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Significance

Modern eukaryotes were 
present, but marginalized, in 
ecosystems until no later than 
~800 Ma or so, when the 
biosphere began transitioning to 
a eukaryote-rich state. Why 
eukaryotes diversified around 
this time in Earth history remains 
unclear. For decades, the most 
popular proposed driver for this 
early diversification of eukaryotes 
has been a contemporaneous 
increase in atmospheric oxygen 
(O2). The oxygen levels required 
to drive such a diversification 
event, however, remain 
unknown. To empirically 
constrain these requirements,  
we explored the diversity of 
microbial eukaryotes living along 
a modern marine oxygen 
gradient. Our results suggest that 
only a rise in atmospheric oxygen 
from below to above 2 to 3% of 
modern levels would have 
directly driven the early 
diversification of modern 
microbial eukaryotes.
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Eukaryotes originated prior to the establishment of modern marine oxygen (O2) levels. 
According to the body fossil and lipid biomarker records, modern (crown) microbial 
eukaryote lineages began diversifying in the ocean no later than ~800 Ma. While it 
has long been predicted that increasing atmospheric O2 levels facilitated the early 
diversification of microbial eukaryotes, the O2 levels needed to permit this diversifi-
cation remain unconstrained. Using time-resolved geochemical parameter and gene 
sequence information from a model marine oxygen minimum zone spanning a range 
of dissolved O2 levels and redox states, we show that microbial eukaryote taxonomic 
richness and phylogenetic diversity remain the same until O2 declines to around 2 to 
3% of present atmospheric levels, below which these diversity metrics become signif-
icantly reduced. Our observations suggest that increasing O2 would have only directly 
promoted early crown-eukaryote diversity if atmospheric O2 was below 2 to 3% of 
modern levels when crown-eukaryotes originated and then later met or surpassed this 
range as crown-eukaryotes diversified. If atmospheric O2 was already consistently at 
or above 2 to 3% of modern levels by the time that crown-eukaryotes originated, then 
the subsequent diversification of modern microbial eukaryotes was not directly driven 
by atmospheric oxygenation.

eukaryotes | oxygen | Proterozoic

There is a temporal gap, spanning several hundred million years, separating the earliest 
eukaryotic fossils from the diversification of eukaryotic fossils with definitively modern 
traits (1–3) (Fig. 1). While the oldest reputed eukaryotic-grade fossils date to ca. 1.65 
billion years ago (Ga) (3)—potentially reflecting stem-eukaryote lineages that diverged 
prior to the last eukaryote common ancestor, or LECA (4–6)—microbial body fossils and 
certain molecular clocks predict that modern (that is, crown-) eukaryote lineages began 
increasing in taxonomic richness (1, 3, 7) and phylogenetic diversity (4, 8–10) no later 
than ca. 800 Ma (Fig. 1). This latter proposed diversification coincides with the appearance 
and increase of regular (4-desmethyl) sedimentary steranes, which serve as molecular fossils 
for extant sterol-producing eukaryote lineages (5, 11, 12) (Fig. 1). Why so much time—
that is, ca. 800 million years—separates the earliest eukaryotic fossils from the apparent 
diversification of crown-eukaryotes remains unclear. Indeed, numerous explanations for 
this so-called “macroevolutionary lag” have been proposed, from marine phosphorus  
(11, 13) and nitrate limitation (14) to the absence of animal bodyplans and feeding 
strategies (15). The most widely cited and hotly debated driver for early eukaryote diver-
sification, however, is increasing marine O2 availability (2, 3, 7, 16–18).

The eukaryote crown-group, and therefore the modern eukaryotic cell, most likely 
emerged by the middle of the Proterozoic Eon (2.5 to 0.539 Ga) (2–4, 19) (Fig. 1). Over 
the past two decades, it has become increasingly clear that the ocean during the middle 
of the Proterozoic was only moderately oxic at the surface and predominantly anoxic at 
depth (29). Furthermore, modern atmospheric O2 levels (pO2) post-date the origin of the 
eukaryotic cell and were only achieved and sustained relatively recently in geologic time 
(after 82 to 90% of Earth’s history had elapsed) (19, 25). Debate continues, however, as 
to whether pO2 was at least 1 to 10% of PAL (17, 22–24, 30) or at most <1% of PAL 
(16, 18, 26, 27) during the middle Proterozoic (Fig. 1). While there remains no consensus 
on how low pO2 could have been during this interval, the deep oceans would have 
remained primarily anoxic across the full range of proposed pO2 levels (29, 31). Indeed, 
what separates these scenarios is the amount of dissolved O2—both absolutely and tem-
porally—that would have been available to early eukaryotes living in surface waters in 
direct exchange with the atmosphere.

The question of what controlled the diversification of eukaryotes by ca. 800 Ma has been 
primarily approached by the tools that revealed this environmental-evolutionary pattern 
in the first place—that is, correlations between paleoredox reconstructions using geochem-
ical data and numerical modeling (25) and descriptions of the diversity and abundance of D
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eukaryote body and lipid fossils through time (3, 12). As a result, 
the mechanistic control of O2 availability on microbial eukaryote 
diversity over geologic time has remained conspicuously uncon-
strained in these discussions, as additional lines of evidence, mainly 
modern ecological observations, are required to do so. At the same 
time, information on how marine O2 levels shape microbial eukar-
yote diversity in the modern biosphere remains limited (32). Given 
these knowledge gaps and lack of empirical constraints, we explored 
the diversity of modern microbial eukaryotes living along the spa-
tial and temporal O2 gradients of Saanich Inlet, British Columbia, 
Canada.

Saanich Inlet, located on the southern end of Vancouver Island, 
is a persistently stratified marine fjord connected to Haro Strait via 
the Satellite and Swanson Channels. An extended shallow-water 
(~70 m) sill at the mouth of Saanich Inlet, however, separates 
Saanich Inlet’s deeper waters (maximum depth of ~200 m) from 
Haro Strait, thereby restricting circulation and promoting bottom 
water anoxia in Saanich Inlet as high rates of primary productivity 
and aerobic respiration consume O2. Episodic renewal and oxygen-
ation of Saanich Inlet’s deep basin occurs via influxes of dense, 
O2-rich, saline water from Haro Strait in response to tidal current 
and regional upwelling dynamics. Over many decades of research, 
Saanich Inlet has become a model ecosystem for studying microbial 
community responses to ocean deoxygenation with exceptional 
access to geochemical parameter and multi-omic (DNA, RNA, and 
protein) sequence information supporting time-resolved compar-
ative analyses (33–37). Here, we explored the diversity of planktonic 

microbial eukaryotes living along the O2 gradients within Saanich 
Inlet’s water column (Fig. 2). To achieve this goal, we analyzed 
eukaryote small subunit ribosomal genes (that is, 18S rRNA genes, 
the DNA sequences encoding the ribosomal RNA that comprises 
the small subunit of eukaryotic ribosomes) collected from six 
oxycline-spanning water column depths (10, 100, 120, 135, 150, 
and 200 m) once a month for the entirety of the year 2015 (Fig. 2).

Results

From the six depths sampled monthly throughout 2015, we iden-
tified 6,347 amplicon sequence variants (ASVs, functional taxo-
nomic designations equivalent to species or strains), spanning 
every major eukaryote clade in the PR2 database (40) (Fig. 2). 
Consistent with previous time-series observations at Saanich Inlet 
using alternative identification protocols (38, 41), each sampled 
depth was dominated by sequences associated with the Alveolata 
and Stramenopiles (Fig. 2), members of the TSAR supergroup 
(42). Alveolata sequences featured the highest relative abundance 
(defined here as percent of total 18S rRNA gene sequences) at 
each depth, peaking at 100 m with an average relative abundance 
of 68.6%, while Stramenopiles peaked at 135 m with an average 
relative abundance of 35.5% (Fig. 2). Alveolata sequences had 
their lowest relative abundance (46.1%) at 200 m, where the rel-
ative abundances of the Rhizaria, Opisthokonta, and Excavata all 
peaked (Fig. 2). To assess the possible contribution of sinking cells 
to these vertical distribution patterns, we calculated the percent 

Proterozoic Eon
Mesoproterozoic EraPaleoproterozoic Era Neoproterozoic Era

2.5 1.6 1.0 0.54

0.66-0

0.82-0

Time (billion years ago) 

1.84-1.21Last Eukaryote Common Ancestor (LECA)

1.06-1.031.67-1.64

Lipid biomarkers

Body fossils

Molecular clocksMolecular-clock estimate range of LECA

Oldest total-group eukaryote fossils
Oldest crown-group eukaryote fossil

Sterane/hopane ratios >0.01
Sterane/hopane ratios >0.51

0.01

0.1

1

10

100

%
 PresentAtm

ospheric Levels O
2

Scenario 1: 1-10% PAL O2 during the mid- and late Proterozoic 

Scenario 2: <1% PAL O2 during the mid-Proterozoic with a pO2 rise ca. 800 million years ago

25

30

35

FossilTaxonom
ic R

ichness

Sterane/hopane ratios 0.00
1.64 1.0

640-580 million years of eukaryote evolution 
without obvious crown-group fossils

640 million years of preserved biomarkers 
without detectable steranes

Fig. 1. Correlated fossil, molecular clock, and geochemical timeline. Molecular clocks predict that the last eukaryote common ancestor (LECA) emerged ca. 1.8 
to 1.2 Ga (10). The oldest reputable eukaryotic-grade microfossils date to around 1.67 to 1.64 Ga (3), and potentially represent stem-Eukarya (that is, all extinct 
eukaryote lineages that diverged prior to the LECA) (4), if they represent Eukarya at all (and not Archaea, for example, on the basis of cytoskeletal evidence alone) 
(3, 19). The earliest microfossil widely assigned to crown-Eukarya (that is, all eukaryote lineages descended from the LECA) dates to ca. 1.05 Ga (20), meaning 
that at least 640 to 580 million years of eukaryote evolution elapsed before diagnostic crown-eukaryotes entered the fossil record. Even more time divides 
the oldest eukaryotic-grade fossils from the first widely accepted shift to sedimentary sterane/hopane ratios >0.1, interpreted as representing an increase in 
the abundance of sterol-producing crown-eukaryotes relative to bacteria ca. 0.82 Ga (11, 12)—although a sampling gap does exist between 1.0 and 0.82 Ga. 
This shift in biomarker ratios correlates with a reported increase in eukaryote fossil taxonomic richness between 1.0 and 0.635 Ga (gray portions of the line 
represent analytical “buffer zones”, not richness records for these time intervals) (1), although additional sampling is needed to confirm the precise timing of 
this diversification (21). With respect to ancient O2 levels, two widely debated scenarios for pO2 during the Proterozoic are displayed here: 1) pO2 was at least 1 
to 10% of present atmospheric levels (PAL) for the mid-to-late Proterozoic (17, 22–24), and 2) pO2 was at most <1% PAL for the mid-Proterozoic and shifted to 
>1% PAL O2 ca. 0.8 Ga (18, 25–27). Blue vertical columns represent the Sturtian and Marinoan glaciations (going from left to right) (28). O2 curves modified from 
Fig. 1 from Lyons et al. (25); fossil taxonomic richness data taken from figure 2C from Riedman and Sadler (1).
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overlap between ASVs at a given depth with those at the depth 
sampled immediately above, revealing an average overlap of 2.2% 
with a maximum overlap of 9.5%, showing that the majority of 
ASVs observed at any given depth are not sourced from the depth 
sampled immediately above it in the water column (SI Appendix, 
Tables S4–S6). Overall, in agreement with previous observations 
from the Saanich-Inlet time series (38, 41), as well as surveys from 
other stratified marine water columns (32, 43–45), the composi-
tion of microbial eukaryote communities at Saanich Inlet clearly 
shifts as O2 declines with depth and through time (Fig. 2).

To explore changes in alpha (or within-sample) diversity as a 
function of O2 availability, we applied two commonly used alpha 
diversity metrics to our samples: 1) observed features (or observed 
ASVs in this case), and 2) Faith’s phylogenetic diversity (Faith’s 
PD). Observed ASVs is the total number of ASVs recovered from 
each sample and is therefore a direct measure of richness. Faith’s 
PD, unlike observed ASVs, incorporates phylogeny by summing 
the lengths of the phylogenetic branches uniting the ASVs from a 
given sample and is therefore expressed in terms of total minimum 
branch length (46). In other words, Faith’s PD captures the 
phylogenetic breadth of a sample (that is, how much of the 

phylogenetic tree a sample covers), with greater branch sums 
reflecting greater phylogenetic coverage and greater diversity. For 
each sample, we plotted observed ASVs and Faith’s PD as a function 
of O2 concentration, revealing similar nonlinear correlations for 
both metrics (Fig. 3). To explore inflection points for each metric, 
we ran regression trees (also called breakpoint analyses), which 
represent a nonparametric machine learning technique that can be 
used to identify the environmental variable (and the value of that 
variable) that best divides a dataset into high versus low levels of 
diversity (47, 48). Statistically, this identification is done by recur-
sively partitioning the dataset based on an exhaustive search across 
all variables—in this case, both O2 and H2S—for the split that 
maximizes the homogeneity of the two resulting subsets. These 
analyses are thus a non-biased test of inflection points in our diver-
sity trends. For both diversity metrics, O2 (not H2S) was deter-
mined to be the variable that best split the diversity data, specifically 
at 2.7% PAL (Fig. 3 and SI Appendix, Figs. S1 and S2). We also 
identified high-O2, but low-diversity, outliers in each dataset as 
representing potential dinoflagellate blooms at 10-m depth in May 
and June of 2015, where dinoflagellate sequences comprised up to 
89% of all total 18S rRNA sequences (Fig. 3).
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Fig. 2. Temporal redox landscape and eukaryote community composition in Saanich Inlet. Station 3 (48°35.5 N, 123°30.3 W, 227 m deep) from Saanich Inlet, 
British Columbia, Canada, was sampled monthly throughout the year 2015 within a historic time-series experiment. At Station 3, (A) O2 profiles (µM) were obtained 
from monthly CTD casts. For geologic context, the upper black contour designates 10% of PAL of O2, while the lower contour designates 1% PAL O2 (conversions 
found in SI Appendix, Table S1). Meanwhile, (B) H2S concentrations (µM) were measured at Station 3 at discrete depths. Both O2 and H2S values were visualized 
across depth and time using tidyverse and ggplot2 in R. Six depths—10, 100, 120, 135, 150, and 200 m, designated by the arrows along the y-axes in (A) and 
(B)—were sampled for microbial community profiling. The relative abundance of the main eukaryote clades was determined at each sampled depth by amplifying 
the 18S rRNA gene from genomic DNA extracted from 2.7-µm glass fiber prefilters and 0.22-µm Sterivex (Millipore) filters—per standard operating procedures 
at Saanich Inlet (38, 39)—which was sequenced and then analyzed as a single, merged dataset (C). Horizontal bars represent the mean relative abundance of 
each clade at each depth throughout 2015, while the error bars designate the SE. For each depth, the major eukaryote clades are listed according to the rank 
(that is, going from the most to least abundant from top to bottom) recovered at 10 m to emphasize how community composition changes with depth. The O2 
and H2S concentration ranges for each sampled depth are displayed in SI Appendix, Table S2.
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For the purposes of statistical testing, we divided our observed 
ASVs and Faith’s PD values into the five following redox bins (all 
expressed in terms of percent PAL O2): 1) >10%; 2) 2.7 to 10%; 
3) 1 to 2.7%; 4) <1%; and 5) >1 µM H2S (see SI Appendix, Table S3 
for unit conversions). These redox bins were determined primarily 
by geological considerations—namely the two competing views of 
mid-Proterozoic pO2 (Fig. 1). However, we divided the traditional 
1 to 10% PAL O2 range for the mid-Proterozoic into two distinct 
bins based on the 2.7% PAL O2 best split recovered from our 
regression tree analyses. It must be noted that the <1% PAL O2 
and the >1 µM H2S bins include samples collected at O2 concen-
trations below the detection limit of our O2 sensor (Materials and 
Methods), including samples likely collected under anoxia, especially 
within the sulfidic (>1 µM H2S) bin. Furthermore, using the results 
of our breakpoint analyses to define one bin boundary will maxi-
mize the chances of yielding statistically significant results for the 
two bins adjacent to that boundary (but not for higher or lower 
O2 bins). Indeed, for both observed ASVs and Faith’s PD, all bins 
below 2.7% PAL O2 differ significantly (Q < 0.05) from each bin 
above 2.7% PAL O2 and do not differ significantly from each other 
(Benjamini–Hochberg Q-value, based on P-values from Kruskal–
Wallis tests) (Fig. 4 and SI Appendix, Tables S7 and S8). Binning 
our diversity metrics into three alternative redox bins that are not 
based on the breakpoint analysis (but again expressed in terms of 
percent PAL O2)—1) >10%; 2) 1 to 10%; and 3) <1%—yields 
similar results: The first two bins only differ significantly from the 
third, when O2 is below 1% PAL (SI Appendix, Fig. S3 and 
Tables S9 and S10).

Oxygen Availability and Microbial Eukaryote Diversity. Our two 
diversity metrics—observed ASVs (richness) and Faith’s PD—
reveal similar nonlinear relationships with dissolved O2 availability 
(Fig. 3). Regression tree (or breakpoint) analyses identified a best 
split, maximizing the homogeneity of the two resulting subsets, 
of 2.7% PAL O2 (Fig. 3). By binning these diversity data into 
discrete redox bins, we consistently find that samples collected 
below the equivalent of 2.7% PAL O2 are significantly (Q < 0.05) 
lower than the high-O2 bins (>10% and 2.7 to 10% PAL O2), 
which, in turn, do not significantly differ from each other (Fig. 4). 
Importantly, looking at the maximum diversity estimates from 
each bin, relatively high levels of both richness and Faith’s PD are 
still recovered below our best split of 2.7% PAL O2, although the 
medians and minimum values of these low-O2 bins are all lower 
(Fig. 4). Why these diversity metrics shift as O2 declines below 
2.7% PAL O2 is unclear. Historically, 1% PAL O2 is treated as 
the equivalent of the “Pasteur point,” the O2 tension below which 
facultative aerobes switch to anaerobic energy metabolisms (49). 
Generally, it is appreciated that the growth efficiency of anaerobic 
fermenters is 25% of that of aerobes and that anaerobic food chains 
are necessarily shorter than aerobic ones on bioenergetic grounds 
(50). While aerobic respiration demonstrably occurs—at least 
in bacteria—under nanomolar O2 concentrations (51, 52), and 
therefore well below 2.7% PAL O2, some of the likely anaerobic 
(and therefore less diverse) communities sampled from the <1% 
PAL O2 and >1 µM H2S bins may necessarily decrease the overall 
diversity levels of these bins. The observation that some of the 
samples collected under <1% PAL O2 and >1 µM H2S still exhibit 
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RNA gene sequences—at Saanich Inlet was estimated using 
two different metrics: (A) observed amplicon sequence variants 
(ASVs, operationally equivalent to species- or strain-level 
designations), which is a measure of richness, and (B) Faith’s 
phylogenetic diversity (Faith’s PD), which, by incorporating 
phylogeny, estimates the phylogenetic coverage of a sample 
by summing the total minimum branch lengths uniting 
the observed ASVs, with greater Faith’s PD values simply 
representing greater branch sums and greater diversity. For 
each diversity metric, we ran regression trees (breakpoint 
analyses) to determine which environmental variable (in this 
case, O2 or H2S) best divides the datasets into high versus low 
diversity subsets—independently of any binning decisions. For 
both diversity metrics, the best split was found to be 2.7% of 
PAL of O2, represented by the dashed vertical lines. The high-O2, 
but low-diversity, outliers (demarcated by the dashed circles) 
were identified as dinoflagellate blooms, where dinoflagellate 
sequences comprised up to 89% of all total 18S rRNA genes, 
thereby bringing down the diversity estimates.
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relatively high levels of Faith’s PD (as seen by the outliers and 
maximum values) agrees with the conclusion that the specialization 
to consistently anoxic and euxinic settings is phylogenetically 
widespread across the eukaryote tree and is not constrained to a few 
isolated lineages (53) (Figs. 3 and 4). Concurrently, we recovered 
relatively low-diversity samples from high-O2 settings, although 
these samples were identified as likely capturing dinoflagellate 
blooms at 10-m depth in May and June of 2015, where the relative 
abundance of dinoflagellate sequences ranged from 60 to 89%, 
thereby driving both diversity metrics down (Fig. 3). Generally, 
we recovered a positive nonlinear relationship between microbial 
eukaryote diversity and O2, with significantly lower diversity levels 
occurring below the calculated inflection point of 2.7% PAL O2 
(Fig. 3).

From a Modern Fjord to the Mid-Proterozoic Marine Biosphere. 
Recognizing that breakpoint analyses can be influenced to some 
extent by the specifics of the dataset (47), we generalize our results 
for the discussion of the Proterozoic biosphere to the fact that 
Saanich Inlet microbial diversity rises substantially at around 2 
to 3% PAL O2. While we interpret our results from Saanich Inlet 
as capturing fundamental ecological relationships between O2 
availability and microbial eukaryote diversity that can be applied 
to both the deep past and near future (50), it needs to be stressed 
that Saanich Inlet is not a “mid-Proterozoic ocean analogue,” and 
that non-uniformitarian variables, such as nutrient availability and 
animal predation, also contribute to modern levels of microbial 

eukaryote diversity (see SI Appendix for discussion and details). 
However, as an established model system for exploring the control 
of dissolved O2 availability on microbial community structure 
(33–37), Saanich Inlet allows us to isolate the control of dissolved 
O2 on microbial eukaryote diversity for the purposes of testing 
hypotheses of how ancient O2 levels would have directly impacted 
early eukaryote diversity. While previous studies also focused on 
microbial eukaryote diversity in Saanich Inlet (38, 41), as well as 
other O2-deficient marine water columns (32, 43–45, 54), here 
we use gene diversity data collected along a modern marine 
O2 gradient to explicitly reconstruct the diversity of microbial 
eukaryotes living under the range of O2 levels proposed for the 
Proterozoic atmosphere.

Proterozoic Oxygen Levels and Crown-Eukaryote Diversity. Crown- 
group eukaryotes apparently diversified in terms of both richness 
and phylogenetic diversity no later than 800 Ma, several hundreds of 
millions of years after the eukaryote lineage entered the fossil record 
(Fig. 1). If a rise in pO2 facilitated this diversification of eukaryotes, 
a corollary is that low pO2 values prior to this diversification must 
have kept early eukaryote diversity low. Minimum pO2 estimates 
for the mid-Proterozoic remain debated and have not even been 
reliably constrained within an order of magnitude (17, 18) (Fig. 1).  
Despite this uncertainty, if mid-Proterozoic pO2 was below 1% PAL, 
as some argue (16, 18, 25, 27), then our diversity estimates suggest 
that microbial eukaryote taxonomic richness and phylogenetic 
diversity would have both been significantly reduced relative to  
the potential diversity above 2 to 3% PAL O2 (Fig. 4). Likewise, 
if pO2 rose from <1% PAL to ≥2 to 3% PAL, then a significant 
increase in both richness and phylogenetic diversity would be 
predicted. Indeed, the Fe isotope composition of Proterozoic 
ironstones (18) has been recently interpreted to signal a rise in 
pO2 from levels below 1% PAL between 900 and 750 Ma to 
levels greater than 1%, in tandem with paleontological evidence 
for eukaryote diversification (Fig. 1). Similarly, if mid-Proterozoic 
pO2 levels were consistently between 1 and 2% PAL, which has 
also been argued (24), then eukaryote diversity would have also 
been significantly reduced until pO2 levels reached or exceeded 
2 to 3% PAL O2. As an alternative to these scenarios, if mid-
Proterozoic pO2 was at least 4 to 8% PAL (22, 30), or perhaps 
even 24% PAL (17), then our results suggest that modern levels 
of eukaryote richness and phylogenetic diversity were already 
permitted—at least by the O2 content of the atmosphere—well 
before the diversification of eukaryotes no later than ca. 800 Ma 
(55). While the pO2 content of the mid-Proterozoic atmosphere 
remains to be definitively determined, our results provide the 
empirical constraints necessary for interpreting how these different 
pO2 estimates would have directly impacted—or not impacted—
microbial eukaryote diversification in the Proterozoic Eon.

Conclusions

Overall, our results predict that if pO2 levels in the mid-Proterozoic 
were at least 2 to 3% PAL O2 (Scenario 1, Fig. 1), and that crown-
eukaryotes were already living in air-saturated surface environ-
ments at this time, then early eukaryote taxonomic richness and 
phylogenetic diversity were not directly restricted by O2 availabil-
ity (17, 22, 30). Accordingly, the early diversification of the eukar-
yote crown-group, which happened no later than 800 Ma or so 
(Fig. 1), could not have been directly driven by rising pO2. 
However, if the mid-Proterozoic atmosphere contained <2 to 3% 
PAL O2 (18, 24–27) (Scenario 2, Fig. 1), and crown-eukaryotes 
already lived in air-saturated waters at this time, then a late-
Proterozoic pO2 rise to ≥2 to 3% PAL O2 would have indeed 
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Fig. 4. Statistical comparisons betweenrichness (A) and phylogenetic diversity 
(B) estimates binned by O2 regime. The colored boxes represent interquartile 
ranges (IQR), the black horizontal lines represent median values, and the 
whiskers represent the maximum and minimum values for each redox regime. 
Significance is denoted by lower-case letters below boxplots; bins that do not 
share a letter are significantly different as judged by the Benjamini–Hochberg 
Q-value (Q < 0.05), based on P-values from the Kruskal–Wallis test. % PAL = 
percent of present atmospheric levels. The geochemical properties of each 
redox bin (designated by color) are displayed in SI Appendix, Table S3.
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permitted crown-eukaryote diversification with respect to both 
taxonomic richness and phylogenetic diversity. Discerning 
between these possibilities requires constraining the O2 concen-
trations that the earliest crown-eukaryotes lived under following 
their emergence in the Proterozoic Eon.

Materials and Methods

Sampling and Collection. Saanich Inlet is a persistently anoxic fjord on the south-
east coast of Vancouver Island, British Columbia, Canada. Between January and 
December 2015, as part of a historic 10-year time series experiment, six depths 
(10, 100, 120, 135, 150, and 200 m) from Station 3 (48°35.5 N, 123°30.3 W, 227 
m deep) were sampled each month for microbial community profiling. 10 L of water 
from each depth were prefiltered through 2.7 µm glass fiber filters onto 0.22 µm 
Sterivex (Millipore) filters. Filtered biomass was soaked in lysis buffer then frozen 
immediately in liquid nitrogen. Filters were stored at −80 °C until further analysis.

For geochemical measurements, 16 depths (10, 20, 40, 60, 75, 85, 90, 97, 100, 
110, 120, 135, 150, 165, 185, and 200 m) from Station 3 were sampled monthly 
using a series of 12L GO-FLO bottles, as described by Michiels et al. (37). Briefly, 
CTD profiles [pressure (SBE 29), conductivity (SBE 4C), temperature (SBE 3F), and 
oxygen (SBE 43)] were generated using the SBE25 Sealogger CTD (SBE). The SBE 
43 has an O2 detection limit of 1 to 2 µM (56). Oxygen concentrations expressed 
as percentage of air saturation (100% atmospheric saturation = 100% of PAL) 
were calculated using the recorded temperature and salinity associated with each 
oxygen measurement (see SI Appendix, Table S1 for original measurements and 
conversions to percent PAL O2).

Microbial Community Profiling. DNA was extracted from both the prefilters 
and Sterivex filters in accordance with Wright et al. (57). Extracted DNA was quan-
tified using the picogreen assay (Invitrogen). DNA from Sterivex samples was 
sent to the Joint Genome Institute for 18S rRNA amplicon sequencing on the 
Illumina MiSeq platform1, using universal primers targeting the v4 region 565F 
CCAGCASCYGCGGTAATTCC and 948R ACTTTCGTTCTTGATYRA (58) of the 18S rRNA gene 
(59). DNA from prefilters was sent to the Integrated Microbiome Resource (IMR) center 
at the University of Dalhousie and amplified with 565F CCAGCASCYGCGGTAATTCC 
and a modified 948R primer ACTTTCGTTCTTGATYRATGA (60).

Sequences from prefilter and Sterivex filters were processed individually using 
the Quantitative Insights Into Microbial Ecology 2 (QIIME 2) software package 
(61). Denoising quality, chimera check, and clustering were performed using 
the Divisive Amplicon Denoising Algorithm 2 (DADA2) plugin tool and denoise-
paired instruction (62). Prefilter and Sterivex filter datasets were merged using 
the QIIME2 VSEARCH plugin, which clustered ASVs at 100% identity (63). For 
taxonomic assignment of the resulting ASVs, a Naïve Bayes classifier was pre-
trained on the PR2 database (version 14.2.0) (40), and ASVs were assigned 
using the QIIME2 classify-sklearn plugin (https://docs.qiime2.org/2022.2/
data-resources/). All taxonomic data were visualized in R and Excel. For alpha 

(that is, “within-sample”) diversity measures, all samples were subsampled to 
the lowest coverage depth, and standard indices (observed features, Faith’s phy-
logenetic diversity) were calculated and visualized in QIIME2. To isolate the con-
trol of dissolved O2 concentrations on the diversity of microbial eukaryotes, 18S 
sequences assigned to the following complex multicellular lineages (64) were sys-
tematically excluded from our analyses: Metazoa, Streptophyta, Florideophyceae, 
Phaeophyceae, Ascomycota, and Basidiomycota.

Statistical Analyses. To test for differences in observed ASVs and Faith’s phy-
logenetic diversity as a function of redox regime, QIIME2 performed Kruskal–
Wallis tests, a nonparametric ANOVA (65) on all redox bins (K = 5), as well as 
on two groups at a time (K = 2) to identify differences between individual redox 
regimes. The false discovery rate (FDR) method of Benjamini and Hochberg (66) 
was then used to correct for multiple comparisons in the pairwise tests. All results 
are presented in SI Appendix, Tables S7–S10. Regression tree analyses were run 
using the R package rpart with O2 and H2S levels included as predictor variables.

Data, Materials, and Software Availability. 18S rRNA amplicon data have 
been deposited in BioProject (PRJNA1008712) (67). All other data are included 
in the manuscript and/or SI Appendix.
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