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Recent work suggests that microbial community composi-
tion in high-elevation lakes is significantly influenced by mi-
crobes entering from upstream terrestrial and aquatic habitats.
To test this idea, we conducted 18S and 16S rDNA surveys of
microbial communities in a high-alpine lake in the Colorado
Rocky Mountains. We compared the microbial community
of the lake to water entering the lake and to uphill soils that
drain into the lake. Utilizing hydrological and abiotic data,
we identified potential factors controlling microbial diversity
and community composition. Results show a diverse commu-
nity entering the lake at the inlet with a strong resemblance
to uphill terrestrial and aquatic communities. In contrast, the
lake communities (water column and outlet) showed signi-
ficantly lower diversity and were significantly different from
the inlet communities. Assumptions of neutral community
assembly poorly predicted community differences between
the inlet and lake, whereas “variable selection” and “dispersal
limitation” were predicted to dominate. Similarly, the lake
communities were correlated with discharge rate, indicating
that longer hydraulic residence times limit dispersal, allow-
ing selective pressures within the lake to structure commu-
nities. Sulfate and inorganic nitrogen and phosphorus con-
centrations correlated with community composition, indica-
ting “bottom up” controls on lake community assembly. Fur-
thermore, bacterial community composition was correlated
with both zooplankton density and eukaryotic community
composition, indicating biotic controls such as “top-down”
interactions also contribute to community assembly in the
lake. Taken together, these community analyses suggest that
deterministic biotic and abiotic selection within the lake cou-
pled with dispersal limitation structures the microbial com-
munities in Green Lake 4.
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Introduction

Recent research in high-elevation ecosystems such as Green
Lakes Valley (GLV) in the Colorado Rockies has shown that
these ecosystems are particularly susceptible to disruptions
brought on by climate change such as earlier snowmelt, in-
creased drought, and earlier melt out of lake ice (Preston et
al., 2016). Understanding how these changes shape aquatic
microbial communities is important in order to predict the
effects of climate change on the productivity and health of
these susceptible ecosystems. Alpine ecosystems are also very
susceptible due to the steepness of the terrain resulting in a
high degree of connectedness across the landscape. For ex-
ample, an increase in nitrification in alpine soils has resulted
in recent increases in nitrate fluxes to high elevation lakes in
the GLV (Ley et al., 2004; Williams et al., 2015). In a similar
fashion, high elevation aquatic microbial communities are
also likely to be greatly influenced by the degree of connec-
tivity between the aquatic and terrestrial ecosystems (Crump
et al., 2012; Ruiz-Gonzalez et al., 2015). This connectivity is
also reflected in the Landscape Continuum Model (LCM),
which describes the mostly downbhill transport of matter
and nutrients across landscape units in alpine ecosystems
(Seastedt et al., 2004). However, a large unknown within the
LCM is the downbhill transport of microorganisms and how
this transport affects downstream biodiversity, biotic inter-
actions, and ultimately biogeochemical cycles of lakes and
streams.

Recent advances in sequencing technologies and high th-
roughput biogeochemical approaches have led to a fairly
comprehensive understanding of the spatial distribution and
biogeochemical functioning of soil microorganisms in the
GLYV, especially in the mostly plant-free soils that drain into
the headwaters of the basin (Ley et al., 2004; King et al., 2010,
2012; Bueno de Mesquita et al., 2018; Porazinska et al., 2018).
There has also been work connecting the microbial commu-
nities of the late-season snow pack to the communities found
in the soils into which the snowpack melts (Freeman et al.,
2009; Naff et al., 2013). Furthermore, there is a wealth of
valuable data concerning the hydrology, water chemistry,
and phytoplankton communities of the GLV lakes (Flanagan
et al., 2009; Miller and McKnight, 2015; Williams et al., 2015).
Surprisingly however, there has been no molecular micro-
biological work examining the microbial communities of
the high-elevation lakes in the GLV or work examining the
connectivity of these communities to the surrounding ter-



restrial environment.

Recent work and the LCM suggest that the microbial com-
munities of high-elevation and high-latitude lakes can be st-
ructured by terrestrial microbes moving downhill in runoff
into these lakes (Crump et al., 2012; Ruiz-Gonzalez et al.,
2015), in addition to inputs from upstream aquatic micro-
bial communities (Nelson et al., 2009). Like many high-ele-
vation environments, the hydrologic network of GLV has
seasonally high flow rates resulting in high connectivity for
at least part of the year between upstream and downstream
habitats (Williams et al., 1996; Miller and McKnight, 2015).
Because of this connectivity and previous work in other cold
environments discussed above, we hypothesized that the
microbial communities of Green Lake 4 (GL4) would be pri-
marily structured by the flux of microorganisms from uphill
habitats.

To determine which factors structure microbial commu-
nities in Green Lake 4 GL4, we conducted the first compre-
hensive 18S and 16S rDNA survey of the microbial commu-
nities of the water entering the lake (“inlet”), the lake itself,
and upstream terrestrial habitats, examining both temporal
and spatial changes in the microbial community. We also me-
asured biotic and abiotic variables to determine which para-
meters correlate with microbial community patterns. In ad-
dition, we examined the degree of co-correlation between bac-
terial and eukaryotic communities by examining co-occur-
rence patterns across the aquatic and terrestrial ecosystems
of the GLV. Our results show that the microbial community
of the lake’s inlet shared much of its composition with up-
stream terrestrial sources, but communities across the rest
of the lake were significantly different from the uphill and
the inlet communities. There were also strong co-occurrence
patterns across trophic groups, as well as a strong correla-
tion in the diversity and composition of the 16S and 18S com-
munities in the lake, indicating that biotic interactions may
be important in structuring the communities. Abiotic vari-
ables (e.g. hydraulic residence time and inorganic nutrients)
also correlated with both 16S and 18S communities, indicat-
ing that abiotic factors may also be important in structuring
the communities. Whatever the mechanistic underpinnings
of the patterns observed, this study clearly shows that the
communities present in the lake are determined by selection
within the lake as opposed to being structured by the con-
stant flux of organisms from upstream habitats.

Materials and Methods

Site description and field sampling

Green Lakes Valley (GLV) is a glacial valley just east of the
Continental Divide located within the Colorado Front Range
and is part of the Silver Lake Watershed, which supplies 40%
of the water for the City of Boulder, Colorado. Green Lake
4 (GLA4) is located in the upper catchment of GLV at 3,561 m
above sea level, has a surface area of 5.34 ha, a volume of
215,000 m’, a maximum depth of 13.1 m, and an average
depth of 4.0 m (Gardner et al., 2008). GL4 is an oligotrophic
alpine lake that exhibits low primary production and low
summer chlorophyll-a contents compared to more eutrophic
lakes at lower elevations (e.g. Foley et al., 2012). Thermal
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stratification beginning in mid-summer at a depth of 8.0 m
has been sometimes observed since limnology monitoring
started in 2000 and was most accentuated during the 2002
drought (Gardner et al., 2008; Flanagan et al., 2009). How-
ever, summer stratification has not been observed in recent
years NWT LTER database http://niwot.colorado.edu/data).
GL4 is covered by ice for most of the year, only being ice-free
from mid-July to early or mid-October. Water residence times
are initially short during melt out, but significantly change
over the course of the year, with some of the shortest resi-
dence times being as low as one week (Daily discharge: ~27,000
m’/day) in the early summer, and as high as about 40 (Daily
discharge: ~5,300 m’/day) days in mid-October (Waters, 1999).
Our sampling did not take place across this whole range of
residence times, but covered residence tlmes in GL4 that
ranged from 11.8 (Daily dlscharge 18,300 m*/day)-19.9 days
(Daily discharge: 10,804 m*/day) during the course of this
study. Over the course of the study, max air temperatures in
the valley ranged from 2-12°C and an average of 3.4°C,
with the season’s peak air temperature occurring before sam-
phng begun. Average rain storms were seen on Aug. 19" and
26" but no significant spike in dlscharge was detected A
spike in discharge rates was detected July 29" 31 " but rapidly
returned to average discharge rates by Aug. 1. The inlet to
GLA4 is a stream that drains Green Lake 5 (GL5) and the up-
per catchment of the GLV, forming a wetland in-between
the lakes resulting in extensive hyporheic interactions in the
stream reach from GL5 to GL4 (Miller et al., 2006). Water
discharge rates were measured at the outlets of GL4 and GL5
by the Niwot LTER throughout the 2014 season (Supple-
mentary data Table S3; NWT LTER database http://niwot.
colorado.edu/data). Water input also comes from large snow
and ice-fields that cover much of the steep slopes to the north
of the lake. Therefore, to characterize the microbial inputs
to the lake we sampled the inlet waters and the saturated
soils along the edges and under the melting snow field to the
north of the lake at sites previously described by Ley et al.
(2001, 2004) (40.0571556, -105.6229083).

Water samples were collected from GL4 on July 24", August

7" and August 21" of 2014. Samples were collected in HDPE
Nalgene bottles sterilized with a 90% Ethanol rinse and 15
min exposure in a UV sterilization chamber. Bottles were rin-
sed with sample water prior to collection. On the first sam-
pling date (07/24/14), one 500 ml sample was taken from each
of 5 locations in the lake (inlet at 40.0539306, -105.6221444,
outlet at 40.0556278, -105.6173194, and the water column
samples of surface, 3 m depth and 9 m depth at 40.0552389,
-105.6204889). On the later sampling dates (08/07/14 and 08/
21/14), samples were taken in triplicate (250 ml per pseudo-
replicate) from each of the same five sampling points in the
lake (3 samples per site per date). Samples were placed on ice
in a cooler and transported to the University of Colorado,
Boulder where they were stored at 4°C and filtered within
60 h of collection. Samples were filtered through 0.2 um
polycarbonate filters using a vacuum filter (Millipore Inc).
Between sample filtrations, the filter adapter was rinsed with
both 75% ethanol and sterile water, then exposed to high-
intensity ultraviolet radiation in a sterilization chamber. Fil-
ters were stored at -20°C until DNA extraction. Samples for
water chemistry were collected as part of the LTER network’s
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Fig. 1. Green Lake 4 (GL4) viewed from above. Arrows indicate direction
of flow from the inlet (right side) and the outlet (left side). The X in the
middle of the lake marks the location from where the water column sam-
ples were taken. Talus soil samples were collected northwest of the spot
where this photo was taken. Picture taken September 3, 2014 from Niwot
Ridge, located atop a south facing ridge made up of unvegetated talus and
vegetated alpine tundra soils to the north of the lake.

long-term monitoring of GL4 and were processed by the
Kiowa lab (INSTAAR, University of Colorado - Boulder).
Samples were analyzed for pH, temperature, conductivity,
acid neutralizing capacity, H', NH,', Ca®*, Mg™*, Na', K,
Cl, NO5, SO.%, silica, total dissolved nitrogen, dissolved
organic nitrogen and phosphorus, inorganic nitrogen and
phosphorus, dissolved organic carbon, zooplankton taxa den-
sity and richness, and chlorophyll-a based on protocols es-
tablished for use by the Niwot LTER (Supplementary data
Table S3; Unpublished LTER 2014 data, Miller and Mc-
Knight, 2010; McKnight, 2016; Loria, 2019).

To further characterize potential sources of microbial in-
put to the lake, we sampled the saturated soils along the edges
and under the melting snow field in the extensive plant-free
talus soils to the north of the lake at sites previously de-
scribed in Ley ef al. (2001, 2004) (40.0571556, -105.6229083)
and Porazinska et al. (2018) (Fig. 1). These soil samples (both
taken along the edge and from underneath the snow) will
be referred to as “talus” in the rest of the manuscript. Talus
samples were collected on August 12" and September 3™ of
2014 (18 total talus soil samples spread across the landscape),
by scooping a ~100 g sample of soil into plastic bags using
a sterile spoon from each of the depths of 0-2 cm, 2-4 cm,
and 7-18 cm (maximum depth varied between holes). Com-
munity composition across the depths did not significantly
vary, and was likely due to the large amount of melt water
present in the talus soils at the time which would fill the wells
we dug as we gathered samples. We included the talus sam-
ples in our analyses even though we did not collect them on
the same dates as the water samples in order to show that the
soil communities in the water shed are fairly stable across
time and are quite different from the lake communities. Fur-
thermore, water from the talus soils drain into GL4 (Liu et al.,
2004; Molotch et al., 2008). Samples were placed in a cooler
for transport back to the University of Colorado, Boulder
and stored at -20°C until DNA was extracted.

DNA extraction and sequencing

DNA extractions from water samples (three replicate extrac-
tions per site per date) were performed using the MoBio Inc.
PowerWater DNA Isolation Kit. In order to insure enough
biomass was present on the filter, each extraction was per-
formed using all of the water from each 250 ml sample we
collected. The frozen filters were picked clean of large biomass
such as plant debris and zooplankton in order to avoid their
DNA overwhelming other sequences during amplification.
Bead-beating tubes with filters were warmed at 65°C for 10
min, then bead-beating was performed for 5 min prior to
DNA extraction. Soil sample DNA extractions were performed
using the MoBio PowerSoil DNA Isolation Kit. ~0.4 g of
frozen soil was used for each DNA extraction. Soil was thawed
at room-temperature, then bead-beating was performed for
8 min prior to DNA extraction.

Extracted genomic DNA was stored at -20°C. Each extrac-
tion was amplified in triplicate targeting 16S and 18S rDNA
gene sequences. 16S rDNA sequences were amplified using
515f-806r primers adapted with barcodes and linker sequ-
ences (Supplementary data Table S3) (Caporaso et al., 2012),
and 18S rDNA sequences were amplified using 1391f-EukBr
primers adapted with barcodes and linker sequences (Sup-
plementary data Table S3) (Vestheim and Jarman, 2008; Ama-
ral-Zettler et al., 2009; Caporaso et al., 2012). The primers we
used for amplifying 16S rDNA sequences have been shown
to poorly detect archaeal taxa (Walters et al., 2016); since the
method we chose to implement does not accurately represent
the archaeal diversity in our samples we will not be discus-
sing the archaeal taxa that we detected in our samples. Reac-
tions were pooled and concentrations were assayed using Pico
Green flurometry on a BioTek Synergy 2 microplate reader.
Amplicons were diluted to equimolar concentrations, then
sequenced on the Illumina MiSeq platform using paired end
2 x 150 bp chemistry. A 30% phiX spike was added to the run
due to limited amplicon variability (Caporaso et al., 2012).

Bioinformatics and statistical analyses

Sequences were de-multiplexed and joined using the QIIME
v1.8 bioinformatics package (Caporaso et al., 2010). Joining
of the 16S rDNA sequences resulted in 254 bp reads. Joining
was not possible for 18S rDNA sequences as the sequenced
strands did not overlap, so only single-end 18S reads (157 bp,
corresponding to the 1391f primer) were used. 16S and 18S
sequences were clustered into operational taxonomic units
(OTUs) at 97% similarity utilizing the UCLUST clustering
method (Edgar, 2010). Taxonomy was assigned to the 16S
OTU representative sequences using the QIIME script par-
allel_assign_taxonomy_rdp.py which utilizes the Ribosomal
Database Project sequences for classification. Taxonomy of
the 18S OTU representatives was assigned to OTU represen-
tative sequences using QIIME script parallel_assign_taxo-
nomy_blast.py and the ARB SILVA Ref NR 97 database ver-
sion 119 (www.arb-silva.de). Separate OTU tables were gen-
erated for 16S and 18S communities as well as for compari-
sons among aquatic samples and comparisons between aqu-
atic and terrestrial samples. The 16S OTU tables were filtered
of all chloroplast and mitochondrial sequences in order to
prevent them from overshadowing community patterns.



The aquatic 16S rDNA OTU table was rarefied to 14,800
sequences per sample, and the aquatic 18S rDNA OTU table
was rarefied to 7,000 sequences per sample. Five samples
from the aquatic 16S data set that did not have enough se-
quences for rarefaction were discarded from the analysis; 3
of the 5 samples of the 16S data from July 24" were discarded
due to particularly low sequence depths, but a 9 m depth and
outlet sample were retained due to their high sequence depth.
We decided to keep the 16S data from July 24" in order to
have a third time point we could compare against in descri-
bing the composition of an alpine growing season commu-
nity. Furthermore, we were able to retain all of the 18S sam-
ples from July 24" and including some 16S data from the
same date will provide a more honest comparison of the two
communities. The combined aquatic + terrestrial 16S OTU
table was rarefied to 5,489 sequences per sample, and 3 sam-
ples were discarded due to low sequence counts. The com-
bined 18S OTU table was rarefied to 4,291 sequences per
sample.

For all four rarefied OTU tables, representative sequences
were aligned using the QIIME script parallel_align_seqs.py
and phylogenetic trees were built using FastTree 2 (Price et
al., 2010). Rarified OTU tables and phylogenetic trees were
used to calculate alpha- and beta-diversity values with QIIME
scripts alpha_diversity.py and beta_diversity_through_plots.
py. To analyze the dissimilarity in community composition
between samples, beta-diversity was calculated using weighted
UniFrac. Weighted UniFrac was implemented to help ac-
count for both the relative abundance of and evolutionary
distances between OTUs in calculating community dissimil-
arity (Lozupone et al., 2011). Statistical analysis of these val-
ues was performed using R v3.2.1 and using the R package
vegan v2.3-5. Analysis of variance (ANOVA) was used to
test whether alpha-diversity of microbial communities dif-
fered by sampling location, and permutational analysis of
variance (PERMANOVA) was used to determine significant
drivers of community composition (Zapala and Schork, 2006).

In order to determine the proportion of microbial taxa shared
between the talus, inlet, and lake communities, all 16S rDNA
sequences from the talus, lake, and inlet samples were com-
bined into 3 different meta-samples to represent the overall
communities of each environment (“lake”, “talus”, “inlet”)
as IDs (Supplementary data Table S5). This table was rare-
fied to 216,000 sequences per meta-sample, and included all
the samples collected except for one inlet sample from July
24" which only contained 16 sequences. The overlap between
communities of different environments was calculated as vec-
tors of pair-wise column differences in this table. The num-
ber of overlapping sequences was used instead of the number
of shared OTUs in order to take relative abundance of the
OTUs into account since there would be more sequences from
an abundant OTU versus a rare OTU. This process was re-
peated with 185 rDNA sequences, which were rarefied to
338,000 sequences per meta-sample (“inlet”, “lake”, “talus”;
Supplementary data Table S6). Sequence overlap results were
plotted as Venn diagrams using the R package venneuler.

In order to investigate the importance of local environmental
factors as correlates of community structure, distance based
redundancy analysis (db-RDA) was performed (Legendre
and Anderson ef al., 1999). Stepwise model selection was per-

Microbial community assembly dynamics in a high-mountain lake 855

formed on the original dbRDA model to produce a final mo-
del (Langenheder and Ragnarsson, 2007). Redundancy an-
alysis and stepwise model selection were performed using
R v3.2.1 Vegan package v2.3-5. Models were evaluated using
Monte Carlo permutation tests (999 permutations under the
reduced model). Significance of model terms were evaluated
using an analysis of variance (ANOVA) like permutation test
for testing the dbRDA model terms.

In order to further investigate the extent of similarity be-
tween how the 16S rDNA and 18S rDNA microbial commu-
nities were spatially and temporally structured, we analyzed
the correlation between 16S and 18S rDNA community dis-
similarity. Unifrac distance matrices made from the Green
Lake 4 OTU tables (see above) were plotted and tested us-
ing a model II linear regression using the package Imodel2
(Legendre, 2014) with 500 permutations in R v3.3.1 (R Core
Team, 2016). Furthermore, we also used a model II linear
regression to compare the phylogenetic diversity of the 16S
and 185 rDNA OTUs. We calculated phylogenetic diversity
metric using a standard-effect-size approach to compare di-
versity between samples (Faith, 1992; Webb et al., 2008; Kem-
bel et al., 2010). Lastly, in order to gain an understanding of
how biotic interactions could contribute to the observed spa-
tial structure of microbial communities, we chose to run a co-
occurrence analysis on the abundant (> 1% of all observed
OTUs) phylotypes observed in our 16S and 18S OTU tables.
Since trophic interactions play a major role in determining
community structure, we then split our 18S table into an au-
totrophic and heterotrophic table based on assigned taxono-
mies. The only abundant phylotypes that passed our 1% cut-
off for the 168 table were all heterotrophic. We then ran pair-
wise Pearson correlations between the autotrophic table and
the two heterotrophic tables, followed by FDR (False Disco-
very Rate) correction of significance levels (Stanish et al.,
2013).

In order to determine the relative importance of selection
and neutral processes in Green Lake 4, we implemented a
neutral model based on Sloan et al. (2006)’s adaptation of
Hubbell’s neutral model (Hubbell, 2001) making use of the
approach described in Venkataraman et al. (2015). Testing
of the neutral model was executed in R v3.2.1 using custom
scripts provided by Dr. Venkataraman (Venkataraman et
al., 2015). The inlet to Green Lake 4 was defined as the source
for the lake body and outlet microbial communities. Utili-
zing this model, we estimated the distribution of OTUs which
were selected for/against in the lake and the distribution of
OTUs which were neutrally dispersed into GL4 during the
2014 growing season through random dispersal and eco-
logical drift. Determination of where OTUs fall in this model
are dependent on the relative abundance of the OTU in the
source site (GL4 inlet) and the frequency at which it is de-
tected in the target site (GL4 lake body and outlet). The good-
ness of fit of these data to the expected neutral model was as-
sessed using the coefficient of determination (R®) and 95%
confidence intervals were calculated using the R package
‘Hmisc’. In this study, the source community was all inlet
samples and the target community all lake body and outlet
samples together as a ‘lake’ community.

We used the approach of Stegen et al. (2013) to determine
the dominant community assembly processes structuring the
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Fig. 2. Alpha-rarefaction plots of GL4 microbial communities. Alpha rarefaction using the observed OTUs (clustered at 97%) metric showed that on average,
more OTUs were detected in inlet 51tes and fewer OTUs were detected in the lake body sites. This pattern is very robust for (A) 16S rDNA data, and for (B)
185 rDNA data from the August 21% samples. August 7" samples are variable (red) but generally the same trend is apparent. Each trend shown is a mean
number of OTUs observed for samples from a date and location (labeled at right), and error bars are standard error of the mean.

16S and 18S communities in the lake and inlet. This approach
determines the relative contribution of five community as-
sembly processes: i) homogenous selection (abiotic or biotic
selection for same OTUs across communities), ii) variable
selection (abiotic or biotic selection for different OTUs across
communities), iii) homogenizing dispersal (OTUs are easily
dispersed between communities), iv) dispersal limitation
(OTUs do not disperse easily between communities), and v)
undominated (community structure are due to weak selec-
tion, weak dispersal, and/or random drift) (Stegen et al.,
2015; Whitman et al., 2018). Calculations of [ Mean Nearest
Taxon Distance (BMNTD) uses the mean phylogenetic dis-
similarity between each pair of samples to predict the influ-

ence of selection processes (Stegen et al., 2013), and were
obtained using the R package picante v1.8 (Kembel et al.,
2010). In conjunction, a Raup-Crick metric based on Bray-
Curtis dissimilarity (RCgry) was implemented to predict the
influence of dispersal and undominated processes on com-
munity assembly (Chase et al., 2011). RCar,y calculations, mo-
del construction, and testing were performed using R code
used in Stegen et al. (2013) (GitHub: Stegen_etal  ISME_2013/
bNTI_Local_Machine.r and Stegen_etal ISME_2013/Raup_
Crick_Abundance.r). The predicted relative influence of each
class of assembly processes were calculated 1) across all sam-
ples, 2) within only the inlet samples, 3) between inlet and
lake samples, and 4) within only the lake samples.
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Fig. 3. Principle coordinates analysis of microbial community beta-diversity in GL4 (“Lake Body”) and the inlet waters of the lake (“Inlet’) across three
sampling dates in 2014. (A) 16S rDNA and (B) 18S rDNA community similarity (weighted Unifrac) was calculated using relative abundances of sequences
in each taxa and each taxa’s presence/absence. For both data sets, inlet (circles) commumtles clustered separately from lake body (diamonds)
communities. This pattern held for both our August 7" sampling date (grey) and our August 21" sampling date (black), indicating that microbial commun-
ity inlet waters were significantly dlfferent than those in the lake body regardless of the sampling date (PERMANVOVA, P < 0.001 for 16S and for 18S).
Un-replicated samples from July 24™ samples are colored in white.



Results

A total of 52,890 16S rDNA OTUs were identified across all
samples from the lake (3 dates and 5 sites per date). Alpha-
diversity was significantly higher in the inlet compared to
the rest of the lake (ANOVA, P < 0.00005) (Fig. 2A, Sup-
plementary data Fig. SIA), with a mean Shannon diversity
index of 7.9 (£ 0.33) compared to 6.3 (+ 0.22) for the rest of
the lake. Beta-diversity of the 16S communities also showed
a striking separation between the community of the inlet
compared to the rest of the lake (Fig. 3A). Based on the per-
mutational MANOVA (ADONIS), 16S community com-
position was significantly different in the inlet compared to
the lake (R” = 0.29, P < 0.0001). While we observed a sea-
sonal shift in lake body bacterial communities (Fig. 3A), no
such pattern was found in the inlet communities which were
significantly different from the lake regardless of seasonality.

A total of 9,982 18S rDNA OTUs (eukaryotic microbes)
were identified across all samples from the lake and as with
the 16S data, alpha-diversity significantly dlffered between
the inlet and the lake (ANOVA, P< 5 x 10™') (Fig. 2B, Sup-
plementary data Fig. S1B). The 18S community of the inlet
had a mean Shannon diversity index of 5.8 (+ 0.11) while
the lake had a mean index of 4.2 (+ 0.20). Beta-diversity of
the 18S communities (Fig. 3B) showed that there was a sig-
nificant difference in community composition between the
inlet and the lake (R* = 0.46, P < 0.0001), despite an observed
seasonal shift in the lake’s eukaryotic beta-diversity that was
not reflected at the inlet (Fig. 3B).

In order to determine which biotic or abiotic variables cor-
relate with beta-diversity patterns, we used Distance-based
Redundancy Analysis (dbRDA). The dbRDA results revealed
the density of zooplankton taxa, conductivity, dally discharge
(Q), inorganic nitrogen (IN), and sulfate (SO, as signi-
ficant correlates with beta-diversity for the 16S community
(Supplementary data Table S4). 18S beta-diversity was found
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to 51gn1ﬁcantly correlate with inorganic phosphorus (IP),
SO4”, Q, IN, and water temperature (Supplementary data
Table S4). Zooplankton, conductivity, Q, SO4”, and IN ac-
counted for 95.8% of the variance in 16S community beta—
diversity (Supplementary data Table S4). While IP, S0, Q,
IN, and water temperature accounted for 77.4% of the vari-
ance in 18S community beta-diversity (Supplementary data
Table S4). The beta-diversity or composition of the 16S and
18S communities in GL4 were significantly correlated with
each other (Fig. 5A), that is, the 16S and the 18S UniFrac com-
munity distance matrices showed a strong correlation (Model
II linear regression, r = 0.568, P < 0.001), suggesting that sim-
ilar biotic or abiotic variables are structuring both commu-
nities and/or that one community may be structuring the
other. Comparisons of alpha-diversity also showed a signifi-
cant relationship between the 16S and 18S communities in
GL4 (Fig. 5B). Within sample phylogenetic diversity (PD)
showed a significant correlation between the 16S and 18S
communities (Model II linear regression, r = 0.371, P = 0.041),
further highlighting that similar variables are likely respon-
sible for structuring both communities.

To test the idea of connectivity between the terrestrial and
aquatic communities, we compared the microbial commu-
nity of the lake with the community of the soils of an inten-
sively studied talus slope directly uphill from the lake (Ley
et al., 2001, 2004; King et al., 2010, 2012). A total of 40,021
16S rDNA OTUs, and 22,758 18S rDNA OTUs were iden-
tified from the upslope soil samples (2 dates, 18 samples per
date). The alpha-diversity of the soils was similar to the in-
let but consistently higher than that of the lake for both 16S
and 18S communities. The soil 16S community had a mean
Shannon diversity index of 8.4 (+ 0.07), and the 18S com-
munity had a mean Shannon diversity index of 6.1 (£ 0.13).
Based on permutatlonal MANOVA (ADONIS) of beta-di-
versity, both the 16S (R*=0.77) and 18S (R*= 0.54) soil mi-
crobial communities were significantly different from both
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Fig. 4. Principle coordinates analysis of microbial communities in in GL4 (“Lake Body”), the inlet waters of the lake (“Inlet”’) and some representative soil sam-
ples from talus soils above the lake (“Talus Soil”). The Weighted Unifrac calculated similarities of the (A) 16S rDNA and (B) 18S rDNA community. 16S
communities of the inlet (white circles) waters clustered separately from those in the rest of the lake (black diamonds), and also clustered separately from
the talus soils (black triangles). However, inlet communities were less different from talus communities than lake communities were, especially for the 18S

communities (PERMANOVA, P < 0.001 for 16S and for 18S).
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pendent on the other.

the inlet and lake body communities (Fig. 4) (P < 0.001). We
also investigated the compositional overlap of these com-
munities by comparing the total number of shared identical
rDNA sequences in the soils versus the lake (Supplementary
data Fig. S2A). After rarefaction (to 216,000 16S rDNA se-
quences), 31.5% of the talus soil 16S sequences were observed
in the inlet, and only 2.01% of talus soil sequences were ob-
served in the lake body. Out of the 338,000 18S rDNA talus
soil sequences (after rarefaction), 6.21% of the 18S sequences
were observed in the inlet, and only 0.71% of talus soil se-
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quences were observed in the lake body.

To further explore the connections between the terrestrial
and aquatic systems we compared the co-occurrence patterns
of the soil and lake microbial communities and found that
terrestrial autotrophic communities did not show significant
co-occurrence with lake heterotrophic communities nor did
the terrestrial heterotrophic communities significantly co-
occur with lake autotrophic communities (Supplementary
data Fig. S2), suggesting that terrestrial communities do not
play a major role in structuring the communities in the body

(B) 18S OTUs

Frequency of Detection of OTU in Lake Samples (%)

Relative Abundance of OTU in the Inler (%)

Selected against in the lake
lake @ RIS

Fig. 6. Fit of (A) 16S (B) 18S data sets to the neutral community model. The predicted neutral model (solid black line) is surrounded by the 95% con-
fidence intervals (dashed lines). The frequency of detection of 16S and 185 OTUs in the lake (target community, y-axis) are plotted against said OTU’s
abundance in the inlet (source community, x-axis) to indicate that the OTU is most likely neutrally dispersed into the lake (gray points), selected for
(green points), or selected against (red points). Circled points indicate OTUs that were abundant in the lake (> 1% relative abundance).



of the lake. In contrast, co-occurrence analysis did reveal
strong co-occurrence patterns between aquatic photoaut-
rophs and aquatic heterotrophs. Lake autotrophic phylo-
types were dominated by a few genera of algae, and one dia-
tom OTU. Several heterotrophic phylotypes such as the Poly-
nucleobacter and Cytophagaceae that strongly correlated with
lake autotrophs have been previously found to be associated
with blooms of algae, diatoms, and cyanobacteria (Riemann
and Winding, 2001; Wu and Hahn, 2006).

We used Sloan’s neutral community model (Sloan et al.,
2006; Venkataraman et al., 2015) to investigate whether each
OTU was selected for or against in the lake and which were
neutrally selected (Fig. 6A). We found that the 16S commu-
nity in GL4 was poorly fit by the neutral model (R* = 0.079)
when the inlet was considered the source community. A high
percentage of taxa did fall within the 95% confidence interval
of the neutral model (grey dots in Fig. 6), but 96% of these
were OTUs with low frequency (in < 20% of samples) in the
body of the lake. Among the dominant (> 1% of the sequ-
ences) members of the lake community, 50% were OTUs that
were relatively rare (< 0.1%) in the inlet community indica-
ting positive selection of those OTUs in the lake.

The 18S community in GL4 was also poorly fit by the neu-
tral model when the inlet was considered as the source com-
munity (R* = -0.016; Fig. 6B). As seen with the 165 commu-
nity many OTUs fell within the 95% confidence interval of
the neutral model, but 93% of these were rare members of
the lake community (in < 20% of samples; grey dots in Fig.
6B). In contrast, 58% of the abundant OTUs (OTUs > 1% of
sequences, circled dots) in the lake were selected for in the
lake (green dots), while the remaining 42% of OTUs abun-
dant in the lake were neutrally selected for in the lake, but
these were all taxa that were abundant in the inlet. Lastly,
42% of the OTUs abundant in the inlet (> 1% of sequences)
were selected against in the lake (red dots in Fig. 6B).

To determine the relative contribution of homogenous se-
lection, variable selection, homogenizing dispersal, dispersal
limitation, and undominated processes to community as-
sembly processes between the inlet and the lake we imple-
mented the approach of Stegen et al. (2013). The dominate
processes predicted to govern assembly of both the 16S and
18S communities between the inlet to the lake were variable
selection and dispersal limitation (Supplementary data Fig.
S3). These results support the results reported above by indi-
cating that selection (variable selection by abiotic or biotic
pressures) plays a large role in the community differences
between the lake and inlet and that dispersal limitation be-
tween the inlet and the main body of the lake may also play
arole in the community differences.

Discussion

Although microbiological studies of high-elevation lakes have
been done, most have focused on one domain of life: either
Bacteria, Archaea, or Eukarya (Wang et al., 2014; Kammer-
lander et al., 2015; Zhong et al., 2016; Hu et al., 2018). In the
present study, we used a spatially explicit sampling scheme
to obtain the first high-resolution, comprehensive view of the
bacterial and eukaryotic (16S rDNA and 18S rDNA) commu-
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nities of an alpine lake in the Colorado Rocky Mountains.
The 16S community found in GL4 was generally consistent
with previous reports of bacterial phyla found in the micro-
bial communities of other high-elevation lakes (Wu et al,
2006; Liu et al., 2013; Vila-Costa et al., 2013). Microbial eu-
karyotic (18S) diversity in freshwater lakes is not as well do-
cumented as bacterial diversity; however, the eukaryotic com-
munities we observed in GL4 were also similar to eukaryotic
communities of other freshwater ecosystems (Slapeta et al.,
2005; Lefévre et al., 2008; Lou et al., 2011; Triad6-Margarit
and Casamayor, 2012), even sharing some genera of diatoms
(e.g. Fragilaria and Craticula) with high elevation lakes in
the Altiplano of Chile (Angel et al., 2016).

Our main goal was to determine what factors control the
microbial community assembly (Nemergut et al., 2013) in
the main body of Green Lake 4 (GL4) and our results pro-
vide evidence that the microbial community of the lake is not
structured by uphill microbial communities or the microbes
entering the lake at the inlet. That is, both 16S and 18S com-
munities in the inlet are significantly different from commu-
nities found in the main body of the lake (Figs. 2-4). The
higher diversity in the inlet reflects the uphill sources of in-
oculum, including talus soils and streams as has been seen
in some other studies of high-elevation and high-latitude
lakes (Nelson et al., 2009; Crump et al., 2012; Adams et al.,
2014; Ruiz-Gonzalez et al., 2015). However, due to known
hydrological connectivity between the uphill talus soils and
the valley’s surface waters we expected to see more overlap
between the talus and the lake communities (Liu et al., 2004;
Molotch et al., 2008).

The strong signal of uphill environments detected in the
inlet was mostly lost in the lake body (Supplementary data
Fig. S2). The poor fit of the neutral model (Sloan et al., 2006;
Venkataraman et al., 2015) to our lake data when the inlet
was considered the source community (Fig. 6), further em-
phasized selection in the lake. For example, 58% of the 18S
OTUs with greater than 1% relative abundance in the lake
were OTUs that were rare (< 0.1%) or very rare (< 0.01%) in
the inlet water (Fig. 6B). Conversely, 42% of the 185 OTUs
that were abundant (> 1% of sequences) in the inlet were se-
lected against in the lake and 93% of the inlet sequences that
were neutrally selected in the lake were found in less than
20% of the lake samples according to the analyses shown in
Fig. 6B. These analyses also indicated that the dominant 18S
phylotype (in terms of relative abundance) in the inlet (Hy-
drurus), was at low relative abundance in the rest of the lake
(Supplementary data Table S2), but was still found in 80% of
the lake samples, indicating neutral dispersal (and perhaps
dilution) in the lake. This same Hydrurus OTU was also the
dominant 18S phylotype (range of 0.02-48.3% per sample) in
the talus soils above GL4 and may be a snow alga (Freeman
et al., 2009; Naff et al., 2013) as it is closely related to snow
algae in Antarctica and the Arctic (Remias et al., 2013; Darcy
et al., 2017), and to algae in cold glacial streams throughout
the cryosphere (Rott et al., 2006). Hydrurus has motile zoo-
spores that may increase dispersal across the lake (Remias et
al., 2013). Even though Hydrurus was shown to be neutrally
selected for in the lake, it is still perhaps the best indicator
OTU for uphill inputs to the lake because of its high relative
abundance in soil and stream habitats.
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The bacterial commumty was found to fit the neutral model
only slightly better (R* = 0.079) than the poor fit of the 18S
community. Freshwater bacterial communities can display
greater niche breadth and were found to be less influenced
by environmental filters in some freshwater habitats follow-
ing the ‘size-plasticity’ hypothesis (Farjalla et al., 2012; Wu
et al., 2017), and we did observe that the percentage of the
bacterial community selected against in the lake was less than
that of the eukaryotic community (Fig. 6). However, we still
observed that a significant proportion of the lake bacterial
community was classified as selected for in the lake indicating
that while some of bacterial taxa were being selected against
in the lake, there were still 50% of the most abundant OTUs
selected for (Fig. 6). Selection in the lake is also evident from
an examination of which bacteria were dominant in the inlet
compared to the lake body. The dominant bacterial phylo-
type in the inlet was most closely related to the ACK-M1 (or
Acl) group of the Actinomycetales (Newton et al., 2011;
Comte et al., 2015), whereas the rest of the lake (across all
depths) was dominated by a Flavobacterium (Bacteroidetes)
and a Verrucomicrobium phylotype in the Cerasicoccaceae
(Opitutae; Supplementary data Table S1). The dominance
of the ACK-MLI in the inlet is consistent with the work of
Comte et al. (2015) who found that this group dominated
(25% of total sequences) microbial communities in northern
Canadian permafrost thaw ponds. Therefore, the presence
of this group in the inlet waters may be indicative of the per-
mafrost melting that is occurring in the Green Lakes Valley
(Caine, 2010; Barnes et al., 2014). These same bacteria are not
found in significant abundance in the lake body (Supplemen-
tary data Table S1), again indicating that there are strong
selective forces at work in the lake.

Our use of the approach of Stegen et al. (2013) shows that
the two main determinants of 16S and 18S community as-
sembly when comparing the inlet to the lake are “variable
selection” and “dispersal limitation”, with a relatively small
influence from “undominated” processes (Supplementary
data Fig. S3). These results further support the results from
our implementation of Sloan’s neutral community model (Fig.
6) because undominated processes are relatively stochastic,
e.g. “weak selection, weak dispersal and/or random chance
events” (Whitman et al., 2018), meaning we would expect to
see a higher proportion of neutrally selected abundant OTUs
in an undominated system (Hubbell, 2001; Chave, 2004),
which is not what we found. The relationship between vari-
able selection, dispersal limitation and the biotic and abiotic
variables we measured are discussed in the following para-
graphs.

Given the community shift between the inlet and the lake,
and that “variable selection” (Whitman et al., 2018) is one of
the main forces driving this shift (Supplementary data Fig.
S3), we used dbRDA to determine which abiotic and biotic
variables show the strongest correlations with 18S and 16S
community structure in the lake. One of the main variables
correlating strongly with both communities was daily water
discharge (Q) (Supplementary data Table S4). Lower daily
discharge rates later in the growing season result in longer
hydraulic residence times (HRT) 1n the lake. For example,
HRTs vary from 8 days (27,000 m*/Day) during peak run-
off to 40 days (5,300 m’/Day) during the late summer and

fall in GL4 (Waters, 1999; Miller and McKnight, 2015), and
during our study period we saw a near doubling of HRTs
from 11.8-19.9 days. Therefore, later in the growing season
microbial communities of GL4 are likely more dispersal li-
mited and thereby would be subjected to longer periods dur-
ing which biotic and abiotic forces could select for unique
lake communities (i.e. “variable selection”) that would differ
from the upstream sources of inoculum and the inlet.

The dbRDA correlation between community structure and
Q may also help us understand why the approach of Stegen
et al. (2013) identified “dispersal limitation” as the other
dominant process structuring the transition from the inlet
to the lake community (Supplementary data Fig. S3). Longer
HRTSs during the summer months mean lower flow rates of
water through the lake which would slow down convective
dispersal in the summer and fall compared to periods of higher
run off. In other words, the flux of cells into the lake at the
inlet would not be high enough to overcome simple dilution
effects as the inlet community mixes with the lake. Future work
should be done to test this idea by sampling during periods
of high and low discharge rates and by quantifying actual cell
numbers in the inlet and the lake using flow cytometry or
other methods. However, dispersal limitation does not fully
explain the differences observed between the inlet and the
body of GL4, and it has been shown in vitro that dispersal
can homogenize bacterial communities even at low immi-
gration rates (1:5 ratio of migrating to growing cells, Fodeli-
anakis et al., 2019). Despite this fact we did not observe a
contribution of homogenizing dispersal in determining com-
munity composition between the inlet and lake body (Sup-
plementary data Fig. S3). Future studies should incorporate
the observed densities of these populations combined with in
situ growth rates to address the role of immigration in struc-
turing microbial communities in alpine lakes.

Other work in high-elevation and high latitude lakes has
shown a similar pattern of microbial turnover between the
inlet and lake body (e.g. Nelson et al., 2009; Adams et al.,
2014). These studies attributed this turnover in the microbial
community to strong selection or what is often called “spe-
cies-sorting” effects (Crump et al., 2012), where environmental
conditions determine community composition through the
selection of metacommunity members. “Species-sorting”
can be driven by either abiotic (“bottom-up”) or biotic (“top
down”) factors causing differential selection among mem-
bers of the microbial community (Grossart et al., 2008; Logue
et al., 2012; Peura et al., 2012; Pommier et al., 2012) and we
used distance-based Redundancy Analysis (dbRDA: Supple-
mentary data Table S4) and other approaches to explore
which biotic and abiotic variables best explain the diversity
patterns in GL4. In addition to dlscharge (discussed above),
abiotic variables such as sulfate (SO4>), and i inorganic nitro-
gen (IN), explained the most variation in the data. Previous
work supports these findings; for example, Miller and Mc-
Knight (2015) discussed that historical and present-day shifts
in N deposition are responsible for shifts in the phytoplank-
ton communities of GL4, and SO, has been shown to be cor-
related with drought-associated phytoplankton taxa (Flana-
gan et al., 2009). However, no previous work has examined
the influence of abiotic factors on the entire microbial com-
munity in GL4. Previous research in other oligotrophic lakes



indicated that bacterial richness is largely controlled by nu-
trient availability (Lindstrém et al., 2010; Logue et al., 2012),
but more work, such as nutrient addition experiments (Gard-
ner et al., 2008), is needed to better identify the effects of
inorganic nutrients on the microbial communities of GL4.

Another possible explanation for the strong selection in GL4
is top-down pressures of predation by higher trophic groups,
as has been observed in some (Medina-Sanchez et al., 2004),
but not all (Hinder et al., 1999) high-mountain lakes. When
we analyzed microbial beta-diversity in relation to biotic va-
riables we found that zooplankton diversity in the lake was
the strongest biotic variable explaining 16S community beta-
diversity (Supplementary data Tables S3 and S4) perhaps in-
dicating grazing by zooplankton is structuring the composi-
tion of the 16S community. In support of this idea, Maxillo-
poda sequences (e.g. Copepods) were among the dominant
18S phylotypes (and were also visually observed) in GL4 (Sup-
plementary data Table S2), but not in the inlet. Copepods ge-
nerally don’t graze on bacteria but have been shown to sup-
plement their diet with cyanobacteria (Schmidt and Jénas-
déttir, 1997), and are readily colonized by bacteria (Tang et
al., 2010). In addition, bacteria are probably stimulated to
grow by the turnover of nutrients caused by zooplankton
grazing. In addition, smaller eukaryotic predators also can
play an important role in the top-down structuring of bac-
terial communities in freshwater habitats (Newton et al.,
2011), and there are such predators in our 18S dataset (Sup-
plementary data Table S2). Out of the top 50 most abun-
dant 185 OTUs we observed several bacteriovore taxa such
as members of the genus Gymnodinium (Loder et al., 2014).
Although the presence of these and other predators in GL4
does not prove that they are the main agent of species sort-
ing in this lake, it is likely that they are a factor filtering out
members of the inlet microbial community and structuring
the microbial community of the lake, especially during pe-
riods with longer water residence times.

The potential influence of biotic filters was further high-
lighted by the observation that autotrophic and heterotrophic
taxa showed strong co-occurrence patterns within the lake,
but not between the talus soil and the lake (Supplementary
data Fig. S2B). For example, the aquatic autotrophic com-
munity was primarily made up of the algae Synura, Plagio-
selmis, and Chrysochromulina, along with unidentified mem-
bers of the Chrysophyceae, which all showed significant co-
occurrence with heterotrophic bacteria such as Flavobacteria
and Cytophagaceae. Other work has shown that these bac-
terial groups co-occur with phytoplankton blooms, and show
a preferential use of algal derived (autochthonous) carbon
(Riemann and Winding, 2001; Williams et al., 2013). Fur-
thermore, we saw a strong correlation of these autotrophs
with a B-proteobacterium OTU belonging to Polynucleo-
bacter, which has also been shown to be strongly associated
with annual phytoplankton blooms in freshwater lakes (Wu
and Hahn, 2006). Therefore, at least the 16S community is
very likely being structured by algal derived carbon in GL4
and other lakes.

Finally, the high level of turnover of the microbial com-
munity between the inlet and the main body of the lake may
have biogeochemical implications for the functioning of this
and other lakes that show similar patterns. Microbes enter-
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ing the lake contain all of the nutrients needed for life, and
if they are being turned over by predation they are contri-
buting to the growth of the lake communities through the
aquatic “microbial loop” (Callieri et al., 1999; Medina-Sanchez
et al., 2004). Release of nutrients due to seasonal turnover of
soil microbial communities is one of the major sources of
available nutrients in oligotrophic, high-elevation soils (Schadt
et al., 2003; Schmidt et al., 2007), but, to our knowledge, no
work has been done to assess the release of nutrients from the
turnover of allochthonous microorganisms entering a lake.
This potentially large source of nutrients could be an impor-
tant missing piece of the nutrient balance of high-elevation
(and other) watersheds (Ley et al, 2004; Mladenov et al.,
2012) and a missing component of the landscape continuum
model (Seastedt et al., 2004). Of course, community turnover
as measured by high-throughput sequencing does not con-
stitute a quantitative method for determining mass or nu-
trient stoichiometry of the microbial biomass, so future work
will be needed to determine these parameters for the ino-
culum entering the lake. Such work could lead to a new un-
derstanding of the biogeochemical and biological connec-
tivity of terrestrial and aquatic ecosystems and allow us to
better assess the controls on both microbial community as-
sembly and its contributions to ecosystem dynamics.
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