases when calculating PD.

Second, the statistical methods may be inadequate to detect

relationships between PD and ecological parameters. Recent

work based on data simulations suggest that, under a Brownian

model of trait evolution, trait dissimilarity may increase nonli-

nearly as species diverge [31]. Divergence may also cause

variances in species traits to increase as a function of PD [32].

Studies that use general linear models to relate ecological vari-

ables to PD may fail to identify nonlinearities or account for

heteroskedasticity of variances that mask relationships. Third,

most tests of the CRH stem from laboratory experiments or

experimental field settings where conditions do not reflect eco-

logical interactions in natural systems that have changed over

evolutionary time periods [33]. In fact, niche differences that

allow species to be unique, and thus minimize their interactions,

may be diminished and impossible to detect in short-term exper-

iments [34]. The challenges of testing the CRH motivate the

examination of select model systems in depth.
In a recent sequence of papers using freshwater green

algae as a model system, we have failed to find support for

the CRH [15–17]. All three papers were based on laboratory

experiments that: (i) used publicly available gene sequences

to estimate molecular phylogenies, (ii) manipulated the phy-

logenetic distance separating experimental species pairs, and

then (ii) grew the species in monocultures and bicultures to

measure how species interact. First, Fritschie et al. [15] used

a relatively crude measure of species interactions calculated

from relative densities (RD, cell density polyculture : mono-

culture), but analysed a large number of combinations of

different species. Second, Venail et al. [17] had less breadth

(28 combinations of eight species), but used a more refined

metric of competition, measuring growth rates of a focal

species introduced into a steady-state population of a potential

competitor. Third, Narwani et al. [16], who also analysed 28

species combinations, provided the most refined and generaliz-

able [35,36] estimates of competition and coexistence by using

the mutual invisibility criterion to quantify the strength of

niche as well as fitness differences among species pairs. Despite

differences in experimental details, all three studies led to the

same conclusion that evolutionary relatedness does not pre-

dict the strength of species interactions, or the probability of

coexistence among common species of freshwater green algae.

Most studies examining mechanisms of coexistence use

null community phylogenetic models or rely on experimental

data that can be correlated with PD, while few if any com-

bine these two approaches. Here, we extend in multiple

ways our previous work on algal phylogenetic ecology and

show—counter to the CRH—that phylogenetic distance

does not predict ecological traits in the laboratory or natural

systems. We first present a new, state of the art, data-rich,

transcriptome-based phylogeny for 53 species of common

and culturable freshwater green algae that have been used

in laboratory studies. In addition, we find no support for

statistical explanations for a lack of fit between PD and

laboratory-measured ecological variables. Finally, we expand

beyond experimental inferences by examining biogeographic

patterns of species co-occurrence across 1077 natural lake com-

munities in North America. Consistent with laboratory results,

we show that species compositions of an overwhelming

majority of North American lakes (more than 99%) are ran-

domly composed with respect to phylogeny. Taken together,

these results provide one of the most comprehensive examin-

ations of the relationship between evolutionary history and

species interactions and community assembly in both natural

and experimental systems.
2. Material and methods
(a) Taxon selection
To estimate a phylogeny for use in ecological studies of North

American freshwater green algae, we relied on two criteria to

select target species for sequencing: (i) we chose species that are

common and abundant across North America, and (ii) we chose

species that were culturable in laboratory conditions and readily

available in public culture collections (electronic supplementary

material, table S1). We used the 2007 Environmental Protection

Agency (EPA) National Lakes Assessment (NLA) database of

cell density for the dominant plankton of representative lakes

across North America (http://www.water.epa.gov/type/lakes/

NLA_data.cfm) as a guide, and cross-referenced this list with inter-

national culture collections of algae. The EPA survey gives

http://www.water.epa.gov/type/lakes/NLA_data.cfm
http://www.water.epa.gov/type/lakes/NLA_data.cfm
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exhaustive taxonomic lists and estimates of cell density for 1077

lakes across North America—all sampled in 2007 using consistent

methodology. Although this dataset represents a ‘snapshot-

in-time’, it is presently the most comprehensive dataset of algal

biogeography in the United States that we are aware of. Although

phylogenetically nested within green algae [37], we chose not to

include embryophytes (land plants) in our analyses because multiple

gene duplication events within the group make overall orthology

assignment and subsequent phylogenetic analysis more difficult

and because land plants are outside of the ecological scope of our

study. Except for land plants, our sampling includes the four primary

taxonomic classes within Charophyta and five within Chlorophyta,

but excludes Ulvophyceae (which are rare in freshwater) and some

early diverging lineages. The electronic supplementary material

gives details of algal culture conditions.

(b) RNA extraction and transcriptome sequencing
Algal cells were removed from culture media using serial centrifu-

gation and either preserved in RNAlater at 2208C or processed

immediately. We used the Macherey-Nagel NucleoSpin Plant

extraction kit to isolate total RNA. First and second strand cDNA

synthesis was performed using Clontech SMARTer cDNA and

Clontech Advantage 2 PCR kits. We purified double-stranded

cDNA using Agencourt Ampure XP beads and checked quality

with a Bioanalyzer 2000. Libraries were constructed using the

Illumina TruSeq kits and 100 bp paired-end sequencing was per-

formed on an Illumina HiSeq 2000 platform using a strategy of

eight barcoded, multiplexed samples per lane.

(c) Quality control and de novo assembly
We used a workflow in GALAXY [38] to process raw FASTQ

output files for quality control (QC) and perform de novo assem-

bly. For QC, files were initially groomed with FASTQ Groomer

[39], followed by removal of sequencing artefacts, quality filter-

ing and finally filtered short read data were plotted for visual

inspection [39,40]. Following QC, we generated an initial de

novo assembly of filtered reads with TRINITY, using a minimum

contig length of 150 bps [41]. We then re-assembled TRINITY

output using iASSEMBLER [42] because we found TRINITY often out-

puts multiple contigs with 100% pairwise identity that might be

discarded as paralogues in downstream analyses.

(d) Orthologue determination
One of the major methodological challenges to using transcriptomic

information in phylogenetics is determination of orthologues,

because evaluating paralogues as orthologues leads to misleading

conclusions about species relationships. One popular approach

for determining orthology is the HaMStR algorithm [43]. This

approach begins by defining a set of ‘primer-taxa’ whose genomes

are fully sequenced and whose species relationships can be deter-

mined. Because full genomes are known from the primer-taxa,

they provide a set of ‘core-orthologues’, gene families with one

and only one representative gene in each of the primer-taxa. Each

aligned core-orthologue gene family then provides the data for con-

structing a profile Hidden Markov Model (pHMM). Next, each

pHMM provides a search image to find an orthologue in sequence

data from each of the species to be added to the phylogenetic analy-

sis (electronic supplementary material, figure S1). Further details

are provided in the electronic supplementary material.

(e) Phylogenomics
After defining all orthologues in our dataset, we conducted multi-

step phylogenomic analyses (electronic supplementary material,

table S2 and figure S2) with the principle purpose of removing

poorly translated and/or artefactual sequences and estimating a
phylogenetic tree from a concatenated dataset. We removed pro-

blematic sequences by identifying genes on long terminal

branches, which often results from problems in translation from

DNA to protein. We used the WAG model because it was the

most common for the nuclear genes in our dataset based on PROT-

TEST and the Aikake information criterion [44], while CPREV for

most common for chloroplast genes. To do so, we first aligned each

gene family with MUSCLE v. 3.8 [45], then estimated the maximum

likelihood (ML) gene tree under WAG and CPREV models,

respectively, for each orthologue, then we removed genes on

branches that were 3 s.d. longer than that tree’s median branch

length. We realigned the remaining genes and conducted a

second round of removing genes on long terminal branches, this

time removing those that were 5 s.d. from the mean. For more

detail please refer to the electronic supplementary material.

( f ) Phylogenetic diversity
In experimental ecology, PD is defined as the total phylogenetic

distance among species and is used to examine the correlation

between evolutionary relatedness and numerous ecological vari-

ables [4,7,46]. We were interested in testing whether conclusions

of these studies would change using PDs generated from larger,

and far more robust pools of genetic data, and whether the

results of these experiments predict a pattern of community

structure. We also chose to reanalyse these data in order to

demonstrate the use and applicability of our new phylogenetic

framework for experimental studies investigating the effects of

evolutionary history on community dynamics. We calculated

PD with our phylogenomic data for algae used in three recent

studies [15–17] using Osiris phylogenetic tools, implemented

in GALAXY [47]. The data we re-analysed had previously relied

on PD-values generated from publicly available data. Each

study used at least one taxon for which data were not publicly

available. In each of those cases, the phylogenetic position of

the taxon with missing data had to be inferred using congeneric

representatives for which data were available, assuming that

those genera were monophyletic. Based on our current tree, our

assumption of monophyly and the use of congeneric substitute

taxa were both justified.

(g) Experimental ecology analyses
In Venail et al. [17], we performed a mesocosm laboratory

experiment in which we studied the influence of evolutionary

relatedness on the prevalence and strength of competitive and

facilitative interactions among 28 pairs of freshwater green algal

species. For each of eight species, we first measured the invasion

success of the focal species when introduced into steady-state

populations of all other resident species. Then, we compared the

growth rate of the focal species when grown alone in monoculture

to its growth rate when introduced as an invader into a steady-

state population. The change in the focal species’ population

growth rate as an invader was used as a measure of the strength

of its interaction with the resident species (what is called ‘sensi-

tivity’ to competition). We observed no significant relationship

between the phylogenetic distance separating two interacting

species and the success of invasion, nor the prevalence or strength

of either competition or facilitation. Thus, our results rejected the

hypothesis that close relatives compete strongly and contesting

recent evidence that facilitation is likely to occur more frequently

between distant relatives. For this study, we re-analysed the data

by replacing previous PD values with the ones originated using

our new molecular phylogeny described above. Statistical tests

conducted identically to those described in the original paper [17].

In a series of small-scale laboratory experiments in tissue

culture well-plates, Narwani et al. [16] used a measure of sensi-

tivity to competition to estimate the size of niche differences

(ND) and competitive inequalities among species (relative fitness
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differences (RFD)). They also determined whether two species

could coexist based on the criterion of mutual invasibility [48].

They measured species’ sensitivities to competition by comparing

a given species’ population-level growth rate when invading an

established population of another species to its growth rate when

alone. They measured sensitivity ND, RFD and coexistence for 28

species pairs and compared these measures to the phylogenetic dis-

tance among species based on a phylogeny that was constructed

using 18 s and rbcL sequences available on GenBank. For one

species, Cosmarium turpinii, sequence data were not available, and

thus, sequences from two taxa of the same genus were used to cal-

culate PD as the closest available estimate. The original analysis

suggested that phylogenetic distance was not a significant predictor

of ND, RFD or coexistence. These analyses were performed again

using phylogenetic distances from the new phylogenomic tree pre-

sented here, and all analyses were performed as reported in the

original publication [16].

To test for evidence of the CRH among 23 freshwater algae

species, Fritschie et al. [15] related PD to a metric of species

interaction strength (RD: the ratio of a species’ monoculture den-

sity to its density when grown with one other species) for 216

pairwise species combinations grown for 40 days in 1 ml micro-

cosms. The authors found no significant effect of PD on the

magnitude, variance or type of interaction among species, con-

cluding that the CRH did not operate among this experimental

group of algae. We reproduced the authors’ analyses (simple

linear regression and ANOVA) using their original interaction

strength data and our newly calculated PD values.

In addition to repeating the analyses of the original three

publications using our more resolved and data-rich phylogeny,

we also performed additional analyses that addressed recent con-

cerns about statistical methods that fail to detect nonlinearities or

account for heterscedasticity in variances. Specifically, Letten &

Cornwell [31] recently showed that under Brownian motion

(a common null model of trait evolution), trait dissimilarity

among species increases nonlinearly as species diverge. These

authors suggested that values of PD be square-root transformed

prior to analyses to linearize the response. We not only analysed

transformed PD values, we went a step further and fitted data

from all three studies to power functions (y ¼ a � PDb), which

have the flexibility to quantify any nonlinear relationship that

is monotonically increasing or decreasing. Any values of the scal-

ing parameter b that significantly differ from zero (no

relationship) and are not equal to 1 (a linear relationship), pro-

vide evidence of a nonlinear relationship between PD and the

ecological response variable. In addition to specific tests for non-

linearity, we also tested whether increased variance was

positively correlated with PD [32] using Bruesch–Pagan (BP)

tests of variance (heteroscedasticity) in the response variables.

Please refer to the electronic supplementary material for more

detailed methods of transformation.
(h) Phylogenetic structure of natural communities
As the CRH states that competition should be strongest between

close relatives, it has been used to predict a pattern of phyloge-

netic overdispersion where evolutionary divergence between

co-occurring species in natural communities is greater than

expected from a null model that calculates values of PD for

any set of species chosen from the phylogeny at random [3]. In

order to test the hypothesis that green algae co-occurring

in North American lakes are non-random assemblages with

respect to their evolutionary history, we combined our newly

developed phylogenomic dataset with publicly available data

from GenBank. We used the NLA algal phytoplankton count

data to compile a list of all genera surveyed. Algae in the NLA

were mostly identified to the taxonomic level of genus owing

to inherent uncertainty algal identification and the lack of
distinguishing morphological characteristics among species.

This necessitated the use of single taxonomic representatives

per genus. We identified 99 genera in the NLA survey within

the Chlorophyta and Charophyta. Of the 99 genera, our original

phylogenomic dataset covered 43 genera, and an additional 45

genera were added to our phylogeny using 18 s and rbcL
sequences from NCBI GenBank, while 10 were excluded from

subsequent analyses due to the lack of data (electronic sup-

plementary material, table S4). Data from NCBI GenBank (18 s

and rbcL sequences) were aligned using MUSCLE v. 3.8 [45]. The

GenBank alignment was then concatenated with the phyloge-

nomic data. We conducted a partitioned analysis of these data,

using RAXML v. 7.4.8 [49]. We applied a GTR model to the

GenBank data (based on results from jMoDELTEST), a WAG

model for the nuclear amino acid data and a CPREV model for

the chloroplast data. We used 100 bootstrap replicates to assess

robustness of the topology, and then used PICANTE v. 1.6 in R

v. 3.1 [50] to test whether communities of genera inhabiting

1077 lakes surveyed in the NLA are more genetically diverse

than predicted by chance.

Within PICANTE, we used the ses.mpd (standardized effect

size of mean pairwise distances) and ses.mntd (standardized

effect size of mean nearest taxon distances (MNTDs)) functions

to calculate community structure [50]. Both methods compare

phylogenetic relatedness to the pattern expected under a null

model of phylogeny or community randomization. We used

null models that randomly shuffle the tip labels of the phylogeny

and randomized the community data matrix with both trial-

swap and independent swap algorithms. Positive values and

high quantiles indicate phylogenetic overdispersion, while nega-

tive values and low quantiles indicate phylogenetic clustering.

In order to assess the significance of phylogenetic community

structure across the lakes, we used a minimum of 10 000 ran-

domizations, which was increased to 100 000 simulations for

samples with low p-values (Bonferroni corrected).
3. Results
(a) New transcriptomic resources for green algae
We sequenced 53 new green algae transcriptomes (electronic

supplementary material, table S1), using Illumina HiSeq tech-

nology. RNA extractions from algal cultures averaged 14.5 mg

per extraction of RNA and double-stranded cDNA libraries

averaged 7.8 mg per library. We found no correlation between

total RNA and/or total cDNA with the amount or quality of

the resulting Illumina sequence data. The average number of

reads per species after filtering the data for low-quality

sequences (using default cut-off values in Filter by Quality

from the FASTX toolbox) were 13 693 372 left-hand reads

and 12 987 520 right-hand reads. This amounted to approxi-

mately 1.3 billion base pairs per species. Assemblies using

TRINITY [41] resulted in an average of 25 279 contigs (totalling

an average of 6 201 293 bps) with a mean contig length of

241 bps and a mean GC content of 46.3%. Not only do

these data provide a solid foundation for the phylogenetic

focus of our current work, they can also be used in gene

expression analyses and serve as valuable pilot data for

future whole genome sequencing projects.

(b) Novel orthologues for green algae
The use of EVOLMAP in our GALAXY workflow allowed us to

customize our search for orthologues within the taxonomic

range of our choice, resulting in the identification of a vast

quantity of orthologous genes. In fact, our results constitute
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the largest available collection of orthologous genes for

green algae to date, making them a valuable resource for any

researcher wanting to reconstruct the evolutionary relation-

ships of green algae. Using EVOLMAP, we identified a total of

1846 nuclear genomic core-orthologues and 38 plastid core-

orthologues shared across the six full genome sequences avail-

able for green algae. Average unaligned sequence length of the

orthologues was 442 amino acids, with a minimum of 52 amino

acids and a maximum of 3991 amino acids. All sequence

descriptions, lengths, eValues, similarities and GO annota-

tions from BLAST2GO have been made available (electronic

supplementary material, table S5).

(c) Phylogenomic resolution of green algal relationships
The phylogenomic framework we provide for green algae

is well supported and extremely data-rich compared with

previous phylogenies of green algae (see the electronic sup-

plementary material for a systematic discussion). The density

of genetic data present within a phylogenetic matrix can have

notable effects on the resulting phylogeny [51–53]. We used

PHYLOCATENATOR [47] to generate five alternative matrices of

concatenated alignments with different parameters and chose

the one with the highest average bootstrap support. Results

from these tests showed that the density of the matrix and

the minimum length of aligned amino acids both affected aver-

age bootstrap score of the resulting tree. Increasing the density

of the matrix improved bootstrap support values (from an

average of 25.2% to an average of 79.2% for all nodes) and

the overall topology, resulting in the monophyly of major

groups. The highest average bootstrap score across all nodes

was obtained by increasing density of the matrix to 10 species

per gene and 20 genes per species as well as setting a minimum

aligned gene length of 100 amino acids. This phylogeny

resulted in the monophyly of major groups of green algae

(electronic supplementary material, figure S3).

We find that sequentially removing genes contributing to

long branches yields increased bootstrap values. We tested the

use of a variety of parameters when using the Long Branch

removal tool, including the average bootstrap score prior and

post long-branch removal and found an improvement of 6.4%

across all nodes. We then calculated the average bootstrap

score of resulting topologies after one iteration of long-branch

removal, and after two iterations of the same process. Our

tests concluded that two iterations of long-branch removal

improved average bootstrap scores by 3.6% compared with a

single iteration of the process. Prior to concatenating nuclear

and chloroplast data, we calculated the average bootstrap

score for a nuclear dataset, a chloroplast dataset and a combined

dataset. Our tests support the concatenation of nuclear and

chloroplast data with an average bootstrap score 9% higher

than the chloroplast data and 6% higher than the nuclear data

on its own. Our final dataset totalled 59 taxa and 19 949

amino acids across 25 chloroplast genes and 94 nuclear genes.

Some of the orthologues were not retained due to the par-

ameters set in PHYLOCATENATOR, specifically by setting a

minimum of 10 genes per species and 10 species per gene.

(d) Phylogenetic diversity and the strength of species
interactions

Values of PD generated from our dataset and those generated

by a couple of publicly available genetic markers are different,
primarily owing to the larger number of substitutions in our

dataset (our study relied on over 100 genes, whereas the pre-

vious studies were only able to use a couple). We found that

the difference in PD values increased with the number of

taxa used in each experiment. Furthermore, compared to the

tree generated from publicly available data (GenBank), our

phylogenomic-based tree resulted in significantly higher

mean bootstrap scores (65.2% compared with 79.5%), indicat-

ing that our phylogenomic data offer a significant statistical

improvement over the phylogeny generated from GenBank.

Using our phylogenomic dataset, we found that PD gener-

ally does not predict the strength of species interactions

for green algae, as measured by RFD, ND, cell densities and

sensitivity to invasion (figure 1).

The original analysis of effects of phylogenetic distance

on the mechanisms and outcome of competition in Narwani

et al. [16] using the 18 s and rbcL-based phylogeny indicated

there were no significant impacts of phylogenetic distance on

ND (F1,23 ¼ 0.56, p ¼ 0.46), RFD (F1,23 ¼ 2.23, p ¼ 0.15) or

coexistence (x2 ¼ 0.11, p ¼ 0.74). These results were con-

firmed using phylogenetic distances calculated based on the

significantly improved phylogenomic tree presented here

(ND: F1,23 ¼ 0.31, p ¼ 0.59, RFD: F1,23 ¼ 1.80, p ¼ 0.19 and

coexistence: x2 ¼ 0.04, p ¼ 0.84; figure 1a). We also tested

whether PD influenced the strength of species interactions

by calculating species’ RD: their performance with a compe-

titor relative to their performance when grown alone.

Consistent with results of the original experiment [15],

PD was not related to several ecologically meaningful RD

metrics, including its average values across 216 pairwise

combinations (original analysis: slope ¼ 20.12, r2 , 0.01,

p ¼ 0.19; new analysis: slope ¼ 0.06, r2 , 0.01, p ¼ 0.21;

figure 1b). Moreover, the forms of interspecific interactions

experienced in biculture (estimated from the joint distribu-

tion of species’ RDs) were not related to the interacting

species’ PD (original: F4,422 ¼ 1.63, p ¼ 0.15; new: F4,422 ¼

0.81, p ¼ 0.52; figure 1b). We then tested whether PD influ-

enced species’ ability to successfully invade an established

culture and compared the growth rate of the invader when

rare to the growth rate of same species in monoculture (sen-

sitivity), and found that evolutionary relatedness did not

determine the strength of species interactions (linear

regression, r2 ¼ 0.0036, p ¼ 0.469, n ¼ 135; figure 1c). This

confirms our previous study using GenBank based PD

values [17] that found the evolutionary relatedness of species

had no influence on the sensitivity of growth rates to species

interactions (linear regression, r2 ¼ 0.0004, p ¼ 0.82, n ¼ 135).

Thus, despite a major advance in rigour of the phylogeny

used to generate estimates of PD, none of the conclusions

from our prior studies were altered.

We also found no evidence that nonlinear relationship or

heteroskedasticity of variances masked our ability to detect sig-

nificant relationships. Square-root and power function

transformations of PD values for all three studies confirmed

that neither linear or nonlinear relationships exist between

PD and the ecological response variables measured for green

algae. We found no relationships between square-root trans-

formed PD and coexistence (x2 ¼ 0.08, p ¼ 0.77, n ¼ 27),

ND (F1,23 ¼ 0.32; p ¼ 0.58, adj-r2 ¼ 0.03), RFD (F1,23 ¼ 1.96;

p ¼ 0.17, adj-r2 ¼ 0.04), sensitivity to invasion (F1,133 ¼ 0.12,

p ¼ 0.73, adj-r2 ¼ 0.01) or relative yield (RY) (F1,425 ¼ 1.51;

p ¼ 0.22, adj-r2 , 0.01). Power functions also yielded no sig-

nificant relationship between PD and ND (b ¼ 0.30, t ¼ 0.52,
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p ¼ 0.61, r2 ¼ 0.63), RFD (b ¼ 0.10, t ¼ 1.37, p ¼ 0.18, r2 ¼ 0.21)

or sensitivity to competition (b ¼ 20.03, t ¼ 20.09, p ¼ 0.93).

Furthermore, there was also no relationship between PD and

the variances of NDs (BP ¼ 0.19, p ¼ 0.66), RFDs (BP ¼ 0.56,

p ¼ 0.45), sensitivities (BP ¼ 0.49, p ¼ 0.49) or RYs (BP ¼ 1.91,

p ¼ 0.17). These analyses lead us to conclude that our previous

lack of support for the CRH is not a limitation of the statistical

methodology used to summarize relationships.
(e) Random phylogenetic community structure
Our analyses of phylogenetic community structure revealed

that the species composition of over 99% of North American

lake communities is random with respect to phylogenetic relat-

edness. The GenBank alignment resulted in 2722 nucleotides,

which were concatenated with the 19 949 amino acids from

the phylogenomic data matrix. The final phylogenetic dataset

consisted of 92 taxa and 22 761 bps. The resulting tree from

the ML analysis was well supported and in agreement with

results from previous studies (electronic supplementary

material, figure S4). The results from all metrics and null

models used to assess community structure revealed random
phylogenetic distribution of taxa across North American

lakes. Specifically, standardized effect size analyses using

mean phylogenetic distance (MPD) and MNTD metrics found

that 99.3 and 97.6% (respectively) of the lakes were composed

of communities with no significant phylogenetic structure

(figure 1d). Results supported a slight tendency towards phylo-

genetic clustering in a select subset of lakes (MPD ¼ 0.5%;

MNTD¼ 2.3%). We differentiate our results between ‘marginal’

( p ¼ 0.005–0.05; p ¼ 0.95–0.99) and significant phylogenetic

signal to highlight that even under a more ‘relaxed’ statistical

scenario without Bonferroni correction ( p , 0.005; p . 0.99),

the lack of phylogenetic community structure remains. Our

results highlight the lack of any relationship between phyloge-

netic distance and community composition, contrary to the

predictions of the CRH.
4. Discussion
Taken together, our results refute the CRH by confirming that

close relatives are no more likely than distant relatives to be in

competition, and no more or less likely to co-occur or coexist
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in the same system. Rather than indirectly inferring coexis-

tence mechanisms from phylogenetic patterns, we test the

relationship between phylogeny and coexistence mechanisms

using experimental data and null community phylogenetic

models. Our new data-rich phylogenetic framework provides

considerably improved estimates of PD than used in previous

studies, yet still shows that the strength and the outcome of

competition are not a function of relatedness. Our results

also confirm that determinants of species coexistence (RFD

and ND), relative yield and sensitivity to invasion are not cor-

related with evolutionary relatedness, contrary to the

predictions of CRH. The lack of relationships was not altered

after we accounted for statistical limitations that have been pro-

posed by some to explain the lack of support for the CRH. We

also used the new phylogeny to examine whether patterns of

co-occurrence among 99 genera in 1077 lakes throughout

North America were random, or non-random with respect to

phylogeny. We found a pervasive lack of phylogenetic signal

in algal community structure across North America, indicating

that evolutionary relatedness does not predict patterns of co-

occurrence in the overwhelming majority of algal lake commu-

nities. To our knowledge, no other studies have reported

random phylogenetic community structure at the continental

scale shown in this paper.

Despite the large spatial scale of these analyses, and the

pervasive absence of phylogenetic signal, it is important to

be aware of the limitations of the EPA’s NLA dataset. This

dataset provides only a snapshot of community structure in

lakes (sampled only in the summer months of 2007), as the

data were based on a single sampling effort rather than a tem-

poral series that could provide data on fluctuations in

community structure through time. This snapshot may or

may not be representative of overall community structure.

If species in these lakes coexist primarily by temporal niche

differences—for example, by taking advantage of seasonal

fluctuations in temperature, light or nutrient availability—

then a single summer sampling effort might not reflect vari-

ation in the species pools of lakes, or their ecologically unique

characteristics. While we know of no dataset that has highly

resolved timeseries at the continental scale, it would be a

valuable exercise to supplement the analyses we have pre-

sented here with analyses of smaller subsets of lakes that

do have resolved timeseries, or to repeat our analyses when

the EPA publishes data from its second, 2012 sampling

effort for the NLA. The phylogeny we report here can be

used as a framework for such future studies.

Furthermore, the EPA relied primarily on genus-level

taxonomic identification since species-level identification of

microscopic green algae can be time consuming, and diagno-

sis often requires both morphological and molecular data in

order to determine the correct taxonomic placement. There-

fore, in order to test community structure, we had to use a

phylogeny with genera (electronic supplementary material,

figure S4) as our operational taxonomic unit. Several recent

studies have examined the effect of taxonomic scale on test-

ing phylogenetic community structure and concluded that

as taxonomic scale becomes finer, patterns of overdispersion

tend to increase, while broader taxonomic scale leads to more

phylogenetic clustering [54,55]. Although we cannot test this

hypothesis directly (as we are restricted by the EPAs taxo-

nomic scale), we do acknowledge that sampling at a finer

taxonomic scale could result in more phylogenetic structure

than observed herein. We would, however, point out that all
of our experimental studies have clearly documented wide-

spread evidence of competition among focal species, as

well as variation in the degree of niche differences, and trait vari-

ation among species. Therefore, we have studied the ecological

phenomenon of interest (e.g. competition) at the appropriate

phylogenetic scale in our laboratory-based studies, and it is

clear that evolutionary relatedness does not predict competitive

interactions across interaction strengths that span from total

competitive exclusion to very weak competition.

Finally, green algae are a particularly ancient group with

fossils dating back well over 500 Myr [56] and molecular clock

estimates placing their origin at more than a billion years [57].

This makes green algae much older than typical groups used

for phylogenetic community studies (namely vertebrates and

angiosperms). At this timescale, it is possible that phylogenetic

signal becomes obscured owing to convergent evolution and/or

horizontal gene transfer. While we cannot address these possibi-

lities directly, we do note that our sampling strategy covers both

very closely and distantly related species, and there is no empiri-

cal evidence to suggest that increased phylogenetic distance

between species obscures the signal of ecologically relevant

traits. In fact, recent meta-analyses of empirical data suggest

that beyond a certain threshold, increasingly more distant

relatives are not more divergent in phenotype [58].

Rapid evolution of ecological traits in green algae has been

demonstrated previously [59–62] and could explain why we

find no evidence supporting the CRH, no correlations between

PD and ecology and no phylogenetic signal in traits. If eco-

logically relevant traits were conserved across algal lineages,

we would expect to find a significant pattern of phylogenetic

community structure across North American lakes. Testing

the phylogenetic signal of ecological traits is beyond the scope

of our work, however, our companion study quantified 17 mor-

phological and physiological traits that are thought to regulate

competition among green algae exhibit and found little to no

phylogenetic signal of any of these traits [63]. The absence of

phylogenetic signal in traits and communities could be

explained by a propensity for rapid trait evolution among

green algae. Green algae have short generation times, are sub-

ject to high levels of predation and may therefore be more

likely to experience rapid trait divergence than other well-

studied groups [59–62]. Although traits that have been

shown to evolve rapidly are typically involved in predator

defence (cell morphology, spines, etc.), it is also possible that

traits involved in interspecific competitive interactions evolve

rapidly. Phenotypic plasticity in algae could also lead to rapid

trait evolution [64–67], further obscuring phylogenetic signal

of such traits. Different abiotic variables across lakes could

lead to local adaptation, driving rapid evolution at a local scale.

Our study suggests that we may need to question the

assumptions and predictions of the CRH [1,2,15,16,22]. These

assumptions have provided a useful foundation for our under-

standing of species interactions in a community context, yet

our results show that the mechanisms of competition are not

always evolutionarily conserved. Some studies have found evi-

dence of phylogenetic overdispersion in natural communities

[68–73], while others have not [18,20,21], suggesting that the

pattern is not as widespread as predicted by the CRH. Contrary

to those predictions, we show that close relatives of green algae

do not compete strongly in bicultures and natural algal com-

munities are not structured based on phylogenetic distance.

Our results challenge the assumption that close relatives inherit

more similar ecological traits than distant relatives, calling into
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question whether the CRH can explain mechanisms of

community assembly for green algae.

In addition to prompting reconsideration of the CRH, the

new phylogeny presented here has much potential to enhance

future work in phylogenetics, experimental ecology and gene

expression. The resulting tree can be used to guide mani-

pulations of PD in future experimental ecological studies and

further evaluate the assumptions of the CRH. The phylogenomic

framework we provide for green algae is well supported and

extremely data-rich compared with previous phylogenies of

green algae. Furthermore, the fact that it has been created

specifically for culturable species that can be used in future

experimental studies makes it a particularly valuable tool.

Such studies are important and timely as they help inform con-

servation policy by predicting the consequences of biodiversity

loss and the role of evolutionary history plays in community

assembly. This work can also inform future experimental studies

focusing on the evolutionary history of ecologically important

traits that affect ecosystem function, as well as investigat-

ing the genetic basis of those traits. Our results suggest that
phylogenetic patterns do not necessarily predict ecological simi-

larity among species, and we urge future studies to use caution

when interpreting such patterns, particularly as they apply to

decisions in species conservation and management.
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